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Abstract

A perovskite-like phase of lead titanate, PbTiO; (PT) has been synthesised by a
mixed oxide synthetic route. The formation process of lead titanate from the resulting
precursors was monitored as a function of calcination temperature, soaking time and
heating/cooling rates by thermal analyses and X-ray diffraction techniques. Moreover,
particle size distribution, morphology, phase composition and surface area have been
determined via laser scatiering, scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and energy-dispersive X-ray (EDX) analyses, respectively. It
has been found that the unreacted PbO and TiO» phases and a monoclinic pyrochlore
PbTi:05 phase tend to form together with PbTiO3, depending on calcinations conditions. It
is seen that single-phase PT powders with a crystallite size of less than 0.5 pm were
successfully obtained for a calcinations temperature of 600 °C for 1 h with heating/cooling

rates of 30 °C.min", without the addition of PhO in excess.

Keywords: Calcination, Milling, PT and Powders-solid state reaction



1. Introduction

Lead titanate (PbTiO;; PT), which exhibits a perovskite-like structure and a Curie
temperature of 490 °C, has become one of the most extensively studied ferroelectric
materials for decades'~. The growing interest in this material is because of its high Curie
temperature, high dielectric constant {~ 2000 at 1 kHz), a large difference between the
thickness coupling constant, k;, and planar coupling constant, k;, relatively low mechanical
quality factor, Qy,, large remanent polarization and large pyroelectric coefficient”. These
characteristics make it a promising candidate for high frequency and high temperature
applications™. Lead titanate when combined with other oxides can form a series of solid
solution materials such as Pb(Zr,Ti)O5; (PZT), Pb{Mg,sNb213)0:—-PbTi0; (PMNT), and
Pb(Zn,Mg,Nb)Os-PbTiO; (PZMNT)"®. These ferroelectrics are widely used in ultrasonic
transducers, microactuators, and electrooptic devices applicationsl'3. Because of these
important technological applications, there has been a great deal of interest in the
preparation of pure PT powders as well as in the sintering and dielectric properties of PT-

"2 The stoichiometry of lead titanate is known to be an important factor

based ceramics
for ensuring good electrical characteristics’. To obtain stoichiometric lead titanate,
different preparative methods have been introduced, for example sol-gel, co-prectpitation,
or hydrothermal treatment, besides the solid state reaction of mixed oxides''®, All these
techniques are aimed at reducing the temperature of preparation of the compound even
though they are more involved and complicated in approach than the solid-solid reaction
method. In all these methods, a calcination at more or less high temperature is needed to
get pure crystallized lead titanate. In recent years, only limited attempts have been made to
improve the yield of PbTiO; (PT) by optimising calcination conditions. Whereas purity

and reactivity are crucial, attention should also be given to the phase formation

characteristics and processing-property relationships of this material, with a view to



enhancing overall understanding. In this study, a solid-state reaction technique has been
employed for the manufacturing of lead titanate (PT), analogous to the synthesis of lead
magnesium niobate (PMN), lead iron niobate (PFN) and lanthanum magnesium niobate

(LMN) previously reported®?',

2. Method

2.1 Sample preparation

Laboratory grade purity oxides of lead oxide, PbO and titanium oxide, TiO,
(Fluka, > 99% purity) were used in this study. The two oxide powders exhibited an
average particle size in the range of 3.0 to 5.0 um. PbTiOs powder was synthesised by the

solid state reaction of these raw materials, according to eqn (1)
PbO(s) + TiOa(s) =& PbTiOs(s) (1)

Powder-processing was carried out as shown schematically in Fig. 1. The methods of
mixing, drying, grinding, firing and sieving of the products were similar to those employed
in the preparation of the perovskite-like Pb(MgsNby3)0s, Pb(Fe 2Nb;2)0; and

221 Various calcination conditions, ie.

La(Mg,Nby;3)0;, as described previously
temperatures ranging from 400 to 800 °C, soaking times ranging from 1 to 4 h and

heating/cooling rates ranging from 3 to 30 °C.min"', were selected, in order to investigate

the formation of lead titanate.

2.1 Sample characterisation

The reactions of the uncalcined PT powders taking place during heat treatment
were investigated by differential thermal analysis (DTA) (NETZSCH-Gerétebau GmbH

Thermal Analysis STA 409) using a heating rate of 10 °C.min” in air from room



temperature up to 730 °C. Calcined powders were subsequently examined by room
temperature X-ray diffraction (XRD; Philips PW 1729 diffractometer) using CuK,
radiation, to identify the phases formed and optimum calcination conditions for the
manufacture of PT powder. The particle size distributions of the calcined powders were
determined by laser scattering techniques (MasterSizer, Malvemn, UK). Powder
morphologies and grain sizes were directly imaged using scanning electron microscopy
(SEM; JEOL JSM-840A). The chemical compositions and structures of the phases formed
were elucidated by analytical transmission electron microscopy (TEM/STEM; Philip
CMZ20) operated at 200 keV and fitted with an energy-dispersive X-ray (EDX) analyser
with an ultra-thin window. EDX spectra were quantified with the virtual standards peaks
supplied with the Oxford Instruments eX1. software. Powder samples were dispersed in
solvent and deposited by pipette on to 3 mm holey carbon grids for observation by TEM.
In addition, attempts were made to evaluate the crystal structures of the observed

compositions/phases by correlating the XRD and TEM diffraction data.

3. Results and discussion

3.1 Analysis of phases formed

DTA and TGA curves recorded at a heating rate of 10 °C.min” in air for an
equimolar mixture of lead oxide and titanium oxide are shown in Figures 2 and 3. First,
the main exothermic peak is observed in the approximate range from 250 to 350 °C. These
temperatures have been obtained from the calibration of the sample thermocouple and was
found in good agreement with many workers'®"”. The TGA curve shows that much of the
weight loss (28%) occurs upon heating to 300 °C (Fig. 3), and this is associated with the

DTA peak and corresponds to the elimination of associated water and volatile products of



organic combustion. The fall in specimen weight over the temperature range from 300 to
350 °C is related to the formation of lead titanate as a result of the reaction between lead
oxide and titanium oxide. As shown in Fig. 2, this corresponds to an exothermic peak
occurring over the same temperature range in DTA trace of the mixture. At temperature
around 480 “C, the DTA curve shows another small exothermic peak. The well known
crystallographic-ferroelectric transition temperature of lead titanate at 490 °C** is within
the temperature range of this DTA peak and lends credibility to the suggestion that lead
titanate has already been formed before 730 °C, the maximum temperature attained by the
mixture in the DTA study. The lower value of the Curie temperature observed may be due
to the difference in the densities'®. Little further weight loss 1s observed at temperatures
above 350 °C, indicating the completion of all the reaction involving a weight loss. No
further weight loss is observed with increasing temperature for the precursor at
temperatures above 400 °C. These data, together with those in literatureslg'w, were used to
define the ranges of temperatures (400 to 800 °C), soaking time (I to 4 h) and
heating/cooling rates (3 to 30 °C.min™") for the XRD investigation.

All calcined powders were examined by XRD in order to investigate the phase
development (Figs. 4-6). The results of X-ray diffraction measurement supported the
above conclusion that PbTiOs is formed at approximately 400-500 °C. As shown in Fig. 4,
fine PT crystallites were developed in the powder at a calcinations temperature as low as
400 °C, inconsistent with the upper temperature of TG-DTA study. In general, the
strongest reflections apparent in the majority of the XRD patterns indicate the formation of
the lead titanate, PbTiO5. These can be matched with JCPDS file number 06-0452 for the
tetragonal phase, in space group P4/mmm with cell parameters @ = 389.93 pm and ¢ =
415.32 pm. Depending on the calcinations conditions, at least three minor phases were

identified, i.e. PbO (¥ ), TiO; (*), and PbTi;O; (@). The additional reflections of these



minor phases can be correlated with JCPDS files numbers 5-0570, 21-1272 and 21-0949,
respectively. This study shows that minor amount of the unreacted PbO and TiO; phases
tend to co-exist along with the lead titanate phase, after calcinations in the range 400 to
500 °C in agreement with other work™. A pyrochlore phase of lead titanium oxide,
PbTi;0O earlier reported by Tartaj et al' has been found in the samples calcined for long
soaking times or employing slow heating/cooling rates. A pyrochlore phase has a
monoclinic structure with cell parameter a = 107.32 pm, » = 381.2 pm, ¢ = 657.8 pm and
S =98.08°. By increasing the calcination temperature from 400 to 800 °C, the yieid of the
tetragonal PT phase increase significantly until at 600 °C, a single phase of PbTiO; is
formed (Fig. 4). Crystalline tetragonal PT is the only detectable phase in the powder when
it is calcined at 600 to 800 °C. The optimum calcinations temperature for the formation of
a high purity PT phase was found to be about 600 “C.

