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High strain epoxy shape memory polymer
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Epoxy polymers represent a recently emerged class of thermoset shape memory polymers with superior

thermo-mechanical endurance and excellent processability. However, the strains at break are typically

low for epoxy shape memory polymers. This severely limits their potential applications. In this article, we

report a two component epoxy-amine shape memory polymer system with tunable T4 (between 40 °C
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1. Introduction

Shape memory polymers (SMPs), which are capable of memor-
izing temporary shapes and recovering to their original
forms upon external stimulations, have been highly attractive
to the scientific community."® The recovery can be triggered
by heat,’ light,’*™ electric current,"*'® magnetic fields,®
moisture,'”'® or radiofrequency waves.'® Despite the diversity
of triggering stimuli, heat (either directly or indirectly applied)
remains the overwhelmingly popular stimulus for actuating
SMPs. Thus, the shape memory transition temperature (Tirans,
typically T, or Ty,) is one of the most critical parameters for an
SMP.”* Recent advances in the SMP field have led to the emer-
gence of a variety of new and exciting applications, including
biomedical devices,”** biomimetic reversible adhesives®*2°
and programmable optical devices,””*® to name just a few.
Besides the shape memory transition temperature, each appli-
cation typically demands an SMP with a particular set of pro-
perties such as biodegradability, strain at break (), or
maximum recovery stress (6myax). Amongst all these performance
parameters, Tians and g, are particularly of general relevance.
Thus far, a wide variety of polymers (both thermoplastic
and thermoset) have been found with shape memory pro-
perties. Many thermoplastic SMPs possess large e,s,>" but
their shape recovery is often less than ideal (with some excep-
tions®?). In contrast, thermoset SMPs typically exhibit excellent

“State Key Laboratory of Chemical Engineering, College of Chemical and Biological
Engineering, Zhejiang University, 38 Zheda Road, Hangzhou, 310027, P. R. China.
E-mail: taoxie@zju.edu.cn

bState Key Laboratory of Metal Matrix Composites, School of Materials Science and
Engineering, Shanghai Jiaotong University, 800 Dongchuan Road, Shanghai, 200240,
P. R. China

‘Aerospace System Engineering Shanghai, 3805 Jindu Road, Shanghai, 201108,

P. R. China

3046 | Polym. Chem., 2015, 6, 3046-3053

and 80 °C) and excellent shape memory properties in terms of shape fixity, shape recovery ratios, and
cycling stability. Importantly, its values of strain at break above T4 and at the T4 peak reach 111% and 212%,
respectively. We anticipate that such a high strain epoxy system will significantly broaden the opportunities
for shape memory device applications.

shape fixing and recovery behaviors. Thermoset SMPs can be
created by either introducing crosslinking in thermoplastic
polymers or direct curing of liquid monomers with crosslin-
kers. The latter has two notable advantages over the former:
more flexible structural tuning through comonomer and cross-
linker selections, and easier processing into complex devices
owing to the liquid nature of the precursors. Because of these,
thermoset SMPs obtained from the direct curing of liquid pre-
cursors have become the focus of many studies. This type of
thermoset SMPs include (meth)acrylate-based systems,*’ >
thiol-ene systems®*** and epoxy-based systems.**** For
(meth)acrylate-based systems, their ¢, can be tuned to an extre-
mely high level while still maintaining high shape fixity and
shape recovery.” This type of system, however, often suffers
from several processing issues: the volatility of some (meth)-
acrylate monomers, high curing shrinkage, and oxygen inhi-
bition during curing. Amongst them, high curing shrinkage is
particularly cumbersome to deal with if devices with high pre-
cision microstructures are to be produced. Thiol-ene
systems,**”* on the other hand, exhibit much lower volume
shrinkage and their curing is not inhibited by oxygen.
However, the values of &, for thiol-ene systems are not typi-
cally reported in the literature.

