3
performance of devices [14,15]. This is especially important in PZT compositions in
which the useful properties depend significantly on Zr/Ti ratio [1,14,16]. Over decades,
tremendous amount of work has been dedicated to the processing of PZT with various
preparation routes, one of which is a modified mixed oxide route [1,17,18]. In this route,
the PZT is prepared by mixing precursor PZ with PbTiO; or PbO and TiO, powders
[1,19,20]. This preparation route, as well as the B-site cations route, offers advantages
in producing PZT with more controllable Zr/Ti ratio and desirable properties at lower
sintering temperature without using excess PbO typically practiced in a more
conventional mixed-oxide method [17,21,22]. The resulting PZT is, however, found to
show variation in properties, probably caused in part by the stoichiometry of PZ
precursor powders. In addition, earlier work by Reaney et al [23] reported that impure
PZ specimen showed significantly inferior electrical properties as well as unclear TEM
results in the antiferroelectric-ferroelectric (AFE-FE) phase boundary as a result of
unreacted ZrO, phases. These reasons outlined have clearly indicated from both
practical and fundamental viewpoints needs to obtain stoichiometric and better
homogeneity PZ. To do such, different preparative methods have been introduced,
such as chemical co-precipitation [24], sol-gel [25], precipitation of molecular precursors
[26], citrate combustion [27], hydrothermal [28] and microemulsion method [29]. 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-state reaction method. Moreover, high purity PZ powders are still not available in
mass quantity and also expensive. So far, only limited attempts have been made to

improve the yield of PbZrO3; by optimizing calcination conditions [30-32]. The effects of
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applied dwell time and heating/cooling rates have not yet been studied extensively. It is
our interest to explore a simple mixed oxide synthetic route for the production of PZ
powders. This current work is focused only on processing of PZ powders, while PZ
ceramic fabrication, as well as PZT powders and ceramics produced from the PZ
powders obtained, will be presented in subsequent publications.

In this context, a systematic study of the reaction between lead oxide and
zirconium oxide is of interest. The effect of calcination conditions (i.e. firing temperature,
dwell time and heating/cooling rates) on the development of phase, morphology and
particle size of lead zirconate powders is investigated in this connection. The potentiality
of a vibro-milling technique as a significant time-saving method to obtain single-phase

lead zirconate powders, at low temperature and with small particles is also examined.

2. Experimental procedure

The starting materials were commercially available lead oxide, PbO (JCPDS file
number 77-1971) and zirconium oxide, ZrO, (JCPDS file number 37-1484) (Fluka, >
99% purity). The two oxide powders exhibited an average particle size in the range of
3.0 to 5.0 ym. PbZrO; powders were synthesized by the solid-state reaction of
thoroughly ground mixtures of PbO and ZrO, powders that were milled in the required
stoichiometric ratio. Instead of employing a ball-milling procedure (ZrO, media under
ethanol for 24 h [30] or under a mixture of cyclohexane and deionized water for 12 h
[31]), use was made of a McCrone vibro-milling technique [22,32,33]. In order to
combine mixing capacity with a significant time saving, the milling operation was carried
out for 0.5 h with corundum cylindrical media in isopropyl alcohol (instead of 8 h with

zirconia media [32]). After drying at 120 °C for 2 h, the reaction of the uncalcined
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powders taking place during heat treatment was investigated by themogravimetric and
differential thermal analysis (TG-DTA, Shimadzu), using a heating rate of 10 °C/min in
air from room temperature up to 1000 °C. Based on the TG-DTA results, the mixture
was calcined at various conditions, i.e. temperatures ranging from 700 to 900 °C, dwell
times ranging from 1 to 5 h and heating/cooling rates ranging from 1 to 20 °C /min, in
closed alumina crucible, in order to investigate the formation of lead zirconate.

Calcined powders were subsequently examined by room temperature X-ray
diffraction (XRD; Siemens-D500 diffractometer), using Ni-filtered CuK, radiation to
identify the phases formed and optimum calcination conditions for the formation of
PbZrO3; powders. Crystallite sizes and lattice parameters in the calcined powders were
estimated from XRD data [34,35]. Powder morphologies and particle sizes were directly
imaged, using scanning electron microscopy (SEM; JEOL JSM-840A). The chemical
compositions of the phase formed were elucidated by an energy-dispersive X-ray (EDX)
analyzer with an ultra-thin window. EDX spectra were quantified with the virtual

standard peaks supplied with the Oxford Instruments eXL software.

3. Results and discussion
The TG-DTA simultaneous analysis of a powder mixed in the stoichiometric
proportions of PbZrO; is displayed in Fig. 1. In the temperature range from room
temperature to ~ 150 °C, the sample shows both exothermic and endothermic peaks in
the DTA curve, in consistent with a slight drop in weight loss at the same temperature
range. These observations can be attributed to the decomposition of the organic
species (most likely polyethylene from the milling jar) from the milling process. [22,33].

Corresponding to a large fall in sample weight (~ 4.5%), the other exotherm and
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endotherm are observed within 300 to 450 °C temperature range in the DTA curve.
However, it is to be noted that there is no obvious interpretation of these peaks,
although it is likely to correspond to a phase transformation of ZrO, precursor alloyed
with PbO precursor reported by a number of workers [35-38]. In general, it is well
established that there are a number of polymorphic forms of PbO and ZrO, stable at
different temperatures and pressures [35,37]. However, in this work, the possibility of
these phase transformations has not been investigated, since the overriding objective is
to synthesize single phase PbZrOs, irrespective of the polymorph in which it is
stabilized.

