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The influences of sintering conditions on electrical properties of the 0.8Pb(Zr;/>Ti;/2)03-0.2Pb(Coy/3Nby,
3)03 ceramics have been investigated with sintering temperatures of 1175, 1200, 1225, and 1250 °C
and dwell times for 2, 6, and 10 h. The crystal structure of dense specimens showed coexistence between
tetragonal, rhombohedral and pseudo cubic phases in all sintering temperatures, while tetragonal-rich
phase appeared with increasing dwell times. A maximum dielectric constant was observed at sintering

I;’;‘Cﬁ condition of 1200 °C for 2 h, while the transition temperature slightly increased with increasing dwell
77'24'; time. All ceramics also showed diffused phase transition behaviors with a minimum diffusivity at sinter-

R ing condition of 1200 °C for 2 h. In addition, the polarization-electric field (P-E) hysteresis loops of the
Keywords: ceramic systems also chaqgec! significantly with sintering conditions. In.terestingly: th'e ferro.elect.ric
PZT-PCN parameters; remnant polarization (P;) and loop squareness (Rsq) tended to increase with increasing sin-
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tering temperatures and dwell times.
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1. Introduction

Ferroelectric and related materials continue to be exploited for
numerous applications, including recent concepts of “smart” or
“intelligent” systems, whereby multifunctional components are re-
quired [1]. Nowadays, substantial research and development has
been devoted to ferroelectric materials consisting of relaxor and
normal ferroelectrics have attracted great interest at the composi-
tions close to the morphotropic phase boundary (MPB) because of
their excellent dielectric, piezoelectric, and electrostrictive
properties, which are useful in actuating and sensing applications
[1,2]. Lead zirconate titanate, Pb(Zr,Ti;_,)O3 or PZT ceramics have
been investigated from both fundamental and applied viewpoints
[2,3]. The MPB of PZT is located at a PbTiO3:PbZrOs; of 0.52:0.48
and separates the Ti-rich tetragonal phase from the Zr-rich rhom-
bohedral phase [4]. Furthermore, the MPB composition has a high
T. of 390 °C, which allows piezoelectric devices to be operated at
relatively high temperatures. Most commercial PZT ceramics are
designed in the vicinity of the MPB with various doping methods
in order to achieve high properties [3,5-8]. Recently, many
piezoelectric ceramic materials have been developed from binary
systems containing a combination of relaxor and normal ferroelec-
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tric materials [3] that yield high dielectric permittivities {e.g.,
Pb(zr1/2Ti1/2)03—Pb(Ni1/3Nb2/3)03 (PZT—PNN), and Pb(Zr1/2Ti1/2)O3—
Pb(Mg13Nb/3)03 (PZT-PMN)} [5,6], excellent piezoelectric coeffi-
cients {e.g., Pb(Zn/2Ti1/2)03—Pb(Zn1/3Nb2/3)03 (PZT—PZN)} [7], and
high pyroelectric coefficients {e.g., Pb(Nij;3Nby3)03-PbTiO5-
PbZrO; (PNN-PT-PZ)} [8].

Lead cobalt niobate, Pb(Coy;3Nby/3)03 or PCN, which exhibits a
perovskite structure and a Curie temperature of ~—30°C, is a
relaxor ferroelectric material with a high dielectric constant
[9,10]. On the basis of the above mentioned approach, solid solu-
tions of PZT and PCN are expected to synergistically combine the
properties of both the normal ferroelectric PZT and relaxor ferro-
electric PCN, which could exhibit electrical properties that are bet-
ter than those of the single-phase PZT and PCN [9-12]. Our
previous investigation on (1-x)PZT-(x)PCN ceramic systems has
already shown excellent electrical properties with the MPB at
x=0.2 [13]. Previously, the influences of sintering conditions on
electrical properties have been extensively investigated in PZT
[14], PZT-PMN [15,16], PZT-PZN [17], PMS-PZT [18], PMN-PNN-
PZT [19], PCW-PMN-PZT [20], PZT-PMN-PZN [21], PFW-PT [22],
KNN-ST [23], and BNT-BT [24]. However, there have been no
systematic studies on the relationship between sintering tempera-
ture and dwell time variation on physical and electrical properties
of ceramics within specific morphotropic phase boundary
compositions of PZT and PCN. Therefore, the overall purpose of this
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study is to examine the influence of sintering conditions on phase
formation, microstructure, dielectric and ferroelectric properties of
0.8Pb(Zr12Ti1/2)03-0.2Pb(Co4/3Nby/3)03 ceramic systems.

