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Abstract

Electrostrictive polymers have demonstrated an ability to convert mechanical energy
into electrical energy and vice versa. The mechanism to be used in this study is to apply
mechanical strain to the polymer and measure its generated electricity. This energy conversion
have been exploited in an extensive range of applications, including sensors and actuators. The
goal of energy harvesting is to capture the energy surrounding the material and then convert it
into usable electrical energy. Recently, electrostrictive polymers have gained their renewed
interest as smart materials for energy harvesting. From the literature, it is possible that the
energy harvested on ambient vibration with electrostrictive polymers can lead to the self-
powered electronic devices, e.g., wireless sensors without the battery usage. The first objective
of this study is to prepare the polymer blend as electrostrictive polymer. The polymer blend,
semiconductive polyaniline(PANI)/polyurethane(PU) composites are prepared using solution
casting method. Important parameters such as the figure of merit for analyzing the energy
conversion capability of those composites are characterized by thermal, morphological,
mechanical, and electrostrictive properties. The second objective is to create the
electrostrictive measurement setup using photonic technique for evaluating the electrostrictive
coefficiency. This coefficiency is one of crucial parameters for predicting the energy harvesting.
The third objective is to convert the mechanical energy into the electrical energy with those
composites. The harvested energy is obtained from the first flexion mode of a cantilever beam
at low frequency. The study has demonstrated a useful way to simultaneously improve the
energy conversion for electrostrictive materials as well as render its suitable condition for

energy harvesting.
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Abstract. In this study conductive polymer composites of polyurethane (PU)/polyaniline (PANI)
below the percolation threshold were prepared by using solution casting. The dispersion of the
conductive PANI fillers within the PU matrix was investigated by scanning electron microscopy
(SEM). The SEM results showed a relatively homogeneous dispersion of the PANI fillers within the
polymeric matrix. The effects of filler concentration on the dielectric and electrical conductivity
depend upon the interface between conductive filler and matrix. Dielectric properties and ac
conductivity of polymer composites have been investigated at different frequencies (10° - 10° Hz).
The results show that the dielectric constant, dielectric loss and the electrical conductivity are
strongly dependent on the frequency. The dielectric constant and dielectric loss decreased, whereas
electrical conductivity increased with increasing frequency. In addition, the dielectric constant and
conductivity increase when concentration of PANI increased. Differential scanning calorimetry
(DSC) presented an enhanced the glass transition temperature (Tg) of the polymer composite with
increasing PANI fillers. A correlation of Tg and the interface polarization between the PANI fillers
and PU matrix on dielectric properties was proposed.

Introduction

During the last decade, among of technological advancements, conventional materials such as
metals and alloys are being replaced by polymers in such fields as automobiles, aerospace,
biological muscles, and electronics device because the shape properties can be easily modified [1].
For several decades, it has been known that certain polymers show change in shape or size in
response to electrical simulation and are emerging as a new class of actuation material. These
polymers are called Electroactive Polymer (EAP). Among the various avilable EAP, polyurethane
(PU) elastomers are of great interest for a wide range of transducer and actuator applications. In
recent years, PU has shown capability of converting electrical energy into mechancial energy and
vice versa [2]. As previously reported that the increase in the dielectric constant of EAP is one of
the key factors for increasing the energy conversion [3]. In fact, dielectric improvements can also be
achieved with conductive fillers. The use of conductive fillers as a possible means to increase the
dielectric constant is interesting since free charges not only contribute to conduction, but also
possibly give rise to Maxwell-Wagner polarization. However, the polymers filled with metallic
powders have agglomerated fillers as the content is increased. Consequently, the decrease in
dielectric constant of the composites filled with metallic was observed. Polymer blend or polymer
composites are one of great interest to improve the performance of the composite. The conductive
polyanilne (PANI) have received considerable attention owing to its high conductivity, relatively
good environmental stability, and low cost [4].

In the present study, the dielectric behaviour and conductivity of PU composites filled with
PANI have been studied over a broad range of frequency (10 - 10° Hz), and as a function of the
filler content (0% - 5%wt.). In addition, scanning electron microscopy (SEM) imaging and

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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determinations with differential scanning calorimetry (DSC) of the glass transition temperature (Tg)
have been performed to visualize the filler distribution and to investigate the correlation of Tg, the
microstructure of the composite and the interface polarization between the PANI fillers and PU
matrix on dielectric and electrical properties.

