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Abstract

Project Code : MRG6080149

Project Title : Fabrication and vibration energy harvesting of the flexible electrostrictive composites

with conducting additive interaction using a pulsed laser ablation technique

Investigator : Asst. Prof. Dr. Chatchai Putson and Assoc. Prof. Dr. Nantakan Muensit

Department of Physics, Faculty of Science, Prince of Songkla University

E-mail Address : chatchai.p@psu.ac.th

Project Period : 3 April 2017 to 4 April 2019

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 has 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. 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 purpose of this research is to fabricate the novel electrostrictive polymer composites
base on interfacial mechanism for energy harvesting and flexible actuators. This research, a pulsed
laser ablation technique was used to synthesize of conducting nanoparticles, while conductive
polyaniline (PANI) and graphene (GRN) used as fillers for electrostrictive polymer composite. The
Three phase composite can enhance the electric field-induced strain and energy harvesting
capability of electrostrictive materials with accumulated charges and interfacial polarization. Important
parameters such as the figure of merit for analyzing the energy conversion capability of these
composites are characterized by morphological, thermal, dielectric and electrostrictive properties.
The electrostrictive coefficient of all samples was investigate using a photonic displacement
apparatus setup. This coefficient is one of crucial parameters for predicting the energy harvesting.
Effect of fillers on their electrostrictive properties are also studied. Moreover, harvested current and
harvested power from vibration energy of these composites are evaluated and performed on the
double clamp holder with help of shaker. The study has demonstrated a useful way to
simultaneously improve the energy conversion for electroactive materials as well as render it suitable
for energy harvesting. From the results show the dielectric constant of composite films strongly

increases with filler loading, which was related to the interfacial charge distribution between the PU



and either PANI or graphene fillers. Consequently, the increments of the electrostriction coefficient in
electrostrictive polymer composites were observed with increasing filler contents A greater
electrostriction effect of the PU three-phase composites at low electric field significantly is higher
which related with contribute to conduction and interfacial polarization base on space charges
distribution, filler-filler network and microstructure on crystallinity in the HS domain of PU matrix.
Thus, larger induced strain behavior can be obtained on three phase composites. The coexistence
with PANI and graphene in the electrostrictive PU matrix strongly relate to the energy conversion
ability and provided high output power. Therefore, as the results indicated that they can be a

potentially good actuator and vibration energy harvesting.

Keywords : Polyurethane, Polyaniline, Graphene, Electrostrictive polymer, Energy harvesting
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6.2 miﬁnHm"hHmsgﬂiwuﬂwm@maaaymﬂ‘namm@”?ymana”aaa]aﬂiiﬂﬁﬁtﬁnmauuumiad
K% (TEM)

é’ﬂwngﬂi'nua:mmm 23 E]‘liaﬂ’]ﬂﬁﬁ\‘i Lﬂ‘i’]‘lﬁﬂlﬁﬁ’) | aqﬁﬂﬂﬁﬂdﬂaﬂiiﬂﬁalﬁﬂ ATAULLURDINW

(Transmission electron Microscope, TEM) fifnaduene 100,000 1in wadudazidanly

6.3 NMIANMIANBUNNFYTIWING1WaINTULTzNaLWa AL TINY
@ A & o a a a A . v o ¢
nInsznealzasssideluiledrqusznaunefgTinunienludne g lasldndasgansva

8LANATEULLUEINTIA (Scanning Electron Microscope, SEM) 1 FEI Quanta 400 Mifina3ue1s 1000,

'
=

3000 a2 5000 11N kazfinsnansmeuAIveslauieIonlddaiaIas Atomic Force Microscopy,
AFM

6.4 madnmlasasumaaddisesoaisesnuanaiy Sunrusamialnidinas (FTIR)
% a a6 a A o & Y a a € & &

lawaiamuafivesfidunadyiinuuaziduisznanlasamasaudisniasiToinmnudnaiy
a PN . ]
dunssaailalnsfdiaas (Fourier Transform Infrared Spectrometer (FTIR); Bruker EQUINOX 55) 44
FTIR azldmyiaanuiduiduussnanueniaaudd g nuadedaiiasdIoufisununan annwuway
andsuldidusdnaiuvesanuiduvausidalasniu (Wave number)lasnis Fourier Transform
aaauRaasnaglaaanunidu Fourier Transform Spectrum laglunmInaassfildmiunasnaassed
a . ) . A a 4 ' '
831130 L1329 Mid Infrared Region (MIR) Saiiiauaduatilugag 2700-3500 cm” waz 1,000-1,800

cm™’

6.5 NMIANWIANLA ladiannSnuasantaniy IWWhvasWauiiasow e
A & [N [N A& A & . a5 & < 5
n’mLﬂswwauumma‘lﬂﬂma:mmmovlﬂaLanmnmaoﬂaumomqmumﬂaumoﬂs:nauuum
ldlapadutaIad LCR meter HIOKI 3% IM3533 LLamsTd;Jﬂﬁ 8 mminfﬂﬁhmwﬂwﬁﬁ

' a

(Capacitance), AngnLieladLann3n (Dielectric loss) waINAIUIAAIN blaBLAaNNSN (Dielectric
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constant) wazan Wi I (Conductivity) NaNuAE 9asue 1 Hz 519 10° Hz uazrdladeannns

Yidaa8@1a819 5 Tudatian b

gﬂ‘ﬁ' 8 10309 LCR Meter

v

a HIOKI j;u IM3533

6.6 miﬁnmmu‘“@“&ﬁnZma@?n‘ﬁm/wawadWa?n%@ﬂ?:nauwaﬁg?mu
miﬁm:nﬂﬁﬂgm‘stﬁ&ﬁnimam%ﬂﬁwmaaﬂﬁui’a@]‘ﬂs:ﬂauwaﬁg%'mum%'wvlﬁﬁmﬁ'wg@mm
anuasuansldzunlnin ﬂ”&gﬂﬁ 9 I@ﬂﬁﬂ%uﬁmﬂ'ﬁqé’@Lﬂul,muﬂauﬁmmﬂLﬁuﬂwuquﬁﬂaﬁu 3cm
111195293799 T wdr ldaun Wi nssugssuLnaN3a8819 (Aaud 0 A9 6 MV/m) uaaiaen

a £ @ o a 6 1 et li. v tﬂl 2 a . e
ﬂ"J"]SJLﬂiil@](ﬂ’.lU%?Q@IWI@IuﬂL‘ﬁ%L‘ﬁai a’mmmyryﬁmﬂvlﬂmmmawmﬂaan-au (lock-in amplifier)

o 0 o
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) & A o & o A& a_a Aa A
6.7 madnmmnAuALINaIuYasvasfsuTagUsznavdidnInssaininwadyTinu
wadlnasadnlnsaasnfindsarnisadrunltudaswasanu (Energy conversion) ande
UnngnisaldianInsafinfinuaasnnusunnssznitvanuaisanazn1inszaan1e Wi dwuoy

o o

NI

S =sT + ME? (1)
D=¢E+2MTE (2)

wWa D Aarneasnisnszaanaiia S Aeanuasea T Aaadnuidu E Aaanuduawiyinia
Q. a Qg ] . . . .
¢ fadamuoaunilui s fadduiszaniaiuiiantu (Elastic compliance coefficient) uaz

a a %A a a .. .. § a v v a
M fesudsedndoianinsaasnin (Electrostrictive coefficient) Wanafwasladsuanuieu (T ) wad

o . e o co o dD
wataglinszualwin (1) nalusasenduanuaunusnuainsnszaamalndh (I = J-EdA lag
A

