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Giant Electrostriction and Relaxor Ferroelectric
Behavior in Electron-Irradiated Poly(vinylidene
fluoride-trifluoroethylene) Copolymer

Q. M. Zhang,* Vivek Bharti, X. Zhao

An exceptionally high electrostrictive response (~4 percent) was observed in electron-
irradiated poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] copolymer. The ma-
terial exhibits typical relaxor ferroelectric behavior, suggesting that the electron irradi-
ation breaks up the coherent polarization domain (all-trans chains) in normal ferroelectric
P(VDF-TrFE) copolymer into nanopolar regions (nanometer-size, all-trans chains inter-
rupted by trans and gauche bonds) that transform the material into a relaxor ferroelectric.
The expanding and contracting of these polar regions under external fields, coupled with
a large difference in the lattice strain between the polar and nonpolar phases, generate

an ultrahigh strain response.

Materials that generate large mechanical
actuation induced by external stimuli in-
cluding electric field, temperature, and
stress have attracted a great deal of atten-
tion in recent years. The development goals
include achieving a large range of motion
with high precision and speed, high strain
energy density to generate large forces, and
a low fatigue rate for a long lifetime and
high reliability. Although there are several
active materials currently available, there
are few that come close to meeting all of
these goals. For instance, piezoceramic and
magnetostrictive materials, although they
have low hysteresis and fast speed, have
low strain levels (~0.1%) (I, 2). Shape
memory alloys generate high strain and
high force but are often associated with
large hysteresis and very slow speed (3).
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Ferroelectric polymers, because they are
easily processed, cheap, lightweight, and
conform to complicated shapes and sur-
faces, have been studied for nearly three
decades for applications in electromechan-
ical devices (4, 5). However, the low strain
level (~0.1%) and strain energy density
of current ferroelectric polymers have se-
verely limited their usefulness in these
applications.

It should be noted that there is an im-
portant class of phenomena that has not
been exploited in ferroelectric polymers for
electromechanical applications: the large
lattice strain and large dimensional change
associated with phase transformations in
these materials. One such example is poly-
(vinylidene fluoride), PVDF, and its ran-
dom copolymer with trifluoroethylene,
P(VDE-TtFE), which are the best known
and most widely used ferroelectric polymers
(4, 5). PVDF and its copolymer P(VDF-
TrFE) are semicrystalline polymers that
have a morphology of crystallites in an

(1992); M. J. Weaver and X. Gao, J. Phys. Chem. 97,
332 (1993).

20. K. J. Taylor, C. L. Pettiette-Hall, O. Cheshnovsky,
R. E. Smalley, J. Chem. Phys. 96, 3319, (1992).

21, Q. Li, F. Wudl, C. Thilgen, R. L. Whetten, F. Died-
erich, J. Am. Chem. Soc. 114, 3994 (1992).

22. T. Suzuki et al., ibid. 115, 11006 (1993).

23. InEq. 2, Fis Faraday constant, A is electrode area, D
and C* are MPC diffusion coefficient and concentra-
tion, respectively, Q,ng is charging of any adsorbed
MPC, and Qp, is electrode double-layer charging.
For the reverse step, t1/2 is replaced by 6, that is,
(x12 + (t —7)1/2 - t1/2) where 1 is the step reversal
time [A. J. Bard and L. R. Faulkner, Eds., Electro-
chemical Methods: Fundamentals and Applications
(Wiley, New York, 1980), chap. 5].

24. C. P. Collier, R. J. Saykally, J. J. Shiang, S. E. Hen-
richs, J. R. Heath, Science 277, 1978 (1997).

25. Supported in part by grants from NSF (RW.M.,
R.LW.) and the U.S. Office of Naval Research
(RW.M.).

24 February 1998; accepted 13 May 1998

amorphous surrounding. With proper sam-
ple treatments a ferroelectric phase (B
phase, which has an all-trans conformation
as shown in Fig. 1) can be induced in these
polymers in the crystalline region (6). In
compositions of P(VDF-TtFE) copolymers
that exhibit a ferroelectric-paraelectric (F-
P) transition (conversion of all-trans chains
to a mixture of trans and gauche bonds),
large lattice strains and sample dimensional
changes (~10%) have been observed in
x-ray diffraction and thermal expansion ex-
periments (6-8). One drawback of this large
strain associated with the transition is the’
large hysteresis (6-8).

