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Abstract

PZT aerogels are prepared by sol-gel processing and subsequent supercritical drying. After sintering of the highly porous and
uncalcined green body for up to 16 h in the temperature interval from 650 to 950 �C, a porous ceramic with a perovskitic PZT
backbone is obtained. These PZT aerogels were characterized in terms of a possible application as ultrasound transducers. Samples
were sintered in the temperature range between 650 and 950 �C and their elastic modulus was determined. Dielectric permittivities

and dielectric charge constants were measured, the results can be interpreted with respect to the porosity and surface area of the
samples. The electrical resistance of PZT aerogels is low compared to bulk material, a significant contribution of surface layer
conductivity could be determined. The resulting low electrical breakdown field strengths hinder polarization. Additionally the

inhomogeneous distribution and small strength of local poling fields has to be considered. Nevertheless dielectric hysteresis loops
were obtained for samples annealed at 850 and 950 �C, respectively. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Conventional piezoelectric ceramics such as
Pb(Zr0.53Ti0.47)O3 (PZT) are commonly used as ultra-
sonic transducers. Their acoustic impedance is close to
the one of other dense and solid materials. However,
medical imaging or sonar applications require ultra-
sound transmission into tissue or water, i.e. materials of
lower density and thus also of lower impedance. In
order to prevent acoustic mismatch between transducers
and medium, composites of conventional PZT ceramics
with a second phase of lower density were used. There-
fore, porous PZT-ceramics have been developed by a
conventional mixed-oxide process.1 Even lower trans-
ducer impedances are required for ultrasonic applica-
tions in air, e.g. ranging. In this case acoustic impedance
matching between dense PZT ceramics and air can be
obtained by using a quarter wave silica aerogel coupling
layer. This, however, is a narrow band solution, which
may increase the transmitted sound energy by 20 dB for
the selected frequency.2,3

A broadband solution requires impedance matching
of the piezoelectric material itself. This idea triggered
the development of porous piezoelectric aerogels with a
crystalline PZT backbone. Before 1995 two attempts to
produce piezoelectric aerogels have been reported.4,5

Some of our more recent synthetic efforts regarding this
topic have already been described6 and patents have
been issued.7,8 It should be noted that PZT aerogels are
monolithic materials with a crystalline backbone. In
contrast to this, most aerogel compositions known from
the literature are either amorphous or can only be pre-
pared as crystalline powders. Carbon aerogels show a
mixed composition, with graphitic microcrystallites
embedded in amorphous phases.9

2. Sample preparation

The precursor solution for PZT gels is prepared
according to a procedure based on a method previously
reported by Philips et al.:10 a mixture of Zr- and Ti-
propoxides (molar ratio 53:47) is chelated with 1 mol
acetylacetone per mol metal, before lead acetate trihy-
drate dissolved in 1,3-propanediol is added. A molar
excess of 5% lead is included to compensate for losses
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during annealing. After keeping the solution at 150 �C
for 4 h the volatile components are distilled off at
reduced pressure. The highly viscous residue is diluted
in 1,3-propanediol to yield a 1.5 M precursor solution
with respect to Pb1.05Zr0.53Ti0.47O3, as confirmed by
chemical analysis.
Alcogels were prepared by hydrolysis with 15 mol

H2O per mol PZT in flat-bottomed glass-containers
with diameters of 28 mm. In most cases, gelation
occurred within 5 h. The samples were aged at 50 �C for
14 days, subsequently the liquid phase of the gel was
exchanged by repeatedly immersing the samples in fresh
isopropanol over a week.
Supercritical extraction of this solvent starting at

p=120 bar and T=260 �C yielded monolithic aerogels
with high Pb0 content.11

Prior to sintering all aerogels were heated up with
1 K min�1 in air and held at 400 �C for 10 h. The final
sintering at 650, 750, 850 and 950 �C was performed
within closed Al2O3 crucibles using the same heating
rates. Usually, 5 samples were sintered at each tem-
perature for 0, 2, 4, 8 and 16 h. In order to minimize
lead loss at higher temperatures, a mixture of PbO and
PbZrO3 was used within the sintering containers to
provide a Pb saturated atmosphere.
Circular electrodes were fabricated by vacuum

deposition of silver on the top and bottom surfaces of
the aerogel disks.
Poling was performed in a bath of completely fluori-

nated carbon (FC 70, 3M) by applying 103 kV/m for 20
min.