Aduiunvasnd Wi (Electrode) Uuwadines LulasIAUAUNaAINTIWELoBLANNSA WA N
FUNIN 5 wumsifanszualWivasnediwastianlnsaasninidudaslizmwalninneuandae
Watnitesihlwan lssuldwediwesizflaudunafiwesindladidnninifiny (Pseudo piezoelectric)

nnauMstduanIzua i Aiiaanwedwasdiannsaasnfinaeldnsauuaaslasaunns [10]

ds
| =2MYE, | —2dA ®3)

. dt

miw@aaumﬂﬁuLﬁmwé’wmmsé’uﬁastaﬁma%&ﬁﬂimam’%ﬂﬁwme@ﬁgﬂﬁ 8 WA 9
o a & = 9 = a o A =2 v o o
ﬂmmmuuwmaawaamaia:gnmﬂwumuman wazUanodnauniIasslinudlng lagdlneas
& e o o v a A a A A a o

Lﬂumaumlum@msﬁwmamwuwa‘uwaaLwm‘mmwnLLa:LLauﬂajﬂmaammugﬂmuqﬂm
13091 L AUETY Y1k (function generator) HIUWAIVLIBYWIATTYTYID (power amplifier) VzLALIN
Tanguwy Wi nzurasslvnuwedwas wad lwsdwmiaanuiduunuwadway tnanszuslWwiniadn

m’m@mﬁ'nﬂ‘ﬂiul,aaé'uuum"”sﬁ’mmumnm’awazgn’hﬁmmﬁmaamsé’ﬂ@ﬂmﬁ'sm%awmﬁaﬂ
@ o @ o ' o \ _ 12 . @ {
saynnas(lock in amplifier) Aas lWiaansam ldmnanuddndanasen P=1"R drdnelnin

Y s e A 2 Y TN VR 4 _ Ropt
(ﬂu%ﬁ&lwu'ﬁﬂuua&]ﬂﬂﬂ@]“ﬂa\‘]ﬂ'ﬁﬁu RINUNITINADNUAIAUNIUNLANIZRY (Optimal load, )

ﬁaaﬂﬁﬁwé’amuﬂ%lﬂﬁga FIAVIANUNIUNLRNZ T ﬁmmé’uw"’uﬁﬁumﬂmmgm mﬁ'a@!

R =1/27fC @

e C Lﬂu@h@ﬁLﬁuﬂs:'«g‘maai’aqvlwﬁiﬁnﬁl,ﬁﬂﬂ?ﬂ R f WWANUDINITER BINRIN kAL

o« v o o A v o o a @ v < A )
a@muamwuﬁnummnu,azmmLﬂulsﬂﬂmaﬂWﬁmmwmmumﬂq@mﬂl@nwsaum’smnnmau
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7. HanN1INAaad

7.1 a“’nymfxn1snszmym°'mam”a@?\la"ua”aqilsznauwaﬁg?mu

o o A A A & A (% o < 4 A -4 &

%aamﬂﬂﬁ"l@]aﬁa:mywaagsmumﬂumammnuum mﬂuummsazmm"lm“’tﬂmugﬂﬂauma
muldRaudsznaunzsdain lWidrssiany ﬂﬁumoﬂszﬂauwaﬁg%muﬁﬁaﬁmwaﬁuauﬁﬁu
(PANI) nT#A(GRN) uazan33anau(GRN/PANI) Uaadasglil 10 wazdnsansmemInszansaized
LI DUARLTRAAGIY SEM LATAN B NUEIGIY AFM LLamﬁ'\agﬂﬁ 11 ka2 12 ONNEIAL WATHIN
a et a aa ' tﬂ >
RIITWNINTTNEMVBIENIIaNe AL uAIUIzINMINZNANVITTIDUALTINININILINBEIVD

a ad ‘:‘P a A =) e va a o [} [ =)
'waaa:uauua:mwﬂu‘tumawaagimuwmsmzmﬂm"lﬂﬂLLazwaﬂﬂm:mim:ﬁnﬂama"lmﬂm:mﬂu

3cm
)
F - . -
PU PU/GRN PU/PANI PU/GRN
pure 2wt% 2wt% PANI 2wt%

gﬂﬁ 10 mwn’wﬂmaoﬂﬁumoﬂizﬂauwaﬁg"’i'lmuﬁl,@%'uuvlﬁ

a A

4 Qs a| a Af a|
gﬂﬁ 11 SEM 283n1aaau9vaslanunsdsznay (a) Wﬁumawaagsmumqﬂﬁ (b) AduL14

UsznaunwafaTinuitdadunin (c) NauUIUTENoUNaRYIINUNLT M UNDALEUARY ey
U U
(d) Adwunsznauwedg-Sinuniladisnananveanaluiazwoiuauiian
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160jm
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479rm
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a A‘

3U7N 12 AFM anwauziuirvasilauusdsznauiaiowld (@) AduuswadyTinuuians (b)

AsuuslsznauwelgTinuniladinwaduauiidu uaz (o) Aduuvdznaunadyiinuiiie

AIUNTNRNYDINTI A UL WORLD WA

7.2. Naﬂaamsﬁ(uﬂﬁzw‘m‘;mﬂnammm"amnﬂﬁnmsﬁmm\uama{ﬁm"(ﬂg\a

agmﬂﬁléﬁLﬂiﬂ:ﬂﬁammsmaaaLwia:lfi'auvlmfuazﬁﬂﬂ’i’mm@Lngﬂiwﬂmmﬁ'ﬂnﬁaa
Qammﬁﬁtﬁnmammuﬁaaw"m (Transmission electron Microscope, TEM) Goazldnmimssuene
100,000 +¥in u,a:mminLﬂﬂmﬂmmugﬁLLammsmzmwawm@agﬂ’]ﬂﬁvl,@i”mﬂﬂﬁajw'j”ﬁlusm”u

WAIUA9 ) asuaaalugufl 13-16
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number of particles

8
6
4_
3 i
0 : : -

1 2. 3 4
size (nm)

(a) (b)
U 13 (a) nMWdBINNABIIANTIARBIANATAULULEDIHN Y (TEM) INGIU 47.26 mJ (b) UWHHDT

memm@LLaza‘hmuatg,mﬂﬁvlﬁmﬂﬂﬁziufﬂﬁwé’amu 47.26 mJ

number of particles
=
o
1

1 2 3 4
size (nm)

(a) (b)
Eﬂﬁ 14 (a) mwmmrmnél”aafgamiﬂﬁﬁlﬁnmammuamchu (TEM) NWa391% 65.65 mJ (b) WNWA

LRAIDUIN LLﬂ35’1%’3%8l#ﬂ’]ﬂﬁvla@%”ﬂ”lﬂﬂﬁ'ﬁiu'ﬁlﬂﬁw 8991% 65.65 mJ

16 +
14 -
9 12 -
=
EIU_
.v
s 5 -
2 5
£
g2 4
2_
0 . . .
1 2 size (nm) 3 4
(@ (b)

31 15 (a) mwmumﬂﬂﬁaa@amsaﬁ&ﬁnmammudaachu (TEM) WA 87.04 mJ (b) WKW
u,ammm@LLaza‘hmuagmﬂﬁ"l,@i”a'mmsz«jui'ﬂﬁwﬁ'amu 87.04 mJ
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30 4

20

15 4

10 4

number of particles

-

1 2 3 4
size (nm)

(a) (b)
gﬂﬁ 16 (a) mwn"]umﬂﬂﬁaagamiﬂﬁ&é’ﬂmauuuudaomu (TEM) IN&997% 105.80 m (b) Lmugﬁ

