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Abstract Two explicit formulae for the effective piezo-

electric coefficients (d31 and d33) of 0–3 composite have

been derived by taking into account the interaction effects

between the inclusions and are expressed directly in terms

of the properties of the constituents. Predictions using these

two formulae are compared with published experimental

data of 0–3 composite systems having three different

polarization states: only the inclusion phase is polarized;

both phases are polarized in the same direction and the two

phases are polarized in opposite directions. In addition, the

predictions using Wong et al.’s scheme (Wong CK, Poon

YM, Shin FG (2001) J Appl Phys 90:4690) and Furukawa

et al.’s model (Furukawa T, Fujino K, Fukada E (1976) Jpn

J Appl Phys 15:2119) are included for comparison. For the

first two cases, the results show that both our model and

Wong et al.’s scheme have comparable performance.

However, for the last case, our model gives more favorable

predictions than theirs.

Introduction

Binary piezoelectric composites are important engineer-

ing materials and have been widely used in ultrasonic

applications such as ultrasonic transducers and hydro-

phones [1, 2]. For a binary composite, there are 10

possible connectivity patterns [3]. Among them, 0–3 is

the most common type. In the past, many theoretical

models have been proposed for predictions of effective

properties of 0–3 piezocomposites but they are usually

applicable in dilute cases only [4–8]. Recently, Wong

et al. [9] has derived two explicit piezoelectric expres-

sions for the prediction of piezoelectric coefficients of 0–

3 composites. For low volume fractions of the inclusions,

they have adopted, in their scheme, the Maxwell–Wagner

formula, the bulk modulus and the lower bound of the

shear modulus of Hashin’s model [10] for the effective

dielectric constants, the effective bulk modulus and the

effective shear modulus of the composite, respectively.

For high volume fractions, the Bruggeman’s model [11]

was used to replace the Maxwell–Wagner formula for the

effective dielectric constant. For the effective mechanical

coefficients, the bulk modulus and the two bounds of the

shear modulus of Hashin’s model are used. Glushanin

and Topolov [12] studied the electromechanical proper-

ties of 0–3 composite having two different structures,

namely, cellular structure and rod-like structure. Taking

the effects of the arrangement of the inclusions and the

electromechanical interaction between two different

structures, the effective elastic, piezoelectric and dielec-

tric properties of a 0–3 composite were determined based

on the effective field method. Glushanin et al. [13] took

the aspect ratio of the inclusions into account and used

the effective field method to determine the piezoelectric

coefficients of 0–3 (PbTiO3 type) ceramic/polymer com-

posites.

In this article, we assume both phases are dielectrically

and mechanically isotropic. Two explicit formulae of

effective piezoelectric coefficients (d31 and d33) for 0–3
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composite are derived in terms of the electrica1, mechan-

ical and piezoelectric coefficients of the constituents.

The following is the structure of this article. In the

theory section, we extend the idea in Poon and Shin’s

article [14] to treat the piezoelectric problem. Expressions

for the four effective stiffness constants, the two effective

piezoelectric coefficients and the effective dielectric con-

stant are derived. The results section gives comparisons of

our model, Wong et. al.’s scheme, Furukawa et al.’s model

[4] and the experimental data reported in the literature. The

last section is the conclusion section.

Theory

In the following, we extend the idea used in Poon and Shin

[14] for treating piezoelectric problems of 0–3 composites.

We use the symbols i and m to refer to the inclusion phase

and the matrix phase, respectively and use p to represent

either i or m. We use subscripts 1, 2 and 3 to denote the X,

Y and Z directions, respectively and use hxi to denote the

volumetric average of the physical quantity x over the

respective material.

We shall consider a composite with volume fraction u
of the piezoelectric inclusions subjected to external stresses

T1, T2 and T3, and with an electric field E3 applied in the Z

direction. We further assume that both phases are dielec-

trically and elastically isotropic and piezoelectrically

transversely isotropic.