Relative intensities (areas) however did not vary significantly with soaking times,
indicating full crystallisation to have occurred at relatively shorter calcination times. In this
work, the single phase of perovskite PT (yield of 100% within the limitations of the XRD
téchnique) was found to be possible only in powders, calcined at their optimum
temperatures with soaking time less than 4 hours. This is probably due to the effectiveness
of vibro-milling and a carefully optimised reaction to form single-phase precursor
powders, From XRD resuits (Fig. 5), it is obviously that the prolong soaking time can lead
to the appearance of TiO; residual and a pyrochlore PbTi;O; which is most likely to be
due solely to PbO evaporation.

The effect of heating/cooling rates on phase formation was found to be quite
significant (Fig. 6). It is seen that faster heating/cooling rates leads to low lead losses and
consequently avoids the formation of pyrochlore. The observation that faster

heating/cooling rates are required for lead-based ferroelectrics is also consistent with other



investigators™ 2*. It is also of interest to point out that these considerations should form
part of a future study of the fast-firing behavior of PT formation.

Therefore, XRD results clearly show that, in general, the used of a simple bail-
milling technique together with the optimum calcinations conditions in the preparation of
PT powders does effectively enhance the perovskite phase yield without the addition of

PbO in excess™.
3.2 Particle size analysis

Figure 7 shows the particle size distribution of PT powders after calcinations at
600 °C for 1 h with heating/cooling rates of 30 °C.min”" measured by laser scattering
technique. Two types of measurement were carried out: (1) measurement without
ultrasonic dispersion; and (i) measurement with a 10 min of ultrasonic dispersion.
Apparently, the ultrasonic aims to disperse those soft particle agglomerates in the powder.
As shown in Fig. 7, there is a remarkable difference between the without-ultrasonication
measurement (average size range: ~ 040 to 3.00 pm, Fig. 7(a)) and the with-
ultrasonication measurement (average size range: ~ 0.04 to 1.00 pm, Fig. 7(b}). Therefore,
the particle agglomerates in this powder are soft and dispersible by ultrasonication. This
will offer an apparent advantage towards achieving a high sintered density and

homogeneous microstructure for PT ceramic at a reduced sintering temperature.

3.3 Microstructural analysis

Figure 8 shows the morphological evolution of all samples as a function of the
calcination temperatures. The average crystallite size after calcined at 400 °C was
estimated from SEM to be ~ 0.3 um (Fig. 8(2)), increasing slightly to ~ 0.4 um at 600 °C

(Fig. 8(b)), in good agreement with the particle size distribution determined previously



(Fig. 7(b)), increasing significantly to ~ 0.8 pum at 700 °C (Fig. 8(c)} and reaching a value
of ~ 1.2 um at 800 °C (Fig. 8(d)). The degree of bridging between crystallites increased
for calcinations temperature above 600 °C; considerable local densification was observed
in samples heated at 700 °C. At 800 °C, it is found that the PT particles of irregular size
and shape have developed sharp edges. Although the two unreacted phases (PbO and
TiO;) were observed in X-ray diffraction analysis, but from the SEM micrograph it was
difficult to distinguish these two phases because of the identical particle morphology. A
bright field TEM image of discrete particles of the PT powder calcined at 600 °C for I h
with heating/cooling rates of 30 °C.min™" is shown in Fig. 9, indicating the particle sizes
and shapes at higher magnification. The observed morphology reveals the considerable
variation in sizes and shapes of the particles. The particle diameter was found to be about
0.1 — 0.5 um in this TEM micrograph. In general, EDX analysis using a 20 nm probe from
a large number of particles of this calcined powder confirmed the composition to be

PbTi0O; in agreement with the XRD analysis.

4. Conclusion

Fine powders of perovskite-type compound lead titanate have been successfully
prepared via a simple ball-milling techmque which show a high level of reproducibility.
Evidence has been obtained for a 100% yield of tetragonal PbTiO; at a calcinations
temperature of 600 °C for 1 h with heating/cooling rates of 30 °C.min”', without the
addition of PbO in excess. The preparative method involved the use of laboratory-grade
precursors, low milling and drying times of powders, moderately low calcinations

temperature and time together with fast heating/cooling rates.
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FIGURE CAPTIONS

Fig. 1 Preparation route for the PbTi0; powder

Fig. 2 A DTA curve for the PbTiO3; powder

Fig. 3 A TGA curve for the PbTiO; powder

Fig. 4 Powder XRD patterns of the calcined powders at various calcination
temperatures for I h with heating/cooling rates of 20 °C.min"'

Fig. 5 Powder XRD patterns of the calcined powders at 600 °C with
heating/cooling rates of 20 °C.min" for various soaking times

Fig. 6 Powder XRD patterns of the calcined powders at 600 °C for 1 h with
various heating/cooling rates

Fig. 7 The particle size distribution curve of the calcined PT powder
(a) the without- and (b) with-ultrasonication measurements

Fig. 8 SEM micrographs of the PbTiO; powders calcined at
(a) 400 °C, (b) 600 °C, (c) 700 °C and (d} 800 °C

Fig. 9 TEM micrograph of the calcined PbTiO; powder

12
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Abstract

Lead zirconate (PbZrO;) powders have been prepared and characterised by TG-
DTA, XRD, SEM, EDX and laser diffraction techniques. The effect of calcinations
temperature, dwell time and heating/cooling rates on phase formation, morphology and
particle size distribution of the powders are examined. The calcination temperature and
heating/cooling rates have been found to have a pronounced effect on the phase formation
and particles size of the calcined PbZrO; powders. It has been found that the unreacted
precursor of PbO and ZrO; tend to form together with PbZrOs, depending on calcination
conditions. It is seen that optimisation of calcination conditions can lead to a single-phase
PbZr0O; in an orthorhombic phase. The resulting powders consist of agglomerated particles

of 0.3 to 1.0 pm in size, which are rounded in morphology.

Keywords: Lead zirconate; PbZrOs; Powders-solid state reaction; Perovskite;

Phase development; X-ray diffraction



1. Introduction

Lead zirconate, PbZrO; (PZ} is a typical antiferroelectric (AFE) material at room
temperature, with a Curie temperature of 230 °C [1]. It has an orthorhombic symmetry
with a structure similar to that of classical ferroelectric of orthorhombic barium titanate
(BaTiO3) [2). The dipoles due to a displacement of the Zr** ions from the geometric centre
of the surrounding six O% ions in the material are alternately directed in opposite senses so
that the spontaneous polarization is zero [3]. It is reported that the antiferroelectric to
ferroelectric transition can be induced when subjected to a strong electric field [4]. This
materials 1s a potential candidate used in energy storage applications for DC fields, owing
to its AFE nature [5]. It can be used as low loss linear capacitor at a low electric field
because the AFE phase achieves free of remanant polarization. Recently, the double
hysteresis behavior of this material makes it attractive for the microelectronic,
microelectromechanical system (MEMs) as well as for actuator applications [6-8]. Lead
zirconate when combined with other oxides can form a series of solid solutions materials
such as Pb{(Zr,Ti)O;, PbZrO;-Pb(Mg,;Nb23)0;, PbZrO:-PbT103-Pb(Fe ;sNbysSbas)Os,
and PbZr0O;-BaZr0s, which find tremendous applications in the electroceramic industries
[8-10]. In all these applications, the stoichiometry and homogeneity of materials are
known to be the important factor for ensuring the performance of devices {6,7]. To obtain
stoichiometric and better homogeneity lead zirconate, different preparation methods have
been introduced, for example sol-gel [11], co-precipitation [12], hydrothermal {13], citrate
combustion [14] and precipitation of molecular precursors [15,16]. All these techniques
are aimed at reducing the formation temperature of PZ to ~ 700 °C to avoid the PbO loss,
even though they are more involved and complicated in approach than the solid state
reaction method. As is well known, PbQ volatilisation hinders the formation process and

makes control of the composition of the powder difficult [17,18]. Therefore, a decrease in



the processing temperature of PZ may result in an improvement in the final properties of
the ceramic part. However, much of the work concerning the PbZrO; over the past few
years has been directed towards determining preferred orientation and electrical properties
of the PZ thin films [19-22]. So far, the majority of the studies in PZ powders, were
focused on monitoring the influence of calcination temperature, but only limited attempts
have been made to improve the yield of PbZrO; by optimising calcination conditions.
Whereas purity, reactivity, degree of mixing. calcination temperature and time, and
heating/cooling rates are crucial, attention should also be given to the phase formation
characteristics of this material, with a view to enhancing overall understanding. It was our
interest to explore a simple mixed oxide synthetic route for the production of PZT
powders. In this context, a systematic study of the reaction between lead oxide and
zirconium oxide is of interest. The phase formation, morphology and particle size of the

powder calcined at various conditions will be studied and discussed.