Experimental

The Noveon Estane 58888 NATO021 ether-based thermoplastic polyurethane (PU) was used as
the polymer matrix with addition of polyaniline (PANIL in the emeraldine salt form) as fillers. The
PU/PANI composites with different weight of PANI were prepared by a solution casting method,
where N, N—dimethylformamide (DMF) was used as a solvent to dissolve the polymers. An
ultrasonic probe (Hielscher UP400S) was first used for 20 min to disperse the PANI filler into the
DMEF. Then the mixture of polymers and fillers was stirred at 60°C for 2 h. After obtaining a
homogeneous mixture, the latter was poured onto a glass plate and dried in an oven at 60°C for 24h.
After being removed from the glass, the films were annealed at 130°C for 3h. The Scanning electron
microscopy (SEM) was used to observe the dispersion of PANI fillers in the composite samples.
Values of the glass transition temperature (Ty) was obtained from the DSC heating curves.

The dielectric constant and conductivity of the composites were evaluated using LCR meter
(HP4263B) over a broad range of frequencies at room temperature. The thickness of the samples
was 70 +/- 5 um in all cases. Gold electrodes, 20 mm in diameter, were sputtered on both sides of
the films before the observations. The complex permittivity of the samples can be written as

* ' . " o
€ (a))=€(a))—1{€ (w)+—} (1)
WE,
where &' is the real part of the complex permittivity, £” describes the dielectric losses related to the
dipolar relaxation mechanisms, &, is the permittivity of free space (8.86x10™"% F/m), o is the

angular frequency and o is the conductivity. Therefore, the effective loss tangent, tand for
metallic filled composites is given as

n
tand = —+
' weyE'

o

)

Results and Discussion

Figs. 1 and 2 show the frequency dependence of the dielectric constant and loss tangent a
function of frequency for the PU/PANI composites with different PANI filler concentrations,
respectively. For all composites, both the dielectric constant and loss tangent are found to decrease
with the increase in frequency. Moreover, it is noted that dielectric constant increases with
increasing fillers concentration regardless of the frequency. At lower frequency, the high values of
dielectric constant and loss tangent are due to the interfacial polarization generated in between PU
matrix and PANI dipoles, which can align themselves with the applied electric field. On the
contrary, with increasing frequency, the dipoles get sufficiently less time to keep up themselves with
the electric field in the composite matrix, so effect of interfacial polarization is lower. The randomly
homogeneous dispersion of PANI fillers in PU matrix can be confirmed by SEM (Fig. 3). This can
be explained why the dielectric constant increases in the low frequency range, which may be
attributed to the formation of the interfaces between PANI fillers and PU matrix has the larger the
total effective areas of the interface when increasing filler content, resulting in the significant
increment of the interfacial polarization. As the same behavior was observed independently of the
frequency and in order to increase the readability, Fig. 4 shows the dielectric constant of PU/PANI
composites versus the content at different frequencies. Due to the fillers and to the two types of
segments that existed in PU, the composite can be considered as a heterogeneous material. Filler
PANI particles present in the polymer matrix acts as minute capacitor. Consequently, an interfacial
Maxwell-Wagner type polarization existed within the sample and its effect increased as the filler
content was raised. This polarization contributed to the increase of the permittivity constant value
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versus filler content an observation that was in good agreement with the assumed power law
frequently published for composites filled with conductive particles [3]. This law predicts an
increase of the dielectric constant when the filler content is raised. Mechanisms of polarization
depend strongly on the frequency and tend to disappear when the frequency is increased. Maxwell-
Wagner type polarization is known to be active at the lowest frequency, which explains why a
decrease of the dielectric constant was observed when the measurement frequency is increased.
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Fig. 3 SEM micrograph of the composite at 5% Fig. 4 Plot of the dielectric constant versus the
by weight of PANI loading in PU matrix. PANI filler content at different frequencies.

