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Theoretical approach to effective electrostriction in inhomogeneous materials
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An analytical approach is developed for the effective electrostriction, a nonlinearly coupled electromechani-
cal effect, in inhomogeneous materials based on Green’s-function method. For an isotropic composite contain-
ing randomly oriented ferroelectric crystallites with cubic symmetry, we derive the first effective-medium-like
formulas for calculating its effective electrostrictive coefficients. The effects of microstructural features~such
as volume fraction, crystallite shape and orientation, and connectivity of phases! on the effective electrostric-
tive coefficients are illustrated numerically and discussed. The calculations show that it is possible to develop
new electrostrictors combining large electrostriction with mechanical flexibility by choosing the best combi-
nation of ferroelectric ceramics and polymer.
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I. INTRODUCTION

Electrostriction is a nonlinearly coupled electrica
mechanical effect existing in all~dielectric! materials. Re-
cently developed relaxor ferroelectric materials having co
paratively large electrostriction and very small hystere
such as those from the PbMg1/3Nb2/3O3-PbTiO3 ~PMN-PT!
family,1–4 have resulted in a growth of interest in this no
linear coupling effect. Their strong application potential
electroactive sensor and actuator devices has attract
worldwide attention of research and development activity
relaxor ferroelectric materials with large electrostriction
fect. To the other extreme, design of a material with z
electrostriction effects is also important for applications
areas such as in microelectronic devices where field-indu
damage is a significant risk.2 As a fundamental effect, vari
ous microscopic mechanisms have been proposed for un
standing the origins of the electrostriction effect.1,5–8 Since
most of the experimental research on relaxor ferroelec
materials has been done and is being done on electrostri
ceramics~polycrystals!, it is highly desirable to link the elec
trostrictive behavior of the ceramics with the single-crys
properties and ceramic microstructure,9,10 which itself con-
stitutes an interesting fundamental question.

In recent yearslinearly coupledelectromechanical effec
~i.e., piezoelectric effect!11,12 anduncoupled, pure nonlinear
electrical13 or mechanical14,15 effects in inhomogeneous ma
terials have been intensively studied, which results in a
approaches to these effectivelinearly coupledor nonlinearly
uncoupledproperties. However, no such approaches h
been developed to treat thenonlinearly coupledelectrome-
chanical effect in inhomogeneous materials. One princ
motivation of the present work is to develop an approach
this nonlinearly coupledelectromechanical effect in inhomo
geneous materials.

In experimental, electrostrictive inhomogeneous mater
widely investigated so far have been polycrystalline fer
electric ceramics, but no electrostrictive composites h
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been reported in the literature yet. On the other hand, fr
recently increasing emphasis on the practical developmen
many new ferroelectric and/or ferromagnetic composi
such as piezoelectric ceramic/polymer composites16 and
Terfenol-D/polymer~or metal! composites,17 one naturally
thinks about electrostrictive composites such as rela
ferroelectric ceramic/polymer composites. The theoreti
approach developed in the present work will provide fund
mental understanding of the effective electrostrictive beh
ior of such composites, which answers if it is possible
exploit new electrostrictors based on such possibly new e
trostrictive composites, and which is also essential to a
technical improvements of such composite electrostrictor

In this paper, we present a detailed theoretical study of
effective electrostrictive behavior of inhomogeneous mat
als, and investigate the sensitivity of the effective electr
trictive behavior on the material constants and microstr
tural scales such as anisotropy, crystallite shape,
orientation. The essence of the present problem is to ca
late the strong electroelastic coupling interaction in an in
mogeneous medium. The low-signal, linearly coupled el
troelastic ~i.e., piezoelectric! response of inhomogeneou
media was successfully treated previously by Nan a
co-worker11 using generalized Green’s function techniq
~multiple-scattering method18 in the sense of Zeller-
Dederichs and Gubernatis-Krumhansl19!. This technique is
also valid for nonlinear problems with large fluctuations,
though its exact realm of validity is very hard t
ascertain.14,20 More recently, the technique has been dev
oped to successfully treat the nonlinearly coupled magne
mechanical strain of magnetostrictive composites.21,22 In the
present work, we shall generalize this approach to add
the nonlinearly coupled electromechanical behavior of el
trostrictive inhomogeneous materials.

