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Highly electrostrictive poly  (vinylidene fluoride—trifluoroethylene ) networks
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We report greatly improved electromechanical performance from a(\poyidene fluoride—
trifluoroethyleng copolymer by chemical cross linking. Curing with an organic peroxide in
combination with a free-radical trap, followed by crystallization, yields a ferroelectric network
exhibiting a high electrostrictive response. The electric-field-induced strains were measured at low
frequency using an air gap capacitance method and by a noninterferometric optical technique. At
electric fields as low as 9 MV/m, longitudinal strains of 12% are obtained. This is more than two
orders of magnitude better than conventional vinylidene fluoride materials, and more than an order
of magnitude larger than the best results reported to date on any fluoropolymer. Since the
mechanical modulus of the network is high 0.5 GPa), this work demonstrates the potential for
extending the range of utility for polymer-based electromechanical material20@ American
Institute of Physics.[DOI: 10.1063/1.1409595

Electroactive materials convert electrical energy intomodest pressure, followed by air quenching. The typical film
mechanical displacements, with lower power consumptiorthickness was 7mm.
than electromagnetic motors. While piezoelectric strains are  As illustrated in Fig. 1, two methods were employed to
proportional to the applied electric fiel&, the electrostric- measure electrostrictive straifise., relative decrease in film
tive strain increases quadratically with the field. Thus, matethicknes$: In the first method, the plates of an air-gap ca-
rials with substantial electrostrictive coefficients offer thepacitor are supported by the samplewo pieces, 1.3
possibility of obtaining very large deformations. Applica- X3.0cm, to avoid tilting. The separation of the plates,
tions include sensors, transducers, actuators, and potentiallyhich is equal to sample thickness inversely proportional

robotics and artificial muscles. to capacitanc€
Electromechanical polymers must, of course, be polar.
However, macroscopic alignment of molecular dipoles is  {—. a/C, (1)

limited for polymers, since they are rarely ordered on the
microscopic level. Even among highly crystalline polymers,
whose orientation can be high, there are few cases in whic
the chains can both undergo conformational changes any
adopt more than one stable configuratiam order to allow
switching in response to an external fields a consequence,
only a few polymers are piezoelectric, and only polyvi-
nylidene fluoride(PVDF) and its copolymers are commer-
cially significant. The electromechanical coupling in PVDF
is less than ceramics, which limits the range of applications. P
The development of better electromechanical properties, in
particular electrostriction, is an active area of researcmnd
recently advances with PVDF copolymers have been:
achieved*
In this letter, we report the electrostrictive properties
of chemical networks of polyinylidene fluoride—
trifluoroethyleng [P(VDF-TrFE)]. The copolymer, obtained
from Solvay and having a 65/35 copolymer ratio, was cross:
linked with an organic peroxide in combination with a free-
radical trap. The use a free-radical cross linker and coagen§
enables formation of a three-dimensional network of high:

here e, is the permittivity of free space =8.85

10" '2F/m) andA is the electrode area. Any change in film
ickness displaces the top plate, thus changing the
capacitancé.The latter was measured with a HP 4192A im-
pedance analyzer. In this method, a small efestimated to

be a couple percenarises from neglect of stray capacitance.

h
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cross-link density, without substantial side reactidfgilms | L] Migh Volage —
. k omputer
were cast from a solution of the polymer and cure reagents:
The f||ms were Cured |n a mold for 40 m|n at 453 K under i S S L | IEEE bus |
FIG. 1. Schematic of the experimental apparatus used to measure simulta-
3Electronic mail: mike.roland@nrl.navy.mil neously the electrostrictive strain by the two methods.
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FIG. 2. Qu_asistatic, Iongitl_Jdian response of th_e PVDF copolymer _networkFlG 3. Longitudinal strain of the PVDF copolymer network in response to
as a function of the applied field. The capacitarisquares and optical an ac electric field. The offset after the initial cycle is due to polarization at

(circles measures of the strain give comparable results. The solid line is th?he electrode interface
fit of the latter to Eq.(2). Note that the displacement is actually negative, '
since film thickness decreases upon application of the electric field.

latter, estimated to be-5%, reflects the presence of stray
The second method is based on a noninterferometri capacitance, as well as uncertainties in the film thickness and
She calibration standard. The measured displacement was

o_ptlca_ll technlqu_e(usmg an MTI 1000 Fotonic S_ens)oOp- dalso invariant to changes in the lateral position of the optical
tical fibers illuminate the upper plate, and the light reflecte robe, indicating that the film was uniform with respect to

from a small aluminum tab adhered to the plate surface i S ; . -
oth its dimensions and its electrostrictive response.

collected by paral_lel, receving fibers, ngr a range of The most significant aspect of the data in Fig. 2 is the
roughly 25um, the intensity of this reflected light is propor- ; ; . L2
normous strain achieved at relatively low electric field, e.g.,

tional to the distance separating the reflecting top surface 206 at 9 MV/m. Compared at equal fields, these strains are

the plate from the optical fibers. The change in sample thick: . . .
ness is determined by calibration of the response using Iea?(’j00 times higher than for conventional PVDF materfisid

: ) ; more than an order of magnitude larger than the best results
zirconate titanat¢S500 type Il from Channel Industrisa reported to date on any fluoropolyniét®1°Note that with-
ceramic having a known piezoelectric const&@0 pm/V in

N o e . out cross linking, the & DF—TrFE) exhibits a much smaller
the longitudinal direction The principle source of error in esponse(Table )), roughly comparable to results reported

th_ls meth_od is the initial film thickness, which was measureo[)y Lu etall for air-quenched polyinylidene-fluoride
with a micrometer.
hexafluoropropylenecopolymer.