2. Experimental procedure

The specimens studied were fabricated according to the for-
mula: 0.8Pb(Zry,Tiy/2)03-0.2Pb(Coq3Nby/3)03. Raw materials of
PbO, Zr0,, TiO,, CoO, and Nb,0s with >99% purity were used to
prepare samples. The columbite CoNb,0g and wolframite ZrTiO,4
precursors were weighed and introduced into the batch calcula-
tions. CoNb,Og and ZrTiO, powders were prepared at calcination
temperatures of 1100 and 1450 °C for 2 h, respectively [25,26]. In
this work, the 0.8Pb(Zry,,Tiy;2)03-0.2Pb(Co4;3Nby/3)03 samples
were prepared from PbO, ZrTiO4, and CoNb,Og powders using the
solid-state reaction of these raw materials. The powders were
mixed by a vibratory-milling technique in ethanol for 6 h. After
drying, the product was calcined in an alumina crucible at a tem-
perature of 950 °C [25]. The calcined powders were uniaxially
cold-pressed at 5000 psi into disc-shaped pellets with a diameter
of 12.7 mm and a thickness of 1 mm, with 3 wt% poly (vinyl alco-
hol) (PVA) added as a binder. Following binder burnout at 500 °C,
the pellets were sintered at various sintering temperatures of
1175, 1200, 1225, and 1250 °C for 2, 6, and 10 h with fixed heat-
ing/cooling rate of 5 °C/min.
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Fig. 1. XRD patterns of 0.8Pb(Zr/,Ti;2)03-0.2Pb(Co/3Nb3)03 ceramics with; (a)
sintering temperature of 1175, 1200, 1225 and 1250 °C and (b) coexistence of
T(002), T(200) and C(200) peaks profile.

The phase structure of the powders was analyzed via X-ray dif-
fraction (XRD; Bruker-AXS D8). The microstructures of the sintered
samples were examined using scanning electron microscopy (SEM;
JEOL JSM-840A). The dielectric properties of the samples were
measured using Agilent 4284A LCR meter over a wide temperature
range using a NorECS ProboStat high temperature measurement
cell. The room temperature ferroelectric properties were examined
using a simple Sawyer-Tower circuit at fixed measuring frequency
of 50 Hz.

3. Results and discussions

Perovskite phase formation and crystal structure were deter-
mined by XRD at room temperature. The XRD patterns of
0.8Pb(Zry2Ti1/2)03-0.2Pb(Co4,3Nby/3)03 ceramics with various sin-
tering temperatures and dwell times are shown in Figs. 1 and 2,
respectively, showing perovskite structure for all compositions.
The pyrochlore phase is not observed in this system. For sintering
temperature variation, sintered ceramics with various sintering
temperature of 1175, 1200, 1225 and 1250 °C are correlated with
JCPDS file number 70-4057, as displayed in Fig. 1a. In the XRD pat-
terns, the crystal structure of all specimens appears coexistence
between tetragonal and pseudo cubic phases in 0.8PZT-0.2PCN
system. As shown in Fig. 1b, XRD peak profiles of the (002)/
(200) peaks of tetragonal phase and (200) peak of pseudo cubic
phase appeared around 26 of ~44°-45°. However, a separate peak
at (111) peak, as shown in Fig. 1a, confirmed that the rhombohe-
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Fig. 2. XRD patterns of 0.8Pb(Zry,Ti;/2)03-0.2Pb(Coy/3Nb,/3)03 ceramics with; (a)
dwell times for 2, 6, and 10 h and (b) the (002)/(200) peaks profile with various
dwell times.
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dral phase is also observed in this system with increasing sintering
temperature. It should be noticed that this ceramic system shows
coexistence of tetragonal, rhombohedral, and pseudo cubic phases.
For samples with fixed sintering temperature of 1200 °C and dwell
times variations for 2, 6 and 10 h, the XRD patterns also show sin-
gle-phase without pyrochlore phase, as shown in Fig. 2a. The
tetragonal-rich phase is observed with increasing dwell time for
6 and 10 h, indicating the structural change in 0.8PZT-0.2PCN sys-
tem, as shown in Fig. 2b. Clearly, these observations show that the
sintering conditions have affected the crystal structure of 0.8PZT-

FHASe CHI

0.2PCN ceramics. Previously, a similar behavior was also observed
with increasing sintering temperatures in PZT, PZT-PMN, PZT-PZN,
PZT-PNN, PMS-PZT, PMN-PNN-PZT, PZT-PMN-PZN, PCW-PMN-
PZT, PZT-PMWSN, and PFW-PT [14-22,27].

