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Fig. 1. Preparation route for PT powders.

Therefore, in this work, the effect of milling time on
phase formation, and particle size of lead titanate powders
was investigated in this connection. The potential of the
vibro-milling technique as a simple and low-cost method to
obtain usable quantities of single-phase lead titanate powders
at low temperature and with nanosized particles was also
examined.

2. Experimental procedure

Commercially available lead oxide, PbO (JCPDS file
number 77-1971) and titanium oxide, TiO, (JCPDS file
number 21-1272) (Fluka, >99% purity) were used in this
study. The two oxide powders exhibited an average particle
size in the range of 3 to 5 pm. PbTiO; powder was
synthesized by the solid-state reaction of these raw materials.
Powder-processing (Fig. 1) was carried out in a manner
similar to that employed in the preparation of other materials,
as described previously [12,13]. A vibratory laboratory mill
(McCrone Micronizing Mill) powered by a 1/30 HP motor
was employed for preparing the stoichiometric PbTiO;
powders. The grinding vessel consists of a 125 ml capacity
polypropylene jar fitted with a screw-capped, gasketless,

Table 1
Effect of milling time on the variation of particle size of PT powders measured
by different techniques

Milling Per. XRD SEM Laser scattering

Egle f’;o‘;se A@m) c/a D@m) P@m) D@m) P (nm)

0.5 89.20 40 1.056 145 40-250 1090 140-2560
1 100 20.8 1.062 107 71-143 660 270-1090
5 100 225 1.059 101 67-135 690 290-1140
10 100 21.9 1.059 95 63-128 690 290-1140
15 100 22.0 1.061 78 43-114 4640 1640-7790
20 100 21.3 1.056 68 28—109 4800 1710-8060
25 100 21.5 1.057 63 17-109 180 70-310
30 100 21.5 1.052 93 43-143 170 70-290
35 100 21.4 1.053 92 56-128 3030 560-6180

Per. phase=Perovskite phase.
A=Crystallite size.
¢/a=Tetragonality factor.

D= Average particle size.

P=Particle size distribution or range.
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Fig. 2. TGA analysis of powder mixtures milled at different times.

polythene closure. The jar is packed with an ordered array of
identical, cylindrical, grinding media of polycrystalline
corundum. A total of 48 milling media cylinder with a
powder weight of 20 g was kept constant in each batch. The
milling operation was carried out in isopropanal inert to the
polypropylene jar. Various milling times ranging from 0.5 to
35 h were selected in order to investigate the phase formation
characteristic of lead titanate and the smallest particle size.
After drying at 120 °C, the milled powders were calcined at
600 °C (inside a closed alumina crucible) for 1 h with
heating/cooling rates of 20 °C min~ ' [11].

The reactions of the uncalcined PT powders taking place
during heat treatment were investigated by a combination of
thermogravimetric and differential thermal analysis techniques
(TG-DTA, Shimadzu) at a heating rate of 10 °C min~ ' in air
from room temperature up to 1000 °C. All powders were
subsequently examined at room temperature by X-ray diffrac-
tion (XRD; Siemens-D500 diffractometer) using Ni-filtered
CuK,, radiation to identify the phases formed and optimum
milling time for the production of PbTiO3 powders having the
smallest particle size. The relative amount of perovskite and
secondary phases was determined from XRD patterns of the
samples by measuring the major characteristic peak intensities
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Fig. 3. DTA analysis of powder mixtures milled at different times.
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Fig. 4. XRD patterns of PT powders milled at different times (calcined at 600 °C for 1 h with heating/cooling rates of 20 °C min ).

for the perovskite (101) or /p and secondary (o) phases or .
The following qualitative equation was used [14].

Ip

perovskite phase(wt%) x 100 (1)

p+1s

The crystalline lattice constants, lattice strain and average
particle size were also estimated from XRD patterns [15]. The
particle size distributions of the powders were determined by
laser diffraction technique (DIAS 1640 laser diffraction
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Fig. 5. Enlarged zone of XRD patterns showing (002) and (200) peaks
broadening as a function of milling times.

spectrometer) with the particle sizes and morphologies of the
powders observed by scanning electron microscopy (JEOL
JSM-840 A SEM). The particle sizes of PT powders milled at
different times obtained from different measuring techniques
are provided in Table 1.

3. Results and discussion
TGA and DTA results for the powders milled at different times are

compared and shown in Figs. 2 and 3, respectively. In general, similar
thermal characteristics are observed in all cases. As shown in Fig. 2, all
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Fig. 6. Variation of crystalline size and lattice strain of PT powders as a function
of milling times.
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powders demonstrate two distinct weight losses below 400 °C. The
first weight loss occurs below 100 °C and the second one above 200
°C. In the temperature range from room temperature to ~150 °C, all
samples show exothermic peaks in the DTA curves at 120 °C (Fig. 3),
which are related to the first weight loss. These DTA peaks can be
attributed to the decomposition of the organic species originating from
the milling process [11,16]. Corresponding to the second fall in
specimen weight, by increasing the temperature up to ~800 °C, the
solid-state reaction between lead oxide and titanium oxide occurs. The
broad exothermic characteristic present in all the DTA curves
represents that reaction, which has a maximum at ~600-750 °C.
The slightly different temperature, intensities and shapes of the thermal
peaks for the powders are probably related to the different sizes of the

EMS CMUL SEI

EMSe CMUL SEl 150k 5000 100nm WO 14.7mm

150KV X35000  100nm WD 152mm

EMSe CMLU. SEI

X37,000  100nm WD 18.1mm

powders subjected to different milling times and, consequently, caused
by the removal of organic species and rearrangement of differently
bonded species in the network [16]. No further significant weight loss
was observed for temperatures above 500 °C in the TGA curves,
indicating that the minimum firing temperature to form PbO-TiO,
compounds is in good agreement with XRD results (Fig. 4) and those
of previous authors [17,18].

To further study the effect of milling time on phase formation, each
of the powders milled for different times were calcined at 600 °C for 2
h in air, followed by phase analysis using XRD. For the purpose of
estimating the concentrations of the phase present, Eq. (1) has been
applied to the powder XRD patterns obtained, as given in Table 1. As
shown in Fig. 4, for the uncalcined powder subjected to 0.5 h of vibro-

150KV X35000  100nm WD 14.7mm

EMSe CMUL SEI

EMSc CMU.

SEI 150KV X37000  100nm . WD 17.8mm

Fig. 7. SEM micrographs of PT powders milled at different times.
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milling, only X-ray peaks of precursors PbO (V) and TiO, (*) are
present, indicating that no reaction had been initiated during the milling
process. However, after calcinations at 600 °C, it is seen that the
perovskite-type PbTiO; becomes the predominant phase in the powder
milled for 0.5 h indicating that the reaction has occurred to a
considerable extent. It is seen that ~11 wt.% of lead deficient phase,
PbTi;07 (0), reported by a number of workers [18,19] has been found
only at a milling time of 0.5 h. This pyrochlore phase has a monoclinic
structure with cell parameters a=107.32 pm, 5=381.2 pm, c=657.8
pm and $=98.08° (JCPDS file number 21-949) [20]. This observation
could be attributed mainly to the poor mixing capability under short
milling time. With milling time of 1 h or more, it is apparent that a
single phase perovskite PT (yield of 100% within the limitations of the
XRD technique) was found to be possible after the same calcination
process was applied.

In general, the strongest reflections found in the majority of these
XRD patterns indicate the formation of the lead titanate, PbTiO3. These
can be matched with JCPDS file number 6-452 for the tetragonal phase,
in space group P4/mmm with cell parameters ¢=389.93 pm and
¢=415.32 pm [21], in consistent with other works [10,11]. It should be

1451

noted that no evidence for the introduction of impurity due to wear
debris from the milling process was observed in any of the calcined
powders (within the milling periods of 0.5-35 h), demonstrating the
effectiveness of the vibro-milling technique for the production of high
purity PT nanopowders.

Moreover, it has been observed that with increasing milling time, all
diffraction lines broaden, e.g. (002) and (200) peaks, an indication of a
continuous decrease in particle size and of the introduction of lattice
strain, as shown in Fig. 5. These values indicate that the particle size
affects the evolution of crystallinity of the phase formed by prolonged
milling treatment (Fig. 6). For PT powders, the longer the milling time,
the finer is the particle size, up to a certain level (Table 1). The results
suggest that the steady state of the vibro-milling is attained at ~20 h of
milling. Moreover, it is worthy to note that, in this condition, the mean
crystalline size is close to ~21 nm. Also, the relative intensities of the
Bragg peaks and the calculated tetragonality factor (c/a) for the
powders tend to decrease with the increase of milling time. However, it
is well documented that, as Scherer’s analysis provides only a
measurement of the extension of the coherently diffracting domains,
the particle sizes estimated by this method can be significantly under
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Fig. 8. Particle size distributions of PT powders milled at different times.
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estimated [22]. In addition to strain, factors such as dislocations,
stacking faults, heterogeneities in composition and instrumental
broadening can contribute to peak broadening, making it almost
impossible to extract a reliable particle size solely from XRD [15,23].

In this connection, scanning electron microcopy was also employed
for particle size measurement (Table 1). The morphological evolution of
the powders as a function of milling time was also revealed, as
illustrated in the SEM micrographs (Fig. 7). At first sight, the
morphological characteristic of PT powders with various milling
times is similar for all cases. In general, the particles are agglomerated
and basically irregular in shape, with a substantial variation in particle
sizes. The powders consist of primary particles nanometers in size.
Increasing the milling time over the range 0.5 to 35 h, the average size of
the PT particle decreases significantly, until at 25 h, the smallest particle
size (estimated from SEM micrographs to be ~17 nm) is obtained.
However, it is also of interest to point out that a larger particle size was
obtained for a milling time longer than 25 h. This may be attributed to
the occurrence of hard agglomeration with strong inter-particle bonds
within each aggregate resulting from dissipated heat energy of
prolonged milling [24]. Fig. 7 also illustrates that vibro-milling has
slightly changed the shape of the particles which become more equiaxed
at long milling times. At the same time, the particle size is reduced.
Fracture is considered to be the major mechanism at long milling times.

The effect of milling time on particle size distribution was found to
be significant, as shown in Fig. 8. After milling times of 1, 5 and 10 h,
the powders have a similar particle size distribution. They exhibit a
single peak covering the size ranging from 0.2 to 1.1 pm. With
increasing milling times to 15 and 20 h, the distribution curve of particle
size separates into two groups. First is a monomodal distribution
corresponding to the primary size of the PbTiO; particles. The second
group (peak) is believed to arise mainly from particle agglomeration.
By increasing the milling time to 25 and 30 h, a uniform particle size
distribution with a much lower degree of particle agglomeration (<1
um) is found. However, upon further increase of milling time up to 35 h,
a bimodal distribution curve with peak broadening between 0.5 and 6.2
um is observed again. Table 1 compares the results obtained for PT
powders milled for different times via different techniques. Variations
in these data may be attributed mainly to the formation of hard and large
agglomerations found in the SEM results.

In this work, it is seen that the optimum milling time for the
production of the smallest nanosized high purity PT powder was found
to be at 25 h. The finding of this investigation indicates a strong
relationship between the vibro-milling process and the yield of PT
nanopowders. However, further investigation is required for the control
and optimization of the PT formation. Studies on the effect of milling
parameters and particle size distribution on phase formation kinetics
would be useful for the particle size control. In case of the vibro-milling
technique, other factors such as the milling speed, milling scale and
type of milling media also need be taken into account.

4. Conclusion

The results infer that the milling time influences not only on
the development of the solid-state reaction of lead titanate phase

but also the particle size and morphology. The resulting PT
powders have a range of particle size, depending on milling
times. Production of a single-phase lead titanate nanopowder
can be successfully achieved by employing a combination of 25

h milling time and calcination conditions of 600 °C for 2 h, with

heating/cooling rates of 20 °C min ™.
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Abstract

Effect of calcination conditions on phase formation and particle size of lead titanate (PbTiO;) powders synthesized by a solid-state reaction
with different vibro-milling times was investigated. Powder samples were characterized using XRD, SEM, TEM and EDX techniques. A
combination of the milling time and calcination conditions was found to have a pronounced effect on the phase formation and particle size of the
calcined PbTiO; powders. The calcination temperature for the formation of single-phase perovskite lead titanate was lower when longer milling
times were applied. More importantly, by employing an appropriate choice of the milling time and calcination conditions, perovskite lead titanate
(PbTiO3) nanopowders have been successfully prepared with a simple solid-state reaction method.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Lead titanate; Perovskite; Nanopowders; Calcination; Phase formation

1. Introduction

Lead titanate, PbTiO5; (PT), is one of the perovskite-type
ferroelectric materials having unique properties such as high
transition temperature (~490 °C), excellent pyroelectric coef-
ficient and large spontaneous polarization [1,2]. These char-
acteristics make it an interesting candidate for many applications
e.g. ultrasonic transducers, microactuators and multilayer
capacitors [3,4]. To fabricate them, a fine powder of perovskite
phase with the minimized degree of particle agglomeration is
needed as starting material in order to achieve a dense and
uniform microstructure at the sintering temperature [5,6].

