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We have investigated the effects of electrical conductivity of the constituents on the poling
behavior, dielectric, pyroelectric and piezoelectric properties of ferroelectric 0-3 composites.
Modeling of polarization behavior is explored for both dc and ac poling procedures. Simulated
results show that, in addition to the poling schedule, conductivity plays an important role in the
poling process. Calculations are carried out for the time dependent internal electric fields
induced by an ac field in dielectric measurements, by modulated temperature in pyroelectric
measurement or by stress in piezoelectric measurement. Our previously developed models for
dielectricity, pyroelectricity and piezoelectricity have been extended to include the additional
contribution from the electrical conductivities. These can be significant for ceramic/polymer
composites possessing high conductivity in the matrix phase. Calculated values based on the
new model are discussed and compared with the previous models, and in particular the
pyroelectric activities reported in the literature for a graphite doped lead zirconate titanate /
polyurethane composite. Explicit expressions for the transient and steady state responses are
given and the effective permittivity, pyroelectric and piezoelectric coefficients are derived in this
paper. Remarkable enhancement in these coefficients is obtained when higher conductivity is
introduced in the matrix phase. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
One of the primary goals of embedding ferroelectric ce-
ramic particles within a polymer matrix (i.e. to form a 0-3
composite) is to combine the better properties of ceramic
and polymer. Ferroelectric ceramics have high piezoelec-
tric and pyroelectric properties, but their poor mechanical
properties and the large difference in acoustic impedance
with water and human tissues tend to restrict their use-
fulness in many applications. Ferroelectric polymers, on
the other hand, have good mechanical flexibility, but their
piezoelectric and pyroelectric coefficients are low. The use
of ferroelectric composites seems capable of overcoming
these deficiencies and their properties can be tailored for
specific situations. One may in principle design a 0-3 com-
posite with high ceramic volume fraction for applications
necessitating high piezoelectric and pyroelectric values.

However, it is difficult to fabricate a 0-3 composite sam-
ple of high ceramic concentration and the high ceramic
content will also lower the flexibility of the composite.

In an interesting paper [1], Chen et al. re-
ported very high piezoelectric coefficients of a sol-
vent treated ferroelectric 0-3 composite. They im-
mersed the composite sample of lead zirconate
titanate/polyvinylidene fluoride (PZT/PVDF) in a
solvent [e.g., N-dimethylacetamide] for a period of time.
The piezoelectric and dielectric properties were measured
after the sample was removed from the solvent environ-
ment. They observed that both the permittivity and d33

coefficient were significantly larger than those of the vir-
gin specimen. Such high values are quite likely to be out of
reach of existing model predictions for “normal” dielec-
tric and piezoelectric 0-3 composites. We have suggested
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in a previous paper [2] that these enhancements could very
well be related to an increased of electrical conductivity
in the matrix material brought about by the solvent.

Indeed, the effect of higher conductivity in the polymer
matrix is not limited only to enhancing the pyroelectric
and piezoelectric properties. Recently we find that, in the
poling process of ferroelectric composites, it shortens the
time development of the electric field acting on the ce-
ramic to reach saturation, therefore poling of the ceramic
phase in such composite systems can be more efficient
[3, 4], which is of practical significance since the py-
roelectric and piezoelectric activities of the constituents
are generally proportional to their degree of poling [4,
5]. Sakamoto et al. [6] also attempted to improve the
poling efficiency of lead zirconate titanate/polyurethane
(PZT/PU) 0-3 composites by doping with graphite filler.
By adding about 1% by volume of graphite to increase
the electrical conductivity of PU, the poling of the PZT
phase becomes easier. In addition, they also observed that
the pyroelectric and piezoelectric d33 coefficients of the
graphite doped composite show superior properties over
their undoped samples.

The study of the poling process is highly important
since an understanding of the physical processes behind
poling will be useful for the selection of materials and
the poling method of composite systems for particular
applications. In one poling format of a ferroelectric ce-
ramic/polymer composite, the ceramic phase is first polar-
ized under a dc field for a certain duration at temperatures
higher than the Curie transition temperature of the poly-
mer phase, then the polymer phase is polarized under a
constant field at decreasing temperature. The large devia-
tion between the permittivities of the ferroelectric ceramic
and the polymer will lead to a large difference in the elec-
tric field acting on the two phases. In this context, it is
difficult to simultaneously obtain a high poling degree for
both phases. Recently, it was suggested that the polymer
phase could be polarized under an ac field; the ac field
does not polarize the ceramic phase if the poling duration
is substantially shorter than the dielectric relaxation time
of charge in the composite [7, 8]. In other words, a two
stage poling process can be employed, i.e., a dc poling at
elevated temperature followed by an ac poling at a lower
temperature. In this article, theoretical simulations of dc
poling, ac poling and their combinations are performed for
different poling formats/schedules. The effect of electri-
cal conductivity on the poling results of composites with
low and medium high ceramic volume fractions will be
discussed.

This paper also attempts to investigate the effect of
electrical conductivity on the dielectric, pyroelectric and
piezoelectric properties of a ferroelectric composite of a
dispersion of spherical inclusions in a continuous matrix,
assuming the constituents possess finite conductivity. The
sample is excited by an ac electric field of small amplitude

or stress for dielectric and piezoelectric measurement,
whilst for pyroelectric measurement the sample is excited
by an ac modulated or linearly ramped temperature. An
analytical model is given and explicit expressions are de-
rived for the dynamic behavior of the electric fields in
the constituents. The steady state solutions are then used
to obtain explicit expressions for the effective permit-
tivity, pyroelectric and piezoelectric coefficients. Com-
pared to our previously derived analytical expressions for
permittivity [9], pyroelectricity [10], and piezoelectric-
ity [11] which assume perfectly insulating constituents,
the new set of expressions contains a new factor describ-
ing the coupled effects of permittivity, conductivity and
the measuring frequency. A generalization of the effec-
tive permittivity expression for the concentrated suspen-
sion regime is also given by the present model. To illus-
trate the various new results, theoretical evaluations based
on typical ferroelectric composites (e.g. PZT/PVDF)
are discussed. Sakamoto et al. reported a monotonic
increasing profile of pyroelectric coefficients when their
PZT/PU sample was heated at a constant rate [6]. This
can also be qualitatively simulated by assuming an
increase in the conductivity of PU. We will demonstrate
that this enhancement is significant for samples with a
moderately conductive matrix phase.

2. Theory
To model the polarization behavior and to find the ef-
fective permittivity, pyroelectric and piezoelectric coeffi-
cients of a 0-3 composite of two ferroelectric phases, we
first obtain the time development of the internal electric
fields within the individual phases, given the external si-
nusoidal electric field, modulating temperature or stress.
Then the poling process can be modeled and the steady
state solution of the in-phase component of internal fields
will be used to obtain expressions for the permittivity,
pyroelectric and piezoelectric coefficients.

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

Suppose the composite is initially polarized in the z di-
rection, in which case we only need to be concerned with
the electric field and polarization in the “3” direction. We
first write the volumetric average electric displacement
D and conduction current density j for the ferroelectric
constituent materials in the composite as [12]

{
〈D3i 〉 = εi 〈E3i 〉 + 〈P3i 〉
〈D3m〉 = εm 〈E3m〉 + 〈P3m〉 , (1)

{
〈 j3i 〉 = σi 〈E3i 〉
〈 j3m〉 = σm 〈E3m〉 , (2)
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where the angular brackets denote volume-averaged fields
enclosed. P is polarization, ε and σ denote permittivity
and electrical conductivity respectively, and E is electric
field. Subscripts i and m denote “inclusion” and “matrix”
respectively.