Epoxy SMPs have gained significant attention lately. Their
increasing popularity stems from many attributes including
the versatility of curing chemistry, the availability of a wide
variety of non-volatile monomers, the low curing shrinkage,
and the excellent thermo-mechanical stability of the cured
polymers.>*****' This has led to epoxy SMPs with highly
tunable T,s.”® Of equal importance is that they can also be
easily processed into attractive SMP devices>**** as well as
self-healing systems*>*® and triple-shape composites.*”*®
Despite the advantages of epoxy SMPs, they typically suffer
from low ¢, values. A protypical example of an epoxy SMP
system”® was obtained by curing between an aliphatic diamine
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and a mixture of an aromatic diepoxide and an aliphatic di-
epoxide. While maintaining the overall stoichiometry between
the amine and epoxy functional groups, a series of SMPs were
obtained by changing the ratio between the rigid aromatic
diepoxy and the flexible aliphatic diepoxide in the formu-
lations. This allowed adjusting the overall network flexibility,
thus arbitrarily tuning the 7, in a wide temperature range
between 25 °C and 100 °C. However, the ¢}, values for such an
epoxy system were no greater than 30% due to the inherent
high crosslinking densities. Although various low strain SMP
applications have recently emerged, it is highly desirable to
extend epoxy SMP systems to a much higher ¢, range to fully
take advantage of their easy processability for a much wider
range of applications. A physical strategy to increase the ¢, of a
particular SMP material as pioneered by Gall’s group was to
deform it around the onset of the T, transition, instead of
above its T,."” This strategy was adopted by Rousseau et al. for
an epoxy SMP and its ¢, was indeed improved from 30% to
ca. 60%.%° However, shape fixity ratios were noticeably compro-
mised under such conditions, which may not be acceptable for
many applications. Thus, improving e,s for epoxy SMPs
without compromising shape fixing performance is highly
desirable. One such effort was reported by Leng et al., who
claimed a high strain epoxy SMP system.*® Unfortunately, the
detailed SMP formulations were not revealed except that it was
known to be a three component system with an epoxy base
resin, a hardener, and a linear epoxy monomer. Leonardi et al.,
by contrast, reported the detailed formulation of an epoxy SMP
system composed of an aromatic diepoxide, a long-chain mono-
amine, and an aromatic diamine as the crosslinking agent.*®
The cured network comprises of chemical crosslinking and
intriguing physical crosslinking owing to the tail-to-tail associ-
ation of the long alkyl chains. ¢, as high as 75% was achieved,
but only for one single formulation with a 7, around 40 °C.
This example nevertheless represents the current state of art
high strain epoxy SMP with a precisely known chemical com-
position. With the practical need for T, tunable epoxy SMPs
with even higher ¢,, we set to develop epoxy SMPs using the
most commonly available commercial epoxy components. This
effort is reported hereafter in this paper.

2. Experimental section
2.1. Materials

The epoxy monomer E44 (molecular weight ~450 ¢ mol™" and
epoxy equivalent weight 210-240 ¢ mol™") was purchased from
China Petrochemical Corporation. The curing agent poly(pro-
pylene glycol)bis(2-aminopropyl)ether (Jeffamine D230, abbre-
viated as D230 hereafter) was purchased from Sigma-Aldrich.
All chemicals were used as received.

2.2. Sample preparation

In a typical curing experiment, E44 was weighed into a glass
bottle and melted by heating in an oven at 60 °C. Afterwards,
weighed Jeffamine D-230 was added into the bottle, which was
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vigorously shaken by hand for complete mixing. The mixture
was poured into an aluminum pan. Curing was conducted
thermally at 100 °C for 1 h followed by a postcure at 130 °C for
1 h. Finally, the cured sample was demolded and cut into dog
bones with a laser cutter for further testing.

