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Microstructure and electrophysical properties of high-temperature
0.36BiSc0;—0.64PbTiO; piezoceramics
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Microstructure and properties of the 0.36BiScO3—0.64PbTiO3; (BSPT) ceramics produced by two different
synthesis processes were studied. Ceramics with increased piezoeffect anisotropy (piezoelectric constants ratio
d33/|d31| =~ 5) was prepared. It was shown that modified two-step synthesis reduces the average grain size of
ceramics from 8—10um to 0.8—1um. Considerable improvement of piezoelectric properties of the samples
produced by a two step synthesis synthesis process (d33 = 525pC/N) compared with a single-step process
(ds3 = 375pC/N) is observed. Ceramics 0.36BiScO3;—0.64PbTiO3; produced by the modified two-step process
is a promising material for high temperature applications due to a high Curie temperature of Tc = 430°C and

improved piezoelectric properties.
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1. Introduction

Piezoelectric ceramic sensors, ultrasonic transducers and
actuators are widely used in many applications such as
automotive engineering, iron and steel industry, aerospace
industry, transport, nondestructive testing of main pipelines,
etc. Many applications require devices that are suitable
for a wide temperature range, and in some special cases,
operation in a vacuum environment with magnetic fields
and intense radiation background must be ensured [1].
Ceramics based on a solid solution of lead zirconate titanate
(PZT) are the most widely used. Such ceramics has good
piezoelectric properties, however, the Curie temperature Tc
depending on the composition is usually not higher than
350°C, which restricts the upper temperature limit by a
magnitude of about T¢/2 =175°C [2]. Materials based
on bismuth scandate — lead titanate solid solutions lying
near the morphotropic phase boundary (MPB) have been of
high interest over the past two decades [3]. The Curie tem-
perature of the 0.36BiScO3;—0.64PbTiOs; (BSPT) reaches
450 °C, which is 100 °C higher than of PZT Piezoceramics.
Moreover, BSPT has piezoelectric properties that are close
to, and sometimes even better than, PZT [4].

Piezoceramics properties may be improved by modifying
any of the production steps beginning from a compositional
change to the final sintering process. Two-step synthesis
(sintering) is an effective process for making ceramics with

8 497

high density and fine-grained microstructure. This method is
successfully used for producing all types of ceramics, includ-
ing piezoelectric ceramics. Polarized piezoelectric ceramics
is known to have the point symmetry group 6mm and, con-
sequently, is characterized by a set of 10 independent ma-
terial constants: five elastic constants Si1, S12, S13, S33, Sa4,
three piezoelectric constants d3;, ds3, dis and two dielectric
constants €11, €33 [5]. Achievement of the full set of material
constants for piezoelectric ceramics and of temperature
dependences up to high temperatures is critical for the
developments of piezoelectric devices. The objective of this
study is to determine the primary electrophysical parameters
and examine some other physical properties of BSPT
ceramic solid solutions produced by a standard process [3]
and two-step process [6].

2. Experiment

0.36BiScO3—0.64PbTiO3 ceramics was produced by two
processes using a composition obtained by calcination at
850°C for 4h. The first group of samples was synthesized
using a traditional single-step ceramic process that implied
ceramic disk firing at 1150°C for 2h. The second group
of samples was made through a modified two-step process:
1min at 1050 °C, then the temperature was reduced during
2h together with furnace cooling down to 800 °C and then
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Figure 1. SEM images images of the 0.36BiScO3—0.64PbTiO; ceramics produced by a — a single-step and » — two-step processes.

The histograms show grain size distribution.

the synthesis was continued for another 4h. Both synthesis
steps, as for the single-step method, were performed in
the PbO atmosphere to reduce the loss associated with
lead oxide evaporation. Loss of PbO was less than 1 %.
Silver electrodes were applied by Ag paste firing or by
magnetron sputtering. Polarization of the samples was
performed at 115°C during 30 min in silicon oil, electric
field of E = 4kV/mm was applied to the disc thickness.
Then particles were cooled down to 40 °C in the field for
several hours, and then the field was switched off. X-ray
diffraction examinations in the 20 angle range from 10
to 60° were performed using the DRON-3 X-ray diffrac-
tometer. Ceramics microstructure was examined using
the MIRATESCAN scanning electron microscope (SEM).
Piezoelectric constant d33 was measured in a static mode
by disc thickness variation due to an inverse piezoelectric
effect with application of electric fields in the range of
200—1000 V/mm using the 01IGPC measuring head made
by Engineering and Metrology Center ,,Micro®. Dielectric
properties were measured using the R5079 AC bridge
(1kHz, amplitude 1V), piezoelectric and elastic properties
were studied by the resonance—anti-resonance method using
the PSM1735 Impedance Analyzer in accordance with
IEEE (1987) [7]. Samples for dielectric, piezoelectric and
elastic property measurement had a thickness d = 1 mm and
diameter D = 10 mm.