Recently, the studies of nanoparticles are also a very
attractive field. The evolution of a method to produce
nanopowders of precise stoichiometry and desired properties
is complex, depending on a number of variables such as starting
materials, processing history, temperature, etc. The advantage
of using a solid-state reaction method via mechanical milling for
preparation of nanosized powders lies in its ability to produce
mass quantities of powder in the solid state using simple

* Corresponding author. Tel.: +66 53 943367; fax: +66 53 357512.
E-mail address: supon@chiangmai.ac.th (S. Ananta).

0167-577X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2006.01.062

equipment and low cost starting precursors [7,8]. Although
some research has been done in the preparation of PT powders
via a vibro-milling technique [9,10], to our knowledge a
detailed study considering the role of both milling times and
firing conditions on the preparation of PT nanopowders has not
been reported. Thus, in the present study, the primary attention
was aimed towards the production of stoichiometric PbTiO3
nanopowders by a mixed oxide method. The powder character-
istics of the vibro-milling derived PbTiO3; have also been
thoroughly investigated.

2. Experimental procedure

The raw materials used were commercially available lead
oxide, PbO and titanium oxide, TiO, (Fluka, >99% purity). The
two oxide powders exhibited an average particle size in the
range of 3.0 to 5.0 um. PbTiO; powder was synthesized by the
solid-state reaction of these raw materials. A McCrone
Micronizing Mill was employed for preparing the stoichiomet-
ric PbTiO; powders as described in a previous work [11]. In
order to improve the reactivity of the constituents, the milling
process was carried out for various milling times ranging from
20 to 30 h (instead of 30 min [10]) with corundum media in
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Fig. 1. XRD patterns of PT powders milled for 20 h and calcined at various conditions.

isopropyl alcohol (IPA). After drying at 120 °C for 2 h,
various calcination conditions, i.e. temperature ranging from
500 to 600 °C, dwell times ranging from 1 to 4 h and heating/
cooling rates ranging from 5 to 20 °C.min "', were applied (the
powders were calcined inside a closed alumina crucible) in
order to investigate the formation of PbTiO;.

All powders were examined by room temperature X-ray
diffraction (XRD; Siemens-D500 diffractometer) using Ni-
filtered CuK, radiation, to identify the phases formed, optimum
milling time and firing conditions for the production of single-
phase PbTiO; powders. The crystalline lattice constants,
tetragonality factor (c/a), mean lattice strain and average
particle size were also estimated from XRD patterns [12]. The
particle size distributions of the powders were determined by

laser diffraction technique (DIAS 1640 laser diffraction
spectrometer) with the particle sizes and morphologies of the
powders observed by scanning electron microscopy (JEOL
JSM-840A SEM). The structures and chemical compositions of
the phases formed were elucidated by transmission electron
microscopy (CM 20 TEM/STEM operated at 200 keV) and an
energy-dispersive X-ray (EDX) analyzer with an ultra-thin
window.

3. Results and discussion

Powder XRD patterns of the calcined powders after different
milling times are given in Figs. 1-3, with the corresponding JCPDS
patterns. As shown in Fig. 1, for the uncalcined powder subjected to 20
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FCPDS file no.6-452: PRTIO,
L
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T T T
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Fig. 2. XRD patterns of PT powders milled for 25h and calcined at various conditions.



2668

R. Wongmaneerung et al. / Materials Letters 60 (2006) 26662671

(101)

()

Intensity (a.u.)

(c)

¥ PbO
% TiOz
oTbTis0;

i

T
40 50 60

20 (degrees)

Fig. 3. XRD patterns of PT powders milled for 30 h and calcined at (a) 500 °C for 2 h, (b) 550 °C for 1 h, (c) 550 °C for 2 h, (d) 550 °C for 3 h, (e) 600 °C for 2 h, with
heating/cooling rates of 5 °C/min and 550 °C for 3 h with heating/cooling rates of (f) 10 °C/min, (g) 20 °C/min and (h) 30 °C/min.

h of vibro-milling, only X-ray peaks of precursors PbO (V) and TiO,
(*) are present, indicating that no reaction was yet triggered during the
vibro-milling process. However, after calcination at 500 and 550 °C, it
is seen that the perovskite-type PbTiO; becomes the predominant phase
indicating that the reaction has occurred to a considerable extent.
Further calcination at 550 °C with dwell time of 1 h or more does not
result in a very much increase in the amount of PbTiO; whereas the
traces of unreacted PbO and TiO, could not be completely eliminated.
This could be attributed to the poor reactivity of lead and titanium
species [9,10]. However, it should be noted that after calcination at
600 °C for 2 h, the single phase of perovskite PT (yield of 100%
within the limitations of the XRD technique) was obtained.

In general, the strongest reflections apparent in the majority of these
XRD patterns indicate the formation of PbTiO3. These can be matched
with JCPDS file number 6452 for the tetragonal phase, in space group
PA/mmm with cell parameters a=389.93 pm and ¢=415.32 pm [13],
consistent with other works [9,10]. For 20 h of milling, the optimum
calcination temperature for the formation of a high purity PbTiO; phase
was found to be about 600 °C.

To further study the phase development with increasing milling
times, an attempt was also made to calcine mixed powders milled at
25 h and 30 h under various conditions as shown in Figs. 2 and 3,
respectively. In this connection, it is seen that by varying the
calcination temperature, the minimum firing temperature for the
single phase formation of each milling batch is gradually decreased
with increasing milling time (Figs. 1-3). The main reason for this
behavior is that a complete solid-state reaction probably takes place
more easily when the particle size is milled down to accelerate an
atomic diffusion mechanism resulting in the suitable level of
homogeneous mixing. It is therefore believed that the solid-state

reaction to form perovskite PT phase occurs at lower temperatures
with decreasing the particle size of the oxide powders.

However, there is evidence that, even for a wide range of calcination
conditions, single-phase PbTiO; cannot be produced easily, in
agreement with literature [10,14]. A noticeable difference is noted
when employing the milling time longer than 20 h (Figs. 2 and 3), since
they lead to a considerable formation of lead deficient phase, PbTi;O-
(0), earlier reported by a number of workers [15,16]. This pyrochlore
phase has a monoclinic structure with cell parameters a=107.32 pm,
b=381.2 pm, c=657.8 pm and f=98.08° (JCPDS file number 21-949)
[17]. This observation could be attributed mainly to the poor reactivity
of lead and titanium species [9,10] and also the limited mixing
capability of the mechanical method [18].

From Figs. 2 and 3, it is clear that the intensity of the perovskite
peaks was further enhanced when the dwell times of the calcinations
process were extended up to 3 h at the expenses of PbO, TiO, and
PbTizO; phases. An essentially monophasic PbTiOz of perovskite
structure was obtained at 550 °C when the calcination time was
increased to 3 h and 2 h for the milling time of 25 h and 30 h,
respectively, as shown in Figs. 2 and 3(c). This was apparently a
consequence of the enhancement in crystallinity of the perovskite
phase with increasing degree of mixing and dwell time, in good
agreement with other works [18,19].

In the present study, an attempt was also made to calcine the
powders with 30 h of milling times under various heating/cooling rates
(Fig. 3). In this connection, it is shown that the yield of PbTiO; phase
did not vary significantly with different heating/cooling rates ranging
from 5 to 30 °C min” ', in good agreement with the early observation
for the PbTiO; powders subjected to 0.5 h of vibro-milling times [10].
It should be noted that no evidence of the introduction of impurity due
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Table 1
Effect of calcination conditions on the variation of crystalline size, tetragonality
factor (¢/a) and mean lattice strain of PT powders milled for different times

Calcination condition Crystallite Lattice Tetragonality
T/D/R (°C/h/°C min™ ") size (nm) strain (%) factor (c/a)
500/2/30 21.8 0.0188 1.038
550/1/30 19.4 0.0212 1.055
550/2/30 21.6 0.0190 1.052
550/3/30 20.9 0.0197 1.054
600/2/30 21.5 0.0193 1.057

T=calcination temperature.
D=dwell time.
R=heating/cooling rates.

to wear debris from the selected milling process was observed in all
calcined powders, indicating the effectiveness of the vibro-milling
technique for the production of high purity PbTiO; nanopowders.

The variation of calculated crystallite size, tetragonality factor
(c/a) and lattice strain of the powders milled for different times with
the calcination conditions is given in Table 1. In general, it is seen
that the crystallite size of lead titanate decreases slightly with
increasing calcination temperature for all different milling times,
while the calculated values of the tetragonality factor and mean lattice
strain progressively increase. However, it should be noted that by
increasing the calcination time from 1 to 3 h, these calculated values
decrease to the minimum at 2 h and then grow up further after longer
dwell time was applied. There is no obvious interpretation of these
observations, although it is likely to correspond to the competition
between the major mechanisms leading to crystallization and
agglomeration [19].

300 nm

2669

In this connection, a combination of SEM and TEM techniques was
also employed for the particle size measurement. The morphological
evolution during various calcination conditions of PT powders milled
with different times was investigated by SEM technique as shown in
Fig. 4. It is seen that all powders seem to have similar morphology. In
general, the particles are agglomerated and basically irregular in shape,
with a substantial variation in particle sizes, particularly in powders
subjected to prolong milling times or high firing temperatures (Fig. 4(c)
and (d)). The powders consist of primary particles of nanometers in
size. The primary particles have sizes of ~17-57 nm, and the agglo-
merates measured ~ 109—157 nm. It is also of interest to point out that
averaged particle size tends to increase with calcination temperatures
(Fig. 4 and Table 1), in good agreement with other works [8,18]. This
observation may be attributed to the occurrence of hard agglomeration
with strong inter-particle bond within each aggregates resulting from
firing process. The experimental work carried out here suggests that the
optimal combination of the milling time and calcination condition for
the production of single-phase PbTiO; powders with smallest particle
size (~ 17 nm) is 25 h and 600 °C for 2 h with heating/cooling rates of
30 °C min ', respectively. Moreover, the employed heating/cooling
rates for PbTiO; powders observed in this work are also faster than
those reported earlier [9,10].

A TEM bright field image of an agglomerated or intergrown particle
of the calcined PT powders derived from milling time of 25 h is shown
in Fig. 5(a). By employing the selected area electron diffraction
(SAED) technique, a perovskite-like phase of tetragonal P4/mmm
PbTiO; is identified (Fig. 5(b)), in good agreement with the XRD
analysis and the data in JCPDS file no. 6-452 [13]. The reciprocal
lattice pattern of this PT phase was also simulated with the Carine
Crytallography 3.0 software, as demonstrated in Fig. 5(c). In addition,

(b)

Fig. 4. SEM micrographs of PT powders milled for (a) 20 h and (b) 25 h, and calcined at 600 °C for 2h, (c) 25 h and (d) 30 h, and calcined at 550 °C for 3 h, with

heating/cooling rates of 30 °C/min.
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Fig. 5. (a) TEM micrograph, (b) SAED pattern ([13 1] zone axis) and (c) reciprocal lattice pattern simulation of PT powders milled for 25 h and calcined at 600 °C for 2

h with heating/cooling rates of 30 °C/min.

EDX analysis using a 20 nm probe on a large number of particles of
these calcined PbTiO; powders confirmed the existence of single phase
perovskite, in good agreement with XRD results.

4. Conclusion

This work demonstrated that by applying an appropriate
choice of the vibro-milling time, calcination temperature and
dwell time, mass quantities of a high purity lead titanate
nanopowders can be successfully produced by a simple solid-
state mixed oxide synthetic route without the use of high purity
starting precursors.
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Abstract

Submicron- to nanometer-sized particles of single phase lead titanate have been prepared in stoichiometric proportion under mild
hydrothermal conditions employing either potassium or sodium hydroxides as alkali mineralizers. In conjunction with reaction temperature
and time, these variables played a crucial role in determining the habit of crystalline particles. The feasibility of using sodium hydroxide as an
alternative for potassium hydroxide in the preparation of nanopowders of lead titanate was demonstrated. The influence of the preparative
conditions, e.g. reaction temperature and time, on phase formation, morphology, the habit of crystalline particles, size and size distribution,

was investigated.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Lead titanate; Hydrothermal; Phase formation; Morphology; Powder technology

1. Introduction

As one of the most important ferroelectric base materials
with high spontaneous polarization and coefficients, but low
aging rate of the dielectric constant, lead titanate (PbTiO3 or
PT) can serve a variety of applications, including multilayer
capacitors, infrared sensors, electro—optic devices and
ultrasonic transducers [1]. The performance of these
materials is often determined by the precursor powder
characteristics and the microstructure of the sintered body.
Since ceramics are usually formed by powder processing,
their properties are inherited from the characteristics of the
starting powders [2]. In this regard, both physical and
chemical properties of the powders must be well defined
and characterized with control of homogeneity, purity,
particle size and shape, and chemical stoichiometry, being
of importance. To this end, a variety of wet-chemical
synthetic techniques have been developed as alternatives to

* Corresponding author. Tel.: +66 53 941906; fax: +66 53 892277.
E-mail address: apinpus@chiangmai.ac.th (A. Rujiwatra).