LLRAIDWIA LLﬂ35’]%’)%81¢ﬂ’1ﬂﬁvl,ﬁlﬂ"lﬂﬂ’]'ﬁillfﬂﬁw 8991% 105.80 mJ

mmmugﬁﬁ]:l,ﬁuvl,ﬁ’jﬂn'ﬁm:mwawmﬂﬁﬁ's 4 WRIIHATAB U W WANAIIAUNINTN AB
A A A A & o @ 2 o o o o A
PnavasayMniiawanuinigafatig 2 PLULUATN 4 TEAUNWAIINH mm’tmgﬂ"lmﬁwmmuﬂ
sl,‘n“'l,ajﬁwaeiammﬂmaaagmﬂ Lwiﬁ]:dwa@iaﬂ’%mmmitﬁﬂwmﬂ Imﬁowé’aamqw:ﬁaLﬁﬂagmﬂlu
a { J A U { L= a { a J
USUNANIND Y T99INNINA8a922 LA ANEI91% 105.8 Wi lwluas ﬁﬂimmawmﬂﬁmmu 0.005
o A o { a a £ ' o A A {
N3N WANWAIITUN 46.76 WAL 65.66 UWIIULNAT fuUunmeyniafiaduud 0.002 n3u GaLTunmn

a v & A |a Y v
L@liﬂuvlﬂuuuﬂiwﬁm‘ﬂuamﬂﬂLLaﬂ“HL’m’MWu

7.3 @nmlassasrumaadinasasasiGysnsmadnasu Sursusaauwalnsinas

FTIR ilwnafiafiddgiltlunsiiensimufesuasfsorssninmwefiweinsusassiia nia
nnndsi uasdssansalslumsuennyWsisuinda 9 luluanamsfimanlelddndas Taslums
nanosilEmUnasiuasssdaunTsa 1ugie Mid Infrared Region (MIR) Gfidﬁmmﬂéuaglumd 2700-
3500 cm” W&z 1,000-1,800 cm”' laglusuissitld FTIR seynyNIiTunaziineiaua iz
s:ijwaﬁgému waz ssisaria i Aiiadunnelufl§uunsdszney NNNBILABURINNUNY
War T Carbonyl (C=0) 14 PU uaz Amine (N-H) 1 PANI ﬁagjluwaama{waumaawaﬁg%muua:waﬁ
wanian 6‘3\1LLammiLﬁ@é’umﬁ‘%msmdwwaﬁg%muua:waﬁuauﬁﬁu iauﬁamil,%‘aéf’sé"ue] @T\agﬂﬁ'
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Transmittance(%)

—— PU pure

~—— PU/GRN 0.5wt%
—— PU/GRN 1wt%
~—— PU/GRN 1.5wt%
~—— PU/GRN 2wt%

——PU pure
——PU/GRN 0.5wt%
| ——PUI/GRN 1wt%
—— PU/GRN 1.5wt%
~——PU/GRN 2wt%

Transmittance(%)

3500

T T T
3400 3300 3200

Wavenumber cm’

3100 3000

T
2900

Wavenumber cm™

Transmittance(%)

40

— PU pure

7 =——PU/PANI 0.5wt%
—— PU/PANI 1wt%
—— PU/PANI 1.5wt%
—— PU/PANI 2wt%

T T T T T
2700 1800 1700 1600 1500 1400 1300

T
1200

T
1100

Transmittance(%)

- PU pure

—— PU/PANI 0.5wt%
7 =——PUIPANI 1wt%
= PU/PANI 1.5wt%
~— PU/PANI 2wt%

20

T T T
3500 3400 3300 3200

Wavenumber cm™

T T
3100 3000

T
2900

T T T T T
2700 1800 1700 1600 1500 1400 1300

Wavenumber cm”

T
1200

T
1100

{ a a Q€ 1 Q 1 a
gﬂﬁ 17 FTIR spectra °uaqﬂa‘umawaag'%mumqmuazﬂa‘umaﬂizﬂawaamn’?ﬁ'mmaammuﬂsmm

aa a & a a Aa
74 m\mmZﬂamnnmwaaﬂa’hmawaag%’mu

v o ¢ ] ] A a = a a a e a a a a &
ﬂi’lWﬂ’JqﬂJauwuﬁizﬁ')qﬂﬂ']ﬂ\‘i'ﬂvl,@]aLﬂﬂ'ﬂiﬂLtﬂzﬂ')'lllﬂ?la\'iwﬂllu’lﬂwaﬂ%iLﬂuUiqﬂﬁLLﬂzﬂaNUqﬂ

ﬂsznauwaﬁg%muﬁﬁa@h PN NORLAWIAY LAZNTNFNVBINTIAULAZNDALIURRY INFARIU

USunmwvasansida 0.5-2.0 wasidulassinnin Anunu 100 + 5 lulasiuas uxaa931 18(a)-(d)

P M _a a ' d £ o \ o 4 { & @ oA
W‘]J’)’]ﬂ’]ﬂ\'iﬁvl,(ﬂﬂLSﬂY]SﬂLLﬁ@{Iﬂ’]N’]ﬂﬁﬂ’]’]Nﬂ(ﬂ’]LLﬂtﬂ@la{lﬂﬂ’]\‘]"li@l,ﬂul,ﬁﬂﬂ’ﬂllﬁigd"ﬂu LLﬂzﬂGﬁﬂ’]L‘WM

& 4 a a v @ M v a v A v [ . .
ndutialnnySunmensiiereandasnunanitlaatursliinsadany Maxwell-Wagner polarization

@ ' a & ' o 4 & a & a { o o v a
LLRzEI{'IW‘l.l’)']ﬂ’]iL‘WN“U%a8’1\‘]L@]‘W’H(ﬂLﬁaL%aﬁ’]iwﬁu‘ﬂ\‘iﬁa{lﬁ%ﬂ‘ﬁ{iLﬂ(ﬂ‘ﬂ’]ﬂlﬁlﬂﬁﬂ’)%ﬂﬂ’]l‘lﬁLﬂ(ﬂﬂ’Ti

@ { o o ° ' & a o Eq o A [
ﬂiuLﬂﬁﬂuﬂﬂHszﬂi{]ai’NLﬂW']z@]']LLV\u\‘]"Ua{lLuawaﬂLNagﬂaﬂﬂ\‘ﬂ%NﬂﬂqiLﬂ@ﬂquLﬂuaﬂﬂﬂ'mﬁ

v 2 da X a v
Iﬂidﬂiﬁﬂwaﬂ‘ﬂl,w&l‘ll%aﬂ(ﬂ?ﬂ

(a) -

Dielectric constant

—a—PU pure

—o— PU/GRN 0.5wt%
—a— PU/GRN 1wt%
—v— PU/GRN1.5wt%
—4— PU/GRN 2wt%

|

1 10

100

1000 10000 100000

Frequency (Hz)



18

b 30
( ) —a— PU pure

—e— PU/PANI 0.5wt%
—a— PU/PANI 1wt%

—v— PU/PANI 1.5wt%
—<— PU/PANI 2wt%

Dielectric constant

1 10 100 1000 10000 100000
Frequency (Hz)

(C) ] —a—PU pure

—e— PU/GRN_PANI 0.5wt%
—a— PU/GRN_PANI 1wt%
—v— PU/GRN_PANI 1.5wt%
= —<—PU/GRN_PANI 2wt%

Dielectric constant

1 10 100 1000 10000 100000
Frequency (Hz)

70
(d) {|—=—PU/GRN

60l |—8—PUIPANI
| |—+—PU/GRN_PANI/

Dielectric constant

0 I 1I ' 2
Content of filler (wt%)
3UN 18 drladilnnIndunusnuanuivasiduusdsznaufdadiudIuimasie (a) Aduuis
a a A a o a6 a a A a o a A a6
Uszneuwedgiinuniaadionnilu (b) Wauuwlszneuwedgiinuniiadiowaduanitan (c) Wauung
Uiznauwaigiinuiifadioninansasnnuuazweiuauiifuusz (d) nswSouifisudleadidnnin

