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ABSTRACT: Shape memory polymers (SMPs) are an emerging class of active polymers that may be used for a range of reconfigurable
structures. In this study, the thermomechanical and shape memory behavior of a thermosetting SMP was investigated using large-
scale compressive tests and small-scale indentation tests. Results show that the SMP exhibits different deformation modes and
mechanical properties in compression than in tension. In glassy state, the SMP displays significant plastic deformation and has a
much higher modulus and yield strength in comparison to those obtained in tension. In rubbery state, the SMP behaves like a
hyperelastic material and again has a much higher modulus than that obtained in tension. The SMPs were further conditioned
separately in simulated service environments relevant to Air Force missions, namely, (1) exposure to UV radiation, (2) immersion in
jet-oil, and (3) immersion in water. The thermomechanical and shape recovery properties of the original and conditioned SMPs were
examined under compression. Results show that all the conditioned SMPs exhibit a decrease in T, as compared to the original SMP.
Environmental conditionings generally result in higher moduli and yield strength of the SMPs in the glassy state but lower modulus
in the rubbery state. In particular, the UV exposure and water immersion, also weaken the shape recovery abilities of the SMPs.
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INTRODUCTION

Shape memory polymers (SMPs) are active materials that can
be used for various applications ranging from large structures
such as aircraft wings to small devices such as micro-actua-
tors."”” SMPs have the ability to change shape in a predefined
way from a temporary shape to a permanent shape when trig-
gered through an external stimulus. The most commonly used
stimulus for activating SMPs is thermal, which utilizes the tem-
perature dependence of polymers as sketched in Figure 1. The
typical steps used to thermally activate the SMPs have been
described in details by Lendlein and Kelch,' Liu, et al.,” Xie,*
Leng, et al.,” Gall,® and Tobushi, et al.” First, the SMP is acti-
vated at the deformation temperature, Ty, which should be
above the material’s glass transition temperature, T,. At this
stage, the SMP is in “rubbery” state and thus capable of under-
going large elastic deformation. Secondly, the constrained SMP
is cooled to the storage temperature, T;, which is below T,. At
this stage, the SMP is in “glassy” state and can withhold large
forces. Finally, the SMP is heated up again to a recovery tem-

© 2012 Wiley Periodicals, Inc.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38791

WILEYONLINELIBRARY.COM/APP

perature, T;, to allow the shape to recover freely. The recovery
temperature may be a range of temperatures at which the SMP
recovers its initial permanent shape during heating.

Different methods have been used to classify the SMPs.'™ In
general, there are two types of SMPs: thermoplastic and ther-
moset. Thermoplastic SMPs have physical cross-links (intermo-
lecular interactions) and thus can potentially melt at elevated
temperatures. On the other hand, thermoset SMPs are chemi-
cally cross-linked (covalent bonded) and thus stable at elevated
temperatures. In comparison, thermoset SMPs often exhibit
much higher stiffness and dimensional stability, and have better
environmental durability. Therefore, thermosetting SMPs have
received much of the attentions among the researchers. The
thermomechancial behaviors of several thermoset SMPs have
been reported.'®"* However, the studies have been mostly con-
ducted in tension mode. It is known that the mechanical behav-
iors of thermoset polymers (in both glassy and rubbery states)
depend strongly upon the deformation modes. Under tensile
force, thermoset polymers often exhibit infinitesimal elastic
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Figure 1. Temperature dependent properties of the thermosetting SMP
(Veriflex-E). The storage moduli are measured from dynamic mechanical
analysis (DMA) in torsional mode. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

deformation below the transition temperature. They exhibit
superelasticity above the transition temperature, but the result-
ant recovery forces are often low. The main purpose of this
work was to comprehensively examine the thermomechanical
behavior of original and environmentally conditioned thermoset
SMPs under compressive modes. Large-scale compression tests
along with small-scale indentation tests (localized compression)
were conducted on a commercial, thermoset SMP, and the ther-
momechanical and shape recovery properties of the material
were examined.

