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Abstract

In this paper, we develop a self-consistent approach using effective medium approximation to calculate the macroscopic magne-
toelectric (ME) coefficients of polycrystalline multiferroic composites, emphasizing the effects of shape, volume fraction, and orien-
tation distribution of particles of both phases. This approach is especially suitable for composites with volume fractions of each
phase close to 50%, in which there may not be a matrix phase present and thus mean field Mori-Tanaka model is not applicable.
It is observed from the numerical calculations that the aligned particles result in highest ME coefficients and coupling factors, while
randomly oriented particles lead to essentially zero ME coupling, even though the ME coefficient is an even rank tensorial property.
In addition, it is observed that lamellar particles are optimal for ME coefficient a;;, while fibrous particles are optimal for az3. We
also postulate that the large discrepancy between theoretical calculations and experimental measurements for ME coefficients of
multiferroic composites previously reported is partly due to the orientation distribution of particles that has rarely been considered.
When our calculations took the orientation distribution of particles of both phases into account, good agreement with experimental

data is observed.

© 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The magnetoelectric (ME) effect was first predicted
by Landau and Lifshitz in 1957 [1,2], and was later
confirmed in an antiferromagnetic single crystal Cr,O;
[3-5]. Subsequently, observations of ME effect in more
crystals have been reported, including BiFeO; [6] and
YMnOs; [7]. Use of these so-called multiferroic materi-
als, which possess two or more types of orders simulta-
neously, is envisioned in a wide range of applications,
including electrically controlled microwave phase shift-
ers or ferromagnetic resonance devices, magnetically
controlled electro-optic or piezoelectric devices, broad-
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band magnetic field sensors, and ME memory devices.
For the materials to be technologically viable, however,
large ME coupling must be demonstrated, and thus
there is great effort devoted to developing multiferroic
composites that possess higher ME coupling than single
phase materials.

Since the first multiferroic composite consisting of a
piezoelectric phase BaTiO3 and a ferromagnetic phase
CoFe,04 was reported in the 1970s [8,9], a variety of
multiferroic composites have been fabricated, with pie-
zoelectric phases including BaTiO;, PZT, and PVDF,
and ferromagnetic phases including CoFe,O4 and
TbDyFe [10-18]. Recently, a self-assembled multiferroic
nanocomposite has also been reported [19], with hexago-
nal arrays of CoFe,O4 nanopillars embedded in a
BaTiO; matrix. Despite this progress, the experimentally
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observed ME coefficients in most of those composites are
usually much smaller than the theoretical predictions.
This suggests that there is a great deal of room for
improvement in materials processing, but it also calls
for more reliable theoretical models that approximate
the composite microstructures better. We intend to ad-
dress modeling issues related to multiferroic composites
in this paper.

A variety of models have been proposed in the last 10
years to predict the effective magnetoelectroelastic mod-
uli of multiferroic composites. For example, Nan [20]
used the Green’s function method combined with per-
turbation theory to study a fibrous composites consist-
ing of CoFe,O4 and BaTiOs;. For such fibrous
composites, exact connections among the effective mag-
netoelectroelastic moduli were derived by Benveniste
[21]. Multilayered laminate was studied by Avellaneda
and Harshe [22], and Mori-Tanaka model has been gen-
eralized to multiferroic composites by Li and Dunn [23],
among others. Very recently, the authors generalized
this Mori-Tanaka model to study the effects of orienta-
tion distribution of second phase particles in a matrix
based multiferroic composites, which shows good agree-
ment between theoretical predications and experimental
measurements [24]. This demonstrates the importance of
orientation distribution of particles, which has not been
accounted for in previous modeling efforts. Yet such ori-
entation distribution is inevitable in composites because
it is usually very difficult to align all the particles during
composite processing.

Our recent study also reveals another weakness of
previous models. Virtually all the theoretical models
suggest that the ME coefficient reaches its maximum
when the volume fraction of each phase is approxi-
mately 50%, where the interaction between the ferroelec-
tric phase and ferromagnetic phase is maximized. On the
other hand, all the models assume that the composite is
matrix based, while at around 50% volume fraction, it is
often difficult to decide which phase is matrix and which
is the second phase. In other words, the composites of-
ten demonstrate a granular polycrystalline type of
microstructure and simply do not possess a distinct ma-
trix phase. We intend to address this deficiency in this
paper and study the effect of polycrystalline microstruc-
ture on the ME coefficients of multiferroic composites.
In particular, we will generalize a self-consistent model
to polycrystalline multiferroic composites to study the
effects of shape, orientation distribution, and volume
fraction of both phases, with the objective of identifying
the optimal shapes and textures for the ME coupling.