Consider the single inclusion problem of a ferroelectric
sphere surrounded by a ferroelectric matrix medium with
a uniform electric field applied along the 3-direction far
away from the inclusion. The boundary value problem
gives the following equations (see ref. [12]):

〈D3i 〉 + 2εm (〈E3i 〉 − 〈E3m〉) = 〈D3m〉 − q0, (3)

〈 j3i 〉 + 2σm (〈E3i 〉 − 〈E3m〉) = 〈 j3m〉 + ∂q0/∂t. (4)

In Equations 3 and 4, we have assumed both constituent
materials are uniformly polarized and the homogeneously
polarized sphere is covered with surface charge of density
q0 at the pole along the polarizing direction (θ = 0) with
a distribution given by q0 cos θ .

In a previous paper [9], Poon and Shin considered
nonferroelectric composites of zero conductivities (where
〈P3i〉 = 〈P3m〉 = 0 and q0 = 0). They suggested Equation 3
can be written more accurately as

〈D3i 〉 + 2εm (〈E3i 〉 − 〈E3m〉) = 〈D̃3m〉 (5)

at higher volume fraction φ of inclusions, where 〈D̃3m〉
is the electric displacement of the surrounding matrix
material as seen by a particular single inclusion in the
composite. It has two contributions (the pure medium and
the polarization from other inclusions):

〈D3m〉 = 〈D3m〉 + φ 〈P3i 〉 , (6)

where 〈P̃3i 〉 = (εi−εm)〈E3i〉. For a ferroelectric composite
with interfacial charge accumulation, Equation 5 may be
rewritten, following the same rationale, as

〈D3i 〉 + 2εm (〈E3i 〉 − 〈E3m〉) = 〈D3m〉 − q0, (7)

where 〈D̃3m〉 = 〈D3m〉 + φ〈P̃ f
3i 〉 and〈P̃ f

3i 〉 = 〈P3i 〉 −
〈P3m〉+q0 + (εi − εm) 〈E3i 〉. Hence, Equation 4 may also
be rewritten for higher volume fraction as

〈 j3i 〉 + 2σm (〈E3i 〉 − 〈E3m〉) = 〈 j3m〉
+ φ (σi − σm) 〈E3i 〉 + (1 − φ) ∂q0/∂t. (8)

For a composite comprising spherical particles uni-
formly distributed in the matrix material, the volumetric

averages of the electric fields satisfy [9, 11]

〈E3〉 = φ〈E3i 〉 + (1 − φ) 〈E3m〉. (9)

We can then obtain from Equations 1, 2, 7–9

∂ 〈E3i 〉
∂t

+ 〈E3i 〉
τ

= 3[σm 〈E3〉 + εm∂ 〈E3〉/∂t] + (1 − φ)2 ∂ [〈P3m〉 − 〈P3i 〉]/∂t

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)} ,

(10)

where

τ = φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)}
φ3σm + (1 − φ) {σi + 2σm − φ (σi − σm)} . (11)

2.2. Modeling the hysteresis behavior
of a ferroelectric composite

Equation 10 is a first order differential equation. For a
given external field, which may be equated to 〈E3〉, we
may obtain 〈E3i〉 as a function of time t when the P-E re-
lations for the individual constituents (〈P3i〉 versus 〈E3i〉
and 〈P3m〉 versus 〈E3m〉) are known. The P-E relationship
of a ferroelectric material is very complex and it has been
the subject of many investigations. The ferroelectric po-
larization is generally not a simple function of the electric
field. The change of polarization depends on a change of
electric field as well as on the polarization already present.
Here we use the model of Miller et al. to describe P-E
relations of the constituent materials [13, 14]:

∂ P

∂ E
=

(
1 − tanh

√
P − Psat

ξ Ps − P

)(
∂ Psat

∂ E

)
, (12)

where Psat is the polarization of the saturated hysteresis
loop at the field of interest, and P and Ps are the magni-
tudes of the ferroelectric polarization and saturation po-
larization, respectively. In this model, ξ takes +1 and −1
for increasing E and decreasing E respectively. The po-
larization of the saturated hysteresis loop is written as a
function of the electric field as

Psat = ξ Ps tanh

{
ξ E − Ec

2Ec
ln

(
1 + Pr/Ps

1 − Pr/Ps

)}
, (13)

where Pr and Ec are taken as positive quantities represent-
ing the magnitude of remanent polarization and coercive
field, respectively. Since different kinds of ferroelectric
materials may have different hysteresis loop shapes (cor-
responding to different ∂P/∂E for a given field), even
though they may have the same values of Pr, Ps and Ec,
we have therefore slightly modified Equation 13 to in-
clude a factor n ≡ n1/n2 to extend the usage of Miller
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et al.’s model for a broader range of ferroelectrics, and as
a result the saturated hysteresis loop may be written as

Psat = ξ Ps tanh

{
ξ E − Ec

2Ec
ln

[
1 − (−Pr/Ps)1/n

1 + (−Pr/Ps)1/n

]}n

.

(14)

In general, it is found that odd-numbered n1 andn2 with n1 /
n2 ranging from 1/3 to 1 will give results close to hysteresis
loops of realistic materials. When Equation12 is solved
with Equation 10, the relations ∂〈P3i〉/∂t = [∂〈P3i〉/∂〈E3i〉]
[∂〈E3i〉/∂t] and ∂〈P3m〉/∂t = [∂〈P3m〉/∂〈E3m〉] [∂〈E3m〉/∂t]
should be employed. Concerning the initial condition of
internal fields, our theoretical calculations assume electric
fields in the constituents are both initially zero.

2.3. Effective permittivity of a ferroelectric 0-3
composite

For dielectric measurement, assume 〈E3〉 = E0 sin ωt
where ω = 2π f and f is the frequency of the applied
field. We further assume the amplitude E0 is small
such that the contribution from the hysteresis behavior
may be neglected. Thus, ∂〈P3m〉/∂t = ∂〈P3i〉/∂t = 0 in
Equation 10 which becomes

∂ 〈E3i 〉
∂t

+ 〈E3i 〉
τ

= L E

{
∂ 〈E3〉

∂t
+ 〈E3〉

τm

}
, (15)

where τm = εm/σ m and

L E = 3εm

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)} . (16)

Assuming 〈E3i〉 is initially zero, the solution from solving
Equation 15 is:

〈E3i 〉 =
(

E0τ/τm

1 + ω2τ 2

)
L E{ω (τ − τm) e−t/τ

+ (1 + ω2ττm) sin ωt − ω (τ − τm) cos ωt}.
(17)

In a dielectric measurement, the electric current flowing
in the composite is used to determine the permittivity
value. The volumetric average of the total current density
is

〈J3〉 = 〈 j3〉 + ∂ 〈D3〉 /∂t, (18)

where {
〈 j3〉 = φ〈 j3i 〉 + (1 − φ) 〈 j3m〉
〈D3〉 = φ〈D3i 〉 + (1 − φ) 〈D3m〉 . (19)

At sufficiently long time from the start of the dielectric
measurement (i.e. at steady state), the term exp(−t/τ ) in
Equation 17 may be omitted. The components of 〈E3i〉 in
phase and 90◦ out of phase with the applied field are

〈E3i 〉|in phase =
(

E0τ/τm

1 + ω2τ 2

)

× L E{(1 + ω2ττm
)

sin ωt}, (20)

〈E3i 〉|out of phase =
(

E0τ/τm

1 + ω2τ 2

)
× L E {ω (τm − τ ) cos ωt} . (21)

In this paper, we only focus on the in-phase component
of the dielectric property. The permittivity is thus:

ε =
∂

{∫ 〈J3〉 dt
}

in phase

∂ 〈E3〉 . (22)

Substituting Equations 18–20 into Equation 22 and mak-
ing use of Equations 1, 2, 9, the effective permittivity is
obtained as:

ε = εm + φ
ε L E (εi − εm) , (23)

where


ε = τ {τ−1
m + τ−1

neg(1 − τ/τm)} + ω2τ 2

1 + ω2τ 2
, (24)

τneg = εi − εm

σi − σm
, (25)

or in a more compact form:

ε = εm
(εi + 2εm) + {3
ε − (2 − φ)} φ (εi − εm)

(εi + 2εm) − φ (2 − φ) (εi − εm)
. (26)

Note that when σ i = σ m = 0, then 
 = 1 and
Equation 26 reduces to

ε = εm
(εi + 2εm) + φ (1 + φ) (εi − εm)

(εi + 2εm) − φ (2 − φ) (εi − εm)
. (27)

This equation is identical to the permittivity formula sug-
gested by Poon and Shin [9].