3. Results and discussion

Samples from the first group produced by a single-
step process had a smaller density compared with samples
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Figure 2. X-ray pattern of the BSPT sample prepared by the
single-step synthesis method.

from the second group produced by the modified two-
step process (93% vs. 97% of the theoretical value,
respectively).

Microstructure of samples differs drastically between the
first and second groups. Average ceramics grain size of
the second group (~ 800nm) is by an order of magnitude
less than that of the first group (~ 10um). In addition,
grain size distribution histogram of the first ceramics
group demonstrates a pronounced peak, while the second
ceramics group has a more smeared distribution (Figure 1).

The X-ray diffraction analysis has shown that the samples
produced by the modified two-step process (Figure 2)
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Figure 3. Dependence of the real (¢’) and imaginary (&”) parts of
permittivity on temperature for samples produced by a — single-
step and b — two-step processes.

and single-step process have a similar crystal structure
(P4mm) located near the morphotropic phase boundary
(MPB). However, structural tetragonality of samples made
by the two-step synthesis method is ¢/a = 1.017 (where ¢
and a are the lattice cell parameters), which is less than
the tetragonality of a compound made by the single-step
method (c/a = 1.025).

Lattice cell size variations depending on the grain size
were addressed in the literature as a sign of deformations
induced by internal stresses [8]. In the measured samples,
tetragonal distortion characterized by c/a decreases with
decreasing grain size. Experimental data may be explained
assuming that smaller grain sizes with decreasing tetra-
gonality lead to an increase in mean internal compression
stresses in the samples. A comparison is made in the
literature between hydrostatic pressure and internal stress
effect during grain size reduction due to a difference in the
degree of variation of lattice constants a and €. Quantitative
pattern of stress distribution in the grain is proposed in [9].
Within this model, stresses are different for grain volume
and boundaries, and the vector sum of all stresses across
the sample remains equal to zero. It follows from the
thermodynamic analysis that the stress will be displayed
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as the variation of ,spontaneous” strain, i.e. c/a will
decrease [10]. In [11], it is shown that c/a in fine-grained
ceramics is lower than in powder made by grinding the
same ceramics to a particle size comparable with the grain
size. The published data set confirms the assumption that
the grain size affects the lattice parameters and occurrence
of related internal stresses.

It was also noted that the average grain size affected
the ferroelectric phase transition temperature and properties
such as permittivity and dielectric loss [12]. Dielectric
property measurement showed that the BSPT ceramics syn-
thesis method considerably affected the Curie temperature
that was 450°C and 433 °C for the single-step and two-
step synthesis processes, respectively. Maximum real part
of permittivity ¢ at Tc of the samples produced by the
two-step process (g, = 16000) is almost twice as low as
that of the samples produced by the standard single-step
process (&}, = 33000) (Figure 3). Imaginary parts ¢’ also
differ considerably at Tc: ef. = 12000 and &7, = 3860 for
samples produced by the single-step and two-step synthesis
processes, respectively. Similar dependences of the max-
imum permittivity on the grain size were obtained, for
example, for lanthanum-doped lead titanate ceramics [12].
The authors suppose that, as noted above, smaller grain
sizes cause an increase in the mean internal compression
stresses in the samples and make a comparison between
the effect of internal stresses and of hydrostatic pressure
on dielectric properties. Therefore, comparison of our
data with some published findings regrading the hydrostatic
pressure effect on dielectric properties is justified. Thus,
Samara [13,14] reported a decrease in maximum dielectric
permittivity and an increase in the difference between the
temperatures of maximum permittivity and dielectric loss
tangent with increasing external hydrostatic pressure for
ceramic samples BaTiOs.

The piezoelectric resonance—anti-resonance method was
used to get also the main electromechanical parameters at
room temperature T = 23°C for two groups of samples,
i.e. the planar electromechanical coupling coefficient Kp,
piezoelectric constant ds;, mechanical Q factor Qn at the
fundamental radial oscillation mode, elastic compliances S;;
and S33, permittivity €33 and dielectric loss tangent tg(5)
(see the Table).

Figure 4 shows normalized dependences of the real part
of admittance Y’ of the samples near the fundamental radial
mode frequency. Transition from the single-step to two-
step synthesis process shows a considerable increase in
FWHM near the resonance frequency, which is indicative of
a decrease in Qn, that is defined as a ratio of the resonance
frequency to FWHM of the real part of admittance near the
resonance frequency [15].