For electric properties, Poon and Shin [14] derived the

relation between the volumetric averaged electric fields

inside the inclusions Ei3h i; the matrix Em3h i and the cor-

responding volumetric averaged electric displacements

Di3h i and Dm3h i:

DD ¼ �2emDE þ /ðei � emÞ Ei3h i ð1Þ

where DD � Di3h i � Dm3h i; DE � Ei3h i � Em3h i and ei

and em are the permittivities of the inclusion and the matrix,

respectively.

For piezoelectric properties, because the applied electric

field can induce strain inside the constituents, Eq. 1 should

be modified to

DD ¼� 2emDE þ /ðei � emÞ Ei3h i þ /ðe31i � e31mÞ Si1h i
þ /ðe31i � e31mÞ Si2h i þ /ðe33i � e33mÞ Si3h i

ð2Þ

where Sij

� �
ðj ¼ 1; 2; 3Þ are the volumetric averaged strains

in the inclusion phase, and e31p and e33p are the transverse

and the longitudinal piezoelectric coefficients, respectively.

The above relation has assumed that both phases remain

dielectrically isotropic even when they are polarized and

their dielectric behavior can be described by a single

parameter (ep).

For mechanical properties, based on Goodier’s solution

[15], it has been shown that [16]
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where DTj� Tij

� �
� Tmj

� �
; DSj� Sij

� �
� Smj

� �
ðj¼ 1;2;3Þ;

Tij

� �
and Tmj

� �
are the volumetric averaged stresses in the

inclusion phase and matrix phase, respectively; Smj

� �
are

the volumetric averaged strains in the matrix phase;

A� 10
9
lmð�3þ 2lm

kmþ2lm
Þ; B� 1

9
lmð�3� 10lm

kmþ2lm
Þ; km and lm

are the bulk modulus and shear modulus of the matrix,

respectively;

dTm1 ¼ /ðDC11 Si1h i þ DC12 Si2h i þ DC12 Si3h iÞ ð4Þ

dTm2 ¼ /ðDC12 Si1h i þ DC11 Si2h i þ DC12 Si3h iÞ ð5Þ

dTm3 ¼ /ðDC12 Si1h i þ DC12 Si2h i þ DC11 Si3h iÞ ð6Þ

where DC11 � C11i � C11m; DC12 � C12i � C12m;

C11p ¼ kp þ
4

3
lp; C12p ¼ kp �

2

3
lp;

ki and li are the bulk modulus and shear modulus of the

inclusion, respectively.

Similar to the dielectric problem, we assume that both

phases remain elastically isotropic even when they are

polarized. When external stresses are applied to the pi-

ezocomposite, electric fields are induced inside the con-

stituents. Equations 4–6 should be modified to the

following:

dTm1 ¼ /ðDC11 Si1h i þ DC12 Si2h i þ DC12 Si3h i � De31 Ei3h iÞ
ð7Þ

dTm2 ¼ /ðDC12 Si1h i þ DC11 Si2h i þ DC12 Si3h i � De31 Ei3h iÞ
ð8Þ

dTm3 ¼ /ðDC12 Si1h i þ DC12 Si2h i þ DC11 Si3h i � De33 Ei3h iÞ
ð9Þ

where De31 � e31i � e31m; De33 � e33i � e33m:

Combining Eqs. 2, 3, and 7–9, we have
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From the definition of the volumetric average, we have
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The constitutive piezoelectric relations are

Tp1

Tp2

Tp3

Dp3

0

BB@

1

CCA ¼

C11p C12p C12p �e31p

C12p C11p C12p �e31p

C12p C12p C11p �e33p

e31p e31p e33p ep

0

BB@

1

CCA

Sp1

Sp2

Sp3

Ep3

0

BB@

1

CCA ð13Þ

Using Eq. 10 and the constitutive piezoelectric relations,

we get

½Ci � ðLþ /MÞ� Sih i ¼ ðCm � LÞ Smh i ð14Þ

where

Cp �

C11p C12p C12p �e31p

C12p C11p C12p �e31p

C12p C12p C11p �e33p

e31p e31p e33p ep

0

BB@

1

CCA; Sp

� �
�

Sp1

� �

Sp2

� �

Sp3

� �

Ep3

� �

0

BBB@

1

CCCA

L �

A B B 0

B A B 0

B B A 0

0 0 0 �2em

0

BBB@

1

CCCA
;