The paper is organized as following. The basic equa-
tions and notations regarding the magnetoelectroelastic-
ity are given in Section 2, and a micromechanical model
for the polycrystalline multiferroic composites will be
derived in Section 3. Numerical results and discussions
will then be presented in Section 4.

2. Governing equations of magnetoelectroelasticity

We consider the linear magnetoelectroelastic effect,
where the static magnetic, electric, and elastic fields
are coupled through the following constitutive
equations:

oy = Cynen + eyi(—Er) + q;;(—H)),
D; = eyen — Ku(—E;) — ay(—H,), (1)
Bi = qyen — au(—Er) — py(—H,)

Here, 0;; and ¢; are the elastic stress and strain; D; and E;
are the electric displacement and field; B; and H, are the
magnetic intensity and field. C, k;, and p; are the elas-
tic stiffness, the dielectric, and magnetic permeability
tensors. These tensors directly connect like fields, e.g.,
stresses to strains. Elastic field is coupled to the electric
and magnetic fields through the piezoelectric coefficient
e;; and piezomagnetic coefficient g, respectively, while
electric and magnetic fields are coupled through the
ME coefficient a;;. In addition, we can define the ME
coupling factors ky; and ks3,

2 2
2 ay K — dss (2)
T y K33 = .
K11y K33l33

In the constitutive equations, we use —E; and — H, rather
than E; and H;, as they will enable the construction of a
symmetric matrix of constitutive moduli.

The constitutive equations are complemented by gra-
dient equations and equilibrium equations, where the
strain, electric, and magnetic fields are derived from vec-
tor or scalar potential,

ey = 5y + 1),

Ei=—9, (3)
Hi = _w,iv

and the stress, electric displacement, and magnetic inten-

sity are divergence free in the absence of body force and
free charge,

Gl:/,i = 0,
Di,i =0, (4)
Blﬂ,i == O

In those equations, u; is elastic displacement, ¢ and
are electric and magnetic potential, respectively, and
subscript comma is used to denote partial differentiation
with respect to x;.

For conciseness, we generalize a notation introduced
by Barnett and Lothe [25] for piezoelectricity, where
both upper and lower case subscripts are used. Upper
case subscript ranges from 1 to 5 and lower case sub-
script ranges from 1 to 3. Repeated subscripts are
summed. As a result, the constitutive, gradient, and
equilibrium equations can be rewritten as
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2y = LixiZki,
Zx; = Ugy, (5)
ZlJ,i = 0:
with the field variables given by
Gijs &ijy u;, J=12,3,
Zy=Di Zy=q-E, U;={¢ J=4
B, —-H;, v, J=5
and constitutive moduli given by
Ciw, J,K=1,2,3,
e;, K=4,J=1023,
g, K=5,J=123,
e, J=4 K=1,273
Lk =< —kiy, J=4, K=4, (6)
—ay, J=4, K=25,
Gu, J =35 K=12,3,
—ay, J=5 K=4,
-, J =5 K=5.

cos Y cos O cos ¢p — sin i sin ¢
T ' = | —cosycosOsin ¢ — sin cos ¢

cos s sin 0

When the standard matrix notation for tensors is
adopted [26], the constitutive equation can be written
as

r=1Z, (7)
with
c & C e q
X=|D|, Z=|-E|, L=|e —-x -a],
B -H q -—a' —p
(8)

where superscript t is used to denote the matrix
transpose.

3. Polycrystalline multiferroic composites

3.1. Orientation distribution function and orientational
averaging

We now consider a multiferroic composite consist-
ing of several phases, where the particles of each
phase have identical shape, but may have certain ori-
entation distributions. As such, two different kinds of
coordinate systems have to be established, one is

sin iy cos 0 cos ¢ + cos s sin ¢
—sin ¢ cos 0sin ¢ + cos i cos ¢
siny sin 0 cos 0

global fixed on the composite, and the other is local
fixed on particles of different orientations. The orien-
tations of different particles can then be described by
three Euler angles (0,y, ¢) [27]. Due to the anisotropy
of material properties, particles of different orienta-
tions will have different constitutive moduli in the glo-
bal coordinate system, and as a result, the constitutive
equation for a particle of phase r at orientation

