
Shape Memory Studies of Functionalized
MWNT-reinforced Polyurethane Copolymers

Shape memory polymers are defined by their ability to store and recover strains
when subjected to a particular thermo-mechanical cycle. The thermomechanical
behaviour of shape memory polymers can be tailored by modifying the molecular

structure of the polymer or by using the polymer as a matrix of multiphase composites.
In the present paper, we have presented the shape memory behaviour of functionalized
multi-wall carbon nano tube (MWNT) reinforced segmented polyurethane (SPU) copoly-
mer. The experimental results showed that the shape memory effect of developed MWNT
reinforced SPU composites were influenced by MWNT weight fraction in the polymer
matrix. MWNT At low concentration in the SPU does not have much influence on shape
memory behaviour. However, the shape recovery properties were improved for the SPU
having 2.5 wt% of MWNT. All the SPU/MWNT-SPU samples showed excellent shape fixity.
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Shape memory polymer has a lot of
advantages over shape memory alloy
or inorganic material. These advan-
tages are low density (1.0-
1.3 g/cm3), high shape recovery, low
manufacturing cost, and easy pro-
cessing which has drawn wide atten-

tion to them these days [1-6]. Shape
memory is the ability of a material to
remember its original shape, the
material deformed into a temporary
shape and return to its original shape
by external stimuli [7-8]. The pro-
posed theory expresses well the ther-
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momechanical properties of polyurethane shape mem-
ory polymer, such as shape fixity, shape recovery and
recovery stress.

These materials have two phase structure, namely,
the fixing phase which remembers the initial shape, and
the reversible phase which shows a reversible soft and
rigid transition with temperature. Inter-component
interactions, chain entanglement, cross-linking, micro-
crystals, and glassy state [9-11] are the different physi-
cal interactions used for memorizing the original and
transient shape of the shape memory polymer.

In shape memory polyurethane micro-crystals are
used for memorizing the original shape and glassy state
is used for maintaining the transient shape. In general,
inter-polymer chain interactions are so weak that a one-
dimensional polymer chains can not keep a certain
shape above Tg/Tms, where Tg and Tms denoted the
glass transition and soft segment crystal melting tem-
perature, respectively. 

To maintain a stable shape, polymer should have
three dimensional network structures. Inter-polymer
chain interactions useful for constructing the polymer
networks are crystal aggregate or glassy state forma-
tion, chemical cross-linking, and chain entanglement.
The latter two are permanent and used for constructing
the original shape. The other interactions are thermally
reversible and used for maintaining the transient shape. 

High degree of crystallinity of the soft segment
regions at room temperature and the formation of sta-
ble hard segment domains acting as physical cross-
linking are the necessary conditions for segmented
polyurethane with shape memory behaviour. The
response temperature of shape memory behaviour is
dependent on the melting temperature of the soft seg-
ment crystals. 

The final recovery rate and the recovery speed are
mainly related to the stability of the hard segment
domains under stretching which is dependent on the
hard segment content of the polymer.

Shape memory effects are the macroscopic reflec-
tion of internal molecular motions in the copolymer
[12]. It is well known that the dynamic mechanical
analysis which is sensitive to the molecular motion in
polymers can provide important information about the
motion of segments in polyurethane copolymers. Sev-
eral researchers studied the shape memory behaviour of
segmented polyurethane copolymers. However,

researches were seldom found in literatures on the
aspect of shape memory behaviour of carbon nano tube
reinforced polyurethane copolymers. Carbon nano
tubes (CNT) are attracting considerable attention due to
their unique physical and mechanical properties such as
high Young’s modulus and strength, thermal and elec-
trical conductivity, thermal stability, and high specific
surface area, as reported in literature [13-16]. There-
fore, the carbon nanotubes reinforced shape memory
polyurethanes supposed to exhibit the surface proper-
ties of polymers with many other functional properties.
The purpose of the present paper is to study the shape
memory behaviour of functionalized MWNT rein-
forced segmented polyurethane copolymer.

EXPERIMENTAL

Materials and Method
Segmented polyurethane (SPU) was synthesized from a
bifunctional diisocyanate (4,4’-methhylene (bisphenyl)
diisocyanate, MDI) and a diol such as polyol viz. poly-
tetramethylene glycol (Mn = 2900 g mol-1, PTMG
2900) and polyethylene glycol (Mn = 3400, PEG 3400),
and chain extender 1,4 - butane diol (1,4-BDO) by two
steps polymerization process. The feed mole ratio was
PTMG 2900: PEG 3400: MDI: 1,4-BDO =
15.15:2:54.38:37.23. The detail synthesis process was
given elsewhere [17]. 

