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Abstract

Porous lead zirconate titanate (PZT) ceramics could be produced by combining the particle-stabilized foams and the gelcasting technique. In
this study, the foaming capacity of particle-stabilized wet foams was tailored by changing the concentration of valeric acid and pH values of
suspension. Accordingly, porous PZT ceramics with different porosity, microstructure, dielectric and piezoelectric properties were prepared with
the respective wet foam. Increase in the porosity led to a reduction in the relative permittivity (e,), a moderate decline in the longitudinal
piezoelectric strain coefficient (ds33) and a rapid decline in the transverse piezoelectric strain coefficient (d3;), which endowed porous PZT
ceramics with a high value of hydrostatic strain coefficient (d,) and hydrostatic figure of merit (HFOM). As a result, the prepared samples
possessed a maximal HFOM value of 19,520 x 10™"> Pa™" with the porosity of 76.3%. The acoustic impedance (Z) of specimens had the lowest
value of 1.35 Mrayl, which could match well with those of water or biological tissue; accordingly, the material would be beneficial in underwater

sonar detectors or medical ultrasonic imaging.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Lead zirconate titanate (PZT) has been extensively used for
a host of sensor and actuator applications for its excellent
piezoelectric properties [1-3]. However, for low frequency
hydrophone application (10-100 kHz), underwater transdu-
cers, and biomedical imaging etc., porous PZT composites
are preferred for low density, improved acoustic matching with
water, high hydrostatic coefficients, and high hydrostatic figure
of merit (HFOM). Generally, porous PZT composites could be
classified into PZT/polymer and PZT/air (porous PZT cera-
mic). Compared with the PZT/polymer composites, porous
PZT ceramics possess numerous advantages, such as brief
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manufacturing procedure, broad usage temperature, and
roughly linear relationship between the piezoelectric properties
and porosity [4]. In recent years, porous PZT ceramics have
been developed using various processing techniques such as
the lost wax replication of a coral skeleton [5], carbon fabrics
[6], mixing of burnable plastic spheres (BURPS) processes [7],
gelcasting [8], etc. Each process leads to the formation of its
own microstructure and properties with varied porosities.
Due to the simplicity, versatility and low cost, the direct
foaming technique is always of great interest to produce
porous ceramics [9]. In this method, air bubbles are incorpo-
rated into a ceramic suspension by mechanical frothing to
produce wet foams. Then the foams are dried and sintered to
obtain high-strength porous ceramics. However, wet foams are
thermodynamically unstable systems which undergo continu-
ous Ostwald ripening and coalescence processes in order to
decrease the foam overall free energy, so the wet foams are
usually stabilized by long-chain surfactants or by colloidal
particles. Recently, a sort of ultra-stable wet foams was utilized
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to produce porous ceramics [10,11]. In the method, partial
hydrophobization is first achieved by modifying the ceramic
particle surface with short-chain carboxylic acids that adsorb
with the carboxylate group onto particles, leaving the hydro-
phobic tail in contact with the aqueous solution. Then the
modified particles adsorb onto the air—water interface of
freshly incorporated air bubbles and reduce the foam overall
free energy by removing part of the highly energetic gas—liquid
interfacial area to form ultra-stable wet foams. The stability of
wet foams is mainly determined by the surface properties of
the resulting modified particles, which can be affected by the
concentration of adsorbed amphiphilic molecules or the pH
value of suspension.

In order to fabricate solid porous PZT ceramics from
particle-stabilized wet foams, shaping, drying, and sintering
have to be accomplished. Gelcasting, first developed by
Omatete and Janney during the 1990s, has been applied not
only to the fabrication of dense ceramics, but also to porous
ceramics and complex-shaped ceramic parts [12—15]. The
gelcasting process involves a suspension of ceramic powders
in an aqueous monomer solution creating a 3D network by
in situ polymerization, which holds ceramic powders in the
shape of the mold cavity.

