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Development of Graphene Nanoplatelets Reinforced Shape Memory Polyurethane
and Their DMA Studies
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Shape memory nanocomposites have been synthesized using ether type shape memory polyurethane (SMPU) and
graphene nanoplatelets (GNPs). A twin screw co-rotating microcompounder with a back flow channel has been employed to
ensure proper dispersion of GNPs in the polymer matrix. Four compositions of GNPs in SMPU have been prepared.
Morphology of fractured nanocomposites reveals uniform dispersion of graphene in SMPU. The dynamic-thermo-mechanical
properties of nanocomposites at 0.1 and 10 Hz have been studied. Addition of 1 phr GNPs increases storage modulus of SMPU
from 2.8 to 3.73 GPa and the value of tan d peak has been decreased from 0.81 to 0.53. The GNPs in SMPU matrix influence
shape recovery which improves with the addition of GNPs with in experimental range.

Keywords: Shape memory polymer, Shape memory polyurethane, Graphene nanoplatelets, Dynamic mechanical analysis

Introduction

The shape memory polymers (SMPs) are one of the
important category of smart material which have ability
to undergo a large recoverable deformation' upon the
application of external stimuli such as heat™, light*’,
moisture®, electric field®, magnetic field’, and leO.
The SMPs have potential applications in biomedical,
actuator, sensor, smart textile, self deployable structure
and artificial muscles'"'>. SMPs compared to shape
memory alloy possess several advantage such as
exceptional high recovery strain, easy process ability,
low cost ,easy shape memory programming although
their low recovery-force", low thermal and electrical
conductivity results in limited applications. In
thermoresponsive polymer, temperature acts as a
transition switch thereby changing shape from
temporary shape to permanent shape. SMPs change
their stiffness from glassy state (high stiffness) to
rubbery state (low stiffness) above glass transition
temperature. The thermoplastic shape memory
polyurethanes (SMPU) contain flexible (soft segment)
and rigid(hard segment) alternative chains in the
polymer back bone'*. Hard segments are responsible
for mechanical strength and toughness, and on the
other hand, soft segments provide elasticity’. These
hard and soft segments provide shape memory
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behavior in polyurethane. The limitation of low
recovery stress in shape memory polymers is governed
by the elastic energy stored within the hard segment of
polymer chain'®. Therefore one of the methods to
improve recovery stress in polymer is reinforcement. In
modern era nanomaterials are most recommended
reinforcement for SMP due to their exceptional
thermal, mechanical and electrical properties. Many
studies reported improvement in shape memory
properties on addition of nanofillers which includes
reinforcement of SiC'’, nanoclaylg, carbon black'’,
CNTs"?° and cellulose nanowhiskers®, etc.

Graphene nanoplatelets (GNPs) are recently
developed short bulk form of graphene®. GNP has
intermediate geometry with 12 nm thickness
corresponding to 18 to 30 graphitic sheets. The key
factor for transferring the GNP properties to
composites are (i) homogeneous dispersion of
grapheme in matrix ; and (ii) type of interaction
between GNPs and the polymer matrix.

Dynamic mechanical analysis (DMA) is a very
efficient technique for study of time, frequency, and
temperature dependent mechanical properties of
polymer composites. The study of shape memory
properties is also carried out by using
thermomechanical cycle, the detail is mentioned
elsewhere”. Therefore DMA study is also useful to
infer shape memory effects. Storage modulus indirectly
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shows the capacity to store strain energy elastically
which results in higher shape recovery force. Damping
factor peak gives the glass transition temperature of the
composite. In present experimental study different
fractions of GNPs were dispersed uniformly in shape
memory polyurecthane using micro-compounder.
Dynamic mechanical properties were evaluated at two
frequency 0.1 and 10 Hz. Shape recovery force, shape
fixity and shape recovery were studied and reported
here.