The rest of this article is organized as follows. Section
contains the theoretical framework and the general solu
to the effective electrostrictive coefficients of inhomog
neous materials. In Sec. III, without loss of generality, w
258 ©2000 The American Physical Society



ng
es
he
m
,
r-
tri
ric
tu

e

o
ith
ro
in

e

ve
ic
io

iza
fi-
th
to

lin

te
o-

ve
tiv

e-

ce
o

l is

nse
of
ry

.
ior

fi-

me-
the

ex-
d-

o-
in

that

en-
g

he
n
-

-

n’s
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consider commonly isotropic composites containi
randomly-oriented relaxor ferroelectric microcrystallit
with cubic symmetry, and give explicit expressions for t
effective electrostrictive coefficients of such isotropic co
posites with randomly-oriented spherical, needle-shaped
disklike crystallites. For illustrative and quantitative pu
poses, some numerical results for the effective electros
tive coefficients of the composites of relaxor ferroelect
ceramics and epoxy are presented for various microstruc
features in Sec. IV. The conclusions are summarized in S
V.

II. FORMALISM

Consider an electrostrictive inhomogeneous material c
sisting of microcrystallites having a center of symmetry w
perfectly bonded interface. Its nonlinearly coupled elect
mechanical interaction can be described by the follow
constitutive equations2

s5C«2BEE, ~1!

D5kE12BT«E, ~2!

wheres,«,D, andE, are the stress, strain, electric displac
ment, and electric field, respectively;C is the elastic stiffness
~in the constancy of the electric field!, andk is the permit-
tivity ~under the constant-strain conditions!, which can de-
pend onE especially at high electric field.B5CM andM is
the electrostrictive coefficient tensor~a fourth-order tensor
like C) relating the strain to the electric field.BT is the trans-
pose ofB. For simplicity, the direct notation of tensors ha
been used. In the literature on relaxor ferroelectric ceram
the electrostrictive strain is commonly related to polarizat
P, namely, Eq.~1! can be written as

«5Ss1QPP, ~3!

whereS is the elastic compliance tensor at constant polar
tion andQ is the polarization-related electrostrictive coef
cient tensor. Since the electrostrictively induced strain in
relaxor ferroelectric ceramics is found to be proportional
the square of the polarization not the field due to the non
ear nature of theP-E relationship, theQ coefficient is pref-
erable to and more commonly used than the field-rela
coefficientM to cast the electrostriction in the relaxor ferr
electric ceramics.1–4 However, largeQ coefficient in a ma-
terial does not imply that it exhibits large electrostricti
strains. The figure of merit used to compare electrostric
strains generated in a material isM not Q.2 Thus Eq.~1!
expressed by the field-relatedM , not Eq. ~3! by the
polarization-relatedQ, is used in the present work. The r
lation between both is expressed by

MEE5QxxEE, ~4!

wherex is the dielectric susceptibility. The field dependen
of x at high electric field results in the field dependence
M . For the material with cubic symmetry,Mi j 5Qi j x

2 at any
given electric field. The figure of meritM of the inhomoge-
neous material is emphasized next.
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The effective behavior of the inhomogeneous materia
defined in terms of macroscopic average~applied! fields ~de-
noted by^ &), namely,

^s&5C* ^«&2B* ^E&^E&, ~5!

^D&5k* ^E&12BT* ^«&^E&. ~6!

Therefore, the problem of evaluating the effective respo
of the material essentially consists of the determination
the field variables within it under certain specified bounda
conditions, followed by the performance of the averages

Because of spatial variations in the constitutive behav
in the material with position, the local constitutive coef
cients can be written as a variation about a mean value

C~x!5Co1C8~x!, k~x!5ko1k8~x!,

B~x!5Bo1B8~x!, ~7!

where the first terms~denoted by superscriptso! represent
the constitutive constants of a homogeneous reference
dium and the second terms are the spatial fluctuation on
first.