To ensure good contact of the sample with the elec- o .
. . The field-induced strain can be expressed as a power
trodes, a pressure of 1.6 kPa was applied by dead weight- series

ing. In a typical experiment a triangular waef frequency

5x 10 % Hz) was generated by a Solartron 1254 and ampli- 5

fied with a Trek 410D to yield high voltage (1®). The s=dE+aE%-, @)

output from the voltage amplifier, as well as the signal from

the photonic sensor, were measured with a voltmetem which d anda are the piezoelectric and electrostrictive

(HP1254. The digitized data, including the capacitance mea-<constants, respectively. The fit of E(R) to the optically

surement from the impedance analyzer, were collected by measured strains is shown in Fig. 2. The agreement is good,

PC (Fig. 1). except at higher fields>*8 MV/m), where the film is evi-
The arrangement in Fig. 1 allowed two simultaneousdently saturating. We obtainl=1.6x10 °m/V and a=

measurements of the longitudinal electrostrictive strain. A—1.6x 10~ ®*m?V?, indicating that electrostriction begins to

comparison of typical results obtained at room temperature idominate for fields greater than about 1 MV/m.

shown in Fig. 2. The strains determined from the capacitance This predominance of electrostriction is seen in Fig. 3,

measurement are slightly lower, although the agreement bavhich displays the strains obtained during cycling of the

tween the two methods is within experimental error. Theelectric field(for clarity, we only show measurements by the

TABLE I. Properties of polgvinylidene fluoride—trifluoroethylenecopolymers.

Curie transition Crystal melting

v T AH T AH
(mol/L) © J/9 © J/9 Strain(at field E)
Precursor 0 106 21 152 28 0.70@0MV/m)
Network 0.26 102 9.4 135 12.8 1298 MV/m)
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optical methodl The direction of the film displacemefion- sy=E2eqelY, (3
itudinal compressionis invariant to the polarity of the . . . .
f%eld P o P y where ¢ the relative dielectric constant of the film. Fer

measured at low fields{1 MV/m) to be in the range %0
which we ascribe to electrode polarizatiéire., charge accu- Eq. (3 |n_d|cates the Maxwell str_aln to be about thre_e orders
of magnitude smaller than strains measured herein for the

mulation at the electrode surfagedlote that the chemical . X . .
cross linking yields ionic species as by-products, which Wecopolymer network. However, since the dielectric properties

have not attempted to remove. It was found that the origina?f T?rm(lilf(t::]”c plolymtfers are .l.eXpe(t:t?ﬁ thq hbef. lsdtro_n gly
(first cycle response was recovered after about an hour if th on m;a ’d 3e. value 0“8 prelzlal Ing at the high TIelds in
voltage were removed and the electrodes short circuited. 'gs. £ and 3 1S presently unknown.

Differential scanning calorimetry of the network revealst ) T'gh modul_lth_per SEIS deswa?l;ehln an elgftr:)a(cjtlve ml?-A
a substantial degree of crystallinitfable |). This crystalli- erial because 111s a measure of the capacily to do work.

zation transpires subsequent to the cross linking. Previouslg fined as the fracti f inout electrical ted t
it was reported that enhancement of the electrostrictive re2€'N€d as the fraction otinput electrical energy converted to
echanical energy. For a homogenous material, the me-

sponse can be obtained by exposure of semicrystallim[—.n

P(VDF—TrFE) films to electron irradiatior.This produces a chanic_al e_nerg;g corgesponding to the electric_ field-induced
network, similar to hereii.However, ionizing radiation in- strain is simplyz Ks.” The modulus, however, is measured

troduces defects into the crystalline phase, as well as redu rom th? macroscopic Ioad/d|sple_1cement response .Of the
ing the crystallinity. The radiation-cross-linked PVDF co- llm, which is governed by the resistance to deformation qf
polymers exhibit substantially lower electrostrictive strainsthe amorphoys. phase: The mplecular Processes underlylng
than herein. They are also paraelectrishich is distinctly the elect_rogtrlctlve straln—rptatlon about twist bo'ur?darles of
different from the present networks. After chemical cross2loms W'thm. the cry;tal Iattlce—.are complete!y distinct frgm
linking, the ferroelectric character of the precursor copoly—those assom_ated W"_[h mechanical deformation O.f the_ film.
mer is retained, with a barely diminished Curie transition at;[he mechanical r_e3|st_anc_e to these CrYStal “mot|ons ,,'S un-
102 °C (Table ). nown, _and thus IlkeW|se_|s the_a_ppropnate modulus” for
It is evident that the use of an organic peroxide in Com_calculatmn of the conversion efficiency.
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In Fig. 3 an offset is observed after the initial strain,
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