Our group, recently, successfully produced porous PZT
ceramics with excellent piezoelectric properties by combining
the particle-stabilized foams and the gelcasting technique [16].
However, there have been few investigations carried out to
understand the effects of foam composition on the properties
of porous PZT ceramics. In the present work, the concentration
of adsorbed amphiphilic molecules and pH values of final
suspension were investigated for structural, dielectric, and
piezoelectric properties such as foaming capacity, density,
microstructures, relative permittivity, etc.

2. Experimental procedure
2.1. Materials

PZT-5H powders (BaoDing HongSheng Acoustics Electron
Apparatus Co. Ltd., Hebei Province, China) with a mean particle
size of 1.87 pm and a density of 7.6 g/em® were employed in the
experiment. Valeric acid (CsH;¢gO,, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) was selected for the short-
chain amphiphilic molecules to hydrophobize the particle surface.
Acrylamide (AM, C,H;CONH,) and N,N’-methylenebisacryla-
mide (MBAM, (C,H3;CONH),CH,) were selected as the organic
monomers. Ammonium persulfate solution (APS, (NH4),S,0sg,
35 wt%) as an initiator and N,N, N',N’-tetramethylenediamine
(TEMED) as a catalyst were employed for the gelation process.

2.2. Sample preparation

Suspensions containing valeric acid were produced as fol-
lows: a premix solution of monomers was prepared by adding
into deionized water AM and MBAM with concentrations of
14.5 wt% and 0.5 wt% respectively, then PZT powder was
added stepwise to the solution to obtain a suspension with a

solid loading of 15 vol%. Homogenization and deagglomeration
were carried out on a ball mill for 4 h. An aqueous solution
containing valeric acid was then slowly added dropwise to the
ball-milled slurry under slight stirring to avoid local particle
agglomeration. The concentration of valeric acid was deter-
mined by PZT suspension and set to 10, 30, 50, 70 and
90 mmol/L in this research. Afterward, the pH was set to its
desired value (pH=1, 3, 5, 7 and 9) employing HCI aqueous
solution. In order to minimize the influence of water brought in
by HCI solution, different concentrations of HCI aqueous
solution (1, 3 and 5 mol/L) were employed in the experiment.
Then the slurry was ball-milled again for 4 h to enable valeric
acid to modify the surface of PZT particles sufficiently.

Foaming of suspensions was carried out using a household
mixer at 300 r/min for 5 min. Meanwhile, the catalyst and
initiator were added to the particle-stabilized foams with the
amounts of 0.5vol% and 1 vol% respectively; then the
polymerization of AM started with an obvious increase in
temperature in several minutes. The wet foams were then cast
into a mold while in situ polymerization continued. After about
12 h, wet green parts were removed from the mold and dried at
40 °C. The dried bodies, which had no obvious shrinkage in
the drying process, were subsequently sintered in a corundum
crucible containing PbZrO3; powder to produce an excess PbO
atmosphere at 1150 °C for 2 h.

2.3. Characterization

Each test in our research led to 3—4 samples and all samples
were subjected to simple machining to be disc-shaped with a
typical size of 10 mm in diameter and 1.5 mm in height. The
porosity of sintered sample was obtained from the ratio of the
measured bulk density, measured by using the water displace-
ment method based on the Archimedean principles, to the
theoretical one of this PZT material (7.6 g/cm3). The micro-
structures of porous PZT ceramics were observed using SSX-
550 scanning electron microscopy (SHIMAZU, Shimazu
Corp., Kyoto, Japan). Cell size was measured from the
obtained SEM photographs using the image analysis software
(Image J) [17]. For dielectric and piezoelectric testing, both
surfaces of the samples were coated with a thin silver layer,
followed by heat treatment at around 550 °C for 20 min to
form electrodes. To minimize the penetration of silver into
porous ceramic bodies, the silver paste was made highly
viscous by adding ethyl cellulose (EC). Thereafter, the samples
were poled by applying a dc field of 10 kV/cm for 10 min in a
bath of silicone oil at 120 °C, and subsequently aged for 24 h
before testing. The longitudinal piezoelectric strain coefficient
(d33) was measured by a direct method based on a Quasti-static
dsz-meter (ZJ-3A, Institute of Acoustics, Chinese Academy of
Science, Beijing, China). The relative permittivity (e,) was
calculated from the capacitance by the formula