Fig. 5 shows the dependence of conductivity of PU/PANI composite on the frequency at room
temperature. The conductivity curve of the composites is characterized by a dispersion region in the
high frequency range which explained with a power law and a plateau (static value) in low
frequency rang which equalize the dc conductivity. In fact, the mechanical contribution of the
conductivity in the dc regime is mainly due to hopping transport of carriers between localized states,
while the ac conductivity is attributed to mobile charges between localized states and orientation of
dipole moment. In our case, the conductivity of the composites exhibits strong frequency
independent when the fillers content increases because of the dipolar contribution reduced due to
the molecular motions are depressed. However, the incorporation of conductive charge has also
probably increased the space charge density in addition to these intrinsically induced by the
existence of soft and hard segments within the PU matrix. Moreover, the increase of the loss tangent
is inevitable consequence of the significantly raised conductivity and according to the Eq. (2).

The DSC technique was used to study on the morphological structure of the composites several
filler concentration. Regardless of the filler content, the same thermal events were observed. Fig. 6
shows the glass transition temperature (Tg) of the composites significantly increased with incrasing
PANI content. Tg of pure PU occurred at approximately -53°C. From previously publications, the
increase in Tg was ascribed to the restriction of the chain mobility near the filler surface [5]. The
various value of Tg was also depend on cross-linking density and amount of reaction residue, have
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been used to explain the increase in Tg when polymer composite filled with conducting fillers. In
fact, the interfacial area between the fillers and the polymer matrix increase with increasing filler
content accoding to SEM analysis. In addition, this implies that the mobility of chain can be
restricted due to the interaction between the polymer matrix and filler is strong, thus the increase in
Tg was observed.
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Fig. 5 The conductivity of the composites with ~ Fig. 6 Variation of the glass transition
varying PANI content versus the frequency temperature versus the PANI content

Summary

Dielectric constant and loss of the composite increased with increasing PANI content. The
dielectric constant and loss tangent showed almost frequency independent behavior for pure PU and
were observed to decrease for the filled composites with increasing frequency. The conductivity of
the composites increases with increase in frequency and the filler loading. This effect could be
explained with the percolation theory and the interfacial polarization between the PANI fillers and
the polymer matrix. According to DSC results, the Tg of composites significantly increase with
increasing filler content. It implies that strong interaction between the PANI fillers and the PU
matrix, although there was some aggregation of filler loading in the composites.

Acknowledgments

The research was supported by a grant from Prince of Songkla University, contract no.
SCI550283S.

References

[1] J.K. Kwang, S. Tadokoro, Elecctroactive Polymers for Robotic applications: Artificial Muscles
and Sensors, Spinger, London, 2007.

[2] D. Guyomar, L. Lebrun, C. Putson, P.-J. Cottinet, B.Guiffard, S. Muensit, Electostrictive
energy conversion in polyurethane nanocomposites, J. Appl. Phys. Lett. 75 (2009) 014910-9.

[3] C. Putson, L. Lebrun, D. Guyomar, N. Muensit, P-J. Cottinet, L. Seveyrat, B. Guiffard, Effects
of copper filler sizes on the dielectric properties and the energy harvesting capability of
nonpercolated polyurethane composites, J. Appl. Phys. 109 (2011) 024104-8.

[4] E.T. Kang, K. G. Neoh, K.L. Tan, Polyaniline:A polymer with many interesting intricsic redos
states, Prog. Polym. Sci. 23 (1998) 277-324.

[5] Y.X. Zhou, F. Pervin, V.K. Ranari, S.Jeelani, Fabricaiton and evaluation of carbon nano fiber
filled carbon/epoxy composite, Mater. Sci. Eng. A 426 (2006) 221-228.



Applied Physics and Material Applications
10.4028/www.scientific.net/ AMR.770

Interface Polarization Effect on Dielectric and Electrical Properties of Polyurethane (PU)/Polyaniline
(PANI) Polymer Composites

10.4028/www.scientific.net/ AMR.770.275


http://dx.doi.org/www.scientific.net/AMR.770
http://dx.doi.org/www.scientific.net/AMR.770.275

Advanced Materials Research Vol. 844 (2014) pp 433-436
Online available since 2013/Nov/15 at www.scientific.net
© (2014) Trans Tech Publications, Switzerland
doi:10.4028/www.scientific.net/AMR.844.433

Compliant Natural Rubber Latex Electrodes for Electrostrictive
Polyurethane Actuation

