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Abstract

This paper describes the modelling and comparison of piezoactive composites of 0–3 and 3–3 geometry. Algorithms
for the evaluation of effective elastic, piezoelectric and dielectric constants are proposed which can be used for the
prediction of piezoelectric sensitivity and optimisation of properties. The hydrostatic piezoelectric voltage coefficient
gh, figure of merit d33·g33 and hydrostatic figure of meritdh·gh are calculated for PbTiO3 based piezocomposites in
which the anisotropy factor�d33/d31 of the piezoelectric phase can be varied from small to infinitely large values.
Maxima of these parameters are determined and factors influencing piezoelectric sensitivity of the composites are ana-
lysed.
 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Piezoelectric sensitivity, such as charge gener-
ated per unit force or electric field generated per
unit stress, is an important measurement of per-
formance for heterogeneous ferroelectric materials.
The need for increased piezoelectric sensitivity has
led to the study[1–6], optimisation [7–9] and
search for novel piezoelectric composites and
structures. Recent work[10–12]has dealt with the
prediction of electromechanical (elastic, piezo-
electric and dielectric) properties of
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piezoceramic/polymer composites having different
microgeometry ora–b connectivity, defined by
Newnham et al.[13,14]. Thea term describes the
connectivity of the primary piezoactive phase,
while the b term corresponds to the connectivity
of the secondary passive phase, which is often a
polymer or air. These composites have been stud-
ied in an attempt to improve transducer perform-
ance, which is of importance for various appli-
cations such as hydrostatic hydrophones, acoustic
sensors, medical and non-destructive testing trans-
ducers[14].

Depending on the transducer application, piezo-
electric sensitivity is characterised by a set of para-
meters or figures of merit[1–4], such as the piezo-
electric voltage coefficients (g33 and g31),
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piezoelectric figure of merit (d33·g33) and hydro-
static figure of merit (HFOM) dh·gh, where the
hydrostatic piezoelectric charge coefficient dh = d33

+ 2d31, the hydrostatic piezoelectric voltage coef-
ficient gh = dh /eT33 and eT33 is permittivity measured
along the poling axis (OX3) at constant stress.

Composites with large figures of merit offer con-
siderable advantages over single crystal or mono-
lithic polycrystalline ceramics in hydrophone and
related underwater applications. A typical, and
well researched, piezocomposite with large g33, gh,
d33·g33 and dh·gh values are 1–3 connectivity com-
posites [1,3,5–9] which have piezoceramic rods,
oriented along the poling axis, embedded in an
elastically soft polymer matrix which is piezopass-
ive or piezoactive. Further increases in the piezo-
electric sensitivity of 1–3 composites can be achi-
eved by a modification of the polymer matrix, for
example, by forming laminated or porous struc-
tures in 1–2–2 [15] or 1–0–3 [16] composites,
respectively.

While 1–3 composites have been well studied
and characterised, similar parameters and figures
of merit have not been studied or compared for
other common two component piezocomposites,
such as the 0–3 and 3–3 systems. A 0–3 composite
consists of isolated piezoceramic particles in a con-
tinuous polymer matrix, while a 3–3 composite is
made up of interpenetrating piezoceramic and
polymer phases. In addition to composite architec-
ture and connectivity, the effect of the anisotropy
factor (�d33 /d31) of the piezoelectric phase on
composite parameters such as dh, gh and dh·gh has
not been analysed in detail. This is surprising since
the principal benefit of using the piezocomposite
route is to develop a structure that displays a
reduced d31 and therefore a higher �d33 /d31 and
dh compared to the monolithic material.

This paper is aimed at the comparative study of
0–3 and 3–3 composites containing PbTiO3-based
ceramics. The advantage of using PbTiO3-based
piezocomposite ceramics is that, in addition to the
varying the connectivity from 0–3 to 3–3, the ani-
sotropy factor (�d33 /d31) of the ceramic phase can
also be varied from:

1. small values where the magnitude of d31 is large
compared to d33 to,

2. infinitely large values where d31 is small com-
pared to d33.

