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ABSTRACT: A chemically crosslinked acrylate network was submitted to various thermomechanical strain and stress recoveries while-
changing the experimental parameters in order to better define the benefits and the limits of using chemically crosslinked polymers
for multicycle applications or applications under external constraints. The results showed that the free recoveries and the constrained
recoveries remained the same at the first cycle and during the next ones. It was also shown that the low stress usually generated by a
crosslinked network when submitted to a constrained recovery can be significantly increased by choosing suitable experimental condi-
tions. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39813.

KEYWORDS: amorphous; viscosity and viscoelasticity; thermal properties; thermosets; mechanical properties

Received 28 May 2013; accepted 5 August 2013
DOI: 10.1002/app.39813

INTRODUCTION

Shape memory polymers (SMPs) have drawn substantial atten-
tion recently due to their actual and potential applications.'™
Research interests focus on both experimental characterization®
among others, and modeling development (see reviews'>'*).
The current contribution addresses, from an experimental per-
spective, two major problems that may be encountered when
designing shape memory applications for chemically cross-
linked polymers. First, are the shape memory properties exhib-
ited by these materials at the first thermomechanical cycle
reproducible during subsequent cycles? This question is of
interest when these smart materials are used for multicycle
applications. Second, chemically crosslinked polymers are
known to generate a small stress when recovering their tempo-
rary shape, which is a main drawback when they are submitted
to an external constraint like in the case of a stent within an
artery. Actually, the external constraint might prevent the
material shape recovery. Therefore, the issue is to define the
best experimental conditions in favor of increasing the stress
generated by the material during shape recoveries.

In terms of multicycle thermomechanical shape recovery tests,
physically crosslinked polyurethane reported shape recoveries
that could reduce with the number of cycles."> A composite sili-
cone-poly(e-caprolactone) polymer submitted to three uniaxial
tension strain memory cycles showed strain recoveries with
respect to temperatures that superpose for the material
deformed at high temperatures.'® Chemically crosslinked poly-
urethanes submitted to four thermomechanical cycles reported

© 2013 Wiley Periodicals, Inc.

M&‘«\;Fli"s WWW.MATERIALSVIEWS.COM
]

39813 (1 of 8)

qualitatively good shape fixity and complete shape recovery.'”
The effect of strain recovery cycles for epoxy networks deformed
to their temporary shape at temperatures above and below the
rubbery states was tested. Differences in the material cyclic
behavior at moderately low temperatures, driving to lower pre-
strain at the second cycle when the temporary shape was set at
constant stress were noted."®'® Finally, cyclic shape memory
thermocycles with free or constrained recovery steps on a cross-
linked polyurethane submitted to its temporary shape at high
temperatures above the glass transition were presented by Volk
et al?® The comparison of the free recoveries and the con-
strained recoveries between Cycles 1 and 2 appears in the form
of a table comparing only two specific stress—strain states along
the thermomechanical cycles. In order to complement the litera-
ture experimental data, free recoveries and constrained recov-
eries are compared in this article for up to four cycles when the
temporary deformation had been applied at high or moderately
low temperatures. Results are discussed in regards to the mate-
rial stress—strain behavior evolution along the cycles.

The resulting stress with respect to temperature while the pre-
strain is maintained constant was first displayed for SMPs main-
tained in a bending state of strain.®' The tests were run on
crosslinked acrylate network and the pre-strain was applied
below and above the glass transition temperature. When the
strain was applied at a temperature below the rubbery state, the
specimen exhibited a significant stress peak at the glass transi-
tion temperature. For samples deformed in the rubbery state,
the stress curve with respect to temperature showed a sigmoidal
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form and the final stress matched with the material behavior at
the final temperature. An epoxy network, uniaxially constrained
in tension and in compression at a temperature well above the
rubbery state was studied.” During constrained recovery tests,
measures of stress with respect to temperature exhibited a com-
pression state at moderately low temperature due to the
impeded thermal expansion, then a sigmoidal form ending with
the stress resulting from the material behavior at the applied
strain and temperature. Later, the effects of the cooling rate and
of the heating rate on the stress vs. temperature response of
samples submitted to compressions at moderately low tempera-
tures was reported,'’ and a little effect of the cooling rate and
an increase of the stress peak when increasing the heating rate
was reported. However, it may be noted that at the end of the
cooling and at the beginning of the heating these experimental
results do not show the expected stress and the experimental
data are truncated. This is due to the mixed conditions includ-
ing constrained recovery at high temperatures and free recovery
at low temperatures. Finally, it was observed on a crystalline
polymer that increasing the applied strain increases the stress
peak.”? Extensive experimental results reveal that the stress peak
increases when lowering the temperature at which the strain is
applied and with reducing stress relaxation duration at the load-
ing temperature. It was also observed that these variations did
not depend on the storage time at low temperature.”” The latter
experimental data were obtained on specimen strained at 100%
and very little or no compression was measured at the begin-
ning of the heating, which is inconsistent and remains to be
understood.” However, an extended storage time at low temper-
ature (up to 14 days), should affect the material shape recov-
ery.”* Therefore, the largest possible pre-strain should be
applied at the lowest temperature and the SMP should be
heated fast in order to generate the maximum stress peak. These
three experimental parameters have been tested on our acrylate
network and although the above statement is theoretically right,
it should be balanced by the poor fixity that may be obtained at
low temperatures and by the sample break during heating when
highly deformed at low temperatures. The effect of structural
relaxation has been tested also.