(0,4, ¢) is given by
Zr(e’ lp? d)) = LV(97 lp’ ¢)

in the global coordinate system, where L,(6,, ¢) can be
obtained from their principal values in local coordinate
using transformation rules for second, third, and fourth
rank tensors,

Z.(0,y,9) ©)

aij(07 l/h 45) = TiijlakI»

eijk<0 ‘// d)) = TilTimTknelmna <1O>
zjk[(6 l// ¢) Tlm TkoTlpCmnopa
with

—sinfcos ¢
sin 0'sin ¢

We are interested in determining the macroscopic prop-
erties of the multiferroic composites in terms of their
microstructures, which requires the evaluation of an
averaging field in the composite. Due to the polycrystal-
line microstructure we are considering, the averaging
has to be carried out in two steps. First, for each phase
r, we have to carry out orientational averaging, which
averages a physical quantity over particles of phase r
at all orientations. We then average the orientationally
averaged quantity over all phases. For example, in order
to average a physical variable H in the composite, we
first average H,(0,, ¢) over all orientations,

(1,0..9)) = | ; / ; [ 0w pw.0.0.6)

x sin 0 d0 dy d, (11)

where (- ) is used to denote orientational averaging, and
W.0,,¢) is the orientation distribution function
(ODF) for phase r, which gives the probability of locat-
ing a particle of phase r at orientation (0, s, ¢). After the
orientational averaging for each phase is carried out, the
volume averaging over all phases will be performed,
resulting in

HZf,

0,4, 8)), (12)
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where overhead bar is used to denote the averaging
quantity in the composite, f, is the volume fraction of
phase r, and N is the number of phase in the composite.

In this work, we adopt a Gaussian distribution func-
tion for ODF,

02

W0, 9) ¢, (13)

1
uV2n

which can be used to approximate a wide range of tex-
tures by varying u,. For example, the random orienta-
tion distribution of particles, where W.(0,{,¢) =1,
can be obtained by letting i, — oo, while the aligned dis-
tribution of particles, where W,.(0,y,¢) = 6(0), can be
obtained by letting u, — 0. Thus . can be adjusted for
different ODFs and will be called the texture coefficient
here. In addition, the orientational averaging is difficult
to evaluate analytically in general, and we adopt Gauss-
ian quadrature method for numerical integration, in
which the integration is approximated by the sum of
the value of its integrand at a set of points called abscissa,
multiplied by weighting coefficient w,

(H.(0,4, 9))
Z Z sin 0,H .(0:, Y, 0 )W (00,00, ) Wi

=1 j=1 k=1

(14)

Similar techniques have been applied to study the effec-
tive pyroelectric coefficients of ferroelectric ceramics and

electrostrictive coefficients of polymeric composites
[28,29].

3.2. The effective magnetoelectroelastic moduli and self-
consistent approach

With such an averaging technique in mind, we pro-
pose that the behavior of the multiferroic composites
with macroscopic homogeneity is governed by the effec-
tive constitutive equation

L=LZ, (15)

where L* is the effective magnetoelectroelastic moduli of
the composite. Due to the linearity, we have

Zr(ga‘pv d)) = AI‘(Hvlpvd))Z? (16)

where A,(6,V, ) is the concentration factor of particle
of phase r at orientation (0, , ¢), satisfying

A=1, (17)

where I is a 12 X 12 unit matrix. As a result, we have

Zf (0.0, p)A

from Wthh the effective moduli can be determined for a
N-phase composite, if the concentration factor is
known. For a two-phase composite, it is simplified as

H(0,¥,9)), (18)

L =h <L1 (Hvlp7 (l’))Al (07 lpa ¢)> +/2 <L2(97lﬂ7 ¢)A2(07 lpa ¢)>

(19)

In order to determine the effective magnetoelectroelastic
moduli of multiferroic composite, approximation must
be made regarding the distribution of magnetoelectro-
elastic field in the composite. We turn to a microme-
chanical model for this purpose. For elastic or
piezoelectric polycrystalline materials, the self-consistent
approach is very successful in predicting the effective
elastic, piezoelectric, and dielectric moduli of polycrys-
tals [30,31]. However, such a model has only been devel-
oped for single phase polycrystalline materials. We
intend to address this by extending the effective medium
approximation in the self-consistent approach to multi-
phase polycrystalline multiferroic composites. In partic-
ular, we assume that the average field in a particle of
phase r at orientation (0, ¢) is equivalent to a single
particle embedded in an effective medium with yet un-
known magnetoelectroelastic moduli L*, subjected to
yet unknown average field Z°. Such an inclusion prob-
lem in magnetoelectroelastic media has been solved by
Li and Dunn [32], with

