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We have investigated the effects of electrical conductivity of the constituents on the dielectric and
piezoelectric properties of ferroelectric 0-3 composites. The time-dependent internal electric fields
are first derived, which can be induced by an applied ac field in dielectric measurement or stress in
piezoelectric measurement. Our previously developed mdzlekK. Wong, Y. M. Poon, and F. G.

Shin, J. Appl. Phys90, 4690(2001)] has been extended to include the additional contribution from
the electrical conductivities and the frequency of measurement, which can be significant for
ceramic/polymer composites possessing high conductivity in the matrix phase. The model provides
an explanation to the surprisingly high piezoelecttig values reported by, e.g., Chenal. [Sens.
Actuators, A 65, 194 (1998]. Explicit expressions for the transient and steady-state responses are
given and the effective permittivityglss, di;, and d,, coefficients have been derived. 2005
American Institute of PhysicgDOI: 10.1063/1.186231]7

I. INTRODUCTION tical significance since the pyroelectric and piezoelectric ac-
tivities of the constituents are generally proportional to their
One of the primary goals of embedding piezoelectric cedegree of poling:*
ramic particles within a polymer matri.e., 0-3 composite In another report, Cheat al. investigated the influence
is to combine the better properties of ceramic and polymerof solvent treatment on the piezoelectric and dielectric prop-
Ferroelectric ceramics have high piezoelectric properties, budrties of a ferroelectric 0-3 composﬁé[hey immersed the
their poor mechanical properties and the large difference igomposite sample of lead zirconate titanate/polyvinylidene
acoustic impedance with water restrict their usage for certaifiuoride (PZT/PVDP in a certain solvent [e.g.,
applications. Ferroelectric polymers, on the other hand, havRl-dimethylacetamid¢DMA )] for a period of time. The pi-
good mechanical flexibility, but their piezoelectdcvalues  ezoelectric and dielectric properties were measured after the
are low. The use of ferroelectric composites seems capable ghmple was removed from the solvent environment. They
overcoming these deficiencies and their properties can bebserved that both the permittivity amd; coefficient were
tailored for specific applications. One may in principle de-one to five times larger than those of the virgin specimen.
sign a 0-3 composite with high ceramic volume fraction forSuch high values are quite likely to be out of reach of the
applications necessitating high piezoelecttivalues. How-  existing model predictions for “normal” dielectric and piezo-
ever, it is difficult to fabricate a 0-3 composite sample of electric 0-3 composites. Chest al. suggested that the poly-
high ceramic concentration and the high ceramic content wilmer was swollen by the soaking solvent and the swollen
also lower the flexibility of the composite. composite would then “transform” from 0-3 to 1-3 type,
To improve the piezoelectri¢as well as pyroelectric  hence the enhanceds; value® We believe that these en-
properties of 0-3 composites and also for facilitating poling,hancements could very well be related to the increment of
Sakamotoet al. attempted to fabricate graphite doped leadelectrical conductivity in the matrix material brought about
zirconate titanate/polyurethar®ZT/PU 0-3 composites.  py the solvent. Actually, the use of different solvent treat-
By adding about 1% by volume of graphite to increase thements with varying concentration has been a popular tech-
electrical conductivity of PU, both the pyroelectric and pi- pique to increase the conductivity of polymer electrolytes, in
ezoelectricdz; coefficients of the composite increased. In-which a considerable amount of research work has been done
deed, the effect of higher conductivity in the polymer matrixque to the potential application in solid-state batteries,
is not limited only to enhancing the pyroelectric and piezo-gtc6-10
electric properties. Recently we find that, in the poling pro-  Thjs work attempts to investigate the effect of electrical
cess of ferroelectric composites, it shortens the time develonductivity on the dielectric and piezoelectric properties of
opment of the electric field acting on the ceramic to reachy ferroelectric composite of a dispersion of spherical inclu-
saturation, therefore, poling of the ceramic phase in sucRjons in a continuous matrix, assuming the constituents pos-
composite systems can be more efficiefyhich is of prac-  sess finite conductivity. The sample is excited by an ac elec-
tric field (dielectric measuremenor ac stresgpiezoelectric
dElectronic mail: wongck.a@polyu.edu.hk measurementof small amplitude. An analytical model is
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proposed and explicit expressions are derived for the dywrite the volumetric average electric displacemé&ntand
namic behavior of the electric fields in the constituents. Theconduction current density for the ferroelectric constituent
steady-state solutions are then used to obtain explicit expresaaterials in the composite Ys
sions for the effective permittivitygs;, dss, and dy, coeffi- {<D3i>:8i<E3i> +(P3)

cients. Compared to the Maxwell-Wagner fornftlir per- (D) = 8(Egrd + (Pyrd (1)
mittivity and our previously derived analytical expressions am/ = Em\ s sm/»
(for dsy, dss, and dy),*? which assume perfectly insulating N e

