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ABSTRACT

Thinfilmsof poly(vinylidenefluoride-trifluoroethylene) P(VDF-TrFE) were
prepared using solvent cast method and characterized for structural, me-
chanical and surface morphological properties to investigate the presence
of B-phasethrough X-ray diffraction, scanning el ectron microscopy, differ-
ential scanning calorimeter, Raman and Infrared spectra, and tensile test-
ing. The conditions to achieve B-phase of P(VDF-TrFE) have been dis-
cussed in detail. Following the material characterization, the fabricated -
phase P(VDF-TrFE) sensors have been tested for dynamic strain sensing
application. Time response from the 3-phase P(VDF-TrFE) sensor due to
the free vibration and impact on beam structure is obtained and is com-
pared with 3-phase PV DF sensor and conventional piezoel ectric wafer type
sensor. The variations in the frequency response spectra dueto free vibra-
tion and impact loading conditions are also reported, which reveal the fact
that the sensitivity of the B-phase P(V DF-TrFE) sensor to various modes of
vibration is same as the B-phase PVDF sensor. The resonant and anti-
resonant peaks in the frequency response of -phase P(VDF-TrFE) films
match well with that of B-phase PV DF sensor and Lead zirconate titanate
(PZT) wafer sensors. Thus the fabricated 3-phase P(VDF-TrFE) sensors
can be effectively used as the dynamic strain sensor.
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Uniaxidly oriented polyvinylidenefluoride (PVDF)
iswell knownto exhibit appreciableferrodectric, pi-
ezod ectric and pyroe ectric behavior™8, In addition
copolymersof vinylidenefluoridewith other ferroel ec-
tric polymers also show significant electroactivere-
sponsg?, P(VDF-TTFE) crystallizes into various crystal
formsdepending ontheir molar content ratiosof VDF

(X) and TrFE (1—x), and on crystallization conditions®.
P(VDF-TrFE) showsexcd lent ferroelectric and piezo-
electric propertiesfor composition range of 55 to 85
mole%6 vinylidenefluoride content and have essentialy
asimilar structure and confirmation as PV DF but with
larger |attice parametersin thecrystal a-b plane due to
theextrafluorineatom onthe TrFE monomers'®. These
copolymersalso show increaseinthe Curietransition
temperature asthevinylidenefluoride content increases.
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They crydalizefromthemdtintoacrysta formando-
gousto thepolar phasel or B-phase of PV DF, charac-
terized by andl-transconfirmation of thepolymer chains,
pseudo-hexagond chain packagingand apolar unit cell.
Therefore these polymers do not need stretching be-
forepoling. It hastremendous gpplicationsineectronic
industry, such assoft transducers, infraredimaging, and
compact capacitorsand holdsapromisingfutureinthe
field of non-volatile memory™. It dso findsmany ap-
plicationsin e ectromechanical devices, to performen-
ergy conversion between the e ectric and mechanica
formssuch asartificial muscles, smart skinsfor drag
reduction, actuatorsfor active noiseand vibration con-
trols, and micro-fluidic systemsfor drug delivery and
micro-reactors®. Oneof the most unique applications
of P(VDF-TrFE) istheir utilization asactive piezoe ec-
tric elementsin self-powered, nanosecond time-re-
solved, dynamic stress gaugesfor the study of shock-
wave compression phenomenal. Thefilms made by
the Langmuir—Blodgett (LB) method are polycrystal-
linewith chainsparalldl to thefilm, asreveaed by X-
ray diffraction and polarizedinfrared spectra, and seem
to bewithout lamellar structure™. X-ray diffraction
studiesshowed that thefilmsin ferroel ectric phase (8-
phase) with all-trans conformation have (110) orienta:
tion” studied the phase transition and piezoel ectric
properties of P(VDF-TrFE). Further(*l, reported the
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combination of P(VDF-TrFE) hasbeen applicableto
transducers, sensors, actuators, and high-density
memories. But itse ectron emission capability under an
appliedfield hasbeenignored. Inthispaper, thinfilms
of P(VDF-TrFE) were prepared by solvent cast method
and are characterized for structural, mechanical, sur-
face and piezoel ectric properties. The presence of 3-
phaseisestablished by comparing the propertiesof films
of B-phase PVDF polymer!? with those of P(VDF-
TrFE) films. The performance of P(VDF-TrFE) films
hasd so been eva uated by recording thevibration modes
of cantilever beam and by comparing theresponsewith
that of PVDF and PZT wafer sensor.