2. Experimental procedure

Laboratory grade purity oxides of lead oxide, PbO and zirconium oxide, ZrO,
(Fluka, 99.0 % purity) were used in this studv. The two oxide powders exhibited an
average particle size in the range of 5.0 to 10.0 um. PbZrO; powder was synthesised by
the solid state reaction of thoroughly ground mixtures of PbO and ZrQO, powders taken in
the required stoichiometric ratio. The milling operation was carried out for 24 h in
isopropanal. High purity zirconia balls with diameter of 10 mm were used as the milling
media. After drying at 120 °C, various calcination conditions, ie. temperatures ranging
from 600 to 800 °C, dwell times ranging from 2 to 4 h and heating/cooling rates ranging

from 5 to 20 °C/min, were applied, in order to investigate the formation of zirconium



titanate. The reactions of the uncalcined PT powders taking place during heat treatment
were investigated by thermogravimetry analysis (TGA) and differential thermal analysis
(DTA) using a heating rate of 10 °C/min in air from room temperature up to 900 °C.
Calcined powders were subsequently examined by room temperature X-ray diffraction
(XRD; Philips PW 1729 diffractometer) using CuK, radiation, to identify the phases
formed and optimum calcination conditions for the manufacture of PZ powder. The
particle size distribution of the samples were determined by laser diffraction technique
(Mastersizer, Malvern, U K.). Powder morphologies and grain sizes were directly imaged
using scanning electron microscopy (SEM; JEOL JSM-840A). The chemical compositions
of the phases formed were elucidated by an energy-dispersive X-ray (EDX) analyser with
an ultra-thin window. EDX spectra were quantified with the virtual standards peaks

supplied with the Oxford Instruments eXL software.

3. Results and discussion

Figure 1 shows the TG-DTA curves obtained for a powder mixed in the
stoichiometric proportians of PbZrQ; heated from room temperature to 900 °C at a rate of
10 °C/min in air. Two exothermic peaks with maxima at 260 °C and 720 °C, and two
endothermic peaks centered at ca. 305 °C and 800 °C were observed in this profile. These
temperatures having been obtained from the calibration of the sample thermocouple. It is
to be noted that there is no obvious interpretation of the first exothermic peaks, whilst the
first endothermic peak at ~ 305 °C could be attributed to the elimination of residual water
and organic substances from the sample, which was manifested by a weight loss in TG
curve {~ 30%) at the corresponding iemperature range. A small exothermic peak at ~ 720
°C, which had no associated weight loss manifestation in the TG curve, cotresponded to

the crystallization of the perovskite PbZrO; phase, in consistent with Li et al. [23]. The



second endotherm effect (~ 810 ° C), which had associated gradually weight loss in the TG
curve could be attributed to the decomposition of the PbZrO; and possibly the melting of
some lead. These data were used to define the range of temperatures for XRD
investigation (o between 600 and 800 "C.

All calcined powders were examined by XRD in order to investigate the phase
development (Figs. 2-4). The results of X-ray diffraction measurement supported the
above conclusion that PbZrOs; is formed at approximately 700 °C. As shown in Fig. 2, fine
PZ crystallites were developed in the powder at a calcinations temperature as low as 700
°C, inconsistent with the TG-DTA study. In general, the strongest reflections apparent in
the majority of the XRD patterns indicate the formation of lead zirconate phase, PbZrO;,
which could be matched with JCPDS file no. 35-739. To a first approximation, this major
phase has orthorhombic structure, space group P2cbh (no. 32), with cell parameter @ = 823
pm, b = 1177 pm and ¢ = 588 pm. Depending on the calcination conditions, at least two
unreacted precursors were identified, i.e. PbO (V) and ZrO; (s). The additional retlections
of these minor phases can be correlated with JCPDS files numbers 5-0570 and 21-0949,
respectively. This study shows that minor amount of the unreacted PbO and ZrO, phases
tend to co-exist along with the lead zirconate phase, after calcinations below 750 °C.

By increasing the calcination temperature from 700 1o 800 “C, the yield of the
orthorhombic PZ phase increase significantly until at 750 °C, a single phase of PbZrOs is
formed (Fig. 2). Lead zirconate synthesized by Li et al. [23] via an acctate precursor also
showed a similar result for the formation of the perovskite PZ phase. In this study,
crystalline PZ is the only detectable phase in the powder when it is calcined at 750 to 800
°C. The optimum calcinations temperature for the formation of a high purity PZ phase was
found to be about 750 °C. The effects of soaking time and heating/cooling rates on phase

formation were found to be quite insignificant (Figs. 3 and 4). It is seen that full



crystallization of the perovskite PbZrO; phase can occurred at relatively fast
heating/cooing rates. In this work, the single phase of perovskite PZ (yield of 100% within
the limitations of the XRD technique) was found to be possible in all powders calcined at
their optimum temperatures with soaking time of at least 4 h. Therefore, XRD results
clearly show that, in general, the used of a simple mixed oxide technique together with the
optimum calcination conditions in the preparation of PZ powders does effectively enhance
the perovskite phase yield without the addition of PbO in excess [18]. The experimental
work carried out here suggests that the optimal calcination conditions for single phase

PbZrO; is 750 °C for 1 h with heating/cooling rates as fast as 20 “C/min.

Figure 5 shows the particle size distribution curves of uncalcined and
calcined PZ powders at various temperatures, which indicate appreciable size fractions at
approximately 0.7, 1.2, 1.7 and 2.0 pm diameters, respectively. The morphological
evolution during calcination was investigated by scanning electron microscopy (SEM).
Micrographs of PZ powders calcined at various temperatures from 700 o 800 °C are
shown in Fig. 6. In general, the particles are agglomerated and basically irregular in shape.
with a substantial varation in particle size, particularly in samples calcined at high
temperatures. Observed diameters range from ~ 0.2 10 0.7 um, 0.2 10 0.8 um. 0.3 10 1.0
um and 0.5 to 1.5 pum for the PZ powders calcined at 0 °C, 700 °C, 750 “C and 800 “C.
respectively, in good agreement with the particle size distribution previously determined
(Fig. 5). The results indicate that averaged particle size and degree of agglomeration tend
to increase with calcination temperature. Moreover, the grain shape tends toward greater
sphericity at higher temperatures. Energy dispersive X-ray (EDX) analysis showed the
calcined compositions of the powder calcined at 750 ° C for 1 h with heating/cooling rates

of 20 °C/min to be PbZrQs, in agreement with XRD results.



One of the great attractions of the mixed oxide approach towards synthesizing
perovskite powders is its simplicity and low manufacturing cost. Furthermore, solid-state
reactions of this kind lend themselves to straightforward diagnosis by several physical
techniques, e.g. TG-DTA, XRD, SEM and EDX. The synthesis used here for PZ powders
represents a considerable advance, in lerm of simplicity, flexibility, time and cost, over a

sol-gel and co-precipitation synthesis recently advocated {11,12].

4. Conclusions

The effect of calcination conditions on the phase formation and particle size of
lead zirconate (PbZrOz) powders has been investigated. It was demonstrated that the purity
and the particle size of PZ phase increased continuously with calcination temperature. This
study showed that it is possible to obtain chemically uniform submicrometer powders of
PZ by employing a simple mixed oxide synthetic route together with the optimum
calcination conditions. Evidence has been obtained for a 100 % yield of an orthorhombic
PbZrOs at a calcination temperature 750 “C for 1 h with heating/cooling rates of 20

°Cimin.
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Figure captions

Fig. | TG-DTA curves for the mixture of PbO-ZrQ, powder.