Experimental Details
Materials

The shape memory thermoplastic polyurethane
(ether type) MM6520, in the form of pellets were
obtained from SMP Technologies Inc. Japan. Graphene
naoplatelets (GNP) 11-15 nm having specific surface
area 50-80 m*/gm obtained in the form of powder from
io-li.tec nanomaterials GmbH Germany.

Sample preparation

The compositions of nanocomposites developed for
present study are given in Table 1. Schematic
presentation of sample prepared is given in Fig. 1.
Weighted amount of ingredients were fed to
microcompounder for melt blending at 210 °C for 5
min. After mixing molten material was extruded in
the form of strand through die and was allowed to
cool down to room temperature. The process was
repeated to obtain improved dispersion of GNPs in
SMPU. The mixed molten mass was taken directly to

Table 1 — Sample designation for composites.

Sample Composition of nanocomposites
code SMPU (g) GNP (g)
SMC1 100 0
SMC2 100 0.2
SMC3 100 0.6
SMC4 100 1
SMPU PELLETS GNPs powder

e

Melt blended in

microcompounder

l

Test specimen prepared using
micro injection moulding

N

Fig. 1 — Schematic flow chart of sample preparation.

barrel of micro injection molding machine and test
specimen was molded.

Characterization
Shape memory behavior evaluation

In this SM behavior involves following steps (i)
heating the sample to a temperature T, which is
higher than the glass transition temperature T,, (ii)
deforming/stretching to a certain level, iii) bringing
down the temperature below T, without relaxing the
deformation strain, (iv) removal of imposed strain
(clamps etc.) and allowing the sample to relax and
attain a fixed length (v) heating the sample in fixed
position above glass transition temperature (vi)
allowing recovery at this temperature by decreasing
strain till zero recovery force achieved by decreasing
strain 2 mm/min (vii)t hen loosing the clamp and
allowing free recovery at same temperature.

Dynamical mechanical analysis (DMA) is a
technique for measuring viscoelastic properties of
material. It is known that shape memory properties are
governed by modulus of material below and above the
transition temperature. This experiment allows
determination of the material’s response by the
application of temperature and dynamic load. Dynamic
mechanical properties of the samples were determined
using "Dynamic Mechanical Analyzer" DMs 6100 by
hitachi Instruments. The samples were injection
molded, with dimensions 40x10x1 mm?.test conditions
were as follows: measurement method was tensile
mode, loading frequency 0.1 Hz AND 10 Hz, heating
rate 2°C/min, for a temperature interval 30 — 85 °C.

Morphological studies were conducted using
FESEM of M/s Nova NanoSEM 430. The cryogenic
fractured surfaces were observed after gold coating.

Result and Discussion

SEM studies were carried out to investigate the
fracture morphology of the cryogenic fractured
surface of the nanocomposites. SEM image of SMC1,
SMC2, SMC3 and SMC4 are shown in Fig. 2. It can
be seen in Fig. 2 (a), SMCI1 (pure SMPU) is very
smooth and homogeneous. However the surface of
GNPs filled SMPU composite in Fig. 2 (b-d) become
coarser and non uniform. SMPU contains fine domain
having uniform structure. Coarse domain formation
was observed due to incorporation of GNPs. Figure 2
(c) shows, the cracks grow on periphery of coarse
domain.

Dynamic mechanical Analyzer was used to study
behavior of material under dynamic loading at
different temperature ranging from 30 °C to 85 °C.
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Fig. 2 — SEM micrograph of cryogenic fractured surfaces (a to d) of SMC1, SMC2, SMC3 & SMC4.
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Fig. 3 — Variation of storage modulus with temperature for nanocomposites at two frequencies 0.1 Hz and 10 Hz.