Segmented polyurethanes were reinforced with
0.25, 0.50, 1, and 2.5 (w/w%) (calculate based on the
solid content of the polymer) of functionalized multi-
wall carbon nano tube (MWNT). In a typical function-
alization process, 80 mg of accurately weighed MWNT
was added in the 10 mL of aniline and the mixture was
heated at reflux with a high-speed shearing stirring by
magnetic stirrer for 4 h in darkness.

After being cooled down to room temperature, ani-
line-nanotube solution was diluted with 40 mL of DMF.
Functionalized and diluted MWNT solution was added
to the previously synthesized SPU, and then the mix-
ture was stirred with high-speed stirring at room tem-
perature for 12 h. The final SPU-MWNT solution con-
centration was about 15 % by weight.

Membrane Preparation
Membranes were prepared from diluted SPU/SPU-



MWNT solution (concentration about 5 w/v %) in N,N-
dimethyl formamide (DMF) on Teflon coated steel
plate. In order to get defect free membranes solvent
was evaporated slowly at 60oC for 12 h and final resid-
ual solvent was removed under vacuum at 80oC for
another 12 h. After this time the Teflon plates were
taken out from the vacuum oven and kept at room tem-
perature for 2 h. Then membranes were taken out from
the Teflon plate. The thickness of the membrane for
theromechanical and cyclic testing was about 0.2 mm.

Characterizations

Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical properties were performed in a
tension mode by dynamic mechanical thermal analyzer
(Perkin Elmer Diamond DMA Lab System) over the
temperature range from -150 to 120oC at a frequency of
2 Hz under N2 purging and a heating rate of 2oC min-1.
Lose modulus results were reported with respect to the
temperature.

Differential Scanning Calorimetry (DSC)

Perkin-Elmer DSC 7 was used to measure the heat of
fusion (∆H), soft segment crystal melting temperature
(Tms) etc. Each samples weights 5-10 mg, was scanned
from -50 to 120oC at a scanning rate of 10oC min-1

under dry nitrogen purge. 

Shape Memory Testing

Shape memory effect of SPU/SPU-MWNTs were per-
formed in a temperature controlled Instron 4111. Stress
and strain tests were carried out in the following order:
(a) apply deformation (εm) to the sample at a constant
cross head speed of 10 mm/min at Tms + 20oC,
(b) cool sample to Tms -15oC with the same εm,
(c) maintain at Tms -15oC for 10 min with removal of

the load, 
(d) raise the temperature from Tms -15oC to Tms + 20oC

and keep at Tms + 20oC for 5 min. 
This completes one thermomechanical cycle (N=1)
leaving a residual strain εp, where the next cycle (N=2)
starts [18-19]. Under the above conditions, shape reten-
tion (fixity) and shape recovery are defined as follows:

Shape retention (%) = εu × 100/εm (1)

Shape recovery (%) = (εm -εp) × 100/εm (2) 

Where, εu = retention strain at Tms-15oC and εp = resid-
ual strain at Tms + 20oC.

The experimental equipment for shape memory
testing consist of a tensile machine with a constant tem-
perature chamber and temperature control unit. Heating
and cooling of the specimens were carried out by
spraying it with heated compressed air and cooled com-
pressed air by passing cold water-propanol mixture
through a heat exchanger. The temperature was meas-
ured by a thermocouple. The tip of the thermocouple
was placed near the specimen. The elongation of spec-
imen was measured by displacement of crosshead.

RESULTS AND DISCUSSION

DSC and DMTA Results
Soft segment crystal melting temperatures have been
used here as the transition points for shape memory
behaviour testing. Heat of fusion and soft segment
crystal melting temperatures are shown in Figure 1 and
data are presented in Table 1. 

In our previous study, we observed that the soft
segment (polyol) form crystalline structure in the seg-
mented polyurethane [17]. In all samples the content of
soft segment is constant. However, the heat of fusion
due to the melting of soft segment crystals is differed
little after reinforcement by the functionalized multi-
wall carbon nano tube in the SPU matrix. 

The heat of fusion of SPU-0.25 with low content of
MWNT (0.25%) is slightly higher than that of SPU
without MWNT suggesting that slightly more polymer
packing was obtained at 0.25 wt% of MWNT content.
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Figure 1. DSC Heating cycles of SPU and SPU-MWNT samples.



That may be due to the presence of little amount of
MWNT which enhances the crystallization process,
since the crystallization in polymer involved three steps
such as primary nucleation, sperulitic growth, and crys-
tal imperfection. Little amount of nano particles may
act as nucleus for heterogeneous nucleation of crystal-
lization, and enhanced the crystallization process. 