To proceed, let the material be now subjected on its
ternal surfaceS to homogeneous electric-mechanical boun
ary conditions, i.e.,

ui~S!5« i j
o xj5ui

o , c~S!52Ei
oxi5co, ~8!

whereui andc denote elastic displacement and electric p
tential, respectively. Consider a state of static equilibrium
the absence of body forces and free electric charges so

s i j , j„x…50, D j , j„x…50, ~9!

where the commas in the subscripts denote partial differ
tiation with respect toxj . These are nonlinearly couplin
equilibrium equations.

Further by solving the equilibrium equations under t
boundary conditions~8! by means of the Green’s-functio
technique,11 the local strain and electric field within the ma
terial can be obtained as

«5«o1GuC8«2GuBEE, ~10!

E5Eo1Gck8E12GcBT«E, ~11!

where«o and Eo are the strain and electric field in the ho
mogeneous reference medium at equilibrium, andGu andGc

are the modified displacement and electric potential Gree
functions for the homogeneous medium.11 After ignoring
higher-order electrostriction terms,2,23 Eqs.~10! and~11! can
be rewritten as the following explicit solutions

«5T66«o2T66GuBT33T33EoEo, ~12!

E5T33Eo12T33GcBTT66«oT33Eo, ~13!

with

T665~ I2GuC8!21,

T335~ I2Gck8!21,
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260 PRB 61CE-WEN NAN AND G. J. WENG
whereI is the unit tensor. By averaging these equations
eliminating«o andEo from them, we get the solutions to th
effective properties of the material

C* 5^CT66&^T66&21, ~14!

k* 5^kT33&^T33&21, ~15!

M* ^T33&^T33&5C* 21^@~C2C* !T66Gu1I #CMT 33T33&.
~16!

In the present treatment all higher-order electrostrict
terms are ignored.2,23 Equations~14! and ~15! are the com-
monly used expressions for the effective stiffness and p
meability tensors. Equation~16! is the first formula for the
effective electrostrictive coefficient tensor. These results
independent of the models assumed for the material and
tain the effects of material constants and microstructural
tures. As in the linearly uncoupled18,19or coupled11 response
cases, this approach involves an exact calculation of the n
linearly coupled fields induced in the homogeneous refere
medium by a single spherical or ellipsoidal crystallite and
approximate treatment of the interaction between the eff
of various crystallites. For simplicity, we consider only d
polar interaction as did in common Bruggeman-Landa
effective-medium~EM! approach13,18 for the uncoupled lin-
ear response cases. Accordingly, this approximate treatm
will give a self-consistent EM-like approximation in whic
each phase is exposed to the effective medium of yet
known moduli that are dependent in detail on the nature
the interactions between phases. Next we derive the exp
EM-like approximation for the effective electrostrictive c
efficients from the general equations.

III. ISOTROPIC COMPOSITES AND POLYCRYSTALS
CONTAINING CRYSTALLITES WITH CUBIC

SYMMETRY

In an isotropic electrostrictive composite containing ra
domly oriented crystallites having cubic symmetry~such as
cubic PMN-PT having the point groupm3m), the cubic crys-
tallite has electrostrictive and elastic anisotropy but no
electric anisotropy, which are characterized by three in
pendent electrostrictive coefficients (M11, M12, and M44)
and elastic constants (c11, c12, andc44), namely,

Mi j 5S M11 M12 M12 0 0 0

M12 M11 M12 0 0 0

M12 M12 M11 0 0 0

0 0 0 M44 0 0

0 0 0 0 M44 0

0 0 0 0 0 M44

D . ~17!

The hydrostatic electrostrictive coefficient and bulk modu
are defined asMh5M1112M12 and K5(c1112c12)/3, re-
spectively. The isotropic composite has only two indep
dent electrostrictive coefficients, i.e., the effective hyd
static electrostrictive coefficientMh* 5M11* 12M12* and
shearlike electrostrictive coefficientM44* 52(M11* 2M12* ), as
for the effective elastic constants@the effective bulk modulus
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K* 5(c11* 12c12* )/3 and shear modulusG* 5(c11* 2c12* )/2#.
For illustrative purposes, next we consider such electrost
tive composites with different crystallite geometries:~a!
spherical crystallites and~b! ellipsoidal crystallites.