Fig. 2 XRD patterns of PZ powder calcined at various temperatures for | h
with heating/cooling rates of 20 °C/min.

Fig. 3 XRD patterns of PZ powder calcined at 750 °C with heating/cooling rates
of 20 "C/min for various dwell times.

Fig. 4 XRD patterns of PZ powder calcined at 750 °C for 1 h with
various heating/cooling rates

. 5 Particle size distribution curves of the PZ powder calcined at (a) 0 °C, (b) 700 °C,

o=l

(c) 750 °C and (d) 800 °C.
Fig. 6 SEM micrographs of the PZ powders calcined at (a) 0 °C, (b) 700 °C, (c) 750 °C

and (d) 800 °C.
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Abstract

Zirconmum titanate (ZrTiO4) powders have been prepared and characterised by
DTA, XRD, SEM and EDX technigues. The effect of calcinations temperature, dwell time
and heating/cooling rates on phase formation, morphology and particle size distribution of
the powders are examined. The calcination temperaiure and dwell time have been found to
have a pronounced effect on the phase formation and paiticles size of the calcined ZT
powders. It has been found that the minor phases of ZrO» and TiO; tend to form together
with ZiTiO4, depending on calcination conditions. It is seen that optimisation of

calcination conditions can lead to a single-phase ZrTiOy in an orthorhombic phase.

Keywords: Zirconium Titanate; ZrTiQy4; Powder synthesis: Oxides; Calcination; X-ray

diffraction



1. Introduction

Zirconium titanate-based compositions are extensively used as dielectric
resonators for microwave telecommunications [1-3]. They also are of interest for a wide
range of applications including catalysis, humidity sensors, high-temperature pigments and
composites [4-8). It is known that all forms of ZrTiO4 (ZT) have the orthorhombic
structure [9]. Above 1200 °C, the high temperature phase of ZrTiO4 was related to that of
0—~PbO», having random distributions of cations in available octahedral sites. On cooling
within the temperature range 1200-1100 °C, a disorder-order transition has been observed,;
the reported phase transition is characterized by (1) a decrease in the length of the the &
axis [10], (2) ordered arrangement of metal ions gives rise to a doubled axis along the a
direction [11], and the reconstructive transition requiring a large scale rearrangement of
the cations in the lattice [12].

The stoichiometry of zirconium titanate is known to be an important factor for
ensuring good properties [2-5]. In order to obtain fined grained, high quality and
stoichiometric zirconium titanate powders at low processing temperatures, various
chemical routes, for example hydrolysis of alkoxides {13], sol-gel [14], Pechini [15], and
co-precipitation [16] have been developed as alternative to the conventional solid state
reaction of mixed oxides [17]. All these techniques are aimed at reducing the temperature
of preparation of the compound even though they are more involved and complicated in
approach than the mixed oxide route. Generally, the mixed oxide method involves the
heating of a mixture of zirconium oxide and titanium oxide above 1200 —1600 °C during
long heating times [17], and has been employed intensively in the last decade [18-20]. The
optimisation of calcinations conditions, however, have not received detailed attention, and
the effects of applied dwell time and heating/cooling rates have not yet been studied

extensively to our knowledge. It was our interest to explore a simple mixed oxide



synthetic route for the production of ZT powders. In this context, a systematic study of the
reaction between zirconium oxide and titanium oxide is of interest. The phase formation,
morphology and particle size of the powder calcined at various conditions will be studied

and discussed.

2. Experimental procedure

Laboratory grade purity oxides of zirconium oxide, ZrO; (baddeleyite) and
titanium oxide, TiO; (anatase) (Fluka, 99.9% purity) were used in this study. The two
oxide powders exhibited an average particle size in the range of 3.0 to 5.0 pm. ZrTiO4
powder was synthesised by the solid state reaction of thoroughly ground mixtures of ZrO,
and TiO; powders taken in the required stoichiometric ratio. The milling operation was
carried out for 24 h in isopropanal. High purity zirconia balls with diameter of 10 mm
were used as the milling media. After drying at 120 °C, various calcination conditions, i.e.
temperatures ranging from 1100 to 1350 °C, dwell times ranging from 0.5 to 6 h and
heating/cooling rates ranging from 2 to 20 “C/min., were applied, in order to investigate
the formation of zirconium titanate. The reactions of the uncalcined PT powders taking
place during heat treatment were investigated by differential thermal analysis (DTA)
(NETZSCH-Geritebau GmbH Thermal Analysis STA 409) using a heating rate of 10
°C/min. in air from room temperature up to 1400 °C. Calcined powders were subsequently
examined by room temperature X-ray diffraction (XRD; Philips PW 1729 diffractometer)
using CuK,, radiation, to identify the phases formed and optimum calcination conditions
for the manufacture of ZT powder. Powder morphologies and grain sizes were directly
imaged using scanning electron microscopy (SEM; JEOL JSM-840A). The chemical

compositions of the phases formed were elucidated by an energy-dispersive X-ray (EDX)



analyser with an ultra-thin window. EDX spectra were quantified with the virtual

standards peaks supplied with the Oxford Instruments eXL software.

3. Results and discussion

A DTA curve obtained for a powder mixed in the stoichiometric proportions of
ZrTiOy is shown in Fig. 1. Two exothermic peaks with maxima at 1150 °C and 1240 °C,
and two endothermic peaks centered at ca. 1200 °C and 1270 °C werc observed in this
profile. These temperatures having been obtained from the calibration of the sample
thermocouple. it 15 10 be noted that there is no obvious interpretation of the peaks,
although it is likely to correspond to a phase transition reported by a number of workers
[10-12]. These data were used to define the range of temperatures for XRD investigation
to between 1100 and 1350 °C.

Powder XRD patterns of the calcined ZT powders are given in Figs. 2-4. In
general, the strongest reflections apparent in the majority of the XRD patterns indicate the
formation of zirconium titanate phase, ZrTiQs, which could be matched with JCPDS file
no. 34-415. To a first approximation, this major phase has orthorhombic structure, space
group Pnab (no. 60), with cell parameter ¢ = 503 pm, b = 549 pm and ¢ =480 pm. It is
also of interest to point that no evidence has been obtained for the existence of the «—
PbO,-like orthorhombic phase (space group Pcnb) reported by Newnham [9]. Depending
on the calcinations conditions, at least four minor phases were identified, 7.e. monoclinic-
ZrQ, (*), tetragonal-ZrO; (V), anatase-TiQ; (e) and rutile-TiOy (+). The additional
reflections of these minor phases can be correlated with JCPDS files numbers 37-1484,
17-923, 21-1272 and 21-1276, respectively. Precursor ZrQ; has a baddeleyite-type

structure with monoclinic unit cell (a = 5.31 A, bh=1521 A, c=5.14 A and £=99.22%,

space group P2,/a (no. 14), whereas tetragonal symmetry (a = 3.78 Aandc=951 A)is



associated with anatase-TiO; precursor, space group I4/amd (no. 141). Both minor phases

of ZrO, (V) and TiO; (#) have tetragonal symmetry with unit cell parameters: @ = 5.12 A
and ¢ = 5.25 A, space group P4m2 (no. 115), and ¢ = 3.78 Aandec=951A, space group

P4o/muum (no.130), respectively. It is well established that there are a number of
polymorphic forms of ZrO» and TiO; stable at different temperature and pressures. In the
work reported here, monoclinic/tetragonal transformations of Zr(, and the anatase/rutile
transformation of TiQ, have been found. Monoclinic zirconia (*) is detected from the
original mixture up to 1200 °C, whereas partial conversion to tetragonal zirconia (V) was
observed after heating at 1100 °C, which is associated to the DTA exothermic effect
previously observed in Fig. 1. It is seen that completed conversion of anatase-TiO; (o)
precursor to rutile (+) was found after calcined at 1100 °C, in agreement with other work
[21]. No evidence of Ti,ZrO was found, nor was there any indication of the orthorhombic
phase of ZrsTi7024 [22] being present.

