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Abstract

Project Code : RSA4780002
Project Title : Effects of Uniaxial Stress on Dielectric Properties of Ferroelectric
Ceramics
Investigators : Asst. Prof. Dr. Rattikorn Yimnirun
Department of Physics, Faculty of Science, Chiang Mai University
E-mail Address : rattikornyimnirun@yahoo.com

Project Period : August 31, 2004 to August 30, 2007

In this study, effects of uniaxial stress on the dielectric properties of important
ceramics in BT PT PZT PZN PMN PIN PZT-BT PMN-PT PZN-PZT PIN-PT w8z PZTBT-
PMNT systems were investigated. The outputs of this project can be divided into 3 main
groups; namely, 1. powder and ceramic fabrication, 2. dielectric and other electrical
properties, and 3. effects of uniaxial stress on dielectric and other electrical properties of
all the prepared ceramics. We have successfully prepared powders and ceramics by
using the mixed-oxide technique in conjunction with the vibro-milling technique and
found suitable conditions for preparing high purity powders and for fabricating each
ceramic to high purity and density. From the characterization and electrical properties
measurements, the prepared ceramics exhibit either normal or relaxor or mixed
ferroelectric characteristics, depending upon the type of ceramics and composition ratio.
Similarly, the uniaxial stress studies also indicate that the applied stress impose
significant influence on the electrical properties with the direction and rate of change
depending on the type of ceramics and composition ratio. Finally, the results from this

project has resulted in more than 40 international publications.

Keywords : Uniaxial Stress; Dielectric Properties; Ferroelectric Ceramics



Executive Summary
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Abstract

Ceramic solid solutions within the system (1 —x)Pb(Zry 5,Tig43)O3;—xBaTiO3, where x ranged from 0.0 to 1.0, were prepared by a
modified mixed-oxide method. The crystal structure, microstructure and dielectric properties of the ceramics were investigated as a function
of composition via X-ray diffraction (XRD), scanning electron microscopy (SEM) and dielectric spectroscopy. While pure BT and PZT
ceramics exhibited sharp phase transformation expected for normal ferroelectrics, the (1 —x)PZT—xBT solid solutions showed that with
increasing solute concentration (BT or PZT), the phase transformation became more diffuse. This was primarily evidenced by an increased
broadness in the dielectric peak, with a maximum peak width occurring at x=0.4.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Dielectric properties; Barium titanate (BT); Lead zirconate titanate (PZT)

1. Introduction

Currently lead-based perovskite ferroelectric ceramics
are widely applied in multilayer capacitors and sensors
because of their excellent electrical properties [1]. Many
of these applications require materials with superior
dielectric and piezoelectric properties. Both BaTiO3 (BT)
and Pb(Zr,Ti)O; (PZT) are among the most common
ferroelectric materials and have been studied extensively
since the late 1940s [2,3]. These two ceramics have
distinct characteristics that make each ceramic suitable for
different applications. The compound Pb(Zrg s5,Tij45)03
(PZT) has great piezoelectric properties which can be
applied in transducer applications. Furthermore, it has a
high T of 390 °C which allows piezoelectric devices to
be operated at relatively high temperatures. Barium

* Corresponding author.
E-mail address: wanwilai_chaisan@yahoo.com (W. Chaisan).

0167-577X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2005.06.045

titanate (BT) is a normal ferroelectric material which
exhibits a high dielectric constant, a lower 7¢ (~120 °C)
and better mechanical properties [1—3]. However, sinter-
ing temperature of BT is higher than PZT. Thus, mixing
PZT with BT is expected to decrease the sintering
temperature of BT-based ceramics, a desirable move
towards electrode of lower cost [4]. Moreover, since
PZT-BT is not a pure-lead system, it is easier to prepare
single phase ceramics with significantly lower amount of
undesirable pyrochlore phases, usually associated with
lead-based system [5,6]. With their complimentary char-
acteristics, it is expected that excellent properties with
preparation ease can be obtained from ceramics in PZT—
BT system. In addition, the Curie temperature of PZT-BT
system can be engineered over a wide range of temper-
ature by varying the composition in this system. There-
fore, this study is aimed at investigating dielectric
properties of PZT—BT system over the whole composition
range in hope to identify compositions with desirable
properties.
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BT has been mixed into solid solutions with SrTiOj
(BST) and with PbTiO3; (BPT) to adjust the Curie
temperature and to optimize the dielectric and piezo-
electric response [1,2,7,8]. PZT ceramics are always
modified with other chemical constituents, such as Nb
and La, to improve the physical properties for specific
applications [2,3,9]. Moreover, solid solutions between
normal and relaxor ferroelectric materials such as PZN—
BT [10], PMN-PZT [11], PZT-PNN [12], PMN-PT
[13] and PZN-PT [14] have been widely studied for
dielectric applications and to examine the order—disorder
behavior. However the superior dielectric properties of
these relaxor systems have been associated with the
presence of unwanted phase, densification behavior and
microstructure development [15]. It is well known that the
single phase of relaxor materials is very difficult to
prepare and these systems always exhibit high dielectric
loss and strong frequency dependence which is not
suitable for some applications [2,16]. Even though there
have been extensive work on PZT-based and BT-based
solid solutions, there are only a few studies on PZT-BT
solid solutions [5,6,17]. Chaisan et al. [5] prepared
perovskite powders in the whole series of the solid
solutions in PZT-BT system. The phase formation
characteristics, cell parameters and the degree of tetragon-
ality were examined as a function of composition. It was
found that complete solid solutions of perovskite-like
phase in the (1 —x)PZT—xBT system occurred across the
entire composition range. Lattice parameters of the
tetragonal phase and of the rhombohedral phase were
found to vary with chemical composition. The degree of
tetragonality increased, while optimum firing temperatures
decreased continuously with decreasing BT content.
Moreover, pseudo-binary system of PZN-BT-PZT was
previously studied and the effect of processing conditions
on the piezoelectric and diclectric properties of this
system was also discussed [17].

Thus far, from these literatures, there have been no
systematic studies on the dielectric properties of the whole
series of PZT—BT compositions. Therefore, as an exten-
sion of our earlier work on structural studies of the PZT—
BT system [5], the overall purpose of this study is to
investigate the dielectric properties of the solid solution
between two normal ferroelectrics with the aim of
identifying excellent electrical properties within this
system. Although the conventional mixed-oxide method
has attracted interest to prepare normal ferroelectric PZT
and BT materials for many decades, several methods such
as mechanical activation [6] and sol—gel-hydrothermal
technique [18] still have been developed for better
approach. A number of chemical routes has also been
used as alternatives [19—-21]. However these techniques
are more complicated and expensive than the conventional
mixed-oxide route, which limits its commercial applic-
ability for mass powder synthesis. In this respect, it is
desirable to develop a method based on the mixed-oxide

method for preparation of PZT—BT ferroelectric materials.
Therefore, this paper presents the dielectric properties of
compositions in the PZT-BT binary system prepared via
a modified mixed-oxide method, in which PZT powders
are prepared through lead zirconate (PbZrO;) precursor to
eliminate pyrochlore phase usually found in powders from
a conventional mixed-oxide method [5].

2. Experimental procedures

The compositions (1 —x)Pb(Zrg 5,Tig45)O3—xBaTiOz or
(1 —=x)PZT—xBT, where x=0.0, 0.1, 0.3, 0.4, 0.5, 0.7, 0.9
and 1.0, were prepared by a modified mixed-oxide
method [5]. Reagent grade PbO, ZrO,, TiO, and BaCO;
powders (Fluka, >99% purity) were used as starting
materials. Powder of each end member (PZT and BT) was
first formed in order to avoid unwanted pyrochlore
phases. For the preparation of BT, BaCO; and TiO,
powders were homogeneously mixed via ball-milling for
24 h with zirconia media in ethanol. The well-mixed
powder was calcined at 1300 °C for 2 h in an alumina
crucible. With a modified mixed-oxide method [5], the
PZT powders were prepared by using a lead zirconate
(PbZrO3;) as precursor in order to reduce the occurrence of
undesirable phase. Pure PbZrO; phase was first formed by
reacting PbO with ZrO, at 800 °C for 2 h. PbZrO;
powder was then mixed with PbO and TiO, and milled,
dried and calcined at 900 °C for 2 h to form single phase
PZT. The (1 —x)PZT—xBT powders were then formulated
from the BT and PZT components by employing the
similar mixed-oxide procedure and calcining at various
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Fig. 1. XRD diffraction patterns of sintered (1 —x)PZT—xBT ceramics.
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Table 1
Characteristics of (1 —x)PZT—xBT ceramics with optimized processing
conditions

Compositions Sintering Density Average grain
temperature (g/em?) size (um)
)

PZT 1100 7.7 2.36

0.9PZT-0.1BT 1200 7.6 2.86

0.7PZT-0.3BT 1200 7.2 1.97

0.6PZT-0.4BT 1250 6.9 2.31

0.5PZT-0.5BT 1250 6.6 3.87

0.3PZT-0.7BT 1250 5.7 3.71

0.1PZT-0.9BT 1300 5.3 5.72

BT 1350 5.8 2.42

288 16Fn WD3ID

temperatures between 900 and 1300 °C for 2 h in order to
obtain single phase (1 —x)PZT—-xBT powders [5].

The calcined (1 —x)PZT-xBT powders were then
isostatically cold-pressed into pellets with a diameter of
15 mm and a thickness of 2 mm at a pressure of 4 MPa
and sintered for 2 h over a range of temperatures between
1050 and 1350 °C depending upon the composition.
Densities of sintered ceramics were measured by Archi-
medes method and X-ray diffraction (XRD using CuK,
radiation) was employed to identify the phases formed.
The grain morphology and size were directly imaged
using scanning electron microscopy (SEM) and the
average grain size was determined by using a mean

{60 WOZ24

Fig. 2. SEM micrographs of (1 —x)PZT—xBT ceramics: (a) PZT, (b) 0.9PZT-0.1BT, (¢) 0.7PZT-0.3BT, (d) 0.6PZT—-0.4BT, (e) 0.5SPZT-0.5BT, (f) 0.3PZT-

0.7BT, (g) 0.1PZT—0.9BT and (h) BT.



W. Chaisan et al. / Materials Letters 59 (2005) 3732—3737

linear intercept method [22]. For electrical measurements,
silver paste was fired on both sides of the polished
samples at 550 °C for 30 min as the electrodes. A
dimension of ceramics after sintered and polished is about
12.5 mm in diameter and 1 mm in thickness. Dielectric
properties of the sintered ceramics were studied as a
function of both temperature and frequency. The capaci-
tance was measured with a HP4284A LCR meter in
connection with a Delta Design 9023 temperature
chamber and a sample holder (Norwegian Electroceram-
ics) capable of high temperature measurement. Dielectric
constant (¢;) was calculated using the geometric area and
thickness of the discs.

3. Results and discussion

The phase formation behavior of the sintered (1 —x)PZT—-xBT
ceramics is revealed by XRD as shown in Fig. 1. The BaTiO;
ceramic sintered at 1350 °C was identified as single phase perovskite
having tetragonal symmetry. With increasing PZT content, the
diffraction peaks shifted towards lower angle and the diffraction
peak around 20 0f 43°—46° was found to split at composition x=0.5.
This observation suggests that this composition may lead to a diffuse
MPB between the tetragonal and rhombohedral PZT phases [23]. In
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this case, the peak of tetragonal phase is much stronger than that of
rhombohedral phase. However, the (200) peak splitting for the
PZT—-BT system exhibited more clearly in powders as reported in
our earlier work [5]. Additionally, the PZT—BT ceramics showed
single diffraction peaks which indicate good homogeneity and
complete solid solution within the (1 —x)PZT—xBT system [24].
The pure Pb(Zry 5,Tip.45)O5 ceramic sintered at 1100 °C showed a
co-existence of both tetragonal and rhombohedral phases which can
be matched with the JCPDS file no. 33-0784 and 73-2022,
respectively.

The optimized sintering temperatures at which ceramics with
single phase and highest densification are obtained, densities, and
average grain sizes of the sintered (1 —x)PZT—xBT ceramics are
listed in Table 1. Higher firing temperatures were necessary for
compositions containing a large fraction of BT. Compositions with
x=0.7 and x=0.9 could not be sintered to sufficient densities and
the theoretical densities of ceramics in this range were about 86%—
89%. It is possible that volatilization of PbO during firing is the
main reason for the failure in preparing dense ceramics over this
composition range [25,26]. As shown in Fig. 2, SEM micrographs
reveal that the compositions with 0.0 <x <0.4 exhibit good
densification and homogenous grain size. For the compositions
with 0.5 <x <0.9, the grain size varies greatly from 1 to 15 pm and
defective grains and some degree of porosity are clearly seen; these
matched with the density data. The reason for the variation of grain
sizes in this composition range is not clearly understood. However,
it can be assumed that since sintering temperatures for highest
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Fig. 3. Temperature and frequency dependence of dielectric properties of (a) 0.9PZT—0.1BT, (b) 0.7PZT—0.3BT, (c) 0.3PZT—0.7BT and (d) 0.1PZT-0.9BT

ceramics.
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Fig. 4. Temperature dependence of dielectric constant (&) of (1 —x)PZT—
xBT ceramics at 100 kHz.

densification of PZT and BT ceramics are very different (900 °C
and 1300 °C, respectively), this could lead to different grain
growth behaviors between two phases, hence heterogeneous
microstructure [27].

Fig. 3 shows the temperature dependence of dielectric constant
(¢;) and dissipation factor (tan o) at various frequencies for
compositions with x=0.1, 0.3, 0.7 and 0.9. All compositions
show indication of a diffuse phase transition of dielectric constant
with rather weak frequency dependence. In addition, Curie
temperatures (7c) are also noticeably frequency independent
[28]. It should be noted that the dielectric loss tangent of all
ceramics increases rapidly at high temperature as a result of
thermally activated space charge conduction [11]. The represen-
tative temperature dependence of the dielectric constant (g,)
measured at 100 kHz for (1 —x)PZT—xBT samples with
0.0<x<1.0 is shown in Fig. 4. The Curie temperatures and
maximum dielectric constants of the pure PZT and BT ceramics
in this work were, respectively, 390 °C and 14,200 for PZT, and
129 °C and 7800 for BT. Therefore, a solid solution between PZT
and BT is expected to show a transition temperature between 390
and 129 °C. The variation of T with compositions and dielectric
data are listed in Table 2. The Curie temperature significantly
decreases with increasing BT content up to 50 mol%. However,
for the compositions 0.5 <x <0.9, T¢ is not clearly depending on
composition and remains at a nearly constant value between 140
and 160 °C. Even though the presence of Pb is known to shift 7¢
to higher temperatures [2,3], the nearly constant 7c with
increasing Pb content in the composition with 0.5<x<0.9 is
likely caused by PbO loss due to the high sintering temperatures
required for these compositions [25,26]. For pure PZT, the e,

Table 2

Dielectric properties of (1 —x)PZT—xBT ceramics

Compositions Tc (°C) &m Y 0
PZT 390 14,200 1.74 16.1
0.9PZT-0.1BT 338 7300 1.76 16.2
0.7PZT-0.3BT 262 4100 1.86 16.6
0.6PZT—-0.4BT 214 3600 1.97 17.1
0.5PZT-0.5BT 162 4100 1.91 17.3
0.3PZT-0.7BT 146 4500 1.74 15.9
0.1PZT-0.9BT 155 3700 1.63 14.4
BT 129 7800 1.16 12.5

peak is sharp and approaches 15,000. However, the &, peaks
become broader with increasing BT content, and the broadest
peak occurs at the x=0.4 composition. It is very interesting to
observe that the &, peak becomes more sharp as the BT content
further increases.

To understand the interesting dielectric behavior of the PZT—
BT system, we look at the different behaviors of normal and
relaxor ferroelectric. For a normal ferroelectric such as PZT and
BT, above the Curie temperature the dielectric constant follows the
Curie—Weiss law:

T 1, (1)

where ¢ is the Curie constant and 7T, is the Curie—Weiss

temperature [2,11,29]. For a ferroelectric with a diffuse phase
transition, the following equation:

~(T = Tn)? )

™ | =

has been shown to be valid over a wide temperature range instead
of the normal Curie—Weiss law (Eq. (1)) [10,30]. In Eq. (2), Ty is
the temperature at which the dielectric constant is maximum. If the
local Curie temperature distribution is Gaussian, the reciprocal
permittivity can be written in the form [10,12]:

I 5

&m 28m52

[

where ¢, is maximum permittivity, y is diffusivity, and J is
diffuseness parameter. For (1 —x)PZT—-xBT compositions, the
diffusivity (y) and diffuseness parameter (6) can be estimated from
the slope and intercept of the dielectric data shown in Fig. 5, and
tabulated in Table 2.

For the PZT-rich ceramics, the values of y and J increase with
increasing BT content, confirming the diffuse phase transitions in
PZT-BT solid solutions. It is clear that the addition of BT raises
the degree of disorder in (1 —x)PZT—xBT over the compositional
range 0.1 <x <0.5. The highest degree of diffuseness is exhibited
in the 0.5PZT-0.5BT ceramic. Similarly, from the BT end
member, the values of both y and é exhibit the same trend with
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Fig. 5. Plots of In (L - L) vs. In(T — T,,)for (1 —x)PZT—xBT ceramics.
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increasing PZT content. This observation indicates that PZT
addition also induces disorder in BT-rich compositions. It should
also be mentioned here that different dielectric behaviors could
also be caused by grain size variation [11]. However, the grain size,
as shown in Table 1, in this study does not differ significantly
enough to cause such a variation in the dielectric properties.
Finally, it should be noted here that with comparison to other solid
solution systems, such as PMN—PT, PZN-PT, PZT-PNN [12—
14], ceramics in PZT-BT are much easier to prepare with
minimized pyrochlore phases, lower dielectric loss and weak
frequency dependence.

4. Conclusions

The dielectric properties of solid solutions in the
(1—=x)PZT—xBT system prepared via the mixed-oxide
method are reported. All compositions in this study were
single phase perovskite with tetragonal symmetry. The
results indicated that the dielectric behavior of pure PZT
and BT follows a Curie—Weiss law, while solid solutions of
(1—=x)PZT—xBT (0.1 <x<0.9) exhibited a diffuse phase
transition behavior with a Curie temperature ranging
between 390 °C to 129 °C. In (1 —x)PZT—-xBT solid
solutions, the degree of diffuseness increased with increased
solute content up to a maximum at x=0.5.
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Abstract

The effect of uniaxial compressive pre-stress on the ferroelectric properties
of commercial soft PZT ceramics is investigated. The ferroelectric
properties under the uniaxial compressive pre-stress of the ceramics are
observed at stress up to 24 MPa using a compressometer in conjunction with
a modified Sawyer—Tower circuit. The results show that the ferroelectric
characteristics, i.e. the area of the ferroelectric hysteresis (P—E) loops, the
saturation polarization (P, ), the remanent polarization (P;), and the loop
squareness (R,q) decrease with increasing compressive pre-stress, while the
coercive field (E,) is virtually unaffected by the applied stress. The
stress-induced domain wall motion suppression and non-180° ferroelectric
domain switching processes are responsible for the changes observed. In
addition, a significant decrease in these parameters after a full cycle of stress
application has been observed and attributed to the stress-induced decrease
in the switchable part of the spontaneous polarization at high stress.
Furthermore, the permittivity calculated from the P—E loops is found to
decrease with increasing applied pre-stress. This finding differs
considerably from the results in the low-field experimental condition.
Finally, this study clearly shows that the applied stress has a significant
influence on the ferroelectric properties of soft PZT ceramics.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Lead zirconate titanate (Pb(Zr;_4Tix)O3 or PZT) ceramics
are among the lead-based complex perovskites that have
been investigated extensively, from both the academic and
commercial viewpoints. They are employed extensively
in sensor and actuators applications, as well as smart
systems [1-6]. The most widely studied and used PZT
compositions are in the vicinity of the morphotropic phase
boundary (MPB) between the tetragonal and rhombohedral
ferroelectric phases [1,4,6-8]. However, to meet the
requirements for specific applications, PZT ceramics are
usually modified with dopants [1,4,9-12]. Generally,
donor (higher-valency) additives induce ‘soft’ piezoelectric
behaviours with higher dielectric and piezoelectric activities
suitable for sensor and actuator applications. On the other

0022-3727/06/040759+06$30.00 © 2006 IOP Publishing Ltd Printed in the UK

hand, acceptor (lower-valency) additives result in ‘hard’
piezoelectric behaviours particularly suitable for ultrasonic
motor applications [1, 2, 4-6].

However, in these applications PZT ceramics are often
subjected to mechanical loading, either deliberately in the
design of the device itself or because the device is used
to changing shapes as in many smart structure applications
or the device is used under environmental stresses [1-7].
A prior knowledge of how the material properties change
under different load conditions is therefore crucial for proper
design of a device and for suitable selection of materials for a
specific application. Despite that fact, material constants used
in many design calculations are often obtained from a stress-
free measuring condition, which in turn may lead to incorrect
or inappropriate actuator and transducer designs. Itis therefore
important to determine the properties of these materials as
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Figure 1. A schematic of the experimental set-up.

a function of applied stress. Previous investigations on the
stress-dependence of dielectric and electrical properties of
many ceramic systems, such as undoped-PZT, PLZT, BT,
PMN-PT, PZT-BT and PMN-PZT, have clearly emphasized the
importance of the subject [13-21]. The present study is aimed
at studying technically important and commercially available
soft PZT ceramics. Many investigations have already revealed
interesting results on the dielectric and piezoelectric properties
of the soft PZT ceramics under applied stress [15-17,21].
However, there has been no work on the stress dependence
of the ferroelectric properties of the ceramics. Therefore, this
study is undertaken to investigate the influences of the uniaxial
compressive pre-stress on the ferroelectric properties of the soft
PZT ceramics.

2. Experiments and measurements

A commercially available soft PZT ceramic (PKI-552, Piezo
Kinetics Inc., USA) was used in this study. Denoted as Navy
Type VI, this ceramic is designed for applications that require
high electromechanical activity and high dielectric constant.
Its properties are (measured by the supplier) longitudinal
charge coefficient d3; = 550 pm V~!; planer coupling factor
kp = 0.63, dielectric constant (1kHz) ¢, = 3400, Curie
temperature Tc = 200 °C and bulk density = 7.6 gcm™>. The
disc-shaped samples with diameter of 10 mm and thickness of
1 mm were pre-poled by the supplier.

The ferroelectric hysteresis (P—E) loops were character-
ized by using a computer controlled modified Sawyer—Tower
circuit. The electric field was applied to a sample by a high
voltage ac amplifier (Trek, model 610D) with the input sinu-
soidal signal with a frequency of 100 Hz from a signal gener-
ator (Goodwill, model GAG-809). The detailed descriptions
of this system are explained elsewhere [22,23]. To study the
effects of the uniaxial stress on the ferroelectric properties,
the uniaxial compressometer was constructed [24]. As shown
in figure 1, the compressometer was developed for simulta-
neous applications of the mechanical stress and the electric
field. The compressometer cell consisting of a cylindrical
brass cell with a heavy brass base, a brass ram and a pre-
cisely guided loading platform provides true uniaxial stress
during mechanical loading. The prepared specimen was care-
fully placed between the two alumina blocks and the electric
field was applied to the specimen via the copper shims attached
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to the alumina blocks. With this setting, the uniaxial compres-
sive stress was applied parallel to the electric field direction.
During the measurements, the specimen was immersed in sili-
cone oil to prevent high-voltage arcing during electric loading.
The uniaxial compressive stress was supplied by the servohy-
draulic load frame and the applied stress was monitored with
the pressure gauge of the load frame. Measurements were
performed as a function of mechanical pre-stress applied dis-
cretely between 0 and 24 MPa. During the measurements, a
desired pre-stress was first applied to the sample and then the
electric field was applied. The ferroelectric hysteresis (P—E)
loop was recorded at room temperature (25 °C) for both load-
ing and unloading conditions. The parameters obtained from
the loops were the saturation polarization ( Py, ), the remanent
polarization (P;) and the coercive field (E.), which are defined
as the points where the loops reach the maximum polarization,
cross the zero field and cross the zero polarization, respectively.
The measurements reported were for the samples during their
first mechanical stress cycle. It should also be noted that the
reported ferroelectric parameters were obtained after a total of
10 cycles of the electric field were applied to the sample at
each constant pre-stress.

3. Results and discussion

The polarization versus electric field (P—E) hysteresis loops
of the soft PZT ceramics under different compressive pre-
stress during loading and unloading are shown in figures 2
and 3, respectively. It should first be noticed that the area
of the P—E loops decreases steadily with increasing the
pre-stress (figure 2) and then increases when the stress is
gradually removed (figure 3). The P—FE loop area indicates
the polarization dissipation energy of a ferroelectric material
subjected to one full cycle of electric field application [25].
This amount of energy loss is directly related to volume
involved in the switching process during the application of
electric field [21]. Therefore, the decrease in the loop area with
increasing pre-stress is a result of the stress-induced domain
wall motion suppression [21]. The polarization dissipation
energy is consequently found to decrease non-linearly with
increasing applied pre-stress, as plotted in figure 4, indicating
that the sample volume contributing to polarization reversal
decreases with the increasing pre-stress. In the stress-free
state, the dissipation energy is ~8.1 x 10° Jm~3; while at
24 MPa, the dissipation energy decreases to 3.8 x 10° Jm™3
(< 50% of the stress-free state). A similar observation has also
been found in previous investigations [13, 14,21,26-28]. In
addition, even though the P-E loop expands when the
stress is being removed, the loop does not return to its
original form after the stress cycle, as shown in figure 3.
Correspondingly, the dissipation energy increases at a slower
rate during the unloading, and eventually the stress-free value
of the dissipation energy after a full stress cycle drops to
~ 5.6 x 10° Tm™3, as displayed in figure 4. The difference in
the dissipation energy during stress loading and unloading is
believed to be caused by the decrease in the switchable part of
spontaneous polarization of the ceramic after being subjected
to the high pre-stress, as will be supported by the following
discussions [17,29].
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Figure 2. Polarization versus electric field (P—E) hysteresis loops as a function of compressive pre-stress for soft PZT ceramic during

loading.

The changes in the saturation polarization (Pg), the
remanent polarization (P;), and the coercive field (E.) with
the uniaxial compressive pre-stress are plotted in figures 5-7,
respectively. Similarly to the trend observed in the dissipation
energy, figures 5 and 6 clearly show that both the saturation
and remanent polarizations decrease as the compressive pre-
stress increases. The decrease is very pronounced with the
polarization values at 24 MPa being approximately 50% of
the stress-free values. In addition, a significant decrease
in the polarization values of the ceramic is also observed
after a mechanical stress cycle. The Py, value before the
stress cycle is recorded as 39 uC cm~2, while the value is
reduced to 23 uCcm™2 after the sample is exposed to a
complete cycle of the mechanical stress. A similar drop
is also observed for the P, values, with the values before
and after the stress cycle being 26.5 and 17, in the units of
uwCem™2, respectively. This suggests a significant stress-
induced decrease in the switchable part of the spontaneous
polarization of the soft PZT ceramic resulting in the observed
decrease in the polarization values, as well as the dissipation
energy, under high stress [17,29]. In contrast, the applied pre-
stress shows little or no influence on the coercive field (E.),
as demonstrated in figure 7. These results clearly indicate that
soft PZT ceramics are not suitable for high stress applications.
It should also be noted that previous investigations on other
ceramic systems, such as BT, PLZT, PMN-PT and PMN-PZT,
showed a similar tendency [13, 14,21,26-28, 30].

The ferroelectric characteristics of the soft PZT ceramic
can also be assessed with the hysteresis loop squareness (Ry),
which can be calculated from the empirical expression

Ryq = (P/Ps) + (Prig./ Pr), ey

where P; is the remanent polarization, P is the saturated
polarization obtained at some finite field strength below the
dielectric breakdown and Pj g, is the absolute value of the
polarization at the field equal to 1.1 E [31]. For theideal square
loop, Ryqisequalto2.00. Asdepictedin figure 8, the R,y values
generally decrease with increasing pre-stress and the values
during the loading are slightly larger than those during the
unloading. This observation is clearly a result of the decrease
in the polarizations under the pre-stress. The observations in
figures 2-8 clearly indicate that the ferroelectric characteristics
of the soft PZT ceramic decrease considerably under the
application of the compressive pre-stress.

To understand, at least qualitatively, these experimental
results on the soft PZT ceramic, one can interpret the changes
in terms of domain-reorientation processes [15-21]. When
the uniaxial compressive stress is applied in the direction
parallel to the poling direction, the applied stress tends to keep
the ferroelectric domains aligned with their polar axes away
from the stress direction through the non-180° ferroelectric
domain switching processes. Therefore, it takes a larger than
usual applied electric field to reorient the domains along the
stress direction, resulting in a lower value of the saturated

761



R Yimnirun et al

50
[l - OMPa
40 | - 3.91 MPa
[ 7.82 MPa
F >~ 11.74 MP
30 | 2
+H *x 15.65 MPa
[l - 19.56 MPa '
20 4| * 23.47MPa
‘*g 10 ?
3 07
-10 +
-20 T -
I d" __,_.—l—"‘"— et
-30 +
-40
-50 + . . . . } . . . } . : : : } : : : :
-20 -10 (1] 10 20
E (KV/cm)
Figure 3. Polarization versus electric field (P—E) hysteresis loops as a function of compressive pre-stress for soft PZT ceramic during
unloading.
9-00E+05 polarization (Pgy), as shown in figure 5. When the electric
field is reduced to zero the domains tend to rotate back away
8.00E+05 from the pre-stress direction, resulting in a lower than usual
remanent polarization (P;), as depicted in figure 6 [13,21].
7.00E+05 Furthermore, the decrease in the dissipation energy with
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Figure 4. Changes in dissipation energy (hysteresis loop area) with
compressive pre-stress for soft PZT ceramic.
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increasing compressive pre-stress indicates that more and more
ferroelectric domains are constrained by the pre-stress and
cannot be re-oriented by the electric field so as to participate in
the polarization reversal. Consequently, both the saturation
and remanent polarizations become lower with increasing
compressive pre-stress [21]. In addition, the decrease in the
switchable part of spontaneous polarization at the high pre-
stress causes the difference in the above-mentioned parameters
during stress loading and unloading. The results of the changes
in the ferroelectric characteristics of the soft PZT ceramic
with increasing compressive pre-stress are in agreement with
the previous investigations of many ferroelectric ceramics
[13,14,20,21,26-28].
Furthermore, from the P-E loops the dielectric
permittivity can be evaluated from the relation
AP 5
‘T AE @
where AP is the polarization difference between +1 and
—1kVem™'. The calculated dielectric permittivity can be
called differential permittivity, which includes the reversible
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Figure 6. Changes in remanent polarization (P,) with compressive
pre-stress for soft PZT ceramic.

(intrinsic  dielectric property) and irreversible (extrinsic
domain switching related property) contributions of the
materials [21].  Therefore, the stress-free value of the
differential permittivity of ~16 000 is significantly larger than
that of the reported low-field permittivity of 3400, which
is largely governed by the reversible contributions [17, 21].
The study on another type of soft PZT reported the same
order of dielectric permittivity enhancement under high-field
measurement [26]. The change in the differential permittivity
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Figure 7. Changes in coercive field (E.) with compressive
pre-stress for soft PZT ceramic.
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Figure 8. Changes in loop squareness (R,q) with compressive
pre-stress for soft PZT ceramic.

is illustrated in figure 9 as a function of the pre-stress. The
differential permittivity of the soft PZT ceramic decreases with
increasing applied pre-stress. This differs considerably from
the results described in previous investigations [19, 29], in
which the stress dependence of the dielectric properties was
measured at a much lower field strength (1 V. mm™"). In those
studies, the dielectric permittivity of the soft PZT was found
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Figure 9. Changes in the differential permittivity (measured from
the slope of P—E curves as the field passes through 0kV cm™') with
compressive pre-stress for soft PZT ceramic.

to increase slightly with the applied compressive stress up to
30 MPa.

4. Conclusions

In this study, the effects of uniaxial compressive pre-stress
on the ferroelectric properties of soft PZT ceramics are
investigated. The ferroelectric properties under the uniaxial
compressive pre-stress of the ceramics are observed up
to 24 MPa using a compressometer in conjunction with a
modified Sawyer-Tower circuit. The results show that the
ferroelectric characteristics, i.e. the area of the ferroelectric
hysteresis (P—E) loops, which corresponds to the energy
dissipation, the saturation polarization (Ps,), the remanent
polarization (P;) and the loop squareness (Ryq), decrease
with increasing compressive pre-stress, while the coercive
field (E.) is virtually unaffected by the applied stress. The
non-180° ferroelectric domain switching and stress-induced
domain wall suppression processes are responsible for the
changes observed. In addition, a significant decrease in
these parameters after a full cycle of stress application
has been observed and attributed to the stress induced
decrease in the switchable part of spontaneous polarization.
Furthermore, the permittivity calculated from the hysteresis
loops is found to decrease with increasing applied pre-stress.
This finding differs considerably from the results in the
low-field experimental condition, which clearly signifies the
importance of the experimental conditions used to determine
the dielectric properties under the applied stress. Finally, this
study undoubtedly shows that the applied stress has significant
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influences on the ferroelectric properties of the soft PZT
ceramics.
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Abstract

A perovskite-like phase of lead titanate, PbTiO3, nanopowder was synthesized by a solid-state reaction via a rapid vibro-milling technique. The
effect of milling time on the phase formation and particle size of PbTiO5; powder was investigated. Powder samples were characterized using TG-
DTA, XRD, SEM and laser diffraction techniques. It was found that an average particle size of 17 nm was achieved at 25 h of vibro-milling after
which a higher degree of particle agglomeration was observed on continuation of milling to 35 h. In addition, by employing an appropriate choice
of the milling time, a narrow particle size distribution curve was also observed.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Lead titanate; Milling; Nanopowders; Phase formation; Particle size

1. Introduction

Lead titanate, PbTiO; (PT), is one of the ferroelectric
materials which exhibits a perovskite structure. It has a Curie
temperature ~490 °C. The unique properties of the PT, i.e. the
high transition temperature, pyroelectric coefficient and spon-
taneous polarization, make it useful for high frequency and high
temperature applications in electronic devices [1,2]. When
combined with other oxides, lead titanate can form a series of
solid solutions such as Pb(Zr;_,,Ti,)O3 (PZT), Pb(Mg;,sNb,3)
0O5—PbTiO5; (PMNT) and Pb(Zn;;3Nb,/3)0O3—PbTiO; (PZN-PT)
[2—4]. These ferroelectric alloys are widely used in ultrasonic
transducers, nonvolatile memories, microactuators, multilayer
capacitors and electro-optic devices [1,2]. 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. In order to improve the sintering
behaviour of PT ceramics, a crucial focus of powder synthesis
in recent years has been the formation of uniform-sized, single

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

0167-577X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2005.11.043

morphology particulates ranging in size from nanometer to
micrometers [5—7].

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 PT powders, many investigations have
focused on several chemistry-based preparation routes, such
as sol—gel [5], co-precipitation [6], hydrothermal reaction [7],
besides the more conventional solid-state reaction of mixed
oxides [8,9]. 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
PT nanopowders are still not available in bulk quantity and
also very expensive. 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 [8,9].
Although some research has been done in the preparation of
PT powders via a vibro-milling technique [10,11], to our
knowledge a systematic study regarding the influence of
milling time on the preparation of PT powders has not yet
been reported.
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A J

Vibro-milling
(in isopropyl alcohol)

Calcination

[ PT powders ]

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

3.0
2.5+
2.0+

154\
1.0
0.5
0.0
0.5

— 5h

- 15h

Endo. =— AT — Exo.

-1.04

154 - 35h
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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

{200)

(002)
35h
30 h
M

20 h

15h

Intensity (a.u.)

10h

5h
1h

1 T 1 1

45 46 47
20 (degrees)

43

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

30
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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
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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

1h

10 h

F 15h

Particle size distribution (%)

25h

35h

_J-dlln__u___d

1 10
Particle size (um)

100 041 1

10 100
Particle size (um)

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

The effects of uniaxial stress on the dielectric properties of ceramics in PMN-PZT system are investigated. Ceramics with the formula
(x)Pb(Mg;/3Nby/3)03—(1 — x)Pb(Zry 5, Tip.45)O3 when x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0 are prepared by a conventional mixed-oxides
method. The sintered ceramics are perovskite materials with their physical properties proportionally depending on the PMN and PZT
contents. The dielectric properties under the uniaxial stress of the unpoled and poled PMN-PZT ceramics are observed at stress levels up
to 5 MPa. For the unpoled ceramics, the dielectric properties do not change significantly with the applied stress and the changes are inde-
pendent of the ceramic compositions. For the poled ceramics, on the other hand, the dielectric constant of the PZT-rich compositions
increases slightly, while that of the PMN-rich compositions decreases with increasing applied stress. In addition, changes in the dielectric
loss tangent with stress are found to be composition independent. This study clearly shows the influences of the domain re-orientation,
domain wall motion, degradation and depoling mechanisms on the variation of the dielectric properties of PMN-PZT ceramics under the

uniaxial stress.
© 2005 Elsevier B.V. All rights reserved.

PACS: 71.22.Ch; 77.84.Dy

Keywords: Uniaxial stress; Dielectric properties; Ferroelectric, PMN-PZT

1. Introduction

Ferroelectric ceramics have been established as good
candidates for actuator and transducer applications.
Widely used materials include barium titanate (BaTiO; or
BT) and lead-based materials such as lead magnesium nio-
bate (Pb(Mg;/3Nb,/3)O5 or PMN) and lead zirconate tita-
nate (Pb(Zr;_,Ti,)O; or PZT) [1]. In many of these
applications, ceramics are normally used under conditions
where stresses are applied [2,3]. Despite this fact, materials
constants used in any design calculations are often
obtained from a stress-free measuring condition, which in
turn may lead to incorrect or inappropriate actuator and
transducer designs. It is therefore important to determine
the properties of these materials as a function of applied
stress. Previous investigations on the stress-dependence
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dielectric and electrical properties of many ceramic sys-
tems, such as PZT and PMN-PT have clearly emphasized
the importance of this matter [4,5].

As a prototypic relaxor ferroelectric, PMN exhibits a
high dielectric constant and a broad range transition of
dielectric constant with temperature as a function of fre-
quency [6]. In addition, PMN ceramics exhibit low loss
and non-hysteretic characteristics. These make PMN a
good candidate for a large number of applications, such
as multilayer capacitors, sensors and actuators. However,
PMN ceramics have relatively low electromechanical cou-
pling coefficients, as compared to PZT. On the contrary
to PMN, PZT ceramics have found several actuator and
transducer applications due to their high electromechanical
coupling coefficients and higher temperature of operation
[7]. However, PZT ceramics are fairly lossy as a result of
their highly hysteretic behavior, which makes them
unsuited for applications that require high delicacy and
reliability. Furthermore, PZT ceramics normally have a
very high Curie temperature (7¢) in the vicinity of
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400 °C. Usually many applications require that 7 is close
to ambient temperature. Therefore, there is a general inter-
est to reduce the T of PZT ceramics to optimize their uses.
Forming a solid-solution of PZT and relaxor ferroelectrics
has been one of the techniques employed to improve the
properties of ferroelectric ceramics. With the complemen-
tary features of PMN and PZT, the solid solutions between
PMN and PZT are expected to synergetically combine the
properties of both ceramics, which could exhibit more
desirable piezoelectric and dielectric properties for several
technologically demanding applications than single-phase
PMN and PZT [8,9]. Our previous investigation has
emphasized synthesis and dielectric properties of ceramics
in PMN-PZT system [10]. Since there has been no report
on the stress-dependent properties of this ceramic system,
this study is undertaken to investigate the influence of uni-
axial stress on the dielectric properties of ceramics in
PMN-PZT system.

2. Experimental methods

The Pb(Mg;/3Nby/3)O3-Pb(Zrg 5, Tip 45)O3 ceramic com-
posites were prepared from PMN and PZT powders by a
mixed-oxide method. Perovskite-phase PMN powders were
obtained via a well-known columbite method [11]. PZT
powders, on the other hand, were prepared by a more con-
ventional mixed-oxide method. The (x)Pb(Mg;/3Nb,/3)O5—
(1 — x)Pb(Zr( 5,Tig.4g)O3 (When x =0.0, 0.1, 0.3, 0.5, 0.7,
0.9, and 1.0) ceramic composites were then prepared from
the starting PMN and PZT powders by a mixed-oxide
method at various processing conditions. Detailed proce-
dures of each method are described in earlier publication
[10]. Various characterization techniques were employed
to determine the physical and chemical characteristics of
the sintered PMN-PZT ceramics. The densities of the sin-
tered ceramics were measured by Archimedes method. The
phase formations of the sintered specimens were studied by
X-ray diffraction, while microstructure analyses were
undertaken using a scanning electron microscopy. Grain
size was determined from SEM micrographs by a linear
intercept method. Results of these characterizations are
described in our previous report and some important data
are listed in Table 1.

Table 1
Characteristics of PMN-PZT ceramics with optimized processing
conditions

Ceramic Density Grain size Average grain
(g/em?) range (pum) size (um)
PZT 7.59 +£0.11 2-7 5.23
0.1PMN-0.9PZT 6.09 +0.11 0.5-2 0.80
0.3PMN-0.7PZT 7.45+0.10 0.5-3 1.65
0.5PMN-0.5PZT 7.86 + 0.05 0.5-5 1.90
0.7PMN-0.3PZT 7.87+£0.07 14 1.40
0.9PMN-0.1PZT 7.90 +0.09 1-4 1.50
PMN 7.82 4+ 0.06 2-4 3.25

For dielectric property characterizations, the sintered
samples were lapped to obtain parallel faces, and the faces
were then coated with silver paint as electrodes. The sam-
ples were heat-treated at 750 °C for 12 min to ensure the
contact between the electrodes and the ceramic surfaces.
The samples were subsequently poled in a silicone oil bath
at a temperature of 120 °C by applying a dc field of 25 kV/
cm for 30 min and field-cooled to room temperature. To
study the effects of the uniaxial stress on the dielectric prop-
erties, a uniaxial compressometer was constructed. The
details of the system are described elsewhere [12]. The
dielectric properties were measured through spring-loaded
pins connected to the LCZ-meter (Hewlett Packard, model
4276A). The capacitance and the dielectric loss tangent
were determined at frequency of 1 kHz and room temper-
ature (25 °C). The dielectric constant was then calculated
from a parallel-plate capacitor equation, e.g. &, = Cd/eyA,
where C is the capacitance of the sample, d and A4 are the
thickness and the area of the electrode, respectively, and
& 1s the dielectric permittivity of vacuum (8.854 x
102 F/m).

3. Results and discussion
3.1. Physical properties

The optimized density of sintered xPMN—(14 — x)PZT
ceramics is listed in Table 1. It is observed that the compo-
sitions with x = 0.1 and 0.3 show relatively lower density
than other compositions. This suggests that the addition
of a small amount of PMN to the PMN-PZT compositions
results in a significant decrease in the density of the ceram-
ics. However, further addition of PMN into the composi-
tions increased the density again. A similar result was
reported in previous investigation [13]. In addition, the
grain size of the PMN-PZT ceramics, as determined from
the SEM micrographs, varied considerably from <1 to
7 um, as tabulated in Table 1. It is of interest to see that
the average grain size of all the mixed compositions is
much smaller than that of the pure PZT and PMN materi-
als. The reason for the changes of the density and the smal-
ler grain sizes in the mixed compositions is not clearly
understood, but this may be a result of PMN’s role as a
grain-growth inhibitor in the PMN-PZT composites.
Results from XRD studies indicate that PZT ceramic is
identified as a single-phase material with a perovskite struc-
ture having tetragonal symmetry, while PMN ceramic is a
perovskite material with a cubic symmetry [14]. All PMN-
PZT ceramic composites exhibit pseudo-cubic crystal struc-
ture, as reported in previous investigations [8,13,14].

3.2. Uniaxial stress dependence of the dielectric propertie
of the unpoled ceramics

The experimental results of the uniaxial stress-depen-
dence of the dielectric properties of the unpoled PMN-
PZT ceramics are shown in Figs. 1 and 2. There is a trivial



522 R. Yimnirun et al. | Current Applied Physics 6 (2006) 520-524

1800

1600

0.7PMN-0.3PZT
1400 5 o o o

1200

1000 0.5PMN-0.5PZT

800 0.3PMN-0.7PZT

Dielectric constant

600

400

200

Stress (MPa)

Fig. 1. Uniaxial stress dependence of dielectric constant of unpoled
PMN-PZT ceramics.
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Fig. 2. Uniaxial stress dependence of dielectric loss tangent of unpoled
PMN-PZT ceramics.

change of both the dielectric constant and the dielectric loss
tangent of the ceramics when the applied stress increases
from 0 to 1 MPa. However, these properties then become
relatively constant when the applied stress increases fur-
ther. This is a result of the randomness of the domain ori-
entations in the unpoled ceramics. Since there is only a
small portion of the domains that is aligned in the direction
parallel or nearly parallel to the direction of the applied
stress, the initial increase in the applied stress would then
result in motion of these domains in favor of the applied
stress, hence increasing dielectric constant and dielectric
loss tangent. However, once all these domains are re-ori-
ented, further increase in the applied stress would result

in no change in the dielectric properties. The slight decrease
in the dielectric loss tangent is probably an indication of
the de-aging effect [15,16]. The non-180 °C domain re-ori-
entations are the basic mechanism responsible for the
changes in the dielectric properties with the applied stress.
In addition, it was also found that the changes of the
dielectric properties were composition independent.

3.3. Uniaxial stress dependence of the dielectric properties
of the poled ceramics

The experimental results for the poled PMN-PZT
ceramics are shown in Figs. 3 and 4. There is a significant
change of both the dielectric constant and the dielectric loss
tangent of the ceramics when the applied stress increases
from 0 to 5 MPa. The changes of the dielectric constant
with the applied stress can be divided into two different
groups. For PMN-rich compositions (PMN, 0.9PMN-
0.1PZT, and 0.7PMN-0.3PZT), the dielectric constant gen-
erally decreases with increasing applied stress. However, it
should be noticed that only PMN and 0.9PMN-0.1PZT
compositions show definite decreases in the dielectric con-
stant, while the dielectric constant of the 0.7PMN-0.3PZT
composition initially increases then decreases with very lit-
tle difference in the dielectric constant between the 0 and
5MPa. On the other hand, for PZT-rich compositions
(PZT, 0.1PMN-0.9PZT, 0.3PMN-0.7PZT, and 0.5PMN-
0.5PZT), the dielectric constant rises slightly when the
applied stress increases from 0 to 1 MPa, and becomes rel-
atively constant when the applied stress increases further.
The dielectric loss tangent for most compositions, except
for PMN and PZT, is found to first increase when the
applied stress is raised from 0 to 1 MPa, and then decrease
with further increasing stress. However, for PZT ceramic
the dielectric loss tangent increases monotonously with
the increasing stress, while PMN ceramic exhibits a slight
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Fig. 3. Uniaxial stress dependence of dielectric constant of poled PMN—
PZT ceramics.
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Fig. 4. Uniaxial stress dependence of dielectric loss tangent of poled
PMN-PZT ceramics.

increase in the dielectric loss tangent followed by a drop,
the turning point being around 2 MPa.

To understand these experimental results for the poled
ceramics, various effects have to be considered. Normally,
the properties of ferroelectric materials are derived from
both the intrinsic contribution, which is the response from
a single domain, and extrinsic contributions, which are
from domain wall motions [15,16]. When a mechanical
stress is applied to a ferroelectric material, the domain
structure in the material will change to maintain the
domain energy at a minimum; during this process some
of the domains engulf other domains or change shape irre-
versibly. Under a uniaxial stress, the domain structure of
ferroelectric ceramics may undergo domain switching,
clamping of domain walls, de-aging, and de-poling [16].

In this study, the results for the case of PZT-rich compo-
sitions can easily be explained with the above statements.
When the compressive uniaxial stress is applied in the
direction parallel to the polar axis (poling) direction, the
stress will move some of the polarization away from the
poling direction resulting in a change in domain structures
[15]. This change increases the non-180 °C domain wall
density. Hence the increase of the dielectric constant is
observed. The de-aging mechanism is also expected to play
a role here. However, the stress clamping of domain walls
and the de-poling mechanisms are not expected at this rel-
ative low stress level used in this study [15-17]. Therefore, a
combination of the domain switching and the de-aging
mechanisms is believed to be a reason for the slight increase
of the dielectric constant with increasing applied stress in
the PZT-rich compositions, as shown in Fig. 3. Since
PMN is a relaxor ferroelectric material, the situation is very
different for PMN-rich compositions. The stress depen-
dence of the dielectric constant of the compositions is
attributed to competing influences of the intrinsic contribu-
tion of non-polar matrix and the extrinsic contribution of
re-polarization and growth of micro-polar regions [15,18].

Since the dielectric response of both contributions is
affected by the applied stress in an opposite way, the behav-
ior of the composites depends on the ratio between the
micro-polar region and the non-polar matrix. Since the
measurements are carried out at the room temperature,
the micro-polar regions dominate the dielectric response
of the composites [18]. Therefore, the dielectric constant
of the PMN-rich compositions decreases with increasing
applied stress, as seen in Fig. 3.

The cause of the stress dependence of the dielectric loss
tangent is a little more straightforward than that of the
dielectric constant. As depicted in Fig. 4, an increase in
domain wall mobility clearly enhances the dielectric loss
tangent in some compositions, while the de-aging in the
materials normally causes the decrease of the dielectric loss
tangent observed in some compositions [16,17]. More
importantly, these results clearly demonstrate that the con-
tribution of each mechanism to the dielectric responses of
the PMN-PZT ceramic depends on the compositions and
the stress level.

The results obtained for the poled ceramics are signifi-
cantly different from those for the unpoled ones. In the
poled ceramics, considerable changes of both the dielectric
constant and dielectric loss tangent that depend upon the
ceramic compositions are clearly observed. This distinct
difference between the two ceramic groups can be intui-
tively attributed to the more active electrically re-oriented
domains available in the poled ceramics. Clearly, these
results demonstrate the contribution of the domain re-ori-
entation procedure, e.g. poling, to the dielectric responses
to external stresses in the PMN-PZT ceramics.

4. Conclusions

In this Study, the (X)Pb(Mg1/3Nb2/3)O3*(l — X)Pb(ZI'O.Sz-
Tig4s)O3 (when x =0.0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0)
ceramic composites were successfully prepared by a
conventional mixed-oxide method at various processing
conditions. The phase formation behavior, the microstruc-
ture features were studied using XRD and SEM techniques,
respectively. The physical properties measurements
revealed that the properties were relatively composition-
dependent. The dielectric properties under the uniaxial
stress of the unpoled and poled PMN-PZT ceramics were
observed at stress levels up to 5 MPa using a calibrated uni-
axial compressometer. For the unpoled PMN-PZT ceram-
ics, the dielectric constant increased with increasing stress
between 0 and 1 MPa and became relatively constant when
the applied stress was further increased. On the other hand,
the dielectric loss tangent first rises and then drops with
increasing applied stress. Furthermore, the changes of the
dielectric constant of these unpoled PMN-PZT ceramics
are independent of the ceramic compositions. In the case
of the poled ceramics, the results clearly show that the
dielectric constant of the PMN-rich compositions decreases,
while that of the PZT-rich compositions increases slightly,
with increasing applied stress. However, the dielectric loss
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tangent for most of the compositions first rises and then
drops with increasing applied stress. It is very great interest
to observe that the results for the unpoled PMN-PZT
ceramics are significantly different from those for the poled
PMN-PZT ceramics. This study shows that the applied
stress has significant influences on the dielectric properties
of the PMN-PZT ceramic composites.
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Abstract

Magnesium niobate, Mg,Nb,Og, powders has been synthesized by a solid-state reaction. Both conventional ball- and rapid vibro-milling have
been investigated as milling methods, with the formation of the Mg,Nb,Og phase investigated as a function of calcination conditions by DTA and
XRD. The particle size distribution of the calcined powders was determined by laser diffraction technique, while morphology, crystal structure and
phase composition were determined via a combination of SEM, TEM and EDX techniques. The type of milling method together with the designed
calcination condition was found to show a considerable effect on the phase and morphology evolution of the calcined Mg;Nb,Oy powders. It is
seen that optimization of calcination conditions can lead to a single-phase Mg4Nb,Og in both milling methods. However, the formation temperature
and dwell time for single-phase MgsNb,Oy powders were lower with the rapid vibro-milling technique.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Magnesium niobate; Milling; Calcination; Phase formation; X-ray diffraction

1. Introduction

To date, magnesium niobate, Mg4Nb,Og, is one of the four
possible magnesium—niobium oxides which have been recog-
nized [1]. It has an ordered corundum-type hexagonal struc-
ture and has been investigated as a potential candidate for the
synthesis of low loss microwave dielectric materials [2] and
as buffer layer materials for manufacturing ferroelectric mem-
ory devices [3]. It is also an important material which shows
self activated photoluminescence at room temperature [4]. You
et al. [5] reported that cerium-doped Mg4NbyOg exhibited
improved luminescence properties. Recent work on the prepa-
ration of relaxor ferroelectric Pb(Mg1,3Nby/3)03 [6,7], has also
shown that Mg4Nb;Og is a better precursor than the columbite
MgNb,Og [8,9] for the successful preparation of single-phase
perovskite PMN which is becoming increasingly important for
electroceramic components such as multilayer ceramic capaci-
tors and electrostrictive actuators [10-12].

The evolution of a method to produce particular powders
of precise stoichiometry and desired properties is complex,

* Corresponding author. Tel.: +66 53 943367; fax: +66 53 943445.
E-mail address: suponananta@yahoo.com (S. Ananta).
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depending on a number of variables such as raw materials, their
purities, processing history, temperature, time, etc. For example,
the synthesis of stoichiometric lead magnesium niobate (PMN)
using Mg4Nb, Oy as a key precursor by a conventional solid-state
reaction [7] requires an additional amount of PbO to convert the
pyrochlore phase to PMN. However, the effect of excess PbO
on PMN preparation is still a matter of debate, and appears to
depend critically on the amount of PbO added [13-15]. Deter-
mination of the appropriate excess of PbO is currently a matter
of trial and error. Furthermore, it has been reported that residual
MgO present in the sample after the reaction has to be removed
by treating with dilute nitric acid. Interestingly, a two-stage
mixed oxide route has also been employed with minor modifi-
cations in the synthesis of Mg4Nb, Oy itself [16,17]. In general,
production of single-phase Mg4Nb,Oyg is not straightforward,
as minor concentrations of the MgNb;Og¢ phases and/or MgO
inclusion are sometimes formed alongside the major phase of
Mg4Nb,yOg [15,17,18].

The development of Mg4Nb>O9 powders, to date, has not
been as extensive as that of MgNb,Og. Much of the work con-
cerning the compound Mg4Nb>Og has been directed towards
determining luminescent [4,5] or microwave dielectric [2] prop-
erties, and fabrication of Mg4Nb,Og single crystal [19] or PMN
powders [6,7]. Only limited attempts have been made to improve
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the yield of Mg4NbyOg powders derived from the solid-state
reaction by optimizing milling method or calcination condi-
tion [13,20,21]. Moreover, the optimization of a combination
between the milling method and the calcination condition in the
mixed oxide process has not been studied. The purpose of this
work was to explore a simple mixed oxide synthetic route for
the production of Mg4Nb,O9 powders and compare the charac-
teristics of the resulting powders. Two milling techniques were
employed as the mixing method. A conventional ball milling
was compared against a rapid vibro-milling in terms of their
phase formation, particle size, morphology and microchemical
compositions of the powders calcined at various conditions.

2. Experimental procedure

The starting materials used in the present study were com-
mercially available magnesium oxide, MgO and niobium oxide,
Nb;,Os (Fluka, 98% purity). These two oxide powders exhibited
an average particle size in the range of 5.0-10.0 pm. Mg4Nb,Og
powders were synthesized by the solid-state reaction of appro-
priate amounts of MgO and Nb,Os powders that were mixed
using two wet-milling methods (Fig. 1). The ball-milling oper-
ation was carried out for 48 h [7,13,20,22] with zirconia balls
[22] in isopropanal. For comparison, a McCrone vibro-milling
technique [9] was carried out on another set of powders with
corundum cylindrical media in isopropanal for 1h [21]. After
drying at 120 °C for 2 h, various calcination conditions, i.e. tem-
peratures ranging from 550 to 1100 °C and dwell times ranging
from 2 to 5h with heating/cooling rates ranging from 10 to
30 °C/min. [22] were applied in order to investigate the forma-
tion of Mg4Nb,>Og phase in powders from both milling methods.
The reactions of the uncalcined powders taking place during heat
treatment were investigated by thermal gravimetric and differ-
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[ MgNb2Oy powders ]

Fig. 1. Flow chart for preparing Mg4Nb,Og powders by ball- and vibro-milling
methods.
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Fig. 2. TGA curves of the two MgO-Nb,Os mixtures derived from (a) ball-
milling and (b) vibro-milling methods.

ential thermal analysis (TG-DTA, Shimadzu) using a heating
rate of 10 °C/min. in air from room temperature up to 1100 °C.
Calcined powders were subsequently examined by room temper-
ature X-ray diffraction (XRD; Philips PW 1729 diffractometer)
using Ni filtered Cu Ka radiation, to identify the phases formed
and optimum calcination conditions for the manufacture of
Mg4NbyOg powder. The mean crystallite size was determined
using the diffraction peak (104) of the corundum pattern by
using Scherrer equation [23]. Particle size distributions of the
powders were determined by laser diffraction technique (DIAS
1640 laser diffraction spectrometer), with the grain size and
morphologies of the powders observed by scanning electron
microscopy (SEM; JEOL JSM-840A). The chemical composi-
tion and structure of the phases formed were elucidated by trans-
mission electron microscopy (CM 20 TEM/STEM) operated at
200 keV and fitted with an energy-dispersive X-ray (EDX) ana-
lyzer with an ultra-thin window. EDX spectra were quantified
with the virtual standard peaks supplied with the Oxford Instru-
ments eXL software. Powder samples were dispersed in solvent
and deposited by pipette on to 3 mm holey copper grids for TEM
observation. In addition, attempt was made to evaluate the crys-
tal structures of the observed compositions/phases by correcting
the XRD and TEM diffraction data.

3. Results and discussion

TGA and DTA results for the mixture of MgO and Nb,Os
milled by both methods are shown in Figs. 2 and 3, respec-
tively. In general, similar trend of thermal characteristics is
observed in both precursors. As shown in Fig. 2, the precur-
sors prepared with both milling methods exhibit two distinct
weight losses below 600 °C. The first weight loss occurs below
200 °C and the second one above 250 °C. In the temperature
range from room temperature to ~150 °C, both samples show
small 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 such as
rubber lining from the milling process similar to those reported
earlier [20]. In comparison between the two milling methods,
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Fig. 3. DTA curves of the two MgO-Nb,Os mixtures derived from (a) ball-
milling and (b) vibro-milling methods.

after the first weight loss, the ball-milling precursor (solid line)
shows a slightly less weight loss over the temperature range of
~150-250 °C, followed by a much more sharp fall in specimen
weight with increasing temperature from ~250-500 °C. This
precursor also exhibits a significantly larger overall weight loss
(~7.25%) than that of the vibro milling (~1.50%). This may be
accounted for by the fact that the vibro-milling method provides
faster size reduction rate and is able to enhance mixing capabil-
ity with lower contamination possibility due to shorter milling
time applied as suggested by several authors [9,24,25].

Corresponding to the second fall in specimen weight, by
increasing the temperature up to ~700 °C, the solid-state reac-
tion occurs between magnesium oxide and niobium oxide. The
broad exothermic characteristic in both DTA curves represents
that reaction, which has a maximum at ~550 and 620 °C for ball-
and vibro-milling precursors, respectively. No significant weight
loss was observed for the temperatures above 800 °C in the TG
curves (Fig. 2), indicating that the minimum firing temperature
to obtain MgO-Nb,Os compounds is in good agreement with
XRD results (Figs. 4 and 5) and other workers [6,9,16]. How-
ever, the DTA curves show that there are other small peaks with
maximum at ~1080 °C (for ball-milling) and 1050 °C (for vibro-
milling). It is to be noted that there is no obvious interpretation
of these peaks, although it is likely to correspond to a phase tran-
sition reported by a number of workers [14,17,22]. The different
temperature, intensities, and shapes of the thermal peaks for the
two precursors are probably related to the different milling con-
ditions between the two methods, and consequently caused by
the removal of organic species (such as rubber lining) and reac-
tivity of species differently milled (difference in size and size
distribution) and mixed in the powders. These data were used
to define the range of temperatures for XRD investigation to
between 550 and 1100 °C.

To further study the phase development with increasing cal-
cination temperature in each of the two precursors, they were
calcined for 2h in air with a constant heating/cooling rates of
10 °C/min at various temperatures, up to 1100 °C, followed by
phase analysis using XRD. As shown in Figs. 4 and 5, for the
powders calcined at 550 °C, only X-ray peaks of MgO and
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Fig. 4. Powder XRD patterns of the ball-milling powders calcined at various
conditions for 2h with constant heating/cooling rates of 10 °C/min (@, MgO;
(O, Nby0s; V,MgNb,Og; ¥, Mg4NbyOg; ICDD file No. 38—-1459: Mg4Nb,Oy).

Nb,Os are present, indicating that the elimination of organic
species occurs below 500 °C, which agrees with the TG-DTA
results determined previously. The strongest reflections of the
mixed phases of MgO (@) and NbyOs () can be correlated
with ICDD file Nos. 71-1176 [26] and 28-317 [27], respectively.

From Figs. 4 and 5, it is seen that little crystalline phase of
MgNb,Og (V), earlier reported by many researchers [6,17,28]
was found at 600 °C as separated phases in both calcined pow-
ders. This MgNbyOg phase (ICDD file No. 33-0875 [29])
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Fig. 5. Powder XRD patterns of the vibro-milling powders calcined at various
conditions for 2 h with constant heating/cooling rates of 10 °C/min (@, MgO; O,
Nb,Os; vV, MgNbyOg; ¥, MggNb,Og; ICDD file No. 38—-1459: Mg4Nb,Oy).
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Fig. 6. Powder XRD patterns of the ball-milling powders calcined at 1050 °C
with heating/cooling rates of 10 °C/min. for (a) 2 h, (b) 3 h, (c)4 hand (d) 5Sh, and
at 1050 °C for 5 h with heating/cooling rates of (e) 20 °C/min and (f) 30 °C/min
(V, MgNb;Og¢; ¥, MgaNb,Og; ICDD file No. 38—-1459: MgaNb,Oy).

has a columbite-type structure with an orthorhombic unit cell
(a=5.70A, b=14.19A and ¢=5.032A) with space group
I41/amd (No. 141), in agreement with literature [14,17,28].
As the temperature increased to 700 °C, the intensity of the
MgNb,Og peaks in both calcined powders was further enhanced
and became the predominant phase, in consistent with the TG-
DTA results. From Figs. 4 and 5, it is seen that the peaks
corresponding to MgO and Nb,Os phases were completely
eliminated after calcination at 800 °C in both powders. These
observations are associated to the DTA peaks found at the same
temperature range within the broad exothermic effects (Fig. 3).
After calcination at 850 °C, some new peaks (V) of the desired
Mg4Nb, Oy started to appear, mixing with MgNb,Og and MgO
phases in both powders, in consistent with Ananta [20]. To a first
approximation, this Mg4Nb,Og phase (ICDD file No. 38-1459
[30]) has a corundum-type structure with a hexagonal unit cell
(a=5.162 A and c=14.024 A) with space group (no. 165), in
consistent with other researchers [5,19,20].

Upon calcination at 1100 °C, the major phase of Mg4Nb,Og
has been clearly identified in the ball-milling powders and most
of second phases were eliminated. In particular, the peaks cor-
responding to MgNb,Og disappeared. However, in comparison,
a single phase of Mg4Nb, Oy is already formed when the vibro-
milling precursor was calcined at 1050 °C. Apart from calci-
nation temperature, the effect of dwell time was also found
to be significant (Figs. 6 and 7). It is seen that an essentially
monophasic Mg4NbyOg of corundum structure is obtainable in
the ball-milling powders when the dwell time was extended to
5hat 1050 °C (Fig. 6), which is 3 h longer than that of the vibro-
milling precursor (Fig. 7). In this work, an attempt was also
made to calcine these powders under various heating/cooling
rates (Figs. 6(d—f) and 7(e—g)). In this connection, it is shown
that the yield of Mg4Nb,>Og phase did not vary significantly with
different heating/cooling rates ranging from 10 to 30 °C/min, in
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Fig. 7. Powder XRD patterns of the vibro-milling powders calcined at 1050 °C
with heating/cooling rates of 10 °C/min. for (a) 1h, (b) 2h, (c) 3h, (d) 4h and
(e) 5h, and at 1050 °C for 5h with heating/cooling rates of (f) 20 °C/min and
(g) 30°C/min (V, MgNb,Og; ICDD file No. 38-1459: Mg4Nb,Oy).

good agreement with earlier results reported by Ananta et al.
[20,31] for the mixture of the two kinds of refractory oxides.

The amount of corundum phase present in each of the pow-
ders was estimated using the following equation:

Icor
(ICOT + ICol)

This equation is analogous to well-known equation [6,8] widely
employed in connection with the fabrication of complex per-
ovskite materials. It should be seen as a first approximation since
its applicability requires comparable maximum intensities of the
peaks of corundum and columbite phases. Here /¢, refers to the
intensity of the corundum (1 04) peak and Ic( the intensity of
the columbite (13 1) peak [32]. For the purpose of estimating
the concentration of the phase present, Eq. (1) has been applied
to the powder XRD patterns obtained as given in Table 1.

Itis well established that the columbite-type MgNb,Og tends
to form together with the corundum-type Mg4Nb,O9, depending
on calcination conditions [18,20,32]. In the work reported here,
evidence for the formation of MgNb,Og phase, which coexists
with the Mg4Nb,Og phase, is found after calcination at temper-
ature ~850-950 °C, similar to those reported by Ananta [20]
and Yu et al. [22]. The formation temperature and dwell times
for high purity Mg4Nb,O9 observed in the powders derived
from a combination of a mixed oxide synthetic route and a care-
ful calcination condition (especially with a rapid vibro-milling
technique) are slightly lower than those reported for the pow-
ders prepared via many other conventional mixed oxide methods
[3-5,13].

Based on the DTA and XRD data, it may be concluded
that, over a wide range of calcination conditions, single-phase
MgsNbyOg cannot be straightforwardly formed via a solid-
state mixed oxide synthetic route, as verified by a number of

corundum phase (wt.%) = [ } x 100 €))]
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Table 1

Calculated amount of Mg4NbyOg phase as a function of calcination conditions and milling methods

Calcination conditions

Qualitative concentrations of phases®

Temperature (°C) Dwell time (h) Ball-milling Ball-milling
MgyNbyOg (Wt.%) MgNb;Og (Wt.%) Mg4NbyOg (Wt.%) MgNb,Og (Wt.%)

850 2 20.88 79.12 5.00 95.00

900 2 42.44 57.56 21.33 78.67

950 2 91.22 8.78 58.81 41.19
1000 2 93.69 6.31 93.44 6.56
1050 1 - - 98.29 1.71
1050 2 93.96 6.04 100.00 0.00
1050 3 99.02 0.98 100.00 0.00
1050 4 99.13 0.87 100.00 0.00
1050 5 100.00 0.00 100.00 0.00
1100 2 100.00 0.00 100.00 0.00

2 The estimated precision of the concentrations for the two phases is +1%.

researchers [16,17,20]. The experimental work carried out here
suggests that the optimal calcination conditions for single-phase
Mg4Nb,Og are 1050 °C for Sh or 1100 °C for 2 h (ball-milling)
and 1050 °C for 2 h (vibro-milling), with heating/cooling rates
as fast as 30 °C/min. The optimized formation temperature of
single-phase Mg4Nb;Og was lower for the vibro-milling method
probably due to the higher degree of mixing with more effective
size reduction. Therefore, in general, the methodology pre-
sented in this work provides a simple method for preparing
corundum MgsNbyOg powders via a solid-state mixed oxide
synthetic route. It is interesting to note that, by using either
ball-milling or vibro-milling methods with its respective opti-
mized calcination condition, the reproducible, lower cost and
flexible process involving simple synthetic route can produce
high purity corundum MgyNb,Og (with impurities undetected
by XRD technique) from relatively impure and inexpensive com-
mercially available raw materials.

SEM micrographs of the calcined Mg4NbyO9 powders
derived from ball- and vibro-milling methods are shown in
Fig. 8(a) and (b), respectively. In general, the particles are
agglomerated and basically irregular in shape, with a substantial
variation in particle size. Observed diameters range from 0.5
to 1.6 and 0.1 to 1.8 wm for ball- and vibro-milling methods,
respectively (Table 2). However, it is seen that higher degree
of agglomeration with more rounded particle morphology is
observed in the powders produced by vibro-milling. The strong
inter-particle bond within each aggregate is evidenced by the
formation of a well-established necking between neighbouring
particles. This observation could be attributed to the mechanism
of surface energy reduction of the ultrafine powders, i.e. the

Table 2
Particle size range of Mg4NbyOg particles measured by different techniques

Measurement techniques Particle size range

Ball-milling Vibro-milling

XRD (nm, £2.0) 23.9 23.4

Laser diffraction (pm, £0.2) 2.0-5.0 0.3-6.5
SEM (pm, £0.1) 0.5-1.6 0.1-1.8
TEM (um, £0.01) 0.01-1.0 0.01-0.03

smaller the powder the higher the specific surface area [24,25].
In general, it is seen that higher and longer heat treatment of
ball-milling powders leads to larger particle sizes with hard
agglomeration. The averaged particle size of vibro-milling
MgsNbyOg powders with finer particle size is regarded as

(b)

Fig. 8. SEM micrographs of the (a) ball-milling and (b) vibro-milling
Mg4NbyOg powders after calcined at their optimal conditions.
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Fig. 10. (a) TEM micrograph of ball-milling Mg4Nb,Og particles and SAED
patterns of (b) the major phase of hexagonal MgsNb,Og (zone axes [1 1 1]) and
(c) the minor phase of orthorhombic MgNb,Og (zone axes [0 1 0]).

advantage for better reactivity. A combination of SEM and EDX
techniques has demonstrated that an MgO-rich phase (spherical
particle with diameter of ~50-100 nm) exists neighbouring the
Mg4NbyOg parent phase, as circled in Figs. 8(a) and 9b). The
existence of discrete nano-sized MgO phase points to the poor

reactivity of MgO, although the concentration is too low for
detection by XRD in consistent with earlier work by Ananta
[20]. Fig. 9 shows the particle size distribution curves of cal-
cined Mg4Nb,O9 powders derived from both milling methods.
As listed in Table 2, the particle size falls within the range
of 2.0-5.0 and 0.3-6.5 pm for powders from ball- and vibro-
milling methods, respectively. Even taking into account that the
analysis does not reveal the real dimension of single particles
(due to agglomeration effects as expected from the SEM results
in Fig. 8), a uniform frequency distribution curve was observed
for the ball-milling powders whilst broad distribution curve with
tiny tail at front covering the range of 0.3-0.8 wm in sizes was
found for the vibro-milling powders (dashed line), reflecting
more of the size of agglomerates than the real size of particles,
in good agreement with the SEM results previously determined.

