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Abstract

The solid solutions of PbZr; ,TiyO3 (PZT) are the most known and widely applicable piezoelectric ceramic materials.
The influence of different dopants on PZT properties has been studied for many years. Some of such compositions
have revealed a behavior typical for ferroelectric relaxors. In the case of Pbg7sBag 25219 70Ti0.3003 ceramics (abbre-
viation PBZT 25/70/30), prepared by mixed-oxide processing technique elastic, it was found that macroscopic piezo-
electric activity is present far above the temperature at which structural changes and maximum of permittivity occur in
unpoled samples (~ 200 °C). Anomalies of the elastic and piezoelectric properties have been observed very clearly
near the temperature of 152 °C. Within the temperature range of 152-220 °C, unstable piezoelectric properties have
been detected due to the existence of polar micro/nano-clusters and non-trivial elastic-electric interactions between
them, through the non-polar paraelectric matrix. The origin of such interactions could be lattice instabilities, dynamic
change in polar cluster sizes, and fluctuations in chemical composition. Based on the results of the research, it can be
said that PZT ceramics of such composition is a relaxor-like material and it is not a ferroelectric relaxor.
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1 Introduction

Lead zirconate titanate PbZr, TiyO; (PZT) is a perovskite type
ABO;s structured material, with well-known piezoelectric, pyro-
electric and dielectric properties, widely used in practical appli-
cations. Modified by various dopants, PZT ceramics are mainly
investigated for piezoelectric applications, due to their unique
properties such as high response speed, high piezoelectric mod-
ules, and lower power requirements, to mention but a few of
them. They have been used for fabricating nonvolatile memories,
pyroelectric detectors, photoelectric devices and piezoelectric
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actuators [1, 2]. The lanthanum-modified lead zirconate titanate
(PLZT) system was extensively investigated, mainly for electro-
optic applications [3]. In literature, reports about properties of
PZT doped with Ca, Sr or Ba have also appeared [4]. Our interest
has focused on the Pb, . Ba,Zr,,TiyO5 (PBZT) system, the in-
vestigations of which were initiated by Smolenskii et al. [5].
Ikeda’s phase diagram [6] based on the structural and dielectric
measurements shows that phase transitions occurring in these
ceramics and their dielectric properties are strongly dependent
on both the Zr/Ti ratio and the Ba contents. The mentioned phase
diagram has been confirmed by exploring the dielectric proper-
ties and electric field induced strains, and reported by Li and
Heartling [7]. Moreover, they have shown that some composi-
tions demonstrate behavior typical for ferroelectric relaxors,
namely a broad maximum and strong non-Debye relaxation of
permittivity. Cross [8] has shown that a characteristic feature of
ferroelectric relaxor materials is, for example, the absence of
macroscopic polarization and optical anisotropy at temperatures
below the maximum of permittivity. Recently, Mesquita et al. [9]
have observed that Ba incorporation into the PZT lattice leads to
a reduction in Ti displacement from the center of oxygen octa-
hedron when Ba concentration increases. Papers describing prop-
erties of compounds belonging to the PBZT system have been
published in [10-13].
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Fig. 1 XRD pattern confirming the perovskite structure of the PBZT 25/
70/30 ceramics

In our earlier papers we have focused on PBZT 25/70/30
ceramics [14, 15], investigating the pyroelectric effect, thermal
stimulated depolarization currents and electric conductivity. In
this paper we concentrate mainly on piezoelectric properties of
such ceramics. The temperature evolution of elastic coefficients
and piezoelectric modulus have been determined by resonance
technique. To calculate piezoelectric coefficients and the real and
imaginary part of the elastic compliances, a damped forced har-
monic oscillator model has been used [16, 17]. The goal was to
find a correlation between the dielectric, elastic, piezoelectric and
structural properties of PBZT 25/70/30 and to prove that this
material does not reveal classical relaxor properties.

2 Material and methods

PBZT 25/70/30 ceramics have been prepared using convention-
al mixed-oxide processing technique. Stoichiometric amounts
of the PbO, BaCO;, ZrO, and TiO, oxides were weighted ac-
cording to the formula: Pb 75Bag 25710 70Tio 3003. The thermal
synthesis of the pressed mixture was carried out at 925 °C for
2 h. Then the crushed, milled and sieved materials were pressed
into cylindrical pellets and again sintered at 1250 °C for 5 h.
This procedure was repeated before the final sintering at
1300 °C for 7 h. The last sintering process was carried out in a
double crucible with the interior atmosphere of PbO + ZrO,, in
order to preserve the predetermined composition, and in partic-
ular, to avoid the loss of PbO caused by its sublimation. The
weight losses were found to be below 1%. The Archimedes
displacement method with distilled water has been used to eval-
uate sample density that was equal to 6.8 g/em’.