2.4. Effective pyroelectric coefficient
of a ferroelectric 0-3 composite

The polarization of a ferroelectric material will be influ-
enced by temperature (pyroelectricity) and stress (piezo-
electricity). We will first derive the pyroelectric coefficient

232



FRONTIERS OF FERROELECTRICITY

which is measured by using an ac temperature modula-
tion, then by a direct method using constant heating rate.
In each case the pyroelectric current is determined.

2.4.1. Sinusoidally modulated temperature
method

In the pyroelectric measurement, the polarizations 〈P3i〉
and 〈P3m〉 vary with the temperature modulation. Suppose
the composite is subjected to a sinusoidal temperature �.
The rates of change of polarizations in Equation 10 are
related to the temperature due to pyroelectric effect:

{
∂ 〈P3i 〉

∂t
= pi

∂�

∂t
,

∂ 〈P3m〉
∂t

= pm
∂�

∂t
, (28)

where p denotes pyroelectric coefficient.
In short-circuit condition (i.e., 〈E3〉 = 0), Equation 10

becomes

∂ 〈E3i 〉
∂t

+ 〈E3i 〉
τ

= (1 − φ)2 (pm − pi )

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)}
∂�

∂t
.

(29)

Assuming � = �0 sin ωt with �0 being the amplitude
of modulation temperature and 〈E3i〉 initially zero, the
solution from solving Equation 29 is:

〈E3i 〉 =
(

�0ωτ

1 + ω2τ 2

)

× (1 − φ)2 (pm − pi )

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)}
×(ωτ sin ωt + cos ωt − e−t /τ ), (30)

where ω= 2π f and f is the frequency of modulated tem-
perature. From Equation 9, 〈E3m〉=−φ〈E3i〉/(1−φ), since
〈E3〉 = 0 in pyroelectric measurement.

For a sufficiently long time in the pyroelectric
measurement (i.e. at steady state), the term exp(−t/τ ) in
Equation 30 may be neglected. The components of 〈E3i〉
in phase and 90◦ out of phase with the modulated temper-
ature are

〈E3i 〉|in phase

=
(

�0ω
2τ 2

1 + ω2τ 2

)

× (1 − φ)2 (pm − pi ) sin ωt

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)} ,

(31)

〈E3i 〉|out of phase

=
(

�0ωτ

1 + ω2τ 2

)

× (1 − φ)2 (pm − pi ) cos ωt

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)} .

(32)

Again, we only focus on the in-phase component. The
pyroelectric coefficient of the composite is calculated
from:

p = ∂{∫ 〈J3〉 dt}in phase

∂�
. (33)

Note that this corresponds to the pyroelectric current
which is out-of-phase with the temperature modulation,
as measured in practice. Substituting Equation 31 into
Equations 1, 2 and 18, we obtain from Equation 33

p = φpi + (1 − φ) pm + φ (1 − φ) 
ac
p

×(L E − L̄ E ) (pi − pm) , (34)

where


ac
p = τ/τneg+ω2τ 2

1 + ω2τ 2
, (35)

L̄ E = 1 − φL E

1 − φ

= (1 − φ) εi + (2 + φ) εm

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)} .

(36)

Alternatively, the effective pyroelectric coefficient can
be re-expressed as

p = φ[1 − 
ac
p (1 − L E )]pi

+ (1 − φ) [1 − 
ac
p

(
1 − L̄ E

)
]pm . (37)

Note that when σ i = σ m= 0, we have 
ac
p = 1 and

Equation 37 reduces to:

p = φL E pi + (1 − φ) L̄ E pm, (38)

which is the familiar form for pyroelectric coefficient sug-
gested in the literature [15–17]. If one follows the same
footsteps to solve the pyroelectric coefficient but using
Equations 3 and 4 rather than Equations 7 and 8 (i.e. for
low φ), expressions for LE and L̄ E become the pair derived
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previously [11, 12, 18, 19] and Equation 38 will be iden-
tical to the formula for primary pyroelectric coefficient
suggested by Chew et al. [10].

Equation 37 is also a generalization of the expression
suggested by Lam et al. who investigated the pyroelec-
tric properties of dilute (small φ) composites with non-
pyroelectric matrix [19].

2.4.2. Linear temperature ramp method
For the pyroelectric measurement with the sample be-
ing heated at a constant rate, � can be written as � =
�rm+��t with �rm and �� being the initial temperature
and heating rate respectively.

Assuming 〈E3i〉 is initially zero, the solution from solv-
ing Equation 29 now becomes:

〈E3i 〉 = (1 − φ)2(pm − pi )��τ

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)}
× (1 − e−t/τ ), (39)

and 〈E3m〉 = −φ〈E3i 〉/(1 − φ), since 〈E3〉 = 0 in pyro-
electric measurement.

From Equations 1, 2, 18 and 39, the pyroelectric current
of the composite obtained from measurement is derived
as:

Ip = �� A{φpi + (1 − φ) pm + φ (1 − φ) 
ramp
p

×(L E − L̄ E ) (pi − pm)}, (40)

where A is the electrode area and


ramp
p = e−t/τ + (1 − e−t/τ )τ/τneg. (41)

The pyroelectric coefficient is then directly obtained
from Equation 40

p = φpi + (1 − φ)pm + φ(1 − φ)

× 
ramp
p (L E − L̄ E ) (pi − pm) . (42)

Alternatively, the effective pyroelectric coefficient can
be re-expressed as

p = φ[1 − 
ramp
p (1 − L E )]pi

+ (1 − φ)[1 − 
ramp
p (1 − L̄ E )]pm . (43)

2.5. Effective piezoelectric coefficients of a
ferroelectric 0-3 composite

In the piezoelectric measurement, the polarizations 〈P3i〉
and 〈P3m〉 vary with the applied stress. Suppose the com-
posite is subjected to an external tensile stress T. The rates

of change of polarizations in Equation 10 can be related
to the external stress due to the piezoelectric effect. Thus
see ref. 2,




∂ 〈P3i 〉
∂t

= di
∂T

∂t
∂ 〈P3m〉

∂t
= dm

∂T

∂t

, (44)

where di = ∂ 〈P3i 〉 /∂T, dm = ∂ 〈P3m〉 /∂T . When the
stress is applied along the x direction, i.e. T = Txx, then
di = d⊥

i and dm = d⊥
m , where

d⊥
i =

(
L//

T + L⊥
T

)
d31i + L⊥

T d33i , (45)

d⊥
m =

(
L̄//

T + L̄⊥
T

)
d31m + L̄⊥

T d33m, (46)

and

L⊥
T = IT

1 − φ (1 − 3IT )
− JT

1 − φ (1 − 3JT )
, (47)

L ′′
T = IT

1 − φ (1 − 3IT )
+ 2JT

1 − φ (1 − 3JT )
, (48)

L̄⊥
T = −φL⊥

T

1 − φ
= 1

3

[
1

1 − φ (1 − 3IT )

− 1

1 − φ (1 − 3JT )

]
, (49)

L̄ ′′
T = 1 − φ L ′′

T

1 − φ
= 1

3

[
1

1 − φ (1 − 3IT )

+ 2

1 − φ (1 − 3JT )

]
, (50)

IT = 1

3

ki

km

3km + 4µm

3ki + 4µm
, (51)

JT = 5

3

(3km + 4µm) µi

6 (km + 2µm) µi + (9km + 8µm) µm
. (52)

Here d31 and d33 are the piezoelectric coefficients. k and
µ denote bulk modulus and shear modulus respectively.
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When the stress acts along the z direction, i.e. T = Tzz,
then di = d//

i and dm = d//
m , where

d//

i = L//

T d33i + 2L⊥
T d31i , (53)

d//
m = L̄//

T d33m + 2L̄⊥
T d31m . (54)

In short-circuit condition (i.e., 〈E3〉 = 0), Equation 10
becomes

∂ 〈E3i 〉
∂t

+ 〈E3i 〉
τ

= (1 − φ)2 (dm − di )

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)}
∂T

∂t
.