Bright field TEM images of discrete particles of the
calcined Mg4sNbyOg9 powders are shown in Fig. (ball-
milling) and Fig. 11 (vibro-milling), indicating the particle sizes
and shapes at higher magnifications. The observed morphol-
ogy reveals the considerable difference in both size and shapes
between the two particles. Primary particle in vibro-milling
powders is clearly smaller in size than the ball-milling pow-
ders. As seen in Fig. 10(a), the ball-milling powders consist
mainly of irregular round shape primary particles with a diam-
eter of ~1 wm or less. In addition to the primary particles, the
powders have another kind of very fine particle (brighter area)
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Fig. 11. (a) TEM micrograph of vibro-milling Mg4Nb,Oyg particles and SAED
patterns of (b) the major phase of hexagonal MgyNb, Qg (zone axes [8 4 1]) and
(c) the minor phase of orthorhombic MgNb,Og (zone axes [00 1]).
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with diameter of about 93 nm (it is referred to as nanoparticle).
Only single nanoparticle can be observed in this TEM micro-
graph. In contrast, the vibro-milling powders consist mainly of
submicrometer-sized primary particles accompanying with sev-
eral dark and bright areas (Fig. 11(a)). The particle diameters
in these TEM micrographs are also given in Table 2. It is pos-
sible to observe in Table 2 that the particle sizes determined by
XRD technique have almost the same value in nanometer range
for different milling methods. It should be noted that the cal-
culated values from the XRD technique were determined from
the XRD peak-broadening and actually present the crystallite
sizes [33], whereas the values from other methods as listed in
Table 2 represent the particle sizes, which include polycrys-
talline, agglomerates, defects, etc. [23,33]. In addition, these
other methods also provide information on particle morphology
and powder quality, which is not available from the XRD tech-
nique alone. Thus the combination of the data listed in Table 2
provides better assessment of the powders produced from dif-
ferent milling techniques.

By employing a combination of both selected area electron
diffraction (SAED) and crystallographic analysis, the major
phase of hexagonal MgsNb>Og (Figs. 10(b) and 11(b)) and
minor phase of MgNb,yOg nanoparticles in orthorhombic form
were identified (Figs. 10(c) and 11(c)), in good agreement with
the XRD results. In general, EDX analysis using a 20 nm probe
from a large number of particles of the two calcined powders

z
=
]
1)
Q
Cu
— .
T T T T T T
4 5 6 7 8 9 10
(a) Energy (eV)
Nb
z
=
=
=1
Q
0 1 2 3 4 5 6 7 8 9 10|
(b) Energy (eV)

Fig. 12. EDX analysis of (a) the major phase Mg4Nb,Og and (b) the minor
phase MgNb,Og (some signals of C and Cu come from coated electrodes and
sample stubs, respectively).
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Fig. 13. (a) SAED pattern of the unreacted MgO phase and (b) EDX analysis
of the MgO-rich phase.

confirmed the parent composition to be Mg4sNb,Og (Fig. 12(a)).
Minor phase of MgNb,Og was also confirmed by this tech-
nique, as illustrated in Fig. 12(b). It is interesting to noted
that limited evidence for the presence of the unreacted starting
precursor MgO (Fig. 13(a) the ring patterns indicating the poly-
crystalline nature and hence fine scale of this phase Fig. 13(b)) in
good agreement with the SEM results, and nano-scale particle
of MgNb,Og was also found in the TEM-EDX investigation,
even though this could not be detected by XRD. It is, there-
fore, intriguing to note the advantage of a combination between
TEM and EDX techniques, which lies in its ability to reveal
microstructural features often missed by the XRD diffraction
method which requires at least 5 wt.% of the component [23].

4. Conclusions

It has been shown that pure corundum Mg4Nb>O9 powders
can be formed by the reaction of niobium oxide with magne-
sium oxide via either ball-milling or vibro-milling methods at
about 1050-1100 °C. Evidence for the formation of a columbite
MgNb,Og minor phase, which coexists with the corundum
Mg4NbyOg parent phase, is found at calcination temperatures
ranging from 800 to 1050 °C. Between the two methods, itis seen
that lower optimized calcination temperature and dwell time for
the production of pure Mg4Nb,O9 powders can be obtained by
using vibro-milling method. This technique was superior to ball-
milling as measured by the required minimum firing temperature
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and dwell time for the yield of single-phase Mg4Nb,Og in the
powders together with the smallest particle size achieved.
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Abstract

Effects of compressive stress on the dielectric properties of PMN-PT
ceramics were investigated. The ceramics with the formula

(I — x)Pb(Mg; 3Nb5/3)O3-(x)PbTiO; or (1 — x)PMN—(x)PT (x = 0.1-0.5)
were prepared by a conventional mixed-oxide method and then
characterized with x-ray diffraction (XRD) and scanning electron
microscopy. Dense perovskite-phase PMN—PT ceramics with uniform
microstructure were successfully obtained. The dielectric properties under
compressive stress were observed at stress up to 230 MPa using a home-built
compressometer. The experimental results revealed that the superimposed
compression stress significantly reduced both the dielectric constant and the
dielectric loss tangent of 0.9PMN-0.1PT ceramic, while the changes were
not as significant in the other PMN—-PT ceramic compositions. In addition,
the dielectric properties were considerably lowered after a stress cycle.

Since change in the dielectric properties with applied stress was attributed to
the competing influences of the intrinsic and the extrinsic contributions, the
observations were mainly interpreted in terms of domain switching through
non-180° domain walls, de-ageing, clamping of domain walls and the stress

induced decrease in the switchable part of spontaneous polarization.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

A family of materials which are of great interest due to their
high polarizabilities is the lead-based relaxor ferroelectrics,
particularly lead magnesium niobate, Pb(Mg;,3Nb,,3)O3
(PMN) and its solid solution with lead titanate, PbTiO3 (PT),
the so-called PMN-PT. These compounds have dielectric
constants in excess of 20000, making them potential
candidates for capacitive applications. In addition, they
also exhibit electrostrictive behaviour at temperatures above
their phase transition temperatures. This behaviour extends
their use to transducer and actuator applications [1-5].
(1 — x)Pb(Mg; 3Nb,/3)O3-(x)PbTiO;3 or (1 — x)PMN-(x)PT
ceramic compositions with x < 0.2 have been studied for
electrostrictive applications [4-7], while those with x >
0.2 can be utilized as piezoelectric materials [4, 6, 8, 9].

0022-3727/06/143097+06$30.00 © 2006 IOP Publishing Ltd Printed in the UK

The differences between the electrostrictive and piezoelectric
compositions of PMN-PT are due to differences in the degree
of long-range polar order [4,7,10]. In the compositions with
lower PT content, relaxor ferrfoelectric characteristics with
polar clusters or nanodomains are observed [4,11,12]. On the
other hand, long-range polar order with normal micrometre-
sized ferroelectric domains exists in the compositions with
higher PT content [4,9,10].

Practically, when used in specific applications PMN-PT
ceramics are often subjected to mechanical loading, either
deliberately in the design of the device itself or because the
device is used to change shapes as in many smart structure
applications or the device is used under environmental stresses
[8,13-17]. A prior knowledge of how the material properties
change under different load conditions is crucial for the
proper design of a device and for suitable selection of
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materials for a specific application. Despite this fact, material
constants used in any design calculations are often obtained
from a stress-free measuring condition, which in turn may
lead to incorrect or inappropriate actuator and transducer
designs. It is therefore important to determine the properties
of these materials as a function of applied stress. Previous
investigations on the stress-dependence electrical properties of
many ceramic systems have clearly emphasized the importance
of this matter [7,15,18-23]. Recently, the uniaxial stress
dependence of dielectric properties has been investigated in
materials such as BT, PZT, PMN and PMN-PZT [19-22].
The results clearly showed that the effects of stress on
the dielectric properties depended significantly on ceramic
compositions and stress levels. Since PMN-PT ceramics
are practically very important, there have been previous
reports on the electromechanical properties of electrostrictive
0.9PMN-0.1PT and piezoelectric 0.7PMN-0.3PT ceramics
under various mechanical and electrical loading conditions
[7,15,23,24]. However, there has been no systematic study on
the influence of an applied stress on the dielectric properties of
ceramics in the PMN-PT system. Therefore, itis the aim of this
study to determine the dielectric properties of the (1 —x)PMN-
(x)PT ceramics as a function of compressive stress.

2. Experimental method

PMN-PT ceramics were prepared from starting PMN and PT
powders by a conventional mixed-oxide method. Perovskite-
phase PMN powders were obtained from the columbite
method, while PT powders were prepared by a simple mixed-
oxide method [25]. To obtain the perovskite-phase PMN,
the magnesium niobate powders were first prepared by mixing
MgO (99.0%) and Nb,Os (99.9%) powders and then calcining
the mixed powders at 1100°C for 3h, to yield so called
columbite powders (MgNb,0Og¢). After that, the columbite
powders were mixed with PbO (99.9%) by the ball-milling
method and calcined at 800 °C for 1 h to form the perovskite-
phase PMN powders. With a simple mixed-oxide route,
PT powders were prepared from PbO (99.9%) and TiO,
(99.9%) starting powders. These powders were ball-milled
and calcined at 600 °C for 1 h.

The (1 —x)Pb(Mg;3Nb;/3)O03—(x)PbTiO;3 ceramics were
then prepared from starting PMN and PT powders by the
mixed-oxide method. After mixing the powders by the ball-
milling method and drying process, the mixed powders were
pressed hydraulically to form disc-shaped pellets 10 mm in
diameter and 2mm thick, with 3 wt% polyvinyl alcohol as
a binder. The pellets were placed on the alumina powder-
bed inside alumina crucible and surrounded with atmosphere
powders of the same composition. Finally, for optimization
purposes the pellets were sintered at temperatures between
1220 and 1240 °C for 2h. Optimum sintering conditions for
all ceramics were established by identifying the conditions for
maximizing both the bulk density and the yield of perovskite.
However since the PMN-PT compositions having high PT
content in the range 0.6 < x < 0.9 could not be fabricated
in a bulk form of high density, these compositions could
not be characterized any further for the rest of the study.
Their comparatively large c/a values, which give rise to
serious internal stress, are responsible for the frequent crack
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Figure 1. XRD diffraction patterns of the sintered
(I — x)PMN—(x)PT ceramics.

developments around the phase transition temperature during
the cooling of these sintered samples. In the present study,
only compositions in the pseudo-binary system (1 — x)PMN-
xPT (0.1 < x < 0.5) have been successfully fabricated from
the calcined (1 — x)PMN—xPT powders, employing a normal
sintering method, i.e. the pressureless sintering technique.
Similar optimum sintering conditions of 1240 °C for 2 h with
15°Cmin~! were observed in samples at compositions of x
between 0.1 to 0.3 while for compositions with PT content of
x = 0.4 and 0.5 the optimum condition was found at 1220 °C
for 2h with 15°Cmin~! [25]. The phase-formation of the
sintered ceramics was studied by the x-ray diffraction (XRD)
technique. The densities of sintered specimens were measured
by Archimedes method. The microstructure analyses were
undertaken by scanning electron microscopy (SEM: JEOL
Model JSM 840A). The grain size was determined from SEM
micrographs by a linear intercept method.

Before studying the dielectric properties, the specimens
were lapped to obtain parallel faces. After coating with
silver paint as electrode at the faces, the specimens were
heated at 750°C for 12min to ensure contact between the
electrode and the surface of the ceramic. All the ceramics
were then poled to a full remanent state prior to testing. A
compressometer was constructed [19, 26, 27] to study the
effects of the compressive stress on the dielectric properties
of the ceramics. The dielectric properties were measured by
LCR-meter (Instrek LCR-821). The room temperature (25 °C)
capacitance and the dielectric loss tangent were obtained at a
frequency of 1kHz under compressive stress up to 230 MPa.
The dielectric constant was then calculated from a parallel-
plate capacitor equation, e.g. &, = Cd/egA, where C is the
capacitance of the specimens, d and A are, respectively, the
thickness and the area of the electrode and g is the dielectric
permittivity of vacuum (8.854 x 10~ 2Fm™!).

3. Results and discussion

The XRD patterns of sintered ceramics with maximum
perovskite phase and bulk density are presented in figure 1,
where complete crystalline solutions of perovskite structure
are formed throughout the composition range between x =
0.1 and 0.5. In general, only a (pseudo) cubic symmetry
is observed at low values of PT concentration, in good
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Table 1. Characteristics of PMN-PT ceramics with optimized processing conditions.

Stress-free
dielectric properties®

. Density?* Grain size Average grain Tc (1 kHz)
Ceramic (gem™3) range (um) size® (um) °C) Er tand
0.9PMN-0.1PT  7.98 0.42-3.66 2.07 45 10713  0.083
0.8PMN-0.2PT 7.94 0.44-3.02 2.02 100 2883 0.079
0.7PMN-0.3PT 7.86 0.41-2.80 1.72 150 1976  0.045
0.6PMN-0.4PT 7.83 0.41-3.45 1.93 210 1909 0.031
0.5PMN-0.5PT 7.78 0.48-3.72 2.11 260 1375  0.022

* The estimated precision of the density is =1%.

b The estimated precision of the average grain size is #1%.

¢ Measured at 1 Vmm~' (25°C and 1 kHz).

agreement with other workers [28,29]. By the influence of
PT, however, several peaks split for x > 0.4, indicating the
development of tetragonal symmetry, consistent with earlier
work on PMN-PT ceramics [9,30]. As listed in table 1,
density values are found to decrease slightly with x (in units
of grams per centimetre cube the value decreases gradually
from 7.98 in 0.9PMN-0.1PT to 7.78 in 0.5PMN-0.5PT).
SEM-micrographs of fractured surfaces of all compositions
are shown in figure 2. In general, similar microstructure
characteristics are observed in these samples, i.e. uniformly
sized grains with a high degree of grain close-packing.
Almost no abnormal grain growth is observed. All ceramic
compositions display very similar grain size range between
0.4 and 3.7 um. By applying the linear intercept method to
SEM micrographs of polished and thermally etched specimens,
mean grain sizes of about 1.72-2.11 um are estimated for
these samples as given in table 1. These characteristics
indicate that dense perovskite-phase PMN-PT ceramics with
uniform microstructure have been obtained. Since the physical
and microstructure features of all ceramic compositions are
not significantly different, these parameters should not play
an important role in the composition-dependent dielectric
properties under the compressive stress discussed in the
following paragraphs.

The room temperature dielectric properties measured
under stress-free condition are listed in table 1. Itis clearly seen
that the dielectric constant (g;) of (1 —x)PMN—(x)PT ceramics
decreases with increasing PT content. The dielectric constant
decreases from 10713 in 0.9PMN-0.1PT to 1375 in 0.5SPMN-
0.5PT. In addition, a decreasing trend has been observed for
the stress-free dielectric loss tangent (tan §), which shows
a decrease in value from 0.083 in 0.9PMN-0.1PT to 0.022
in 0.5PMN-0.5PT. This observation could be attributed to
a high dielectric constant of PMN and a closer to ambient
temperature 7¢ for PMN-PT compositions with higher PMN
content [1,4,5]. Comparable stress-free dielectric properties
have also been reported in earlier publications [2,5,29,30].

The experimental results of the compressive stress
dependence of the dielectric properties during loading and
unloading for the ceramics in the PMN-PT system are
displayed in figures 3 and 4. For better comparison, the
dielectric properties of each composition under stress are
normalized to the stress-free values. Clearly, there is a
considerable change in both the dielectric constant and the
dielectric loss tangent when the compressive stress increases
from O to 230 MPa and returning to stress-free condition. As

(e)

Figure 2. SEM micrographs of fracture surfaces of

(1 — x)PMN—(x)PT ceramics (a) 0.9PMN-0.1PT;

(b) 0.8PMN-0.2PT; (¢) 0.7PMN-0.3PT; (d) 0.6PMN-0.4PT and
(e) 0.5PMN-0.5PT.

depicted in figure 3, the changes of the dielectric constant
with the stress can be divided into two groups. For 0.9PMN-
0.1PT ceramic, the dielectric constant decreases drastically
with the stress. The dielectric constant decreases more than
70% when the stress reaches 230 MPa and only returns to
slightly less than 50% of its original value when the stress
is removed. The changing of the dielectric constant with
increasing and decreasing stress does not follow the same path.
On the other hand, for other PMN-PT ceramics, i.e. with
x values of 0.2-0.5, the change is minimal. The dielectric
constant is actually rather stable within this range of the
stress. The dielectric constant of these compositions initially
increases then decreases with very little difference in the
dielectric constant between stress-free and maximum stress

3099



R Yimnirun et al

1.06 —&—0.5PMN-0.5PT || 14
- ——0.6PMN-0.4PT
1.04 —0—0.7PMN-0.3PT
—£—0.8PMN-0.2PT [ 1.2
«
w102 —&—0.9PMN-0.1PT u’j‘
St L
1) = , ©
@ 1 @
1
g = ]
£ o ]
T s o8 =
&)
@
Z 2
=096 \ =
= {os =
) 5}
& 09 ~
. * 04
0.92 "
0.9 . . . . 0.2
0 50 100 150 200
Stress (MPa)

Figure 3. Relative changes of the dielectric constant (&,) with
compressive stress for (1 — x)PMN—(x)PT ceramics (measured at
25°C and 1kHz; secondary Y-axis is only for 0.9PMN-0.1PT and
solid arrows indicate loading direction).
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Figure 4. Relative changes of dielectric loss tangent (tan §) with
compressive stress for (1 — x)PMN—(x)PT ceramics (measured at
25°C and 1 kHz; solid arrows indicate loading direction).

conditions. In addition, the dielectric constants during loading
and unloading are not significantly different.

Since the dielectric constant of the sample was measured
through the capacitance, there is a change in sample
capacitance due to the geometrical deformation under stress.
The variation of the sample dielectric constant (Ag;) can
be expressed as &7 X*((1 + 2v)/E), where X is the applied
stress, v is the Poisson’s ratio and E is the Young’s modulus
[26,31]. By applying the estimated values of v ~ 0.3 and
E ~ 100 GPa for PMN-PT ceramics [7,23,24,32] and &,
given in table 1, it can be estimated that at the maximum stress
of 230 MPa, the variation in the sample dielectric constant
due to the geometrical deformation is <0.5%. Therefore, this
variation should not be an important factor in the variation of
the dielectric constant under stress seen in figure 3.

Figure 4 shows the results of the compressive stress
dependence of the dielectric loss tangent. The dielectric loss
tangent decreases monotonously with increasing the stress and
then increases slightly when stress is removed. The dielectric
loss tangent is also found to decrease considerably after a
stress cycle. This is clearly seen in 0.9PMN-0.1PT ceramics,
where the change in the dielectric loss tangent value is very
significant, as it decreases about 50% at the maximum stress
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and almost returns to its original value after a stress cycle.
The changes in the other compositions are less significant with
increasing PT content.

It is also noticed that the changes in the dielectric
properties with the compressive stress obtained in this study
are in parts similar to those for the (1 — x)PMN—(x)PZT
system in the earlier investigation [19]. By comparison, the
0.9PMN-0.1PT behaves more like PMN-rich compositions in
that study, while the other PMN-PT compositions act more
like the PZT-rich compositions. It should also be noted that
the T range of 16160 °C for the (1 —x)PMN—(x)PZT system
with x = 0.1-0.7 [33, 34] is nearly similar to that of the
PMN-PT ceramics used in this study, as listed in table 1.
More importantly, it is interesting to observe that a mixture
of different normal and relaxor ferroelectrics responds to the
applied stress in a similar manner.

To understand these experimental results, at least
qualitatively, various effects have to be considered. Normally,
the properties of ferroelectric materials are derived from
both the intrinsic contribution of domains and extrinsic
contributions of re-polarization and growth of micro-polar
regions [19-23]. When a compressive stress is applied to the
ferroelectric materials, the domain structure in the materials
will change to maintain the domain energy at a minimum;
during this process some of the domains engulf other domains
or change shape irreversibly. Under the applied stress,
the domain structure of ferroelectric ceramics may undergo
domain switching through non-180° domain walls, de-ageing,
clamping of domain walls and stress induced decrease in the
switchable part of spontaneous polarization [21,23,35].

The situation for the PMN-PT system is quite complex
because this system is a mixing between the relaxor
ferroelectric PMN and the normal ferroelectric PT. Therefore,
there is a competing mechanism between the two types
of materials, depending upon temperature and composition.
Since 0.9PMN-0.1PT is a relaxor ferroelectric with 7¢c ~
45 °C and the experiment was carried out at room temperature
(~25°C) which is slightly below 7¢, the experimental
observations, which show decreases in both dielectric constant
and dielectric loss tangent with increasing stress, can be
attributed to competing influences of the intrinsic contribution
of the non-polar matrix and the extrinsic contribution of re-
polarization and growth of micro-polar regions. Since the
dielectric response of both contributions is affected by the
applied stress in an opposite way, the behaviour of 0.9PMN-
0.1PT depends on the ratio between the micro-polar region
and the non-polar matrix, in this case the non-polar matrix
still dominates [21,22]. Hence, the dielectric responses of the
0.9PMN-0.1PT ceramic are observed to decrease significantly
with increasing compressive stress, as seen in figures 3 and 4.
Earlier works on PMN and 0.9PMN-0.1PT ceramics also
reported a similar observation [22,23]. However, under stress
as high as 230 MPa microcracks may develop, particularly
in 0.9PMN-0.1PT, which in turn could lead to a significant
change in the dielectric properties. Therefore, an additional
experiment was carried out to investigate the existence of the
microcracks. The stressed specimens were annealed at 300 °C
for 3h [36], then poled at the same condition used earlier.
The dielectric properties were re-measured under a stress-free
condition. The results showed a full recovery of the dielectric
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properties, within experimental errors. This indicated that
there were no microcracks in the stressed specimens.

For the other PMN—-PT compositions with higher T¢, the
extrinsic contribution of re-polarization and growth of micro-
polar regions becomes dominant. When the compressive stress
is applied in the direction parallel to the poling direction, the
stress will move some of the polarization away from the poling
direction resulting in a change in domain structures [20]. This
change increases the non-180° domain wall density. Hence
increase in the dielectric constant is observed. The de-ageing
mechanism, which also increases the dielectric constant, is also
expected to play arole here. After poling, ceramics undergo an
ageing process during which some of the domain walls become
pinned by impurities and structural imperfections. When a
large enough stress is applied to the aged samples, it causes
structural changes and redistribution of impurities [21]. As
a result, the domain walls that were pinned during ageing can
become active again. This de-ageing can increase dielectric
responses [20,23]. Therefore, a combination of the domain
switching and the de-ageing mechanisms is believed to be a
reason for the slight increase in the dielectric constant during
low-stress application. With further increase in the stress, the
stress clamping of domain walls, which results in a decrease
of domain wall mobility, and the stress induced decrease in
the switchable part of spontaneous polarization are expected to
play arole in the decrease in the dielectric constant [21,23,35].
Therefore, the dielectric constant of these compositions is seen
to be rather stable with the applied stress, as seen in figure 3.
Similar observation has also been reported in soft PZT [20,23].

The cause of the stress dependence of the dielectric loss
tangentis alittle more straightforward than that of the dielectric
constant. As depicted in figure 4, the clamping of the domain
walls under the compressive stress results in a decrease of
domain wall mobility and reduces the dielectric loss tangent
[21]. This is a reversible effect with the domain wall mobility
returning to near original values when the applied stress is
removed, as seen in figure 4 that dielectric loss tangents
return to near original values after a stress cycle. In addition,
a significant decrease in the dielectric constant after a full
cycle of stress application has been observed, particularly in
0.9PMN-0.1PT, and attributed to the stress induced decrease
in the switchable part of the spontaneous polarization at high
stress [23,35].

4. Conclusions

In this study, the dielectric properties of (1 — x)Pb(Mg;3
Nb,/3)O03—(x)PbTiO3 or (1 — x)PMN—(x)PT (x = 0.1-0.5)
ceramics prepared by a conventional mixed-oxide method
are measured under compressive stress from 0 to 230 MPa.
Phase formation behaviour and microstructure features of
these ceramics are studied by an XRD and SEM methods,
respectively.  Perovskite-phase PMN-PT ceramics with
homogeneous microstructure are obtained. The dielectric
properties of 0.9PMN-0.1PT ceramic are found to decrease
significantly with compressive stress, while the changes are
not as significant in the other PMN-PT ceramic compositions.
In addition, the dielectric properties are considerably lowered
after a stress cycle. The change in dielectric properties with the
applied stress is attributed to competing influences of intrinsic

and extrinsic contributions. The observations are then mainly
interpreted in terms of domain switching through non-180°
domain walls, de-ageing, clamping of domain walls and the
stress induced decrease in the switchable part of spontaneous
polarization.
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Change in the Dielectric Properties of Normal
and Relaxor Ferroelectric Ceramic Composites
in BT-PZT and PMN-PZT Systems by an Uniaxial
Compressive Stress
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50200, Thailand

Effects of an uniaxial compressive pre-stress on the dielectric properties of normal and
relaxor ferroelectric ceramic composites in BT-PZT and PMN-PZT systems are investi-
gated. The dielectric properties are observed under the compressive pre-stress levels up
to 15 and 5 MPa for BT-PZT and PMN-PZT, respectively, using a uniaxial compressome-
ter. Both the dielectric constant and the dielectric loss tangent of the BT-PZT ceramics
increase significantly with increasing applied stress. Larger changes in the dielectric
properties with the applied stress are observed in the PZT-rich compositions. For PMN-
PZT ceramics, the dielectric constant of the PZT-rich compositions increases slightly,
while that of the PMN-rich compositions decreases with increasing applied stress. On
the other hand, changes in the dielectric loss tangent with stress are found to be com-
positional independent. The experimental results are explained with the domain wall
motion and de-aging mechanisms from the application of the compressive pre-stress.
More importantly, this study undoubtedly shows that the applied stress significantly
influences the dielectric properties of both ceramic composite systems.

Keywords Dielectric properties; ferroelectrics; BT-PZT; PMN-PZT; uniaxial stress

Introduction

Among many smart systems, ceramic actuators and transducers are finding an increasingly
wide range of applications. Ferroelectric ceramics have been established as good candidates
for these applications. In many of these applications, ferroelectric ceramics are often sub-
jected to mechanical loading, either deliberately in the design of the device itself or because
the device is used to change shapes as in many smart structure applications or the device
is used under environmental stresses [1-3]. Despite the fact, materials constants used in
any design calculations are often obtained from a stress-free measuring condition, which in
turn may lead to incorrect or inappropriate actuator and transducer designs. It is therefore
important to determine the properties of these materials as a function of applied stress. Pre-
vious investigations on the stress-dependence dielectric and electrical properties of many
ceramic systems, such as PZT and PMN-PT have clearly emphasized the importance of this
matter [4, 5].

Received July 15, 2005; accepted October 31, 2005.
*Corresponding author. E-mail: rattikornyimnirun @yahoo.com
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Among perovskite ferroelectric materials, barium titanate (BaTiO3; or BT), lead zir-
conate titanate (Pb(Zr;-,Ti,)O3 or PZT) and lead magnesium niobate (Pb(Mg;,3Nb,/3)03
or PMN) ceramics have been investigated extensively and continuously since the late 1940s
[6-9]. BT, PMN, and PZT are representative perovskite normal ferroelectric, relaxor fer-
roelectric, and piezoelectric prototypes, respectively, because of their excellent electrical
properties. These three types of ceramics possess distinct characteristics that make each
ceramic suitable for different applications. Forming a composite of these ferroelectrics has
been one of the techniques employed to improve the properties of ferroelectric ceramics for
specific requirements for each application.

One of the most studied piezoelectric compounds, Pb(Zry 5, Tig 45)O3, a morphotropic
phase boundary (MPB) compound of PZT, has great piezoelectric properties with a high
Curie temperature (T¢) of ~390°C. BT exhibits high dielectric constant and superior elec-
trostrictive responses with a lower T¢ (~120°C) [6-9]. In addition, BT is mechanically
superior to PZT [10], whereas PZT ceramics can be easily sintered at temperature much
lower than BT ceramics, which usually require high sintering temperatures even as high
as 1400°C [10]. With their complementary features, the composites between PZT and BT
are expected to exhibit better properties than those of the single-phase PZT and BT [6-9].
Furthermore, the properties can also be tailored over a wider range, by changing the com-
positions, to meet the strict requirements for specific applications [1, 6-9].

PMN exhibits a high dielectric constant and a broad range transition of dielectric con-
stant, with temperature as a function of frequency [6]. In addition, PMN ceramics exhibit
low loss and non-hysteretic characteristics. These make PMN a good candidate for a large
number of applications, such as multilayer capacitors, sensors and actuators. However, PMN
ceramics have relatively low electromechanical coupling coefficients, as compared to PZT.
In contrast to PMN, PZT ceramics have found several actuator and transducer applications
due to their high electromechanical coupling coefficients and higher temperature of opera-
tion [8, 9]. However, PZT ceramics also possess highly hysteretic behavior, which makes
them unsuited for applications that require high delicacy and reliability. Furthermore, PZT
ceramics normally have very high Curie temperature (T¢) in the vicinity of 400°C. Usually
many applications require that T is close to ambient temperature. Therefore, there is a
general interest to reduce the T¢ of PZT ceramics to optimize their uses. With the comple-
mentary features of PMN and PZT, the composites between PMN and PZT are expected to
synergetically combine the properties of both ceramics, which could exhibit more desirable
piezoelectric and dielectric properties for several technologically demanding applications
than single-phase PMN and PZT [11, 12].

Prior investigations have already revealed interesting results on the structure, and the
dielectric and ferroelectric properties of the BT-PZT and PMN-PZT ceramics [10, 13—-15].
However, there has been no report on the influences of the applied stress on the dielectric
properties of ceramics in the BT-PZT and PMN-PZT systems. Therefore, this study is un-
dertaken to investigate the influences of the uniaxial compressive pre-stress on the dielectric
properties of ceramics in xBT-(1-x)PZT and xPMN-(1-x)PZT systems.

Experimental Procedure

The BaTiO3—Pb(Zr0_52Tio_4g)03 and Pb(Mg1/3Nb2/3)O3—Pb(ZI‘0,52Ti0_4g)O3 ceramic com-
posites are prepared from starting BT, PZT, and PMN powders by a mixed-oxide method.
BT and PZT powders are first prepared by a conventional mixed-oxide method. On the
other hand, perovskite-phase PMN powders are obtained via a well-known columbite
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method [16]. Subsequently, the (x)BaTiOs;—(1-x)Pb(Zrg s, Tip43)O3 (when x=0.0, 0.05,
0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 0.95, and 1.0) and the (x)Pb(Mg;,3Nb,,3)
O3—(1-x)Pb(Zrg 52 Tig.48)O3 (when x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) ceramic compos-
ites are then prepared from the starting BT, PZT and PMN powders by the similar mixed-
oxide method described above at various processing conditions. The detailed descriptions of
powders and ceramics processing and characterizations are presented thoroughly in earlier
publications [10, 14, 15].

For dielectric property characterizations, the sintered samples are lapped to obtain
parallel faces, and the faces are then coated with silver paint as electrodes. The samples
are heat-treated at 750°C for 12 min to ensure the contact between the electrodes and the
ceramic surfaces. The samples are subsequently poled in a silicone oil bath at a temperature
of 120°C by applying a dc field of 20 kV/cm for 30 min for BT-PZT ceramics, while for
PMN-PZT ceramics the poling condition is 25 kV/cm for 30 min and field-cooled to room
temperature. To study the effects of the uniaxial stress on the dielectric properties, the
uniaxial compressometer is constructed. The uniaxial compressive stress applied parallel to
the electric field direction is supplied by the servohydraulic load frame and the applied stress
level is monitored with the pressure gage of the load frame. The details of the system are
described elsewhere [17, 18]. The dielectric properties are measured through spring-loaded
pins connected to the LCZ-meter (Hewlett Packard, model 4276A). The capacitance and
the dielectric loss tangent are determined at a frequency of 1 kHz and room temperature
(25°C). The dielectric constant is then calculated from a parallel-plate capacitor equation,
e.g. & =Cd/gyA, where C is the capacitance of the sample, d and A are the thickness
and the area of the electrode, respectively, and ¢ is the dielectric permittivity of vacuum
(8.854 x 10~'2 F/m).

Experimental Results

The room temperature dielectric properties measured are under stress-free condition and
are listed in Table 1. It is clearly seen that dielectric constant (e;) of xBT-(1-x)PZT ce-
ramics increases with increasing BT content. The dielectric constant increases from 813 in
PZT to 1429 in BT. For the PMN-PZT system, except for PZT, the dielectric constant in-
creases steadily with increasing PMN content (&, increases from ~700 in 0.1PMN-0.9PZT
to ~10300 in 0.9PMN-0.1PZT). The PMN is expected to show a larger value of the di-
electric constant, but the lower value is attributed to the detrimental effect of the secondary
pyrochlore phase. In addition, the stress-free dielectric loss tangent (tan §) for BT-PZT
system does not change significantly with compositions. Even though the dielectric loss
tangent of PMN is very small, larger values of the dielectric loss tangent in PMN-PZT com-
positions is due mainly to lossy behavior of PZT. More details on the stress-free dielectric
properties are available in other publications [14, 15].

The experimental results of the uniaxial compressive pre-stress dependence of the
dielectric properties of the ceramics in BT-PZT system are shown in Figs. 1 and 2. There
is a significant change of both the dielectric constant and the dielectric loss tangent of the
ceramics when the applied stress increases from O to 15 MPa. The changes of the dielectric
constant with the applied stress can be divided into three different groups. For PZT ceramic,
the dielectric constant increases exponentially with applied stress. It can be seen that the
dielectric constant is enhanced by approximately 8% at 15 MPa applied stress. For PZT-rich
compositions (0.05BT-0.95PZT, 0.15BT-0.85PZT, 0.25BT-0.75PZT, 0.35BT-0.65PZT and
0.45BT-0.55PZT), the dielectric constant increases rather linearly with increasing applied
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Figure 1. Relative changes of the dielectric constant (&,) as a function of compressive pre-stress for
(x)BT-(1-x)PZT ceramics.

stress. The changes in the dielectric constant between 2 to 4% at 15 MPa applied stress
are obviously smaller than that observed in PZT. For BT-rich compositions (BT, 0.95BT-
0.05PZT, 0.85BT-0.15PZT, 0.75BT-0.25PZT and 0.65BT-0.35PZT), the dielectric constant
only rises slightly (<2%) and in a linear manner when the applied stress increases to the
maximum amplitude. The dielectric loss tangent for all compositions is found to increase
significantly and non-linearly when the applied stress is raised from 0 to 15 MPa. The
largest changes occur in PZT and 0.25BT-0.75PZT with the dielectric loss tangent en-
hancement of nearly 80% and 50%, respectively. For the other compositions, the increase
in the dielectric loss tangent varies between 10 and 40% at 15 MPa applied stress. Again the
changes of the dielectric loss tangent of BT-rich compositions are comparatively smaller
than those of PZT-rich compositions, similar to what have been observed in the case of the
dielectric constant. Similar experimental results have been reported previously for soft PZT
[19, 20], un-doped PZT with various Zt/Ti ratio [21], and Ca-doped BT [22], in which the
dielectric properties are found to increase with increasing magnitude of the compressive
pre-stress.

The experimental results for the PMN-PZT ceramics are shown in Figs. 3 and 4.
To prevent mechanical failures usually occurring in PMN-PZT, the experiments are car-
ried out at the compressive pre-stress levels up to 5 MPa. However, there is a signifi-
cant change of both the dielectric constant and the dielectric loss tangent of the ceramics
even if the maximum applied stress is only 5 MPa. The changes of the dielectric constant
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Figure 2. Relative changes of the dielectric loss tangent (tan §) as a function of compressive pre-stress
for (x)BT-(1-x)PZT ceramics.

with the compressive pre-stress can be divided into two different groups. For PMN-rich
compositions (PMN, 0.9PMN-0.1PZT, and 0.7PMN-0.3PZT), the dielectric constant gen-
erally decreases with increasing applied stress. However, it should be noticed that only
PMN and 0.9PMN-0.1PZT compositions show definite decreases in the dielectric constant,
while the dielectric constant of the 0.7PMN-0.3PZT composition initially increases then
decreases with very little difference in the dielectric constant between the 0 and 5 MPa. On
the other hand, for PZT-rich compositions (PZT, 0.1PMN-0.9PZT, 0.3PMN-0.7PZT, and
0.5PMN-0.5PZT), the dielectric constant rises slightly when the compressive pre-stress
increases from 0 to 1 MPa, and becomes relatively constant when the pre-stress level in-
creases further. The dielectric loss tangent for most compositions, except for PMN and
PZT, is found to first increase when the pre-stress is raised from 0 to 1 MPa, and then de-
crease with further increasing stress. However, for PZT ceramic the dielectric loss tangent
increases monotonously with the increasing stress, while PMN ceramic exhibits a slight
increase in the dielectric loss tangent followed by a drop, the turning point being around
2 MPa.

To understand these experimental results, various effects have to be considered.
Normally, the properties of ferroelectric materials are derived from both the intrinsic
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Figure 3. Relative changes of the dielectric constant (¢,) as a function of compressive pre-stress for
(x)PMN-(1-x)PZT ceramics.

contribution, which is the response from a single domain, and extrinsic contributions, which
are from domain wall motions [5, 23, 24]. When a mechanical stress is applied to a ferro-
electric material, the domain structure in the material will change to maintain the domain
energy at a minimum; during this process some of the domains engulf other domains or
change shape irreversibly. Under a uniaxial stress, the domain structure of ferroelectric ce-
ramics may undergo domain switching, clamping of domain walls, de-aging, and de-poling
[24].

For the case of BT-PZT system, the results on the uniaxial compressive pre-stress
dependence of the dielectric properties can easily be explained with the above statements.
When the uniaxial compressive pre-stress is applied in the direction parallel to the polar
axis (poling) direction, the stress will move some of the polarization away from the poling
direction resulting in a change in domain structures [4, 23, 24]. This change increases the
non-180° domain wall density. Hence the increase of the dielectric constant with the applied
stress is observed. The de-aging mechanism is also expected to play a role here. However,
the stress clamping of domain walls and the de-poling mechanisms are not expected at
this relatively low stress level used in this study [25]. Therefore, a combination of the
domain switching and the de-aging mechanisms is believed to be a reason for the increase
of the dielectric constant with increasing applied stress in the BT-PZT system, as shown in
Fig. 1.

For the PMN-PZT system, the results for the case of PZT-rich compositions can easily
be explained in the same way as in the BT-PZT system. Since PMN is a relaxor ferroelectric
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Figure 4. Relative changes of the dielectric loss tangent (tan §) as a function of compressive pre-stress
for (x)PMN-(1-x)PZT ceramics.

material, the situation is very different for PMN-rich compositions. The stress dependence
of the dielectric constant of the compositions is attributed to competing influences of the
intrinsic contribution of non-polar matrix and the extrinsic contribution of re-polarization
and growth of micro-polar regions [4, 25]. Since the dielectric response of both contribu-
tions is affected by the applied stress in an opposite way, the behavior of the composites
depends on the ratio between the micro-polar region and the non-polar matrix. Since the
measurements are carried out at the room temperature, the micro-polar regions dominate
the dielectric response of the composites [25]. Therefore, the dielectric constant of the
PMN-rich compositions decreases with increasing applied stress, as seen in Figure 3.

The cause of the stress dependence of the dielectric loss tangent for both systems is a
little more straightforward than that of the dielectric constant. Stress-induced depinning of
the domain walls is expected to occur under the applied compressive pre-stress. As depicted
in Figures 2 and 4, an increase in domain wall mobility clearly enhances the dielectric loss
tangent in some compositions, while the de-aging in the materials normally causes the
decrease of the dielectric loss tangent observed in some compositions [23, 24].

These results clearly demonstrate that the contribution of each mechanism to the di-
electric responses of the BT-PZT and PMN-PZT ceramic composites depends on the com-
positions and the stress level. Finally, it should be noted here that the dielectric behaviors
under the applied stress for BT-PZT system, which is a mixture of normal ferroelectrics,
are significantly different from those observed in a mixture between normal and relaxor
ferroelectrics, i.e. PMN-PZT system, in which the dielectric responses to the applied stress
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depend more on the compositions and the stress level, and the dielectric properties of some
compositions decrease with increasing applied stress.

Conclusions

In this study, the (x)BaTiO3;—(1 —x)Pb(Zrs,Tip43)O3 (when x=0.0, 0.05, 0.15,
0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 0.95, and 1.0) and (x)Pb(Mg;,;3Nb,3)
0O3—(1 — x)Pb(Zr( 5, Tip.48)O03 (when x =0.0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) ceramic com-
posites are successfully prepared by a conventional mixed-oxide method at various pro-
cessing conditions. The dielectric properties under the uniaxial compressive pre-stress of
the BT-PZT and PMN-PZT ceramics are observed at stress levels up to 15 and 5 MPa, re-
spectively, using a uniaxial compressometer. The dielectric constant and the dielectric loss
tangent of the BT-PZT ceramics increase significantly with increasing applied stress. Larger
changes in the dielectric properties with the applied stress are observed in the PZT-rich
compositions. For PMN-PZT system, the dielectric constant of the PMN-rich compositions
decreases, while that of the PZT-rich compositions increases slightly, with increasing ap-
plied stress. On the other hand, the dielectric loss tangent for most of the compositions first
rises and then drops with increasing applied stress. The experimental results are explained
in terms of domain wall and de-aging mechanisms. More importantly, it is of interest to
find that the results for the mixture normal ferroelectrics such as BT-PZT ceramics are
significantly different from those for the mixture of normal and relaxor ferroelectrics such
as PMN-PZT ceramics. Finally, this study undoubtedly shows that the applied stress has
significant influence on the dielectric properties of both BT-PZT and PMN-PZT ceramic
composites.
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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.
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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

{101)
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FCPDS file no.6-452: PRTIO,
L

20 30

T T T
40 50 60

20 (degrees)

Fig. 2. XRD patterns of PT powders milled for 25h and calcined at various conditions.
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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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In this study, lead zirconate titanate (Pb(Zrg.44Tio.56)O3) ceramics were fabricated with
a mixed oxide synthetic route of lead oxide (PbO) and zirconium titanate (ZrTiO4)
precursors. The effects of sintering temperature on phase formation, densification and
dielectric responses of the ceramics have been investigated using XRD, SEM, EDX and
dielectric measurement techniques. The densification of the PZT ceramics with density
of 97% theoretical density can be achieved with appropriate sintering condition without
any sintering additives. The optimized sintering condition has been identified as 1225°C
for 4 h. More importantly, the dielectric properties are found to improve with increasing
sintering temperature and grain size. However, when sintered over 1250°C, the dielectric
properties of the ceramics are seen to deteriorate as a result of PbO vaporization, ZrOs
segregations and porosity.

Keywords: Lead zirconate titanate; PZT; sintering; densification; dielectric properties.

1. Introduction

Lead zirconate titanate ceramics, Pb(Zr;Ti;_,)Os or PZT, have been widely in-
vestigated on their electrical properties for several decades.! As a prototype of
piezoelectrics, PZT ceramics exhibit good dielectric and piezoelectric properties,
especially the compositions near the morphotropic phase boundary (MPB). There-
fore, they have been exploited in several commercial applications such as ultrasonics,
buzzers, actuators and transducers.?3 In addition, the compositions in the vicinity
of MPB, generally identified as 52/48 for Zr/Ti ratio, have also been extensively in-
vestigated.!'3# This is clearly a result of enhanced properties of the compositions,
which have been attributed to the coexistence of tetragonal and rhombohedral
phases.*® More recently, the reports by Noheda et al. have also identified that the
presence of the monoclinic distortion is the origin of the unusually high piezoelectric
response of PZT compositions near the MPB.57

*Corresponding author.
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The stoichiometry and densification behavior of the oxide ceramics, which are
greatly influenced by sintering conditions, are known to be the key factors for
ensuring good electrical properties.* PZT compositions are commonly sintered at
high temperatures in the range 1100-1300°C. This creates problems with vapor-
ization of PbO during sintering and possible lead deficiency which may cause seg-
regation of a ZrOs, phase or a formation of unwanted phases.® This may affect
the electrical properties of the material. The B-site precursor method is one the
techniques developed to counteract the problem.? In this method, the high tem-
perature phase of ZrTiO, is first formed before reacting with PbO to form PZT
at lower temperature. Furthermore, the microstructure features such as grain size,
grain boundary, density, porosity, and homogeneity markedly influence the electri-
cal characteristics of sintered piezoelectric ceramics.'® Kakegawa et al.'! reported
that the dielectric constant of PZT ceramics depends on their chemical compo-
sitions. The room temperature dielectric constant of PZT ceramics was found to
decrease with increasing grain size, while, on the other hand, the maximum dielec-
tric constant of Pb(Zrg.52Ti0.48)O3 ceramics increased as the grain size decreased.!?
Generally, the grain size of PZT ceramics increases with the sintering temperature
and dwell time.'31* Therefore, it could be intuitively expected that the electrical
properties of the PZT ceramics would be greatly influenced by the sintering pa-
rameters. In this study, the effects of sintering temperature on the densification
and the dielectric properties of the sintered PZT ceramics prepared by the B-
site precursor method were investigated. In stead of the typical MPB composition
of Pb(Zrg.52Tip.48)03, which have been extensively studied,’3%'2 the tetragonal
composition of Pb(Zrg 44Tig.56)O3 was chosen in this study. This would extend
an understanding on the processing-composition-properties relationships in PZT
ceramics.

2. Materials and Methods

PZT powders were synthesized by a modified two-stage mixed oxide route. The
ZrTiO4 precursor powders were mixed with PbO for 24 h and calcined at 800°C
for 2 h, as reported earlier.? Ceramic fabrication was achieved by adding 3 wt%
polyvinyl alcohol (PVA) binder, then uniaxially pressed to form a green pellet of
10 mm diameter and 2 mm thick. The pellets were placed inside a closed alumina
crucible covered with lead zirconate (PbZrOs) powder to compensate the PbO
volatilization and then sintered at various temperatures for 4 h with constant heat-
ing/cooling rates of 10°C/min. During the heating, the temperature was maintained
at 500°C for 2 h to burn out the PVA binder. The pellets were subjected to bulk
densities measurement with Archimedes method.

Finally, the XRD, SEM and dielectric properties measurement were carried out.
X-ray diffraction analysis of the sintered samples was carried out at room temper-
ature using CuKa radiation (40 kV) on X’ Pert X-ray diffractometer. Scanning
electron microscopy (JEOL, JSM5910LV) was employed and the average grain size



Effect of Sintering Temperature on Densification and Dielectric Properties 2417

(®,y) of samples was determined using the linear interception method. For electrical
measurement, the as-sintered samples were polished to parallel surfaces. The major
faces of the samples were coated with conductive Pt paint, and then heat cured at
700°C for 1 h to ensure that the electrodes were completely adhered to the ceramic.
The dielectric properties were monitored as a function of temperatures (25-400°C)

at a measuring frequency of 1 kHz using a computer controlled impedance analyzer
(HP Model 4284A).

3. Results and Discussion

The densification of the PZT at various sintering temperatures is investigated. The
change in density versus the sintering temperature (1100-1320°C) is shown in Fig. 1.
In the sintering temperature range of 1100-1250°C, the density increases with in-
creasing temperature. Further increase in the sintering temperature to 1320°C leads
to the decrease of the density. This feature creates a maximum density value of
about 97% of theoretical density which is comparable to the value reported by
Wang et al.'® where LiCO3z, BisO3 and CuO were used as sintering aids. The in-
creasing density with rising sintering temperature up to 1250°C may be explained
by the enhanced densification as the sintering of PZT is normally found at 1200°C.6
Further increase in the sintering temperature causes a decrease in density values.
This may be attributed to the loss of lead oxide at high sintering temperatures,
which is similar to the results found in other Pb-based perovskite systems.!7-!8
XRD patterns of PZT ceramics sintered at various temperatures are plotted
in Fig. 2. The strongest reflections in the majority of the XRD patterns can be
identified as the perovskite phase of the composition Pb(Zrg 44Tig 56)O3, which
could be matched with JCPDS file 50-346. To a first approximation, this phase
has a tetragonal perovskite-type structure in space group P/mm (No. 99), with cell
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Fig. 1. Variation of density and grain size with sintering temperature for the PZT ceramics.
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Fig. 2. XRD patterns of the PZT ceramics sintered at various temperatures.

parameters a = 401 pm and ¢ = 414 pm, respectively.!? However, for the sample
sintered at 1320°C, some additional reflections (marked by *) are observed, and
these can be identified as presence of ZrOy (JCPDS file 37-1484). This phase has
a monoclinic structure with cell parameters a = 531.2, b = 521.2, ¢ = 514.7 pm
and 8 = 99.218° in space group P21/a (No. 14).2° Due to no trace of ZrOg has
been observed for the samples sintered at the temperatures below 1320°C, it is
believed that the consequence of PbO evaporation is an apparently favorable factor
in facilitating the occurrence of ZrOs at a higher sintering temperature.?':22

Microstructure development was investigated by scanning electron microscopy
(SEM). Free surface micrographs of PZT ceramics sintered at various tempera-
tures from 1150-1320°C are shown in Fig. 3. Also depicted in Fig. 1, the results
indicate that grain size tends to increase with sintering temperatures in the tem-
perature range 1150-1275°C that sees the grain size of the samples changed from
1.5 to 3.2 um, in agreement with a previous work by Hong et al.?® Similar find-
ings were also reported in Nb-doped PZT and modified PT ceramics.?4?> However,
the average grain size of PZT sintered at 1320°C cannot be determined from SEM
micrograph because of the ZrOs segregations that are confirmed by XRD results
shown in Fig. 2, which also displays very high degree of porosity. In addition to the
PbO evaporation, the presence of ZrOs segregations and a porous microstructure
is believed to be another cause for the decrease in the ceramic density at high sin-
tering temperature. As will be discussed later, these factors are also responsible for
the dielectric behavior of the PZT ceramics.
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®,, =153 um

Fig. 3. SEM micrographs of the PZT ceramics sintered at (a) 1150°C, (b) 1200°C, (c) 1225°C,
(d) 1250°C and (e) 1320°C.

The variations of dielectric constant (e,) and dissipation factor at 1 kHz with
sintering temperature are shown in Fig. 4. For all samples in the present work,
the Curie temperature is seen independent of the sintering temperature. Similar
results have also been reported by other workers.?5:27 The results in Fig. 4 clearly
indicate that the dielectric properties of the PZT ceramics depend on the sintering
temperature. As listed in Table 1, the maximum value of dielectric constant (£, max)
measured at T¢ increases from 8250 to 18984 as the sintering temperature increases
from 1150-1225°C. Further increase in the sintering temperature to 1275°C results
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Fig. 4. Temperature dependence of (a) dielectric constant and (b) dissipation factors at 1 kHz
for the PZT ceramics sintered at various temperatures.

in a drop in the values of &, max. to 10378. The opposing trend is observed in
the values of the high temperature dielectric loss (tan ¢). It should also be noted
here that since the dielectric loss in all ceramics increases significantly at high
temperature as a result of thermally activated space charge conduction,?® the values
of the high temperature dielectric loss (tan 0) determined at 200°C are listed for
comparison. As also listed in Table 1, the similar tendency is also observed for the
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Table 1. Physical and dielectric properties of PZT ceramics sintered at various temperatures.

Dielectric Properties at 1 kHz

Sintering Average grain Te &r tan 6 €r,max tan 0
temperature (°C) size (pum) (°C) (25°C) (25°C) (Te) (200°C)
1150 1.53 381 564 0.0072 8250 0.160
1200 1.84 385 638 0.0039 11316 0.145
1225 2.26 380 697 0.0038 18984 0.120
1250 2.76 379 463 0.0042 16524 0.150
1275 3.16 377 397 0.0047 10378 0.265
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Fig. 5. Variation of (a) maximum dielectric properties and (b) room temperature dielectric prop-
erties with sintering temperature for the PZT ceramics.
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room temperature dielectric properties. Figure 5 clearly depicts the relationship
between the dielectric properties and the sintering temperature. In addition, it is
worth noting that the measured values of the dielectric properties in the present
work are in good agreement with the previous works on PZT ceramics prepared by
different processing techniques.!?29731

By comparing Figs. 1 and 5, the tendency of ¢, values with the sintering tem-
perature is similar to that of density, in good agreement with the report by Kong
and Ma,?! while the average grain size also increases monotonically with sintering
temperatures. Earlier report by Chu et al.?
Nb-doped PZT ceramics. Clearly, the increasing dielectric constant (both at room
and Curie temperatures) is due to the increasing density of the ceramics. However,
the decreasing room temperature dielectric constant as sintering temperature above
1225°C can be related to the increasing grain size. Kang et al.3? reported that the
room temperature dielectric constant decreased with the increasing grain size. Sim-
ilar results were also reported for BaTiO3, modified PT and PLZT ceramics.?%32:33
On the other hand, an earlier report by Okazaki et al.3* showed that the maximum
dielectric constant of PZT ceramics increased with increasing grain size. This is
probably because increasing grain size results in reduction of the volume fraction
of grain boundaries. The coupling effect between the grain boundaries and the do-
main wall, which makes domain reorientation more difficult and severely constrains

the domain wall motion, is then decreased. This translates to an increase in the
£.12,23,35

also showed similar observations in

domain wall mobility corresponding to an increase in dielectric constan In
this study, an initial increase of the maximum dielectric constant with the sintering
temperature up to 1225°C, as shown in Fig. 5, can be related to the increasing grain
size. However, the maximum dielectric constant values of the sintered samples then
decrease from 18984 to 10378 as the sintering temperature is increased to 1275°C.
This observation may be attributed to microstructure inhomogeneity of the PZT
ceramics as a result of PbO deficiency, ZrOs precipitation, and porosity at higher
sintering temperature. Thus, the higher sintering temperature and the presence of
ZrQ5 impurity can significantly reduce the values of the dielectric constant of the
PZT ceramics. Finally, it should be emphasized that even though many earlier stud-
ies have established a relationship between the dielectric properties and grain size
in PZT as well as other perovskite ceramics, this study has shown that other factors
such as the sintering conditions, the presence of pores, ZrOs and other secondary
phases, chemical homogeneity, and Zr/Ti ratio clearly have strong influence on the
dielectric properties of the PZT ceramics.

4. Conclusions

Pb(Zrg.44Tig 56)O3 ceramics were successfully fabricated by employing the modi-
fied two-stage mixed oxide route and the effects of the sintering temperature on the
densification and dielectric properties were investigated. High density PZT ceram-
ics were obtained for the sintering temperatures about 1200-1250°C. The dielectric
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properties of the PZT ceramics are dependent on sintering temperature. It is clear
that the dielectric constant increases with increasing sintering temperature and
grain size. However, the increasing trends between the density and dielectric prop-
erties and the sintering temperature are interrupted when the ceramics are sintered
above 1250°C as a result of PbO vaporization, ZrO- segregation and porosity.
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Abstract

A perovskite phase of lead magnesium niobate, Pb(Mg,,3Nb,3)O; or PMN, powders has been synthesized by a rapid vibro-milling technique.
Both columbite MgNb,O¢ and corundum MgyNb,Oy have been employed as magnesium niobate precursors, with the formation of the PMN
phase investigated as a function of calcination conditions by thermal gravimetric and differential thermal analysis (TG-DTA) and X-ray diffraction
(XRD). The particle size distribution of the calcined powders was determined by laser diffraction technique. Morphology, crystal structure and
phase composition have been determined via a combination of scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
energy-dispersive X-ray (EDX) techniques. The magnesium niobate precursor and calcination condition have been found to have a pronounced
effect on the phase and morphology evolution of the calcined PMN powders. It is seen that optimisation of calcination conditions can lead to
a single-phase PMN in both methods. However, the formation temperature and dwell time for single-phase PMN powders were lower for the

synthetic method employing a columbite MgNb, O precursor.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Lead magnesium niobate; Magnesium niobate; Perovskite; Powder synthesis; Calcination

1. Introduction

Lead magnesium niobate, Pb(Mg1,3Nb,/3)O3 or PMN, is one
of the most widely investigated relaxor ferroelectric materials
with a perovskite structure. The excellent dielectric broadening
and electrostrictive properties make it a promising electroce-
ramic material for capacitor, electrostrictive actuator, electrome-
chanical transducer and electro-optic applications [1-3]. There
has been a great deal of interest in the preparation of single-phase
PMN powders as well as in the sintering and dielectric properties
of PMN-based ceramics [4-6]. However, it is well documented
that the formation of PMN perovskite via the solid-state reaction
is often accompanied by the occurrence of unwanted pyrochlore-
type phases because of the volatilisation of PbO, the low disper-
sion of MgO and the differences of the reactive temperature
between Pb—Nb and Pb—Mg [7-9]. Hence, several innovation
techniques [10-12] have been utilized to minimize the amount
of pyrochlore phase formed.

* Corresponding author. Tel.: +66 53 943367; fax: +66 53 943445.
E-mail address: suponananta@yahoo.com (S. Ananta).

0921-5107/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.mseb.2006.04.034

The initial work of Lejeune and Boilot [10] considered the
many parameters which influence the synthesis of PMN from
PbO, MgO and Nb,Os precursors, concluding that the formation
of a pyrochlore phase could not be completely eliminated. More-
over, it was proposed that the reactivity of magnesium oxide
with lead and niobium oxides was the definitive factor govern-
ing products of the reaction. These authors later proposed the
use of MgCOs3 in place of MgO to increase the yield of per-
ovskite PMN. Swartz and Shrout [7] developed an effective way
of producing PMN powder in high yield by the introduction
of a two-step process (the B-site precursor approach). In the
method, an intermediate step to give columbite-type MgNb,Og
precursor is used to bypass the formation of the pyrochlore
phases. Alternatively, Joy and Sreedhar [11] proposed the use of
Mg4Nb,Og precursor in place of MgNb; Og for the fabrication of
pyrochlore-free PMN. More recently, Lu and Yang [12] adopted
a two-stage synthesis method by precalcining the mixture of
MgO and NbyO5 at 1000 °C to form Mg4Nb,Og. This compound
was then quenched at 850-900 °C with PbO to form PMN with-
out further soaking. This approach yielded perovskite PMN as
the dominant phase, with pyrochlore impurities of less than 5%
and some residual MgO. It was also claimed that the pyrochlore
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phases and the residual MgO could be eliminated completely
with the introduction of excess PbO and nitric acid, respectively.
However, the preparation of PMN using Mg4Nb,Og precursor,
to date, has not been extensive as that of PMN using MgNb,Og
precursor. Moreover, its effect on the formation of perovskite
PMN phase under various calcination conditions (especially the
effects of applied dwell time and heating/cooling rates) has not
been adequately characterized.

The purpose of this study was to compare the two B-site pre-
cursor synthetic routes of PMN formation and the characteristics
of the resulting powders. The phase formation and morphology
of the powders calcined at various conditions will be studied and
discussed.

2. Experimental procedure

Pb(Mg;/3Nby/3)O3 was synthesised by a similar methodol-
ogy of B-site precursor mixed oxide synthetic route, as reported
earlier [4]. Starting precursors were as follows: PbO (JCPDS
file number 77-1971), MgO (periclase: JCPDS file number 71-
1176) and NbyOs5 (JCPDS file number 80-2493) (Aldrich, 99%
purity). These three oxide powders exhibited an average particle
size in the range of 3.0-5.0 wm. First, two intermediate phases
of magnesium niobate: MgNb,Og and MgsNbyO9 were sep-
arately prepared by the solid-state reaction method previously
reported [13,14], employing an optimised calcination conditions
of 1000 °C for 4 h with heating/cooling rates of 30 °C/min and
950 °C for 2 h with heating/cooling rates of 25 °C/min, respec-
tively. The following reaction sequences were then proposed for
the formation of PMN:

1. The columbite route:
3PbO(s) + MgNbyOg(s) — 3Pb(Mg1,3Nbz/3)03(s) (1)
2. The corundum route:

12PbO(s) + MgsNbyOo(s) + 3NbyOs(s)
— 12Pb(Mg;,3Nb2,3)O3(s) (2)

Instead of employing a ball-milling procedure (ZrO, media
under acetone for 24 h [7]), a McCrone vibro-milling was used.
In order to improve the reactivity of the constituents, the milling
process was carried for 2 h (instead of 30 min [4]) with corundum
media in isoproponal. After drying at 120°C for 2 h, various
calcination conditions were applied in order to investigate the
formation of PMN phase in each calcined powders.

The reactions of the uncalcined powders taking place dur-
ing heat treatment were investigated by thermal gravimetric and
differential thermal analysis (TG-DTA, Shimadzu) using a heat-
ing rate of 10 °C/min in air from room temperature up to 900 °C.
Calcined powders were subsequently examined by room temper-
ature X-ray diffraction (XRD; Philips PW 1729 diffractometer)
using Ni-filtered Cu Ko radiation, to identify the phases formed
and optimum calcination conditions for the manufacture of PMN
powders. The mean crystallite size was determined using the

diffraction peak (1 1 0) of the perovskite pattern by using Scher-
rer equation [15]. Particle size distributions of powders were
determined by laser diffraction technique (DIAS 1640 laser
diffraction spectrometer), with the grain size and morphologies
of powders observed by scanning electron microscopy (SEM;
JEOL JSM-840A). The chemical composition and structure of
the phases formed were elucidated by transmission electron
microscopy (CM 20 TEM/STEM) operated at 200 keV and fit-
ted with an energy-dispersive X-ray (EDX) analyser with an
ultra-thin window. EDX spectra were quantified with the virtual
standard peaks supplied with the Oxford Instruments eXL soft-
ware. Powder samples were dispersed in solvent and deposited
by pipette on to 3 mm holey copper grids for observation by
TEM. In addition, attempt was made to evaluate the crystal
structures of the observed compositions/phases by correcting
the XRD and TEM diffraction data.

3. Results and discussion

TGA and DTA results for the mixtures synthesized by both B-
site precursor methods are shown in Figs. 1 and 2, respectively.
In general, similar trend of thermal characteristics is observed
in both precursors. As shown in Fig. 1, the powders prepared
via both B-site precursor mixed oxide methods demonstrate
three distinct weight losses. The first weight loss occurs below
200 °C, the second one between 200-300 °C and the final one
after 750 °C. In the temperature range from room temperature
to ~150 °C, both samples show small thermal peaks in the DTA
curves, Fig. 2, which are related to the first weight loss. These
DTA peaks can be attributed to the decomposition of the organic
species such as rubber lining from the milling process similar to
our earlier reports [13,16]. In comparison between the two B-site
precursor routes, after the first weight loss, the columbite route
shows a slightly higher weight loss over the temperature range
of ~50-220°C, followed by a much sharper fall in specimen
weight with increasing temperature from ~250 to 350 °C. This
columbite-precursor method also exhibits larger overall weight
loss (~1.25%) than that of the corundum route (~1.00%).