Increasing the temperature up to ~ 1000 °C, the solid-state reaction occurred
between PbO and ZrO, [29-32]. The broad exotherm from ~ 500 to 700 °C in the DTA
curve represents that reaction, which is supported by a gradual decrease in sample
weight over the same temperature range. Finally, a significantly drop in weight loss is
also observed above 800 °C, that is associated with the DTA peaks at the same
temperature range and may be attributed to the PbO volatilization commonly found in
the lead-based perovskite systems [22,33,39]. These data were used together with
those from literature [30-32] to assign the range of calcination temperatures for XRD
investigation between 700 and 900 °C.

Therefore, to investigate the effect of calcination temperature on the phase
development, the mixed powders were calcined for 2 h in air at various temperatures,
up to 900 °C, followed by phase analysis using XRD. As shown in Fig. 2, for the
uncalcined powder, only X-ray peaks of precursors PbO (v) and ZrO, (), which could

be matched with JCPDS file numbers 77-1971 [40] and 37-1484 [41], respectively, are
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present, indicating that no reaction had yet been triggered during the milling process. It
is seen that fine PbZrO3 crystallites (%) were developed in the powder at a calcination
temperature as low as 750 °C, accompanying with PbO and ZrO, as separated phases.
This observation agrees well with those derived from the TG-DTA results and other
workers [31,38]. As the temperature increased to 800 °C, the intensity of the perovskite-
like PbZrO; peaks was further enhanced and became the predominant phase. Upon
calcination at 850 °C, an essentially monophasic of PbZrO3; phase is obtained. This PZ
phase was indexable according to an orthorhombic perovskite-type structure with lattice
parameters a = 823.1 pm, b = 1177 pm and ¢ = 588.1 pm, space group P2ch (no. 32),
in consistent with JCPDS file numbers 35-739 [42] and other investigators [24,30,43].
This study also shows that crystalline orthorhombic PZ is the only detectable phase in
the powder, after calcination in the range 850-900 °C.

Having established the optimum calcination temperature, dwell times ranging
from 1 to 5 h with constant heating/cooling rates of 5 °C/min were applied at 850 and
800 °C, as shown in Figs. 3 and 4, respectively. From Fig. 3, it can be seen that the
single phase of PbZrOs; (yield of 100% within the limitations of the XRD technique) was
found to be possible in all powders calcined at 850 °C with dwell time ranging from 1 to
5 h. This is probably due to the effectiveness of vibro-milling and a carefully optimized
reaction. However, in the work reported here, it is to be noted that single-phase of
PbZrO3; powders was also successfully obtained for a calcination temperature of 800 °C
with dwell time of 3 h or more applied (Fig. 4). This was apparently a consequence of
the enhancement in crystallinity of the PbZrO; phase with increasing dwell time. The

appearance of PbO phase indicated that full crystallization has not occurred at relatively
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shorter calcination times. The observation that the dwell time effect may also play an
important role in obtaining a single-phase perovskite product is also consistent with
other similar systems [33,39,44].

Apart from the calcination temperature and dwell time, the effect of
heating/cooling rates on the formation behaviour of PbZrO; was also investigated.
Various heating/cooling rates ranging from 1 to 20 °C/min were selected for calcination
conditions of 800 °C for 3 h (Fig. 5) and 850 °C for 1 h (Fig. 6). In this connection, it is
shown that the yield of PbZrO; phase was not depending on heating/cooling rates,
indicating that fast heating/cooling rates can lead to full crystallization of PbZrO3; phase
without time for the formation of minor phase or lead vaporization. The observation that
faster heating/cooling rates are required for lead-based ferroelectrics is also consistent
with other researchers [39,45,46]. It should be once again emphasized that these
results clearly indicate effects of heating/cooling rates on the phase formation behavior
of PZ powders. These parameters are very crucial for Pb-based compounds [22,47].
Usually, heating/cooling rates and dwell time show marked influences on phase
formation behavior of other Pb-based compounds, such as PZT. It is of interest to
observe that in PZ powders the heating/cooling rates do not show any effects on the
behavior, while the dwell time only shows the effects on the particle agglomeration.

Based on the TG-DTA and XRD data, it may be concluded that, over a wide
range of calcination conditions, single phase PbZrO3; cannot be straightforwardly formed
via a solid-state mixed oxide synthetic route, unless carefully designed calcination
condition was performed. It is well documented that powders prepared by a

conventional mixed oxide method have spatial fluctuations in their compositions. The
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extent of the fluctuation depends on the characteristics of the starting powders as well
as the processing schedules [22,33,39]. The experimental work carried out here
suggests that the optimal calcination conditions for single-phase PbZrO; (with impurities
undetected by XRD technique) is 800 °C for 3 h or 850 °C for 1 h, with heating/cooling
rates of 20 °C/min, which is closed to that of Puchmark et al. [30] (775 °C for 3 h with
heating/cooling rates of 5 °C/min) but with significantly faster heating/cooling rates.
Moreover, the formation temperature and/or dwell time for the production of PbZrO3;
powders observed in this work are also lower than those reported by Fang et al. [31]
(900 °C for 1 h) and Lanagan et al. [32] (900 °C for 8 h).

Finally, the morphological changes in the PbZrOs; powders formed by a mixed
oxide are illustrated in Fig. 7 as a function of calcination temperatures, dwell times and
heating/cooling rates, respectively. The influence of calcination conditions on particle
size is given in Table 1. These particle size data were directly estimated from SEM
micrographs. Even though these data are not precisely determined, they were shown to
provide estimated comparison between different calcination conditions and to form a
basis for other more detailed studies with use of a combination between TEM and
particle size distribution analyzer. After calcinations at 800 to 900 °C, the powders seem
to have similar morphology. In general, the particles are agglomerated and irregular in
shape, with a substantial variation in particle size, particularly in samples calcined at
higher temperatures or for longer dwell times. This observation is also similar to that of
Mgs Nb2Og powders synthesized by Ananta [48]. The results indicate that averaged
particle size and degree of agglomeration tend to increase with calcination temperature

and dwell time (Table 1). However, the smallest particle size (estimated from SEM
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micrographs to be ~ 250 nm) and the morphology of the calcined powders are about the
same. It is also of interest to point out that no evidence has been obtained for the
existence of the cubic or spherical shape morphology as that of the hydrothermally
derived PbZrO3s powders [28,49]. In additional, energy dispersive X-ray (EDX) analysis
(Fig. 8) using a 20 nm probe on a large number of particles of the calcined powders

confirms that the parent composition is PbZrO3, in agreement with XRD results.