(55)

Assuming T = T0 sin ωt with T0 being the amplitude of
applied stress and 〈E3i〉 initially zero, the solution from
solving Equation 55 is:

〈E3i 〉 =
(

T0ωτ

1 + ω2τ 2

)

× (1 − φ)2 (dm − di )

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)}
×(ωτ sin ωt + cos ωt − e−t /τ ), (56)

where ω = 2π f and f is the frequency of applied stress.
From Equation 9, 〈E3m〉=−φ 〈E3i〉/(1−φ), since 〈E3〉= 0
in piezoelectric measurement.

For a sufficiently long time in the piezoelectric mea-
surement, the term exp(−t/τ ) in Equation 56 drops out.
The components of 〈E3i〉 in phase and 90◦ out of phase
with the applied stress are

〈E3i 〉|in phase

=
(

T0ω
2τ 2

1 + ω2τ 2

)

× (1 − φ)2 (dm − di ) sin ωt

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)} ,

(57)

〈E3i 〉|out of phase

=
(

T0ωτ

1 + ω2τ 2

)

× (1 − φ)2 (dm − di ) cos ωt

φ3εm + (1 − φ) {εi + 2εm − φ (εi − εm)} .

(58)

Again, we only focus on the in-phase component of the
piezoelectric responses. The piezoelectric d coefficient of
the composite obtained from measurement is:

d =
∂

{∫ 〈J3〉 dt
}

in phase

∂T
. (59)

Substituting Equation 57 into Equations 1, 2 and 18,
we obtain from Equation 59

d = φdi + (1 − φ) dm + φ (1 − φ) 
d
(
L E − L̄ E

)
× (di − dm) , (60)

where


d = τ
/
τneg+ω2τ 2

1 + ω2τ 2
= 
ac

p . (61)

Further, using Equations 45, 46, 53 and 54, the effective
d31 and d33 coefficients can be re-expressed as

d31 = φ[1 − 
d (1 − L E )]

×{(L//

T + L⊥
T )d31i + L⊥

T d33i }
+(1 − φ)[1 − 
d (1 − L̄ E )]

×{(L̄//

T + L̄⊥
T )d31m + L̄⊥

T d33m}, (62)

d33 = φ [1 − 
d (1 − L E )]
{

L//

T d33i + 2L⊥
T d31i

}
+(1 − φ)[1 − 
d (1 − L̄ E )]

×
{

L̄//

T d33m + 2L̄⊥
T d31m

}
. (63)

The effective hydrostatic piezoelectric dh coefficient is
defined by dh = d33+2d31 (and similarly for inclusion and
matrix), thus:

dh = φ[1 − 
d (1 − L E )]Lh
T dhi + (1 − φ)

×[1 − 
d (1 − L̄ E )]L̄h
T dhm, (64)

where

Lh
T = 2L⊥

T + L//

T

=
(
1 + 4

3µm/km
)

φ
(
1 + 4

3µm/km
) + (

1 − φ
)(

1 + 4
3µm/ki

) ,

(65)
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L̄h
T = 2L̄⊥

T + L̄//

T = 1 − φLh
T

1 − φ

=
(
1 + 4

3µm/ki
)

φ
(
1 + 4

3µm/km
) + (1 − φ)

(
1 + 4

3µm/ki
) .

(66)

2.6. Effective piezoelectric coefficients
of a composite in terms of effective ε, k
and µ

The foregoing Equations 62–64 have considered a higher
φ treatment for the electric problem [Equations 7 and 8],
but the elasticity problem [Equations 45, 46, 53 and 54]
is only valid for the dilute suspension regime. One can
re-express the LT ’s [Equations 47–50 and 65–66] in terms
of the effective elastic properties of the composite as in
refs. 11 and 20. We here adopt the same “transformed”
expressions FT ‘s which have been demonstrated there to
give results which are applicable to higher φ, provided that
better estimates of effective properties are available. This
scheme provides simple and tractable explicit expressions
for higher φ. Thus Equations 62–64 are transformed to:

d31 = φ[1 − 
d (1 − L E )]
{(

F ′′
T + F⊥

T

)
d31i

+ F⊥
T d33i

} + (1 − φ) [1 − 
d (1 − L̄ E )]

× {(
F̄ ′′

T + F̄⊥
T

)
d31m + F̄⊥

T d33m
}′

(67)

d33 = φ [1 − 
d (1 − L E )]
{

F ′′
T d33i + 2F⊥

T d31i
}

+ (1 − φ) [1 − 
d (1 − L̄ E )]

× {
F̄ ′′

T d33m + 2F̄⊥
T d31m

}
(68)

dh = φ [1 − 
d (1 − L E )] Fh
T dhi + (1 − φ)

× [
1 − 
d

(
1 − L̄ E

)]
F̄h

T dhm, (69)

where

F⊥
T = 1

φ

{
1

3

k−1 − k−1
m

k−1
i − k−1

m
− 1

3

µ−1 − µ−1
m

µ−1
i − µ−1

m

}
, (70)

F ′′
T = 1

φ

{
1

3

k−1 − k−1
m

k−1
i − k−1

m
+ 2

3

µ−1 − µ−1
m

µ−1
i − µ−1

m

}
, (71)

F̄⊥
T = −φF⊥

T

1 − φ
= 1

1 − φ

×
{

1

3

k−1
i − k−1

k−1
i − k−1

m
− 1

3

µ−1
i − µ−1

µ−1
i − µ−1

m

}
, (72)

F̄ ′′
T = 1 − φF ′′

T

1 − φ
= 1

1 − φ

×
{

1

3

k−1
i − k−1

k−1
i − k−1

m
+ 2

3

µ−1
i − µ−1

µ−1
i − µ−1

m

}
, (73)

Fh
T = 1

φ

k−1 − k−1
m

k−1
i − k−1

m
, (74)

F̄h
T = 1 − φFh

T

1 − φ
= 1

1 − φ

k−1
i − k−1

k−1
i − k−1

m
. (75)

Concerning the LE’s, they can also be expressed in terms
of the effective dielectric property of the composite i.e.
transformed to �E ‘s following the same procedure as in
ref. 2. The results are

�E = 1

φ
ε

ε − εm

εi − εm
, (76)

�̄E = 1

(1 − φ) 
̄ε

εi − ε

εi − εm
, (77)

where 
ε is given by Equation 24,


̄ε = τ {τ−1
pos + τ−1

neg(1 − τ/τpos)} + ω2τ 2

1 + ω2τ 2
, (78)

and τ pos = [(1−φ)εi+(2+φ)εm]/[(1−φ)σ i+(2+φ)σ m].
Equations 76 and 77 can be used for analyzing the frac-
tions of applied field distributed to the constituents. �E and
�̄E are essentially 〈E3i〉/〈E3〉 and 〈E3m〉/〈E3〉 respectively
[11].

