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Lightweight and conformable electroactive polymers
(EAPs) are promising for advanced electromechanical and
dielectric applications such as actuators, artificial muscle
systems, and high efficiency charge storage capacitors [1-7].
EAPs are especially attractive for polymer muscle applica-
tions and demonstrate several advantages over competing
approaches, exhibiting ambient operation, rapid reaction
speed (microseconds to minutes), and a high mechanical
energy density (~ 10 J/cm®) [6, 8]. Polyvinilidyneflouride-
trifluoroethylene (P(VDF-TrFE)) copolymers are piezo-
electric and demonstrate piezoelectric properties, but are
unable to achieve high strains. It has been demonstrated that
by introducing defects in P(VDF-TrFE) through irradiation
or introduction of a bulky non-blocking co-monomer unit
such as 1,1-chlorofluoroethlene (CFE), the resulting P(VDF-
TrFE-CFE) terpolymers transition into a ferroelectric re-
laxor and demonstrate a large electromechanical coupling
and significantly reduced electrical hysteresis while retain-
ing high dielectric constants [2, 9—11]. Recently, Bauer et al.
[2] have found very large electrostrictive strains (7%) by
these terpolymers.

Generally, electroactive-fluorinated terpolymers are fab-
ricated using solution processes such as spin or drop casting
followed by annealing to make crystalline thin-films with
large electrostrictive coefficients [2, 9]. This process has
limited ability to create uniform sheets for large area struc-
tures and high volume manufacturing. In this study, we
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investigate the fabrication of ferroelectric terpolymers in a
favorable electrostrictive and high dielectric capacitance
structure via a melt and stretch extrusion process, and dem-
onstrate the ability of this method to produce films with
favorable electrical properties, high crystallinity, and large
electrostriction.

Figure 1 shows the chemical structure of the P(VDF-
TrFE-CFE) and a schematic diagram of an extrusion pro-
cess in which the molten terpolymer is extruded and
stretched. Our fluorinated P(VDF-TrFE-CTFE) terpolymer
resin was obtained from Piezotech SAS and fabricated into
extruded electroactive thin-films at a constant pressure and
flow rate. The extrusion process, shown in Fig. 1b, melts
and extrudes the polymer using an auger. The film is
extruded through a die, stretched to encourage formation of
the beta phase, and rapidly quenched on a cooled roller to
both rapidly solidify the film and preserve the beta phase of
the material. Such an extrusion/stretch/quench process has
been used to produce high-beta phase content PVDF films,
and this approach appears to be effective for terpolymer
compositions as well [12], enabling the production of large
sheets of this material.

Figure 2 shows the electrical properties of the extruded
electroactive terpolymers. The terpolymers derived from the
extrusion process were sandwiched between Al (100 nm)
and Al (100 nm) on glass substrates were characterized as a
parallel plate capacitor with an area of 12.6 x 107 cm?.
Using an HP 4284A precision LCR meter, a capacitance
density of C; = 2.9 nF/cm? was measured, corresponding to
a dielectric constant of ¢, = 56 at 1 kHz and ambient tem-
perature as shown in Fig. 2a, which is comparable to that of
the bulk terpolymer prepared by spin casting and Langmuir—
Blodgett deposition [2, 13]. The dielectric dispersion
behavior was further characterized over the frequency range
from 1 to 1,000 kHz as presented in Fig. 2b. It can be seen
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The crystallinity was verified using wide-angle X-ray
diffraction (XRD). The measurement was performed using a
Bruker AXS X-ray diffractometer with a wavelength of
1.5406 A in order to interrogate an interchain spacing and,
through its peak width, crystalline order perpendicular to the
chain direction. Figure 3 represents the XRD patterns of
extruded terpolymer films. The XRD curves of the polymer
before and after extrusion are shown in inset of Fig. 3:
samples were denominated B* (before stretching process)
and B (after stretching process), and the peak shift between
B* and B can be attributed the change of f content and o
crystal reorientation. The X-ray data exhibits two narrow
peaks at 18.0° and 37.2° in B samples. The (110) and (200)
diffractions of the films are located at 20 = 18.0°, from an
interchain crystal spacing of 4.9241 A, which is consistent
with the desirable f-phase for electrostrictive performance
[14, 15]. This crystal lattice parameter is similar to that of
other high strain terpolymer devices developed via suspen-
sion polymerization using an oxygen-activated initiator and
deposited using solution processes followed by annealing
[10].

The terpolymer was metallized with 100 nm of alumi-
num, and arranged in a unimorph configuration. A field
strength of 50 MV/m was applied and bending was

Fig. 2 a Capacitance density measured on a Al/extruded P(VDF-
TrFE-CFE)/Al/Glass sample as a function of electric field at 1 kHz.
b Dielectric constant of the extruded sample as a function of a
frequency from 1 to 1,000 kHz at room temperature
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Fig. 3 Room temperature X-ray diffraction pattern of the electroac-
tive terpolymer fabricated by the extrusion process. Insets: The XRD
curves of the polymer before and after stretching
observed and measured. The extruded films display sig-

nificant bending actuation, as shown in Fig. 4. The elec-
trostrictive nature of the thin-film terpolymer and top/
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Fig. 4 Images of the bending
actuation of the extruded
stretchable electrostrictor.
The applied field

was 50 MV/m

bottom Al electrodes yields a bending actuation corre-
sponding to 4.2% bending strain on application of electrical
stimulation. This electrostrictive film, prepared through
an extrusion process, presents a spontaneous response and
operation in the air for long-term stability.

In summary, fluorinated P(VDF-TrFE-CFE) terpolymers
have been fabricated using the extrusion process with a melt
and stretch process which yields large sheets of the material
with a crystallinity and crystal phase suitable for electro-
strictive and capacitave energy storage applications. When
metallized and structured in a unimorph, large electrostric-
tive behavior (>4% strain) was observed in air, allowing a
high throughput alternative for polymer muscle applica-
tions.
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