In the following, we present a series of original experimental
results obtained on an acrylate network that was synthesized in
lab. The material was submitted to uniaxial thermomechanical
cycles. The pre-strain was applied at various temperatures, in
the rubbery state and below, and stored at room temperature
(well below the glass transition). Then, the pre-strained samples
were submitted to free recoveries or constrained recoveries at
various heating rates from room temperature to high tempera-
ture. The material, experiments, and results are presented and
discussed in the next sections.

EXPERIMENTAL

Material

An acrylate polymer network was synthesized in the laboratory
using a composition previously proposed.”> The material is
obtained by photopolymerization of benzyl methacrylate (BMA)
added with 550 g/mol molar weight poly(ethylene glycol) dime-

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

39813 (2 of 8)

Applied Polymer

CIENCE

i
O —— Storage modulus

-

o
o
Damping factor tan &

Storage Young modulus (MPa)

0 I I L L e

10

20 30 40 50 60 70 80 90 1 08
Temperature (°C)

Figure 1. Dynamic mechanical analysis temperature sweep from 20°C to
100°C at 2 °C/min and 1 Hz. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

thacrylate (PEGDMA) that serves as crosslinker. A mixture of
90% moles of BMA, 10% moles of PEGDMA, and 0.5% of
2-dimethoxy-2-phenylacetophenone (DMPA) as photoinitiator
is set to polymerize for 50 min in an ultra violet chamber UVP
CL-1000. Final products are rectangular plates of 1.3 mm thick-
ness. The material viscoelasticity temperature range was charac-
terized in tension by performing a temperature sweep of 2 °C/min
while submitting the material to dynamic mechanical analysis
(DMA) at 1 Hz. The test was performed on a TMA Q800 from TA
instruments. Figure 1 shows the storage Young’s modulus and the
damping factor, resulting from the DMA temperature sweep. It
may be noted that the material viscoelasticity extends from 40 to
80°C. The glass transition temperature measured by differential
scanning calorimetry (DSC) at a heating ramp of 10 °C/min was
located at 46°C.

Thermomechanical Cycle Experimental Setup

Dogbone samples 4 mm wide and 25 mm long were cut in the
acrylate plates. Specimens were submitted to classic thermome-
chanical recovery cycles performed on an Instron 5881 tension
machine equipped with an environmental chamber capable of
applying accurate heat ramps. Local strains were measured by
video extensometry, and stresses were measured with a 1 kN
load cell. Except when mentioned otherwise, strains were
applied at a constant crosshead speed of 10 mm/min. A typical
thermocycle consists of four steps:

e Step 1: Sample heating at the desired temperature and pre-
straining,

e Step 2: Sample cooling to a temperature below the onset of
the glass transition temperature while its strain is maintained
constant,

e Step 3: Stress releasing; the strain applied during Step 1 keeps
stored due to the material lower molecular mobility in the
glassy state,

e Step 4: The sample undergoes a free recovery when heated,
or the stored strain is maintained and constrained recovery is
recorded as the sample is heated. The heating procedure con-
sists in applying a constant temperature ramp.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39813


wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

The thermomechanical cycle depends on various experimental
parameters. In the following, the main focus will be on the tem-
perature at which the strain is applied, which classically should
be chosen above the temperature of the onset of the glass tran-
sition (40°C for our material), on the amount of applied strain,
and on the temperature heating rate during Step 4. Material
stress relaxation during or after the applied pre-strain will also
be monitored as in the case of constrained recovery.