Note that when σ i = σ m = 0, 
d = 1 and
Equations 67–69 reduce to:

d31 = φFE

{(
F//

T + F⊥
T

)
d31i + F⊥

T d33i

}
+ (1 − φ) F̄E

{(
F̄//

T + F̄⊥
T

)
d31m

+F̄⊥
T d33m

}
, (79)
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d33 = φFE

{
F//

T d33i + 2F⊥
T d31i

}
+ (1 − φ) F̄E

{
F̄//

T d33m + 2F̄⊥
T d31m

}
, (80)

dh = φFE Fh
T dhi + (1 − φ) F̄E F̄h

T dhm, (81)

where

FE = 1

φ

ε − εm

εi − εm
, (82)

F̄E = 1 − φFE

1 − φ
= 1

1 − φ

εi − ε

εi − εm
, (83)

which are the �E ’s with
ε = 
̄ε = 1. Equations 79–81
are identical to our previous model [11].

Theoretical predictions given by Equations 67–69 re-
quire the values of the bulk modulus and shear modulus
of the composite. Sometimes the elastic properties of the
composite are not measured together with the piezoelec-
tric properties. In such cases, we can follow the same
technique as in our previous articles [11, 20]. For the
effective bulk modulus k,

k = km + φ(ki − km)

1 + (1 − φ) (ki − km)/(km + 4µm/3)
(84)

gives a good approximation for a composite with spherical
inclusions [21]. For the effective shear modulus µ, explicit
bounds may be employed. Following Christensen [22], the
lower bound µl:

µl = µm

{
1 + 15(1 − νm )(µi /µm − 1)φ

7 − 5νm + 2(4 − 5νm ) [µi /µm − (µi /µm − 1) φ]

}
(85)

given by Hashin and Shtrikman [23] for arbitrary phase
geometry is adopted in our prediction. In Equation 85, νm

is Poisson’s ratio of the matrix phase. The upper bound
µu given by Hashin for spherical inclusion geometry may
also be adopted [21]. If both upper bound µu and lower
bound µl are simultaneously adopted for the effective
shear modulus, each prediction of d31 and d33 coefficients
[Equations 67 and 68 respectively] then gives a pair of
lines. In the next section, we will only adopt lower bound
µl to evaluate the effective piezoelectric coefficients, since
the resultant pair of lines given by the prediction of piezo-
electric coefficients are narrow.

In summary, Equation 26 is used for the prediction of
effective permittivity. For pyroelectric measurement using
ac modulated temperature, Equation 37 is used. When the
linear temperature ramp method is adopted, Equation 43

is to be used accordingly. For piezoelectric coefficients,
Equations 67, 68 and 69 are used for the prediction of d31,
d33 and dh respectively.

3. Results and discussion
In this section, we will first concentrate on the simulation
of poling of ferroelectric 0-3 composites, then the the-
oretical predictions based on the foregoing formulas for
dielectric, pyroelectric and piezoelectric properties are in-
vestigated. We will show that electrical conductivity in the
matrix phase plays a significant role in influencing those
properties.

3.1. Polarization behavior of ferroelectric 0-3
composites

In poling, normally a dc electric field is applied on
the ferroelectric sample to force the dipoles to align.
It is important to choose an appropriate poling field,
temperature and time for a particular ferroelectric sam-
ple because the ferroelectric response varies among dif-
ferent materials. To obtain an optimal degree of poling,
the poling field should be high (but below the break-
down field of the material) and the poling time should
be long enough to get an appreciable stable polariza-
tion. For ferroelectric composites of ceramic inclusions
dispersed in the polymer matrix, the selection of pol-
ing parameters will be more complicated since we can-
not directly measure the internal field distribution to
properly select the parameters. Theoretical simulation
results of poling will be useful as a reference. The
discussion of the effects of poling field and poling time
have been systemically investigated before [4, 7]. The fol-
lowing discussions will focus on the effects of σ m and the
applied field schedule.

Fig. 1 shows the simulation results of lead zirconate
titanate (PZT)/polyvinylidene fluoride-trifluoroethylene
[P(VDF-TrFE)] 0-3 composites. The adopted properties
for the constituents are shown in Table I. The composites
are polarized by a dc electric field of 60 MV/m for an hour
with the poled samples then short-circuited for 2 h. This
process tends to polarize the two ferroelectric phases in the
same direction. Two different conductivity values for the
P(VDF-TrFE) copolymer have been adopted to demon-
strate the effect of σ m. σ i is set to 10−12 �−1m−1, which
is small, so that the effect of σ i is effectively ignored
(actually, the poling behavior to be shown below will
not be significantly affected by a higher σ i). In the
figures, the solid and dashed lines are used to denote
the results for higher and lower σ m respectively. In Fig.
1a which takes φ = 0.1, the poling in both phases is
shown to behave quite differently for lower and higher
σ m. When σ m = 10−14 �−1m−1 which is smaller than
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T AB L E I Properties of constituents for PZT/P(VDF-TrFE) 0-3 composites

ε /ε0 σ (�−1m−1) Pr (C/m2) Ps (C/m2) Ec (MV/m) n [in Equation 14]

PZT 1600 10−12 0.33 0.35 1 1
P(VDF-TrFE) 20 varied 0.055 0.06 60 1

Figure 1 Simulated polarizations and electric fields of PZT/P(VDF-TrFE) composites with (a) φ =0.1, (b) φ = 0.5, when the composites are polarized by
a dc electric field. The dashed and solid lines denote σm = 10−14�−1m−1 and σm = 10−11�−1m−1 respectively.

σ i, the degree of poling in PZT is negligibly small,
but the copolymer phase is polarized to some extent.
When σ m = 10−11 �−1m−1, the situation is changed:
the degree of poling in PZT is satisfactory, although the
degree of poling in the copolymer phase is still restricted.
For a higher ceramic volume fraction, Fig. 1b shows the
simulation results of a composite (φ = 0.5) with the same
applied electric field. It is found that both the poling in the

PZT and copolymer improves for the case σ m = 10−14

�−1m−1. The simulated behaviors for Pi and Pm with σ m

= 10−11�−1m−1 are similar to the case for φ = 0.1 (i.e.,
PZT is nearly fully poled, whilst the copolymer is poorly
polarized). The comparison between Figs. 1a and 1b
then clearly reveals that the PZT inclusion is difficult to
pole if the polymer in the composite is highly insulating,
especially for small φ. Thus, experimental techniques do
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exist to increase σ m to facilitate poling [1, 6]. Also note
from the figures that Ei and Em take time to develop to
a high value under an applied dc field. The poling time
should therefore be sufficient to allow steady state to be
reached. Our simulations show that an hour of poling
time is about sufficient for both high or low σ m samples.
In addition, Ei and Em also take time to relax back to
zero under short circuit condition, hence the composite
D also relaxes gradually. According to the general
rule-of-thumb that the pyroelectric and piezoelectric
strengths are roughly proportional to the polarization, the
simulated results for D suggest the pyroelectricity and

piezoelectricity may also gradually relax until Ei = Em

= 0.
In Fig. 2, we investigate the mechanism of poling by

an ac electric field. The applied electric field is sinusoidal
with 80 MV/m in magnitude and the frequency is 10 Hz.
The duration of poling lasts for one and a half cycles. No
matter whether σ m = 10−11�−1m−1 or 10−14�−1m−1, we
find that the degree of poling in PZT is poor for both φ

= 0.1 [Fig. 2a] and φ = 0.5 [Fig. 2b] (the simulated re-
sults for σ m = 10−11�−1m−1 and 10−14�−1m−1 overlap
with each other). On the other hand, the degree of poling
in the copolymer phase is better. Supposing σ m increases

Figure 2 Simulated polarizations and electric fields of PZT/P(VDF-TrFE) composites with (a) φ = 0.1, (b) φ = 0.5, when the composites are polarized by
an ac electric field. The dashed and solid lines denote σm = 10−14∼10−11�−1m−1 and σm = 2×10−8�−1m−1 respectively.
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Figure 3 Variation of the maximum Ei with σm for a PZT/P(VDF-TrFE)
composite with φ = 0.1, when the composites are polarized by an ac electric
field.

further to 2×10−8�−1m−1, the residual polarization (Pi at
t = 0.15 s) in PZT will be high and the final Pm remains the
same. Fig. 3 shows the variation of maximum Ei versus σ m

for φ = 0.1, we find that there is a threshold value for σ m

which Ei is significantly increased. This confirms high σ m

facilitates poling, but such high σ m value would not nor-
mally exist in polymeric materials at room temperature,
or even at elevated temperature. It seems that ac poling is
not an effective way to polarize PZT inclusions, but it has
a strong effect for the polymer matrix. Also note from the
figures that Ei is not zero at the end of the poling time (t
= 0.15 s) but Em is very close to zero, thus the relaxation
in Pm after poling is expected to be not as large as in Pi.