Z.(0,,0) = A0, 9, )Z°, (20)

where the dilute concentration factor is given by

AD0,, ) = {1+S,(0,9, p)L L, (0.9, ¢) — L7},
(21)

where S, is the magnetoelectroelastic Eshelby tensor for
phase r [32,33], which is a function of the yet unknown
magnetoelectroelastic moduli of the effective media, and
the shape and orientation of phase r, and superscript —1
is used to denote the matrix inverse. It is well known
that when the particle shape is ellipsoidal, the field within
the single particle is uniform, which can be evaluated
using Eshelby tensor. For fibrous or penny shape parti-
cles, the closed form expressions for magnetoelectroelas-
tic Eshelby tensor were derived by Li and Dunn [32].
For more general shapes, a numerical algorithm for
the evaluation of Eshelby tensor was given by Li [34].
Since the average field is Z, the unknown field Z° can
be determined as

-1

Z, (22)

> AAT0.p.4)

resulting in the following concentration factor for parti-
cle of phase r at orientation (6,y, ¢),

A,(Q, v, d)) = Af”(g, v, (rb) lZﬁ<A?ll(6a v, ¢)>] . (23)

Combining Egs. (23) and (19), we then have an equation
for the effective moduli of the composite. However, it is
noted that the Eshelby tensor S, that is required for the
evaluation of A, depends on the yet unknown effective
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moduli L*, and thus in general Eq. (19) has to be solved
numerically by iteration. We also emphasize that this
effective medium approximation does not assume the
existence of a matrix, and thus is ideal for multi-phase
polycrystalline composites.

It is also worthwhile to comment on Eq. (20), where
an unknown field Z° rather than the average field Z is
used. This corresponds to the normalization given in
Eq. (22), which is necessary to ensure that the field aver-
aging over particles at all orientations equals the average
field Z in the composite.

4. Numerical results and discussions

We have implemented the self-consistent model in a
FORTRAN code, which has been validated by com-
paring with previously published results under several
special conditions. The code was applied to calculate
the effective magnetoelectroelastic moduli of a multif-
erroic composite consisting of piezoelectric PZT-5H
and piezomagnetic CoFe,O, with different volume
fractions, texture coefficients, and shapes of both
phases. In particular, we assume the particles to be

4139

sions of the spheroids. The constitutive moduli of
both phases are listed in Table 1, which were obtained
from Huang and Kuo [35,36], with the exception that
the magnetic permeability p;; of CoFe,Oy4 is taken to
be the same as us;.

We first consider that particles of both phases are
spherical with three different texture coefficients:
1=0.01 where particles are approximately aligned,
1 =10 where particles are nearly randomly oriented,
and p =1 where particles are neither aligned nor ran-
domly oriented. The ME coefficients a;; and a33 as a
function of volume fraction of PZT-5H are shown in
Fig. 1, and the ME coupling factors k;; and k33 are
shown in Fig. 2. It is observed that the highest ME coef-
ficients and coupling factors occur around volume frac-
tion of 50%, as we mentioned earlier. At this volume
fraction, Mori-Tanaka mean field approach might not
be applicable, since there may not be a matrix phase.
In such a case, the self-consistent effective medium ap-
proach is ideal. In addition, for aligned particles, a;; is
negative while az3 is positive, with the magnitude of
ay; much larger. This is because the piezoelectric coeffi-
cients e3; and e33 of PZT-5H have opposite signs and the
piezomagnetic coefficients ¢3; and ¢33 of CoFe,O4 have

spheroidal, with « = j—l = j—j, where A; are the dimen- the same sign, and thus lead to offset in interaction when
Table 1
Constitutive moduli of PZT-5H and CoFe,0y, [35,36]
Ci1 (GPa) C1 (GPa) C13 (GPa) C33 (GPa) Cyq (GPa)
PZT-5H 126 55 53 117 353
CoFe,04 286 173 170 269.5 45.3
€15 (C/mz) €3] (C/mz) €33 (C/mz) K1 (Cle mz) K33 (Cz/N mz)
PZT-5H 17.0 —6.5 23.3 15.1x107° 13.0x107°
CoFe,0, 0 0 0 0.08x107° 0.093x10~°
q15 (m/A) g31 (m/A) q33 (M/A) winr (N SZ/CZ) 33 (N Sz/cz)
PZT-5H 0 0 0 5%107° 5%x107°
CoFe,0, 550 580.3 699.7 157x107¢ 157 %107
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Volume fraction of PZT-5H

Fig. 1. The effective magnetoelectric coeflicients as a function of volume fraction of spherical PZT-5H particles at different texture coefficients: (a) ay;

and (b) az3.