EXPERIMENTAL

Materials and Sample Preparations

The material studied was Veriflex-E, a two-part, fully formable
thermoset SMP resin system developed by Cornerstone Research
Group, Inc. (CRG)."® Compared to other thermoset SMPs, the
Veriflex-E has a relatively higher glass transition temperature
(or transformation temperature), T, —105°C,"® which makes it
suitable for aerospace structural applications. The uncured resin
also has a low viscosity (0.2948 Pa.s at 25°C and 0.0531 Pa.s at
50°C), which makes it easy for processing and composite fabri-
cation. Two types of samples were fabricated by the manufac-
turer (Cornerstone Research Group, Inc.) using the standard
cure cycle.'® For the first set, the SMP was compression molded
into standard button-shaped specimens with a nominal diame-
ter of 25.4 mm and a nominal thickness of 12.7 mm. These but-
tons were used for large-scale compression tests. For the second
set, the SMP was molded into thin rectangular plaques meas-
uring 300 mm by 300 mm with an average thickness of 3.2
mm. Smaller specimens, 10 mm X 5 mm, were subsequently
cut from the larger plates for small-scale indentation tests. The
surfaces of the small specimens were prepared by successive
polishing, the final polishing compound being alumina with an
average particle size of 0.3 um.

To examine the mechanical behavior and shape memory prop-
erties of the SMPs in anticipated service environments, the SMP
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specimens (large buttons and small plaques) were conditioned
relevant to Air Force missions. These included: (1) immersing
SMPs in water at 49°C for four days, (2) immersing SMPs in
lubricating oil at 49°C for 24 hours, and (3) exposing SMPs
under ultraviolet (UV) radiation for 125 cycles (each cycle
included 102 minutes of light only followed by 18 minutes of
light and water spray). Further details on environmental condi-
tioning can be found in reference.'?

Large-Scale Compression Tests

The mechanical behavior of the SMP in the glassy state was first
examined by performing large-scale compression test at room
temperature (25°C). Tests were conducted in a servo-hydraulic
MTS LandMark testing system through displacement control. A
capacitive displacement sensor was used to measure the dis-
placements. Since the material was very brittle at room temper-
ature, the maximium compression was limited to 10% strain.
The strain rate was varied from 0.00016 s to 0.0016 s™'. The
mechanical behavior of the SMP in the rubbery state was exam-
ined using the same MTS LandMark testing system equipped
with a custom built cooling-heating system. Omega CN8200
temperature controllers were used to control the temperature of
the sample. The temperature was measured by a K-type thermo-
couples attached to the sample and compression grips. The
samples were heated to 130°C using a 30 minute ramp time
and then followed by a 30 minute dwell time to ensure thermal
equilibrium. The specimens were pre-loaded with a 0.02 MPa
stress to help ensure contact before initial capactive displace-
ments were recorded. The specimens were compressed to a level
of 30% strain from their original undeformed heights and then
unloaded.

Small-Scale Indentation Tests

In addition to large-scale compression tests, small-scale indenta-
tion tests were also used to access the compressive properties of
the SMPs. A localized compressive test, the instrumented inden-
tation uses a small ball to press onto the specimen surfaces and
the load-displacement response is recorded, from which the me-
chanical properties are extracted. Compared to large compres-
sive tests, the indentation is more convenient in performing
experiments range of loading
temperatures.

over a wide rates and

The indentation tests were performed on the MTS Nano In-
denter XP (MTS Nanolnstruments, Oak Ridge, TN). A spherical
indenter (300 um in tip diameter) was used. Compared to com-
monly used sharp indenters, the spherical indenter is more suit-
able for exploring elastic-plastic deformation of materials.'”™"’
That is because the characteristic strain under a spherical
indenter is directly proportional to the indentation depth. With
the increase of indentation depth, the deformation in a material
can change from purely elastic to elastic-plastic. The “held-at-
the-peak” method was used for the indentation experiment,
which is a technique used for testing polymer and soft materi-
als.”*** In this method, the indenter was held at the maximum
load for a length of time prior to unloading. This procedure
allowed the material to relax and provoked the disappearance of
the “bulge” on the initial unloading curve. The indentation tests
were conducted at both room temperature and elevated
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temperatures in order to access the mechanical properties of the
SMPs as a function of temperature. Tests were performed at
various loading rates and holding times. For each type of tests,
a total of 10 measurements were replicated.