From previous figures, we observe that dc poling is
able to polarize the inclusions and matrix at different σ m,
whilst ac poling only has a strong effect in polarizing
the copolymer matrix. One effective way to polarize both
phases is to use a two-stage poling procedure [7, 8, 24].
Usually the sample is heated to above the Curie transition
temperature of P(VDF-TrFE) and then subjected to a dc
electric field for a certain duration. As the copolymer is in
its paraelectric phase when the field is applied, only the
ceramic phase has been polarized. This high temperature
enhances σ m and the poling in PZT is more complete
[25]. After the PZT has been polarized, the composite is
then cooled to below the Curie temperature of P(VDF-
TrFE) and the copolymer in the composite is polarized
by an ac field. This last procedure should not alter the
polarization state of PZT significantly. Simulation of this
poling process is shown in Figs 4 and 5.

Fig. 4 demonstrates the electric fields and polarization
dynamics when both PZT and copolymer phases are polar-
ized in the same direction. The adopted field parameters
are also 60 MV/m and 80 MV/m for dc and ac poling
fields. When σ m = 10−14�−1m−1, it will not have suffi-
cient Ei to polarize the PZT inclusion. This is similar to
what we demonstrated in Fig. 1. However, we still note

that the residual Pi in Fig. 1 is higher than the residual
Pi (before ac poling) in Fig. 4. This suggests it is more
difficult to polarize PZT inclusions in a nonferroelectric
matrix. For σ m = 10−11�−1m−1, it is shown that Pi is
high after the dc poling for both φ = 0.1 [Fig. 4a] and φ

= 0.5 [Fig. 4b]. Pm is zero because the copolymer is in the
paraelectric phase. After the one and a half cycles of ac
poling, the copolymer phase has been polarized to a high
degree. The polarization in the PZT will be disturbed by
the ac field, but its high poling degree will be restored at
the end of the poling procedure. Hence, both phases are
polarized to high degrees.

The above procedure may also be used to polarize
the two phases in opposite directions. This has practi-
cal importance since it can reinforce piezoelectric activity
and suppress pyroelectric activity to tailor for specific
applications [26]. In contrast, pyroelectric activity is rein-
forced and piezoelectric activity is suppressed when the
two phases are polarized in the same direction. Using the
above two-stage poling procedure, the direction of the re-
sulting polarization in the copolymer phase is determined
by the electric field direction in the last half cycle of the
ac poling field. Fig. 5 shows the simulation results for the
same set of adopted σ m and φ. Similar to the behavior
demonstrated in Fig. 4, the degrees of poling are satis-
factory for both phases for higher σ m( = 10−11�−1m−1).
One point worth noting is that, when σ m is not sufficiently
high (dashed line in Fig. 5, the residual Pi (after dc poling)
could be easily switched by the ac field to the opposite
direction. This may be an origin of the reduced electroac-
tivity properties reported by Zeng et al. for their composite
samples with oppositely poled constituents [24].

For comparison purposes, Fig. 6 shows the simulation
results of composite samples subjected to a two-stage dc
poling field with the two dc fields in opposite directions. It
clearly shows that, for low φ or high φ and different σ m’s,
the reduction of the initial polarization in the PZT phase
due to the 2nd dc poling is significant and it is switched
to the direction parallel to the 2nd poling field. This may
be the origin of the diminished electroactivity properties
reported by Ng et al. for their composite samples with
oppositely poled constituents [17]. Indeed their composite
samples with oppositely polarized phases were obtained
by applying, as the final poling step, a constant poling field
on the composite sample for half an hour in the reverse
direction to the polarization of the pre-polarized ceramic
phase, aimed at poling the copolymer phase.

Overall, the degree of poling of the constituent mate-
rial depends on the poling procedure, and a higher σ m is
shown to facilitate poling. This is consistent with Sa-gong
et al.‘s conclusion [27]. A higher σ m in composites can
normally be obtained by adding conductive filler such as
carbon black, or by poling at an elevated temperature.
However, for a ferroelectric composite with a PTC (posi-
tive temperature coefficient of resistivity) matrix material
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such as carbon black loaded polyethylene [28], a higher
σ m is achievable at a lower temperature and thus in this
case the composite is more effectively poled at lower tem-
peratures.

3.2. Effect of σm and measuring frequency on
ε, p and d33 coefficients of 0-3 composites

Here, we will demonstrate that high σ m plays a significant
role in the effective ε, p and d33. The adopted properties of
constituents for the calculations are listed in Table II (γ in
the table denotes Young’s modulus). For simplicity we are
only concerned about the magnitude of the pyroelectric

coefficient since the matrix materials of the 0-3 compos-
ites considered below are taken as nonferroelectric. Thus
although p for PZT should formally be −330 µC/m2K,
it appears as +330 µC/m2K in Table II. These adopted
values are typical for a PZT/PVDF composite. Y and ν

may be transformed to k and µ by using k = Y/(3−6 ν)
and µ = Y/(2+2ν). The calculated results of ε [Equation
26], p [Equation 37] and d33 [Equation 68] for PZT/PVDF
0-3 composites are shown in Fig. 7. The measuring fre-
quency for dielectric constant, pyroelectric coefficient and
piezoelectric coefficient are 1 kHz, 5 mHz and 50 Hz re-
spectively. For simplicity, only Equation 68 with µl is
shown. In Figs 7a and c, the solid lines are based on our

Figure 4 Simulated polarizations and electric fields of PZT/P(VDF-TrFE) composites with (a) φ = 0.1, (b) φ = 0.5, when the ceramic phase is first
polarized by a dc electric field, then the composite is subject to an ac field to polarize the polymer phase in the same direction. The dashed and solid lines
denote σm = 10−14�−1m−1 and σm = 10−11�−1m−1 respectively.
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T AB L E I I Properties of constituents for PZT/PVDF 0-3 composites

ε/ε0 σ (�−1m−1) Y (GPa) ν p (µC/m2K) d33 (pC/N) −d31 (pC/N)

PZT 1200 10−14 36 0.3 330 330 140
PVDF 11 varied 2.5 0.4 0 0 0

previous model [9, 11], which corresponds to 
ε ε = 1
in Equation 26 and 
d = 1 in Equation 68 of the present
model (i.e., σ i = σ m = 0). The solid line in Fig. 7b cor-
responds to 
ac

p = 1 in Equation 37. A typical value of
conductivity for PVDF at room temperature is about 10−12

�−1m−1. The prediction based on this σ m value overlaps
with our previous model. Thus, the effect of electrical

conductivity on the effective ε, p and d33 of conventional
samples can normally be neglected at room temperature.
When σ m is increased, no notable enhancement in ε, p and
d33 is observed until σ m = 10−6 �−1m−1, σ m = 10−11

�−1m−1 and σ m = 10−7 �−1m−1 respectively. More en-
hancement of ε, p and d33 is observed at higher ceramic
volume fraction. Further order of magnitude increment of

Figure 5 Simulated polarizations and electric fields of PZT/P(VDF-TrFE) composites with (a) φ = 0.1, (b) φ = 0.5, when the ceramic phase is first
polarized by a dc electric field, then the composite is subjected to an ac field to polarize the polymer phase in an opposite direction. The dashed and solid
lines denote σm = 10−14�−1m−1 and σm = 10−11�−1m−1 respectively.
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Figure 6 Simulated polarizations and electric fields of PZT/P(VDF-TrFE) composites with (a) φ = 0.1, (b) φ = 0.5, when the ceramic phase is first
polarized by a dc electric field, then the composite is subjected to a dc field to polarize the polymer phase in an opposite direction. The dashed and solid
lines denote σm = 10−14�−1m−1 and σm = 10−11�−1m−1 respectively.