YpILARTRAFINTDLATUSNI TR IFNTLA
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dgudoladilinninidudntsenfinsgaidawainulugdanaiou swnsamldannisia

lavlgiaas LCR meter udinnidounmwugasanudunusiznivaimagydsladifinninny

AN AVBIRNFNUIININITONAMNTNT Y 0.5% - 2% lagiinniin NaNNruT 100 = 5 WWlaTuas Laas

f93UR 19(a)-(d)

4
(a) —&— PU pure

: —e— PU/GRN 0.5wt%
—a— PU/GRN 1wt%
3 —v— PU/GRN 1.5wt%
|—<¢—PU/GRN 2wt%

(b) |—=—PU pure

(c)3 —a— PU pure

Loss tangent

1 10 100 1000 10000 100000
Frequency (Hz)

—e— PU/PANI 0.5wt%
—a— PU/PANI 1wt%
—v— PU/PANI 1.5wt%
—<&— PU/PANI 2wt%

Loss tangent

1 10 100 1000 10000 100000
Frequency (Hz)

—e— PU/GRN_PANI 0.5wt%
—a— PU/GRN_PANI 1wt%

—v— PU/GRN_PANI 1.5wt%
—<—PU/GRN_PANI 2wt% |

% # NEEE IR B R | L T R s LI LAEL)] | LI AR B 252 |
1 10 100 1000 10000 100000
Frequency (Hz)
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(d) ’ —a— PU/GRN

{|—e—PU/PANI

—a&— PU/GRN_PANI

Loss tangent

Content of filler (wt%)

a ' a a & A o o &o a a6 Ao a
UM 19 dnsgaieladilinnIndunuinuanudsesfsuudszneuigadiudunm
38 (a) AauunadsznauwadyIinunidedisnnilu (b) Wawudszneuwedyiinuiiae
'Y a aa a6 a a ada o P a a
dowaduanian (c) Nanusdzneuwadgiinunilamemnausesnniuuaswoiuaui

= = = 1 a a ' o 1 v a A
aulae (d) ﬂ’]iL‘]JiEI‘LIL‘YlEI‘]Jﬂ’]VL(ﬂﬂLEm‘Yliﬂ"I.lﬂdLL@lﬁZﬁ@]ﬁ?%iﬂ&l@ZﬂiN’]M‘ﬂa\‘ia’]ilﬁ]ﬂ

m'ﬁ'@amwm'iﬁ’]vl,vdﬂwaai’a@ﬁm:i’@@hm’aﬁﬂﬂﬁqLLﬁaﬁﬂﬂﬁﬁmmmamwmi
i ldlapass sunsaiiudounWuaaInNusNANBSsErI ga NI I uas
anuAresfdu U ItasoN I uSawlafianududu 0.5% - 2% Tapinwin Aenunm
100 £ 5 lulasuas LLa@N@T\‘IEﬂﬁ 20 (a)-(d) 3z&IN1IN0 wisenud ldaandu 2 519 TruInde

o Qs § Il;' Qs { ) { { 4 Qq//
1 Hz - 1,000 Hz anmwm s Indhdaneacan lidunuanud wazdefizes Nanudaue
& . . (¥ o | o . o ¥
1,000 Hz ¥l drgnwnmssh i naunuanadduwldawsunisngaesiigs wanani
{ o ' 4 P = ° @ o a X o
mnmwﬂgﬂﬁ 20(d) §9wuin Watiulesidudnisidaazvinlimaaiwi WA A v uae
ﬁl = |dlﬁ o J | v = ] Qs
Luaamﬂuﬂizqagﬂmmaomim"lw%mﬂmuua::Lﬂu"l,ﬂvl,mwmumﬁwn@uﬂwuaam‘g,mﬂ
o v a ' ° a ' o a & a '
s arih bitialassinam s Wi fnademsuasmain i fedunazidfounladeng
70157 (FunuTanitin Percolation Threshold zgluiagazifuuanwgdnysudaiug
= a A a o a a & o v Ada , & 4
LﬂqumnssuwjamummmnLﬁ]aLwwumﬂwﬂmaqmaamﬂumamﬂauuvl,ﬂmﬂammflu

ANBENITALIN

1.0x10°
(a) —s— PU pure
1/—e— PU/GRN 0.5wt%

—4— PU/GRN 1wt%
—v— PU/GRN 1.5wt%
1/—¢—PU/GRN 2wt%

8.0x107

6.0x107

4.0x107

Conductivity (S/m)

2.0x107

0.0

1 10 100 1000 10000 100000
Frequency (Hz)
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b 5.0x10°
( ) —a— PU pure

1/ —e—PUIPANI 0.5wt%
40x10° ] —&— PUIPANI 1wt%
—v— PU/PANI 1.5wt%
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ABSTRACT

In order to enhance the electrostrictive polymer, the polyurethane has been modified with conductive
fillers that are promising for actuator applications, energy conversion, and sensors. The polyurethane
(PU) matrix and the conductive fillers such as graphene nanosheets (GRN) and polyaniline nanopowder
(PANI) were prepared to gain films by solution casting method. The morphology, structure and thermal
behavior of PU three-phase composite were observed by SEM imaging, FTIR, and DSC techniques. In
addition, the electrical and mechanical properties of polyurethane filled with both composites were
investigated by an LCR meter and strain gauge setup. In order to study the electrostriction behavior, the
electric field induced strain of PU three-phase composite films was monitored via lock-in amplifier at a
low frequency of 1 Hz. A greater electrostriction effect of the PU three-phase composites at low electric
field significantly related with contribute to conduction and interfacial polarization base on space
charges distribution, filler-filler network and microstructure on crystallinity in the HS domain of PU
matrix. Therefore, electrostriction behavior in the PU three-phase composites has been discussion. It was
known that why the three-phase composites can provide high electromechanical performance for

actuator applications.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Over the last decade, much interest on current technology has
been devoted to the polymers due to the limited performance of
conventional materials for instance metals, ceramics, and alloys.
Electroactive polymers (EAPs) are smart materials which have the
capability to convert energy from mechanical energy to electrical
energy and vice versa. It has been greatly studied for energy har-
vesting, sensor and actuator applications [1]. Compared to other
materials, the EAPs, especially the dielectric elastomers (DEs), have
various advantages such as flexibility, large dimensional change,
easy processing, light weight, and low cost [2—4]. EAPs can be
categorized into electromagnetic, dielectric elastomers, electro-
static, electrostrictive, and piezoelectric. Electrostrictive polymers
and dielectric elastomers are promising candidates for high-strain
actuator due to their quadratic strain in the electric field. They
can be found in every dielectric material. Moreover, previous work

* Corresponding author. Department of Physics, Faculty of Science, Prince of
Songkla University (PSU), Songkhla, 90112, Thailand.
E-mail address: chatchai.p@psu.ac.th (C. Putson).

https://doi.org/10.1016/j.compscitech.2018.02.012
0266-3538/© 2018 Elsevier Ltd. All rights reserved.

mainly focused on piezoelectric materials. In comparison to the
electrostrictive polymers, the piezoelectric materials have brittle-
ness, heavy, large stress and depolarization problems in long-term
operation. Therefore, new smart electrostrictive polymers have
been suggested as great promising materials for energy harvesting,
actuator application, artificial muscles, et cetera [5].

