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Explicit formulas were derived for the effective piezoelectric stress coefficients of a 0—3 composite
of ferroelectric spherical particles in a ferroelectric matrix which were then combined to give the
more commonly used strain coefficients. Assuming that the elastic stiffness of the inclusion phase
is sufficiently larger than that of the matrix phase, the previously derived explicit expressions for the
case of a low volume concentration of inclusion parti¢l@sK. Wong, Y. M. Poon, and F. G. Shin,
Ferroelectric264, 39 (2001); J. Appl. Phys90, 4690(2001)] were “transformed” analytically by

an effective medium theorfEMT) with appropriate approximations, to suit the case of a more
concentrated suspension. Predictions of the EMT expressions were compared with the experimental
values of composites of lead zirconate titanate ceramic particles dispersed in polyvinylidene fluoride
and polyvinylidene fluoride-trifluoroethylene copolymer, reported by Furuk#&EE Trans. Electr.

Insul. 24, 375(1989] and by Nget al.[IEEE Trans. Ultrason. Ferroelectr. Freq. Con#ad) 1308
(2000] respectively. Fairly good agreement was obtained. Comparisons with other predictions,
including the predictions given by numerically solving the EMT scheme, were also made. It was
found that the analytic and numeric EMT schemes agreed with each other very well for an inclusion
of volume fraction not exceeding 60%. @003 American Institute of Physics.

[DOI: 10.1063/1.1524720

I. INTRODUCTION For higher inclusion volume fractions, the derivation of
accurate effective piezoelectric properties of composite ma-

There have been many theories and models of differenterials that starts from electrostatics and elasticity or from
approaches proposed for the prediction of the effective pienergy considerations can be quite complicated. Effective
ezoelectric properties of multiphase heterogeneous composiedium theories are approaches that allow results for higher
ite materials:™'! Some results are simple, elegant expresdinclusion volume fraction to be obtained from dilute limit
sions derived from simplified approaches. In the rigorous andiesults. They define an “effective” medium systematically to
often more complicated approaches, difficult numerical comPhenomenologically tackle the originally complex problem
putation Schemes must invariab|y be emp'oyed to get predef inClusion interactions. In faCt, there EXiSt many eﬁective
tions of the effective properties. In our previous artidés, medium type theories in the literature. A well-known ex-
we aimed at obtaining analytical expressions for the effectiv@mple is the effective medium approximati¢BMA), > *°

piezoelectric coefficients and derived some explicit expresWhich is a simple approach of wide applicability, especially

sions for the effective piezoelectric strain coefficiends,( " pb(TrcoIating ﬁSySte"%'Ylfgﬁgr th de piezggllectric(:j coﬁmpqsite
ds anddy,) for ferroelectric 0—3 composites when the vol- PrOR'EMS, Nart,Nan etal.” “and Zewdie" used effective

ume fraction of the inclusion phase is snfallhen the dilute medium theories to study the piezoelectric property of 0-3

suspension results were re-expressed to involve the effectifi2MPOSites and their theories are based on the EMA. In con-

; 16-19 H ;
dielectric and elastic properties of the compoSitehich trast, Shinet al. developed effective medium theory

. . EMT) which came closer to the scheme of differential ef-
could be measured or evaluated by some dielectric and elag- _.. . 0 o
. ) . . . ective medium(DEM) theory,2 but the framework is sim-

tic formulas applicable to higher volume fractions of inclu-

. c V. th dict f the effecti - pler and more straightforward.In this article, we attempt to
sions. Consequently, the predictions of the eflective piezog, oy the effective medium theory reported in Refs. 16—-19

electric coefficients given by such a method are not sqg hiesgelectric composite problems. Originally, the formu-
limited to low volume fraction of inclusions. lation of this theory was for the effective dielectric properties
of binary mixtures. Later on, this formulation was extended
dElectronic mail: wongck.a@polyu.edu.hk to the prediction of elastic properties of isotropic composites
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whose EMT equations involve two substrate variab?ésA  composites can be either calculated from models of compos-
physical property of a composite may depend on a number dfe elastic properties or adopted from experimental results.
properties of the substratee., the matrix phagewhich are
taken as variables, called substrate variables, as well as tlle
inclusion volume fraction. In principle, the EMT would not ° "
be limited only to dielectric or elastic properties of the com-
posites. It is readily extensible to cases of several substrate In a previous paper,we have derived the volume-
variables. Piezoelectric problems always couple the equaaveraged electric displacemefalirected along the& direc-
tions of electrostatics with elasticity and, therefore, they in-tion) and piezoelectric coefficients of the composite as

