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The present paper presents experimental and theoretical studies of the effective piezoelectric

properties of porous Pb(Zr,Ti)O3 based ceramics and composites. The experimental dependence

of piezoelectric coefficients and dielectric permittivity on relative density is determined for porous

materials containing different piezopassive components. The piezoelectric response of these

materials in a wide range of volume concentrations of the piezopassive components are analysed

in the framework of a model of a modified laminated composite with 2–2 and 1–3 connectivity

elements. The role of these elements in forming different concentration dependences of the

effective parameters of the porous piezoceramic and piezocomposite materials is discussed.
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Introduction
Ferroelectric perovskite type ceramics and composites
are modern functional heterogeneous materials char-
acterised by a wide spectrum of piezoelectric, dielectric,
pyroelectric and other properties. These materials have
been developed, for example, to meet requirements for
high effectiveness and efficiency of piezoactive elements
for electromechanical transducer, hydrophone and
piezotechnical applications. Many experimental studies
point out that the effective physical properties of
piezoactive ceramics and composites depend essentially
on microstructure and the volume concentrations of the
components. In this sense, a material containing a
piezoactive component distributed through its bulk in a
variety of configurations is of particular interest. Porous
ceramics and composites based on ferroelectric
Pb(Zr,Ti)O3 perovskite type solid solutions are impor-
tant examples of such piezoactive materials that have
been intensively studied in the last decades and are
potential materials for various hydrophone and piezo-
technical applications.1–8 Porous ceramics and compo-
sites offer considerable improvements over monolithic
ceramics owing to large values of effective parameters
such as hydrostatic piezoelectric coefficients dh*5
d33*z2d31* and gh*5g33*z2g31*,

2,6 piezoelectric coef-
ficients d33* and g33*,

1,5–8 electromechanical coupling
factors k33* and kt*,

3–5 and squared figures of merit
(Q33*)

25d33*g33* and (Qh*)
25dh*gh*.

7,8

To the best of the present authors’ knowledge,
microstructural studies of porous piezoactive ceramic

and composite materials have been carried out by only
a few workers.1,4,6,8 Many processing routes result in
microstructures containing mixtures of isolated and
interconnected pores described by 3–0 or 3–3 connectiv-
ity,1–8 respectively, in the terminology of Newnham et al.9

For analysis of the effective piezoelectric, dielectric,
elastic and other properties of these materials, different
micromechanical models have been put forward.3,4,8,10–12

However, apart from the procedure described in Ref. 13,
the existing theoretical approaches do not enable model-
ling of the microstructure–property relationships for both
3–0 and 3–3 connectivities. This approach stimulates a
search for new methodologies for characterisation of
microstructures and for microstructural elements influen-
cing physical properties. The present paper reports
experimental data on porous Pb(Zr,Ti)O3 based ceramics
and composites and attempts to describe features of the
piezoelectric response of these materials in the framework
of a model of a modified laminated composite with 2–2
and 1–3 connectivity elements.14

Properties of porous materials

Experimental results
Figures 1–5 present typical properties of porous piezo-
electric materials (PZT–air) including polymer impreg-
nated ceramic foams (PZT–polymer). Precise processing
details and measurement methods are presented else-
where.15,16 Low density piezoelectric foams (,0.3
relative density) were prepared by coating polymeric
foams with a ceramic suspension and sintering. The
higher density materials (.0.3 relative density) were
fabricated using a variety of volatile additives added to
the ceramic powder before uniaxial pressing. The
additives include polymethylmethacrylate (PMMA),
polyethylene oxide (PEO), self-raising flour (SR) and
corn starch (CS), which all produce porosity within the
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ceramics on volatilisation during heat treatment. In all
cases PZT-5H was used as the ceramic component and
all results are normalised with respect to the properties

of the dense material. The scatter in the data in Figs. 1–5
is thought to originate from the different microstruc-
tures formed by the different inclusion types and sizes.
For example, PMMA based materials exhibit cracking
parallel to the pressing (and poling) direction, leading to
low effective permittivity.15

Figure 1 shows d33* against volume fraction of PZT
mPZT for foams and porous materials manufactured from
the different inclusion materials. The general trend is a
decrease in the value of d33* with decreasing mPZT. This
trend shows a distinct dependence of d33* on porosity
volume concentration at low values of mPZT (,0.75) and
lower dependence at high mPZT (.0.75). It can also be
seen that different production methods produce different
d33* values for the same relative density.