0167-577X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2005.02.002

the conventional solid state powder preparation [3-5]. In
recent years, hydrothermal synthesis has been a major focus
in the preparative investigations for a vast variety of
ferroelectric powders due to the advantages over the other
preparative techniques, e.g. lower temperature required,

Table 1
The summary of synthetic conditions employed with water as the reaction
media and the molar ratio of either PT:NaOH or PT:KOH of 1:4

Type of alkali Reaction Reaction Particle size (um)
hydroxide tea:mperature time (h) Distribution Mean
O diameter
NaOH 150 6 0.04-1.00 0.20
12 0.04-10.00 1.95
24 0.04-2.00 0.54
KOH 150 6 0.04-18.00 4.55
12 0.04-18.00 4.12
24 0.04-12.00 3.04
180 3 0.04-6.00 1.47
6 0.04-23.00 5.04
12 0.04-6.00 1.51
200 1.5 0.04-6.00 1.72
3 0.04-6.00 1.81
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Fig. 1. The powder X-ray diffraction patterns of synthesized PT from the
reactions with (a) NaOH at 150 °C for 6 h, (b) KOH at 150 °C for 6 h, (c)
KOH at 180 °C for 6 h and (d) KOH at 180 °C for 3 h.

potential control over size and morphology of the crystals,
and avoidance of high-temperature polymorphic phase
transition [5]. The control of solution conditions is
necessary for the formation of phase pure materials,
particularly for the PT system [6-8]. Although a number
of publications have reported on the hydrothermal synthesis
of PT, a successful synthesis where both phase and
morphology are controlled requires optimization of syn-
thetic parameters, e.g. type and concentration of lead and
titanium precursors, reaction temperature and time, and pH
of reaction. Many authors agree that the major precursors,
from which PT has been synthesized at temperatures lower
than 250 °C, are the soluble forms of lead, either lead nitrate
or lead acetate [5], and titanium with a complexing agent,
e.g. tetramethylammonium hydroxide [6], isopropoxide [7]
and water soluble titanium tetrachloride [8]. The reactions
using hydrous titania (TiO,-xH,0O), though, necessitate
high concentrations of alkali reagent, which in all of cases is
potassium hydroxide (KOH). The disadvantage of the

contaminated alkali ions in the synthesized powder, in the
case of lead zirconium titanate (PZT), has been reported.

Here we report on the preparation and characterization of
submicron- to nano-sized PT powders with high perovskite
phase purity and yield, and homogeneous morphology, via
one-pot hydrothermal synthesis at relatively low temper-
atures. Attempts at substituting sodium hydroxide (NaOH)
for the commonly used KOH have also been investigated
and are reported here.

2. Experimental procedure

A mixture of titanium (IV) oxide (TiO,, Riedel-de Haén
99-100.5%) and lead (II) nitrate (Pb(NOj3),, Univar 99.0%)
was prepared in a stoichiometric proportion of 1:1 in an
aqueous media. Each solution had a final concentration of
1.32 mol dm>. The alkali hydroxide pellets, in a molar
ratio of four compared to that of the desired amount of PT to
be synthesized, were gradually added to the mixture, which
was then transferred to a hydrothermal autoclave with 70%
filling factor. Two types of alkali hydroxide served as
mineralizers in the reaction, i.e. sodium hydroxide (NaOH,
Merck 99%) and potassium hydroxide (KOH, Merck 85%).
The reaction was conducted under autogeneous pressure at
temperatures ranging from 150 to 200 °C for 1.5-24 h. The
solid products were recovered by filtration and washed with
deionized water until the pH of the filtrate was about 7 in
order to remove the remaining alkali on the surface of the
powders. This was followed by rinsing with acetone.
Powder X-ray diffractometry (XRD, Siemen D500/D501,
CuK,, Ni filter, 21=1.54 A) was used to characterize the
crystalline solid products and a field emission scanning
electron microscope (FESEM, JEOL JSM-6335F) equipped
with the energy dispersive X-ray (EDX) analysis unit was
employed in the investigation of morphology and elemental
composition of the solids. The presence of lattice water and

Transmittion (Arbitrary Unit)

4000

Fig. 2. The IR spectrum of PT powders obtained from the reaction with KOH as alkali reagent at 180 °C for 3 h.

3500

3000

2500

Wave number (cm” 1)

2000

1500

1000




A. Rujiwatra et al. / Materials Letters 59 (2005) 1871-1875 1873

also the incorporation of excess hydroxide species on the
samples were investigated using infrared (IR) spectropho-
tometer (Nicolet magna 500, 4000400 cm ™', resolution of
0.5 cm™ ") measuring using a KBr disc. Moreover, the size
distribution of the particles was also analyzed by particle
size analyzer (CLAS 1064 ranging from 0.04-500.00 pum/
100 classes).

3. Results and discussion

The synthesis procedure described above resulted in
well crystallized yellow powders, which yielded more
than 96 wt.% compared with the theoretical product mass.
Since the pH of the reaction medium plays a critical role
in the crystallization process, here the pH of the reaction

mixture was controlled by the amount of the alkali
reagents, either KOH or NaOH, which was kept constant
at 14, reported as the minimal pH required to yield well
crystallized powder [9]. The formation of PT was
examined as a function of type and amount of the alkali
hydroxide, reaction temperature and time, as summarized
in Table 1. Compared to the other methods used for
synthesizing PT such as the wet-chemical route [10], the
reaction conditions employed in this study are moderates.
The reaction temperatures providing phase pure PT, as
indicated by the powder XRD patterns, were also much
lower than reported for the sol-gel technique [11]. The
powder XRD patterns of every sample are alike and
exemplified in Fig. 1, in which every peak could be
indexed in the tetragonal PT phase, suggesting the
occurrence of the tetragonal PT as the only phase in the

Fig. 3. Scanning electron micrographs of PT from the reactions with NaOH as alkali reagent at 150 °C for (a) 6, (b) 12 and (c) 24 h, compared with those using

KOH at the same temperature for (d) 6, (¢) 12 and (f) 24 h.
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samples. The powder XRD patterns of the synthesized
samples was successfully refined, based on every peak
appearing in the powder patterns as having tetragonal P4/
mmm symmetry and refined cell parameters ¢ and ¢ of
3.8716(48)-3.8864(34) and 4.1317(46)-4.1507(25) A,
respectively. Both alkali reagents employed in the study,
NaOH and KOH, led to the formation of tetragonal PT as
the single phase with insignificant difference in refined
cell parameters. The presence of different alkali cations,
i.e. Na'and K", in the reactions resulting from different
alkali hydroxide had no influence on the type and phase
of the synthesized PT powder. The elemental analysis of
the PT powders are summarized in Table 1 with
corresponding synthetic conditions revealing no remaining
alkali cations, only lead and titanium in a Pb/Ti mole ratio
of approximately one. The amount of oxygen measured
on the surface of the samples slightly exceeded the
calculated figures. The FTIR spectrum of the samples
(Fig. 2) indicated neither lattice water nor hydroxide
species due to the lack of characteristic absorption bands
in the region 3550-3200 cm ' and 1630-1600 cm ™'
corresponding to antisymmetric and symmetric OH
stretching and HOH bending, respectively [12]. The
intense broad bands at 780 and 550 cm™' can be
attributed to the presence of Ti-O bonds.

Regarding the influences of the alkali mineralizers,
NaOH and KOH, employed in the reaction, the electron
micrographs revealed no significant difference in morphol-
ogies of the powders, as shown in Fig. 3. The powders
formed from the reactions with both NaOH and KOH as
alkali mineralizer were either tabular or cubic in shape and
occurring as conglomerate of the particles, which is
consistent with those reported earlier [6]. It should be noted
though that the degree of melting at grain boundaries, which
has been reported as the principal disadvantages of the
hydrothermal synthetic technique especially with TiO,
starting materials, of these samples differed. The relation
between degree of melting at grain boundaries and reaction
temperature and time, however, could not be well estab-
lished, although under the same synthetic conditions, the
samples resulting from the reactions employing KOH
apparently showed more disintegration and less melting at
grain boundaries compared to those formed using NaOH. At
the reaction temperature of 180 °C with KOH as alkali
mineralizer, the degree of melting increased with increasing
reaction time as shown by electron micrographs in Fig. 4.
The powder with the best monodisperse particles, or the
least melting at grain boundaries, was obtained when KOH
was used as the alkali reagent, reacted at 180 °C for 3 h,
when the particle size ranging from 40 to 6.00 um with the
average grain size of ca. 1.54 um resulted. In contrast to the
effect on morphology, the use of NaOH or KOH showed
marked effect on grain size distribution and the average
grain size (Table 1). The particles obtained from the
reactions with NaOH showed a narrower size distribution
and smaller average grain size of 0.20—1.95 pm compared to

=100 nm

(b)

100 nm

(©)

Fig. 4. Scanning electron micrographs of PT from the reactions with KOH
as alkali reagent at 180 °C for (a) 3, (b) 6 and (c) 12 h.

the case of KOH when the average grain size of 3.04—4.55
um resulted for the same synthesis conditions. The smallest
mean grain size, 200 nm, was obtained when NaOH was
used in the reaction at 150 °C for 6 h.

4. Conclusions

In the present study, tetragonal phase pure PT submicron-
to nano-sized particles with a Pb/Ti mole ratio of approx-
imately one were prepared under hydrothermal conditions at
low temperatures with more than 96 wt.% yield. No alkali
mineralizer remained in the products after the reactions. The
influence of NaOH, the scarcely used alkali, and KOH,
which is the more widely known mineralizer, on chemical
composition and particle morphologies was alike, although
NaOH resulted in particles with a narrower size distribution
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and smaller average grain size. KOH, on the other hand,
showed an advantage over NaOH in giving better mono-
disperse particles.
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Abstract

The influence of three different alkali reagents, i.e. ammonium hydroxide, sodium hydroxide and potassium hydroxide, on phase
formation and crystallite morphology of lead titanate prepared under mild hydrothermal conditions was investigated. The formation of
three different phases of lead titanate including tetragonal perovskite, tetragonal body-centered and cubic phases, which showed
preference to different types of bases, was discussed. The relation between phases and morphology of the hydrothermally derived lead
titanate was illustrated. The formation mechanism of lead titanate when various mixtures of ammonium-alkali hydroxide were employed
was also discussed. The transmission electron microscopic technique was also employed in the investigation of a typical hydrothermally
derived sample revealing the presence of a pyrochlore phase, otherwise undetected by the XRD technique.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Lead titanate (PbTiO; or PT) is an eminent ferroelectric
material with high Curie temperature, high pyroelectric
coefficient, low dielectric constant, and high spontaneous
polarization, and therefore it has been employed exten-
sively in electronic and electro-optic devices, such as
capacitors, microactuators, ultrasonic transducers and
infrared sensors [1-3]. Although various preparative routes
are currently available for the preparation of PT fine
powders, such as sol-gel [4], chemical coprecipitation [5],
emulsion [6], and hydrothermal technique [7], only few
routes offer reasonable controllability of size, morphology
and degree of agglomeration. Hydrothermal technique
allegedly has such capability, since it is an aqueous-based
precipitation allowing the controlling ability over the
nucleation, growth and aging processes [8]. Lead titanate

*Corresponding author. Tel.: + 66 53941906; fax: + 66 53 892277.
E-mail address: apinpus@chiangmai.ac.th (A. Rujiwatra).

0022-0248/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
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prepared by the hydrothermal technique exhibits different
crystal structures and morphology including perovskite,
pyrochlore, and tetragonal body-centered types, depending
on various chemical preparative parameters, e.g. reaction
temperature and pressure, starting precursor, feed stock
concentration, pH, and ionic strength [9,10].