The dependence of composite properties on cer-
amic piezoelectric properties, ceramic volume frac-
tion, polymer properties, and composite geometry
will be presented and comparisons are made to the
more common 1–3 system.

2. Materials for 0–3 and 3–3 composites

Table 1 presents the elastic, piezoelectric and
dielectric constants of the PbTiO3,
(Pb0.76Ca0.24)TiO3 and Pb(Zr1�xTix)O3 piezoceram-
ics examined in this study, which were calculated
according to an algorithm in [17]. It is known from
experimental data on PbTiO3-based piezoceramics
that the grains have a well-defined domain struc-
ture [21,22]. It is assumed in this work that the
ceramic grains contain spherical grains split into
90° domains of two types with volume concen-
trations md and 1�md. In the presence of these
domain types, the internal stress is relieved and a
lowering of the electric depolarization field is
realised over the polydomain grain. In the first
stage of our calculations, a complete set of piezoe-
lectric coefficients dp

ij, elastic compliances sp
kl and

dielectric permittivities eT, p
pp of the polydomain sin-

gle crystal is determined. These constants are
evaluated as functions of the volume concentration
of the two 90° domain types (i.e., md). For averag-
ing, the 90° domains are assumed to be elements
of a regular laminated domain structure and is div-
ided by a planar domain wall through the ceramic
grain. The averaging procedure is carried out by
the method of piecewise uniform fields [21]. This
method is based on using known single-domain
crystal electromechanical constants and taking into
account the boundary conditions for the electric
and mechanical fields of adjacent 90° domains.
The electromechanical interaction between the
domains leads [17] to an appearance of excess
components of the mechanical and electric fields
(in addition to the fields applied at measurements).
The excess fields, being averaged over the domain
structure of the grains, are absent.

In the second stage, the averaging procedure by
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the effective medium method [17,21] is carried out
and electromechanical constants of piezoceramics
are determined as functions of the maximum angle
q between the vectors PΣ = mdPs1 + (1�md)Ps2 of
the spontaneous polarisation of grains and the
poling field (E) along OX3, where Ps1 and Ps2 are
spontaneous polarization vectors of adjacent 90°
domains, md is the volume concentration of the
domains with Ps1 on condition that (Ps1,�E)�
(Ps2,�E). The angle q in Table 1 correlates with
the piezoelectric remanent polarization (PR) in OX3

and decreasing q, the angle between the direction
of spontaneous polarization and the poling field,
increases PR [17]. In tetragonal piezoceramics,
angles q � 55° or q � 45° cannot be achieved in
single-domain or polydomain grains, respectively.1

Experimental data for other modified PbTiO3

materials are also presented in Table 1, along with
compliance data of a variety of elastomers to be
used as the matrix material. These materials were
chosen as they provide a means to examine how
the properties of the piezoelectric phase (such as
d33, d31, �d31 /d33, eT33 etc.) and polymer phase
(s11, eT33 etc.) influence the performance of 0–3 and
3–3 composites.

3. PbTiO3-based composites with 0–3
connectivity

This section considers the influence of piezo-
ceramic volume fraction on the piezoelectric sensi-
tivity of 0–3 based composites. The composite is
represented by a set of cubic Banno unit cells
[24,25], and each unit cell contains a piezoceramic
inclusion surrounded by a matrix (Fig. 1). The
inclusion is in the form of the rectangular parallel-
epiped and its length, width and height make up
the tth, nth and hth parts of the Banno unit-cell
edge, respectively as shown in Fig. 1.

The electromechanical constants of the piezo-
ceramic and polymer components are averaged by

1 Additional results of calculation of the effective electro-
mechanical constants of the PbTiO3-based piezoceramics are
published in [17,18,21,23]. For example, data on the effect of
the 90° domain structure on piezoelectric coefficients d∗

3j have
been shown in [21,23].