A. Spherical ferroelectric crystallites

Let us first consider a commonly isotropic two-pha
composite consisting of randomly oriented, spherical rela
ferroelectric crystallites having cubic symmetry. In this ca
Eq. ~16! directly yields explicit effective-medium-like ap
proximate results for the two independent effective electr
trictive coefficients

Mh* 5M11* 12M12* 5(
i 51

2

f i~A11
( i )12A12

( i )!S 3k*

k i12k*
D 2

,

~18!

M44* 52~M11* 2M12* !

5(
i 51

2

f i

4~A11
( i )2A12

( i )!16A44
( i )

5 S 3k*

k i12k*
D 2

, ~19!

where Ai j
( i ) are the components of the tensorA5@ I

2Gu(C2C* )#21(C* )21CM of the i th phase and

A11
( i )12A12

( i )5Mh
( i ) 114G* /3K*

114G* /3Ki

, ~20!

A11
( i )2A12

( i )5~M11
( i )2M12

( i )!
11F* /G*

11F* /Gi

, ~21!

A44
( i )5

M44
( i )

2

11F* /G*

11F* /c44
( i )

, ~22!

with

F* 5
G* ~9K* 18G* !

6~K* 12G* !
, ~23!

Gi5~c11
( i )2c12

( i )!/2, ~24!

hereK* andG* , andk* are, respectively, the effective bul
and shear moduli, and the effective dielectric constant of
composite, which are given by Eqs.~14! and~15! and deter-
mined self-consistently by

(
i 51

2

f i

Ki2K*

3Ki14G*
5(

i 51

2

f iF2~Gi2G* !

Gi1F*
1

3~c44
( i )2G* !

c44
( i )1F*

G50,

~25!

(
i 51

2

f i

k i2k*

k i12k*
50, ~26!

wheref i , k i , ci j
( i ) , andMi j

( i ) are the volume fraction, dielec
tric constant, elastic constants, and electrostrictive coe
cients of thei th phase, respectively. Equation~26! is obvi-
ously the commonly used Bruggeman-Landauer E
expression for the effective dielectric constant, and Eq.~25!
is the self-consistent EM expressions for the effective ela
constants in this case and reduces to the commonly u
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Hill-Budiansky self-consistent expression for the case of i
tropic crystallites@i.e., c44

( i )5Gi5(c11
( i )2c12

( i ))/2#. Equations
~18! and ~19! are the first explicit EM-like expressions fo
the effective electrostrictive coefficients of such an isotro
composites and contain the volume fraction and all rela
material constants.

Further for a single-phase isotropic polycrystalline c
ramic of such cubic crystallites~such as a PMN-PT ceramic!,
these explicit EM-like formulas reduce to

Mh* 5Mh , ~27!

M44* 52~M11* 2M12* !

5
3~11F* /G* !

5~11F* /c44!
FM442

2~M112M12!~G* /c4421!

2G* /~c112c12!21
G ,

~28!

with

K* 5~c1112c12!/3,

2~c112c12!24G*

~c112c12!12F*
5

3~G* 2c44!

c441F*
,

which relate the ceramic electrostrictive coefficients with
ceramic elastic constants and single crystal constants. It m
be pointed out here that the electrostrictive coefficientsQi j*
commonly used for relaxor ferroelectric ceramics have
same form expressions@i.e., just replacingMi j* and Mi j in
Eq. ~27! and Eq.~28!, respectively, withQi j* andQi j # in this
case of the single-phase relaxor ferroelectric ceramic c
posed of crystallites with a center of symmetry. It is al
evident from Eq.~27! that such an isotropic ceramic exhibi
the same hydrostatic electrostrictive coefficient as the cu
crystallites composed of this ceramic, thoughM11* ÞM11 and
M12* ÞM12. Furthermore, in the simplest case of the isotro
crystallites, i.e.,c112c1252c44 and 2(M112M12)5M44,
the ceramic just has the same electrostriction as the cry
lites.