) . . . <J3|>—0'|<E3|>
constituents, the set of expressions contains a factor describ- | .= (2)
ing the coupled effects of permittivity, conductivity, and the (Jam = om(Bam),

measuring frequency. Theoretical evaluations are based aihere the angular brackets denote volume-averaged fields
the constituent parameters of PZT/PVDF. The surprisinglyenclosedP is polarization,e and o denote permittivity and
large d33 values reported by Cheet al. can be qualitatively  electrical conductivity, respectively, arfl is electric field.
simulated by assuming an increase in the conductivity oSubscriptds andm denote “inclusion” and “matrix,” respec-
PVDF after soaking in solveritWe will demonstrate that tively.
this enhancement will naturally be significant for samples  Consider the single inclusion problem of a ferroelectric
with a mildly conductive matrix phase. sphere surrounded by a ferroelectric matrix medium with a
uniform electric field applied along thedirection far away
from the inclusion. The boundary-value problem gives the

Il. THEORY following equationsl.3

To find the effective permittivity and piezoelecticco- (D) + 2e((E3) = {Ezm) = (D3m — Qo. 3
efficients of a 0-3 composite of two ferroelectric phases, we . _
will first obtain the time development of the internal electric  {Jai) + 20m((Egi) = (Eam)) = (jam) + ddo/dt. (4)

fields within the individual phases, given the external sinu-, Egs. (3) and (4), we have assumed that both constituent

soidal electric field and stress. Then the steady-state SO'“tiorﬂaterials are uniformly polarized and the homogeneously

of the in-phase component of internal fields will be used t0,5|51i7ed sphere is covered with surface charge of density
obtain expressions for the permittivitys,, ds3, andd, coef-

- at the pole along the polarizing directiga=0) with a dis-
ficients. - :
tribution given byq, cosé.
For a composite comprising a dilute suspension of
spherical particles uniformly distributed in the matrix mate-
rial, the volumetric averages of the electric fields safiz'sfy

Suppose the composite is initially polarized in the z di- (Ba) = Bai) + (1= A) B, ®)
rection, in which case we only need to be concerned with thevhere ¢ is the volume fraction of the inclusion phase. We
electric field and polarization in the “3” direction. We first obtain from Eqs(1)—(5)

A. A formulation for calculating the dynamic behavior
of internal electric fields

KEs) , (Ea) _ 3om(Eg) + emd(Ea)/dt] + (1 = §) A (Pam) — (Pt

a T $3em+ (1 d)(e; + 26y ' (6)
I
where @Jr@:LE{@Jr@}' ()
T= $3em+ (1 — ¢)(8i + 28m) 7) ot T at Tm
#oy+ (1 = e + 200) where r,=¢.,/ o, and
L= 3en ©
B. Effective permittivity of a ferroelectric 0-3 E d3em+ (1 - @) (g + 28,

composite
Assuming(Eg) is initially zero, the solution from solving

For dielectric measurement, assumi&g)=E;sinwt Eq. (8) is

wherew=27f andf is the frequency of the applied field. We

further assume that the amplitude @) (i.e., Ep) is small Eyrit

such that the contribution from the hysteresis behavior may (Ej) = (ﬁ)LE{w(T— )€ '+ (1 + w’rr,)sin wt
be neglected. Thus( P,/ dt=3(Ps)/t=0 in Eq.(6) which @

becomes - o(7— 7y)COSwt}. (10
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In a dielectric measurement, the electric current flowing P JT
in the composite is used to determine the permittivity value. ot = diE
For a composite comprising a dilute suspension of spherical (20)
. : - . . . HPapr) aT
particles uniformly distributed in the matrix material, the — =d,—,
ot ot