Expressions for effective piezoelectric e
coefficients in the dilute limit

volve at least four substrate variables.
D3)=¢e(E3)+d +d +d , 2
The predictions given by our adopted EMT are reason- (D3)=o(B) + darl 00+ daxl 7yy) + ds{ 029 @
ably good as demonstrated by previous wbrk>?*on di-  Where

electric and elastic properties of binary composites. How- q— Lol oy lg

ever, it is not easy to obtain analytical results since EMT dg1= o= pLet(Lr+ L) day+ Lydsa}

involves solving of partial differential equations. For ex- +(1_¢)fE{(f#+ﬂ)d3m+f#d33m}, (3)
ample, Auet al?! gave implicit expressions for the effective

shear modulus and Poisson ratio in the limiting case of com-  dsa= ¢Le{2L1dz;+L7da5}

posites with rigid spherical inclusions. The general case of

N\ S0y L 11
spherical inclusions cannot be solved analytically to get (1= ¢)Le{2L7daim+ L7dzam}, (4)
simple formulas. and
In this article, we have successfully obtained explicit . —
expressions for the effective piezoelectric stress coefficients dh=2d3;+d33= pLelydni+ (1~ ¢)Lelrdhm, (5
(e coefficient$ under the assumption that the shear and bulk 1 e—
. . . £E—€nm
moduli of the inclusion phase are much larger than the cor- |_E=$ ,
i €m

responding properties of the matrix phase, i.e., inclusions are
elastically rigid. In this case, analytic solutions for the differ- 1 {1 k ikt 1u -yt

. (6)

ential equations of EMT are greatly simplified and tractable. L#:E 3k Ikl 3, -, 1
. . . . . i m Mi Mm

[In comparison, if one tried to solve the effective strain co- 11 1 1

efficients (d coefficient$ directly following the same foot- 11k —kn 2B T Hm

steps and rigidity assumption, then the resulting differential T |3k -kt 3wttt

equations would become substantially more complicated. __

The results were then used to calculate the effective piezo- Le=(1—¢Lg)/(1-¢),

electric d coefficients. Manipulations of equations were E: —pL7/(1— @), 7)

made before applying the rigidity assumption and as a result D=1 L I(1— ¢)

notable disagreement with the numeric EMT schemith- T T ’

out the assumption of elastically rigid inclusidnsccurs Lh=20++LL, ®)
0 i i i i- —
only beyond 60% of the inclusion volume fraction. Experi U‘r=2L#+E”T=(1—¢>L$)/(l—¢),

mental dat® of di; for lead zirconate titanate/
polyvinylidene fluoride (PZT/PVDP, and experimental Wwheree, kandu denote permittivity, bulk modulus and shear
date® of ds3 for a PZT/vinylidene fluoride-trifluoroethylene  modulus of the composite, respectivalyis the volume frac-
[PZT/RVDF-TrFE)] copolymer for different poling condi- tion of the inclusion phase, whileEs) and (o), (oyy),
tions are used for comparison with our theoretical predic{c,, are the volumetric average electric field and stresses,
tions, along with the predictions given by Nan and Wé%g_ respectively. Subscripts and m denote the inclusion and
matrix, respectively. In the original referenté;’s in Egs.
(6) were cast in terms of the Young’s moduli and Poisson
Il. THEORY ratio and were more robust.
By setting (o,,)=—(ox=(0o) and (oy,)=0 which
To calculate the effective piezoelectdg; andds; coef-  corresponds to the pure shear loading condition in &§.
ficients of a 0—3 composite, we will first derive theg ~ we can definel,=ds3—d3; and obtain
(=e33t+2e3)) and e(=e;3—e3,) coefficients which corre-

spond to hydrostatic and shear loading conditions, respec- ds= pLeLTdsi+ (1 ¢)Lel3dsm, ©)
tively. Then the results can be combined through relations \yhere
0ya=€ysSpa " Li=Li-Ly=)(n *un e —un),
€y0=0ygCp0 L3=Lr-Ly=(1-¢LD)/(1-¢).
to obtain expressions for the;;, €33, di;, dsg and d The piezoelectrice,(=e33+2€3;) and ey(=ez3—e3y)