With the further increase of MWNT, the heat of
fusion decreases which is related to the crystallinity-
content. The increasing MWNT content in the polymer
acts as filler and suppresses the mobility of soft seg-
ment, and finally decreases the crystallinity of soft seg-
ment. 

The lose modulus of the SPU samples are shown in
Figure 2. Lose modulus goes through a maximum when
the polymer heated through the glass transition temper-
ature. The peak moves to a slightly higher temperature
with increasing nanotube content, showing that the Tg
of the nano-composite is raised by the addition of
nanotubes. In other words, nanotubes hinder the seg-

mental motion of the SPU chains. Peak of the lose
modulus broaden slightly upon the incorporation of
nanotubes.

The lose modulus characterized material properties
to its ability to lose energy (E”). Increasing the MWNT
content in the composite also leads to the broadening of
the lose modulus (E”) peak, and progressive rise in the
peak height value, (E”)max. Therefore, materials have
the ability to absorb energy associated with impact.
However, the (E”)max value suddenly decreased with
0.25 wt% of MWNT content, this result is a bit strange
and dose not easily understands. The broad loss modu-
lus peak suggests superior mechanical properties. Fur-
thermore, in the glass transition region, the MWNTs act
as a resistance to viscous flow of the polymer chains
[20]. 

The broad prominent peaks corresponding to the
MWNT in SPU films refelect the toughness and multi-
molecular motion of the MWNT-polymer materials.
The increase in glass transition temperature signifies
the increase in stiffness which is due to the higher elas-
tic modulus of the MWNT reinforcement compared to
that of the pure SPU matrix.

The possible chemical changes in the polymer near
the polymer/nano-particle interface can influence the
stiffness and the glass transition temperature of the
nano-composites. Increased stiffness in SPU nano-
composites is critical for the enhanced recoverable
stress levels during constrained recovery deployment.
Since the adhesion between the functionalized MWNT
and SPU matrix is strong, the external loads are then
transferred to the nanotubes, resulting in the high per-
formance polymer-nanotube composites.

Shape Memory Properties
The results of cyclic tensile tests which characterize the
shape memory effect of SPUs are shown in Figures 3-7.
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Table 1. DSC Data of SPU and SPU-MWNT sample.

∆H: heat of fusion, T
ms

: soft segment crystal melting point, R
1
: shape recovery

after 1st thermo-mechanical loading.

Samples
∆H

(Jg-1)

Tms

(oC)

MWNT content

(wt %)
R1 (%)

SPU

SPU-0.25

SPU-0.50

SPU-1.00

SPU-0.50

23.7

25.5

24.3

22.2

21.9

22.2

22.4

22.7

21.5

20.7

0

0.25

0.50

1.00

2.50

85

87.5

88.5

90.0

92.0

Figure 2. Loss moduli of SPU samples with various MWNT

contents.
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Figure 3. Cyclic shape memory result of SPU sample.
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The segmented polyurethane without carbon nanotubes
showed good shape memory behaviour as shown in
Figure 3. 

When the deformation is applied to the physically
cross-linked SPU, soft segment having low modulus
would be extended in the first stage of deformation. As
the strain increases, stress will be transferred to the
hard domain. It increases the chain slippage between
the hard segments [19]. However, the presence of
MWNT along with hard segment in SPU will prevent
the chain slippage. That is why the stress at Tms + 20oC
increases with increasing MWNT content in the SPU. 

Usually, the capability of composite interface to
transfer elastic deformation depends a great extent on
the interfacial stiffness and static adhesion strength
[20-22]. A high interfacial stiffness corresponds to a
high composite modulus. Uniform dispersion of the
nano-particles in the polymer matrix is absolutely nec-
essary for obtaining the reinforcing effect. 

From the shape memory behaviour figures we can
see that the value of εp and the difference in the shape
of the first and second cycles of the thermomechanical
test decreased as the content of MWNT increased. The
cyclic deformation properties of the material have been
changed depending on entanglement decoupling of

molecular chains, orientation of molecular chains, and
hardening due to crystallization [19]. All the samples
showed the same percent (100 %) of shape retention
(fixity).

Shape of the SPU is well preserved as judged by
shape retention result [19], because the deformation of
the polymer chain is restricted below Tms. In contrast,
original shape is recovered above Tms which is due to
the strong interactions among the hard and soft seg-
ment, MWNT, and recrystallization. The recoverability
of the SPU-MWNT depends on the presence and con-
tent of MWNT. 

The nano-particles are forced to store internal elas-
tic strain energy during loading and freezing. The same
mechanism that restricts the generation of large recov-
erable strain which imparts higher recoverable force
levels. The stored elastic strain energy in the particles
can be released during the deployment cycle. The
release of stored elastic strain energy in the nano-parti-
cles results in a more rapid and ultimately more power-
ful deployment of the polymer-MWNT composite [20]. 