It is well known that the existence of
hysteresis in ferroelectric materials is due to
the energy barrier when switching from one
polarization direction to another or when
transforming from one phase to another. In
ferroelectric ceramic materials, the energy
barrier can be significantly reduced or elim-
inated by reduction of the size of coherent
polarization regions to a nanometer scale
(9). In P(VDE-TrFE) copolymers, one pos-
sible approach to achieve this result (reduc-
tion of the size of all-trans conformation
regions) is to introduce defects into the
polymer chains. This may be accomplished
with high-energy radiation. The influence
of high-energy electrons and gamma irradi-
ation on the dielectric and structural prop-

Fig. 1. Schematic depiction of the all-trans chain
conformation in PVDF. The arrow indicates the
dipole direction.
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erties of P(VDF-TtFE) copolymers has been
studied by several groups (10-12). It was
found that exposure to these radiations can
induce a polymorphic transformation of the
ferroelectric phase into a phase that is struc-
turally equivalent to the paraelectric phase.
In addition, irradiation shifts the dielectric
peak associated with the original F-P tran-
sition to a lower temperature and broadens
it. These results indicate the effectiveness of
the irradiations in changing the dielectric
behavior and modifying the structures in
these copolymers. Encouraged by these ex-
perimental results, we carried out a system-
atic experimental study of the effect of elec-
tron irradiation on ferroelectric and electro-
mechanical responses of P(VDF-TrFE) co-
polymers, especially under high electric
fields.

Here we show that under a proper high-
energy electron irradiation the large polar-
ization hysteresis can be eliminated and an
exceptionally large electrostrictive strain
can be achieved. Furthermore, we present
experimental evidence showing that in
many respects the material behaves like a
relaxor ferroelectric, a class of ferroelectric
materials under intensive investigation be-
cause of their many peculiar features and
broad applications in actuators and trans-
ducers, capacitors, and electro-optical de-
vices (9, 13).

The results presented here were obtained
from P(VDE-TtFE) 50/50 (50 mole percent
of VDF), which has a relatively low F-P
transition temperature (70°C) and small po-
larization hysteresis compared with composi-
tions with higher VDF mole percent (6).
The copolymer was from Solvay and Cie of
Bruxelles, Belgium. The film we used was
fabricated by melt-pressing powder at 225°C
and then slowly cooling it to room temper-
ature. The film thickness was between 25
and 40 pm. The irradiation treatment was
carried out in a nitrogen atmosphere with
3-MeV electrons and the dose was in the
range between 4 X 10° and 10° Gy (1 Gy =
100 rads). Several temperatures were chosen
for the irradiation; we report results obtained
from films irradiated at 120°C with 4 X 10°
Gy. For the electric measurement, gold elec-
trodes sputtered onto the film surfaces were
used.

We characterized the electric field—in-
duced strain with a bimorph-based strain

sensor designed specifically for polymer film
strain measurement (14). The polarization
hysteresis loop was measured by a Sawyer-
Tower circuit (15). The frequency range for
the polarization and strain measurement
was from 1 to 10 Hz. The dielectric con-
stant was evaluated by an HP multifre-
quency LCR meter equipped with a temper-
ature chamber. The elastic compliance was
measured by a dynamic mechanical analyzer
in the frequency range from 1 to 200 Hz
(16). P(VDE-TtFE) 50/50 film measured at
room temperature before irradiation exhib-
ited a well-defined ferroelectric polarization
hysteresis loop (Fig. 2A) with a coreceive
field at 45 MV/m (the field level at P = 0
in the hysteresis loop) and a remanent po-
larization of 6.4 wCfcm? (the polarization
level at E = 0O in the hysteresis loop). In
contrast, the sample irradiated with 4 X 10°
Gy at 120°C exhibited a slim hysteresis
loop, and the polarization level of the sam-
ple was also reduced (Fig. 2B). A similar
result was obtained for samples irradiated at
room temperature with an electron dose of
8 X 10° Gy. These results show that the
defect structure introduced by electron irra-
diation cannot be recovered by application
of high electric fields—which is crucial
for electromechanical device applications—
whereas the large polarization hysteresis can
be removed by irradiation.

After the irradiation, the films showed a
high strain response (Fig. 3A). At room
temperature, under an electric field of 150
MV/m, which is the limit of the current
experiment apparatus, the longitudinal
strain (strain in the film thickness direc-
tion) can reach more than 4%. In addition,
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Fig. 2. The polarization hysteresis loops of P(VDF-
TrFE) 50/50 copolymer measured at room tem-
perature: (A) before irradiation and (B) after irradi-
ation with 4 X 10° Gy at 120°C. P is the polariza-
tion and E is the electric field.