Figure 3 shows the variation of storage modulus as a
function of temperature for SMPU and SMPU-GNP
composites at two frequencies 0.1 Hz and 10 Hz. The
storage modulus (E’) signifies the stiffness of polymer
composite. This illustrate three different zones namely
high modulus zone, transition zone and low modulus
zone. In high modulus zone (glassy state), where
mobility between chain segment is very limited, an
increase in temperature follows a drop in storage
modulus it switch over to transition zone and after
transition there is low modulus zone(rubbery state)
with very limited stiffness. The storage modulus is
proportional to strain energy stored per cycle which
governs shape recovery properties of shape memory
polymer. Storage modulus decreased with increasing
temperature and is attributed to increase in molecular
mobility of polymer chains.

The value of E* was much higher for SMC4 as
compared to SMC1 due to restriction provided by

GNPs in molecular mobility of polymer chains. The
value of storage modulus at 10 Hz was greater than at
0.1 Hz due to decrease in relaxation time as frequency
increase.

Loss modulus (E”) signifies the maximum heat
dissipated per cycle under deformation. It is clear that
the addition of GNPs in the SMPU matrix cause
broadening of loss modulus peak. This may be
attributed to the restriction in relaxation process as a
result of increased chain segment with addition of
GNPs*. The value of loss modulus increased with
increase in loading of GNPs in SMPU matrix. The
higher loss modulus may be attributed to increased
frictional surfaces which enhanced the dissipation
energy.

Damping properties of a material provides
effectiveness of the viscous and elastic phase of
polymer composites. Peak of tan § curve gives the
value of glass transition temperature. Figure 5 shows
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Fig. 4 — Shows the variation of the loss modulus for different composition of SMPU-GNPs nanocomposites with temperature at 0.1 Hz

and 10 Hz frequency.
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Fig. 5 — Variation in damping factor for different composition of nanocomposites with temperature at 0.1Hz and 10 Hz frequency.

that the value of tan & for different wt% of GNPs-
SMPU nanocomposites. The value of tan & was lower
than the pure SMPU. This suggests that increase in
elastic modulus is more compared to loss modulus.
Addition of GNPs greatly improves stiffness of
nanocomposites. There was broadening of tan 6 curve
by loading of GNPs in SMPU matrix, that increase the
transition range by suppressing relaxation time for
chain segments. The value of tan 6 was more at 10 Hz
than that at 0.1 Hz for all nanocomposites. With
increase in frequency dissipation energy increased as
compared to energy stored so value of tan J increased.
Low value of damping factor for GNPs-SMPU
nanocomposites suggest more thermal energy was
required for translational and rotational motion of the
chain segments.

Shape memory properties were evaluated using
thermo-mechanical cycle as described elsewhere™ and
summarized in Table 2 . Shape fixity ratio shows ability
to remember temporary shape on programming.
Addition of GNPs resulted in increased shape fixity
ratio. Shape recovery ratio shows the ability to regain its
permanent shape on recovery. Addition of GNPs

Table 2 — Shape memory properties for different

nanocomposites.
Sample Maximum Shape fixity ratio Shape recovery
name recovery force (N) ratio
SMC1 15.7 95.2 96.5
SMC2 21.9 97.5 94
SMC3 25.8 98 93.2
SMC4 32 98.53 91

decreased shape recovery ratio. Higher Shape recovery
force is needed to use SMP as an actuator. Addition of 1
phr GNPs improved recovery force of SMPU from 15.7
Nto32N.

Conclusions

A positive influence of GNPs addition on shape
recovery and dynamic mechanical properties was
observed. Storage modulus of SMPU on addition of 1
phr GNPs increased from 2.8 to 3.73 GPa at 0.1 Hz
frequency. Value of storage modulus of nanocomposite
increased at 10 Hz frequency as compared to 0.1 Hz
frequency. The value of tan 6 peak decreased on
addition of GNPs. The glass transition temperature range
is increased by addition of GNPs. Addition of 1 phr
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GNPs improved recovery force of SMPU by 103.8 %
and shape fixity ratio increased from 95.2 to 98.53%.
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