Shape recovery was better for the ones with 2.5 wt%
of MWNT because of the interaction of functionalized
MWNT and polymer chains. However, with lower
concentration of MWNT in SPUs the change of shape
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Figure 4. Cyclic shape memory result of SPU-0.25 sample.
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Figure 5. Cyclic shape memory result of SPU-0.50 sample.
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Figure 7. Cyclic shape memory result of SPU-2.50 sample.
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recovery is not significant. The deformed shape was
recovered by hardening due to orientation of molecular
chains and crystallization progresses, which is depend-
ed strongly on the crystalline structure and cross link-
ing imposed by hard segment etc. With higher MWNT
particularly at 2.5 wt% content in SPU which is act as
filler in the polymer matrix and helps for quick recov-
ery.

From the heat of fusion of DSC results, we can see
that in all cases, the amount of crystalline structure are
almost same. Higher amount of MWNT in the polymer
matrix act as physical cross-linker along with hard seg-
ment in polymer matrix, and finally, enhance the shape
recovery. Because of its nano dimensions, the MWNT
can act as physical cross-linker in the molecular level
and enhanced the shape recovery at higher concentra-
tion such as 2.5 wt%. We know that shape of deformed
specimens could be recovered by various physical
interactions such as intercomponent interactions, entan-
glement, cross-linking, micro-crystals, and glassy state.

The functionalized MWNT interacts with the poly-
mer chains and thus hinders their mobility, resulting in
the increase of glass transition temperature which can
be attributed to the higher degree of spontaneous recov-
ery (rubbery elasticity) of the polymer nano-composite
at a higher temperature (Tms + 20oC). At the same tem-
perature, the stiffness of the polymer chains increases
with increasing MWNT content in the polymer matrix.
This difference is attributed to the visco-elastic
response of the SPU materials. However, a lower tem-
perature in the glassy state is needed for the pre-defor-
mation stress to reach zero and the shape fixity to
occur. Upon subsequent heating, the stresses begin to
recover. The results herein provide a foundation for
understanding the recovery behaviour of SPUs and
SPU nanocomposites as a function of MWNT content.

To achieve shape memory properties, the polymer
must have an optimal degree of chemical cross-linking
to form a �memorable� network or must contain a finite
fraction of order of crystalline regions serving as phys-
ical cross-linking [1]. Because, it is the molecular-scale
ordering of polymer chains that produces the shape
memory effect. 

The mechanism of shape memory in polymer net-
works is based on the temporary storage of low confor-
mational entropy states in molecular chains between
cross-linking nodes. The low state of conformational

entropy can be stored by either deforming at low stress-
es above the soft segment crystal melting temperature
and then cooling under constraint, or by deforming at
relatively large stress at low temperature. For each
cycle, heating above the soft segment crystal melting
temperature results in the recovery of the stored strain
via an increase in the network free volume, chain
rearrangement, and recovery of a stable high entropy
state in the polymer. The crystallites acted as physical
cross-linking which fixes the extended shape of the
sample. 

At low content of MWNT in the polymer matrix,
there was not much influence on shape recovery prop-
erties. However, at 2.5 wt % of functionalized MWNT
in the SPU matrix shape recovery is increased, which is
due to the strong interactions among the hard segments
and MWNTs in the polymer matrix due to the interac-
tion of functionalized MWNT with SPU matrix. 

Higher concentration of MWNT act as filler in the
SPU matrix, and forms three dimensional network
structure together with soft and hard segments, which
can restore the polymer membrane to the original
shape, therefore higher shape recovery can achive.

CONCLUSION

Shape memory polyurethane composite with function-
alized MWNTs were studied in this work. The nano-
composite materials based on the SPUs were developed
and shape memory effects were investigated by the
experimental approach. The results obtained are
remarked as follows:
(a) It was confirmed that the developed SPU-MWNT

composite materials kept the shape memory effect.
(b)This also suggested that the formation of a network

structure for a polymer sample was very important
to exhibit the typical shape memory effect. The soft
segment freely absorb external stress by unfolding
or extending their molecular chains. On the other
hand hard segment together with MWNT in  the
case of higher concentration of MWNT in the poly-
mer matrix help to recover deformed shape.

(c) Lower concentrations of MWNT in the SPU matrix
have not much influence on its shape recovery prop-
erties. However, at 2.5 wt% of MWNT in the seg-
mented polyurethane, higher shape recovery was
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observed due to the stiffening effect of polymer chains.
Finally, it is concluded that the SPU-MWNT com-

posites are hopeful as new shape memory materials.
However, the improvement of their shape memory
properties is still required for practical applications.
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