(=ds3+2d3y) coefficients.sg, andcg, denote elastic com-  coefficients can be obtained from expressions ofdiw@ef-
pliance and stiffness coefficients, respectively. Subschpts ficients. From Eqgs(1), the relationses;=2(3k+ u)d34/3
=1, 2, 3 anda, B=1,A,6. These elastic coefficients of the +(3k—2u)d34/3 and €33= 2(3k—2u1)d34/3+ (3k
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+4u)d34/3 can be written for elastically isotropic materials. When ¢ approaches zerd,g andL g in Egs.(6) and(15)
From this, we gee,=3kd, andes=2uds. Expressions for may be written as
the effective piezoelectrie, andeg coefficients are given by
eh:(ﬁLELgehi'f‘(l_(ﬁ)fEUéehm, L | _ 1 i €~ 8&m _dln(Si_Sm) de
s —— (11) E¢Ho_gi_8m¢l_,rr2) ¢ a dep e ¢:0'
€s= PLel g+ (1— @)Lel gesm,
(18
where
L 1 i c—cm_—dln(ci—cm) Jac
Lhzi K—km 5|¢H0_ci—cm¢lino ¢ den i 40
S ¢ ki—kn’
(12
Sszi '“_'“m, From Eq.(14), we can write €—e;,)/¢=Lelsgj+(1—Lg
b mi— m —Lgt ¢pLelg)en/(1— ¢). Hence
Li=(1-pLY/(1-¢), |
— . (13 [deldg]y-0=lim[(e—em)/d]=Lgl 4ol 408
s=(1—¢Ly)/(1— o). $—0
Expressions for the effective piezoelecteig; and e3; coef- +{1-Lely—o—Ldy—ol€m- (19

ficients can be written in the similar way. Equatidgig) may
be written in the form of

e=¢leLei+(1-¢) H(1-gLe)(l-dLoey, (14

Using Eqgs.(18) and(19), Eq. (17) becomes

where din(l—¢) —dIn(si—ep)

1 c—cp 1 Lelyo

¢ Ci—Cnp _ —d In(ci—cm)
c is the bulk moduluk for e=e,, or the shear modulug Lslg—0
whene=ege;. Notice that Eq(14) is much simpler than the dIn{(1— @) (&;— &) (Ci—Cpm)}
corresponding expressions fi; andds; [Egs.(3) and(4)]. = 1L ' _Ir_" | L
Moreover, the effectivee, and e, coefficients depend on El¢—0 =Sl¢—0
three substrate variables on{yersus on five variables for de,

d3; andds3), SO we can appreciate the advantage of solving
for e, ande first via the use of EMT characteristic equations
for this system and then obta,, €31, €33, d3; anddas.

 Lgl p—olslg—o+{1—Lely0—Lslg—0}

B. Application of the EMT equations to solve for
piezoelectric coefficients From Eq.(20), a differential equation resultgde,,/d

em’
(20)

In(1

The effective medium theory mentioned earlier has al- _ #)=Lelyoldy—o8 +{1~-Lelyo—Ldyofen- By using Eg.

ready been applied to dielectric and elastic property studie(szo) again, this differential equation is rewritten as

of binary mixtures and composites by Shinal 16~1%2!Fql-
lowing the same idea and steps, the extension of EMT to dlem—e)  dIn{(1—&)(ei—sm)(Ci—Cr)}

piezoelectric properties is essentially identical, but now more — = — (em—8&)
substrate variables are involved. Thus, following the effec- din(1=¢) din(1-¢)
tive medium arguments that lead to the effective elastic +(1-Lely0)(1—Ldly0)e, (21)

propertiest®>?! an additional first order partial differential
equation is obtained for the piezoelectric problems at hand:

which is a first order linear equation &,—e¢;. Upon inte-

(1_¢)£: o9& |98 08 |C gration, we obtain
Ip dem|dd|,_o demdd],_,
n Je | de (16) en— 6
0em| dd ¢=0. (1_¢)(8i_8m)(ci_cm)
isti i i 1-Lgly0)(1—Ld 4 0)e
The characteristic equation of E.6) is =f ((1_ ;I)i:i(s )(C§|f001 din(1-a). 22
_d¢_ dep dcy de, i—emCi—Cny

1-¢ [06l0dlymo [0C1041g=0 L0€l0dIg—0
(17 Making use of Eq(20), we can rewrite it as
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Em— € _ f dl(1—¢) Hei—em Md[(1-¢) *(ci—cm) 1] 23
(1-¢)(ei—em(Ci—Cp) I d[(1_¢)71] .
|
A first integral obtained from Eq17) and the Maxwell- 1
4 ; =
Wagner formuld® is (also see the Appendix I'n ZJ emd (1= &) (o1 + 262k —ko)
gi—&m -2 1
S=(1-¢) —pz", (24) %_f
e < ) e T g 2em?) @0
which gives the Bruggeman formuta By substituting Eq.  where the subscrigt denotes the hydrostatic loading condi-
(24) into Eq.(23), we finally obtain tion. Making use of Eq(24) and then integrating, the result
e —e is
(1= ) (si—em)(Ci—Cn) T2 eimem | _ew eit8en
1 1 NSk ) U™ endei+2em?] Sk (gi+2em)?
=—g d . 25 (28
Y= e =

Substituting Eq(24) into Eq.(28) to eliminateS, an approxi-
The integral on the right-hand side involves variabfgs mate first integral is obtained from E(R6):
eqm andc,,, and is difficult to evaluate exactly in this form.