Variations amongst additives are related to the
different connectivities of the porous structures formed
within the material. The variation of d31* with mPZT is
shown in Fig. 2. Again the general trend is that the
absolute value of d31* decreases with decreasing relative
density, but at a more rapid rate than d33* (particularly
in the high density range). Such a decrease in d31*
suggests that an electromechanical interaction between
some piezoactive elements aligned in the poling direction
becomes weaker as the porosity of the material
surrounding these elements increases. The rapid

1 Variation of d33*/d33
(PZT-5H) with PZT fraction for all samples:

SR5self-raising flour, PMMA5polymethylmethacrylate,

PEO5polyethylene oxide, CS5corn starch

2 Variation of d31*/d31
(PZT-5H) with PZT fraction

3 Variation of dh*/dh
(PZT-5H) with PZT fraction

4 Variation of e33*
T/e33

(PZT-5H),T with PZT fraction

5 Variation of gh*/gh
(PZT-5H) with PZT fraction
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decrease in d31* and subsequent increase in piezoelectric
anisotropy (d33*/d31*) results in high effective dh* values,
as observed in Fig. 3. A maximum of dh* is present at
mPZT of 0.5–0.75. The highest values of dh* are obtained
using PMMA as the inclusion material. The foam based
materials, while having a modest value of dh* (100–
200 pC N21), still show a higher value than for dense
PZT-5H (around 50 pC N21). These foam materials
have many other material property advantages in their
favour, including low density and acoustic impedance.

Figure 4 plots normalised relative permittivity against
PZT volume fraction mPZT. The results for samples
made with PEO and SR have similar values as a function
of density. The samples made with PMMA however
have lower values of permittivity than expected, owing
to cracking present in these samples perpendicular to the
poling direction.15 The CS samples have a higher
permittivity, possibly due to its small pores, and a large
amount of the bulk material is left continuous. The gh*
(dh*/e33

T) data are presented in Fig. 5, where a high
value of gh results in a high electric field per unit
hydrostatic stress and is a particularly important merit
index for hydrophone applications. PMMA samples
have high values of gh arising from their suppressed
values of e33* and d31* caused by cracking of samples
during manufacture. It can also be seen that the CS
samples have a lower value of gh* than the PEO and SR
samples, owing to the high permittivity values of the CS
samples. PZT–air foam based materials exhibit high gh*
but are difficult to use owing to their poor mechanical
strength, however the PZT–polymer foam based materi-
als, while having a lower value of gh, are more robust
and still well suited to applications such as hydrophones.

Model results
The considerable increase in piezoelectric anisotropy
d33*/d31* and distinct decrease in d31* on increasing the
porosity or volume concentration of the piezopassive
components mp (polymer, porous polymer or air) are
possibly a result of the presence of elements of the
structure with 2–2 connectivity, i.e. layers of piezo-
ceramic. An example of the structure of a modified
laminated composite has been considered elsewhere.13

Based on these results, a model containing two types of
piezoactive layers is put forward, as shown in Fig. 6.
The remanent polarisation vectors PR,i are assumed to
be oriented perpendicular to interfaces. The slight

decrease in d33* with increasing mp results from a
continuous distribution of the piezoceramic framework
along the poling axis OX3, and it can take place with the
presence of elements in the structure with 1–3 con-
nectivity. According to this model, the layer of the first
type represents a passive matrix reinforced by a system
of piezoceramic cylindrical rods being lengthy and
parallel to the poling axis OX3. The layer of the second
type is assumed to be piezoceramic and lengthy in both
OX1 and OX2 directions. These layers, which alternate
along the OX3 direction, are the main elements of the
structure of porous ceramic or composite materials and
the volume concentrations of their piezoactive (mPZT)
and piezopassive (mp) components can be determined
from Fig. 6. If mr and 1–mr are respectively volume
concentrations of the piezoceramic rods and the
surrounding passive matrix (polymer, porous polymer
or air), and ms is the volume concentration of the layers
containing the abovementioned piezoceramic rods, then
mPZT5msmrz12ms and mp5ms(12mr). An additional
effect of porosity can be taken into account if the
polymer matrix is considered as a cellular structure with
uniformly distributed spherical air inclusions, and the
volume concentration of these air inclusions is min.

