
PIEZOELECTRIC RESPONSE OF POROUS CERAMIC AND COMPOSITE MATERIALS

BASED ON Pb(Zr,Ti)O3: EXPERIMENT AND MODELLING

C. R. Bowen*,  V. Yu. Topolov**, and S. V. Glushanin**

* Department of Engineering and Applied Science, University of Bath, Bath, UK, BA2 7AY

** Department of Physics, Rostov State University, Zorge st. 5, 344090 Rostov-on-Don, Russia

Abstract

This paper presents experimental and theoretical studies of the effective piezoelectric

properties of porous Pb(Zr,Ti)O3-based ceramics and composites. Experimental

dependences of piezoelectric coefficients, dielectric permittivity and figures of merit on

relative density are determined for porous materials containing different piezopassive

components.  The features of the piezoelectric response of these materials in a wide range of

volume concentration of the piezopassive components are analysed using a model

consisting of a 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

Porous ceramics and composites based on ferroelectric Pb(Zr,Ti)O3 perovskite-type

solid solutions are important examples of piezoactive materials that have been intensively

studied in the last decades as potential materials for hydrophone and piezotechnical

applications [1-3].  The porous ceramics and composites offer considerable improvements

over monolithic ceramics due to large values of effective parameters, such as hydrostatic

piezoelectric coefficients dh* = d33* + 2d31* and gh* = g33* + 2g31* [1,3], piezoelectric

coefficients d33* and g33* [2,4], electromechanical coupling factors k33* and kt* [2], squared

figures of merits (Q33*)2 = d33*g33* and (Qh*)2 = dh*gh* [4], etc.

To our best knowledge, studies of microstructures of porous piezoactive ceramic and

composite materials have been carried out by only a few researchers [3,4,5,6]. Many

processing routes result in microstructures containing closed pores or open pores that are

described by 3-0 or 3-3 connectivity, respectively, in the terminology by Newnham et al.

[7].  In some cases, mixtures of isolated and interconnected pores are also observed.  For the

analysis of the effective piezoelectric, dielectric, elastic, and other properties of these

materials, different micromechanical models [6,4,8-10] have been presented.  However,

apart form [10], the existing theoretical approaches do not enable modelling of the

microstructure–property relationships for both 3-0 and 3-3 connectivities. This approach

stimulates a search for new possibilities of characterisation of microstructures and for

microstructural elements influencing physical properties. In the present work we present

experimental data on porous Pb(Zr,Ti)O3-based ceramics and composites and attempt to

describe features of piezoelectric response of these materials in the framework of a model

consisting of a laminated composite with 2-2 and 1-3 connectivity elements from reference

[11].

Properties of porous materials (experimental results)

Figs. 1-5 presents typical properties of porous piezoelectric materials (PZT-air) and polymer

impregnated ceramic foams (PZT-polymer).  Precise processing details and measurement

methods are presented in other papers [12,13].  In brief, the 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 Pb(Zr,Ti)O3 powder before uniaxial pressing.  The

additives used were polyethylene oxide (PEO), Perspex (PMMA), corn flour (CR) and self-

raising flour (SR).  The additive produced porosity within the ceramics by 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.

Fig. 1 shows d33
* against relative density for foams and different volatile additives.

The general trend is a decrease in the value of d33
* with decreasing relative density.  It can

be seen that different production methods produce different d33
* values for the same relative

density.  Variations between additives are related to the different porous structures that are

formed within the material [12]. The variation of d31
* with relative density is shown in

Fig.2.  The absolute value of d31
* decreases with decreasing relative density; but at a more

rapid rate compared to d33
*.  The rapid decrease in d31

* and subsequent increase in

piezoelectric anisotropy (d33
*/d31

*) results in high dh
* values, as observed in Fig. 3.  A

maximum dh
* is present at 0.5-0.75 relative density.  The highest values of dh

* are obtained

using PMMA as the inclusion material.  The foam based materials, while resulting in a

modest value of dh
* (100–200pCN-1), still show a higher value than for dense PZT-5H

(~50pCN-1).  These foam materials have many other material property advantages, such as

low density and acoustic impedance in their favour.