Effects of sintering conditions on the microstructure of the
0.8Pb(Zr2Ti1/2)03-0.2Pb(Co4/3Nby/3)03 ceramics are displayed in
Fig. 3. The grain size of the ceramics varies considerably from
0.57 to 13.76 um, as listed in Table 1. The average grain size and
density of this ceramics tend to increases with increasing sintering
temperatures and dwell times probably due to the grain growth is

Fig. 3. SEM micrographs of 0.8Pb(Zr;/>Ti1/2)03-0.2Pb(Coy/3Nby3)03 with various sintering temperatures of (a) 1175, (b) 1200, (c) 1225, (d) 1250, and various dwell times for

(e)6hand (f) 10 h.

Table 1
Physical properties of 0.8PZT-0.2PCN ceramics at various sintering condition.

Sintering conditions

Temperature (°C) Dwell time (h)

Density (g/cm?)

Grain size range (pum) Average grain size (Lm)

1175 2 7.89£0.05
1200 2 7.91+0.05
1225 2 7.93 £ 0.05
1250 2 7.94 £ 0.05
1200 6 7.92+£0.05
1200 10 7.94 £ 0.05

0.57-10.31 4.19
0.81-9.67 4.55
1.29-12.24 5.95
1.71-13.76 7.94
1.95-10.43 5.05
0.81-12.00 5.97

Curr. Appl. Phys. (2009), doi:10.1016/j.cap.2009.01.005

Please cite this article in press as: A. Prasatkhetragarn et al., Dielectric and ferroelectric properties of 0.8PZT-0.2PCN ceramics under ...,




4 A. Prasatkhetragarn et al./ Current Applied Physics xxx (2009) XxX—Xxx

controlled by boundary diffusion [28]. This indicates that the sin-
tering process can enhance the diffusion mechanism and promote
the densification of the sample with higher relative density [28].
Therefore, the grain size and density of PZT-PCN ceramics strongly
depend on the sintering conditions. This trend is similar to those
reported in the literature [14-24,27].

Temperature dependences of the dielectric constant (&) and
dielectric loss tangent (tan o) of the 0.8Pb(Zry/;Tij;2)03-
0.2Pb(Coy3Nby3)03 ceramics at various sintering temperatures of
1175, 1200, 1225, and 1250 °C and dwell times for 2, 6,and 10 h
are displayed in Figs. 4 and 5, respectively. The maximum dielec-
tric constant (Oyax) at 1 kHz is also listed in Table 2. For sintering
temperature variation, the O,.x tends to increase from 28300 at
1175 °C up to 64500 at 1200 °C and then decrease to 39200 at
1250 °C, while tan ¢ tends to increase with increasing sintering
temperature, clearly indicating that the sintering temperature
has strong influence on the optimum dielectric properties of
0.8PZT-0.2PCN system. In addition, a clear transition in Ty,.x (de-
fined as the temperature at which OJ, is maximum at 1 kHz) is ob-
served. It is noticed that an increased sintering temperature does
not significantly change Tn.x of the ceramics, as shown in Table
2. At fixed sintering temperature of 1200 °C, and various dwell
times for 2, 6, and 10 h, the dielectric constant shows maxima at
2 h dwell time, and then decreases with increasing dwell times.
While board peaks at [;,,.x have been observed, Ty,.x sShows slightly
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Fig. 4. Temperature dependences of dielectric properties of 0.8Pb(Zry/,Ti;/2)03-
0.2Pb(Co1/3Nby/3)05 at various sintering temperature with fixed dwell time for 2 h
and heating/cooling rates of 5 °C/min.

80000

60000 4

40000

20000

Relative permittivity (=)

Temperature (°C)

Fig. 5. Temperature dependences of dielectric properties of 0.8Pb(Zry/;Tiy/2)03—
0.2Pb(Coy/3Nby/3)03 with various dwell times (sintered at 1200 °C and heating/
cooling rates of 5 °C/min).

Table 2
Dielectric properties of 0.8PZT-0.2PCN ceramics at various sintering conditions.