In order to obtain analytical results, some approximations ()= Ehm— i
would have to be employed. In this work we are mainly (1-¢)(ei—em)(Ki—Kp)
interested in piezoelectric composite systems in which ce- e
ramic particles are embedded in polymeric matrices. Nor- + 1 ¢)(8h'+ 26 )7
I m

mally in such casek;>k,,, andu;> u,,. Care must be taken

when we apply thes_e approximations directly to the integral ei+de, (ei+8emen
on the right-hand side of Eq25). Sometimes the approxi- k—K + (ei—emki |- (29
mated integral can deviate quite significantly from the nu- oo boome
meric integration resulfobtained by numeric integration At ¢=0:
without making the foregoing approximatiorend the solu- o —o. o
tion for thee coefficient then does not approach the correct ¢, (0)= hm_=hi o
limit at ¢=1. Therefore, guided by numeric integration, we (ei—em)(ki—kn)  (&i+2ep)
perform integration by parts twice and get git4de, (&+8eynen
+ . (30)
em— € ki — K (ei—emk
(1= ¢)(&i—&m)(Ci—Cm) Thus for a genera,
_ gitden €h— €y €hi eit4e (8i+88)8
—& 2 + +
(1-¢)(&i+2em)(ci—Cp) (ei—e)(ki—k)  (g+28)%| ki—k = (g—e)k

1 =Dp(¢). (3D

- ZJ emd 5
(1= ¢)(ei+2em)(Ci~Cm) Comparing Eq(29) with Eq. (31) and simplifying, one gets
before we apply any approximations, which will be donethe following expression foey:
below. Equation(26) seems to have extracted the most sig-
nificant portion from the integral and smaller errors are in- e, =(1— ¢)LLY(epn— ehi)+‘1+(8i_8)
troduced into the final result when we take approximations
inside the integral to obtain closed form results.

J (26)

eitden —  gtde
(8i+2em)® 5 (si+28)°
ki—k
ki

X

(ei+8en)em— (&,+8e)e

C. Effective piezoelectric e coefficients e
(8i+2emy)? (ej+2¢)?

]ehia (32
For derivation of the effective hydrostatic piezoelectric o

coefficientey,, all €s in Eq. (26) are to be interpreted a5,  wherelLg andfg are defined by Eqg7) and (13), respec-

and allc values as bulk moduluk [cf. Egs.(14) and (15)]. tively. It is noted that, in the special case where only the

Many biphasic ferroelectric composites involve a ceramicmatrix phase is polarizedeg;=0), Eq.(32) is the same as

inclusion and polymer matrike.g., PZT/RVDF-TrFE)]. In  the e, expression in Eqg11).

such cases, we can take>k,,, and the integral in Eq26) To derive the expressions fdis and othere coefficients,

can be approximated to we need to find an expression feg first. The derivation of
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TABLE I. Properties of constituents for PZT/PVDF 0—3 composites. TABLE Il. Properties of constituents for PZTWDF-TrFE) 0—3 compos-
ites.
Yb d33 _dSla
& (Gpa v (pC/N) (pC/N) Yb d33a 7d31
&? GP V° Cl (o]

PZT 1900 36 0.3 450 180 (GP3 (b (pCNy
PVDF 14 1.3 0.4 0 0 PZT 1116 7% 0.3P 410 175
P(VDF-TrFE) 9.5 1.4 0.392 —-37 —16

®Reference 22.
PReference 2. “Reference 23.
PReference 29.
‘Reference 30.

e is the same as fag,, but now all elastic modulistarting
from Eq.(26)] should be interpreted as shear moduli. Again
adopt the rigidity assumption @f;> u,. Equation(32) may  tic properties of the composite are not measured together
be directly rewritten fores as with the piezoelectric properties. In such cases, we follow
(1= )Ll (e—ey) the same technique as that used in our previous aftiet.
$)Lels(@sm—esi the effective permittivitye, the Bruggeman formufa [Eq.
sit+de, — e +4e (A4)] is used. For the effective bulk modulis