4. Conclusions
The methodology presented in this work provides a simple method for preparing
perovskite PbZrO; powders via a solid-state mixed oxide synthetic route. By using
optimal calcination conditions of 800 °C for 3 h or 850 °C for 1 h, with heating/cooling
rates of 20 °C/min, the reproducible, low cost and fast process involving vibro-milling
can provide high-purity perovskite PbZrO3; powders with particle size ranging from 200—
500 nm from inexpensive commercially available raw materials. The resulting PbZrO;
powders consist of variety of agglomerated particle sizes, depending on calcination
conditions. Finally, it should be emphasized that this work presents for the first time the
effects of calcination conditions on the phase formation behavior of the PZ powders.
These parameters clearly show significant influences on the processing of even simple
binary system as PZ, and there is no doubt that they will show even more effects on
other complicated materials such as PZT, PMN, PZN, PIN, and PMN-PT. The results on

those systems are being produced and will be presented in future publications.
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TABLE CAPTION

Table 1 Effect of calcination conditions on particle size of PbZrO3; powders.

FIGURE CAPTIONS

Fig. 1 TG-DTA curves for the mixture of PbO-ZrO, powders.
Fig. 2 XRD patterns of PZ powder calcined at various temperatures

for 1 h with heating/cooling rates of 10 °C/min.
Fig. 3 XRD patterns of PZ powder calcined at 850 °C with heating/cooling rates

of 10 °C/min for various dwell times.
Fig. 4 XRD patterns of PZ powder calcined at 800 °C with heating/cooling rates

of 10 °C/min for various dwell times.
Fig. 5 XRD patterns of PZ powder calcined at 800 °C for 3 h with

various heating/cooling rates.
Fig. 6 XRD patterns of PZ powder calcined at 850 °C for 1 h with

various heating/cooling rates.
Fig. 7 SEM micrographs of the PZ powders calcined at (a) 850 °C/1h, (b) 850 °C/2h, (c)
900 °C/2h, with heating/cooling rates of 10 °C/min and (d) 850 °C/1h with
heating/cooling rates of 20 °C/min.
Fig. 8 EDX analysis of PZ powders calcined at 850 °C for 1 h, with heating/cooling rates

of 20 °C/min (some spectra indexed as C and Au come from coated electrode).



Table I Particle size range of PbZrO; powders calcined at various conditions

Temperature Dwell time Heating/cooling rates Particle size range (mean)*

(°O) (h) (°C/min) (1m)

800 3 3 0.35-0.60 (0.41)
800 3 5 0.15-1.00 (0.52)
850 1 3 0.30 —1.00 (0.44)
850 1 5 0.30-0.80 (0.59)
850 1 10 0.25-0.70 (0.54)
850 1 20 0.30—-0.80 (0.51)
850 2 10 0.25-1.20 (0.64)
900 2 10 0.35-1.50 (0.77)

* The estimated precision of the particle size is £ 10%

15
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ABSTRACT

In this study, an approach to synthesizing pyrochlore-free lead zinc niobate — lead
zirconate titanate powders with a formula xPb(Zn;;3Nby3)O3 (1-x)Pb(Zr,2Ti12)O3 (when x =
0.1-0.5) by a mixed oxide synthetic route via a rapid vibro-milling has been developed. The
formation of perovskite phase in calcined PZN-PZT powders has been investigated as a
function of calcination temperature by TG-DTA and XRD techniques. Powder morphology
and chemical composition have been determined with SEM and EDX techniques. The
potential of a vibro-milling technique as a significant time-saving method to obtain single-
phase PZN-PZT powders at low calcination temperature is also discussed. The results
indicate that at calcination condition of 900 °C for 2h, with heating/cooling rates of 20
°C/min single-phase PZN-PZT powders can be obtained for every composition ratio between

x=0.1-0.5.

Keywords: Phase formation , Calcination ,Vibro-milling , Lead zinc niobate , Lead zirconate

titanate



Introduction

Lead zirconate titanate, Pb(Zr,Ti)O; or PZT, is a well known piezoelectric that has
been widely employed in a large number of sensing and actuating devices. PZT ceramics
have very high Curie temperature (~ 390 °C). They have excellent dielectric, piezoelectric
and elastic properties suitable for wide range of practical applications [1-3].  Lead zinc
niobate, Pb(Zn;;s3Nb,3)O3 or PZN, which exhibits a perovskite structure and a Curie
temperature ~ 140 °C, is one of the most important relaxor ferroelectric materials with high
dielectric constant and large electrostrictive coefficient [4-5]. These characteristics make
PZN a promising candidate for high performance electromechanical actuator and transducer
applications. However, it has been recognized and widely accepted that inhomogeneous
mixing in the conventional solid state reaction process leads to formation of pylochlore phase
and subsequent deterioration of electrical properties in PZN ceramics [6-7]. The addition of
other perovskite materials, such as barium titanate (BaTiOs) [8], lead titanate (PbTiO3) [9], or
PZT [10], has been found to be effective in stabilizing PZN in the perovskite structure.
However, recent work by Fan and Kim [11] has shown promise in producing only pure
perovskite phase for PZN-PZT ceramics with the conventional mixed-oxide method.