2.3. Thermal analyses

Differential scanning calorimetry (DSC) measurements were
conducted using DSC Q200 (TA instruments) at a cooling and
heating rate of 10 °C min™". Dynamic mechanical (DMA) ana-
lyses were conducted using DMA Q800 (TA instruments). The
conditions for the DMA experiments were: tensile, “multi-fre-
quency, strain” mode at 1 Hz, 0.2% strain, and a heating rate
of 3 °C min~". Samples of 1 mm thickness and 2.5 mm width
were used.

2.4. Shape memory properties

For qualitative shape memory demonstrations, samples of rec-
tangular shapes (1 x 5 x 2.5 mm) were used. In a typical exper-
iment, the sample was first immersed in a water bath preset
above its T, for 5 s. It was then taken out of the bath and
immediately deformed into a temporary shape. With the defor-
mation force maintained on the sample, it was cooled at room
temperature. Subsequent release of the deformation force after
cooling completed the shape fixing step. Shape recovery was
accomplished by immersing the deformed sample into the
same water bath.

Quantitative shape memory performance was evaluated
using DMA Q800 in a “controlled force” mode. The heating
rate and cooling rate were 10 °C min~' and 5 °C min™},
respectively. Shape fixity (R¢) and shape recovery (R,) were cal-
culated using the following equations as defined in ref. 1.

Ry = 8d/fdload and R, = (ed - grec)/5d7

where égioaa and &, respectively represent the maximum
strain under load and the recovered strain, and ¢4 is the fixed
strain after cooling and load removal.

2.5. Measurements of strains at break (&,s)

ep values were measured using a universal material testing
machine (Zwick/Roell Z005) equipped with a thermal
chamber. The experiments were conducted in a tensile mode
at a crosshead speed of 10 mm min~" and a heating rate of
20 °C min". &, was typically recorded as the maximum strain
prior to the sample break at its rubbery state. Samples in dog
bone shapes with the neck dimensions of 1.2 x 4.5 mm were
used. At least five specimens were tested for each sample to
obtain statistically meaningful data.

3. Results and discussion

A rule of thumb to increase the ¢, of an amorphous thermoset
SMP is to reduce the crosslinking density whereas T, is
affected by both the crosslinking density and the chain flexi-
bility. Such a design principle has been applied quite success-
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fully to (meth)acrylate SMPs.**"*> Whereas the rule may also be
applicable to epoxy SMPs, there appear to be additional factors
that should be considered. For instance, we reported a thermo-
set epoxy SMP system based on the curing between an aro-
matic diepoxide and an aliphatic diamine. Replacing the
aliphatic diamine with a mono-amine (decylamine) while
maintaining the overall stoichiometric balance between the
amine and the epoxide led to a series of SMPs with tunable
T,s.>® However, the SMPs with more decylamine (thus lower
crosslinking densities) in the formulation did not show a
noticeable improvement in &,. An intriguing comparison can
be made with the high strain example mentioned in the intro-
duction in which the epoxy system was obtained by curing
n-dodecylamine, an aromatic diamine crosslinker, and an aro-
matic diepoxide.>® The formulations in these two examples
appear quite similar, yet the outcome in terms of ¢, is drasti-
cally different. This emphasizes the network design in which
the former network simply has dangling decyl chains®
whereas the longer dodecyl chains in the latter®® possess the
tail-to-tail association that is apparently important. With all
these considerations in mind, we herein aimed to simplify the
epoxy network design to achieve a tunable crosslinking density
without involving the potentially non-beneficial dangling
chains. Our network design started with a previously reported
base epoxy SMP formulation obtained by curing an aromatic
diepoxide (EPON 826 with an epoxy equivalent weight of 180)