Sintering conditions Dielectric properties (at 1 kHz)

Temperature Dwell ez &rr tan o Bren tand 7y )
(°C) time (h)  (°C)

1175 2 308 983 0.0552 28300 0.419 1.73 16.52
1200 2 309 929 0.0467 64500 0.73 149 15.28
1225 2 309 880 0.042 51000 1.11 173 16.08
1250 2 309 716 0.0418 39200 1.089 1.81 16.81
1200 6 312 778 0.0382 49500 1.26 155 154
1200 10 315 736 0.0432 24600 0.808 1.62 15.71

increase with increasing dwell time, probably caused by a shift to a
tetragonal-rich phase composition as shown in Fig. 2. Similar
behavior is also reported in previous works [15,17,21,22,24,28].

To further understand the dielectric behavior of the 0.8PZT-
0.2PCN ceramic with various sintering conditions, the permittivity
of a first-order normal ferroelectric can be described by the Curie-
Weiss law and a second-order relaxor ferroelectric can be de-
scribed by a simple quadratic law [29]. The relative permittivity
can then be derived via using

em  _ 14 (T = Tu(f))’
e(f,T) 26%
where &, is the maximum value of the permittivity at T = Ty(f). The
value of y is the expression of the degree of dielectric relaxation,
while § is used to measure the degree of diffuseness of the phase
transition. In a material with a “pure” diffuse phase transition, y
is expected to be 2 [30]. As listed in Table 2, the values of y vary
with sintering conditions between 1.49 and 1.81, which confirms
that diffuse phase transition occurs in the 0.8PZT-0.2PCN ceramics.
It is important to note that in perovskite ferroelectrics it has been
established that y and & can be affected by sintering conditions
and structure of the materials. The values of 7 and § decrease with
increasing sintering temperature from 1175 to 1200 °C, and then in-
crease when sintering temperature increases further, as shown in
Table 2. For dwell time variation, the values of y and ¢ tend to in-
crease with increasing dwell time as also shown in Table 2. How-
ever, the results show minimum 7y and ¢J values at sintering
temperature of 1200 °C and dwell times for 2 h. It is interesting to
observe that the phase transition is least diffused at this optimized
sintering condition, possibly due to a sharp increase of dielectric
permittivity at MPB. A similar behavior has also been observed in
PZT-PNN and PZT-PMN systems [5,6].

The polarization-electric field (P-E) hysteresis loops of
0.8Pb(Zry2Ti1/2)03-0.2Pb(Co4/3Nby/3)03 ceramics measured at
15 kV/cm are presented in Figs. 6 and 7. To assess effect of sinter-
ing conditions on ferroelectric characteristics of 0.8PZT-0.2PCN
ceramics, the ferroelectric parameters have been extracted from
the experimental data, as summarized in Table 3. For sintering
temperature variation, the remnant polarization (P;) increases with
increasing sintering temperature. However, the largest remnant
polarization at sintering temperature of 1250 °C could be caused
by effects of grain size, which reaches maximum in this condition
[23], as listed in Table 1. However, with fixed sintering tempera-
ture at 1200 °C and various dwell times, the P; also increases with
increasing dwell times, while E. shows the same behavior as in sin-
tering temperature variation case. Furthermore, the ferroelectric
characteristics can be assessed with the hysteresis loop squareness
(Rsq) [25], which can be calculated from the empirical expression
Rsq = (Py/Ps) + (P1.1gc/Ps), where Ps is the saturated polarization ob-
tained at some finite field strength below the dielectric breakdown
and P qgc is the polarization at the field equal to 1.1E.. For the ideal
square loop, Rsq is equal to 2.00 [31]. As listed in Table 3, the loop
squareness parameter Ryq increases to 1.47 at sintering tempera-

(1)
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Fig. 7. P-E loops of 0.8Pb(Zry,Tij;2)03-0.2Pb(Coy/3Nb,/3)03 with various dwell
times (sintered at 1200 °C and heating/cooling rates of 5 °C/min).

Table 3
Ferroelectric properties of 0.8PZT-0.2PCN ceramics at various sintering conditions.

