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Dramatically enhanced effective electrostriction in ferroelectric
polymeric composites
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~Received 2 May 2002; accepted for publication 17 July 2002!

This letter reports a ferroelectric polymeric composite concept with dramatically enhanced effective
electrostriction, strain energy density, and electromechanical coupling factor, where
high-dielectric-constant ceramics are arranged in series with ferroelectric polymers having large
electrostrictive strain. We demonstrate the importance of the dielectric constant of the constituent
phases and the microstructural geometry of the composite on the effective electrostriction of the
material. © 2002 American Institute of Physics.@DOI: 10.1063/1.1505743#
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Materials with large electromechanical coupling are
tractive for a broad range of applications such as sensors
actuators. Recently, giant electrostriction and ralaxor fe
electric behavior have been discovered in electron-irradia
P~VDF–TrFE! polymers, where actuation strain as high
4% has been obtained.1 The irradiated polymers also demo
strate enhanced dielectric constant and slim polarization
teresis, suggesting that the properties of P~VDF–TrFE! poly-
mers can be improved by the introduction of ‘‘defec
structure through irradiation.2 Motivated by these studies, w
propose another mechanism that could enhance the elec
triction, the energy density, and the electromechanical c
pling factor of ferroelectric polymers dramatically throug
the composite concept.

Electrostriction refers to the strain induced by an appl
electric field and is proportional to the square
polarization.3 The effect is universal although it is negligibl
small in most materials. One method to improve the electr
triction is to increase the dielectric constant of the mater
so that the same electric field can induce higher polarizat
and thus higher electrostrictive strain. This has be
achieved in P~VDF–TrFE! polymers where the dielectri
constant has been enhanced by electron irradiation.1,2 An al-
ternative is to use the composite concept, where a sec
phase with much higher dielectric constant is embedded
the ferroelectric polymer to increase the dielectric constan
the composite. This is usually accompanied by an increas
stiffness, however, and caution must be excised to main
an elegant balance between the dielectric constant and
elastic stiffness since higher stiffness usually leads to lo
actuation strain. Even more important is to optimize the el
tric field distribution in the composite since only the ferr
electric polymer is electrostrictive. Indeed, enhanced die
tric constant has been reported in composite consisting
P~VDF–TrFE! polymers and PMN–PT ceramic powders4

but the particular microstructure constructed is not optim
for high electrostriction and thus no enhanced strain has b
reported. In another word, an appropriate microstructure
the composite must be identified to take advantages of
high dielectric constant of ceramic phase, so that the
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hanced electrostriction can be obtained in the composite
To elaborate the concept we consider the electrostric

governed by the one-dimensional constitutive equations

«5Ss1ME2, D52MsE1kE, ~1!

where « and s are the strain and stress,D and E are the
electric displacement and field,S is the elastic compliance,k
is the dielectric constant, andM is the electrostrictive coef-
ficient. The dielectric equation can also be written as

D5k@s#E with k@s#5k12Ms ~2!

for simplification. This one-dimensional model captures t
essence of our concept without introducing unnecess
three-dimensional complication. Notice that the electric fie
E rather than the polarizationP is used as independent var
able since it is experimentally controllable. As such Eq.~1! is
only valid for linear dielectrics where the polarizationP is
proportional to the electric fieldE.

For a composite made of different phases where the e
tromechanical field is heterogeneous, we can define the
fective moduli of the composite through the effective cons
tutive equation under the assumption of macrosco
homogeneity,5

«̄5S* s̄1M* Ē2, D̄52M* s̄Ē1k* Ē, ~3!

where the overhead bar is used to indicate a volum
averaged quantity. Our goal is to enhance the effective e
trostrictive coefficientM* of the composite, but that is no
the only measure of the electrostrictive property. Other m
sures include the effective strain energy densityU* and the
electromechanical coupling factork* :

U* 5
M* 2Ē4

2S*
, k* 5

M* 2Ē2

k* S*
. ~4!