The present work is aimed at synthesizing pyrochlore-free lead zinc niobate — lead
zirconate titanate powders. The conventional mixed oxide synthetic route via a rapid vibro-
milling has been developed with a one-step reaction of all starting materials. The rapid vibro-
milling is employed for the first time in this work as a significant time-saving method to

obtain single-phase PZN-PZT nano-sized powders at low temperature.



Experimental procedure

In this study, reagent grade oxides of lead oxide, PbO (Fluka Chemical, 99.9% purity),
zirconium dioxide, ZrO, (RdH laborchemikalin, 99.9% purity), zinc oxide, ZnO (Fluka
Chemical, 99.9% purity), niobium pentaoxide, Nb,Os (Aldrich, 99.9% purity), and titanium
dioxide, TiO, (RdH laborchemikalin, 99.9% purity), were used as the starting materials.
PZN-PZT powders were synthesized by the solid-state reaction of these raw materials.
Ground mixtures of the powders were required with stoichiometric ratios for the general
composition xPb(Zn;;3Nb,3)03 (1-x)Pb(Zr;,Ti;,)O3 where x = 0.1, 0.2, 0.3, 0.4, and 0.5. A
McCrone vibro-milling technique was employed in order to combine mixing capacity with a
significant time saving. The milling operation was carried out in isopropanol. High purity
corundum cylindrical media were used as the milling media. After vibro-milling for 30
minutes and drying at 120 °C, the reaction of the uncalcined powders taking place during heat
treatment was investigated by themogravimetric and differential thermal analysis (TG-DTA,
Shimadzu) in air from room temperature up to 1350 °C. Based on the TG-DTA results, the
mixture was calcined at temperatures between 750 to 950 °C for 2 hours in alumina crucible
to examine the phase formation behavior of PZN-PZT powders. A heating/cooling rate of
20 °C/min was selected for all of the compositions in this system because it was shown to be
effective in reducing the total amount of pyrochlore phase [12].

Calcined powders were subsequently examined by room temperature X-ray
diffraction (XRD; Siemens-D500 diffractrometer) using Ni-filtered CuK radiation to
identify the phases formed for the PZN-PZT powders. The relative amounts of perovskite
and pyrochlore phases were approximated by calculating the ratio of the major XRD peak

intensities of the perovskite and pyrochlore phases via the following equation:



1
Perovskite %= —2Z% 100

perov 1 pyro
where ., and 1,,,,, refer to the intensity of the (110) perovskite peak and (222) pyrochlore
peak, respectively. Powder morphologies and particle sizes were directly imaged using
scanning electron microscopy (SEM; JEOL JSM-840A). EDX spectra were quantified with
the virtual standards peaks supplied with the Oxford Instruments eXL software. Diagram of

experimental procedure is shown in Fig. 1.

Results and Discussion

Themogravimetric and Differential Thermal Analysis (TG/DTA)

TG-DTA curves obtained for powders mixed in the stoichiometric proportions of
PZN and PZT powders are displayed in Fig. 2. In the temperature range 50 — 300 °C, the
sample shows several large exothermic peaks in the DTA curve. These DTA peaks can be
attributed to the decomposition of the organic species from the milling process. The different
temperatures, intensities, and shapes of the thermal peaks are probably related to the different
natures of the organic species and, consequently, caused by the removal of differently
bounded species in the network [13]. In the temperature range 750° — 1050 °C, both
exothermic and endothermic peaks are observed in the DTA curve. The enlarge zone of this
DTA curve shows that the endothermic peak centered at ~ 800 °C  may result from
perovskite phase crystallization, and the last exothermic peak centered at ~ 850 °C may be
caused by the decomposition of lead oxide [14,15]. Above 1000 °C, TG curve indicates that
higher weight loss of substance occurs. This TG result implies the upper limit of the

calcination temperature for the mixed powders. Therefore, these temperatures are used to



define the ranges of calcination temperatures (750 to 950 °C) used in subsequent powder

processing steps.

X-Ray Diffraction Analysis (XRD)

Powder XRD patterns of the calcined 0.5PZN-0.5PZT powders at different
calcination temperatures are shown in Fig. 3. The XRD results show that the pyrochlore
phase Pbjgs(Zng3Nb;25)Os30s (JCPDS No.25-0446) is dominant at the calcination
temperature below 850 C for the powders. The precursor phases of PbO, ZnO, Nb,Os, ZrO;,
TiO, are also detected in the powders by XRD when calcined below 800 °C. Other
compositions also show a similar trend. The pyrochlore-free xPZN (1-x)PZT powders with
x= 0.1- 0.4 can be obtained at calcination temperatures above 850 C. Earlier study by
Vittayakorn et. al. [16] showed similar observation. However, in that study which used a
conventional ball-milling method with excess PbO 2wt% the calcination temperature was
above 900 °C. This clearly indicates that a rapid vibro-milling method can lower the
calcination temperature for PZN-PZT powders.

As listed in Table I, all the compositions in the present work exhibit pyrochlore-free
XRD scans at calcination temperature of 900 C. It can be noticed that in most compositions
the perovskite phase is formed in a sudden nature, which is significantly different from
previous research [16] in which more perovskite phase was found with increasing calcination
temperature. The difference could be attributed to the nano-sized mixed powders (50-300
nm) obtained from a rapid vibro-milling technique. The perovskite phase formation behavior
for xPZN (1-x)PZT powders at the calcination temperature of 900 C is shown in Fig. 4. The

percentage of perovskite phase in PZN-PZT powders is summarized in Table I as a function



of calcination temperature. These experimental results indicate that when the concentration
of the PZN phase increases the calcination temperature must be increased to obtain single
perovskite phase of PZN-PZT powders. Even though pyrochlore-free PZN-PZT powders can
be obtained at calcination temperature of 900 C for all compositions (x = 0.1-0.5), it should
be noted that the on-set calcination temperature for pyrochlore-free powders starts at 800 C
for composition with x = 0.1. It is also very interesting to see that the on-set temperature in
every composition is approximately 50 C lower that those reported earlier with the
conventional ball-milling method [16]. More importantly, this study suggests that the
conventional mixed oxide method helps to stabilize the perovskite phase and the calcination

temperature can be lowered by a vibro-milling technique.