EXPERIMENTAL DETAILS

The pelletsof PVDF Figure 1(a) were procured
from Pennwalt India Ltd and PTrFE polytrifluo-
roethylene Figure 1(b) were procured from Nikunj
Eximp EnterprisesindiaPvt Ltd. Thefilmsof ~100
micrometer thicknesswere prepared using sol vent cast
method. PVDF and PTrFE weretaken in the compo-
sitionsof 80/20 mol%. Saturated solution of P(VDF-
TrFE) is formed by dissolving pellets in dimethyl
formamide and were cast on to aglassplate. The so-
lution is evaporated in an oven to obtain a B-phase
P(VDF-TrFE) film.

Figurel: (a) PVDF Pellets, (b) PTrFE Pellets

CHARACTERIZATION OF P(VDF-TRFE)
FILMS

P(VDF-TrFE) are known to exhibit higher

el ectroactivity than that of PV DF homopolymer dueto
higher abundance of the polymer al-transconforma
tion. Diffraction patternswere recorded with Rigaku
D/max Ultima2200 X-ray diffractometer using CuK o,
radiation with graphite monochromator to identify the
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phase. Theindexing wasdoneusing unit cell dimen-
sionsof a= 8.82, b=5.13, c=2.55, reported by!. Sur-
facefeatures of thefilmswere examined using a Jeol
scanning el ectron microscope. Raman spectrumisre-
corded by Labram Spectrometer in thewave number
range of 700-1100 cnm?. Laser power of ~20mW was
obtained from aHe-Nelaser, and Infrared spectrum
was recorded with Bruker Vector spectrometer. Dif-
ferential Scanning Calorimetric measurementswere
conducted withaDSC-2920 to eval uatethe degree of
crystallinity. The sampleswere subjected to tempera-
turesranging from 110-200C, at aconstant hegting rate
of 10°C/min under nitrogen atmosphere. Tensile prop-
ertiesof thefilmweremeasured using INSTRON 5500.
Thetest specimens, 15cm long and 1cm wide, were
cut fromthe B-phase films and clamped on to the grips
of the machinewith the hel p of rubber padsto avoid
dippageor damageat the gripsduring the experiments.
Load wasincreased to achieveastrain rate of 10mm/
mintill thefailurelimit of thespecimenisreached. The
B-phase films were electroded with silver paste and
poled by thermal contact method at an eectricfield of
75kV/mm. Thisaignsthedipolesinthecrystdlinere-
gionsinthefieddirection. Subsegquent coolingto room
temperature under the applied field stabilizesthe polar
aignment resultingin permanent polarization.

RESULTSAND DISCUSSION

Figure 2 showsthe P(VDF-TrFE) filmwith thick-
ness~100um obtained from solvent cast technique from
PVDF and PTrFE pallets.

W

).

Figure2: P(VDF-TrFE) film

X-ray diffraction

Figure 3 showsthe X-ray diffraction of P(VDF-
TrFE) film prepared by solvent cast method.

Intensity in arbitrary units

20 (deg.)
Figure3: XRD pattern of P(VDF-TrFE) film

Fromthe XRD pattern of P(VDF-TrFE), it is seen
that themost intensereflection (110) of f-phase occurs
at 20 =20°, whichisin agreement with the value (20
=20°) cdculated from theunit cell dimensionsgiven
by™. Apart from 20 =20, peaks were also observed at
20 values of 18.4° and 17.8°. Thisisconsistent with
theearlier observationsof unstretched filmsexhibiting
multiple peaks™¥. The probable cause, asreported, for
these peaks were hexagonal packing of 3/1-helica
chainsgenerated dueto the presenceof TGand TG2
defectsand smilarly packed trans-planar chains.

Fromthe XRD pattern, thecrystallitesizeand mi-
cro strainswere cal culated using 20, full width at half
maximaand intensity values®. It wasfound that crys-
tallitesize (coherently scattering domain size) =23.86
nm and micro strain =0.0075 for P(VDF-TrFE) films.

Film microstructure

The micrographsfeaturesof a- and B-phase PVDF
filmsareshownintheFgure4(a) and 4(b). Thea-phase
film showsgrain-likefeatures measuring ~50 um. The
grain-likefeaturesdisappear after hot-stretching the a-
phasefilms asthe PVDF film transformsto polar -
phase; surface showsoriented fibril-likestructure™. Due
tothelong molecular chain structureof polymeric mate-
rials, afully crystalline stateisusually hard to obtain.
Thisis consistent with the XRD and IR results. The
molecular arrangement in P(VDFTrFE) filmissuch that
itisin B-phasewithout mechanica stretching Figure5.
Thesurfacefeaturesof the PV DFfilmsshowsthat grain-
like features which are observed in a-phase, are not
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seenin P(VDF-TrFE) films. Thesimilar featureshave
been observed earlier by severa investigatorg®®. Un-
like the homopolymer PV DF, P(VDF-TrFE) doesnot
requirestretching to generateapol ar crystalline phase.