M �

DC11 DC12 DC12 �De31

DC12 DC11 DC12 �De31

DC12 DC12 DC11 �De33

De31 De31 De33 ei � em

0

BBB@

1

CCCA

Using Eqs. 12 and 13, we get

Sih i ¼ f/ðCm � LÞ þ ð1� /Þ½Ci � ðLþ /MÞ�g�1

ðCm � LÞ Sh i ð15Þ
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Substituting Eqs. 15 and 16 into Eq. 11, we obtain

Th i ¼ f/Cif/ðCm � LÞ þ ð1� /Þ½Ci � ðLþ /MÞ�g�1
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After simplifying Eq. 17, we get
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where the effective piezoelectric and mechanical

coefficients are as follows:
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e31 ¼/½I41iðC11m � Aþ C12m � BÞ þ I43iðC12m � BÞ
þ I44ie31m� þ ð1� /Þ½I41mðC11i � /DC11 � A

þ C12i � /DC12 � BÞ þ I43mðC12i � /DC12 � BÞ
þ I44mðe31i � /31Þ� ð19Þ

e33 ¼/½2I41iðC12m � BÞ þ I43iðC11m � AÞ þ I44ie33m�
þ ð1� /Þ½2I41mðC12i � /DC12 � BÞ
þ I43mðC11i � /DC11 � AÞ þ I44mðe33i � /De33Þ�

ð20Þ
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þ I14ie31m� þ ð1� /Þ½I11mðC11i � /DC11 � AÞ
þ ðI12m þ I13mÞðC12i � /DC12 � BÞ
þ I14mðe31i � /De31Þ� ð21Þ

C12 ¼/½I12iðC11m � AÞ þ ðI11i þ I13iÞðC12m � BÞ
þ I14ie31m� þ ð1� /Þ½I12mðC11i � /DC11 � AÞ
þ ðI11m þ I13mÞðC12i � /DC12 � BÞ
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þ ðI31m þ I32mÞðC12i � /DC12 � BÞ
þ I34mðe33i � /De33Þ� ð24Þ

The elements Iklp are defined below. The subscripts

k,l = 1, 2, 3 refer to the three directions.
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From Eq. 18, the composite as a whole is an elastically

transversely isotropic material. The two effective piezoelec-

tric coefficients (d31 and d33) can be expressed in terms of e31,

e33 and the four effective stiffness constants. The volumetric

averaged electric displacement D3h i of the composite is

D3h i¼eT
33 E3h iþd31 T1h iþd31 T2h iþd33 T3h i

¼eT
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ð25Þ

where eT
33 and eS

33 are the effective permittivities of the

composite under constant stress and constant strain con-

ditions, respectively.
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After simplifying,

D3h i ¼ eT
33 � 2d31e31 � d33e33

� �
E3h i

¼ d31C11 þ d31C12 þ d33C13ð Þ S1h i
þ d31C11 þ d31C12 þ d33C13ð Þ S2h i
þ 2d31C13 þ d33C13ð Þ S3h i ð26Þ

The electric displacement can also be expressed in term

of strains, as follows

D3h i ¼ eS
33 E3h i þ e31 S1h i þ e31 S2h i þ e33 S3h i ð27Þ

Combining Eqs. 26 and 27, one can obtain

e31 ¼ d31 C11 þ C12ð Þ þ d33C13 ð28Þ

e33 ¼ 2d31C13 þ d33C33 ð29Þ

From Eqs. 26 and 27, the two effective piezoelectric

coefficients (d31 and d33) can be determined, as follows

d31 ¼
e31

C13
� e33

C33

C11þC12

C13
� 2C13

C33

ð30Þ

d33 ¼
e31

C11þC12
� e33

2C13

C13

C11þC12
� C33

2C13

ð31Þ

In the following section, our model is compared with

existing experimental data. In addition, predictions using

Wong et al.’s scheme [9] are also included in the com-

parisons. They assumed that the whole composite is elas-

tically isotropic. If we also take this assumption, the two

effective piezoelectric coefficients (d31 and d33) are:

d31 ¼
e31

C12
� e33

C11

C11þC12

C12
� 2C12

C11

ð32Þ

d33 ¼
e31

C11þC12
� e33

2C12

C12

C11þC12
� C11

2C12

ð33Þ

Results

In this section, predictions made by Wong et al. [9] and our

model (with and without assuming elastic isotropy) are

compared with the experimental data of Furukawa et al.