100.0
Columbite route
~~~~~~~~~~~~~~~~~~~~~~~ Corundum route
9951
x
2
w .'.
< L
99.0 \
98.5 . : ‘ ‘
0 200 400 600 800

Temperature (°C)

Fig. 1. TGA curves of the mixtures derived from columbite- and corundum-
route.
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Fig. 2. DTA curves of the mixtures derived from columbite- and corundum-
route.

Corresponding to the second fall in specimen weight, by
increasing the temperature up to ~700 °C, the solid-state reac-
tion occurs between oxide precursors. The broad exothermic
characteristic in both DTA curves represents that reaction,
which has a maximum at ~600 and 800 °C for columbite- and
corundum-routes, respectively. However, it is to be noted that
there is no obvious interpretation of these peaks, although it is
likely to correspond to a phase transition reported by a number of
workers [4-8]. The different temperature, intensities and shapes
of the thermal peaks for the two precursors here probably are
related to the different starting materials especially magnesium
niobate and consequently, caused by the removal of species dif-
ferently bonded in the network, reactivity of different species
(difference in type and dispersion of MgO) in the powders.
These data were used to define the range of temperatures for
XRD investigation between 550 and 1000 °C. It is to be noted
that a significant weight loss in TG curves associated with large
thermal change in DTA curves observed at temperatures above
750 °C (Figs. 1 and 2) may be attributed to the PbO volatilisa-
tion typically found in lead-based ferroelectrics, consistent with
other investigators [17-19].

To study the phase development with increasing calcination
temperature in each synthetic route, they were calcined at var-
ious temperatures for 1h in air with constant heating/cooling
rates of 10 °C/min, followed by phase analysis using XRD tech-
nique. As shown in Fig. 3, for the uncalcined powder and the
powder calcined at 550 °C (columbite route), only X-ray peaks
of PbO and MgNb,Og¢ precursors are present. Similarly, itis seen
that unreacted precursors of PbO and MgsNb,Og are detected
from the original mixture up to 650 °C for the corundum route
(Fig. 4). These observations indicate that no reaction was yet
triggered during the vibro-milling or low firing processes, in
agreement with literature [4,13,16]. It is seen that PMN crystal-
lites were developed in the powder at a calcination temperature
as low as 600 and 650 °C for columbite- and corundum-routes,
respectively. The results of X-ray diffraction measurement sup-
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Fig. 3. XRD patterns of the columbite-route powders calcined at various con-
ditions for 1 h with constant heating/cooling rates of 10 °C/min.

ported the DTA observation (Fig. 2) that PMN phase is formed
at approximately 600-800 °C. In general, the strongest reflec-
tions apparent in the majority of these XRD patterns indicate
the formation of the lead magnesium niobate, PMN (V). These
can be matched with JCPDS file number 81-0861 for the cubic
phase, in space group Pm3m (no. 221) with cell parameters
a=404 pm [20] consistent with other workers [4,5]. According
to Fig. 3, the formation of PbsNb4O13 (V) earlier reported by
many researchers [4,21-23] has been found at 600 °C, which
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Fig. 4. XRD patterns of the corundum-route powders calcined at various con-
ditions for 1 h with constant heating/cooling rates of 10 °C/min.
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is associated to the second TG-DTA response in Figs. 1 and 2.
This pyrochlore phase has a cubic structure with cell param-
eter a=1.056 nm in space group Fd3m (no. 227) (JCPDS file
number 25-0443) [24]. Upon calcination at 650 °C, the peak
corresponding to PbO disappeared (not detectable by XRD).
By increasing the calcination temperature from 650 to 850 °C,
the yield of the cubic PMN phase increases significantly until
at 900 °C, a single-phase of perovskite PMN is formed for the
columbite route.

From Fig. 4, it is seen that calcination at 600 °C resulted
in some new peak (V) of the Pbj g6(Mgp24Nb176)O¢.5 phase
(JCPDS file number 82-0338) [25] mixing with the unre-
acted PbO and Mg4Nb,Og phases. To a first approximation,
this Pby g6(Mgo.24Nb1.76)Og.5 phase earlier reported by many
researchers [23,26,27] has a pyrochlore-type structure with a
cubic unit cell a =1.060 nm, space group Fd3m (no. 227). This
pyrochlore phase was found at 600 °C and totally disappeared
at 950 °C. As the temperature increased to 900 °C, the intensity
of the PMN peaks was further enhanced and PMN becomes the
predominant phase, in good agreement with the earlier TG-DTA
results. This study also shows that PMN is the only detectable
phase in the corundum-route powders after calcination in the
range 950-1000 °C.

In the present study, an attempt was also made to calcine both
precursors under various dwell times and heating/cooling rates
(Figs. 5 and 6). In this connection, it is seen that the single-
phase of PMN (yield of 100% within the limitation of the XRD
technique) was also found to be possible in columbite-precursor
powders calcined at 850 °C for 3 h with heating/cooling rates
as fast as 30 °C/min (Fig. 5). The appearance of Nb,O5 and
Pb3Nb4O13 phases indicated that chemical decomposition prob-
ably caused by PbO volatilisation has occurred at relatively high
firing temperatures (>850 °C) with long dwell times, consistent
with other workers [4-8]. It is also interesting to note that in this
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Fig. 6. XRD patterns of the corumdum-route powders calcined at 950 °C for 1 h
with heating/cooling rates of (a) 30 °C/min and (b) 20 °C/min, at 900 °C for (c)
2h(d) 3 h and (e) 4 h, with heating/cooling rates of 10 °C/min, and (f) at 950 °C,
for 4 h with heating/cooling rates of 30 °C/min.

work the effects of both dwell time and heating/cooling rates
were also found to be significant for the formation of perovskite
PMN by using a corundum route (Fig. 6). It is seen that single-
phase of PMN powders was also successfully obtained for a
calcination temperature of 950 °C for 1 h with heating/cooling
rates of 20 or 30°C/min applied. The observation that the
dwell time or heating/cooling rates may also play an important
role in obtaining a single-phase of lead-based perovskite fer-
roelectrics is also consistent with other investigators [4,19,28].
However, some additional peaks at 26 ~43° are found in the
Figs. 5(a) and 6(a). It is to be noted that there is no obvious
interpretation of these peaks, although it is likely to correspond
to a trace of MgO precursor. Nonetheless, with the limitation of
X-ray technique and the inherent only single peak with very low
intensity comparable to noise originated from the diffractometer,
an accurate evaluation of the phase is not possible [15].

It is well established that the perovskite-type PMN tend
to form together with the pyrochlore-type PbO-Nb,Os5 com-
pounds, depending on calcination conditions [7,8,23]. In the
work reported here, evidence for the formation of PMN phase,
which coexists with the cubic pyrochlore phase, is found after
calcination at temperature ~650-900 °C, in agreement with lit-
erature [4,7,12,22]. No evidence of Pbj g3Mgg29Nb; 710639
was found, nor was there any indication of the pyrochlore phase
of PbzNbyOg and PbsNbsO15 [21-23] being present. In gen-
eral, the formation temperature and dwell times for high purity
PMN observed in the powders derived from a combination of a
mixed oxide synthetic route and a carefully determined calcina-
tion condition (especially with a rapid vibro-milling technique)
are slightly lower than those reported for the powders prepared
via many other conventional mixed oxide methods [7-11].

Based on the TG-DTA and XRD data, it may be con-
cluded that, over a wide range of calcination conditions, single-
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phase perovskite PMN cannot be straightforwardly formed via
a two-step B-site precursor method, as verified by a number
of researchers [4,7,8]. The experimental work carried out here
suggests that the optimal calcination conditions for single-phase
PMN are 900°C for 1h or 850°C for 3h (columbite route)
and 950 °C for 1 h (corundum route), with heating/cooling rates
as fast as 30 °C/min. The optimised formation temperature of
single-phase PMN was lower for the columbite route proba-
bly due to the higher degree of reactivity with less reacting
species involved [7,8]. As suggested by several workers [8,17],
the degree of cation mixing in precursors significantly affects
the phase formation behavior in the B-site synthesis of PMN.
This observation may be accounted for by the fact that the
columbite route possibly provides faster chemical reaction rate
(only the reaction between PbO and MgNb,Og) and is able to
enhance the formation of perovskite PMN phase by increasing
the reactivity of MgO [8]. However, the minimum firing temper-
ature required for the manufacturing of single-phase corundum
MgsNbyOg (~950°C [14]) is lower than that of columbite
MgNb,Og (~1000 °C [13]).

Therefore, in general, the methodology presented in this work
provides a simple method for preparing perovskite PMN pow-
ders via a solid-state mixed oxide synthetic route. It is interesting
to note that, by using either columbite- or corundum-routes, with
an optimal calcination condition, the reproducible, low cost and
flexible process involving simple solid-state reaction synthetic
route can produce high purity perovskite PMN (with impuri-
ties undetected by XRD technique) from relatively impure and
inexpensive commercially available raw materials.

To further study the influence of precursor on the characteris-
tics of the resulting PMN powders, a combination of particle size
analysis, SEM, TEM and EDX is used to examine the powders
obtained, as shown in Figs. 7-10 and Table 1. Fig. 7 compares
the particle size distribution curves of calcined PMN powders
derived from both B-site precursor methods, which indicate an
appreciable size fractions at approximately 0.75—1.08 pwm diam-
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Fig. 7. The particle size curves of the columbite- and corundum-route PMN
powders after calcined at their optimised conditions.

(b)

Fig. 8. SEM micrographs of the: (a) columbite- and (b) corundum-route PMN
powders after calcined at their optimised conditions.

eters, as also listed in Table 1 (averaged sizes). Even taking
in account that the analysis does not reveal the real dimension
of single particles (due to agglomeration effects as expected
from the SEM results in Fig. 8), a uniform frequency distribu-
tion curve was observed for the columbite route whilst narrow
distribution curve with tiny kink at front covering the range
of 0.32-1.65 pm in sizes was found for the corundum route,

Table 1
Particle size data of both PMN powders measured by different techniques

Measurement techniques Particle size range (average)

Columbite route Corundum route

XRD? (nm, +2.0)

Laser diffraction (m, £0.2)
SEM (pm, £0.1)

TEM (pm, +0.01)

26.60
0.15-7.50 (1.08)
0.25-3.00 (1.63)
0.25-0.65 (0.45)

22.50
0.32-1.65 (0.75)
0.20-1.25 (0.73)
0.10-0.55 (0.33)

2 Crystallite size.



R. Wongmaneerung et al. / Materials Science and Engineering B 132 (2006) 292-299 297

=

i TR

5

@

(a)

(1) (202)

(b)

A=
200 nm
333
-
232 3:23
131 222 EE]
»
03 121 212 303
3
1:3:1 0:20 111 202 313
23,2 BEDY 0-10 0] 212 323
. » » ot *
2:2:2 111 - 111 222 333
- & - » »

» . »
-30:3 2.1:2 -12-1 03p
- »
<313 22:2 13:1
. » »
33,3 -23.2
»
33:3
»

(c)

Fig. 9. (a) TEM micrograph with arrow indicates (b) SAED pattern ([110] zone axes) and (c) reciprocal lattice pattern simulation of the columbite-route PMN

particles.

reflecting more the size of agglomerates than the real size of
particles.

SEM micrographs of the calcined PMN powders derived
from columbite- and corundum-precursor methods are shown
in Fig. 8(a and b), respectively. In general, the particles are
agglomerated and basically irregular in shape, with a substan-
tial variation in particle size. Observed diameters range from
0.25 t0 3.00 and 0.20 to 1.25 wm for columbite- and corundum-
routes, respectively, in good agreement with the particle size
distribution previously determined (Table 1). The primary par-
ticles in the agglomerates are, however, submicron in size. This
is confirmed by TEM micrographs shown in Figs. 9 and 10.
Additionally, the observed morphology reveals considerable dif-
ference in homogeneity, uniformity, size and shape between the
two PMN powders. It is obviously evident that the columbite-
route powders exhibit more heterogeneous morphology than the
corundum-route powders. The columbite-route powders consist
mainly of irregular round shape primary particles with a diameter
of ~1 wm or less (Fig. 8(a)). In addition to the primary particles,
the powders have another kind of very fine particle (darker par-

ticles) with diameter of about 200 nm. A combination of SEM
and EDX techniques has demonstrated that pyrochlore and unre-
acted precursor phases (marked as “y” and “z” in the micrograph
in Fig. 8(a)) exist neighbouring the parent PMN phase (marked
as “x”) (see also Table 2). In general, EDX analysis using a
20 nm probe from a large number of particles of the two calcined
powders confirmed the parent composition to be PMN. It is inter-
esting to note that nano-scale MgO and PbO inclusions were also
found in the SEM-EDX investigation for the columbite route,
in agreement with earlier works [9,29], even though this could
not be detected by XRD. It is, therefore, intriguing to note the
advantage of a combination between SEM and EDX techniques,
which lies in its ability to reveal microstructural features often
missed by the XRD method which requires at least 5 wt% of the
component [15].

However, it is seen that higher degree of agglomeration with
more rounded particle morphology is observed in the powders
produced by the corundum route (Fig. 8(b)). The strong inter-
particle bond within each aggregate is evident by the formation
of a well-established necking between neighbouring particles.
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(b)

(c)

Fig. 10. (a) TEM micrograph with arrow indicates (b) SAED pattern ([1 1 1] zone axes) and (c) reciprocal lattice pattern simulation of the corundum-route PMN

particles.

This observation could be attributed to the mechanism of surface
energy reduction of the ultrafine powders, i.e. the smaller the
powder the higher the specific surface area [30]. In general, it is
seen that primary particle in corundum-route powders is clearly
smaller in size than the columbite-route powders. The averaged
particle size of corundum-precursor PMN powders with finer
particle size is regarded as advantage for better reactivity.
Bright field TEM images of discrete particles of the cal-
cined PMN powders are shown in Figs. 9(a) and 10(a) for the

columbite- and corundum-routes, respectively, indicating the
particle sizes and shapes at higher magnifications. The observed
morphology reveals the considerable difference in both size
and shapes between the two particles. Primary particle in the
columbite-route PMN powders is clearly larger in size and
also higher in angularity than the corundum-route powders. By
employing a combination of both selected area electron diffrac-
tion (SAED) and crystallographic analysis, the perovskite phase
of cubic PMN was identified for the columbite- and corundum-

Table 2
EDX analysis on PMN powders derived from columbite- and corundum-routes
EDX positions Composition (at.%) Possible phase(s)
Pb (M) Mg (K) Nb (L)
X 43.12 18.87 38.01 Pb(Mg;/3Nby3)03
y 8.45 84.10 7.45 Pb.86(Mg0.24Nb1 76)06.5 (M), Pb1.83(Mgo.20Nb1 71)06 39 (m), MgO (m)
z 5.75 89.85 4.40 Pb 86(Mgo.24Nb1 76)06.5 (M), Pb1.83(Mgo.29Nb1 71)06 39 (m), MgO (m), PbO (m)
a 45.04 17.75 37.21 Pb(Mg/3Nby3)03

M, Majority; m, Minority.
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Fig. 11. XRD patterns of PMN ceramics derived from: (a) columbite- and (b)
corundum-routes after sintering at 1225 °C for 2 h.

routes as shown in Figs. 9(b and c) and 10(b and c), respectively,
in good agreement with the XRD results.

Preliminary study on the ceramic production from the pow-
ders prepared from both routes was also conducted. As shown
in Fig. 11, it can be seen that the single-phase perovskite PMN
ceramics can be prepared by sintering both PMN powders at
1225 °C for 2h based upon the firing condition advocated by
Ananta and Thomas [5].

4. Conclusions

It has been shown that single-phase perovskite PMN pow-
ders can be successfully formed by employing either columbite
or corundum B-site precursor method via a rapid vibro-milling.
Evidence for the formation of a cubic pyrochlore phase, which
coexists with the perovskite PMN parent phase, is found at cal-
cination temperture ranging from 800 to 1050 °C. Amongst the
two B-site precursor methods, it is seen that lower optimised
calcination temperature for the production of pure PMN pow-
ders can be obtained by using the columbite route, whereas the
smallest obtainable particle size was found in the corundum-
route PMN powders.
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Abstract

(1—x)Pb(Zry 5, Tig 45)O3—xBaTiO; ceramics were prepared by a modified mixed-oxide method. The phase formation was studied by XRD analysis.
All compositions exhibit complete solid solutions of perovskite-like phase in the (1—x)PZT-xBT system. The (200)/(002) peak was found to
split at the composition x=0.6 and the co-existence of tetragonal-rhombohedral phases occurs with x < 0.6. The possible range of compositions
which correspond to a phase transition is 0.6 <x<0.7. While pure BT ceramics exhibited a sharp phase transformation expected for normal
ferroelectrics, phase transformation behavior of the (1—x)PZT—xBT solid solutions became more diffuse with increasing BT contents. This was
primarily evidenced by an increased broadness in the dielectric peak, with a maximum peak width occurring at x=0.5.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Phase development; Dielectric properties; Barium titanate (BT); Lead zirconate titanate (PZT)

1. Introduction

Nowadays, many researches have been carried out on the
phase development and dielectric behavior of various per-
ovskite ferroelectric ceramics, which can be applied to several
micro- and nano-electronic devices such as multilayer capaci-
tors, microactuators and miniaturized transducers [1,2]. Among
the many ferroelectric materials, barium titanate (BaTiO3 or
BT) and lead zirconate titanate (Pb(Zr,Ti)O3 or PZT) are rep-
resentative perovskite ferroelectric and piezoelectric prototypes
because of their excellent electrical properties [3,4]. While, bar-
ium titanate is a normal ferroelectric with a high dielectric con-
stant and a relatively low T¢ (~120°C), lead zirconate titanate
has a higher T¢ of 390 °C which allows PZT-based piezoelec-
tric devices to be operated at relatively higher temperatures [2,5].
Although BT ceramic has better mechanical properties than PZT,
the sintering temperature is also higher [1,3,5]. Thus, mixing
PZT with BT is expected to decrease the sintering temperature of
BT-based ceramics, a desirable move towards electrode of lower
cost [6]. Moreover, since PZT-BT is not a pure-lead system, it
is easier to prepare single phase ceramics with lower amount

* Corresponding author. Tel.: +66 53 943 376; fax: +66 53 943 445.
E-mail address: wanwilai_chaisan@yahoo.com (W. Chaisan).

0921-5107/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.mseb.2006.04.033

of undesirable pyrochlore phases [7,8]. With their complimen-
tary characteristics, it is expected that excellent properties can
be obtained from ceramics in PZT-BT system.

So far, there have been only a few studies on PZT-BT system
[7-9]. These studies have focused mainly on powder prepara-
tion and some electrical properties. However, there have been
no systematic studies on the phase development and dielectric
properties of the whole series of PZT-BT compositions, which
would help in identifying excellent electrical properties within
this system. In the present study, PZT and BT were chosen
as end components to prepare solid solutions via a modified
mixed-oxide method. Phase development and lattice parameter
changes of the whole series are investigated by XRD analysis.
Finally, the dielectric properties of PZT-BT ceramics are deter-
mined as a function of temperature and frequency to establish
structure—property relationships.

2. Experimental procedure

The (1—x)PZT—xBT compositions with 0.0 <x < 1.0 were
prepared by a modified mixed-oxide method [7]. The start-
ing raw materials were reagent grade PbO, ZrO;, TiO; and
BaCOs powders (Fluka, >99% purity). For BT powder, BaCO3
and TiO, were homogeneously mixed via ball-milling with zir-
conia media in ethanol for 24 h. The mixture was dried and
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then calcined at 1300°C for 2h to form BaTiO3. The PZT
powders were synthesized through the modified mixed-oxide
method, in which lead zirconate (PbZrO3) was first prepared
and then used as precursor in order to reduce the occurrence
of undesirable pyrochlore phase, as well as very high melt-
ing temperature ZrTiO4 phase, which is difficult to eliminate
[7]. Pure PbZrO3; phase was formed by reacting PbO with
ZrO, at 800 °C for 2h. PbZrO3; powder was then mixed with
PbO and TiO; and calcined at 900 °C for 2h to form single
phase PZT. The (1—x)PZT—xBT powders were then formulated
from the BT and PZT components by employing the similar
mixed-oxide procedure and calcining at various temperatures
between 900 and 1300 °C for 2 h in order to obtain single phase
(1—x)PZT—xBT powders. The phase formation process was fol-
lowed by XRD analysis. The lattice parameters a and ¢ were
determined by using a non-linear least squares method [10]. The
(1—x)PZT—xBT powders were then isostatically cold-pressed at
4 MPa into pellets, which were consequently sintered between
1050 to 1350°C for 2h in air. The grain morphology and
size were directly imaged using scanning electron microscopy
(SEM) and the average grain size was determined by using a
mean linear intercept method [11]. For dielectric measurements,
silver paste was fired on both sides of the polished samples at
550 °C for 30 min as the electrodes. Dielectric properties of the
sintered ceramics were studied as a function of both temperature
and frequency. The capacitance was measured with a HP4284A
LCR meter in connection with a Delta Design 9023 tempera-
ture chamber and a sample holder (Norwegian Electroceramics)
capable of high temperature measurement. Relative permittivity
(er) was calculated using the geometric area and thickness of
discs.
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Fig. 1. XRD diffraction patterns of (1—x)PZT-xBT powders.

3. Results and discussion

The phase formation behavior of the (1—x)PZT—xBT pow-
ders is revealed by XRD as shown in Fig. 1. The diffraction
pattern of powders with x = 1.0 match exactly that of perovskite
BaTiO3 (JCPDS no. 75-0460), whereas that of x=0.0 is of a
perovskite structure of Pb(Zrg 57 Tig.43)O3 with co-existence of
both tetragonal and rhombohedral phases, matching with the

(200)R

(002)T (200)T

A

Intensity (a.u.)

43 44 45 46 47 48

43 44 45 46 47 48

26/degrees

Fig. 2. XRD diffraction patterns for the (200) peaks of (1—x)PZT—xBT powders. Deconvolution of data shows the relative proportions of the rhombohedral and

tetragonal phases.
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JCPDS file no. 33-0784 and 73-2022, respectively. In the ladder
pattern, a series of continuous solid solutions of PZT-BT with
perovskite structure without any trace of pyrocholre phase nor-
mally forms. With increasing PZT content, the diffraction peaks
shifted towards lower angle and the diffraction peak around 26
of 43-46° was found to split at composition x=0.6 (as shown
in Fig. 2). This observation suggests that 0.4PZT-0.6BT com-
position may lead to a diffuse morphotropic phase boundary
(MPB) between the tetragonal and rhombohedral PZT phases

ey 1 Um

[12]. This is further evidenced in Fig. 2, which shows the evo-
Iution of the (200)/(002) peak as a function of composition
over the range 20 =43-48. The data indicate the appearance
of a triplet peak due to the superposition of the tetragonal and
rhombohedral (2 00) peaks. With increasing PZT content, the
intensity ratio of the (2 00)/(002) peak tends to decrease down
to x=0.6, where the rhombohedral peak is first observed. The
XRD patterns with high degree of PZT content (x < 0.6) showed
in all cases the co-existence of both tetragonal and rhombohe-
dral phases as clearly shown in Fig. 2. The variation of these
triplet-diffraction lines could be explained by microscopic com-
positional fluctuations occurring in these perovskite materials,
which cannot provide real homogeneity in the solid solutions,
and also by the different stresses induced in the particles, which
determine the co-existence of tetragonal-rhombohedral phases
[13,14].

The lattice parameters were then determined from the
triplets (200) by using a non-linear least squares method
[10]. The a-parameter, c-parameter and tetragonality (c/a) of
(1—x)PZT—-xBT ceramics are plotted as a function of BT content
in Fig. 3. The results show that cell parameters of all composi-
tions gradually decrease with increasing BT content as expected
from the steady increase in 26 of diffraction peaks (Fig. 2) and
agreed with Vegard’s law [15]. Thus, the perovskite PZT-BT
system is confirmed to develop a complete solid solubility, as
also observed in similar solid solutions [14]. However, the com-
position boundary between the real tetragonal and rhombohedral

Fig. 4. The microstructure of (1—x)PZT—xBT ceramics: (a) x=0.0, (b) x=0.1, (¢) x=0.3, (d) x=0.7, (¢) x=0.9 and (f) x=1.0.
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Table 1
Characteristics of (1—x)PZT-xBT ceramics with optimized processing
conditions

Compositions Sintering Density Average grain
temperature (°C) (g/cm3) size (m)
PZT 1100 7.7 2.36
0.9PZT-0.1BT 1200 7.6 2.86
0.7PZT-0.3BT 1200 72 1.97
0.6PZT-0.4BT 1250 6.9 2.31
0.5PZT-0.5BT 1250 6.6 3.87
0.4PZT-0.6BT 1250 6.3 4.19
0.3PZT-0.7BT 1250 5.7 3.71
0.1PZT-0.9BT 1300 53 5.72
BT 1350 5.8 2.42

phases could not be delimited under the present experimental
limit of accuracy. The possible range of compositions which
corresponds to a phase transition is 0.6 <x < 0.7 and high reso-
lution XRD analysis is clearly necessary to detect the possible
superposition of phases in further studies.

The optimized sintering temperatures, densities, and average
grain sizes of the sintered (1—x)PZT—xBT ceramics are listed
in Table 1. Higher firing temperatures were necessary for com-
positions containing a large fraction of BT. The microstructure
of (1—x)PZT—xBT ceramics is shown in Fig. 4. Compositions
with x=0.7 and 0.9 could not be sintered to sufficient den-
sities and the theoretical densities of ceramics in this range
were about 86—89%. It is possible that volatilization of PbO
during firing is the main reason for the failure in preparing
dense ceramics over this composition range [16,17]. It should
be noted that the grain size and density can influence dielec-
tric properties [4] but in the present work average grain size
varies between 2 and 5 wm, as shown in Table 1, which should
not play significant role in variation of dielectric properties. The
variation of the dielectric constant with temperature for ceramics
with x=0.0-0.6 is displayed in Fig. 5. The Curie temperatures
and maximum dielectric constants of the pure PZT ceramics in
this work was 390 °C and 14,900, respectively. With increasing

16000
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14000 o N\ ,\
12000 - H
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- 0
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Fig. 5. Variation of dielectric constant (&;) with temperature for (1—x)PZT-xBT
ceramics at 500 kHz (T¢ of each composition is indicated in parenthesis).

BT content, the transition temperature shifts monotonously to
lower temperatures and dielectric peak becomes broader, indi-
cating the increasing of diffused phase transition. The frequency
dependence of dielectric properties for x=0.0 and 0.5 ceram-
ics is shown in Fig. 6. For x=0.0 (pure PZT) (Fig. 6a), the &,
peak is sharp and approaches 15,000. A normal ferroelectric
behavior is observed in PZT as evident by a relatively weak
frequency dependence of dielectric properties, except at low
frequencies as a result of high temperature space charge con-
duction. Similar observation is also found for pure BT. On the
other hand, a diffuse phase transition and small frequency dis-
persion of the dielectric maxima are observed in x =0.5 ceramic
(Fig. 6b). Moreover, it should also be noted here that the dielec-
tric constant rises and dielectric loss significantly increases
at high temperature as a result of thermally activated space
charge conduction [18]. For PZT ceramic (Fig. 6a), a dielectric
constant at the lower frequencies seems to increase continu-
ously. It can be assumed that polar defect pairs created under
these conditions and may be related to such dielectric anomaly
[19].

As described above, a combination of PZT with BT intro-
duces dielectric peak broadening. For better understanding of
the interesting dielectric behaviors of PZT-BT system, we look
at these behaviors through Curie—~Weiss law. For a normal fer-
roelectric such as PZT and BT, above the Curie temperature the
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Fig. 6. Temperature and frequency dependence of the dielectric properties for:
(a) x=0.0 and (b) x=0.5 ceramics.
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dielectric constant follows the Curie—Weiss law:

where c is the Curie constant and 7 is the Curie—Weiss tempera-
ture [1,20,21]. For a ferroelectric with a diffuse phase transition

max)

In(1/s-1/e

ey
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(broad peak), the following equation:
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of the normal Curie—Weiss law (Eq. (1)) [22,23]. In Eq. (2), Try
is the temperature at which the dielectric constant is maximum.
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If the local Curie temperature distribution is Gaussian, the recip-
rocal permittivity can be written in the form [23,24]:
— Y

L1, @ Ty .
&  &m 2ems?

where ey, is maximum permittivity, y the diffusivity and § is
diffuseness parameter. For (1—x)PZT-xBT compositions, the
diffusivity (y) and diffuseness parameter (§) can be estimated
from the slope and intercept of the dielectric data shown in
Fig. 7, which should be linear. The values of y and § are both
materials constants depending on the composition and struc-
ture of materials [24]. The value of y is the expression of the
degree of dielectric relaxation, while the parameter § is used to
measure the degree of diffuseness of the phase transition. In a
material with the “pure” diffuse phase transition described by the
Smolenskii—Isutov relation (Eq. (2)), the value of y is expected
to be 2 [18]. The plots shown in Fig. 7 show that the variation is
very linear with the correlation of all the fits >0.999. The mean
value of the diffusivity (y) is extracted from these plots by fit-
ting a linear equation. The values of y illustrated in Fig. 8 vary
between 1.73 and 1.93, which confirms that diffuse phase tran-
sition occur in PZT-BT system. However, the phase transition
in this system can be considered as “no purely” diffuse as the
y value is not equal to 2 [18]. Since for a perovskite ferroelec-
tric it is established that the values of y and § could be caused
by microstructure feature, density and grain size [18,25]. How-
ever, the relationship between these values, density and grain
size in this work has not shown a very clear tendency. Never-
theless, this density and grain size effect can partly be the cause
of increasing of the diffusivity when BT is added to PZT since
the average grain size ranges from 2.4 um in PZT to 4.2 pum in
0.4PZT-0.6BT, while the density decreases from 7.7 g/cm? in
PZT to 6.3 g/cm? in 0.4PZT-0.6BT. With increasing BT con-
tent, the values of y and § seem to increase linearly over the
wide composition range (as plotted in Fig. 8), which indicates
more diffuse phase behavior in PZT-BT system with increas-
ing BT content (up to x=0.5). It should be noted the value of
y for PZT is nearly 2 (theoretical is 1 for normal ferroelectric
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Fig. 8. Plots of diffusivity (y) and diffuseness parameter (§) for (1—x)PZT—xBT
ceramics.

with sharp phase transition). This is probably because the mix-
ing of rhombohedral and tetragonal phases in PZT compound
(verified by XRD in Fig. 2) and a formation of pyrochlore phase
in pure PZT (though not detected by XRD) induced the occur-
rence of the chemical disorder and composition heterogeneity,
which in turn lead to more diffuse phase transition behavior in
PZT. As adding 10mol% BT to PZT, the value of y slightly
drops from 1.78 to 1.73, it can be assumed that small amount
of BT helps stabilize perovskite phase in PZT, as observed ear-
lier by Halliyal et al. [23] in case of PZN. However, with further
increase in BT content, y value increases and reaches the highest
value at x=0.5. The appearance of diffuseness has been nor-
mally argued in terms of variations in local composition giving
rise to distinct microregions, each of which has slightly different
Curie point for its ferro-paraelectric phase transition resulting
in a broad dielectric peak [18,26,27]. In this study, the vari-
ation in the diffuseness (Fig. 8) appears to coincide with the
XRD results in Fig. 2, which indicate the co-existence of both
tetragonal and rhombohedral phases and the microscopic com-
position fluctuations as a result of incomplete homogeneity in
the PZT—BT solid solution. In addition, it is believed that there
is an incomplete solubility of BT phase in PZT, little amount
of BT (not detected by XRD) could remain as a secondary
phase, leading to heterogeneous compositions. This composi-
tion heterogeneity also gives rise to random fields, which tend
to make the phase transition “diffuse” instead of sharp as in
normal ferroelectric [26,27]. For the compositions with x>0.5,
BT is now a dominant phase and the situation is reversed,
hence the values of y and § then decrease with increasing BT
content.

4. Conclusion

Phase formation characteristics of perovskite PZT-BT
ceramics have been investigated for the whole series of com-
positions with XRD analysis. All compositions show complete
solid solutions without unwanted phase. The crystal structure
of (1—x)PZT—xBT system changes gradually from only tetrag-
onal phase in BT to co-existence of tetragonal and rhombo-
hedal phases with increasing PZT content. The (200)/(002)
peak was found to split at x=0.6 and the triplet peak appears
with increasing PZT content. From XRD data, it can be seen
that the possible range of compositions which corresponds to a
phase transition is 0.6 <x < 0.7. Lattice parameters and degree of
tetragonality were found to vary with chemical composition and
increase with decreasing PZT contents. The dielectric studies
indicated that the phase transition behavior of the ceramic com-
positions becomes more diffuse with increasing BT content up to
50 mol%.
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Abstract

A columbite-like phase of zinc niobate, ZnNb,Og, has been synthesized by a solid-state reaction via a rapid vibro-milling technique. The
formation of the ZnNb,Og phase in the calcined powders has been investigated as a function of calcination conditions by TG-DTA and XRD
techniques. Morphology, particle size and chemical composition have been determined via a combination of SEM and EDX techniques. It has
been found that single-phase ZnNb,Os powders were successfully obtained for calcination condition of 600°C for 2h or 550°C for 6h with
heating/cooling rates of 30°C/min. Clearly, this study has demonstrated the potentiality of a vibro-milling technique as a significant time-saving
method to obtain single-phase ZnNb,O4 nanopowders (~50-300nm) at low calcination temperature.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Zinc niobate; ZnNb,Og; Columbite; Calcination; Phase formation; Powders; Solid-state reaction

1. Introduction

Zinc niobate (ZnNb,Og, ZN) is one of the binary niobate
compounds with excellent dielectric properties at microwave
frequencies [1-3]. It has very low loss and high dielectric
constant and is a promising candidate for applications in
microwave devices [4—6]. This compound with a columbite
crystal structure is also a suitable reference material for in-
vestigating the defect induced in LiNbO5 substrates for wave-
guide fabrication [6,7]. Moreover, recently, it is well established
as the key precursor for the successful preparation of single-
phase ferroelectric perovskite Pb(Zn;;3Nb,;3)0; (PZN)-based
ceramics, which is becoming increasingly important for
actuator, transducer and ultrasonic motor applications [8,9].

There has been a great deal of interest in the preparation of
single-phase PZN powders as well as in the sintering and
piezoelectric properties of PZN-based ceramics [10—14]. In
general, the constituents ZnO and Nb,Os are first mixed and
reacted together to form zinc niobate (ZnNb,Og), prior to mixing
and reacting with PbO in the second step of calcination at

* Corresponding author. Tel.: +66 53 943367, fax: +66 53 943445.
E-mail address: Supon@chiangmai.ac.th (S. Ananta).

0167-577X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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elevated temperature. Interestingly, this mixed oxide route has
been employed with minor modifications in the synthesis of
ZnNb,Oy itself [10—12]. However, powders prepared by a
mixed oxide route have spatial fluctuations in their composi-
tions. The extent of the fluctuation depends on the characteristics
of the starting powders as well as on the processing schedule.
Generally, the mixed oxide method involves the heating of a
mixture of zinc oxide and niobium oxide above 900 °C for long
times i.e. 2h [2,5,13], 4h [12,14], 6h [15] and 8h [16]. The
optimization of calcination conditions used in the mixed oxide
process, however, has not received detailed attention, and the
effects of applied dwell time and heating/cooling rates have not
yet been studied extensively.

Therefore, the main purpose of this work was to explore a
simple mixed oxide synthetic route for the production of
ZnNb,Og (ZN) powders via a rapid vibro-milling technique and
to perform a systematic study of the reaction between the starting
zinc oxide and niobium oxide precursors. The phase formation
and morphology of the powder calcined at various conditions
will be studied and discussed. The rapid vibro-milling technique
was employed to explore the potentiality in obtaining nano-sized
powders, which would in turn lead to lower required firing
temperature.



2868

2. Experimental procedure

The starting materials were commercially available zinc
oxide, ZnO (Fluka Chemical, 99.9% purity) (JCPDS file number
89-1397) and niobium oxide, Nb,Os (JCPDS file number
30-873) (Aldrich, 99.9% purity). The two oxide powders ex-
hibited an average particle size in the range of 3.0-5.0 um.
ZnNb,O4 powders were synthesized by the solid-state reaction
of thoroughly ground mixtures of ZnO and Nb,O5 powders that
were milled in the required stoichiometric ratio. Instead of
employing a ball-milling procedure [1,13—15], a McCrone
vibro-milling technique was used [17]. In order to combine
mixing capacity with a significant time saving, the milling
operation was carried out for 0.5h with corundum cylindrical
media in isopropyl alcohol (IPA). After drying at 120°C for 2h,
the reaction of the uncalcined powders taking place during heat
treatment was investigated by themogravimetric and differential
thermal analysis (TG—DTA, Shimadzu), using a heating rate of
10°C/min in air from room temperature up to 1000 °C. Based on
the TG—DTA results, the mixture was calcined at various con-
ditions, i.e. temperatures ranging from 500 to 900°C, dwell
times ranging from 0.5 to 8 h and heating/cooling rates ranging
from 5 to 30°C /min, in closed alumina crucible, in order to
investigate the formation of zinc niobate.

Calcined powders were subsequently examined by room
temperature X-ray diffraction (XRD; Siemens-D500 diffractom-
eter), using Ni-filtered CuK,, radiation to identify the phases
formed and optimum calcination conditions for the formation of
ZN powders. Powder morphologies and particle sizes were di-
rectly imaged, using scanning electron microscopy (SEM; JEOL
JSM-840A). The chemical compositions of the phase formed
were elucidated by an energy-dispersive X-ray (EDX) analyzer
with an ultra-thin window. EDX spectra were quantified with the
virtual standard peaks supplied with the Oxford Instruments eXL
software.

A. Ngamjarurojana et al. / Materials Letters 60 (2006) 2867-2872

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed in the
stoichiometric proportions of ZnNb,Og is displayed in Fig. 1. In the
temperature range from room temperature to ~200°C, the sample
shows both exothermic and endothermic peaks in the DTA curve,
consistent with the first weight loss. These observations can be
attributed to the decomposition of the organic species from the milling
process [17,18]. Increasing the temperature up to ~1000°C, the solid-
state reaction occurred between ZnO and Nb,Os [2,5,13]. The broad
exotherm with several small peaks in the DTA curve represents that
reaction, which has a maximum at ~550 and 800°C. These are
supported by a second fall in sample weight over the same 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 transition
reported by a number of workers [13—16]. These data were used to
define the range of calcination temperatures for XRD investigation
between 500 and 900°C.

To further study the phase development with increasing calcination
temperature in the powders, they were calcined for 2h in air at various
temperatures, up to 900 °C, followed by phase analysis using XRD. As
shown in Fig. 2, for the uncalcined powder, only X-ray peaks of
precursors ZnO (O) and Nb,Os (@), which could be matched with
JCPDS file numbers 89-1397 [19] and 3-873 [20], respectively, are
present, indicating that no reaction had yet been triggered during the
milling process. It is seen that fine ZnNb,Og crystallites (V) were
developed in the powder at a calcination temperature as low as 500°C,
accompanying with ZnO and Nb,Os as separated phases. This
observation agrees well with those derived from the TG—DTA results
and other workers [13,16]. As the temperature increased to 550°C, the
intensity of the columbite-like ZnNb,Og4 peaks was further enhanced
and became the predominant phase. Upon calcination at 600°C, an
essentially monophasic of ZnNb,Og phase is obtained. This ZN phase
was indexable according to an orthorhombic columbite-type structure
with lattice parameters a=1426pm, b=572 pm and ¢=504pm, space
group Pbcn (no. 60), in consistent with JCPDS file numbers 76-1827
[21]. This study also shows that orthorhombic ZN crystallite is the only
detectable phase in the powders, after calcination in the range of
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Fig. 1. TG-DTA curves for the mixture of ZnO—Nb,Os powder.
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Fig. 2. XRD patterns of ZN powders calcined at various temperatures for 2h with heating/cooling rates of 10°C/min.

600-900°C. In earlier works [12—16], long heat treatments at ~900—
1000°C for 2—8h were proposed for the formation of ZnNb,Og¢ by a
conventional mixed oxide synthetic route, although no details on phase
formation were provided. However, in the present study, it was found
that there are no significant differences between the powders calcined at
600 to 900°C with dwell time of only 2h, as shown in Fig. 2. This
observation would clearly suggest the advantages of a rapid vibro-
milling technique used in the present study.

Apart from the calcination temperature, the effect of dwell time was
also found to be quite significant. From Fig. 3, it can be seen that the
single phase of ZnNb,Og (yield of 100% within the limitations of the
XRD technique) was found to be possible in powders calcined at

600°C with dwell time of 2h or more. For the present work, there are
no significant differences between the powders calcined at 600 °C with
dwell times ranging from 2 to 8h. This was apparently a consequence
of the enhancement in crystallinity of the ZnNb,Og phase with
increasing dwell time. The appearance of ZnO and Nb,Os phases
indicated that full crystallization has not occurred at relatively short
calcination times. However, in the work reported here, it is to be noted
that single phase of ZnNb,Og powder was also successfully obtained
for a calcination temperature of 550°C with dwell time of at least 6h
applied (Fig. 4). This is probably due to the effectiveness of vibro-
milling and a carefully optimized reaction. The observation that the
dwell time effect may also play an important role in obtaining a single-
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Fig. 3. XRD patterns of ZN powders calcined at 600°C with heating/cooling rates of 10°C/min for various dwell times.
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Fig. 4. XRD patterns of ZN powders calcined at 550°C with heating/cooling rates of 10°C/min for various dwell times.

phase columbite product is also consistent with other similar systems
[22,23]. It is also very interesting to see that the on-set temperature is
approximately 300-400C lower than those reported earlier with a
conventional ball-milling method [12—15]. The difference could be
attributed to nano-sized mixed powders obtained from a rapid vibro-
milling. Most importantly, this study suggests that a rapid vibro-milling
method can significantly lower the optimum calcination temperature
for formation of single-phase ZN powders.

In the present study, an attempt was also made to calcine ZN
powders under various heating/cooling rates (Fig. 5). In this
connection, it is shown that the yield of ZnNb,O¢ phase did not vary
significantly with different heating/cooling rates, ranging from 5 to
30C/min, in good agreement with early results reported for the mixture
of the two kinds of refractory oxides [17,23].

Based on the TG—-DTA and XRD data, it may be concluded that,
over a wide range of calcination conditions, single-phase ZnNb,Og

cannot be straightforwardly formed via a solid-state mixed oxide
synthetic route, unless a careful design of calcination is performed. It is
well documented that powders prepared by a conventional mixed oxide
method have spatial fluctuations in their compositions. The extent of
the fluctuation depends on the characteristics of the starting powders as
well as the processing schedules [13,16,22]. The experimental work
carried out here suggests that the optimal calcination conditions for
single-phase ZnNb,Og¢ (with impurities undetected by XRD technique)
is 600°C for 2h or 550°C for 6h, with heating/cooling rates as fast as
30°C/min. Moreover, the formation temperature and dwell time for the
production of ZnNb,Og powders observed in this work are also much
lower than those reported earlier [14—16]. This clearly emphasizes the
advantages of a rapid vibro-milling technique.

Finally, the morphological changes in the ZnNb,O¢ powders formed
by a mixed oxide are illustrated in Fig. 6(a—f) as a function of
calcination temperatures, dwell times and heating/cooling rates,
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Fig. 5. XRD patterns of ZN powders calcined at 600°C for 2h with various heating/cooling rates.
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Fig. 6. SEM micrographs of the ZN powders calcined for 2h with heating/cooling rates of 10°C/min at (a) 600, (b) 900, and at 600°C with heating/cooling rates of
10°C/min for (c) 4, (d) 8h, and at 600°C for 2h with heating/cooling rates of (e) 10 and (f) 30°C/min.

respectively. The influence of calcination conditions on particle size is
given in Table 1. In general, the particles are agglomerated and irregular
in shape, with a substantial variation in particle size, particularly in
samples calcined at high temperature (Fig. 6(b)) or with fast heating/
cooling rates (Fig. 6(e,f)). This finding is also similar to that in ZrTiO4
powders synthesized by Ananta et al. [17]. The results indicate that

difference in particle size and degree of agglomeration tend to increase
with calcination temperatures (Table 1). After calcinations at 900°C
(Fig. 6(b)), the powders seem to display a significant level of necking
and bonding as if they were in the initial stages of sintering.

The effects of dwell time and heating/cooling rates on the morpho-
logy of the calcined powders were also found to be quite significant. As
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Table 1
Particle size range of ZnNb,O4 powders calcined at various conditions
Calcination conditions Particle
Temperature (°C) Dwell time (h) Rates (°C/min) size
range
(£10nm)
550 6 30 92-320
600 2 10 75-220
600 4 10 80-340
600 6 10 120-400
600 8 10 180-620
600 2 20 70-220
600 2 30 50-300
700 2 10 120-250
800 2 10 150-420
900 2 10 300-800

expected, it is seen that longer heat treatment leads to larger particle
sizes and hard agglomeration (Fig. 6(c,d)). As shown in Fig. 6(e,f), by
increasing the heating/cooling rates, averaged particle size tends to
decrease whilst the degree of agglomeration tends to increase. This
observation could be attributed to the mechanism of surface energy
reduction of the ultrafine powders, i.e. the smaller the powder the higher
the specific surface area [24]. To the author’s knowledge, the present
data are the first results for the morphology—calcination relationship of
ZnNb,Og powders prepared by the solid-state reaction. It is also of
interest to point out that mass production of single-phase ZnNb,Og
nanopowders with the smallest particle size ~50nm (estimated from
SEM micrographs) can be achieved by employing a simple solid-state
reaction combined with a rapid vibro-milling technique. In addition,
EDX analysis using a 20nm probe on a large number of particles of the
calcined powders confirms that the parent composition is ZnNb,Og
powders, in good agreement with XRD results.

The results obtained in this study clearly suggest that a systematic
study of the effect of milling parameters such as milling times and
milling speed on the phase and morphology evolutions of the ZnNb,Og
powders are required for better understanding and verifying the
attractiveness of the vibro-milling technique. Further investigation of
this relationship is underway and will be reported in the future.

4. Conclusions

The solid-state mixed oxide method via a rapid vibro-milling
technique is explored in the preparation of single phase ZN
nanopowders. The calcination temperature and dwell time have
been found to have a pronounced effect on phase formation and
particle size of the calcined ZnNb,Og powders. This work
demonstrated that single-phase of zinc niobate powders with
particle size ranging from 50-300nm can be produced via this

technique by using a calcination temperature of 600 °C for 2h or
550C for 6h, with heating/cooling rates of 30 C/min. The re-
sulting ZN powders consist of variety of agglomerated particle
sizes, depending on calcination conditions.
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The dielectric constant of lead-based ferroelectric ceramics in three different systems,
i.e. BT-PZT, PMN-PT and PMN-PZT, was measured under uniaxial compressive pre-
stress to investigate the contributions of different domain-phenomena. The dielectric
constant was observed at room temperature under the compressive pre-stress up to
15 MPa, 22 MPa and 5 MPa for BT-PZT, PMN-PT and PMN-PZT, respectively, us-
ing a homebuilt uniaxial compressometer. Dielectric constant of the BT-PZT ceramics
increased significantly with increasing applied stress. Larger changes in the dielectric
constant with the applied stress were observed in the PZT-rich compositions. However,
for PMN-PT and PMN-PZT ceramic systems, changes in the dielectric constant with the
stress were found to depend significantly on the ceramic compositions. The experimental
results could be explained by both intrinsic and extrinsic domain-related mechanisms
involving domain wall motions, as well as the de-aging phenomenon from the application
of the compressive pre-stress. Roles of different types of domains, i.e. micro-domains and
nano-domains, were also discussed.

Keywords: Domains; dielectric properties; ferroelectrics; uniaxial stress.

1. Introduction

Among perovskite ferroelectric materials, barium titanate (BaTiOs or BT), lead
titanate (PbTiOg or PT), lead zirconate titanate (Pb(Zr;_,Ti;)Os or PZT) and
lead magnesium niobate (Pb(Mg; ;3Nbg/3)O3 or PMN) ceramics have been investi-
gated extensively and continuously since the late 1940s. % BT and PT, PMN and
PZT are representative perovskite normal ferroelectrics, relaxor ferroelectrics, and
piezoelectric prototypes, respectively, because of their excellent electrical proper-
ties. These ceramics possess distinct characteristics that make each of them suitable
for different applications. Forming a composite of these ferroelectrics has been one
of the techniques employed to improve the properties of ferroelectric ceramics for

specific requirements for each application.? 4
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One of the most studied piezoelectric compounds, Pb(Zrg 52Tig.45)O3, a mor-
photropic phase boundary (MPB) compound of PZT, has great piezoelectric prop-
erties with a high Curie temperature (T¢) of ~390°C. BT exhibits high dielectric
constant and superior electrostrictive responses with a lower T¢ (~120°C).}"* In
addition, BT is mechanically superior to PZT, whereas PZT ceramics can be easily
sintered at temperatures much lower than that in BT ceramics, which usually re-
quire as high sintering temperature as 1400°C.> With their complementary features,
the composites between PZT and BT are expected to exhibit better properties than
the single-phase PZT and BT.!~3 Furthermore, the properties can also be tailored
over a wider range by changing the compositions to meet the strict requirements
for specific applications.3™6

PMN exhibits high dielectric constant and a broad range transition of dielec-
tric constant, with temperature as a function of frequency.?® In addition, PMN
ceramics exhibit low loss and non-hysteretic characteristics. These make PMN a
good candidate for a large number of applications, such as multilayer capacitors,
sensors and actuators. However, it is difficult to form a single-phase PMN. It is
widely accepted that forming a solid solution between PMN and PT results in
ceramics with high dielectric constant and large electrostrictive coefficients.”® In
addition, PMN ceramics have relatively low electromechanical coupling coefficients,
when compared with those of PZT, which are found in several actuator and trans-
ducer applications due to the latter’s high electromechanical coupling coefficients
and higher temperature of operation.'* However, PZT ceramics also possess highly
hysteretic behavior, which makes them unsuited for applications that require high
delicacy and reliability. Furthermore, PZT ceramics normally have very high Curie
temperature (T¢) in the vicinity of 400°C.12 Usually many applications require
that T be close to ambient temperature. Therefore, there is a general interest to
reduce the T of PZT ceramics to optimize their uses. With the complementary
features of PMN and PZT, the composites between PMN and PZT are expected to
synergetically combine the properties of both ceramics, which could exhibit more
desirable piezoelectric and dielectric properties for several technologically demand-
ing applications than single-phase PMN and PZT.!%!1 With the reasons outlined
above, it is therefore of interest to investigate the PMN-PT and PMN-PZT systems.

In many applications, these ferroelectric ceramics are often subjected to me-
chanical loading, either deliberately in the design of the device itself or because
the device is used to change shapes as in many smart structure applications or
when the device is used under environmental stresses.%!2:13 Despite the fact, mate-
rial constants used in any design calculations are often obtained from a stress-free
measuring condition, which in turn, may lead to incorrect or inappropriate actu-
ator and transducer designs. It is therefore important to determine the properties
of these materials as a function of applied stress. Previous investigations on the
stress-dependent dielectric and electrical properties of many ceramic systems have
clearly emphasized the importance of the matter.!*'® More importantly, since these
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three ceramic systems possess very distinct dielectric characteristics, they display
significantly different ranges of Curie temperature (7). BT-PZT has a range of
Tc between 120°C and 400°C,'6 while the range extends from —10°C to 490°C for
PMN-PT” ? and from —10°C to 400°C for PMN-PZT.!7-!® The experimental re-
sults of the uniaxial stress dependence of the room temperature dielectric properties
of these ceramic systems will provide a tool in assessing the contributions of dif-
ferent domain-related mechanisms in these important ferroelectrics. Therefore, this
study is undertaken to investigate the influences of the uniaxial compressive pre-
stress on the dielectric properties of ceramics in BT-PZT, PMN-PT and PMN-PZT
systems.

2. Materials and Methods

The ceramic composites with formula BaTiOs-Pb(Zrg 52Tip.45)O3 or BT-PZT,
Pb(Mg; /3Nby,3)03-PbTiO3 or PMN-PT and Pb(Mg; /3Nby/3)03-
Pb(Zrg52Tig.48)O3 or PMN-PZT were prepared from the starting BT, PT,
PZT and PMN powders by a mixed-oxide method. BT, PT and PZT pow-
ders were first prepared by a conventional mixed-oxide method. On the other
hand, perovskite-phase PMN powders were obtained via a well-known columbite
method.!® Subsequently, the (r)BaTiOz—(1-2)Pb(Zrg 52Tip.48)O3 (when z = 0.0,
0.05, 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 0.95, and 1.0), the (1 —
Z‘)Pb(Mgl/ngg/g,)Og*(ﬂf)Pb(ZI‘of,QTi()Ag)03 (when Tr = 01, 02, 03, 04, and 05)
and the (Z‘)Pb(Mgl/ngg/g,)03*(lfx)Pb(ZI‘o.g,QTi()Ag)Og (when T = 00, 01, 03,
0.5, 0.7, 0.9, and 1.0) ceramic composites were then prepared from the starting
BT, PT, PZT and PMN powders by the similar mixed-oxide method described
above at various processing conditions. The detailed descriptions of powders and
ceramics processing and characterizations were presented thoroughly in the earlier
publications.!6718

For dielectric property characterizations, the sintered samples were lapped to
obtain parallel faces, and the faces were then coated with silver paint as electrodes.
The samples were heat-treated at 750°C for 12 min to ensure the contact between
the electrodes and the ceramic surfaces. The samples were subsequently poled in
a silicone oil bath at a temperature of 120°C by applying a dc field of 20 kV/cm
for 30 min for BT-PZT ceramics, while for PMN-PT and PMN-PZT ceramics, the
poling condition was 25 kV /cm for 30 min and field-cooled to room temperature. To
study the effects of the uniaxial compressive pre-stress on the dielectric properties,
the uniaxial compressometer was constructed. The uniaxial compressive pre-stress
applied parallel to the electric field direction was supplied by the servohydraulic
load frame and the applied stress was monitored with the pressure gauge of the
load frame. The details of the system were described elsewhere.20:2! The dielectric
properties were measured through spring-loaded pins connected to the LCZ-meter
(Hewlett Packard, Model 4276A). The capacitance was determined at a frequency
of 1 kHz and room temperature (25°C). The dielectric constant was then calcu-
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lated from a parallel-plate capacitor equation, e.g. e, = Cd/egA, where C is the
capacitance of the sample, d and A are the thickness and the area of the electrode,
respectively, and g¢ is the dielectric permittivity of vacuum (8.854 x 10712 F/m).

3. Results and Discussion

The experimental results of the uniaxial compressive pre-stress dependence of the
dielectric constant of the ceramics in BT-PZT, PMN-PT and PMN-PZT systems
are displayed in Figs. 1-3. For BT-PZT system (Fig. 1), there is a significant change
of the dielectric constant of the ceramics when the applied stress increases from
0 MPa to 15 MPa. The changes of the dielectric constant with the applied stress
can be divided into three different groups. For PZT ceramic, the dielectric constant
increases exponentially with the applied stress. It can be seen that the dielectric
constant is enhanced by approximately 8% at 15 MPa applied stress. For PZT-
rich compositions (0.05BT-0.95PZT, 0.15BT-0.85PZT, 0.25BT-0.75PZT, 0.35BT-
0.65PZT and 0.45BT-0.55PZT), the dielectric constant increases rather linearly
with increasing applied stress. The changes in the dielectric constant between 2% to
4% at 15 MPa applied stress are obviously smaller than that observed in PZT. For
BT-rich compositions (BT, 0.95BT-0.056PZT, 0.85BT-0.15PZT, 0.75BT-0.25PZT
and 0.65BT-0.35PZT), the dielectric constant only rises slightly (< 2%) and in
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1.08 —8—0.95PZT-0.05BT
’ —A—0.85PZT-0.15BT
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Fig. 1. Relative changes of dielectric constant (¢,) as a function of compressive pre-stress for
(z)BT—(1-2)PZT ceramics.
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Fig. 2. Relative changes of dielectric constant (¢,) as a function of compressive pre-stress for
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Fig. 3. Relative changes of dielectric constant (e,) as a function of compressive pre-stress for
(z)PMN—(1-z)PZT ceramics.
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a linear manner when the applied stress increases to the maximum amplitude.
Similar experimental results have been reported previously for soft PZT?223 in
which the dielectric properties are found to increase with increasing magnitude of
the compressive pre-stress.

The experimental result for the PMN-PT ceramics is shown in Fig. 2. The
changes of the dielectric constant with the applied stress can be divided into two
groups. For 0.9PMN-0.1PT ceramic, the dielectric constant decreases drastically
with the applied stress. The change is more than 70% decrease when the applied
stress increases to 22 MPa. On the other hand, for other PMN-PT ceramics, i.e. with
x values of 0.2-0.5, the change is minimal. The dielectric constant is actually rather
stable within this range of the applied stress.

Figure 3 displays the experimental results for the PMN-PZT ceramics. To
prevent mechanical failures usually occurring in PMN-PZT, the experiments are
carried out at the compressive pre-stress only up to 5 MPa. However, there is
already a significant change of the dielectric constant of the ceramics; even the
maximum applied stress is only 5 MPa. The changes of the dielectric constant
with the compressive pre-stress can be divided into two different groups. For PMN-
rich compositions (PMN, 0.9PMN-0.1PZT, and 0.7PMN-0.3PZT), the dielectric
constant generally decreases with increasing applied stress. However, it should be
noticed that only PMN and 0.9PMN-0.1PZT compositions show definite decreases
in the dielectric constant, while the dielectric constant of the 0.7PMN-0.3PZT com-
position initially increases, then decreases with very little difference in the dielectric
constant between 0 MPa and 5 MPa. On the other hand, for PZT-rich compositions
(PZT, 0.1PMN-0.9PZT, 0.3PMN-0.7PZT, and 0.5PMN-0.5PZT), the dielectric con-
stant rises slightly when the compressive pre-stress increases from 0 MPa to 1 MPa,
and becomes relatively constant when the pre-stress increases further.

To understand these experimental results, various effects will have to be con-
sidered. Normally, the properties of ferroelectric materials are derived from both
the intrinsic contribution, which is the response from a single domain, and extrinsic
contributions, which are from domain wall motions. 41224726 Intrinsically, these
ferroelectric materials consist of different types of domains, depending upon com-
position and temperature. In normal ferroelectrics such as BT, PT and PZT, the
domains called “micro-domain” are present when the temperature is below T, and
the domains are non-existent above To. On the other hand, in a relaxor ferroelectric
like PMN, the domain size gradually changes from nano-domain to micro-domain
when the temperature decreases from far above temperature with maximum di-
electric constant (Tiax) to below depolarization temperature (7). Normally, the
responses of nano-domains to the external compressive pre-stress result in the de-
crease in the dielectric constant with stress.?® The extrinsic contribution is also
very important. When a mechanical stress is applied to a ferroelectric material, the
domain structure in the material will change to maintain the domain energy at a
minimum; during this process some of the domains engulf other domains or change
shape irreversibly. Under a uniaxial stress, the domain structure of ferroelectric
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ceramics may undergo domain switching, clamping of domain walls, de-aging and
de-poling.?®

For the case of BT-PZT system, which exhibits normal ferroelectric behavior,
the results on the uniaxial compressive pre-stress dependence of the dielectric con-
stant can easily be explained with the contribution from the extrinsic contribution
because the range of T for these ceramics is far above the room temperature, at
which the experiment was carried out. Therefore, the main contribution is from
micro-domains and the domain walls. When the uniaxial compressive pre-stress is
applied in the direction parallel to the poling direction, the stress will move some
of the polarization away from the poling direction, resulting in a change in do-
main structures.!#242% This change increases the non-180° domain wall density.
Hence, the increase of the dielectric constant with the applied stress can be ob-
served. The de-aging mechanism is also expected to play a role here. However, the
stress clamping of domain walls and the de-poling mechanisms are not expected
at this relatively-low stress level used in this study.?” Therefore, a combination of

16

the domain switching and the de-aging mechanism is believed to be a reason for
the increase of the dielectric constant with increasing applied stress in the BT-PZT
system, as shown in Fig. 1.

The situation for the PMN-PT system is a little more complex because this sys-
tem is a mixing between the normal ferroelectric PT and the relaxor ferroelectric
PMN. Therefore, there is a competing mechanism between the two types of materi-
als, depending on temperature and composition. Since the Ty, .« for 0.9PMN-0.1PT
is ~30°C37 9 and the experiment was performed at ~25°C, the nano-domains con-
tribute greatly to the dielectric response; hence a significant decrease in dielectric
constant with increasing stress is observed. For other compositions with higher T}, .«
(110°C for 0.8PMN-0.2PT to 270°C for 0.5PMN-0.5PT),” ? since there are compet-
ing influences of the intrinsic contribution of domains, mainly micro-domains, and
the extrinsic contribution of re-polarization and growth of micro-polar regions, with
opposite responses, the dielectric constant of these compositions becomes rather
stable with increasing applied stress, as seen in Fig. 2.

For the PMN-PZT system, the results for the case of PZT-rich compositions
can easily be explained in the same way as in the BT-PZT system. Since PMN is
a relaxor ferroelectric material, the situation is very different for PMN-rich com-
positions. The stress dependence of the dielectric constant of the compositions is
attributed to competing influences of the domain contribution and the extrinsic
contribution of re-polarization and growth of micro-polar regions.'*27 Since the di-
electric response of both contributions is affected by the applied stress in an opposite
way, the behavior of the composites depends on the composition ratio between PMN
and PZT. Since the measurements were carried out at room temperature (25°C),
the nano-domains dominate the dielectric response of the composites.?” Therefore,
the dielectric constant of the PMN-rich compositions decreases with increasing ap-
plied stress, as seen in Fig. 3.
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4. Conclusions

In this study, the dielectric constants under the uniaxial compressive pre-stress
of the BT-PZT, PMN-PT and PMN-PZT ceramics are observed at stress up to
15 MPa, 22 MPa and 5 MPa, respectively, using a uniaxial compressometer. The
dielectric constant of the BT-PZT ceramics increases significantly with increasing
applied stress. Larger changes in the dielectric constant with the applied stress are
observed in the PZT-rich compositions. For PMN-PT system, the dielectric con-
stant of 0.9PMN-0.1PT decreases significantly with the applied stress, while that of
other compositions is rather stable. For PMN-PZT system, the dielectric constant
of the PMN-rich compositions decreases, while that of the PZT-rich compositions
increases slightly with increasing applied stress. The experimental results are ex-
plained in terms of domains, domain walls and de-aging mechanisms. The contri-
butions of different domain-related phenomena to the dielectric responses of these
lead-based ferroelectric ceramics under the compressive pre-stress depend greatly
on compositions and temperature. Finally, this study undoubtedly shows that the
applied compressive pre-stress has significant influences on the dielectric properties
of the lead-based ferroelectric ceramics.
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Scaling behavior of dynamic hysteresis in soft lead zirconate

titanate bulk ceramics
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The scaling behavior of the dynamic hysteresis of ferroelectric bulk system was investigated. The
scaling relation of hysteresis area (A) against frequency f and field amplitude E, for the saturated
loops of the soft lead zirconate titanate bulk ceramic takes the form of (A)« f~V4E,, which differs
significantly from that of the theoretical prediction and that of the thin film. This indicates that the
scaling relation is dimension dependent and that depolarizing effects in the interior must be taken
into account to model bulk materials. Additionally, the scaling relation for the minor loops takes the
form of (A)oc f~13E3, which is identical to that of the thin film as both cases contain similar 180°
domain-reversal mechanism. © 2006 American Institute of Physics. [DOI: 10.1063/1.2363143]

Lead zirconate titanate [Pb(Zr,_,Ti,)Oz or PZT] ceram-
ics have been employed extensively in sensors and actuators,
particularl?/ donor-doped PZT with “soft” piezoelectric
behaviors."” In these applications, the dynamic hysteresis,
i.e., hysteresis area (A) as a function of the field amplitude E,
and frequency f, has become an important consideration.'”
Many theoretical studies have been focused on scaling law
(A)x f“Eg (where « and B are exponents that depend on the
dimensionality and symmetry of the system) of hysteresis
curves in polarization systems.4’7 The three-dimensional
models [(P?)? and (®?)’] by Rao et al* and other
investigators7’8 proposed two scaling relations applicable to
the low-f and high-f limits as follows:

(A) = fBEP  as f— 0, (1)

(Ayoc fUE)  as f— oo, (2)

Technologically, it is helpful to understand the scaling
behavior so that the ultrahigh-frequency hysteresis can be
predicted. Hence, there have been reports on the scaling be-
havior of the dynamic hysteresis in ferromagnetic and ferro-
electric thin films, with some discregancies between theoret-
ical and experimental results.®™ In contrast to the
theoretically predicted scaling relation at high-f limit in Eq.
(2), the experimental investigation on PZT thin film'* has
resulted in a different relation, i.e.,

(Ayc f1PES as f— o, 3)

Interestingly, there has been no report on the scaling
studies of ferroelectric hysteresis in bulk ceramics. Thus, we
present in this letter the results on the scaling behavior of the
dynamic hysteresis of soft PZT bulk ceramic.

The dynamic hysteresis (P-E) loops of commercial soft
PZT ceramic disks (PKI-552, Piezo Kinetics Inc., USA) with
diameter of 10 mm and thickness of 1 mm were character-
ized at room temperature (25 °C) by using a modified
Sawyer-Tower circuit with f covering from 2 to 100 Hz and
Ey from 0 to 18 kV/cm. The electric field was applied to a
sample by a high voltage ac amplifier (Trek 610D) with the

YAuthor to whom correspondence should addressed; electronic mail:
rattikornyimnirun @yahoo.com
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input sinusoidal signal from a function generator (HP
3310A). The P-E loops were recorded by a digital oscillo-
scope (HP 54645A, 100 MHz). Each loop was obtained after
20 sampling cycles to average out the noise deformation. The
details of the system were described elsewhere.'* The hys-
teresis loop obtained was very consistent with that obtained
by a standardized ferroelectric testing unit, RT66A (Radiant
Technologies Inc., NM), which ensures the reliability of the
measurements.

The hysteresis loops at different f but fixed E,
(18 kV/cm) and at different E; but fixed f (100 Hz) are
shown in Fig. 1. The loop area (A), remanent polarization
(P,), and coercive field (E.) decrease with an increase of
frequency, as shown in Fig. 1(a). The dependence of the
hysteresis loop on Ej is depicted in Fig. 1(b). For small fields
(6 and 12 kV/cm), the loop does not saturate. With further
increase in E,, (A), P,, and E,. increase until well saturated
loop is achieved. Similar observations have been reported in
thin films.”'""

To investigate the scaling behavior, we followed the the-
oretical predictions on the loop area®® by plotting (A)
against f~'Ej. The data are shown in Fig. 2(a) and the dotted
line represents a fitting in terms of (A)ocf'E3. Clearly, the
theoretically proposed scaling relation in Eq. (2) cannot be
directly applied to the data obtained in this study. Moreover,
earlier experimental work'® on the PZT thin film showed a
different relation, expressed in Eq. (3). To check the validity
of the relation on the bulk ceramic, we plot (A) against
fYBE2, as shown in Fig. 2(b) with the dotted line represent-
ing a fitting in terms of (A)xf'Ej. Large deviation ob-
served also implies that the experimentally obtained scaling
relation for the thin film is not applicable to the bulk ce-
ramic. However, a closer check shows that Egs. (2) and (3)
appear to yield reasonable fits to the low FE-field data, as
shown in Fig. 2. The discussion on this observation will be
formulated later.

To obtain the suitable scaling relation for the bulk ce-
ramic, one can fit the data with (A) o« f"Ej, where m and n
are exponents to be determined directly from the experimen-
tal data. By plotting (A) against f at fixed E,,, one obtains the
exponent m. On the other hand, the exponent n can be ob-
tained from plotting (A) against E, at fixed f. As plotted in

© 2006 American Institute of Physics

Downloaded 16 Oct 2006 to 202.28.248.45. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



162901-2 Yimnirun et al.

6 T
i Increasing f

« f=1Hz
+« f=4Hz
v f=¢Hz
4 fm=gHz
= f=9Hz
204{= f=I10Hz
+ [f=20Hz
+
4

f=40Hz

P(uClent)

-60

E®Viem)

50

N . B 6V fom
B 340 fom
E=12kV/em
E=16kViem
B 18kV/om

I

Incressing £,

P(uClend)

-20 -15 -10 -5 1] 5 10 15 0
E(Viem)

FIG. 1. (Color online) Hysteresis loops for soft PZT ceramic (a) at various
fand E;=18 kV/cm and (b) at various E, and f=100 Hz.

Fig. 3(a), it is revealed that the high E-field data can be much
better fitted (with R>=0.97), within the measured uncertainty,
by

<A>°<f_l/4E0. (4)

Though the minor loop data were excluded from the fit-
ting reported in Eq. (4), it is possible that a different scaling
behavior could be established for the low E-field region, as
also reported in previous investigations.'"'? More discus-
sions on this will follow.

The scaling relation obtained in Eq. (4) indicates that (A)
decays more slowly with f and grows more slowly with E|,
than the theoretical prediction, Eq. (2). (A) also decays
slightly slower with f, but grows much more slowly with E
than the PZT thin film, Eq. (3). An explanation for the dif-
ference may come from the polarization-interaction terms as
considered in the (®%)? and (®2)* models, in which the po-
larization flip just has one contribution, i.e., polarization
reversal.*> This requires overcoming high energy barrier.
The Potts model used by Liu et al. '3 also has the polarization
orientation in various domains in directions not antiparallel
to the direction of E, hence requires lower energy barrier for
polarization flip to occur, which results in a higher exponent
of 3 in the E, term, as compared to the exponent of 2 in the
theoretical models. However, in ceramics, there are influ-
ences of many depolarizing effects, arisen from domain
walls, grain boundaries, space charges, immobile defects,

Appl. Phys. Lett. 89, 162901 (2006)
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FIG. 2. (Color online) Scaling of hysteresis area (A) against (a) f"E(zJ and
(b) £7'E} for soft PZT ceramic.

etc., which may retard the external field. Consequently, the
energy barrier is very much higher, which leads to slower
polarization-flip kinetics. Therefore, a low exponent for the
E, term is expected from the ceramics.

In addition, the f term shows an exponent of —1/4,
smaller in absolute value than that of PZT thin film (expo-
nent is —1/ 3).13 To explain the difference, one may need to
consider not only the contribution from the domain switch-
ing and ionic type in thin films' but also additional contri-
butions to hysteresis properties from space charges on grain
boundaries, induced electric field from interface layers, im-
mobile defects,' etc. Therefore, in a bulk-ceramic type these
depolarizing effects, acting as a buffer to polarization-
reversal mechanism, will be stronger than those in thin film
structure. As a result, the hysteresis area must show a rela-
tively weaker dependence on f than that observed in thin
films.

Returning to the observation in Fig. 3(a), there are actu-
ally two slopes—one at low E fields (high frequencies) and a
different slope at high E fields (low frequencies). Addition-
ally, Egs. (2) and (3) appear to yield reasonable fits to the
low E-field data in Fig. 2. In contrast, Eq. (4) appears to fit
the high E-field data to a reasonable extent. It is therefore
important to explain the fundamental nature of the different
slopes. Probable reasons lie in the complexities of the do-
main structure of PZT, which also depends on the
dimensionality.l(”l7 A number of recent studies have explored
this behavior and reported that it is likely that different do-
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FIG. 3. (Color online) Scaling of hysteresis for soft PZT ceramic: (a) area
(A) against f~V*E, for the saturated loops and (b) area (A) against f~'E} for
the minor loops.

main walls are being activated at different fields.*™'7?° Gen-
erally, PZT ceramics have 180° and non-180° domain
structures.'”?® As the non-180° domain switching is nor-
mally accompanied with mechanical strain, it occurs at
higher E field than the 180° domain reversal does. '8
Therefore, under low E fields, one would expect the 180°
domain reversal to occur first. It is also well known that the
non-180° domain wall motion is typically very heavily
clamped in thin films.'” Therefore, the main switching con-
tribution in thin films would be from the 180° domain rever-
sal. This explains why the scaling behavior of PZT bulk ce-
ramics at low E fields is similar to that of thin films. This is

Appl. Phys. Lett. 89, 162901 (2006)

further supported by the scaling relation of PZT bulk ceram-
ics obtained for low E fields in the form of (A) o f~13E3 as
shown in Fig. 3(b). Considering the various domain types
observed in PZT, it should be worthwhile to examine the
scaling relation for a simpler ferroelectric with only one type
of domain wall (e.g., BiyTiz0,,). Interestingly, a previous
investigationzl on Nd-doped Bi,TizO,, yielded a scaling in
the form of (A)oc f23E2, which is closer to the theoretical
prediction [Eq. (2)] and that for the SrBi,TayO, thick film."?

In summary, the scaling relation for the saturated hyster-
esis loops of the soft PZT ceramic takes the form of (A)
o f~V4E,, which differs significantly from that of the theoret-
ical prediction and that of the PZT thin film. Additionally, the
scaling relation for the minor loops is identical to that of thin
films, i.e., (Ayo f13E,.

This work was supported by the Thailand Research
Fund, Commission on Higher Education, Graduate School
and Faculty of Science, Chiang Mai University.
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Polarization behavior in lead titanate, prepared by the two stage sintering approach, is deter-
mined by using the dilatometer thermal expansion data. We report the temperature-dependent

measurements of the strain, the magnitude of polarization, ﬁg, deduced from the sets of data
gathered from the thermal expansion values. The calculated values of the electric polarization,
Ps, on the two stage sintered lead titanate ceramics show the simple approach to determine
the temperature dependence of the polarization below and around the transition temperature.
Various aspects of our understanding of the polarization behavior and other effects in the fer-
roelectric are discussed.

Keywords: polarization behavior; thermal expansion; lead titanate

INTRODUCTION

The high Curie temperature of lead titanate, PbTiO3, ceramics has long
qualified these materials for potential high-temperature and high frequency
applications [1-3]. For PbTiOs3, above the ferroelectric transition tempera-