. —_— S—
T G 2en? S (262 s (ki —Kn) .
mi—ml|(e+8epn)en— (g;+8¢)e ™1+ (1= @) (Ki—Km)/ (Kt 4pm/3)
* Mi (e,+2em)? B (g;+2¢)2 Esi» gives a good approximation for a composite with spherical
(33 inclusions?® For the effective shear modulug, explicit
o bounds are used. Following the work of Christen$ethe
whereL is given by Eqs(13). lower boundy,,
D. Effective piezoelectric coefficients  d,, e31, €33, M= MLm
dz; and dsg
Piezoelectric strain coefficient, can be obtained from X411+ XL v (e 1)
iez ric strai ici i ,
7—5v,+2(4—5 il = (il o= 1
en, through relations given by Eqél). For piezoelectric co- vmt2( vml il im= (il pm = 1) &
efficientses;, €33, d3; anddsg, they can be calculated from (40)
the results of Eq432) and(33). The relations for such trans- given by Hashin and Shtrikm&hfor arbitrary phase geom-
formations for elastically isotropic materials are etry is adopted in our prediction. In EG40), v,, is the Pois-
d,=e,/(3K), (34)  son ratio of the matrix phase. We adopt for the upper bound
w, Hashin’s formula for spherical inclusion geometty,
€31=(en—€5)/3, (35  which may be rewritten as
e33= (en+2e5)/3, (36) M B }
1+ —=1|—— ]|, 41
e e My™= Mo . a+B'y¢ (41)
d31:§ (ﬁ_ ﬂ) ' 37 \where
l/e, e 42 pm— 2/3_
1
dag= 3<3k M) (38) “5u 1-vn B2 g )2,
=[(7—10v,)— (7—10v) 914"+ 4(7—10v,,) 9,
IIl. DISCUSSION A= ) m) D147+ 4L m
(42)
P 7=3vp Mi|  2(4=5vp) Mi
Theoretical predictions based on the foregoing expreSy_ T P R T-E Y ®,
sions are compared with experimental data of Furukafe A1=vm) Hm A1-vm) Hm

dg; of PZT/PVDF, and experimental data of Mg al?® for (7+5v;) i+ 4(7— 10V|)Mm
ds3 of PZT/RVDF-TIFE) composites. In the latter set, there 9= 35(1— )

are three groups af;; data that correspond to different pol- m/ #em
ing conditions: only the ceramic phase is polarizgup );  Since the effective shear modulus contains upper bound
both the ceramic and copolymer phases are polarized in thgnd lower boundu,, each prediction ofl3; andds; coeffi-
same directiorigroup I)); the ceramic and copolymer phases cients[Egs. (37) and(38), respectively gives a pair of pre-

are polarized in opposite directiogroup IlI). dicted lines.

In comparing theoretical predictions with experimental
data, the elastic, dielectric and piezoelectric properties of the
constituent materials are needed. However, usually not all

Theoretical predictions given by Eq82) and(34)—(38)  relevant properties are measured in published articles, thus
require the values of the permittivity, bulk modulus and sheatypical values have been adopted in our calculation. We have
modulus of the composite. Sometimes the dielectric and elastsed the same set of constituent properties, listed in Table |,

A. Effective permittivity and elastic moduli of the
composites
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45 T T T T T T ool ¥ T T T ! !
40 | Analytic EMT [equation(37)] 4 sol Analyt.lc EMT [equation(38)] ;
I - - i p - - - -Equation(4) 4,
35 Equation(3) . . N ic EMT 4, ]
sl - Numeric EMT g7 ume.nc d Ng et al.® i
»s m  Experimental data [Furukawa®] 60 M Experimental data [Ng et al.™] . i
s g :
Qg 20 . I3}
e k= ]
= 15 .
° “cs; .
‘10 1 E
5 b -
0 7] -
5 L ! 1 1 L ] L 1 L L 4 L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 06 0.7
(@) Ceramic volume fraction ¢ (@) Ceramic volume fraction ¢
180 F T T T T T T T T Y 450 T T T T T T T T T
160 F Analytic EMT [equation(37)] A 400 Analytic EMT [equation(38)]
- - - - Equation(3) . 3s0 -~ - - Equation(4) 4
14O ... Numeric EMT 'Ill wol T Numeric EMT ‘//I
L ) 41
120 | B Experimental data [Furukawa®™] 7 m  Experimental data [Ng et al.”] -/
Z 100t - =
F4
[&] 3 j
2 8ot ] (é
o e0} E B
40t -
20} ] ]
0 : " A . A . A L 50 ! ! . . A . ; A A
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 1.0
(&) Ceramic volume fraction ¢ (b) Ceramic volume fraction ¢

FIG. 1. Comparison of theoretical predictions of analytic EMT, &).and FIG. 2. Comparison of theoretical predictions by analytic EMT, @yand
numeric EMT with the experimental data of Furuka(sae Ref. 2pfor the numeric EMT with the experimental data of Ng al. (see Ref. 28for the
ds; constant of PZT/PVDF composite@) Only ¢<0.7 is shown(b) full d,; constant of PZT/R/DF-TrFE) composites with the ceramic phase po-
scale of¢ is shown. larized.(a) Only ¢<0.7 is shownjb) full scale of ¢ is shown.