The effective parameters x*5e3j*, d3j*, e33*
S and e33*

T

(e3j* are piezoelectric coefficients and e33*
S is dielectric

permittivity measured at constant strain) of the porous
material poled along the OX3 axis are calculated using
formulas for two component piezoactive composites in
three stages. Averaging on min is carried out on the basis
of formulas in Ref. 12 (0–3 connectivity), averaging on
mr follows formulas in Ref. 17 (1–3 connectivity) and
averaging on ms is enabled using formulas in Ref. 18 (2–
2 connectivity). Calculations used room temperature
experimental electromechanical constants of the follow-
ing components: poled ferroelectric ceramic PZT-5H,11

polyethylene13 and elastomer.17 Some examples of
concentration behaviour of normalised effective para-
meters of porous PZT-5H based materials are shown in
Table 1, where the superscript (PZT-5H) denotes the
dense ceramic. Figure 7 presents modelled values of
d*33, d*31, d*h, e33*

T, g*h as a function of PZT fraction,
where the axes are to the same scale as the experimental
data in Figs. 1–5 for direct comparison.

The calculated parameters can be compared in two
ways. First, the comparison of effective parameters x*
or ratios x*/x(PZT-5H) in cases I and II in Table 1 permits
the conclusion that the substitution of polyethylene by a
more compliant polymer (an elastomer) results in a
slight increase in dielectric permittivity e33*

T(ms,mr) and
d3j*(ms,mr), but a more significant increase in piezo-
electric coefficients d3j*(ms,mr), dh*(ms,mr) and
gh*(ms,mr) at fixed concentration parameters ms and
mr. This substitution influences the piezoelectric aniso-
tropy d33*(ms,mr)/d31*(ms,mr), mainly as a result of the
change in the ratio c11

(p)/c12
(p) of the polymer elastic

moduli. Second, comparing data from cases II, III and
IV in Fig. 7, it can be concluded that the changes in
e33*

T(ms,mr) and d31*(ms,mr) are not considerable.
However, values of d33*(ms,mr), dh*(ms,mr) and
gh*(ms,mr) increase when the elastomer matrix is
substituted by a more compliant porous elastomer or
by air. It is proposed that such behaviour is accounted
for by the weak electromechanical interaction between
piezoceramic rods in the OX1 and OX2 directions, owing

6 Schematic diagram showing structure of porous piezo-

electric ceramic or porous composite on basis of

piezoelectric ceramic: dashed area is monolithic cera-

mic component characterised by remanent polarisation

vector PRqqOX3; clear area is passive phase (air,

polymer or porous polymer)
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to the presence of the piezopassive matrix, and for
conditions favourable to the ‘rod–layer’ electromecha-
nical interaction in the OX3 direction. As is known from
earlier work,17,19 in 1–3 piezoactive composites, soft-
ening the matrix surrounding the piezoelectric rods
provides higher values of effective piezoelectric coeffi-
cients d33*, g33*, dh* and gh*, even at small volume
concentrations of the rods. In addition, an important
consequence of the slight concentration dependence of
d33*(ms,mr) in cases II and III (Table 1) is the equality
g33*/g33

(PZT-5H)5(Q33*)
2/(Q33

(PZt-5H))2, which holds true
with accuracy up to a few per cent.

The correlation between experimental (Figs. 1–5) and
calculated (Fig. 7) concentration dependences exists in a
wide mp range with changing ms and mr parameters of
layers of the first type (Fig. 6). As mp increases, the
concentration parameter ms also increases, and the
relation m9p/mp<m9s/ms remains correct at 0.10,
mp,0.60, where m9s is the concentration parameter
analogous to ms, but at porosity m9p?mp. As mp

approaches 0.60, a comparison of experimental and
calculated parameters becomes problematic. These
parameters would be in good agreement at mr,0.10,
however the structure of the porous composite with

Table 1 Calculated ratios of parameters x*/x(PZT-5H) of composite materials based on PZT-5H: mp5ms(12mr),
mPZT5msmrz12ms, mpzmPZT51; in case III, volume concentration of spherical air pores in elastomer matrix is
min50.30

ms mr mp(512mPZT) e33*
T/e33

(PZT-5H),T d31*/d31
(PZT-5H) d33*/d33

(PZT-5H)) dh*/dh
(PZT-5H) gh*/gh

(PZT-5H)

Case I: PZT-5H–polyethylene
0.10 0.08 0.092 0.398 0.413 0.724 2.68 6.76
0.15 0.10 0.135 0.368 0.388 0.745 3.00 8.16
0.20 0.10 0.180 0.304 0.327 0.720 3.20 10.5
0.25 0.13 0.218 0.329 0.355 0.771 3.40 10.3
0.30 0.12 0.264 0.269 0.299 0.738 3.51 13.0
0.35 0.12 0.308 0.240 0.273 0.728 3.60 15.0
0.40 0.10 0.360 0.180 0.215 0.672 3.56 19.8
0.45 0.10 0.405 0.163 0.202 0.667 3.60 22.1
0.50 0.09 0.455 0.133 0.175 0.634 3.53 26.5
0.55 0.06 0.517 0.0779 0.117 0.519 3.43 39.2
0.60 0.05 0.570 0.0584 0.0984 0.468 2.80 48.0
0.65 0.04 0.624 0.0419 0.0821 0.409 2.47 59.1