Chatchai Putson'??, Darika Jaaoh'? and Nantakan Muensit'*°

'Department of Physics, Faculty of Science, Prince of Songkla university (PSU),
Songkhla, 90112, Thailand
“Center of Excellence in Nanotechnology for Energy (CENE),
Songkhla, 90112, Thailand

“chatchai.p@psu.ac.th, "amda28@gmail.com, °nantakan.m@psu.ac.th

Keywords: Natural rubber; Compliant electrodes; Dielectric properties; Electrical conductivity

Abstract. Improvement of the electrostrictive polymer with natural rubber (NR) compliant
electrodes can potentially offer advantages for enhancement electromechanical efficiency of
elastomer actuators. The NR elastomers are capable of advantageous features such as a high
productivity, elasticity, and ease of processing. In this work, the NR composites filled with carbon
black (CB) nanopowders at high conductivity was used as compliant electrodes on polyurethane
electrostrictive polymer. The compliant NR composites electrodes were fabricated by using spin
coating technique. The morphology of the NR composites was observed by the scanning electron
microscope (SEM). The mechanical, electrical and electromechanical properties of NR composites
were investigated. The electric field-induced strain of sample with compliant NR composites
electrodes, and comparison with metallic electrodes was determined by using the photonic
displacement apparatus. The results show that the thickness strain of polyurethane electrostriction
with compliant NR was higher that with metal electrodes, depending not only on compliance
between sample and electrodes, but also good conductivity and adhesion of electrodes. Correlation
of the electromechanical properties and the mechanically coupled in stretching and compressing to
volume incompressibility of polymer are also discussed.

Introduction

For several decades, it has been known that certain polymers show change in shape or size in
response to electrical simulation and are emerging as a new class of actuation material. These
polymers are called Electroactive Polymer (EAP). In recent years, the EAPs trend to replace the
actuator-ceramics for several application such as automobiles, aerospace, household goods and
elastic electronics due to lightweight, very flexible, inexpensive and easily processed and
manufactured [1]. Moreover, they can be readily moulded according any desirable shape to demand.
However, the potential of EAP actuators is limited when rigid electrods was used. Several papers
have researched about compliant electrodes which focused on two phase composites filled with
condutive filler particles in an insulating polymer matrix or elastomer [2]. The host matrix provides
the mechanical properties, while the conductive fillers provide conductivity to the composite. The
composite becomes conductive is known as the percolation threshold follow a power law. This
behavior, the partway of conductive through the matrix is formed by the filler particles. However,
stiffness of composites increases when filler content is increased. The increment of stiffness can be
minimized with lower percentage of the fillers. In order to obtain good compliant electrodes at high
conductivity, the fillers must be well dispersed in the polymer matrix. In the present study, the
natural rubber (NR) was used as the matrix for compliant electrodes due to their soft elastomeric,
low modulus, low cost and simple processing. The NR composites filled with carbon black (CB)
nanopowders were used as compliant electrodes on electrostrictive polyurethane (PU) film. The
compliant NR composites electrodes were fabricated by using spin coating technique. The
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morphology of the NR composites was observed by the scanning electron microscope (SEM). The
mechanical, electrical and electromechanical properties of NR composites were investigated. The
electric field-induced strain or strain thickness of sample with compliant NR composites electrodes,
and comparison with metallic electrodes was determined by using the photonic displacement
apparatus.

Experimental

The Noveon Estane 58888 NATO021 ether-based thermoplastic polyurethane (PU) was used as
the electrostrictive film. Natural rubber vulcanization (NR latex supplied by Boss optical limited
partnership, Songkhla, Thailand) was used as the matrix of compliant electrodes. The NR latex was
high ammonia concentrated latex (HA, 60 wt% solid content). Chemicals for rubber vulcanization
were 10% potassium oleate, 10% potassium hydroxide used as preserved latex, 50% sulphur used as
vulcanizing agent, 50% zinc dibutyl dithiocarbamate (ZBDC) used as an accelerator, 50% lowinox
CPL as per antioxidant and 50% zinc oxide (ZnO) used as activators in sulphur vulcanization
system. The compliant NR composite with different weights of CB fillers were prepared by spin
coating teachnique at speed of 350 rpm for kept thickness constant. The mixture of NR solution and
fillers was stirred at room temperature for 2 h. than an ultrasonic probe (Hielscher UP400S) was
first used for 30 min to disperse the CB filler into the NR solution. After obtaining a homogeneous
mixture, the solution was used as compliant electrode which was coated onto PU film and dried in
an oven at 120°C for 3h. The scanning electron microscopy (SEM) was used to observe the
dispersion of CB fillers in the composite samples.