SEM and EDX Analysis

The morphological changes in the PZN-PZT powders formed by a mixed oxide
method are illustrated in Fig. 5. In general, the particles are agglomerated and basically
irregular in shape, with a substantial variation in particle size, particularly in samples with
more PZN contents. Generally, particle size of all compositions can be estimated from SEM
micrographs to be in range of 0.2-2 m. It should be noted that the morphology of the
calcined 0.1PZN-0.9PZT and 0.3PZN-0.7PZT powders is almost similar in size and shape,
while for the other compositions the size and shape of the powders are significantly different.

Finally, EDX analysis using a 20 nm probe on a large number of particles of the
calcined powders confirms that the parent composition is PZN-PZT powders, in good

agreement with XRD results.



Conclusions

The solid-state mixed oxide method via a vibro-milling technique is explored in the
preparation of pyrochlore-free solid solution of xPZN-(1-x)PZT powders (when x= 0.1-0.5).
The optimum calcination condition for the formation of perovskite phase PZN-PZT powders
is found to be 900 °C for 2 h with heating/cooling rates of 20 °C / min. Clearly, XRD study
indicates that phase pure perovskite PZN-PZT powders have been obtained in this study.
The potential of a vibro-milling technique as a significant time-saving method to obtain

single-phase PZN-PZT powders at lower calcination temperature has also been demonstrated.
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Table 1. Percentage of perovskite phase of (/-x)PZT-xPZN; x = 0.1-0.5.

Calcination Percentage of perovskite phase
Temperature(C)
x=01 x=02 x=0.3 x=10.4 x=05
Janec - - - - -
g00e°C 100 782 - - -
ga0eC 100 100 100 100 877
o0 100 100 100 100 100
RaneC 100 100 100 100 100




List of Figure Captions

Figure 1 Diagram of experimental procedure.

Figure 2 TG-DTA curves for the mixture of PZN-PZT powder after vibro-milling.

Figure 3 XRD patterns of 0.5PZN-0.5PZT powder calcined at various temperatures
temperature for 2 h. with heating/cooling rates of 20 °C / min.

Figure 4 XRD patterns of the xPZN - (1-x)PZT powders ( when x = 0.1, 0.2, 0.3, 0.4, and
0.5) calcined at 900 °C with heating/cooling rates of 20 °C/min and soaking time of 2 h.
Figure 5 SEM micrographs of the xPZN - (1-x)PZT powders calcined at 900 °C with
heating/cooling rates of 20 °C/min and soaking time of 2 h for (a) x=0.1, (b) x=0.2, (c)

x=0.3, (d) x=0.4 and (e) x=0.5.
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Abstract

In this study, powders of lead indium niobate-lead titanate (1-
x)Pb(In;,Nb;/2)03-(x)PbTiO3 (PINT) binary system near the morphotropic phase
boundary (MPB) composition with x = 38mol% PT are synthesized with the
conventional mixed oxide and the wolframite methods via a rapid vibro-milling
technique for the first time. The preparation method and calcination temperature have
been found to show pronounced effects on the phase formation behavior of the PINT
powders. The stabilized perovskite phase form of PINT can be synthesized by the
wolframite method, while precursor phases are still found in powders prepared by the
conventional method. Finally, this study shows that the rapid vibro-milling mixing

technique is effective in preparing the phase pure perovskite of PINT powders.

Keywords: PIN-PT, Conventional mixed oxide, Wolframite method, vibro-milling

technique



Introduction

Lead indium niobate Pb(In;;Nb;;)O3; (PIN) compounds are interesting for
studying the kinetics of compositional ordering [1]. It has been reported that the
degrees of ordering on the B-site can be varied by thermal annealing and by forming
solid solutions with perovskite compounds that exhibit normal dielectric behavior,
such as Pb(Fe;»Nb)O3; (PFN), PbZrO; (PZ) and PbTiO;5 (PT) [2]. With different
thermal treatments, the degrees of the In/Nb cation ordering on the B-site in a
perovskite structure can be manipulated from a structurally disordered state into
various degrees of ordering. The disorder PIN is a relaxor ferroelectric with a psudo-
cubic perovskite structure. It shows the relaxor behavior with a broad dielectric
maximum near 66°C, when measured at 1 kHz [3,4]. On the other hand, the ordered
PIN has the antiferroelectric orthorhombic phase [5-9] with a sharp peak in the
dielectric constant at 168°C [4,10]. However, pure-phase perovskite PIN ceramics
free of the pyrochlore phase are very difficult to prepare using a conventional mixed
oxide methode [7, 11]. This is because the tolerance and the electronegativity
difference of PIN are very low compared with other perovskite compounds such as
PMN [2, 12]. The wolframite method, as used by Groves [13] for the preparation of
perovskite PIN ceramic, is not effective in suppressing pyrochlore phase formation.
The addition of excess In,O; was shown to yield higher amount of perovskite phase
[13]. Recently, Alberta and Bhalla [7] were able to produce 100% phase-pure
perovskite PIN ceramic with the addition of excess indium and/or lithium with
wolframite method. Moreover, the solid solution with perovskite compounds such as
PbTiOs, can stabilize the perovskite phase of PIN and chemical ordering may be
suppressed. It has also been reported that a morphotropic phase boundary of the solid

solution system (1-x)Pb(In;,;Nb;;)O3-(x)PbTiO3 is located at a composition with



x=0.38 [14, 15] and this binary system near MPB composition belongs to one of the
relaxor-PT systems with T, higher than 250°C [16, 17]. Previous studies have focused
on the properties of solid solution PIN-PT single crystals, while the information on
PIN-PT ceramics is still limited.