Fig. 1. Schematic representation of the cubic Banno unit cell
for the 0–3 connectivity pattern.

a matrix method that has been applied to 2–2, 0–
3 and 1–3 connectivity patterns [25,26]. The aver-
aging procedure implicates the determination of the
effective constants of a laminated piezoceramic–
polymer structure by taking into account the elec-
trical and mechanical boundary conditions at (i)
x1 = constant, (ii) x2 = constant and (iii) x3 =
constant separately. As a result, the full set of
effective elastic compliances sE

ab, piezoelectric
coefficients dkl, and dielectric permittivities eTff of
the composite can calculated as a function of t, n
and h which represent the piezoelectric particle
length, width and breadth. These parameters
characterise the volume fraction of the polymer
matrix (mpol), since mpol = 1�tnh.

The first calculations are related to 0–3 com-
posites with cubic shaped inclusions embedded in
the homogeneous matrix, such that t = n = h in
Fig. 1. Symmetry of this composite in the poled
state is � mm. Table 2 presents a summary of the
maximum gh and d33·g33 of 0–3 composites with
cubic inclusions of PbTiO3 and (Pb0.76Ca0.24)TiO3

embedded in the elastomer in Table 1. Decreasing
the angle q and increasing the degree of remanent
polarization PR of the piezoceramic component
results in a monotonous increase of the maximum
values of gh and d33·g33, as seen in Table 2. The
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Table 2
Maxima of effective parameters gh (in 10�3 V m�1 Pa�1) and d33·g33 (in 10�12 Pa�1) of the 0–3 composite “ (Pb1�xCax)TiO3—elasto-
mer”

q, deg x = 0 (PbTiO3) x = 0.24 (Pb0.76Ca0.24TiO3)

max gh t1 max(d33·g33) t2 max gh t1 max(d33·g33) t2

175 0.0575 0.27 1.16 × 10�5 0.22 0.051 0.2 9.92 × 10�6 0.19
150 2.00 0.27 0.0138 0.21 1.78 0.2 0.0121 0.19
120 7.23 0.27 0.177 0.21 6.54 0.2 0.162 0.19
90 14.3 0.27 0.694 0.21 13.1 0.2 0.65 0.18
55 23.4 0.25 1.93 0.21 21.2 0.2 1.73 0.18
45 25.8 0.23 2.37 0.21 23.2 0.19 2.08 0.18

Note. The concentration parameters t1 and t2 correspond to t value for maximal gh and d33·g33, respectively.

maximum gh and d33·g33 tend to occur at particle
sizes of t = 0.18�0.27. As q approaches 45° the
values of maximum gh and d33·g33 from Table 2
become comparable with experimentally measured
parameters, namely gh = 27.2 mV m/N and
d33·g33 = 1.68 pPa�1, for monolithic modified
PbTiO3 [19]. The concentration dependence of
dh·gh has a slight maximum in a vicinity of t =
0.2, however the value of maximum dh·gh is two
orders of magnitude lower than dh·gh = 1.15 p
Pa - 1 of the monolithic modified PbTiO3.

The next stage of our calculations is remove the
constraint of cubic inclusions and consider the
variation of all the concentration parameters 0 �
(t, n, h) � 1 of the 0–3 composite. Such a com-
posite poled along the OX3 axis is characterised by
symmetry mm2, and its effective electromechani-
cal constants obey the conditions below, where h0

is constant and 0 � h0 � 1,

dkl(t,n,h0) � dkl(t’ ,n’ ,h0)

sE
ab(t,n,h0) � sE

ab(t’ ,n’ ,h0)

eTff(t,n,h0) � eTff(t’ ,n’ ,h0)

(1)

where t’ = n and n’ = t. For example, d33 (0.1,
0.8, 0.9) = d33(0.8, 0.1, 0.9).