volumetric average of the total current density may be writ-
ten as

whered;=d(P3)/dT, dy,= P/ JT. When the stress is ap-

(J3) ={(jg) + KDg)lét, (11) plied along thex direction, i.e.,T=T,,, thendi:dil andd,,
=d.,, where
where d" = (L + Ly)dgy; + Lydag (21)
(i) = i)+ (1 = B)jam T T
I3 3i 3m (12) o B
(D3) = ¢(Dgj) + (1 = $){Dzm)- d- = (L + Li)dggm + LT dagm, (22
At sufficiently long time from the start of the dielectric mea- and
surementi.e., at steady statethe term exp-t/7) in Eq. (10) | 3
may be omitted. The components @) in phase and 90° L= T - T , (23)
out of phase with the applied field are 1-¢(1-31) 1-¢(1-3))
Eor 7m , | 2]
(Eglin ph =< )L {(1+w?rry)sinwt}, (13 L= T + T 24
A\ L w7 " TT1-g(1-3)  1-¢(1-3p’ 2
Eq7l T, — —¢L: 1 1 1
<E3i>|out of phasé~ (O—zr:z)LE{w(Tm_ T)COSwt}. (14) L-f—' = ¢ T - —|: - ,
l+o 1-¢ 3[1-¢(1-37) 1-¢(1-3))
In this work, we only focus on the in-phase component of the (25)
dielectric property. The permittivity is
ool- oL }[ 1 . 2 }
ﬁ{f (Jzdth, phase ! 1-¢ 3[1-¢(1-3p) 1-¢(1-3¥) ,
= 15
& XE (15) (26)
Substituting Eqs(11)—<(13) into Eq. (15) and making use of = 1k 3kt 4um 27)
Egs.(1), (2), and(5), the effective permittivity is obtained as T3 Ky 3Ki + 4t |
o et ALubele = en), (10 1.5 (3K * 4ttt 29
where 7 36(kn+ 24 i + (e + Bt ptm

AT+ T dl - 7T} + 0P Here d3; and ds; are the piezoelectric coefficients.and u

L 1+ w2 ' a7 denote bulk modulus and shear modulus, respectively. When
the stress acts along tlzedirection, i.e.,T=T,, then di:d'i'
& - e andd,,=d!  where
Tneg™ ' (18 I_ ! 1
0i = Om di = Lydag + 2Ly day, (29)

or in a more familiar form,

_ (&i+2ey) + B, - D (e — &)
=gy . (19
(i + 2em) — Plei —em)
Note that wheros;=0,,=0,I',=1 and Eq.(19) reduces to the
well-known Maxwell-Wagner formuld

d|r|n=ﬂd33m+ Zf%dglm (30)

In short-circuit conditior(i.e., (E3)=0), Eq. (6) becomes

#Egz) N (Egi) _ (1-¢)(dy-d) Jar
ot T P3ent (L—)(gj+2e,) ot

(31

Assuming T=T, sinwt with T, being the amplitude of ap-
plied stress an¢E;) is initially zero, the solution from solv-

C. Effective piezoelectric coefficients of a ferroelectric ing Eq.(31) is

0-3 composite (E)= ( Towt ) (1-#)(dn-d)
In the piezoelectric measurement, the polarizatighg) BT\ 1+ 0?2 @B+ (1 - B)(s; + 25p)
and(P5,, vary with the applied stregpiezoelectricity. Sup- X (w7 sin ot + coswt — &7 (32)

pose the composite is subjected to an external tensile stress

T. The rates of change of polarizations in E§) can be wherew=2xf andf is the frequency of the applied stress.
related to the external stress due to piezoelectric effect. Thusrom Eq. (5), (Ean)=—¢{Es)/(1-¢), since(E3)=0 in the
(see Appendix piezoelectric measurement.
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For a sufficiently long time in the piezoelectric measure-

ment (i.e., at steady statethe term exp-t/7) in Eq. (32)
may be omitted. The components @) in phase and 90°
out of phase with the applied stress are
Tow?7 ) (1-¢)(dy—dj)sinwt
1+ w?7) p3epm+ (1 - d)(g + 2¢p)

(33

<E3i > | in phase™ (

(1-¢)(d,—dj)coswt
Bem+ (1= ¢)(s+ 2e)
(34)

TowT )

<E3i>|out of phaS(,; ( 1+ w272

Again, we only focus on the in-phase component of the pi-

ezoelectric responses. The piezoelectricoefficient of the
composite obtained from the measurement is

ﬁ{f <J3>dt}in phase
T

Substituting Eq(33) into Egs.(1), (2), and(12), we obtain
from Eq. (35),

d=¢d; + (1= ¢)dm + S(1 — HTo(Le ~ Le)(d — dy),

d (35)

(36)
where
{ Tnegt 07
Fd — EZL’ (37)
1+ w??
— 1-¢L i+2
o= Pl _ i Em (38)

1-¢  ¢Bep+(L-P)(e+2sy)

Further, using Eqg21), (22), (29), and(30), the effectived;;
anddss coefficients can be reexpressed as

da;= A1 -Ty(1 - L) KL} + L)day + Lidag} + (1 - &)
X[1=Ty(1 —LeH(Ly + L) dgpm + Lidag),  (39)