Although a number of publications have reported the
hydrothermal prepartion of PT, a successful preparation
where both phase and morphology are controlled requires
optimization of synthetic parameters, such as type and
concentration of lead and titanium precursors, reaction
temperature, time, and pH. The common precursors, from
which PT has been prepared at temperatures lower than
250 °C, are the soluble form of lead (either lead nitrate or
lead acetate) [11], and titanium with complexing agent, e.g.
tetramethylammonium hydroxide [12], isopropoxide [8]
and water soluble titanium tetrachloride [13], all of which
provide hydrous titania (TiO, - xH,0O) as titanium source.
The employment of these precursors, though, necessitates a
high concentration of alkali reagent, which in all cases is
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potassium hydroxide (KOH). Recently, our group reported
the success of using sodium hydroxide (NaOH) instead of
the commonly used KOH to yield phase-pure perovskite
and stoichiometric PT with submicron- to nanometer-sizes,
from lead nitrate and commercially available TiO, under
very mild hydrothermal conditions [14].

During recent years, there have been reports on using
other alkali reagents in the preparation of various ferro-
electric materials e.g. PZT via sol—gel processing, PLZT via
oxalate technique and also PT by polymeric precursor
method [15-17]. The alkali reagent attracting our interest
the most is ammonium hydroxide or the so-called
ammonia solution. It has commonly been used both to
adjust the pH of the reactions and to increase the solubility
of solute. Although the ammonia solution with lower
critical temperature and pressure than water is well-known
to be a good pressure transmitting media under hydro-
thermal conditions and as the mild pH adjusting agent with
the capability to control the morphology of the final solids
[18], the employment of the ammonia solution in hydro-
thermal preparation of PT has not yet been reported.
Furthermore, phase purity and morphology control of
hydrothermally derived PT has been reported to be
somewhat difficult to achieve, especially the latter one,
which turns out to be a challenging problem for the future.
Therefore, the purpose of the present work was to study
the phase purity and controllability of the morphology of
hydrothermally derived PT via the investigation of the
influence of ammonium hydroxide, either with or without
the presence of NaOH or the commonly used KOH, on
phase formation and crystal morphology of the PT
prepared from the reaction of lead nitrate and commer-
cially available TiO, under mild hydrothermal conditions.

2. Experimental procedure

A stoichiometric mixture of lead (II) nitrate (Pb(INOj3),,
Univar 99.0%) and commercially available titanium (IV)
oxide (TiO,, Riedel-de Haén 99-100.5%) was prepared
with a final concentration of 1.32moldm™* for each
precursor. The reaction medium was either deionized water
or 15-30% ammonia solution prepared from 30% solution
(NH3;, Panreac Quimica SA 28.0-30.0%). The alkali
hydroxide solution prepared from pellets with a concentra-
tion varied between 1.0 and 4.0moldm™ was gradually
added to the mixture, which was then transferred to a
hydrothermal autoclave with 70% filling capacity. There
were two types of alkali hydroxide employed in the
reaction, i.e. sodium hydroxide (NaOH, Merck 99%) and
potassium hydroxide (KOH, Merck 85%). The reaction
was conducted under autogenous pressure at the tempera-
ture of 180°C for 2-24h. The solid products were
recovered by filtration and washed with deionized water
until the pH of the filtrate was 7 in order to remove the
remaining hydroxide species on the surface of the powders.
This was followed by rinsing with acetone. Powder X-ray
diffractometer (XRD, Siemen D500/D501, CuK,, Ni filter,

A=1.54 A) was used to characterize the crystalline solid
products, and a field emission scanning electron micro-
scope (FESEM, JEOL JSM-6335F) equipped with an
energy dispersive X-ray (EDX) spectroscopic microanaly-
zer was employed in the investigation of morphology and
elemental composition of the solids. The transmission
electron microscope (TEM, JEOL JEM-2010) was used to
confirm the crystallographic setting and to study the
microstructure of the acicular PT. The powders were
deposited on a copper-grid supported transparent carbon
foil, so that the TEM investigations could be conducted.
The presence of lattice water, ammonium cation and also
the incorporation of excess hydroxide species on the
samples were identified by infrared spectra (KBr disc)
using a Fourier transform infrared (FTIR) spectrophot-
ometer (Nicolet magna 500, 4000-400 cm ™', resolution of
0.5cm™).

3. Results and discussion

The preparative procedure as described gave rise to well
crystalline light-yellow powders, most of which possessed
PT as either the only or major crystalline phase identified
by the XRD patterns. The high concentration of
4.0moldm™ of either KOH or NaOH, keeping the pH
of the reaction mixture at 14, was crucial for the tetragonal
phase-pure perovskite PT to form. Fig. 1 shows the XRD
patterns of the phase-pure perovskite PT obtained from the
reactions with either KOH or NaOH at the decisive
concentration of 4.0 moldm™. The presence or absence of
ammonium hydroxide in the reaction mixture showed
insignificant effect on phase purity, particle size and shape
of these phase-pure perovskite PT when the concentration
of the added alkali hydroxide was sufficiently high, i.e.
4.0moldm™ in this study. Every peak in each XRD
pattern in Fig. 1 could be indexed and refined successfully

101
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Fig. 1. Powder XRD patterns of tetragonal phase-pure perovskite PT
synthesized under hydrothermal pressure at 180 °C using (a) only KOH
[4mol dm ™3] for 3 h compared to those using KOH [4 mol dm ] and 30%
ammonia solution for (b) 3h (c) 6h, and (d) KOH [4moldm™] and 15%
ammonia solution for 12h, as well as (¢) NaOH [4moldm™] and 30%
ammonia solution for 6 h.
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in the tetragonal P4mmm symmetry giving refined cell
parameters a and ¢ of 3.878(6)-3.885(2) and
4.152(6)-4.168(6) A, respectively. It was noticeable that
the well-crystalline phase-pure tetragonal PT with perovs-
kite structure was formed under the studied hydrothermal
conditions in only 3h (Figs. 1(a) and (b)). The electron
micrographs, as shown in Fig. 2, revealed the morphology
of these perovskite PT to be either cubic or tabular with
similar aspect ratio ranging from 60 to 840 nm, which was
in the same range as those reported earlier [12,15]. These
crystallites commonly occurred as hard agglomerates of the
primary particles, which is the common character of
hydrothermally derived PT powders. The relation between
reaction time and degree of melting at grain boundaries
was also apparent from Fig. 2. The degree of melting at
grain boundaries increased with reaction time, and this
relation was independent of the alkali type and concentra-
tion.

As the concentration of the alkali hydroxide was reduced
to less than 4moldm ™, i.e. 1 and 2moldm > providing the
pH of 11-12, the influence of ammonium hydroxide on
phase and morphology of the final solid products was

disclosed. The XRD patterns as shown in Fig. 3 showed the
coexistence of the starting anatase TiO, and other oxide
phases of titanium and lead with the desired PT indicating
the incompleteness of the reaction. This may be accounted
for by either the presence of ammonium hydroxide or the
insufficiency of the added alkali hydroxide thus reducing
the reaction pH to less than 14. The pH of 14 was
acclaimed to be the optimal pH for the formation of phase-
pure perovskite PT in tetragonal P4Ammm symmetry [19].
The presence of the desired PT was, however, more
apparent in contrast to the other oxide phases of titanium
and lead, as the reaction time was prolonged (Figs. 3(a)
and (b)), suggesting that the longer reaction time may be
required for the reaction to complete. It is intriguing that
when ammonium hydroxide was present and the corre-
sponding concentration was not outweighed by the
concentration of either KOH or NaOH, the PT obtained
from the reactions was the tetragonal body-centered PT in
I4 symmetry with refined cell parameters ¢ and ¢ of
12.330(1)-12.34(6) and 14.42(2)-14.42(16) A, respectively.
The co-presence of ammonium hydroxide and either KOH
or NaOH at low concentration, with the consequence of

Fig. 2. The electron micrographs reveal the similar crystal habits of either cubic or tabular forms of the tetragonal phase-pure perovskite PT
corresponding to the powder XRD patterns shown in Figs. 1(a)~(d) respectively.
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Intensity (arbitrary unit)

20 (degrees)

Fig. 3. XRD patterns of the powders obtained from the reactions
conducted at 180 °C using 30% ammonia solution with the additive (a)
KOH [2moldm™] for 6h, (b) NaOH [1moldm™] for 12h, and (c)
without the addition of alkali hydroxide for 12h; when A and v indicate
peaks corresponding to lead titanate in tetragonal I4 and cubic,
respectively, whereas A, B and # corresponding to Pb;O,, PbO and TiO,.

the pH being lower than 14, therefore led to the formation
of the tetragonal body-centered type of PT based on 14
symmetry, occurring as either the only PT phase or a
mixture with the P4Ammm perovskite phase.

When only 30% ammonia solution was employed
without the addition of either KOH or NaOH, thus
providing the reaction mixture the pH of 10, the formation
of cubic PT in Fd3m symmetry with refined cell parameter
aof 3.961 A, co-present with lead oxide and titanium oxide
phases, was clearly observed after 12h (Fig. 3(c)).
Formerly, the pH between 9 and 10 was reported to be
suitable to produce stoichiometric PT with the perovskite
structure [20]. The presence of lead oxide may be due to its
partial solubility in the reaction medium as the pH range of
9-10 is near the limiting pH for the minimal solubility of
lead oxide.

The influence of reaction time on the formation of
tetragonal PT phases and hence the formation mechanism
was also evident when the concentration of the ammonia
solution was not outweighed by the alkali hydroxide. Fig. 4
shows the XRD patterns of the powders obtained from
reactions conducted at 180 °C under hydrothermal pressure
with varying reaction times. Ammonia solution (30%) was
used as the solvent with added KOH to provide the final
concentration of either 2 or 1moldm™, both of which
cases gave similar results. The XRD pattern of the powder,
obtained from the reaction with the final KOH concentra-
tion of 1 moldm ™ conducted under hydrothermal pressure
at 180 °C for 2h (Fig. 4(a)), indicated no formation of the
desired PT, but only the remaining of the starting anatase
TiO,, coexisting with the other transformed titanium oxide
phases, e.g. rutile TiO,, Ti4;O; and K,TigO;6. The
incorporation of potassium(l) ion into the oxide frame-
work of titanium should be noted. The presence of solid
solution of Pb(NO3) - 5SPb(OH), and PbO was also revealed
from the XRD patterns, suggesting the precipitation of
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Fig. 4. The XRD patterns of the powders obtained from the reactions
conducted at 180 °C using 30% ammonia solution with the additive KOH
(a) [1 moldm™] for 2 h, (b) [2moldm~] for 6 h, (c) [2moldm~?] for 12h,
(d) [1moldm™3] for 12h, and (e) [2moldm™] for 24 h; when ‘ and A
indicate peaks corresponding to PT in tetragonal PAmmm and 14, whereas
*, ¥ and M corresponding to oxide phases of titanium, and #, [J and O to
the oxide phases of lead.
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Fig. 5. Typical FTIR spectrum of the synthesized PT showing character-
istic vibrational bands of neither water nor hydroxide species. The intense
broad bands centering at 780 and 550cm~' attribute to the Ti-O
vibration.

lead(II) ion by the hydroxide residue and the formation of
Pb(NO3) - 5SPb(OH), solid solution intermediate. An am-
monium residue, on the other hand, was not incorporated
into the final crystalline powders. This was confirmed by
the FTIR spectrum in which no characteristic bands of the
amino group were observed (Fig. 5).

As the reaction time was prolonged, the characteristic
XRD peaks of the starting materials and the solid solution
intermediate lost intensities (Fig. 4(b)) and finally dis-
appeared after 12h, whereas those of both tetragonal
perovskite and body-centered PT became visible as a
mixture of these two tetragonal phases (Figs. 4(c) and (d)).
The employment of different concentrations of the alkali
hydroxide, i.e. 2 and 1moldm™>, showed insignificant
influence on the formation of these PT phases, as shown by
the powder XRD, if the other variables were alike. The
higher concentration of 2moldm™ resulted in slightly
better crystallinity (Fig. 4(c)). The retaining of both
tetragonal phases was evident after 24h (Fig. 4(e)),
although peak broadening was observed with additional
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Fig. 6. The electron micrographs showing various types of morphologies of the powders obtained from the reactions using 30% ammonia with the
addition of (a) KOH [1 mol dm™?] for 2 h, (b) KOH [2 mol dm™>] for 6 h, (c) NaOH [1 mol dm™] for 12 h, and (d) KOH [2 mol dm™?] for 12h, compared to

(e) that without using any alkali hydroxide for 12 h.

unidentified peaks at 260 ca. 29.7° and 34.1°, indicating the
formation of other unidentified crystalline phases. The
FTIR spectra of these samples are alike and exemplified in
Fig. 5, indicating the remaining of neither lattice water nor
hydroxide species due to the lack of characteristic

absorption bands in the region 3550-3200cm™' and

1630-1600cm ™' corresponding to antisymmetric and sym-
metric OH stretching and HOH bending respectively [21].
There are two intense broad bands at 780 and 550cm ™!,

which are attributed to the Ti—O vibration.
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According to the results described above, the formation
of tetragonal PT phases under the studied hydrothermal
conditions was assumed to occur through the phase
transformation of the oxide framework of titanium with
the diffusion of solvent soluble lead(Il) ions into the
framework, replacing the potassium(I) ions, formerly
incorporated in the oxide framework. The added hydroxide
residue would react with lead(I) ion leading to the
Pb(OH), precipitate, which would subsequently re-dissolve
to provide lead(Il) as the reaction was prolonged to form
the final products. The concept of diffusion of lead(II) ion
into the hydrated oxide framework of titanium under
hydrothermal conditions was consistent with the formation
mechanism proposed for PT in the other hydrothermal
system, such as that using tetramethylammonium hydro-
xide [22].