By variation of n and t, it is possible to establish
maxima of gh, d33·g33 and dh·gh for the 0–3 particu-
late geometry. The values of these maxima
increase with increasing h0 (the height of the par-
ticle in Fig. 1) and in the limiting case of h = 1
the composite has 1–3 connectivity, where the
absolute maxima of gh, d33·g33 and dh·gh are achi-

eved. From our evaluations, a difference between
values of local maximum gh(t, n, 0.9) and the
absolute maximum of gh does not exceed 5%, and
any trend is therefore typical of the concentration
dependences of d33·g33 and dh·gh. Plots of the con-
centration dependences related to 0–3 composite
with h = 0.95 and variables (t, n) are shown in Fig.
2. These composites display relatively high values
of gc

h�4gm
h (Fig. 2a) and dc

33gc
33�15dm

33gm
33 (Fig. 2b).

The “c” superscript relates to the property of the
piezocomposite and the “m” superscript relates to
the properties of the monolithic piezoceramic. The
location of the gh and d33·g33 maxima are realised at

1. t�1, n→1 or
2. n�1, t→1.(conditions 1)

The above conditions correspond to the use of
“plate-like” or “fi bre-like” piezoceramic inclusions
having the least edge lying along one of the non-
polar (OX1 or OX2) axes (Fig. 2a). The HFOM,
dh·gh, is characterised by a monotonous concen-
tration dependence on both t and n as these concen-
tration parameters are varied from 0.01 to 0.99, as
shown in Fig. 2c. The largest HFOM remains two
orders of magnitude lower than dh·gh of the bulk
modified PbTiO3 because 0–3 connectivity corre-
sponds to isolated ceramic particles and a discon-
tinuous distribution of the piezoceramic inclusions
in the polymer matrix along the poling axis OX3

(h � 1). At such a discontinuous distribution the
effective piezoelectric coefficients d33 and dh

remain relatively small compared to the monolithic
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Fig. 2. Effective parameters gh (a), d33·g33 (b) and dh·gh (c)
that characterise piezoelectric sensitivity of the 0–3 composite
“modified PbTiO3 piezoceramic—elastomer” with inclusions in
the form of a rectangular parallelepiped (as shown in (a)). The
concentration parameters are chosen as follows: h = 0.95,
0.01�t�0.05 and 0.01�n�0.99.

material and do not provide a large HFOM. A con-
siderable difference between the d33·g33 and dh·gh

values at these conditions is accounted for by the
small volume fraction of the piezoceramic. At low
ceramic volume fractions the piezoelectric ani-
sotropy (�d33/d31) of the ceramic is unable to
influence a redistribution of internal electric and
mechanical fields and promote an increase in the
HFOM of the composite.

The final set of calculations is associated with
an increase in piezoelectric sensitivity of the 0–3
composite by incorporating disk like porosity into
the passive polymer matrix in an attempt to reduce
the permittivity and compliance of the passive
phase. A formation of randomly distributed disk-
like air pores as shown in Fig. 3 which obey the
condition,

(x1 / a1)2 � (x2 / a1)2 � (x3 / a3)2 � 1 (2)

with asa = a3 /a1�1 results in elongated pores nor-
mal to the poling axis and an increase in the s11

and |s12| elastic compliances [27]. This can be
observed by comparison of the s11 and s12 constants
of the “elastomer” and “porous elastomer” in Table
1. These elastic compliances are functions of
porosity volume fraction mp and the ratio of semi-
axes asa. The disk-like porous structure of the
polymer matrix becomes an important factor in
achieving large increases in piezoelectric sensi-
tivity. Table 3 shows gh, d33·g33 and dh·gh of a
modified PbTiO3 based “piezoceramic–porous

Fig. 3. Schematic representation of the 0–3 composite with a
spheroidal pore. a1, a2 = a1 and a3 are spheroid’ s semiaxes
being parallel to the coordinate axes OXi.
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Table 3
Maxima of effective parameters gh (in 10�3 V m�1 Pa�1), d33·g33 (in 10�12 Pa�1) and dh·gh (in 10�12 Pa�1) of the 0–0–3 composite
“modified PbTiO3—porous elastomer”