Shape Recovery Tests

The shape recovery abilities of the SMPs were examined under
compressive loading. The large button-shaped specimens were
tested. First, the samples were placed in the MTS LandMark
machine and then heated to 130°C (30 minutes heating time
and 30 minute dwell time). After the samples reached thermal
equilibrium, they were deformed to a prescribed strain of 30%.
Once the appopriate strain level was reached the displacment
was held constant and the specimen was cooled to room tem-
perature using a ramp time of 30 minutes. The height (thick-
ness) of each specimen was measured and the sample photo-
graphed before beginning the recovery process. For recovery, a
MTI KSL 1100X oven was used to heat each specimen to the
prescribed recovery temperatures (60°C, 75°C, 105°C, 115°C,
130°C). A dwell time of 8 minutes was used for each stage of
recovery and at each stage the sample heights were measured
and specimens photographed to quantify the shape recovery
properties of the SMPs.

RESULTS AND DISCUSSION

Mechanical Behavior of SMP in Glassy State

Compared to most thermoset SMPs, the present material
Veriflex-E has a relatively higher glass transition temperature
(-105°C). At room temperature, the material is in a glassy state
and brittle. Figure 2 shows the stress—strain curve of the mate-
rial obtained under compression (strain rate =~ 3.4 x 107 s7h).
The maximum compression on the sample was set to 10% of
the original specimen height for safety consideration. For
comparison, the stress—strain curve obtained in tension from
previous study was also included.'? There is a clear difference
between the stress—strain responses obtained in tension and
compression. Under tension, the material shows mostly elastic
deformation and fractured at a small strain (approximately
5%). When tested in compression, the material exhibits an
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Figure 2. Comparison of the stress—strain curve of the thermosetting
SMP in compression and tension (25°C). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. The compressive stress—strain curves of the thermosetting SMP
under different strain rates (25°C). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

initial elastic response and then followed by almost perfectly
plastic deformation. The modulus of elasticity calculated from
the compressive stress—strain curve is 3.3 GPa, as compared to
1.6 GPa calculated from the tensile stress—strain curve. The yield
strength (the maximum stress in stress—strain curve) obtained
from the compressive stress—strain curve is 110.8 MPa, as com-
pared to 77.8 MPa fracture strength obtained from the tensile
stress—strain curve.

The compressive tests were repeated at various strain rates,
ranging from 0.00016 s to 0.0016 s, and the results are seen
in Figure 3. In all cases, the SMP specimens exhibit large plastic
deformation. As the strain rate increases, the modulus is seen to
increase slightly from 3.15 GPa to 3.41 GPa, and the yield
strength increases from 104 MPa to 115 MPa.

The mechanical properties of the SMP were further examined
under localized compressive loading—the indentation test. Figure
4 depicts the load—depth curves of the present SMP indented
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Figure 4. The load—depth curves of the thermosetting SMP under inden-
tation loads (25°C). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

@WILEY i ONLINE LIBRARY


http://onlinelibrary.wiley.com/

Applied Polymer

CIENCE

250
100 mN/s
200
= 150 -
E
B
S 100 -
50
0 A T T T
0 1000 2000 3000 4000
Depth (nm)

Figure 5. The indentation load—depth curves of the thermosetting SMP
under different loading rates (25°C). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

with the spherical ball (300 ym in diameter) at ambient tempera-
ture. The tests were conducted with progressively increasing loads
up to a maximum of 400 mN. The loading time was 30 seconds
and the indenter holding time 10 seconds. For comparison, the
load-depth response calculated from Hertz’s elastic solution was

also included:** F = %E(El‘f?) B2, where R is the radius of the
spherical indenter, and E and are the modulus and Poisson ratio
of the material, respectively. The Poisson’s ratio value of 0.35 was
used for the current SMP. It is seen that the initial loading-depth
responses are in relatively good agreement with the Hertzian
theory, indicating that the deformation is mostly elastic. As the
load increases, the measured load—depth curves deviate from the
purely elastic solution, indicating the transition from elastic to
elastic-plastic deformation in SMPs.

The indentation tests were further conducted at different load-
ing speeds. The maximum load was set at 200 mN and the time
to load/unload was varied from 0.5 to 60 seconds, which
resulted in a variation of loading rate from 3 mN s~ to 400
mN s~'. Representative load—depth curves obtained at different
loading rates are depicted in Figure 5. It is seen that as the
loading rate increases, the load—depth curve gets stiffer.

To compute the modulus from the indentation tests, the load—
depth curves were analyzed, following the method developed
earlier.”>?” When an indenter is loaded to a depth (hpa) and
then unloaded at a rate of P, the indentation strain rate, &,
may be approximated as

P
S+ hax

(1

'éin
where S is the elastic stiffness as determined from the slope of
initial unloading curve, S = (dP/dh),_, .