Recently, the enhancement electrostrictive coefficient has been
studied based on polyurethane composites [6]. As an electro-
strictive polymer, polyurethane is of great interest for a wide range
of actuator and transducer applications because of it is large de-
formations, high specific energy, and short response time. The
dielectric permittivity and Young's modulus are the key factors to
enhance the electrostrictive abilities of polyurethane. The last re-
sults showed that polyurethane enhanced the dielectric permit-
tivity because of a strong polarization to be induced under an
electric field. Increasing the dielectric constant leads to enhancing
electrostrictive coefficient. Based on Eq. (1) the enhancement strain
deformation (S33) depends on the dielectric permittivity through

S33 = Que0?.(er — 1)°.E3 (1)
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where ¢ is the real part of the relative dielectric permittivity, &g is
permittivity of free space, Q is the intrinsic electrostrictive coeffi-
cient, and E is electric field. Hence, the relationship with the elec-
trostrictive coefficient (M) might be defined as

Mss = eo?.(er — 1)%.Q3; (2)

So the electrostrictive coefficient from (1) and (2) equals

eoler — 1)2
erY

Thus the electrostrictive coefficient (M33) is proportional to the
dielectric constant (&) and inversely proportional to Young's
modulus (Y) [6]. It is clearly understood that the dielectric
permittivity is one of the key factors for affecting electromechanical
properties as shown in Eq. (3).

Several papers presented in order to enhance the electrome-
chanical properties of electroactive polymers with incorporated of
conductive fillers based on carbon family such as carbon black (CB),
carbon nanotubes (CNTs), and graphene nanosheet (GRN) [7—10].
Recently, Ning et al. proposed that the electromechanical proper-
ties of thermoplastic polyurethane filled with graphene oxide (GO)
and polyethylene glycol (PEG) [9]. They presented that the large
dielectric constant of TPU composites was observed due to syner-
gistic effect of PEG and GO fillers. This effect was explained that the
increase in dipole polarizability of TPU chains caused by the
disruption of hydrogen bonds and the increase in interfacial
polarizability caused by the favorable electron transfer from
partially reduced GO coated by PEG to TPU. Moreover, the elastic
modulus (Y) of the TPU/PEG/rGO composites largely decreased
because of the plasticizing effect of PEG and the separation of GO
from TPU. Besides, the different of filler dimensionality, zero
dimensional CB and one-dimensional CNTs conductive fillers, were
studied on the strain responsibility in polydimethylsiloxane
(PDMS) matrix [10]. It was reported that the percolation threshold
of CB/PDMS is much higher than that of CNTs/PDMS, explained by
the instinct structure and geometry of fillers. Compared to one-
dimensional CNTs, which can form conductive network by the
filler entanglement, higher content CB particles are needed for the
construction of interlinked carbon networks due to their low aspect
ratio. In fact, the larger aspect ratio of GRN lattice corresponded to
the high number of micro-capacitor and leads to great electrical
conductivity, hence the GRN has been considered to be a good
candidate for high dielectric permittivity filler [11]. A different type
of filler such as polyaniline has been proposed to influence the
electrostrictive effect [12]. As great interfacial polarization, the
addition of 2 wt% polyaniline in PU matrix with dielectric permit-
tivity of 23.75 was found to enhance the electrostrictive coefficient
up to 6.12 x 10~ ® m?/V? in electric field under 2 MV/m [13]. The
latest article proposes the effect of hybrid blend where graphene
coupled with the variation of carbon for instance carbon black (CB)
and multi-walled carbon nanotube (MWCNT). However, the
incorporation of higher amounts of MWCNTs reduce the nano-
composites maximum elongation, due to the increase of the
crosslinking density with the addition of the filler to polymer
matrix [14]. The effect of hybrid blend improved the electrical
conductivity and mechanical properties on account of good
dispersion and high interaction with the elastomer matrix [15].
Therefore, the three-phase composites including the polymer ma-
trix, the conductive carbon, and conductive polymer are of great
interest due to their high electromechanical performance.

Having considered from the previous mentions in several pa-
pers, therefore in this work, the two-phase composites and three-
phase composites were prepared with two different types of

M3z = (3)

filler. Graphene nanosheets (GRN) and polyaniline (PANI) in cor-
porated with PU matrix. All composites were prepared via solution
casting method. In order to minimize variations, all samples were
prepared with the same thickness of 100 um. The morphological
structure, chemical bonds, and phase structure were assessed by
using SEM, FTIR, and DSC, respectively. The dielectric coefficient
was determined as functions of filler content and frequency with
the range of 10°—10° Hz, while Young's modulus was determined as
well. In addition, the strain deformation was assessed as a function
of DC electric field and the electrostrictive coefficient was calcu-
lated and compared to each other to gain new understanding.

2. Materials and methods
2.1. Materials preparation

Thermoplastic polyurethane elastomers (DP 9370A) were sup-
plied from Covestro AG (Germany). This PU was used as a matrix
based on MDI (4,4 methylene bis(phenyl isocyanate) BDO
(1,4—butanediol) as the hard segment and PTMO (poly (tetra-
methylene oxide)) as the soft segment. Graphene nanosheets and
polyaniline powders used as fillers were provided by Sigma Aldric.
The conductivity and particle size of graphene was about 4—6 S/cm
and 2—3 um. The 1—Methyl-2—pyrrolidone (NMP, 99% purity,
M79603, Sigma Aldrich) with the 99% purity as a solvent was
purchased from Sigma Aldrich.

First, the PU granules were dried at 80°C for 24 h. Then PU
granules were dissolved in NMP under mixing at 80 °C for 45 min to
obtain a homogeneous solution. Graphene and polyaniline were
added into the NMP and dispersed for 20 min by using ultrasonic.
Then graphene and polyaniline solutions were added into PU ma-
trix and continuously mixed at 80°C for 3 h until gaining a ho-
mogeneous solution. The final solution was cast onto a glass surface
at 60 °C by casting method and dried in the oven for 24 h to remove
the solvent. Finally, the PU/GRN-PANI film was taken off from the
glass surface and annealed at 125 °C for 3 h to remove remaining
solvent and the final thickness of the films was 100 um.

2.2. Characterization methods

2.2.1. Structure and morphology

The PU three-phase composites were characterized in the
matter of their morphology and dispersion of the fillers by scanning
electron microscopy (SEM, FEI Quanta 400, USA). In order to
observe the cross-section, the specimens were sliced using liquid
nitrogen, whereas the magnification and the high voltage was
conducted in the specimen of 5000x and 20 kV, respectively.

2.2.2. FTIR characterization

By using Fourier Transform Infrared Spectroscopy (FTIR, Bruker
EQUINOX 55), the infrared spectra were recorded in the region of
800—4000 cm ™. The FTIR was used to determine the different
aspect of functional groups in the PU composites. The curve-fitting
results of the specimen were divided into two region where the first
region was the amine region of 2700—3500 cm™! and the second
region was carboxyl region of 1000—1800 cm ™.

2.2.3. Thermal analysis

A Differential Scanning Calorimeter (DSC, Perkin Elmer DSC7,
USA) was used to investigate the thermal stability, including the
glass temperature (Tg), the melting transition temperature (T;;) and
the enthalpy changes (4H) of the composites. The specimen of
10 mg was sealed in the hermetically aluminum crucible, and then
with the help of liquid nitrogen, the DSC cell was maintained in an
equilibrated atmosphere. The specimen was cooled by using liquid
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nitrogen, then it was heated from —150°C to 250°C with the
heating rate at 5 °C/min.

2.2.4. Electrical properties

The electrical properties such as dielectric permittivity, loss
tangent, and conductivity were assessed by an LCR meter (IM 3533
HIOKI). All of that was determined along the frequency range of
1-10° Hz at room condition. The sample was placed in between
two electrodes with the diameter size of 21.38 nm and the same
thickness of 100 um. The dielectric constant and the electrical
conductivity were calculated by the value of parallel capacitance
and conductivity readings, respectively.