This study is intended to explore a synthetics route for the pure-phase
perovskite bodies of PINT binary system near MPB composition. Both the
conventional mixed-oxide and the wolframite methods have been employed. More
importantly, a rapid vibro-milling mixing technique is utilized to obtain phase-pure
perovskite powders. Finally, the phase formation and morphology of the powders

calcined at various temperatures are studied.

Experimental

For the conventional method, the starting materials of lead oxide, PbO (Fluka,
99% purity), titanium oxide, TiO, (Riedel-de Haén, 99% purity), niobium oxide,
Nb,Os (Aldrich, 99.9% purity) and indium oxide, In,Os (Aldrich, 99.99% purity)
were mixed in the required stoichiometric ratio for the composition (1-
x)Pb(In;,Nb;2)O-(x)PbTiO3 where x = 0.38. The oxide powders were milled via a
rapid vibro-milling technique for 30 min with corundum media in ethanol [18]. After
drying at 120°C, the mixture was calcined at temperature between 700 to 1000 °C
with dwell time of 2 h and heating/cooling rate of 10°C /min in a double crucible
[19]. On the other hand, in the wolframite method the wolframite precursor was first
prepared from oxide powders of niobium oxide, (Nb,Os) and indium oxide, (In,0O3).
The intermediate precursor InNbO,; was synthesized at an optimized calcination

temperature of 1100°C for 2 h [20]. The wolframite precursor was then mixed with



lead oxide (PbO) and titanium oxide (TiO,) and re-milled. After drying, the mixture
was calcined at temperature between 700 to 1000 °C with dwell time of 2 h and
heating/cooling rate of 10°C/min in a double crucible.

In order to study the reaction of the uncalcined PINT powders, a differential
thermal analysis (DTA) and thermalgravity analysis (TG) were performed on a DTA-
TG apparatus (Perkin Elmer) using heating/cooling rate of 10°C/min in air from room
temperature up to 1300°C. X-ray diffraction (XRD; Siemen-D500 diffractometer)
was used to determine the phase formation behavior of the calcined powders. The
microstructure was observed with a scanning electron microscope (SEM; Joel JSM-
840A). The chemical compositions of the phase formed were elucidated by an

energy-dispersive X-ray (EDX) analyzer with an ultra-thin window.

Results and Discussion

Initially, the DTA-TG analysis was performed on uncalcined powders to
obtain thermal behavior to define the range of calcination temperature for the XRD
investigation. The results from DTA-TG studies indicate that the suitable range of the
calcination temperature is between 700 and 1000 °C.

Fig. 1 shows the XRD patterns of powders calcined for 2 h between 700°C
and 1000°C with heating/cooling rate of 10°C/min. The differences in XRD patterns
for both methods are clearly apparent. The calcination temperature of 700°C does not
yield the perovskite phase for both methods. At 850°C and 800°C, respectively, the
perovskite phase is found to form for the conventional and wolframite methods. The
optimum calcination temperature for the formation of phase pure perovskite PINT is

found to be about 900°C for the wolframite method, while the conventional method 1s



found to be about 850°C with PT peak. The experiment indicates that the wolframite
method helps to stabilize the perovskite phase in PINT system. More importantly,
though the conventional method yields the perovskite phase at lower temperature
than the wolframite method, the strong PT peak is still observed in the XRD patterns
of powders calcined with the conventional method as high as 1000 °C (as seen in Fig.
la). Clearly, the significant difference between the XRD patterns is the presence of
the strong PT peak at 31.5° for the powders calcined with the conventional method.
As seen in Fig. 2, the diffraction peak does not match any peaks of Pb(In;,Nb;)O;
(PIN) and PbTiO3; (PT) compounds. Instead, the peaks closely match to those of a
hypothetical solid solution formed between the two compounds. Furthermore, for the
wolframite method the peaks are not a simple superposition corresponding to the two
compounds, while the corresponding diffraction angle at 31.5° can be matched to
maximum peak of PT for the conventional method [21]. This observation points to
the formation of PT phase in the powders from the conventional method, which could
be a result of better reaction of PbO and TiO; to form PT phase rather than PINT
phase. As listed in Table 1, the quantitative analysis by energy dispersive X-ray
(EDX) shows that, in addition to the PINT phase, the PIN, PT and TiO, phases are
also present in the powders calcined by the conventional method, while only
additional Nb,Os phase (undetected by XRD) is possible in the powders obtained
from the wolframite method. A combination of the XRD and EDX methods has
indicated that the wolframite method yields XRD-phase pure PINT powders, while
the conventional one results in a mixture of PINT, PIN PT, and TiO, (undetected by
XRD) phases. This clearly emphasizes the importance of the synthetic route used to
prepare the PINT powders. Moreover, effects of soaking time and heating/cooling

rates have also been studied in this work. For this study, it is found that the soaking



time and heating/cooling rate do not significantly affect the phase formation behavior
of PINT powders.

The morphological evolution of the calcined powders was investigated by
scanning electron microscopy (SEM). Fig. 3 shows the SEM micrographs of the
powders synthesized by conventional and wolframite methods. In general, the
particles are agglomerated and irregular in shape. As seen in Fig. 3a, the particles
synthesized by the conventional method show relatively large agglomerates ranging
in diameter from about 0.5 to 2 pm. On the other hand, the particles synthesized by
wolframite method, with diameter in the range ~ 0.1 to 1 um (Fig. 3b), are lower in

particle agglomeration than the conventional method.