1\ Cod
=) v

where ¢y is the vacuum permittivity, C, the capacitance at
1 kHz measured under constant (zero) stress by using an
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impedance bridge (HP-4194A, Hewlett-Packard Development
Company, CA), d the thickness of the porous PZT disk and S
is the area of the electrode. The transverse piezoelectric strain
coefficient (d3;) was determined from the values of resonant
and anti-resonant vibration frequencies, density, diameter and
dielectric constant. The parameters hydrostatic strain coeffi-
cient (d,=d;3+2d3;), hydrostatic voltage coefficient (g,=d,/
&o€r), hydrostatic figure of merit (HFOM =d, g,) and acoustic
impedance (Z) were calculated from the measured values and
other physical parameters.

3. Results and discussion

It should be noted that wet foams investigated in this study
are quite complex systems. A series of situations are involved
in the stabilization process, including the adsorption of short-
chain amphiphilic molecules on the particle surface, and the
adsorption of in situ-hydrophobized ceramic powders to the
air—water interface of freshly air bubbles. Therefore, changes
in the initial composition of suspension often affect more than
one of the parameters relevant for foam formation and
stabilization. In this paper, two important parameters, the
concentration of valeric acid and pH value of the final slurry,
were investigated independently.

3.1. Porosity and microstructures

Fig. 1 shows the effect of valeric acid concentration on the
foaming capacity and hence the bulk density of sintered
specimens. All measurements were carried out in suspensions
containing 15 vol% PZT at pH 5.

As shown in Fig. 1, there is a distinct increase in the
foaming capacity (the ratio of foam volume to slurry volume)
from 1.68 to 2.93 with the increase of the valeric acid
concentration. When the concentration of valeric acid was less
than 30 mmol/L, the number of amphiphilic molecules was not
enough to adsorb to ceramic particles, which degraded directly
the hydrophobicity of colloidal particles and led to a relatively
low foaming capacity of the suspension. With increasing the
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Fig. 1. Variations of foaming capacity and bulk density of porous PZT
ceramics with valeric acid concentration (pH=>5).

valeric acid concentration, there was a higher adsorption of
amphiphilic molecules onto particles, the hydrophobicity of
particles to adsorb to air—water interfaces was enhanced,
resulting in stable wet foams and an increasing foaming
capacity up to 2.93. Accordingly, the bulk density of porous
ceramics decreased almost linearly from 4.16 g/cm® to 1.80 g/
cm® in the range of valeric acid concentration, indicating that
the density could be easily tailored in a broad range.

Besides the valeric acid concentration, pH value of the
slurry also influences the stabilization of wet foams. Fig. 2
shows the effect of pH value on the foaming capacity and the
bulk density of porous ceramics. Here, all measurements were
carried out in suspensions with solid loading of 15 vol%, and
the amount of valeric acid corresponded to a constant
concentration of 50 mmol/L.

As depicted in Fig. 2, the foaming capacity shows a
moderate increase from 1.96 to 2.46 upon increasing the pH
value from 1 to 5. Obviously, when the pH value was below 5,
substantive ionized H" in the acid suspension prevented the
ionization of the valeric acid anion, which degraded the
modification of amphiphilic molecules on PZT particles. When
the pH value approached the isoelectric point of PZT colloids
(pH 6.5-7) [18], the viscosity of the initial suspension
increased, the particles tended to agglomerate, and the foaming
capacity decreased to 1.76 consequently. Under mild alkaline
condition (pH 9), valeric acid anion was hard to ionize,
resulting in the lowest foaming capacity of 1.32. Meanwhile,
the bulk density of samples varied between 2.38 and 5.09 g/
cm® with a changing trend opposite to that of foaming
capacity.