The presence of the starting materials after 2h of
reaction, as characterized by the XRD technique (Fig.
4(a)), was confirmed by the electron micrograph revealing
the agglomeration of regular spherical shape particles (Fig.
6(a)) similar to the morphology of the starting precursors,
with particle sizes ranging from 46 to 300nm. The
corresponding mole ratio of Pb:Ti was 3:1 determined by
the EDX microanalyzer. As the reaction time was
lengthened, both acicular and melt platelet crystallites
appeared, with the former crystallite habit becoming more
apparent with longer reaction time. The existence of
acicular crystallites was very pronounced after 12h of
reaction (Fig. 6(c)), which well agrees with the powder
XRD results. Electron micrographs also revealed the
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coexistence of acicular PT, with approximately equimolar
ratio of Pb:Ti, and irregular platelet crystallites in every
case where ammonium hydroxide was present and the
reaction time was longer than 2h, as shown in Figs.
6(b)—(d). The lower concentration of added alkali hydro-
xide, either NaOH or KOH, was preferable for the
formation of acicular crystallites with better defined shape
and length, and of higher proportion compared to the bulk
sample (Figs. 6(b)—(d)). The reaction of Pb(NO;), and
TiO, in 30% ammonia solution with 1 moldm > of NaOH
under hydrothermal pressure at 180 °C for 12h provided
the longest acicular crystallites of up to 14um in length
with the cross-sectional diameter down to 50 nm (Fig. 6(c)).
The electron micrograph of the powders consisting of cubic
PT and other oxide phases of lead and titanium, on the
other hand, showed neither acicular nor cubic crystallites
as illustrated in Fig. 6(e), but only the agglomeration of
irregular round shaped particles with approximately
equimolar ratio of Pb:Ti, the determined platelet melt of
which indicated a PbO-rich phase.

According to the SEM and XRD results as described,
the exhibition of acicular morphology by the PT crystals
well corresponds with the body-centered tetragonal PT in
I4 symmetry. The correlation between the PT phase
formation and the presence or absence of different types
of the alkali reagents, and also the relation between phase
formation and crystal morphology are therefore demon-
strated here.

The typical sample obtained from the reaction of
Pb(NO;3), and TiO, in 30% ammonia solution with
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Fig. 7. The TEM images of (a) tetragonal body-centered PT (zone axis = [I 2 1]), (b) tetragonal pervoskite PT (zone axis = [020]), and (c) the pyrochlore

PbTi;05 (zone axis = [242]) taken from hydrothermally derived typical sample compared with the correspondingly simulated diffraction patterns.
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Imoldm™ of NaOH under hydrothermal pressure at

180°C for 12h, which provided the longest acicular
crystallites (Fig. 6(c)) with corresponding XRD pattern
shown in Fig. 3(b), was selected for TEM experiments. The
TEM micrographs as shown in Fig. 7, showing the
diffraction patterns compared to the simulated patterns
of the corresponding phase, reveal the coexistence of three
PT phases, i.e. tetragonal perovskite PT, tetragonal body-
centered PT and the pyrochlore PbTi;O;. By using selected
area electron diffraction (SAED) method, the acicular
phase was identified as the tetragonal body-centered PT,
whereas the cubic phase as the tetragonal perovskite PT.
This well agrees with the XRD and SEM results suggesting
the coexistence of these two tetragonal phases of PT. The
platelet phase deposited on the surface of the acicular
phase was however identified as the monoclinic pyrochlore
PbTiz;O;, although the presence of this phase was not
shown by the XRD technique. It is therefore intriguing to
note the advantage of TEM, which lies in its ability to
reveal microstructural features often missed by the XRD
diffraction method which requires at least 5wt% of the
component [23].

4. Conclusion

Submicron to nano-sized PT powders were prepared
from the reaction between Pb(NOj), and commercially
available TiO, under hydrothermal conditions. The influ-
ence of different alkali reagents, i.c. ammonium hydroxide,
NaOH and KOH, and their concentration on phase
formation and crystallite morphology of the prepared PT
was investigated. The excess of the alkali hydroxide over
ammonium hydroxide in the reaction mixtures always led
to the formation of tetragonal phase-pure perovskite PT in
P4mmm symmetry, independently from the presence of
ammonia. The presence of ammonia with a low concentra-
tion of alkali hydroxide led to the formation of tetragonal
body-centered PT in 14 symmetry as a mixture with the
P4mmm perovskite phase. The PT phase in 14 symmetry,
however, could not be prepared as a single phase under the
studied conditions. The acicular PT was exhibited by the
tetragonal 14 phase, whereas the regular cubic or tabular
PT well corresponded to the tetragonal PAmmm phase. The
employment of only ammonia without the addition of the
alkali hydroxide resulted though in the formation of cubic
PT based on Fd3m symmetry. The TEM was also
employed to study the microstructures of the synthesized
PT and showed results agreeing with those by the XRD,
indicating the coexistence of two tetragonal phases. The
presence of the pyrochlore phase of PbTi;O-, though was
not shown by the XRD technique, was disclosed by the
TEM technique. The influence of reaction time on phase

formation, and therefore on the formation mechanism, in
the cases where both the alkali hydroxide and ammonia
were used in the reactions, were also discussed.
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Abstract

An approach to synthesis lead zirconate titanate [Pb(Zr; _ ,Ti,)O3; PZT] powders with a modified two-stage mixed oxide synthetic route
has been developed. To ensure a single-phase perovskite formation, an intermediate phase of zirconium titanate (ZrTiO,4) was employed as
starting precursor. The formation of perovskite phase in the calcined PZT powder has been investigated as a function of calcination
temperature, soaking time and heating/cooling rates by differential thermal analysis (DTA) and X-ray diffraction (XRD) techniques. The
morphology evolution was determined by scanning electron microscopy (SEM) technique. It has been found that the unreacted PbO and
ZrTiO4 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.

© 2003 Elsevier B.V. All rights reserved.

Keywords: Lead zirconate titanate; PZT powder; Perovskites; Piezoelectric materials; Phase formation; X-ray techniques

1. Introduction

Lead zirconate titanate, Pb(Zr; _ [ Ti, )O3 or PZT, is one
of the most widely used piezoelectric materials with a
perovskite structure. The compositions close to the morpho-
tropic phase boundary (MPB) have been extensively
exploited in commercial [1,2]. The excellent piezoelectric
and electrostrictive properties make it a promising material
for ferroelectric memory, optoelectronic, electrostrictive
actuator, and electromechanical transducer applications
[3.4].

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 funda-
mental, 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
[5,6]. 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

* Corresponding author. Tel.: +66-53-943-376; fax: +66-53-357-512.
E-mail address: supon@chiangmai.ac.th (S. Ananta).

0167-577X/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0167-577X(03)00523-8

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 [7—12]. Mori et al. [7] were the
first to study the mechanisms of a two-step reaction,
initiated by the constituent oxides reacting to form a solid
solution of lead titanate (PbTiO;) and zirconium oxide
(ZrO,), which later homogenized to form the PZT phase.
On the other hand, Speri [8] proposed a three-step reaction
sequence, which was further substantiated by Hanky and
Biggers [9]. 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 PbTiOs/ZrO, interfaces was pro-
posed by Chandratreya et al. [10]. However, this sequence
does not agree with the two-stage process proposed by Mori
et al. [7]. Similar problem of pyrochlore formation has 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 [11] as
an effective way of producing PMN powder in high yield.
More recently, Babushkin et al. [12] subsequently combined
the approach of Swart and Shrout with that of Mori et al. by
investigating a two-stage synthesis with Zrg 5,Tip 430, as a
precursor. The essentially pyrochlore-free powders obtained
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ZI'OZ + Ti02

v

Vibro-milling in ethanol
for 30 min.

v

Drying and Grinding

v

Calcination (1300 °C 4 h)
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ZrTiO, || + PbO

v

Vibro-milling in ethanol
for 30 min.

v

Drying and Grinding

v
Calcination

v

PZT

Fig. 1. Preparation route for the PZT powder.

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, e.g. sol—gel
[13], hydrothermal [14], co-precipitation [15], and combus-
tion [16], the overall aim of the work 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 mod-
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Fig. 2. A DTA curve for the mixture of PbO—ZrTiO4 powder.
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Fig. 3. Powder XRD patterns of the calcined powders at various
calcinations temperatures for 2 h with heating/cooling rates of 20 °C
1

min~—
ified mixed oxide synthetic route; (b) reproducibility of the
method and (c) the ability to use laboratory grade chemical.

2. Experimental procedure

Pb(Zr( 5Tiy 5)O5 was synthesised by the solid state reac-
tion of appropriate amounts of relatively inexpensive labo-
ratory grade lead oxide, PbO, zirconium oxide, ZrO, and
titanium oxide, TiO, (Fluka, >99% purity). The three oxide
powders exhibited an average particle size in the range of
5.0-10.0 um. The following reaction sequences are pro-
posed for the formation of PZT:

ZrO5(s) + TiOz(s) — ZrTiO4(s) (1)
ZPbO(S) + ZI'TIO4(S) — 2Pb(ZI'0‘5Ti0'5)O3 (S) (2)

Powder processing was carried out as shown schematically
in Fig. 1. The methods of mixing, drying, grinding, firing
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Fig. 4. Computerised JCPDS data-matching confirms the formation of both
tetragonal and rhombohedral PZT phases in the calcined powder.
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Fig. 5. Enlarged XRD peaks for the tetragonal (T) and rhombohedral (R)
phases as a function of calcinations temperatures.

and sieving of the products were similar to those em-
ployed in the preparation of the perovskite-like PMN, PFN
and LMN powders as described previously [17,18]. Var-
ious calcination conditions, i.e. temperatures ranging from
700 to 950 °C, soaking times ranging from 0.5 to 2 h and
heating/cooling rates ranging from 5 to 20 °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 investi-
gated by differential thermal analysis (DTA) (NETZSCH-
Geritebau 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 perovskite PZT powder. Powder morphol-
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Fig. 6. Computerised JCPDS data-matching confirms the formation of the
single-phase tetragonal PZT.
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Fig. 7. Powder XRD patterns of the calcined powders at 760 °C with
heating/cooling rates of 20 °C min~ ' for (a) 0.5 h, (b) 1 h and (c) 2 h.

ogies and grain sizes were directly imaged using scanning
electron microscopy (SEM; JEOL JSM-840A).

3. Results and discussion

A DTA curve obtained for a powder mixed in the
stoichiometric proportions of Pb(Zry sTiy 5)O5 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

+ PbO
vV ZrTiO,
* PZT

Intensity

10 15 20 25 36 315 46 45‘; 50 55 60
26 (degrees)

Fig. 8. Powder XRD patterns of the calcined powders at 760 °C for 2 h with

heating/cooling rates of (a) 5 °C min~ ', (b) 10 °C min~ ' and (c) 20 °C
P

min .



452 R. Tipakontitikul, S. Ananta / Materials Letters 58 (2004) 449-454

Table 1
Calculated PZT phases as a function of calcination conditions

Calcination conditions Qualitative concentrations of

PZT phase

Temperature ~ Time  Rates Tetragonal Rhombohedral
°C) (h) (*Cmin~ ") (wt.%) (Wt.%)
700 2 20 * *

720 2 20 * *

740 2 20 * *

760 0.5 20 * *

760 1 20 * *

760 2 5 * *

760 2 10 * *

760 2 20 60 40

780 2 20 64 36

800 2 20 72 28

850 2 20 79 21

900 2 20 87 13

950 2 20 100 0

The estimated precision of the concentrations for the two phases is + 0.1%.
*PZT, PbO and ZrTiO4 phases were found and Eq. (3) is not valid.