[17], Chan et al. [18], Zeng et al. [19] and Venkatragavaraj

et al. [20] for the d31 of PZT/PVDF composites (with only

the ceramic phase polarized), the d33 of PZT/P(VDF-TrFE)

composites (with the two phases polarized in the same

direction), d31, d33 of PZT/P(VDF-TrFE) composites

(with the two phases polarized in opposite directions) and

d33 of a PZT/PVDF composite, in which only the ceramic

phase was polarized. The parameters of the constituents

adopted in our calculations are listed in Tables 1–4.

Figure 1 gives the d33 comparisons of the theoretical

predictions with the experimental data of Chan et al. [18].

Since the piezoelectric coefficients of PZT and P(VDF-

TrFE) have opposite signs, the piezoelectric activity of the

composite vanished at / � 0:45 when both phases are

polarized in the same direction and we have to set opposite

signs for the piezoelectric coefficients of the constituents. It

can be seen that both our model and Wong et al.’s scheme

have similar reasonable performance. The small deviation

between the predicted values and the experimental data are

probably due to the insufficient poling [18].

Figure 2 shows the d31 comparisons. Since the piezo-

electric activity of the composite is contributed by the

inclusion phase only, we have to set d33m = 0 and d31m = 0.

At low volume fractions, both our model and Wong et al.’s

scheme show similar performance. However, at high vol-

ume fractions, some of the experimental data are not within

the bounds of Wong et al.’s scheme while our model still

fits well with the experimental data. We can observe the

discrepancies between prediction made by our models and

experimental data. This may arise from the aggregation of

PZT particles [17].

Zeng et al. [19] reported the experimental data of pie-

zoelectric coefficients d31 and d33 of the PZT/P(VDF-

TrFE) composite, with both phases polarized in the oppo-

site directions. In other words, both phases have the same

sign of piezoelectric activities. The comparisons (d33 and

d31) of the experimental data with the theoretical predic-

tions are shown in Fig. 3. When compared with Wong

Table 1 Properties of the constituents for PZT/P(VDF-TrFE) 0–3

composite adopted in our calculations in Fig. 1. Both phases are

polarized in the same direction [9]

e /e0 Elastic Modulus

(GPa)

Poisson’s

ratio

–d31

(pC/N)

d33

(pC/N)

PZT 1159 16.8 0.35 127.9 314.4

P(VDF-TrFE) 10.7 2.32 0.39 –15.3 –38.4

Table 2 Properties of the constituents for PZT/PVDF 0–3 composite

adopted in our calculations in Fig. 2. Only the inclusion phase is

polarized [21]

e /e 0 Elastic Modulus

(GPa)

Poisson’s

ratio

–d31

(pC/N)

d33

(pC/N)

PZT 1900 36 0.3 180 450

PVDF 14 1.3 0.4 0 0

J Mater Sci (2007) 42:6011–6017 6015
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et al.’s scheme, our model gives more reasonable predic-

tions to the experimental data. The abrupt decrease in the

piezoelectric coefficients at u � 0.5, according to [19],

may be due to the redistribution of space charges at the

interface of the inclusion and the matrix. This leads to

some degree of depolarization and hence piezoelectric

activity decreased. Both our model and Wong et al.’s

scheme have assumed that the constituents are fully

polarized. This may explain the discrepancies at high

volume fractions.