σ m will dramatically increase the values of ε, p and d33

for a given φ. The different σ m values which start to “ac-
tivate” the enhancement for ε, p and d33 are related to the
different measuring frequencies. The smaller “threshold”
σ m value shown in Fig. 7b suggests electrical conductiv-
ity can affect pyroelectric measurement at lower values,
whilst having least effect for permittivity measurement.
This feature may be made use of in tailoring composites
for higher than “normal” d33 constant, etc. In contrast,
other approaches have been adopted in the literature to
get an optimal piezoelectric response. For example, the
well-known Piezo-Rubber manufactured by NTK-NGK
[29–31] uses an extremely high content of PZT/PbTiO3

particles (φ can be as large as 0.75) to obtain a resultant

d33≈ 34∼ 56 pC/ N [32, 33], which is quite difficult to
fabricate.

In Fig. 7, we demonstrate the significant effect when
σ m ≥ 10−6 �−1m−1, 10−11 �−1m−1 and 10−7 �−1m−1

for ε, p and d33 respectively. It shows that all ε, p and
d33 are very sensitive to a small change of σ m in some
region. In most of the calculations shown in Fig. 7, σ i is
taken as 10−14 �−1m−1. In Fig. 7, the predictions for σ i =
σ m = 5×10−6 �−1m−1, 5×10−11 �−1m−1 and 5×10−7

�−1m−1 (for ε, p and d33 respectively) are also shown.
It clearly reveals that the calculated ε, p and d33 values
are only slightly different from the case of σ i = 10−14

�−1m−1 with the same σ m = 5×10−6 �−1m−1 for ε,
5×10−11 �−1m−1 for p, and 5×10−7 �−1m−1 for d33.
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Figure 7 The variation of (a) permittivity ε [Equation 26], (b) pyroelectric
coefficient [Equation 37] and (c) d33 constant [Equation 68] of PZT/PVDF
composites with conductivity. Eqs 26, 37 and 68 with 
’s = 1 (solid lines)
represent the constituents are perfectly insulating.

Actually, we generally find that ε, p and d33 are much less
affected by σ i than by σ m.

In Equations 26, 37 and 68, τ is the governing factor
which depends on the constituent permittivities, conduc-
tivities, and φ, rather than just σ i or σ m. Moreover, one
can also appreciate from Equation 11 that σ i is of lesser
significance than σ m. Fig. 8 shows the ceramic volume
fraction dependence of τ with different σ m’s with f = 50
Hz. The figure shows that τ decreases monotonically with

Figure 8 The variation of τ [Equation 11] of PZT/PVDF composites with
conductivity in the matrix phase. The measuring frequency is 50 Hz.

φ for all σ m’s. Thus, ε, p and d33 increase with ceramic
volume fraction, as noted in Fig. 7. From Fig. 8, it is found
that a higher σ m generally displaces the whole curve to
lower τ values.

The effect of large σ m essentially changes the magni-
tude of the induced internal electric fields as well as their
phase difference with the applied electric field, modulat-
ing temperature or stress. Taking the piezoelectric mea-
surement as an example, Fig. 9a shows a typical applied
sinusoidal stress T of 50 Hz. The first three cycles of the
induced electric field in the inclusion phase (〈E3i〉) are
shown in Fig. 9b. Since 〈E3〉 = 0, 〈E3m〉 is out-of-phase
with 〈E3i〉. When σ m = 10−14 �−1m−1 which is typically
small for conventional sample, the magnitude of 〈E3i〉 is
almost the same for each cycle and 〈E3i〉 is out-of-phase
with T. When σ m is large, the magnitude of 〈E3i〉 and its
phase difference with T changes with time until steady
state is reached (not shown in Fig. 9).

In Fig. 7, we have demonstrated that substantial en-
hancement of ε, p and d33 starts from σ m = 10−6 �−1m−1,
10−11 �−1m−1 and 10−7 �−1m−1 respectively. This en-
hancement continues for increasing σ m until steady state.
Fig. 10 shows the σ m dependence in a wide range
for ε, p and d33. For σ m<10−6 �−1m−1, ε is small
and nearly independent of σ m. Similarly for σ m<10−11

�−1m−1 and σ m<10−7 �−1m−1 for p and d33. For σ m be-
tween 10−6 �−1m−1 and 10−4 �−1m−1, ε significantly
increases to very high values. When σ m>10−4 �−1m−1,
steady state is reached and no additional change in
ε is observed. Since the “threshold” σ m value for ε

is very high, permittivity measurement is not expected
to be significantly affected by conductivity effect for
many ferroelectrics. However, conductivity effect may be
notable in pyroelectricity and piezoelectricity. Fig. 10b
and c demonstrate the lower “threshold” σ m ranges (for
p and d33) and their limits. These apparent limits will be
smaller for a lower measuring frequency.

From Equations 26, 37 and 68, the 
’s should also be
sensitive to changes in the measuring frequency. Fig. 11
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Figure 9 (a) A typical applied sinusoidal stress and (b) theoretical calculations of the induced electric field in the inclusion phase [Equation 56] for the d33

measurement of a PZT/PVDF composite with φ = 0.4. The measuring frequency is 50 Hz.

shows the variation of ε, p and d33 with the measuring
frequency f, assuming σ m = 5×10−10 �−1m−1 for ε, σ m

= 10−14 �−1m−1 for p, and σ m = 5×10−10�−1m−1 for
d33. At frequencies above 1 Hz, no notable enhancement
is found for ε, and similarly for frequencies above 10 µHz
and 1 Hz for p and d33 respectively. Further reduction in
f will have an effect similar to increasing σ m, resulting in
significant enhancement of ε, p and d33.

The above analyses for piezoelectricity have been con-
fined to the d33 constant. Actually, the enhancement by
conductivity also applies to the d31 [Equation 67] and
dh [Equation 69] constants. However, for the piezoelec-
tric gh coefficient (≡dh/ε) which is important for hy-
drophone applications, piezoelectric enhancement may
not be achieved by increasing σ m, since both dh and ε

vary with σ m and they have a common “threshold” σ m

since the “operating” frequencies are identical in this case
[2]. Thus, the percentage increment of dh must be larger
than that for ε to achieve an enhanced gh value. Sum-
ming up, with electrical conductivity considered, the new
model suggested in this article yields significant effects for
composite samples with high conductivity in the polymer
matrix, but only minimal effects for normal composites
possessing relatively low conductivity. Thus the 
 factors
[Equations 26, 37 and 68] do not affect in a noticeable
way the goodness of fit already obtained by many ex-
isting models [34] for ordinary composite samples. For
samples possessing high σ , the effect of the 
 factors
have to be included.