4140 S. Srinivas, J.Y. Li | Acta Materialia 53 (2005) 41354142
x10°
~ 0014 o 6
~ a &
g oot2} oorl g
8 == &
o ---10 o
£ oo01f £
[=% [=%
=} =}
3 3
o 0008 o
3 3
@ Q<
@ 0.006F []
L L
[0} Q
5 =)
S 0.004} g
€ S
(o) [0
2 0002 =
3} .- S~ 3]
2 LT T T ks
i 0 mmmm = ‘ ‘ LT wm
0 0.2 0.4 0.6 0.8

Volume fraction of PZT-5H

Volume fraction of PZT-5H

Fig. 2. The effective magnetoelectric coupling factors as a function of volume fraction of spherical PZT-5H particles at different texture coefficients:

(a) k11 and (b) k33.
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Fig. 3. The effective magnetoelectric coefficients as a function of texture coefficient of spherical particles at different volume fractions: (a) a;; and

(b) az3.

electric field E3 or magnetic field H; is applied to com-
posite. When particles are not aligned, a;; and a33 are
more or less averaged, resulting in negative as3 as shown
in Fig. 1(b).

We also notice that the aligned particles produce
highest ME coefficients and coupling factors, while com-
posites with randomly oriented particles show virtually
no ME coupling. To demonstrate this, we calculated
the ME coefficients as a function of texture coefficient
u at three different volume fraction close to 50%, shown
in Fig. 3. Clearly, both a;; and a33 are highest when the
particles are aligned, and are essentially zero when they
are randomly oriented. We point out that although a is
an even rank tensor, it is still zero when the composite is
central symmetric, since it is induced by the interactions
between piezoelectric and piezomagnetic effects; both
are odd rank tensorial properties and thus require the
lack of central symmetry. We also notice that there is
a well for as3 near u =1, which is consistent with the
peak in e33 and well in e;; in single phase piezoelectric
ceramics [31].

From these calculations, it is clear that the orienta-
tion distributions of particles play a very important role

in the ME coefficients of the composite. This may ex-
plain the large discrepancy between experimental mea-
surement and previous theoretical calculations for

= 0.025 T T T .
£
5 — Theoretical predictions at p=1.3
= O Experimental data(Harshe et al., 1993)
S o002t 1
u_'_c'o
€
2 0.015f 1
o
8
(0]
Q
(8]
% 0.01f o 1
©
>
w
S 0.005} © -
[
=
© o
Q O
i 0 ‘ ‘ ‘ ‘
0 0.1 0.2 0.3 0.4 0.5

Volume fraction of CoFeQO 4

Fig. 4. The effective magnetoelectric voltage coefficient of particulate
composites as a function of volume fraction of CoFe,Oy; the
experimental data are obtained from [10].
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Fig. 6. The effective magnetoelectric coupling factors as a function of volume fraction of aligned PZT-5H particles having different aspect ratios:

(a) kyy and (b) k3.

particulate composites, where particles were assumed to
be aligned in the calculations, which is not very realistic.
To demonstrate this, we calculated the ME voltage coef-

ficient [10] a3; = —2 as a function of volume fraction of

g
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CoFe,O4 for a particulate composite consisting of
CoFe,04 and BaTiOs3; the texture coefficient u is set to
be 1.3. Good agreement with experimental data has
been observed as shown in Fig. 4.
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Fig. 7. The effective magnetoelectric coefficients as a function of aspect ratio of aligned PZT-5H particles at different volume fractions: (a) a;; and

(b) ass.
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We then focus on composites with aligned particles
since they produce the highest ME coefficients and
coupling factors. The ME coefficients and coupling
factors as a function of volume fraction of PZT-5H
are shown in Figs. 5 and 6 for composites with
aligned particles of three different aspect ratios,
o =0.001 that is lamellar, =1 that is spherical, and
o =100 that is fibrous. Again, both ME coefficients
and coupling factors are highest around a volume
fraction of 50%. In addition, lamellar particles lead
to highest a;; since they maximize the interactions
along the x; and x, directions, while fibrous particles
lead to highest a33 since they maximize interactions
along the x; directions. To demonstrate the effect of
particle shapes, we calculate the ME coefficients as
function of particle aspect ratio « for composites with
aligned particles, shown in Fig. 7, and it is observed
that a;; decreases with the increment of aspect ratio
of particles, while a3; increases with it.