The microstructure and distribution of elements inside the
grains were examined by JSM-5410 scanning electron micro-
scope with an energy dispersive X-ray spectrometer (EDS).
The accelerating voltage was equal to 15 kV and Spot Size
(SS) was 55. The grain size determination was performed on a
fractured surface of the ceramics.

A preliminary X-ray test was carried out at room tempera-
ture, using Huber diffractometer with -0 geometry, focused
in Zeeman-Bohlin system, and with monochromatic CuK;
radiation. The diffraction was collected from 19° to 100° in 20
geometry and 0.05° steps. The XRD profiles were analysed
using a software, i.e. DHN powder Diffraction System ver.

Fig. 2 Temperature evolution of
(111) and (321) reflections for
PBZT 25/70/30 ceramics. The
spectral components K; and K,
are visible
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2.3. The main x-ray tests were made in order to find out the
nature of the unit cell distortion. They were performed by
means of high-resolution Siemens D5000 diffractometer with
0-20 geometry, focused in Bragg-Brentano system, with fil-
tered CuK, radiation.

For piezoelectric measurements the ceramics were cut to
required sample geometrical conditions of bar shape [18],
with gold electrodes and having dimensions of about
4x1x0.5mm?>. For electrical contact, thin gold wires were
glued at the centre of the evaporated electrodes. The samples
were poled under an external d.c. electric field of 6 kV/em
applied at 200 °C, and then slowly cooled to room tempera-
ture. The elastic compliances s, 33, Ss5, piezoelectric mod-
ulus ds;, d33, d;5 and electromechanical coupling factors ks,
ki3, ki5 have been determined by resonance method. To cal-
culate these coefficients, the forced damped harmonic oscilla-
tor model has been applied [16].

3 Results and discussion

The XRD pattern of the set of Bragg’s X-ray reflections is
shown in Fig. 1. The location and intensity of nine diffraction
reflections were identified. All indexes connected with the
structure of perovskites were assigned. Non-perovskite reflec-
tions have not been observed. In order to determine the crystal
symmetry and temperature points at which structural changes
appear, the scans (260 =0.03°) of selected (111), (200), (321)
Bragg’s reflections were collected in the temperature range
from 25 °C to 400 °C. Structural analysis has revealed an
asymmetry of X-ray reflections and hence they were treated
as multiplets (see Fig. 2). The number of components, as well
as the split of pseudo-regular reflection (111) into two com-
ponents, and the lack of split of (200) reflections, indicate
equal in size and non-perpendicular edges of unit cell. It con-
firms the thombohedral symmetry reported by Mir et al. [19].
Gradual disappearance of reflections splitting above 200 °C
points to transformation from rhombohedral to cubic phase.
The temperature dependencies of unit cell parameters are pre-
sented in Fig. 3, in which distinct change of ar(T)

Temperature (°C)

dependence, as well as the angle o approaching 90° suggests
structural transformation near 200 °C. Approaching 200 °C,
the integral width of X-ray reflections (111) and (321) de-
creases, while in the case of (200) it remains unchanged
(Fig. 4). This effect could be explained by a decrease in the
unit cell distortion. A proof of it is the decrease of the angle
between components of multiplets. Above 200 °C the reflec-
tions are well separated and the temperature dependence of
their width is considerably weaker. The exception is the re-
flection (200) because its integral width does not change in the
investigated temperature range. Moreover, this reflection is
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Fig. 4 Temperature dependence of integral width IW for selected X-ray
reflections. Dashed line indicates the temperature of maximum
permittivity (see Fig. 5)
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Fig.5 Variations of zero-field cooling (ZFC) permittivity ¢ and ¢” measured at chosen frequencies for unpoled PBZT 25/70/30 ceramics. Black arrows

indicate a range of Te,,,, changes with frequency

abnormally wide in comparison with others, and wider than
(321). Similar results should be visible in the case of (100) and
(400) reflections, but we were not able to observe them be-
cause the latter was asymmetrical due to equipment limita-
tions (angle 0 too small), and the former was too weak to be
detected. Hence, we assume that the peculiar behavior of the
(200) reflection is most probably due to structure disorder in
the investigated material, as reported in the paper [14], and
also confirmed in our EDS study. Of interest is the correlation
between the dependence of remnant polarization reported in
the paper [14] and the value of integral width IW of the reflec-
tion (200) above 200 °C, presented in Fig. 4. While the rem-
nant polarization is not measurable above 200 °C, relatively
high value of integral width of (200) suggests that polar clus-
ters have to be present.

