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a b s t r a c t

This paper investigates the thermomechanical behavior of a thermosetting shape memory
polymer (SMP) by using a high temperature nanoindentation technique. The nanoindenter
is equipped with a microheater and a sophisticated temperature control and monitoring
system. This allows the SMP to be activated at elevated temperatures enabling proper
implementation of the thermomechanical cycle typically used to quantify the shape
memory behavior. The load–depth curves of the SMP were obtained at various tempera-
tures, from which the instantaneous moduli were calculated with a revised indenter-
sample contact depth formula. The moduli from nanoindentation are consistent with
those obtained from dynamic mechanical analysis on bulk samples. When activated at
elevated temperatures, the SMP exhibits surface profiles different from those obtained
when activated at room temperature. A large amount of ‘‘sink-in’’ is observed at the SMP
surface when activated at temperatures above its glass transition temperature (Tg). It is
seen that the large-strain elastic deformation is almost fully recoverable when recovery
takes place at a recovery temperature, Tr> Tg.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Shape-memory polymers (SMP) are an emerging class
of active polymers that can be used in a broad range of
applications in deployable aerospace structures, biomed-
ical devices, and microsystems [1–7]. SMP have the ability
to change shape in a predefined way from a temporary
shape to a permanent shape when exposed to an appro-
priate stimulus. The temporary shape is obtained by
mechanical deformation and subsequent fixation of that
deformation. Upon application of an external stimulus,
the polymer recovers its initial shape. This cycle of
programming and recovery can be repeated several times
[8], with different temporary shapes in subsequent cycles.
Compared with shape-memory alloys, shape-memory

polymers possess the advantages of high elastic defor-
mation, low cost, low density, and potential biocompati-
bility and biodegradability.

The external stimulus for actuation of SMP is often
thermal. The typical thermomechanical cycles used to
quantify the shape-memory behavior of the SMP have been
described by Lendlein and Kelch [1], Liu et al. [3,4], Gall
et al. [9], Tobushi et al. [10,11], and Atli et al. [12]. A sche-
matic representation of the thermomechanical cycle of
a SMP is illustrated in Fig. 1. First, the SMP is activated at the
deformation temperature, Td, which should be above
the material’s glass transition temperature, Tg. Secondly, the
constrained SMP is cooled to the storage temperature, Ts,
which is below Tg. Finally, the SMP is heated up again to
a recovery temperature, Tr, to allow the shape to recover
freely. The recovery temperature may be a range of
temperatures at which the SMP recovers its initial perma-
nent shape during heating.
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Recently, the shape memory effect of SMP on a small
scale has been increasingly studied, mostly through the
micro-/nano-indentation technique [9,13–15]. However,
the thermal–mechanical indentations have been per-
formed at ambient temperature (below the material’s glass
transition temperature). The deformed specimens are then
heated to above Tg through an additional heating source
and the shape recovery effects are examined. It is noted
that such tests are inconsistent with the correct thermo-
mechanical cycle as illustrated in Fig. 1. Although it is
arguable that the SMP may be activated at temperatures
lower than Tg, in doing so the true shape memory process of
the materials may not be fully revealed.

As a well established method for characterizing the
deformation of materials and structure on a small scale,
nanoindentation is still somewhat limited to measuring
the mechanical properties at ambient temperature. Only
a relatively small amount of literature is available
addressing the use of high temperature nanoindentation.
Schuh et al. [16] has recently conducted a comprehensive
study on high temperature nanoindentation on fused
silica. The purpose of that work was mainly to quantify the
thermal stability of the indentation equipment. Beake and
Smith [17] have reported high temperature nano-
indentation experiments on fused silica and soda–lime
glass. Volinsky et al. [18] and Sawant and Tin [19] have
recently reported the uses of high temperature nano-
indentation for characterizing the mechanical properties
of hard thin films and single crystal super-alloys. We have
recently used the high temperature nanoindenter to
measure the mechanical properties of polymer resins at
elevated temperatures [20]. In the present study, we use

the high-temperature indentation technique to examine
the thermomechanical and shape-recovery behavior of
a thermosetting, epoxy-based SMP.

2. Experimental technique

2.1. Materials

The epoxy-based thermosetting SMP resin (VFE2-100),
developed by Cornerstone Research Group, Inc. (CRG), was
used in the present study. Rectangular neat resin plaques
measuring 30 cm by 30 cm with an average thickness of
3.2 mm were fabricated using the manufacturer’s sug-
gested cure cycle (CRG data sheet [21]). Smaller specimens,
1 cm� 1 cm� 3.2 mm, were subsequently cut from the
larger plates using a diamond saw with distilled water as
a cooling media. For nanoindentation studies, the surface of
the specimen was prepared by successive polishing, the
final polishing compound being alumina with an average
particle size of 0.3 mm. The specimens were then stored at
room temperature for nanoindentation experiments.