Oaz= {1 - Tg(1 - Le) {LIdsg + 2Ly day} + (1~ )
X[1-Ty(1 - Le) {Lidaam + 27 gy (40)

The effective hydrostatic piezoelectril, coefficient is
defined byd,=d;53+2d3; (and similarly for inclusion and ma-
trix), thus,

dh= {1 -Ty(1-Lg)]Lhdy + (1 - @)[1-Ty4(1

= L)L, (4D
where
LAl g 4;5223: e Dk 2
=2y +1}
_l-dglr_ (3K + 4ptmk 43

T 1-¢  (Bkn+Aund)k + AL - d) ik

J. Appl. Phys. 97, 064111 (2005)

Note that whenr;=0,,=0, I'y=1 and Eqs(39—(41) re-
duce to the expressions of our previous mddel.

D. Effective piezoelectric coefficients of a composite
in terms of effective &, k, and u

The foregoing Eqs(39)—(41) are calculated for the di-
lute suspension regime. One can reexpress geeandL+'s
[Egs. (9), (37), (23)<26), (42), and (43)] in terms of the
effective dielectric and elastic properties of the composite as
in Ref. 12.Lc may be directly reexpressed from Ed6) and
relabeledl,

1 e-¢n

le=— . 44
. ¢F58i_8m ( )

A similar derivation can also be made for reexpress!i_@g
Using Egs. (1)=(5) and again assumingd(Ps./dt
=K Pg)/at=0, we can write

HEsm) , En) _ - { XE) , B }
ot —+E )

(45)
ot Thos

where 7y, (gi+2e)/ (07+20,). The solution of Eq.(45)
for the same sinusoidal input is

Eorl Tyos \— s
(Egn) = (m{%)LE{w(T‘ Tood€ !
+(1+ wzrrpos)sin ot — o(7— ThdCOSwt}.  (46)

We then follow the same footsteps as before in deriving Eq.
(16) and finally obtain

£=em=(1- A Le(e; — &), (47)
where
T = Vo5 Thed 1= o0} * W7 48
1+ w?s?

ande is as given by Eq/(38). After solving forfE by
rearranging Eq(47) and relabeling byg, we obtain
? 1 g~ &

.l (49
(1 - ¢)Fs &~ &m

Concerning.t’s, we can adopt the same transformed expres-
sions (called F's) as in Ref. 12. This technique has been
demonstrated there to give results which are applicable to
higher ¢, provided that better estimates of effective proper-
ties are available. This scheme provides simple and tractable
explicit expressions for highegp. Thus Eqs.(39—41) are
transformed to

O3y = ¢[1 —T4(1 —€e) {(F} + F1)day + Frdag} + (1 - ¢)
X[1-Ty(1 — € H(F} + F#)dayn+ Fidaan), (50)
d3z= ¢[1 - T (1 - €e) [{Fidag + 2F 7 dgy}

+(1= ¢)[1-T4(1 — ) {Fydaan+ 2Fday, (51)
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dh= {1 -Ty(1-€e)]Fhdy + (1 - )

X[1 ~Ty(1 =€) IF dn, (52)
where

1) 1kt-k! 1 t-ut

F%:_{_ ==t (53
d13k T —Kn 3w~y

1 }k_l_k;]l gﬂ_l_ﬂr_nl

T Ry (54)
¢ 3k —Kn 3Sui—Hy

R S Y. el S Yl QS
T~ 4 _ T q_ -1_ -1 -1_ 1> (55)
1-¢ 1-¢(3k —ky 3w = pn

- _ I -1_ -1 -1_ -1

T 1-¢ 1-¢|3Kk'-k! 3ut-pt
1kt-kt
F¥:T¢S|(-_Tk;l' (57
1
— 1-¢FF 1 K'-k?
f= 1= ' (59)

1-¢ 1-¢ki-K*

In the above, we have assumed that the valu& pis un-
changed.

Ill. RESULTS AND DISCUSSION

A previous articl@ reported that the piezoelectrig, co-

J. Appl. Phys. 97, 064111 (2005)

TABLE I. Properties of constituents for PZT/PVDF 0-3 composites.

o Y2 ds3 —d3;
eled  (Qtem?) (GPa P (pCIN)  (pCIN)

PZT 1100 5x 10714 36 0.3 330 140
PVDF 12 varied 2.5 0.4 0 0

“Reference 5.
PReference 12.
‘Reference 14.