Fig. 4 shows the normalised relative permittivity against relative density revealing

that permittivity decreases with decreasing density.  The samples made with PMMA

however have the lowest values of permittivity for a specific density.  This is explained by

cracking observed in these samples perpendicular to the poling direction [12] reducing the

amount of material that has an uninterrupted path from the top to the bottom of the sample.

The CS samples have a higher permittivity, possibly due to the very small pores and a large

amount of the bulk material is left continuous.   The gh
* (=dh

*/ε33
*T) data are presented in fig.

5.  PMMA samples have high values of gh due to their suppressed values of ε33
*T and d31

*

caused by the 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, due to the high

permittivity values of the CS samples.  PZT-air foam based materials exhibit high gh* but



are difficult to use due to their poor mechanical strength, however the PZT-polymer foam

based materials, while having a lower value of gh are robust and well suited to applications

such as hydrophones.

Properties of porous material (model results)

In our opinion, the considerable increase in the piezoelectric anisotropy (d33*/d31*) and

rapidly decreasing d31* on increasing the porosity or volume concentration of the

piezopassive components mp (polymer or air) are due to the presence of elements of the

structure with 2-2 connectivity, i.e., layers of piezoceramic. An example of the structure of

the modified laminated composite has been considered in paper [10].  Based on these

results, we put forward a model which represents an interconnected composite that contains

two types of piezoactive layers (Fig. 6).  According to this model, the layer of the first type

represents a piezopassive matrix reinforced by a system of piezoceramic cylindrical rods

being lengthy and parallel to the poling axis OX3 (1-3 connectivity). The layer of the second

type is assumed to be piezoceramic and lengthy in both OX1 and OX2 directions (2-2

connectivity).  These layers, which alternate along the OX3 direction, are the main elements

of the structure of porous ceramic or composite materials.  Their remanent polarization

vectors PR,i are assumed to be oriented perpendicular to interfaces.

The observed slight decrease of d33* at increasing mp is provided owing to a continuous

distribution of the piezoceramic framework along the poling axis OX3 , and it can take place

at the presence of elements of the structure with 1-3 connectivity. Volume concentrations of

their piezoactive (mact) and piezopassive (mp) components can be determined from Fig. 6.  If

mr and 1–mr are volume concentrations of the piezoceramic rods and the surrounding

piezopassive matrix (polymer or air), respectively, ms is the volume concentration of the

layers containing the above-mentioned piezoceramic rods then mact = msmr + 1- ms  and mp

= ms(1- mr).

Effective electromechanical constants x* of the porous material are calculated by using

formulas for two-component piezoactive composites in two stages. Averaging mr follows

formulas [14] (1-3 connectivity) and averaging on ms  is enabled using formulas [15] (2-2

connectivity). For calculations, room-temperature experimental electromechanical constants



of following components were used: poled ferroelectric ceramic PZT-5H [9], polyethylene

[10] and elastomer [14].  Examples of concentration behaviour of normalized effective

parameters of porous PZT-5H based materials are shown in Table 1, where the superscript

(PZT-5H) denotes the dense ceramic.

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 enable us to

conclude as follows. The substitution of polyethylene by more compliant polymer (an

elastomer) results in increasing dielectric permittivity ε33*T(ms, mr) and piezoelectric

coefficients d3j*(ms, mr), dh*(ms, mr) and gh*(ms, mr) at fixed concentration parameters ms

and mr. This substitution influences the piezoelectric anisotropy  d33*(ms, mr) / d31*(ms, mr)

mainly due to the change in the ratio c11
(p) / c12

(p) of elastic moduli of polymer.

 Second, as we compare data from cases II and III, one can conclude that the changes in

ε33*T(ms, mr) and  d31*(ms, mr) are relatively small.  However, values of d33*(ms, mr),

dh*(ms, mr) and gh*(ms, mr) increase by substituting the monolithic elastomer matrix by air.