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 centered 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—950 °C), soaking
time (0.5 to 2 h) and heating/cooling rates (5 to 20 °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 for-
mation 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
majority of the XRD patterns indicate the formation of two
lead zirconate titanate phases. These can be matched with
JCPDS file numbers 50-0346 and 73-2022 for the tetragonal
Pb(Zr0.44Ti0.56)O3 and rhombohedral Pb(Zro_SzTi0'48)O3
(Fig. 4), respectively. As is well known, the variations in
composition may lead to a diffuse MPB between the
tetragonal and rhombohedral PZT phases [19]. The most
obvious different between the patterns for tetragonal and
rhombohedral PZT phases concerns 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 present in
the product. Moreover, some additional weak reflections
are found in the XRD patterns (marked by + and V),
which correlate with the precursors PbO and ZrTiOy,
respectively. The relative amounts of the two majority
PZT phases, i.e. tetragonal (T) and rhombohedral (R),

Fig. 9. SEM micrographs of the PZT powders calcined at (a) 700 °C, (b) 760 °C, (c) 850 °C and (d) 950 °C.
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which are present in each calcined powder, may in princi-
ple, be calculated from the intensities of the most intense
X-ray reflections:

It
t.% tet | phase = 100 3
wt.% tetragonal phase <1T+IR> X (3)

This equation is analogous to the well-known equation
[11,16] 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 rhom-
bohedral phases. Here /It and Iy 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 Table 1. This study shows
that minor amount of the unreacted PbO and ZrTiO,4 phases
tends to co-exist along with the PZT phase, after scanning
calcinations in the temperature range 700—740 °C. Upon
calcination at 760°, the phases of PbO and ZrTiO, have
been found completely disappear, and crystalline PZT of
both tetragonal and rhombohedral is the only detectable
phases in the powder. By increasing the calcination temper-
ature from 760 to 950 °C, the yield of the tetragonal PZT
phase increases significantly until at 950 °C, a single phase
of tetragonal PZT is formed (Fig. 6). Neither lead titanate
(PbTiO3) or lead zirconate (PbZrOs) earlier reported by
Chakrabarti and Maiti [20] 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,O;
reported by Babushkin et al. [21]. The effect of soaking time
and heating/cooling rates on phase formation was found to
be quite significant (Figs. 7 and 8). In this work, it is seen
that the optimum soaking time and heating/cooling rates for
the formation of a high purity PZT phase were found to be
at 2 h and 20 °C min~ ', respectively. Therefore, XRD
results clearly show that, in general, the methodology
presented in this work provides a simple method for
preparing perovskite PZT powders via a modified solid-
state mixed oxide synthetic route without the addition of
PbO in excess [22,23]. It is interesting to note that the use of
zirconium titanate precursor together with the vibro-milling
technique can effectively enhance the yield of the PZT
phase.

The morphological changes in the PZT powders formed
by a modified two-stage mixed oxide are illustrated in Fig.
9(a—d) as a function of formation temperature. After calci-
nations at 700 to 950 °C, the powders have similar
morphology. They had spherical secondary particles com-
posed of submicrometer-sized primary particulates. This
structure is similar to that of BaTiO; powders synthesised
by previous researchers [24]. The primary particles have
sizes of ~ 0.05—-0.20 um, and the agglomerates measure
~ 1.0-8.0 um. At 700 °C, three phases (PbO, ZrTiO,4 and

PZT) were observed in X-ray diffraction analysis (Fig. 3),
but from the SEM micrograph (Fig. 9(a)), it was difficult to
distinguish these three phases because of the lumpy particle
morphology, indicating significant growth interaction in the
multiphase composition. By increasing the calcination tem-
perature from 700 to 850 °C, the mixture of both tetragonal
and rhombohedral PZT phases with various sizes of irreg-
ular shaped particles (clusters) was observed (Fig. 9(b and
¢)). Upon further increases of temperature up to 950 °C, the
tetragonal PZT phase with similar clusters was found (Fig.
9(d)). In general, this granule characteristic will offer an
apparent advantage towards achieving a high sintered den-
sity 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. It represents
significant time-savings compared to synthetic procedures
currently advocated, and require only relatively impure and
inexpensive laboratory-grade precursors, as long as the
purity is higher than 99%. Evidence has been gained from
XRD that a single phase of perovskite PZT powder has been
obtained in this study by using a combination of zirconium
titanate precursor, the vibro-milling technique together with
a careful calcinations treatment.
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Abstract

The phase formation and transition mechanism of perovskite ceramics in the (1 — x)Pb(Mgg33Nbyg 66)O3—XxPb(Zr¢ 5,Tig 45)O3,
(1 — x)PMN-xPZT system prepared by a modified mixed-oxide synthetic route have been investigated for various chemical compositions
and firing temperatures. Lattice parameter changes were examined as a function of composition. It is seen that perovskite phases undergo
the transitions (pseudo)cubic to tetragonal in the x value range 0.0-1.0. The degree of tetragonality and average lattice parameters were
found to increase with PZT content across the whole solid solution range.

© 2005 Elsevier B.V. All rights reserved.

PACS: 77.84.—8S; 61.10.Nz; 77.80.Bh
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1. Introduction

Lead magnesium niobate, Pb(Mg 33Nbg 67)O3 or PMN,
is one of the perovskite-type relaxor ferroelectrics which
have been investigated extensively as potential candidates
for electroceramic components such as multilayer ceramic
capacitors and electrostrictive actuators [1-3]. It exhibits
diffuse phase transition phenomena at room temperature
with low loss and non-hysteretic characteristics [4,5].
PMN has been studied extensively from the late 80’s in
solid solutions with PbTiO; (PT) which are of interest
because of their high dielectric constant, range of Curie
temperatures and superior electrostrictive response [1-3].
By contrast, the normal ferroelectric compound lead zir-
conate titanate, Pb(Zr, Ti)O3 or PZT, is a representative
perovskite ferroelectric and piezoelectric prototype because
of its sharp phase transition mode with excellent pyroelec-
tric and piezoelectric properties [6,7]. Therefore, it is one of
the most widely studied piezoelectric compounds for ferro-

* Corresponding author. Tel.: +66 53 943367; fax: +66 53 357512.
E-mail address: supon@chiangmai.ac.th (S. Ananta).

1567-1739/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2005.11.006

electric memories, optoelectronics, electrostrictive actua-
tors, and electromechanical transducers [3,8]. However,
despite the many previous studies of the synthesis and char-
acterization of these perovskite ferroelectric materials [5—
8], the synthesis and phase formation of the whole series
of the solid solutions in the PMN-PZT system has rarely
been studied. Systematic investigation of these materials
is required for a better understanding of phase develop-
ment in (1 — x)PMN-xPZT solid solutions. In the present
work, therefore, the phase formation and transition mech-
anisms in the (1 — x)PMN-xPZT system (x = 0.0-1.0) are
examined as a function of chemical composition and firing
temperature. The relationships between these experimental
results are discussed.

2. Experimental

The B-site precursor method [4,9] was used to prepare
powders of composition (1 — x)Pb(Mgg33Nbg¢7)O3—
XPb(ZI'()A52Ti0A48)O3 or (1 — X)PMN*XPZT, where x = 00,
0.1, 0.3, 0.5, 0.7, 0.9 and 1.0. The raw materials were the
reagent grade oxides PbO, MgO, Nb,Os, ZrO,, and TiO,
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(Fluka, >99% purity). These oxide powders exhibited an
average particle size in the range 3.0-5.0 um. Ceramic-pro-
cessing was carried out via the B-site precursor method
shown schematically in Fig. 1. For the preparation of the
lead magnesium niobate end member, the columbite pre-
cursor MgNb,Og [10] was synthesized and calcined at
1050 °C for 2 h, then ball-milled with PbO for 24 h, dried,
calcined at 750 °C for 2 h in air and sieved into fine pow-
der. The PZT powder was then prepared by employing zir-
conium titanate (ZrTiO4) precursor [11] in order to
minimise the formation of undesired pyrochlore phases.
The intermediate B-site precursor phases of ZrTiO4 were
first prepared by employing a procedure outline earlier
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v

Drying

v

Calcination

Ball-milling 24 h

v

Drying

v

Calcination

Pb(Zry.5:Tio.43)O03

(calcined at 1300 °C for 4 h) [9]. PbO was then added to
the calcined ZrTiO4 precursor, wet-milled, dried and cal-
cined at 900 °C for 2 h to form another end component,
PZT [9]. The (1 — x)PMN-xPZT powders were then for-
mulated from PMN and PZT components by employing
the similar mixed-oxide procedure. Each composition was
mixed with an aqueous solution (3 wt.%) of polyvinyl alco-
hol, pressed isostatically into pellets at 100 MPa and sin-
tered at 1100-1320 °C in air for 4 h in a closed alumina
cricible. In order to maintain a lead atmosphere during
the firing process, samples were embedded in powders of
identical composition. X-ray diffraction (XRD; Philips
PW 1729 diffractometer) using CuKa radiation was used
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Fig. 1. Preparation route for the (1 — x)PMN-xPZT ceramics.
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to determine the phases formed and optimum firing tem-
peratures for the formation of desired phase. Lattice
parameters of the perovskite phases were determined by
Cohen’s method in conjunction with the least squares
method [12].

3. Results and discussion

X-ray diffraction patterns of (1 — x)PMN-xPZT ceram-
ics sintered at various temperatures are given in Fig. 2,
indicating the formation of both perovskite and pyrochlore
phases in each composition. In this study, it is evident that
except at x = 0.1, complete crystalline solid solution of the
perovskite structure occurred throughout the whole
compositional range of the (1 — x)PMN-xPZT system.
Although the effectiveness of the B-site precursor method
in suppressing pyrochlore formation during perovskite
development in lead-based perovskite systems has been
reported by several researchers [1-6], in the work reported
here, small amounts of a second phase (*) correlating with
a pyrochlore phase of Pby g3sMgg290Nb; 710639 (JCPDS file
no. 33-769) [4] could be detected by XRD in the composi-
tion x = 0.1. This can be attributed to poor homogeneity
due to the limitations of mixed-oxide processing especially
with respect to the ball-milling and the volatility of PbO at

309

high firing temperatures. For x = 0.0 (pure PMN), the X-
ray diffraction pattern shows only a single (200) peak, con-
firming its (pseudo)cubic symmetry at room temperature,
in good agreement with reports of other workers [5,13].
When the x value increases to 0.3, the broadened peaks
especially at 20 ~ 44.5°-45° show that the distortion of
the (pseudo)cubic lattice is enlarged. At x = 0.5, the struc-
ture transforms to the tetragonal phase because of lattice
deformation, which is characterized by splitting of the
(002)/(200) peaks at about 44°-45° 20 (Fig. 3). On increas-
ing the PZT content, the intensity ratio of the (002)/(200)
peaks tends to increase until at x = 1.0, where the peaks
match that of piezoelectric PZT. The variation of these
doublet-diffraction lines as a function of PZT content can
be explained by microscopic compositional fluctuations
occurring in these perovskite materials, which cannot pro-
vide real homogeneity in the solid solutions, and also by
the different stresses induced in the particles, which deter-
mine the existence of tetragonal ferroelectric phases [14].
The lattice parameters of the perovskite phase calculated
from the XRD data are plotted as a function of PZT con-
tent (Fig. 4), together with the tetragonality factor (or axial
ratio of ¢/a) and average lattice parameters of (azc)l/ 3. The
parameters of (pseudo)cubic PMN (x = 0.0) and tetrago-
nal PZT (x=1.0) are 0.4046 nm, and « = 0.4033 and
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Fig. 2. XRD pattern of the (1 — x)PMN-xPZT ceramics after sintering at the optimum conditions.
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Fig. 3. XRD pattern of the (1 — x)PMN-xPZT ceramics, showing
doublets (002)T and (200)T.
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Fig. 4. Variation of cell parameters in the (1 — x)PMN-xPZT system.

¢ = 0.4132 nm, respectively, consistent with reported data
(JCPDS file nos. 81-861 and 50-376) [15,16]. The results
of the cell refinement show that all the PMN-PZT compo-
sitions with PZT contents in the range between x = 0.0 and
x = 0.4 have single phase (pseudo)cubic symmetry, with
cell parameters depending on the PZT content. At
x = 0.5, however, peak splitting is detected (Fig. 3), with
a=0.4050 and c¢=0.4060 nm, and c/a=1.0024. From
the crystallographic analyses, therefore, the phase bound-
ary between the (pseudo)cubic and tetragonal symmetries
seems to be located at x = 0.4-0.5. However, this real com-
position boundary could not be determined under the pres-
ent experimental limit of accuracy. The possible range of
compositions for further studies is 0.4 < x <0.5. High res-
olution XRD analysis is necessary to detect the possible
superposition of phases and to restrict the range of compo-
sitions for a better characterization of the PMN-PZT com-
positions in the range of structural change.

