ELSEVIER

Ceramics International 33 (2007) 395-399

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Processing and piezoelectric properties of porous PZT ceramics

Tao Zeng ™, XianLin Dong, ShuTao Chen, Hong Yang

Shanghai Institute of Ceramics, Chinese Academy of Sciences, 1295 DingXi Road, Shanghai 200050, PR China

Received 4 July 2005; received in revised form 30 August 2005; accepted 29 September 2005
Available online 6 January 2006

Abstract

5-45% porous lead zirconate titanate (PZT) ceramics were fabricated by adding pore formers such as polymethyl methacrylate (PMMA) and
dextrin and sintering at 1200 °C for 2 h. The optimum heating procedure was decided according to the thermogravimetric analysis of pore formers.
The effects of different pore formers and their content on the microstructure and piezoelectric properties were investigated. With an increase in the
content of pore formers, the porosity of sintered ceramics increased, which led to reduced dielectric constant (¢33) and longitudinal piezoelectric
coefficient (ds3) as well as enhanced hydrostatic piezoelectric voltage coefficient (g,) and hydrostatic figures of merit (d}, gr). The hydrostatic
figures of merit (d}, g) of 41% porous PZT were 10 times more than that of 95% dense PZT.
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1. Introduction

Lead zirconate titanate (PZT) is an important piezoelectric
material which has been largely used in ultrasonic transducers for
applications like hydrophones, underwater transducers, actua-
tors, biomedical imaging etc [ 1-5]. However, dense piezoceramic
materials such as dense PZT possess low piezoelectric response
and poor acoustic matching between the ceramics and the media
due to the great difference in density. The hydrostatic figure of
merit, dy, gy, is defined to evaluate the effect of a pizeoceramic
used as underwater acoustics [6-9]. The hydrostatic piezoelectric
voltage coefficient, g,,, can be calculated by dy,/e. As the dielectric
constant decreases, the gj, increases, so the figure of merit
increases. One of the possibilities to lower the dielectric constant
is the incorporation of void space into the dense PZT samples.
Furthermore, an increase in the amount of porosity leads to a
decrease in the transverse piezoelectric coefficient (—d5;) relative
to the longitudinal one (d53) [10], which produces an increase in
the hydrostatic strain coefficient, dy, (=ds3 + 2d5,), so that higher
electrical charges are generated per unit hydrostatic force.
Moreover, the difference in acoustic impedance of the piezo-
electric and the ambient medium (such as air or water) determines
the reflection and transmission of sound energy at the interface
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[11]. The closer the impedances are between each other, the less
sound energy is reflected at the interface. This can be possibly
achieved by adjusting the number of pores to reduce the sound
velocity and impedance values to close water or air [12,13].
Porous PZT with different pore size and porosities can be made by
burning pore formers with different sizes and contents such as
starch [14,15], PVA [16], PVB [17], yeast [18], during the
sintering process. The purpose of this work is to investigate the
effects of different pore formers and their content on the
microstructure and piezoelectric properties of porous PZT
ceramics.

2. Experiment procedure
2.1. Sample preparation

Porous PZT ceramics were prepared by mixing PZT powder
with pore formers. The designed compositions of mixed
pOWderS were Pb(Zr0,53Ti0,47)03 +0.5 Wt%Nb205 + aPMMA
and Pb(Zrg 55Tig47)O03 + 0.5 wt.%Nb,Os + Bdextrin, respec-
tively, where o =0, 2.5, 5, 10, and 12.5 wt.%, =0, 3, 6, 9,
12, 15, and 18 wt.%. The size of PMMA was controlled
between 120 pwm and 170 pm while the size of dextrin was in
the range of 20-40 wm. The weighted powders for the
designated PZT composition were ball milled for 6 h with
zirconia balls as the grinding media and alcohol as the solvent.
After milling, the slurry was dried at room temperature and then
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Fig. 1. TG curve of PMMA at a heating rate of 10 °C/min.

the powders were mixed with 5 wt.% PVA liquid addition. The
mixed powder was pressed at about 200 MPa to ¢ 16 mm disks.
From the thermogravimetric analysis of PMMA shown in Fig. 1,
the optimum heating procedure was decided to begin with an
initial heating rate of 120 °C/h up to 240 °C followed by 60 °C/h
up to 420 °C and then 120 °C/h up to 850 °C to assure the
complete burn out of the PMMA. Fig. 2 shows that dextrin begin
to volatilize at 240 °C and completely burn out at 540 °C.
Therefore the heating rate was initially 120 °C/h up to 240 °C,
then 60 °C/h up to 540 °C and finally 120 °C/h up to 850 °C to
assure the complete burn out of the dextrin. The compacts were
sintered at 1200 °C for 120 min in soaking furnace. All the
compacts were placed in a covered alumina crucible pitted with
Pb(Zr 53Tig.47)O3 powders to reduce the volatilization of Pb. The
sintered samples were ground to remove the surface layers,
evaporated with silver electrodes in vacuum, and poled by
applying a DCfield of 3—4 kV/mm for 10 mininasilicone oil bath
at 120 °C. Bulk density (pp,) was determined by the Archimedes
method, and the porosity of sample was calculated from the ratio
of the bulk density to the theoretical density (o, = 8.02 g/cm?).
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Fig. 2. TG curve of dextrin at a heating rate of 10 °C/min.