Fig. 3 shows the detailed pore morphology and interconnec-
tion of sintered porous ceramics with different initial composi-
tions. As shown in Fig. 3(a), cells were mostly closed with an
average size of approximately 223 pum, and separated from
each other by particle walls with thicknes around 30 pm. In
this case, the modified particles could cover most air bubbles
of wet foams due to the cause of relatively small total volume
of wet foams, and the coverage remained throughout the
gelling, drying and sintering procedure, leading to the
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Fig. 2. Variations of foaming capacity and bulk density of porous PZT
ceramics with pH value (valeric acid concentration=50 mmol/L).
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Fig. 3. SEM micrographs of porous piezoelectric materials with different valeric acid concentrations, pH values, and porosities: (a) 10 mmol/L, pH 5, 45.28%;
(b) 50 mmol/L, pH 5, 68.70%; (c) 90 mmol/L, pH 5, 76.32%; (d) 50 mmol/L, pH 1, 60.42% and (e) 50 mmol/L, pH 9, 33.00%.

formation of closed cells. With increasing foaming capacity,
the number of ceramic particles that constituted every unit of
bubble coating decreased, so the holes began to appear on cell-
wall for different shrinkages during the drying and sintering
procedure. Therefore, pores with several tens of micrometers
in size located within the internal wall of macroporous
structures were formed with increasing porosity, as depicted
in Fig. 3(b) and (c). Comparing with Fig. 3(b), (d), and (e),
similar phenomena appeared as the open-cell structure turned
to closed cell with the porosity of sintered ceramics decreasing
from 68.7% (2.38 g/em?) to 33.0% (5.09 g/cm®). Moreover, it
is well known that air bubbles tend to reduce the total
interfacial area through coalescence and disproportionation
(Ostwald ripening), which definitely results in the collapse of
wet foams and hence decrease in porosity of sintered speci-
mens. Conversely, the decreasing foaming capacity should also

imply the coarsening of cells, with the average size of cells
being 137 um, 170 pum, and 237 pum, respectively, as shown in
Fig. 3(b), (d), and (e).

3.2. Dielectric property

Relative permittivity of porous PZT ceramics as a function
of porosity is shown in Fig. 4. As discussed above, the sample
with 68.7% porosity, which was prepared with suspensions
containing 15 vol% PZT at pH 5 and 50 mmol/L valeric acid,
was demonstrated in both Figs. 1 and 2 while discussing the
effects of pH value and valeric acid concentration on the
foaming capacity and bulk density of porous PZT ceramics.
Therefore, while studying the effects of the two series of
parameters on dielectric and piezoelectric properties, we
demonstrated only one data point corresponding to 68.7%
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Fig. 4. Relative permittivity as a function of porosity.

porosity in relevant figures. As can be seen from Fig. 4, the
relative permittivity decreased with the increasing porosity for
all the specimens, which is consistent with previously reported
results [19]. Meanwhile, porous ceramics can be regarded as a
pore-solid composite whose dielectric property could be
predicted by some theoretical models. In this study, the
following general empirical equation was used to predict the
relative permittivity of porous PZT ceramics:

e =2 Viey, (2)

where ¢, is the relative permittivity of porous materials, V; and
e, are the volume fraction and relative permittivity of the ith
material, respectively and « is a constant [20]. The value of the
constant « is determined to be a=—1 and a=1 for serial and
parallel mixing models, respectively. As shown in Fig. 4, the
measured relative permittivity of porous PZT ceramics fell
between the predictions of the serial and parallel mixing
models. According to Zhang et al. [21], the parallel model
predicts the ¢, of porous PZT ceramics with closed cells, while
the serial model is suitable for the high open-porosity
ceramics. Obviously, both of the two models express two
extreme cases of the mixing of two components. However, the
measured value of & in low porosity was closer to that of the
serial model, which did not match the empirical equation very
well. We believe that besides the porosity, the measured &, is
also sensitive to the shape of pores in this study. This
observation is consistent with the SEM micrographs in
Fig. 3 that shows the irregular shape at low porosity.