ture, T¢, the structure is cubic and below T it becomes tetragonal with a
spontaneous polarization Ps. In general, the value of Py is difficult to mea-
sure due to its high coercive field and T¢ &~ 490°C [1]. However, the change
in polarization with temperature can be observed through thermal expansion
(or strain) measurements and from the data, spontaneous polarization and

*Corresponding author. E-mail: asb2 @psu.edu
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its temperature dependence can be computed. Some authors [4, 5] suggest
the value of Pg at room temperature to be greater than 50 C/cm?”. Shirane
[6] and Jona [7] give the value of Pg = 80 wClem?.

It is always a challenge to measure the temperature-dependence of the
polarization of the high T ferroelectric over the entire temperature range.
In general with the increase in temperature and due to the increase in losses
in the PbTiO3 samples it hinders the real spontaneous polarization and its
(Ps) temperature dependence measurements at higher temperature by using
the hysteresis and pyroelectric techniques. Therefore, some alternate ap-
proaches have to be made in order to extract some useful data on PbTiO3 for
the polarization versus temperature behavior. From the phenomenological
approach we know that the Pg values can be extracted by using the relation

(8];
Al ,
Xj= = Qi Py (D

where x;; is the strain, Al/l is thermal expansion, Qjj is the electrostrictive
coefficient. Q coefficients are determined in paraelectric phase and consid-
ered constant. And P]% is the polarization.

Also, by knowing the Al/l and its temperature dependence, Py versus
temperature as well as the transition temperature of PbTiO; and the nature
of the transition can be studied.

In this paper, we report the Pg versus temperature behavior of PbTiO;
samples prepared and sintered under various conditions. Thermal expansion
versus temperature behavior has been measured and the values of polariza-
tion at various temperatures have been computed. Measurements have also
been extended on the unpoled, poled and depoled samples and compared.
As clear from the equation (1) that Al/l is directly related to the square of
polarization and thus the measurements do not specifically require the poled
samples.

EXPERIMENTAL PROCEDURE

Commercially available powders of PbO and TiO, (anatase form), (Fluka,
>99% purity) were used as starting materials. PbTiO3 powders were syn-
thesized by a simple mixed oxide method. Ceramic fabrication was achieved
by adding 3 wt% polyvinyl alcohol binder, prior to pressing as pellets in a
pseudo-uniaxial die press at 100 MPa. Each pellet was placed in an alumina
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crucible together with an atmosphere powder of identical chemical compo-
sition. Sintering was carried out with a dwell time of 2 h at each step, with
constant heating/cooling rates of 1°C/min [9]. Three sets of the first sintering
temperature were assigned for the two stage sintering [10] case: 700, 800
and 900°C. The second sintering temperature was set at 1200°C.

For thermal expansion measurement, the PbTiO3; samples were cut in bar
shapes (5 mm long and 1 mm thick). The sample was placed inside a fused
silica holder and the thermal expansion was measured as a function of tem-
perature using a linear voltage-differential transformer (LVDT) dilatometer.
The samples were heated at a rate of 2°C/min from room temperature to
600°C. The LVDT has an advantage over the other transformer; it gives a
linear output for every unit displacement.

RESULTS AND DISCUSSION

The thermal expansion behaviors of PbTiO3; ceramics synthesized under
various sintering condition and with unpoled, poled and depoled states were
measured by a high-sensitivity dilatometer, Table I summarizes the various
important features of these measurements. The results are shown in Figs. 1a,
1b and Ic, respectively. It should be noted that the thermal expansion mea-
surements were made during the first heating from room temperature after
poling. The results show the thermal expansion of PbTiO; ceramics sin-
tered at 700/1200°C, 800/1200°C and 900/1200°C, respectively in Figs. 1a,
b and c. The thermal expansion behaviors of these samples are linear at
temperatures above 500°C, i.e., above Curie temperature.

The change of strain at the Curie point may be easily seen in the thermal
contraction curves. The phase transition temperatures are in good agreement
with the published values [11, 12]. The curves on the depoled samples are
parallel to the curve for the unpoled sample, essentially restoring the sample

TABLE I Summary of the various important features of the thermal expansion
measurements

Calculates Pg at room

Tc (°C) temperature (uClem?)
Sample Unpoled Poledll Poled L  Unpoled Poledll Poled L
1 PbTiO3 700/1200°C 489 482 489 74.99 75.76 69.47
2 PbTiO3 800/1200°C 481 478 482 75.49 72.28 72.06

3 PbTiO3 900/1200°C 478 477 476 76.85 74.62 75.81
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dimension to the prepoled value. Effect of poling on thermal expansion
properties was also determined. It can be noted that the strain values for
both perpendicular and parallel (w.r.t. length direction) poled sampled can
be reduced or changed by the surface charge. Moreover, it is indicated that
the transition temperature is comparatively decreased from the Curie point
of the unpoled ceramics.

The high temperature data in the cubic phase, above T, can be approx-
imated by a straight line. The deviation from this linear high temperature
behavior occurs at approximately the same temperature (~500°C). On ana-
lyzing the deviation of the strain from the high temperature linear behavior
and by using Eq. (1) the Pg values can be obtained at various temperatures.
Using the values of Q;; = 8.9 x 1072 m*/C? and Q;, = —2.6 x 1072 m*/C?
[13], the Ps can be calculated. The results for various samples are plotted in

Ry (-
,
,

Strain AL/L (Relative scale)
®
AY

__ﬁ————_—"—-b_

L | . | . 1 L 1 " 1L .
0 100 200 300 400 500 600

Temperature ("C)
(a)

Figure 1. Strain as a function of temperature for PbTiO; ceramics and of different
poling states: (1) unpoled, (2) poled parallel to the length direction, (3) poled per-
pendicular to the length direction, (4) depoled parallel to the length direction and
(5) depoled perpendicular to the length direction (all measurements are in heating cy-
cles and along the length direction); Figures a, b, c are for (a) sintered at 700/1200°C,
(b) sintered at 800/1200°C and (c) sintered at 900/1200°C. (Continued)
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Figs. 2a, 2b and 2c, respectively. When calculating the spontaneous strains
of the tetragonal at a particular temperature, the cubic cell constant should
be extrapolated to that temperature accounting for the thermal expansion.
A linear extrapolation from above the transition can be made over a narrow
range with fairly good accuracy.

In Figures 2a, 2b and 2c are shown the Py = \/P_Té values calculated from
the thermal expansion data. The agreement in the Pg values is excellent. The
values are also in good agreement not only in magnitude but also in the
Tc values with the earlier reported results [6, 7]. Figure 2a, shows the Pg
value versus temperature of PbTiO3 ceramic sintered at 700/1200°C. The
Pg value in the case of unpoled sample is slightly higher than those of
both parallel and perpendicular poled samples in temperature range below
Curie point, and is caused by the Pg of the poled ceramics. Also the Pg
is smaller than the value in thermally depoled sample. Similar trends have

100 ’ : . ’ ’ : " . ’ .
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Figure 2. Ps as a function of temperature for PbTiO3 ceramics with and without
poling: (1) unpoled, (2) poled parallel to the length direction, (3) poled perpendicular
to the length direction, (4) depoled parallel to the length direction and (5) depoled
perpendicular to the length direction; figures a, b, ¢ are for (a) sintered at 700/1200°C,
(b) sintered at 800/1200°C and (c) sintered at 900/1200°C. (Continued)
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been noticed in the samples sintered under different processing conditions.
There are a few factors which could be influencing the measurements. First,
there are some sources of contributions to the strain in ferroelectrics, i.e.,
in addition to the structural component which is present at all temperatures,
a component associated with the appearance of spontaneous polarization
in the case of ferroelectric state is also present. The contribution of the
spontaneous polarization to strain is due to electrostrictive coupling. Second,
after poling it is also possible to have some residual surface charge on the
surfaces which can affect the net strain. For perpendicular poling conditions,
the net thermal strain might be more along the length due to the positive
expansion of g-axis. Therefore, the strain along the length direction can
be affected differently in the parallel and perpendicular poled samples. At
temperature near Tc, it is seen that the Pg values of both poled samples are
sharper compare to those of unpoled and depoled samples. For the other two
samples sintered under different conditions, the polarization behaviors are
slightly different, however, the magnitude of Pg and trend of polarization
behavior are similar to that of 700/1200°C PbTiO3 ceramic. The sharpness
of the transition increases and the hyteresis space gradually decreases for the
samples sintered at higher temperature in first step of the two stage sintering
process.

CONCLUSIONS

We investigated the polarization behavior of PbTiO3 ceramics in unpoled,
poled and depoled states by using the thermal expansion data. The room tem-
perature Py = 75 uC/cm? is in good agreement with the reported values and
also suggesting that thermal strain data can be used for estimating the reliable
polarization and its temperature dependence in the case of high T¢ ferro-
electrics or where the high conductivity of the samples interferes with the
electrical measurements. Some important conclusions are made as follow:

(i) The temperature dependence of thermal strain of unpoled and poled
ceramics showed nonlinearity and large anomalies resulting from
polarization.

(ii) The unpoled and depoled samples synthesized under the different two
stage sintering conditions exhibited similar behavior in strain versus
temperature and the poled samples tend to increase the sharpness of the
transition. The polarization behavior shows a sharp first-order phase
transition.
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(iii) Hysteresis of T¢ in heating and cooling cycles is larger in the samples
sintered at lower temperature (data not shown here).

(iv) On poling hysteresis of T¢ (cooling and heating cycles) in general
decreases.

(v) Transitions with parallel poled samples are sharper.

(vi) The polarization versus temperature and its decay, above Tc, is
less dispersive for the high temperature sintered or the high density
ceramics.

(vii) In the case of higher density samples, all the T¢ (unpoled, poled and
depoled) are approximately the same.
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Stress-dependent scaling behavior of dynamic hysteresis in bulk soft

ferroelectric ceramic
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The effects of frequency f, field amplitude E,, and mechanical stress o on the hysteresis area (A)
and their scaling relations were investigated on soft PZT bulk ceramics. The hysteresis area was
found to depend on the frequency and field amplitude with a same set of exponents to the power-law
scaling for both with and without stresses, indicating the universality. The inclusion of stresses into
the power law was also obtained in the form of (A—A,_o)=fO%E "%, which indicates the
difference of the energy dissipation between the under stress and stress-free conditions and reveals
how the hysteresis area decays with increasing stresses. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2403182]

The dynamic hysteresis characteristics have become an
important consideration since hysteresis area (A) as a func-
tion of the field amplitude E, and frequency f presents lots of
information critical for many ferroelectric alpplications.l’2
Theoretical studies have been carried out to understand the
dynamic response of hysteresis curves in spin and polariza-
tion systems.3_5 In particular, attention is focused on the scal-
ing law (A) = f"E|j (where m and n are exponents that depend
on the dimensionality and symmetry of the system). Based
on three-dimensional models, it has been suggested that m
=1/3 and n=2/3 as f—0, whereas m=-1 and n=2 as f
— 00336 Experimental investigations on a few thin-film sys-
tems have also been reported with variation in the scaling
relations obtained.”!! On the contrary, there is only a single
report on the scaling behavior studies of ferroelectric hyster-
esis loops of bulk ferroelectric ceramics.'> More importantly,
in many applications the ceramic specimens are often sub-
jected to mechanical loading, either from the design of the
device itself or from operating conditions which induce
stresses."!® Therefore, a prior knowledge of how the material
properties change under different load conditions in materi-
als is inevitably crucial for proper design of a device and for
suitable selection of materials for a specific application. In
many previous investigations the electrical properties of ce-
ramics were found to depend strongly on stresses (0).148
Since f, E, and o have been reported to impose significant
influence on the dynamic hysteresis responses of ferroelec-
tric ceramics, it is therefore the aim of this study to establish
the scaling behavior of the dynamic hysteresis responses of
bulk ceramics under the influence of the external stress.

Due to its commercial availability and many practical
applications, a donor-doped or soft lead zirconate titanate
(PZT) ceramic was used in this study. The disk-shaped
samples of a commercially available soft PZT ceramic (PKI-
552, Piezo Kinetics Inc., USA) with a diameter of 10 mm
and a thickness of 1 mm were used in this study. Its basic
properties are dielectric constant (1 kHz) &,=3400, Curie
temperature 7-=200 °C, piezoelectric strain constants ds;3
=550 pm/V and d;;=-270 pm/V, planar coupling factor
k,=0.63, mechanical quality factor Q,=75, and coercive
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0003-6951/2006/89(24)/242901/3/$23.00

89, 242901-1

field (50 Hz) E.=7.5 kV/cm. The dynamic hysteresis (P-
E) loops were characterized at room temperature (25 °C) by
using a modified Sawyer-Tower circuit with f covering from
2 to 100 Hz and E;, from O to 18 kV/cm. The electric field
was applied to a sample by a high voltage ac amplifier (Trek
610D) with the input sinusoidal signal from a function gen-
erator (HP 3310A). The P-E loops were recorded by a digital
oscilloscope (HP 54645A, 100 MHz). The detailed descrip-
tions of this system were explained elsewhere.!” Effects of
the external stress on the dynamic hysteresis were investi-
gated with the compressometer, which was developed for
simultaneous applications of the mechanical stress and the
electric field.'® The compressive stress, applying parallel to
the electric field direction, was supplied by the servohydrau-
lic load frame and monitored with the pressure gauge. The
P-E loops were recorded as a function of mechanical stress
applied discretely between 0 and 24 MPa for each applied
field and frequency. At each constant stress, the loop was
obtained after 20 sampling cycles to average out the noise
deformation.

The hysteresis profiles for various frequencies f, field
amplitude Ej, and stress o are obtained. For a particular
applied stress, as expected, the dependence of the loop pat-
tern and area (A) on f and E is remarkable. At fixed E,, the
loop area (A), remnant polarization (P,), and coercive field
(E.) decrease with an increase of frequency. For the depen-
dence of the hysteresis loop on E, the loop does not saturate
at small fields (6 and 8 kV/cm). With further increase in E,,
(A), P,, and E,. increase until a well saturated loop is
achieved. Similar stress-free observations have been reported
in thin films and bulk ceramics.”*'?

Figure 1 displays the hysteresis loops under different
compressive stresses during loading at fixed f of 100 Hz and
fixed E, of 18 kV/cm. The P-E loop area (A) is found to
decrease steadily with increasing the stress. To investigate
the scaling behavior under the effect of applied stresses, in-
stead of including only the field amplitude E, and the fre-
quency term f, the scaling relation should also include the
stress (o) term, i.e.,

(A) = f"Eqo? . (1)

However, due to increasing number of exponents, to simplify
the problem, the validity of the scaling law (A)(o)

© 2006 American Institute of Physics
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FIG. 1. (Color online) Hysteresis loops for soft PZT
ceramic at various o (f=100 Hz and Ey,=18 kV/cm).
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« fO2E is assumed, inspired by a stress-free investigation
on bulk PZT,'" for all applied stresses. Consequently, the
area (A) for each stress is plotted against f 2 E,, as shown
in Fig. 2, and it can be seen from the least-squares linear fits
that reasonably good linear relations can be found. As a re-
sult, the condition of universality having m=-0.25 and n
=1 in soft PZT bulk ceramic systems is confirmed, whereas
the proportional constant in Eq. (1) may still be a function of
o. Therefore, Eq. (1) is generalized by writing

(Ay=G(o)f "*Ey+ F(0), (2)

where both G(o) and F(o) are assumed to be a function of o
representing slope function and y-intercept function for a
“linear relation” in Eq. (2), and their values are presented via
linear-fit functions in Fig. 2. Next, to obtain the scaling form
as indicated in Eq. (1), the slope function G(o) is assumed to
take a form of power-law function, i.e., G(o)=a+bo*, and a
nonlinear fit for G(o) gives a=0.136+£0.021, b=
-0.019+0.015, and ¢=0.439+0.173 with R*?~0.994. How-
ever, for the y-intercept function F(o), the scattering data in
F(o) do not follow a trivial power-law scaling form. Instead,
the reasonably well-fitted function that suits F(o) in the cur-

rent study is found to take a quadratic function. So F(o)
=ag+a,0+a,0” is written and a least-squares fit is per-
formed to give ay=—-0.019+0.006, a;=0.002+0.001, and
a,=—1.149 X 104+4.850 X 10™* with R>~0.878. As a re-
sult, from Eq. (2), it is therefore possible to write the scaling
area

(A) - F(o)

—_ ~025
G(o) ="k,

3)
and by plotting this scaling area ((A)—F(0))/G(o) against
fO2E, all the data should collapse onto a single linear line
having a y intercept at zero. The data collapsing of the scal-
ing area from all f, E;, and o was found to confirm Eq. (3) as
evident in Fig. 3.

On the other hand, it is of interest if the scaling of (A) in
a form given by Eq. (1) is allowed. Therefore, by discarding
minor loops which usually occur at very low E,, F(o)
=(A)(E;—0) will be small in comparing to (A) and can be
discarded in Eq. (3) at some intermediately high fields.'?
Consequently, (A)x (a+bo)f "> E, may be written and by
substituting the fitted parameters, it is found that

FIG. 2. (Color online) Scaling of hysteresis area (A)
against f0?E, for soft PZT ceramic at various o.
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where (A, refers to the stress-free hysteresis area which
will be a dominant term for zero stress. Note that from the
appearance of stress o, (A—A,_), referring to the difference
in energy dissipation between under stress and stress-free
conditions, increases with increasing stress suggesting a de-
cay of (A) with o at a rate of o4 as observed in experi-
ments. As a result, it can be concluded that the difference of
the hysteresis area between under stress and stress-free con-
ditions scales with frequency, field amplitude, and stress via
exponents m=-0.25, n=1, and p=0.44. However, at a par-
ticular fixed stress, Eq. (4) gives f-%%E, which is the origi-
nal form for how the area scales with the frequency and the
field amplitude.'

To understand the scaling relation obtained, at least
qualitatively, one needs to consider the following statements.
Since the P-E loop area indicates the polarization dissipation
energy subjected to one full cycle of electric field applica-
tion, the loop area is therefore directly related to volume
involved in the switching process during the application of
electric field.!" ™"’ Hence, when the mechanical stress is ap-
plied, more and more ferroelectric domains are constrained
by the applied stress and cannot be reoriented by the electric
field so as to participate in the polarization reversal. Conse-
quently, both the saturation and remnant polarizations be-
come lower with increasing the compressive stress. The po-
larization dissipation energy is consequently found to
decrease with increasing the applied stress, indicating that
the sample volume contributing to polarization reversal de-
creases with the increasing stress. Similar observations have
also been reported in other investigations,14’18’2&22

In summary, the scaling behavior of the dynamic hyster-
esis of the soft PZT bulk ceramics under the effect of me-
chanical stress has been investigated. With the presence of
the external stress, the scaling law for the loop area yields the
same set of exponents to frequency and field amplitude in
stress-free condition which confirms the condition of univer-
sality in bulk system. Furthermore, the difference of the en-
ergy dissipation between the under stress and stress-free con-

ditions is found to scale with f®E,c%*. As a result, the
study provides a detailed understanding of how the energy
dissipation of the hysteresis properties behaves in response
to various conditions especially the mechanical stress.
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ABSTRACT Lead titanate ceramics have been prepared by two
different processing methods: conventional (or single-stage)
and two-stage sintering. Effects of designed sintering conditions
on phase formation, densification, microstructure and dielec-
tric properties of the ceramics were characterized via X-ray
diffraction, Archimedes density measurement, scanning elec-
tron microscopy and dielectric measurement, respectively. The
potentiality of a two-stage sintering technique as a simple ce-
ramic fabrication method to obtain highly dense and pure lead
titanate ceramics was demonstrated. It has been found that,
under suitable two-stage sintering conditions, dense perovskite
lead titanate ceramics can be successfully achieved with better
dielectric properties than those of ceramics from a single-stage
sintering technique.

PACS 77.22.-d; 77.84.-s; 77.84.Dy

1 Introduction

Being one of the lead-based perovskites, lead ti-
tanate (PbTiO3; or PT) is of interest as a component in
commercial electroceramic materials. In addition, PT when
combined with other oxides can form a series of ferroelec-
tric materials that exhibit many of the most desirable di-
electric, piezoelectric and pyroelectric properties for use in
electronic devices at high frequency and high temperature,
such as infrared sensors, microactuators, capacitors and hy-
drophones [1-3]. The most important properties of perovskite
PT ceramics are high Curie temperature (~ 490 °C) and large
mechanical-quality factor and pyroelectric coefficient [4, 5].
However, pure and dense PT ceramics are regarded to be one
of the most difficult lead-based perovskite ferroelectric ce-
ramics to produce [6]. PT ceramic is mechanically weak due
to large distortion of the tetragonal phase at room tempera-
ture, which is characterized by the ratio between the lattice
parameters (c/a, hereafter called tetragonality, ~ 1.06 [6, 7]).
Apart from general problems of PbO volatilization and asso-
ciated high porosity, the stress induced by cooling through the
phase transition can create cracking in bulk ceramics. In add-
ition, it is difficult to pole the ceramics with low resistivity
(107-108 Q cm) [8].

B0 Fax: (6653) 943-445, E-mail: suponananta@yahoo.com

To overcome these problems, several techniques have
been introduced, such as utilizing ultra-fine powders, using
additives, employing spark-plasma sintering and carrying out
appropriate milling and sintering conditions [§—13]. All these
techniques are aimed at reducing the lattice tetragonality of
the bulk ceramics, even though they inevitably affect the
phase formation, structure and electrical properties of mate-
rials in different ways. Amongst all the approaches reported
so far, most attention has been concentrated on the use of
additives and powder processing, whereas investigations of
modified sintering techniques have not been widely carried
out[13, 14].

Therefore, in this work, a two-stage sintering method has
been developed to resolve these problems. With this new
scheme, instead of using a single, high firing temperature
(of up to 1225 °C) [13] where the degree of PbO volatilization
affects the stoichiometry of the product by forming a py-
rochlore phase, in addition to a perovskite phase, two moder-
ate temperatures (7] and 7, with a constant dwell time of 2 h at
each stage) were adopted. The aim of this study was to inves-
tigate the influence of these two ceramic processing methods
(single- and two-stage sintering) on phase formation, densi-
fication, microstructure and dielectric properties of PbTiO;
ceramics.

2 Materials and methods

Commercially available powders of PbO and TiO,
(anatase form, Fluka, > 99% purity) were used as starting
materials. A simple mixed oxide synthetic route was em-
ployed to synthesize PbTiOs powders. The mixing process
was carried out by ball milling a mixture of raw materials
for 24 h with corundum medium in isopropyl alcohol (IPA).
After wet milling, the slurry was dried at 120°C for 2 h,
sieved and calcined in a closed alumina crucible, with the opti-
mum calcination conditions determined by the X-ray diffrac-
tion (XRD) method (600°C for 2h with heating/cooling
rates of 5°C/min [15]). Ceramic fabrication was achieved
by adding 3 wt % polyvinyl alcohol (PVA) binder, prior to
pressing as pellets (15 mm in diameter and 1.0—1.3-mm thick)
in a pseudo-uniaxial die press at 100 MPa. Each pellet was
placed in an alumina crucible together with an atmosphere
powder (PbTiO3) of identical chemical composition. After
the binder burn out at 500 °C for 1h, sintering was car-
ried out with a dwell time of 2 h at each step, with constant
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heating/cooling rates of 1 °C/min [13] applied (Fig. 1). Vari-
ation of the firing temperature between 1150 and 1250 °C was
carried out for the single-stage sintering samples. Three sets
of the first sintering temperature (77) were assigned for the
two-stage sintering case: 700, 800 and 900 °C. Variation of
the second sintering temperature (7,) between 1000 °C and
1250 °C was carried out for each case.

Densities of the final sintered products were determined
by using the Archimedes principle. Sintered ceramics were
examined by room-temperature X-ray diffraction (Siemens
D500 diffractometer) using Cu K,, radiation to identify the
phase formed. The lattice parameters and tetragonality fac-
tor (c/a) of the sintered ceramics were calculated from the
XRD patterns [16]. The microstructural development was
characterized using a JEOL JSM-840A scanning electron mi-
croscopy (SEM), equipped with an energy-dispersive X-ray
(EDX) analyser. Mean grain sizes of the sintered ceramics
were subsequently estimated by employing the linear inter-
cept method [17]. In order to evaluate the dielectric prop-
erties, dense ceramics were polished to form flat, parallel
faces (14 mm in diameter and 0.8-mm thick). The samples
were then coated with silver-paste electrodes which were fired
on both sides of the samples at 700 °C for 1 h. The dielec-
tric properties were measured at a frequency of 1 MHz using
a HIOKI 3532-50 LCR meter, on cooling through the transi-
tion range (500-25 °C) with a rate of 5 °C/min.

3 Results and discussion

X-ray diffraction patterns of the PT ceramics sin-
tered at various conditions are displayed in Figs. 2 and 3, indi-
cating the formation of both perovskite and impurity phases in
each case. The strongest reflections in the majority of all XRD
traces indicate the formation of the PbTiO3 perovskite phase
of lead titanate, which could be matched with JCPDS file
no. 6-452, in agreement with other works [11-13]. To a first
approximation, this major phase has a tetragonal perovskite-
type structure in space group P4/mmm (no. 123) with cell
parameters @ = 389.93 pm and ¢ = 415.32 pm [18]. For the
singly sintered PT ceramics, additional weak reflections are

Temperature (°C) Temperature (°C)
A A

T ===~

1 °C/min

1 °C/min

»

2h

found in the samples sintered above 1175°C (marked by
6 in Fig. 2), which correlate to the starting precursor PbO
(JCPDS file no. 77-1971) [19]. This observation could be
attributed mainly to the poor mixing of the employed pow-
ders derived from the ball-milling technique. The relative
amounts of perovskite and minor phase present in each sin-
tered ceramic were calculated from the intensities of the major
X-ray reflections from the respective phases. In this connec-
tion, the following approximation was adopted, as in the ear-
lier PMN (Pb(Mg1/3Nb2/3)O3) and PFN (Pb(Fel/2Nb1/2)03)
studies [14]:
perovskite phase (Wt%) = Ip/(Ip + Iv) x 100. (D)
Here Ip and Iy refer to the intensities of the {110} perovskite
and {111} minor phase peaks, respectively, these being the
most intense reflections in the XRD patterns of both phases.
For the purposes of estimating the concentration of minor
phase present, (1) has been applied to the diffraction patterns
obtained (numerical data are presented in Tables 1 and 2).
More interestingly, a single phase of perovskite PT is
found in all the doubly sintered samples (Fig. 3), in contrast to
the observations for the singly sintered samples. No evidence
of pyrochlore phase of PbTi3O; composition earlier reported
by Udomporn, Ananta and Tartaj et al. [15,20] was found,
nor was there any evidence of other second phases [21] be-
ing present. This could be due to the lower firing temperature
of the doubly sintered samples as compared to the singly sin-
tered ceramics, leading to a smaller degree of lead losses and
consequently avoiding the pyrochlore formation, while a suf-
ficient amount of energy required for ceramic densification
still to be reached was provided by the longer holding time,
in agreement with other works [14,22,23]. However, many
other factors come into play, e.g. homogeneity of materials,
reactivity of starting powders and processing variables. These
XRD results clearly show that, in general, the different pro-
cessing methods used for preparing PT ceramics gave rise to
a different phase formation in the sintered materials. The ab-
sence of minor phase in doubly sintered samples was related
to the more reactive process used [14].

1 °C/min

»

»

Time (h)

FIGURE 1
profile

A two-stage method sintering

Time (h)
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Tables 1 and 2 also present the tetragonality factor (c/a),
relative density and average grain size of singly and doubly
sintered samples, respectively. Generally, it is evident that as
the sintering temperature increases, the density of almost all
the samples increases. However, it can be seen that the sin-
tering behaviour of singly and doubly sintered PT ceramics
was dissimilar. Doubly sintered ceramics reached a maximum
density of ~97% at 900/1150°C or 900/1200°C. On the
other hand, singly sintered samples exhibit less densification,
and a temperature of 1225 °C was required to reach a den-

50

sification level of ~ 94%. The densification of all materials
slightly decreased at temperatures higher than those of the
maximum density, accompanied by a significant increase of
weight loss (~ 2%-5%). By comparison with singly sintered
PT ceramics, lower values of tetragonality (c/a) are found in
all doubly sintered cases, indicating lower internal stress in
these sintered samples.

Microstructural features of PT samples singly sintered at
different temperatures for 2 h with heating/cooling rates of
1 °C/min are shown in Fig. 4. It was found that the samples
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Sintering Perovskite ~ Tetragonality =~ Relative Grain size T e Perovskite ~ Tetragonality ~ Relative Grain size
temperature  phase (%) (c/a) density range (mean)* (@) °C) phase (c/a) density  range (mean)*
°O (%) (pm) (%) (%) (m)
1150 100 1.064 87 2.5-15.0 (6.5) 700 1000 - - - -
1175 100 1.064 89 8.0-26.5 (13) 700 1050 - - - -
1200 99.3 1.063 92 12.0-40.0 (29) 700 1100 100 1.058 96 0.3-0.5 (0.3)
1225 90.1 1.063 94 20.0-65.0 (36) 700 1150 100 1.060 96 0.3-1.2 (0.8)
1250 89.2 1.063 93 41.0-83.0 (52) 700 1200 100 1.062 96 0.4-1.7 (1.3)
700 1250 - - - -
* The estimated precision of the grain size is £10% 800 1000 - - - -
TABLE 1 Physical properties of singly sintered PT ceramics 800 1050 100 1.064 95 1.0-2.2(1.6)
800 1100 100 1.061 96 0.5-3.3(1.9)
800 1150 100 1.060 96 1.0-2.7 (1.8)
subjected to low sintering temperature, e.g. 1150 °C, even- ggg 3(5)8 100 1.062 96 0.6-1.7(1.2)
tually burst into pieces because of the internal anisotropic g 1000 _ _ _ _
stress caused by the phase transition in the ceramics, as can 900 1050 100 1.060 96 0.4-22(1.2)
be confirmed by the SEM images showing a loose formation 900 1100 100 1.060 96 0.7-1.5 (1.1)
of large grains (Fig. 4a and b), in agreement with high values 900 1150 100 1.057 96 0.6-1.9(0.8)
A . .. . R 900 1200 100 1.061 97 1.0-2.2 (1.5)
of ¢/a given in Table 1. Additionally, average grain sizes g 1250 100 _ _ Z

were found to increase with the sintering temperature. For
higher-temperature treatments, a pronounced second phase is
segregated at the grain boundaries. The EDX spectra indi-
cated that there was more Pb and less Ti in the bright region
([Pb]: [Ti] ~ 4 : 1 at. %) than in the dark region ([Pb] : [Ti] ~
1:1at. %), as shown in Fig. 4b—d. The observation of these
(second-phase) layers could be attributed to a liquid-phase
formation during the sintering process as proposed by many
researchers [24, 25].

In addition, a combination of SEM and EDX tech-
niques has demonstrated that small amounts of nanosized
(¢ ~ 1.7-2.5 nm) spherical TiO; inclusions (brighter phase)
exist on the surface of perovskite PT grains in some samples,
as shown in Fig. 4b and c, similar to those found by Takeuchi

* The estimated precision of the grain size is +10%
— Data are not available because the samples were too fragile for the
measurements

TABLE 2  Physical properties of doubly sintered PT ceramics

et al. [26]. The existence of a discrete TiO, phase points to
the expected problem of poor homogeneity of the samples
arising from PbO volatilization after being subjected to pro-
longed heating, although the concentration is too low for XRD
detection.

Representative microstructures for doubly sintered PT ce-
ramics are given in Fig. 5. The first sintering temperature was
designed at 700, 800 and 900 °C, for constant dwell time and

-

\

R

PbO-

&\
rich

S\

FIGURE 4 SEM micrographs of
PT ceramics singly sintered at (a)
1150 (b) 1175 (¢) 1200 and (d)
1225°C
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heating/cooling rates of 2 h and 1 °C/min at each stage, while
the second sintering temperature was varied from 1100°C
to 1200 °C. It is seen that a uniform grain shape of typical
perovskite ceramics [9,22,23] is observed, with sizes in the
range of 0.4-2.0 pm. It should be noted that the average grain
size of the doubly sintered PT ceramics is < 2.0 pm, which is
less than the critical value of 3 wm reported by several work-
ers [11,26,27]. Here, it is believed that smaller grains with
random orientations result in lower internal stress in sintered
samples because they compensate the anisotropy of thermal
expansion coefficients.

By comparison with singly sintered PT ceramics, almost
clean microstructures with high uniformity, denser angular
grain packing and more homogeneity are generally observed
in doubly sintered PT samples. These microstructures are typ-
ical of a solid-state sintering mechanism. In the present study
(Fig. 5 and Table 2), the microstructural features of the dou-
bly sintered PT ceramics with various second sintering tem-
peratures ranging from 1050 to 1200 °C are not significantly
different. However, it should be noted that higher angular
grains were evidenced for higher second sintering tempera-
ture (see Fig. 5b, d and f). The observation that the sintering

cracks

N

~
’ '

temperature effect may also play an important role in obtain-
ing a high angularity in the grains of perovskite ceramics is
also consistent with other similar systems [22, 23]. Moreover,
an abnormal grain growth probably due to the inhibition of
the normal grain growth mechanism during the double sinter-
ing process [14] was also found in some samples, as shown
in Fig. Sc. It is also of interest to point out that evidence has
been found for the existence of microcracks (arrowed) along
the grain boundaries of the samples sintered at lower second
sintering temperatures (Fig. 5c and e), in agreement with other
works [9, 26, 28].

Interestingly, only the samples sintered at 700/
1100-1200°C, 800/1050-1200°C or 900/1050-1200°C
with the highest relative density and smallest average grain
size of about 95%-97% and 0.3—1.9 wm, respectively, re-
mained unbroken. It may be simply assumed that the ceramics
consisting of very fine grains have less elastic strain energy
than the ceramics with significantly large grains (Tables 1
and 2). Consequently, the experimental work carried out here
suggests that the optimum conditions for forming the highly
dense PT ceramics in this work are double sintering tempera-
tures at 700-900/1100-1200 °C, 2 hdwell time and 1 °C/min

FIGURE 5 SEM micrographs of
PT ceramics doubly sintered at
(a) 700/1100 (b) 700/1200 (c)
800/1100 (d) 800/1200 (e) 900/1100
and (f) 900/1200 °C
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heating/cooling rates. The different microstructure evolution
of PT ceramics confirms the importance of the processing
method. More importantly, considered from the perovskite
content and microstructure of PT ceramics sintered by two
different methods, the doubly sintered method was clearly
preferable for obtaining dense perovskite PT ceramics. The
following discussion of the dielectric properties of the PT
ceramics obtained in this study would further support the ad-
vantage of the double sintering method.

The dielectric properties of the PT samples sintered with
different techniques are also compared in Table 3, as well as
in Fig. 6. The Curie temperatures are about the same for all
samples measured, whilst the dielectric properties of both sets
of the sintered PT ceramics seem to be different. As listed in
Table 3, the room-temperature dielectric properties of the two
sets of ceramics are not significantly different. The values of
dielectric constant in the order of 200 are slightly higher than
those reported earlier [9, 29]. However, the high-temperature
dielectric properties of the doubly sintered PT samples are no-
ticeably higher than those of the singly sintered PT samples,
as seen in the inset of Fig. 6. As mentioned earlier, the rea-
son for this is the high amount of secondary phase present in
the singly sintered PT ceramics. In addition, a PbO-rich phase
(as observed in Fig. 4b—d), with low dielectric constant, might
be forming a continuous layer between grains and hence de-

Dielectric Sintering Condition (°C for 2 h)

Properties Single Double (71/T»)

(1 MHz) 1225 700/1200 800/1200 900/1200
& (25°C) 243 209 255 209
tand(25 °C) 0.01 0.05 0.03 0.03
Er,max 7680 8993 8322 8198
tandmax 1.07 1.00 1.10 0.95

Tc 482 484 484 484
TABLE 3  Dielectric properties (at 1 MHz) of PT ceramics sintered at var-

ious conditions

creasing the dielectric constant of the singly sintered PT ce-
ramics [13,24,30]. The secondary phases in singly sintered
PT are interconnected at grain boundaries and, as suggested
by Wang and Schulze [24], exert more influence on the dielec-
tric properties than when they are isolated. It should also be
noted that in singly sintered specimens the grain boundaries
are mostly PbO-rich, while in doubly sintered specimens the
grain boundaries are mainly PT with Pb/Ti ratio very close
to 1. Although the number of grain boundaries increases in
the doubly sintered ceramic, the improved properties are a re-
sult of a more chemical homogeneity of the microstructure in
the doubly sintered ceramics. Therefore, in this study, it could
be stated that the number of grain boundaries is not the main
controlling factor for the properties in the doubly sintered ce-
ramics, but the properties are rather dictated by the chemical
composition of the grain boundaries.

Grain sizes also play a role in the difference in the dielec-
tric properties, especially the dielectric constant. As clearly
seen in Tables 1 and 2 (as well as Figs. 4 and 5), the larger
grain size in the singly sintered ceramics would lead to lower
dielectric constant than that of the doubly sintered ceramics.
This relation is well established in several ceramic perovskite
systems, e.g. BaTiO3 [31], PZT (Pb(Zr;,Ti;2)03) [32,33],
PMN [22, 34] and PEN [23].

The different microstructure and the different amount of
secondary phases present in singly and doubly sintered PT
ceramics strongly influence the dielectric properties of these
materials, leading to superior electrical behaviour in doubly
sintered PT ceramics. Moreover, this study demonstrated that
the dielectric properties of PT ceramics are also influenced by
microstructural features, especially the phase compositions
at grain boundaries, microcracks and the densification mech-
anism rather than by only pyrochlore phase or by grain size
itself.

Although a disadvantage of the proposed two-stage sin-
tering method is a greater time requirement, the significant
reduction in firing temperature is a positive development, par-

10000 5
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8000 + — — —— 800/1200°C ? \ 4
>
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FIGURE 6 Variation with tempera-
ture of (a) relative permittivity (g;)
and (b) dissipation factor (tand) at
0 T T 0 1 MHz for PT ceramics sintered

300

Temperature (°C)

at various conditions (inset: rela-
tive permittivity vs temperature from
400 °C to 500 °C)
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ticularly with regard to the drive towards electrodes of lower
cost [1-3]. In general, these PT ceramics exhibit complex mi-
crostructures which are a result of variation in grain size and
orientation, variation in chemical homogeneity, and the pres-
ence and distribution of additional minor phase, pores and
(micro)cracks. These factors, which are strongly influenced
by the sintering conditions, have an important effect on the
dielectric properties of materials and their reproducibility.

4 Conclusion

The processing method used for preparing PT ce-
ramics greatly influences the final properties of the ceram-
ics. Even though the simple mixed oxide method employ-
ing conventional ball milling was used, this work demon-
strated that it was possible to obtain rather dense PT ceramics
with homogeneous microstructure by the two-stage sinter-
ing technique. It has been shown that, under suitable sin-
tering conditions, the phase formation and densification of
the ceramics are better than those obtained from the single-
stage sintering. Reductions in the maximum required sinter-
ing temperature are possible as compared to the single-stage
sintering.
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Abstract

Effects of uniaxial compressive pre-stress on the dielectric properties of ceramics in PZT-BT solid-solution system are investigated. The physical
properties measurements reveal that the addition of BT into PZT results in the increase of grain size and microstructural heterogeneity, except for
the density which sees the opposite trend. The dielectric properties measured under stress-free condition show a gradual increase of the dielectric
constant with increasing BT content, while the dielectric loss tangent is not considerably different. The dielectric properties under the uniaxial
compressive pre-stress of the PZT-BT ceramics are observed at stress levels up to 15 MPa using a uniaxial compressometer. The results clearly
show that both the dielectric constant and the dielectric loss tangent of the PZT-BT ceramics increase significantly with increasing applied stress.
Larger changes in the dielectric properties with the applied stress are observed in the PZT-rich compositions. The experimental observations have
been attributed to the increase of the domain wall motions from the application of the compressive pre-stress.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Uniaxial stress; Dielectric properties; PZT-BT

1. Introduction

Along with nanotechnology, smart materials and systems
have recently been identified as the next generation technology
[1-3]. Among many smart systems, piezoelectric ceramic actu-
ators and transducers are finding an increasingly wide range of
applications. In most applications, ceramics are often subjected
to mechanical loading, either deliberately in the design of the
device itself or because the device is used to change shapes as
in many smart structure applications or the device is used under
environmental stresses. In some cases, due to the piezoelectric
nature of a material used within, the devices are also subjected to
the self-induced internal stress [2—4]. A prior knowledge of how
the materials behave under different load conditions is there-
fore very crucial for proper design of a device and for suitable
selection of materials for a specific application. Therefore, it is
very important to determine the properties of these materials
as a function of applied stress. Previous investigations on the
stress-dependence dielectric and electrical properties of many

* Corresponding author. Tel.: +66 53943367, fax: +66 53943445.
E-mail address: rattikornyimnirun @yahoo.com (R. Yimnirun).

0254-0584/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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ceramic systems, such as PZT, PMN-PZT and PMN-PT have
clearly emphasized the importance of the subject [4—11].
Among perovskite ferroelectric materials, lead zirconate
titanate (Pb(Zr_,Ti,)O3 or PZT) and barium titanate (BaTiO3
or BT) ceramics have been investigated extensively and
continuously since the late 1940s [12—-15]. PZT and BT are rep-
resentative perovskite piezoelectric and ferroelectric prototypes,
respectively, because of their excellent electrical properties.
These two ceramics possess distinct characteristics that make
each ceramic suitable for different applications. One of the most
studied piezoelectric compounds, Pb(Zrg 5,Tip43)O03, a mor-
photropic phase boundary (MPB) compound of PZT, has great
piezoelectric properties with a high Curie temperature (7¢) of
~390 °C. BT exhibits high dielectric constant and superior elec-
trostrictive responses with a lower T¢c (~120°C) [12-15]. In
addition, BT is mechanically superior than PZT [16], whereas
PZT ceramics can be easily sintered at temperature much lower
than BT ceramics, which usually require as high sintering tem-
perature as 1400 °C [16]. With their complementary features,
the solid solutions between PZT and BT are expected to exhibit
better properties than those of the single-phase PZT and BT
[12-15]. Furthermore, the properties can also be tailored over
a wider range by changing the compositions to meet the strict
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Fig. 1. A schematic of the experimental set-up.

requirements for specific applications [3,12—15]. Prior investiga-
tions have already revealed interesting results on the structure,
and the dielectric and ferroelectric properties of the PZT-BT
solid solutions [16—18]. However, there has been no report on
the influences of the applied stress on the electrical properties
of the PZT-BT systems. Therefore, this study is undertaken to
investigate the influences of the uniaxial compressive pre-stress
on the dielectric properties of (1 — x)PZT—xBT ceramic systems.

2. Experimental

The (1 — x)Pb(Zro 52 Tip.48)O3—(x)BaTiO3 ceramic systems used in this study
are prepared from the PZT and BT starting powders by a mixed-oxide method.
The precursor PZT and BT powders are first prepared from reagent-grade PbO
(99%), ZrO, (99%) and TiO, (99%), and BaCO3 (99%) and TiO; (99%) start-
ing powders, respectively. These powders are ball-milled for 24h and later
calcined for 2h at 900 °C for PZT and at 1300 °C for BT. Subsequently, the
(1 — x)Pb(Zrp 52 Tip.48)03—(x)BaTiO3 (when x=0.0, 0.05, 0.15, 0.25, 0.35, 0.45,
0.55,0.65,0.75, 0.85, 0.95 and 1.0) ceramics are prepared from the starting PZT
and BT powders by a mixed-oxide method at various processing conditions. Ini-
tially, the PZT and BT powders for a given composition are weighed and then
ball-milled in ethanol for 24 h. After drying process, the mixed powders are
pressed hydraulically to form disc-shaped pellets 10 mm in diameter and 2 mm
thick, with 5 wt.% polyvinyl alcohol (PVA) as a binder. The pellets are stacked in
a covered alumina crucible filled with PZ powders to prevent lead loss. Finally,
the sintering is carried out at a sintering temperature for 2h with 5min°C~!
heating and cooling rates. The firing profile includes a 1-h dwell time at 500 °C
for binder burnout process to complete. For optimization purpose, the sintering
temperature is varied between 1050 and 1400°C depending upon the com-
positions. The densities of the sintered ceramics are measured by Archimedes
method. The phase formations of the sintered specimens are studied by an X-ray
diffractometer (Philips Analytical). The microstructure analyses are undertaken
by a scanning electron microscopy (SEM: JEOL Model JSM 840A). Grain
size is determined from SEM micrographs by a linear intercept method. The
detailed descriptions of powders and ceramics processing and characterizations
are presented thoroughly in the earlier publication [16].

For dielectric property characterizations under a uniaxial compressive pre-
stress, the sintered samples are lapped to obtain parallel faces disc-shaped
specimens with diameter of 10 mm and thickness of 2mm, and the faces are
then coated with silver paint as electrodes. The samples are then heat-treated at
750 °C for 12 min to ensure the contact between the electrodes and the ceramic
surfaces. The samples are subsequently poled in a silicone oil bath at a tem-
perature of 120°C by applying a dc field of 20kV cm ™! for 30 min. To study
the effects of the uniaxial compressive pre-stress on the dielectric properties,
the uniaxial compressometer is constructed [10,11]. As shown in Fig. 1, the
compressometer is developed for simultaneous applications of the mechanical
stress and the electric field. The compressometer cell consisting of a cylindrical
brass cell with a heavy brass base, a brass ram and a precisely guided loading
platform provides true uniaxial stress during mechanical loading. The prepared

specimen is carefully placed between the two alumina blocks and the electric
field is applied to the specimen via the copper shims attached to the alumina
blocks. With this setting, the uniaxial compressive stress is applied parallel to
the electric field direction. The uniaxial compressive stress is supplied by the
servohydraulic load frame and the applied stress level is monitored with the
pressure gage of the load frame. Measurements are performed as a function of
mechanical pre-stress applied discretely between 0 and 15 MPa. The measure-
ments are carried out on the samples for loading and unloading conditions. Each
measurement is repeated two to three times to ensure the reliability of the exper-
imental results. During the measurements, a desired pre-stress is first applied to
the sample and the dielectric properties are then recorded. The dielectric proper-
ties are measured through the LCZ-meter (Hewlett Packard, model 4276A). The
capacitance and the dielectric loss tangent are determined at frequency of 1 kHz
and room temperature (25 °C). The dielectric constant is then calculated from
a parallel-plate capacitor equation, e.g. &r = Cd/gpA, where C is the capacitance
of the sample, d and A the thickness and the area of the electrode, respectively,
and ¢ is the dielectric permittivity of vacuum (8.854 x 10~ Fm~!).

3. Experimental results

The phase formation behavior of the sintered ceramics is
revealed by an XRD method. The XRD patterns, shown in Fig. 2,
show that the sintered ceramics are clearly in perovskite phase.
From the XRD patterns, PZT and BT ceramics are both identi-
fied as a single-phase material with a perovskite structure having
tetragonal symmetry [16]. The patterns can be matched with
JCPDF files no 33-0784 and 79-2264 for PZT and BT, respec-
tively. For other PZT-BT compositions, the diffraction peaks
move gradually towards higher angles with increasing BT con-
tents, indication of smaller cell parameters. It should also be
noticed that compositions with 0.45 < x < 0.75 exhibit evidence
of a possible thombohedral structure with no clear splitting of
peaks around 26 of 43—46°. However, it is still clearly seen from
the XRD patterns that PZT-BT forms a series of continuous
solid solutions [16].

The optimized density of sintered (1 — x)PZT-xBT ceram-
ics is listed in Table 1. It is observed that an addition of BT to
the PZT-BT compositions results in a continual decrease in the
density of the ceramics from, in the units of gram per centimeter

BT A

x=0.95 N
x=085 A
, x=0. A

x=0.65 A

x=0.55 p
x=0.45‘/\

x=0.35

X= 0.25/\

x=0.1 5A

x=0.05 _,
PZT

JCI:PDS file no. 33-078(4I(PZT)

JCFDS file no. 79-2264 (FT)
—L .

Rt 3

dddads

sres Ll

A

20 25 30 35 40 45 50 55 60
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Fig. 2. XRD diffraction patterns of the sintered (1 —x)PZT—(x)BT ceramics.
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Table 1
Microstructural and dielectric features of (1 — x)PZT-xBT ceramics
Ceramic Density (gcm™3) Grain size Average grain Stress-free &; Stress-free tan §
range (um) size (pm) (25°C/1kHz) (25°C/1kHz)
PZT 7.75 1-5 1.89 £ 0.52 813 0.011
0.95PZT-0.05BT 7.67 1-4 1.66 £ 0.32 809 0.007
0.85PZT-0.15BT 7.42 1-5 2.40 £ 0.58 839 0.006
0.75PZT-0.25BT 7.30 1-3 1.91 £ 0.47 857 0.004
0.65PZT-0.35BT 6.99 14 2.36 £ 0.71 875 0.005
0.55PZT-0.45BT 6.78 1-6 2.93 £+ 0.53 890 0.006
0.45PZT-0.55BT 6.63 1-7 3.17 £ 0.72 952 0.005
0.35PZT-0.65BT 6.38 1-10 4.42 £+ 0.79 1060 0.007
0.25PZT-0.75BT 6.28 1-10 3.28 £ 0.53 1077 0.005
0.15PZT-0.85BT 6.07 1.5-9 3.52 £ 0.77 1223 0.004
0.05PZT-0.95BT 5.95 2-10 4.86 £+ 0.88 1288 0.005
BT 5.35 7-12 10.82 + 0.53 1429 0.004

cube, 7.75 for PZT to 5.35 for BT. This is clearly due to the fact
that BT has lower density than PZT. Except for BT which has a
density of 89% of the theoretical density, all other ceramics are
well sintered with high density (as high as 96% of the theoretical

50KV X4000  Tum WD 14.7mm

(e) M Sl 5.0k 50 tgm . WD 146mm

density in PZT ceramic). Relatively low density observed in BT
ceramic is a result of porous and non-uniform microstructure, as
seen from SEM micrograph in Fig. 3(f). For BT-rich composi-
tions, SEM micrographs also show porous microstructure which

(b)

(d)

EMSc CMU

Fig. 3. SEM micrographs of (1 —x)PZT—xBT ceramics: (a) PZT; (b) 0.75PZT-0.25BT; (c) 0.55PZT-0.45BT; (d) 0.35PZT-0.65BT; (e) 0.15PZT-0.85BT; (f) BT.
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could be attributed to PbO loss during high sintering tempera-
tures required for these compositions. In addition, an abnormal
grain growth observed in the BT-rich compositions is probably
due to the fact that the sintering temperatures required for high-
est densification for PZT and BT ceramics are very different,
which could lead to distinctive grain growth behaviors between
two phases [16]. Hence, the heterogeneous microstructure with
a large grain size range is observed for BT-rich ceramic com-
positions, as seen in Fig. 3(d and e) and as listed in Table 1.
On the other hand, PZT-rich compositions exhibit more uni-
form microstructure with the average grain size in the range of
1-3 wm. Moreover, the average grain size of the whole com-
positional range increases significantly from <2 pum in PZT to
>10 pm in BT, as tabulated in Table 1.

The room temperature dielectric properties measured under
stress-free condition are also listed in Table 1. It is clearly
seen that dielectric constant (g;) of (1 —x)PZT—xBT ceramics
increases with increasing BT content. The dielectric constant
increases from 813 in PZT to 1429 in BT. The increase of the
dielectric constant within the compositional range is due to the
high dielectric constant of BT [12—15]. When compared to PZT,
higher dielectric constant observed in BT at room temperature
is a result of its two ferroelectric transition temperatures at O
and 120 °C [13-15]. However, the stress-free dielectric loss tan-
gent (tan §) does not change significantly with compositions.
The relatively higher value of dielectric loss tangent of 0.011
for PZT is probably due to more domain wall motions expected
in piezoelectric PZT as compared to piezoelectrically less active
BT [6,19,20]. Similar dielectric behaviors have been reported in
other solid-solution systems, such as PZN-BT [21], PMN-PZT
[22] and PNN-PZT [23].

The experimental results of the uniaxial compressive pre-
stress dependence of the dielectric properties of the ceramics in
PZT-BT system are shown in Figs. 4 and 5. There is a signif-
icant change of both the dielectric constant and the dielectric
loss tangent of the ceramics when the applied stress increases
from O to 15 MPa. The changes of the dielectric constant with
the applied stress can be divided into three different groups.

1.09
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—&— 0.95PZT-0.05BT
A— 0.85PZT-0.15BT
—8—0.75PZT-0.25BT
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—o—0.55PZT-0.458T
—+—0.45PZT-0.55BT
—6—0.35PZT-0.65BT
—a—0.25PZT-0.75BT
—o—0.15PZT-0.85BT
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Fig. 4. Relative changes of dielectric constant (&;) as a function of compressive
pre-stress for (1 — x)PZT—(x)BT ceramics.

2

—e—PZT
—8— 0.95PZT-0.05BT|
4 0.85PZT-0.15BT
—e—0.75PZT-0.25BT|
—%— 0.65PZT-0.35BT|
—&— 0.55PZT-0.45BT|
—+—0.45PZT-0.55BT
—o—0.35PZT-0.65BT
—&—0.25PZT-0.75BT)
—o—0.15PZT-0.85BT)|
—8—0.05PZT-0.95BT)|
—o— BT

Relative Change in tan 8

0 2 4 6 8 10 12 14 16 18 20
Stress (MPa)

Fig. 5. Relative changes of dielectric loss tangent (tan §) as a function of com-
pressive pre-stress for (1 —x)PZT—(x)BT ceramics.

For PZT ceramic, the dielectric constant increases exponentially
with applied stress. It can be seen that dielectric constant is
enhanced by approximately 8% at 15 MPa applied stress. For
PZT-rich compositions (0.95PZT-0.05BT, 0.85PZT-0.15BT,
0.75PZT-0.25BT, 0.65PZT-0.35BT and 0.55PZT-0.45BT),
the dielectric constant increases rather linearly with increas-
ing applied stress. The changes in the dielectric constant
between 2 and 4% at 15 MPa applied stress are obviously
smaller than that observed in PZT. For BT-rich compositions
(BT, 0.05PZT-0.95BT, 0.15PZT-0.85BT, 0.25PZT-0.75BT
and 0.35PZT-0.65BT), the dielectric constant only rises slightly
(<2%) and in a linear manner when the applied stress increases
to the maximum amplitude. The dielectric loss tangent for all
compositions is found to increase significantly and non-linearly
when the applied stress is raised from O to 15 MPa. The largest
changes occur in PZT and 0.75PZT-0.25BT with the dielectric
loss tangent enhancement of nearly 80 and 50%, respectively.
For other compositions, the increase in the dielectric loss tangent
varies between 10 and 40% at 15 MPa applied stress. Again the
changes of the dielectric loss tangent of BT-rich compositions
are comparatively smaller than those of PZT-rich compositions,
similar to what have been observed in the case of the dielectric
constant. Similar experimental results have been reported pre-
viously for soft PZT [9,24], un-doped PZT with various Zr/Ti
ratio [25], and Ca-doped BT [26], in which the dielectric prop-
erties are found to increase with increasing magnitude of the
compressive pre-stress.

To understand these experimental results, various effects have
to be considered. Normally, the properties of ferroelectric mate-
rials are derived from both the intrinsic contribution, which
is the response from a single domain, and extrinsic contribu-
tions, which are from domain wall motions [19,25-27]. When
a mechanical stress is applied to a ferroelectric material, the
domain structure in the material will change to maintain the
domain energy at a minimum; during this process, some of
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the domains engulf other domains or change shape irreversibly.
Under a uniaxial stress, the domain structure of ferroelectric
ceramics may undergo domain switching, clamping of domain
walls, de-aging and de-poling [20,27]. In this study, the results
on the uniaxial compressive pre-stress dependence of the dielec-
tric properties can easily be explained with the above statements.
When the compressive uniaxial stress is applied in the direction
parallel to the polar axis (poling) direction, the stress will move
some of the polarization away from the poling direction result-
ing in a change in domain structures [6,25-27]. This change
increases the non-180° domain wall density. Hence, the increase
of the dielectric constant with the applied stress is observed.
The de-aging mechanism is also expected to play a role here.
However, the stress clamping of domain walls and the de-poling
mechanisms are not expected at this relatively low stress level
used in this study [6,27]. Therefore, a combination of the domain
switching and the de-aging mechanisms is believed to be a rea-
son for the increase of the dielectric constant with increasing
applied stress in the PZT-BT system, as shown in Fig. 4. The
cause of the stress dependence of the dielectric loss tangent is
a little more straightforward than that of the dielectric constant.
Stress-induced de-pinning of the domain walls is expected to
occur under the applied compressive pre-stress. As depicted in
Fig. 5, an increase in domain wall mobility clearly enhances
the dielectric loss tangent in all compositions [19,20,27]. Addi-
tionally, it should also be noticed that pure PZT obtained from
this study has a tetragonal structure and is supposed to be hard
to switch its polarization. In comparison, as described earlier
the compositions x=0.45 and 0.75 seem to be MPB composi-
tions between tetragonal and rhombohedral PZT phases, thus
high response to external stress is expected in these two com-
positions. However, the experimental results did not show the
high dielectric response to stress, as seen in Figs. 4 and 5. This
interesting observation could be explained as follows. Since the
two compositions are seen to exhibit the co-existence of both
tetragonal and rhombohedral PZT phases, one would expect to
observe enhanced properties, as observed in PZT [3,15]. How-
ever, the dielectric properties observed in this PZT-BT system
are not seen to enhance at the two MPB compositions, as listed
in Table 1. This is probably because the dielectric properties are
not entirely controlled by the chemical composition, but also
dictated by other factors, such as microstructure and chemi-
cal homogeneity [14,15]. Since BT requires significantly higher
sintering temperature than does PZT, very different microstruc-
tures are observed in pure PZT and PZT-BT compositions, as
evident from grain size variation listed Table 1, and abnormal
grain-growth behavior and porous microstructure displayed in
Fig. 3. These features clearly suppress the dielectric properties
of the MPB compositions [28,29]. This observation also sug-
gests that the dielectric responses to the external stress are not
controlled exclusively by the intrinsic contribution from single
domain, but the main contribution may arise from the extrinsic
contributions from domain wall motions, which could be heavily
clamped by inhomogeneous microstructures [19,27]. Therefore,
this explains relatively low dielectric responses to the stress
in the two MPB compositions. Similar observations have been
reported in the MPB compositions in PZT-PMN [30,31] and

PMN-PT [32]. Finally, it should be noted here that the dielectric
behaviors under the applied stress for PZT-BT system are signif-
icantly different from those observed in a solid solution between
normal and relaxor ferroelectrics, i.e. PZT-PMN systems, in
which the dielectric responses to the applied stress depend more
on the compositions and the stress level, and the dielectric prop-
erties of some compositions decrease with increasing applied
stress [10].

4. Conclusions

In this study, effects of uniaxial compressive pre-stress on the
dielectric properties of ceramics in PZT-BT system are investi-
gated. The (1 — x)Pb(Zrg 5 Tip.48)O3—(x)BaTiO3 (when x=0.0,
0.05, 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 0.95 and
1.0) ceramics used are prepared by a conventional mixed-oxide
method from starting PZT and BT powders at various process-
ing conditions. The phase formation behavior studied using the
XRD indicates that PZT-BT forms a series of continuous solid
solutions. The physical properties measurements reveal that the
properties are relatively composition-dependent. Except for the
density which sees the opposite trend, the addition of BT into
PZT results in the increase of grain size and microstructural het-
erogeneity. The dielectric properties measured under stress-free
conditions show a gradual increase of the dielectric constant
with increasing BT content, while the dielectric loss tangent is
not significantly different. The dielectric properties under the
uniaxial compressive pre-stress of the PZT-BT ceramics are
observed at stress levels up to 15 MPa using a uniaxial compres-
someter. The results clearly show that both the dielectric constant
and the dielectric loss tangent of the PZT—BT ceramics increase
significantly with increasing applied stress. Larger changes in
the dielectric properties with the applied stress are observed in
the PZT-rich compositions. The experimental observations have
been attributed to the increase of the domain wall motions from
the application of the compressive pre-stress.
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The temperature scaling of the dynamic hysteresis was investigated in soft ferroelectric bulk
ceramic. The power-law temperature scaling relations were obtained for hystersis area (A) and
remnant polarization P,, while the coercivity E. was found to scale linearly with temperature 7. The
three temperature scaling relations were also field dependent. At fixed field amplitude E,, the scaling
relations take the forms of (Ayoc T-11024 P oc 7712322 and (E - E) = T. Furthermore, the product
of P, and E also provides the same scaling law on the T dependence in comparison with (A).

© 2007 American Institute of Physics. [DOI: 10.1063/1.2713336]

Soft lead zirconate titanate [Pb(Zr,_,Ti,)O3 or PZT] ce-
ramics have been employed extensively in sensors and ac-
tuators. In these applications, the dynamic hysteresis charac-
teristics have become an important consideration."
Theoretical studies have been carried out to understand the
dynamic response of hysteresis curves in spin and polariza-
tion systems.z_5 In particular, attention is focused on scaling
law (A) o f"Efy (where (A) is hysteresis area, E is field am-
plitude, f is frequency, and m and n are exponents that de-
pend on the dimensionality and symmetry of the system).
Experimental investigations on a few thin-film systems have
also been reported.é_ 2 Recently, the scaling relation for soft
PZT bulk ceramic was reported in the form of (A)
o fO5E 13 We also reported the stress-dependent scaling
relation in the form of (A—A__y) < f 9P E,6%*, which indi-
cates the difference of the energy dissipation between the
under stress and stress-free conditions.'* More importantly, it
is well known that the size and shape of the hysteresis loop
in the ferroelectric state depend strongly on temperature
T."" The temperature dependence of ferroelectric properties
is of interest in view not only of technological applications,
but also in a fundamental sense.'®™* The theoretical investi-
gation by Rao et al* has already proposed a temperature
scaling for ferromagnetic materials, which indicates that the
hysteresis area decreases with increasing temperature. Ex-
perimental results on ferromagnetic thin films have revealed
various temperature scaling relations.>>%8 Interestingly,
there has been no report on the temperature scaling of dy-
namic hysteresis in ferroelectrics, both theoretically and ex-
perimentally. It is therefore the aim of this study to experi-
mentally establish the temperature scaling of the ferroelectric
hysteresis for soft PZT bulk ceramic.

The polarization—electric field (P-E) hysteresis loops of
commercial soft PZT ceramic disks (APC-855, APC Interna-
tional, Ltd., USA) with diameter of 8 mm and thickness of
1 mm were obtained by a standardized ferroelectric testing
unit, RT66A (Radiant Technologies Inc., NM), over the tem-
perature range 298—453 K with E, up to 40 kV/cm (f was
fixed at 4 Hz). The measurements were performed on three
ceramic disks. The Curie temperature (T) of the soft PZT
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used was experimentally determined from dielectric mea-
surement to be 523 K. Other basic properties provided by the
supplier are dielectric constant (1 kHz) &,=3400, piezoelec-
tric strain constants d;3;=600 pm/V and d;,=-276 pm/V,
planar coupling factor k,=0.68, and mechanical quality fac-
tor Q,,=65. It should also be noted that after being subjected
to the hysteresis measurements, the samples showed a reduc-
tion of 10% in &, value and of 30% in d33 value.

Figure 1 displays the hysteresis loop profile for various
electric field amplitudes E, at a fixed 7=373 K [Fig. 1(a)]
and for various temperatures at a fixed E,=40 kV/cm [Fig.
1(b)]. From the P-E loops, it is obvious that both E; and T
play a crucial role on the hysteresis area (A). Similar obser-
vations have been reported in many other ferroelectric
systems.lz’lg’zo’22 More interestingly, the observed tempera-
ture dependence of these hysteresis parameters prompts a
question of whether there exist temperature scaling relations
for these parameters.

Figure 2 shows the relation between (A) and T in a
double logarithmic form, where good linear fits are apparent
(R? close to 1). This implies a power-law relation between
the hysteresis area and temperature, i.e., (A)«<T?, and for
each E, the exponent vy can be extracted from the slope, i.e.,
y=d In{A)/d In T. However, both the slope vy and the y in-
tercept seem to vary with E,. Thus, to prove this E, depen-
dence, both the slope y and the y intercept are plotted as a
function of E, (insets in Fig. 2), and the linear dependences
on E, are noticeable. The linear least square fits of both
slopes and y intercepts with E, give y=-0.0332x-1.1024
with R?=0.9983 for the slope (lower inset) and y=0.0769x
+6.0137 with R?=0.9966 for the y intercept (upper inset).
However, the y intercept refers to the value of In(A) at the
limit In T approaching zero, and from the fitting, In{A) is not
ceased at this limit, which is not really sound because at low
temperatures the dynamics of the dipoles or domain walls is
frozen. This could be due to the fact that the domain wall
motion at high temperature is very different from those at
very low temperature.23’24 Consequently, this study does not
imply if there is a finite hysteresis area at T approaching zero
(i.e., in this case In T=0 or T=1), but the quantity In{(A) at
In T=0 here comes from an empirical fit to fulfill the validity
of the linear fit. Therefore, based on the proposed assump-

© 2007 American Institute of Physics
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tions and fitting techniques, and by integrating all the rel-
evant fits, it is found that

(A) = exp(0.0769E, + 6.0137) T (0-0332E0+1.1024) (1)
_ B
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FIG. 2. Double logarithmic plot between In(A) and In(7) for various E,
where the linear relations are found but the y intercepts and slopes seem to
be E, dependent. The insets show those linear relations with Ej,.
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Through similar mathematical treatment performed on
(A), temperature-dependent relations for remnant polariza-
tion (P,) and coercivity (E.) are also obtained. Figure 3(a)
shows the relation between P, and T in a double logarithmic
plot. As being evident, the power-law relation seems suitable
for the fit since good R? are attained. It is found that

P, = exp(— 0.0068E, + 10.305)710-0022E0-1:2322) ()

The relation between E- and T is shown in Fig. 3(b).
Surprisingly, linear relations are apparent so an approxima-
tion on y=ax+b could be used to fit the data. Nonlinear fits
between E. and T are also performed (not shown) and the
linear dependence of E- and T is confirmed. Therefore, it
could be estimated that

Ec=(-0.000 03E,— 0.030 85)T + (0.0459E + 18.319).

3)

The temperature dependences of (A), P,, and E. shown
in Egs. (1)—(3) are also slightly E, dependent. Obviously,
small coefficients to E, (for the whole range of E; used in
this study) suggests that at fixed E,

<A> o 7-—1‘1024’ (4)

P I 'T—l 2322 (5)
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(Eco—Ec) = T. 6)

E¢o in Eq. (6) can be viewed as the coercivity at T~0 K.
However, as T— 0, thermal energy is low, causing a non-
symmetric hysteresis loop; hence, Eqy cannot be meaning-
fully defined. Here E is used for proposing the fit, which is
valid for the experimental range in this study.

More importantly, Eqs. (4)-(6) present simple relations
for the temperature scaling of ferroelectric hysteresis param-
eters. It should be noted that there have only been few the-
oretical treatments to include a temperature term in the dy-
namic hysteresis scaling of ferromalgnetics.2’3’25 Considering
relatively successful applications of the treatments to E- and
f-dependent ferroelectric hysteresis,z’5 it would be worth-
while to compare our experimental results with the theoreti-
cally derived scaling. Theoretical scaling relations have been
proposed as (A)o T, with y being 0.7, 1.18, and 1.98 for
continuum three-dimensional (3D) ((®2)2, two-dimensional,
and 3D Ising models, respective:ly.2’3’25 An explanation for
the variation may come from the different polarization-
interaction terms as considered in these models. It could be
seen that our experimentally obtained temperature scaling of
(A) (with y~1.1) falls between the values obtained from the
models. The difference could be attributed to additional con-
tributions from depolarizing effects within the ceramics
(arisen from domain walls, grain boundaries, space charges,
immobile defects, etc.),'>'* as compared to physically over-
simplified ?olarization interaction proposed in the theoretical
models. >

Furthermore, the relation E-o(T—T)™%% drawn from
the 3D ((92)% model® is significantly different from the linear
relation obtained from our study, which further clarifies that
the theoretical models cannot be applied to ferroelectric bulk
ceramics. This study clearly serves as a survey to show that
more improvement of the theoretical approach is needed to
predict the scaling behavior in bulk ferroelectric ceramics.
Interestingly, different forms of temperature scaling of E.
extracted from the previous experimental data on PZT thin
films also indicate dimensional dependence of the coercivity,
as reported in previous investigations.” ™

In approaching the saturation, the hysteresis area can be
roughly estimated with (2P,)(2E¢).”"® It is also interesting to
check if the product of P, and E. would provide the same
scaling law on the T dependence in comparison with (A). So,
by substituting the E, dependence on both E. and P, [Egs.
(2) and (3)], it is found that

(2E()(2P,) = 4[(= 0.000 03E, - 0.030 85)T + (0.0459E,
+18.319)] X [exp(~ 0.0068E,
+ 10305) 7-(0.0022E0—1.2322)] ) (7)

Since all coefficients to E, are small, by taking an ap-
proximation that E; is fixed (or not very high), the (2P,)
X(2E ) reduces to

(RE-)(2P,) = 4(9.2 X 10°T 02322 4 5.5 X 1037 1232%),
(8)

As can be seen, the term strongly decays in tem-
perature than the term 7792322 but 72322 has a much larger
coefficient. However, by substituting all temperatures used in

T—l.2322

Appl. Phys. Lett. 90, 112906 (2007)

this study, it is found that 7-'>322 should be a principal term.
Therefore, the scaling of “area” in this way on the tempera-
ture should have the exponent 7y closer to —1.2322. In com-
parison with those extracted from the In{A) and In T plot (in
which the exponent y has a value of —1.1024), these two
scaling methods seem to agree. So once the scaling of area to
the temperature is found, it is possible to guess how the E-
would scale with T if the scaling relation between P, and T is
known or vice versa. Similarly, a scaling of area to frequency
has also been reported in a previous investig:{ation.28

In summary, the power-law temperature scaling relations
have been found for hystersis area (A) and remnant polariza-
tion P,, while the coercivity E scales linearly with tempera-
ture. The three temperature scaling relations are also field
dependent. At fixed E,, the scaling relations take the forms of
(Ayoc 7711024 p o 7712322 and (Eqo—Ec) « T. Furthermore,
the product of P, and E also provides the same scaling law
on the T dependence in comparison with (A).

Financial support from the Thailand Research Fund
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gratefully acknowledged.
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Dynamic hysteresis and scaling behavior of hard lead zirconate titanate
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The scaling relation of ferroelectric hysteresis area (A) against frequency f and field amplitude
E, for the saturated loops of the hard lead zirconate titanate bulk ceramic takes the form of
(Ayo f-O28EX while that for the minor loops takes the form of (A) e fO43E>1? Tn both cases, the
scaling relations are similar to those of its soft counterpart. This indicates that the dynamic
behaviors and scaling relations in bulk ceramics are mainly governed by the domain states and
structures, while the distinct types of complex defects contribute mainly to the difference in the
coercive field observed in hard and soft ceramics. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2713769]

Lead zirconate titanate [Pb(Zr,_,Ti,)O; or (PZT)] ce-
ramics are among the lead-based complex perovskites that
have been investigated extensively both from academic and
commercial viewpoints with various applications.l’2 How-
ever, PZT ceramics are usually modified with dopants.S’4
Generally, donor (higher-valency) additives induce “soft”
piezoelectric behaviors with higher dielectric and piezoelec-
tric activities, while acceptor (lower-valency) additives result
in “hard” piezoelectric behaviors.'™

In many applications, the dynamic hysteresis, i.e., hys-
teresis area (A) as a function of the field amplitude E, and
frequency f, has become an important consideration.'™
Hence, there have been reports on the scaling behavior of the
dynamic hysteresis in ferromagnetic and ferroelectric thin
films.5 " Many theoretical studies have been focused on the
scaling law,

(A) o f*Ef (1)

(where a and B are exponents that depend on the dimension-
ality and symmetry of the system), of hysteresis curves in
polarization systems.678 Earlier investigations&g’l‘?’ have re-
ported the scaling relations for the high-f region with « and
B values, respectively, of —1 and 2 for (®2)? and (®?)* mod-
els and of —0.33 and 3 for a PZT thin film. We also reported
the scaling relation for soft PZT bulk ceramics with a and F
values, respectively, of —0.25 and 1 for saturated loops. ¢
Interestingly, the scaling form for the minor loops is identical
to that of the PZT thin film. The difference in the scaling
relations has been attributed to the different domain
dynamics.14 Generally, the domain dynamics differs depend-
ing on the composition and the doping type.ls’16 In this point
of view, the domain dynamics in hard and soft PZT ceramics,
which contain distinct types of complex defects, should be
very different.'® Since our earlier work has already shown
unique scaling relations for the soft PZT bulk ceramics,'? it
will be of interest to investigate the scaling behavior of the
hard PZT bulk ceramic, as the direct comparison will help
extracting roles of complex defects to the dynamic hysteresis
behavior. Thus, we present in this letter the results on the
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scaling behaviors of the dynamic hysteresis of a hard PZT
bulk ceramic. As will be seen, the dynamic hysteresis and
scaling behaviors of the hard ceramic are surprisingly very
similar to those of the soft one.

The dynamic hysteresis (P-E) loops of commercial hard
PZT ceramic disks (APC-840, APC International, Ltd., USA)
with a diameter of 8 mm and a thickness of 1 mm were
characterized at room temperature (298 K) by using a modi-
fied Sawyer-Tower circuit with f covering from 1 to 100 Hz
and E, from 0 to 40 kV/cm. The electric field was applied
to a sample by a high voltage ac amplifier (Trek 610D)
with the input sinusoidal signal from a function generator
(HP 3310A). The P-E loops were recorded by a digital os-
cilloscope (HP 54645A, 100 MHz). Each loop was obtained
after 20 sampling cycles to average out the noise deforma-
tion. The hysteresis loop obtained was very consistent with
that obtained by a standardized ferroelectric testing unit,
RT66A (Radiant Technologies Inc., NM), which ensures the
reliability of the measurements. It should be noted that the
exact compositional formulation for APC-840 is proprietary