This study shows that minor amount of the ZrO; and TiO; phases tend to co-exist
along with the zirconium titanate ZrTi0,4 phase, after calcinations in the range 1100 to
1200 °C. By increasing the calcination temperature, the yield of ZrTiO, phase increases
significantly until 1300 “C, whereafter higher temperatures do not enhance the yield (Fig.
2). Apart from the calcination temperature, the effect of dwell time was also found to be
quite significant (Fig. 3). It is seen that the single phase of ZrTiO; (yield of 100% within
the limitations of the XRD technique) was tound to be possible only in powders, calcined
at 1300 °C with dwell time of 4 h or more. In the present study, an attempt was also made
to calcine ZT powders under various heating/cooling rates (Fig. 4). In this connection, it is
obviously that the yield of ZrTiO4 phase did not vary significantly with different

temperature changing rates and fast heating/cooling rates of up to 20 °C/min. can be used



for the preparation of single phase ZT powders. It may be concluded that, over a wide
range of calcinations conditions, single phase ZrTiO4 cannot be straightforwardly formed
via a solid state mixed oxide synthetic route. The experimental work carried out here
suggests that the optimal calcination conditions for single phase ZrTiO, is 1300 °C for4 h

with heating/cooling rates as fast as 20 °C/min.

The morphological evolution during calcination was investigated by
scanning electron microscopy (SEM). Micrographs of ZT powders calcined at various
temperatures from 1100 to 1300 °C are shown in Fig. 5. In general, the particles are
agglomerated and basically irregular in shape, with a substantial variation in particle size,
particularly in samples calcined at high temperatures. The particle diameter was found to
be about 0.2-2.5 pm in these SEM micrographs. The results indicate that averaged particle
size and degree of agglomeration tend to increase with calcination temperature. Moreover,
the grain shape tends towards greater sphericity at higher temperatures. Energy dispersive
X-ray (EDX) analysis showed the calcined compositions of the powder calcined at 1300 °
C for 4 h with heating/cooling rates of 20 ° C/min. to be ZrTiOy, in agreement with XRD

results.

4. Conclusions

Single-phase of zirconium titanate powders may be produced by employing a solid
state reaction process using oxides as starting materials. Evidence has been obtained for a
100% yield of an orthorhombic ZrTiO, at a calcination temperature of 1300 °C for 4 h
with heating/cooling rates of 20 °C/min. The resulting ZT powders consist of

agglomerated particles of 0.2 to 2.5 pm in size, which are rounded in morphology.
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Figure captions
Fig. 1 A DTA curve for the mixture of ZrO,-TiO, powder.
Fig. 2 XRID patterns of ZT powder calcined at various temperatures for 4 h
with heating/cooling rates of 20 “C/min.
Fig. 3 XRD patterns of ZT powder calcined at 1300 °C with heating/cooling rates

of 20 °C/min for various dwell times.

.4 XRD patterns of ZT powder calcined at 1300 °C for 4 h with

as

various heating/cooling rates
Fig. 5 SEM micrographs of the ZT powders calcined at

(a) 1100 °C, (b) 1175 °C, (c) 1200 °C and (d) 1300 °C
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Abstract

An approach to synthesis lead zirconate titanate [Pb(Zr Ti )O3 PZT] powders
with a modified two—stagé mixed oxide synthetic route has been developed. To ensure a
single-phase perovskite formation, an intermediate phase of zirconium titanate (ZrIiOy)
was employed as starting precursor. The formation of perovskite phase in the calcined
PZT powder has been investigated as a function of calcination temperature and time by
DTA and XRD techniques. The particle size distribution of calcined powders was
determined by laser diffraction, with the morphology, phase composition and crystal
structure determined via SEM and EDX techniques. It has been found that the unreacted
PbO and ZrTiO, phases tend to form together with PZT, with the latter appearing in both
tetragonal and rhombohedral phases, depending on calcination conditions. It is seen that
optimisation of calcination conditions can lead to a 100 % yield of PZT in a tetragonal

phase.

Keywords: Lead zirconate titanate; PZT powder; Perovskite; Calcination; Phase formation



1. Introduction

Lead zirconate titanate, Pb(Zr, Ti,)O5 or PZT, is one of the most widely used
piezoclectric materials with a perovskite structure. The compositions close to the
morphotropic phase boundary (MPB) have been extensively exploited in commercial".
The excellent piezoelectric and electrostiictive properties make it a promising material for
sonar, modulator, ferroelectric memory, optoelectronic, piezoelectric and electrostrictive
actuator, and electromechanical transducer applications®. In connection with these
applications, the ideal material would provide high coupling coefficient and relative
permittivity over the operational temperature, together with a low ageing rate. However, a
practical limitation to the utilization of these materials in device applications has been the
lack of a simple, reproducible fabrication technique for a pure perovskite phase with
consistent composition and properties. The main hindrance to the commercial exploitation
of lead-based complex pérovskitcs arises from processing difficulties, concerned with the
high volatility of lead oxide and the formation of pyrochlore phases’(’. To compensate for
the lead loss, excess lead oxide precursor has been widely used with contradicted results™®,
However, excess PbO must be avoided in perovskite materials; the PbO excess either
precipitates into the grain boundaries™'’, damaging the electrical propertics, or shifts the
PZT composition toward the titanium-lean side, because TiO; has higher solubility than
Zr0O; in the PbO liquid phase.

There has been a great deal of interest in the preparation of single-phase PZT
powders as well as in the sintering and piezoelectric properties of PZT-based ceramics.
The mixed oxide synthetic route is probably one of the most fundamental, practical routine
methods which has been used, and it has been developed and modified in both scientific
research and industrial mass production for many years”'lz. In general, PZT powders

prepared by a mixed oxide route have spatial fluctuations in their compositions. The extent



of the fluctuation depends on the characteristics of the starting powders as well as on the
processing schedule. The reaction sequence through which PZT are formed by solid state
reactions has been investigated by many workers but with varying conclusions'™'®. When
the calcinations is performed in one step, i.e. starting from the three individual oxide, the
problem of PbO vaporization limits the calcinations temperature and as a consequence
prolongs the calcinaticns. It has been shown that increases homogeneity, which enhances
the final properties of the PZT solid solution. can be achieved by carrying out the

18 Mori er al.”’ were the first to study the mechanisms of a

calcmations in two steps
two-step reaction, initiated by the constituent oxides reacting to form a solid solution of
lead titanate (PbTiO3) and zirconium oxide, which later homogenized to form the PZT
phase. On the other hand, Speri'® proposed a three step reaction sequence which was
further substantiated by Hanky and Bi ggers15 . The formation of PZT via a homogenisation
process, commencing at 700 °C, by interdiffusion of Zr** and Ti** within and between the
PZT phases formed at the original PbO/ZrO» and PbTiO4/ZrO; interfaces was proposed by

1.'°. However, this sequence does not agree with the two stage process

Chandratreya et a
proposed by Mori et al . Similar problem of pyrochlore formation have been encountered
in the preparation of lead magnesium niobate (PMN) powders, where the use of the B-site
precursor MgNb,Og has been proposed by Swart and Shrout'” as an effective way of
producing PMN powder in high yield. More recently, Babushkin et al'® subsequently
combined the approach of Swart and Shrout with that of Mo et al. by investigating a two-
stage synthesis with Zry s2Tip 4302 as a precursor. The essentially pyrochlore-free powders
obtained could be attributed to its high reactivity with PbO. Whereas some workers have
been prompted to investigate synthetic route different from the mixed oxide approach, ¢.g.

119

sol-gel 7, h drothermalm, co-preci itationz', and combustionzz, the overall aim of the work
g y precip

described here is to refine the two-stage mixed oxide method further. An attempt has been



made to synthesis and investigate the PZT powders by employing an intermediate phase of
zirconium titanate (ZrTiOy4) as a key precursor. The following elements are investigated in
this connection: (a) development of a modified mixed oxide synthetic route; (b)

reproducibility of the method and (c) the ability 1o use laboratory grade chemical.