The effect of ceramic grain size on ceramics properties
such as ferroelectric phase transition temperature, crystal
structure, domain size and, sometimes, density is addressed
in a number of papers [16-19]. Note that the findings ob-
tained in this work demonstrate the increase in permittivity
and piezoelectric constant in a deep ferroelectric phase at
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Measured parameters of the BSPT ceramics made by means of the single-step process Group 1) and two-step process (Group 2)

Group tg(8)3 €33, SIlzla 31‘535 d333 —d31,
—12._2 —12..2 kp Qm
of samples 1kHz 1kHz 107 “m“/N 107 “ m“/N pC/N pC/N
Group 1 0.032 905 17.35 13 350 70 0.34 55
Group 2 0.028 1379 17.08 8.6 525 111 048 25
1.0 piezoelectric properties in the studied BSPT samples may
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Figure 4. Normalized frequency dependence of the real part of
admittance Y’ for the fundamental radial oscillation mode of discs
produced by the single-step (solid curve) and two-step (dashed
curve) processes.

room temperature far away from the ferroelectric transition
(see the Table), which is explained within the addressed
concepts of the problem. Thus, a considerable increase
in permittivity in fine-grained ceramics was observed in
BaTiO3 and attributed to the increase in internal stresses
below the Curie point, in particular, due to an increase
in [20] and disappearance of [10,20] domain twinning. It
was also shown that a decrease in the grain size leads to
a decrease in the domain width 90° for elastic field energy
and domain wall energy balancing [21]. This situation in
turn leads to a decrease in the domain wall sizes. Domain
walls with a small area are more active, rotate easily and
respond more actively to an external electric field or external
physical impact, which facilitates an increase in dielectric
and piezoelectric properties [17,21,22]. Tt is also known that
the mechanical Q factor depends strongly on the presence
of mobile domain walls, therefore the observed decrease in
Qm with decreasing average grain size may be indicative of
the increase in domain wall mobility [23]. It was shown
for PZT ceramics that significant amounts of domain walls
appear with ceramic grain sizes beginning approximately
from 1um (lower boundary) [24]. Since the mean grain
sizes in both groups of the studied ceramics are > 0.8 um,
a significant effect of the 90° domain walls on dielectric and

be expected.

The measurements showed a significant piezoeffect
anisotropy in the BSPT ceramics. Thus, ds3/|d3;| is close
to 5 for both groups of samples. High anisotropy of ceramics
promotes its suitability for ultrasonic transducers because
they generally use only one oscillation mode defined,
depending on the type of transducer, by ds3 or ds;, while the
other modes induce spurious oscillations and degrade the
instrument’s perfomance. Causes of anisotropy occurrence
are discussed in theoretical studies as well as on the basis
of experimental data. Thus, the calculations showed that
piezoelectric constant anisotropy in the PbTiO3 piezocera-
mics may depend on other properties, including permittivity
anisotropy, and on the mobile 90° domain structure [25].
The effect of high tetragonality [26] and microstructural
features such as microcracks and grain sizes [26-28], and
of polarizing field and degree of polarization [29] is also
addressed. It follows from the theoretical consideration that
a very high, including infinite, piezoeffect anisotropy can
be actually achieved for piezoceramics because ds; can
approach zero [30]. It is known that samples made of
the modified PbTiO3 ceramics demonstrate the maximum
anisotropy ds3/ds; equal to 10 [31,32]. Work [28] discusses
the growth of piezoelectric constant anisotropy in PZT
ceramics when moving away from the morphotropic phase
boundary towards increasing content of PbTiOz in solid
solution, which may also indicate that exactly lead titanate
has a high impact on piezoelectric property anisotropy.
Thus, the high piezoelectric constant anisotropy detected in
the studied BSPT samples might result from a high content
of PbTiO3 and composition localization near MPB on the
tetragonal phase side, which is confirmed by the X-ray
diffraction analysis [33].

4. Conclusion

Two-step sintering of the 0.36BiScO3;—0.64PbTiO3 solid
solution for ceramic production was used to prepare
samples with a average grain size of 800 nm, which is by
an order of magnitude smaller than the average grain size
(10 um) of ceramics with the same composition synthesized
using the traditional single-step technique. The obtained ce-
ramics features high piezoelectric constant d33 = 525 pC/N
not only compared with the samples produced by the
standard process, but also with piezoelectric constants for
the known bismuth scandate — lead titanate composition
options. The result may be attributed to a set of factors
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associated with the effect of internal stresses, including
domain size reduction with decreasing grain sizes and
appropriately increasing number of mobile domain walls.

Due to a set of properties of ceramics synthesized
using the two-step process, i.e. high piezoeffect anisotropy
ds3/|d31]| & 5, high piezoelectric constants ds3 = 525 pC/N
and high Curie temperature (Tc = 433°C), this ceramics
is promising for high-temperature piezoelectric transducers
and electromechanical actuator applications.
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