as in our previous articlefor the prediction of Furukawa’s clude that the analytic EMT scheme is a good approximation.
experimental data. For the PZTXDF-TrFE) system given As shown in Figs. (b) and 2b), the resulting line§Egs.
by Ng et al,?® we assume that the Young’s modulsis 71 (37) and (38)] deviated more from numeric EMT as in-
GPa and the Poisson ratigis 0.31 for the inclusiod? since  creases. However, we notice that those larger deviations oc-
the ceramic powder is PKI502 from Piezo Kineti@®elle-  cur only wheng>0.6. Actually, it becomes quite difficult to
fonte, PA.23 With regard to the B/DF-TrFE) copolymer, we  fabricate 0—-3 composite samples with such high ceramic
assume that the elastic properties are similar to those givevplume fractions. It is clear that all predicted lines are very
by Marraet al,*® and thatY,,= 1.4 GPa and/,,=0.392 are  close to each other fo<0.6. Therefore we believe that
used. Other constituent properties are listed in Table Il.  Egs.(37) and(38) give reasonable predictions f@r<0.6. In
our previous paper,we gave expressions for effectivky,
andds; coefficients|Egs. (3) and (4)] that cover both dilute
and concentrated suspensions. These predictions for concen-
Figure 1 shows a comparison of the theoretical predicirated suspensions have also been shown in Figs. 1 and 2 for
tions of EMT and Eq(3) with the d;; values from Furuka- comparison, but the pair of predicted “bounds” are not as
wa’s experiment. Good agreement with the experimentatlose to each other as in the analytic EMT scheme. We also
data was obtained. Figure 2 shows a similar comparison witfound that the predictions of numeric EMT always lie be-
the d;5 values for Nget al’s group | compositegonly the  tween the pair of lines predicted by Ed8) and (4).
ceramic phase is polarizedOur predictions are smaller than Continuing with Nget al. data, Fig. 3 shows a compari-
the experimental values fo$p<<0.4 but larger at$=0.6.  son with theds; values of group Il compositedoth phases
Theoretical predictions were obtained from the analytic EMTare polarized in the same directjoiThe comparison shows
[Eqg. (37) for d3; and Eq.(38) for d35] and numerically(ob-  that our predictions agree quite well with the experimental
tained by numeric integration without making rigidity ap- values. Figure 3 also shows the theoretical predictions given
proximations. In Figs. 1 and 2, the pair of predicted lines by Nan and Went§ who used an effective medium approach
given by the analytic EMT were shown to nearly overlapto obtain numerical results for group Il and group Il samples
each other. Both Figs.(4 and Za) reveal that the predicted of Ng et al's experimental data. Figure 3 shows that Nan
lines from analytic EMT are only slightly displaced from and Weng's predictions deviate quite significantly from the
those of numeric EMT. If the results given by numeric EMT experimental data at higher inclusion volume fractions. From
are taken as “exact” predictions based on EMT, we can con¥ig. 3(b), it should be noted that Nan and Weng have as-

B. Comparison with experimental data
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FIG. 3. Comparison of the theoretical predictions by analytic EMT, Nan andFIG. 4. Comparison of the theoretical predictions by analytic EMT, Nan and

Weng, and numeric ENT with the experimental data of dal. (see Ref.
23) for the d3; constant of PZT/R/DF-TrFE) composites with the ceramic
and copolymer phases polarized in the same direct@nOnly ¢<0.7 is
shown;(b) full scale of ¢ is shown.

Weng, and numeric EMT with the experimental data of &cl. (see Ref.
23) for the d3; constant of PZT/R/DF-TrFE) composites with the ceramic
and copolymer phases polarized in opposite directi@sOnly ¢<0.7 is
shown;(b) full scale of ¢ is shown.

sumed thatdsy = 153 pC/N. Moreover, they adopted inclu- NG procedure affects the degree of poling. igal's com-

sion permittivities of £1;=450 and e33=235, which are
significantly lower than those measured by Mpal. (see
Table II).