A. Effect of o, and measuring frequency on & and

d43 coefficients of 0-3 composites

Here, we will demonstrate that high,, plays a signifi-
cant role in the effective anddss. The adopted properties of
constituents for the calculations are listed in Tabl¢ &nd v
may be transformed tk and u by usingk=Y/(3-6v) and
u=Y/(2+2v). Chenet al. used a dc field of 10 MV/m to
polarize their composite. Since the coercive field of PVDF is
about 45 MV/m™ which is much larger than the poling field
adopted by Cheet al, the electric field acting in the matrix
phase will be insufficient to give a high degree of remanent
polarization after poling, hence the piezoelectric activities
will also be limited. In another report for the piezoelectric
properties of PZT/PVDF composites, Furukawh al. re-
portedds;=0.3 pC/N for PVDF, which is negligibly smaff
Hence, we adopteds;,,=ds3;,,=0 in Table I. The calculated
results ofe [Eq. (19)] andds; [Eq. (40)] for PZT/PVDF 0-3
composites of small volume fraction are shown in Fig. 1. The
measuring frequency for dielectric constant is 1 RHzor
comparison purpose, we assume the same measuring fre-
guency(the highest achievable in commerciak meters for
ds3 constant. In Fig. 1, the solid lines are based on our pre-
vious modeft? which corresponds td',=1 in Eq. (19 and

efficient and permittivity of a PZT/PVDF 0-3 composite I'y=1 in Eq. (40) of the present model. A typical value of
would be significantly increased by solvent treatment. Theconductivity for PVDF at room temperature is about 5

samples were immersed in a certain solveng., DMA) for

X102 tem™. The prediction based on this,, value

a period of time and the piezoelectric and dielectric properoverlaps with our previous model. Thus, the effect of elec-
ties were measured after the samples were removed from thgcal conductivity on the effective and ds; of untreated
solvent environment. Cheat al. found that the dielectric samples can normally be neglected at room temperature.
constant increased from 60 to 120 and thgconstant from  When o, is increased, no notable incrementsofind ds; is

27 to 130 pC/N. However, the elastic constant of the comobserved untile,, =108 Q2 cm™. More enhancement of
posite was not changed by the solvent treatment. This sugndds; is observed at higher ceramic volume fraction. Fur-
gests that the anomaly is not directly related to the structuraher increment ofr,,, in order of magnitude will dramatically
(configurationgl changes in the treated composite whichincrease the value of andds; for a given ¢.

may be induced by the diffusion of solvent as the authors

In Fig. 1, we demonstrate the significant effect when

postulated. The phenomenon is most likely the effect of ther,,=108 Q cm™. It shows that bothe and ds; are very
dramatic increment of electrical conductivity. Since the con-sensitive to a small change af, in this region. According to
ductivity of solvent combinations such as ethylene carbonat€henet al, the loading of the PZT in their composite is

(EC), propylene carbonat@C), dimethylacetamidéDMA ),
dimethylformamide (DMF), and

approximately 5598.At high ceramic concentration, the cal-

dimethylsulphoxide culated values shown in Fig. 1 do not fit well with their
(DMSO) are about 1 Q~2cmL® the effective conductiv-

measured values because Hd$) and(40) are derived from

ity of PVDF is thought to be dramatically increased, espe-dilute suspension considerations, although it is already ob-
cially when the composite sample is just taken out from theserved thaw,,, can significantly enhance anddss. Later on,

solvent environment. On the other hand, Cletnal. also

we will use Eq.(51) (higher volume fraction calculation for

observed that, after several hours, both the anomalous dieleds;) to predict theds; values of the experimental data of
tric and piezoelectric constants gradually decreased to thelLhenet al.. In most of the calculations shown in Fig. &;,is
virgin values again. This is consistent with the thinking thattaken as 5 10*Q *cm™. In Fig. 1, the predictions for
the conductivity in the matrix phase diminishes as the solo;=0,,=5x 108 Q' cm™ are also shown. It clearly reveals

vent evaporates away.

that the calculated andds; values are only slightly different
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200 —r,=1and g, =5x 107" o'om™ 6F —0, = 10" %m™ ]
180F___ o, =10°a'em™ / 5 ---g,=2x10"0"em" |
180 ... o, =2x 100%™ <0 TING e g =3x 10° q'em™
HOF eoee g =3%10° 0 '0m™ 4t —=ng, = 4x10° Q7'em™
" 120F —ooig 24X 10° o 'om™ —uE? ==, =5X 10°Q"'em™
3 100F - a,=5x10°'em™ £ 3
80
60 |
40
20
0 —ad 2 X 2 X 2
0.0 0.1 0.2 0.3 0.4 05 LX) 0.0 0.1 0.2 0.3 04 0.5 06 0.7
(a) Ceramic volume fraction ¢ Ceramic volume fraction ¢
oL T e, = Sx 0o magrtuce of conductiy in the e phase. The measuring freduency s
6oL-""0c,=10" Q'cm 1 kHz.
----- g =2x10°a’"em”
_ O =g =3x10%0"em”
§ sof e, =4x 10”0 om” constants. Summing up, with electrical conductivity consid-
e; ol "m_=5’i1° Qfm_, e . ered, the model suggested in this article yields significant
© T 6T o, =S x0T om ”#",/ effects for composite samples with high conductivity in the
= // ot ,.: T polymer matrix, but only minimal effects for normal com-
0f el posites possessing relatively low conductivity. Thus the
0 [ iS55 factors[Egs.(17) and(37)] do not affect in a noticeable way
00 o o2 o3 o o o6 the goodness of fit already obtained by many existing models
(b) Ceramic volume fraction ¢ for ordinary composite samples. For samples possessing high