B. Ellipsoidal ferroelectric crystallites

We now consider randomly oriented disklike or need
shaped ferroelectric crystallites for simplicity of formula
For disklike ferroelectric crystallites, the two independe
effective electrostrictive coefficients can be obtained as

Mh* 5(
i 51

2 f iMh
( i )~21k* /k i !

2

S 21(
i 51

2

f ik* /k i D 2

114Gi /3K*

114Gi /3Ki
, ~29!
-
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M44* 5(
i 51

2
f i~21k* /k i !

2

5S 21(
i 51

2

f ik* /k i D 2 F4~M11
( i )2M12

( i )!

3
Gi@112~Gi1G* !/3Ki #

G* ~114Gi /3Ki !
1M44

( i )S 11
c44

( i )

2G*
D G ,

~30!

where the effective bulk and shear moduli, and the effect
dielectric constant are determined by

(
i 51

2

f i

~Ki2K* !~3K* 14Gi !

~3Ki14Gi !
50, ~31!

(
i 51

2

f iF4~Gi2G* !
3Ki12Gi12G*

3Ki14Gi

1~c44
( i )2G* !

2G* 1c44
( i )

2c44
( i ) G50, ~32!

(
i 51

2

f i~k i2k* !~21k* /k i !50. ~33!

Equation ~33! is the Bruggeman-Landauer EM expressi
for the effective dielectric constant in this case; Eq.~31! is
the self-consistent EM expression for the effective bu
modulus, which is the same for the case of isotro
crystallites,14 and Eq. ~32! reduces to the known self
consistent expression14 for the case of isotropic crystallites a
c44

( i )5Gi5(c11
( i )2c12

( i ))/2.
For needle-shaped ferroelectric crystallites, we can a

obtain a bit more complex explicit formulas of the two ind
pendent effective electrostrictive coefficients of the comp
ite

Mh* 5(
i 51

2

f iMh
( i )S k i15k*

k i1k*
D 2

3
11~3G* 1Gi !/3K*

11~3G* 1Gi !/3Ki
S (

i 51

2

f i

k i15k*

k i1k*
D 22

,

~34!

M44* 5(
i 51

2
f i

5 S k i15k*

k i1k*
D 2FGi~M11

( i )2M12
( i )!~F111F12!

G*

1M44
( i )S 11

c44
( i )

G*
F44D G S (

i 51

2

f i

k i15k*

k i1k*
D 22

~35!

with

F115
3K* 14G*

3K* 1Gi13G*
, ~36!

F125
2G* ~3K* 14G* !

G* ~3K* 1G* !1Gi~3K* 17G* !
, ~37!
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F445
G* ~3K* 14G* !

G* ~3K* 1G* !1c44
( i )~3K* 17G* !

, ~38!

where the effective bulk and shear moduli, and the effec
dielectric constant are determined by

(
i 51

2

f i

~Ki2K* !~3K* 13G* 1Gi !

3Ki13G* 1Gi

50, ~39!

(
i 51

2

f iF2~Gi2G* !
3Ki14G*

3K* 14G*
~F111F12!1~c44

( i )2G* !

3S G*

c44
( i )

1F44D G50, ~40!

(
i 51

2

f i~k i2k* !
k i15k*

k i1k*
50. ~41!

Similarly, Eq. ~41! is the Bruggeman-Landauer EM expre
sion for the effective dielectric constant in this case; E
~39! and ~40! are self-consistent EM expressions for the
fective elastic constants in this case and reduce to the kn
self-consistent expressions14 for the case of isotropic crystal
lites @i.e., c44

( i )5Gi5(c11
( i )2c12

( i ))/2#. These explicit EM-like
formulas give the effective electrostrictive coefficients fro
the volume fraction and all related material constants
also constitute interrelationships between these five effec
coefficients for the isotropic composite with randomly o
ented disklike or needle-shaped ferroelectric crystall
whose aspect ratio approaches zero or infinite.