Epoxy precursors

HoNvv NH,
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and an aliphatic diamine (D230).>° This particular SMP has a
T, around 100 °C and &, below 30% owing to its high cross-
linking density. Two approaches were combined to reduce the
crosslinking density. First, EPON 826 was replaced by another
diepoxide (E44) with a much higher epoxy equivalent weight of
225 (Fig. 1). Second, while we still employed the same D230
(also in Fig. 1) as the crosslinker, the ratio between E44 and
D230 was shifted away from their stoichiometry with D230 in
excess. This led to the network structure in Fig. 1, in which
some of the hydrogen atoms on NH groups remain unreacted.
This conceptual structure is based on the assumption that
primary amine hydrogens are preferentially consumed due to
their higher reactivity than secondary amine hydrogens.>®>?
Thus, this would statistically leave unreacted hydrogens mostly
in the secondary amino form. We further note that actual reac-
tion and gelation are highly complex in crosslinked systems. It
is outside the scope of the current study to investigate such
aspects and we simply used the somewhat idealized structure
in Fig. 1 for qualitative guidance only. In its stoichiometric
state, each hydrogen atom on the amine group serves as a
crosslinking site. Thus, the excess amines in the formulation
left unreacted amine hydrogens that led to the reduction of
the network crosslinking density. An additional important con-
sideration here is that, after complete curing with the epoxy
groups in the formulation, the remaining unreacted amino
hydrogens are not expected to undergo additional reactions

o.
HoN NH,
n

Jeffamine D-230 (n~2.5)

j

Epoxy networks

E44 (n~0.39)

war|:H—CH2—NJv NH—CH2—(|3HJ\NWCH—CH2—NJV NH—

|
OH

CH,

HO—CH

HO—CH
CH,

s ?H—CHz—NNNH—CHQ—CHN\N\«CH—CHZ—N\N NH—

OH

Fig. 1 Chemical structures of the epoxy precursors and cured networks.
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Table 1 Compositions and shape memory performances of the epoxy

samples

Samples E44 (mol) D230 (mol) d(10°gmol™) Rf(%) R.(%)
Eponl 1 1 2.3 99.8  98.1
Epon2  1.33 1 3.5 99.5  97.4
Epon3  1.67 1 6.1 99.4  98.2
Epond 2 1 6.3 99.5  99.4

under conditions SMPs are typically used. This is necessary for
the durability of the SMPs.

Accordingly, four epoxy samples (Eponl to Epon4 in
Table 1) were prepared by varying the ratio between E44 and
D230. The crosslinking density for each sample, which can be
calculated (eqn (1)) based on its rubbery modulus reported
later in the context (Fig. 5), is included in Table 1.

d= Er
3RT

(1)

where d represents the crosslinking density per unit volume
(mol em™), E, is rubbery modulus (MPa), R and T are the gas
constant and the absolute temperature, respectively.

As the ratio between D230 and E44 increases from Epon1 to
Epond4, the crosslinking density goes up dramatically. Attempts
were also made to prepare a sample with a molarity ratio of
0.98 (between E44 and D230). This sample failed to cure into a
solid, implying that Epon1 had already approached the lowest
achievable crosslinking density for the current two component
epoxy system. The DSC curves of the cured epoxy samples are
shown in Fig. 2. All the samples showed readily observable T,
transitions between 40 °C and 80 °C, with increasing T, from
Epon1 to Epon4. DMA curves for these samples (Fig. 3) show
the same trend except that the T, transitions appear to be
higher, as judged from their respective temperature corres-
ponding to the tan § peaks. A closer examination of the DMA
curves in Fig. 3 revealed that all the samples show a relatively

Epon1

Heat Flow (W/g)
T

20 40 60 80 100
Temperature (°C)

Fig. 2 DSC curves of the epoxy samples.
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Fig. 3 DMA curves of the epoxy samples.

constant storage modulus in their glass state. Importantly,
they all possess a nice and flat rubbery plateau, a good indi-
cation of their crosslinked nature and their potential shape
memory functions. The rubbery modulus increases from
Epon1 to Epon4, which is consistent with the increasing cross-
linking density. The Ty’s obtained from DSC and DMA are
quantitatively compared in Fig. 4. The T, and the molar ratio
between E44 and D230 show an almost linear relationship at
molar ratios below 1.67. Above this ratio, the slope of the T,
increase appears to decrease, indicating that when the cross-
link density reaches a specific value, the change in the formu-
lation has less impact on the T,. Overall, the continuous
change in the T, with the molar ratio suggests that any T, in
these temperature ranges can be obtained.