2.2. High temperature nanoindenter

The high-temperature nanoindentation tests were per-
formed on a Nano Indenter XP (MTS NanoInstruments,
Oak Ridge, TN), equipped with a thermal management
system (Fig. 2) consisting primarily of (a) a micro-heater
sitting in an aluminum stage holder, (b) a stainless steel
heat shield that was used to isolate the indenter transducer
assembly from the heat source, (c) a coolant system that
was used to remove heat from the surrounding stage, and

Fig. 1. Schematic of the shape memory cycle test for shape memory polymers (SMP).
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(d) a temperature control and monitoring system, operated
through a NI (National Instrument) data acquisition device
and LabView software. The temperatures of the sample,
heater-stage and indenter frame were all monitored
through multiple J-type thermocouples and the LabView
data acquisition system. The SMP specimen was mounted
on a special sample disk using a high-temperature adhesive
(Poly-2000). This adhesive was designated for high
temperature applications and has a low coefficient of
thermal expansion. A spherical indenter with a tip radius of
100 mm was used in the present experiments. The latest tips
provided by the manufacturer had all been brazed onto the
tip holder, a process allowing tips to be used at elevated
temperatures.

The thermal stability of the present nanoindenter frame
was first determined by testing standard material, i.e.,
fused silica. The indentation load–depth curves of the fused
silica were obtained at various temperatures: from ambient
to 200 �C. There was negligible difference in load–depth
responses in this range of temperatures. The modulus at
each temperature was calculated from the load–depth

curves following the standard Oliver–Pharr method [22,23]
and results are shown in Fig. 3. The modulus of fused silica
was observed to increase by a factor of approximately 1.02
as temperature was raised from ambient to 200 �C, which
was consistent with the finding reported by Schuh et al.
[16]. Thus, the present nanoindentation apparatus has
negligible change in frame stiffness as the temperature
increases and is, therefore, thermally stable.

2.3. Modulus measurement

The temperature-dependent modulus of the SMP was
measured with the nanoindenter equipped with a micro-
heater. Polymers exhibit time- and rate-dependent visco-
elastic deformation, particularly at elevated temperatures.
During the nanoindentation of a viscoelastic material, the
resultant load–depth plot often exhibits a ‘‘bulge’’ in the
initial unloading segment due to viscous creep, which
would lead to errors in computing the correct contact
stiffness (S). To minimize the creep effect (as well as other
effects such as instrument drift) on the initial unloading set

Fig. 2. High-temperature indentation apparatus used in the present experiments.
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Fig. 3. Modulus of fused silica measured from the high temperature nanoindenters.
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of data, the ‘‘hold-at-the-peak’’ method, as sketched in
Fig. 4, has been typically used for testing polymeric
materials [24–26]. In the present experiments, the indenter
was loaded at a rate of 3.5 mN/s to a maximum load, and
then held at the maximum load for a length of time
(2 s–30 s) prior to starting unloading. With the addition of
the indenter holding segment, the initial unloading curve
no longer has the ‘‘bulge’’ so that the contact stiffness (S)
can be computed following the standard Oliver–Pharr
method [22,23].

2.4. Shape recovery ability tests

The shape memory behavior of the present SMP was
examined using high temperature nanoindentation. The
experiments were designed to ensure consistency with
the standard shape memory cycle (as described in Fig. 1).
First, the specimen was heated to a deformation temper-
ature Td¼ 110 �C (>Tg). The heating rate was approxi-
mately 2 �C/min. The actual temperature in the specimen
was monitored through thermocouples placed near the
specimen. The specimen was kept at this temperature for
at least 1-hr to allow the temperature in the specimen to
reach equilibrium. The specimen was then deformed with
the indenter to a maximum load of 50 mN at a loading rate
of 5 mN/s. While the indenter was maintained at that load,
the temperature in the sample was brought to room
temperature and then the indenter was withdrawn from
the specimen. It took approximately 2 h for the sample to
reach room temperature after the heater was turned off
(Fig. 5). The surfaces of the specimens were then examined
with a Wyko Optical Surface Profiler (Veeco Instruments,
Inc.) for the initial indentation profile and indentation
depth measurements. Subsequently, the specimen was
placed back on the indenter microheater stage for recovery
experiments. The recovery experiments were conducted at
various temperatures (Tr): 60 �C, 75 �C, 93 �C, 98 �C, and

125 �C. A 2-minute recovery time was used for all exper-
iments. The indentation profile at each recovery temper-
ature was next obtained by scanning the surface of the
recovered specimen with the optical surface profiler.