In summary, we developed a self-consistent approach
for multiferroic composites that is particularly suitable
for polycrystalline type of microstructure where there
is no matrix phase existing. The effects of shape, orienta-
tion distribution, and volume fraction of both phases
are considered, and good agreement with experimental
data is observed.

References

[1] Dzyaloshinskii IE. J Exp Theor Phys (USSR) 1959;37:881.

[2] Landau LD, Lifshitz EM. Electrodynamics of continuous media.
2nd ed. New York: Pergamon Press; 1984.

[3] Astrov DN. J Exp Theor Phys (USSR) 1960;38:984.

[4] Folen VJ, Rado GT, Stalder EW. Phys Rev Lett 1961;6:607.

[5] Rado GT, Folen VJ. Phys Rev Lett 1961;7:310.

[6] Tomashpol’skii YY, Venevtsev YN, Zhdanov GS. J Exp Theor
Phys (USSR) 1964;46:1921.
[7] Kizhaev SA, Bokov VA, Kachalov OV. Sov Phys Solid State
1966;8:215.
[8] Van Run AMIJG, Terrell DR, Scholing JH. J Mater Sci
1974;9:1710.
[9] Bracke LPM, Van Vliet RG. Int J Electron 1981;51:255.
[10] Harshe G, Dougherty JP, Newnham RE. Int J Appl Electromag
Mater 1993;4:161.
[11] Harshe G, Dougherty JP, Newnham RE. Int J Appl Electromag
Mater 1993;4:145.
[12] Nan CW, Li M, Feng XQ, Yu SW. Appl Phys Lett 2001;
78:2527.
[13] Nan CW, Li M, Huang JH. Phys Rev B 2001;63:144415.
[14] Nan CW, Lin YH, Huang JH. Ferroelectrics 2002;280:319.
[15] Mori K, Wutting M. Appl Phys Lett 2002;81:100.
[16] Nan CW, Liu G, Lin YH. Appl Phys Lett 2003;83:4366.
[17] Cai N, Zhai J, Nan CW, Lin YH, Shi Z. Phys Rev B
2003;68:224103.
[18] Chang KS, Aronova MA, Lin CL, Murakami M, Yu MH, et al.
Appl Phys Lett 2004;84:3091.
[19] Zheng H, Wang J, Lofland SE, Ma Z, Mohaddes-Ardabili L,
Zhao T, et al. Science 2004;303:661.
[20] Nan CW. Phys Rev B 1994;50:6082.
[21] Benveniste Y. Phys Rev B 1995;51:16424.
[22] Avellaneda M, Harshe G. J Intelligent Mater Syst Struct
1994;5:501.
[23] Li JY, Dunn ML. J Intelligent Mater Syst Struct 1998;9:404.
[24] Srinivas S, Li JY, Soh AK, Zhou YC. [to be submitted].
[25] Barnett DM, Lothe J. Phys Stat Sol (b) 1975;67:105.
[26] Nye JF. Physical properties of crystals. Oxford (UK): Oxford
University Press; 1975.
[27] Roe RJ. J Appl Phys 1965;36:2024.
[28] Li JY. Mech Mater 2004;36:949.
[29] Rao N, Li JY. Int J Solids Struct 2004;41:2995.
[30] Dunn ML. J Appl Phys 1995;78:1533.
[31] Li JY. J Mech Phys Solids 2000;48:529.
[32] Li JY, Dunn ML. Philos Mag A 1998;77:1341.
[33] Eshelby JD. Proc R Soc Lond A 1957;241:376.
[34] Li JY. Int J Eng Sci 2000;38:1993.
[35] Huang JH, Kuo WS. J Appl Phys 1997;81:1378.
[36] Huang JH, Kuo WS. Acta Mater 1996;44:4889.



	The effective magnetoelectric coefficients of polycrystalline multiferroic composites
	Introduction
	Governing equations of magnetoelectroelasticity
	Polycrystalline multiferroic composites
	Orientation distribution function and orientational averaging
	The effective magnetoelectroelastic moduli and self-consistent approach

	Numerical results and discussions
	References