Porosity t Max gh at asa Max(d33g33) Max(dhgh) at asa = Max gh at asa = Max(d33g33) at asa Max(dhgh)at asa

mp = 0.1 at asa = 0.1 0.1 0.01 = 0.01 = 0.01

0.1 0.03 354 (0.27) 38.1 (0.29) 5.77 (0.64) 1810 (0.07) 98.1 (0.10) 54.7 (0.10)
0.05 342 (0.15) 38.2 (0.18) 5.10 (0.27) 1810 (0.04) 98.1 (0.06) 54.5 (0.06)
0.1 332 (0.07) 38.3 (0.09) 4.65 (0.11) 1810 (0.02) 98.1 (0.03) 54.4 (0.03)
0.2 328 (0.03) 38.3 (0.05) 4.45 (0.05) 1810 (0.009) 96.4 (0.02) 53.4 (0.02)
0.3 326 (0.02) 38.2 (0.03) 4.39 (0.03) 1790 (0.002) 92.1 (0.02) 54.3 (0.007)

0.2 0.03 668 (0.16) 51.5 (0.22) 13.7 (0.26) 2910 (0.04) 147 (0.06) 99.1 (0.06)
0.05 658 (0.09) 51.5 (0.13) 13.1 (0.15) 2910 (0.025) 147 (0.035) 99.1 (0.035)
0.1 650 (0.05) 51.5 (0.07) 12.7 (0.07) 2900 (0.012) 147 (0.018) 99.0 (0.018)

Notes. (1) Piezoceramic inclusions are in the form of the rectangular parallelepiped with the concentration parameters h = 0.95, t
being varied and n corresponding to maxima (see the optimal values of n in parentheses). (2) Disk-like air pore microgeometry is
described by Eq. (2) and the volume fraction of these pores in the polymer component is expressed by porosity mp.

polymer” composite with 0–0–3 connectivity and
mp values of 0.10 and 0.20 and asa values of 0.1
and 0.01. As was observed with the 0–3 composite
with cubiform inclusions, the 0–0–3 composite is
described by symmetry �mm. It should be noted
that even at fairly low polymer porosity mp =
0.10 and asa = 0.1, the calculated values of
maximum gh and maximum (dh gh) are 3–4 times
larger than those measured [28] on similar 0–3
composites and the data calculated in Fig. 2a,c.
The improved figures of merit, by introducing con-
trolled porosity, are due to the increased com-
pliance and reduced permittivity of the polymer
phase. Although the maxima determined take place
at ceramic volume fractions mceram�1, this result
holds true at numerous variations of t, n, mp, or
asa, as shown in Table 3. These results enable us
to conclude that piezoelectric sensitivity of the 0–
0–3 composite at h→1 is highly dependent on both
the porosity mp and the ratio of semiaxes asa

related to the disk-like pores (2). The parameters
gh, d33·g33 and dh gh are less dependent on t and n
at the condition h→1 since t, n and h describe lin-
ear dimensions of the isolated and high stiffness
piezoceramic inclusion irrespective of the medium
surrounding this inclusion.

Thus, our study of the 0–3 and 0–0–3 piezocom-
posites based on modified PbTiO3 makes it poss-
ible to predict the concentration dependences of the
effective parameters (gh, d33·g33, dh·gh, etc.) and

establish important extreme points of these para-
meters. Due to the lack of connectivity, piezo-
electric strain constants such as d33 and dh are low,
but the reduced permittivity results in enhanced
piezoelectric voltage constants such as g33 and gh.
Therefore 0–3 composites are suitable to sensing
applications (e.g. hydrophones), rather than active
transducers. It is important to note that high piezo-
electric sensitivity depends not only on the
microgeometry of the composite, but also on the
volume fraction of the ceramic and the presence of
elongated porosity in the polymeric phase, which
is an area that has not been studied in detail. The
common feature of the 0–3 based composites stud-
ied in this section is that the relatively small vol-
ume fraction of the ceramic component can be
regarded as a necessary condition for high piezo-
electric sensitivity.