First, we consider cyclic free recoveries and constrained recov-
eries for samples submitted to temporary stretching at high
temperature (65°C) and moderately low temperature (45°C).
We define a moderately low temperature as the temperature
where the material deformation mechanisms are no longer due
to entropy changes only. For this purpose, each sample is sub-
mitted to four consecutive thermomechanical cycles during
which the material stress—strain responses are recorded during
Step 1, and the free recoveries or constrained recoveries during
Step 4 are also monitored. Such experimental results will pro-
vide complete data in order to discuss the re-usability of chemi-
cally crosslinked polymer networks for shape memory
applications.

Second, some specimens are submitted to thermomechanical
constrained recoveries varying the temperature of pre-strain
application from 35°C to 65°C, the applied strain from 20%
to 55% during Step 1, and the heating rates from 1 °C/min to
10 °C/min during Step 4. During the heating ramp, a compres-
sion stress may appear due to the hindered thermal expansion,
and therefore the sample dimensions were chosen in order to
prevent buckling. For samples submitted to 20% strain at 40°C,
the stretching time was also varied in order to study the impact
of material relaxation on the stress peak recorded during heat-
ing. Another way to study this effect was to let the stress relax
at 40°C for one hour just after deforming the sample. The
results will assess the best experimental conditions to produce
the maximum stress during recovery while preserving the sam-
ple integrity. Only one experimental result is shown for each
test for reading clarity, but every test, cyclic or not, was
repeated at least twice in order to discard experimental errors.

RESULTS AND DISCUSSION

Strain and Stress Recoveries Under Cyclic Loading Conditions
Pre-strain Applied at High Temperature in the Rubbery State.
This section studies the strain and stress recoveries of the acry-
late network submitted to four consecutive identical thermome-
chanical cycles characterized by an applied strain of 20% at
65°C (in the rubbery state) during Step 1, and a heating ramp
of 5 °C/min during Step 4. Figure 2 shows the material stress—
strain responses recorded during each Step 1 of the four consec-
utive cycles. One notices that the material behavior remains
identical and unaffected by the consecutive cycles.

Figure 3 shows the material free recoveries during the heating
steps. The material strain fixity, characterizing the strain after
Step 3 over the applied strain, remains 99% from Cycle 1 to
Cycle 4. Moreover, the material strain recovery is shown to be
similar for all cycles, displaying a full strain recovery after 65°C.
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Figure 2. Material stress—strain response in uniaxial tension when
deformed up to 20% at 65°C during Step 1 of four consecutive thermo-
mechanical cycles.

These results corroborate the results reported on an epoxy net-
work for tests extending to 20 cycles.'®

Constrained recovery cycles were also applied during Step 4 for
the same test conditions and are reported in Figure 4. Only
three cycles were obtained, since the samples broke systemati-
cally during the fourth cycle. It may be noticed that there is no
significant difference between the cycles, and that the material
exhibits a compression state at the beginning of the heating
step, which results from the constrained thermal expansion
while heating. At higher temperatures the material undergoes a
change of state from glassy to rubbery characterized by a stress
evolution toward positive values. At high temperatures, the final
stress is in good agreement with the material stress—strain
response at the same temperatures. Figure 4 is in accordance
with previous results that showed cyclic independency for the
constrained recovery of a polyurethane network pre-strained in
the rubbery state.*® Moreover, such results were expected in
regards of the material behavior repeatedly recorded at 65°C
over the cycles (Figure 2). Figures 2—4 show that when submit-
ted to shape memory cycles with a temporary shape applied in

Applied Polymer L

39813 (3 of 8)

0.2 T : . S
¢ Cycle 1
@ axi’ g o = Cycle2
22 x Cycle 3
0.15}f NS o Cycle 4H
> .oo
[ X
§ 0
L L] 4
g 0.1 x"o
£
o
5 «
0.05f x% i
%
ot o8 o’&)’bo@%o& » ]
30 40 50 6 70 80
Temperature (°C)

Figure 3. Step 4 free recovery during four consecutive thermomechanical
cycles for a sample pre-strained 20% at 65°C and heated at 5 °C/min.
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Figure 4. Step 4 constrained recovery during consecutive thermome-
chanical cycles for a sample pre-strained 20% at 65°C and heated at
5 °C/min.

the rubbery state, the acrylate exhibits no sign of memory of
the previous cycles. Therefore, as long as the material is submit-
ted to cyclic free recovery, identical recoveries at the first cycle
and at the subsequent ones are expected. For constrained recov-
eries, the response does not evolve from one cycle to the next
one, but the number of possible cycles is limited.