A dielectric dispersion and a shift of Te,,,,, with increasing
frequency towards higher temperatures is very distinct, but it
is not similar to that observed for relaxors (Fig. 5). Usually,
this kind of dispersion as in Fig. 5 is observed for single
crystals with complex domain structure that strongly changes
before transition point and in ceramics built of grains, and

boundaries between them. Looking at the dependence ¢’(T)
above Te ¢, measured at 0.5 kHz, one cannot exclude the
existence of a metal (electrode)-dielectric (surface) contact
and the presence of electric conductivity that influences the
total dielectric response. The comparison of zero-field and
field cooling ¢’(T) dependencies (the field strength of
0.5 kV/cm was applied at 300 °C) is another proof that the
investigated ceramics is not a classical relaxor. These depen-
dencies, for 5 kHz and 1 MHz frequencies, are presented in
Fig. 6. The action of the d.c. electric field reduces values of €,
changes the asymmetry of the €’(T) runs around 200 °C, but
does not induce any anomaly of ¢’(T) at 152 °C, where dis-
tinct changes of piezoelectric properties have been detected. In
our opinion, these results are a proof for polar micro/nano-
regions existence far above 200 °C and their role in the ap-
pearance of dielectric dispersion, which is rather a relaxor-like
than pure relaxor dispersion. A local stoichiometry in sample
composition has been verified by means of ISM-5410 scan-
ning electron microscope, with an energy dispersion X-ray
spectrometer (EDS). Quantitative point microanalysis with
the implementation of SEMQuant software elaborated by
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Fig. 6 Two dependencies, for zero-field cooling (ZFC) and field-cooling (FC), of permittivity versus temperature
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Oxford Instruments (Link ‘ISIS’ Series System) was made,
taking into account the radiation intensity from the excited
Pb, Ba, Zr and Ti ions. Scanning was performed in 25 points
of several grains for ceramics being subject of investigation. It
was found that stoichiometry varies, and e.g. the amount of Pb
ions varies from 32.3 at.% to 39.5 at% (Fig. 7). Similar differ-
ences have been observed for Ba, Zr, and Ti ions. However, it
should be emphasized that the average stoichiometry is in
good agreement with the theoretical one. The measurement
inaccuracy in the case of EDS microanalysis is at the level
of 1% (Table 1). One can assume that the fluctuation in chem-
ical composition of grains leads to a distribution of transition
temperatures in the bulk of ceramics. Hence, it would be com-
prehensible why spontaneous polarization starts disappearing
at temperatures significantly lower than Te ... It would mean
that after crossing Teax, the remaining polar clusters are
surrounded by a paraelectric cubic matrix. The depolarization
field associated with polarization in these clusters would lead
to locally compensated clusters structure (smaller clusters can
have sizes of several hundred angstroms [17]). These clusters
may thus be responsible for relaxor-like behaviour, in partic-
ular for the low frequency dielectric dispersion. On the other
hand, such screening, by electrons or space charges, could
cause huge thermal depolarization currents observed at tem-
peratures considerably higher than Te ., [14].

The elastic and piezoelectric properties seem to confirm the
hypothesis of a special role of stable domains below Te
and clusters remaining above it. Temperature changes of the
real and imaginary parts of elastic compliances are presented
in Figs. 8 and 9. The value of elastic compliance at constant
electric field sij and at constant electrical displacement sij is
related to electromechanical coupling factor kj; through the
relation of s;,” =s,%(1- k;’) [20]. Starting from low

temperatures, the values gradually increase, eventually be-
coming of diffuse nature. The imaginary part of elastic com-
pliances has a distinct maximum at 152 °C, which should be
attributed to the absorption of the elastic energy due to internal
frictions caused by piezoelectric vibrations. This temperature
stays in good agreement with temperature where strong de-
crease of remnant polarization has been observed [14]. In
particular, this absorption would be accountable for two mech-
anisms of clusters dynamics: the dipole flipping of clusters
and movement (breathing) of polar cluster boundaries [21].
Below 152 °C the dynamics of polar clusters is absent (fro-
zen), and the piezoelectric properties stabilize. On heating,
those mechanisms lead to elastic lattice softening, manifesting
a maximum of s~ at 152 °C (Fig. 8).