The dielectric constant and conductivity of the composites were evaluated using LCR meter
(HP4263B) over a broad range of frequencies at room temperature. The thickness of the samples
was 90 +/- 5 um in all cases. The Uniaxial tensile tests were performed using a load sensor setup
under conditions of constant nominal strain rate. Sheets of specimen (0.5 cm x 1 cm) were clamped
both on the two sides with aluminum bar. Specimens were subjected to constant true strain rate and
the true stress versus true strain was documented for each test. The thickness strain response of
polymer films was investigated by using the photonic displacement apparatus. In the current setup, a
displacement probe sensor (MTI-2100 Fotonic sensor, sensitivity range of 0.0058 pm/mV) is
employed. All the measurements were conducted at AC mode. The applied voltage was supplied by
a function generator (SRS DS340) amplified through a high-voltage lock—in amplifier (Trek model
610E). The output signal of the displacement sensor was measured and recorded through a digital
oscilloscope (Tektronix, TDS310). The induced strain can be calculated from these deformation
measurements.

Results and Discussion

Fig. 1 depicts dependence of conductivity of NR/CB composite on the frequency at room
temperature. The conductivity curve of the composites shows dispersion region both a plateau
(static value) in low frequency rang which equalize the value of DC conductivity and a power law
effect at high frequency range when increasing filler content. In fact, the mechanical contribution of
the conductivity in the DC regime is mainly due to hopping transport of carriers between localized
states, while the AC conductivity is attributed to mobile charges between localized states and
orientation of dipole moment. Moreover, the static conductivity of the NR composites shows strong
frequency independent with increasing the CB filler contents due to the dipolar contribution reduced
because of the molecular motions are depressed. Fig. 2 depicts the dielectric constant for NR
composites as a function of CB content. As previously reported, in the case of the conductive fillers-
polymer composites, the dielectric constant and conductivity of the two phase composites were
enhanced since free charges not noly contribute to conduction, but also possibly give rise to
Maxwell-Wagner polarization [3]. Consequently, in our case, the high values of dielectric constant
at high CB contents can be attributed due to the strong interfacial charges generated in between NR
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matrix and CB fillers. This polarization contributes to the dielectric constant and conductivity
versus fillers content. This observation is also in good agreement with the assumed power law for
the insulating matrix filled with conductive particles [4]:

e=¢lg.-9)/4|" (1)
and o=0l(p-¢4)/ -4 ®)

where ¢,, o, are the dielectric constant and conductivity of the base polymer, respectively. @, is the

percolation threshold volume fraction of loading, and ¢ is the volume fraction of loading in the
composite. ¢, ¢ are the percolation critical exponent. This law predicts the increase of conductivtiy
and dielectric constant when the filler content is increased. The electrical, dielectric constant and
mechanical properties of composites depend not only on the filler concentration but also the
dispersion of CB fillers in NR matrix. In general, there are agglomerations of conductive filler in
matrix when filler contents were increased as presented by SEM (Fig. 3). However, in case of
compliant electrodes for actuators, it is also necessary to keep low the Young’s modulus at low
concentration.
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Fig. 3 SEM micrograph of the composite at 5% Fig. 4 Young’s modulus versus filler loading
by weight of CB loading in NR matrix. of NR composites.