The electromechanical coupling factor is derived followi
the procedure described by Homet al.6 though the expres-
sion is different from theirs because we useE rather thanP
as the independent variable. BothU* andk* depend on the
average electric field in the composite, again valid only
the linear dielectric regime. As suchU* /Ē4 and k* /Ē2 are
probably more meaningful measures of composite per
mance.
0 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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Now let us consider a composite made of two pha
arranged in parallel with each other. This parallel mo
simulates the properties of fibrous composites along the fi
direction very well. In such configuration, the electric fie
and strain are uniform in the composite, and this leads
exact expressions for the effective properties of the comp
ite

S* 5
S1S2

f 1S21 f 2S1
,

M* 5
f 1M1S21 f 2M2S1

f 1S21 f 2S1
, ~5!

k@s̄#* 5 f 1k1@s1#1 f 2k2@s2#,

where subscripts 1 and 2 are used to indicate the quantitie
polymeric or ceramic phase, andf i is the volume fraction of
the corresponding phase. An inspection on the effec
moduli indicates that this composite is not very interesti
The second phase usually has smaller compliance and
trostriction, which tends to decrease the effective electr
triction of the composite. This is in contrast to the piezoel
tric fibrous composites widely used in underwater so
applications.7

Next let us consider a composite made of two pha
arranged in series with each other. This model simulates
properties of composite laminates along laminating direct
very well. In such configuration, the electric displaceme
and stress are uniform in the composite, and this lead
exact expressions for the effective properties of the comp
ite

S* 5 f 1S11 f 2S2 ,

M* 5
f 1M1k2

2@s̄#1 f 2M2k1
2@s̄#

~ f 1k2@s̄#1 f 2k1@s̄# !2 , ~6!

FIG. 1. The effective electrostrictive coefficient of the composites.

TABLE I. The electromechanical properties of constituent materials in
composites.

P~VDF–TrFE! PZT–5 PZT–5H PZT–7A

Y ~GPA! 1.35 111 124 121
M (m2/GV2) 22.40 0 0 0
k/k0 68.5 830 1470 237
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k* @s̄#5
k1@s̄#k2@s̄#

f 1k2@s̄#1 f 2k1@s̄#
.

A inspection immediately reveals that this composite is v
interesting in the sense that the effective electrostrict
could be enhanced dramatically if an appropriate materia
chosen as the second phase. Indeed, if we choose a ce
with high dielectric constant such thatk1!k2 , the effective
electrostrictive coefficient can be simplified approximate
as

M* '
M1

f 1
, ~7!

when f 1 is comparable tof 2 or larger. This suggests that th
effective electrostriction can indeed be enhanced by incor
rating a second phase with much larger dielectric cons
than that of the ferroelectric polymer, even if the electrostr
tion of the second phase is zero. Meanwhile, both the st
energy density and the electromechanical coupling fac
will also be improved, since the composite has larger el
trostriction and elastic stiffness.

To demonstrate the concept we consider three comp
ites made of PZT–5, PZT–5H, and PZT–7A ceramics e
bedded in P~VDF–TrFE! polymer, respectively. The polyme
is isotropic, while the ceramics are transversely isotrop
and we choose the properties along the axis of the ceram
the material properties in our one-dimensional model, wh
are listed in Table I. The materials properties for P~VDF–
TrFE! are estimated from Zhanget al.,1,2 and the material
properties for PZT are obtained from Dunn and Taya.8 We
use the Young’s modulus of 1.35 GPA for P~VDF–TrFE! to
match the electromechanical coupling factor of 30% repor
for P~VDF–TrFE!9 using our Eq.~4!, and ignore the piezo-
electricity of the ceramics because it is small compared to
electrostriction.

The effective electrostrictive coefficient, the effectiv
energy density per unitE4, and the effective electromechan
cal coupling factor per unitE2 of composites as function o
the volume fraction of ceramics are shown in Figs. 1, 2, a
3, respectively. We notice that even small addition of P
ceramics in P~VDF–TrFE! polymer enhances its electrostric
tive properties, and the enhancement is most dramatic

FIG. 2. The effective energy density of the composites.
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the high volume fraction limit. The three PZT ceramics w
choose have similar Young’s modulusY, but quite different
dielectric constantk, which allows us to demonstrate th
effect of dielectric constant of the ceramic phase on the o
all behavior of the composites. Indeed, among three com
ites we considered, the PZT–5H reinforced one had the m
enhancement, and the PZT–7A reinforced one had the l

FIG. 3. The effective electromechanical coupling factor of the compos
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improvement, reflecting the relative effect of the dielect
constant. For the PZT–5H reinforced composite, the e
trostrictive coefficient can be increased as much as six tim
and the enhancement in the strain energy density and
electromechanical coupling factor is even more drama
These results demonstrate that the electrostrictive prope
can indeed be enhanced dramatically through the compo
concept.
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