It is worth noting that the difference between s;;" and s;;"” is
proportional to the product of the piezoelectric and dielectric
properties s;° - 5, = d,,d,/en [17, 22]. This difference
(treated as the piezoelectric contribution to the compliance)
is pronounced below 152 °C, when after poling in d.c. field
the polar (ferroelectric-like) state with long-range interaction
is stable. On the other hand, it is distinctly lesser above
152 °C, because of a disorder in clusters orientation, due to
softening of lattice and de-freezing of clusters (Fig. 8).

Table 1 Nominal and average concentration of Ba, Pb, Zr and Ti ions

Ions Nominal stoichiometry at % Average content at %
Pb 37.5 36.9
Ba 12.5 11.7
Zr 35 36.1
Ti 15 15.2
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In the cubic phase, the relation s;; =s33 has to be fulfilled
[22]. Yet, in the investigated ceramics these elastic compliances
differ even above 200 °C (Fig. 8). It is in good agreement with
the already mentioned results of X-ray diffraction and it con-
firms the existence of polar clusters (micro/nano-clusters) in the
paraelectric cubic matrix. The interactions of these clusters
through the cubic matrix result in the macroscopic piezoelectric
response of the sample above 200 °C. When piezoelectric vi-
brations of clusters are too weak to overcome elastic stiffness of
the matrix, the macroscopic piezoelectric deformation is no
longer possible. It does not mean, however, that these polar
clusters disappear completely. What can be said is that - for
the investigated PBZT 25/70/30 ceramics - the macroscopic

Temperature (°C)

piezoelectric resonances have not been registered above
220 °C (Figs. 10 and 11). The coefficients characterizing pie-
zoelectric modulus are continuous function of temperature be-
low 152 °C. Between 152 °C and 220 °C, the values of piezo-
electric modulus vary in an irregular manner, and they are even
unstable. It can also be accountable for the existence of unstable
polar micro/nano-clusters.

4 Conclusions

The diffused temperature run of the permittivity can be ex-
plained by fluctuations in the chemical composition of PZT
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ceramics (Fig. 7) that lead to the broadening of the tempera-
ture range, in which the main transition between the
paraelectric and ferroelectric phases appears. According to
the phase diagram of pure PZT [20, 23], this main structural
transition in the PZT70/30 ceramics occurs at around 340 °C.
Thus, the variation of Zr content found in the investigated
ceramics causes that this transition is realised between
290 °C (for 78% Zr) and 360 °C (for 64% Zr). Doping with
Ba additionally lowers the value of these temperatures, as
reported in [24, 25].

The difference between temperature points at which strong
softening of the elastic properties takes place (152 °C) and
piezoelectricity vanishes (220 °C) is equal to 68 °C, which

Temperature (°C)

well corresponds to difference in Tc’s for PZT with fluctua-
tions in Zr content, mentioned above.

The abnormally substantial integral width of the (200) re-
flection indicates the presence of a mixture of phases in the
whole temperature range investigated. After poling in d.c.
electric field, the lattice becomes averagely polar, of
ferroelectric-like nature, and thus bulk piezoelectric properties
can be observed. However, above the temperature of 152 °C
long-range polar state decays and eventually polar micro/
nano-clusters embedded in the cubic matrix appear. Random
electric fields produced by these polar clusters can polarize the
lattice in their neighbourhood, and thus make the volume of
polar clusters fluctuate. That is why unstable piezoelectric
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signals in the range between 152 °C and 220 °C have been
detected. The interactions between polar regions through the
paraelectric matrix finally vanish above 220 °C, but locally the
symmetry can be broken (to become a polar one), even up to
very high temperatures.

In typical relaxor there is a critical field above which addi-
tional phase transition is observed. We did not observe any
transition induced by the d.c. electric field, although the ap-
plied electric field was stronger than the critical one men-
tioned above and equal to 1.5 kV/cm [26]. Based on properties
described above, we claim that it is not allowed to label the
investigated material a relaxor, although some similarities can
be found [14]. We think that in the case of PBZT 25/70/30
ceramics the term relaxor-like material might be justified at
most.
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