2. Experimental procedure

Pb(Zry sTig5)Os was synthesised by the solid state reaction of appropriate amounts
of laboratory grade lead oxide, PbO, zirconium oxide, ZrQ, and titanium oxide, TiO;
(Fluka, > 99 % purity). The three oxide powders exhibited an average particle size in the
range of 5.0 to 10.0 um. The following reaction sequences are proposed for the formation

of PZT:
Zr0;(s) + TiOa(s) = ZrTiOu(s) (1)

2PbO(s) + ZrTiO4(s) ¥ 2Pb(ZrysTips)O05(s) (2)
Powder-processing was carried out as shown schematically in Fig. 1. The methods of
mixing, drying, grinding, firing and sieving of the products were similar to those employed
in the preparation of the perovskite-like Pb(MgsNbas)Os, Pb{Fe;nNbi2)0; and
La{Mg2:Nb;3)04 powders as described pre:viously23 2 Various calcination conditions, i.e.
temperatures ranging from 700 to 950 °C, soaking times ranging from 1 to 4 h and
heating/cooling rates ranging from 2 to 10 °C.min™", were selected, in order to investigate
the formation of lead zirconate titanate. The reactions of the uncalcined PZT powders
taking place during heat treatment were investigated by differential thermal analysis
(DTA) (NETZSCH-Geritebau GmbH Thermal Analysis STA 409) using a heating rate of
10 °C.min™" in air from room temperature up to 1000 °C. Calcined powders were

subsequently examined by room temperature X-ray diffraction (XRD; Philips PW 1729



diffractometer) using CuK, radiation, to identify the phases formed and optimum
calcination conditions for the manufacture of PZT powder. The particle size distributions
of the calcined powders were determined by laser scattering techniques {MasterSizer,
Malvem, UK). Powder morphologies and grain sizes were directly imaged using scanning
electron microscopy (SEM; JEOL JSM-840A). The chemical compositions of the phases
formed were elucidated by an encrgy-dispersive X-ray (EDX) analyser with an ultra-thin
window. EDX spectra were quantified with the virtual standards peaks supplied with the

Oxford Instruments eX1 software.

3. Results and discussion

A DTA curve obtained for a powder mixed in the stoichiometric proportions of
Pb(ZrysTigs)O3 is shown in Fig. 2. In the temperature range 200° — 400 °C, the sample
shows several large exothermic peaks in the DTA curve. These DTA peaks can be
attribute to the decomposition of the organic species from the milling process. The
different temperature, intensities, and shapes of the thermal peaks probably are related to
the different natures of the organic species and consequently, caused by the removal of
species differently bounded in the network. In the temperature range 700° — 1000 °C, both
exothermic and endothermic peaks are observed in the DTA curve. The enlarge zone of
this DTA curve showed that the exothermic peak centered at ~ 780 °C, may result from
perovskite phase crystallization, and the last endothermic peak centeed at ~ 840 °C, may
be caused by the decomposition of lead oxide. These temperatures have been obtained
from the calibration of the sample thermocouple and were used to define the ranges of
temperatures (700 to 950 °C), soaking time (1 to 4 h) and heating/cooling rates (2 to 10

°C.min™"} for the XRD investigation.



Powder XRD patterns of the calcined powders are given in Figs. 3-8, with the
corresponding JCPDS patterns also shown. The optimum calcination temperature for the
formation of a high purity PZT phase was found to be about 760 “C, i.e. slightly lower
than the exothermic temperature in Fig. 2. In general, the strongest reflections apparent in
the majonty of the XRD pattems indicate the formation of two lead zirconate titanate
phasecs. These can be matched with JCPDS file numbers 53-0346 and 73-2022 for the
tetragonal Pb(Zrg 44Tl 56)03 and rhombohedral Pb(Zrys5:Tip.43)01 (Fig. 4), respectiveiy. As
is well known, the variations in composition may lead to a diffuse MPB between the
tetragonal and rhombohedral PZT phases™. The most obvious different between the
patterns for tetragonal and rhombohedral PZT phases concemns the presence of a splitting
of (002)/(200) peak at two-theta ~ 45° for the former phase (Fig. 5).

It is seen that, with the exception of powder calcined at 950 °C, the rhombohedral
PZT phase is always preéent in the product. Moreover, some additional weak reflections
are found in the XRD patterns (marked by = and = ), which correlate with the precursors
PbO and ZrTiOy , respectively. The relative amounts of the two majority PZT phases, i.e.
tetragonal and rhombohedral, which are present in each calcined powder, may in principle,

be calculated from the intensities of the most intense X-ray reflections:

™

= 100 (3}

wt% tetragonal phase = [L
]'.f' + [R/

This equation is analogous to the well known equation {17] widely employed in
connection with the fabrication of complex perovskite materials. It should be seen as a
first approximation since its applicability requires comparable maximum intensities of the
peaks of tetragonal and rhombohedral phases. Here Iy and I refer to the intensities of the
{200} tetragonal and {020} rhombohedral peaks. For the purpose of estimating the

concentrations of the phases present, Eq. (3) has been applied to the powder XRD patterns



obtained as given in Fig. 6. This study shows that minor amount of the unreacted PbO and
Z1'Ti0, phases tend o co-exist along with the PZT phase, after scanning calcinations in the
temperature range 700 to 740 °C. Upon calcination at 760°, the phases of PbO and ZtTiO,
have been found completely disappear, and crystalline PZT of both tetragonal and
rhombohedrai is the only detectable phases in the powder. By increasing the calcination
temperature from 760 to 950 "C, the yield of the tetragonal PZT phase increasc
significantly until at 950 °C, a single phasc of tetragonal PZT is formed (Fig. 7). Neither
lcad titanate {(PbTiO3) or lead zirconate (PbZrOs) earlier reported by Chakrabarti and
Maiti* has been found in this study. It is also of interest to point out that no evidence has
been obtained for the existence of pyrochlore phase Pb;Ti,07 reported by Babushkin er
27
Relative intensities (areas) however did not vary significantly with soaking times,
indicating full crystallisation to have occurred at relatively shorter calcination times. In this
work, the single phase of perovskite PZT (yield of 100% within the limitations of the
XRD technique) was found to be possible only in powders, calcined at their optimum
temperatures with short soaking time of only 2 hours. This is probably due to the
effectiveness of a carefully optimised reaction to form single-phase zirconium titanate
precursor powders (Fig. 8). The effect of heating/cooling rates on phase formation was
found to be quite significant (Fig. 9). It is seen that the optimum heating/cooling rates for
the formation of a high purity PZ1 phase was found to be at 5 °C.min’".
Therefore, XRD results clearly show that, in general, the methodology presented in
this work provide a simple method for preparing perovskite PZT powders via a solid state

mixed oxide synthetic route without the addition of PbO in excess’®,



Figure 10 shows the particle size distribution of PZT powder after calcination at
760 °C for 2 h with heating/cooling rates of 5 °C.min"', indicating a uniform frequency
distribution curve with an appreciable size fraction at about 1.2 pm within the range 0.2 to
5.0 um. The morphological changes in the PZT powders formed by a two-stage mixed
oxide are illustrated in Fig. 11 as a function of formation temperature. After calcinations at
720 to 800 “ C, the powders have similar morphology. They had spherical secondary
particles composed of submicrometer-sized primary particulates. This structure is similar
to that of BaTiO; powders synthesised by previous researchers™. The primary particles
have sizes of ~ 0.05 — 0.20 um, and the agglomerates measure ~ [.0 — 80.0 um. At 700 °C,
three phases (PbO, ZrTiO4 and PZT) were observed in X-ray diffraction analysis (Fig. 3).
but from the SEM micrograph it was difficult to distinguish these three phases because of
the lumpy particle morphology, indicating significant growth interaction in the multiphase
composition, This granule characteristic will offer an apparent advantage towards
achieving a high sintered density and homogeneous microstructure for PZT ceramic at a

reduced sintering temperature.

4. Conclusions

A modified, two-stage mixed oxide synthetic route for preparing high purity PZT
powders has been developed, which show a high level of reproducibility. By using a
combination of XRD and SEM techniques, the effect of the calcination condition on phase
transformation and particle size of PZT was examined. The firing condition has been
found to have a pronounced effect on the formation of PZT phase and its particle size. The
mixture of both tetragonal and rhombohedral phases with various sizes of irregular shaped
particles was observed at low temperature while the tetragonal PZT phase with equisized

clusters and hard agglomerates was found at high temperature.
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FIGURE CAPTIONS
Fig. 1 Preparation route for the PZT powder.
Fig. 2 A DTA curve for the mixture of PbO-ZrTiQ4 powder.
Fig. 3 Powder XRD patterns of the calcined powders at various calcinations
temperatures for 2 h with heating/cooling rates of 30 °C.min .
Fig. 4 Computerised JCPDS data-matching confirms the formation of both tetragonal and
rhombohedral PZT phases in the calcined powder.
Fig. 5 Enlarged XRD peaks for the tetragonal (T} and rhombohedral (R) phases as a
function of calcinations temperatures.
Fig. 6 Calculated PZT phases as a function of calcinations conditions.
Fig. 7 Computerised JCPDS data-matching confirms the formation of the single-phase
tetragonal PZT.
Fig. 8 Powder XRD pattefns of the calcined powders at 760 °C with
heating/cooling rates of 5 °C.min" for (a) Lh (b) 2h and {c) 4h.
Fig. 9 Powder XRD pattemns of the calcined powders at 760 °C for 2 h with
heating/cooling rates of {a) 2 °C/min (b) 5 °C/min and {(¢) 10 °C/min.
Fig. 10 The particle size distribution curve of the calcined PZT powder.
Fig. 11 SEM micrographs of the PZT powders calcined at (a) 720 °C, (b) 740 °C,