Figure4: SEM surfacescans: (a) PVDF a-phasefilm; (b)
PVDF g-phasefilm

Figure5: SEM surfacescans: P(VDF-Tr FE) B-phasefilm
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I nfrared spectroscopy

Phasetransitionsin the P(VDF-TrFE) filmswere
a soreflected by themolecular conformationa change.
Detailed interpretation of the vibrational spectra of
PV DF anditscopolymerswithvariouscrystalinemodi-
fications enablesthe reasonabl e assignment of the ab-
sorption bandsto the characteristic sequencesof Trans
and Gauche states. The Infrared spectroscopy mea-
surementswerecarried out in order toinvestigatethe
changes in the copolymer due to the presence of f3-
phase. Figure 6 showstheInfrared spectraof P(VDF-
TrFE) in the 400-1200 cm! region. Although, there
aresevera peaksfor each typeof copolymer confor-
mation, the obtai ned spectrarepresent the 3-phase at
the bands marked 473, 505, 614, 845, 882, 1078,
and 1107 cn!, which correspondsto the presence of
all-transferroelectric B-phase of P(VDF-TrFE)®®. No
indication for aternating trans-gauche conformationis
observed.
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Figure6: IR spectraof PVDF-TrFE film

Raman spectr oscopy

Figure 7 shows the Raman spectra of B-phase
P(VDF-TrFE) film. Itisclear from the pattern that the
Raman bandswerefoundto beat 754.2 (very strong
band B2, CH2 rocking), 872.7 (B2, CH2 rocking),
1053 cn! (B2, CF2 Antisymmetric stretching), corre-
spondsto B-phase of P(VDF-TrFE) filmZ,

Differential scanning calorimeter (DSC)

The correct temperaturefor annealing and poling
waschosen only after acareful investigation of thetran-
gtiontemperatures. DSC wasused to characterize phase
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trangtionsof the P(V DF-TrFE) film and theresultsare
shownin (Figure8).
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Figure7: Raman spectrum of P(VDF-TrFE) film
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Figure8: DSC curves: (a) p-phase PVDF films(b) B-P(VDF-
TrFE) film
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Figure 8(a) and 8(b) showstypica DSC tracesfor
the B-phase of PVDF and PVDF-TrFE films. The melt-
ing peak occurs at 168.23°C for the B-PVDF and
168.36°C for the B-P(VDF-TrFE). The marginally
higher density of the B-P(VDF-TrFE) (TABLE 2) re-
flectsin the higher melting point onthe DSC curves.
Thefilmsinboth a- and B-phases contain substantial
fraction of theamorphous phase. One of the methods
to estimate thedegree of crystallinity isto usetheen-
thal py of themelting pesk obtained from DSC scang®.
Thedegreeof crystallinity AX isgivenby,

AH,
AX, = (E} %100 D
InEq. (1), AH, istheentha py of themelting pesk AH, |
andisenthapy of thefully crystdlized PVDF. Similarly,
the degree of crystallinity of the P(VDF-TrFE) was
cal cul ated according to thefollowing equation of Eq.

:

AH
AXc = ( P(VDF=TrFE) (2)

(AH?n P(VDF=TrFE) )

WhereAH and Wt% P(VDF-TrFE) are, respectively,
thegpparent melting entha py and theweight fraction of
P(VDF-TrFE) inthecompositesand AH°_ o e, 1S
thevaueof enthal py corresponding to a100% crystal -
line P(VDF-TrFE) (80/20) copolymer, taken as91.45

J/g[s, 12.23]
Tensileproperties

Studieson thedeformation and fracturemechanisms
under pureor combined mechanical and eectricloads
can help to better understand the el ectromechanical
coupling effectsinthe P(VDF-TrFE) film. Thefilmsare
subjected to standard tensiletestsin the Instron testing
machine and the tensile properties of PVDF and
P(VDF-TrFE) films are determined in TABLE 1.