Figure 4 shows a comparison with thik; values of
group lll compositegboth the ceramic and copolymer are
polarized, but in opposite directiondBoth Nan and Weng's

tained by applying, as the final poling step, a constant poling
field on the composite sample in the direction opposite the
polarization of the pre-polarized ceramic phase for half an
hour?® the intent was to pole the copolymer phase. For a
high poling field in this step, the initial polarization in the

posite samples with oppositely polarized phases were ob-

predictions and our predictions shown are larger than th&eramic phase will be reduced or even switched to the direc-
experimental values. The discrepancy between predictioHon Of the field applied. On the other hand, for a low poling

and the experimental data is most likely due to the fact that
the composite samples are difficult to fully péfeWe be-

lieve that this effect is more readily observable in composite 80 » ]

samples with phases poled in the opposite directions, as will 70 Fitting result ]
. . - . ! [ m  Experimental data [Ng et a/.”]

be explained later. An insufficient degree of poling of the 60

constituent material results in a lower value of remanent po-

larization after poling, hence less piezoelectric actiitjth Zz %0
respect to that in the fully poled matepialhe piezoelectric g 40
coefficients of the ceramic and copolymer phases have op- <°

posite signs; their piezoelectric activities should reinforce
each other when these phases are polarized in opposite di-
rections. For such composite samples, if they are not fully
poled, the piezoelectric coefficients of the composites will
always be lower than that of the fully poled samples
shown in Fig. 4, the experimental data are lower than the

30

20

10

0.0

: L ;
0.1 0.2 0.3 0.4 0.5 0.6
Ceramic volume fraction ¢

P ; P~ FIG. 5. Mathematical fit to the experimental data of &igal. (see Ref. 28
predlctlon which assumes Complete pOIarlza)‘.ld'me degree for the d3; constant using Eq$32), (33), (37), (38) and(43). The ceramic

of poling of the Cons_tituem materia_l depe_nds_ on the polingyng copolymer phases in the PZIVIDF-TrFE) composites are polarized in
procedure. A further important consideration is how the pol-opposite directions.
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TABLE lIl. Relative width of the predicted lines by Eg$9), (3) and (4) with adopted properties of the
constituents shown in Table II.

Maximum {2 (X 10 2)

é
Rs —NRa; NRa3 at maxi
(A) Only the ceramic phase is polarized 1.64 1.83 1.56 0.78
(B) Only the matrix phase is polarized 19.19 21.19 18.32 0.55
(C) Two phases polarized in the same direction 2.86 3.18 2.72 0.7
(D) Two phases polarized in opposite directions -0.9 -1 —0.86 0.38

3 argest magnitude dR.

field, the degree of poling in the copolymer phase will beof poling in the inclusion phase is significantly lower than
limited. For this reason, we believe that an optimal degree ofhat in the matrix phase. This result suggests a reduction of
poling in samples with oppositely polarized phases is diffi-the initial polarization in the ceramic phase due to the final
cult to achieve with this poling procedure. Thus for our poling step. On the other hand, the fitting result gizkg
analysis of the experimental data we assume that the copoly=200 pC/N which comes closer to the value used by Nan
mer phases in all group Il composites have roughly theand Weng @;5=153 pC/N). However, their justification
same degree of poling and that similar assumption can baas based on the assumption that the properties of the PZT
made for the ceramic phases. Then an estimate of the reduphase were similar to those of PZT-7A.

tion in piezoelectric activityfwith respect to values for fully
poled materiglin the constituents may be obtained by fitting
the experimental data. We define the degree of pdliray

Ti=d3q /di5=dgy /by,

C. “Bound width” comparison of analytic EMT with
Egs. (3), (4) and (9)

Because the prediction df; or d3; gives a pair of lines,
their “width” may dictate their applicability for meaningful

43
Toy=daan/d5an=daym/dSy,, “3

where the superscrigt denotes “fully poled.” Using Egs.
(32), (33, (37), (38) and (43) and the fully poledd values

predictions and generally narrower bounds are preferred. We
mentioned earlier that the pair of predicted lines for the ana-

given in Table Il, a reasonable fit to the experimental data idytic EMT scheme is closer to each other than those pre-

shown in Fig. 5. The fitting result gives=0.49 andZ,,

dicted by Egs(3) and(4) (Figs. 1 and 2 This will be dis-

=0.85. Although these values need not be identical to “truecussed further here in Sec. Il C. We first define the relative
values” of the degree of poling, it still reflects that the degreewidth 91 for a pair of predicted lines:

Rs(p)=[ds () —ds () J/[maximum ds—minimum d],
R31(P)=[d3z1,( ) —d3q,( ) /[ maximum dz;—minimum dgy],
Rz p)=[d3z3,( @) —dgz)(p) J/[[maximum dzz—minimum dsg],

(44)

whered with subscriptas andl denotedd calculated withu,,
andy, , respectively. It is also worthwhile to investigate,

ing the properties of constituents in Table Mg, PR3, and
a3 can be calculated through Eg®), (3) and (4) or the

since the shear modulus is the only elastic parameter inanalytic EMT scheme. AlfR’s are functions of. Table IlI
volved in Eq.(9). On the other hand, E¢9) can be reduced shows the maximunik (largest magnitudevalues, along
to the familiard coefficient expression given by Furukawa with the ¢ values at which maximurt occur for the differ-

et al.? by using Eqs(40), with ;= r,,=0.5, and(A1). Us-

ent poling conditiongcasesA)—(D)], calculated from Egs.