4. PbTiO3-based composites with 3–3
connectivity

The next stage in the development of composite
structures requires the creation of a piezoceramic–
polymer composite that can provide extremely
high piezoelectric sensitivity with a relatively high
piezoceramic volume fraction (mceram), i.e., the
conditions gc

h /gm
h �1, dc

33·gc
33 / (dm

33·gm
33)�1, dc

h·gc
h /

(dm
h ·gm

h )�1, and mceram � 1�mceram are fulfilled
simultaneously.
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An important method of increasing the piezo-
electric sensitivity consists of increasing the con-
nectivity of the piezoactive element, as is the case
in 1–3 piezocomposite based systems. In a 3–3
composite the degree of piezoceramic connectivity
is increased to three dimensions to create interpen-
etrating piezoceramic and polymer phases and
enables high piezoelectric activity, such as d33 or
dh and relatively low dielectric permittivity (eT33).
A typical Banno type unit cell for a 3–3 geometry
is shown in Fig. 4a, where the interpenetrating
piezoelectric and polymer regions are indicated.

As the permittivity of the piezoelectric phase is
significantly greater than that of the polymer it will
dominate the effective permittivity of the com-
posite. By examination of Fig. 4b, the piezoelectric
column parallel to the poling direction (OX3) con-
tributes to eT33 of the composite (volume 1). The
other volumes contribute little to the effective per-
mittivity since they consist of either low permit-
tivity polymer (volume 2) or a piezoelectric phase
in series with a polymer in the OX3 direction
(volumes 3 and 4). The dielectric constant can
therefore be approximated [10] to

eT, composite
33 � eT, PbTiO333 ·me

T, PbTiO3 (3)

where eT, composite
33 is the effective permittivity at

constant stress of the composite, eT, PbTiO333 is the

Fig. 4. Unit cell and distribution of forces in the 3–3 piezocomposite (a) model representing an interpenetrating 3–3 piezocomposite
structure, the piezoceramic volume fraction is dependent on the piezoelectric column width (L) and length (l); (b) force in OX3

direction (F3) is distributed through volumes 1–4, volume 1 contributes to d33 and eT33; (c) force in OX1 direction (F1) is distributed
through the volumes 5–8, cube in volume 6 and piezoelectric phase in volume 7 contributes to d31.

permittivity at constant stress of the piezoelectric
phase, me

T, PbTiO3 = L2 / (L + l)2 is the volume frac-
tion of piezoelectric phase contributing to the com-
posite permittivity.

To calculate the composite d33 piezoelectric
strain coefficient, the fraction of force experienced
by the active piezoelectric phase must be calcu-
lated. If a force, F3, is applied in the OX3-direction,
the total force is distributed through four volumes
indicated in Fig. 4b. The polymer phase will
experience less force, being of significantly higher
compliance than the piezoceramic phase and has
led to the assumption in some models of complete
stress transfer into the active ceramic phase [10].
However, the actual distribution of the force
between the four volumes depends on the respect-
ive compliances of the volumes and the cross sec-
tional area of each volume. For volume 1, the com-
pliance sV1

33 is that of the monolithic piezoelectric
material, defined as sPbTiO333 and the area aV1 = L2

.