to APC International, Ltd., but our elemental analysis
showed multiple lower valent substituents, such as Na, Ni,
Co, and Ga, which are known to produce hard properties
through the formation of complex defects,!*+13:16

The hysteresis loops of unpoled samples at different f
but fixed E; (40 kV/cm) and at different E, but fixed f
(20 Hz) are shown in Fig. 1. The loop area (A), remanent
polarization (P,), and coercive field (E.) decrease with an
increase of frequency, as shown in Fig. 1(a). The dependence
of the hysteresis loop on E, is depicted in Fig. 1(b). For
small fields (10 and 15 kV/cm), the loops do not saturate.
With further increase in Ej, (A), P,, and E,. increase until a
well saturated loop is achieved. Similar observations have
been reported in thin films and ceramics.®!%1314

To investigate the scaling behavior for unpoled hard PZT
bulk ceramics, we followed the scaling relation reported ear-
lier for soft PZT bulk ceramics in the form of (A) o f025E, '
The data are shown in Fig. 2 and the solid line represents the
fitting. Surprisingly, it is revealed that the high E-field (satu-
rated loops) data can be fitted reasonably well (R>~0.97)
with the scaling relation obtained experimentally for the soft
PZT bulk ceramics. However, some deviation is still ob-

© 2007 American Institute of Physics
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FIG. 1. (Color online) Hysteresis loops for hard PZT bulk ceramic (a) at
various f and Ey=40 kV/cm and (b) at various E, and f=20 Hz.

served, particularly for low E-field (minor loops) data. This
was also the case for the soft PZT bulk ceramics, as reported
earlier,14 in which the different scaling relations were ob-
tained for the saturated and minor loops. Apparently, a simi-
lar situation is also observed in the hard PZT bulk ceramics.

Attempt to obtain better scaling can be done by fitting
the data with (A) « f"Ey, where m and n are exponents to be
determined directly from the experimental data. By plotting
(A) against f at fixed E, one obtains the exponent m. On the
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FIG. 2. (Color online) Scaling of hysteresis area (A) against f~*>°E, for hard
PZT bulk ceramic.
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other hand, the exponent n can be obtained from plotting (A)
against E, at fixed f. By least-squares-fitting method, for
the high FE-field data (saturated loops) the exponents
m=-0.28+0.01 and n=0.89+0.05 were obtained. As plotted
in Fig. 3(a), it is revealed that the high E-field data can be
fitted only slightly better (R>~0.98), within the measured
uncertainty, by

<A> o f—0.28E8.89' (2)

Furthermore, the exponents m=-0.43+0.08 and
n=3.19+0.56 were obtained and fitted reasonably well
(R*~0.92) for the minor loop data, as plotted in Fig. 3(b).
Therefore, the scaling relation for minor loops of hard PZT
bulk ceramic takes the form of

<A> ocf—0.43E8.19. (3)

The scaling relation obtained in Eq. (2) for the saturated
loops of the hard PZT bulk ceramic indicates that (A) decays
more slowly with f and grows more slowly with E than that
theoretically predicted and that observed in the PZT thin
film, as listed in Table I and discussed in an earlier
publication. 14

As listed in Table 1, it is even more interesting to observe
that the scaling behaviors for the hard PZT bulk ceramic are
to some extent similar to those of the soft counterpart. By a
direct comparison, the exponents m and n for the two ceram-
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TABLE I. Dynamic scaling exponents for different systems [refer to Eq.

(01

System @ B References

(P?)? and (P?)? model -1 2 6 and 7
1-3 composite -1 2 17
Nd-doped Bi;Ti30, thin film —-0.66 2 18
SBT thin film -0.33 2 19
PZT thin film -0.33 3 13
Soft PZT bulk ceramic

-Saturated loops -0.25 1 14

-Minor loops -0.33 3 14
Hard PZT bulk ceramic

-Saturated loops -0.28+0.01  0.89+0.05 This work

-Minor loops -0.43+0.08 3.19+0.56  This work

ics are not significantly different. As well known, the major
difference between the two types of ceramic is the complex
defects.'**!>!% In the hard PZT, the oxygen vacancies are
introduced, are trapped at the domain walls, and then form
electric dipoles with the acceptor atoms. These dipoles called
complex defects act as pinning points for the domain wall,
and the domain wall motion is reduced. The complex defects
are absent in the soft PZT ceramics; hence the domain walls
can move more easily. Therefore, hard PZT ceramics typi-
cally show higher E. than soft ones. Other dielectric and
piezoelectric properties of the two types of ceramics are also
significantly different."*'>'® However, the similar scaling
behaviors for the two types of ceramics suggest that though
the complex defects contribute greatly to the difference on
the electrical properties, they contribute only slightly to the
dynamic behaviors. At high fields (saturated loops), one can
picture that beyond the critical field, i.e., E- which is differ-
ent between the hard and soft ceramics, the dynamic hyster-
esis behavior of the PZT bulk ceramics is mainly governed
by the available domain states for polarization switching,
while the contribution the complex defects is very minimal;
hence the scaling behavior is nearly similar between the hard
and soft PZT ceramics. However, at lower fields (minor
loops), the complex defects still play limited roles in control-
ling the dynamic behavior, as can be observed from the rela-
tively larger differences in the values of m and n between the
soft and hard PZT ceramics.

More importantly, all these observations suggest that
bulk PZT ceramics with similar domain structures should
have very comparable dynamic hysteresis and scaling behav-
ior. As also listed in Table I, it is interesting to observe that
models and thin films of different materials, which contain
similar domain structures, show comparable scaling behav-
iors (with only a slight difference in exponents m and n). It
could be stated that the dynamic hysteresis (hence the scaling
behavior) is mainly controlled by available domain states
and polarization switching mechanism. Therefore, the scal-
ing relations obtained theoretically and experimentally from
models, thin films, and bulks with distinct types of domain
structures and mechanisms should be noticeably different
(hence different universality classes among them), as shown

Appl. Phys. Lett. 90, 112908 (2007)

in Table I. Our opinion on the contribution of the domain
states in controlling the dynamic hysteresis behavior may be
strengthened by a further study of the domain states in dif-
ferent materials, particularly in soft and hard PZT ceramics.
Previous transmission electron microscopy studies have al-
ready shown fine “wavy” domains in hard PZT, while irregu-
lar domain morphologies have been reported in soft
PZT***? Thus, giving the complexity of the dopant types
and concentrations in the commercial hard and soft PZT ce-
ramics, it may be too complicated to evaluate the domain
state contribution to the dynamic behavior in these ceramics.
It is more suitable to compare the domain states in undoped
PZT and single-element soft- and hard-doped PZT
ceramics.>?

In summary, the scaling relation for the saturated hyster-
esis loops of the hard PZT ceramic takes the form of
(Ayoc f-O8ESY while that for the minor loops takes the form
of (A)oc fOBEX° The two scaling relations are very similar
to those of soft PZT bulk ceramics, suggesting that the scal-
ing behaviors of the two types of bulk ceramics are in the
same universality class.
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Abstract

A wolframite-type phase of indium niobate, InNbO,, has been synthesized by a solid-state reaction via a rapid vibro-milling technique. The
formation of the InNbO,4 phase in the calcined powders has been investigated as a function of calcination conditions by TG-DTA and XRD
techniques. Morphology, particle size and chemical composition have been determined via a combination of SEM and EDX techniques. It has
been found that single-phase InNbO, powders have been obtained successfully at the calcination condition of 950 °C for 2 h with heating/cooling
rates of 30 °C/min. Higher temperatures and longer dwell times clearly favoured particle growth and the formation of large and hard agglomerates.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Indium niobate; InNbO,; Calcination; Phase formation; Powders—solid-state reaction

1. Introduction

Earlier works concerning the wolframite-type indium niobate
(InNbOQy4, IN) have been directed towards determining low-
temperature dielectric, luminescent and photocatalytic proper-
ties [1-3]. Recently, this compound is also a potential material
for the development of photocatalytic systems capable of split-
ting water into H, and O, under visible light irradiation [4,5].
Moreover, it is well established as a key precursor for the
partially successful preparation of single-phase ferroelectric
perovskite lead indium niobate Pb(In;,Nb;,,)O5; (PIN)-based
ceramics, which is becoming increasingly important for actua-
tor, transducer and ultrasonic motor applications [6].

There has been a great deal of interest in the preparation of
single-phase perovskite PIN powders as well as in the phase
transition, ordering behaviour and electrical properties of PIN-
based ceramics [7—11]. In general, the constituents In,O5 and
Nb,Os are first mixed and reacted together to form indium
niobate (InNbQ,), prior to mixing and reacting with PbO in the
second step of calcination at elevated temperature. Interestingly,
this mixed oxide route has been employed with minor
modifications in the synthesis of InNbQO, itself [8—11]. How-

* Corresponding author. Tel.: +66 53 943367; fax: +66 53 943445.
E-mail address: Supon@chiangmai.ac.th (S. Ananta).

0167-577X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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ever, powders prepared by a mixed oxide route have spatial
fluctuations in their compositions. The extent of the fluctuations
depends on the characteristics of the starting powders as well as
on the processing schedule. Generally, the mixed oxide method
involves the heating of a mixture of indium oxide and niobium
oxide above 1000 °C for long times i.e. 4 h [7,8], 12 h [4],24 h
[9—-11] and 48 h [3,5]. The optimization of calcination con-
ditions used in the mixed oxide process, however, has not
received detailed attention, and the effects of applied dwell time
and heating/cooling rates have not yet been studied extensively.

Therefore, the main purpose of this work is to explore a
simple mixed oxide synthetic route for the production of InNNbO,
powders via a rapid vibro-milling technique and to perform a
systematic study of the reaction between the starting indium
oxide and niobium oxide precursors. The phase formation and
morphology of the powders calcined at various conditions will
be studied and discussed.

2. Experimental procedure

The starting materials were commercially available indium
oxide, In,O3 (JCPDS file number 71-2195) and niobium oxide,
Nb,Os (JCPDS file number 30-873) (Aldrich, 99.9% purity).
The two oxide powders exhibited an average particle size in the
range of 1.0-3.0 pm. InNbO, powders were synthesized by the
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Fig. 1. TG-DTA curves for the mixture of In,O;—Nb,Os powder.

solid-state reaction of thoroughly ground mixtures of In,O3 and
Nb,Os powders that were milled in the required stoichiometric
ratio. Instead of employing a ball-milling procedure [7,11], a
McCrone vibro-milling technique was used [12]. In order to
combine mixing capacity with a significant time saving, the
milling operation was carried out for 0.5 h with corundum
cylindrical media in isopropyl alcohol (IPA). After drying at
120 °C for 2 h, the reaction of the uncalcined powders taking
place during heat treatment was investigated by themogravi-
metric and differential thermal analysis (TG—DTA, Shimadzu),
using a heating rate of 10 °C/min in air from room temperature
up to 1000 °C. Based on the TG—DTA results, the mixture was
calcined in air at various conditions in a closed alumina crucible,
in order to investigate the formation of indium niobate.
Calcined powders were subsequently examined by room
temperature X-ray diffraction (XRD; Siemens-D500 diffrac-
tometer), using Ni-filtered CuK,, radiation to identify the phases
formed and optimum calcination conditions for the formation of
InNbO,4 powders. Powder morphologies and particle sizes were
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Fig. 2. XRD patterns of IN powders calcined at various temperatures for 2 h with
heating/cooling rates of 10 °C/min.
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Fig. 3. XRD patterns of IN powders calcined at 950 °C with heating/cooling
rates of 10 °C/min for various dwell times.

directly imaged, using scanning electron microscopy (SEM;
JEOL JSM-840A). The chemical compositions of the phase
formed were elucidated by an energy-dispersive X-ray (EDX)
analyzer with an ultra-thin window. EDX spectra were quan-
tified with the virtual standard peaks supplied with the Oxford
Instruments eXL software.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed in the
stoichiometric proportion of InNbQy, is displayed in Fig. 1. The TG
curve shows two distinct weight losses. In the temperature range from
room temperature to ~ 150 °C, both exothermic and endothermic peaks
are observed in the DTA curve, in consistent with the first weight loss.
These observations can be attributed to the decomposition of the organic
species (i.e. polyethylene milling jar, rubber gloves, skin, etc.) from the
milling process [12]. Increasing the temperature up to ~ 1000 °C, the
solid-state reaction occurred between In,O; and Nb,Os [7,11]. The
broad exotherm in the DTA curve represents that reaction, which has a
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Fig. 4. XRD patterns of IN powders calcined at 950 °C for 2 h with various
heating/cooling rates.
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Fig. 5. SEM micrographs of the IN powders calcined at (a) 950 °C for 2 h, (b) 950 °C for 4 h, (c) 1200 °C for 2 h with heating/cooling rates of 10 °C/min, and at

(d) 950 °C for 2 h with heating/cooling rates of 30 °C/min.

maximum at ~ 500 °C. This is supported by a large fall in sample weight
over the same temperature range. Although the DTA curve shows that
there are other small peaks at ~ 750, 850 and 900 °C, however, it is to be
noted that there is no obvious interpretation of these peaks. These data
were used to define the range of calcination temperatures for XRD
investigation between 700 and 1200 °C.

To further study the phase development with increasing calcination
temperature in the powders, they were calcined for 2 h in air at various
temperatures, up to 1200 °C, followed by phase analysis using XRD. As
shown in Fig. 2, for the uncalcined powders and the powders calcined at
700 °C, only X-ray peaks of precursors In,O; (@) and Nb,Os (O),
which could be matched with JCPDS file numbers 71-2195 [13] and 30-
0873 [14], respectively, are present, indicating that no reaction had yet
been triggered during the milling or low firing processes. It is seen that
fine InNbO, crystallites (V) were developed in the powders at a
calcination temperature as low as 750 °C, accompanied with In,O3 and
Nb,Os as separated phases. This observation agrees well with those
derived from the TG—DTA results. As the temperature increased to
900 °C, the intensity of the InNbO, peaks was further enhanced and
became the predominant phase. Upon calcination at 950 °C, an essen-
tially monophasic of InNbO, phase is obtained. This InNbO, phase was
indexable according to a monoclinic wolframite-type structure with
lattice parameters a=514.40 pm, 5b=577.09 pm, ¢=483.55 pm and
p=91.13°, space group P2/a (no. 13), in consistent with JCPDS file
numbers 83-1780 [15] and literature [2,4]. This study also shows that
monoclinic InNbOy is the only detectable phase in the powders, after
calcination in the range of 950—1200 °C. The variation of the intensity
ratio between the two major peaks (111) and (117) at 20 ~29-31° could
be attributed mainly to the expansion of the NbOg volume similar with
those observed in other ABO, systems [2,4]. In the structure of InNbOy,
there are two kinds of octahedron, InOg4 and NbOjg. The InOg octahedron

connects to each other to form a zigzag chain by sharing edges. These
chains are connected through NbOg octahedron to form the three-di-
mensional network [5,16]. It is believed that the InOg4 chains are highly
distorted because they must accommaodate the strain of the defect, which
probably leads to lattice rotation [5].

In earlier works [3,7,9], long heat treatments at ~ 1000—1200 °C for
at least 4 h were proposed for the formation of InNbO, by a con-
ventional mixed oxide synthetic route, although no details on phase
formation were provided. However, in the present study, it was found
that, except the fluctuation of the intensity ratio between the (111) and
(11T) peaks, there are no significant differences between the powders
calcined at 950 to 1200 °C with dwell time of only 2 h, as shown in
Fig. 2. This observation would clearly suggest the advantages of a rapid
vibro-milling technique used in the present study.

Apart from the calcination temperature, the effect of dwell time was
also found to be quite significant. From Fig. 3, it can be seen that the
single-phase of InNbO, (yield of 100% within the limitations of the

Table 1
Particle size range of InNbO, powders calcined at various conditions

Calcination conditions Estimated particle

size range (10 nm)

Temperature (°C)  Dwell time (h)  Rates (°C/min)

950 2 3 150-550
950 2 10 150-350
950 2 30 100-350
950 3 10 300-450
950 4 10 300-700
1000 2 10 200-500
1100 2 10 250-600
1200 2 10 350-700
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XRD technique) was found to be possible in powders calcined at 950 °C
with dwell time of 2 h or more. The appearance of In,O3 and Nb,Os
phases indicated that full crystallization has not occurred at relatively
short calcination times. The observation that the dwell time effect may
also play an important role in obtaining a single-phase wolframite
product is also consistent with other similar systems [12,17]. It is also
very interesting to see that the on-set firing time is approximately 2—
22 h shorter than those reported earlier with a conventional ball-milling
method [7—11]. The difference could be attributed to the effectiveness
of vibro-milling and a carefully optimized reaction. Most importantly,
this study suggests that a rapid vibro-milling method can significantly
lower the optimum calcination temperature and dwell time for the
formation of single-phase InNbO,4 powders.

In the present study, an attempt was also made to calcine InNbO,4
powders under various heating/cooling rates. In this connection, it is
shown that for the powders calcined at 950 °C for 2 h, the yield of
InNbO, phase did not vary significantly with different heating/cooling
rates, ranging from 3 to 30 °C/min (Fig. 4). The observation that faster
heating/cooling rates are required for the mixtures containing low-
melting point oxide constituent (In,05), is in good agreement with early
results reported in other similar systems [18,19].

Based on the TG—-DTA and XRD data, it may be concluded that,
over a wide range of calcination conditions, single-phase InNbO, can-
not be straightforwardly formed via a solid-state mixed oxide synthetic
route, unless a careful design of calcination condition is performed. It is
well documented that powders prepared by a conventional mixed oxide
method have spatial fluctuations in their compositions. The extent of the
fluctuation depends on the characteristics of the starting powders as well
as the processing schedules [12,17]. It is rather surprising that no
evidence of the monoclinic P2/c (13) of InNbO,4 [20] was found in this
study, nor was there any indication of the one with P2/a (13) reported by
Brixner and Chen [2] being present. The experimental work carried out
here suggests that the optimal calcination conditions for single-phase
InNbO, (with impurities undetected by XRD technique) is 950 °C for
2 h with heating/cooling rates as fast as 30 °C/min. Moreover, the
formation temperature and dwell time for the production of InNbO,
powders observed in this work are also lower than those reported earlier
[8—11]. This clearly emphasizes the advantages of a combination bet-
ween a rapid vibro-milling technique and a carefully optimized reaction.

The morphological evolution during calcination was investigated by
scanning electron microscopy (SEM). Micrographs of InNbO, powders
calcined at various temperatures, dwell times and heating/cooling rates
are illustrated in Fig. 5. The influence of calcination conditions on
particle size is also given in Table 1. After calcinations at 950 to
1200 °C, the powders have similar morphology. In general, the particles
are agglomerated and irregular in shape, with a substantial variation
in particle size, particularly in samples calcined at high temperature
(Fig. 5(c)). The results indicate that averaged particle size tends to
increase with calcination temperatures and dwell times but seems to
decrease with faster heating/cooling rates (Table 1).

The effects of dwell time and heating/cooling rates on the mor-
phology of the calcined powders were also found to be quite significant.
As expected, it is seen that longer heat treatment leads to larger particle
sizes and hard agglomeration (Fig. 5(a) and (b)). As shown in Fig. 5(a)
and (d), as well as in Table 1, by increasing the heating/cooling rates,
averaged particle size tends to decrease whilst the degree of agglomer-
ation tends to increase. This observation could be attributed to the
mechanism of surface energy reduction of the ultrafine powders, i.e. the
smaller the powder the higher the specific surface area [21]. This finding
is also similar to that in Mg4Nb,Oy powders synthesized by Ananta
[22]. To the author’s knowledge, the present data are the first results for
the morphology—calcination relationship of InNbO, powders prepared

by the solid-state reaction. It is also of interest to point out that mass
production of single-phase InNbO, nanopowders with the smallest
particle size ~100 nm (estimated from SEM micrographs) can be
achieved by employing a simple solid-state reaction combined with a
rapid vibro-milling technique. In addition, EDX analysis using a 20 nm
probe on a large number of particles of the calcined powders confirms
that the chemical composition is InNbO,4 powders, in good agreement
with the XRD results.

4. Conclusions

The solid-state mixed oxide method via a rapid vibro-milling
technique is explored in the preparation of single-phase InNbO,
nanopowders. The calcination temperature, dwell time and
heating/cooling rates have been found to show a pronounced
effect on phase formation and particle size of the calcined
InNbO4 powders. This work demonstrated that the single-phase
of indium niobate powders with particle size ranging from 100 to
350 nm can be produced via this technique by using a calcination
temperature of 950 °C for 2 h, with heating/cooling rates of
30 °C/min. The resulting InNbO, powders exhibit similar mor-
phology and variety of agglomerated particle sizes, depending
on the calcination conditions.
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Abstract

A perovskite phase of lead zirconate, PbZrO3, nanopowder was synthesized by a solid-state reaction via a rapid vibro-milling technique. The
effect of milling time on the phase formation and particle size of PbZrO; powder was investigated. Powder samples were characterized using TG—
DTA, XRD, SEM and laser diffraction techniques. It was found that an average particle size of 50 nm was achieved at 25 h of vibro-milling after
which a higher degree of particle agglomeration was observed upon continuation of milling to 35 h. In addition, by employing an appropriate
choice of milling time, a narrow particle size distribution curve was also observed.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Lead zirconate; Milling; Nanopowders; Phase formation; Particle size

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) upon 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(Zr;_,,Ti,)O3 (PZT), (Pb,La)(Zr,Ti)O5 (PLZT), Pb
(Fel/3W2/3)O3—PbZrO3 (PFW—PZ) and Pb(Zn1/3Nb2/3)O3—
PbZrO; (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

* Corresponding author. Tel.: +66 53 943367; fax: +66 53 943445.
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0167-577X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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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.
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Thus, in the present study, the effect of milling 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
at low 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 PbZrO; 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 polycrystalline
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 milling
operation was carried out in isopropanol 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 temper-
ature X-ray diffraction (XRD; Siemens-D500 diffractometer),

Table 1

2823

using Ni-filtered CuK,, radiation to identify the phases formed
and optimum milling time for the production of PbZrO;
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 /p and secondary (o)
phases or /5. The following qualitative equation was used [10].

Ip

perovskite phase (wt.%) = 7

x 100 1
p+1s )

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 characteristics from ~500 to
700 °C in all 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 of the powders are probably related to the different sizes of the

Effect of milling time on the particle size of PZ powders measured by different techniques

Milling Perovskite XRD SEM Laser scattering
1 0,
time (h) phase (%) A (nm) a (nm) b (nm) ¢ (nm) D (nm) P (nm) D (nm) P (nm)
0.5 93.34 57.39 0.8162 1.1624 0.5814 3800 2410-5000 5280 2840-7650
2 100 42.51 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—-700 720 290-2210
25 100 18.19 0.8241 1.1720 0.5879 180 50—-400 180 35-750
35 100 19.34 0.8238 1.1712 0.5872 250 50-420 1540 240-6200

A = Crystallite size.

a, b, ¢ = Lattice parameters.

D = Average particle size.

P = Particle size distribution or range.
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Fig. 1. (a) TGA and (b) DTA analysis of powder mixtures milled at different
times.

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, (O) are
present, indicating that no reaction had been initiated during the milling
process. However, after calcination, it is seen that the perovskite-type
PbZrO3 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 another 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, PbZrOs;.
These can be matched with JCPDS file number 35-0739 for the

orthorhombic phase, in space group P2ch (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), demonstrating 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 the milling time,
the finer 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 Scherrer’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

1 *PbO ©ZrO, ¥PbZrO,
0.5 h (uncalcined)
2 e < D0 e 2 .

x You }2\7 Yy T v A 0.5h
= von }ﬂt 5 e y X 15h
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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).
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Fig. 3. SEM micrographs and particle size distribution of PZ powders milled at different times.
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~50 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 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 to 3.00 pm. With increasing
milling times to 25 h, a uniform particle size distribution with a much
lower degree of particle agglomeration (<1 pm) 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 um is observed.
First is a monomodal distribution corresponding to the primary size of
the PbZrO; 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 the 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 resulting 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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Abstract

The dielectric and ferroelectric properties of (1 —x)Pb(In;,Nby,,)O3;—xPbTiO3; (when x=0.1, 0.2, 0.3, 0.4, and 0.5) ceramics prepared by an
oxide-mixing method via a vibro-milling technique were investigated. Fine grains ceramics were achieved with average grain size of 1-2 um,
indicating advantage of the vibro-milling technique used. While PIN ceramic exhibited relaxor behavior, the dielectric properties of PIN-PT
ceramics showed a mixed relaxor and normal ferroelectric behavior, with more normal ferroelectric behavior observed with increasing PT content.
In addition, the ferroelectric properties of the ceramics in PIN-PT system changed from the relaxor ferroelectric behavior in PIN ceramic to the
normal ferroelectric behavior in PIN-PT ceramics. These results clearly show the significance of the added PT in reducing the relaxor ferroelectric
behavior in PIN ceramic. Finally, the existence of the MPB composition between x=0.3 and 0.4 has been confirmed from the XRD analysis, and

dielectric and ferroelectric properties measurements.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Dielectric properties; Ferroelectric properties; Mixed-oxide; PIN-PT

1. Introduction

Lead-based perovskite-type solid solutions consisting of
the ferroelectric and relaxor materials have attracted a growing
fundamental and practical interest because of their excellent
dielectric, piezoelectric and electrostrictive properties which are
useful in actuating and sensing applications [1-3]. Among the
lead-based complex perovskites, lead magnesium niobate—lead
titanate ((1 —x)Pb(Mg13Nby3)03—xPbTiO3 or PMN-PT)
and lead zinc niobate-lead titanate ((1 —x)Pb(Zn;/;3Nby/3)
03—xPbTiO3 or PZN-PT) have attracted much attention due to
their superior electrical properties [4—7]. However, the major
disadvantage of the two ceramic systems is relatively low Curie
temperatures (7¢) of the morphotropic phase boundary (MPB)
compositions, i.e. lower than 200 °C for the two systems [5—8].
This low Tc comes with the expenses of more temperature
dependent properties and less polarization stability, which in

* Corresponding author. Tel.: +66 53 943 367; fax: +66 53 943 445.
E-mail addresses: rattikor@chiangmai.ac.th,
rattikornyimnirun @yahoo.com (R. Yimnirun).

0925-8388/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2006.12.053

turn restrict the operating temperature range to less than 100 °C
[7,8]. Interestingly, the MPB composition of the lead indium
niobate-lead titanate ((1 —x)Pb(In;»Nb;/)O3—xPbTiO3 or
PIN-PT) solid solution system has been reported to possess Tc
higher than 250 °C [8-13], and therefore potential for high tem-
perature applications. Many previous studies have focused on
the processing and properties of PIN-PT single crystals, partic-
ularly the MPB composition [9,12,14,15], while the information
on PIN-PT ceramics is still limited [8,10,13]. In addition, most
of the PIN-PT ceramics studied were prepared by the mixed-
oxide method with a conventional ball-milling technique, which
resulted in coarse grains ceramics [11,13], even though it is well
known that fine grains ceramics usually show superior electrical
properties [16,17]. Recently, a vibro-milling technique has been
employed to produce nano-sized powders which can be used
to fabricate ceramics with fine grain microstructure [18-20].
Therefore, as an extension to the research on the PIN-PT
ceramics, the overall purpose of this study was to systematically
determine the dielectric and ferroelectric properties of ceramics
in the (1 —x)Pb(In;2Nby/2)O03-xPbTiO3 (when x=0.0, 0.1, 0.2,
0.3, 0.4, and 0.5) system prepared by the mixed-oxide method
via the vibro-milling technique. The vibro-milling technique

Please cite this article in press as: S. Wongsaenmai et al., J. Alloys Compd. (2007), doi:10.1016/j.jallcom.2006.12.053
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was employed to explore the potential in obtaining fine grains
ceramics, which would in turn lead to superior electrical
properties.

2. Experimental

The Pb(In;;;Nbj/2)O03-PbTiO3 ceramics used in this study were prepared
from Pb(Inj/,Nbj2)O3 and PbTiO3 starting powders obtained via the vibro-
milling technique. In this technique, a vibratory laboratory mill (McCrone
Micronizing Mill) was employed. A total of 48 polycrystalline corundum milling
media 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 [18-20].
Initially, pure-phase PIN powders were obtained via a well-known wolframite
method [21,22], while PT powders were prepared by a mixed-oxide method [23].
With the wolframite method, the single-phase indium niobate (InNbO4) pow-
ders were first prepared by mixing starting indium oxide (In,O3) and niobium
oxide (Nb2Os) (Aldrich, 99.9% purity) powders by employing the vibro-milling
technique for 0.5 h and then calcining the mixed powders at 900 °C for 4 h with
heating/cooling rates of 30 °C/min [24]. This yielded a so-called wolframite
(InNbOy4) powder. The wolframite precursor powders were subsequently vibro-
milled with lead oxide (PbO) (Fluka, 99% purity) for 0.5 h. The mixed powders
were calcined at 1100 °C for 2 h with heating/cooling rates of 10 °C/min to form a
single-phase PIN [25]. It should, however, be noted that to obtain the pure-phase
PIN powders 2mol% excess of In,O3 and PbO had to be added to compen-
sate the loss during calcination [25]. With a more conventional oxide-mixing
route, PT powders were prepared from PbO and titanium oxide (TiO;) (Riedel-
de Haén, 99% purity) starting powders. These powders were vibro-milled for
0.5 h and later calcined at 600 °C for 2 h with heating/cooling rates of 5 °C/min
[23]. The (1 — x)Pb(Inj/2Nby/2)03—-xPbTiO3 (Whenx=0.0,0.1,0.2,0.3,0.4, and
0.5) ceramics were then prepared from the PIN and PT powders by the same
mixed-oxide method. The PIN and PT powders were weighed in the required
stoichiometric ratio and vibro-milled for 0.5. The thoroughly mixed powders
were then pressed hydraulically to form disc-shaped pellets 10 mm in diameter
and 2 mm thick, with 3 wt.% polyvinyl alcohol as a binder. The pellets were
placed on the alumina powder-bed inside alumina crucible and surrounded with
atmosphere powders of the same composition. Finally, the pellets were sintered
at 1175°C (1050 °C for PIN) for 2 h with heating/cooling rates of 10 °C/min.

The densities of the sintered ceramics were measured by Archimedes
method. The phase formations of the sintered specimens were studied by an
X-ray diffractometer (XRD; Siemen-D500 diffractometer). The microstructure
analyses were undertaken by a scanning electron microscopy (SEM: JEOL
Model JSM 840A). Grain size was determined from SEM micrographs by
a linear intercept method. The dielectric properties were evaluated with a
computer-controlled dielectric measurement system consisted of a precision
LCR-meter (Hewlett Packard, model 4284A), a temperature chamber (Delta
Design, model 9023), and a sample holder (Norwegian Electroceramics) capable
of high temperature measurement. The room temperature ferroelectric polariza-
tion versus electric field (P—E) measurements was made using a standardized
ferroelectric test system (RT-66A, Radiant Technologies) with an applied field
of 30-60kV/cm.

3. Results and discussion

The XRD patterns of (1 — x)PIN—xPT ceramics with various
x values are shown in Fig. 1(a). It can be seen that a complete
crystalline solution of perovskite structure is formed through-
out the composition range without the presence of pyrochlore
or unwanted phases. From the patterns, PIN ceramic is iden-
tified as a single-phase material with a perovskite structure
having cubic symmetry which could be matched with JCPDS
file no. 87-0304. The XRD patterns of the PIN-PT composi-
tions show a combination between PIN and PT patterns, showing
a perovskite structure having the symmetry varying between
pseudo-cubic and tetragonal types. For better comparison, the
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Fig. 1. (a) XRD patterns of (1 — x)PIN—xPT ceramics and (b) selected region of
the diffraction patterns.

JCPDS file no. 06-0452 for PT with a tetragonal structural sym-
metry is also displayed in Fig. 1(a). More interestingly, the
composition with x=0.3 began to exhibit broadening of peaks
at 260 221.5°,30.5°, and 44.5° for (100)/(001), (110)/(101),
and (200)/(002), respectively. Fig. 1(b) shows the broadened
peaks at 20 ~ 44.5-45°, indicating the structural transformation
from the pseudo-cubic phase to the tetragonal phase, charac-
terized by (200)/(002) peaks. This observation is obviously
associated with the composition with coexistence of two symme-
tries, which in this case are tetragonal and pseudo-cubic phases.
To a first approximation, it could be said that the composi-
tion between x=0.3 and 0.4 is close to the morphotropic phase
boundary (MPB) of the Pb(In;;Nbi,)03-PbTiO3 system,
where the structure of the PIN-PT compositions is gradually
changing from pseudo-cubic to tetragonal. Earlier studies have
reported the MPB composition for PIN-PT system at x ~ 0.37
[9-12]. Electrical data described later further support this obser-
vation.

SEM micrographs in Fig. 2 reveal fine grains microstructure
in all PIN-PT ceramics with little variation of the average grain
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Fig. 2. SEM micrographs of (1 — x)PIN—xPT with various compositions: (a) x=0.0, (b) x=0.1, (c) x=0.2, (d) x=0.3, (e) x=0.4, and (f) x=0.5.

size between 1 and 2 wm. The average grain size, as well as the
density, does not vary significantly with the ceramic composi-
tions, as listed in Table 1. However, it should be noticed that the
microstructure of all the compositions also represents two dis-
tinct grain sizes, i.e. large grains (~2 pwm) and submicron grains.
Earlier study on PIN-PT ceramics prepared with the conven-
tional ball-milling method has also reported bimodal grain sizes
but with large grains over 10 wm and fine grains about 1-2 pm
[10]. Clearly, this shows the advantage of the vibro-milling tech-
nique in producing fine grains PIN-PT ceramics.

The dielectric properties, e.g. dielectric constant () and
tan §, are measured as functions of both temperature and fre-
quency, as shown in Fig. 3(a)—(f). As listed in Table 1 and plotted
separately in Fig. 4, the maximum dielectric constant increases

steadily with increasing PT content up to 30 mol% (e, increases
from 4310 in PIN to 16028 in 0.7PIN-0.3PT). Then a drop in
the dielectric constant is observed with further increase in PT
content to 40 mol%. This supports the XRD observation that the
MPB composition should lie between compositions x =0.3 and
0.4. Tt should also be noted that a rise in the dielectric constant
with more PT content (50 mol%) is possibly caused by large ther-
mal conduction at high temperature [26]. Furthermore, as listed
in Table 1, since the transition temperature of PT is very high
(490°C) [27], it is expected to observe that the transition tem-
perature increases with increasing amount of PT in the PIN-PT
system. This is clearly evident in Fig. 4. Again, it should also
be noted here that, as shown in Fig. 3, the dielectric properties
of most compositions increase significantly at high temperature
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Table 1
Physical features and dielectric properties of (1 —x)PIN—xPT ceramics (measured at 1 kHz)

X Density (g/cm?) Grain size (pm) Tiax (°C) & at AT=Tm,100ktz — Tm,100H2 (°C) Diffusivity (y)
Tinax 25°C
0.0 7.83 1.22 £+ 0.08 71 4310 3345 26.2 1.89
0.1 7.51 1.29 £ 0.10 175 7120 2336 8.0 1.83
0.2 7.95 1.41 £ 0.12 210 10,733 1659 5.4 1.75
0.3 8.09 1.84 + 0.16 267 16,028 1056 1.6 1.70
0.4 7.98 1.51 £ 0.16 327 11,867 1291 1.0 1.65
0.5 7.95 1.33 £ 0.10 375 15,038 573 0.4 1.62
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Fig. 3. (a) Temperature and frequency dependences of dielectric properties of PIN ceramic. (b) Temperature and frequency dependences of dielectric properties of
0.9PIN-0.1PT ceramic. (c) Temperature and frequency dependences of dielectric properties of 0.8PIN-0.2PT ceramic. (d) Temperature and frequency dependences
of dielectric properties of 0.7PIN-0.3PT ceramic. (e) Temperature and frequency dependences of dielectric properties of 0.6PIN-0.4PT ceramic. (f) Temperature

and frequency dependences of dielectric properties of 0.5PIN-0.5PT ceramic.
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Fig. 3. (Continued)

as a result of thermally activated space charge conduction
[26].

The dielectric properties of PIN ceramic, as plotted in
Fig. 3(a), change significantly with temperature and frequency.
Both dielectric constant (e;) and dielectric loss tangent (tan §)
exhibit strong temperature-frequency dependence below the
transition temperature, indication of a typical relaxor ferro-
electric behavior. In this case, the temperatures of maximum
dielectric constant and dielectric loss tangent are shifted to
higher temperature with increasing frequency. The maximum
value of the dielectric constant decreases with increasing
frequency, while that of the dielectric loss tangent increases.
The dielectric properties then become frequency independence
above the transition temperature [2,26]. While PIN exhibits
a relaxor ferroelectric behavior, PT is a normal ferroelectric
with nearly frequency-independent dielectric properties [27].

When PT is added to form the binary system with PIN, the
dielectric behavior of PIN-PT should shift towards that of
normal ferroelectric materials. As seen in Fig. 3(b)—(f), the
dielectric properties exhibit a mixture of both normal and
relaxor characteristics, in which the transition temperature is
not shifted with frequency as much as for the PIN ceramic and
the dielectric properties exhibit weaker temperature-frequency
dependence below the transition temperature. This frequency
dispersion in the dielectric properties can be quantified with
AT=Tm,100kHz — Tm.100Hz, Which can be used as a rough
estimate for more relaxor behavior with higher AT. As listed in
Table 1, an addition of PT results in smaller AT. These results
indicate the decreasing of relaxor behavior with increasing PT
content [28]. Consequently, the dielectric peaks have become
sharper with increasing PT content. Similar tendency has also
been observed in several prior investigations [4-7,9,11].
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The degree of broadening or diffuseness in the observed with Vogel-Fulcher equation:
dielectric variation could also be estimated with the diffusivity
() using the expression In(1/g; — 1/epax) versus (T — Tmax)? - foe —E, 1)
. . w = Xp | ——————
The value of y can vary from 1, for normal ferroelectrics with 0 eXp kK(Tm — T)

a normal Curie—Weiss behavior, to 2, for completely disordered
relaxor ferroelectrics [6,26]. The values of y listed in Table 1
vary between 1.89 and 1.62, which confirms that diffuse phase
transitions (DPT) occur in PIN-PT ceramics with a high degree
of disorder. This observation clearly quantifies the decreasing
of relaxor behavior with increasing PT content, as discussed
earlier. Decreasing trend of y value with increasing of PT
content observed in PIN-PT system agrees with the previous
study [29].

The dependence of temperature of maximum dielectric con-
stant (T,) on frequency of PIN-PT system can be explained

where fy, E, and Ty are the Debye frequency, the activation
energy and the static freezing temperature, respectively [30].
The Debye frequency, the activation energy and the static freez-
ing temperature obtained by fitting the experimental data with
Eq. (1) arelisted in Table 2. From Eq. (1), itis known that the acti-
vation energy is an internal energy of the cluster, which concerns
with an anisotropy energy, Kanis and the cluster volume, V [31].
The fitting results show that the activation energy increases with
increasing PT content for PIN-PT system, indicating that PT
induces the increasing of the anisotropy energy and the cluster

Please cite this article in press as: S. Wongsaenmai et al., J. Alloys Compd. (2007), doi:10.1016/j.jallcom.2006.12.053




+Model
JALCOM-15348; No.of Pages9

S. Wongsaenmai et al. / Journal of Alloys and Compounds xxx (2007 ) xxx—xxx ;
18,000
——PIN
16,0001 —+=0.9PIN-0.1PT
——0.8PIN-0.2PT
14,000 ——0.7PIN-0.3PT
——0.6PIN-0.4PT
—+—0.5PIN-0.5PT
~ 12,0001
=
=
%
£ 10,000
]
2
£ 8,000
L=
2
=1

6,000 -

4,000 4
2,000
e
o I . ) . . i i .
25 75 125 175 225 275 325 375

Temperature (°C)

Fig. 4. Temperature dependence of dielectric constant of (1 — x)PIN—xPT ceramics (measured at 1 kHz).

volume. It can be implied that size of isolated cluster or ordering
increase with increasing PT contents [30,31]. For relaxor ferro-
electrics, the value of Debye frequency concerns with size of
polar nano-region and interaction between polar nano-regions
[30]. In general, the stronger interaction and larger size show
the smaller of the Debye frequency value [31]. Therefore, it can
be implied that the increasing PT content shows marked effect
in decreasing relaxor behavior by increasing size of and inter-
action between polar nano-regions, in good agreement with the
observations discussed earlier. Similar observation has also been
reported in other relaxor-based systems [32].

Fig. 5 illustrates a series of polarization (P—E) hysteresis
loops for the PIN-PT ceramics. It is clearly evident that the
shape of P-E loops varies greatly with the ceramic composi-
tions. The hysteresis curve of PIN ceramic is of a “slim” loop
type, a characteristic of the suppressed ferroelectric interaction
[2,26]. This is typically found in the relaxor ferroelectrics with
polar nano-regions. The hysteresis loops of PIN-PT ceramics
become more developed showing large remnant polarization (Py:
remaining polarization when electric field is decreased to zero)
and large saturated polarization (Ps) with increasing PT content
up to 30 mol%. The hysteresis loops are of a typical “square”
form as a result of domain switching in an applied field. This

Table 2
The parameters obtained from fitting Vogel-Fulcher equation for (1 —x)

is a typical characteristic of a phase that contains long-range
interaction between dipoles in the ferroelectric micro-domain
state [26]. From the loops, the polarizations (P; and Pg) and the
coercive field Ec (indicating an electric field required to zero the
polarization) are determined and listed in Table 3. In addition, the
ferroelectric characteristic of the ceramics can be assessed with
the hysteresis loop squareness (Rsq) which is typically under-
stood to be the ratio of P,/Ps where P; is the remnant polarization
at zero electric field and P; is the saturated polarization obtained
at some finite field strength below the dielectric breakdown. Jin
et al. [33] used the loop squareness to measure not only the devi-
ation in the polarization axis but also that in the electric field axis
with the empirical expression Ryq = (P/Ps) + (P1.1£,./ Pr), where
P1.1E. s the polarization at the field equal to 1.1E.. For the ideal
square loop, Ry is equal to 2.00. As listed in Table 3, the value
of Ryq increases with increasing PT content up to 30 mol%.
These results clearly indicate that an addition of PT induces
the normal ferroelectric behaviors of PT into the PIN-PT
ceramic system. More interestingly, it should also be noticed
that a conclusion drawn from the XRD analysis and dielectric
properties measurements discussed earlier that the MPB compo-
sition should exist between x=0.3 and 0.4 is supported further

Table 3
Ferroelectric properties of (1 — x)PIN—xPT ceramics

PIN—xPT ceramics X Ferroelectric properties (at 25 °C) Loop squareness (Rsq)
x Tt (K) fo (Hz) E, (eV) P. (WClem?) Py (wC/cm?)  Ec (kKV/em)

0.0 310 3.9 x 100 0.042 0.0 - - - -

0.1 434 3.0 x 1010 0.015 0.1 6.46 14.25 6.57 0.73

0.2 471 2.8 x 1010 0.010 02 1552 19.63 9.47 1.31

0.3 535 2.6 x 1010 0.004 03 2043 27.05 8.58 0.97

0.4 599 2.3 x 1010 0.002 04  5.65 11.99 11.68 0.59

0.5 649 1.4 x 1010 0.001 0.5 1.28 3.75 8.70 0.46
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Fig. 5. P-E hysteresis loops of (1 — x)PIN—xPT ceramics.

by the ferroelectric properties, as seen from a strong enhance-
ment of polarization values with increasing PT content up to
x=0.3, then a sudden drop of the polarization values with fur-
ther increase in PT content. Finally, it is worthy noting that the
fine grains PIN-PT ceramics obtained via the vibro-milling tech-
nique used in this study yield slightly better dielectric properties
than the coarse grains PIN-PT ceramics in previous investiga-
tions [10-13]. However, as only very few investigations have
been performed on PIN-PT ceramics, further investigations are
still needed for more thoroughly and better comparison.

4. Conclusion

The (1 —x)Pb(Inj2Nb1/2)03—xPbTiO3 (when x=0.1, 0.2,
0.3, 0.4, and 0.5) ceramics were prepared by an oxide-mixing
method via a vibro-milling technique. The dielectric properties
of the ceramics were determined as functions of both temper-
ature and frequency with an automated dielectric measurement
system, while the room temperature ferroelectric properties were
measured by means of a standardized ferroelectric test system.
The dielectric measurement took place over the temperature
range of 25 and 400°C with measuring frequency between
100 Hz and 100 kHz. Fine grains ceramics were achieved with
average grain size of 1-2 wm, indicating advantage of the vibro-
milling technique used. The results indicated that the dielectric
properties of PIN ceramic were of relaxor ferroelectric behavior.
The dielectric properties of PIN-PT ceramics showed a mixed
relaxor and normal ferroelectric behavior, with more normal
ferroelectric behavior observed with increasing PT content. The
P-F hysteresis loop measurements demonstrated that the ferro-
electric properties of the ceramics in PIN-PT system changed
from the relaxor ferroelectric behavior in PIN ceramic to the

normal ferroelectric behavior in PIN-PT ceramics. These results
clearly show the significance of the added PT in reducing the
relaxor ferroelectric behavior in PIN ceramic. More interest-
ingly, XRD analysis, and dielectric and ferroelectric properties
measurements also indicated the existence of the MPB compo-
sition between x=0.3 and 0.4. Finally, the fine grains PIN-PT
ceramics showed slightly better dielectric properties than the
coarse grains ceramics in previous investigations.
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Abstract

The solid-state mixed oxide method via a rapid vibro-milling technique is explored in the preparation of single-phase Zn;Nb,Og powders. The
formation of the Zn3;Nb,Og phase in the calcined powders has been investigated as a function of calcination conditions by TG-DTA and XRD
techniques. Morphology, particle size and chemical composition have been determined via a combination of SEM and EDX techniques. It has
been found that the minor phases of unreacted ZnO and Nb,Os precursors and the columbite ZnNb,Og phase tend to form together with the
Zn;Nb,0Og phase, depending on calcination conditions. It is seen that optimization of calcination conditions can lead to a single-phase Zn;Nb,Og
in a monoclinic phase.
© 2007 Published by Elsevier B.V.

Keywords: Zn;Nb,Og; Calcination; Phase formation; Particle size; Nanopowders

1. Introduction the ZnO is sometimes formed alongside the major phase of
ZnNb,Og [7,8].
The quest for optimal powder characteristics (controlled In contrast, very little is known about Zn;Nb,Oyg, since no

chemical composition, homogeneity, reactivity, particle sizeand ~ work has been dedicated to the synthesis of this compound.
shape) in the fabrication of materials has directed attention
particularly towards powder production techniques. It is known
that various compositions are possible in the Zn—Nb-O system
[1,2]. To date, three possible zinc niobium oxides have been 0+
identified: ZnNb,Og, Zn,Nb34Og7; and Zn;Nb,Og [1,2].
Amongst these compounds, zinc niobate (ZnNb,Og) is one of
the most well-known materials, which has recently gained
considerable attention [3,4]. This compound is very well known
as the key precursor for the successful preparation of single-
phase perovskite lead zinc niobate, Pb(Zn;;;Nb,/3)O3, or PZN-
based materials, which are becoming increasingly important for
multilayer ceramic capacitor, electrostrictor and actuator
applications [5,6]. In general, production of single-phase
ZnNb,Oyg is not straightforward, as a minor concentration of
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Fig. 2. XRD patterns of ZN powders calcined at various temperatures for 5 h with heating/cooling rates of 10 °C/min.

Much of the work concerning the Zn;Nb,Og compound has  possible alternative precursor for the preparation of PZN has not
been directed towards determining crystal structure and  yet been reported. Interestingly, the mixed oxide route for the
microwave dielectric properties [9—11]. Kasper [10] and Isobe = production of Zn;Nb,Og powders has not received detailed
et al. [11] reported that the structure of Zn;Nb,Og is closely attention, and the effects of calcination conditions (i.e. applied
related to the columbite structure of ZnNb,Og. Its crystal firing temperature, dwell time and heating/cooling rates) have
structure can be represented as an order super-structure of «- not yet been studied extensively. Therefore, the main purpose of
PbO, [12]. Moreover, to date, the potential of Zn;Nb,Og as a  this work was to explore a simple mixed oxide synthetic route
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Fig. 3. XRD patterns of ZN powders calcined at 900 °C for (a) 0.5, (b) 1, (¢) 2 and (d) 3 h, with heating/cooling rates of 10 °C/min and for 1 h with heating/cooling rates
of (e) 20 and (f) 30 °C/min.
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for the production of Zn3Nb,Og powders via a rapid vibro-
milling technique and to perform a systematic study of the
reaction between the starting zinc oxide and niobium oxide
precursors. The phase formation and morphology of the powder
calcined at various conditions will be studied and discussed.
The study also forms a possible basis for a further survey on
PZN preparation.

2. Experimental procedure
The starting materials were commercially available zinc

oxide, ZnO (JCPDS file number 8§9-1397) and niobium oxide,
Nb,O5 (JCPDS file number 30-0873) (Aldrich, 99.9% purity).

The two oxide powders exhibited an average particle size in the
range 3.0—5.0 um. Zn3Nb,Og powders were synthesized by the
solid-state reaction of thoroughly ground mixtures of ZnO and
Nb,Os5 powders that were milled in the required stoichiometric
ratio. In order to combine mixing capacity with a significant
time saving, a McCrone vibro-milling technique [8,13] was
carried out for 0.5 h with corundum cylindrical media in
isopropyl alcohol (IPA). After drying at 120 °C for 2 h, the
reaction of the uncalcined powders taking place during heat
treatment was investigated by thermogravimetric and differen-
tial thermal analyses (TG—DTA, Shimadzu), using a heating
rate of 10 °C/min in air from room temperature up to 1100 °C.
Based on the TG-DTA results, the mixture was calcined at

300 nm

Fig. 4. SEM micrographs of ZN powders calcined for 1 h with heating/cooling rates of 10 °C/min at (a) 900 and (b) 1050 °C, and at 900 °C for (c) 3 and (d) 5 h; and at

900 °C for 1 h with heating/cooling rates of (e) 20 and (f) 30 °C/min.
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Table 1
Particle size range of Zn;Nb,Og powders calcined at various conditions

Calcination conditions Particle size range

Temperature ~ Dwell Heating/cooling rates ~SEM XRD
(°C) times (h)  (°C/min) (£5 nm) (+0.05 nm)
900 1 10 60-1950  30.18
900 1 20 80-2130 31.11
900 1 30 110-2740  37.00
900 3 10 283-1988  35.31
900 5 10 313-2400 35.87
1050 1 10 80-2110  40.73

various conditions, in closed alumina crucible, in order to
investigate the formation of Zn;Nb,Og.

All powders were subsequently examined by room temper-
ature X-ray diffraction (XRD; Siemens-D500 diffractometer),
using Ni-filtered CuK,, radiation to identify the phases formed
and optimum calcination conditions for the formation of
Zn3Nb,Og powders. Powder morphologies and particle sizes
were directly imaged, using scanning electron microscopy
(SEM; JEOL JSM-840A). The chemical compositions of the
phase formed were elucidated by an energy-dispersive X-ray
(EDX) analyzer with an ultra-thin window. EDX spectra were
quantified with the virtual standard peaks supplied with the
Oxford Instruments eXL software.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed in the
stoichiometric proportions of Zn;Nb,Oyg is displayed in Fig. 1. In the
temperature range from room temperature to ~150 °C, the sample
shows both exothermic and endothermic peaks in the DTA curve,
consistent with the first weight loss. These observations can be
attributed to the decomposition of the organic species such as rubber
lining from the milling process similar to our earlier reports [8,13].
Corresponding to the second fall in sample weight, by increasing the
temperature further to ~400 °C, a slight thermal fluctuation in the DTA
curve is observed. This may be attributed to the crystallization of
ZnNb,Og as reported earlier [8]. Increasing the temperature up to
~ 1100 °C, the solid-state reaction occurred between ZnO and Nb,Os
[8,14]. The broad exotherm with several peaks in the DTA curve
represents that reaction, which has maxima at ~830 °C and 900 °C.
These are supported by the third falls in sample weight over the same
temperature ranges. However, it is to be noted that there is no obvious
interpretation of these peaks, although it is likely to correspond to a
phase transition reported earlier [1,8,14]. These data were used to
define the range of calcination temperatures for XRD investigation
between 350 and 1100 °C.

To further study the phase development with increasing calcination
temperature in the powders, they were calcined for 5 h in air at various
temperatures, up to 1100 °C, followed by phase analysis using XRD.
As shown in Fig. 2, for the uncalcined powders and the powders
calcined at 350 °C, only X-ray peaks of precursors ZnO (O) and Nb,Os
(@), which could be matched with JCPDS file numbers 89-1397 [15]
and 30-0873 [16], respectively, are present, indicating that no reaction
had yet been triggered during the vibro-milling and low firing
processes. However, it is seen that a small portion of the crystalline
phase of the ZnNb,Og crystallites (+) as reported by Ngamjarurojana et

al. [8] was found as separated phases in the powders calcined at 400 °C,
and became the predominant phase in the powder calcined above
450 °C. As the temperature increased to 800 °C, the intensity of the
ZnNb,Og¢ peaks was further enhanced whereas some new peaks (V) of
the desired Zn3Nb,Og phase, started to appear, mixing with the
ZnNb,Og and ZnO phases after calcinations above 600 °C. These
observations are associated with the DTA peaks found at the same
temperature range within the broad exothermic effects in Fig. 1. In a
first approximation, this ZnNb,Og¢ phase has a columbite-type structure
with an orthorhombic unit cell (¢=1420.8 pm, b=572.6 pm and
¢=504.0 pm, space group Pbcn (no. 60)), consistent with JCPDS file
number 76-1827 [17]. This observation could be attributed mainly to
the poor reactivity of zinc and niobium species [8]. Upon calcination at
900 °C, a single phase of Zn;Nb,Oy is already formed. For the present
work, there are no significant differences between the powders calcined
at temperatures ranging from 900 to 1100 °C. This Zn;Nb,Og phase
(JCPDS file number 79-1164 [18]) has a corundum structure with a
monoclinic unit cell (¢=1909.3 pm, 5=592.7 pm and ¢=522.0 pm,
space group C2/c (no. 15)), in agreement with the literature [11].

Apart from the calcination temperature, the effect of dwell time was
also found to be quite significant. From Fig. 3, it can be seen that the
single phase of Zn;Nb,Og (yield of 100% within the limitations of the
XRD technique) was found to be possible in powders calcined at
900 °C with dwell time of at least 1 h (Fig. 3(a—d)) applied. This is
probably due to the effectiveness of vibro-milling and a carefully
optimized reaction. The observation that the dwell time may also play
an important role in obtaining a single-phase corundum product is also
consistent with other similar systems [8,19]. It is also very interesting to
see that the on-set temperature is approximately 200-250 °C lower
than that reported earlier with a conventional ball-milling method
[9,14]. The difference could be attributed to nano-sized mixed powders
obtained from a rapid vibro-milling. Most importantly, this study
suggests that a rapid vibro-milling method can significantly lower the
optimum calcination temperature for formation of single-phase
Zn;Nb,Og powders.

In the present study, an attempt was also made to calcine Zn3Nb,Og
powders under various heating/cooling rates (Fig. 3(b, e and f)). In this
connection, it is shown that faster heating/cooling rates can also lead to
crystallization of the Zn;Nb,Og phase. Based on the TG-DTA and
XRD data, it may be concluded that, over a wide range of calcination
conditions, a single phase of Zn3Nb,Og cannot be straightforwardly
formed via a solid-state mixed oxide synthetic route, unless a careful
design of calcination is performed. The experimental work carried out
here suggests that the optimal calcination conditions for single-phase
Zn3Nb,Og (with impurities undetected by XRD technique) are 900 °C
for 1 h with heating/cooling rates as fast as 30 °C/min. Moreover, the
formation temperature and dwell time for the production of Zn3Nb,Og
powders observed in this work are also much lower than those reported
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Fig. 5. EDX analysis of the Zn;Nb,Og powders.
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carlier [9,14]. This clearly emphasizes the advantages of a rapid vibro-
milling technique.

Finally, the morphological changes in the Zn3;Nb,Og powders
formed by a mixed oxide are illustrated in Fig. 4(a—f) as a function of
calcination temperatures, dwell times and heating/cooling rates,
respectively. The influence of calcination conditions on particle size
is given in Table 1. In general, the particles are agglomerated and
irregular in shape, with a substantial variation in particle size,
particularly in samples calcined at high temperature (Fig. 4(b)) or
with fast heating/cooling rates (Fig. 4(e, f)). This finding is also similar
to that in ZnNb,Og and ZrTiO4 powders [8,20]. The results indicate
that calculated crystalline size and degree of agglomeration tend to
increase with calcination temperatures or heating/cooling rates
(Table 1). All powders seem to display a significant level of necking
and bonding as if they were in the initial stages of sintering. This
observation could be attributed to the mechanism of surface energy
reduction of the ultrafine powders, ie. the smaller the powder the
higher the specific surface area [21]. To the authors’ knowledge, the
present data are the first results for the morphology—calcination
relationship of Zn;Nb,Og powders prepared by the solid-state reaction.
It is also of interest to point out that mass production of single-phase
Zn3Nb,Og nanopowders with the smallest particle size of ~60 nm
(estimated from SEM micrographs) can be achieved by employing a
simple solid-state reaction combined with a rapid vibro-milling
technique. In addition, EDX analysis using a 20 nm probe on a large
number of particles of the calcined powders confirms that the parent
composition is Zn3Nb,Og (Fig. 5), in good agreement with XRD
results.

4. Conclusions

The potential of a rapid vibro-milling technique as a
significant time saving method to obtain single-phase
Zn3Nb,Og nanopowders at low calcination temperatures has
been demonstrated. The calcination conditions have been found
to have a pronounced effect on both phase formation and
particle size of the calcined Zn3Nb,Og powders. The resulting
Zn3Nb,Og powders consist of a variety of agglomerated particle
sizes, depending on the calcination conditions.
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Abstract A wolframite-type phase of indium niobate,
InNbOy, has been synthesized by a solid-state reaction
via a rapid vibro-milling technique. The formation of
the InNbO, phase in the calcined powders has been
investigated as a function of calcination conditions by
TG-DTA and XRD techniques. Morphology, particle
size and chemical composition have been determined
via a combination of SEM and EDX techniques.
Single-phase InNbO, powders have been obtained
successfully for calcination condition of 900 °C for 4 h
or 950 °C for 2 h with heating/cooling rates of 30 °C/
min. Higher temperatures and longer dwell times
clearly favoured particle growth and the formation of
large and hard agglomerates.

Introduction

Indium niobate (InNbOy,, IN) is one of the binary
niobate compounds with a wolframite crystal structure
[1]. Earlier works concerning the InNbO, have been
directed towards determining low-temperature dielec-
tric [2], luminescent [3] and photocatalytic [4] proper-
ties. Recently, this compound is also a potential
material for the development of photocatalytic systems
capable of splitting water into H, and O, under visible
light irradiation [5-7]. Moreover, it is well established as
a key precursor for the partially successful preparation

S. Wongsaenmai - R. Yimnirun - S. Ananta (><)
Department of Physics, Faculty of Science, Chiang Mai
University, Chiang Mai 50200, Thailand

e-mail: Supon@chiangmai.ac.th

of single-phase ferroelectric perovskite lead indium
niobate Pb(In;/;Nb;,,)O5 (PIN)-based ceramics, which
is becoming increasingly important for actuator, trans-
ducer and ultrasonic motor applications [8, 9].

There has been a great deal of interest in the
preparation of single-phase PIN powders as well as in
the phase transition, ordering behaviour and electrical
properties of PIN-based ceramics [10-18]. In general,
the constituents In,O3 and Nb,O5 are first mixed and
reacted together to form indium niobate (InNbO,),
prior to mixing and reacting with PbO in the second
step of calcination at elevated temperature. Interest-
ingly, this mixed oxide route has been employed with
minor modifications in the synthesis of InNbOy itself
[13-16]. However, powders prepared by a mixed oxide
route have spatial fluctuations in their compositions.
The extent of the fluctuations depends on the charac-
teristics of the starting powders as well as on the
processing schedule. Generally, the mixed oxide
method involves the heating of a mixture of indium
oxide and niobium oxide above 1,000 °C for long times
i.e. 4 h [10, 13], 12 h [6], 24 h [14-17] and 48 h [4, 7].
The optimization of calcination conditions used in the
mixed oxide process, however, has not received
detailed attention, and the effects of applied dwell
time and heating/cooling rates have not yet been
studied extensively.

Therefore, the main purpose of this work is to explore
a simple mixed oxide synthetic route for the production
of InNbO, powders via a rapid vibro-milling technique
and to perform a systematic study of the reaction
between the starting indium oxide and niobium oxide
precursors. The phase formation and morphology of the
powders calcined at various conditions will be studied
and discussed. The rapid vibro-milling technique is
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employed to explore the potentiality in obtaining nano-
sized powders, which would in turn lead to lower
required firing temperature.

Experimental procedure

The starting materials were commercially available
indium oxide, In,O3; (JCPDS file number 71-2195) and
niobium oxide, Nb,Os (JCPDS file number 30-873)
(Aldrich, 99.9% purity). The two oxide powders
exhibited an average particle size in the range of 1.0-
3.0 pm. InNbO4 powders were synthesized by the solid-
state reaction of thoroughly ground mixtures of In,O;
and Nb,Os powders that were milled in the required
stoichiometric ratio. Instead of employing a ball-milling
procedure [10, 16], a McCrone vibro-milling technique
was used [19, 20]. In this technique, a vibratory
laboratory mill (McCrone Micronizing Mill) powered
by a 1/30 HP motor was employed. 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 polycrystalline corun-
dum. A total of 48 milling media 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. In order to combine mixing capacity
with a significant time saving, the milling operation was
carried out for 0.5 h with corundum cylindrical media in
isopropyl alcohol (IPA). After drying at 120 °C for 2 h,
the reaction of the uncalcined powders taking place
during heat treatment was investigated by themogravi-
metric and differential thermal analysis (TG-DTA,
Shimadzu), using a heating rate of 10 °C/min in air from
room temperature up to 1,000 °C. Based on the TG-
DTA results, the mixture (~10 g for each batch) was
calcined at various conditions, i.e. temperatures ranging
from 700 °C to 1,200 °C, dwell times ranging from 0.5 h
to 4 h and heating/cooling rates ranging from 3 °C/min
to 30 °C/min, in closed alumina crucible [cylindrical
shape with 25 mL capacity (3 cm in diameter and
3.5 cm in height)], in order to investigate the formation
of indium niobate.

Calcined powders were subsequently examined by
room temperature X-ray diffraction (XRD; Siemens-
D500 diffractometer), using Ni-filtered CuK, radiation
to identify the phases formed and optimum calcination
conditions for the formation of InNbO, powders.
Powder morphologies and particle sizes were directly
imaged, using scanning electron microscopy (SEM;
JEOL JSM-840A). The chemical compositions of the
phase formed were elucidated by an energy-dispersive

@ Springer

X-ray (EDX) analyzer with an ultra-thin window. EDX
spectra were quantified with the virtual standard peaks
supplied with the Oxford Instruments eXL software.

Results and discussion

The TG-DTA simultaneous analysis of a powder
mixed in the stoichiometric proportion of InNbO, is
displayed in Fig. 1. The TG curve shows two distinct
weight losses. In the temperature range from room
temperature to ~150 °C, both exothermic and endo-
thermic peaks are observed in the DTA curve, in
consistent with the first weight loss. These observations
can be attributed to the decomposition of the organic
species (i.e. polyethylene milling jar, rubber gloves,
skin, etc.) from the milling process [19, 20]. Increasing
the temperature up to ~1,000 °C, the solid-state reac-
tion occurred between In,O5; and Nb,Os [10, 16]. The
broad exotherm in the DTA curve represents that
reaction, which has a maximum at ~500 °C. This is
supported by a large fall in sample weight over the
same temperature range. The causes for these obser-
vations are not well documented, but could probably
be related to (i) the partial formation of InO¢ and
NbOg octahedra prior to InNbO, formation [6, 7] and
(ii) the possible formation of InNbO, in a very small
container containing only 0.5 g of powder in TG-DTA
apparatus. It should be noted, however, that in the
calcination process, a much larger crucible containing
~10 g of powder was used, hence, higher calicination
temperature than that observed from TG-DTA is
expected. Although the DTA curve shows that there
are other small peaks at ~750, 850 and 900 °C,
however, it is to be noted that there is no obvious
interpretation of these peaks. These data were used to

0.00 —
DTA

1.00 —

2.00 —

(QD) 1v —> wJsayjox3y

TG

3.00 4 -

Weight loss (%)

4.00 —

wieyopuy +——

5.00

— T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Fig. 1 TG-DTA curves for the mixture of In,O3;-Nb,Os powder
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define the range of calcination temperatures for XRD
investigation to between 700 °C and 1,200 °C.

To further study the phase development with
increasing calcination temperature in the powders,
they were calcined for 2 h in air at various tempera-
tures, up to 1,200 °C, followed by phase analysis using
XRD. As shown in Fig. 2, for the uncalcined powders
and the powders calcined at 700 °C, only X-ray peaks
of precursors In,O3 (¢) and Nb,Os5 (O), which could be
matched with JCPDS file numbers 71-2195 [21] and
30-873 [22], respectively, are present, indicating that no
reaction had yet been triggered during the milling or
low firing processes. It is seen that fine InNbO,
crystallites (V) were developed in the powders at a
calcination temperature as low as 750 °C, accompany-
ing with In,O3; and Nb,Os as separated phases. This
observation agrees well with those derived from the
TG-DTA results. As the temperature increased to
900 °C, the intensity of the wolframite-like InNbO,
peaks was further enhanced and became the predom-
inant phase. Upon calcination at 950 °C, an essentially
monophasic of InNbO, phase is obtained. This InNbO,
phase was indexable according to a monoclinic wol-
framite-type structure with lattice parameters
a =514.40 pm, b =577.09 pm, c =483.55pm and
f =91.13°, space group P2/a (no. 13), in consistent
with JCPDS file numbers 83-1780 [23] and literature [3,
6]. This study also shows that monoclinic InNbOy is the
only detectable phase in the powders, after calcination
in the range of 950-1,200 °C. The variation of the
intensity ratio between the two major peaks (111) and
(111) at 260~29-31° could be attributed mainly to the
expansion of the NbOg volume similar with those
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Fig. 2 XRD patterns of IN powders calcined at various
temperatures for 2 h with heating/cooling rates of 10 °C/min

observed in other ABO, systems [3, 6]. In the structure
of InNbOy, there are two kinds of octahedron, InOg
and NbOg. The InOg octahedron connects to each
other to form zigzag chain by sharing edges. These
chains are connected through NbOg octahedron to
form the three-dimensional network [6, 7, 24]. It is
believed that the InOg chains are highly distorted
because they must accommodate the strain of the
defect, which probably leads to lattice rotation [11].

In earlier works [4, 6, 10, 14], long heat treatments at
~1,000-1,200 °C for 4, 12, 24 and 48 h were proposed
for the formation of InNbO, by a conventional mixed
oxide synthetic route, although no details on phase
formation were provided. However, in the present
study, it was found that, except the fluctuation of the
intensity ratio between the (111) and (111) peaks,
there are no significant differences between the pow-
ders calcined at 950 °C to 1,200 °C with dwell time of
only 2 h, as shown in Fig. 2. This observation would
clearly suggest the advantages of a rapid vibro-milling
technique used in the present study.

Apart from the calcination temperature, the effect of
dwell time was also found to be quite significant. From
Fig. 3, it can be seen that the single phase of InNbO,
(yvield of 100% within the limitations of the XRD
technique) was found to be possible in powders
calcined at 950 °C with dwell time of 2 h or more.
The appearance of In,O; and Nb,Os phases indicated
that full crystallization has not occurred at relatively
short calcination times. However, in the work reported
here, it is to be noted that single phase of InNbO,
powders was also successfully obtained for a calcination
temperature of 900 °C with dwell time of at least 4 h
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Fig. 3 XRD patterns of IN powders calcined at 950 °C with
heating/cooling rates of 10 °C/min for various dwell times
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applied (Fig. 4). This was apparently a consequence of
the enhancement in crystallinity of the InNbO, phase
with increasing dwell time. The observation that the
dwell time effect may also play an important role in
obtaining a single-phase wolframite product is also
consistent with other similar systems [19, 25, 26]. It is
also very interesting to see that the on-set firing time is
approximately 2-22 h shorter than those reported
earlier with a conventional ball-milling method
[10-17]. The difference could be attributed to the
effectiveness of vibro-milling and a carefully optimized
reaction. Most importantly, this study suggests that a
rapid vibro-milling method can significantly lower the
optimum calcination temperature and dwell time for
formation of single-phase InNbO, powders.

In the present study, an attempt was also made to
calcine InNbO, powders under various heating/cooling
rates. In this connection, it is shown that for the
powders calcined at 950 °C for 2 h, the yield of
InNbO, phase did not vary significantly with different
heating/cooling rates, ranging from 3 °C/min to 30 °C/
min (Fig. 5). However, for the powders calcined at
900 °C for 4 h, different result was observed. It is seen
that single-phase InNbO, can be detected only in the
powders where heating/cooling rates of 10 °C/min or
faster were applied (Fig. 6). These results indicated
that faster heating/cooling rates can probably lead to
better crystallization of InNbO, phase without time for
the indium vaporization (due to the volatilization of
In,O3). The observation that faster heating/cooling
rates are required for the mixtures containing volatile
oxide constituent (In,O3), is in good agreement with
early results reported in other similar systems [27, 28].
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Based on the TG-DTA and XRD data, it may be
concluded that, over a wide range of calcination
conditions, single-phase InNbO, cannot be straightfor-
wardly formed via a solid-state mixed oxide synthetic
route, unless a careful design of calcination condition is
performed. It is well documented that powders pre-
pared by a conventional mixed oxide method have
spatial fluctuations in their compositions. The extent of
the fluctuation depends on the characteristics of the
starting powders as well as the processing schedules [20,
26]. It is rather surprising that no evidence of the
monoclinic P2/c (13) of InNbO, [29, 30] was found in
this study, nor was there any indication of the one with
P2/a (13) reported by Brixner and Chen [3, 31] being
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present. The experimental work carried out here
suggests that the optimal calcination conditions for
single-phase InNbO, (with impurities undetected by
XRD technique) is 950 °C for 2 h or 900 °C for 4 h, with
heating/cooling rates as fast as 30 °C/min. Moreover,
the formation temperature and dwell time for the
production of InNbO,4 powders observed in this work
are also lower than those reported earlier [13-17]. This
clearly emphasizes the advantages of a combination
between a rapid vibro-milling technique and a carefully
optimized reaction.

The morphological evolution during calcination was
investigated by scanning electron microscopy (SEM).
Micrographs of InNbO, powders calcined at various
temperatures, dwell times and heating/cooling rates are
illustrated in Figs. 7 and 8. The influence of calcination
conditions on particle size is also given in Table 1.
After calcinations at 950-1,200 °C, the powders have
similar morphology (Fig. 7). In general, the particles
are agglomerated and irregular in shape, with a
substantial variation in particle size, particularly in
samples calcined at high temperature (Fig. 7d). The
results indicate that averaged particle size tends to
increase with calcination temperatures and dwell times
but seems to decrease with faster heating/cooling rates
(Table 1). After calcinations above 950 °C (Fig. 7b-d),
the powders seem to display a significant level of
necking and bonding as if they were in the initial stages
of sintering.

Fig. 7 SEM micrographs of
the IN powders calcined for
2 h with heating/cooling rates
of 10 °C/min at (a) 950, (b)
1,000, (¢) 1,100 and (d)

1,200 °C

The effects of dwell time and heating/cooling rates
on the morphology of the calcined powders were also
found to be quite significant. As expected, it is seen
that longer heat treatment leads to larger particle sizes
and hard agglomeration (Figs. 7a, 8a, b). As shown in
Figs. 7a, 8c, d, and also Table 1, by increasing the
heating/cooling rates, averaged particle size tends to
decrease whilst the degree of agglomeration tends to
increase. This observation could be attributed to the
mechanism of surface energy reduction of the ultrafine
powders, i.e. the smaller the powder the higher the
specific surface area [32]. This finding is also similar to
that in Mg,Nb,Og powders synthesized by Ananta [33].
To the author’s knowledge, the present data are the
first results for the morphology—calcination relation-
ship of InNbO, powders prepared by the solid-state
reaction. It is also of interest to point out that mass
production of single-phase InNbO, nanopowders with
the smallest particle size ~100 nm (estimated from
SEM micrographs) can be achieved by employing a
simple solid-state reaction combined with a rapid
vibro-milling technique. In addition, EDX analysis
using a 20 nm probe on a large number of particles of
the calcined powders confirms that the chemical
composition is InNbO, powders, in good agreement
with XRD results. For example, a chemical composi-
tion of InggsNby 304 can be approximated through a
chemical analysis of EDX spectra in Fig. 9, which were
obtained from one measurement point.
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Fig. 8 SEM micrographs of
the IN powders calcined at
950 °C with heating/cooling
rates of 10 °C/min for (a) 3 h,
(b) 4 h, and at 950 °C for 2 h
with heating/cooling rates of
(¢) 3 and (d) 30 °C/min

Table 1 Particle size range of InNbO, powders calcined at
various conditions

Calcination conditions Estimated particle size

range (10 nm)

Temperature Dwell Rates

(°C) time (h) (°C/min)
900 4 10 250-600
900 4 30 200-450
950 2 3 150-550
950 2 10 150-350
950 2 30 100-350
950 3 10 300-450
950 4 10 300-700

1000 2 10 200-500

1100 2 10 250-600

1200 2 10 350-700

The results obtained in this study clearly suggest that
a systematic study of the effect of milling parameters
such as milling times and milling speed on the phase
and morphology evolutions of the InNbO, powders is