Conclusions

The powders of a solid solution of (1-x)Pb(In;;,Nb;,)O3-(x)PbTiO; binary
system with x=0.38 was successfully prepared by both the conventional mixed oxide
and the wolframite methods. The results from DTA-TG technique were use used to
define the range of calcination temperature with 700°C to 1000°C. The optimum
calcination temperature for the formation of phase pure perovskite was determined to
be 900°C and 850°C for the wolframite, and the conventional methods, respectively,
with soaking time of 2 h and heating/cooling rate of 10°C/min. Moreover, the
perovskite phase was found to form at lower temperature with the conventional
method than the wolframite method. However, the EDX studies showed that the
stabilized perovskite phase form of PINT can be synthesized by the wolframite

method, while precursor phases were still found in powders prepared by the



conventional method. Moreover, the large agglomeration and particles size were

observed in powder synthesized by the conventional method.
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Table 1 Chemical compositions of calcined powders from SEM-EDX analysis

Composition (at.%)

Method Pb (M) In (L) Nb (L) Ti (K) Possible Phases

Conventional 439 11.3 14.4 304 Pblng 31Nbg31Tig 3303,
Pb(In;2Nb;2)0s3,
PbTiO3, TiO,
Wolframite 46.6 11.9 21.0 20.5 Pblng 31Nbg31Tig3303,

Nb205
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Highly dense lead titanate ceramics from refined processing
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Abstract

Lead titanate (PbTiO3, PT) ceramic is a useful pyroelectric and piezoelectric material for high-temperature applications. How-
ever, it is very difficult to prepare a pure-phase and dense PT as a result of a high c/a ratio. In this study, conformable PT ceramics
with 97% of the theoretical density were successfully synthesized by means of carefully controlled processing parameters that
include sintering temperature, soaking time and heating/cooling rates. It can be found that these ceramics exhibit highly densified

and uniform microstructure with the optimum conditions of 1225 °C sintering temperature, 2 h soaking time and 1 °C min

-1

heating/cooling rates. Moreover, relatively inexpensive laboratory grade lead oxide (PbO) and titanium oxide (TiO,) can be used as

starting materials.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Grain size; Microstructures; PbTiOs; Powders-solid state reaction

1. Introduction

Lead titanate (PbTiOj) is a ferroelectric, having a
highly symmetric perovskite-type structure with a high
curie temperature (7.) of about 490 °C at which the
phase transition of tetragonal ferroelectric phase (< T¢)
to cubic paraelectric phase (> T,) occurs.! The PT cera-
mic is a useful pyroelectric and piezoelectric material for
high-temperature or high-frequency applications, such
as non-volatile memories, infrared sensors and capaci-
tors.? It is difficult to prepare a pure-phase PT ceramics
with high density, as a result of a high c/a ratio of about
1.06 which gives rise to stresses in these ceramics, hence
they can be easily broken and difficult to prepare in
shape and size suitable for device applications.>* The
most widely used approach is the formation of solid-
solution by adding additives, such as rare earth elements
and alkaline earth elements and this is the promising
technique for producing crack-free high-density materi-
als.> However, the properties of PT itself are subse-
quently altered by the additives and as it has been
known that PT has a good electrothermal property so
the stoichiometric PbTiOj is still needed.® A lot of pro-
cessing techniques for preparing the high purity and
ultrafine PbTiO5; powders have been extensively investi-
gated because it is believed that these type of powders
aid the formation of high density ceramics.” Most of the
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techniques were based on the chemical routes such as,
sol-gel synthesis, hydrothermal reactions, coprecipita-
tion, molten salt preparation and emulsion tech-
nique.>'2  These chemical routes are normally
complicated and expensive so they are not suitable for
mass production. Therefore, the systematic study of the
solid-state reaction between lead oxide and titanium
oxide has been studied by Pillai and Ravindran.'3 They
successfully found that the optimum sintering tempera-
ture was as low as 875 K for the formation of the single
phase PT ceramic using DTA and XRD techniques.
Even though the sintering temperature reported in their
work was considerably low, the long period of up to 16
h dwell time was used.

In this work, the effects of thorough sintering para-
meters, including sintering temperatures, heating/cool-
ing rates and soaking time on phase formation, density,
microstructural development of PT ceramics have been
carefully studied in order to find an optimum processing
condition for forming the dense PT ceramic using con-
ventional ceramic method.

2. Method

The PT ceramics of stoichiometric composition
(PbO:TiO,) were prepared using laboratory grade pow-
ders of 99.6% pure lead oxide (PbO) and 99.6% pure
titanium oxide (TiO,) as starting materials. After ball-
milling for 24 h, drying in electric furnaces and sieving
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with the 120 mesh, the resulting powders were calcined
for 2 h at 400-1000 °C with 5 °C min~—! heating/cooling
rate. Then various sintering conditions were employed
by varying the sintering temperatures from 1185 to
1230 °C and sintering rates from 1 to 10 °C min~' but
dwell time was kept constant for 2 h. The bulk densities
of the sintered samples were calculated using Archime-
des’s method. X-ray diffraction (XRD) patterns were
recorded using X-ray diffractometer with Cuk, radia-
tion. The as-received and fractured surfaces of selected
ceramics were prepared for the scanning electron
microscopy (SEM) analysis. The average grain sizes of
the ceramics were determined using the mean linear
method.