Case II: PZT-5H–elastomer
0.10 0.08 0.092 0.437 0.445 0.872 3.61 8.26
0.15 0.10 0.135 0.402 0.412 0.885 3.93 9.77
0.20 0.10 0.180 0.335 0.346 0.872 4.26 12.7
0.25 0.13 0.218 0.356 0.368 0.900 4.32 12.2
0.30 0.12 0.264 0.295 0.308 0.883 4.58 15.6
0.35 0.12 0.308 0.264 0.279 0.878 4.74 18.0
0.40 0.10 0.360 0.201 0.218 0.847 4.91 24.4
0.45 0.10 0.405 0.183 0.201 0.843 4.99 27.3
0.50 0.09 0.455 0.151 0.171 0.823 5.05 33.4
0.55 0.06 0.517 0.0917 0.112 0.744 4.85 52.9
0.60 0.05 0.570 0.0697 0.0913 0.703 4.69 67.2
0.65 0.04 0.624 0.0508 0.0737 0.650 4.42 86.9

Case III: PZT-5H–porous elastomer
0.10 0.08 0.092 0.459 0.460 0.962 4.13 9.00
0.15 0.10 0.135 0.420 0.422 0.967 4.40 10.5
0.20 0.10 0.180 0.352 0.354 0.963 4.80 13.6
0.25 0.13 0.218 0.370 0.373 0.972 4.75 12.8
0.30 0.12 0.264 0.309 0.311 0.966 5.10 16.5
0.35 0.12 0.308 0.277 0.280 0.965 5.29 19.1
0.40 0.10 0.360 0.214 0.217 0.955 5.61 26.2
0.45 0.10 0.405 0.195 0.199 0.954 5.72 29.4
0.50 0.09 0.455 0.162 0.166 0.947 5.87 36.3
0.55 0.06 0.517 0.101 0.106 0.917 6.04 59.8
0.60 0.05 0.570 0.0778 0.0833 0.900 6.06 77.8
0.65 0.04 0.624 0.0577 0.0638 0.876 6.00 104

Case IV: PZT-5H–air
0.10 0.08 0.092 0.466 0.466 1 4.37 9.38
0.15 0.10 0.135 0.426 0.426 1 4.62 10.8
0.20 0.10 0.180 0.358 0.358 1 5.05 14.1
0.25 0.13 0.218 0.375 0.375 1 4.95 13.2
0.30 0.12 0.264 0.313 0.313 1 5.34 17.0
0.35 0.12 0.308 0.281 0.281 1 5.54 19.7
0.40 0.10 0.360 0.218 0.218 1 5.94 27.2
0.45 0.10 0.405 0.198 0.199 1 6.06 30.5
0.50 0.09 0.455 0.166 0.166 1 6.27 37.8
0.55 0.06 0.517 0.104 0.104 1 6.65 63.7
0.60 0.05 0.570 0.0811 0.0811 1 6.80 83.9
0.65 0.04 0.624 0.0607 0.0607 1 6.93 114
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small mr values at ms.2/3 becomes unstable and may be
destroyed by a small amount of mechanical loading.
Apparently this fact emphasises the upper bound of
volume concentration such that mp,0.60 and mPZT.0.4
is the most suitable range where the proposed model can
be used for interpretation of experimental data.

Conclusions
The effective piezoelectric and dielectric properties of
porous Pb(Zr,Ti)O3 based ceramics and composites
have been analysed for a variety of piezotechnical
applications. Based on the experimental data related to
these piezoactive materials, a new model of the porous
composite (ceramic) has been proposed to describe the
experimental dependence of the effective parameters on
porosity and other factors. Within the framework of this
model, the composite sample is considered to be divided
into structural elements with 1–3 (rods) and 2–2 (layers)
connectivity. These elements play an important role in
forming the dielectric and piezoelectric response and the
variable piezoelectric anisotropy of the porous media in
the wide porosity and polymer range. It is seen that both
piezoelectric sensitivity and anisotropy of the porous

ceramics and composites are closely predicted in terms
of the concentration parameters. Moreover, as follows
from comparison of the experimental and calculated
results, the upper bound mp50.60 is a realistic estimate
where the proposed model is reliable for microstructural
design and optimisation of porous piezoactive materials
for specific applications.
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