required for better understanding and verifying the
attractiveness of the vibro-milling technique. Further
investigation of this relationship is underway and will
be reported in the future.

Conclusions
The solid-state mixed oxide method via a rapid vibro-

milling technique is explored in the preparation of
single-phase InNbO, nanopowders. The calcination
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Fig. 9 EDX analysis of IN powders calcined at 950 °C for 2 h with
heating/cooling rates of 30 °C/min (some spectra indexed as C and
Cu come from coated electrode and sample stub, respectively)

temperature, dwell time and heating/cooling rates have
been found to show a pronounced effect on phase
formation and particle size of the calcined InNbO,
powders. This work demonstrated that single phase of
indium niobate powders with particle size ranging from
100 nm to 450 nm can be produced via this technique
by using a calcination temperature of 900 °C for 4 h or
950 °C for 2 h, with heating/cooling rates of 30 °C/min.
The resulting InNbO, powders exhibit similar mor-
phology and variety of agglomerated particle sizes,
depending on calcination conditions.
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Two-Stage Sintering of Barium Titanate Ceramic
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The potential of a two-stage sintering technique as a low-cost and simple ceramic fab-
rication to obtain highly dense and pure barium titanate ceramics with small grain size
was demonstrated in this study. Effects of designed sintering conditions on phase for-
mation, densification, microstructure, and electrical properties of the BaTiO3 ceramics
were examined via X-ray diffraction (XRD), Archimedes method, scanning electron mi-
croscopy (SEM), dielectric and hysteresis measurements, respectively. It has been found
that, under suitable two-stage sintering conditions, the dense perovskite BT ceramics
with fine grain can be successfully achieved with good electrical properties.

Keywords Barium titanate; sintering; microstructure; dielectric properties;
ferroelectric properties

1. Introduction

Barium titanate (BaTiO3; or BT), which exhibits a perovskite structure and a Curie temper-
ature ~120°C, is a classical ferroelectric material that has been extensively exploited both
for academic and for technological utilizations over the past decades [1, 2]. Owing to its
high dielectric constant, large mechanical-quality factor, large pyroelectric coefficient, non-
toxic handling and low cost of manufacturing, compared to several lead-based perovskite
ferroelectrics, ceramics based on BT have been strong candidates for several electronic ap-
plications, including ultrasonic transducers, multilayer capacitors, pyroelectric detectors,
semiconductors with positive temperature coefficient of resistance (PTCR) and electro-optic
devices [3—7]. Because of these important technological applications, there has been a great
deal of interest in the preparation process of pure BT ceramic as well as in the electrical
properties of BT-based ceramics [8, 9].

Electrical properties of BaTiO3 depend strongly on microstructure as well as chemical
compositions [1, 6]. It was reported earlier that the high value of dielectric constant can
be revealed if polycrystalline BT of fine grain size (<1 um) is achieved [10, 11]. Thus, a
fine grain is essential to achieve optimum dielectric properties. The microstructure of BT
can be controlled by two approaches. Utilizing additives to prohibit the grain growth is one
approach. Some additives such as Dy, Nb and Ca have been reported to be effective grain
growth inhibitors [12-14]. Another approach uses novel processing technique to modify
the microstructure. Numerous studies on the sintering of barium titanate have been reported
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in the literature [11, 15, 16]. Recently, a two-stage sintering method has been proposed by
Chen and Wang to achieve the densification of ceramic bodies without significant grain
growth [17]. Moreover, Kim and Han [11] found that intermediate dense and fine grain
size BT ceramic was achieved from the two-stage sintering technique and showed much
greater dielectric constant than that of the normal sintering technique. Since the two-stage
sintering process is a low-cost technique and simple ceramic fabrication to obtain highly
dense ceramics with pure phase, therefore, in this work a two-stage sintering method has
been adopted to produce the fine grain BT ceramic. The influence of two-stage sintering
on densification, microstructure, dielectric and ferroelectric properties of the ceramics is
investigated with comparison to the normal sintering scheme.

2. Experimental Procedure

BaTiO3 powders used in this study were prepared by a simple mixed oxide synthetic route.
Commercially available powders of BaCO; and TiO; (anatase form), (Fluka, >99% purity)
were used as starting materials. The mixing process was carried out by ball-milling a
mixture of raw materials for 24 h with corundum media in isopropyl alcohol (IPA). After
wet-milling, the slurry was dried at 120°C for 2 h and calcined in a closed alumina crucible,
with the optimum calcination condition determined by the XRD method (1300°C for 2 h
with heating/cooling rates of 5°C/min) [18]. Ceramic fabrication was achieved by adding
1 wt% polyvinyl alcohol (PVA) binder, prior to pressing as pellets (15 mm in diameter and
1.0 to 1.3 mm thick) in a pseudo-uniaxial die press at 100 MPa. Each pellet was placed in an
alumina crucible together with atmosphere powders of identical chemical composition. In
the so-called two-stage sintering process, the first sintering temperature (T) was assigned
for 1100°C and variation of the second sintering temperature (T,) between 1200°C and
1400°C was carried out (Fig. 1). For comparison, normal sintering process was also carried
out at the firing temperature between 1250 and 1450°C for 2 h with constant heating/cooling
rates of 5°C/min. The two sintering schemes also included the binder burn out process at
500°C for 1 h.

Temperature (C) Temperature (°C)
A A
= 2h
2h L R
% I
5°C/min -5°C/min 5C/min -5"Clmin
wol_ 11
5%C/min
| P>
Time (h) Time (h)

Figure 1. A two-stage method sintering profile.
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Densities of the final sintered products were determined by using the Archimedes prin-
ciple. Microstructural development was characterized using a JEOL JSM-840A scanning
electron microscopy (SEM). Mean grain sizes of the sintered ceramics were subsequently
estimated by employing the linear intercept method [19]. In order to evaluate the electrical
properties, dense ceramics were polished to form flat, parallel faces (14 mm in diameter
and 0.8 mm thick). Silver electrodes were then fired on both sides of the samples at 750°C
for 12 min. The dielectric properties were measured at frequency of 10 kHz using a HIOKI
3532-50 LCR meter, on cooling through the transition range (200 to 25°C) with a rate of
3°C/min. For ferroelectric hysteresis characteristics, the polarization (P) was measured as
a function of electric field (E), using a modified Sawyer-Tower circuit [20].

3. Results and Discussion

The XRD patterns of two stage sintered BT ceramic compared with normal sintered ceramic
were illustrated in Fig. 2. The results indicated that the single phase of perovskite BaTiO3
(yield of 100% within the limitations of the XRD technique) was found in both samples
with no evidence of the second phase of Ba,;TiO,4, BaTi,Os and BaTi3O; compositions [16,
21, 22]. The strongest reflections in the majority of XRD trace indicate the formation of the
perovskite phase of barium titanate (BaTiO3) which could be matched with JCPDS file no.
5-0626, in agreement with other works [18, 23]. To a first approximation, this phase has
a tetragonal perovskite structure in space group P4/mm (no. 99) with cell parameters a =
399.4 pm and ¢ = 403.8 pm [24]. Moreover, the XRD profiles around diffraction angles

S (002)
=~ Two-stage sintering
(200)
g
=
o
S
é‘ Mormal sintering
]
=
2
=
BaTiO_‘ JCPDS file no. 5-0626
. ; I ‘ Al |‘ i .
20 30 40 50 6044 45 46 47

26/degrees

Figure 2. XRD patterns for BT ceramics.
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26 ~ 44-47° were also shown in Fig. 2. The expected positions of tetragonal (002) and
(200) peaks are also indicated. The XRD data of two-stage sintered BT ceramic show a
larger splitting of the tetragonal (002)/(200) peaks, as compared to the normal sintering
peaks. The lattice parameters estimated from the peak position are ¢ = 398.3 pm and ¢ =
401.6 pm (c/a = 1.008), which are close to those reported previously [24].

Figure 3 shows the sintered density and average grain size of BaTiO3; samples as a
function of sintering temperature. In the two-stage sintering process (Figure 3a), the first
sintering temperature was fixed at 1100°C, for constant dwell time of 2 h and heating/cooling
rates of 5°C/min, while the second sintering temperature was varied from 1200°C to 1400°C.
It can be seen that the relative density of the two-stage sintered ceramics increased signifi-
cantly from 60 to 97% with increasing sintering temperature, while grain size changed only
slightly (about 0.6-0.9 ym). However, in normal sintering process, while the relative density
changed from 77 to 98%, similar to that of the two-stage sintering, but the average grain size
increased significantly from 1 to 23 um as the sintering temperature increased from 1250
to 1400°C. Further increase in the sintering temperature to 1450°C, the observed fall-off in
density is probably due to the dominant effect of grain coarsening mechanism at high sin-
tering temperature as suggested by other workers [25, 26]. The observation clearly signifies
the advantage of the two-stage sintering technique in producing fine-grained BT ceramics.

The microstructure of BT ceramics with the highest density was revealed by SEM.
Micrographs of BT samples sintered with different schemes are shown in Fig. 4. Clearly,
the microstructure of the two-stage sintered ceramics (Fig. 4a) is significantly different from
that of the normal sintered BT samples (Fig. 4b) which exhibit highly dense microstructure
with abnormal grains of size around ~50 pm due to the recrystallization during firing and
variation of stoichiometric compositions [27, 28]. The two-stage sintered ceramic contains
small grain size consisted with many pores. The average grain size is about 0.92 um. More-
over, with careful observation, it can be found that BT grains in two-stage sintered ceramics
also exhibit whisker-like shape. With sizes of ~300-500 nm in length and ~10 nm in width,
these whiskers are seen to distribute and coat on the grain. Even though exact mechanism of
the microstructure observed here is not well established, but it should be noted that the vari-
ous features of microstructure in BT ceramics are dependent on the grain growth rate in the
different planes [29]. However, the sintering process and growth environment also play an
important role in the formation [30]. More importantly, it can be assumed that the two-stage
sintering process could suppress the grain growth mechanism efficiently whereas the highest
density of both normal- and two-stage sintered ceramics is similar in value. This can be ex-
plained that the feasibility of densification without grain growth, which is believed to occur
in two-stage sintered ceramic, relies on the suppression of grain boundary migration while
keeping grain boundary diffusion active. The kinetic and the driving force for grain growth
behavior in the second-step sintering were previously discussed by Chen and Wang [17].
Their work suggested that the suppression of the final stage grain growth was achieved by
exploiting the difference in kinetics between grain-boundary diffusion and grain-boundary
migration.

The dielectric properties of sintered BaTiO3, in fact, exhibit a strong dependence on
grain size [10, 11, 31]. For the grain size <l um, anomalously high room-temperature
permittivity values were obtained along with a general broadening and flattening of the per-
mittivity peak at Curie temperature [15]. Therefore, grain size control of the sintered bodies
is very important. Figure 5 shows a comparison of the dielectric properties of maximum
density BT ceramics sintered by the two different schemes. It is very interesting to observe
that though the average grain size of the two-stage sintered ceramic is lower than 1 pum,
the Curie temperatures and the dielectric constants of the two ceramics are about the same.
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' 10pm

(b)

Figure 4. SEM micrographs of BT ceramics (a) two-stage sintered at 1100/1400°C, and (b) normal
sintered at 1400°C.

Since the densities of the two ceramics are very similar in value (97-98%), this indicated
that density could not be the controlling factor. It can be assumed that the employed sinter-
ing temperature in the two-stage sintering process is not enough for driving densification
mechanism to achieve dense BT ceramics, as evidenced in Fig. 4(a). The highly porous
microstructure was induced which could be the main reasons for low dielectric constant
in fine grain case. However, the scope for improving two-stage sintering by raising the
temperature is limited by the capability of the furnace. Nevertheless, the room temperature
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kHz for two-stage sintered BT ceramics.

dielectric values in the order of 2000 for both ceramics are higher than those reported earlier
[11, 23]. In the same way with the dielectric properties, the ferroelectric properties of the
two-stage sintered BT ceramic were similar to those of the normal sintered ceramic, as
shown in Fig. 6.

Polarization
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------- Normal sintering
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20

10 -

-15

=20 -

Figure 6. Hysteresis graphs of normal and two-stage sintered BT ceramics.
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4. Conclusion

Even though the simple mixed-oxide method employing a conventional ball-milling was
used, this work demonstrated that it was possible to obtain smaller grain size BT ceramics
with high densification by the two-stage sintering technique. It has been shown that, under
suitable condition, two-stage sintering can effectively suppress the grain growth in BT,
leading to fine-grained microstructure (~1 wm). Moreover, whisker morphology is also
found in all two-stage sintered ceramics. More importantly, the dielectric properties of BT
ceramics in this work are interestingly independent of the grain size, as it is evident that
dielectric constant of the small grained ceramic prepared by the two-stage sintering is of
the same value with large grained ceramic prepared by the normal sintering.
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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 tempera-
ture, 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; pow-
ders were successfully obtained at calcination condi-
tions 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.

Introduction

Lead zirconate, PbZrO; (PZ), which is a typical anti-
ferroelectric (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 (Ba-
TiO3) [1-5]. Practically, this material is a potential
candidate for energy storage applications for DC fields
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and low loss linear capacitor, owing to its AFE nature
[6-12]. 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(ZI'x,Til_x)O3, PbZI'O3—Pb(Mg1/3Nb2/3)O3, PbZI'Og—
PbTiO3—Pb(Fe1/5Nb1/ssb3/5)03, and PbZI'O3—Pb(Mg1/3
Nb,3)O3, which find tremendous applications in the
electroceramic industries [13-15]. In all these applica-
tions, the stoichiometry and homogeneity of materials
are known to be the important factor for ensuring the
performance of devices [14, 15]. This is especially
important in PZT compositions in which the useful
properties depend significantly on Zr/Ti ratio [1, 14,
16]. Over decades, tremendous amount of work has
been dedicated to the processing of PZT with various
preparation routes, one of which is a modified mixed
oxide route [1, 17, 18]. In this route, the PZT is pre-
pared by mixing precursor PZ with PbTiO; or PbO and
TiO, powders [1, 19, 20]. This preparation route, as
well as the B-site cations route, offers advantages in
producing PZT with more controllable Zr/Ti ratio and
desirable properties at lower sintering temperature
without using excess PbO typically practiced in a more
conventional mixed-oxide method [17, 21, 22]. The
resulting PZT is, however, found to show variation in
properties, probably caused in part by the stoichiom-
etry of PZ precursor powders. In addition, earlier work
by Reaney et al. [23] reported that impure PZ speci-
men showed significantly inferior electrical properties
as well as unclear TEM results in the antiferroelectric—
ferroelectric (AFE-FE) phase boundary as a result of
unreacted ZrO, phases. These reasons outlined have
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clearly indicated from both practical and fundamental
viewpoints needs to obtain stoichiometric and better
homogeneity PZ. To do such, different preparative
methods have been introduced, such as chemical
co-precipitation [24], sol-gel [25], precipitation of
molecular precursors [26], citrate combustion [27],
hydrothermal [28] and microemulsion method [29]. All
these techniques are aimed at reducing the tempera-
ture of preparation of the compound even though they
are more involved and complicated in approach than
the solid-state reaction method. Moreover, high purity
PZ powders are still not available in mass quantity and
also expensive. So far, only limited attempts have been
made to improve the yield of PbZrO; by optimizing
calcination conditions [30-32]. The effects of applied
dwell time and heating/cooling rates have not yet been
studied extensively. Therefore, it is our interest to
explore a simple mixed oxide synthetic route for the
production of PZ powders. The effect of calcination
conditions on the development of phase, morphology
and particle size of lead zirconate powders is investi-
gated in this connection. The potential of a vibro-
milling technique as a significant time-saving method
to obtain single-phase lead zirconate powders, at low
temperature and with small particles is also examined.

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 exhib-
ited an average particle size in the range of 3.0-5.0 pm.
PbZrO; powders were synthesized by the solid-state
reaction of thoroughly ground mixtures of PbO and
ZrO, powders that were milled in the required stoi-
chiometric ratio. Instead of employing a ball-milling
procedure (ZrO, media under ethanol for 24 h [30] or
under a mixture of cyclohexane and deionized water
for 12 h [31]), use was made of a McCrone vibro-
milling technique [22, 32, 33]. In order to combine
mixing capacity with a significant time saving, the
milling operation was carried out for 0.5 h with
corundum cylindrical media in isopropyl alcohol
(instead of 8 h with zirconia media [32]). After drying
at 120 °C for 2 h, the reaction of the uncalcined pow-
ders taking place during heat treatment was investi-
gated by themogravimetric and differential thermal
analysis (TG-DTA, Shimadzu), using a heating rate of
10°C/min in air from room temperature up to 1000 °C.
Based on the TG-DTA results, the mixture was cal-
cined at various conditions, i.e. temperatures ranging
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from 700 to 900 °C, dwell times ranging from 1 to 5 h
and heating/cooling rates ranging from 1 to 20 °C/min,
in closed alumina crucible, in order to investigate the
formation of lead zirconate.

Calcined powders were subsequently examined by
room temperature X-ray diffraction (XRD; Siemens-
D500 diffractometer), using Ni-filtered CuK,, radiation
to identify the phases formed and optimum calcination
conditions for the formation of PbZrO; powders.
Crystallite sizes and lattice parameters in the calcined
powders were estimated from XRD data [34, 35].
Powder morphologies and particle sizes were directly
imaged, using scanning electron microscopy (SEM;
JEOL JSM-840A).

Results and discussion

The TG-DTA simultaneous analysis of a powder
mixed in the stoichiometric proportions of PbZrOj is
displayed in Fig. 1. In the temperature range from
room temperature to ~150 °C, the sample shows both
exothermic and endothermic peaks in the DTA curve,
in consistent with a slight drop in weight loss at the
same temperature range. These observations can be
attributed to the decomposition of the organic species
(most likely polyethylene from the milling jar) from
the milling process. [22, 33]. Corresponding to a large
fall in sample weight (~4.5%), the other exotherm and
endotherm are observed within 300-450 °C tempera-
ture range in the DTA curve. However, it is to be
noted that there is no obvious interpretation of these
peaks, although it is likely to correspond to a phase
transformation of ZrO, precursor alloyed with PbO
precursor reported by a number of workers [35-38]. In
general, it is well established that there are a number of
polymorphic forms of PbO and ZrO; stable at different
temperatures and pressures [35, 37]. However, in this

weight loss (%)
>
1

8 4

endotherm <— AT (°C) —» exotherm

T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Fig. 1 TG-DTA curves for the mixture of PbO-ZrO, powders
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work, the possibility of these phase transformations has
not been investigated, since the overriding objective is
to synthesize single phase PbZrQO;, irrespective of the
polymorph in which it is stabilized.

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

Therefore, to investigate the effect of calcination
temperature on the phase development, the mixed
powders were calcined for 2 h in air at various tem-
peratures, up to 900 °C, followed by phase analysis
using XRD. As shown in Fig. 2, for the uncalcined
powder, only X-ray peaks of precursors PbO (V) and
71O, (e), which could be matched with JCPDS file
numbers 77-1971 [40] and 37-1484 [41], respectively,
are present, indicating that no reaction had yet been
triggered during the milling process. It is seen that fine
PbZrO; crystallites (*) were developed in the powder
at a calcination temperature as low as 750°C, accom-
panying with PbO and ZrO, as separated phases. This
observation agrees well with those derived from the

v Y PbO ©Z10, * PbzrO,

uncalcined
v vy

— v 750 °C
S | % [ ov * vy ey Y*x v
\(U/ *
> [\ 800 °C
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g * * Vv A * g 3 A
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* * "* N *
q 900 °C R
=) =y 3 °F S
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N R DU [ - |
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26 (degrees)

Fig. 2 XRD patterns of PZ powder calcined at various temper-
atures for 1 h with heating/cooling rates of 10°C/min

TG-DTA results and other workers [31, 38]. As the
temperature increased to 800 °C, the intensity of the
perovskite-like PbZrO; peaks was further enhanced
and became the predominant phase. Upon calcination
at 850 °C, an essentially monophasic of PbZrOj; phase
is obtained. This PZ phase was indexable according to
an orthorhombic perovskite-type structure with lattice
parameters a = 823.1 pm, b = 1177 pm and ¢ = 588.1
pm, space group P2ch (no. 32), in consistent with
JCPDS file numbers 35-739 [42] and other investigators
[24, 30, 43]. This study also shows that crystalline
orthorhombic PZ is the only detectable phase in the
powder, after calcination in the range 850-900 °C.
Having established the optimum calcination tem-
perature, dwell times ranging from 1 to 5 h with con-
stant heating/cooling rates of 5°C/min were applied at
850 and 800 °C, as shown in Figs. 3 and 4, respectively.
From Fig. 3, it can be seen that the single phase of
PbZrO; (yield of 100% within the limitations of the
XRD technique) was found to be possible in all pow-
ders calcined at 850 °C with dwell time ranging from 1
to 5 h. This is probably due to the effectiveness of
vibro-milling and a carefully optimized reaction.
However, in the work reported here, it is to be noted
that single-phase of PbZrO; powders was also suc-
cessfully obtained for a calcination temperature of
800 °C with dwell time of 3 h or more applied (Fig. 4).
This was apparently a consequence of the enhance-
ment in crystallinity of the PbZrOj; phase with
increasing dwell time. The appearance of PbO phase
indicated that full crystallization has not occurred at
relatively shorter calcination times. The observation

8
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Fig. 3 XRD patterns of PZ powder calcined at 850 °C with
heating/cooling ratesof 10 °C/min for various dwell times
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Fig. 4 XRD patterns of PZ powder calcined at 800 °C with
heating/cooling rates of 10 °C/min for various dwell times

that the dwell time effect may also play an important
role in obtaining a single-phase perovskite product is
also consistent with other similar systems [33, 39, 44].

Apart from the calcination temperature and dwell
time, the effect of heating/cooling rates on the forma-
tion behavior of PbZrOj was also investigated. Various
heating/cooling rates ranging from 1 to 20 °C/min were
selected for calcination conditions of 800 °C for 3 h
(Fig. 5) and 850 °C for 1 h (Fig. 6). In this connection,
it is shown that the yield of PbZrO; phase was not
depending on heating/cooling rates, indicating that fast
heating/cooling rates can lead to full crystallization of
PbZrO; phase without time for the formation of minor
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Fig. 5 XRD patterns of PZ powder calcined at 800 °C for 3 h
with various heating/cooling rates
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Fig. 6 XRD patterns of PZ powder calcined at 850 °C for 1 h
with various heating/cooling rates

phase or lead vaporization. The observation that faster
heating/cooling rates are required for lead-based fer-
roelectrics is also consistent with other researchers [39,
45, 46]. It should be once again emphasized that these
results clearly indicate effects of heating/cooling rates
on the phase formation behavior of PZ powders. These
parameters are very crucial for Pb-based compounds
[22, 47]. Usually, heating/cooling rates and dwell time
show marked influences on phase formation behavior
of other Pb-based compounds, such as PZT. It is of
interest to observe that in PZ powders the heating/
cooling rates do not show any effects on the behavior,
while the dwell time only shows the effects on the
particle agglomeration.

Based on the TG-DTA and XRD data, it may be
concluded that, over a wide range of calcination con-
ditions, single phase PbZrOj; cannot be straightfor-
wardly formed via a solid-state mixed oxide synthetic
route, unless carefully designed calcination condition
was performed. It is well documented that powders
prepared by a conventional mixed oxide method have
spatial fluctuations in their compositions. The extent of
the fluctuation depends on the characteristics of the
starting powders as well as the processing schedules
[22, 33, 39]. The experimental work carried out here
suggests that the optimal calcination conditions for
single-phase PbZrOj; (with impurities undetected by
XRD technique) is 800 °C for 3 h or 850 °C for 1 h,
with heating/cooling rates of 20 °C/min, which is closed
to that of Puchmark et al. [30] (775 °C for 3 h with
heating/cooling rates of 5 °C/min) but with significantly
faster heating/cooling rates. Moreover, the formation
temperature and/or dwell time for the production of
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PbZrO; powders observed in this work are also lower
than those reported by Fang et al. [31] (900 °C for 1 h)
and Lanagan et al. [32] (900 °C for 8 h).

Finally, the morphological changes in the PbZrO;
powders formed by a mixed oxide are illustrated in
Fig. 7 as a function of calcination temperatures, dwell
times and heating/cooling rates, respectively. The
influence of calcination conditions on particle size is
given in Table 1. These particle size data were directly
estimated from SEM micrographs. Even though these
data are not precisely determined, they were shown to
provide estimated comparison between different cal-
cination conditions and to form a basis for other more
detailed studies with use of a combination between
TEM and particle size distribution analyzer. After
calcinations at 800 to 900°C, the powders seem to have
similar morphology. In general, the particles are
agglomerated and irregular in shape, with a substantial
variation in particle size, particularly in samples cal-
cined at higher temperatures or for longer dwell times.
This observation is also similar to that of Mg,;Nb,Og
powders synthesized by Ananta [48]. The results indi-
cate that averaged particle size and degree of
agglomeration tend to increase with calcination tem-
perature and dwell time (Table 1). However, the
smallest particle size (estimated from SEM micro-
graphs to be ~250 nm) and the morphology of the
calcined powders are about the same. It is also of
interest to point out that no evidence has been

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

20 °C/min

obtained for the existence of the cubic or spherical
shape morphology as that of the hydrothermally de-
rived PbZrO5; powders [28, 49].

Conclusions

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

Temperature Dwell ~ Heating/cooling  Particle size range

(°C) time(h) rates(°C/min) (mean)*(pum)

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

*The estimated precision of the particle size is +10%
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ABSTRACT In this study, lead indium niobate (Pb(In;/2Nby2)
O3 or PIN) ceramics were prepared by a wolframite precur-
sor method via a vibro-milling technique. Fine-grain ceramics
were achieved with average grain size of 1-2 um, indicating
advantage of the vibro-milling technique used. The dielectric
and ferroelectric properties were measured by means of an
automated dielectric measurement set-up and a standardized
ferroelectric tester, respectively. The dielectric properties of PIN
ceramic were measured as functions of both temperature and
frequency. The results indicated that the dielectric properties
of the PIN ceramic were of relaxor ferroelectric behavior with
temperature of dielectric maximum (7y,) ~ 53 °C and dielectric
constant (¢;) ~ 4300 (at 1 kHz). The P—E hysteresis loop meas-
urements at various temperatures showed that the ferroelectric
properties of the PIN ceramic changed from the paraelectric
behavior at temperature above Ty, to slim-loop type relaxor be-
havior at temperature slightly below Ty,. Moreover, the P-E
loop became more open at temperatures much lower than Ty,.

PACS 77.22.Ch; 77.84.Dy

1 Introduction

Lead indium niobate Pb(In;2Nby,2)O3 (PIN) com-
pounds are of interest for the kinetics of compositional order-
ing investigation [1]. It has been reported that the degrees of
ordering on the B-site can be varied by thermal annealing and
by forming solid solutions with perovskite compounds that
exhibit normal dielectric behavior, such as Pb(Fe;,2Nby,2)O3
(PFN), PbZrO3 (PZ) and PbTiO3 (PT) [2]. With different ther-
mal treatments, the degrees of the In/Nb cation ordering on
the B-site in a perovskite structure can be manipulated from
a structurally disordered state into various degrees of order-
ing. The disorder PIN is a relaxor ferroelectric with a pseudo-
cubic perovskite structure exhibiting the relaxor behavior
with a broad dielectric maximum near 66 °C, when measured
at 1 kHz [3,4]. On the other hand, the ordered PIN has the
antiferroelectric orthorhombic phase [5—9] with a sharp peak
in the dielectric constant at 168 °C [4, 10]. However, phase-
pure perovskite PIN ceramics free of the pyrochlore phase

B Fax: +6653-943-445, E-mail: rattikornyimnirun@yahoo.com

are very difficult to prepare using a conventional mixed oxide
method [7,11]. This is because the tolerance and the elec-
tronegativity difference of PIN are very low compared with
other perovskite compounds such as PMN [2, 12]. The wol-
framite method, as used by Groves [13] for the preparation
of perovskite PIN ceramic, is not effective in suppressing
pyrochlore phase formation. The addition of excess InyO;
was shown to yield higher amount of perovskite phase (up
to 98%) [13]. Recently, Alberta and Bhalla [7] were able to
produce 100% phase-pure perovskite PIN ceramic with the
addition of excess indium and/or lithium with wolframite
method under oxygen atmosphere. Interestingly, these previ-
ous studied employed a mixed-oxide method with a conven-
tional ball-milling technique. The powders prepared by the
conventional mixed oxide route usually have spatial fluctu-
ations in their compositions, which may lead to formation
of unwanted phases. The extent of the fluctuation depends
on the characteristics of the starting powders as well as on
the processing schedule. Many recent studies have paid at-
tention to processing schedule in details to yield phase-pure
powders in many perovskite systems [14-20]. In addition,
a vibro-milling technique has recently been employed to pro-
duce nano-sized powders which can also be used to fabricate
ceramics with fine-grain microstructure that may lead to bet-
ter resulting properties [14, 16, 20]. Therefore, the main pur-
pose of this work is to prepare PIN powders and ceramics with
the wolframite method via the vibro-milling technique. The
vibro-milling technique is employed in this study to explore
the potential in obtaining fine-grain ceramics, which would in
turn lead to superior electrical properties. The effects of pro-
cessing conditions on the phase formation behavior are also
investigated. More importantly, the dielectric and ferroelec-
tric properties of the resulting ceramics are also studied.

2 Experimental

The Pb(In;;»Nb;/;)O3 ceramics were prepared
from Pb(In; 2Nbj,2) O3 powders obtained with the wolframite
method via the vibro-milling technique. In this technique,
a vibratory laboratory mill (McCrone micronizing mill) was
employed. A total of 48 polycrystalline corundum milling
media with a powder weight of 20 g was kept constant in
each batch. The milling operation was carried out in iso-
propanal inert to the polypropylene jar [14, 16, 20]. Initially,
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phase-pure PIN powders were obtained via a well-known
wolframite method [7, 19]. With the wolframite method, the
single-phase indium niobate (InNbO,) powders were first pre-
pared by mixing starting indium oxide (In,O3) and niobium
oxide (Nb,Os) (Aldrich, 99.9% purity) powders by employ-
ing the vibro-milling technique for 0.5 h and then calcining
the mixed powders at 900 °C for 4 h with heating/cooling
rates of 30 °C/min [21]. This yielded a so-called wolframite
(InNbO4) powder. The wolframite precursor powders were
subsequently vibro-milled with lead oxide (PbO) (Fluka, 99%
purity) for 0.5 h. After drying at 120 °C for 2 h, the reaction
of the uncalcined powders taking place during heat treatment
was investigated by themogravimetric and differential ther-
mal analysis (TG-DTA, Shimadzu), using a heating rate of
5 °C/min in air from room temperature up to 1000 °C. Based
on the TG-DTA results, the mixture was calcined at various
conditions, in closed alumina crucible, in order to investigate
the formation of Pb(In;,Nby;,2)O;. Calcined powders were
subsequently examined by room temperature X-ray diffrac-
tion (XRD; Siemen-D500 diffractometer), using Ni-filtered
Cu K, radiation to identify the phases formed and optimum
calcination conditions for the formation of Pb(In;/2Nb;,2)O3
powders. It should, however, be noted that to obtain the phase-
pure PIN powders 2 mol. % excess of In,O3 and PbO had to
be added to compensate the loss during calcination [22]. The
PIN powders obtained were vibro-milled for 0.5, then pressed
hydraulically to form disc-shaped pellets 10 mm in diameter
and 2 mm thick, with 3 wt. % polyvinyl alcohol as a binder.
The pellets were placed on the alumina powder-bed inside
alumina crucible and surrounded with atmosphere powders
of the same composition. Finally, the pellets were sintered
at 1050°C for 2 h with heating/cooling rates of 5°C/min.
The phase formations of the sintered specimens were again
studied by the X-ray diffractometer.

The densities of the sintered ceramics were measured by
Archimedes method. The microstructure analyses were un-
dertaken by a scanning electron microscopy (SEM: JEOL
Model JSM 840A). Grain size was determined from SEM
micrographs by alinear intercept method. The dielectric prop-
erties were evaluated with a computer-controlled dielectric
measurement system consisted of a precision LCR-meter
(Hewlett-Packard, model 4284A), a temperature chamber
(Delta Design, model 9023), and a sample holder (Norwe-
gian Electroceramics) capable of high temperature meas-
urement. The ferroelectric polarization versus electric field
(P-FE) measurements were made using a standardized ferro-
electric test system (RT-66A, Radiant Technologies) with an
applied field of 30 kV /cm. More importantly, the temperature
dependent ferroelectric properties were also examined.

3 Results and discussion

Initially, the DTA-TG analysis was performed on
uncalcined powders to obtain thermal behavior to define the
range of calcination temperature for the XRD investigation.
The results from DTA-TG studies shown in Fig. 1 indicate
that the suitable range of the calcination temperature is be-
tween 700 and 1000°C. To study the phase development
with increasing calcination temperature in the powders, they
were calcined for 2 h in air at various temperatures, between
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FIGURE 1 TG-DTA curves for the mixture of PbO-InNbO4 powders

700 and 1000 °C, followed by phase analysis using XRD.
As shown in Fig. 2, for the uncalcined powders, only X-ray
peaks of starting precursors are present, indicating that no
reaction had yet been triggered during the milling or low
firing processes. It is seen that fine Pb(In;,2Nb;,,)O3 crys-
tallites (V) were developed in the powders at a calcination
temperature as low as 700 °C, accompanying with separated
pyrochlore phase (V). This observation agrees well with those
derived from the TG-DTA results. As the temperature in-
creased to 800 °C, the intensity of the Pb(In;2Nb; 2) O3 peaks
was further enhanced and became the predominant phase.
Upon calcination at 950 °C, an essentially monophasic of
Pb(Inl/sz1/2)03 phase is obtained. This Pb(IIl]/2Nb1/2)O3
phase was indexable according to a cubic structure with
lattice parameter a = 4.110 A, in consistent with JCPDS
file numbers 87-0304. This study also shows that the cubic
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Pb(In;2Nb;/2)O3 is the only detectable phase in the pow-
ders after calcination in the range of 950-1000°C. Apart
from the calcination temperature, the effect of dwell time
was also studied. It was found that the single phase of
Pb(In;2Nb;/2)O3 (yield of 100% within the limitations of the
XRD technique) was found to be possible in powders calcined
at 950 °C with dwell time of 2 h or more, and in the pow-
ders calcined at 1000 °C with dwell time of 1 h or more. It
should be noted that in earlier works [3, 7, 9], long heat treat-
ments at ~ 1000—1200 °C for at least 4 h were proposed for
the formation of Pb(In;,Nb,2)O3 by a conventional mixed
oxide synthetic route, although no details on phase forma-
tion were provided. However, in the present study phase-pure
Pb(In;2Nb;/2)O3 powders were obtained at 950°C with
dwell time of only 2 h or even shorter dwell time of 1h at
1000 °C. This observation would clearly suggest the advan-
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FIGURE 3 XRD pattern for PIN ceramic

1

tage of a rapid vibro-milling technique to significantly lower
the optimum calcination temperature and dwell time for for-
mation of single-phase Pb(In;,2Nb;,2)O3 powders.

Figure 3 shows the XRD pattern of PIN ceramics sintered
at 1050°C for 2h with heating/cooling rate of 5°C/min,
which indicates Pb(In;,2Nb;,,)O3 along with very small
amount of pyrochlore phase. The amount of perovskite PIN
phase was calculated to be 98.5%, as compared to 90%—-98%
reported in previous investigations [13,23]. The density of
the sintered specimen was also determined to be 91% of the
theoretical density, similar to that reported earlier [7,24].
SEM micrographs in Fig. 4 reveal fine-grain microstructure
(< 3um) in PIN ceramics with the average grain size of
1.22 pum. However, it should be noticed that the microstruc-
ture also represents two distinct grain sizes, i.e., large grains
(~ 2 um) and submicron grains. Earlier study on PIN-based
ceramics prepared with the conventional ball-milling method
has also reported bimodal grain sizes but with large grains

FIGURE 4 SEM micrographs of fine-grain PIN ceramic
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FIGURE 6 Temperature dependence of the P—E hysteresis loops of PIN ceramics

over 10 um and fine grains about 1-2 pm [25]. Clearly, this
shows the advantage of the vibro-milling technique in produc-
ing fine-grain PIN ceramics.

The dielectric properties, e.g., dielectric constant (&;) and
tan 8, are measured as functions of both temperature and
frequency, as shown in Fig. 5. At 1 kHz, the dielectric con-
stant shows a maximum value of 4300 at 53 °C. The value

of dielectric constant is higher than those reported earlier by
Groves [13] and Park and Choo [23] with similar amount
of perovskite phase. This suggests that the fine-grain PIN
ceramics obtained exhibit better dielect ric properties. How-
ever, the dielectric constant is still lower in value than that
of phase-pure PIN ceramic reported earlier by Alberta and
Bhalla [7]. The lower value is attributed to the detrimen-
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tal effect of the secondary pyrochlore phase. The dielectric
properties of PIN ceramic change significantly with tem-
perature and frequency. Both dielectric constant (¢;) and
dielectric loss tangent (tand) exhibit strong temperature-
frequency dependence below the transition temperature, in-
dication of a typical relaxor ferroelectric behavior. In this
case, the temperatures of maximum dielectric constant and
dielectric loss tangent are shifted to higher temperature
with increasing frequency. The maximum value of the di-
electric constant decreases with increasing frequency, while
that of the dielectric loss tangent increases. The dielectric
properties then become frequency independence above the
transition temperature [26]. Interestingly, 98% porovskite
PIN ceramic reported earlier [7] showed strong frequency-
dependent dielectric properties even above the transition
temperature. The degree of broadening or diffuseness in
the observed dielectric variation could also be estimated
with the diffusivity (y) using the expression In(1/&,—1/emax)
vS. (T — Thmax)?. The value of y can vary from 1, for nor-
mal ferroelectrics with a normal Curie-Weiss behavior,
to 2, for completely disordered relaxor ferroelectrics [26]. The
value of y of the PIN ceramic is calculated to be 1.89, which
confirms that diffuse phase transitions (DPT) occur in the PIN
ceramics with a high degree of disorder. It is also observed
that the degree of broadening for fine-grain PIN ceramics in
this study is larger than that of coarse grains PIN reported ear-
lier [7], a result of decreased grain size, as reported earlier in
other perovskite systems [27, 28].

Figure 6 illustrates a series of polarization (P—E) hys-
teresis loops for the PIN ceramics as a function of tempera-
ture from —60 to 75 °C. It is clearly evident that the shape
of P—E loops and the polarization values vary greatly with
the temperature. At 75 °C, which is above the temperature
of maximum dielectric constant (7, ~ 53 °C), the P—E loop
shows a paraelectric behavior. When the temperature was
lowered to 25°C, the P—E loop is of a “slim” loop type,
a characteristic of the suppressed ferroelectric interaction typ-
ically found in the relaxor ferroelectrics with polar nano-

regions [26,27]. As temperature decreases further, the hys-
teresis loops of PIN ceramics become more developed and
open with increasing remnant polarization (P;), spontaneous
polarization (P;) and coercive field (E.). It could be said
that the hysteresis loops become more of a typical “square”
form, a typical characteristic of a phase that contains long-
range interaction between dipoles in the ferroelectric micro-
domain state [26]. Similar observations have been reported
earlier [24,27,28]. At —425 °C, the maximum polarization is
found to be 8 WC/cm? at a field of 30kV/cm, with P; value
of 2.5uC/cm? and E. of 7.5kV/cm, in the same range as
reported earlier [24]. For better comparison, Table 1 sum-
marizes properties of PIN ceramic prepared with different
experimental conditions, which show the advantage of the
method used in this present study.

4 Conclusions

The Pb(In;/2Nbj,2)O3 ceramics were prepared by
a wolframite precursor method via a vibro-milling technique.
The phase-pure Pb(In;2Nb;,2)O3 powders were obtained at
950°C with dwell time of 2h or at 1000°C with dwell
time of 1h. The 98.5% perovskite fine-grain PIN ceramics
with average grain size of 1-2 pum were obtained by sinter-
ing at 1050°C for 2 h. This study suggested the advantage
of the vibro-milling technique to lower the optimum calci-
nation temperature and dwell time for formation of single-
phase PIN powders and for obtaining fine-grain ceramics. The
dielectric and ferroelectric properties of the ceramics were
determined. The results indicated that the dielectric proper-
ties of PIN ceramics were of relaxor ferroelectric behavior
with the maximum dielectric constant of 4300 at 53 °C. In-
terestingly, the fine-grain PIN ceramics showed slightly better
dielectric properties than the coarse grains ceramics in pre-
vious investigations. The P—FE hysteresis loop measurements
also demonstrated strong temperature dependent ferroelectric
properties. At —25°C, the maximum polarization is found
to be 8 uC/cm? at a field of 30kV/cm, with P, value of

Processing conditions % Average Tm Er,max tan Smax P Prax E. Ref.

Perovskite Grainsize (°C) (1kHz) (1kHz) (uC/cmz) (uC/cmz) (kV/cm)

(pm)

Vibro-milled with Wolframite route 98.5 1.22 53 4300 0.08 2.5 8 7.5 This
Excess 2 mol. % PbO and In, O3 (=25°C) (at30kV/cm) work
950 °C/2 h (calcine) and 1050 °C/2 h (sinter)
Ball-milled with Wolframite route 100 - 66 5500 0.12 1.5 22 6 [7]
Sintered in O;-atm (at 60kV/cm)
1050 °C/4 h (calcine) and 1100 °C/2 h (sinter)
Ball-milled with Wolframite route 95 — 25 3200 0.07 — — — [13]
Excess 3 mol. % Li,COs3 and In, O3
1050 °C/4 h (calcine) and 1050 °C/2 h (sinter)
Ball-milled with Wolframite route 98 — 63 4700 0.11 1.1 — — [23]
Excess 2 wt. % In; O3
1000 °C/1 h (calcine) and 1050 °C/4 h (sinter)
Ball-milled with Wolframite route 100 1.5 56 3100 0.02 6.6 11 16 [24]
Fast-firing 900 °C/1 h (sinter) (at 20 kV/cm)
Ball-milled with Wolframite route 95 1 62 3850 0.08 — — — [29]

Fast-firing 900 °C/0.5 h (sinter)

TABLE 1

Comparison of preparation conditions and properties for PIN ceramics
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2.5uC/cm? and E. of 7.5kV/cm, in the same range as re-
ported earlier.
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Abstract

The potential of the vibro-milling technique as a simple method to obtain usable quantities of single-phase perovskite powders with nanosized
particles was examined. A detailed study considering the role of both milling time and firing condition on phase formation and particle size of
the final product was performed. Powder samples were mainly characterized using XRD, SEM and laser diffraction techniques. The calcination
temperature for the formation of the desired phase was lower when longer milling times applied. More importantly, by employing an appropriate
choice of the milling time and calcination condition, high purity perovskite nanopowders have been successfully prepared with a simple solid-state

reaction method.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Powders; Solid-state reaction; Milling; Perovskite

1. Introduction

Electroceramic materials with perovskite structure, such as
BaTiOs3, PbTiOs3, PbZrO3, Pb(Zr,Ti)O3, etc. have attracted inter-
est for several decades, with tremendous applications including
multilayer ceramic capacitors, transducers, sensors and actua-
tors [1-3]. The major challenge in manufacturing these materials
is in the processing of the materials with reliable and repro-
ducible properties [3,4].

Recently, the studies of nanoparticles are also very attractive
field [5,6]. The evolution of a method to produce nanopow-
ders of precise stoichiometry and desired properties is complex,
depending on a number of variables, such as starting materials,
processing history, temperature, etc. It is known that electro-
ceramic nanopowders with very good mixing on an atomic
scale have normally been synthesized by a number of process-
ing techniques, such as sol-gel [7], co-precipitation [8] and
hydrothermal [9]. All of these techniques are aimed at reducing
temperature of preparation of the compound even though they
are more involved and complicated than the mixed oxide route.

* Corresponding author.
E-mail address: suponananta@yahoo.com (S. Ananta).

0925-8388/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2007.02.109

Generally, the mixed oxide method involves the heating of a
mixture of oxide constituents at high temperature for long times
and has been employed intensively in the last decade [10-12].
The optimization of calcination conditions used in the mixed
oxide process, however, has not received much detailed atten-
tion, and the effects of applied dwell time and heating/cooling
rates have not been studied extensively.

More recently, it has been reported that many nanoparticles
can be successfully synthesized by using several mechanical
milling method [6,12—14]. From the point of view of energy
efficiency, the vibro-mill (or vibratory mill or vibro-energy mill
which is a machine for vibrating vessel filled with grinding
media at amplitudes up to a approximately 5 cm) seems to be
more attractive than the ball mill [12]. Relative to ball-milling,
vibro-milling produces finer particles and a narrower size distri-
bution at a faster rate [12—14]. This implies that mills, especially,
fine grinders like a vibro-mill are recognized as a tool for pro-
ducing nanopowders, and the milling time is a key operation for
such materials processing as well as the nanopowder prepara-
tion. Moreover, the advantage of using a solid-state reaction
method via mechanical milling for preparation of nanopow-
ders lies in its ability to produce mass quantities of powder
in the solid-state using simple equipment and low cost start-
ing precursors. Although some research has been done in the
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preparation of perovskite powders via a vibro-milling technique
[12-14], to our knowledge a detailed study considering the role
of both milling times and firing conditions on the preparation of
perovskite nanopowders has not been widely reported yet.

In the present study, we have demonstrated the potential of a
rapid vibro-milling technique in the production of several impor-
tant perovskite nanopowders, such as PbZrO3 or PZ, PbTiO3 or
PT and BaTiO3 or BT.

2. Experimental

The raw materials used were commercially available lead oxide, zirconium
oxide, titanium oxide and barium carbonate (Fluka, >99% purity). These oxide
powders exhibited an average particle size in the range of 3.0-5.0 pm. PbZrOs3,
PbTiO3 and BaTiO3 powders were synthesized by the solid-state reaction of
these raw materials. A vibratory laboratory mill (McCrone Micronizing Mill)
powered by a 1/30 HP motor was employed for preparing the stoichiometric
powders [13]. 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 polycrystalline
corundum. A total of 48 milling media cylindrical 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 all desired powders and the smallest particle size. After drying at 120 °C for
2 h, various calcination conditions, i.e. ttemperature ranging from 500 to 1200 °C,
dwell times ranging from 1 to 6 h and heating/cooling rates ranging from 10 to
30°C/min, were applied (the powders were calcined inside a closed alumina
crucible) in order to investigate the formation of the desired phases.

All powders were examined by room temperature X-ray diffraction (XRD;
Siemens-D500 diffractometer) using Ni-filtered Cu Ka radiation, to identify the
phases formed, optimum milling time and firing conditions for the production of
single-phase powders. The average crystallite size is also estimated from XRD
patterns [15]. 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 chemical compositions of the phases
formed were elucidated by an energy-dispersive X-ray (EDX) analyzer with an
ultra-thin window. EDX spectra were quantified with the virtual standard peaks
supplied with the Oxford Instruments eXL software.

3. Results and discussion

XRD patterns of the calcined PbZrO3 powders after different
combination of milling time and calcination condition are given

Table 1
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Fig. 1. XRD patterns of PZ powders milled for 15 h (a) uncalcined, and calcined
at 800 °C for (b) 1 h and (c) 2 h with heating/cooling rates of 10 °C/min and (d)
30 °C/min; milled for 25h and calcined at (e) 750°C for 5h (f) 800°C for
1 h with heating/cooling rates of 10 °C/min and (g) 30 °C/min.; and milled for
35h and calcined at 750 °C for (h) 3 h and (i) 4 h with heating/cooling rates of
10 °C/min and (j) 30 °C/min.

in Fig. 1. For the uncalcined powder subjected to 15 h of vibro-
milling, only X-ray peaks of precursors PbO (@) and ZrO; (O)
are present, indicating that no reaction was yet triggered during
the vibro-milling process. However, after calcination at 800 °C
for 1h, it is seen that the perovskite PbZrO3 becomes the pre-
dominant phase, indicating that the reaction has occurred to a
considerable extent. It should be noted that when the dwell time
of the calcination at 800 °C was extended up to 2 h, the single-
phase of perovskite PZ (yield of 100% within the limitations of
the XRD technique) was obtained. This was apparently a con-
sequence of the enhancement in crystallinity of the perovskite
phase with increasing degree of mixing and dwell time, in good

Effect of milling time on the variation of particle size of perovskite powders calcined at their optimum conditions with heating/cooling rates of 30 °C/min and

measured by different techniques

Powders Milling time (h) Calcination condition (°C/h) XRD SEM Laser scattering
A (nm) D (nm) P (nm) D (nm) P (nm)

PZ 15 800/2 60.41 280 53-692 700 35-2000
25 800/1 35.11 223 31-400 170 35-750
35 750/4 27.50 121 31-228 1570 10-6000

PT 5 600/1 22.50 101 67-135 690 290-1140
15 600/1 22.00 78 43-114 4640 1640-7790
25 600/1 21.50 63 17-109 180 70-310

BT 0.5 1300/2 38.32 610 250-1400 1000 400-1500
25 120072 31.60 390 250-700 400 60-700
30 120072 31.56 250 100-400 600 120-1000

A: Crystallite size; D: average particle size; P: particle size distribution or range.

Please cite this article in press as: O. Khamman et al., J. Alloys Compd. (2007), doi:10.1016/j.jallcom.2007.02.109




+Model

JALCOM-15861; No.of Pages6

O. Khamman et al. / Journal of Alloys and Compounds xxx (2007) xxx—xxx 3

Intensity (a.u.)

15h

T
53.0 54.0

T T T
56.0

26 (degrees)

Particle size distribution (%)

35

(c)

w
o
1

]
(&)
1

~
o
1

o
1

5
1

0.1 1
Particle size (um)

Fig. 2. (a) Enlarged zone of XRD patterns showing peaks broadening as a function of milling times of PZ powders, (b) SEM micrograph and (c) particle size
distribution of PZ powders milled for 25 h and calcined at 800 °C for 1 h with heating/cooling rates of 30 °C/min.

agreement with other works [13,14]. In general, the strongest
reflections apparent in the majority of these XRD patterns indi-
cate the formation of the lead zirconate, PbZrO3. These can be
matched with JCPDS file number 35-0739 for the orthorhom-
bic phase, in space group P2cb (no. 32) with cell parameters
a=823pm, b=1177pm and ¢=588 pm [16], consistent with
other works [17,18]. For 15h of milling, the optimum calcina-
tion condition for the formation of a high purity PbZrO3 phase
was found to be about 800 °C for 2 h with heating/cooling rates
of 30 °C/min.

To further study the phase development with increasing
milling times, an attempt was also made to calcine mixed pow-
ders milled at 25 and 35h under various conditions as shown
in Fig. 1(e—j). In this connection, it is seen that by varying
the calcination condition, the minimum firing temperature for
the single-phase formation of each milling batch is gradually
decreased with increasing milling time. 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
by accelerating an atomic diffusion mechanism to meet the suit-
able level of homogeneity mixing. It is thought that reducing the
particle size significantly reduces heat diffusion limitations. It
is therefore, believed that the solid-state reaction to form per-
ovskite PZ phase occurs at lower temperatures with decreasing
the particle size of the oxide powders.

In the work reported here, evidence for the minor phase
of PbO which coexists with the parent phase of PbZrO3 is
found after calcination at temperature 750-800 °C, in agreement
with literature [11,19]. This second phase has an orthorhombic
structure with cell parameters a=589.3 pm, b=549.0 pm and
¢=475.2 pm (JCPDS file number 77-1971) [20]. This observa-
tion could be attributed mainly to the poor reactivity of lead and
zirconium species [19] and also the limited mixing capability of
the mechanical method [13,14]. A noticeable difference is noted
when employing the milling time longer than 15 h, Fig. 1(e—j),
since an essentially monophasic PbZrOj3 of perovskite structure
was obtained at 800 °C for 1 h (or 750 °C for 4 h) for the milling
time of 25h (or 35h). 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 [13,14].

In the present study, an attempt was also made to calcine the
powders under various heating/cooling rates (Fig. 1). In this con-
nection, it is shown that the yield of PbZrO3 phase did not vary
significantly with different heating/cooling rates ranging from
10 to 30 °C/min, in good agreement with the early observation
for the PbZrO3 powders subjected to 0.5 h of vibro-milling time
[19].

After establishing the optimum combination between vibro-
milling time and calcination condition, similar investigation was
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Fig. 3. (a) Enlarged zone of XRD patterns showing peaks broadening as a function of milling times of PT powders, (b) SEM micrograph and (c) particle size
distribution of PT powders milled for 25 h and calcined at 600 °C for 1 h with heating/cooling rates of 30 °C/min.

also performed on the preparation of PbTiO3 and BaTiO3 pow-
ders as shown in Figs. 3 and 4, respectively. It should be noted
that no evidences of the introduction of impurity due to wear
debris from the selected milling process was observed in all cal-
cined powders, indicating the effectiveness of the vibro-milling
technique for the production of high purity nanopowders. Our
previous investigations on related systems also indicated that
no evidence of contamination from milling media was detected
by XRD, EDX-SEM and TEM techniques [12,14,19,21,22]. As
expected, there is evidence that, even for a wide range of cal-
cination conditions, single-phase of all selected electroceramic
powders cannot easily be produced, in agreement with literature
[11-14]. This could be attributed mainly to the poor reactivity
of starting species [13,14] and also the limited mixing capability
of the mechanical method [23].

The variation of calculated crystallite size of all single-phase
perovskite powders milled for different times and calcined at
their optimum conditions is given in Table 1. In general, itis seen
that the crystalline size of all powders decreases with increas-
ing milling times. These observations indicate that the particle
size affects the evolution of crystallinity of the phase formed
by prolong milling treatment. Moreover, it has been observed
that with increasing milling time, all diffraction lines broaden,
as shown in Figs. 2(a), 3(a) and 4(a), which are an indication of
a continuous decrease in particle size and of the introduction of
lattice strain [15].

For all powders, the longer the milling time, the finer is the
particle size. Also the relative intensities of the Bragg peaks and
the calculated crystallite size for all 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 esti-
mated [14,15]. 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]. However, it should be noted that by increasing the cal-
cination time from 1 to 4 h, these calculated values decrease to
the minimum at 2 h and then grow up further after more dwell
time applied. There is no obvious interpretation of these obser-
vations, although it is likely to correspond to the competition
between the major mechanisms leading to crystallization and
agglomeration [19].

In this connection, a combination of SEM and laser diffrac-
tion techniques was also employed for the morphology and
particle size distribution measurement, as some examples shown
in Figs. 2(b,c), 3(b,c) and 4(b,c). In general, all powders are
agglomerated and basically irregular in shape, with a substantial
variation in particle sizes, particularly in powders subjected to
high firing temperatures (Fig. 4(b)). The powders consist of pri-
mary particles of nanometers in size. The primary particles have
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Fig. 4. (a) Enlarged zone of XRD patterns showing peaks broadening as a function of milling times of BT powders, (b) SEM micrograph and (c) particle size
distribution of BT powders milled for 25 h and calcined at 1200 °C for 2 h with heating/cooling rates of 30 °C/min.

sizes of ~31-400, 17-109 and 250-700 nm, and the agglomer-
ates measured ~35-750, 70-310 and 60-700 nm, for PZ, PT and
BT powders, respectively. It is also of interest to point out that
degree of agglomeration tends to increase with milling time and
calcination temperatures (Fig. 4(b and c)), in good agreement
with other works [12—14]. This observation may be attributed to
the occurrence of hard agglomeration with strong inter-particle
bond within each aggregates resulting from firing process. Any
milling parameter, such as milling time, milling media or milling
frequency, that influences the grain size within the particles has
a corresponding effect on the resulting particle size.

The experimental work carried out here, suggests that mass
production of single-phase PZ, PT and BT nanopowders with
the smallest particle size ~31, 17 and 100 nm, respectively (esti-
mated from SEM micrographs), can be achieved by employing
a combination of suitable vibro-milling time and calcination
condition. Moreover, the employed heating/cooling rates for
all selected powders observed in this work are also faster
than those reported earlier [23-25]. In general, EDX analy-
sis using a 20nm probe on a large number of particles of
these calcined electroceramic powders confirmed the existence
of single (perovskite)-phase, in good agreement with XRD
results.

4. Conclusions

Using commercially available oxide powders as the start-
ing materials, this work demonstrated that a rapid vibro-milling
technique has considerable potential for the low cost, large
scale production of several high purity perovskite nanopowders.
Through the suitable selection of milling time and calcination
condition, the vibro-milling technique may be extended to the
preparation of a very wide range of nanopowders.
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Abstract

Ceramic solid solutions within the system (1 — x)Pb(Zrg s, Tig45)O3—xBaTiO3, where x ranged from 0.0 to 1.0, were prepared by a modified
mixed-oxide method. The crystal structure, microstructure, dielectric and ferroelectric properties of the ceramics were investigated as a function
of composition via X-ray diffraction (XRD), scanning electron microscopy (SEM), dielectric spectroscopy and hysteresis measurement. The
(1 —x)PZT—xBT solid solutions showed that with increasing solute concentration (BT or PZT), the phase transformation became diffuse. This was
primarily evidenced by an increased broadness in the dielectric peak, with a maximum peak width occurring at x=0.5. The P—E hysteresis loop
measurements showed that while BT showed a well-formed hysteresis loop, PZT and 0.1PZT-0.9BT ceramics exhibited pinched-shape hysteresis
loops due to abnormal domain switching mechanism. In addition, other compositions exhibited very slim-loop hysteresis occurred in materials
with mixed phase or with diffuse phase transition. This observation was believed to be caused by nano-scaled chemical heterogeneity in these

compositions.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Dielectric properties; Ferroelectric properties; Barium titanate (BT); Lead zirconate titanate (PZT)

1. Introduction

Currently lead-based perovskite ferroelectric ceramics are
widely applied in multilayer capacitors and sensors because of
their excellent electrical properties [1]. Many of these applica-
tions require materials with superior dielectric and piezoelectric
properties. Both BaTiO3 (BT) and Pb(Zr,Ti)O3 (PZT) are among
the most common ferroelectric materials and have been stud-
ied extensively since the late 1940s [2,3]. These two ceramics
have distinct characteristics that make each ceramic suitable for
different applications. The compound Pb(Zr¢ 5, Tig 48)O3 (PZT)
has great piezoelectric properties which can be applied in trans-
ducer applications. Furthermore, it has a high T¢ of 390°C
which allows piezoelectric devices to be operated at relatively
high temperatures. Barium titanate (BT) is a normal ferroelec-
tric material which exhibits a high dielectric constant, a lower
Tc (~120°C) and better mechanical properties [1-3]. However,
sintering temperature of BT is higher than PZT. With their com-

* Corresponding author. Tel.: +66 53943376; fax: +66 53892271.
E-mail address: wanwilai_chaisan@yahoo.com (W. Chaisan).

0254-0584/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
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plimentary characteristics, itis expected that excellent properties
can be obtained from ceramic in PZT-BT system. In addition,
the Curie temperature of PZT-BT system can be engineered
over a wide range of temperature by varying the composition in
this system.

BT has been mixed into solid solutions with SrTiO3 (BST)
and with PbTiO3 (BPT) to adjust the Curie temperature and
to optimize the dielectric and piezoelectric response [1,2,4,5].
PZT ceramics are always modified with other chemical con-
stituents, such as Nb and La, to improve the physical properties
for specific applications [2,3,6]. Moreover, solid solutions
between normal and relaxor ferroelectric materials such as
PZN-BT [7], PMN-PZT [8] and PZT-PNN [9] have been
widely studied for dielectric applications and to examine the
order-disorder behavior. However, even though there have been
extensive work on PZT-based and BT-based solid solutions,
there are only a few studies on PZT-BT solid solutions [10-12].
Chaisan et al. [10] prepared perovskite powders in the whole
series of the solid solutions in PZT-BT system. The phase
formation characteristics, cell parameters and the degree of
tetragonality were examined as a function of composition.
Moreover, pseudo-binary system of PZN-BT-PZT was studied
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and the effect of processing conditions on the piezoelectric and
dielectric properties of this system was also discussed [12].

Thus far, there have been no systematic studies on the dielec-
tric and ferroelectric properties of the whole series of PZT-BT
compositions. Therefore, as an extension of our earlier work
on structural studies of PZT-BT system [10], the overall pur-
pose of this study is to investigate the dielectric properties of
the PZT-BT system and the ferroelectric behavior of the solid
solution between two normal ferroelectrics with the aim of iden-
tifying excellent electrical properties within this system. This
paper presents the dielectric and ferroelectric properties of com-
positions in the PZT-BT binary system prepared via a modified
mixed-oxide method.

2. Experimental procedures

The compositions (1 — x)Pb(Zrp 52 Tip.43)03—-xBaTiO3 or (1 — x)PZT—xBT,
where x=0.0, 0.1, 0.3, 0.4, 0.5, 0.7, 0.9 and 1.0, were prepared by a modified
mixed-oxide method [10]. Reagent grade PbO, ZrO;, TiO, and BaCO3 powders
(Fluka, >99% purity) were used as starting materials. For the preparation of
BT, BaCOj3 and TiO, powders were homogeneously mixed via ball-milling for
24 h with zirconia media in ethanol. The well-mixed powder was calcined at
1300°C for 2h in an alumina crucible. The PZT powders were prepared by
using a lead zirconate (PbZrO3) as precursor in order to reduce the occurrence
of undesirable phase. Pure PbZrO3 phase was first formed by reacting PbO
with ZrO; at 800 °C for 2h. PbZrO3 powder was then mixed with PbO and
TiO, and milled, dried and calcined at 900 °C for 2h to form single phase
PZT. The (1 — x)PZT-xBT powders were then formulated from the BT and PZT
components by employing the similar mixed-oxide procedure and calcining at
various temperatures between 900 and 1300 °C for 2 h in order to obtain single
phase (1 — x)PZT-xBT powders [10].

The calcined (1 — x)PZT—-xBT powders were then isostatically cold-pressed
into pellets with a diameter of 15 mm and a thickness of 1 mm at a pressure
of 4 MPa and sintered for 2h over a range of temperatures between 1050 and
1350 °C depending upon the composition. Densities of sintered ceramics were
measured by Archimedes method and X-ray diffraction (XRD using Cu Ko
radiation) was employed to identify the phases formed. The grain morphology
and size were directly imaged using scanning electron microscopy (SEM) and
the average grain size was determined by using a mean linear intercept method.
For electrical measurements, silver paste was fired on both sides of the polished
samples at 550 °C for 30 min as the electrodes. Dielectric properties of the sin-
tered ceramics were studied as a function of both temperature and frequency.
The capacitance was measured with a HP4284 A LCR meter in connection with a
Delta Design 9023 temperature chamber and a sample holder (Norwegian Elec-
troceramics) capable of high temperature measurement. Dielectric constant (&)
was calculated using the geometric area and thickness of the discs. The polar-
ization (P) was measured as a function of electric field (E), using a ferroelectric
tester system (Radiant Technologies, Inc., RT66A).

3. Results and discussion

The phase formation behavior of the sintered
(1 —x)PZT-xBT ceramics is revealed by XRD as shown
in Fig. 1. The BaTiO3; ceramic sintered at 1350°C was
identified as single phase perovskite having tetragonal sym-
metry. With increasing PZT content, the diffraction peaks
shifted towards lower angle and the diffraction peak around
26 of 43-46° was found to split at composition x=0.5. This
observation suggests that this composition may lead to a diffuse
MPB between the tetragonal and rhombohedral PZT phases
[13]. In this case, the peak of tetragonal phase is much stronger
than that of rhombohedral phase. However, the (200) peak
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Fig. 1. XRD diffraction patterns of sintered (1 — x)PZT—-xBT ceramics.

splitting for the PZT-BT system exhibited more clearly in
powders as reported in our earlier work [10]. Additionally,
the PZT-BT ceramics showed single diffraction peaks which
indicate good homogeneity and complete solid solution within
the (1 — x)PZT—xBT system [14]. The pure Pb(Zrg 52 Tip.48)O3
ceramic sintered at 1100°C showed a co-existence of both
tetragonal and rhombohedral phases which can be matched
with the JCPDS file no. 33-0784 and 73-2022, respectively.
The optimized sintering temperatures, relative densities, and
average grain sizes of the sintered (1 — x)PZT—xBT ceramics
are listed in Table 1. Higher firing temperatures were necessary
for compositions containing a large fraction of BT. Composi-
tions with x=0.7 and x=0.9 could not be sintered to sufficient
densities and the theoretical densities of ceramics in this range
were about 86-89%. It is possible that volatilization of PbO
during firing is the main reason for the failure in preparing
dense ceramics over this composition range [15,16]. As shown
in Fig. 2, SEM micrographs reveal that the compositions with
0.0 <x < 0.4 exhibit good densification and homogenous grain
size. For the compositions with 0.5 <x<0.9, the grain size
varies greatly from 1 to 15 wm and defective grains and some
degree of porosity are clearly seen, matched with the density
data. The reason for the variation of grain sizes in this com-

Table 1
Characteristics of (1 —x)PZT-xBT ceramics with optimized processing
conditions

Compositions Sintering Relative Average grain
temperature (°C) density (%) size (pm)
PZT 1100 96.1 2.36
0.9PZT-0.1BT 1200 96.8 2.86
0.7PZT-0.3BT 1200 97.0 1.97
0.6PZT-0.4BT 1250 96.5 2.31
0.5PZT-0.5BT 1250 94.4 3.87
0.3PZT-0.7BT 1250 86.1 3.71
0.1PZT-0.9BT 1300 86.0 5.72
BT 1350 95.9 2.42
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Fig. 2. SEM micrographs of (1 —x)PZT—-xBT ceramics: (a) PZT, (b) 0.9PZT-0.1BT, (c) 0.7PZT-0.3BT, (d) 0.6PZT-0.4BT, (e) 0.5PZT-0.5BT, (f) 0.3PZT-0.7BT,

(g) 0.1PZT-0.9BT and (h) BT.

position range is not clearly understood. However, it can be
assumed that since sintering temperatures for highest densifica-
tion of PZT and BT ceramics are very different (900 and 1300 °C,
respectively), this could lead to different grain growth behaviors
between two phases, hence heterogeneous microstructure [17].

Fig. 3 shows the temperature dependence of dielectric con-
stant (&) and dissipation factor (tan §) at various frequencies for
compositions with x=0.1, 0.3, 0.7 and 0.9. All compositions
show broad peaks of dielectric constant, which indicate the dif-
fuse phase transition, and the weak frequency dependence of all
dielectric peaks are observed. The diffuse phase transition can be
caused by chemical composition inhomogeniety in nano-scaled
region of the (1 —x)PZT—xBT solid solutions [18]. In addition,
Curie temperatures (7¢) are also noticeably frequency indepen-
dent [19]. It should be noted that the dielectric loss tangent of

all ceramics increases rapidly at high temperature as a result
of thermally activated space charge conduction [8]. The tem-
perature dependence of the dielectric constant (¢r) measured
at 100kHz for (1 —x)PZT-xBT samples with 0.0 <x<1.0 is
shown in Fig. 4. The Curie temperatures and maximum dielec-
tric constants of the pure PZT and BT ceramics in this work
were, respectively, 390 and 14,200 °C for PZT, and 129 and
7800 °C for BT. Therefore, a solid solution between PZT and
BT is expected to show a transition temperature between 390
and 129 °C. The variation of T¢ with compositions and dielec-
tric data are listed in Table 2. The Curie temperature significantly
decreases with increasing BT content up to 50 mol%. However,
for the compositions 0.5 <x <0.9, T¢ is not clearly depending
on composition and remains at a nearly constant value between
140 and 160 °C. Even though the presence of Pb is known to
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Fig. 3. Temperature and frequency dependences of dielectric properties of (a) 0.9PZT-0.1BT, (b) 0.7PZT-0.3BT, (c) 0.3PZT-0.7BT and (d) 0.1PZT-0.9BT ceramics.
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Fig. 4. Temperature dependence of dielectric constant (&) of (1 — x)PZT—xBT
ceramics at 100 kHz.

Table 2

Dielectric properties of (1 — x)PZT-xBT ceramics

Compositions Tc (°O) Em y $
PZT 390 14200 1.74 16.1
0.9PZT-0.1BT 338 7300 1.76 16.2
0.7PZT-0.3BT 262 4100 1.86 16.6
0.6PZT-0.4BT 214 3600 1.97 17.1
0.5PZT-0.5BT 162 4100 1.91 17.3
0.3PZT-0.7BT 146 4500 1.74 159
0.1PZT-0.9BT 155 3700 1.63 14.4
BT 129 7800 1.16 125

shift T¢ to higher temperatures [2,3], the nearly constant 7T¢ with
increasing Pb content in the composition with 0.5 <x<0.9 is
likely caused by PbO loss due to the high sintering tempera-
tures required for these compositions [15,16]. For pure PZT, the
&r peak is sharp and approaches 15,000. However, the ¢ peaks
become broader with increasing BT content, and the broadest
peak occurs at the x=0.4 composition. It is very interesting to
observe that the &, peak becomes more sharp as the BT content
further increases.

To understand the interesting dielectric behavior of PZT-BT
system, we look at the different ferroelectric behaviors through
the Curie—Weiss relation. For a normal ferroelectric such as
PZT and BT, above the Curie temperature the dielectric constant
follows the equation:

C

f= ——
T—-Ty

ey
where c is the Curie constant and Ty is the Curie—Weiss temper-
ature [2,8,20]. For a ferroelectric with a diffuse phase transition
such as the PZT-BT solid solutions, the following equation:

1 2
P (T —Tw) @

has been shown to be valid over a wide temperature range instead
of the normal Curie—Weiss law (Eq. (1)) [7,21]. In Eq. (2),
T is the temperature at which the dielectric constant is max-
imum. If the local Curie temperature distribution is Gaussian,
the reciprocal permittivity can be written in the form [7,9]:

— Y
L1, @ty )

£  &m 2em?
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where e, 1S maximum permittivity, y is diffusivity, and § is
diffuseness parameter. For (1 — x)PZT—-xBT compositions, the
diffusivity (y) and diffuseness parameter (§) can be estimated
from the slope and intercept of the dielectric data shown in Fig. 5,
and tabulated in Table 2.

The values of y and § are both materials constants depending
on the composition and structure of materials [9]. The value of y
is the expression of the degree of dielectric relaxation, while the
parameter § is used to measure the degree of diffuseness of the
phase transition. In a material with the “pure” diffuse phase tran-
sition described by the Smolenskii—Isutov relation (Eq. (2)), the
value of y is expected to be 2 [17]. The mean value of the diffu-
sivity (y) is extracted from these plots by fitting a linear equation.
The values of y vary between 1.74 and 1.97, which confirms that
diffuse phase transition occur in PZT-BT system. However, the
phase transition in this system can be considered as no purely
diffuse as the y value is not equal to 2 [17]. Since for a perovskite
ferroelectric it is established that the values of y and § could be
caused by microstructure feature, density and grain size [22], it
should be noted the value of y for PZT is nearly 2 (theoretical
is 1 for normal ferroelectric with sharp phase transition). This
is probably because the mixing of rhombohedral and tetragonal
phases in PZT compound and a formation of pyrochlore phase in
pure PZT (though not detected by XRD) induced the occurrence
of the chemical disorder and composition heterogeneity, which
in turn lead to more diffuse phase transition behavior in PZT
[18,23]. For the PZT-rich ceramics, the values of y and § increase
with increasing BT content, confirming the diffuse phase transi-
tions in PZT-BT solid solutions. It is clear that the addition of BT
raises the degree of disorder in (1 — x)PZT—xBT over the compo-
sitional range 0.1 <x < 0.5. The highest degree of diffuseness is
exhibited in the 0.5PZT-0.5BT ceramic. Similarly, from the BT
end member, the values of both y and § exhibits the same trend
with increasing PZT content. This observation indicates that
PZT addition also induces disorder in BT-rich compositions. It
should also be mentioned here that different dielectric behaviors
could also be caused by grain size variation [8]. However, the
grain size, as shown in Table 1, in this study does not differ

—_
o
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o

-30 -20 -10 0 1 20 30

0
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Fig. 6. P—E hysteresis loops of (1 —x)PZT—xBT ceramics: (a) 0 <x <0.4 and
(b) 0.5 <x<1.0.

significantly enough to cause such a variation in the dielectric
properties.

Fig. 6(a and b) illustrates the polarization (P-E) hystere-
sis loops of (1 —x)PZT—-xBT ceramics. It should be noted that
these measurements were carried out on unpoled ceramics. The
shape of P—FE loops varies greatly with the ceramic compositions.
PZT ceramic exhibits a type of pinched or propeller-shaped
polarization-field hysteresis loop as shown in Fig. 6a, similar
to but not to be confused with that of an antiferroelectric [24].
This behavior is more likely observed in conventionally sintered
sample and was found to be stronger in the tetragonal com-
position than in the thombohedral one. This phenomenon may
reveal abnormal domain switching mechanism and is believed
to be related with the strong interaction between point defect
and domain walls [25,26]. However, this kind of pinched loop
is found to diminish under severe electrical excitation [3]. Simi-
larly, this pinched effect is also found in 0.1PZT-0.9BT ceramic
(Fig. 6b). As also shown in Fig. 6b, BT ceramic shows a well-
developed ferroelectric loop with 4.626kV cm™! of coercive
field (Ec), 7.775 wCcm~2 of remnant polarization (P;) and
0.491 of loop squareness (Ryq), a typical hysteresis loop of
barium titanate ceramic [1]. Whereas, the other compositions
(x=0.1 and 0.4) show very small degree of loop opening with
large Ec but small P;. These very slim loops can be explained
by the “mixed” phases of solid solutions between PZT and BT
(with diffuse phase transition) which need much larger field to
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Table 3
Ferroelectric properties of (1 —x)PZT—xBT ceramics

Compositions Ferroelectric properties Loop squareness (Ryq)
P; (wCcm™2) P (wCcm—2) Ec (kVem™)

0.5PZT-0.5BT 3.673 6.996 11.68 0.839

0.3PZT-0.7BT 3.988 7.597 11.79 0.654

BT 7.775 18.41 4.626 0.491

open up loops [27,28]. However, the insufficient electric field