3.3. Piezoelectric property

The correlation of longitudinal piezoelectric strain coeffi-
cient (d33) with porosity is shown in Fig. 5. The ds3 values of
porous PZT ceramics decreased almost linearly in the porosity
range of 33.0-68.7%. According to the space-charge theory
[22], the existence of pores brings about the increase of space-
charge sites such as lattice vacancies or impurity atoms

bounding inside grain boundaries; thus an increase in micro-
scopic stress and strain emerges simultaneously, and reduces
the piezoelectric coefficient by inhibiting the movement of
domain walls in the end. When the porosity exceeded 68.7%,
the d3 value decreased drastically and it could be deduced that
the increase of open cell affected the mechanical loadings
seriously, and further lowered the piezoelectric coefficient.
Fig. 6 shows the hydrostatic strain coefficient (d,) as a
function of porosity. As to the variation of pH values, the dy
value increased from 178 to 209 pC/N with the porosity
ranging from 33.0% to 68.7%. Apparently, the faster descend-
ing trend of dj; value than that of ds; led to the ascending
trend of d,, values with increasing porosity. However, the
effect of valeric acid concentration on d;, values shows
different trends. Firstly, when the porosity ranged from
45.3% to 75.0%, the d, value increased from 179 to 212 pC/
N remarkably. Then the d}, value decreased to 200 pC/N with
the porosity of 76.3%. It is believed that the interconnecting
pores in specimen with high open porosity (Fig. 3 (c)) made
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the d3; value decrease at a more rapid rate than that of d3;, so
the dy, value decreased appropriately.

With the increase of porosity, the lowered ¢, and high value of
dy, led to promoted value of hydrostatic voltage coefficient (g,),
and hence hydrostatic figure of merit (HFOM) with respect to
dense PZT ceramics. As can be seen from Fig. 7, no matter how
the compositions of suspension changed, the HFOM increased
obviously with the increase of porosity with the highest value of
19,520 x 1073 Pa™", much higher than that of previous research
[23]. However, the low value of &, corresponding to high porosity
is always harmful for the stability and reliability of specimen. The
capacitance, C, which characterizes the stability of specimen,
could be calculated from the inversion formula

S
C =¢& 7 (3)
Apparently, the high value of HFOM with high porosity
suggests a low value of C. Therefore, a compromise should be
made when deciding the composition of final suspension to
achieve optimum values of piezoelectric properties and relative
permittivity simultaneously.

3.4. Acoustic impedance

Fig. 8 shows the acoustic impedance of porous PZT
ceramics as a function of porosity. The acoustic impedance,
Z, could be calculated by the following formula:

Z=puDf, )

where p,, is the measured density of porous PZT ceramics, D
is the diameter of the disc-shaped specimen, and f; is the
resonant vibration frequency. As shown in Fig. 8, the Z values
decreased almost linearly from 6.53 to 1.35 Mrayl with
increasing porosity due to the gradual introduction of air filled
pores into the ceramic matrix. The lowest value of Z was close
to that of biological tissue (1-2 Mrayl) or water (~1.5 Mrayl),
which is beneficial in improving acoustic matching and helpful
for ultrasonic transducers application like hydrophone or
medical imaging. Meanwhile, there is no apparent discrepancy
in the dependence of acoustic impedance on porosity, which
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Fig. 8. Acoustic impedance as a function of porosity.

suggests that the acoustic impedance of porous PZT ceramics
in this study is sensitive mainly to porosity, not to the shape or
connectivity of pores.

4. Conclusion

In this work, particle-stabilized foams and the gelcasting
technique were combined to produce porous PZT ceramics. By
varying the concentrations of valeric acid and pH values of
final suspension, wet foams with different foaming capacities
were prepared, while the porosity and microstructure of
sintered specimens changed accordingly. As for the dielectric
and piezoelectric properties, the values of &, and ds3 of porous
PZT ceramics not only decreased with increasing porosity, but
also were affected by the shape or structure of pores. The value
of dy, increased moderately with the increase of porosity, which
allowed the porous PZT ceramics to have high HFOM values.
The sample with a porosity of 76.3% showed a HFOM value
of as high as 19520 x 107> Pa™'. The acoustic impedance
decreased almost linearly with increasing porosity, and reached
the lowest value of 1.35 Mrayl, so the porous material of this
kind is suitable for the design of underwater hydrophone.
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