Fig. 4 shows the Young’s modulus of NR composites versus filler loading. The value of
Young’s modulus can calculated from the slope of stress-strain cure at speed of 5 mm/min and
strain of 5%. As expected, all composites presented that value of tensile modulus slightly increases
with a low filler contents. In general, the high difference of the tensile modulus between gold (78.9
GPa) and PU film (32 Mpa) was higher than the difference of the compliant NR and PU film.
Furthermore, the modulus of NR composites was lower than PU film. Previously, Zhenyi et al.
proposed a model of the electric field-induced strain of electrostriction with electrode [5]. The
electric field-induced strain, under the lateral strain on electrodes and film relate to the ratio of the
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modulus and Poisson’s ratio and thickness of the electrodes and film. Fig. 5 presents a photograph
of the compliant NR electrodes and gold electrodes. Fig. 6 depicts the electric field-induced strain
versus the electric field for pure PU with the different electrodes. For this characterization, gold was
sputtered on both of the films to form electrodes (diameter of 18 mm) whereas the compliant NR
electrode filled with CB at 5%wt content was spin coated on films with same dimension. This result
is more pronounced for electrostrictive PU film with the compliant NR electrode. For PU film with
gold electrode compared to film with the compliant NR electrode, a gain of almost 8.5 is observed
on the electric field-induced strain. The stretching and compressing are mechanically coupled to the
volume incompressibility of the polymer. When the polymer is sputtered by gold electrodes (as rigid
electrode), these electrodes can only compress closer together with the film. Therefore the electric
field-induced strain significantly decreases due to clamping effect of electrodes.

05 . . . :
- v NR+5%CB compliant electrodes
ES o Gold electrodes Y,
< 04 ]
g £ s
4 : v Il cm 5
ST 4 =
£
o
Pure Pu Pu with gold Pu with compliant E
=]
electrodes NR+0.5%CB electrodes ¢_=>
2
-
Fig. 5 The photograph of the compliant NR
electrodes and gold electrodes on PU film.

1 2 3 a 5
The electric field (MV/m)

Fig. 6 Effect of electrode on electric field induced the
longitudinal strain for electrostrictive PU film.

Conclusions

The compliant electrode has been formed by mixing the carbon black nanopowder into natural
rubber NR elastomer. The conductivity and dielectric constant of the NR composite increased with
increasing carbon black content. This effect could be explained with the percolation theory and the
interfacial polarization between the conductive fillers and the polymer matrix. The electric field-
induced strain of electrostirictive PU with the compliant NR electrode was higher than with rigid
gold electrodes. It implies that modulus of the compliant NR electrode is lower than the
electrostrictive PU, which can improve the electric field-induced strain of electrostrictive PU film.
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Abstract. In this work, we present a series of electrostrictive polymer blend that can potentially be
used as actuators for a variety of applications. This polymer blend combines an electrostrictive
polyurethane with a conductivity polyaniline polymer. The effect of filler content has been
investigated. The structures of the blends, the electrical and mechanical properties which affect
electrostrictive behavior were studied. The results showed that both dielectric constant and glass
transition temperature of the blends increase with increasing polyaniline contents. Moreover, it was
noted that space charges distribution and hard-segment domain formation significantly related with
electrostrictive coefficient of polymer blend. Therefore, electrostriction behavior in the polymer
blends has been demonstrated, and optimal microstructure for electrostriction enhancement has
been identified.

Introduction

Electroactive polymers (EAP), which change shape as an electric field is applied. There has been
much recent interest in electroactive polymers as actuator materials. Many EAP can exhibit the
pyroelectricity, piezoelectricity and electrostriction. Whereas the electrostrictive polymers does not
need the stretching and poling process. Therefore, interest in electrostrictive polymers has increased
for actuators.

Among these electrostrictive polymers, polyurethane (PU) has been significantly in applications,
because of their high electrostriction coefficients [1-2]. There exist two microscopic hypotheses that
propose to explain the basic mechanisms responsible for polyurethane electrostriction. One
hypothesis, put forth by Balizer and colleagues, is a mechanism that relies on phase separation in
the typical polyurethane morphology, which is that of hard-segments (HS) embedded in a soft-
segments (SS) matrix. This hypothesis indicates that electrostriction is due to the relaxation of the
matrix under an electric field by induced crystallization [3]. A second hypothesis, introduced by Su
et al., suggests that the presence of electrical charges inside the material is mostly responsible for
the large electrostrictive strains [4].