was applied to the samples due to the limitation of measurement
set-up. Additionally, arguments could also be made that an addi-
tion of PZT into BT results in narrower loops, a characteristic of
suppressed normal ferroelectric behavior in this system, in good
agreement with dielectric and diffusivity data in Table 2. This
clearly confirms the occurrence of the diffuse phase transition
when BT or PZT is added to the PZT-BT system.

The ferroelectric data of (1 —x)PZT—xBT ceramics is listed

in Table 3. An empirical relationship between remanent polar-
ization (P;), saturation polarization (Ps) and polarization at the
fields above the coercive field was derived by Haertling et al.
[29]. This permits the quantification of changes in the hystere-
sis behavior for (1 — x)PZT-xBT samples through the following
equation:
Ry = % + —Pl;fc 4)
where Ryq is the squareness of hysteresis loop and P g is the
polarization at an electric field equal to 1.1 times the coercive
field (Ec). For an ideal hysteresis loop, Ry is equal to 2.0. Since
for fully saturated hysteresis loops some compositions could not
be obtained due to the limited capability of the measuring set-up,
the data are unavailable. From the ferroelectric data in Table 3,
Rgq seems to increase with increasing of PZT content, a charac-
teristic of the enhanced ferroelectric interaction for ceramics in
this system [22]. The highest degree of loop squareness is found
in 0.5PZT-0.5BT ceramic. This is a result of better homogeneity
and uniformity of grain size [2], agreed with SEM investigation.
It should be noticed that it is possible to receive higher Ec value
in some compositions of PZT-BT solid solutions than in pure
PZT and BT. These compositions could lead to hard switching
of domain.

4. Conclusions

The dielectric properties of solid solutions in the
(1 —x)PZT—xBT system prepared via the mixed-oxide method
are reported. All compositions in this study were single phase
perovskite with tetragonal symmetry. The results indicated that
solid solutions of (1 —x)PZT-xBT (0.1 <x <0.9) exhibited a
diffuse phase transition behavior with a Curie temperature rang-
ing between 390 and 129 °C. In (1 — x)PZT-xBT solid solutions,
the degree of diffuseness increased with increased solute con-
tent up to a maximum at x=0.5. From P-E hysteresis loops,
it was observed that PZT and 0.1PZT-0.9BT ceramics exhib-
ited pinched-shape hysteresis loops. This phenomenon may be
caused by abnormal domain switching mechanism related to the

strong interaction between point defect and domain walls. Addi-
tionally, while BT showed a well-developed hysteresis loop,
other composition exhibited very slim-loop hysteresis, a char-
acteristic of mixed-phase or diffuse phase transition materials.
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ABSTRACT

This study deals with the influence of uniaxial stress on the dielectric properties of
electrostrictive PMN-PT ceramic. The dielectric properties of lead magnesium niobate-lead
titanate prepared by a mixed-oxide method with composition ratio 9:1 were measured under
uniaxial compressive stress up to 22 MPa. The experimental results revealed that the
superimposed compression load significantly reduced both the dielectric constant and the
dielectric loss tangent in every measuring frequency. The observations were interpreted in
terms of clamping of domain walls and de-poling under the compressive loading. The change
of the dielectric properties with stress was attributed to competing influences of the intrinsic
contribution of non-polar matrix and the extrinsic contribution of re-polarization and growth
of micro-polar regions. In addition, the results reported here also suggested a significant
influence of the experimental conditions on the uniaxial stress dependence of dielectric

properties of the PMN-PT ceramic.

Keywords: uniaxial stress; dielectric properties; 0.9PMN-0.1PT



INTRODUCTION

Ferroelectric lead magnesium niobate, Pb(Mg;3Nb,3)O; (PMN), is widely used in
devices such as actuators and transducers because of its good dielectric properties (for
instance, at 100 Hz ;& at room temperature ~ 13000 and €y,x ~ 16000) [1-3]. However, the
temperature related to the maximum dielectric constant (7},,,) of PMN is very low (~ -10 C)
[3]. Thus, lead titanate (PbTiO; or PT), which has high Curie temperature (7, ~ 490 C, & at
room temperature ~ 300) [3-5] is added to PMN with ratio 9:1 to enhance the dielectric
properties of PMN (as well as increasing 7,,.,). As a result, at 100Hz, 0.9PMN-0.1PT ceramic
has To = 40 C and &na > 20000 [6]. Therefore, 0.9PMN-0.1PT ceramics have been a
subject of many investigations and, more importantly, have been widely applied in actuators
and transducers [1, 4, 7].

However, when used in devices specified above these ceramics are often subjected to
self-induced or external stress, e.g. acoustic transducers [1,3,7]. Therefore, it is very
important to obtain experimental data, as well as to better understand how these materials
behave under stress. Recently, the uniaxial stress dependence of dielectric properties has
been studied in materials such as PZT, PMN-PZT [8-12]. For PZT ceramics, the dielectric
constant increases with increasing stress in range 0-35 MPa. After reaching a maximum
value of dielectric constant at 35 MPa, it gradually decreases with further pre-stress
increment [8,10,11]. On the other hand, in case of PMN-PZT ceramics, the changes of the
dielectric constant with the applied stress can be divided into two different groups. For PMN-
rich compositions, the dielectric constant generally decreases with increasing applied stress,
while for PZT-rich compositions the dielectric constant rises slightly when the applied stress
increases from 0 to 1 MPa, and becomes relatively constant when the applied stress increases

further [9]. These results clearly show that the effects of stress on the dielectric properties



depend significantly on ceramic compositions and stress levels. Since PMN-PT ceramics are
practically very important and there have been previous reports on the electro-mechanical
properties of these ceramics under various mechanical and electrical loading conditions
[13,14]. However, there has been no systematic study on the influence of an applied stress on
their dielectric properties. Therefore, it is the aim of this study to determine the dielectric

properties of the 0.9PMN-0.1PT ceramic as a function of uniaxial compressive stress.

EXPERIMENTAL METHOD

0.9PMN-0.1PT ceramics were prepared from starting PMN and PT powders by a
mixed-oxide method. Perovskite-phase PMN powders were obtained from the columbite
method, while PT powders were prepared by a simple mixed-oxide method.

To obtain the perovskite-phase PMN, the magnesium niobate powders were first
prepared by mixing MgO (99.0%) and Nb,Os (99.9%) powders and then calcining the mixed
powders at 1100 C for 3 h, to yield a so called columbite powders (MgNb,Og). After that,
the columbite powders were mixed with PbO (99.9%) by ball-milling method and calcined at
800 C for 1 h to form the perovskite-phase PMN powders. With a simple mixed-oxide route,
PT powders were prepared from PbO (99.9%) and TiO; (99.9%) starting powders. These
powders were ball-milled and calcined at 600 C for 1 h.

0.9PMN-0.1PT ceramics were prepared from starting PMN and PT powders by the
same mixed-oxide method with ratio 9:1. After mixing the powders by ball-milling method
and drying process, the mixed powders were pressed hydraulically to form disc-shaped
pellets 12 mm in diameter and 1.5 mm thick, with 3 wt.% polyvinyl alcohol as a binder. The
pellets were placed on the alumina powder-bed inside alumina crucible and surrounded with

atmosphere powders of the same composition. Finally, the pellets were sintered at 1240 C



for 2 h. The phase-formation of the sintered ceramics was studied by XRD technique. The
microstructure analyses were undertaken by a scanning electron microscopy (SEM: JEOL
Model JSM 840A). The densities of sintered specimens were measured by Archimedes
method. The detailed descriptions of the ceramic processing and characterization were
presented elsewhere and will not be discussed here [15].

Before studying the dielectric properties under the uniaxial stress, the specimens were
lapped to obtain parallel faces. After coating with silver paint as electrode at the faces, the
specimens were heated at 750 C for 12 min to ensure the contact between the electrode and
surface of ceramic. To study effects of the uniaxial stress on the dielectric properties of the
ceramic, the uniaxial compressometer was constructed [9], as shown schematically in Figure
1. The specimen was laid between uniaxial stress rams. The dielectric properties were
measured by LCR-meter (Instrek LCR-821). The room temperature (27 C) capacitance and
the dielectric loss tangent were obtained at frequency range 1 to 200 kHz under uniaxial
compressive pre-stress levels up to 22 MPa. The dielectric constant was then calculated from
a parallel-plate capacitor equation, e.g. = Cd / (A, where C is the capacitance of the
specimens, d and A are, respectively, the thickness and the area of the electrode, and | is the

dielectric permittivity of vacuum (8.854 x 10" F/m).

RESULTS AND DISCUSSION

The dielectric constant at various frequencies of 0.9PMN-0.1PT ceramics as a
function of compressive stress during loading and unloading are depicted in Figure 2. There
is a significant change of the dielectric constant of the ceramic with increasing stress from 0
to 22 MPa and returning to stress-free condition. The dielectric constant decreases

monotonically with increasing the compressive stress, then increases only slightly when the



compressive stress is gradually removed. The changing of the dielectric constant with
increasing and decreasing the applied stress does not follow the same path. In every
frequency, the dielectric constant with increasing the compressive stress is larger in value
than that with decreasing stress. It is also of interest to see that the stress-free dielectric
constant value decreases significantly after a stress cycle. Furthermore, as shown in Figure 2,
the dielectric constant at a constant stress also changes with frequency. The dielectric
constant decreases significantly when the measuring frequency increases from 1 to 200 kHz.
The trend is opposite for the dielectric loss tangent (as shown in Figure 3). This is a typical
characteristic of a relaxor ferroelectric, in which below the dielectric maximum temperature,
the dielectric constant decreases and the dielectric loss tangent increases with increasing
frequency [1-4].

As displayed in Figure 3, the results of the uniaxial compressive stress dependence of
the dielectric loss tangent show a similar tendency to those of dielectric constant. At each
measuring frequency, the dielectric loss tangent deceases with increasing the compressive
stress and then slightly increases when the compressive stress is removed (shown in Figure
3). The dielectric loss tangent is also found to decrease significantly after a stress cycle.
Since the dielectric properties change with the applied stress in very similar trend for every
measuring frequency, the data at 10 kHz are selected as representatives for better comparison
in Figure 4 for the fractional changes of the dielectric properties with the compressive stress.
It can be seen very clearly that the dielectric constant decreases as much as 70% at the
maximum applied stress and only returns to slightly less than 50% of its original value when
the stress is removed. Though following the same trend, the change in the dielectric loss
tangent value is less significant, as it only decreases about 50% at the maximum stress and
almost returns on its original value after a stress cycle. It is also noticed that the results of this

study are in parts similar to the experimental results for PMN-PZT system in earlier



investigation [9]. For 0.9PMN-0.1PZT ceramic, the dielectric constant generally decreases
with increasing applied stress. However, the trend for change of the dielectric loss tangent is
different. The dielectric loss tangent of 0.9PMN-0.1PZT is found to first increase when the
applied stress is raised from 0 to 1 MPa, and then decrease with further increasing stress [9].
It is interesting to observe that a mixture of different normal and relaxor ferroelectrics
responds to the applied stress in a similar manner.

To understand these experimental results, various effects have to be considered.
Normally, the properties of ferroelectric materials are derives from both the intrinsic and
extrinsic contribution [9-11]. When a compressive stress is applied to the ferroelectric
materials, the domain structure in the material will change to maintain the domain energy at a
minimum; during this process some of the domains engulf other domains or change shape
irreversibly. Under a uniaxial stress, the domain structure of ferroelectric ceramics may
undergo domain switching through non-180 domain walls, de-aging, de poling and
clamping of domain walls [11,14].

In this study, since 0.9PMN-0.1PT is a relaxor ferroelectric with Ty, ~ 39-40 C and
the experiment was carried out at room temperature (~27 C) which is slightly below the 7,
the experimental observation, which shows decreases in both dielectric constant and
dielectric loss tangent with increasing stress, can be attributed to competing influences of the
intrinsic contribution of non-polar matrix and the extrinsic contribution of re-polarization and
growth of micro-polar regions. Since the behavior of 0.9PMN-0.1PT depends on the ratio
between the micro-polar region and the non-polar matrix, in this case the micro-polar regions
dominate [9-12]. Hence, the dielectric responses of the 0.9PMN-0.1PT ceramic are observed
to decrease with increasing the compressive stress, as seen in Figures 2-4.

In addition, the de-poling mechanism also plays a role in the experimental results.

The decrease of both the dielectric constant and the dielectric loss tangent after a stress cycle



is believed to be the direct contribution of the partial de-poling effect under the compressive
stress cycle [9-11].

More interestingly, earlier work by Viehland er al. [13] reported the large-signal
polarization-electric field (P-E) relation under uniaxial stress of 0.9PMN-0.1PT ceramic. For
comparison, one would be able to estimate from the P-E loops presented in that study the

dielectric permittivity by using Eq. (1), which gives
P
— 1
B (1

where P is the polarization difference between +2.5 and 0 kV/cm. The calculated dielectric
permittivity can be called differential permittivity, which includes the reversible (intrinsic
dielectric property) and irreversible (extrinsic domain switching related property)
contributions of the materials [8,16]. The calculation shows that the differential permittivity
decreases approximately 13% when the applied stress is increased from 0 to 30 MPa. This
change is significantly lower than that observed in our low-field study (a decrease of more
than 70% over the same stress range). Even though the reasons for the difference are still not
clearly known, this observation clearly signifies the importance of the experimental
conditions used to determine the dielectric properties, as well as the stress-dependence
dielectric properties. More detailed study is underway and further results will be presented in
future publications. Finally, the information obtained in this current work is practically very

useful for design and calculation consideration of devices in low-field applications.



CONCLUSIONS

In this study, the dielectric properties of 0.9PMN-0.1PT ceramics prepared by a
conventional mixed-oxide method are measured under the compressive stress from 0 to 22
MPa. The results clearly show that the dielectric constants and the dielectric loss tangent of
the 0.9PMN-0.1PT ceramic decrease with increasing the compressive stress. The change of
the dielectric properties with stress is attributed to competing influences of the intrinsic
contribution of non-polar matrix and the extrinsic contribution of re-polarization and growth
of micro-polar regions. In addition, the difference in the uniaxial stress dependence of the
dielectric properties measured under low- and high-field conditions is also apparent. Finally,
this study undoubtedly shows that the applied stress has significant influences on the

dielectric properties of the 0.9PMN-0.1PT ceramics.
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ABSTRACT

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

x=0.1-0.5.

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

titanate



Introduction

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

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

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



Experimental procedure

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

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

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



1
Perovskite %= —2Z% 100

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

experimental procedure is shown in Fig. 1.

Results and Discussion

Themogravimetric and Differential Thermal Analysis (TG/DTA)

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

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



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

processing steps.

X-Ray Diffraction Analysis (XRD)

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

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

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



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

temperature can be lowered by a vibro-milling technique.

SEM and EDX Analysis

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

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

agreement with XRD results.



Conclusions

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

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

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

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

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

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

technique



Introduction

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

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



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

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

calcined at various temperatures are studied.

Experimental

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

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



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

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

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

Results and Discussion

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

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

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



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

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



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

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

particle agglomeration than the conventional method.

Conclusions

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

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



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

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

Composition (at.%)

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

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

Nb205
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Abstract

In this work, a two-stage sintering technique, which began with an initial heating at
lower temperature and followed by higher temperature sintering, was employed in the
production of PbTiO; ceramics. Effects of designed sintering conditions on phase formation,
densification, microstructure and dielectric properties of the ceramics were characterized via
X-ray diffraction (XRD), Archimedes method, scanning electron microscopy (SEM) and
dielectric measurement, respectively. The potentiality of a two-stage sintering technique as a
low-cost and simple ceramic fabrication to obtain highly dense and pure lead titanate
ceramics was demonstrated. It has been found that, under suitable conditions, the perovskite
phase of densified PT ceramics with reasonable dielectic properties may be achieved with

equivalent to those obtained from a single-stage sintering technique.

Keyword: Lead titanate; PbTiOs; Two-Stage Sintering; Perovskite; Microstructure



1. Introduction

Lead titanate (PbTiO3 or PT) when combined with other oxides can form a series of
ferroelectric materials that exhibit many of the most desirable dielectric, piezoelectric and
pyroelectric properties for high frequency and temperature applications [1-3]. However, pure
and dense PT ceramics are regarded to be one of the most difficult lead-based perovskite
ferroelectric ceramics to produce due to large distortion of the tetragonal phase at room
temperature (c/a, hereafter called tetragonality, ~ 1.06) [4]. Apart from general problems of
PbO volatilization and associated high porosity, the stress induced by cooling through the
phase transition can create cracking in bulk ceramics.

To overcome these problems, several techniques have been introduced, such as
utilizing ultrafine powders, using additives, and carrying out appropriated milling and
sintering conditions [5-7]. Amongst all the issues reported so far, most attention has been
concentrated on the use of additives and powder processing, whereas investigations on
modified sintering techniques have not been widely carried out [8]. Therefore, in the present
study, a two-stage sintering method has been developed to resolve these problems. The
overall aim of the work described here is to design the sintering scheme for fabrication of PT
ceramics. The effect of the sintering conditions on phase formation, densification,

microstructure and dielectric properties of materials is then investigated.

2. Experimental Procedure

Commercially available powders of PbO and TiO, (anatase form) (Fluka, > 99%
purity) were used as starting materials. A simple mixed oxide synthetic route reported earlier
[7] was employed to synthesize PbTiO; powders. Ceramic fabrication was carried out by

adding 3 wt% polyvinyl alcohol (PVA) binder, prior to pressing as pellets in a uniaxial die



press at 100 MPa. Sintering was carried out with a dwell time of 2 h for each step, with
constant heating/cooling rates of 1 °C/min. Variation of the single sintering temperature
between 1150 and 1250 °C was carried out for the first batch of the samples. For the second
batch, the first sintering temperature (T;) was assigned at 900 °C for all cases. Variation of
the second sintering temperature (T,) from 1000 °C to 1250 °C was carried out.

Densities of the sintered products were determined by using the Archimedes principle.
Sintered ceramics were examined by room temperature X-ray diffraction (XRD; Siemens-
D500 diffractometer) to identify the phase formed. The lattice parameters were calculated
from the XRD patterns. The microstructural development was characterized using a JEOL
JSM-840A scanning electron microscopy (SEM) equipped with an energy dispersive X-ray
(EDX) analyzer. Mean grain sizes of the sintered ceramics were estimated by employing the
linear intercept method. The dielectric properties were measured using a HIOKI 3532-50

LCR meter.

3. Results and Discussion

X-ray diffraction patterns from the singly and doubly sintered PT ceramics are
displayed in Figs. 1 and 2, respectively, indicating the formation of both perovskite and
impurity phases in each case. The strongest reflections in the majority of the XRD traces
indicate the formation of the perovskite phase of lead titanate, PbTiOs, which could be
matched with JCPDS file no. 6-452, in agreement with other works [5,7,9]. For the singly
sintered PT ceramics, additional weak reflections are found in the samples sintered above
1175 °C (marked by ¥ in Fig. 1), which correlate to the starting precursor PbO (JCPDS file
n0.77-1971). This observation could be attributed mainly to the poor mixing of the employed
powders derived from the ball-milling technique. More interestingly, a single phase of

perovskite is found in most of the doubly sintered PT samples (Fig. 2), in contrast to the



observations for the singly sintered samples. This could be due to the lower firing
temperature of the doubly sintered samples as compared to the singly sintered ceramics,
leading to a smaller degree of lead losses and consequently avoiding the pyrochlore
formation. However, many other factors come into play, e.g. homogeneity of materials,
reactivity of starting powders, and processing variables.

From Table 1, it is evident that as the sintering temperature increases, the density of
almost all the samples increases. The ceramic doubly sintered at 900/1150 °C having the
highest relative density of about 98% with a smallest average grain size of about 0.8 m, was
of the best interest for further investigations. Nevertheless, most of the samples suffered from
severe stresses as a result of the high c/a ratio so they have broken into pieces once subjected
to a cycle of high temperature measurement of dielectric properties.

Microstructural features of PT samples singly sintered at different temperatures are
shown in Fig. 3. It was found that the samples subjected to low sintering temperature e.g.
1150 °C eventually burst into pieces because of the internal anisotropic stress caused by the
phase transition in the ceramics as can be confirmed by the SEM images showing a loose
formation of large grains (Fig. 3(a) and (b)), in consistent with high values of c¢/a given in
Table 1. Additionally, average grain sizes were found to increase with the sintering
temperature. For higher temperature treatments, a pronounced second phase is segregated at
the grain boundaries. The EDX spectra indicated that there was more Pb and less Ti in the
bright region than in the dark region. The observation of these second phase layers could be
attributed to a liquid phase formation during the sintering process as proposed by Wang ef al.
and Gupta et al. [10,11]. It should also be noted here that the second phase could also be a
result of the purity of the commercial grade starting materials and firing history used in this
study. In addition, a combination of SEM and EDX techniques has demonstrated that small

amounts of nano-sized ( ~ 1.7-2.5 m) spherical of TiO; inclusions (brighter phase) exits on



the surface of perovskite PT grains in some samples, as shown in Fig. 3(b) and (c). The
existence of a discrete TiO, phase points to the expected problem of poor homogeneity of the
samples arised from PbO volatilization after subjected to prolong heating scheme, although
the concentration is too low for XRD detection.

Representative microstructures for doubly sintered PT ceramics are given in Fig. 4. It
is seen that a uniform grain shape of typical perovskite ceramics [12] is observed, with sizes
in the range of 0.4-2.0 m. It should be noted that the average grain size of the doubly
sintered PT ceramics is < 1.5 m, which is less than the critical value of 3 m [13] and gives
rise to a volumetric percentage enough to buffer the anisotropic stress caused by the phase
transition [5]. Here, it is believed that smaller grains with random orientations result in lower
internal stress in sintered samples because they compensate the anisotropy of thermal
expansion coefficients.

By comparison with singly sintered PT ceramics, almost clean microstructures with
highly uniform, denser angular grain-packing are generally found in doubly sintered PT
samples. These microstructures are typical of a solid-state sintering mechanism. However, it
should be noted that higher angulary grains were evidenced for higher second sintering
temperature. The observation that the sintering temperature effect may also play an important
role in obtaining a high angularity grains of perovskite ceramics is also consistent with other
similar systems [14]. It is also of interest to point out that evidence has been found for the
existence of microcracks (arrowed) along the grain boundaries of the samples sintered at
lower second sintering temperatures (Fig. 4(a) and (b)), in consistent with other works [8,15].

Interestingly, only the samples sintered at 900 °C/1150 °C with the highest relative
density and smallest average grain size of about 98% and 0.8 m, respectively, remained
unbroken. It may be assumed that the ceramics consisting of very fine grains suffer less

deformation, caused by the high value of c/a ratio, than the ceramics with significantly large



grains (Table 1). Consequently, the experimental work carried out here suggests that the
optimum conditions for forming the highly dense PT ceramics in this work are double-
sintering temperatures at 900 °C/1150 °C, 2 h dwell time, and 1 °C/min heating/cooling rates.
The dielectric properties of PT samples sintered with different techniques are also compared
in Table 2. In general, they all behave as normal ferroelectric. The Curie temperatures are
about the same for all samples measured whilst the variation of dielectric constant and
dielectric loss of both sets of the sintered PT ceramics seems to be somewhat related to the
sintering temperatures. This observation indicates that the presence of the second phases
accompanied with porosities is the key factor responsible for the dielectric response of the
products. Moreover, this study demonstrated that the dielectric properties of PT ceramics are
also influenced by microstructural features especially the grain boundary phase, microcracks

and densification mechanism rather than by only pyrochlore phase or by grain size itself.

4. Conclusion

This work demonstrated that it was possible to obtain rather dense PT ceramics with
homogeneous microstructure by the two-stage sintering technique. It has been shown that,
under suitable conditions, the phase formation and densification of the ceramics are better
than those obtained from the single-stage sintering. More importantly, with the two-stage
sintering technique, small reductions in the maximum required sintering temperature are

possible as compared to the single-stage sintering.
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Captions of tables and figures

Table 1 Sintering behaviour of PT ceramics.

Table 2 Dielectric properties of PT ceramics.

Fig. 1 XRD patterns of PT ceramics singly sintered at various temperatures for 2 h with
heating/cooling rates of 1 °C/min.

Fig. 2 XRD patterns of PT ceramics doubly sintered at various second sintering temperatures.

Fig. 3 SEM micrographs of PT ceramics singly sintered at (a) 1150 °C (b) 1200 °C (c) 1225
°C and (d) 1250 °C, for 2 h with heating/cooling rates of 1 °C/min.

Fig. 4 SEM micrographs of PT ceramics doubly sintered at (a) 900 °C/1050 °C (b) 900
°C/1100 °C (c) 900 °C/1150 °C and (d) 900 °C/1200 °C, for 2 h with heating/cooling

rates of 1 °C/min.



T, T, Tetragonality ~ Relative density ~ Mean grain size

0 C) (c/a) (Vo) ( m)
1150 - 1.064 87 10
1175 - 1.064 89 21
1200 - 1.063 92 29
1225 - 1.063 94 36
1250 - 1.063 93 41
900 1000 - - -
1.060 6 1.2
1.060 6 1.1
1.056 7 0.8
1.061 7 1.5
900 1250 - - ;

" The estimated precision of the grain size is £ 1%

- Data are not available because the samples were too fragile for the measurements.



Dielectric Properties

Sintering Temperature (°C)

(1 kHz) 1225 900/1200
I, room temperature 525 318
Te 486 487
¢, max 20423 416997
tan  max 2.35 0.08

10
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Dielectric Properties of Pb(Zr,,;Ti;2)O3;—Pb(Zn,;Nb,;3)O; Ceramics

Under Compressive Stress
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Effects of compressive stress on the dielectric properties of PZT-PZN ceramics with a
formula (7- x)Pb(Zr/,T112)O3 xPb(Zn;;3Nby/3)O3 or (1-x)PZT-(x)PZN (x = 0.1-0.5)
were investigated under stress up to 230 MPa. The experimental results revealed that
the superimposed compression stress had pronounced effects on both the dielectric
constant and the dielectric loss tangent of PZT-PZN ceramics. In addition, the
dielectric properties were considerably lowered after a stress cycle. The observations
were mainly interpreted in terms of domain switching through non-180 domain
walls, clamping of domain walls, de-aging, and the stress induced decrease in

switchable part of spontaneous polarization.

Keywords: dielectric properties; PZT-PZN; compressive stress

Short Title: Dielectric Properties of PZT-PZN Under Stress



INTRODUCTION

Practically, piezoelectric and feroelectric ceramics are often subjected to mechanical
loading, either deliberately in the design of the device itself or because the device is
used to change shapes as in many smart structure applications or the device is used
under environmental stresses [1-3]. A prior knowledge of how the material properties
change under different load conditions is crucial for proper design of a device and for
suitable selection of materials for a specific application [4,5]. It is therefore important
to determine the properties of these materials as a function of applied stress. Previous
investigations on the stress-dependence electrical properties of many ceramic systems
have emphasized the importance of the matter [3,6-10]. Recently, the uniaxial stress
dependence of dielectric properties has been investigated in materials such as BT,
PZT, PMN, PMN-PT, PZT-BT, and PMN-PZT [8-13]. The results clearly showed
that the effects of stress on the dielectric properties depended significantly on ceramic
compositions and stress levels.

Recently, there have been a great deal of interest in lead zirconate titanate-lead
zinc niobate (Pb(Zr,Tij»2)O03 Pb(Zn;;sNby;3)O0s or PZT-PZN) systems because of
their high dielectric, piezoelectric, and ferroelectric properties [14-16]. PZN is a
ferroelectric material with frequency dependent dielectric relaxation behavior, as well
as diffuse phase transition at 140 °C [17]. A single crystal of PZN shows extremely
high dielectric and piezoelectric constants [18]. PZT also has high piezoelectric
properties, particularly compositions (Zr:Ti~52:48) close to a morphotropic phase

boundary (MPB) between the tetragonal and the rhombohedral phases [19].



Therefore, PZT is the most popular ferroelectric material used in electronic devices
[4,19,20]. As both PZT and PZN possess excellent electrical properties, enhanced
properties can thus be expected from ceramics in PZT-PZN system. There have been
many previous reports on the electrical properties of PZT-PZN ceramics [14-16].
However, there has been no systematic study on the influence of an applied stress on
the dielectric properties of the PZT-PZN ceramics. Therefore, it is the aim of this
study to determine the dielectric properties of the (/-x)PZT-(x)PZN ceramics as a

function of compressive stress.

EXPERIMENTAL METHOD

In this study, (/-x)Pb(Zr,,Ti;2)O3—(x) Pb(Zn;3Nby;3)O3 (with x = 0.1-0.5) ceramics
were prepared from starting PZT and PZN powders by a conventional mixed-oxide
method via vibro-milling technique [21]. Perovskite-phase PZN powders were
obtained from the columbite method with zinc niobate (ZnNb,Og) selected as the
precursor, while PZT powders were prepared by a simple mixed-oxide method [22].
For optimization purpose, the sintering was carried out at temperatures between 1200
and 1250 C for 2 h. Details of the processing and characterizations were provided
elsewhere [21-23].

Before studying the dielectric properties, the specimens were lapped to obtain
parallel faces. After coating with silver paint as electrode at the faces, the specimens

were heated at 750 C for 12 min to ensure the contact between the electrode and

surface of ceramic. All the ceramics were then poled at 150 C under a field of 25



kV/cm prior to testing. To study effects of the compressive stress on the dielectric
properties of the ceramics, the compressometer was constructed [8-11]. The dielectric
properties were measured by LCR-meter (Instrek LCR-821). The room temperature
(25 C) capacitance and the dielectric loss tangent were obtained at frequency of 1
kHz under compressive stress up to 230 MPa. The dielectric constant was then
calculated from a parallel-plate capacitor equation, e.g. ;= Cd/ (A, where C is the
capacitance of the specimens, d and A are, respectively, the thickness and the area of

the electrode, and | is the dielectric permittivity of vacuum (8.854 x 1072 F/m).

RESULTS AND DISCUSSION

The results from X-ray diffraction studies, not shown here, indicate that complete
crystalline solutions of perovskite structure are formed throughout the composition
range between x = 0.1 and 0.5. In general, tetragonal symmetry is observed at low
PZN contents (x =0.1 and 0.2), in agreement with other workers [14,16]. By the
influence of PZN, however, the rhombohedral symmetry has developed in
compositions with x = 0.3. Similar microstructure characteristics are observed in
these samples, i.e. uniformly sized grains with a high degree of grain close-packing,
and almost no abnormal grain growth. All ceramic compositions display very similar
grain size range between 1 and 3 m. Since the physical and microstructure features
of all ceramic compositions are not significantly different, these parameters should
not play an important role in the composition-dependent dielectric properties under

the compressive stress discussed in the following paragraphs.



The dielectric properties, i.e. dielectric constant ( ), are measured as functions
of both temperature and frequency, as shown in Fig. 1. As listed in Table 1, the
maximum dielectric constant is comparatively higher in values in ceramic
compositions with x = 0.1 and 0.2. With sharp phase transitions, the dielectric
properties of these compositions are nearly independent of frequency, except in the
vicinity of the phase transformation temperature; a typical characteristic of normal
ferroelectrics [14,16]. When more PZN is added, the dielectric behavior is shifted
towards that of relaxor materials. The dielectric properties of the compositions with x
= 0.3 exhibit a diffuse phase transition with dielectric peak broadening [16]. All these
behaviors indicate a morphotropic phase boundary (MPB) of PZT-PZN system
between x = 0.2 and 0.3, as reported earlier [14]. The room temperature dielectric
properties measured under stress-free condition are also listed in Table 1. It is clearly
seen that dielectric constant ( ;) of (/-x)PZT—(x)PZN ceramics increases with
increasing PZN content. This observation could be attributed to a high dielectric
constant of PZN and a closer to ambient temperature T¢ for PZT-PZN compositions
with higher PZN content [16].

The experimental results of the compressive stress dependence of the
dielectric properties during loading and unloading for the ceramics in PZT-PZN
system are displayed in Figs. 2 and 3. For better comparison, the dielectric properties
of each composition under stress are normalized to the stress-free values. Clearly,
there is a considerable change of both the dielectric constant and the dielectric loss
tangent with the compressive stress. As depicted in Fig. 2, the changes of the

dielectric constant with the stress can be divided into two groups. For tetragonal



compositions, the dielectric constant decreases drastically with the applied stress. The
dielectric constant decreases more than 15-30% when the stress reaches 230 MPa and
only returns to slightly less than 80-85% of their original values when the stress is
removed. The changing of the dielectric constant with increasing and decreasing the
stress does not follow the same path. On the other hand, for the rhombohedral
compositions, i.e., with x values of 0.3-0.5, the change is minimal. The dielectric
constant is actually rather stable within this range of the stress. The dielectric constant
of these compositions initially increases then decreases with very little difference in
the dielectric constant between stress-free and maximum stress conditions. In
addition, the dielectric constants during loading and unloading are not significantly
different. Similar trend is also observed for the compressive stress dependence of the
dielectric loss tangent (tan ), as shown in Fig. 3. It is also noticed that the changes in
the dielectric properties with the compressive stress obtained in this study are in parts
similar to those for PMN-PZT and PMN-PT systems in earlier investigations [12,13].
To understand these experimental results, at least qualitatively, various effects
have to be considered. When the compressive stress is applied in the direction parallel
to the poling direction, the stress will move some of the polarization away from the
poling direction resulting in a change in domain structures, which may undergo
domain switching through non-180 domain walls, de-aging, clamping of domain
walls, and stress induced decrease in switchable part of spontaneous polarization
[6,7,12,13]. It should be noted that ceramic compositions with tetragonal symmetry
contain 180° and 90° domains, while those with rhombohedral symmetry consist of

180° 109° and 71° domains [4,19]. These types of domains response to the



compressive stress differently. Earlier TEM studies by Vittayakorn et al. [16]
revealed mainly the 90° domain configurations in tetragonal compositions and the
disrupted domains in the rhombohedral compositions.

The experimental observations, which show drastic decreases in both
dielectric constant and dielectric loss tangent with increasing stress in the tetragonal
compositions, i.e. 0.9PZT-0.1PZN and 0.8PZT-0.2PZN, can be attributed to the
switching of 90° domains, which causes the significant decrease in the dielectric
constant, as seen in Fig.2. For the rhombohedral compositions, the observed changes
can be attributed to competing influences, in an opposite way, of the intrinsic
contribution of domains and the extrinsic contribution of re-polarization and growth
of micro-polar regions. Under the applied compressive stress, the non-180° domain
wall density increases. Hence the increase of the dielectric constant is observed. The
de-aging mechanism, which also increases the dielectric constant [11-13], is also
expected to play a role here. Therefore, a combination of the domain switching and
the de-aging mechanisms is believed to be a reason for the slight increase of the
dielectric constant during low-stress application. With further increase in the stress,
the stress clamping of domain walls, which results in a decrease of domain wall
mobility, and the stress induced decrease in switchable part of spontaneous
polarization are expected to play a role in the decrease of the dielectric constant
[11,12]. Therefore, the dielectric constant of these compositions is seen to be rather
stable with the applied stress. Similar observation has also been reported in PMN-PT
ceramics [12]. The cause of the stress dependence of the dielectric loss tangent is a

little more straightforward. As depicted in Fig. 3, the clamping of the domain walls



under the compressive stress results in a decrease of domain wall mobility and
reduces the dielectric loss tangent [11]. This is a reversible effect with the domain
wall mobility returning to near the original values when the applied stress is removed,
as seen in Fig. 3 that the dielectric loss tangents return to near their original values
after a stress cycle. In addition, a significant decrease in the dielectric constant after
a full cycle of stress application in the tetragonal compositions has been observed and
attributed to the stress induced decrease in switchable part of spontaneous

polarization at high stress and the irreversible 90° domain switching [7,12].

CONCLUSIONS

In this study, effects of compressive stress on the dielectric properties of PZT-PZN
ceramics with a formula (/- x)Pb(Zr;;Tii2)O3 xPb(Zn;;sNbys)Os or (1-x)PZT-
(x)PZN (x = 0.1-0.5) have been investigated under stress up to 230 MPa. The
superimposed compression stress had pronounced effects on both the dielectric
constant and the dielectric loss tangent of PZT-PZN ceramics, especially in tetragonal
compositions. The observations were mainly interpreted in terms of domain switching
through non-180 domain walls, clamping of domain walls, de-aging, and the stress

induced decrease in switchable part of spontaneous polarization.
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Table 1. Characteristics of PZT-PZN ceramics with optimized processing conditions
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Figure 1. Temperature and frequency dependence of dielectric constant of (1-x)PZT-
(X)PZN ceramics (measured at 1 kHz).

Figure 2. Relative changes of dielectric constant ( ;) with compressive stress for (1-
X)PZT-(x)PZN ceramics (measured at 25 °C and 1 kHz; solid arrows
indicate loading direction).

Figure 3. Relative changes of dielectric loss tangent (tan ) with compressive stress
for (1-x)PZT-(x)PZN ceramics (measured at 25 °C and 1 kHz; solid

arrows indicate loading direction).
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Table 1. Characteristics of PMN-PT ceramics with optimized processing conditions.

Sintering Density Tc Stress-Free
Ceramic Temperature Dielectric Properties
3 8r, room er, max
O (g/lem’)  (°O)
0.9PZT-0.1PZN 1250 6.95 375 1011 14676
0.8PZT-0.2PZN 1250 6.34 338 1153 18210
0.7PZT-0.3PZN 1225 7.45 306 1265 9610
0.6PZT-0.4PZN 1200 7.55 278 1349 11241
0.5PZT-0.5PZN 1200 7.75 259 1561 13181
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Effects of Vibro-Milling Time and Calcination on
Phase Formation and Particle Size of
Lead Zirconate Nanopowders
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Effect of calcination conditions on phase formation and particle size of
lead zirconate (PbZrO;) powders synthesized by a solid-state reaction with
different vibro-milling times was investigated. It was found that the calcination
time for the formation of pure PbZrO; was lower when longer milling times were
applied. More importantly, by employing an appropriate choice of the milling
time and calcination conditions, PbZrOs; nanopowders have been successfully

prepared with a simple solid-state reaction method.

Keywords: Lead zirconate; Milling; Nanopowders; Phase formation; Particle size



1. INTRODUCTION

In recent years, some interest on the preparation of lead zirconate,
PbZrO; or PZ, nanopowders and PZ-based ceramics appeared to be revived with
regard to potential applications of their excellent properties for
electromechanical actuators and pyroelectric sensors [1,2]. 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 [1,2]. In this connection,
different preparative methods have been introduced, such as co-precipitation [3],
sol-gel [4], citrate combustion [5], hydrothermal [6] and microemulsion method
[7]. All these techniques are aimed at reducing the temperature of preparation of
the compound even though they are more expensive, involved and complicated
in approach than the solid-state reaction method. Moreover, high purity of PZ
nanopowders are still not available in mass quantity. Therefore, in the present
work, a simple mixed oxide method employing a rapid vibro-milling technique
previously advocated by the authors [8,9] has been adopted to resolve these
problems. Although some research has been done in the preparation of PZ
powders via a vibro-milling technique [8], to our knowledge a systematic study
regarding the influence of milling time on the synthesis of PZ powders has not
yet been reported. Thus, in this work, the effect of milling times 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 method to



obtain usable quantities of single-phase PZ powders at low temperature and with

nanosized particle was also examined.

2. EXPERIMENTAL PROCEDURE

The raw materials used were commercially available lead oxide, PbO and
zirconium oxide, ZrO, (Fluka, >99% purity). The two oxide powders exhibited
an average particle size in the range of 3.0 to 5.0 um. In order to improve the
reactivity of these raw materials, a McCrone vibro-milling technique [8,9] was
carried out for 20 and 30 h (instead of 30 min [8]) with corundum media in
isopropyl alcohol (IPA). After drying at 120 °C, various calcination conditions
were applied in order to investigate the formation of PbZrOs;. All powders were
examined by X-ray diffraction (XRD; Siemens-D500 diffractometer) using Cuk,
radiation. The crystalline lattice constants and average particle size were also
estimated from XRD patterns [9]. The particle size distributions of the powders
were determined by laser diffraction technique (DIAS 1640) with the particle
sizes and morphologies of the powders observed by scanning electron

microscopy (JEOL JSM-840 A SEM).

3. RESULTS AND DISCUSSION

From Figs. 1 and 2, it is seen that for the uncalcined powders (1(a) and
2(a)), only X-ray peaks of precursors PbO ( ) and ZrO, (o) are present,
indicating that no reaction was yet triggered during the vibro-milling process.

However, after calcination at 750 °C (or 700 °C) for powders milled at 20 h (or



30 h), it is seen that the perovskite-type PbZrO; ('¥) becomes the predominant
phase indicating that the reaction has occurred to a considerable extent. The
peaks of ZrO, phase were completely eliminated after calcination at 750 C for
at least 3 h (or 2 h) for powders milled at 20 h (or 30 h). However, it should be
noted that after calcination at 800 °C for 2 h (or 1 h) for powders milled at 20 h
(or 30 h), the single phase of perovskite PZ (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 PbZrO; (JCPDS file number 35-0739),
consistent with other works [3,8]. In this study, it is seen that by varying the
calcination temperature, the minimum dwell time at a given firing temperature
for the single phase formation of each milling batch is gradually decreased with
increasing milling time. This was apparently a consequence of the enhancement
in crystallinity of the perovskite phase with increasing degree of mixing, in good
agreement with other works [8,9].

However, there is evidence that, minor amount of the unreacted PbO
phase tends to coexist along with the PZ phase, agreed with earlier works
[10,11]. The appearance of PbO phase indicated that full crystallization has not
occurred at relatively lower firing temperature. This could be caused by that, at
low temperatures, the thermal energy is not enough to bring about the full PZ
crystallization process. Therefore, in the present study, an attempt was also made
to compensate the low firing temperatures with some optimum condition of

calcinations, milling time and heating/cooling rates (Figs. 1 (f-h) and 2 (e-g)). In



this connection, it is shown that the yield of PbZrO; phase did not vary
significantly with different heating/cooling rates ranging from 10 to 30 °C/min,
in good agreement with the early observation for the PbZrO; powders subjected
to 0.5 h of vibro-milling time [8]. However, one successful achievement can be
obtained in this work which is that the single phase of PZ is found at lower
temperature by increasing milling time (Fig. 1(e) v.s. Fig. 2(e)). It should be
noted that no evidence of the introduction of impurity due 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
PbZrO; nanopowders.

The variation of calculated crystallite size 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 zirconate decreases with increasing milling
time or with faster heating/cooling rates. 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 [9]. The
morphological evolution and particle size distribution during various calcination
conditions of PZ powders milled with different times were investigated as shown
in Fig. 3. In general, the particles are agglomerated and basically irregular in
shape, with a substantial variation in particle sizes and size distribution,
particularly in powders subjected to prolong milling times or with faster

heating/cooling rates (Fig. 3 (b-d)). The powders consist of primary particles of

50-318 nm in size and the agglomerates measured 72-2010 nm. The



experimental work carried out here suggests that the optimal combination of the
milling time and calcination condition for the production of single-phase PbZrO;
nanopowders is 30 h and 800 °C for 1 h with heating/cooling rates of 30 °C/min,
respectively. Moreover, the employed heating/cooling rates for PbZrOs; powders

observed in this work are also faster than those reported earlier [9-11].

4. CONCLUSIONS

This work demonstrated that by applying an appropriate choice of the
vibro-milling time and calcination conditions, mass quantities of a high purity
lead zirconate nanopowders can be successfully produced by a simple solid-state

mixed oxide synthetic route.
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Table Caption:
Table 1 Effect of milling times on the variation of particle size of PZ powders

measured by different techniques.

Figure Caption:

Figure 1 XRD patterns of the 20 h milling powders (a) uncalcined and calcined
with heating/cooling rates of 10 C/min at 750 C for (b) 2 h, (¢) 3 h
and (d) 4 h, and at 800 C for (e) 1 h and (f) 2 h, and at 800 C for 2 h
with heating/cooling rates of (g) 20 C/min and (h) 30 C/min.

Figure 2 XRD patterns of the 30 h milling powders (a) uncalcined and calcined
at (b) 700 C for2 h, 750 C for (c¢) 2 h and (d) 4 h, and at 800 C for 1
h with heating/cooling rates of (¢) 10 C/min, (f) 20 C/min and (g) 30

C/min.

Figure 3 SEM micrographs and the corresponding particle size distributions of
PZ powders milled for (a) 20 h and calcined at 800 C for 2 h with
heating/cooling rates of 10 C/min and (b) 30 h and calcined at 800 C
for 1 h with heating/cooling rates of 10 C/min, (¢) 20 C/min and (d)

30 C/min.



Table 1

Milling  Calcination XRD SEM Laser scattering
. condition
time T/D/R A a b c D P D P
(h) (Ch: C/min)  (nm)  (nm) (nm) (nm)  (nm) (nm)  (nm) (nm)
20 800/2/10 85.39 0.8246 1.1724 0.5875 243 137-318 620 227-2010
30 800/1/10 71.42 0.8220 1.1670 0.5869 152 112-212 420 336-1200
30 800/1/20 5891 0.8232 1.1700 0.5867 127  56-200 286  150-1050
30 800/1/30 47.50 0.8239 1.1730 0.5852 140  50-268 212 72-950

A = Crystallite size

a, b, ¢ = Lattice parameters

D = Average particle size

P = Particle size range or distribution

T:D:R = Calcination temperature:dwell time:heating/cooling rates.
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Effect of Calcination Condition on Phase
Formation of Zirconium Titanate Powders
Synthesized by the Solid-State Reaction
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Zirconium titanate (ZrTiO4; ZT) powders have been prepared by using a
solid-state reaction combined with a vibro-milling technique. The effects of
calcination temperature, dwell time and heating/cooling rates on phase formation
and morphology of the powders were examined. The calcination temperature and
dwell time have been found to show a pronounced effect on the phase formation
of the calcined zirconium titanate powders. Additionally, the minor phase of
unreacted TiO, tends to form together with ZrTiO4, depending on calcination
conditions. It is seen that optimization of calcination conditions can lead to 100%

yield of an orthorhombic ZrTiO4.

Keywords : Zirconium titanate; Calcination; Phase formation; Solid-state

reaction



1. INTRODUCTION

Zirconium titanate-based compounds have attracted great interest as
dielectric resonators for microwave telecommunications [1,2]. They are also
promising materials for applications in catalysis, humidity sensor and high-
temperature pigment [1,3]. Moreover, zirconium titanate (ZrTiO4 or ZT) is well
known as the alternative precursor for the successful preparation of single-phase
perovskite Pb(Zr,Ti)Os; (PZT), which is becoming increasingly important for
transducer, actuator and ultrasound applications [1,4].

The stoichiometry of zirconium titanate (ZT) is known to be an important
factor for ensuring good properties [1,2]. Generally, the mixed oxide method
involves the heating of a mixture of zirconium oxide and titanium oxide above
1200 - 1600 °C for long times [5], and has been employed intensively in the last
decade [4,6]. The optimization of calcination conditions used in the mixed oxide
process, however, has not received detailed attention, and the effects of applied
dwell time and heating/cooling rates have not yet been studied extensively to our
knowledge.

Therefore, the main purposes of this work were to explore a simple
mixed oxide synthetic route for the production of ZrTiO4 powders via a vibro-
milling technique and to perform a systematic study of the reaction between the
starting zirconium oxide and titanium oxide precursors. The phase formation and
morphology of the powders calcined at various conditions will be studied and

discussed.



2. EXPERIMENTAL PROCEDURE

The starting materials were commercially available zirconium oxide,
ZrO;, (baddeleyite: JCPDS file number 37-1484) and titanium oxide, TiO,
(anatase: JCPDS file number 21-1272) (Fluka, 99.9% purity). The two oxide
powders exhibited an average particle size in the range of 3.0 to 5.0 m. ZrTiO4
powder was synthesized by the solid-state reaction of thoroughly ground
mixtures of ZrO, and TiO, powders that were milled in the required
stoichiometric ratio. Instead of employing a ball-milling procedure with ZrO,
media under isopropanal for 24 h [7], use was made of a McCrone vibro-milling
[4]. In order to improve the reactivity of the constituents, the milling process was
carried out for 1 h with corundum media in isopropanal. After drying at 120 °C,
the milled powders were calcined at various conditions (inside a closed alumina
crucible) in order to investigate the formation of ZrTiO4. The reactions of the
uncalcined ZT powders taking place during heat treatment were investigated by a
combination of thermogravimetric and differential thermal analysis techniques
(TG-DTA, Shimadzu) using a heating rate of 10 °C/min in air. Calcined powders
were subsequently examined by X-ray diffraction (XRD; Siemens-D500
diffractometer) using CuK, radiation to identify the phases formed and optimum
calcination for the manufacture of ZT powder. Powder morphologies were

directly imaged using scanning electron microscopy (SEM; JEOL JSM-840A).



3. RESULTS AND DISCUSSION

The TG-DTA simultaneous analysis of a powder mixed in the
stoichiometric proportions of ZrTiO4 is shown in Fig. 1. The TG curve shows
three distinct weight losses. In the temperature range from room temperature to ~
100 °C, large endothermic peak (i) is observed in the DTA curve, consistent with
the first weight loss. This observation can be attributed to the decomposition of
the organic species from the milling process [8]. Corresponding to the second
fall in the sample weight, by increasing the temperature up to ~ 900 °C, both
small exothermic and endothermic peaks ((ii) and (iii)) are detected in the DTA
curve. There is no obvious interpretation of these peaks, although it is likely to
correspond to the anatase/rutile transformation of TiO,, reported by a number of
workers [8]. Increasing the temperature up to ~ 1400 °C, the solid-state reaction
occurs between ZrO, and TiO,. The broad exotherm with several small peaks in
the DTA curve represents that reaction, which has maxima at ~ 900 and 1150 °C.
This is supported by a third fall in sample weight over the same temperature
range.

To further study the phase development with increasing calcination
temperature, the powders were calcined for 4 h with heating/cooling rates of 10
°C/min in air at various temperatures followed by phase analysis using XRD. As
shown in Fig. 2, for the uncalcined powder subjected to 1 h of vibro-milling,
only X-ray peaks of precursors ZrO, (V) and TiO; ('¥), which could be matched
with JCPDS file numbers 37-1484 and 21-1272 [8], respectively, are present,

indicating that no reaction had yet been triggered during the milling process. It is



seen that fine ZrTiO4 crystallites (®) were developed in the powder at a
calcination temperature as low as 1000 °C, accompanying with ZrO, and TiO, as
separated phases. This observation agrees well with those derived from the TG—
DTA results and previous investigation [8]. As the temperature increased to 1400
°C, the intensity of the ZT peaks was further enhanced and became the
predominant phase. Upon calcination at 1450 °C, an orthorhombic ZrTiO4
(JCPDS file number 34-0415) is obtained. Depending on the calcination
conditions, at least three minor phases were identified, i.e. baddeleyite-ZrO, (V),
anatase-Ti0; (¥) and rutile-TiO; (+), which can be correlated with JCPDS file
numbers 37-1484, 21-1272 and 21-1276, respectively. It is well established that
there are a number of polymorphic forms of TiO, stable at different temperatures
and pressures. In the work reported here, the anatase/rutile transformation of
Ti0; has been found. It is seen that a completed conversion of anatase-TiO, (V)
precursor to rutile-TiO, (+) was found after calcination at 950 °C, in agreement
with other works [8.9].

Apart from the calcination temperature, the effect of dwell time was also
found to be quite significant (Fig. 3). It is seen that the single phase of ZrTiO4
(yield of 100% within the limitations of the XRD technique) was found to be
possible only in powders calcined at 1400 °C for 6 h or at 1450 °C for at least 2
h. In the present study, an attempt was also made to calcine ZT powders under
various heating/cooling rates. In this connection, it is found that the yield of
ZrTiO4 phase did not vary with the heating/cooling rates ranging from 10 to 30

°C/min, consistent with earlier work [4].



The morphological changes in the ZrTiO4 powders formed by a mixed
oxide are illustrated in Fig. 4(a-d) as a function of calcination conditions. In
general, the particles are agglomerated and irregular in shape, with a variation in
particle size, particularly in samples calcined at high temperature (Fig. 4(c)) or
with longer dwell times (Fig. 4(b,d)). The results indicate that difference in
particle size and degree of agglomeration tends to increase with calcination
temperatures (Table 1). After calcination at 1500 °C for 4 h (Fig. 4(d)), the
powders seem to display a significant level of necking and bonding as if they
were in the initial stages of sintering. To the authors’s knowledge, the present
data are the first results for the morphology-calcination relationship of ZrTiO4
powders prepared by the solid-state reaction. It is also of interest to point out that
mass production of single-phase ZrTiO4 powders with the smallest particle size ~
0.18 m (estimated from SEM micrographs) can be achieved by employing a

simple solid-state reaction combined with a vibro-milling technique.

4. CONCLUSIONS

Single-phase of zirconium titanate powders with primary particles
ranging between 0.18 and 6.35 um in diameter may be produced by employing a
solid-state reaction process using oxides as starting materials. Evidence has been
obtained for a 100% yield of an orthorhombic ZrTiOs at a calcination

temperature of 1450 °C for 2 h with heating/cooling rates of 30 °C/min.
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Table Caption

Table 1 Particle size range of ZrTiO4 powders calcined at various conditions.

Figure Caption

Figure 1

Figure 2

Figure 3

Figure 4

TG-DTA curves for the mixture of ZrO,-TiO, powders.

XRD patterns of ZT powder calcined at various temperatures for 4 h
with heating/cooling rates of 10 °C/min.

XRD patterns of ZT powders calcined with heating/cooling rates of
10 °C/min at 1400 °C for (a) 4 h, (b) 5 h and (c) 6 h, at 1450 °C for
(d) 1 hand (e) 2 h, and (f) at 1500 °C for 1 h.

SEM micrographs of the ZT powders calcined with heating/cooling
rates of 30 °C/min at 1450 °C for (a) 2 h and (b) 4 h, at 1500 °C for

(c) 1 hand (d) 4 h.
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Table 1

Calcination conditions Particle size
. . . range
Temperature Dwell times Heating/cooling ( 0.05um)
°O) (h) rates (°C/min)
1450 2 10 0.25-3.00
1450 2 20 0.35-3.15
1450 2 30 0.49-3.16
1450 4 30 0.18-3.43
1500 1 30 0.78 - 5.53
1500 4 30 0.33-6.35
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A Two-Stage Solid-State Reaction to
Lead Zirconate Titanate Powders
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An approach to synthesize lead zirconate titanate (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 lead zirconate
(PbZrO3) was employed as starting precursor. The formation of perovskite phase
in the calcined powders has been investigated as a function of calcination
temperature. It has been found that the perovskite PbZrO; and PbTiO;3 phases
tend to form together with PZT, with the latter appearing in both tetragonal and
rhombohedral phases, depending on calcination temperatures. It is seen that

optimization of calcination can lead to 100% yield of PZT phase.

Keywords: Lead zirconate titanate; PZT powders; Solid-state reaction



1. INTRODUCTION

There has been a great deal of interest in the preparation of single-
phase lead zirconate titanate, Pb(Zr;,Ti,)O; or PZT, powders as well as in
the sintering and piezoelectric properties of PZT-based ceramics [1]. The
reaction sequence through which PZT is formed by solid-state reaction has
been investigated by many workers but with varying approaches [2-4].
Mori el at. [2] 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 (PbTiOs) and zirconium oxide (ZrO,), which later
homogenized to form the PZT phase. On the other hand, zirconium
titanate-based compositions were also proposed as alternative key
precursor for a two-step reaction sequence by other workers [3,4]. The
essentially pyrochlore-free PZT powders obtained could be attributed to
their high reactivity with PbO. However, high firing temperatures (> 1200
°C) are required for the formation of mixed-oxide derived zirconium
titanate-based powders [4,5]. Moreover, the preparation of PZT using
PbZrO; precursor, to date, has not been as extensive as that of PZT using
PbTiO; or zirconium titanate-based precursors. Thus, the purpose of this

study was to synthesize and investigate the PZT powders prepared by a



two-stage solid-state reaction with lead zirconate (PbZrOs;) as a key

precursor.

2. EXPERIMENTAL PROCEDURE

The modified mixed oxide method was developed for preparation
of Pb(Zr, 5Tiy5)O3 powders, analogous to the synthesis of other perovskite
powders [5]. Starting precursors were PbO, ZrO, and TiO, (Fluka, > 99%
purity). These three oxide powders exhibited an average particle size in the
range of 5.0 to 10.0 m. First, an intermediate phase of lead zirconate,
PbZrO;, was separately prepared by the solid-state reaction method
previously reported [6]. In the second stage, TiO, and excess PbO were

reacted with PbZrOj; to give the final product of PZT:

PbO (s) + ZrO, (s) => PbZrO; (s) (1)

OSPbZI'O3 (S) + 0.5PbO (S) + 05T102 (S) => Pb(Zr0.5TiO.5)O3 (S) (2)

Instead of employing a ball-milling procedure [2], a McCrone
vibro-milling was used. In order to improve the reactivity of the
constituents, the milling process was carried out for 1 h (instead of 30 min
[4]) with corundum media in isopropanal. After drying at 120 °C, various

firing temperatures (inside a closed alumina crucible) were applied in



order to investigate the formation of PZT phase in each calcined powders.
The reactions of the uncalcined powders taking place during heat
treatment were investigated by a combination of thermogravimetric and
differential thermal analysis techniques (TG-DTA, Shimadzu) using a
heating rate of 10 °C/min in air. Calcined powders were subsequently
examined by room temperature X-ray diffraction (XRD; Siemens-D500
diffractometer) using CuK, radiation to identify the phases formed and
optimum calcination temperature for the manufacture of PZT powders.
Powder morphologies were directly imaged using scanning electron

microscopy (SEM; JEOL JSM-840A).

3. RESULTS AND DISCUSSION

As shown in Fig. 1, in the temperature range from room
temperature to ~ 150 °C, the sample shows both exothermic and
endothermic peaks in the DTA curve, consistent with a drop in weight loss
over the same temperature range. This observation can be attributed to the
decomposition of the organic species from the milling process [4], in
agreement with other works [5,6]. Increasing the temperature up to ~ 900
°C, the solid-state reaction occurred between PbZrO; and TiO,. The broad
exotherm from 300 to 750 °C in the DTA curve represents that reaction,

which is not associated with a weight loss. This may correspond to a phase



transformation or to reaction between solids in this temperature range not
involved with any weight change [7]. Finally, a significant drop in weight
loss is also observed above 650 °C associated with the DTA peaks at the
same temperature range. This may be attributed to full crystallization of
PZT phase together with the PbO volatilization commonly found in the
lead-based perovskites [5,6]. These data and literature [4] were used to
assign the range of calcination temperatures for XRD investigation.

To further study the phase development with increasing calcination
temperature, the powders were calcined for 1 h with heating/cooling rates
of 10 °C/min at various temperatures followed by phase analysis using
XRD. As shown in Fig. 2, for the uncalcined powder, only X-ray peaks of
precursors PbZrO; (?), PbO (?) and TiO, ('¥), which could be matched
with JCPDS file numbers 77-1971, 35-0739 and 21-1272, respectively, are
present, indicating that no reaction had yet been triggered during the
milling process. It is seen that PZT crystallites (V) were already found in
the powders at a calcination temperature as low as 600 °C, accompanying
with PbZrO; and PbTiO; as separated phases. This observation agrees well
with those derived from the TG-DTA results. The occurrence of PbTiOs in
this work can be attributed to the result of formation between PbO and

Ti0, precursors during firing process as proposed by Matsua and Sasaki

18],



As the temperature increased to 800 °C, the intensity of the PZT
peaks was further enhanced and became the predominant phase. The
optimum calcination temperature for the formation of a high purity PZT
phase was found to be about 900 °C, i.e. slightly higher than the
exothermic temperature in Fig. 1. In general, the strongest reflections
apparent in the majority of the XRD patterns indicate the formation of two
PZT phases. These can be matched with JCPDS file number 73-2022 and
33-0748 for the rhombohedral Pb(ZrsgTip4,)O; and tetragonal
Pb(Zry 5, Tig43)O5 (Fig. 2), respectively. As is well known, the variation in
composition may lead to a diffuse morphotropic phase boundary (MPB)
between the tetragonal and rhombohedral PZT phases [1]. The most
obvious difference between the patterns for tetragonal and rhombohedral
PZT phases concerns the presence of a splitting of (002)/(200) peak at 27
about 43°-46° for the former phase (inset shown in Fig. 2). It is seen that
the thombohedral PZT phase is always present in the product. This study
also shows that minor amount of the intermediate phases of PbZrO; and
PbTiO; tends to coexist along with the PZT phase, agreed with earlier
work [9]. Upon calcination at 900 °C with heating/cooling rates of 10 or 30
°C/min, the phases of PbZrO; and PbTiO; have been found to completely
disappear, and crystalline PZT of both tetragonal and rhombohedral is the

only detectable phase in the powder. The finding condition is close to that



of Fernandes et al. [10] (900 °C for 1 h with heating/cooling rates of 5
°C/min) but with significantly faster heating/cooling rates. By increasing
temperature up to 1000 °C, the yield of the tetragonal PZT phase seems to
increase.

The experimental work carried out here suggests that the optimal
calcination condition for single-phase PZT (with impurities undetected by
XRD technique) is 900 °C for 1 h, with heating/cooling rates of 30 °C/min.
The morphology of these PZT powders was also examined as illustrated in
Fig. 3. In general, the particles are basically irregular in shape with
substantial agglomerations. This observation is also similar to that of PZT
powders synthesized by previous researchers [4,10] but with smaller

particle sizes of about 74-725 nm (estimated from SEM micrographs).

4. CONCLUSIONS

Perovskite phase of PZT powders may be produced by employing a
two-stage solid stage reaction process using PbZrO; as precursor.
Evidence has been obtained for a pure PZT phase after calcined at 900 °C

for 1 h with heating/cooling rates of 30 °C/min.
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Figure Caption:

Figure 1 TG-DTA curves for the mixture of PbZrO;-PbO-TiO, powders.

Figure 2 XRD patterns of PZT powders calcined at various conditions for 1 h
(inset: enlarged XRD peaks for the tetragonal (T) and rhombohedral
(R) phases as a function of calcination temperatures).

Figure 3 SEM micrograph of the PZT powders calcined at 900 °C for 1 h with

heating/cooling rates of 30 °C/min.
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ABSTRACT

In this study, the (1-x)Pb(Mg;/3Nby/3)O3—xPbTiO3 (when x = 0.1, 0.3 and 0.5)
ceramics were prepared from PMN and PT powders by a mixed-oxide method. The
dielectric properties of the ceramics were measured as functions of both temperature (-
150 - 400 °C) and frequency (100 Hz - 1 MHz). The results indicated that the dielectric
properties of pseudo-cubic phase 0.9PMN-0.1PT and tetragonal phase 0.5PMN-0.5PT
ceramics followed that of relaxor and normal ferroelectric behaviors, respectively,
while the dielectric behaviors of a near MPB phase 0.7PMN-0.3PT ceramic showed a
mixture of normal and relaxor ferroelectric behaviors. In addition, the Curie
temperature (Tc¢) increased with increasing PT contents, while the diffusivity
decreased. This confirmed a gradual transition from a relaxor ferroelectric behavior in
0.9PMN-0.1PT to a normal ferroelectric behavior in 0.5PMN-0.5PT. The difference in

dielectric behaviors was attributed to the structural symmetry of the ceramics.

Key words : PMN-PT, Dielectric Properties



1. INTRODUCTION

Ceramics are one of many classes of electronic materials. The electronic
industries are demanding smaller, higher packing density and higher frequency
electronic devices [1]. Among those features, volume efficiency can be easily
improved by reduction of the dimensions of devices and by increasing the dielectric
constant of the materials used. This is particular the case for capacitor industry, in
which uses of high dielectric constant ceramics are of great success. A family of
materials which dominates the industry is lead-based ferroelectrics, especially lead
magnesium niobate, Pb(Mg;;sNby3)O; or PMN, and its solid solution with lead
titanate, PbTiO; or PT, the so-called PMN-PT compounds, which show dielectric
constant in excess of 20,000, making them candidate materials for capacitors [2]. In
addition, they exhibit electrostrictive behavior at temperatures above their transition
temperatures. This particular feature leads to their uses in transducers and actuators
[3.4].

Lead magnesium niobate (PMN) is generally established as a representative of
relaxor ferroelectrics. Though the Curie temperature of PMN is well below room
temperature [5], it can be easily shifted upward with PT addition, a normal
ferroelectric compound which has a transition at 490 °C. A spontaneous phase
transition is indicated in the solid solution PMN-PT as a result of a change in the
degree of ordering induced by substitution of cationic sites. An addition of ~28% PT
causes the material to revert to a normal ferroelectric tetragonal phase with T¢ ~ 130
°C. The (1-x)PMN-(x)PT system also shows a morphotropic phase boundary (MPB)
near x ~ 0.4, separating pseudo-cubic phase and tetragonal phases. As observed in
other systems such as PZN-PT and PZT, anomalously large dielectric and piezoelectric

properties are observed for compositions lying near the MPB [6]. This study is aimed



at investigating the dielectric properties, as functions of both temperature and
frequency, of ceramics in PMN-PT system. In particular, three compositions, 0.9PMN-
0.1PT, 0.7PMN-0.3PT, and 0.5PMN-0.5PT representing pseudo-cubic, near MPB, and
tetragonal phases, respectively, are chosen for the study to examine the roles of MPB

as well as to establish the structure-property relations for the PMN-PT system.

2. MATERIALS AND METHODS

The Pb(Mg;3Nb,/3)O3-PbTi0O;3 ceramics were prepared from PMN and PT powders
by a mixed-oxide method. Perovskite-phase PMN powders were obtained via a well-
known columbite method [7], while PT powders were prepared by a more
conventional mixed-oxide method. For PMN powders, the magnesium niobate
(MgNb,Og) powders were first prepared by mixing starting MgO (> 98%) (Fluka,
Switzerland) and Nb>Os (99.9%) (Aldrich, Germany) powders and then calcining the
mixed powders at 1100 °C for 3 hours with the heating/cooling rates of 20 °C/min.
This yielded a so-called columbite powder (MgNb,Og). The columbite powders were
subsequently ball-milled with PbO (99%) for 24 hours. The mixed powders were
calcined at 800 °C for 1 hour with the heating/cooling rates of 20 °C/min. X-ray
diffraction analysis was employed to confirm the formation of perovskite-phase PMN.
PT powders were prepared from reagent-grade PbO (99%) and TiO, (98.5%) starting
powders (Fluka, Switzerland). These powders were ball-milled for 24 hours and then
calcined at 600 °C for 1 hour with the heating/cooling rates of 20 °C/min. The (1-
x)Pb(Mg;/3Nb,3)O03-xPbTiO3 powders (when x = 0.1, 0.3 and 0.5) were subsequently
prepared from the precursor PMN and PT powders by a mixed-oxide technique.
Initially, PMN and PT powders for a given composition were weighed and then ball-

milled in ethanol for 24 hours. The mixed powders were calcined for 2 hours at 900,



800, and 750 °C for compositions with x = 0.1, 0.3, and 0.5, respectively, with the
heating/cooling rates of 20 °C/min. To fabricate PMN-PT ceramics, the calcined
powders were pressed hydraulically to form disc-shaped pellets 15 mm in diameter
and 2 mm thick, with 5 wt.% polyvinyl alcohol (PVA) as a binder. The pellets were
stacked in a covered alumina crucible. Finally, the sintering was carried out at a
sintering temperature for 2 hours with 15 min/°C heating and cooling rates. The
sintering temperature was optimized at 1240 °C for compositions with x = 0.1 and 0.3,
and at 1220 °C for composition with x = 0.5. More details of the powder and ceramic
preparation studies were described thoroughly in previous publication [8] and will not
be included in this present context, which is focused on the dielectric properties of the
successfully prepared ceramics.

The dielectric properties of the sintered ceramics were studied as functions of both
temperature and frequency with an automated dielectric measurement system. The
computer-controlled dielectric measurement system consisted of an LCR-meter
(Hewlett-Packard Precision LCR-Meter HP 4284A), a temperature chamber (Delta
Design 9023), and a computer system. The detailed description of this system was
explained elsewhere [9]. For dielectric property characterizations, the sintered
samples were lapped to obtain parallel faces, and the faces were then coated with
silver paint as electrodes. The samples were heat-treated at 750 °C for 12 min to
ensure the contact between the electrodes and the ceramic surfaces. The capacitance
and the dielectric loss tangent were determined over the temperature of —150 and 400
°C with the frequency ranging from 100 Hz to 1 MHz. The measurements were carried
out on cooling continuously. Before each cooling run, the samples were first heated up

to 400 °C and then cooling run was performed at the rate of 4 °C/min. The dielectric

constant was then calculated from & = Cd / €A, where C is the capacitance of the



sample, d and A were the thickness and the area of the electrode, respectively, and &

was the dielectric permittivity of vacuum (8.854 x 10™'* F/m).

3. RESULTS AND DISCUSSION

The experimental results on physical properties, the phase formation behavior,
and microstructure features of all the sintered ceramics are presented and discussed
thoroughly elsewhere [10]. Hence, these results will not be shown here. However, it
should be stated here that the sintered ceramics are in perovskite phase with a pseudo-
cubic crystal structure for 0.9PMN-0.1PT, and with a tetragonal crystal structure for
0.5PMN-0.5PT. It is of interest to see that 0.7PMN-0.3PT composition shows a mixed
pseudo-cubic and tetragonal symmetry, which confirms that the MPB of the PMN-PT
system lies between x =0.3 and 0.4 [6]. Table I includes the density and grain-size
range for all ceramic compositions. It should be noted that a variation in these physical
features could impose significant effects on dielectric properties. However, as seen in
Table I, the density and the grain size range are not significantly different and are not
expected to show marked effects on the dielectric properties of the ceramics.
Therefore, in this case it is reasonable to assume that the dielectric properties of the
ceramics are mainly influenced by their structural symmetry as will be discussed in the
following context.

The dielectric properties, e.g. dielectric constant (g;) and tan J, are measured as
functions of both temperature and frequency, as shown in Fig. 1 (a-c). As listed in
Table 1, the Curie temperature (T¢) (determined at measuring frequency of 1 kHz)
increases from 38 °C in 0.9PMN-0.1PT to 250 °C in 0.5SPMN-0.5PT. This is a direct

result of PT addition to PMN (T¢ ~ -8 °C) since PT itself has a Curie temperature of

490 °C [11]. The maximum dielectric constant for all the ceramics studied is in excess



of 20,000. This is clearly a reason for their potential applications in capacitors [1-4].
As shown in Fig. 1 (a), for 0.9PMN-0.1PT ceramic both dielectric constant (g;) and
dielectric loss tangent (tan d) exhibit strong temperature-frequency dependence below
the transition temperature. This is a typical dielectric behavior of relaxor ferroelectrics
[3], in which a strong temperature-frequency dependence is observed and the
temperatures of maximum dielectric constant and dielectric loss tangent are shifted to