2.2. Sample characterization

The sintered samples were analyzed by X-ray diffraction
(Rigakv RAX-10) and the microstructures of porous PZT
ceramics were observed by optical microscopy (TOTA-500III).
The piezoelectric charge coefficient (d33) was measured by a
direct method based on a Quasti-static dz3-meter. The static
capacitance (at 1 kHz), the dissipation factor tan 6 and the
electrical impedance as a function of frequency were measured
by using an HP-4294A impedance bridge. The electromecha-
nical coupling factors and transverse piezoelectric coefficient
were determined from the values of resonance and antireso-
nance frequencies, density, dimensions and dielectric constant.
The parameters of dy,, g, and dj, g,, were calculated from the
measured ds3, d3; and &35 values and the equations discussed in
the introduction.

3. Results and discussion
3.1. Microstructure and mechanical properties

Fig. 3 shows the XRD patterns of the PZT, PZT—dextrin and
PZT-PMMA ceramics sintered at 1200 °C for 2 h. It is noted
that single perovskite structure were exhibited for all the
sintered ceramics. No other phase was detected. The variations
of porosity with the content of pore formers is shown in Fig. 4.
The porosity increased with an increase in the content of pore
formers at a fixed sintering temperature. Fig. 5 shows typical
optical micrographs of both PMMA porous PZT ceramics and
dextrin porous PZT ceramics with low and high porosities
sintered at 1200 °C. It can be seen that for all the porous
materials, macropores were formed in the ceramics after
sintering. For the PZT ceramics with high porosity, some small
pores incorporated into larger pores, and the pore sizes in
porous PMMA ceramics were larger than porous dextrin
ceramics. As the content of the PMMA increased, the porosity
also increased, showing that the porosity and pore sizes are
determined by the content and sizes of pore formers. It is shown
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Fig. 3. XRD patterns of the PZT ceramics with different pore formers.
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Fig. 4. Variation of porosity with the content of pore formers.

in Fig. 6 that increased porosity led to a decrease in the Young’s
modulus.

3.2. Piezoelectric properties

The changes in piezoelectric coefficient and relative dielectric
constant with porosity are shown in Figs. 7 and 8, respectively.
The decrease in piezoelectric coefficient and relative dielectric
constant with porosity for both PMMA and dextrin ceramics was
greater than expected by considering only the volume fraction of
pores, with zero piezoelectric coefficient and relative constant,
within the ceramics. As for the observation from Carroll and Holt
[19], the enhanced stress near the pores leads to an increase in
microscopic stress and strain, which indicates an increased stress
due to an increased volume fraction of pores in the porous PZT
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Fig. 6. Variation of Young’s modulus of porous PZT ceramics with porosity.

ceramics. There are two ways in which an increased stress can
affect piezoelectric coefficient. One is by inhibiting the
movement of domain walls and increasing depolarizing factors.
The second one is by preventing grain growth and decreasing
grain size. As the grain size decreases, the domain walls are
inhibited to move because the increased grain boundaries
contribute additional pinning points for the moving walls [20].
The relative dielectric constant, ¢, is given by

. (=P —1)
PP Ni(eg — 1)

where ¢,pp, is dielectric constant of samples with pores, ¢ the
dielectric constant of samples without pores, p is volume

(f)

Fig. 5. Optical micrographs of porous piezoelectric materials (x120). (a) PZT with 5 wt.% PMMA, porosity, 24%. (b) PZT with 10 wt.% PMMA, porosity, 35%. (c)
PZT with 12.5 wt.% PMMA, porosity, 41%. (d) PZT with 12 wt.% dextrin, porosity, 33%. (e) PZT with 21 wt.% dextrin, porosity, 46%. (f) PZT with 0% pore formers,

porosity, 5%.
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Fig. 7. Variation of longitudinal piezoelectric coefficient of porous PZT
ceramic with porosity.
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Fig. 8. Variation of relative dielectric constant of porous PZT ceramics with
porosity.
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Fig. 9. Variation of hydrostatic piezoelectric voltage coefficient of porous PZT
ceramics with porosity.
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Fig. 10. Variation of hydrostatic figure of merit of porous PZT ceramics with
porosity.

fraction of porosity and N; are the depolarizing factors [21]. The
depolarizing factors are consistent with an increased stress and
strain for samples with higher porosity [22]. If the effect of
depolarizing factors on dielectric constant were not accounted
in, as the porosities increased, a linear decrease in dielectric
constant should occur. However, the porosity increased, and
then the depolarizing factor (X;) rose, which caused a further
decrease in dielectric constant.

The reduced —d5; coefficient and lower dielectric constant
of the porous PZT ceramics led to an increase in hydrostatic
voltage constant (gy,), and large improvements are observed for
both PMMA and dextrin ceramics when compared to 95%
dense PZT, as seen in Fig. 9 The hydrostatic figure of merit
(dy, gn) shown in Fig. 10 increased with the amount of porosity
up to over 10 times as compared with that of 95% dense PZT.

4. Conclusions

Porous PZT piezoelectric ceramics have been manufactured
by using different pore formers (PMMA, dextrin) and sintered
at 1200 °C over a range of porosity (5-45%). The porosity
increased with an increase in the content of pore formers and
the increased porosity led to a decrease in the Young’s modulus.
For the PMMA and dextrin based PZT ceramics, no significant
differences in properties were observed even though their pore
sizes are different. In the range of porosity, an increase in
porosity lead to a decrease in d3; and &35, for all the porous PZT
ceramics, which resulted in improved g, and dy, g, when
compared to 95% dense PZT. The hydrostatic figures of merit
(dn gn) of 41% porous PZT increased by over 10 times as
compared with that of 95% dense PZT.
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