o, the effect of thd” factors has to be included.
FIG. 1. The variation ofa) permittivity ¢ [Eq. (19)] and (b) d3; constant
[Eqg. (40)] of PZT/PVDF composites with the magnitude of conductivity.
Equationg19) and(40) with I"’s=1 (solid lineg represent that the constitu- 120 T T T

ents are perfectly insulating. ——f=10,100, 1k Hzand I = 1 / .

100 —-me f= 1 Hz
: D T SR f=02Hz

from the case ob;,=5X10" Q™ cm~ with the sameo,, sob ——Ff=0.1Hz 2]

=5x108 O *cmL. Actually, we generally find that and

ds5 are much less affected hy than byo,,,. In addition, the N

enhancement of andds; shown in Fig. 1 will actually con- °

tinue for increasingr,, until o,,=10° Q cm™. Whena,,

>10°Qtcml, a steady state is reached and no further

notable increment ot and ds; is observed. This apparent

limit will be smaller for a lower measuring frequency. o . . ; ; :

In Egs. (17) and (37), 7 is the governing factor which 0.0 041 0.2 03 04 05 06

depends on the constituent permittivities, conductivities, and (@) Ceramic volume fraction ¢

¢, rather than just; or o,,,, Moreover, one can also appre- T - r T 7

ciate from Eq(7) that theo; is of lesser significance than,, e P 10,100, Ik HzandT,=1 / ]

Figure 2 shows the ceramic volume fraction dependence of 38F - f=1Hz ’ 7

with different adoptedr,,. The figure shows that decreases sof et f = 0.2Hz e

monotonically with¢ for all o,'s. Thus,s andds increase 3 T =04 He 4

with ceramic volume fraction, as noted in Fig. 1. From Fig. @

2, it is found that a higheo,, generally displaces the whole ;E;

curve to lowerr values.

From Eqgs(17) and(37), thel’s should also be sensitive

to changes in the measuring frequency. Figure 3 shows the

variation of ¢ and d33 with the measuring frequencl; as-

sumingo,=5x 1012 Ot cmL. At frequencies above 1 Hz, N o2 o8 o4 o5  os

no notable enhancement is foundsimnddss. Further reduc- (b) Ceramic volume fraction ¢

tion in f will have an effect similar to increasing,, result-

ing in significant enhancement efand dss. FIG. 3. The variation ofa) permittivity & [Eq. (19)] and (b) ds3 constant

: I Eq. (40)] of PZT/PVDF composites with the measuring frequency. Equa-
The above analyses for plezoelectr|C|ty have been CorlEions(l9) and(40) with I'"'s=1 represent that the constituents are perfectly

fined to theds; constant. Actually, the enhancement by con-jysyjating. Other lines with”'s # 1 assumes that the constituents possess
ductivity also applies to thds; [Eq. (29)] andd, [Eq. (34)]  small but finite conductivity.
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250 T T ™ — - T v T T T T T T T T T
——Eq. (51) 200} —Fitting result i
00| == = Previous model [see Ref. 12) 1 O Experimental data
O Experimental data
160
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g QL 120
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FIG. 4. Theoretical prediction by E¢1) is compared with the experimen- 25l j ' i ’ ' |
tal data of Cheret al. (see Ref. b for the ds3 vs ¢ of a PZT/PVDF com- ’
posite. o,,, have been assumed to decay linearly with time from 3.8
X108 Qtem? to 5x102 0 tecmt and the measuring frequency is ~ 20 T
200 Hz. £
e 15 .
. . : )
B. Comparison with experimental data 2 ol
. . e
Here we attempt to apply the present model to investi-  °
gate the anomalously high values reported by Chest al® 05F 1
They measured the permittivity ardh; constant after the ool
PZT/PVDF samples were removed from the solvent environ- . . . ; ;
ment and obtained very highandds; values which decayed b 0 2 4 6 8 10 12
with time. Their experimental data demonstrated that the per- ) time (hour)