Venkatragavaraj et al. [20] reported the experimental

data of piezoelectric coefficients d33 of the PZT/PVDF

composite prepared by two different methods; namely, hot

press (HP) and solvent cast (SC) method. Since d33 coef-

ficient of the composite prepared by SC method did not

show a regular trend with volume fraction due to the

presence of porosity and the aggregation of ceramic par-

ticles, we focus on the comparisons of the theoretical

predictions by our model, Furukawa’s model and Wong

et al.’s scheme with the measured d33 of the composite

prepared by HP method. They had compared their exper-

imental results with Furukawa et al.’s model [4],

Table 3 Properties of the constituents for PZT/P(VDF-TrFE) 0–3

composite adopted in our calculations in Fig. 3. Both phases are

polarized in the opposite directions [19]

e /e0 Shear Modulus

(GPa)

Poisson’s

ratio

–d31

(pC/N)

d33

(pC/N)

PZT 1700 27 0.3 175 400

P(VDF-

TrFE)

9.9 0.8 0.4 –6.2 –22.1

Table 4 Properties of the constituents for PZT/PVDF 0–3 composite

adopted in our calculations in Fig. 4. Only the inclusion phase is

polarized

e /e0
a Elastic Modulus

(GPa)

Poisson’s

ratio

–d31

(pC/N)

d33

(pC/N)

PZT 1750 63b 0.3d 175a 400a

PVDF 12 1.3c 0.4e 0 0

a Reference 20
b APC International, Ltd
c Reference 5
d Reference 21
e C.K. Wong, Y.M. Poon, and F.G. Shin, J. Appl. Phys. 93 (2003)

487

Fig. 1 Predictions of effective piezoelectric coefficient d33 by our

model (Eqs. 31 and 33) and Wong et al.’s scheme [9] with the

experimental data of Chan et al. [21] of PZT/P(VDF-TrFE) compos-

ite, with inclusion and matrix polarized in the same direction

Fig. 2 Predictions of effective piezoelectric coefficient d31 by our

model (Eqs. 30 and 32) and Wong et al.’s scheme [9] with the

experimental data of Furukawa [17] of PZT/PVDF composites. Only

the inclusion phase is polarized

Fig. 3 Predictions of effective piezoelectric coefficients d33 (Eqs. 31

and 33) and d31 (Eqs. 30 and 32) by our model and Wong et al.’s

scheme [9] with the experimental data of Zeng et al. [19] of PZT/

P(VDF-TrFE) composite with inclusion and matrix polarized in

opposite directions
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d ¼ 15/
ð2þ 3/Þð1� /Þ

em

ei
di ð34Þ

Equation 34 assumed that the piezoelectric activity of

the composite was contributed by the inclusion phase only.

In other words, Venkatragavaraj et al. have assumed that

PVDF did not exhibit any piezoelectric effect. Hence as

before, we took d33m = 0 in our calculation. For the elastic

modulus of the PZT APC 850, two different elastic

modului (Y11i = 63 GPa and Y33i = 54 GPa) were provided

by APC International Ltd. We have compared our d33

calculations by adopting two different elastic moduli. It is

found that the two different sets of calculated values nearly

coincide for the whole range of volume fractions of

inclusion. In this comparison, we adopt Y11i = 63 GPa in

our calculation. Figure 4 shows that our model can give

slightly better agreement with the experimental data.

From the above comparisons, it can be seen that our

model (d31 and d33), with two different assumptions con-

cerning the mechanical properties, give similar perfor-

mance. This may be due to the assumption that the

constituent particulates are elastically isotropic even when

they are polarized.

Conclusion

In this article, we have extended the idea of Poon and Shin

[14] to obtain two explicit formulae of the two effective

piezoelectric coefficients (d31 and d33) of 0–3 composites.

They are expressed directly in terms of the dielectric,

elastic and piezoelectric properties of the constituents.

Unlike Wong et al.’s scheme [9], our model does not

need two different schemes to deal with the dilute and the

concentrated suspension cases. Comparing with published

experimental data of 0–3 PZT/Polymer composites, for the

polarization states of having only the inclusion phase

polarized or both phases polarized in the same direction,

both our model and Wong et al.’s scheme give similar

performance. But for the composite system with the two

phases polarized in opposite directions, as compared with

Wong et al.’s scheme, our model give more reasonable

predictions.
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