3. Measurement techniques

3.1. Densities

The effective densities � of the aerogels were calculated
from weight and volume. These results were confirmed by
measurements on a GeoPyc envelope density analyzer
(Micromeritics Corporation, Norcross, GA, USA). All
skeletal densities �sk measured by He-pycnometry (Ultra-
pycnometer 1000, Quantachrome Corporation, Boynton
Beach, Fl, USA) were found to be (7.8�0.1) g/cm3 for
samples annealed at 650 �C or above. Porosities II,
therefore, were calculated as II=1-�bulk/(7.8 g cm

3).

3.2. Ultrasonic measurements

Two identical transducers were pressed onto the sam-
ple disk while their distance was measured (Millitast,
Mahr). A high voltage pulse (300 V) excited one trans-
ducer and triggered an oscilloscope (Hewlett Packard,
54602 A) that monitored the signal of the second trans-
ducer. Time of flight of the ultrasonic pulse was deter-
mined with an accuracy of �5 ns, i.e. about 0.1% for

samples disks of usual dimensions. At the same time,
the transducer thickness was measured to within 0.1%.
The ultrasound velocity c was determined from the ratio
of transducer distance and time of flight. The elastic
modulus

Y ¼ � c2 ð1Þ

was calculated assuming force free sidewalls and a suf-
ficient large ratio of sample dimension and sound
wavelength.

3.3. Electric measurements

In order to derive the temperature dependent con-
ductivity, a sample and Pt thermocouple were placed
inside a temperature-controlled furnace (Nabatherm,
Eurotherm RHT-502). Between 200 and 500 �C, four
pole voltage–current measurements were performed in
steps of five Kelvin after holding for 5 min, using a
multimeter (Hewlett Packard 3457 A). Structural chan-
ges were checked by SEM micrographs taken before
and after measurement.
The dielectric permittivity was obtained by impedance

measurements (Hewlett Packard, 4284 A) at 1 kHz.
For the determination of the hysteresis, symmetrical

high voltage cycles of given voltage amplitude at a fixed
frequency of 5 Hz were applied to the sample by a sui-
tably connected pair of high voltage generators (Knürr
Heinzinger PNC 40.000 and HNCs 100.000). Current
monitoring allowed for integration of the polarization
after a division by the sample area.
The same set-up allowed for a determination of the

field strength for current breakdown.
The charge constants d33 and d31 were measured with

a custom-built piezometer system (Take Control Ltd.).
An oscillating force (0.1 N rms, 300 Hz) was applied
onto a given direction with respect to the poling axis.
The periodic charge accumulation on the electrodes was
detected via a shunted capacitance of 0.1 mF. The cor-
rect boundary condition for the measurement, i.e. open
circuit conditions with E=0 were assured by this capa-
citance that was orders of magnitude higher than the
capacitance of the sample. Poling was performed 24
hours before the measurement.

4. Results and discussion

4.1. Elastic modulus

The elastic modulus Y is given in Fig. 1 in a double
log plot as a function of absolute density r and relative
density on the upper and lower x-axis, respectively. The
parameter is the sintering temperature. The data for a
Nd-doped bulk PZT ceramic (PXE52, Philips) are
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included for comparison. Each data point is the average
value from three identically prepared samples. A fit of
the elastic moduli to the scaling law in Eq. (2) was per-
formed on each series:

Y / ð1-IIÞ� ¼ �� ð2Þ

The fit results are included in Fig. 1 as straight lines.
A strong increase of the elastic moduli in the range

from 1 to 50 GPa with relative densities between 22 and
almost 100% can be observed. As is indicated by the
straight lines, all series can be described by a scaling
behavior with an exponent close to �=2. As expected,
the largest elastic moduli are obtained for the specimens
sintered at 850 and 950 �C.
According to the scaling law theories of mechanical

properties, an exponent a�2 like that observed that for
the PZT aerogels indicates an efficiently connected
backbone12 in which a homogeneous elastic behavior of
the whole backbone mass is observed. Exponents �>2
indicate a network with so called dead ends, i.e. parts of
the backbone that do not participate in the elastic
behavior.13 Exponents �>2 are also observed if an
inhomogeneous distribution of the mechanical load
occurs, i.e. if the material consists of beads which are
connected by small, mechanically inefficient necks.14

Such a situation is typical for SiO2 aerogels where � �

3.5 are typical.13

4.2. Temperature dependent specific conductivity

The temperature dependent specific conductivity �(T)
was measured on samples that were treated for 8 h at
different sintering temperatures.