{c) 780 °C and (d) 800 “C.
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Solid State Reaction
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Lead titanate (PT: PbTiOj;) is a perovskite-like structured ferroelectric material,
with Pb** cations positioned in the A-site and Ti'" cations occupying B-site.' It has
been one of the most pdpular choice for many sensor, actuator, electronic and
microelzctronic applications, because of its high Curie temperature, high pyroelectric
coefficient and high spontaneous polarisation.” However the difficulty in obtaining a
single-phase perovskite product has been wildly reported.” In order to solve this
problem, care must be taken into account during the processing with attention pored on
the firing conditions. In this study, PT powders have been prepared by calcining PbO
and TiO, precursors at various temperatures for 2 hours with constant heating/cooling
rates of 5 °C/min. To study the phase development with increasing calcination
temperature, all powders were examined by using X-ray diffraction technique (XRD).
As shown in Fig.1,a high purity PbTiO; powder is obtainable only when the precusor
is calcined at temperatures above 700 °C. SEM micrographs of all calcined powders
are shown in Fig.2 (a-c). In general, the calcined PT powders consist of primary
particle of 0.2 to 2 pm in size. They occures as large agglomerates of 0.5 to 3 um in

size in the samples calcined at 700 and 800 ‘C. However, at higher firing
temperature,discreted particles with larger grains of (0.2 to 3 um in size are clearly

observed.
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Figure 1. XRD patterns of PbTiO; powders

calcined for 2 hours at : (a) 700 °C,
(b) 800 °C, and (c) 1000 °C

126

{c}

Figure 2. SEM micrographs of PbTiO; powders
calcined for 2 hours at : {(a) 700 °C,
(b) 800 °C, and (c) 1000 °C '
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Perovskite type piczoclectric lead zirconate titanate, Pb(Zr,Ti)O; {PZT). exhibits excellent
piezoelectric and electrostrictive properties, thus making it promising for several technologically
demanding applications in electronics, ultrasonic transducers and electrostrictive actuators.' There are
several types of very different fabrication routes that can be utilized to fabricate PZT.? While the effects
of the processing variables have been qualitatively determined. the details of morphology evolution
have not. There exists some controversy over the optimum processing sequence, which arises from
unreported variations in powder preparation method, chemical composition and calcination conditions.
Thus, in this study, we have looked at phase and morphology evolutions during firing of PZT powder
under a variety of conditions and correlated the effects of calcining temperature on grain size and
morphology evolution of the products. The compasition of Pb(Zr, sTip s)Os was prepared by a modified
mixed oxides synthetic route using PbZr0, and PbTiQ; procursors. Both precursors were fabricated by
employing a conventional solid state reaction as previously described elsewhere.” The mixture of
PbZrQ; and PbTIO; powders was milled, dried and calcined in closed alumina crucible at the
temperature range of 700 °C to 900 °C, for 4 hours. The phase identification of the calcined powders
was conducted by X-ray diffraction (XRD) technique as shown in Fig. [(a-c). Perovskite-like phase of
PZT with some small amount of unknown phase (~1 | wt%) was observed in the sample calcined at the
temperatures above 700 °C, whilst the unknown phase was found to decrease at higher firing
temperatures. SEM micrographs of all calcined PZT powders are shown in Fig. 2{a-c). In general, the
particles are agglomerate and basically irregular in shape. 1t is interesting to note that the average grain
size was found gradually increased with the firing temperature. In the sample calcined at 700 °C,
particles of different diameters ranging from 0.3-0.7 pm are revealed (Fig. 2(z)). Whilst, at 800 °C and
900°C, particles with the average grain size of about 0.7 um (Fig.2(b}) and 0.9 pm (Fig.2(c)) are
observed, respectively.
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For the past forty y;:ars, lead zirconium titanate (Pb(Zr,T1,..)Os or PZT) has boeuy
the most important piezoelectric perovskites among all the piczoelectric materials cue
to its excellent dielectric, piezoelectric, electro-optic, and many other properties. It ihzs
been used in wide range of applications, such as actuators, sensors, transducers and
nonvolatile memories.” The conventional method of synthesizing PZT powders
involves mixing the constituent oxides (PbO, TI0Q:, Zr0O,) in stoichiometric ratio:,
followed by calcination at.an appropriate temperature. It, however, often leads ¢
particle coarsening and non-stoichiometry in composition of the resulting PZT
powders.? In this work, PZT powders were prepared from intermediate phases of
Z21Ti04 (ZT) and PbO, which was treated by a solid-state reaction process. The phasc
formation and morphology of the calcined powders have been examined by using -
combination technique between X-ray diffraction (XRD) and scanning electrer
microscopy (SEM). Fig.1 illustrates the X-ray diffraction patterns of powders calcmed
at different firing temperatures. It is seen that. after firing above 760°C, the majoiit
peaks of the reflection patterns could be matched with the JCPDS file no.30-0346 for
the perovskite phase Pb(Zrp4aTigse)O3. The morphologies of powders formed i
calcining the samples at various temperatures are show in Figure [. In general. o'
powders exhibit hard agglomerated particles. These agglomerates were in fact made vy
of a substructure of smaller, ~ 0.3 um, particles. The average particle size of the

calcined powders is about 1-6 um.
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Abstract: One of the piezoelectric family of lead-based complex perovskite compounds, with the general formula
Pb(Zr.T1)O,, have commurcial interest, because of their excellent piezoelectric properties (1-2).  These
characteristics facilitate their application in many areas, including transducers, sensors and actuators (3). Control of
the properties, which, in turn, is strongly dependent on their initial powder and the processing conditions, is a very
crucial step in the fabrication of PZT caramics, In the presemt study, powder of PZT was prepared by employing a
solid-state reaction method. The formation of phases and optimal conditiens for the calcination were determined by
using X-ray diffraction {XRD) technigue. It is seen that the calcination temperawure and time are the two crucial
factors dictating the formation of PZT phase. '

Experimeatal Procedure : The perovskite-like phase of PH(Zr,Ti)0; or PZT powder was prepared by using a
conventional mixed-oxide synthetic route. Starting reagent powders of PbQ, ZrO» and Ti0; (+99.0% purity} were
mixed and milled in ethanol for 24 h. After drying at 120 °C for 2 h, the powders were calcined in closed alumina
crucible at different firing temperature in the range 600-930 °C for 2 h. Having established the optimum
calcination temperature, alternative calcination times of 1, 3 and 4 h were appiied at several temperatures. The
formation of phases in all calcined powders were examined as a function of calcination temperature and dwell time
by X-ray diffractometer.

Results, Discussion and Coaclusion: From X-ray diffraction patterns of all caicined powders, it was found thar
X-ray peaks indicating the unreacted starting precursors of PbO, ZrQ, and TiO, were observed in the sampies
calcined ag 600 °C/2 h, 700 °C/2 h and 700 °C/4 h. However, at higher calcination temperatures, i.e. from 750 °C
to 950 °C, the major phase of perovskite-like PZT was obtained. To the first approximation, this PZT phase could
be matched with the JCPDS file no. 33-784, for the tetragonal phase with cell parameter 2 = 4.036 A and ¢ = 4.146
A. The amount of perovskite phase present in each calcined powder may, in principle, be calcuiate from the
intensities of the major X-ray reflections for the perovskite and second phases using equation advocated by Swart
and Shrout (4), It is seen that optimisation of calcination conditions can lead to a 91 % yield of PZT in a tetragonal
phase.