For volume 2, the compliance sV2
33 is that of the

polymer, defined as spolymer
33 and the area is aV2 =

l2. Volumes 3 and 4 are identical in geometry and
consist of a polymer phase and a piezoelectric
phase connected in series in the OX3-direction. The
area of both volumes is aV3 = aV4 = L·l and the
compliance of the volumes in the OX3 direction
can calculated using a series model using,
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sV3
33 � sV4

33 � mV3sPbTiO333 � (1�mV3)·sPolymer
33 (4)

�
L·sPbTiO333 � l·sPolymer

33

(L � l)

where mV3 is the volume fraction of piezoelectric
phase in volume 3, sV3

33 is the compliance of volume
3, sV4

33 is the compliance of volume 4. At high or
intermediate volume fractions of ceramic, only vol-
ume 1 can be considered to contribute to the effec-
tive d33 of the composite. Volume 2 consists only
of a passive polymer phase while the piezoelectric
phases in volumes 3 and 4 are in series with the
polymer in the OX3 direction, which results in a
negligible contribution to the d33.

The d33 of a the 3–3 piezocomposites structure
can therefore be calculated [10,11] from the for-
mula below,

dComposite
33 � dPbTiO333

� fraction of load experienced by volume 1

� dPbTiO333 ·
L2

sPbTiO333
·� L2

sPbTiO333
�

l2

sPolymer
33

�
2·L·l·(L � l)

L·sPbTiO333 � l·sPolymer
33

��1

(5)

By varying the values on L and l, the d33 of the
composite can be calculated as a function of the
ceramic volume fraction of ceramic. The same pro-
cedure is undertaken to calculate the d31 piezoe-
lectric charge coefficient of the composite [10].
Consider a force acting in the OX1 direction, which
is distributed through the four volumes in Fig. 4c.
The volume of active material contributing to the
composite d31 is the cube in volume 6, as indicated
in Fig. 4c (the remainder of volume 6 is neglected
since it is in series in the OX3-direction with a
polymer) and the piezoelectric phase in volume 7.
The d31 of the unit cell is therefore,

dComposite
31 � dPbTiO331 ·

L
(L � l)

� fraction of force experienced by volumes 6 and 7

� dPbTiO331 ·
L

(L � l)
·� L·l·(L � l)

L·sPbTiO311 � l·sPolymer
11

�
L2

sPbTiO311
�·

� l2

sPolymer
11

�
2L·l·(L � l)

L·sPbTiO311 � l·sPolymer
11

�
L2

sPbTiO311
��1

(6)

From Eqs. (3)–(6), the parameters eT33, dh and gh

can be calculated as a function of ceramic volume
fraction and materials properties. All calculations
were made for 3–3 PbTiO3-based piezoceramic–
polymer composites using the data in Table 1 with
a polymer 10 times more compliant than the cer-
amic phase (sPolymer

ab = 10sPbTiO3ab ). The most
important results are graphically represented in
Fig. 5 and show eT33, dh, gh and dh·gh as a function
of ceramic volume fraction for PbTiO3-based
piezoceramics based on modified PbTiO3, PCR-62,
PCR-63 and Pb(Zr1�xTix)O3 where x = 0.1, 0.2,
0.3 and 0.4.

As would be expected, there is a gradual
reduction in eT33 as the low permittivity polymer
replaces the piezoceramic of high eT33 (Fig. 5a). Fig.
5b shows that the dh reaches a maximum at poly-
mer volume fractions in the 0.4–0.5 range for the
PCR-63, PCR-62 and different solid solutions of
Pb(Zr1�xTix)O3. The highest composite dh values
are achieved using piezoceramic material with the
highest d33 values (PCR-62 and PCR-63). In 1–3
composites the maximum in dh is generally achi-
eved at higher polymer volume fractions of 0.7–
0.8 [7]. The mechanism by which dh increases for
3–3 composites is similar to that for 1–3’s
[3,5,15,16]; whereby the composite structure leads
to decoupling of stress and a large reduction in the
d31 relative to the d33 piezoelectric coefficient. It is
for this reason that the ceramics which experience
the greatest enhancement of dh relative to that of
the bulk value are those with a small anisotropy
factor �d33 /d31 (i.e. a relatively high –d31), such
as PCR-62 and PCR-63 (Fig. 5b and Table 1). For
the modified PbTiO3, no increase in dh is observed
(Fig. 5b) as the bulk material inherently exhibits a
high –d33 /d31 ratio due to its relatively high d33(51
pCN�1), low d31(�4.4 pCN�1) and initial high dh