The increase of the permittivity is one of the key factors for increasing capability of
electrostrictive materials. Thus polymers with a higher dielectric constant will show more strain for
the same applied electric field. The blends with conductive polymer like a polyaniline (PANI) is of
interest due to it is easy way to tune their electrical properties by choosing a suitable concentration
and keeps Young’s modulus constant. Therefore, the blends in this research were prepared by
solution casting method for a miscibility of matrix and fillers leads to improve electromechanical
properties.
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Experimental

Materials and Preparation. Blends of polyurethane and polyaniline doped were prepared in the
laboratory by solution casting method in the following sequences: (a) PU granules were dissolved in
1-Methyl-2-pyrrolidone (NMP) solvents at 80 °C for 45 min; (b) PANI fillers were individually
ultrasonically dispersed in the solution for 20 min; (c) PANI solution were added to the matrix
solution under mechanical stirring at 80 °C for 1 h; (d) this viscous mixture as coated onto the glass
surface and cured at 60 °C for 24 h and (e) the films were annealed at 125 °C for 3 h.

Characterization. The surface morphologies of the PU/PANI blend samples were carried out by
the Atomic Force Microscopy (AFM, Nanosurf Easyscan2, Switzerland) and operated in a tapping
mode at room temperature. The Small Angle X-rays Scattering (SAXS) experiment was done at the
beam line BL2.2 (SLRI, Synchrotron Light Research Institute, Thailand). The glass transition
temperature (T,) and the melting temperature (T,,) were obtained from the Differential Scanning
Calorimetry (DSC) heating curves. The electrical properties were measured as function of filler
concentration and frequency in a range of 10°~10° Hz by LCR analyzer (IM 3533 HIOKI, Japan).
Young’s modulus was evaluated by a strain gauge setup.

The electromechanical response was examined in the setting of photonic displacement apparatus
(MTI-2100 Fotonic sensor, sensitivity range of 0.0058 pm/mV) at low electric field (E < 6 MV/m).
All samples were sandwiched between brass electrodes and the electric field was applied along the
thickness direction, the strains were measured, then the electrostrictive coefficients are given.

Electrostriction is generally defined as a quadratic coupling between strain and polarization. The
dielectric materials which are polarized by the electric field, the electric-field-induced strain, S, can
be expressed as [5]

S=Q.P’=M-E? (1)

where Q is the intrinsic electrostrictive coefficient. P is the polarization induced by an electric field
E which applied along the thickness direction, which was the so-called “3” direction. The electric-
field-induced strain was measured in the same direction and hence denoted as S;. M is the apparent
electrostrictive coefficient (designated as M33), where is proportional to the dielectric constant (&)

and inversely proportional to Young’s modulus (Y) of the material, according to

g, - (e, 1)’

M,, <
33
eY

2)
where ¢, is the permittivity of free space (8.854 x 10™'? F/m).

Results and Discussion

The AFM images of the blend surface are presented in Fig. 1. For the samples with higher filler
loading, PANI appears in clusters, which can be considered as conductive chains embedded in the
matrix. The number of such chains is increasing with PANI loading. From the different feature, it
can be attributed to PANI agglomeration increase with the increasing of filler content.
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Fig. 1 Topographic AFM images of cast films from (a) PU pure and (b) PU/PANI 1wt%
(c) PU/PANI 2wt%.

The domain size of PU is in the range of one to several hundred angstroms. Therefore, the SAXS
method may be conveniently used to characterize the domain structure which affects the PANI
concentration. Table 1 summarizes the inter-distance between the HS domains (d-spacing)
estimated by using Bragg’s equation, d = 27/qn. qm is the maximum peak position of the SAXS
profiles. These SAXS peaks are ascribed to the inter-distance between the HS domains. They
shifted toward lower q as PANI content increased, suggesting the increase in the inter-distance
between the HS domains [6] as a result of interfacial interaction between PU and PANI.

Table 1 Parameter of lamellar structure of PU and PU/PANI blends by the fitting of SAXS Peak.

PANI contents Jm d-spacing
[Wt%)] [nm™] [nm)]
0 0.489 12.838
1 0.480 13.086
2 0.464 13.543

The thermal transition behavior of the polymer blend was examined by DSC. The variation of
the glass transition temperature and the melting temperature of samples are shown in Fig. 2(a) and
(b) respectively. It can be noticed that, T, values slightly increase with increasing the amount of
PANI in the blends. This increase in T, values may be due to the restriction, to some extent, of the
chain mobility by introducing of hard-segment mixing within the soft domain. In addition to the
melting Ty, has a higher value by the reason of larger HS domain when the amounts of PANI were
added.