The &, and E, (rubbery modulus) values for the different
samples, as measured using a tensile tester, are summarized
in Fig. 5. Epon4, with a molar ratio of 2 between E44 and
D230, shows a low ¢, around 40% and a high E, of 14 MPa.
This is not surprising due to the high crosslinking nature.
Epon3, which has a lower molar ratio of 1.67 between E44 and
D230, has similar ¢, and E, values. This appears to be consist-

90

80 -

70 -

50 -

Temperature (°C)
3
T

= DSC

wl A DMA

E44" nD230

Fig. 4 Glass transition temperatures of the epoxy samples.
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Fig. 5 ¢, and E, of the epoxy SMPs.

ent with the T, trend shown in Fig. 4, that is, the change in the
molar ratio from 2 to 1.67 does not seem to impact much
the material properties. Below a molar ratio of 1.67, however,
the ¢, value significantly increases with the decrease in the
molar ratio and E, follows an opposite trend. Impressively,
Epon1, with the lowest crosslink density and lowest E; of 2.1
MPa, reaches the highest ¢, value of 111%. Here in Fig. 5, the
&p value for each sample was obtained above its Ty, ie., at a
temperature in the rubbery plateau region. It is known in the
literature that ¢}, values can be positively impacted by deform-
ing an SMP within the glass transition.>>*® With this in mind,

o (MPa)

50°C

0 50 100 150 200 250
€ (°/o)

Fig. 6 Typical uniaxial stress—strain curves at different temperatures for
Eponi.
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Epon1 was subjected to uniaxial tests at different temperatures
around its T, transition and the obtained stress-strain curves
are shown in Fig. 6. As can be seen from this figure, the &,
value indeed increased when the test temperature decreased.
Impressively, the ¢, value when tested at 50 °C reached 212%
(average over five tests).

The fact that the epoxy samples all display 7, transitions
and rubbery plateaus in their DMA curves indicates that they
should possess shape memory behaviors. Qualitatively, a
visual demonstration of their shape memory performance is
illustrated in Fig. 7. Samples from Eponl to Epon4 (in rect-
angular original shapes) were arranged in such an order as in
Fig. 7a. They were deformed above their respective T,s into
twisted temporary shapes. Next, immersing in a 60 °C water
bath, Epon1 recovered in 5 seconds (Fig. 6¢). Epon2 recovered
until the temperature of the water bath rose above 70 °C. As
the temperature further increased to 80 °C, Epon3 recovered in
5 seconds and Epon4 also recovered at this temperature albeit
requiring a longer immersion time of 20 seconds. The shape
memory performances of all the samples were further evalu-
ated quantitatively and the results are summarized in Table 1.
As can be seen, all the samples show a R above 99% and a R,
above 97%. The quantitative shape memory cycle for a repre-
sentative sample Eponl (with the largest e,) is plotted in
Fig. 8, showing near perfect shape fixing (R¢ > 99%) and recov-
ery (R, > 98%) behaviors, despite its very low crosslinking
density.

Whereas Fig. 8 shows the excellent shape fixity and shape
recovery, its high strain capability is difficult to demonstrate