The elastic contact depth (h.) between the indenter and speci-
men is estimated

1k
hc = ax = Pereep) — 0.75Pmax | 5 — = 2
(Pmax — hereep) — 0.75 (5 p) (2)
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where heep is the change in the indentatipn depth during the
holding time, Py, is the peak load, and h, is the creep rate at
the end of indenter holding segment.

The indenter-sample contact radius (a) is then calculated via

the standard procedure
a=/2h.R— h? (3)

The reduced modulus of the contact pair is calculated following
the standard Oliver-Pharr procedures®2°

__vm S
E ©2-(1.034) Va2 )

Finally, the elastic modulus E of the testing sample is

where E; and v; are the elastic modulus and Poisson’s ratio of
the indenter (for diamond indenter: E; = 1140 GPa and v =
0.07).

The moduli of the SMP obtained at compressive loadings are
plotted as a function of strain rate, as shown in Figure 6. Again,
the large-scale compressive tests were mostly conducted at lower
strain rates due to the safety consideration. Due to its non-
destructive nature, the small-scale indentation tests were con-
ducted over a broad range of loading rates and holding times.
The use of indenter holding segment was to help obtain the
corrected stiffness; different holding times do not change the
material properties (modulus). The strain rates from indenta-
tion experiments are estimated using eq. (1). It is seen that the
modulus increases gradually at lower strain rates and then raises
dramatically at higher strain rates. Further, both large-scale
compression and small-scale indentation tests result in similar
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Figure 6. Strain rate dependence of the thermosetting SMP under com-
pressive and tensile loading (25°C). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. The stress—strain curve of the thermosetting SMP under com-
pression and tension (130°C). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

values of compression modulus at the lower strain rate condi-
tions. On the other hand, previously obtained results under ten-
sion'? show lesser sensitivity to strain rates investigated.

Mechanical Behavior of SMP in Rubbery State

Figure 7 shows the stress—strain response of the SMP tested in
compression at 130°C, which is above its glass transition region.
At elevated temperatures, the SMP is hyperelastic and thus
incompressible. When compressed, the button shaped specimen
is seen to bulge out (the inserted picture in Figure 7), behaving
as a typical rubber-like material. For safety concern, the maxi-
mum compressive strain was limited to 30%. For comparison,
the stress—strain curve obtained earlier in tension is also
included.'” It is seen that the material is much stronger in com-
pression than in tension in rubbery state. The stress—strain
curves from the rubbery state can be closely fitted with classic
hyperelastic model, i.e., the Mooney—Rivlin model*®

4 1
———-=2GC +-2Cy (6)
(4=277) 2
where 1 is the stretch (1 = 1+¢), ¢ is the strain. C;q and Cgy;
are coefficients from which the initial shear modulus is calcu-
lated [G = 2(C;p+Co1)]. 29 The initial modulus of the SMP is
calculated as 1.30 MPa under compression as compared to 0.54
MPa under tension, a 2.5 fold increase.

Mechanical Behavior of SMP in Transition State

To evaluate the mechanical properties of the SMP within the
transition stage (90°C < T < 120°C), the indentation tests were
performed on small size samples (10 mm X 5 mm X 3.2 mm).
In this narrow transition region, the SMP changed its properties
dramatically as temperature increased. Compared to larger mac-
roscopic tests, the indentation test utilized much smaller speci-
mens so that the temperature gradient within the samples was
minimized. In the present test, the sample was placed on a
microheater (3 c¢cm in diameter), on which the SMP specimen
was mounted. A separate thermocouple was attached to the
specimen to monitor its true temperature. Figure 8 shows the
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Figure 8. The indentation load—depth curves of the thermosetting SMP
during the transition region. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

load—depth curves of the material at several temperatures within
the transition region. It is seen that the load—depth curves
change greatly within this narrow temperature region. Following
the same procedure [eqgs. (1-5)], the moduli of the SMP within
this region were calculated, as shown in Figure 9. It is seen that
the present SMP exhibits a plateau modulus at both glassy and
rubbery states. Under compression, the SMP has a large modu-
lus variation from glassy to rubbery state: 0.05 GPa < E < 3.29
GPa, indicating that it has a wide range of tunable stiffness. The
present SMP also has a “sharp” transition which is advantageous
for the prompt “fixing” of the material at low temperatures and
then the quick recovery at high temperatures.