value. Incorporating polymer into this modified
PbTiO3 merely serves to gradually decrease d33 and
the associated the dh value (Fig. 5b). For a parti-
cular piezoceramic/polymer composite system, the
reduction in d31 relative to d33 (and the resulting
increase in dh) is greater for 3–3 composites than
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Fig. 5. Effective parameters eT33 (a), dh (b), d33·g33 (b) gh (c), and dh·gh (d) calculated for the 3–3 composite “PbTiO3-based piezocer-
amic – polymer“ with elements of microgeomtry shown in Fig. 4. Piezoceramics presented include modified PbTiO3, PCR-62, PCR-
63 and Pb(Zr1�xTix)O3 where x = 0.1, 0.2, 0.3 and 0.4 (see Table 1).

1–3 composites. This is due to relatively high stiff-
ness of the ceramic along the OX1 and OX2 axes
of the 3–3 composite (Fig. 4a), which acts to
stiffen the structure in these directions and reduce
d31. It is for this reason that top and bottom met-
allic cover plates are used in 1–3 composites, i.e.
to stiffen the structure the OX1 and OX2 directions
and increase dh [7].

The gh values for all the 3–3 composites increase
as polymer is incorporated into the 3–3 structure
(Fig. 5c). This is generally a consequence of the
increase in dh and decrease in the permittivity of
the composite. The highest gh is observed for the
modified PbTiO3 based composite, due to the rela-
tively low permittivity (170) and relatively high d33

coefficient (51 pCN�1). The HFOM (dh·gh) reaches
a maximum at volume fractions of approximately
0.8 and, unlike 0–3 composites, large increases are
observed compared to the dh·gh of the bulk material
(Fig. 5d). As an example, a PCR-63/polymer 3–3
composite exhibits a maximum dh·gh of 3.4 pPa�1

(Fig. 5d), while for the bulk material it is 0.04
pPa�1. A similar maximum is observed for 1–3
composites, where the maximum is located at

slightly higher polymer volume fractions of 0.9 [7].
The 3–3 connectivity leads to large d33 and dh

values compared to 0–3 composites which enables
both signal generation and signal sensing appli-
cations to be considered, assuming the composite
has an optimum architecture. The optimum archi-
tecture in terms of choice of ceramic volume frac-
tion and choice of piezoceramic depends on the
application and the appropriate figure of merit that
needs to be maximised.

5. Conclusions

Results of modelling of piezoactive composites
of 0–3 and 3–3-types have been presented in order
to determine the important factors influencing high
piezoelectric sensitivity at different elements of
microgeometry. For both connectivity cases con-
sidered the models predict significant improve-
ments in effective piezosensitivity parameters, such
as gh, d33·g33 and dh·gh, compared to those of dense
monolithic PbTiO3 based materials. The greatest
benefits in dh for the 3–3 materials are achieved at
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high ceramic volume fractions using materials with
high d33 and small –d33 /d31 ratios, although in all
cases the reduction in dielectric permittivity at low
ceramic volume fractions leads to large increases
in gh. High figures of merit are achieved compared
to 1–3 composites, due to the stiff ceramic inter-
connected in the OX1 and OX2 directions. The 0–
3 materials are less sensitive to the anisotropy fac-
tor but modelling has shown that piezoelectric sen-
sitivity can be increased by modification of the
matrix, for example by the formation of a system
of elongated pores in the polymer media or using
“plate like” inclusions aligned in the poling direc-
tion. The models presented enable 0–3 and 3–3
composites to be optimised depending on the appli-
cation and the figure of merit that needs to be
maximised. The important factor that influences
piezoelectric sensitivity is associated with the
arrangement of the ceramic component: in all these
composite structures there are ceramic elements
that are lengthy along the poling axis OX3 which
promote the effective redistribution of the internal
electric and mechanical fields.
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