2.2.5. Mechanical properties

The strain gauge setup with the assist of force gauge (BFG50N,
Mecmesin, UK) was developed to determine the elastic modulus of
each composite film. The dimension of the sample was 3 cm long,
0.5 cm wide and the thickness 100 pm. The sample was stretched
with the strain maximum of 10% at 5 mm/min elongation rate in
the length direction. The fixed side of the sample was clamped to
the force gauge and the other side was clamped to the moving
motor (RC ROBO Cylinder Model RCP 2CR-SA6, 220 mm long). The
strain versus stress was determined to obtain their Young's
modulus (Y).

2.2.6. Electrostrictive properties

The electrostriction of polyurethane three-phase composites
was assessed by measuring the deformation in the low electric field
(E < 6 MV/m) using a photonic displacement apparatus (MTI-2100
Fotonic sensor, sensitivity 0.0058 um/mV) as illustrated in Fig. 1.
The composite films were sandwiched between two brass elec-
trodes (diameter 20 mm) and it was connected to the high voltage.
The small displacement of the composite films was detected by the
photonic sensor and a lock-in amplifier (Trek model 610E) will
measure as voltage peak-to-peak.

3. Results and discussion
3.1. SEM characterization

Fig. 2 presents a photograph of the specimens for PU pure, PU/
GRN, PU/PANI, and PU three-phase composites. Fig. 3 shows mor-
phologies of the PU pure and PU three-phase composites by using
the SEM at the magnifications of 5000x. It can be clearly seen that

PU pure without filler was the smoothest as presented in Fig. 3a.
The SEM images of PU filled with GRN as depicted in Fig. 3b, some
nanosheets with different size in the PU matrix is presented. The
GRN sheets are observed to have a good dispersion in the PU ma-
trix. The good dispersion of filler can be affected by the high elec-
trical properties. However, only a few folded and wrinkled GRN
nanosheets are observed. In addition, the micro-agglomerates were
found when the content of filler to be change to PANI which is
displayed in Fig. 3c and this lead to increase the conductivity of the
polymer matrix [6]. The micro-agglomerates in PU matrix exhibit
greater than PU/GRN composites. In the same magnification, the
strong interfacial interaction was seen in PU three-phase compos-
ites (Fig. 3d). It can be clearly seen that both fillers in the PU matrix
are better dispersed and distributed than the two-phase compos-
ites. Both fillers are accidentally incorporated into the PU matrix. It
can be concluded that the GRN nanosheets have a better interface
area than PANI nanopowders, while the PANI fillers taking action as
filler-filler networks. This synergistic effect might improve to the
electrical and mechanical properties.

3.2. FTIR characterization

Fourier transform infrared spectroscopy (FTIR) was used to
investigate the functional group interactions between PU and both
composites. The infrared spectra were recorded in the range of
800—4000 cm™~ . Curve fitting amine and carboxyl regions of the
PU/GRN composites in their several contents of filler are inter-
preted in Fig. 4a and Fig. 4b, respectively. It shows that all FTIR
spectra transmittance of the PU pure was increased upon increasing
content of GRN. However, new free N—H approximately stretching
at 3301.88 cm™! is formed. While the transmittance of hydrogen
bond N—H approximately stretching at 3326.95 cm™! is increased.
In addition, the hydrogen bond N—H at 3301.88 cm ™}, free N—H at
3326.95 cm™~!, symmetric hydrogen bond C—H, at 2852.50 cm™,
and asymmetric hydrogen bond C—H; at 2937.36cm™! shift
significantly to a higher frequency to 3321.16 cm™}, 3298.01 cm ™,
2850.57 cm™~! and 2935.43 cm™, respectively. The curve fitting of
Carbonyl groups of PU/GRN composites is presented in Fig. 4b. The
C=0 stretching peaks at 1703.01 cm~! and 1730.01 cm™ ! sift to the
higher transmittance, except for C=C at 1635.51 cm™! is increased.
This confirmed the graphene nanosheets greatly influenced to the
PU matrix [16]. On the other hand, FTIR spectra of PU filled with
various content of PANI are displayed in Fig. 4c and d. The
stretching transmittance peak at 3326.95cm~!, 2852.50cm,
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3cm

PU PU/GRN PU/PANI PU/GRN
pure 2wt% 2wt% PANI 2wt%

Fig. 2. A photograph of specimens for PU pure, PU/GRN, PU/PANI, and PU three-phase composites.

Fig. 3. SEM images at high magnitude of PU pure and PU three-phase composites: the PU pure cross section (a); the PU filled with GRN of 2 wt% (b); the PU filled with PANI of 2 wt%
(c); and PU three-phase composites with the same ratio content of 2 wt% (d).

1703.01 cm™ !, 1531.36cm™ !, and 1365.59cm™! corresponded to of their stretching band shift to the lower wavenumber, the shifting
hydrogen bond N—H, symmetric C—H;, hydrogen bonded carbonyl peak of N—H and C—N may correspond to the interaction between
C=0, symmetric amine N—C—N, and C—N stretching, respectively. urethane segment in PANI and carbonyl groups in the PU matrix
In comparison with the curve fitting of PU filled with GRN 2 wt%, all [17]. Moreover, Miangwei Tian et al. described that the FTIR spectra
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Fig. 4. FTIR spectra in the ranges of (a) 2700—3500 cm~" (b) 1000-1800 cm ™' of the PU/GRN composites; (c) 2700-3500 cm ™" (d) 1000-1800 cm ™" of the PU/PANI composites.

of N—C—N shifts to the higher frequency as a result of the —NCO
groups influenced by N-H; after incorporating PANI into PU matrix
shift [18]. By that mean the PANI filler has a better interaction
compared to the GRN nanosheets, thus such kind of conductive
filler network between GRN nanosheets and hard segment domain
of PU matrix is formed.

3.3. Thermal behavior

In order to study thermal behavior of PU pure and PU three-
phase composites were obtained by DSC technique where the
composite films of 10mg were cooled under liquid nitrogen
till =150 °C and after that heated till 250 °C with the heating rate at
5°C/min. The glass transition temperature (Tg), the melting tran-
sition temperature (T;) and the enthalpy changes (4H) every
composite are presented in Table 1. The following thermal
around —67 °C is attributed to the T of soft segment (SS). The T of
PU pure and PU with various fillers are observed. It can be seen that
the T of PU matrix filled with PANI or GRN is only slightly
increased. However, the PU three-phase composites significantly
increased up to —65.86°C. The increase of Tg is indicated that
micro-crystalline of GRN and PANI dissolved in the soft segments.
The mixing micro transition (Tyr) can be attributed to the
disruption of the structure observed at 130°C. In addition, the
endotherm transition can be found within the range of 140°C to
180 °C which corresponds to the Ty, of crystalline in the hard seg-
ments [19]. The Ty, of the hard segment in the PU pure has the
lowest value compared to the PU three-phase composites, it

Table 1
The parameters obtained from the DSC thermograms of PU pure and PU three-phase
composites.