With further increases in x, the g-axis shrinks while the
c-axis expands continuously at approximately similar rates.
Consequently, the values of (azc)]/ ? increase slowly, while
the axial ratios of ¢/a increase rapidly to 1.0245. By com-
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0.0 0.2 0.4 0.6 0.8 1.0
PZT content (x)

Fig. 5. Variation of the optimum sintering temperature as a function of
PZT content.

paring the B-site cation sizes of PMN and PZT [1], the con-
tinuous increase in the average lattice parameter (from
0.4046 nm at x = 0.0-0.4098 nm at x =1.0) can be well
understood, in terms of the formation of complete crys-
talline solid solutions of a perovskite structure. In our
experiments, the lattice parameters calculated from the dif-
fraction data indicate that the ¢/a axial ratio increases as
the PZT content (x) increases. Fig. 5 shows the variation
of the optimum firing temperature (where maximum yields
of perovskite phase and density were obtained) as a func-
tion of PZT content. Relative densities of the sintered sam-
ples were ~95-98% of the theoretical values.

4. Conclusions

The phase formation and transition mechanism of perov-
skite PMN-PZT ceramics has been investigated for various
chemical compositions and firing temperatures. X-ray dif-
fraction has indicated that except at x = 0.1, complete solid
solutions occur across the entire compositional range of
the (1 — x)Pb(Mg 33Nby 67)O3-xPb(Zry 5,Tig 43)O3 system.
Lattice parameters of the (pseudo)cubic phase and of the
tetragonal phase were found to vary with chemical compo-
sition. The degree of tetragonality and average lattice
parameters increased continuously with increasing PZT
content.
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Abstract

Phase-pure and stoichiometric lead zirconate powders consisting of submicro- to micrometer-sized particles were successfully synthesized via
a simple, one-pot hydrothermal technique at moderate temperatures and short reaction times. High concentration of potassium hydroxide
mineralizer was necessary in the formation of well-crystalline lead zirconate. The type of zirconium precursor, reaction temperature and time
showed apparent influences over particle shape, size and distribution. Transmission electron microscope was used to confirm the crystallographic

setting of the prepared lead zirconate.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Lead zirconate; Perovskite; Hydrothermal synthesis; Piezoelectric materials

1. Introduction

Lead zirconate, (PbZrOs, PZ) is an important material used
in both energy storage application for DC field, and in making a
series of solid solutions e.g. Pb(Zr,Ti)O3, PbZrOs;—Pb(Mg; 3
Nb2/3)03 and PbZrO3—PbTiO3—Pb(Fel /5Nb1 /SSb3/5)O3, all of
which found tremendous applications in electroceramic indus-
tries e.g. piezoelectric sensors, transducers, actuators, pyroelec-
tric detectors, resonators and electro-optic devices [1-3]. The
double hysteresis behavior observed for PZ has also made this
material a potential candidate for microelectronic and micro-
electromechanical systems (MEMS) [4-6]. In all of these
applications, phase purity and stoichiometry of the material are
known to be of importance to ensure the performance of the
devices [7]. The study on the preparation of phase-pure and
stoichiometric PZ therefore has been of immense interest. The
preparation of highly dispersed, homogeneous and well-defined
crystals of PZ has been known to be even more challenging.
Beside the conventional solid state reaction, there are various
chemical techniques employed for the preparation of PZ pow-
der, such as sol-gel, co-precipitation, citrate combustion, and the

* Corresponding author. Tel.: +66 53 941906; fax: +66 53 892277.
E-mail address: apinpus@chiangmai.ac.th (A. Rujiwatra).

0167-577X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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most widely used molecular precursors, all of which have
certain limitations e.g. costly starting reagents, multiphasic
products and inability in shape and size control [§—10]. Hydro-
thermal synthesis although has been proved to be the most
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Fig. 1. Powder X-ray diffraction pattern of PZ powders obtained from the
reactions between (A) Pb(NO;), and Zr(NOs),-6H,0, and (B) Pb(NO;), and
ZrO(NO;),'H,0 in 6mol dm > KOH(aq) solution at 180°C for 24 h. The solid
lines indicating theoretical peak positions in orthorhombic Pbma with
corresponding £kl indices are also shown.
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Fig. 2. Scanning electron micrographs of PZ particles obtained from the
reactions using (A) Zr(NO;)4-6H,0 at 180°C for 24 h, (B) ZrO(NO3),-6H,0 at
200°C for 24h and (C) ZrO(NO;), 6H,0 at 200°C for 72h.

simplest and cost-effective chemical technique in the prepara-
tion of the relevant materials, such as lead titanate (PT) [11],
lead titanate zirconate (PZT) [12] and lanthanum-modified PZT
(PLZT) [13,14], there is no earlier report on the successful
application of this preparative technique in the case of PZ. Here
the hydrothermal technique was successfully applied for the
preparation of highly dispersed, phase-pure and stoichiometric
PZ in a high yield at low temperatures and short reaction times.

2. Experimental procedure

Stoichiometric mixtures of lead(Il) nitrate {Pb(NO3),, 99.0%
Univar} and either zirconium(IV) nitrate hydrate {Zr
(NO3)46H,0, 99.0% PROLABO} or zirconyl nitrate hydrate
{ZrO(NO3),-6H,0, 99.0% Aldrich} were prepared in aqueous
medium. The potassium hydroxide pellets (KOH, 85% Merck)

were then added to the mixtures making up to 6mol dm™ >, and
thereby the pH of 14. The reaction mixtures were stirred at
ambient temperature for 2 h before transferred to a hydrothermal
autoclave with 70% filling factor. The hydrothermal reactions
were performed under autogenous pressure at the temperatures
between 180—200 °C for varied reaction times ranging from 24 to
72h. The solid products were recovered by filtration and washed
with deionized water until the pH of the filtrate was 7 in order to
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Fig. 3. (A) A TEM image taken from selected PZ nanoparticles and (B) a
corresponding SAED pattern (sai[[0—12] zone axis) compared with (C) a
reciprocal lattice pattern simulated based on the orthorhombic Pbma.
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remove any remaining hydroxide species on the surface of the
powders. Powder X-ray diffractometer (Bruker D8 Advance,
CuK,, Ni filter, 1=1.540598 A, 40kV, 30mA) was used to
characterize the crystalline solid products, and a field emission
scanning electron microscope (JEOL JSM-6335F) equipped
with an energy dispersive X-ray spectroscopic microanalyzer
was employed in the investigation of morphology and elemental
composition of the solids. The transmission electron microscope
(TEM, JEOL JEM-2010) was used to confirm the crystallo-
graphic setting of the powder samples, which were dispersed in a
solvent before deposited onto 3mm copper-grids supported
transparent carbon foil. The particle size of the powders was
determined by particle sizer (CILAS 1064 Liquid, 0.04—
500.00 um/100 Classes) using water as a liquid medium.

3. Results and discussion

Every reaction between Pb(NOs), and either Zr(NO3), 6H,O or
ZrO(NOs), 6H,0 with equimolar ratio of Pb : Zr in an aqueous medium
with KOH as a mineralizer at temperatures as low as 180—200°C under
the investigated hydrothermal conditions provided the off-white
powder products. The weight percentages of the synthesized powders
were higher than 90%, in relative to the theoretical mass, in every case.
They were identified by powder X-ray diffraction to be well-crystalline
and phase-pure PZ, suggesting no further heat treatment was necessary.
Fig. 1 shows typical powder X-ray diffraction patterns of the
synthesized PZ powders. Every peak in Fig. 1 could be indexed in
orthorhombic Pbhma [15] with refined cell parameters a=b=5.88(6) A
and ¢=4.27(3)A, indicating the absence of multiphasic problem, com-
monly encountered by the other preparative techniques [16]. Due to
structural studies reported earlier [17], orthorhombic is the most stable
phase for PZ at ambient conditions, although the unit cells can be
indexed in different space groups. It is noticeable that PZ yielded from
the hydrothermal reactions reported here was formed in a different
space group than the commonly reported P2c¢h [18] and Pba2 [19]. The
presence of KOH at high concentration, i.e. 6mold m > in this study,
was apparently necessary in all cases for the formation of well crys-
talline PZ, which was shown to form only after a short reaction time of
24h at 200°C. White gel, which was amorphous to powder X-ray
diffraction, was observed when the KOH,, solution concentration was
less than 6mold m™ >,

Scanning electron micrographs revealed well-defined cubic mor-
phology of the synthesized PZ particles in submicron to micron sizes as
exemplified in Fig. 2. These particles were present as either the
agglomerates or well-dispersed single particles depending on the
zirconium sources as well as the synthetic conditions, i.e. reaction
temperature and time. This is an intrigued result due to the well-known
fact that to obtain ceramic powders consisting of mostly mono-
dispersed particles is hardly achieved [20]. Although less reaction time
was required for the well-crystalline PZ with well-defined cubic
morphology to form if ZrO(NO;),4-6H,0 was used as zirconium source
at 180°C, the reaction of Pb(NO;), with ZrO(NOs), 6H,0 at 200°C
for 72h provided the best cubic particles of PZ which mostly dispersed
as single particles rather than as the agglomerates (Fig. 2(C)). The PZ
particle sizes were determined to be well distributed in a narrow range,
between ca. 5—15pum with an average diameter of ca. 7.5 pm, although
small particles of nanometer scale were also occasionally observed
from the scanning electron micrographs.

The difficulties in achieving the PZ powders with equimolar Pb: Zr
stoichiometry has been pronounced by other preparative techniques

[18]. The hydrothermally synthesized PZ powders were however
revealed by energy dispersive X-ray microanalyzer to possess
equimolar ratio of Pb:Zr, indicating the potential of this preparative
technique in controlling the reaction stoichiometry.

Bright field TEM images of typical nanoparticles of the PZ powders
were taken and shown in Fig. 3(A). By using selected area electron
diffraction (SAED) method, the crystallographic setting of the PZ was
analyzed and confirmed to be Pbma, which was well agreed with the
powder XRD results. It is also intriguing to note the advantage of TEM
in identifying the presence of nanoparticles in the bulk samples, which
were otherwise hardly observed due to the limitation of both the
particle sizer and the SEM experiments. The presence of both micro-
and nanoparticles suggests the potential of this technique in the
preparation of PZ nanoparticles.

4. Conclusion

In the present study, the successful preparation of phase-pure
and stoichiometric PZ under moderate hydrothermal conditions
at short reaction times was reported. The optimal hydrothermal
conditions under the investigation afforded the PZ particles with
discrete shape and size in a highly dispersed fashion, suggesting
the potential controllability of the synthetic technique over the
powders’ intrinsic characteristics, and thereby the performance
of the ceramic products.
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1. Introduction

Lead zirconate, PbZrO; (PZ), is one of the antiferroelectric materials
which exhibit a perovskite structure. It shows antiferroelectric phase with cubic
symmetry at high temperature and undergoes two phase transitions which are
close in temperature (~ 230 °C and 220 °C) on cooling [1]. The low
temperature phase has orthorhombic symmetry with antiparallel shift of Pb
ions along the pseudocubic <110>, which results in antiferroelectricity [2].
When combined with other oxides, lead zirconate can form a series of solid
solutions such as Pb(Zri4Tix)Os (PZT), (Pb,La)(Zr,Ti)Os (PLZT),
Pb(Fe13W23)03-PbZrOs (PFW-PZ) and Pb(Zn1sNbys)Os-PbZrOs (PZN-PZ)
[2-4]. These compositions are widely used in ultrasonic transducers, electro-
optic devices, nonvolatile memories, microactuators and multilayer capacitors
[1-4]. To fabricate them, a fine powder of perovskite phase with a minimal
degree of particle agglomeration is needed as the starting material in order to
achieve a dense and uniform microstructure at a given sintering temperature.
Thus, a crucial focus of powder synthesis in recent years has been the
formation of uniform-sized, single morphology particulates ranging in size
from nanometer to micrometers [5-8].