The electrical properties of the PU/PANI blends were studied as a function of frequency and
PANI content at low filler concentration to keep Young’s modulus constant. The variation of the
dielectric constant versus the frequency at various amount of PANI is showed in Fig. 3(a). It was
observed that the dielectric constant increases when increasing PANI content. Moreover, all of
samples have the highest permittivity at lowest frequency due to the loss of the space charges
induced interfacial polarization contribution. As can be seen from Fig. 3(b) the loss tangent and DC
conductivity increases when the conductive filler was increased in matrix.
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A small amount of the conductive polymer in PU matrix does not affect Young’s modulus in
PU/PANI blend which is shown as Fig. 4. Consequently, the electrostrictive coefficient in equation
(2) is particularly dependent on the dielectric permittivity.
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At low electric field, the electrostriction behavior of all blends demonstrated that the total
thickness strain has quadratically related the applied electric field as presented in Fig. 5. However
when increased the external electrical field, the electrostrictive strain becomes saturated due to its
saturation of dipole moment in heterogeneous PU matrix and HS domain mobility [7]. Meanwhile,
the electric field-induced strain increased when increasing the content of PANI.
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Fig. 5 Strain behavior of the PU/PANI blends as the function of an external electric field at 1 Hz

The M3;3 coefficient as shown in Fig.6 can be calculated from the slope of S; versus E? at low
electric field. It is rigorously shown that the electrostriction of the blends is significantly increased
when loading PANI. The electrostrictive behavior in this series suggests that a key role could be
played by an interphase medium which might settle at polymer—polymer interfaces as the results of
their interaction. However, from this study indicates that PU/PANI blends may represent the
promising route for obtaining the electrostrictive polymer blends for actuation by means of
conductive PANI under the percolation threshold.
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Fig. 6 Electrostrictive coefficient of PU/PANI blends as the function of weight fraction of PANL
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Summary

Our results on the electrostriction response of PU/PANI blends are interpreted in terms of PANI
contents and their contribution to improvement. From thermal analysis, the increasing of the glass
transition temperature can be increased by adding the fillers. This result leads to the increase of the
partial phase mixing between HS and SS in the structure of PU.

The obtained polymer blends show the higher dielectric permittivity since a larger HS domains
and the increase of a space charge distribution when increasing the fillers. These two contributions
related with the increase of the electrostriction coefficient which can improve the longitudinal strain
versus electric field of polymer blends.

Acknowledgements

We would like to thank the Strategic Scholarships Fellowships Frontier Research Networks
(Specific for Southern region) and the research grant from Graduate School and Faculty of Science,
Prince of Songkla University for financial support. Use of the SAXS at the beam line BL2.2 (SLRI,
Synchrotron Light Research Institute, Thailand).

References
[1] Y.B. Cohen: Electroactive Polymer (EAP) Actuators as Artificial Muscles—Reality, Potential
and Challenges, SPIE Press, (2001).

[2] L. Lebrun, D. Guyomar, P.J. Cottinet and C. Putson: Sens. Actuators A. Vol. 153 (2009), p.
251

[3] E. Balizer: Polyurethane Electrostriction Morphology Dependence, In-House Laboratory
Independent Research Proposal, Naval Surface Warfare Center, Carderock Division, West
Bethesda, MD, (1995).

[4] J. Su, Q.M. Zhang and R.Y. Ting: Appl. Phys. Lett. Vol. 71, (1997), p. 386

[5] D. Guyomar, P.J. Cottinet, L. Lebrun, C. Putson, K. Yuse, M. Kanda and Y. Nishi: Polym.
Adv. Technol. Vol. 23 (2012), p. 946

[6] P. Sukwisute, N. Muensit, S. Soontaranon and S. Rugmai: Appl. Phys. Lett. Vol. 103 (2013), p.
063905

[7] P. Sukwisute, K. Koyvanitch, C. Putson and N. Muensit: Adv. Mater. Sci. Eng. Vol. 2013
(2013), p. 1



	รายงานฉ สมบูรณ์1 add number final
	AMR.770.275 electrostrictive PU PANI
	AMR.844.433 compliant
	AMR.1025-1026.697 2014