IV. NUMERICAL RESULTS AND DISCUSSIONS

Now for numerically illustrative purpose, let us conside
possibly new flexible electrostrictive composite consisting
a volume fractionf of relaxor ferroelectric crystallites and a
isotropic, flexible epoxy. The properties of the constitue
phases used for the calculations are taken as:c115130, c12
565, and c44525 GPa,k/ko5104, M1151.96310216,
M12527.84310217, and M4455.10310216m2/V2 (Q11
50.025,Q12520.01, andQ4450.065 m4/C2)2,24 for the re-
laxor ferroelectric phase; c1156 and c1253 GPa,
k/ko510, M1151.587310220, and M12521.27310220

m2/V2 (Q1152.5 andQ12522 m4/C2)2,25 for the epoxy.
Although there are no electrostrictive composites reporte
the literature and thus no experimental data of the effec
electrostrictive coefficients are available for comparison w
the present theory, our theoretical trends of evaluating in
ences of microstructural features on the effective electros
tive coefficients of the composites based on the EM-l
method, which has been successful for the magnetostric
problem ~one analogue of the electrostriction problem! of
composites should be reasonable. These interesting co
quences predicted theoretically remain to be experiment
verified.

A. Isotropic particulate composites

Figure 1 presents some numerical results for the effec
electrostrictive coefficients of the isotropic two-phase co
e
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posites with randomly oriented spheroidal relaxor ferroel
tric crystallites. As expected, the effective electrostrictive c
efficients Mi j* @Fig. 1~a!# increase with the increase in th
volume fractionf of the relaxor ferroelectric crystallites. Fo
illustration and comparison, corresponding numerical res
for the polarization-related coefficientsQi j* are also shown in
Fig. 1~b!. Contrary toMi j* , theQi j* values decrease with th
volume fraction, as theQi j values of the relaxor ferroelectri
crystallites are more than 100 times lower than those of
epoxy. AlthoughQi j* at low-volume fractions is about two
orders of magnitude higher thanQi j* at high-volume frac-
tions, the electrostrictively induced strains at high-volum
fraction are expected to be larger than those at low-volu
fractions. As such,Mi j* is more preferably used to evalua
the electrostrictive response of the inhomogeneous mater
Hence our following numerical results and discussions
focused uponMi j* , the figure of merit of the electrostriction

As shown in Fig. 1, at low-volume fraction, where th
relaxor crystallites are surrounded by the epoxy, this type
matrix-based particulate composite has rather lowMi j* .
When the volume fraction of the crystallite particles i
creases and the particles can agglomerate to form large
ters or an interpenetrating phase above a critical volume f
tion, i.e., percolation threshold, theMi j* values of the
particulate composites increase. Only above the percola
thresholds, do such particulate composites exhibit larger
fective electrostrictive coefficientsMi j* .

The aspect ratiop of the spheroidal relaxor crystallites ha
a pronounced effect on the effective electrostrictive coe

FIG. 1. ~a! The effective electrostrictive coefficientsMi j* ~the
figure of merit! and~b! effective polarization-related electrostrictiv
coefficientsQi j* of an isotropic two-phase composite of an isotrop
epoxy and the randomly-oriented spheroidal relaxor ferroelec
crystallites.
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cientsMi j* . The ellipsoidal crystallites lead to larger increa
in the numerical values of the effective electrostrictive co
ficients at the low-volume fractions than the spherical cr
tallites @Fig. 1~a!#, since they exhibit lower percolatio
thresholds than the spherical crystallites.18 TheMi j* values at
the high-volume fractions increase with the increase in
aspect ratiop of the relaxor crystallites, as shown in Fig.
The randomly oriented disklike crystallites withp,0.2 lead
to lower Mi j* values of the composites than the spheri
crystallites. As the aspect ratio is less than about 0.2,
numerical values ofMi j* of the composites rapidly decreas
with decreasingp. As 10.p.1 the numerical values of th
effective electrostrictive coefficients, especiallyM11* , gradu-
ally increase with increasingp. As p.10, the numerical val-
ues ofMi j* slightly change withp and finally approach the
values in the limit case of fibers (p→`), predicted by Eqs.
~34! and ~35!.