TABLE IV. Relative width of the lines predicted by the analytic EMT scheme with adopted properties of the

constituents shown in Table II.

Maximum 9?2 (X 10™?)

é
NRs — Rz NRas at maxi
(A) Only the ceramic phase is polarized 0.17 0.19 0.16 0.55
(B) Only the matrix phase is polarized 19.19 21.19 18.32 0.55
(C) Two phases polarized in the same direction 1.75 1.95 1.66 0.55
(D) Two phases polarized in opposite directions 1.69 1.88 1.61 0.55

8 argest magnitude dR.
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tal results of PZT/PVDF and PZT{(®DF-TrFE) given by
(9), (3) and(4). Values in Table 1V, in contrast, are obtained Furukawa? and by Nget al,?® respectively. The comparison
from the analytic EMT scheme. When only the ceramicshowed that the predictions of analytic EMT expressions are
phase is polarizeficase(A)], the R’s for both schemes are very close to the numeric EMT scheme f@<<0.6, even
generally small and the pair of predicted lines are very clos¢hough the elastic moduli of the inclusion phase were as-
to each other. However, bounds for the analytic EMT schemsumed to be very large for the analytic EMT scheme. Fairly
are very narrow with both lines nearly coinciding with eachgood agreement with the experimental values was also
other (Figs. 1 and 2 For composites with only the matrix achieved. The discrepancies in the predictions with the ex-
phase polarizeficase(B)], both schemes give identical pre- perimental data of samples with oppositely polarized con-
dictions and the relative width of the bounds constitutesstituents were examined and it is suggested that the origin is
about 20% of the full scale range, which suggests the presetitte low degree of poling, due especially to the reduction of
models may not be too useful for such predictions. Neverinitial polarization in the ceramic phase. In addition, analysis
theless, no experimental data are available for the preseof bounds for the predicted lines were performed. The ana-
case under investigation. Concerning both phases polarizdgtic EMT scheme shows advantages over the previous
in the same directioficase(C)], the analytic EMT scheme scheme on the experimental system of &taal.
also gives closer bounds than the other scheme, but both
schemes show bounds that are slightly wider than in Gase ACKNOWLEDGMENT
(cf. Figs. 2 and B This is because the predicted values for . .
this cgse are essentially a linear combri)nation of the condi- This work was supporteq by a Cef?ter for Smart Materi-
tions for case$A) and(B). Since the predicted lines for case als of Hong Kong Polytechnic University research grant.
(B) are far apart, predictions for those for cd€p are ex-
pected to be further apart than for cage. However, for APPENDIX
case(D) in which both phases are polarized in opposite di-  Consider the characteristic equatiffq. (17)] that re-
rections, the predicted values are the difference in conditiongites ¢» ande as well as the Maxwell-Wagner formuia:
for casegA) and(B). The resultant width of the bounds, as

gi+2emt2d(ei—¢epy)

well as the sign ofl ,(¢) —d,(¢), depends on the difference — . (A1)
of the width of bounds for casd#\) and (B). In the experi- git2em—dlei—em) "

mental system of Net al,? the predictions by the analytic Egs.(17) and (A1) yield

EMT gived,(¢)>d,(¢), but the predicted lines by Eq®),

(3) and (4) show d,(¢)<d,(¢) for $<0.71 andd,(®) d(1-¢) =(i+ 1 )d8 A2)
>d,(¢) elsewhere which looks strangee., <0 in Table 1-¢ 3eqm ei—eml

[II'). Tables Ill and IV also revea$p=0.55 at maximunmi

for all poling conditions using the analytic EMT scheme, but
this is not so for the scheme using Ed9), (3) and (4). (1 gi—&nm A3
Based on the above analysis, the analytic EMT scheme S(¢)=(1-4) 8r1n73 ’ (A3)

seems to be the preferred choice for fitting the experimental _ i
system of Nget al. Hence S(0)=(si—&m) &n-°. We can further write §;

RNy - e wi
In case the predicted lines are not close enough to give a )¢~ — (¥)- Com%anng this with Eq(A3), one gets
good estimate of the piezoelectric coefficiehgsich as in the Bruggeman formulz.

Thus the first integral is

case(B) in the present systejna single expressiofinstead gi—e g—&m
of bounds for the effective shear modulus like that provided ~— 73 = (1= ¢) B (A4)
by Au et al?! may be employed. Such estimations will be m
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