
Ceramics International 30 (2004) 1353–1356

Investigation on the microstructure and ferroelectric
properties of porous PZT ceramics

Zeming He∗, J. Ma, Ruifang Zhang

School of Materials Engineering, Nanyang Technological University, Nanyang Avenue, Singapore 639798, Singapore

Received 26 November 2003; received in revised form 16 December 2003; accepted 22 December 2003

Available online 7 May 2004

Abstract

In the present work, porous lead zirconate titanate (PZT) ceramics were fabricated by introducing pore-forming agent polymethyl methacry-
late (PMMA) and sintering green compacts at low temperature. The phase, the microstructure, and the ferroelectric properties of the prepared
ceramics were characterized. The correlation of microstructure with ferroelectric properties was discussed. The porosity increased with in-
crease in the added PMMA content at a given sintering temperature or decreasing the sintering temperature at a fixed added PMMA content.
The dielectric constant and the dielectric loss of the investigated samples decreased with increase in the frequency. The dielectric constant
decreased and the dielectric loss increased with the increase in the addition content of PMMA at fixed frequency and sintering temperature.
At same porosity, the sample with macropores showed lower dielectric constant and dielectric loss, compared to the sample with micropores.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: D. PZT; Porous ceramics

1. Introduction

Lead zirconate titanate (PZT) is an important ferroelectric
material, which plays a remarkable role in modern electro-
ceramic industry. The application of the PZT component is
wide, including nonvolatile memory elements, pyroelectric
detectors, piezoelectric transducers, and photoelectric de-
vices[1,2]. Recently, porous PZT ceramics have been paid
huge attentions due to their possibility of enhancing some
parameters with respect to dense materials. Moreover, air
inclusions in the materials could reduce the effective acous-
tical impedance and hence improve the acoustic matching
between the component and the media through which sig-
nals can be transmitted or received[3–5].

In the present work, porous PZT ceramics were fabricated
from two approaches. One method used sintering of PZT
powders at low temperature, and another sintering of powder
mixtures of PZT and polymethyl methacrylate (PMMA).
As the pore-forming agent, PMMA would burn off during
sintering and leave macropores in the ceramic matrix. For
the prepared ceramics, the phase and the microstructure were

∗ Corresponding author. Tel.:+65-67904590; fax:+65-67909081.
E-mail address: zmhe@ntu.edu.sg (Z. He).

characterized, and the dielectric constant and the dielectric
loss were measured. The correlation of porosity and pore
size with ferroelectric properties are discussed.

2. Experimental procedure

The designed composition was Pb(Zr0.525Ti0.475)O3
+ 0.005Y2O3 + 0.005Nb2O5 + xPMMA, where x = 0,
12, 24, and 36 vol.%, respectively. PZT-based powders
were synthesized from commercially available PbO, ZrO2,
TiO2, Y2O3, and Nb2O5 powders (Coors Ceramics, USA).
The weighted powders for the designated PZT composi-
tion were mixed for 6 h with zirconia balls as the grinding
media and ethanol as the solvent in a planetary ball miller
(Restch, USA). After milling, the resultant slurry was
dried in an oven and then the powders were calcined in
a high-temperature furnace (Carbolite, UK) at 850◦C for
120 min. After drying and sieving, the calcined powders
were mixed with PMMA powders (Struers, Denmark) and
the mixtures were ball-milled again. The mixed powder was
fed in a 10 mm stainless steel die and subjected to uniaxial
pressure of 150 MPa. The formed green compacts with dif-
ferent added PMMA contents were sintered at different tem-
peratures of 1000, 1050, 1100, and 1150◦C, isothermally
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Fig. 1. XRD patterns of the prepared powder and the ceramics sintered
at 1150◦C.

held for 120 min in the high-temperature furnace. The PZT
green compact without PMMA added was also sintered at
950◦C for 30 min to achieve low density. During sintering,
all the compacts were placed in a covered alumina cru-
cible that contained PbZrO3 disks to produce a PbO-excess
atmosphere.

The density of the sintered component was measured from
its mass and dimensions. The relative density was obtained
from the ratio of the measured density to the theoretical

Fig. 3. SEM images of the samples sintered at 1150◦C. (a) PZT-0PMMA, (b) PZT-12PMMA, (c) PZT-24PMMA, and (d) PZT-36PMMA.
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Fig. 2. Variations of relative density with PMMA content of the samples
sintered at different temperatures.

density of PZT, which was taken as 8 g cm−3 [6]. An X-ray
diffractometer (Shimadzu, Japan) with Cu K� radiation was
used to reveal the phases of the mixed powders and the sin-
tered samples. The microstructure of the sintered component
was examined by a JSM-5410 scanning electron microscopy
(JEOL, Japan). For the measurement of ferroelectric proper-
ties, the thickness of the sample was ground to 0.8 mm and
silver paste (Agar, UK) was applied on both surfaces. The
dielectric constant and the dielectric loss were measured
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using a HP4194A impedance/gain-phase analyzer (HP,
USA).