Table 1. Comparison of the strain and strain energy density.

Material Y (GPa) Typical S, YS,2/2 (J/cm?3) YS..2/2p (J/kg)
Piezoceramic (7) 64 0.1% 0.13 4.25
Magnetostrictor (2) 100 0.2% 0.2 21.6
PZN-PT single crystal (22) 7.7 1.7% 1.0 131
Polyurethane elastomer (24) 0.02 4% 0.016 13
P(VDF-TrFE) electrostrictor 0.38 4% 0.3 160
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the strain response exhibited little hystere-
sis and followed an approximately electro-
strictive relation between the strain S and
polarization P, S = QP?, where the propor-
tional coefficient Q is the charge-related
longitudinal electrostrictive  coefficient
(17). As shown in Fig. 3B, the plot of S
versus P? is nearly a straight line, yielding
the electrostrictive coefficient Q = —13.5
m*/C2. In an early study, the electrostrictive
coefficient Q of several P(VDF-TtFE) co-
polymers in the ferroelectric phase was ex-
trapolated from the strain versus polariza-
tion hysteresis loop and found to be in the
range from -2.1 to =2.5 m*/C? (18). It
should be pointed out that in complex ma-
terials like P(VDF-TrFE) copolymers, sev-
eral polarization mechanisms exist such as
those due to the phase transformation, the
domain boundary motion, the motion of
the interface between crystalline and amor-
phous phases, and dipolar motion in the
polymer chain (6). The large increase of Q
in the irradiated materials compared with Q
in unirradiated ones could be attributed to
the difference in the polarization responses
in the two materials.

Clearly, materials with such high elec-
trostrictive strain are attractive for actuator,
sensor, and transducer applications. How-
ever, in very soft polymers the Maxwell
stress effect, originating from the coulomb
force of the charges, can deform the mate-
rial to a high strain level (19, 20); hence,
other parameters such as the strain energy
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Fig. 3. (A) The strain-field dependence of P(VDF-
TrFE) 50/50 copolymer after irradiation with 4 X
10% Gy at 120°C. (B) The electrostrictive relation
between the strain and polarization, where the
strains at P > 0 and P < 0O regions are overlapped
as a result of the dependence of P 2 on the strain.
The deviation of the data from a straight line at S
near zero is due to the zero point uncertainty of the
measuring set-up.
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density are also used to evaluate an actuator
material (21). In Table 1 we compare the
irradiated P(VDF-TrFE) copolymer with
several currently known materials, includ-
ing the ferroelectric relaxor single crystal
lead-zinc-niobate/lead-titanate  (PZN-PT)
and a polyurethane elastomer, which have
been shown to have an ultrahigh strain
response (22—24). Both the volumetric en-
ergy density, which is proportional to
YS,_ %/2 and related to the device volume,
and the gravimetric energy density, which is
proportional to YS, ?/2p and related to the
device weight, are included in the table,
where Y is the elastic modulus, S_ is the
strain level, and p is the density of the
material (21). Apparently, in terms of
the strain and strain energy density, the
electrostrictive P(VDF-TrFE) copolymer
reported here exhibits a notably improved
performance compared with traditional
piezoceramic and magnetostrictive mate-
rials and is on a par with the PZN-PT
single crystal.

To understand what is responsible for
the large electrostrictive strain observed in
irradiated films, we examined the ferroelec-
tric and dielectric properties. To determine
whether P(VDF-TtFE) copolymer after ir-
radiation is a simple dielectric or a ferro-
electric, we measured the polarization hys-
teresis loop at lower temperatures. The po-
larization hysteresis loop gradually appeared
with reduced temperature (Fig. 4); that is,
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Fig. 4. Polarization hysteresis loops measured at
lower temperatures show the gradual increase of
the remanent polarization and hysteresis.

the remanent polarization P, and coercive
field E_ slowly increased with reduced tem-
perature, a feature reminiscent of relaxor
ferroelectrics (9). In addition, the observed
evolution of the polarization response is
reproducible under temperature cycles to
120°C, a temperature well above the dielec-
tric peak.