Samples Tz (°C) Tumr (°C) Tm (°C) (4Hm) (/g)
PU Pure —67.37 123.22 143.17 16.03
PU/GRN —66.86 123.72 147.90 21.84
PU/PANI ~67.00 133.91 153.08 24.58
PU/GRN_PANI —65.86 136.99 174.80 27.82

indicates that a greater crystallinity with increasing hard segment
domains [20,21]. In addition, the crystallinity of the polymer
composites depends on the melting enthalpy [22]. Several papers
proposed that the shape of fillers and fillers distribution might
influence the tensile strength of the composites materials. The
tensile strength of the composites which is larger than that of neat,
may be explained by change of crystalline polymer degree and
polymer crystalline structure [6,23]. Decreased crystallinity can
contribute to a decrease in mechanical properties of composites
materials. The increased tensile stress may be due to good inter-
action and interfacial adhesion between polymer matrix and filler,
which seems that the inclusion restricting molecular motion. In our
case, the studied PU exhibits the heterogeneous materials which
consists of the hard segments (HS) and soft segments (SS). The
presence of hard domains in segmented polyurethanes is very
important to the mechanical properties. In segmented poly-
urethanes, hard domains act as physical crosslinks, playing a role
similar to chemical crosslinks in vulcanizates and imparting the
material's elastomeric behavior. General, the elastic modulus is
proportional to the crosslinking density [14]. Moreover, the phys-
ical properties depended partially on the degree of phase separa-
tion between the hard and soft phases. Our previous work, the
micro-phase morphology of the PU composites filled with PANI
was presented. The modulus slightly increases with the PANI con-
tent by reason of low PANI quantities. It was clearly shown that the
meting temperature of HS related to the enthalpy change of crys-
tallization domain [24]. In this work, it is observed that the melting
enthalpy of PU/PANI composites is greater than PU/GRN compos-
ites, thus it can be attributed to the agglomeration of PANI filler
inside the matrix as shown in SEM result. In addition, increment of
T raised from the HS aggregations of polymer composites. More-
over, the increase of HS domain formation leads to the increase of
T, that may indicate how the hard domains restrict soft segment
mobility. As the glass transition temperature shift to higher posi-
tion, the percentage of the soft segment being restricted by the
induced HS domains. It's implied that the composites with greater
phase mixing, resulted in lower soft segment mobility which leads
to a higher modulus.”
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3.4. Electrical properties

Fig. 5 presents the dielectric constant of PU pure and PU three-
phase composites as a function of frequency from 1 Hz to 100 kHz.
From Fig. 5a—c, it can be observed that all composites have the
highest dielectric constant at the lowest frequency. The decrease of
the dielectric constant is observed when the frequency slightly
increase since the Maxwell-Wagner type polarization disappeared.
As consequence the contribution of conductive filler, the dielectric
constant of PU filled with 2 wt% GRN composites value is nearly 2
times higher than PU pure and no obviously different result with
PU/PANI composites was found, as presented in Fig. 5a and b,
respectively. It was found that the dielectric constant increases as
both filler contents increased. According to the percolation
threshold theory, it has been known that the dielectric constant of
the two-phase composites depends on the percolation threshold
and the fraction of filler. In addition, it has explained the contri-
bution of conducting filler, that the charge quantity will increase
due to the polarization of the conducting filler interface is increased
[25,26]. That means an increase of charge carriers because of the
incorporation of effective areas of the conductive filler interface. In
recent work, the increase of the dielectric constant depended on
the crystal fraction of the polymer [16]. In particular, the crystal
fraction usually accompanied the dipole polarization, resulting in
the increase of the melting enthalpy of crystallinity in the HS
domain can greatly increase the dielectric constant.

The observed dielectric constant of PU filled with 0.5 wt% GRN
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was higher than the dielectric constant of PU filled with 0.5 wt%
PANL. It was found the different morphology of both fillers caused
the improved of the dielectric properties. The larger surface area of
GRN nanosheets is the key to gain the dielectric constant. In a good
agreement that GRN has excellent electrical properties due to
larger quantities of free m electron in the surface lattice of GRN
nanosheets. It has been explained as well that the carrier mobility
of GRN can achieve 15,000 cm?/V.s at room temperature [27].

The dielectric of the PU three-phase composites with the same
percentage of filler is higher than both dielectric of two-phase
composites and it was raised up to 59 at 1 Hz as shown in Fig. 5d.
It clearly exhibits that the GRN nanosheets as conductive filler have
a strong Maxwell-Wagner interfacial polarization. Moreover, it has
been known that the behavior of conducting filler, as the PANI are
able to build filler-filler networks between the gaps of GRN with the
hard segment (HS) domain [15]. The PANI contributes to con-
ducting polymer which is dispersed in the soft segment (SS)
domain as presented in Fig. 6¢. Therefore, the PU three-phase
composites have cooperative interaction and possibly result in a
combined effect behavior which is greater than their separate ef-
fects and leads to achieve the extremely high dielectric constant.

Meanwhile as well as the dielectric constant, the dielectric loss
is increased as the frequency is decreased as presented in Fig. 7a—c.
This is related to the effect of agglomeration of PANI inside the
matrix and it leads to increase the dielectric loss of PU/PANI com-
posites. The result is in a good agreement with the dielectric loss
equation which is given by tan 6 = z— where tan ¢ is dielectric loss,
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Fig. 5. The dielectric constant as a function of frequency for (a) PU/GRN composites, (b) PU/PANI composites and (c) PU three-phase composites. (d) The plot of dielectric constant
versus content for PU two-phase composites and three phase composite at frequency of 1 Hz.
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Fig. 6. The schematic of structure deformation of (a) PU pure, (b) PU/GRN and (c) PU three-phase composites.
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Fig. 7. The dielectric loss as a function of frequency for (a) PU/GRN composites, (b) PU/PANI composites and (c) PU three-phase composites. (d) The plot of dielectric loss versus
content of the PU two-phase composites and PU three-phase composites at frequency of 1 Hz.

¢" is the imaginary parts of the complex dielectric constant, and ¢ is
the real parts of the complex dielectric constant. In other hand,
increase of the dielectric constant also relates to the reducing the
dielectric loss effect. It presents that the great amount of crystalline
on the graphene sheets can reduce the dielectric loss caused by the
isolation effect to the PANI crystallites. Fig. 7d depicts that the
dielectric loss versus filler content of the three-phase composites at
2 wt% of 3.12 has lowest dielectric loss compared with the other
composites.

The electrical conductivity of all composites as function fre-
quencies at 10'—10° Hz with various content of filler was shown in
Fig. 8a—c. As we can see, the electrical conductivity linearly

increases when the frequency is increased. The observed increases
in electrical conductivity may be attributed to the polarization of
bound charge [28]. Moreover, Fig. 8d presents the electrical con-
ductivity also increasing with the amount of filler content, indi-
cating that the number of charge carries is increased [6]. The results
in the electrical conductivity slightly different between both of
two-phase composites. The electrical conductivity of PU/PANI is
higher than the electrical conductivity of PU/GRN, and this might
be attributed to the conducting networks formed between PANI
with the matrix and the free electrons can easily transported. In
addition, the electrical conductivity can be affected by the dielectric
loss.
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Fig. 8. The plot of conductivity as a function of frequency for (a) PU/GRN composites, (b) PU/PANI composites and (c) PU three-phase composites. (d) The conductivity versus

content of the PU two-phase composites and PU three-phase composites.