In Fig. 2, the results are given as function of the
inverse absolute temperature in a semi logarithmic plot.
The data for an Nd-doped and conventionally prepared
dense PZT ceramic are included for comparison.15

In this presentation, a straight-line behavior is
observed for the aerogels and for the bulk Nd-doped
reference ceramic. Both materials have a similar slope.
However, the PZT Aerogels have considerable larger
conductivities especially the ones sintered at low tem-
peratures.
The general temperature dependence of the con-

ductivity is typical for a thermodynamically activated
conductivity where only one carrier species dominates in
the corresponding temperature interval. This allows for
data fitting according to Eq. (3):

� Tð Þ ¼ �1exp -Eact=kBTð Þ; ð3Þ

where kB and T are Boltzmann’s constant and the
absolute temperature, respectively. The extrapolated
conductivity �1 is proportional to the charge carrier
concentration n and mobility �. These charge carriers
have to overcome the activation energy Eact in order to
participate in the current.
The �1-values for the PZT aerogels are displayed on

the left y-axis of Fig. 3 as a function of porosity. The
ratio of relative density and grain size (1��)/dgs is dis-
played on the right y-axis.
All aerogels exhibit comparatively high �1-values

that increase with porosity in the range of 10–150 kS/m.
The characteristic of the (1��)/dgs-variation correlates
with the one for the �1 data except for the data at
lowest porosity.

Fig. 1. Double log plot of the elastic modulus of PZT aerogels as a

function of density for different sintering temperatures and the scaling

exponents � for a fit according to the scaling law. The data for an Nd-

doped dense ceramic (PXE52, Philips) and a calculated curve accord-

ing to a scaling law with �=2 are included for comparison.

Fig. 2. The temperature dependent specific conductivity is given as

function of the inverse absolute temperature and temperature in �C

and on the upper and lower x-axis, respectively. Parameters are the

sintering temperature and porosity. Data of an Nd-doped reference is

included.15
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The depicted �1-values are considerably higher than
for the Nd-doped bulk PZT ceramic. Accordingly,
charge transport cannot be explained in terms of a bulk
PZT property.
It can be shown, that the volume specific surface area

of an aerogel is proportional to the (1��)/dgs-ratio if
the aerogel density consists of hard spheres with bulk
PZT density and grain size dgs as diameter.
The behavior in Fig. 3 thus, is indicative for electrical

conduction along the inner surface of the porous body
in addition to the conduction within the PZT bulk
backbone. This additional surface current is assumed
within a constant given thickness of 0.1–0.01 mm.16

It can be suggested, that the high concentration of
charge carriers in the surface layer is due to the specific
PZT aerogel processing. During the sinter process, the
inner surface is in contact with the atmosphere and,
thus, is prone to chemical interaction with the gaseous
environment. A high amount of impurities, defects and
vacancies can be accumulated there upon sintering.
In addition to the conductivity �1, also the activation

energy Eact can be derived. Eact increases with decreas-
ing porosity from 0.91 eV down to 0.82 eV. A compar-
able value for Eact of 0.82 eV is found for the Nd doped
reference.
Conduction across the inner surface causes current

breakdown upon poling and thus limits the applicable
field strengths.

4.3. Dielectric permittivity

Like in the case of the elastic modulus, the dielectric
permittivity " was determined for a series of samples
that were sintered at different temperatures. For each
combination of sintering time and temperature, a set of
three identically prepared samples was investigated.
Fig. 4 gives the results of these measurements as a

function of absolute and relative density. A fit according
to a model of enclosed pores17 is included for the series
at 950 �C.