In our opinion, such behaviour is accounted for the weak electromechanical interaction

between piezoceramic rods in the OX1 and OX2 directions (due to the presence of the

piezopassive matrix).  As is known from earlier work [14] on 1-3 piezoactive composites,

softening the matrix surrounding the piezoelectric rods provides more high values of the

effective piezoelectric coefficients d33*, g33*, dh*, and gh* even at small volume

concentrations of the rods. In addition, an important consequence of slight concentration

dependence d33*(ms, mr) in cases II and III from Table 1 consists in an equality g33* / g33
(PZT-

5H) =  (Q33*)2 / (Q33
(PZT-5H))2  that holds true with accuracy up to a few percents.

A comparison of experimental results (Figs.1-5) and predicted values (Table 1) shows

agreement of concentration dependences are observed in a wide mp and ms range.  As mp

increases, the concentration parameter ms also increases, i.e. m′s > ms  at m′p > mp.  It is

remarkable to note that a relation m′p / mp  ≈ m′s / ms  remains correct at 0.10 < mp < 0.60.

As the polymer concentration (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 very small mr  values at ms

> 2/3 becomes unstable and could be destroyed even a small mechanical loading.



Apparently, this fact emphasizes the upper bound of volume concentration mp = 0.60 for the

range where the proposed model can be used for interpretation of experimental data.  In

summary, a model of a modified laminated composite with 2-2 and 1-3 connectivity

elements has enabled some of the features of microstructure-property relationships in

porous ceramics and composites with mixed connectivities to be described.
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Figure 1: d33
* / d33

(PZT-5H) vs. relative density
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Figure 2: d31
* /d31

(PZT-5H) vs. relative density
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Figure 3: dh*/dh
(PZT-5H)  vs. relative density. dh

* calculated from
dh

*=d33
*+2d31

*.
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Figure 4: ε33
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(PZT-5H),T vs. relative density.



0

20

40

60

80

100

120

0 0.25 0.5 0.75 1

Relative Density

g h
* /g

h(P
ZT

-5
H

) 
SR
PMMA
PEO
CS
Foam (air)
Foam (poly)

Figure 5: gh*/gh
(PZT-5H) vs. relative density.

Figure 6. Schematic diagram showing the structure of the porous piezoelectric ceramic

or the porous composite on the basis of the piezoelectric ceramic. Dashed area is the

monolithic ceramic component. mact is the volume concentration of the piezoelectric phase.

mp is the volume concentration of the polymer phase. OX3 is the poling direction

mp



Table  1. Calculated ratios of parameters x* / x(PZT-5H) of composite materials

based on PZT-5H
ms mr mp = ms(1-

- mr)
ε33*T /
ε33

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

(PZT-5H) d33*/d33
(PZ

T-5H))
dh*/dh

(PZT-

5H)
gh*/gh

(PZT-5H)

Case I:  PZT-5H - polyethylene
0.10 0.08 0.092 0.40 0.41 0.72 2.68 6.76
0.20 0.10 0.180 0.30 0.33 0.72 3.20 10.5
0.30 0.12 0.264 0.27 0.30 0.74 3.51 13.0
0.40 0.10 0.360 0.18 0.22 0.67 3.56 19.8
0.50 0.09 0.455 0.13 0.18 0.63 3.53 26.5
0.60 0.05 0.570 0.06 0.10 0.47 2.80 48.0
0.65 0.04 0.624 0.04 0.08 0.40 2.47 59.1

Case II PZT-5H - elastomer
0.10 0.08 0.092 0.44 0.45 0.87 3.61 8.26
0.20 0.10 0.180 0.33 0.35 0.87 4.26 12.7
0.30 0.12 0.264 0.30 0.31 0.88 4.58 15.6
0.40 0.10 0.360 0.20 0.22 0.85 4.91 24.4
0.50 0.09 0.455 0.15 0.17 0.82 5.05 33.4
0.60 0.05 0.570 0.07 0.10 0.70 4.69 67.2
0.65 0.04 0.624 0.05 0.07 0.65 4.42 86.9