Cejnfca_ge mcreme_nt _Gj33 IS S|gn|_flcantly Iarger tha_n the per- FIG. 5. (a) Mathematical fit to the experimental data of Cledral. (see Ref.
mittivity. The variation ofds; with & can be obtained from ) for the d,, vs ¢ relation of a PZT/PVDF compositéb) Calculatedo,, vs

the experimental data of Chat al. and is shown in Fig. 4. time using Eq.(51) shows an apparent two-stage behavior: quite constant
We can make use of E@51) to predict thisdss—e relation- during the first four hours and linearly decays thereafter.

ship, using the experimentally measure@nd elastic con-

stant(=8x 10° N m™2).° In the absence of rigorous theory to Assume o, decays linearly with time from 3.8
model the decay of,, with time due to solvent evaporation, x 108 O lcmto 5x1020tcm?! during the 12-h
we assume that, decays linearly with time. The value of measurement performed by Chenal. and theirds; meter

om When the sample is just removed from the solvent envihas a typical measuring frequency of 200 Hz. Moreover, Eq.
ronment may be roughly estimated by E#j9). We use Eq. (51) requires two elastic properties. Apart from the elastic
(19 to calculate ther,'s from the experimentat given by  constant measured by Chehal, we have also adopt&d’
Chenet al. and the results suggest that, increases mono-

tonically from 1.5x108 Q'cm™to 3.8x108 QO tcm? K=k, + (ki — Kp)

whene varies from 66, to 134,. Note that the variation of 1+(1 - ¢p)(ki = kp)/ (K + 4 3)
om is small which is due to the use of E@.9) for the dilute

suspension case. In the regime&omose to 66, (i.e., the to calculate the effective bulk modulus. Theoretical predic-
sample has been removed from the solvent environment for #on of Eg. (51) with the above considerations is shown in
long time and the effect of conductivity is negligiblgehe  Fig. 4. We notice that, apart from the rightmost regime of
calculatedo,, will generally be significantly larger than the extremely larges (when the sample is just taken out from the
true value[o (6 =6660)=1.5x 108 Q~1cm! versus a typi-  solvent environment the general trend ads; vs € has been
cal value of 5x 10720 "1cm! for untreated samplésin  reproduced by the above simple assumptiorofqrin Fig. 4,

the regime ofe close to 134, (i.e., the sample is just taken the dashed line is based on our previous mdtlathich

out from the solvent environment and the effect of conduc-corresponds ta'y=I',=I',=1 in Eg. (51) of the present
tivity is significand, the calculatedr,,, by Eq.(19) may also  model. The prediction is very far away from the experimen-
be larger than the true value, but the discrepancy should ndéal data. The solid lingpresent modelshows a dramatic
be as large as in the smalregime. It is because the value of improvement. It seems that the consideration of high electri-
o, should be high at the largeregime. The calculated high cal conductivity in the matrix phase is essential to understand
o, value is thought to be not so affected by a high or kbw this interesting phenomenon.

calculation when the effect of electrical conductivity is effec- The discrepancy in the largeregime suggests that,,
tively dominating in Eq(19). Hence,o,,, may be considered may not decay linearly at the initial time. To investigate this,
to have a value equal to or slightly less than 3.8we first fit the experimental data mathematically to give a
X108 QO tem! for e=~134¢, (the largeste obtained by smooth trend fords; vs & [see Fig. 8a)]. Using the fitted
Chenet al,). curve, the “true” behavior of, versus time is calculated by

(59)
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250 — T - y y - - 0-3 composites with nonpyroelectric matfik.Note that
Ea. (51) whenT'4=1 (which corresponds to;=0,,=0) and Eq.(61)
200} " " E;i‘gﬁ;i:’t‘a’fg'a[;ee Ref. 12] - reduces to the expression for primary pyroelectric coefficient

suggested by Chewt al?°

d,, (PCIN)

V. CONCLUSIONS

In conclusion, we have included the effect of electrical
conductivity from the constituents in the prediction of dielec-
N ; , L tric and piezoelectric properties. Explicit expressions have

70 50 % 100 110 120 130 been derived fog, d;3 di;, anddy, coefficients. High con-
£/6 ductivity in the matrix phase can significantly enhance the
_ - _ _ _ permittivity and piezoelectric coefficients of ferroelectric 0-3
FIG. 6. Theoretical prediction by E¢51) is compared with the experimen-

tal data of Cheret al. (see Ref. bfor the d;; vs ¢ relation of a PZT/PVDF composites. A hlgham.value may be mducgd by SO!Vent
composite.o,, have been assumed to decay linearly with time from 2 treatment of a composite. The enhaneezhd piezoelectrid

x10° Q7 em™ to 5x10 Q7 em™ and the measuring frequency is constants have saturation values which remain unchanged