Acknowledgement : This work was sponsored by the Thailand Research Fund (TRF).
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Abstract: Recently, the quest for optimal powder characteristics in the preparation of electronic materials has
directed antention particularly towards powder production techniques(1). As is well known, lead titanate (PbTiO,)
is one of the family of liad-based perovskites which is of interest as a ¢omponent in commercial electronic
materials(2). In this work, consideration is given to the synthesis and characterisation of PbTiO; prepared by a
mixed oxide route. The study encompasses identification of phases and their concentrations in the powders
calcined at different conditions via X-ray diffraction technique. The characterisation of all calcined powders
showed the influence of the different calcination conditions on the phase formed. A single phase of PhTiOy was
successfully obtained for a zalcination temperature of 750 °C with a dwell-time of 2 h.

Experimental Procedure: Perovskite-like PbTiO; was svnthesised by the solid state reaction of appropriate
amounts of reagent grade lead oxide (PbQ) and titanium oxide (TiO;). The powders were mixed, ball milled under
ethanol for 24h, dried and calcined at 600, 700, 750, 800 and 900 °C, all for 2 h. Having established the optimum
calcination temperature, alternative calcination times of 1, 3 and 4 h were applied at this temperature. All calcined
powders were examined by X-ray diffraction (XRD) using CuK, radiation to identify the phases formed and the
optimum calcination temperature and time for the formation of perovskite-like PbTiO;.

Results, Disscussion and Conclusion: From powder XRD patterns of all calcine powders, the strongest
reflections apparent in the majority of the patterns indicate the formation of perovskite PbTiO;, which could be
matched with JCPDS file no. 6-452, This major phase possesses a tetragonal structure with lattice parameters
a=3.89 A and c = 4.15 A in space group P4/mmm (No. 129). As expecied, there is evidence that, even for a wide
range of calcination conditions single phase PbTiO, cannot easily be produced. This study shows that a minor
amount of the unreacted PO and TiO; phases co-exists along with the perovskite PbTiO, phase, after calcination in
the range 600-900 °C. By using X-ray diffraction technique, it has been found that a single phase of PbTiO, was
successfully obtained for a calcination temperature of 750 °C with a dwell-time of 2 h.

Acknowledgetent: This work was sponsored by the Thailand Research Fund (TRF)

References: (1) Reterson, C.R. and Slamovich, E.B. (1999} J Am. Ceram. Soc. 7, 1702-1710.
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Abstract: Lead zirconate (PbZrO,) is coe of the family of amtiferrvelectric materials which has been widely
investigated both for academic science and for technological applications{!). However, there are only a few articles
directly devoted to the preparation of PbZr0y powder itself{2-3). In this work, fine powders PbZrQ; were prepared
by mixed oxide synthetic route. The formation of PbZrO, phases was investigated as a function of calcination
temperamure by X-ray diffraction. The particie size diswribution of the calcined powders was determined by laser
diffraction technique.. It has been found that optimisation of calcination temperatures can lead to a 100% yield of

PbZrOy in an orthorhombic phase. However, it is scon that the unreacted PbO and ZrO; phases tend o form
together with PbZrQ,.

Fxperimental Procedure: Powders of the PbZr(); were prepared using standard laboratary reagent grade starting
powders : PbO and ZrO,. The powders were mixed and ball milled under ethanol for 24 h and caicined in alumina
crucible at 700 *C, 750 °C, 800 °C and 900 °C for 2 h, respectively. All calcined powders were subsequently
examined by X-ray diffraction (CukK,, radiation), to identify the phases formed and optimum firing conditions. The
particle size distributions of the powders were finally determined by laser diffraction techniques.

Results, Discussion and Conclusion: From powder XRD patterns of the calcined PbZrQ; powders, it may be
concluded that, over a wider range of calcination temperatures (700-900 °C/2h), single phase PbZIO; cannot be
produced easily. This study shows that a minor amount of the unreacted PbO and ZrO, phases co-exist along with
the lead zirconate PbZrO; phase. However, single phase of perovskite PbZrQ; powders were successfully obtained
for a caicination temperature of 750 °C for 2 h. By employing the laser diffraction technique, appreciable size
fractions at approximately 1.5 um diameter within the range of 0.2 to 5.0 um can be determined.

Acknowledgment: The authors would like to acknowledge the financial support of The Thailand Research Fund.

References: (1) Jaffe, B. and Cook, W. R. (1971) Piezoelectric Ceramics, Academic Press, London.
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(3) Furuta, H,, Endo, S., Ming, L. C. and Fujishita, H. (1999) J. Phys. Chem, Solids. &0, 65-67,
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Abstract: Perovskite type lead zirconate titanate (PZT) has been known to exhibit excellent piezeelectric and
clectrostrictive properties. Thus, it has been widely used in several industries especially in electronics parts, {or
example, piezoelectric transducer, positive temperature coefficient devices, microactuaiors and pyroelectric
sensor (1-2}, etc. There are several types of very different fabrication route that can be utilized 1o fabricate PZT
i3} In this work, modified mixed oxide method was employed for the synthesis of PZT powders. The i:1
molar ratio of lead zirconate (PbZrQ3) and lead titanate {PbTiO;) were mixed, bail-milled and calcined under
different condiions. The optimized of caleining conditions were determined by X-rzy diffraction (XRD)
technigue. Experimental results indicate that the calcinations iemperature and time are the important factors
dictating the formation behaviour of PZT powders.

Methodology: The perovskite-like phase of PZT powder was prepared by using a modified mixed-oxide
synthetic route. The starting powders, PbZrO; and PbTi0s, were prepared by employing a solid-state reaction.
The 1:1 molar ratio of PbO:Zr0; and PhO:TiQO; were mixed and milled in ethanol for 24 h. After drying, the
mixed powders were calcined at 750 °C for 2 h. Then, 1:1 by mole of PbZrO; and PbTiQ; were mixed and
milled together and calcined in closed alumina crucible with different firing temperatures in the range of 700-
1000 °C for 4 h. The other factors, dwell time and heating/cooling rates were also investigated. The phase
formation behaviour of all caleined powders were examined by X-ray diffractometer.

Results, Discussion and Cenclusion: From the results it is seen that the major phase of all calcined powders
could be matched with the JCPDS file no. 33-784, for the tetragonal PZT phase with cell parameters @ = 4.036
Aand ¢ = 4746 A The pervoskite-like phase of PZT with some small amount of unknown phase were

observed in the sample calcined at the temperature above 700 °C. The amount of this unknowr phase was
calculated from equation advocated by Swarlz and Shrout (4). By increasing the firing temperature, the
unknown phase decteased. It may be concluded that a 92% yield of perovskite PZT phase can be successfully
obtained with this modified mixed oxide route.
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Abstract: Zirconium titanate (ZrTiO,} has been found to have an excellent properties for an effective acid-base
bifunctional catalyst and dielectric applications {1-2). It is also used as & precursor for the synthesis of lead zirconae
titanate (PZT), one cf the piezoelectric materials which is of interest as a component in commercral electronic devices (31
[ this work, attention has been paid on the preparation and characterisation of ZrTi0, powder prepared by a nrrxed ovide
route. The formation of ZT phases was examined as a function of calcination condizions via X-ray diffraction technique It
has been found that the unreacted ZrQ, and TiO; phases tend to from together with ZT phase. depending on caicmation
conditions. A single phase of ZrTi04 was obtained for a calcination temperature of 1300°C with a dwell ime af 4 h

Methodology: Zirconium titanate {ZrTi0,) powders were synthesised from commercially available ovides using a meved
oxide synthetic route. The starting materials were zirconium oxide, ZrO; (+99.9% purity} and titamuom oxide, T:00-
{(~99.6% purity). The powders were mixed, ball-milled under ethanol for 24 h. After dryving a1 100°C for 2 h. powdus
were calcined in ¢losed alumina crucibles at 1300°C, 1350 °C and 1400°C. all for 2. 3 and 4 h, All calcined powders were
examined by X-ray diffraction (XRD) using CuK, radiation to identify the phase formed and the optimum caiciation
condition for the formation of ZrTiO,.

Rusults, Discussion and Conclusion: By employing XRD techniques. it has been found that the strongest reflections in
the majority of ail XRD traces indicate formation of the ZrTiQ, phase. This could be matched with JCPDS file ne 51
415. Te a first approximation, this major phase has an orthorhombic form in space group Pnuh (No. 60). with el
parameters a = 5.035 A, b = 5487 A and ¢ = 4.801 A. However. it is seen that the unreacted Zr0; and TiQ: precurson
tend 1o co-exists along with the major phase of ZrTiQy, depending an calcination conditions. In this study. 1t sy by
concluded that a single phase of ZrTiQ, successfully obtained in all samples calcined at [300°C for 4 hours.
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