3.3. Comparison with experimental data for
pyroelectric measurement

A previous article [6] reported that the pyroelectric coef-
ficient of a PZT/PU 0-3 composite would be significantly
increased by doping with graphite. The temperature de-
pendence of the pyroelectric coefficient was measured for
both conventional and graphite doped samples (1% by

volume). The composite sample with φ = 0.5 was heated
at a constant rate of 1◦C/min. Sakamoto et al. found that
the pyroelectric coefficient at 303 K was 5.6 and 10.7
µC/m2 for conventional and graphite doped samples re-
spectively. However, the deviation of p between the two
composite samples became very large at higher temper-
atures. Owing to the fact that the increment of p with
temperature for the undoped sample is quite limited, the
anomaly for the doped sample is thought to arise not
solely from the increment of permittivities and pyroelec-
tric coefficient of the constituents. The phenomenon is
most likely the effect of incremental temperature on the
electrical conductivity, hence the large p. Since the rate
of temperature ramp is slow, the effect of conductivity of
PU is thought to be significant, especially for the present
situation of a graphite-doped sample.

Here we attempt to apply Equation 43 to investigate
the discrepancy between the measured pyroelectric co-
efficients versus temperature for the foregoing PZT/PU
composite system with and without graphite filler. Exper-
imental data for pyroelectric measurement on a PZT/PU
system at room temperature using the ac method can be
found in ref. 19. As the dielectric and pyroelectric proper-
ties of the constituent materials provided in these articles
have not been described in sufficient detail for our pur-
poses, typical values have been adopted in our calculation,
as will be explained in the next paragraph. In the present
study, our theoretical calculation will only focus at the
lower temperature region (303∼330 K). At the high tem-
perature region, variations of dielectric and pyroelectric
properties of the constituents will be significant and com-
plicates the problem.

Sakamoto et al. have measured the permittivity of PZT
at 343 K which is 1200 ε0, but the temperature variations
are not given. They have also measured the ε against tem-
perature for PZT/PU with φ = 0.19 [35]. We assume the
variation of εi versus � is similar to the measurement
results of PZT by Furukawa et al. [18]. The results of
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Figure 10 The variation of (a) permittivity ε [Equation 26], (b) pyro-
electric coefficient [Equation 37] and (c) d33 constant [Equation 68] of
PZT/PVDF composites with conductivity. The enhancement of ε, p and d33

with increasing σm becomes significant at 10−6 �−1m−1, 10−11 �−1m−1

and 10−7 �−1m−1 respectively. They are close to maximum value for (a)
σm>10−4 �−1m−1, (b) σm>10−9 �−1m−1 and (c) σm>10−5 �−1m−1.

permittivity against � by Furukawa et al. is then scaled in
such a way that εi = 1200 ε0 at 343 K. For the permittivity
of PU, we use Equation 27 to calculate the εm’s from the
experimental ε of PZT/PU given by Sakamoto et al. [35].
Fig. 12 shows our adopted temperature dependence of per-
mittivity for the PZT and PU materials. Concerning the
pyroelectric coefficients, we have pm = 0 and pi is calcu-

Figure 11 The variation of (a) permittivity ε [Equation 26], (b) pyroelectric
coefficient [Equation 37] and (c) d33 constant [Equation 68] of PZT/PVDF
composites with the measuring frequency. Equations 26, 37 and 68 with

’s = 1 represent the constituents are perfectly insulating. Other lines with

’s�=1 assume the constituents possess small but finite conductivity.

lated from the experimental p of undoped PZT/PU [6] with
φ = 0.5 [by Equation 38] and with permittivities taken
from Fig. 12. In the above, we have assumed Sakamoto
et al.‘s measurement on PZT (permittivity measurement)
and undoped PZT/PU (permittivity and pyroelectric mea-
surement) is not affected by conductivity effects, so that
Equations27and 38 may be employed. The temperature
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Figure 12 Temperature dependence of dielectric constant for (a) PZT ceramic, (b) PU polymer.

profile of the pyroelectric coefficient for PZT is shown in
Fig. 13.

Theoretical prediction based on Equation 43 with the
above constituent properties is shown in Fig. 14. When
σ m = 10−14 �−1m−1 which is small, the predicted line is
very close to the experimental data for undoped PZT/PU.
When σ m is increased to 3×10−13 �−1m−1, we notice
that, apart from the high temperatures (� > 320 K), the
general trend of p versus � for graphite doped PZT/PU
has been reproduced by the present model incorporating
conductivity. The discrepancy between the prediction and
measured values may suggest the increment of σ m with
temperature should be included for higher temperature
range. To investigate this, we adopt the following formula
[36]

σm = C1 + C2 exp

(−Uav

kb�

)
, (86)

where

C1 = mbσm (�L ) − maσm (�H )

σm (�L ) − σm (�H )
, (87)

C2 = mb − ma

σm (�L ) − σm (�H )
, (88)

and ma = exp(−Uav/kb�L), mb = exp(−Uav/kb�H). Uav

is the activation energy and kb is the Boltzmann constant.
Assume σ m increases with temperature from 3×10−13

�−1m−1 (at �L = 303) to 6×10−13 �−1m−1 (at �H =
330) and Uav = 2 eV, the result shows excellent agreement
between the prediction (solid line) and the experimental
data for graphite doped PZT/PU. All in all, the consider-
ation of electrical conductivity seems to provide a good
understanding to the pyroelectric experimental results of
Sakamoto et al.

Figure 13 Temperature dependence of pyroelectric coefficient for PZT
ceramic.

The present formulation neglects the loss components
of the elastic and pyroelectric properties in the con-
stituents. In the case that the loss components are also
considered, all constituent parameters involved should
take on complex values, and the final expressions would
become much more complicated [37]. Nevertheless, an
increased matrix conductivity will generally give higher,
undesirable losses which need to be taken into account
in considering applications. Thus, it is usually not worth-
while to make excessively conducting composites solely
for rapid poling. This has been reported and discussed in
the literature [27, 38]. On the other hand, manipulation of
conductivity in piezoelectric and pyroelectric composites
is useful for a number of devices. For instance, the
damping characteristics of a mechanical composite
damper can be tailored by changing the conductivity
through doping the matrix [39]. For pyroelectric sensor
applications, the gate voltage to the MOSFET used as
a signal amplifier can be fed through the conductive
composite to avoid the need for a high resistance gate
resistor which is difficult and costly to realize in an
integrated circuit [40]. The methodology and results of
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Figure 14 Theoretical prediction by Equation 43 is compared with the
experimental data of Sakamoto et al. (see ref. 6) for the temperature depen-
dence of p of a PZT/PU composite. The sample was heated at a constant
rate of 1◦C/min.

the present paper will certainly be of value for designing
conducting composites for new applications.

4. Conclusions
The significance of electrical conductivities in ferroelec-
tric 0-3 composites have been considered in this arti-
cle. We have modeled the polarization behavior of ce-
ramic/polymer 0-3 composites with different poling pro-
cedures. Our simulations suggest that higher σ m facili-
tates poling. To obtain optimal poling of a ferroelectric-
ferroelectric PZT/P(VDF-TrFE) composite, a two stage
poling procedure with dc poling at evaluated temperature
followed by an ac poling is highly advantageous. We have
also calculated the effect of electrical conductivity on the
dielectric, pyroelectric and piezoelectric properties. New
explicit expressions have been derived for ε, p, and the
d33, d31 and dh coefficients. A high conductivity in the
matrix phase can alter the internal fields in a ferroelectric
composite and allows the accumulation and dissipation
of free charge at the matrix-inclusion interfaces. This can
significantly enhance the permittivity, pyroelectric and
piezoelectric coefficients of ferroelectric 0-3 composites.
A high σ m value may be induced by graphite doping and
evaluated temperature. The permittivity ε, pyroelectric p
and piezoelectric d constants will start to be noticeably
enhanced when σ m is larger than some threshold values
and reach saturation beyond a certain σ m. Comparison
of our theoretical results with the experimental data of
Sakamoto et al. show fairly good agreement, when σ m is
assumed to increase exponentially with temperature. The
electrical conductivity effect is quite likely responsible
for the reported anomalously high pyroelectric values in
their work.
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