Case III: PZT-5H - air
0.10 0.08 0.092 0.47 0.47 1 4.37 9.38
0.20 0.10 0.180 0.36 0.36 1 5.05 14.1
0.30 0.12 0.264 0.31 0.31 1 5.34 17.0
0.40 0.10 0.360 0.22 0.22 1 5.94 27.2
0.50 0.09 0.455 0.17 0.17 1 6.27 37.8
0.60 0.05 0.570 0.08 0.08 1 6.80 83.9
0.65 0.04 0.624 0.06 0.06 1 6.93 114



References
[1]  Ting, R.Y.,The piezoelectric properties of some PZT composites, Ferroelectrics, 1983, 49, 251-256

[2] Lopatin, S.S.  & Lupeiko, T.G. Neorganicheskiye Materialy,  1991, 27, 1948-1951 (in Russian).

[3] Creedon, M.J. & Schultze, W.A., Axially distorted 3-3 piezoelectric compositesfor hydrophone

applications, Ferroelectrics, 1994, 153, 333-339

[4]  Kara H., Ramesh, R., Stevens, R. & Bowen, C.R., Porous PZT ceramics for receiving transducers,

IEEE Trans. Ultrason., Ferroelec. and Freq. Contr. 2003, 50, 289-296.

[5] Hikita, K., Yamada, K., Nishioka, M & Ono, M, Piezoelectric properties of the porous PZT composite

with silicone-rubber, Ferroelectrics, 1983, 49, 265-272

 [6] Bast, U., & Wersing, W,  The influence of internal voids with 3-1 connectivity on the properties of

piezoelectric ceramics prepared by a new planar process, Ferroelectrics. 1989, 94, 229-242

[7] Newnham, R.E., Skinner, D.P., Cross, L.E., Connectivity and piezoelectric-pyroelectric

composites, Mater. Res. Bull. 1978, 13, 525-53

[8] Banno H, Effects of shape and volume fraction of closed pores on dielectric, elastic and

electromechanical properties of dielectric and piezoelectric ceramics – A theoretical approach, Am.

Ceram. Bull., 1987, 66, 1332-1337

 [9] Dunn, M & Taya, M,  Electromechanical properties of porous piezoelectric ceramics,  J. Am. Ceram.

Soc., 1993,76, 1697-1706.

 [10] Levassort, F.,  Lethiecq, M.,  Desmare, P., & Tran-Huu-Hue, L.P., Effective electroelastic moduli of

3-3(0-3) piezocompsites, IEEE Trans. Ultrason., Ferroelec. a. Freq. Contr.,1999, 46, 1028-1034.

[11] Topolov, V.Yu & Turik.A.V., Modified layered composite with high anisotropy of piezoconstants e(ij)

and d(ij), Tech. Phys. Lett., 1998, 24, 441-443

[12]  Bowen, C.R. Perry, A, Lewis, A.C.F. & Kara, H, Processing and properties of porous piezoelectric

materials with high hydrostatic figures of merit.,  J. Euro. Ceram. Soc., 2004, 24,541-545

[13]  Kara H, Perry A, Stevens R & Bowen CR, Interpenetrating PZT/polymer composites for

hydrophones: Models and experiments, Ferroelectrics, 2001, 265, 317-332

[14] Grekov, A.A.,  Kramarov, S.O. & Kuprienko, A.A.,  Effective properties of a transversely isotropic

piezoelectric composite with cylindrical inclusions, Mech. Compos. Mater. 1989, 25, 54-61

[15] Khoroshun, L.P.,  Maslov, B.P.,  Leshchenko, P.V., Prediction of effective properties of piezoactive

composite materials., Kiev: Naukova Dumka, 1989. 208 p. (in Russian).