2.5. Dynamic mechanical tests

The thermomechanical behavior of the SMP in bulk
form was characterized with a dynamic mechanical
analyzer (DMA), Model Q800 from TA Instruments. Rect-
angular specimens, with nominal dimensions of 22 mm
(length)� 15 mm (width)� 3.2 mm (thickness), were tested
in torsion mode. 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 1 Hz.

3. Results and discussion

3.1. Load-displacement and modulus

The present SMP is a two-part, fully formable thermoset
resin system. At room temperature, the material is a rigid
plastic. The room temperature load–depth response of the
present SMP was examined with a spherical indenter, as
shown in Fig. 6. The indenter loading/unloading rate was
approximately 3.5 mN/s with a peak holding time of 10 s.
For comparison, the analytical loading response based on
Hertz is also included. The elastic deformation at small
indentation is described by Hertz [27]

F ¼ 2
ffiffiffi
2
p

3

 
E
ffiffiffiffiffiffi
2R
p

1� n2

!
h3=2 (1)

where R is the radius of the spherical indenter, and E and n

are the modulus and Poisson ratio of the material, respec-
tively. A Poisson’s ratio value of 0.35 was used for the
current SMP.

Fig. 4. Diagrammatic representation showing the ‘‘hold-at-the-peak’’ method used for nanoindentation of viscoelastic materials.
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It is seen that the initial loading response is mostly
elastic, and is in relatively good agreement with the Hert-
zian theory for the ratio of the indentation depth to the
diameter of the indenter up to 0.5. As the load increases,
the experimental measurement deviates from the analyt-
ical prediction, due in part to the inelastic responses in the
SMP. It has been reported that SMP in compression mode
often exhibit elastic–plastic deformation at ambient
condition [28]. In addition, viscous creep deformation is
also observed in the present SMP during the indenter
holding period, as shown in the inset in Fig. 6.

The nanoindentation tests were then performed on the
SMP specimens over a range of temperatures, below and
above Tg (the present SMP has a Tg of 105 �C as determined
from the tan d curve measured from DMA). Fig. 7 shows the
resultant indentation load–depth responses using
a loading/unloading rate of approximately 3.5 mN/s with

a peak holding time of 10 s. As expected, the load–depth
curve becomes less stiff as the temperature increases, since
the material changes its state from a rigid plastic to a soft
rubber. The viscous creep is clearly evident during the
indenter holding period on each load–depth curve and is
observed to accelerate substantially as temperature
increases (Fig. 8). This creep displacement needs to be
subtracted from the elastic contact depth formula. In
addition, the contact depth between the indenter and the
specimen depends upon the indenter holding time and
unloading rate. After taking these factors into account, the
elastic contact depth (hc) during the indentation of
a viscoelastic material is determined as follows [20]

hc ¼
�
hmax � hcreep

�
� 0:75Pmax

�
1
S
�

_hv
_P

�
(2)

where hmax is the maximum indentation depth, hcreep, is
the change in the indentation depth during the holding

Fig. 5. Schematic of the present shape recovery experiment through high-temperature indentation.
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Fig. 6. Indentation load–depth responses of the SMP at room temperature.
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time, Pmax is the peak load, S is the elastic stiffness as
determined from the slope of the unload curve evaluated at
the maximum depth (S ¼ ðdP=dhÞh¼hmax

), _hv is the creep
rate at the end of the load hold, and _P is the indenter
unloading rate.

The indenter-sample contact radius (a) is then
computed via the standard procedure

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hcR� h2

c

q
(3)

Once the elastic contact stiffness (S) and indenter-sample
contact radius (a) are known, the elastic modulus E of the
testing sample can be calculated following the standard
Oliver–Pharr procedure [22,23]

E ¼ 1� n2

1
Er
� 1� n2

i

Ei

(4)

where Er ¼ ð
ffiffiffi
p
p

=2,ð1:034ÞÞðS=
ffiffiffiffiffiffiffiffi
pa2
p

Þ. Ei and ni are the
elastic modulus and Poisson’s ratio of the indenter (for
diamond indenter: Ei¼ 1140 GPa and v¼ 0.07).

The elastic moduli of the SMP at various temperatures
(Tr) were calculated by using Equation (4), as shown in
Fig. 9. Also shown in the figure is the storage modulus E0

obtained from dynamic mechanical analysis (DMA), where
bulk SMP was tested in torsion mode. Overall, the modulus
measured from indentation follows the same trend as that

from the DMA. The mechanical behavior of the SMP is
clearly divided into three distinctive regions: (1) a glassy
region as T< 85 �C, (2) a transition region as
85 �C< T< 105 �C and (3) a rubbery region as T> 105 �C.