Effect of Environmental Conditioning

Like conventional polymers, the SMPs can also undergo physical
and chemical degradation when exposed to service environ-
ments. Thus, it is critical to examine the mechanical properties
and shape recovery ability of SMPs conditioned at relevant
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Figure 9. Temperature dependent modulus of the thermosetting SMP.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 10. Tan(J) curves of the original and conditioned SMPs measured
using the DMA in torsion mode. Numbers shown in parentheses are the
glass transition temperatures. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

service environments so that the true reconfigurable ability of
the SMPs can be predicted. Here the SMPs were conditioned in
simulated service environments relevant to Air Force missions,
including water immersion, lube oil immersion, and UV radia-
tion. The glass transition temperatures of the conditioned SMPs
were characterized with a dynamic mechanical analyzer (DMA),
Model Q800 from TA Instrument. Tests were scanned from
25°C to 130°C with a heating rate of 2°C min™'. The applied
strain was 0.1% and the oscillating frequency was 10 Hz. Figure
10 depicts the Tan(d) curves of the original and conditioned
SMP specimens. From the curves, the glass transition tempera-
ture (Ty) of each SMP was determined [the peak of the Tan(d)
curve]. It is seen that the transition temperature of the original
SMP occurs at —105°C. After conditioning, all SMPs are seen to
exhibit a decrease in T, in comparison to the unconditioned
one. Among them, the UV exposed SMP has the largest decrease
in T, (101°C). The decrease in glass transition temperature in
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Figure 11. Stress—strain curves of the original and conditioned SMPs
from large-scale compression tests (25°C).
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Figure 12. Elastic modulus and yield strength of the original and condi-
tioned SMPs obtained from large-scale compression tests. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the SMP may be partially due to the presence of water content
from various environmental conditionings (Recall that the
standard UV exposure includes water sprays). The loosely
bound water may have directly weakened the hydrogen bonding
and therefore reduced the glass transition temperature.

The mechanical behaviors of the SMPs as results of environ-
mental conditioning were examined using large-scale compres-
sion tests (maximum compression was limited to 10% strain).
Figure 11 shows the stress—strain responses of the uncondi-
tioned and conditioned SMPs from the compressive tests at am-
bient temperature (glassy state). Under compressive loading, the
SMP resins undergo significant plastic deformation following
yielding. These observations are in contrast with the tensile test-
ing results reported earlier, where the SMPs exhibited primarily
linear elastic deformation and then fractured at a strain <
5%.'% Environmental conditionings have affected the micro-
structure and properties of the SMPs. The UV exposed SMP is
seen to have limited ductility; the specimen became much brit-
tle and broke into pieces before reaching the prescribed strain
of 10%. Environmental conditionings have also increased the
modulus and yield strength of the SMPs. Figure 12 shows the
elastic moduli and yield strength of the unconditioned and
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Figure 13. Stress—strain curves of the original and conditioned SMPs
from large-scale compression tests (130°C).
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(a)

Figure 14. Pictures showing the recovery profiles of the original and conditioned SMPs under compressive loading. (a) Unconditioned, (b) UV exposed,
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(c) water immersed, and (d) oil immersed. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

conditioned SMPs obtained from large-scale compression tests.
All conditioned specimens are seen to exhibit higher modulus
and yield strength than the unconditioned material, indicating
the onset of brittleness when exposed to UV light and fluids.
The oil and water conditioned samples are seen to have the
greatest increases in modulus and yield strength, respectively.

Figure 13 shows the stress—strain responses of the original and
conditioned SMPs from the compressive tests at 130°C (rubbery
state). The maximum compression was limited to 30% strain. It
is interesting to note that all conditioned SMPs become slightly
softer as compared to the unconditioned one. All these findings
are consistent with previous results obtained in tension.'?