The effective electrostrictive properties are also infl
enced by the elastic stiffness of the epoxy. For convenie
and comparison, Fig. 2 also shows predictions by tak
c1151025 and c125531026 GPa andk/ko51 and Mi j
50 for the isotropic epoxy phase, which corresponds to
predictions for the porous relaxor ferroelectric ceramics. T
effective electrostrictive coefficients of the composites c
increase through the use of softer polymer phases, whic
directly attributed to the improved displacement transfer
pability of the more flexible polymers. In this case of a b
difference between the material constants of two phase
has been well recognized that the dielectric and elastic c
stants separately present different scaling behaviors in
vicinity of the percolation threshold.18 Figure 3 shows the
critical behavior of this composite with randomly oriente
spherical crystallites. Like the general EM theory,13,18 the
critical exponents for the elastic and dielectric constants
about 1, that is less than their expected scaling values.
difference between the connectivity threshold (f c51/3) for
dielectric constant and the rigidity threshold (f c51/2) for
elastic constant is attributed to inherent feature of the
approach. The rigidity threshold is generally above the c
nectivity percolation threshold because simple connecti
does not insure the rigidity of the structure since many sin
bonds can ‘‘buckle’’ without costing any energy. Above th

FIG. 2. Effect of the aspect ratiop of the relaxor crystallites on
the effective electrostrictive coefficients of the isotropic compos
with 50 vol % relaxor crystallites. The dashed lines are correspo
ing to the predictions for the porous relaxor ferroelectric ceram
~see text!.
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rigidity threshold, the dielectric and elastic constants linea
decrease with decreasingf ~see the inset in Fig. 3!. The ef-
fective electrostrictive coefficients~nonlinearly! decrease
more slowly than the elastic and dielectric constants ab
the rigidity threshold, and drop down sharply near an int
mediate threshold between the connectivity and rigid
thresholds, which is due mainly to the mechanical-electri
interaction. From Fig. 3 it seems that the effective electr
trictive coefficients also have the critical behavior near
intermediate threshold. It is unknown yet that the effect
electrostrictive coefficients really exhibit such critical beha
ior or it is just due to the inherent feature of the EM-lik
approach. But the predictions definitely demonstrate that
effective electrostrictive coefficients will present differe
scaling behavior from both the effective dielectric and elas
constants if the critical behavior is real for the effective ele
trostrictive coefficients, as in the case of the~linear coupling!
piezoelectric effect.11,26 This remains to be an interestin
fundamental question.

B. Anisotropic composites

The effective electrostriction of the composite is also d
pendent upon the relaxor crystallite orientation. Figure
shows the orientation effect of the spherical and prolate c
tallites by considering a uniform orientation distribution b

s
d-
c

FIG. 3. The normalized effective electrostrictive coefficie
@M11* /M11( f 51)#, Young’s modulus@E* /E( f 51)#, and dielectric
constant@k* /k( f 51)# of the isotropic composite with spherica
relaxor crystallites.

FIG. 4. Effect of a uniform orientation distribution of spheric
or prolate relaxor crystallites on the effective electrostrictive co
ficients of 50 vol % relaxor crystallites/epoxy composites.



so
l
he
e
ic
ta
As

pl
n

e
as

ite

re

2–
s

ge

cit
eas-

os-
tive
on-
-2–
the

sti-
ay

ces
ic-

ed
als
ic
xor
nd

es-
en

ic-
s/
lec-

gly
on,
re-
the
e a
ys-
the

he
tes
ical
dif-
it is
os-

ic
ite
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tweenu50 anducuto f f of their local crystallographic axis
X38 with respect to the sample axisX3 but random orientation
in theX1X2 plane, i.e., the composite being transversely i
tropic and exhibiting`mm symmetry. For the spherica
crystallites, the effective electrostrictive coefficients of t
composite only slightly vary with the orientation, and th
anisotropy is very small. However, the effective electrostr
tive coefficients of the composite containing prolate crys
lites are very sensitive to the crystallite orientation.
ucuto f f50°, i.e., X38 directions~symmetric axis! of all pro-
late crystallites are identically aligned parallel to the sam
X3 axis, the composite exhibits maximum anisotropy a
largerM33* value, which is only a little bit lower than theM11

value of the relaxor crystallites. With increasingucuto f f , the
M33* value decreases and the values of the other compon
of Mi j* increase to the values for the random orientation c
at ucuto f f590°.