3. Results and discussions
3.1. Phase formation behaviour

Lead titanate (PT) powders were formed easily by
solid-state reaction between laboratory grade powders
of PbO and TiO,. In this study, the formation of PT
phase was initiated at the calcining temperature of
600 °C with dwell time of 2 h and heating/cooling rates
of 3 °C/min, while the value reported by Pillai and
Pavindran'? was 527 °C (800 K). Additionally, the
impurities of PbO phase were detected in the calcined
powders of 900 and 1000 °C that may cause from
the loss of vaporised PbO at high temperature. In
order to confirm the complete reaction of
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Fig. 1. The X-ray powder diffraction patterns of ceramic samples
heated at different sintering temperatures with the constant dwell time
of 2 h and heating/cooling rate of 3 °C min~'.

PbO(s) + TiO(s)—>PbTiO3(s)—H, the optimum condi-
tion of calcination used in this work was 750 °C for 2 h
with heating/cooling rate of 3 °C min~—!.

The phase formation in the sintered ceramics of sin-
tering temperatures ranging from 1185 to 1230 °C are
presented via the X-ray diffraction as shown in Fig. 1.
Table 1 presents percent shrinkage, relative density and
average grain size of each ceramic sample. From Fig. 1,
it can be seen that the tetragonal PT phase was formed
in all PT ceramics but impurities of PbO phase were
observed in the ceramics sintered at 1200 and 1220 °C
while others have a high purity of PT phase. Never-
theless most of the samples suffered from severe stresses
as a result of the high ¢/a ratio so they have broken into
pieces after they were once subjected to a measurement
of dielectric constant at high temperature. From Table 1,

Table 1
Percent shrinkage, relative density and grain size of PT ceramics from
various sintering temperatures

Sintering Shrinkage Relative Grain
temperature (%) density size® (um)
O (%)

1185 11.15 86.7 49

1190 11.03 88.9 34

1200 12.18 89.5 35

1210 12.63 92.7 27

1220 13.14 92.8 30

1225 14.06 954 23

1230 14.01 93.5 52

2 The estimated precision of the grain size is +1%.

10 °C.min™!

5°C.min"

Fig. 2. The SEM images of the as-received surfaces of PbTiO; cera-
mics sintered at 1225 °C for 120 min with heating/cooling rate of 1 °C
min~! to 10 °C min~".
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the ceramic sintered at 1225 °C having the highest rela-
tive density of about 95% with a smallest average grain
size of about 23 pm, was of the best interest for further
investigation. Therefore, another group of samples were
sintered at the chosen sintering temperature of 1225 °C
for 2 h with the heating/cooling rates ranging from 1 to
10 °C min~!.

3.2. Densification and microstructures

Figs. 2 and 3 show the SEM images of as-received and
fractured surfaces of PbTiO; ceramics, respectively. The
constant sintering temperature was used for all samples
at 1225 °C for 2 h while heating/cooling rates were var-
ied from 1 °C min~! to 10 °C min~"'. It should be noted
that a pronounced second phase is segregated at the
grain boundaries in the samples sintered with heating/
cooling rates of 3, 5 and 10 °C min—’. This second phase

5 °C.min 10 °C_.min'1

Fig. 3. The SEM images of the fractured surface of PbTiO; ceramics
sintered at 1225 °C for 120 min with heating/cooling rate of 1 °C/min
to 10 °C/min.

Table 2
Relative densities and grain sizes of PT ceramics sintered at 1225 °C
with different heating/cooling rates

Heating/cooling Relative Grain size
rate (°C min~!) density (%) (um)?

1 96.8 0.6

3 94.6 234

5 92.1 25.9
10 92.5 30.3

4 The estimated precision of the grain size is £1%.

layer is believed to be a PbO-rich composition resulting
from a liquid phase formation during the sintering pro-
cess.!*!13 Table 2 contains the information of relative
densities and grain sizes of the ceramics with different
heating/cooling rates. It is obviously seen that heating/
cooling rates are the important parameters for the
development of ceramic microstructures. In that the
average grain size increases with increasing heating/
cooling rates as shown in Table 2. It was also found that
the samples with heating/cooling rates of 3, 5 and 10 °C
min~! eventually burst into pieces because of the inter-
nal stresses in the ceramics as can be confirmed by the
SEM images showing a loose formation of large grains
in Fig. 3. Interestingly, only the samples of 1 °C min~!
heating/cooling rates remained with the highest relative
density and smallest average grain size of about 97%
and 0.6 pm, respectively. It may be assumed that, the
ceramics consisting of very fine grains suffer less defor-
mation, caused by the high value of c¢/a ratio, than that
of the ceramics with significantly large grains. Conse-
quently, the optimum conditions for forming the highly
dense PT ceramics in this work are 1225 °C sintering
temperature, 2 h dwell time and 1 °C min~' heating/
cooling rates. In addition, the results from Pillai and
Ravindran!? showed that single phase with average
grain size of 3 um could be formed at 602 °C (875 K) for
16 h. Even though the long period of 16 h dwell time
was used, the sintering temperature was relatively low
therefore the small grains could be formed in their
ceramics. Conversely, high sintering temperature of
1225 °C was used in this work but the ceramics with
small average grain size of 0.6 pm were still achieved.
Therefore, the key parameter that controlled the grain
growth here would be attributed to the slow heating rate
of 1 °C min~!. Conclusively, the further investigation
should be carried out in order to find out exactly what
inhibits grain growth in these PT ceramics while they
are subjected to a long heating schedule of slow heating/
cooling rates.

4. Conclusion

Even though the simple mixed-oxide method was
used, the highly dense and stable PT ceramics were suc-
cessfully formed by the careful control of processing
parameters. After the thorough investigation had been
performed, the optimum conditions were determined. It
is found that the slow heating/cooling rates are impor-
tant parameters in preparing these dense ceramics. The
well defined-grain ceramics with the average grain size
of about 0.6 um could be prepared by heating them to
1225 °C using the considerably slow heating/cooling
rates of 1 °C min—! and dwell time of 2 h. Moreover, it
was also found that the relative densities of these
ceramics would be as high as 97%.