higher temperature with increasing frequency. The maximum value of the dielectric
constant decreases with increasing frequency, while that of the dielectric loss tangent
increases. The dielectric properties then become frequency independence above the
transition temperature [12-14]. PMN is a well-known relaxor ferroelectric material
with diffused phase transition (DPT) as a result of a short-range ordered structure with
a nanometer scale heterogeneity in composition [12]. Small addition of PT to PMN
causes an increase in Tc, but the strong relaxor behavior still exists. In addition, since
0.9PMN-0.1PT ceramic has a pseudo-cubic symmetry it is therefore intrinsically
electrostrictive (i.e. its electrically-induced strain is quadratically proportional to the
applied electric field and is non-hysteretic) [4]. With its enhanced dielectric properties
at room temperature, as listed in Table 1, it is widely employed in transducers and
actuators [2-4].

Further increase in PT contents leads to more observable normal ferroelectric
behavior because PT 1is intrinsically a normal ferroelectric [3,4]. The dielectric
properties of 0.7PMN-0.3PT ceramic, as plotted in Fig. 1 (b), exhibit a mixture of both
normal and relaxor characteristics, in which the transition temperature is not shifted as
much as for relaxor 0.9PMN-0.1PT ceramic. Similar tendency has also been observed
in several prior investigations [12-14]. It should be noted that 0.7PMN-0.3PT ceramic

composition is close to MPB of the PMN-PT system. Therefore, its structural



symmetry is a mixture of pseudo-cubic and tetragonal, which in turn causes a mixture
of normal and relaxor characteristics observed for dielectric properties. With a
tetragonal symmetry, the 0.5PMN-0.5PT ceramic, on the other hand, exhibits a normal
ferroelectric behavior with a very sharp phase transition. As plotted in Fig. 1 (c), the
dielectric properties of 0.5SPMN-0.5PT ceramic change significantly with temperature,
but are nearly independent of frequency, except in the vicinity of the phase
transformation temperature. This is a typical characteristic of normal ferroelectric
ceramics with a long-range ordered structure [3,12]. It should also be noted here that
the dielectric properties in all ceramics increase significantly at high temperature as a
result of thermally activated space charge conduction [13,14].

When PT is added to form the binary system with PMN, the T¢ increases
monotonically, as shown in Table 1 and Fig. 2, and the dielectric behavior is shifted
from relaxor ferroelectric towards normal ferroelectric. The degree of broadening or
diffuseness is used to assess such behavior in the observed dielectric variation. This
could be estimated with the diffusivity (y) using the expression In(1/e; — 1/emax) vs (T-
Timax)'. The value of y can vary from 1, for normal ferroelectrics with a normal Curie-
Weiss behavior, to 2, for completely disordered relaxor ferroelectrics [13-16]. The
plots in Fig. 3 show that the variation is very linear. The mean value of the diffusivity
(y) is extracted these plots by fitting a linear equation. The values of y listed in Table 1
vary between 1.14 for 0.5SPMN-0.5PT and 1.96 for 0.9PMN-0.1PT. These results
confirm that diffuse phase transition occur in 0.9PMN-0.1PT ceramic (y = 1.96) with a
nearly complete disorder characteristic, while a strong normal ferroelectric behavior is
observed for 0.5PMN-0.5PT ceramic with y = 1.14. With the y value of 1.63,
0.7PMN-0.3PT ceramic is expected to possess a mixed behavior, as is confirmed by

the dielectric data plotted in Fig. 1 (b). In addition, it should also be noted that even if



it is established that the diffuseness could be caused by the decrease of grain size in a
perovskite ferroelectric material [12], the observed difference of the degree of the
diffuseness in this study is not a result of the grain size variation because of the

uniformity of the grain size range of the ceramics studied.

4. CONCLUSIONS

The (1-x)Pb(Mg;3Nb,/3)O3—xPbTiO3 (when x = 0.1, 0.3 and 0.5) ceramics are
prepared from PMN and PT powders by a mixed-oxide method. The dielectric
properties of the ceramics are determined as functions of both temperature and
frequency with an automated dielectric measurement system. The measurement takes
place over the temperature range of -150 °C and 400 °C with measuring frequency
between 100 Hz and 1 MHz. The results indicate that the dielectric properties of
pseudo-cubic phase 0.9PMN-0.1PT and tetragonal phase 0.5PMN-0.5PT ceramics
follow that of relaxor and normal ferroelectric behaviors, respectively, while the
dielectric behaviors of a near MPB phase 0.7PMN-0.3PT ceramic show a mixture of
normal and relaxor ferroelectric behavior. In contrast to an increase in T¢ with
increasing PT contents, the degree of broadening or diffuseness shows a decrease,
which confirms a transition from a relaxor ferroelectric behavior in 0.9PMN-0.1PT to
a normal ferroelectric behavior in 0.5SPMN-0.5PT. The difference in dielectric

behaviors is attributed to the structural symmetry of the ceramics.
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Table 1. Physical and dielectric properties of PMN-PT ceramics (at 1 kHz).

Ceramic Density Grain Tc Maximum Room Temp.  Diffusivity
Size Properties Properties 1)
3
(g/em”)  (um) (°C) & tan o &r tan o
0.9PMN-0.1PT 7.98 0.42-3.66 38 25400 0.049 19400 0.087 1.96
0.7PMN-0.3PT 7.86 0.41-2.80 197 23500 0.011 2320 0.022 1.63
0.5PMN-0.5PT 7.78 0.48-3.76 250 23200 0.085 1010 0.025 1.14
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List of Figure Captions

Fig. 1 (a). Temperature and frequency dependences of dielectric properties of
0.9PMN-0.1PT ceramic (open markers with dotted lines indicate

data for the dielectric loss tangent (tan 0) at the same frequency).

Fig. 1 (b). Temperature and frequency dependences of dielectric properties of
0.7PMN-0.3PT ceramic (open markers with dotted lines indicate
data for the dielectric loss tangent (tan 0) at the same frequency).

Fig. 1 (¢). Temperature and frequency dependences of dielectric properties of
0.5PMN-0.5PT ceramic (open markers with dotted lines indicate

data for the dielectric loss tangent (tan ) at the same frequency).

Fig. 2. Temperature dependence of dielectric constant of PMN-PT ceramics
(measured at 1 kHz).

Fig. 3. Variation of In (1/g; — 1/&max) Vs In (T-Tpax) of PMN-PT ceramics in the
paraelectric region at 1 kHz.
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Fig. 1 (a) Temperature and frequency dependences of dielectric properties of
0.9PMN-0.1PT ceramic (open markers with dotted lines indicate
data for the dielectric loss tangent (tan ) at the same frequency)
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Fig. 1 (b) Temperature and frequency dependences of dielectric properties of
0.7PMN-0.3PT ceramic (open markers with dotted lines indicate
data for the dielectric loss tangent (tan ) at the same frequency)
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Effect of Sintering Temperature on Phase
Formation, Dielectric, Piezoelectric, and
Ferroelectric Properties of Nb-Doped
Pb(Zr0,52Ti0,48)O3 Ceramics

PIYACHON KETSUWAN", ATHIPONG NGAMJARUROJANA,YONGYUT
LAOSIRITAWORN, SUPON ANANTA and RATTIKORN YIMNIRUN

Department of Physics, Faculty of Science, Chiang Mai University,
Chiang Mai 50200, Thailand

The effects of sintering temperature on physical and electrical properties
of the Pb(Zrys5,Tip43)O3 ceramics with addition of 1wt% Nb,Os prepared by
conventional mixed oxide technique were investigated. The samples were
sintered over temperature rang 1200 -1300 °C. At lower sintering temperature,
the dominant phase was rhombohedral while the tetragonal phase became
dominant at higher temperature. The dielectric constant increased with increasing
sintering temperature from 1200 to 1250 °C. Further increase in temperature
resulted in a drop of the dielectric constant. Similar trend was also observed for
the dss-constant. For the ferroelectric properties, the electrical coercivity and

remnant polarization decreased with increasing sintering temperature.

Keywords: PZT-Nb, Phase formation, Dielectric, Piezoelectric, Ferroelectric



1. INTRODUCTION

Pb(Zr5,Tip43)O;5 1s a composition near the morphotropic phase
boundary (MPB) of Pb(ZrTi)Os;, that separates rhombohedral and
tetragonal ferroelectric forms with the coexistence of the 14 orientation
states: 6-tetragonal and 8-rhombohedral. That is essential to allow the
strong polarization for piezoelectricity. As the MPB is nearly vertical on
the phase diagram, intrinsic property persists over a wide temperature
range [1]. Almost all useful PZT ceramics are doped or modified to
improve properties for specific applications [2]. Lead zirconate titanate
solid solution modifications are controlled by aliovalent cation additions.
The excess charge cation addition is called donor doped or soft PZTs, and
the charge deficient cation is acceptor doped or hard PZTs. One approach
of modification is off-valent donor doping, such as Nb’* replacing Zr*".
This makes domain wall move more easily and results in enhanced
dielectric constant and coupling factor but reduced electric coercivity [3].

For PZT ceramics, a high temperature sintering process (>1200 °C)
is normally employed to produce dense ceramics, which was the key factor
for ensuring good physical and electrical properties. There have been
many studies on effects of processing conditions on properties of lead-
based perovskite ceramics [4-6]. Previous work on effect of sintering

conditions on electric properties of PZT ceramics also showed interesting



results [7,8]. However, there have been only few reports on effect of
sintering temperature of electrical properties of Nb-doped PZT ceramics
prepared with conventional mixed-oxide method [9-11].

As an extension of earlier work, this study is therefore aimed at
detailed and comprehensive investigation of influence of sintering
temperature from 1200 to 1300 °C on phase formation, dielectric,
piezoelectricc and ferroelectric properties of Nb-doped Pb(Zr s, Ti45)O3

ceramics.

2. EXPERIMENTAL

The Pb(Zry 5,Tig43)O3 ceramics with addition of 1wt% Nb,Os were
prepared by conventional mixed oxide technique from PbO (Fluka 99.0%),
ZrO, (Fluka 99.0%), TiO, (Fluka 99.9%) and Nb,Os (Aldrich 99.9%)
powders. After ball milling in ethanol for 24 h, the slurry was dried and
calcined at 975 °C for 2 h [5]. Then, the calcined powder was pressed into
discs (d =10 mm). The pellets were placed inside a closed alumina crucible
covered with lead zirconate (PbZrO;) powder to compensate the PbO
volatilization and sintered at 1200-1300 °C for 2 h.

The x-ray diffraction (XRD) was used for structure and phase
formation analysis. The microstructure was observed by scanning electron

microscope (SEM). The bulk densities of sintered discs were measured by



the Archimedes method. The dielectric, piezoelectric and ferroelectric
properties were determined by automated LCR-meter, d;;-meter and a
Sawyer-Tower circuit, respectively. The specimens were poled under 30

kV/cm at 150 °C for 30 min in silicone oil [12,13].

3. RESULTS AND DISCUSSION

The x-ray diffraction pattern of Pb(Zrs;Ti45)O3 +1wt% Nb,Os
ceramics with varying sintering temperature is shown in Figure 1(a). The
peak intensity indicates the formation of perovskite phases, which could be
matched with JCPDS file 73-2022 for rhombohedral phase of PZT and
JCPDS file 33-0784 for tetragonal phase of PZT. At lower sintering
temperature, the dominant phase was the rhombohedral phase which was
characterized by a (020) peak between 43° — 46° (Figure 1(b)). The
rhombohedral phase shift is also obvious for the specimens sintered at
1200 to 1250 °C for the peaks of (020). However, a distinct tetragonal
splitting can be seen when sintered at 1275 °C, which was characterized by
(020) and (200) peaks. Finally, the tetragonal phase became dominant at
1300 °C. The presence of rhombohedral phase is believed to be the effect
of the over PbO volatilization in the lower sintering temperature from the
covered lead zirconate (PbZrO;) powder as the excess PbO has strong

influence on the phase composition of PZT system near the MPB [14]. It



should be noticed that the ceramics sintered at 1250 °C show coexistence
of tetragonal and rhombohedral phase (as shown in Figure 1(b)), which
could explain enhanced properties [1], as will be discussed later.

The densification behavior of the specimens 1s shown in Figure 2.
The density is seen to decrease with increasing temperature in the range of
1200 t01300 °C. Earlier reports also observed very similar trend [10,11].
The surface morphology of sintered ceramics was observed by using
scanning electron microscope (SEM), as shown in Figure 3. The mean
grain size of the ceramics was determined by using line intercept method.
Also depicted in Figure 2, the mean grain size tends to increase with
increasing sintering temperature. Similar observations have been reported
in other systems [7,15,16]. However, the average grain size of
Pb(Zry 5, Tig 45)O3 with addition of 1 wt% Nb,Os sintered at 1300 °C cannot
be determined accurately due to the present of abnormal grain growth
(Figure 3(e)) that is believed to be the result of the PbO loss at very high
sintering temperature [17].

The maximum dielectric constant at Curie temperature(T()
increased when the sintering temperature was increased from 1200 to 1250
°C (Figure 4(a)). Further increase in the sintering temperature resulted in a
drop of the maximum dielectric constant. Similar trend is observed for the

near room temperature dielectric constant (Figure 4(b)). The increased



dielectric properties with sintering temperature upto 1250 °C is belived to
be a result of shifting of phase composition to near MPB, as supported by
XRD in Figure 1(b). As shown in Figure 4(a) and listed in Table I, it
should be noticed that over sintering temperature range of 1200 - 1250 °C
the T¢ is approximately 376 °C, while at higher sintering temperature
(1275 °C and 1300 °C) T¢ deceases to about 372 - 373 °C. Interestingly,
the turning point at 1250 °C coincides with rhombohedral to tetragonal
phase change identified by XRD. This observation is also observed in
Pb(Zry 5, Tig49)O3 ceramics doped with 1 wt% MnO, as reported by
Okazaki and Nagata [18]. The reason could be the composition shift or Pb-
loss, especially at high sintering temperature, i.e. 1275 °C and 1300 °C.

In addition, as also listed in Table I, piezoelectric d;;-constant also
increased with increasing sintering temperature from 1200 to 1250 °C,
Though it is expected that the ds;-constant should further increase with
increasing grain size [19], a drop of the d;s;-constant was observed when
the sintering temperature was further increased to 1300 °C with increasing
grain size to 2 m. The explanation lies in the co-existence of two
phases at 1250 °C, which results in the enhancement of ds;;—value.
Therefore, this is an evident of competing mechanism between grain size
and sintering temperature in controlling the d;;—constant. In this case, the

sintering temperature, which controls the phase formed, dominates [20].



As listed in Table I, it should be noticed that the optimum soft

piezoelectric behavior with high |, ds;; and low E is observed in ceramics

sintered at 1250 °C, in agreement with earlier reports [10,21,22], as also
supported by the coexistence of tetragonal and rhombohedral phases
discussed earlier.

The ferroelectric hysteresis behavior of Pb(Zrs;Tig43)O; with

addition of 1 wt% Nb,Os is shown in Figure 5. The electrical coercivity

(E¢) and the remnant polarization (Py) are seen to decrease with increasing

sintering temperature. On the other hand, in the view of hysteresis

behavior versus grain size, E is increased with decreasing grain size while

the P, decreased. These observations clearly indicate the soft piezoelectric

behavior of Nb-doped PZT, as expected. Most importantly, this study
shows that to achieve the optimum properties not only the starting
chemical composition one also needs to obtain suitable sintering

conditions.

4. CONCLUSION
The effects of sintering temperature on the physical and electrical

properties of Pb(Zrys5,Tip43)O3 ceramics with addition of 1wt% Nb,Os



were investigated. The density decreased with increasing sintering
temperature, while the grain size increased. The dielectric constant and
ds3-constant reached maximum values at sintering temperature of 1250 °C.
The electrical coercivity and remnant polarization decreased with

increasing sintering temperature.
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Table Caption

Table 1 Sintering temperature dependence of ds3 , Py, E¢, T. and ..

Figure Caption

Figure 1 (a) XRD pattern of Pb(Zr(5,Tip45)O3 +1wt% Nb,Os ceramics
sintered at various temperatures (b) magnification of XRD peaks near 45°
showing peaks evolution.

Figure 2 Dependence of density and grain size of Pb(Zry 5, Ti45)O;
+1wt% Nb,Os ceramics on the sintering temperature.

Figure 3 SEM micrographs of Pb(Zr (s5T1 ¢45)O3; +1wt%  Nb,Os
ceramics sintered at (a) 1200 °C (b) 1225 °C (c) 1250 °C (d) 1275 °C and
(e) 1300 °C.

Figure 4 Dielectric constant as a function of sintering temperature of
Pb(Zrys, Tipag)O3 +1wt% Nb,Os ceramics measured at (a) Curie
temperature (b) near room temperature (1kHz).

Figure 5 Sintering temperature dependence of P-E hysteresis loop of

Pb(Zr0.52Ti0.48)O3 +1wt% Nb205 ceramics.
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Table 1

Sintering temperature ds; Py E. Te €(room) €.(max)
°C) (PC/N) (nC/ cmz) (kV/em)  (°C)
1200 157 37.30 15.90 375.7 1073 11443
1225 221 37.90 13.52 376.3 1354 16895
1250 305 34.48 1227 376.1 1508 23424
1275 206 32.23 9.00 371.6 466 10756
1300 109 - - 373.0 730 9880
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Scaling Behavior of Dynamic Ferroelectric Hysteresis

in Soft PZT Ceramic: Stress Dependence
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Effects of electric field frequency, electric field amplitude, and mechanical
stress on the hysteresis area were investigated on soft PZT ceramic. At stress-free
condition, the investigation found the area scales with frequency and
field amplitude in power law form, A4  f  E;; however, with different
set of exponents in comparing to those in the investigation on thin films
structure. On the other hand, with compressive stresses turning on, the same set
of the exponents with the stress free condition is found to confirm universality.
In addition, the scaling form of the area to triple parameters; i.e., frequency,

field amplitude, and stress in a power law form,

(4) (4, ,) (A4 4,,) [ "PE0", was obtained.

Keywords: Scaling, Stress, Hysteresis, soft PZT
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INTRODUCTION

In many sensor and actuator applications, as well as in more recently developed
ferroelectric random access memories (Fe-RAMs), the dynamic hysteresis, i.e.,
hysteresis area <A4> as a function of the field amplitude £, and frequency f,
characteristics have become important consideration since they present a lot of
information critical for the applications whose performance is related to the
signal amplitude and frequency [1-3]. Theoretical studies have been carried out
to understand the dynamic response of hysteresis curves in spin systems [4-6]. In
particular, attention is focused on scaling law 4 f O‘E(f’ (where a and /3 are
exponents that depend on the dimensionality and symmetry of the system). The
theoretical three-dimensional models ((F?)* and (F?)® with O(N) symmetry
(N? 8)) by Rao et al. and other investigators [4,6,7] proposed scaling relations

applicable to the high-flimit as follows,

A4 f'E, as f

(1)

Apart from its theoretical importance, since reliable measurement of the
hysteresis at ultra-high frequency is still a big challenge, it is technologically
helpful to understand the scaling behavior so that the ultra-high frequency of the

hysteresis can be predicted. Hence, there has been a great deal of interest in the



scaling behavior of the dynamic hysteresis in ferromagnetic and ferroelectric thin
films [6-10]. Interestingly, some discrepancies between the theoretical
predictions and the experimental results have already been reported for
ferroelectric thin-films systems [9-12]. In contrast to the theoretically predicted
scaling relation in Eq. (1), the experimental investigation on PZT thin films [11]

has resulted in a different relation, i.e.,

4 f'E, as f o)

Though bulk ferroelectric materials are useful and widely used in many
applications [1-3], there has however been no report on the scaling behavior
studies of ferroelectric hysteresis loops of bulk ferroelectric ceramics. It is
therefore of great interest to investigate the form of this scaling relation for bulk
systems. Hence, one of the aims of this present study is to investigate the scaling
behavior of the dynamic hysteresis of the bulk ceramic.

More importantly, in many applications the ceramic specimens are often
subjected to mechanical loading, either deliberately in the design of the device
itself or because the device is used to change shapes as in many smart structure
applications or the device is used under environmental stresses [1-3,13]. A prior
knowledge of how the material properties change under different load conditions
is inevitably crucial for proper design of a device and for suitable selection of

materials for a specific application. It is therefore important to determine the



properties of these materials as a function of applied stress. Previous
investigations on the stress-dependent electrical properties of many ceramic
systems, such as undoped-PZT, PLZT, BT, PMN-PT, PZT-BT, PMN-PZT, and
PZT and SBT thin films [14-20] have clearly emphasized the importance of the
subject. This study will focus on very important bulk ceramic, i.e., donor-doped
or soft lead zirconate titanate (Pb(Zr;«Tix)O3 or PZT) ceramics. Because of the
“soft” piezoelectric behaviors with higher dielectric and piezoelectric activities,
soft PZT have been employed extensively in sensor and actuator applications, as
well as smart systems [1-3]. Many investigations have already revealed
interesting results on the electrical properties of the soft PZT ceramics under
applied stress [14,17,20]. The ferroelectric properties of the soft PZT ceramics
have been observed to change significantly with the applied stress [17,20].
However, it is interesting that there have been no report on the influence of the
external stress on the scaling behavior of any materials.  Therefore, the main
aim of this study is to establish the scaling behavior of the dynamic hysteresis
responses of the technically important and commercially available soft PZT bulk

ceramics under the influence of the external stress.

EXPERIMENTS

The dynamic hysteresis (P E) loops of commercially available soft PZT ceramic
(PKI-552, Piezo Kinetics Inc., USA) were characterized at room temperature (25

C) by using a computer controlled modified Sawyer-Tower circuit with f



covering from 2 to 100 Hz and Ej, from 0 to 18 kV/cm. The electric field was
applied to a sample by a high voltage AC amplifier (Trek, model 610D) with the
input sinusoidal signal from a signal generator (Goodwill, model GAG-809).
The detailed descriptions of this system are explained elsewhere [18,20]. Effects
of the external stress on the dynamic hysteresis were investigated with the
compressometer, which was developed for simultaneous applications of the
mechanical stress and the electric field [20]. Measurements were performed as a
function of mechanical stress applied discretely between 0 and 24 MPa. During
the measurements, a desired stress was first applied to the sample and then the
electric field with varying frequency was applied. = The dynamic hysteresis
(P E) loop was then recorded for each applied field and frequency. The
measurements reported were for the samples during their first mechanical stress
cycle. It should also be noted that the reported ferroelectric parameters were
obtained after a total of 10 cycles of the electric field were applied to the sample

at each constant stress.

RESULTS AND DISCUSSION

The hysteresis profiles for various frequencies f, field amplitude Ey, and stress ¢
are obtained. Figs. 1(a) and 1(b) show examples of the hysteresis loops at
different f but fixed £y (18 kV/cm), and at different £, but fixed /(100 Hz),
respectively, under a stress-free condition. From Fig. 1(a), where E is fixed, one

sees the evolution of the pattern at different /. It is very interesting to observe



that as the frequency increases the hysteresis changes from an unsaturated loop
with near square shape and rounded at the tips at low frequency (2 Hz) to well
saturated loops at higher frequencies. The loop area <A>, remanent polarization
(P,), and coercive field (E.) decrease with an increase of frequency.  The
observation that the <A4> decreases with increasing frequency in this high-f
region is ascribed to the delayed response of the spin reversal to the varying
external field [9,10].  Figure 1(b) shows the dependence of the hysteresis loop
on the amplitude of the electric field. For small fields, the loop does not saturate
and appears as an ellipse inclined at an angle to the E axis. An increase in the
amplitude of the field E, makes the loop larger and increases its angle of
inclination. For a given frequency of 100 Hz, as shown in Fig. 1(b), loop area
<A>, remanent polarization (P,), and coercive field (E.) increase with an
increase of Ey until well saturated loop is achieved. Figure 1(c) displays the
hysteresis loops of the soft PZT ceramics under different compressive stress
during loading at fixed f'of 100 Hz and fixed Ej of 18 kV/cm. It should first be
noticed that the area of the P E loops decreases steadily with increasing the
stress. The P E loop area indicates the polarization dissipation energy of a
ferroelectric material subjected to one full cycle of electric field application
[18,20]. This amount of the energy loss is directly related to volume involved in
the switching process during the application of electric field [17].When the
mechanical stress is applied, more and more ferroelectric domains are

constrained by the applied stress and cannot be re-oriented by the electric field



so as to participate in the polarization reversal. Consequently, both the saturation
and remanent polarizations become lower with increasing the compressive stress
[17,20]. The polarization dissipation energy is consequently found to decrease
with increasing the applied stress, indicating that the sample volume contributing
to polarization reversal decreases with the increasing stress. Similar observation
has also been found in other investigations [17-20].

To investigate the scaling behavior under stress-free condition, we first
followed the previous theoretical predictions on the loop—area by plotting the
data of <4> against f E,. This bases on an assumption that Eq. (1) is
applicable, and the frequency range used in this study can be considered as the
high frequency region since the loop—area decreases with increasing frequencies.
The data are shown in Fig. 2(a) and the dotted line represents a fitting in terms of

A f'E,. Clearly, the theoretically proposed scaling relation in Eq. (1)
cannot be directly applied to the data obtained in this study.

On the other hand, earlier experimental work by Liu ef al. [11] on the
scaling behavior of PZT thin films also showed different relation, as shown in
Eq. (2). In that study, the scaling takes the formof 4  f E,.To check the
validity of the relation on the bulk system, i.e., soft PZT ceramic, we plot the
data of <4> against f E,. The data are shown in Fig. 2(b) and the dotted line
represents a fitting in terms of 4 f  E, . Large deviation is also observed

in this case. Therefore, this implies that the scaling relations from both the



theoretical prediction and the experimental investigation are not applicable for
the soft PZT bulk ceramic in this present study.
To obtain the suitable scaling relation, one can fit the data with
A f"E; where m and n are exponents to be determined directly from the
experimental data. By plotting <A> against f at fixed Ej, one obtains the
exponent m. On the other hand, the exponent » can be obtained from plotting
<A> against E at fixed f. It should also be noted that there is more deviation
from the minor loops without saturation at small field amplitudes, and these data
were excluded from the fitting reported. It can be seen in Fig. 2(c) that the
suitable exponent m for the frequency component has the value of —0.25 (within
the limit of experimental errors), while the hysteresis area <4> is found to
increase linearly with the applied field amplitude Ey, hence the exponent »
should take the value of 1. Therefore, it is revealed that the data obtained under
stress-free condition can be much better fitted (with R* = 0.97), within the

measured uncertainty, by

4 f K (3)

Therefore, Eq. (3) is identified as the suitable scaling relation for the soft
PZT bulk ceramic under the stress-free condition.
Moreover, as evident in Fig. 1(c), at any given frequencies the

hysteresis area <A> is found to decrease steadily with increasing the applied



stress. Therefore, instead of including only the field amplitude E, and the

frequency term £, the scaling relation should also include the stress (o) term, i.e.

A f"Elc” “4)

However, due to increasing number of exponents, to simplify the
problem, we assume the validity of the scaling form A o f"PE, for
all applied stresses. Consequently, the area <A> for each stress is plotted against
f **E,, as shown in Fig. 3(a). As can be seen form the least square linear fits,
reasonably good linear relations can be found. As a result, the condition of
universality having m = —0.25 and » = 1 in soft PZT bulk ceramic systems is
confirmed whereas the proportional constant in Eq. (4) may still be a function of
o . Therefore, by discarding minor loops which usually occur at very low Ej, it

is found that

<A> <Ao- ()> <A Ao— ()> f 0.25E000.44, (5)

where <As:0> refers to stress free hysteresis area which will be a dominant

term for zero stress. Note that from the appearance of stress S, <A—AS:0>,

referring to the difference in energy dissipation between under stress and

stress free condition, increases with increasing stress suggesting a decay of <A>

with s atarate of sS** as observed in experiments. As a result, from our

studies, it may be concluded that in bulk ceramics, the difference of the



hysteresis area between under—stress and stress—free condition scales with
frequency, field—amplitude and stress via exponents m = —0.25, n = 1, and p =
0.44. However, at a particular fixed stress, Eq. (5) yields Eq. (3) which is the

original form for how the area scales with the frequency and the field—amplitude.

CONCLUSIONS

In this study, we investigated the hysteresis properties of the soft PZT bulk
ceramics under the effect of mechanical stress at various frequencies and
field amplitudes of the external applied electric field. Considering the scaling
law for the loop area, at zero stress, the investigation found the area scales with
frequency and the field amplitude in a power law function. However, the
exponents to the scaling in this bulk ceramic system do not match with previous
investigation on thin films structure. On the other hand, with inserting the
uniaxial stress, the same set of exponents to frequency and field amplitude in
stress free condition is found which confirms the condition of universality in
bulk system. Furthermore, the difference of the energy dissipation between the

under stress and stress free condition is found to scale with f **E ;s"*.
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List of Figure Captions

Fig. 1 Hysteresis loops for soft PZT ceramic (a) at various f (Ey = 18 kV/cm and
o =0 MPa), (b) at various E, (f= 100 Hz and 6 = 0 MPa), and (c) at various

o (f=100 Hz and Ey = 18 kV/cm).

Fig. 2 Scaling of hysteresis area <4> against (a) f E, (b) f £E, and (c)

f E, forsoft PZT ceramic under stress-free condition.

Fig. 3 Scaling of hysteresis area <4> against (a) f E, at various

compressive stresses, and (b) collapse of the scaling area against [ E,

under the effect of compressive stress S for soft PZT ceramics.
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Effect of Addition of BT on Relaxor Behavior of PIN-PT Ceramics

Supattra Wongsaenmai ', Rattikorn Yimnirun', Supon Ananta', Ruyan Guo® and Amar S. Bhalla’
'Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
Tel: (6653)-943445, e-mail: wongsaenmai@yahoo.com
*Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802, USA
Tel: (1814)-8659232, e-mail: asb2@psu.edu

ABSTRACT: Ferroelectric ceramics with chemical formula (1-x)Pb(IngsNbg 5)O;-(x)PbTiO3
and (1-x)Pb(Ing sNby 5)O5-(x)PbTiO; with 20 %mol of BT (x = 0.0, 0.1, 0.2 and 0.3) were
prepared via the wolframite method. The relaxor behavior was analyzed from the dielectric
properties and thermal expansion measurements. The dielectric properties were measured at
frequencies between 100 Hz and 100 kHz whereas the thermal expansion was measured in the
temperature range between -145°C and 500°C. 1t is found that the addition of BT effects
the relaxor behavior of PIN-PT system. The broad and diffused dielectric constant maxima
and essentially no change in Burns temperature were measured and thus suggesting the glassy
polarization and relaxor behavior in the PIN-PT-BT compositions.

Keywords: PIN-PT, PIN-PT-BT, Relaxor ferroelectric, Thermal expansion, Dielectric properties

INTRODUCTION

The relaxor ferroelectric ceramics, which have the Pb(B'B")O; complex
perovskite structure, show broad dielectric transition maxima, high dielectric constant
over a wide temperature range and frequency dispersion of dielectric properties [1-4].
Several models have been proposed to explain the relaxor behavior. However these
models explain some features of the relaxor behavior but none can fully explain all
the interesting properties observed in this class of materials. The glassy polarization
behavior of relaxor ferroelectric, has been considered by Burns and Dacol’s and
supported by the measurements of the optic index of refraction, n(T), dependence on
the temperature [5-8]. The deviation from the linear n(T) was observed starting at
Burns temperature (T4) which is much higher than the dielectric transition temperature
maxima (Ty,). This behavior was interpreted in term of the local polar regions of
dynamic polarization (P4), randomly orientated, small sizes with small number of unit
cells, which grow with the reducing temperature. The local polarization exists above
the transition temperature while disappear or become unmeasurable above Burns
temperature [9]. The other techniques like Raman scattering [9], neutron powder
diffraction [10] and neutron elastic scattering [11], dynamic light scattering [12],
dielectric measurements [13—15], including thermal expansion technique [16] have
been used to measure Burns temperature and explain the relaxor glassy behavior.
There are reports on the relaxor behavior analysis by using the thermal expansion
measurement in other classic relaxor ferroelectric such as PMN-PT, PMN, PZN,
PLZT and tungsten bronze structure family [6, 8, 17-20], but no reported data on the
glass-like behavior of order-disorder relaxor ferroelectric like PIN-based system.

PIN is of interest for the study of chemical ordering in relaxor systems. It is a
member of relaxor family with a 1:1 stoichiometric B-site ordering which can be
brought from disordered state into ordered state by a thermal treatment [21]. The
disordered state of PIN exhibits a typical relaxor behavior which shows a broad
dielectric maximum near 66 °C [22, 23]. In contrast, the ordered state shows an
antiferroelectric behavior with a sharp change in dielectric constant vs. temperature
measurements at 168 °C [23, 24]. The solid solution of relaxor ferroelectric and
normal ferroelectric PT has excellent piezoelectric and electrostrictive properties [25,
26]. It is reported that the addition of BT to PMN- and PZN-based systems helps



decrease Ty, of the systems and at the same time stabilizes the perovskite structure [27,
28]. Interestingly, there has been no report for the PIN-PT-BT system.

In this paper, the relaxor behavior of PIN-PT and the PIN-PT systems with
addition of BT were studied for their dielectric properties and thermal expansion
behavior. The broad maxima at the phase transition of dielectric constant vs.
temperature were analyzed. Thermal expansion behavior of both the systems was studied
and it showed deviation from the linear relationship below the Burns temperature. The local
polarization (glassy behavior) was calculated from the collected thermal strain data.
Both the dielectric and thermal expansion measurements suggest that the addition of
PT lead to the normal ferroelectric while the addition of BT leads to the more relaxor
ferroelectric like behavior.

EXPERIMENTAL

The powders of (1-x)Pb(IngsNbg 5)O3-(x)PbTiO; and (0.8-x)Pb(Ing sNbyg 5)Os-
(x)PbTi03-0.2BaTiO; (x = 0.0, 0.1, 0.2 and 0.3, abbreviated as PIN-PT and PIN-PT-
BT, respectively) were synthesized by a two-step solid solution reaction method [29].
The wolframite InNbO,4 was first prepared from oxide powder of In,O; and Nb,Os
[30]. Mixed powders were milled and calcined at temperature 1100°C for 2 hours to
obtain the intermediate precursor InNbOy4 [31]. The wolframite precursor was then
mixed with reagent grade powder of PbO, TiO, for PIN-PT system and PbO, BaCOs,
TiO, for PIN-PT-BT system. Excess amount of PbO (2%) and In,O3; (2%) were added
at this stage. The mixtures were milled again following the intermediate precursor
stage. After drying, the mixtures were calcined at temperature between 800°C and
1000°C, 1050°C and 1250°C with soaking time of 2 hours for PIN-PT and PIN-PT-
BT, respectively [32]. Pellets were pressed with the addition of 1% PVA. The pressed
pellets were sintered with the soaking time of 2 hours in a double crucible
configuration at temperature from 1100°C to 1125°C for PIN-PT system and 1250 to
1300°C for PIN-PT-BT system. To prevent PbO loss, the pellets were buried in
protective powders.

The temperature dependence of the dielectric properties was measured with an
LCR meter (HP-4284A, Hewlett-Packard, Santa Clara, CA) in conjunction with an
environmental chamber (9023, Delta Design, Poway, CA). A heating rate of 2°C/min
and frequencies of 100, 1k, 10k and 100k Hz were used during measurement.

For the thermal expansion measurement, first the ceramics were cut to
rectangular bars with dimensions SmmX1mmXx1mm. The temperature dependent
sample expansion (strain) was measured with a linear voltage-differential transformer
(LVDT) dilatometer (Series 6500, theta industries, Inc., NY). A heating rate of
2°C/min and temperature range between -145°C and 500°C, were used for the
measurements.

RESULTS AND DISCUSSION

The temperature dependence of dielectric properties, at different frequencies
of PIN-PT and PIN-PT-BT systems is shown in Fig.1. The plots show the broad and
diffuse phase transition temperature maxima at various frequencies. The transition
temperature maxima, (Ty,), shift to higher side with increasing frequency whereas the
maximum of dielectric loss does the contrary. For the PIN-PT system, the dielectric
constant plots show the broad peak at composition x = 0.0 and x = 0.1, then gradually
change to a sharper peak with increasing PT concentration. On the other hand, the
system which has 20 %mol of BT, the dielectric constant plot is broader than that of
PIN-PT with the same PT content. However, the changing to the sharper maxima was



also observed with increasing PT concentration. The frequency dispersion of the
dielectric properties can also be viewed as the measure of relaxor behavior. Since
Tm = T, 100kiz-Tm, 10002 can be used as a rough indication of the relaxor behavior,
the various T, are calculated for the compositions and are listed in Table I. It is clear
that addition of PT results in smaller T, and thus indicates the decreasing trend of
relaxor behavior and increasing fine disorder at B-site with increasing PT content [33]
while with the addition of BT, T, increases and hence the relaxor behavior. These
results are in line obtained for the PT and BT additions to the PZN-based system [27].
The temperature dependences of thermal strain of PIN-PT and PIN-PT-BT
ceramics are shown in Fig. 2 and 3. The plots show the nonlinear behavior at low
temperature and then follow a linear relationship above Burns temperature. There is
no clear correlating anomaly of the thermal expansion with the dielectric transition
temperature. This behavior differs from that of normal ferroelectric which shows an
abrupt discontinuity at the transition temperature and then follows linear behavior
above the transition temperature in the paraelectric region. The deviation from the
linear relationship below Burns temperature was observed for all the compositions.
The values of Burns temperatures between 380°C to 435°C depending on the PT
concentration were determine from the plots and are listed in Table II. It shows that
in most cases Burns temperature is much higher than the dielectric transition maxima
temperature, Ty, as observed in other relaxor ferroelectrics [7]. Also it shows that the
differential between transition temperature and Burns temperature decreases with
increasing PT content. For the normal ferroelectric the deviation from the straight
line appears at the transition temperature for the measurements like refractive index
vs. temperature and thermal strain vs. temperature [34]. The increase in Burns
temperature and T,, due to the addition of PT was attributed to the higher T, of PT
[35] but; the increase of PT concentration leads to the closeness of the two transition
temperatures i.e. Ty, and T4 as we approach the morphotropic phase boundary (MPB)
composition in PIN-PT. This result leads to the conclusion that relaxor ferroelectric
nature in PIN ceramics reduces with increasing PT concentration. The PIN-PT-BT
compositions show lower Burns temperature compared to the same PT
concentration. From these results, it is noticed that PIN-PT-BT system is of more
relaxor in nature than the PIN-PT system. From the dielectric and thermal strain
results, it is suggested that addition of PT leads the behavior towards a normal
ferroelectric while addition of BT leading to an enhancement in relaxor behavior.
At high temperature above Burns temperature the strain and temperature
shows a linear relation. The thermal expansion coefficient ( ) defined as
a, dx,/dT [34], were calculated at above and below T4 and are listed in Table II.

These results show small thermal expansion coefficient values and compare well
with reports on other relaxor ferroelectrics [11]. The plots of thermal expansion
coefficient vs. temperature, as obtained from the measurements are shown in Fig 4.
The nearly linear relation between thermal expansion coefficient and temperature
above Burn temperature, which decreases rapidly below Burns temperature, is
evident. At composition x = 0.3, PIN-PT twice the change in slope below the Burn
temperature is noticed. It is possibly due to the morphotropic phase boundary
transitions in this composition which is supposed to have shown a MPB transitions.
On the other hand, such abrupt change has not been observed in case of PIN-PT-BT
system. It is possibly due to the addition of BT and as a result shifting of the
morphotropic phase boundary of PIN-PT.

The deviations from the straight line at Burns temperature was due to the
slow down of the glassy polarization effect which occur from charge differences of



ions on the B-site which are highly disordered and dynamic leading to the strongly
breaking of the translational symmetry above the Tq [7]. The glassy polarization
phase with local polarization (Pg) slowed down substantially below Burns
temperature. Due to the dynamic nature, there is no resultant local polarization (P=0)
above transition temperature, Ty, but there is a finite value as non zero square of

o =2 . o ..
polarization (P ?0). The dynamic local polarizations above transition temperature
can be calculated through the relation of thermal expansion with the local
polarization as shown below:

x, oT T,) (O 2Q12)P2 (D

Where o is the thermal expansion coefficient, 7, is the reference temperature

and Q,, and Q,, are the electrostrictive coefficients [35]. For the calculations, the

electrostrictive coefficients of PbTiO; were used [36] as the -electrostrictive
coefficients in general are small and are almost of the same order in most perovskite
structures.

The calculated values of the local polarization, P4, of PIN-PT and PIN-PT-BT
ceramics are shown along with the temperature dependence of the reversible
spontaneous polarization obtained from the hysteresis measurement, in Fig. 5. The
local polarization shows slowly decreasing pattern to zero at Burns temperature while
the reversible polarization becomes almost zero at the dielectric transition
temperature. This behavior of reversible polarization shows some gradual decrease
near transition temperature where the micro clusters undergoes the higher dynamic
state and redistribution of the polar nano-regions. The local polarization derived from

the P° values slows a decrease with the temperature and finally leads to zero at the
Burns temperature. From the figure, the local polarization of PIN-PT-BT is higher
than that of PIN-PT implies that the addition of BT strongly breaks the translation
symmetry leading to a more glassy polarization phase than in the PIN-PT system.
These results suggest that the addition BT to PIN-PT system leads to the enhanced
relaxor behavior.

CONCLUSION

Ferroelectric ceramics with chemical formula (1-x)Pb(Ing sNbg 5)O3-(x)PbTiO3
and (0.8-x)Pb(IngsNb 5)O03-(x)PbTi03-0.2BT (x = 0.0, 0.1, 0.2 and 0.3) were
prepared via the wolframite method. The relaxor behavior in the two systems was
analyzed from the dielectric properties and thermal expansion measurement. The
dielectric properties were measured at frequencies between 100 Hz and 100 kHz
whereas the thermal expansion data was collected in the temperature range between -
145°C and 500°C. The broad and diffuse dielectric constant maximum show that both
systems are relaxor ferroelectrics and the glassy polarization behavior differs in two
systems. The glassy polarization as calculated from the thermal expansion
measurements suggest that there is an enhanced relaxor behavior in the PIN-PT-BT
system as a result of the addition of BT in PIN-PT.
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Table I Dielectric properties of PIN-PT and PIN-PT-BT systems.

Composition m T (°C) Tm
at 1 kHz at1kHz (°C)
(1-x)PIN-(x)PT:
x=0.0 4308 70 26
x=0.1 6823 144 14
x=0.2 12752 208 6
x=0.3 15963 279 1
(0.8-x)PIN-(x)PT-0.2BT:
x=0.0 7591 26 30
x=0.1 8093 85 19
x=0.2 17366 130 15
x=0.3 18541 155 8

Table II Thermal expansion Py, Pg, T4 and Ty, of various compositions PIN-PT PT

and PIN-PT-BT systems

Properties at room temperature

Composition T I Ta-Tm -6
O o co X0 P o P
°CH) C/cm”) C/cm”)
(1-x)PIN-(x)PT:
x=0.0 380 70 310 2.2 7.6 16.0
x=0.1 391 144 247 2.9 15.2 17.7
x=0.2 420 208 212 3.4 18.7 19.9
x=0.3 435 279 156 4.0 23.3 24.1
(0.8-x)PIN-(x)PT-0.2BT:
x=0.0 360 26 334 1.1 6.1 18.0
x=0.1 383 85 298 1.3 13.4 21.1
x=0.2 400 130 270 1.6 23.5 24.5
x=0.3 416 155 261 1.8 27.9 28.2




List of Figure Captions
Fig.1 Temperature dependence of the dielectric constant and dielectric loss of (a) PIN,
(b) 0.8PIN-0.2PT, (c) 0.8PIN-0.2BT and (d) 0.6PIN-0.2PT-0.2BT.
Fig.2 Temperature dependence of thermal expansion and T4 for PIN-PT system.
Fig.3 Temperature dependence of thermal expansion and T4 for PIN-PT-BT system.
Fig.4 Temperature dependence of thermal expansion coefficient (  for PIN-PT
system (a) x = 0.0, (b) x = 0.3 and PINPT-BT which (¢) x =0.0 and (d) x =0.3.
Fig.5 The comparison of P4 and P of both PIN-PT and PIN-PT-BT systems which
(a)x=0.0,(b)x=0.1, (c) x=0.2 and (d) x =0.3.
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ABSTRACT: Several compositions in the two PIN based systems (1-x)Pb(IngsNbgs)Os-
(x)PbTiO; and (0.8-x)Pb(Ing sNby 5)O3-(x)PbTi0;-0.2BaTiO; (x = 0.0, 0.1, 0.2 and 0.3) were
synthesized via the wolframite method. Dielectric properties were measured in the frequency
range between 100 Hz and 100 kHz and were analyzed for understanding relaxor behavior in
the system. The temperature dependence of the dielectric properties was analyzed by studying
the deviation from the Curie-Weiss law while the frequency dependence of the dielectric
properties was analyzed by the Vogel-Fulcher relation. The results showed that the addition
of BT increased the dielectric constant and decreased the shift of the maximum dielectric
constant temperature (T,) of (1-x)PIN-(x)PT compositions. Finally, the analysis also
confirmed that, when added to PIN, PT decreased and BT increased the relaxor behavior of
the PIN-based ceramics.

Keywords: PIN-PT, PIN-PT-BT, Dielectric Properties, Curic Weiss Law, Vogel-Fulcher Relation

INTRODUCTION

The relaxor ferroelectric ceramics, which have the Pb(B'B")O; complex
perovskite structure, show broad ( ; vs. T) transitions, high dielectric constant
frequency dispersion of dielectric properties [1-4] over a wide temperature range.
These excellent properties persuaded various researchers to investigate these
behaviors for high performance applications. Several models have been proposed to
explain these relaxor behaviors. The composition fluctuation model proposed by
Smolenskii [5] suggests that the different local Curie temperatures lead to broad
diffuse phase transition. Cross proposed the polarization mechanism analogous to the
superparamagnetic clusters in magnetic materials [6]. This model considered no
interaction between each polar nano-regions or clusters. The clusters have two states
of polarization orientation separated by energy barrier. The thermal energy affects the
flipping of polarization reorientation; therefore frequency of flipping can be explained
by an Arrhenius equation:

o @,exp kfj’ (1)

where E, is the activation energy for flipping, @, is the Debye frequency and 7 is the

absolute temperature. The broad distribution and frequency dispersion of dielectric
properties originate from slowing down of polarization reorientation in each cluster.
The interaction between clusters can be analogous with magnetic spin glass model [7].
The freezing temperature was defined as the macroscopic polarization emergence.
The relation of this was fitted with Vogel-Fulcher equation:

_ Ta 2
o f,exp KT, Tf) ()



where f,, E, and 7, are the Debye frequency, the activation energy and the static

freezing temperature, respectively [7]. Though these models attempted to explain the
relaxor behavior, none can completely explain their interesting properties.

PIN is of interest for its chemical ordering study. It is a member of relaxor
family with a 1:1 stoichiometric of B-site ordering which can be brought from
disordered state into ordered state by thermal treatment [8]. The disordered state of
PIN exhibits relaxor behavior which shows broad dielectric maximum near 66 °C [9,
10]. In contrast, the ordered state shows antiferroelectric behavior with a sharp peak
in dielectric constant vs. temperature curve observed at 168 °C [10, 11]. The solid
solution of relaxor ferroelectric and normal ferroelectric PT has excellent
piezoelectric and electrostrictive properties [12, 13]. The electrostrictive property with
no hysteresis and low mechanical loss above the temperature of maximum dielectric
constant (T,,) of ceramics has been considered for high performance application
devices such as electostrictive transducer and actuator. It has been reported that the
PIN-PT system has high temperature performance of electromechanical coupling
factor at temperatures up to 200 °C [14]. However, the most applications have
generally been at near room temperature, thus it is also important to look for the new
systems which have T, near room temperature and at the same time maintain their
low hysteresis behavior. From the published literature, it was noticed that the addition
of BT to PMN- and PZN-based systems helps decrease Ty, of the systems and at the
same time stabilizes the perovskite structure [15, 16]. There have been no details or
reports for the characteristic of PIN-PT-BT system.

In this paper, the relaxor behaviors of PIN-based system have been reported.
The dielectric properties have been measured in PIN-PT and PIN-PT-BT complex
systems. It was anticipated that an addition of PT would increase the dielectric
properties whereas added BT could shift Ty, closer to room temperature and increase
disorder phase leading to extended relaxor behavior.

EXPERIMENTAL

The powders of (1-x)Pb(Ing sNbg 5)O3-(x)PbTiO3 and (0.8-x)Pb(Ing sNbg 5)Os-
(x)PbTi03]-0.2BaTiO3 (x = 0.0, 0.1, 0.2 and 0.3, abbreviated as PIN-PT and PIN-PT-
BT, respectively) were synthesized by a two-step solid solution reaction method [17].
The wolframite InNbO4 was first prepared from oxide powder of In,Os; and Nb,Os
[18]. Mixed powder was milled and calcined at temperature 1100°C for 2 hours to
obtain the intermediate precursor InNbOy4 [19]. The wolframite precursor was then
mixed with reagent powder of PbO, TiO, for PIN-PT system and PbO, BaCOs3, TiO;
for PIN-PT-BT system. Excess amount of PbO (2%) and In,Os3 (2%) were added at
this stage. The mixtures were milled again following the intermediate precursor stage.
After drying, the mixtures were calcined at temperature between 800°C and 1000°C,
1050°C and 1250°C with soaking time of 2 hours for PIN-PT and PIN-PT-BT,
respectively [20]. Pellets were pressed with 1% PVA. The pressed pellets were
sintered with the soaking time of 2 hours in a double crucible configuration at
temperature from 1100°C to 1125°C for PIN-PT system and 1250 to 1300°C for PIN-
PT-BT system. To prevent PbO loss, the pellets were buried in protective powders.

The temperature dependence of dielectric properties was measured with an
LCR meter (HP-4284A, Hewlett-Packard, Santa Clara, CA) in conjunction with an
environmental chamber (9023, Delta Design, Poway, CA). A heating rate of 2°C/min
and frequencies of 100, 1k, 10k and 100k Hz were used during measurement.



RESULTS AND DISCUSSION

The temperature dependences of dielectric constant at frequencies of 100 Hz
to 100 kHz are shown in Figs. 1 and 2 for PIN-PT and PIN-PT-BT systems,
respectively. The broad dielectric curves are observed for compositions x = 0.0 and
0.1, then changing slightly to sharper peak with further increase in PT contents. In
addition, the frequency dispersion in their dielectric properties was also considered.
Since Tm = Tm.100kiz-Tm, 100nz can be used as a rough estimate for more relaxor
behavior with higher Ty, as listed in Table I, addition of PT results in smaller Ty,.
These results indicate the decreasing of relaxor behavior with increasing PT content
[21]. Moreover, as shown in Fig, 2, the dielectric behavior of PIN-PT-BT system
shows a stronger frequency dispersion and broader dielectric maximum than observed
in PIN-PT system. This implies that addition of BT promotes the distribution of polar
nano-regions and then leads to relaxor behavior while the addition of PT leads to
normal ferroelectric. The parameters of dielectric properties are summarized in Table
I, show that with the same PT content the dielectric constant of PIN-PT-BT ceramic is
higher than that of PIN-PT ceramic. The addition of BT also decreases the maximum
dielectric constant temperature (Ty,), as clearly evident from a comparison between
0.8PIN-0.2PT and 0.8PIN-0.2BT with Ty, of 208 °C and 26 °C, respectively. Similar
effect of PT and BT additions on the dielectric properties of PZN-based system has
been reported earlier [15].

It is known that in the normal ferroelectric ceramics the dielectric constant
follows the Curie-Weiss law above temperature of maximum dielectric constant (Ty,)
whereas the relaxor ferroelectrics could follow the modified Curie Weiss behavior up
to the temperature much higher than T, [22]. The deviation from Curie-Weiss law
can be shown to follow the Curie-Weiss square law [23] as

- - L m 3

e &, C ®
where and C' are constants. With = 1 for normal ferroelectric, the equation (3)
reduces to the normal Curie-Weiss law, while = 2 leads to the quadratic law for

relaxor behavior. The plotting of In(1/ -1/ ) vs. In(T-T,,) of both systems are shown
in Figs.3 and 4. By fitting these graphs with equation (3), the parameter =~ which
indicates degree of relaxor behavior, is obtained from slopes of these plots, The
empirical parameter of all compositions is listed in Table I showing the maximum
values of =1.89 and 1.98 at x = 0.0 and minimum value of = 1.66 and 1.82 at x =
0.3 for PIN-PT and PIN-PT-BT system, respectively. Decreasing trend of value with
increasing of PT content observed in both systems agrees with the previous study [24].
However, PIN-PT-BT system shows higher value than that of PIN-PT system. This
provides support for the observation in the early discussion that the addition of BT
leads to increasing relaxor behavior.

The dependence of temperature of maximum dielectric constant (T,,) on
frequency of PIN-PT and PIN-PT-BT systems was also fitted with Vogel-Fulcher
equation. An example of the fitting curve is shown in Fig.5 with solid line indicating
plotting of equation (2) and solid circles indicating the experimental data. This plot
shows that the experimental data can be fitted with the Vogel-Fulcher equation
which suggests that the relaxor behavior of PIN-PT and PIN-PT-BT systems follow
the glass-like behavior. The Debye frequency, the activation energy and the static
freezing temperature obtained by fitting the experimental data with equation (2) are



listed in Table II. Similar observation has also been reported in the case of other
relaxor-based systems [25]. From equation (2), it is known that the activated energy
is an internal energy (minus sign) of the cluster, which concerns with an anisotropy
energy, Kanis and the cluster volume, V [23]. The fitting results show that the
activation energy increases with increasing PT content for both systems, indicating
that PT induces the increase of the anisotropic energy and influence the cluster
volume. It can be implied that size of isolated cluster or ordering change with
increasing PT contents. For relaxor ferroelectrics, the value of Debye frequency
relate with size of polar nano-region and interaction between polar nano-regions. In
general, the stronger interaction and larger size show the smaller of the Debye
frequency value. However, the addition of BT shows larger Debye frequency and
smaller activation energy, as compared to the PIN-PT system, indication of smaller
ordering or existence of distribution of ordering. From the experimental result and
fitting of Vogel-Fulcher relation, it can be implied that the increasing PT content
shows marked effect in decreasing relaxor behavior by increasing interaction
between polar nano-regions. Meanwhile, the addition of BT tends to increase the
relaxor behavior in PIN-based system, in good agreement with the observations
discussed earlier.

CONCLUSION

The (1-X)Pb(ll’l()‘5Nb0.5)O3-(X)PbTiO3 and (O.8-X)Pb(Il’lo.5Nb0~5)03-(X)PbTiO3-
0.2BaTiO; (x = 0.0, 0.1, 0.2 and 0.3) ceramics were prepared via the wolframite
method. The dielectric properties of the ceramics were investigated as functions of
both temperature and frequency. The dielectric properties were measured at
frequency between 100 Hz and 100 kHz and used for relaxor behavior analysis. The
temperature dependence of the dielectric properties was analyzed by the deviation
from the Curie-Weiss law while the frequency dependence of the dielectric
properties was analyzed by the Vogel-Fulcher relation. The results showed broaden
phase transition at x = 0.0 and 0.1 for both systems. From the Curie-Weiss square
law fitting plots, the maximum values of of 1.89 and 1.98 were observed for PIN-
PT and PIN-PT-BT systems, respectively, and the value decreases with increasing
PT content. Moreover the addition of BT leads to an increase of the value. These
observations implied that in PIN-based system the addition of BT leads to the
relaxor behavior while the addition of PT leads to the normal ferroelectric. Moreover,
the Vogel-Fulcher relation analysis showed that PIN-PT and PIN-PT-BT systems are
relaxor ferroelectrics with glass-like behavior.
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Table I The dielectric properties and calculated parameters for PIN-PT and PIN-PT-
BT systems.

.. m Tm (K) at
Composition at 1 kHz 1 kiz Tm (K) C

(1-x)PIN-(x)PT:
x=0.0 4308 343 26 1.89 1.9x10°
x=0.1 6823 417 14 1.86 1.7x10°
x=0.2 12752 481 6 1.71 2.4x10°
x=0.3 15963 552 1 1.66 4.2x10°

(0.8-x)PIN-

COPT-0-257: 7591 299 30 198 56x10°
<=0.1 8093 358 19 1.90 10.4><105
=02 17366 403 15 1.87 12.6><105
=023 18541 428 8 1.82 16.1x10

Tm = Tm(100HZz)-T,(100kHz), C = calculated Curie constant value

Table II The parameters obtained from fitting Vogel-Fulcher equation for PIN-PT
and PIN-PT-BT systems.

T (K)

Composition at 1 kHz T (K) Tm-Te fo (Hz) a (eV)

(1-x)PIN-(x)PT:
x = 0.0 343 268 75 4.4x10"  0.051
x=0.1 417 389 28 3.1x10" 0.036
x=0.2 481 467 14 2,710 0.024
x=0.3 552 548 4 1.2x10" 0.005

(0.8-x)PIN-

(x)PT-0.2BT:
x = 0.0 299 248 51 6.2x10'°  0.068
x=0.1 358 316 42 4.7x10'" 0.057
x=0.2 403 379 24 3.9x10'"  0.035
x=0.3 428 414 14 2.6x10'" 0.020




List of Figure Captions
Fig.1 Temperature dependence of dielectric constant for (1-x)PIN-(x)PT system with
(a)x=0.0,(b)x=0.1, (c) x=0.2 and (d) x =0.3.
Fig.2 Temperature dependence of dielectric constant at for (0.8-x)PIN-(x)PT-0.2BT
system with (a) x = 0.0, (b) x=0.1, (¢) x=0.2 and (d) x =0.3.
Fig.3 Plots of In(1/ -1/ ) vs. In(T-T,,) on (1-x)PIN-(x)PT system.
Fig.4 Plots of In(1/ -1/ 1) vs. In(T-Ty,) on (0.8-x)PIN-(x)PT-0.2BT system.
Fig.5 Temperature of maximum dielectric as a function of frequency for 0.8PIN-

0.2BT ceramic.
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PIN-PT-BT system
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Effect of calcination conditions on phase formation and particle size of lead
zirconate (PbZrOs3;) powders synthesized by a solid-state reaction with
different vibro-milling times was investigated. A combination of the milling time
and calcination conditions was found to have a pronounced effect on both the
phase formation and particle size of the calcined PbZrO; powders. The
calcination temperature for the formation of single-phase perovskite lead
zirconate was lower when longer milling times were applied. The optimal
combination of the milling time and calcination condition for the production of

the smallest nanosized (~28 nm) high purity PbZrO; powders is 35 h and

750 °C for 4 h with heating/cooling rates of 30 °C/min, respectively.
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1. Introduction

Lead zirconate, PbZrOs; or PZ, is one of the widely investigated
antiferroelectric materials with a perovskite structure. The unique properties
such as high transition temperature (~ 230 °C), free of remanant polarization
and double hysteresis behaviour make it an interesting candidate for many
applications especially for energy storage, low-loss linear capacitors,
microelectronics and actuators [1,2]. There has been a great deal of interest
in the preparation of single-phase PZ powders as well as in the sintering and
electrical properties of PZ-based ceramics [2,3]. 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 [1-3]. Some typical
processes to synthesize perovskite lead-based powders are the
microemulsion [4], the sol-gel technique [5], the co-precipitation [6], the
hydrothermal reaction [7], mechanical activation [8,9], and the solid-state
reaction or mixed oxides [10].

Recently, ultrafine powders (< 100 nm in diameter) are promising
starting materials in the fabrication of advanced nanoceramics [2,3]. However,
the evolution of a method to produce nano-sized powders 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 nano-sized powders lies in its ability to produce mass quantities
of powder in the solid state using simple equipment and low cost starting

precursors [11,12]. Although our earlier work has been done in the
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preparation of PZ powders via a vibro-milling technique [13], a detailed study
considering the role of both miling times and firing conditions on the
preparation of PZ nanopowders has not been reported yet.

Therefore, the present work has been undertaken to investigate the effects
of vibro-milling time together with calcination conditions on phase formation
and particle size of lead zirconate powders synthesized by solid-state reaction
method. The powder characteristics of the vibro-milling derived PbZrO3; have

also been thoroughly investigated.

2. Experimental procedure

The raw materials used were commercially available lead oxide, PbO
(JCPDS file number 77-1971) and zirconium oxide, ZrO, (JCPDS file number
37-1484) (Fluka, > 99% purity). The two oxide powders exhibited an average
particle size in the range of 3.0 to 5.0 um. PbZrO3; powder was synthesized by
the solid-state reaction of these raw materials, in analogous with other similar
lead-based perovskites as described in our previous works [12,14]. A
McCrone vibro-milling technique [11,12] was employed for preparing the
stoichiometric PbZrO; powders. In order to improve the reactivity of the
constituents, the milling process was carried out for various milling times
ranging from 15 to 35 h (instead of 30 min [13]) with corundum media in
isopropanol. After drying at 120 °C for 2 h, various calcination conditions, i.e.
temperature ranging from 550 to 800 °C, dwell times ranging from 1 to 6 h

and heating/cooling rates ranging from 10 to 30 °C/min, were applied (the
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powders were calcined in air inside a closed alumina crucible) in order to
investigate the formation of PbZrO3 [13].

All powders were subsequently 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 PbZrO3; powders. The crystalline
lattice constants and average particle size were also estimated from the
diffraction peak (240) of the perovskite pattern using Scherrer equation [15].
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. EDX spectra were
quantified with the virtual standard peaks supplied with the Oxford Instrument
eXL software. Powder samples were dispersed in solvent and deposited by
pipette on to 3 mm holey copper grids for observation by TEM. In addition,
attempt was made to evaluate the crystal structures of the observed

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

3. Results and discussion
Powder XRD patterns of the calcined samples after different milling

times are given in Figs. 1-3, with the corresponding JCPDS patterns. As
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shown in Fig. 1, for the uncalcined powder subjected to 15 h of vibro-milling
and the powders calcined at 550 °C, only X-ray peaks of precursors PbO (e)
and ZrO; (o) are present, indicating that no reaction was yet triggered during
the vibro-milling or low firing processes, in agreement with literatures [13,16].
However, it is seen that crystalline phase of the perovskite PbZrO; (v) was
found as separated phase in the powders calcined at 600 °C, and became the
predominant phase in the powders calcined at 700 °C. Further calcination at
800 °C with dwell time of 1 h does not result in very much increase in the
amount of PbZrOs; whereas the traces of unreacted PbO could not be
completely eliminated. This could be attributed to the poor reactivity of lead
and zirconium species [10,13]. However, it should be noted that after
calcination at 800 °C for 2 h (Fig. 1 (f)), the single phase of perovskite PbZrO;
(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 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 pm, and ¢ = 588.1 pm [17],
consistent with other works [7,13,16]. For 15 h of milling, the optimum
calcination temperature for the formation of a high purity PbZrO; phase was
found to be about 800 °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 35 h
under various conditions as shown in Figs. 2 and 3, respectively. In this

connection, it is seen that by varying the calcination temperatures and dwell
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times, the minimum firing temperature or dwell time for the single perovskite
phase formation of each milling batch is decreased with increasing milling
time (Figs. 1-3), in good agreement with other perovskite systems [12,14,18].
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 by
accelerating an atomic diffusion mechanism to meet the suitable level of
homogeneity mixing. It is thought that the reduction in the particle sizes
significantly reduces heat diffusion limitations. It is therefore believed that the
solid-state reaction to form perovskite PbZrO; phase occurs at lower
temperatures or shorter dwell times with decreasing the particle size of the
oxide powders [11,12].

As expected, there is evidence that, even for a wide range of
calcination conditions, single-phase PbZrO; cannot easily be produced, in
agreement with literatures [13,16]. In the work reported here, evidence for the
minor phase of PbO which coexists with the parent phase of PbZrO; is found
after calcination at temperature 600-750 °C, in agreement with literature
[13,16]. This second phase has an orthorhombic structure with cell
parameters a = 589.3 pm, b = 549.0 pm and ¢ = 475.2 pm (JCPDS file
number 77-1971) [19]. This observation could be attributed mainly to the poor
reactivity of lead and zirconium species [13] and also the limited mixing
capability of the mechanical method [11,12]. A noticeable difference is noted
when employing the milling time longer than 15 h (Figs. 2 and 3), since an
essentially monophasic PbZrO3; of perovskite structure was obtained at 800
°C for 1 h or 750 °C for 6 h (or 4 h) for the milling time of 25 h (or 35 h). This

was apparently a consequence of the enhancement in crystallinity of the
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perovskite phase with increasing degree of mixing and dwell time, in good
agreement with other works [12,18].

In the present study, an attempt was also made to calcine the powders
with different milling times under various heating/cooling rates (Figs. 1-3). In
this connection, it is shown that the yield of PbZrO; phase did not vary
significantly with different heating/cooling rates ranging from 10 to 30 °C/min,
in good agreement with the early observation for the PbZrO; powders
subjected to 0.5 h of vibro-milling times [13]. The variation of calculated
crystallite size of the PbZrO; powders milled for different times with the
calcination conditions is given in Table 1. In general, it is seen that the
calculated crystallite size of PbZrO3; decreases with increasing heating/cooling
rates for all different milling times. These values indicate that the particle size
affects the evolution of crystallinity of the phase formed by prolong milling
treatment. It should be noted that no evidences of the introduction of impurity
due 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 PbZrO3; nanopowders. Moreover, it has been
observed that with increasing milling time, all diffraction lines broaden, e.g.
(261) and (402) peaks, which are an indication of a continuous decrease in
particle size and of the introduction of lattice strain (Fig. 4) [15].

For PbZrO; powders, the longer the milling time, the finer is the particle
size (Fig. 4 and Table 1). Also the relative intensities of the Bragg peaks and
the calculated crystallite size 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



O J oy Ul WDN P

OO O O OO Ul U OO OO OO OO DR DR DR DS DA DD WWWWWWWWWWDNDDNDNDNDNDNdDNdDNdNRERErRErRERERRRRRE
G WN P OWOWOJdJOUd WNEFP OWO-JOU P WNhEF OOV JOU P WNEF OWOWJOUd WNEFE OWOowJoyUd WDNEFE O

diffracting domains, the particle sizes estimated by this method can be
significantly under estimated [15,18]. 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 [15,20].

In this connection, a combination between scanning electron
microscopy and laser diffraction techniques was also employed for particle
size measurement (Table 1). The morphological evolution and particle size
distribution during various calcination conditions of PbZrO; powders milled
with different times were investigated as shown in Fig. 5. At first sight, the
morphological characteristic of PbZrOz; 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 and size
distribution, particularly in powders subjected to prolong milling times.
Fracture is considered to be the major mechanism at long milling times. The

powders consist of primary particles of nanometers in size and the
agglomerates measured ~ 0.75-6.00 um. In addition to the primary particles,

the powders have another kind of very fine particle (brighter particles) with
diameter of about 30 nm. However, as unidentified by the XRD technique, a
combination of SEM and EDX techniques has demonstrated that unreacted
PbO phases (Fig. 6(b)) (circled in the micrographs in Fig. 5) exist in
neighbouring to the parent PbZrO3; phase. In general, EDX analysis using a
20 nm probe on a large number of particles of the calcined powders confirmed

the parent composition to be PbZrO; (Fig. 6(a)). As listed in Table 1, the
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comparison of XRD crystallite size with SEM apparent crystallite size
indicates that the nanoparticles of PZ obtained in this study are indeed
polycrystalline, not single-domain single crystalline as in the case of PbTiO3
nanoparticles [21]. This clearly suggests the possibility of introducing excess
crystalline defects through vibro-milling.

The effect of milling time on particle size distribution was found to be
significant, as shown in Fig. 5. After milling times of 15 and 25 h, the powders
have a similar particle size distribution. They exhibit a single peak covering
the size ranging from 35 to 2000 nm. However, upon further increase of
milling time up to 35 h, a bimodal distribution curve with peak broadening
between 10 and 6000 nm is observed. This behavior is believed to arise
mainly from particle agglomeration, consistent with SEM result where the
strong interparticle bond within each aggregate is evident by the formation of
a well-established necking between neighbouring particles (Fig. 5). This
observation could be attributed to the mechanism of surface energy reduction
of the ultrafine powders, i.e. the smaller the powder the higher the specific
surface area [22]. However, it should also be noticed in Fig. 5 that there is a
possible necking is observed in long milling time, i.e. 25 h. This necking could
be a result of local melting caused by vibro-milling technique. This statement
is also supported by the large agglomeration at longer milling time, i.e. 35 h,
detected by laser diffraction. Nonetheless, even with the possibility of
thermally induced necking, the nano-sized particles could still be obtained
with the vibro-milling technique, as seen in Fig. 5.

Bright field TEM images of the calcined PbZrO3; powders derived from

milling time of 35 and 25 h are shown in Figs. 7(a) and 8(a), respectively. By
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employing a combination of both selected area electron diffraction (SAED)
and crystallographic analysis, the major phase of orthorhombic PbZrO; (Figs.
7(b) and 8(b)) was identified, in good agreement with the XRD results. It is
interesting to note that limited evidence for the presence of the unreacted
precursor PbO (Fig. 8(c)), in good agreement with the SEM results, was also
found in the TEM-SAED investigation, even though this could not be detected
by XRD. It is, therefore, intriguing to note the advantage of a combination
between TEM-SAED and SEM-EDX techniques, which lies in its ability to
reveal microstructural features often missed by the XRD method which
requires at least 5 wt% of the component [7,15].

The experimental work carried out here suggests that the optimal
combination of the milling time and calcination condition for the production of
the smallest nanosized high purity PbZrO3; powders is 35 h and 750 °C for 4 h
with heating/cooling rates of 30 °C/min, respectively. Moreover, the employed
heating/cooling rates for PbZrOs; powders observed in this work are also
faster than those reported earlier [13,16]. This investigation indicates a strong
relationship between the vibro-milling process, the calcination condition and
the yield of PbZrO3 nanopowders.

Furthermore, it is a well-established fact that ferroelectric
nanoparticles undergo what is called a finite-size effect [21,23]. Namely, at a
certain particle size called the critical size, the high-temperature paraelectric
phase is stabilized at room temperature. Prior to reaching that size, the lattice
parameters as well as the paraelectric-ferroelectric phase transition
temperature changes. However, there has been much controversy concerning

the critical size at room temperature. The critical crystallite size has been
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reported to range between 25 to 200 nm [21,23-29]. In particular, earlier
report has shown that the critical crystallite size in PZ is approximately 100
nm [23,24]. In view of this connection, an attempt has been made to
determine the critical crystallite size for the PZ nanoparticles produced in this
study. As shown in Fig. 9, the critical crystallite size for the PZ seems to be
around 30-35 nm. It should also be noticed that there is an increase in lattice
parameters and unit-cell volume at smaller particle size, which could be
attributed to crystallite aggregation, as reported earlier in BaTiO3 [25] and also
in good agreement with SEM results (Fig. 5) which show aggregated clusters.
It is also to be noted the critical crystallite size obtained in this study is
significantly lower than previously reported values [23,24]. This is mainly due
to the range of the particle size used for the critical size determination is
limited to 27-60 nm, as compared to 30-250 nm in previous studies [23-29].
Therefore, more accurate value can be obtained with wider range of particle

sizes.

4. Conclusions

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 zirconate nanopowders can be successfully produced by a
simple solid-state mixed oxide synthetic route without the use of high purity
starting precursors. A combination of the milling time and calcination
conditions was found to have a pronounced effect on both the phase
formation and particle size of the calcined PbZrO3; powders. The calcination

temperature for the formation of single-phase perovskite lead zirconate was
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lower when longer milling times were applied. The optimal combination of the
milling time and calcination condition for the production of the smallest
nanosized (~28 nm) high purity PbZrO3; powders is 35 h and 750 °C for 4 h

with heating/cooling rates of 30 °C/min, respectively.
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Table Caption
Table 1 Effect of calcination conditions on the variation of particle size of

PbZrO; powders milled for different times.

Figure Caption

Fig. 1 XRD patterns of PbZrO3; powders milled for 15 h (a) uncalcined, and
calcined for 2 h with heating/cooling rates of 10 °C/min at (b) 550 (c)
600 and (d) 700 °C, at 800 "C for (e) 1 and (f) 2 h, and at 800 °C for 2 h

with heating/cooling rates of (g) 20 and (h) 30 °C/min.

Fig. 2 XRD patterns of PbZrO3; powders milled for 25 h and calcined for 2 h
with heating/cooling rates of 10 °C/min at (a) 600 (b) 700 and (c)
750 °C, at 750 °C for (d) 5 and (e) 6 h, and at 750 °C for 6 h with
heating/cooling rates of (f) 20 and (g) 30 °C/min, and (h) at 800 °C for 1

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

Fig. 3 XRD patterns of PbZrO3; powders milled for 35 h and calcined for 2 h
with heating/cooling rates of 10 °C/min at (a) 600 (b) 700 and (c)
750 °C, at 750 °C for (d) 3 and (e) 4 h, and at 750 °C for 4 h with
heating/cooling rates of (f) 20 and (g) 30 °C/min, and (h) at 800 °C for 1

h with heating/cooling rates of 30 °C/min.
Fig. 4 Enlarged zone of XRD patterns showing (261)/(402) peaks broadening
of PbZrO3; powders milled for (a) 15 h (Fig. 1(h)), (b) 25 h (Fig. 2(h))

and (c) 35 h (Fig. 3(g)).
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Fig. 5 SEM micrographs and particle size distributions of PbZrOs; powders
milled for (a) 15 h (Fig. 1(h)), (b) 25 h (Fig. 2(h)) and (c) 35 h (Fig.
3(9))-

Fig. 6 EDX analysis of (a) the major phase PbZrO3; and (b) the minor phase
PbO (some signals of C and Cu come from coated electrodes and
sample stubs, respectively).

Fig. 7 (a) TEM micrograph and (b) SAED pattern ([131] zone axis) of PbZrO;
powders milled for 35 h (Fig. 3(g)).

Fig. 8 (a) TEM micrograph of PbZrO3; powders milled for 25 h (Fig. 2(h)) and

SAED pattern of (b) major phase PbZrO; ([102] zone axis) and (c)

minor phase PbO ([2 00] zone axis).

Fig. 9 Values of (a) a (m) and b (A) lattice parameters, (b) c (e) lattice
parameter, (c) tetragonal distortion (c/a), and (d) unit cell volume as a
function of the particle size (XRD crystallite size) in single-phase

PbZrO3; powders.
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Table 1
Milling  Calcination Laser scattering
condition XRD (nm, + 2.0) SEM (nm, + 10)
time T/D/R (nm, £ 200)
(h) (°C:h:°C/min) A a b c D P D P
15 800/2/10  60.44 0.8255 1.1679 0.5873 306  65-522 720 40-2000
15 800/2/30  60.41 0.8257 1.1682 0.5875 280  53-692 700 35-2000
25 800/1/10  38.38 0.8242 1.1723 0.5877 235  36-415 190 35-800
25 800/1/30  35.11 0.8239 1.1720 0.5875 223  31-400 170 35-750
35 750/4/10  32.45 0.8227 1.1672 0.5870 160  39-420 1600 10-4500
35 750/4/20  30.94 0.8231 1.1769 0.5868 152  36-390 1580 10-5000
35 750/4/30  27.50 0.8235 1.1729 0.5854 121  31-228 1570 10-6000

A = Crystallite size
a, b, ¢ = Lattice parameters

D = Average particle size
P = Particle size range or distribution
7/D/R = Calcination temperature, dwell time and heating/cooling rates.
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