Shape Recovery Ability

The shape memory ability in polymers is driven by the amount
of elastic strain generated during the deformation.”™ Deforma-
tion at low temperatures (glassy state) is difficult due to the
high rigidity, therefore only small elastic strain can be generated
in the material. On the other hand, deformation at elevated
temperatures (rubbery state) is much easier due to the lower
modulus, and a larger strain can be generated and stored in the
material. To properly characterize the shape memory effect, the
present SMP was activated in its rubbery state at a deformation
temperature above its T,: Tg=130°C. The large button shaped
specimens from original and conditioned SMPs were deformed
to a strain of 30% under compressive load and then “fixed” by
cooling to room temperature while the deformation amount
was kept constant. After cooling, the specimens were re-heated
to selected temperatures (60°C, 75°C, 105°C, 115°C, 130°C).
Figure 14 display the photographs of the shape recovery profiles
of the SMPs corresponding to three temperatures: glassy tem-
perature (60°C), transition temperature (105°C), and rubbery

temperature (130°C). The shape recovery ability of each SMP is
further quantified by the concept of linear shape recovery ratio,
R.'? For the compression experiments, R can be defined as fol-
lows

— hf
R= <1 _E> -100 7

where h; and hyg are the initial and final heights of the specimens
corresponding to each recovery temperature. Each height repre-
sents an average of three measurements from the specimen. The
shape recovery ratios of the SMPs at various temperatures are
summarized in Table I. In all cases, the recoveries are negligible
when the material is in the glassy state (T; < 75°C) since the
polymer chain segments are essentially frozen. During the broad
band transition stage (105°C-115°C), partial recoveries are
observed. The recovery in transition temperature range is not
complete due to the coexistence of rigid, glassy segments and
soft, rubbery segments. Complete or almost complete recoveries
are seen to start to occur after 8 minutes of dwell time at ele-
vated temperature (130°C). It is possible that the specimen
might continue to recover, although at a much lower rate, with
increase of dwell time at the elevated temperatures considered.

The environmental conditioning has clearly affected the mechani-
cal and shape recovery properties of the SMPs. The UV exposed
and water immersed SMPs are seen to have lesser recoveries com-
pared to the unconditioned SMP and do not achieve the full
recoveries in the end (Table I). Similar trends on shape recovery
ratios have been reported using macroscopic tensile specimens'
and nanoindentation,'” albeit at different prescribed strain levels.
It is also observed that the UV exposed SMPs exhibit much darker
color than the other SMPs (see Figure 14). UV exposure is known

Table I. Tabulated Values for Linear Shape Recovery Ratios of the Original and Conditioned SMPs

Temperature © Unconditioned

UV conditioned

Qil conditioned Water conditioned

60 0.00 0.00

105 57.14 34.08
115 85.04 72.39
130 101.28 93.78

0.00 0.00

57.60 55.68
89.08 79.04
100.86 94.76
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to cause the photodegradation of polymers, including chain scis-
sion, oxidation, side-group destruction, etc.”® which can poten-
tially weaken the mechanical properties and shape recovery abil-
ities of the polymers. Water immersion or spray allows the water
diffuse into the polymer matrix, particularly the soft segments in
the SMP. Tt has been reported that water absorbed in the SMP can
weaken the hydrogen bonding between N—H and C=0 groups.*!
Further, the water uptake in SMP can lead to an increase in the
degree of phase separation or a decrease in the degree of phase
mixing (frozen or hard phase and active or soft phase).’® All these
factors can deteriorate the mechanical responses of the polymers.

CONCLUSIONS

The thermomechanical behavior of a thermosetting SMP under
compressive loading has been examined. The strain rate-de-
pendent properties have been obtained under large-scale com-
pression and small-scale indentation tests. In glassy state, the
thermosetting SMP is observed to have much higher modulus
and yield strength, and exhibit prolonged plasticity under com-
pression than under tension. In rubbery state, the SMP behaves
as a rubber-like material. When compressed, it has much higher
modulus and has higher recovery forces. The overall tempera-
ture-dependent moduli of the SMP have been measured using
high temperature indentation test. Results show that the SMP
has a wider range of tunable stiffness under compression than
under tension. Compression tests were further conducted to
characterize the thermosetting SMP separately exposed to water,
oil, and UV radiation. Results show that environmental condi-
tioning affects the glass transition temperature, the mechanical
properties, and the shape recovery abilities of the SMPs. It
appears that all the conditioned SMPs exhibit a decrease in T,
as compared to the unconditioned one. The environmental con-
ditionings also affect the modulus and yield strength of the
SMPs: they increase the modulus in glassy state and decrease
the modulus in rubbery state. The shape recovery ability of the
SMP was assessed through compression tests. Results show that
the materials have limited recoveries below the onset of glass
transition temperature (T), partial recoveries during the transi-
tion region, and almost complete recoveries occur when the
materials are in the rubbery state. The UV exposed and water-
immersed SMPs exhibit lower shape recovery ratios as com-
pared with the unconditioned one.
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