3.5. Mechanical properties

The representative Young's Modulus versus content of the filler
is shown in Fig. 9. Young's modulus was determined from the slope
of stress versus strain at strain rate of 1 Hz in clamp-clamp setup.
For all the composites, Young's Modulus exhibits slowly increased
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Fig. 9. Young's Modulus as a function of content for PU two-phase composites and PU
three-phase composites at frequency of 1 Hz.

when the content of filler was increased. It can be assumed that
Young's Modulus strongly depends on the stiffness in the com-
posite. Increasing the filler content leads to increasing the stiffness.
The result indicates that Young's Modulus of the incorporation of
PU with 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt% GRN was significantly
larger than PU/PANI composites of 4.27 MPa, 4.55 MPa, 4.64 MPa,
and 5.26 MPa, respectively. In the case of GRN filler, the reinforce-
ment effect may occur due to the larger area of GRN lattice [29,30].
The surface area of GRN is larger than PANI, there is a higher chance
of GRN nanosheets exhibit relatively higher interface areas and
leads to the strong adhesion of the polymer matrix. In previous
work, it was also reported that the increased Young's modulus can
be affected by the strong interaction of covalent bonding and
subsequent improved efficient load transfer between the filler with
the Polyurethane [31]. Furthermore, the aforementioned of Ty
might be ascribed to the increase of HS domain and it may indicate
the HS restrict to the SS mobility. The restricted SS increase
following the significant increase in Tg, in which a high reinforce-
ment is achieved. However, it can be seen that the maximum
content of GRN and PANI filler does not have an impact on the
increased Young's modulus.

3.6. Electrostriction

The electromechanical performance of PU three-phase com-
posites was measured by using the photonic sensor. The results
depicted in Fig. 10 show the thickness electric field-induced strain
to the applied electric field. A typical increase of percentage electric
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Fig. 10. Variation of strains induced versus the electric field for (a) PU/PANI composites, (b) PU/GRN composites and (c) PU three phase composites at frequency of 1 Hz.

field-induced strain with increasing the electric field was observed.
The electric field-induced strain of all composites was propotionaly
increased to the square of the applied electric field. The saturated
strain was occurred beyond 3 MV/m and might be caused by the
saturation of the electric field induced polarization and the hard
segment mobility [32,33]. So that the maximum of the thickness
strain induced the electric field observed at 3 MV/m before satu-
rated. The PU/PANI composites with the content of filler from 0 wt%
to 2 wt% exhibit transfer the approximately strain percentage of
27.7%, while the PU/GRN exhibit larger strain response of 30%. In
addition, the modified PU three-phase composites can improve the
strain-induced electric field performance at 3 MV/m. And then the
highest percentage of strain response was found from the PU three-
phase composites of 40%. As previously discussed, the PU three-
phase composites contribute to the greatly dielectric constant as
a result of the polarization which can enhance the strain response
at the low electric field. In addition, it can be approved that the
strain depended on polarization of PU three-phase composites can
also be presented by the following equation S3 = Q33.P§, with the
same strain direction in the applied electric field [34].

The saturation occurred in the high electric field regime due to
the saturated polarization. When the composite films were applied
to an electric field, their electric polarization appears. After turning
off the electric field in the composite film, the residual polarization
disappears. The generated polarization is supposed to be saturated
after the maximum electric field requirements in every sample.

Table 2 presents summaries of their dielectric constant and
Young's modulus, while electrostrictive coefficient (M33) with the
Maxwell stress effect included for comparison. The electrostrictive
coefficient (M33) was taken from the slope of the transverse strain
as a function of quadratic electric field, which can be given by S33 =
M33E§, where S33 is the transverse strain and Ej is the electric field.
In comparison with the Maxwell stress effect, the electrostrictive

effect has higher value than the Maxwell stress effect. It can be
comprehended that there is no electrostatic interaction between
the electrode with the PU composites, and hance the Maxwell
stress effect can be minor influenced [35]. Therefore, in this case
can be assumed that the transverse strain in consequence of the
electrostrictive effect. The electorstrictive coefficient was highly
enhanced with increased content of filler. The electrostrictive co-
efficient depends on the dielectric constant and the Young's
modulus by following Eq. (2) [36]. Several works reported that the
electrostrictive effect of PU can be enhanced with various
conductive filler [8,12,14]. The interfacial charge of conducting

Table 2

The comparison of the dielectric constant (er), Young's modulus (Y), M33 coeffi-
cient, and the Maxwell stress effect for the synthesized PU two-phase composites
and PU three-phase composites.

Samples er Y (Mpa) Ms3(m?V?) &g
at 1Hz at 1Hz at 1Hz

PU pure 10.89 2.94 091x107"  328x10°"7
PU/GRN 0.5 wt% 17.19 427 145x 1071 356x10°"
PU/GRN 1 wt% 21.08 4.55 1.87x10°  410x 107"
PU/GRN 1.5 wt% 24.86 466 1.92x 1071 472x107"7
PU/GRN 2 wt% 29.41 5.26 211x107"%  495x10°"7
PU/PANI 0.5 wt% 14.52 3.52 132x10°"  365x10""7
PU/PANI 1 wt% 17.31 3.66 143x10°1° 418 x 107"
PU/PANI 1.5 wt% 20.39 3.88 1.59x 1071 465x10°"
PU/PANI 2 wt% 28.09 479 1.75x 107" 518 x 107"
PU/GRN_PANI 0.5 wt%  29.63 4.43 1.95x10°  592x107"
PU/GRN_PANI 1 wt% 35.82 4.87 222x107"%  651x10°"
PU/GRN_PANI 1.5wt%  39.44 4.85 228x10°%  719x10°"7
PU/GRN_PANI 2 wt% 57.24 5.77 231x107"® 878 x 107"
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fillers can contribute to the dielectric constant and lead to
enhancing the electrostrictive effect. The electrostrictive perfor-
mances of polymer composites filled with conductive particles is
not only determined by their dielectric constant and Young's
modulus, but also their dielectric breakdown strength. Conductive
particles/polymer composites are commonly used to increase the
low electric field electrostrictive strain by an increase of the relative
dielectric permittivity of the composites. However, it is also well
known that conductive particles have dramatic impact on the
dielectric breakdown strength of the composites. Recently, Capsal
and Guyomar's research group proposed that the introduction of
conductive carbon black in P(VDF-TrFE-CFE) terpolymer enhanced
dielectric permittivity, but more significantly reduced dielectric
breakdown strength, leading to declined electrostrictive perfor-
mances of terpolymer [37]. The reduced breakdown strength will
limit the operation electric field and consequently the achievable
strain. They also found that the improved electromechanical per-
formances of modified terpolymer with DEHP arises from the
enhanced interfacial polarization of the trapped charge carriers in
the interface region between crystalline and amorphous regions,
and moderately decreased dielectric breakdown strength with
leading to a dramatically increased dielectric permittivity at low
frequency [38]. In our case studies, the value of electrostrictive
coefficient of PU/GRN composites is larger than value of PU/PANI
composites. While comparing between GRN and PANI, not only in
term of the interfacial charge of conducting fillers but also in term
of the shape and distribution in PU matrix, the nanosheets of GRN
are broader than PANI which contributes to enhancing the free
electrons and leads to increase the dielectric constant, nevertheless
somewhat the electrostrictive coefficient of PANI slightly occurred
because of the agglomeration of PANI which affected to the
increasing dielectric loss. Moreover, the electrostrictive coefficient
of the PU three-phase composites is much higher than PU two-
phase composites.

4. Conclusions

The PU two-phase composite and PU three-phases composite
films were synthesized with GRN nanosheets and PANI as the
conducting fillers in the PU matrix using solution casting method.
The electrostrictive effect with the various fillers was observed
using the electrostrictive setup with the help from the photonic
sensor. The morphological, structure, thermal behavior, electrical
and mechanical properties were studied in deep discussion to
support the knowledge. The PU three-phase composites presented
the incredible electrostrictive effect and showed a good dispersion
which improved the interfacial charge. The increasing dielectric
properties of the PU three-phase composites indicated the coop-
erative interaction between matrix and fillers. As larger free charge
quantities, filler network formed and charge carrier effect has
increased, a combined effect behavior is achieved. Compared to the
two-phase composites, Young's modulus of PU three-phase com-
posites slightly increased. The last experiment resulted in signifi-
cantly better electrostrictive effect of PU three-phase composites
than separate composite.
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