Pre-Strain Applied at Moderately Low Temperature Within
the Viscoelastic Transition. The acrylate network is submitted
to four consecutive thermomechanical cycles characterized by
20% strain applied at 45°C during Step 1 and a constant heat-
ing rate of 5 °C/min during Step 4. This test differs from the
test run in the previous section by the temperature at which the
strain is applied. Temperature 45°C stands within the glass tran-
sition range (Figure 1). At such a temperature, the macromolec-
ular chains are significantly less mobile than at the higher
temperature of 65°C, which leads to a significantly different
material behavior. The material stress—strain responses in uniax-
ial tension measured at 45°C during Step 1 of the four thermo-
mechanical cycles are presented in Figure 5. The large stress
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Figure 5. Material stress—strain response in uniaxial tension when
deformed up to 20% at 45°C during Step 1 of four consecutive thermo-
mechanical cycles.
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Figure 6. Step 4 free recovery during four consecutive thermomechanical
cycles for a sample pre-strained 20% at 45°C and heated at 5 °C/min.

reached at 45°C may be noted, compared to the maximum
stress of 1 MPa measured at 65°C. The shape of the material
stress—strain response reminds of the behavior of an elasto-
plastic behavior. However, the material slowly recovers the
whole applied strain when the stress is released. Two hours were
required to recover 20% strain at 45°C. Therefore, the material
behavior is more viscoelastic than elastic—plastic. At the second
cycle, the initial stiffness and the elastic limit are enhanced by
the previous loading. After the second cycle, the material behav-
ior stabilized and the stress—strain responses corresponding to
Cycles 3 and 4 superimpose with Cycle 2. Such a cyclic behavior
is consistent with the lower strains recorded by Feldkamp and
Rousseau'® after the first cycle when the same stress was applied
during consecutive strain memory cycles.

Figure 6 shows four consecutive free recoveries (Step 4) when
heating the sample at 5 °C/min. The material shows a fixity of
~97% along the cycles. Full strain recovery is observed at 45°C
for the four cycles. More interestingly, the kinetics of recovery is
independent of the cycle number. The material strain recovery
is complete. The latter result indicates that the material behav-
ior alteration is likely to occur during the first loading only,
and the material state does not evolve after the maximum load-
ing is first reached. Similar results were obtained on an epoxy
network."’

The plot of the constrained recovery of a polymer network pre-
strained more than once at moderately low temperature has
never been shown in the literature. Considering the change in
the material behavior recorded along the cycles (Figure 5), one
could intuitively expect a constrained recovery change from
Cycle 1 to Cycle 2. Figure 7 displays the stress recovery (Step 4)
at constant 20%-strain. Unlike when the pre-strain is applied at
high temperatures, the stress recovery presents a stress peak at
the DSC glass transition temperature, ~46°C. At the beginning
of the heating ramp, a compression stress is induced by the
impeded thermal expansion. Such a compression has never
been shown in the literature for samples strained at moderately
low temperatures, because of experimental set up limits>'' or
large applied strain.>
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Figure 7. Step 4 constrained recovery during consecutive thermomechani-
cal cycles for a sample pre-strained 20% at 45°C and heated at 5 °C/min.

Actually, when increasing the applied strain, the stress takes and
keeps positive values at the beginning of heating. Next section
will address these results in more details. It is to be noticed that
the maximum compression is significantly larger in Figure 7
than in Figure 4. Despite the stress—strain response change from
Cycle 1 to Cycle 2 displayed in Figure 5, the constrained recov-
ery is similar from one cycle to the next one. This reveals that
either the stress—strain alteration due to the first load does not
affect the material stress recovery with respect to temperature,
or this alteration is not significant enough to appear in the
stress recovery curve with the precision of the experimental set
up.