"PZTaerogel � 1 ¼ ð1��Þ"PZT 1þNi �"PZT½  ð4Þ

The depolarization factor Ni is analogous to the fer-
romagnetic case and depends linearly on porosity �:
Ni=cdep.�. The proportionality factor cdep is a measure
for the effectivity of electric field shielding and decreases
with pore size.
The dielectric permittivity increases first moderately

than drastically with relative density. At all sintering
temperatures, the dielectric permittivity of the aerogels
increases not only as a direct consequence of decreasing
porosity. In addition, a decreasing porosity is accom-
panied by an increase of the backbone permittivity that
is especially strong for 850 and 950 �C sintering.
This cooperative influence of decreasing porosity and

increasing backbone permittivity prohibits fitting of the
whole permittivity data of the PZT aerogels according
to a general mixing rule like:

"aerogel ¼ "PZT f Pð Þ ð5Þ

The theory of Igarashi [Eq. (4)] fits the data for the
time series at 950 �C optimally.17 A dielectric permittiv-
ity for the bulk PZT phase of 490 and a comparatively
large proportionality factor of 0.03 between porosity
and depolarization was obtained. These values keep the
w2-test below 10�2.

4.4. Ferroelectric properties

The plot in Fig. 5 compares the hysteresis curves for
PZT aerogels of 17 and 25% porosity with the one of a
dense and Nd-doped PZT ceramic (PXE52, Philips) on
the left and right y-axis.

Fig. 3. The extrapolated conductivity �1 (left ordinate) is given as a

function of porosity. On the right ordinate, the ratio of relative density

and grain size, i.e. (1��)/dgs, is shown.

Fig. 4. The variation of the dielectric permittivity of PZT aerogels

with relative density. Parameter is the sintering temperature. The fit

curve was derived for the 950 �C samples according to Eq. (4).
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At a coercive field Ec of 0.7 MV/m, the polarization of
the Nd-doped ceramic increases from zero with a high
slope. The slope is almost zero at the maximal field
where the saturated polarization Ps is reached. Then,
the polarization decreases linearly as the field is reduced
from its peak value. This is followed by a non-linear
decrease that crosses the remanent polarization Pr at
zero field and reaches zero polarization for E=�Ec.
In contrast, the hysteresis loops of both PZT aerogels

are more ellipsoidal. For the shown cases, the polariza-
tion varies non-linearly throughout the whole hysteresis
cycle. While the Ec-values are similar to the PXE52 case,
the variation of the polarization around the corre-
sponding Ec values is considerably weaker than for the
dense bulk PZT ceramic. Pr of the PZT aerogels is only
about 6.10�2 mC/cm2, while Ps � (10–11).10�2 mC/cm2.
An explanation of these observations can be given by

the following: Porosity implies an inhomogeneous dis-
tribution of the local (poling) fields. The electric field dis-
tribution curve in Ref. 18 shows, that an external electric
field is transformed into a distribution of local fields
around a reducedmean value. Hence, different domains or
grains switch at different values of the external field. An
increase in porosity is accompanied by a broader distribu-
tion of the local fields. As a result, consecutive domain
switching causes a decreasing slope and a smoother varia-
tion of the polarization during the whole hysteresis cycle.
At the same time, an increasing porosity shifts the external
field strength to smaller local fields. Hence, a porous fer-
roelectric material has a reduced polarization compared to
a similar but dense material if both are poled with identical
external field strengths. This is shown for a mixed oxide
processed PZT19 with 52% porosity, which has a remanent
polarization of 3 mC/cm2 compared to 30 mC/cm2 for the
Nd-doped and dense PZT reference.
The investigated PZT aerogels exhibit an additional

reduced polarization compared to the above porous
PZT. Here, a low degree of crystallinity is accompanied
by an additional reduced amount of ferroelectric
domains. In addition, a partial shielding of electric fields

by a conductive surface layer reduces the amount of
polarized grains as a shielded grain requires higher
electric fields to be poled or remains unpolarized.
Fig. 6 gives the coercive Ec and breakdown Edeg fields

as a function of porosity for two aerogel series obtained
from sintering at 850 and 950 �C.
Coercive and breakdown fields decrease with porosity

as can be expected. The ratio of breakdown and coer-
cive field is only around two in each case, which is the
reason for the small polarization.