60 100 -4
—— Strain
50 L - ---Temperature
~~~~~~ Stress 80 3
e O A o.
N [
- o L2 ®©
g wf o ['E
£ 5 Y
g : a 0
s 2 : £ r1e
”n : / @ {40 »
\ : / =
NI ,
10 N ’
\\4.......““’1 ........................... Lo
[ 20
ol -
1 1 1 1
0 10 20 30 40

Time (min)

Fig. 8 Shape memory cycle for Eponl.

Fig. 7 Visual demonstration of the shape memory performance of all epoxy samples (from Eponl to Epon4). (a) Original shapes; (b) fixed temporary
shapes; (c) T = 60 °C, Eponl recovered; (d) T = 70 °C, Epon2 recovered; (e) T = 80 °C, recovered shapes for all the samples.
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Fig. 9 Demonstration of the high strain shape memory performance for Eponl.

with a DMA tester due to the upper limit of the sample dis-
placement within the instrument. A ¢, value, on the other
hand, is not necessarily equivalent to a maximum recoverable
strain even though these two terms are often used interchange-
ably in the literature. The differences between the two are:
(1) it is difficult to approach the ¢}, in an actual shape memory
test without the risk of breaking the sample; (2) shape fixity
may not be close to 100% under conditions in which the
highest ¢, value is observed. With these considerations in
mind, a separate quantitative shape memory cycle test invol-
ving a very high strain was run without using a DMA tester.
The experiments are shown in Fig. 9. Eponl in a dog bone
shape was marked by two black lines (distance: 1.5 cm)
between the necks. The sample was stretched at 50 °C and the
stretching was fixed by cooling. The distance between the two
black lines became 4.2 cm, corresponding to a strain of
ca. 180%. Importantly, this strain can be fully recovered after
reheating. The strain of 180% thus represents the highest reco-
verable strain achieved for Epon1, even though theoretically it
may be possible to obtain values closer to its ¢, of 212%.

To investigate the cycling stability of the high strain epoxy
SMP, Eponl was subjected to consecutive shape memory
cycles with the strain above 70%. As shown in Fig. 10, the cycle
to cycle performance appears to be highly consistent and
reproducible with only a slight deviation in the maximum
strain from 75.8% to 74.8% after seven cycles. This suggests
that, despite the very low crosslinking density, the polymer
does possess a homogeneous and robust network.

The advantages of the high strain shape memory perform-
ance of Epon1 are illustrated in Fig. 11. In one case, a sample
was molded into an original tight spiral, which could be

M A alalals

60

g
e 40 H
g .
6 mcreases

20 H

0h L L 1 1 L
0 50 100 150 200 250
Time (min)

Fig. 10 Consecutive shape memory cycles for Eponl.
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)

Fig. 11 Visual demonstration of the high strain capability for Eponl.
(a) The shape memory and recovery steps of a tight spiral; (b) a square
sample was folded three times and visualized in different directions;
(c) the folding steps of the square sample.

straightened into a temporary shape and recovered to the orig-
inal one (Fig. 11a). Here, the liquid nature of the precursors
permitted the use of a liquid molding technique using a
simple twisted rubber tube as the mold to make a sophisti-
cated shape (ie. the spiral). In the second case, a square
sample could be tightly folded once in the center line, folded
the second time in the perpendicular center line, and folded
the third time (Fig. 11b). Fig. 11c shows the folding steps of
the square sample. In this latter case, the temporary shapes
involved large strains, yet no fracture was observed and the
samples could be completely recovered. These experiments
and the experiments in Fig. 7 were repeated again 2 months
later and no obvious difference in shape memory performance
was observed. This confirms the durability of the current SMP
system, at least within the timescale of the investigation.

4. Conclusion

A two component epoxy SMP system was developed via curing
between an aromatic diepoxide and an aliphatic diamine. By
varying the molar ratio between the two components, the
crosslink density and the glass transition temperature (from
40 °C to 80 °C) can be tuned. This led to a high strain epoxy
SMP with &, values of 110%. (70 °C, above its Ty) and 212%

Polym. Chem., 2015, 6, 3046-3053 | 3051
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(50 °C, within its T, transition). A recoverable strain of 180%
can be achieved with this epoxy SMP. In addition to its high
strain capability, the SMP also shows excellent shape fixity,
shape recovery, and cycling stability. The robustness of the
material makes it an ideal candidate for potential SMP device
applications.
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