The irradiated film exhibited a broad
dielectric peak T, around room tempera-
ture (Fig. 5), which is below the F-P tran-
sition temperature (about 70°C) observed
in nonirradiated samples. This is consistent
with earlier investigations (11, 12). How-
ever, unlike the dielectric peak associated
with the F-P transition, the data in Fig. 5
show that T, shifts progressively toward
higher temperature with frequency, another
feature common to all relaxor ferroelectrics.
In addition, as shown in the insert of Fig. 5,
the dispersion of T, with frequency f can be
modeled quite well with the Vogel-Folcher
(V-F) law

f: fO eXp[k(Tm _ Tf)]

a relation observed in many relaxor ferro-
electric systems and spin glass systems,
where U is a constant related to the acti-
vation energy, k is the Boltzmann constant,
and T, can be interpreted as the freezing

— — Unirradiated
——— Irradiated

P, (nClcm?)

0%1607350 0 50

T(°C)
Fig. 6. Remanent polarization P, as a function of

temperature before (dashed line) and after (solid
line) irradiation.

100

Fig. 5. The dielectric constant (solid 70

lines) and dielectric loss (dashed b
lines) as a function of temperature 60 F
for P(VDF-TrFE) 50/50 copolymer b
after irradiation with 4 X 10° Gy at
120°C. The frequency is (from top
to bottom curves for dielectric con-
stant and from bottom to top
curves for dielectric loss): 100 Hz, 1
kHz, 10 kHz, 100 kHz, 300 kHz,
600 kHz, and 1 MHz. The insert
shows the fitting of the Vogel-
Folcher law, where the solid line is
the fit and the circles are the data

Dielectric constant

1.0
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Dielectric loss

[the horizontal axis in the insert is 0
temperature (in kelvin), and f is the
frequency].
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temperature (25-27). The fitting of the
data yields f, = 9.6 MHz, U = 6.4 X 10~
eV, and T; = 307 K (= 34°C).

Before irradiation, a sharp drop of P,
with temperature is seen near 70°C, the F-P
transition temperature (Fig. 6), but after
irradiation, the change of P, with tempera-
ture is more gradual, typical of ferroelectric
relaxors. In addition, the derivative of P, of
the irradiated sample with temperature ex-
hibits two broad peaks, one near —23°C and
the other near 32°C. The peak at —23°C is
related to the glass transition in the amor-
phous phase, indicating an increase of the
amorphous phase in the irradiated sample
compared with the nonirradiated sample
(5, 6). The peak near 32°C coincides close-
ly with the freezing temperature determined
from the dielectric constant (T, = 34°C),
consistent with the induction by external
fields of a macroscopic ferroelectric state in
a ferroelectric relaxor below the freezing
temperature (28).

These results demonstrate that the ma-
terial after irradiation has many features in
common with the relaxor ferroelectric sys-
tems in inorganic materials, that is, the slim
polarization hysteresis loop at temperatures
near the dielectric peak that gradually
evolves into a normal ferroelectric polariza-
tion hysteresis loop with reduced tempera-
ture and the dispersion of the broad dielec-
tric peak, which follows the V-F law. By
drawing the analogy with the mesoscopic
structure of the relaxor systems in inorganic
materials (9), the results suggest that the
state of the crystalline region of the mate-
rial after irradiation is not a simple para-
electric but rather a phase containing nan-
opolar regions (nanometer-size all-trans
chains) interrupted by trans and gauche
bonds introduced by irradiation. The ex-
panding and contracting of these nanopolar
regions under an external field result in the
observed slim polarization loop. Because of
the large difference in the lattice constant
between the polar and nonpolar phases in
P(VDF-TtFE) copolymers (5, 6), the grad-
ual increase of polarization with field in the
relaxor P(VDF-TtFE) copolymer produces a
giant electrostrictive strain with a high
strain energy density.
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Neptune’s Eccentricity and the
Nature of the Kuiper Belt

William R. Ward* and Joseph M. Hahn

The small eccentricity of Neptune may be a direct consequence of apsidal wave inter-
action with the trans-Neptune population of debris called the Kuiper belt. The Kuiper belt
is subject to resonant perturbations from Neptune, so that the transport of angular
momentum by density waves can result in orbital evolution of Neptune as well as changes
in the structure of the Kuiper belt. In particular, for a belt eroded out to the vicinity of
Neptune’s 2:1 resonance at about 48 astronomical units, Neptune’s eccentricity can
damp to its current value over the age of the solar system if the belt contains slightly more
than an earth mass of material out to about 75 astronomical units.