4.5. Charge constants d33 and -d31

The piezoelectric charge constants d33 and -d31 are a
measure for the electric charge density that is generated
by a strain applied along a given axis to the previous
poling direction. Accordingly, these constants depend
on the amount of polarized piezoelectric material. By
convention, the poling axis is the ‘3’ axis, i.e. d31 mea-
sures the charge density in direction of the poling axis
for an orthogonal stress. A piezoelectric ceramic with a
high poling degree and a low porosity has large absolute
values of the charge constants d33 and d31.
Values for the piezoelectric charge constants d33 and

-d31 are given in Fig. 7 as a function of porosity for two
different sintering temperatures. For simplicity, the
negative values of d31 are plotted and discussed in the
following. Each data point is the average of two identi-
cally prepared samples that were sintered for 2, 4 or 8 h
at 850 or 950 �C, respectively. Accordingly, the error
bars correspond to the mean deviation from the average
and are below 15% in each case.
All obtained values decrease with porosity. The high-

est charge constants d33 are derived for the 950 �C spe-
cimens. After a 950 �C sintering for 2 h lower -d31 values
were obtained compared to a 850 �C sintering for 8 h

Fig. 6. Variation of the coercive (Ec) and breakdown (Edeg) fields as a

function of porosity for two different sintering temperatures. A

decreasing porosity corresponds to an increase in sintering time for

each curve.

Fig. 5. Polarization versus electrical field for two PZT aerogels (on the

left y-axis) and a Nd-doped dense PZT ceramic (on the right y-axis).
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even though the attained porosity is around 13% in
both cases.
For PZT aerogels of increasing porosity, a reduced

amount of piezoelectric material is available for the
electro-mechanical coupling and lower charge constants
are derived. Additional contributions to this decrease of
the charge constants are the porosity dependence of the
poling degree and of the specific conductivity. For
example, high charge accumulations are prohibited by
an increasing specific conductivity that lowers d33 and
d31 likewise.
In the particular case of -d31, strain is applied ortho-

gonal to the poling direction. For a high -d31, a strong
coupling of parallel to orthogonal mechanical excita-
tions is measured by the Poisson’s ratio. For piezo-
electric materials, the Poisson’s ratio is expected to
decrease with porosity.20

Accordingly, a higher -d31-value after a 850 �C/8 h
treatment compared to a 950 �C/2 h treatment to a
similar porosity can be explained by a higher Poisson’s
ratio for the samples treated for a longer time at 850 �C.
Even though the samples treated at 950 �C for 2 h are
poled to a higher degree as the comparatively higher d33
values indicate, a smaller Poisson’s ratio is responsible
for the lower -d31 values compared to the samples trea-
ted at 850 �C for 8 h.
Finally, it is worth mentioning, that no significant

variation in the charge constants d33 and d31 could be
found after prolonged exposure to the poling field.
Accordingly, it can be concluded, that an increase of the
poling time does not alter the poling degree.

5. Conclusions

This work showed, that the obtained monolithic,
porous and crystalline PZT aerogels are porous ferro-

electric—and, therefore, piezoelectric materials. The
values derived for the hydrostatic charge constants at
low porosities match the values of other PZT materials.
PZT aerogels can be promising materials for passive
sound detectors. Furthermore, they exhibit scaling
exponents of the elastic modulus as a function of den-
sity that are close to two. This indicates efficient con-
nectivity of the backbone and a homogeneous elastic
behavior.
However, there is still room for improvement in terms

of the microstructure (e.g. reduction of microcracks),
lowering the conductivity and increase in the poling
degree. Here, disadvantageous features like the poor
mechanical stability or the high specific conductivity can
be ascribed—at least indirectly—to the particular sinter
process for the PZT Aerogels. This process starts with
an open porous and uncalcined green body. In contrast
to other porous PZT ceramics,19,21,22 sintering and cal-
cination cannot be separated for PZT Aerogels and
both are performed with direct access of the sintering
atmosphere to the open porous backbone. An indirect
cause of this sintering strategy is the poor dielectric
behavior in terms of conductivity and current break-
down. Low breakdown field strengths prohibit the
application of high poling fields. Accordingly, the com-
paratively poor poling degree leads to small piezo-
electric constants. Possible improvements of the PZT
aerogels and novel production steps are currently
investigated as infiltration of liquid sol into a wet gel.
This results in a density gradient that can enhance
impedance matching.
An improved microstructure can enable high tem-

perature poling to achieve an increased poling degree.
In this case, a sensor of high sensitivity would be fea-
sible considering the comparable hydrostatic charge
constants achieved at a low poling degree and for low
porosities.
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