Finally, constrained recovery seemed a highly damaging test for
both loading temperatures 45°C and 65°C, since the samples
broke at the fourth cycle consistently, whereas samples submit-
ted to free recovery never broke.

An interpretation of the systematic sample failure in cyclic con-
strained recovery, may be based on the failure envelope of
Smith.*® The latter characterizes the time to failure in constant
strain conditions and would correspond to the total time at
constant strain over the cycles during our experiments. This
interpretation is supported by some tests (not shown), where
the material was stretched in the rubbery state and then kept at
constant strain at high temperature (65°C): the material showed
consistent failure after few minutes.

The experimental data plotted in this section showed that the
measured constrained or free recoveries at the first cycle are
representative of the recoveries of the subsequent cycles. This
result was shown to apply whether the material had been
deformed at low or high temperatures. Therefore, chemically
crosslinked polymers can be good candidates for multicycle
applications and a single cycle is needed to characterize their
thermomechanical recovery properties.

Favorable Experimental Conditions for a High Stress Peak
During Constrained Recovery

In the previous section, it was shown that after submitting the
material to a pre-strain at a moderately low temperature, a
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Figure 8. Stress vs. temperature during constrained recovery for samples
submitted to a 5 °C/min heating recovery after being stretched 20% at
various temperatures during Step 1.

stress peak was recorded at the glass transition temperature dur-
ing constrained recovery conditions. This section aims at deter-
mining the favorable conditions for enhancing this stress peak,
which may be an asset in the case of free recovery under exter-
nal constraint.

Temporary Shape Fixation Temperature. The effect of the pre-
strain temperature on the constrained recovery has been investi-
gated previously.”” In order to confirm these results, the acrylate
network was submitted to thermomechanical tests with Step 1
characterized by 20% strain applied at various temperatures
from the glassy state (35°C) to the rubbery state (65°C). Sam-
ples were all submitted to a 5 °C/min heating ramp while main-
taining the sample length constant during Step 4. The stress
values recorded during Step 4 are plotted in Figure 8. A stress
peak is observed for samples strained at 50°C and below, which
increases as the pre-strain temperature decreases. Moreover, it
does not appear necessarily at the glass transition temperature,
and it is shifted toward lower temperatures as the temperature
of strain application decreases. All these results are in good
agreement with the experimental data obtained on a thermoset
polyurethane,” and similar results were also obtained on a
Poly(methyl methacrylate) (PMMA).”” Nevertheless, Sun et al.”’
did not find the overshoot evolution shown in Figure 8.

At 35°C, which stands below the onset of the glass transition,
an interestingly large stress peak is noted but when pre-strained
at such a temperature, the material presents a strain fixity of
90%, while it increases to 93% at 40°C and to 97% at 45°C.
Therefore, a trade-off exists between good shape fixity and high
resulting stress when looking for the optimal pre-strain
temperature.

Temporary Applied Strain. Another way to increase the result-
ing stress peak during constrained recovery, that has not been
studied previously, is to increase the applied pre-strain. In this
section, the specimen is submitted to different strains at 40°C
(within the glass transition) during Step 1. After releasing the
stress, similar strain fixities of 93% were recorded for samples
strained 20, 40, and 55%. Figure 9 presents the stress evolution
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Figure 9. Stress vs. temperature during constrained recovery at 5°C/min
heating rate for samples pre-strained 20%, 40% and 55% at 40°C during
Step 1. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

when heating the sample at 5 °C/min and maintaining its
length constant. The stress peak increases significantly with the
applied strain. The compression state observed at the beginning
of the heating ramp disappears, as the applied strain increases.
This explains why Azra et al.”> who had submitted their materi-
als to a large strain (100%) did not measure any compression
during their experiments. Increasing the applied strain appears
to have a favorable impact on the amount of resulting stress
when heating the material, but it may end with sample break at
high temperatures. Actually, each sample submitted to 55%
strain broke before reaching 60°C. These sample failures are
consistent with the maximum strains at break recorded during
uniaxial tension tests at constant temperatures. The material is
expected to break around 55% strain at 60°C from Figure 10,
where the material uniaxial strain at break with respect to tem-
perature is shown. Note that Figure 10 is consistent with the
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Figure 10. Strain at break with respect to temperature resulting from uni-
axial tension tests run at a constant crosshead speed of 10 mm/min. 3-test
mean values shown by the broken line. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. Stress vs. temperature during constrained recovery with various
heating rates for samples pre-strained 20% at 45°C.

strain at break with respect to temperature obtained for acrylate
networks submitted to uniaxial tension and also displayed by
Safransky and Gall*® and by Yackaki et al.”®

Therefore, applying a large strain increases the stress generated
during constrained recovery, but the maximum strain that is
sustainable by the material at higher temperatures has to be
taken into account in order to avoid undesired material breaks.

