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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.
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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
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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.

762

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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(*) TiO, JCPDS file no. 21-1272
(0) PbTi,0; JCPDS file no. 21-949

Intensity (a.u.)

0.5 h (uncalcined)

JCPDS file no. 6-452 : PbTiO,
| | [ A

30

40

50 60

20 (degrees)

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 ™.

Acknowledgement

This work was supported by the Thailand Research Fund
(TRF) and the Faculty of Science, Chiang Mai University. One
of the authors (R.W.) wishes to acknowledge Maejo University
for financial support during her study and also the Graduate
School of Chiang Mai University.

References

[1] A.J. Moulson, J.M. Herbert, Electroceramics, 2nd ed.Wiley, Chichester,
2003.
[2] B. Jaffe, W.R. Cook, H. Jaffe, Piezoelectric Ceramics, Academic Press,
New York, 1971.
[3] O. Bouquin, M. Lejeune, J.P. Boilot, J. Am. Ceram. Soc 74 (1991) 1152.
[4] T.R. Gururaja, A. Safari, A. Halliyal, Am. Ceram. Soc. Bull. 65 (1986)
1601.
[5] J.S. Wright, L.F. Francis, J. Mater. Res. 8 (1993) 1712.
[6] G.R. Fox, J.H. Adair, R.E. Newnham, J. Mater. Sci. 25 (1990) 3634.
[7] A. Rujiwatra, J. Jongphiphan, S. Ananta, Mater. Lett. 59 (2005) 1871.
[8] V.V. Dabhade, T.R. Rama Mohan, P. Ramakrishman, Appl. Surf. Sci. 182
(2001) 390.
[9] S. Ananta, Mater. Lett. 58 (2004) 2781.
[10] A. Udomporn, S. Ananta, Curr. Appl. Phys. 4 (2004) 186.
[11] A. Udomporn, S. Ananta, Mater. Lett. 58 (2003) 1154.
[12] S. Ananta, N.W. Thomas, J. Eur. Ceram. Soc. 19 (1999) 155.
[13] S. Ananta, R. Brydson, N.-W. Thomas, J. Eur. Ceram. Soc. 20 (2000) 2315.
[14] S.L. Swartz, T.R. Shrout, Mater. Res. Bull. 17 (1982) 1245.
[15] H. Klug, L. Alexander, X-Ray Diffraction Procedures for Polycrystalline
and Amorphous Materials, 2nd ed.Wiley, New York, 1974.
[16] S. Ananta, R. Tipakonitikul, T. Tunkasiri, Mater. Lett. 57 (2003) 2637.
[17] C.G. Pillai, P.V. Ravindran, Thermochim. Acta 66 (1996) 109.
[18] J. Tartaj, C. Moure, L. Lascano, P. Duran, Mater. Res. Bull. 36 (2001)
2301.
[19] M.L. Calzada, M. Alguero, L. Pardo, J. Sol-Gel Sci. Technol. 13 (1998)
837.
[20] Powder Diffraction File No. 21-949. International Centre for Diffraction
Data, Newtown Square, PA, 2000.
[21] Powder Diffraction File No. 6-452. International Centre for Diffraction
Data, Newtown Square, PA, 2000.
[22] C. Suryanarayana, Prog. Mater. Sci. 46 (2001) 1.
[23] A. Revesz, T. Ungar, A. Borbely, J. Lendvai, Nanostruct. Mater. 7 (1996)
779.
[24] P.C. Kang, Z.D. Yin, O. Celestine, Mater. Sci. Eng., A Struct. Mater.: Prop.
Microstruct. Process. 395 (2005) 167.



Available online at www.sciencedirect.com

science (hoinser:

Current Applied Physics 6 (2006) 520-524

Current
Applied
Physics

An official journal of the K¢S

ELSEVIER

www.elsevier.com/locate/cap
www.kps.or.kr

Effects of uniaxial stress on dielectric properties of ferroelectric ceramics

Rattikorn Yimnirun *, Supattra Wongsaenmai, Athipong Ngamjarurojana, Supon Ananta

Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
Auvailable online 27 December 2005

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
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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 €))]



250 R. Wongmaneerung et al. / Materials Science and Engineering B 130 (2006) 246-253

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
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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

3097



R Yimnirun et al

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

2. Experimental procedure

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

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

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

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

3. Results and discussion

Powder XRD patterns of the calcined powders after different
milling times are given in Figs. 1-3, with the corresponding JCPDS
patterns. As shown in Fig. 1, for the uncalcined powder subjected to 20
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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