3. Results and discussion

Fig. 1 shows the XRD patterns of the mixed pow-
der PZT-36PMMA and the ceramics PZT-0PMMA and
PZT-36PMMA sintered at 1150◦C. It is noted that PZT
materials with perovskite structure were exhibited for both
the calcined powder and the sintered ceramic. No other
phase was detected. The XRD results indicate that the pro-
cesses of synthesis and sintering of PZT employed in the
present work are appropriate.

The variations of relative density, with PMMA addition
content, of the samples sintered at different temperatures
are shown inFig. 2. The relative density decreases, or the
porosity increases with increase in the added PMMA con-
tent at a fixed temperature, and at a given PMMA content,
the relative density increases with the increase of the sinter-
ing temperature. The density changes with PMMA content
and sintering temperature are easy to understand. During
sintering, PMMA burnt off leaving pores in the PZT matrix.
The more the added PMMA, the more the porous in the ma-
terial microstructure. On the other hand, low-sintering tem-
perature led to low density. InFig. 2, the relative density
of PZT-0PMMA sintered at 950◦C is also shown, which
is nearly the same as that of PZT-24PMMA sintered at
1150◦C.

Fig. 3shows the SEM images of the samples with differ-
ent PMMA contents sintered at 1150◦C. It can be seen that
for PMMA-containing green compacts, macropores (100 to
250�m) were formed in the ceramics after sintering. As
the content of the added PMMA increases, the porosity in-
creases, which is consistent with the density of results shown
in Fig. 2.

The dielectric constants and the dielectric losses measured
at different frequencies of the sintered samples are shown
in Figs. 4 and 5, respectively. As the frequency increases,
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Fig. 4. Variations of dielectric constant with frequency of the samples
sintered at 950 and 1150◦C.
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Fig. 5. Variations of dielectric loss with frequency of the samples sintered
at 950 and 1150◦C.

both the dielectric constant and the dielectric loss decreases
for all the investigated samples, which is a normal behavior
in general ferroelectrics[7,8]. For the samples sintered at
1150◦C, the dielectric constant decreases and the dielectric
loss increases with the increase of the PMMA content at a
fixed frequency. This is mainly attributed to the macropores,
which introduces low dielectric constant and high dielectric
loss in PZT ceramic matrix[4]. To compare the differ-
ence between micropore and macropore on the ferroelectric
properties, the dielectric parameters of PZT-0PMMA sin-
tered at 950◦C are also included inFigs. 4 and 5. As stated,
the porosity of PZT-0PMMA sintered at 950◦C is nearly
the same as that of PZT-24PMMA sintered at 1150◦C.
Their dielectric parameters at a fixed frequency, however,
are different. Compared with the conventional sintered mi-
croporous ceramic, the material with macropores exhibits
lower dielectric constant and dielectric loss. The observed
pore-size effect on dielectric constant is consistent with
that reported by Roncari et al.[4]. In general, the material
with micropores has more total pore surface, which results
in larger grain–pore contact area for unit grain, and more
stress caused by the motion of the domain wall could be re-
laxed. In a sense, compared with the macroporous structure,
the material with microporous structure could enhance the
mobility of the domain wall. As a result, higher dielectric
constant and dielectric loss are exhibited in PZT-0PMMA
sintered at 950◦C, while lower dielectric constant and di-
electric loss are exhibited in PZT-24PMMA sintered at
1150◦C [9].

4. Conclusions

In the present work, porous PZT ceramics were achieved
using the processes of adding the pore-forming agent PMMA
and low-sintering temperature. At a given sintering tem-
perature, the porosity increased with increase in the added
PMMA content, and at a fixed PMMA content, the density
increased with increase in the sintering temperature. For the
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investigated samples, the dielectric constant and the dielec-
tric loss decreased with increase in the frequency. The di-
electric constant decreased and the dielectric loss increased
with the addition of PMMA content, at fixed frequency and
sintering temperature. Compared with the sample with mi-
cropores, the sample with macropores possessed lower di-
electric constant and dielectric loss, though their porosities
were almost the same.
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