Beyond the orbit of Neptune lies a recently
discovered disk of objects called the Kuiper
belt (KB). The first KB object, 1992 QB;,
was found by Jewitt and Luu (1). To date,
observations have yielded some 55 trans-
Neptune bodies like 1992 QB with radii on
the order of 100 km or larger. Pluto is
considered by some to be a member of this
population (2). Based on the size of the sky
area searched, estimates of the total popu-
lation of such objects within 10° of the
ecliptic is of the order of a few X 10* (3).
Smaller objects must also be present and
the latest survey by Jewitt et al. (4) puts the
total mass between 30 and 50 astronomical
units (AU) at earth mass 0.26Mg, for ob-
jects greater than 1 km in diameter. Ander-
son et al. (5) have inferred a limit of
~0.3Mg out to 65 AU from the lack of
penetration of the Pioneer 10’s propellant
tank by KB debris of radii > 0.5 cm. The
discovery of 1996TL, in a high eccentric-
ity orbit points to an additional scattered
KB component having a mass of ~0.5Mg
with orbits between ~40 and 200 AU (6).

The dynamics of the KB is also the
subject of considerable attention and has
led to some indirect estimates of its mass.
Residuals in the orbit of Halley’s comet
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have been used to set a mass limit of order
of Mg, for a ring of comets at ~50 AU (7).
Duncan et al. (8) demonstrated that a trans-
Neptune disk could provide a plausible
source for short-period comets. Test particle
simulations appear to require an initial
number density profile of n(r) ~ 3 X 10°
X (40 AU/r)? particles per AU? to account
for the present flux of Jupiter family comets
into the inner Solar System. This implies an
initial surface density of o ~ 0.06(R/10
km)? g/cm? and a radial mass gradient dM/
dr ~ 2mor ~ 0.6(R/10 km)®> Mg/AU at
r = 40 AU. The bulk of these objects are
probably comet sized with R equal to a few
kilometers.

KB objects (KBOs) are far from uniform
in their orbital characteristics, with most
objects interior to ~40 AU observed to
have high eccentricities and to reside in
mean motion resonances with Neptune (9,
10). These resonant orbits may be instru-
mental in preserving their occupants; it is
well known that Pluto enjoys such protec-
tion through its 3:2 resonance that prevents
close encounters with Neptune. On the
other hand, numerical experiments show
that many test particles achieve Neptune
crossing status within 10° years because of
the action of secular and mean motion res-
onances (9). Thus, the observed inner por-
tion of the belt appears to be highly
evolved, and, perhaps, substantially deplet-
ed from its primordial density. Extrapolat-
ing models of the planetesimal disk into this
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region implies that a few tens of earth mass-
es originally may have resided there. A
substantial disk of a few Neptune masses is
required by the resonance sweeping hypoth-
esis (10, 11) in which the giant planets
migrate, thereby trapping KBOs in low-
order mean motion resonances. A massive
primordial KB has also been postulated by
Stern (2), who prefers ~10 to 50Mg of
material between 30 and 50 AU to colli-
sionally assemble QB,-type KBOs before
Neptune’s formation.

Here we introduce another constraint
on the nature of the KB that has not yet
been exploited. Galactic disks and plane-
tary rings can transport angular momentum
by spiral density waves, a process that can
alter the orbital evolution of a perturbing
body and change the structure of the disk
(12). For example, many gaps and ringlets
of Saturn’s rings are due to perturbations
from the planet’s satellites (13), and simu-
lations of planet-forming circumstellar gas
disks indicate that density waves may result
in the orbital decay of embedded protoplan-
ets (14, 15), which, in turn, may have
relevance to the existence of close stellar
companions (16). Neptune’s eccentricity is
curiously low (e = 0.009, where e = 0 for a
circular orbit) compared with the other
planets in the solar system.

Waves are excited at resonance sites,
which are locations where a forcing fre-
quency matches some natural frequency of
the disk. The most numerous examples are
mean motion resonances, where the disk’s
orbital period is commensurate with the
perturber’s orbital period. A less common
situation involves the apse precession peri-
od of disk material as the natural frequency
and the disk’s wave response is referred to as
an apsidal wave. These too have been de-
tected in Saturn’s rings, where the forcing
frequency is the mean motion of lapetus
(13). Also included in this class is the sec-
ular resonance where the forcing frequency
is the slow apsidal precession rate, Vo of the
perturber (17, 18). The resulting wave-
lengths are much longer than their mean-
motion counterparts, and the wave’s open
spiral structure allows a perturber to gravi-
tationally couple to a wide swath of the
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