Theliterature value® of Young’s modulus (2-2.5
GPa), tensilestrength (35-50 MPa) of PV DF show a
considerable spread. Themajor factors contributing to
thisspread aredifferent crystaline-to-amorphousratio
and porosity in the specimens. Thepresent valuesare
measured on P(VDF-TrFE) thinfilms. Itisfound that
young’s modulus was found to be 2.24 GPa for PVDF
and 4.89 GPafor P(VDF-TrFE) and tensilestress as
244 MPafor PVDF and 44.19 M Pafor P(VDF-TrFE).

ijt%
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The properties of PV DF were compared with those of P(VDF-TrFE) films in TABLE 205,
TABLE 1: Mechanical propertiesof B-phase PVDF and P(VDF-Tr FE) films

Sample M odulus (Y oung’s-Cur sor) Extension at Maximum Maximum Tensle stressat
P (GPa) Tenslle extension Load (N) Maximum L oad
PVDF 2.24 18.6(mm) 98.53 244 (MPa)
P(VDF-TrFE) 4.89 5.0 64.90 44.19

TABLE 2: Comparison between PVDFand P(VDF-Tr FE) film

Parameter PVDF  P(VDF-TrFE)
Relative Dielectric Const. g, = ¢/g, 12 7
?:?g%l /ectN)rlc Charge Congt. 33 38
glaiciglse({‘t/rrlr(]:/ l\\jl)OI tage Const. 330 542
Acoustic Impedance Z (10° kg/m?s) 4.02 4.49
Young’s Modules (10° N/m?) 2-25 5
Electromechanical Coupling Factor 0.205 0.292
Capacitance (pF/cm?) 380 for 28um 68 for 100um
Density (10° kg/m) 1.78 1.82
Tangent Loss 0.02 0.015
Yield Strength (10° N/m?) 45 20

Sensitivity to mechanical vibration and impact

In previous sections, the B-phase P(VDF-TrFE)
filmsarecharacterized for materia properties. Inthis
section, the performance of the -phase P(VDF-TrFE)
filminsensngthedynamic srainisstudied. Thep-phase
P(VDF-TrFE) filmissubjected to dynamic strainsin-
duced dueto thefree vibration and transient impact
loading on abeam structure, asdonein, The cantile-
ver setup with the 3-phase P(VDF-TrFE) film bonded
at theroot of the cantilever isshownin Figure9. The
material of the beam structureisauminum. Thebeam
hasalength, width and thickness of 0.3m, 0.025m and
0.002m respectively. Identica operating conditionsare
ensured between the -phase P(VDF-TrFE) film and
the other two types sensors considered for compari-
son, by preparing threeidentica cantilever beam speci-
mensand bonding the sensorsat identicd |ocations, at
theroot of the cantilever. During theimpact or freevi-
bration testing, the sensorsare connected to the Data
Acquisition System (DAQ), runby lab VIEW asavir-
tua controller. Frst the sengtivity of thebonded 3-phase
P(VDF-TrFE) filmto the dynamic strainsinduced from
thefreevibration of thebeam structureisstudied. The
beamisgivenaninitia displacement and left it tovi-
brateonitsown, inducing thefreevibrations. During

thefreevibration of the beam structure, thevoltage
response of the P(VDF-TrFE) film wasrecorded us-
ingaDAQ. Thefreevibrationsareinduced in the beam
structuresin asimilar way and the voltage responses
from the PVDF film and PZT-5H wafer sensor are
recorded for comparison. Thevoltageresponsesare
normalized with thethicknessfor thethreetypes of
sensorsand arecompared. Thisnormalization elimi-
natesthevariationsin thevoltage responsedueto the
differenceinthickness of the sensors. A close match-
ing of thewaveform of the voltageresponsesfor the
threesensorsare seenin Figure 10(a). The magnitude
of thevoltage response of the P(VDF-TrFE) filmis
amost the sameasthat of the PV DFfilm sensor with
asmall differenceof 8%. Thus, thesensitivity of the
P(VDF-TrFE) filmisamost sametothat of the PV DF
film sensor andthe PZT wafer. Using the Fast Fourier
Transform (FFT) of the normalized voltage history,
thefrequency response was obtained asshownin Fig-
ure 10(b). The peaksreveal the resonance frequen-
ciesof variousdifferent modes of vibration of the can-
tilever beam. The peaks aswell asthe mean levels
captured by the P(VDF-TrFE) film sensor arein good
agreement and show comparable sengitivitieswith the
PVDFfilm sensor and PZT wafer sensor.