The development of a method to produce nanopowders of precise
stoichiometry and desired properties is complex, depending on a number of
variables such as nature and purity of starting materials, processing history,
temperature, etc. To obtain nanosized PZ powders, many investigations have
focused on several chemistry-based preparation routes, such as sol-gel [5],
homogeneous precipitation [6], hydrothermal reaction [7], oxidant-peroxo

method [8], besides the more conventional solid-state reaction of mixed



oxides [9]. All these techniques are aimed at reducing the particle size and
temperature of preparation of the compound even though they are more
involved and complicated in approach than the solid-state reaction. Moreover,
high-purity PZ nanopowders are still not available in bulk quantity. The
advantage of using mechanical milling for preparation of nanosized powders
lies in its ability to produce mass quantities of powders in the solid state using
simple equipment and low cost starting precursors [10]. Although some
research has been done in the preparation of PZ powders via a vibro-milling
technique [9], to our knowledge a systematic study regarding the influence of
milling time on the preparation of PZ powders has not yet been reported.
Thus, in the present study, the effect of miling time on phase
formation, and particle size of lead zirconate powders was investigated in this
connection. The potential of the vibro-milling technique as a simple and low-
cost method to obtain usable quantities of single-phase lead zirconate

powders atlow temperature and with nanosized particles was 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 to 5 um. PbZrO; powder was synthesized by the
solid-state reaction of these raw materials. Powder-processing was carried
out in a manner similar to that employed in the preparation of other materials,
as described previously [10,11]. A vibratory laboratory mill (McCrone

Micronizing Mill) powered by a 1/30 HP motor was employed for preparing the



stoichiometric PbZrOs; powders. The grinding vessel consists of a 125 ml
capacity polypropylene jar fitted with a screw-capped, gasketless, polythene
closure. The jar is packed with an ordered array of identical, cylindrical,
grinding media of polycrystaline corundum (instead of employing zirconia
media under alcohol for 8 h [9]). A total of 48 milling media cylinder with a
powder weight of 20 g was kept constant in each batch. The miling operation
was carried out in isopropanal inert to the polypropylene jar. Various milling
times ranging from 0.5 to 35 h were selected in order to investigate the phase
formation characteristic of lead zirconate and the smallest particle size. After
drying at 120 °C for 2 h, the reaction of the uncalcined powders taking place
during heat treatment was investigated by thermogravimetric and differential
thermal analysis techniques (TG-DTA, Shimadzu) at a heating rate of 10
°C/min in air from room temperature up to 1000 °C. Based on the TG-DTA
results and literature [9,12], the mixture was calcined at 800 °C (in closed
alumina crucible) for 2 h with heating/cooling rates of 10 °C/min.

All powders were subsequently examined by room temperature X-ray
diffraction (XRD; Siemens-D500 diffractometer), using Nifitered CuK,
radiation to identify the phases formed and optimum milling time for the
production of PbZrO3; powders having the smallest particle size. The relative
amount of perovskite and secondary phases was determined from XRD
patterns of the samples by measuring the major characteristic peak intensities
for the perovskite (221) or I and secondary (0) phases or Is. The following

qualitative equation was used [10].

I
perovskite phase (wt %) = 7 P[ %100 (1)

P N



The crystalline lattice constants, lattice strain and average particle size
were also estimated from XRD patterns [13]. The particle size distributions of
the powders were determined by laser diffraction technique (DIAS 1640 laser
diffraction spectrometer) with the particle sizes and morphologies of the
powders observed by scanning electron microscopy (JEOL JSM-840A SEM).
The particle sizes of PZ powders milled at different times obtained from

different measuring techniques are provided in Table 1.

3. Results and discussion

The TGA and DTA results for the powders milled at different times are
compared and displayed in Fig. 1(a) and (b), respectively. In general, similar
thermal characteristics are observed in all cases. In the temperature range
from room temperature to ~ 150 °C, all samples show both exothermic and
endothermic peaks in the DTA curves (Fig. 1(b)), which are related to a slight
drop in weight loss at the same temperature range. These observations can
be attributed to the decomposition of the organic species originating from the
milling process [10,11]. Corresponding to the large fall in specimen weight, (~
8-9%), the other DTA peaks are detected within ~ 300 to 450 °C temperature
range. 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 suggested by Aoyama et al. [14].
Increasing the temperature up to ~ 800 °C, the solid-state reaction between

lead oxide and zirconium oxide occurs. The broad exothermic characteristic



from ~ 500-700 °C in al DTA curves represent that reaction, which is
supported by a gradual decrease in sample weight over the same
temperature range. The slightly different temperature, intensities and shapes
of the thermal peaks for the powders are probably related to the different
sizes of the powders subjected to different milling times and, consequently,
caused by the removal of organic species and rearrangement of differently
bonded species in the network [2,15].

To further study the effect of milling time on phase formation, each of
the powders milled for different times were calcined at 800 °C for 2 h in air,
followed by phase analysis using XRD. For the purpose of estimating the
concentrations of the phase present, Eq. (1) has been applied to the powder
XRD patterns obtained, as given in Table 1. As shown in Fig. 2, for the

uncalcined powder subjected to 0.5 h of vibro-milling, only X-ray peaks of

precursors PbO () and ZrO, (©) are present, indicating that no reaction had

been initiated during the milling process. However, after calcination, it is seen
that the perovskite-type PbZrO; becomes the predominant phase in the
powder milled for 0.5 h, indicating that the reaction has occurred to a
considerable extent. It is seen that only traces of unreacted PbO and ZrO,
precursors have been found along with the PZ parent phase at a milling time
of 1.5 h or less. This observation could be attributed mainly to the poor mixing
capability under short milling time, similar with other work [10]. With milling
time of 2 h or more, it is apparent that a single-phase perovskite PZ (yield of
100% within the limitations of the XRD technique) was found to be possible

after the same calcination process was applied.



In general, the strongest reflections found in the majority of these XRD
patterns indicate the formation of the lead zirconate, PbZrO;. These can be
matched with JCPDS file number 35-0739 for the orthorhombic phase, in
space group P2cb (no. 32) with cell parameters a = 823.1 pm, b = 1177.0 pm
and ¢ = 588.1 pm [16], consistent with other works [6,7]. It should be noted
that no evidence for the introduction of impurity due to wear debris from the
milling process was observed in any of the calcined powders (within the
milling periods of 0.5-35 h), demonsftrating the effectiveness of the vibro-
milling technique for the production of high purity PZ nanopowders, without
any introduction of excess ZrO- [9].

Moreover, it has been observed that with increasing milling time, all
diffraction lines broaden, e.g. (261) and (402) peaks, as shown in Fig. 2, an
indication of a continuous decrease in particle size and of the introduction of
lattice strain. These observations indicate that the prolonged milling treatment
affects the particle size and evolution of crystallinity of the phase formed
(Table 1), in good agreement with other similar system [10]. For PZ powders,
the longer is the milling time, the finer is the particle size, up to a certain level.
The results suggest that the steady state of the vibro-milling is attained at ~ 25
h of milling. Moreover, it is worthy to note that, in this condition, the mean
crystalline size is close to ~ 50 nm. Also, the relative intensities of the Bragg
peaks and the calculated lattice parameters (b and ¢) for the powders tend to
decrease with the increase of milling time. However, it is well documented
that, as Scherer’s analysis provides only a measurement of the extension of
the coherently diffracting domains, the particle sizes estimated by this method

can be significantly under estimated [17]. In addition to strain, factors such as



dislocations, stacking faults, heterogeneities in composition and instrumental
broadening can contribute to peak broadening, making it almost impossible to
extract a reliable particle size solely from XRD [12,18].

In this connection, scanning electron microcopy was also employed for
particle size measurement (Table 1). The morphological evolution of the
powders and their corresponding particle size distributions as a function of
milling time were also revealed, as illustrated in Fig. 3. At first sight, the
morphological characteristic of PZ powders with various milling times is
similar for all cases. In general, the particles are agglomerated and basically
irregular in shape, with a substantial variation in particle sizes. The powders
consist of primary particles nanometers in size. Increasing the milling time
over the range 5 to 35 h, the average size of the PZ particles decreases
significantly, until at 25 h, the smallest particle size (estimated from SEM
micrographs to be ~ 50 nm) is obtained. However, it is also of interest to point
out that larger particle size was obtained for a milling time longer than 25 h.
This may be attributed to the occurrence of hard agglomeration with strong
inter-particle bonds within each aggregate resulting from dissipated heat
energy of prolong milling [19]. Fig. 3 also illustrates that vibro-milling has
slightly changed the shape of the particles which become more rounded at
long milling times. At the same time, the particle size is reduced. Fracture is
considered to be the major mechanism at long milling times.

As shown in Fig. 3, after milling times of 5 and 15 h, the powders have
a similar particle size distribution. They exhibit a single peak covering the size
ranging from 0.29-3.00 ym. With increasing milling times to 25 h, a uniform

particle size distribution with a much lower degree of particle agglomeration (<



1 um) is found. However, upon further increase of milling time up to 35 h, a
bimodal distribution curve with peak broadening between 0.24 and 6.20 ym is
observed. First is a monomodal distribution corresponding to the primary size
of the PbZrO3 particles. The second group (peak) is believed to arise mainly
from particle agglomeration. Table 1 compares the results obtained for PZ
powders milled for different times via different techniques. Variations in these
data may be attributed mainly to the formation of hard and large
agglomerations found in the SEM results.

In this work, it is seen that the optimum milling time for the production
of the smallest nanosized high purity PZ powder was found to be at 25 h. The
finding of this investigation indicates a strong relationship between the vibro-
milling process and the yield of PZ nanopowders. However, in case of the
vibro-milling technique, other factors such as the milling speed, milling scale

and type of milling media also need to be taken into account.

4. Conclusion

The results infer that the milling time influences not only the
development of the solid-state reaction of lead zirconate phase but also the
particle size and morphology. The resuling PZ powders have a range of
particle size, depending on milling times. Production of a single-phase lead
zirconate nanopowder can be successfully achieved by employing a
combination of 25 h milling time and calcination condition of 800 °C for 2 h,

with heating/cooling rates of 10 °C.min™".
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Table Caption
Table 1 Effect of milling time on the particle size of PZ powders measured by

different techniques.

Figure Caption

Fig. 1 (a) TGA and (b) DTA analysis of powder mixtures milled at different
times.

Fig. 2 XRD patterns of PZ powders milled at different times (calcined at 800
°C for 2 h with heating/cooling rates of 10 °C/min).

Fig. 3 SEM micrographs and particle size distribution of PZ powders milled at

different times.



Table 1

Table 1
XRD SEM Laserscattering
Milling time  Perovskite A a b c D P D P
(h) phase %0)  (m) (mm)  (nm)  (m)  (nm) (nm) (nm) (nm)
0.5 93.34 5739 0.8162 1.1624 0.5814 3800  2410-5000 5280  2840-7650
2 100 4251 0.8161 1.1611 0.5816 1800 970-2520 1380 1340-5600
5 100 30.73 0.8184 1.1679 0.5846 880 740-950 1380 580-3000
15 100 18.17 0.8238 1.1712 0.5872 300 70-700 720 2902210
25 100 18.19 0.8241 1.1720 0.5879 180 50-400 180 35-750
35 100 1934 0.8238 1.1712 0.5872 250 50-420 1540 240-6200

A = Crystallite size

a, b, ¢ = Lattice parameters

D = Average patticle size

P = Particle size distribution or range
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Figure 2
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Figure 3
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ABSTRACT

Lead zirconate (PbZrO3) powder has been synthesized by a solid-state reaction
via a rapid vibro-milling technique. The effects of calcination temperature, dwell time
and heating/cooling rates on phase formation, morphology, particle size and chemical
composition of the powders have been investigated by TG-DTA, XRD, SEM and EDX
techniques. The results indicated that at calcination temperature lower than 800 °C
minor phases of unreacted PbO and ZrO, were found to form together with the
perovskite PbZrO; phase. However, single-phase PbZrO; powders were successfully
obtained at calcination conditions of 800 °C for 3 h or 850 °C for 1 h, with
heating/cooling rates of 20 °C/min. Higher temperatures and longer dwell times clearly

favored the particle growth and formation of large and hard agglomerates.

Keywords: Lead Zirconate; PbZrOs; Perovskite; Calcination; Phase formation;

Powders-Solid state reaction



1. Introduction

Lead zirconate, PbZrO3 (PZ), which is a typical antiferroelectric (AFE) material at
room temperature with a Curie temperature of ~ 230 °C, has an orthorhombic symmetry
with a structure similar to that of classical ferroelectric of orthorhombic barium titanate
(BaTiOs) [1-3]. The dipoles due to a displacement of the Zr** ions from the geometric
centre of the surrounding six 0% ions in the material are alternately directed in opposite
senses so that the spontaneous polarization is zero [3,4]. It is reported that the
antiferroelectric to ferroelectric transition can be induced when subjected to a strong
electric field [5]. In addition, the ferroelectric (FE) phase of PZ is only stable over a
relatively narrow temperature interval [6,7]. This interval is reported extendable with
application of an electric field or with chemical substitutions [8-10]. More importantly, a
size of the interval depends largely on the impurity concentration [11]. Therefore, the
stoichiometry of the sample is of particular important in detailed studies on AFE-FE
phase transition of PZ-based materials. Practically, this material is a potential candidate
for energy storage applications for DC fields and low loss linear capacitor, owing to its
AFE nature [1,12]. Recently, the double hysteresis behavior of this material makes it
attractive for the microelectronic, microelectromechanical systems (MEMs) as well as
for actuator applications [12-14].

Lead zirconate when combined with other oxides can form a series of solid
solution materials such as Pb(Zry, Ti1x)O3, PbZrO3-Pb(Mg1,3Nby3)03, PbZrOs;-PbTiO3-Pb
(Fe1/sNb45Sbs/5)O3, and PbZrOs-Pb(Mg+,3Nby3)O3, which find tremendous applications
in the electroceramic industries [13-15]. In all these applications, the stoichiometry and

homogeneity of materials are known to be the important factor for ensuring the