As shown in Fig. 4, the composite exhibits largerM33*
when all crystallites are aligned parallel to the sampleX3
axis. For further illustration for this case ofucuto f f50°, we
consider special but technologically important compos
having the so-called 1-3 or 2-2 connectivity of phases~in the
terminology introduced by Newnham, Skinner, and Cross16!,
in which cylindrical relaxor rods embedded in the matrix a
aligned parallel to the sample axisX3 or the relaxor/epoxy
phases are laminated with the sample axisX3 perpendicular
to the layers. Figures 5~a! and 5~b! show, respectively, the
effective electrostrictive coefficients for the 1-3– and 2-
type composites. It can be seen that the 1-3–type compo
has largerM33* values and the 2-2–type composite has lar

FIG. 5. The effective electrostrictive coefficients of~a! 1-3 type
and ~b! 2-2 type relaxor crystallites/epoxy composites. The pred
tions for the 0-3 type composite containing spherical crystall
with their ^001& directions parallel to the sampleX3 axis are also
shown for comparison.
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M11* values even at the low volume fractions. The expli
expressions of these two electrostrictive coefficients can
ily be obtained as

M33* 5(
i 51

2

f i$s33* ~M11
( i )c11

( i )12M12
( i )c12

( i )!

12h13
( i )@M11

( i )c12
( i )1M12

( i )~c11
( i )1c12

( i )!#%, ~42!

for the 1-3–type composite; and

M11* 5(
i 51

2

f i$s11* ~M11
( i )c11

( i )12M12
( i )c12

( i )!

1h22
( i )@M11

( i )c12
( i )1M12

( i )~c11
( i )1c12

( i )!#%, ~43!

for the 2-2–type composite, where

h13
( i )5

2s13* c11* 1s33* ~c13* 2c12
( i )!

c11
( i )1c12

( i )1c11* 2c12*
, ~44!

h22
( i )5

s12* c11
( i )1s33* c33* 1~s11* 1s12* !~c13* 2c12

( i )!

c11
( i )

, ~45!

andsi j* are the effective compliance constants of the comp
ites. They depend on the elastic constants and electrostric
coefficients of the two phases and the effective elastic c
stants. The predictions demonstrate that such 1-3– and 2
type composites can be good for electrostrictors, as in
piezoceramic/polymer composites already widely inve
gated. The flexible relaxor ceramic/polymer composites m
be important smart composites for electrostrictive devi
that can be mechanically flexible with desired electrostr
tion.

V. CONCLUSIONS

An effective-medium-like approach has been develop
for the effective electrostriction in inhomogeneous materi
by utilizing Green’s-function technique. For the isotrop
composites containing randomly oriented spheroidal rela
ferroelectric crystallites, and 1-3–type fibrous composite a
2-2–type laminated composite, explicit approximate expr
sions for the effective electrostrictive coefficients have be
given. Numerical calculations for the effective electrostr
tive coefficients in a flexible relaxor ferroelectric crystallite
epoxy composite have demonstrated that the effective e
trostrictive coefficients of the composite can be stron
influenced by the material constants, the volume fracti
phase connectivity, particle shape, and orientation of the
laxor crystallites. These numerical results have shown
interesting behavior of the composites; they can provid
general guideline for the evaluation of more composite s
tems and thereby be used to develop criteria for choosing
best combination of different constituent materials for t
electrostrictors. Although such electrostrictive composi
have not yet been reported in the literature, our theoret
results indicate that by choosing the best combination of
ferent constituent materials and microstructural features
possible to develop electrostrictors combining large electr
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triction with mechanical flexibility, which may open u
promising territory in the quest for practical electrostricti
materials. The present theoretical framework can also be
tended to modeling other macroscopic properties, such
strain versusE-field behavior, hysteresis, stress and therm
effect, of the inhomogeneous electrostrictive materials.
tt
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