Connector
Box to DAQ

Figure9: Experimental setup showinga cantilever beam
with P(VDF-Tr FE) film bonded on it, for freevibration and
impact testing
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Figure10: Comparison of theresponse of P(VDF-Tr FE) film, PVDF film and PZT wafer sensor ssubjected tothedynamic
strainsinduced duetofreevibration: (a) Voltageresponse (b) Frequency response

Having compared the responses of the P(VDF-
TrFE) film, PVDFfilm and PZT wafer sensorsfor free
vibration, theresponsefor animpact iscompared here.
Response of the P(VDF-TrFE) film sensor to the dy-
namic strainsinduced by animpact loadingisstudied
by dropping asteel ball at thetip of the beam struc-
ture from aknown height, asshown in Figure 9. A
steel ball of diameter d =0.0045m was dropped from
aheight of h=0.01 m at thetip of the cantilever beam.
During the event of animpact, the steel ball hitsthe
beam tip and falls of f with negligiblerebound of 1-2
mm. Neglecting the energy of rebound, the magnitude
of impact intermsof energy inthiscaseisfound to be
E =mgh =3.74x10° N-m. Response of the P(VDF-
TrFE) film, PVDFfilmand PZT wafer sensorsfor an
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impact type of loading are compared in Figure 11(a).
Theresponseshaves milar waveforms. Thefrequency
responses obtai ned by taking the FFT of the sensor
signalsarecompared in Figure 11(b). Thefrequency
response of the P(V DF-TrFE) iscomparableto that
of theresponse of the PVDF film and PZT wafer sen-
sors. Thus, the peaksin the frequency response rep-
resenting different natura frequenciesof thebeam are
effectively captured by the P(VDF-TrFE) film sensor
like the standard PZT wafer sensor. The additional
peaksin the response of the P(VDF-TrFE) filmand
PVDFfilmindicatesthe sengitivity to the additional
modes of vibration of the beam. The sengitivity to ad-
ditional modesisalso seeninthesimilar studiesdone
on PVDFfilm earlier?y,

—— P(VDF-TrFE)

10

Log [Voltage/Thickness] (\V//m)

100 150

Frequency (Hz)

0 50 200

Figure11: Comparison of theresponse of P(VDF-TrFE) film, PVDF film and PZT wafer sensor ssubjected tothe dynamic
strainsinduced duetoimpact of magnitude 3.74x10°N-mat thecantilever tip: (a) Voltageresponse (b) Frequency response
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Figure12: Comparison of theresponse of P(VDF-Tr FE) film subjected tothedynamic strainsinduced dueto different
impact magnitudesat thecantilever tip: (a) Voltageresponse (b) Frequency response

Sengitivity to thedifferent magnitudes of dynamic
srainsisstudied by impacting the cantilever beamwith
aged bal from different heightsby adjusting thelength
of theframe (See Figure9). Two different magnitudes
of impact areobtained by droppingthe sted bdl froma
height of 0.01 m and 0.02 mto givetheimpact magni-
tudeof 3.74x10° N-mand 7.49x10° N-m respectively.
Theresponse of the P(VDF-TrFE) sensor to different
levelsof impactiscompared with theresponseof PVDF
filmandthe PZT wafer asshownin Figure 12(a) and
12(b). The peak voltagein the P(VDF-TrFE) sensor
responsefor higher magnitude of impact isfound to be
higher than the peak voltagefor alower magnitude of
impact. Thisshowsthat theP(V DFTrFE) sensor issen-
gtivetothevaryinglevelsof dynamic strains. Fast Fou-
rier transform of the voltage response of the P(V DF-
TrFE) film showsthe presence of additional modesin
higher frequency rangein caseof impact event with higher
magnitude. Except at afew resonant peaks, the fre-
guency responseisdifferent for both the magnitude of
impacts. Duetothesengtivity of the P(VDFTrFE) film
sensor to theadditiona modesof vibration, the P(VDF-
TrFE) film sensor can be used more effectively inthe
quasi -gtatic and dynamic strain sensing gpplications.

CONCLUSIONS

The P(VDF-TrFE) filmswere prepared using sol-
vent cast method. The X-ray diffraction anayssshows
that as-prepared filmswerein B-phase. The surface
feature showsthat by adding TrFE it directly transforms

to B-phase. Raman and Infrared spectrum further con-
firmsthe presence of -phase. The DSC scans indi-
cated the higher melting point of P(V DF-TrFE) dueto
itshigher dengity. Tenslepropertieswerein agreement
withthosereportedinliterature. Thesengitivity of the
P(VDF-TrFE) film sensor to the dynamic strainsin-
duced dueto thefreevibration and impact iscompa
rabletothesengtivity of thePVDFfilmand PZT wafer
sensors. Thus, the P(VDF-TrFE) film sensor can be
effectively used inthe quasi-static and dynamic strain
sensing gpplications.
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