Heating Rate During Constrained Recovery. A steeper heating
ramp during constrained recovery tests tends to increase the
stress overshoot.'" Therefore, acrylate samples were submitted
to 20% strain at 45°C during Step 1 and, after shape fixation
and stress release, the samples were heated at 1 °C/min, 5 °C/
min, and 10 °C/min while maintaining their lengths constant.
The uniaxial stresses recorded while heating the samples are
shown in Figure 11. An increase of the stress overshoot and its
shift toward higher temperatures when the temperature heating
rate is increased has been observed which is consistent with
Castro el al.'' and Qi et al.?® These results could not be
explained by the material thermo-viscoelasticity only, and the
coefficient of thermal expansion has been shown in the simula-
tions of Chen and Nguyen® to affect the stress overshoot. Since
the coefficient of thermal expansion of our material depends
strongly on the heating rate, this may explain the observed
effect on the overshoot shown in Figure 11. It may also be
noted that the heating rate seems to have little effect on the
compression exhibited at moderately low temperature.

Molecular Relaxation During Deformation. The stress peak
observed on samples strained at moderately low temperatures
can be interpreted by the limited structural relaxation in the
glassy state.”* In order to validate this interpretation, four sam-
ples were submitted to 20% strain at 40°C while allowing more
or less molecular relaxation before cooling at constant strain.
The first sample was strained at 10 mm/min and slowly cooled
down to room temperature in approximately 30 min. The sec-
ond sample was strained at 0.3 mm/min, thus allowing more
molecular relaxation during the loading step, and then it was
cooled down slowly. The third sample was strained at 10 mm/min
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Figure 12. Stress vs. temperature during constrained recovery at 5 °C/min
following various material stress relaxations during temporary 20% strain
fixation at 40°C. Relaxation was permitted by slowing the loading strain
rate and/or by allowing a stress relaxation of 1 h at 40°C after Step 1.

and maintained at 20% strain for 1 h at 40°C before cooling
down slowly. Finally, the last sample was deformed at a slow
crosshead speed of 0.3 mm/min and held for 1 h at 40°C before
letting the sample cooling down slowly to room temperature.
All samples were then submitted to the same heating rate of 5
°C/min while maintaining their length constant. The resulting
stress with respect to temperature is displayed in Figure 12.
Allowing the material to undergo some stress relaxation leads
to a significantly lower stress overshoot. It may also be also
noted that the temperature of stress inversion toward positive
values increases when the stress relaxation increases, which
results in more compressive states at the beginning of the heat-
ing ramp. These experimental results show that the stress over-
shoot is significantly dependent of structural relaxation, as
asserted by some models of the literature.*"*?

CONCLUSION

A rather complete experimental study on the free recovery
and constrained recovery of a shape memory crosslinked poly-
mer network has been presented in order to validate and sup-
plement the experimental data of the literature. The study
aimed at better understanding the potentiality and the limits
of chemically crosslinked polymers for future shape memory
applications.

On one hand, it was shown that crosslinked networks are good
candidates for multicycle shape memory applications since the
kinetics of their free or constrained recoveries are the same at
the first cycle and at the subsequent cycles. Therefore, a single
thermocycle is enough to characterize the shape memory
kinetics. On the other hand, for shape memory applications
with external constraints, it was shown that it is possible to
increase the stress response of the material during constrained
recovery. The ideal conditions are summarized as follows: (i)
decreasing the temporary shape fixation temperature below the
glass transition temperature while keeping a reasonable large
shape fixation, (ii) increasing the pre-strain as much as possible

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

39813 (7 of 8)

Applied Polymer

SCIENCE

without being too close to the strain at break, (iii) limiting the
strain relaxation during pre-strain application, fixation and
recovery, and finally (iv) increasing the heating rate during
shape recovery. Among these parameters, lowering the tempera-
ture of pre-strain fixation was noticed to have the strongest
effect on the constrained stress recovery.
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