100 Hz. beyond a certairr,, Comparison of our theoretical results

with the experimental data of Chen al® shows fairly good
Eg. (51) and the result is shown in Fig.(5. The result agreement, whew,, is assumed to decay roughly linearly
shows an apparent two-stagg, behavior:o,,, changes only  with time due to solvent evaporation. The electrical conduc-
slowly for the first four hours, followed by a linear decay tivity effect is quite likely responsible for the reported
behavior similar to our assumption in the calculation of Fig.anomalously highis; values in the work of Chest al.
4. This suggests that the initial evaporation of solvent, alleg-
edly from the surface regions, may not have affected the
properties in the bulk substantially because solvent diﬁUSior}l\CKNOWLEDGMENT
from the bulk takes longer time. Further investigation is re-
quired with a more sophisticated model for solvent evapora-  This work was partially supported by the Center for

tion. Smart Materials of The Hong Kong Polytechnic University.
Since Cheret al. have not reported the measuring fre-

quency for their piezoelectric measurement, we have as-

sumed f=200 Hz in the above analysis. f=100 Hz is

adopted for our calculations, an equally good fit is obtaine

(solid line shown in Fig. B For the reduced measuring fre-

quency, a slightly lessero,, value at e=134g[=2

X108 O~tcm 1] is adopted. This is because reducihis

effectively reducingo,,,, as we have demonstrated in Fig. 1. written as

The present formulation neglects the loss components of

the elastic and piezoelectric properties in the constituents. In {<P3i> = gy Ty + dai(Tyyi) + dag(T,2)

(Pam) = da1ml Tyxm? + Aol Tyym? + Azl Tz »

the case that the loss components are also considered, all
constituent parameters involved should take on complex val-
ues, and the final expressions would become much mor&heredsy, ds, andds; are the piezoelectric coefficients and
complicated"® (T represents the volume-averaged stress inxtdéec-

A variation of the present model is also suitable for thetion within the matrix material, and so forth.
study of the pyroelectric coefficient of 0-3 composites. We [N a previous article, we have considered the elasticity
may write & Ps)/at=pi(d®/dt) and KPsn)/dt=p,(9@/at)  Problem of a composite with spherical inclusions subjected
wherep denotes pyroelectric coefficient aftlis the applied t0 external stresseg,, Ty, andT,, and obtainetf
sinusoidal temperaturSe'.I'he effectivep can be directly re- (T Ut i\ /T
written from Eq.(36) as XX' L | s

c10\PPENDIX

thex, y, andz directions simultaneously. The contribution in

(A1)

_ Ty |=| Lt Lt Ly || Ty [, (A2)
P=pi+(1=@)pm+ A1 - P)lu(Le ~ Le)(Pi =~ P (T Ly Ly L\ T,
(60)
Thus <Txxn‘> I-l'll' L'# L‘# Txx
_ — 1 I 1L
p= {1 -To(L ~LIp + (1 - AL ~To(L - Lp)]pm gyy”r; R g N (A3)
(61) “ Ly Ly Lt “

This equation is a generalization of the expression suggestedherelLy, LL f% andﬂ are given by Eqs(11)—(14). Sub-
by Lamet al. who investigated the pyroelectric properties of stituting Eqs.(A2) and (A3) into Eq. (A1) gives
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(Pai) = {L03g; + L7 (dgz + d33)} Ty + {L10az + Ly (day + daz)} Tyy +{L0az + Ly (day + d3z)} T,

(P3m) = {LTd31m + LT (dgom* dagn)} Tax + {LTdsan + LT (dggm+ daan)} Tyy + {LTd33m + E(dsm + daom) I T,

(A4)

We assume that both constituents are piezoelectrically (2003.

transversely isotropic. Thudgq;=d;5 anddgy,=dssy, and we
can write

‘9< P3|> dJ_
ot o7t
(A5)
‘9< P3m> _ dJ_ &(
~M¥m
at ot

for T,,#0 andT,,=T,,=0, whered;" =(L;+L)day+L1dag
andol;q_(L%LT)o|3]m+LT daan. For T,,# 0 andT,,=Ty,=0,

KPs3i) :d[|£zz

at bt (A6)
[?<P3m> d|| aTzz
at ot

whered!=Lldyy+ 2L+ dgy anddl =Ll dgan+ 2L+ dgy,
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