3.2. Shape recovery ability

The shape memory effect in glassy polymers is believed
to be the result of rearrangement of long molecular chains
as the material is cooled following deformation at elevated
temperatures. During the cooling process, new bonds are
developed between molecular chains and a fixed shape is
achieved. Therefore, to properly characterize the shape
memory effect, the material needs to be activated in its
rubbery state at a deformation temperature above Tg.
Recently, there has been increased interest in examining
the shape memory effect of SMP on a small scale, as driven
by the potential applications of SMP in micro-/nano-scale
systems and devices [9,13–15]. In those studies, the shape
memory behaviors have been mostly evaluated by using
the micro/nanoindentation technique. However, the
indentation deformations have been executed at ambient
condition, i.e., the deformation temperature (Td) is ambient
temperature, which is below the glass transition tempera-
tures of most thermoset SMP.

In the present study, the shape recovery of the SMP was
examined using a high-temperature indentation technique,

Fig. 11. Indentation surface of the SMP after each recovery experiment. The recovery temperatures are: (a) 75 �C, (b) 93 �C, (c) 98 �C, and (d) 125 �C.
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as discussed earlier. Fig. 9 shows the indentation profile
after the SMP was activated at elevated temperature
(Td> Tg), with the dashed vertical lines showing the
indenter–specimen contact area. It is seen that the defor-
mation zone has extended beyond the indenter–specimen
contact. The indentation profile shows that the surface of
the specimen has been substantially deformed. This indi-
cates that there is a large amount of ‘‘sink-in’’ when
indenting the SMP above its glass transition temperature.
As Td> Tg, the SMP is in a rubbery state and the deforma-
tion mechanism is mostly elastic. The large deformation at
the sample surface is in sharp contrast with the observa-
tions obtained from room temperature indentation
[9,13–15]. At low temperatures, the SMP is a rather rigid
material and exhibits elastic–plastic type deformation. As
a result, pile-up, rather than sink-in, has been often
observed around the indentation. This kind of permanent
deformation could be non-recoverable during subsequent
heating, particularly at higher levels of stress/strain.

When activated at high deformation temperatures, the
SMP can undergo a fairly large deformation (as shown from
the indentation depth responses in Fig. 7), which is often
required for applications involving morphing deployable
structures. The indentation strain under a spherical
indenter can be generally approximated as 3ind ¼ 0:2,a=R,
where a is the indenter–sample contact radius and R is the
indenter radius. For the present SMP that was activated at
110 �C, a is estimated at approximately 95.6 mm (based on
the indentation profile, Fig. 10), which corresponds to an
indentation strain of 20%.

When the deformed SMP was re-heated to elevated
temperatures (60 �C, 75 �C, 93 �C, 98 �C, and 125 �C), the
indentation deformation starts to recover, as evidenced by
the changes in indentation depth (Figs. 11 and 12). The
indentation strain was calculated at each recovery
temperature and used to evaluate the shape recovery of the
SMP (Fig. 13). It is seen that the overall recovery process
follows a trend similar to the modulus measurements
obtained using DMA, as shown in Fig. 8. The indent
recovery is small when the material is in the glassy state

(60 �C, 75 �C) and then increases in the transition state
(93 �C, 98 �C). As the material was re-heated above its glass
transition temperature (125 �C), the indentation strain has
reduced to approximately 0.4%.

The shape recovery ability can also be characterized by
the concept of linear shape recovery ratio, R [29]. For the
indentation experiments, R can be defined as follows

R ¼
�
1� hf=hi

�
� 100 (5)

where hf is the final indentation depth corresponding to
each recovery temperature and hi is the initial indentation
depth. The variation of shape recovery ratio as a function of
temperature is also shown in Fig. 13. The overall trend is in
agreement with the change in indentation strain. As the
temperature reaches the rubbery state (Tr> Tg), the mate-
rial has a shape recovery ratio of 99%, indicating that the
material has almost completely recovered.

4. Conclusions

The thermomechanical behavior of a thermosetting
shape memory polymer (SMP) has been examined by using
a high temperature nanoindentation technique. The
thermal stability of the indenter frame has been verified by
testing standard reference material. The load–depth curves
of the SMP at various temperatures are obtained, from
which the instantaneous moduli are calculated using
a revised contact–depth formula. The temperature-
dependent modulus of the SMP measured from nano-
indentation follows the same trend as that from dynamic
mechanical analysis on bulk samples. The micro-heater
attached to the indenter sample holder allows the activa-
tions of the SMP at temperatures above its glass transition
(Tg). The SMP activated at elevated temperatures exhibits
a surface profile different from those activated at room
temperature. When activated at elevated temperatures, the
SMP surface has a large amount of ‘‘sink-in’’, an indication
of large-strain elastic deformation. This large elastic
deformation is fully recoverable when recovery takes place
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at a temperature above the material’s glass transition
temperature.
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