Sintering conditions Ferroelectric Properties

Temperature Dwell P (nC/ P ER E¥ E. Loop

(°C) time (h) cm?) (nc/ (kv/ Pmax Emax squareness
cm) cm) (Rsq)

1175 2 8.06 10.73 8.7 0.75 0.58 1.06

1200 2 12.91 13.88 9.13 093 0.61 147

1225 2 13.61 16.79 7.84 081 0.53 1.16

1250 2 3329 3443 8.14 097 059 1.58

1200 6 18.46 1999 8.76 092 0.58 148

1200 10 22.33 2391 885 093 0.58 1.53

ture of 1200 °C and dwell time for 2 h. However, larger Ryq value
at 1250 °C could be due to easy polarization rotation in the MPB
region with coexistence of the tetragonal and pseudo cubic phase
and/or effects of maximum grain size in this sintering condition.
Similar behavior is also reported in PZT-PMN and PZT-PZN [32,33].

4. Conclusions
In this study, the influence of sintering conditions on phase for-

mation and electrical properties of the 0.8Pb(Zry/;Tij;;)03-
0.2Pb(Co4,3Nby/3)03 ceramics with various sintering temperature

of 1175, 1200, 1225, and 1250 °C and dwell times for 2, 6, and
10 h have been investigated. The XRD analysis indicates that the
tetragonal, pseudo cubic and rhombohedral phases coexist for all
compositions sintered at various temperatures, while the tetrago-
nal-rich phase appears with increasing dwell time. The surface
micrographs show that average grain size increases with
increasing sintering temperature and dwell time. At 1 kHz, the
maximum dielectric constant (&,.x) of 64500 is observed in ceram-
ics sintered at 1200 °C for 2 h, while the diffusivity (y) and diffuse-
ness parameter (5) reach minima. Moreover, the ferroelectric
parameters; remnant polarization (P;) and loop squareness (Rsq)
increase with increasing sintering temperatures and dwell times,
while coercive field (E.) does not show specific trend. Finally, this
study shows that the sintering conditions play critical role on
physical and electrical properties of the PZT-PCN ceramics.
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ABSTRACT

Effects of compressive stress on the dielectric properties of complex perovskite
PZBT-PMNT ceramic were investigated. The dielectric properties measured under
stress-free condition showed a composite nature with two distinct temperatures of
dielectric maximum associated with PZBT and PMNT. The dielectric properties under
the compressive stress were observed at stress levels up to 230 MPa using a homebuilt
compressometer. The results clearly showed that the superimposed compression load
significantly reduced both the dielectric constant and the dielectric loss tangent in
every measuring frequency. The change of the dielectric constant with stress was
attributed to competing influences of the intrinsic contribution of non-polar matrix and
the extrinsic contribution of re-polarization and growth of micro-polar regions, while
the clamping of the domain walls contributed to the change in dielectric loss tangent
with stress. Finally, the stress induced decrease in switchable part of spontaneous
polarization was seen as a cause for a large drop of the dielectric constant after a stress

cycle.

Keywords: Dielectric Properties, PZBT-PMNT, Stress



1. INTRODUCTION

Complex perovskite ferroelectric ceramics have been studied extensively because they
can be applied in several micro- and nano-electronic devices such as multilayer
capacitors, microactuators and miniaturized transducers [1-5]. Among them, barium
titanate (BaTiOs or BT), lead titanate (PbTiO; or PT), lead zirconate titanate (Pb(Zr;-
x11x)O3 or PZT), lead magnesium niobate (Pb(Mg;,3Nb/3)O3 or PMN) ceramics and a
variety of their solid solutions have been investigated extensively and continuously
since the late 1940s [1,3,4]. Two of the most studied ferroelectric compounds, PZT
and BT ceramics are representative perovskite piezoelectric and ferroelectric
prototypes, respectively, because of their excellent electrical properties. While BT has
a high dielectric constant with a relatively low Curie temperature (T¢) (~120 °C), PZT
has a higher T¢ of 390 °C which allows PZT-based piezoelectric devices to be operated
at relatively higher temperatures [2,4]. Although BT ceramic has better mechanical
properties than PZT, the sintering temperature is also higher [1,3,6]. Thus, mixing
PZT with BT is expected to decrease the sintering temperature of BT-based ceramics
while maintaining excellent dielectric properties. Our earlier studies have already
revealed the optimized electrical properties in 0.5PZT-0.5BT ceramic with & ~ 4000 at
Tc of 160 °C [7,8].

Another family of ferroelectric materials which are of great interest due to their
high polarizabilities is lead-based relaxor ferroelectrics. PMN has very good dielectric
properties [2,3,5]. However, the temperature related to the maximum dielectric
constant (T,.x) of PMN is very low (~ -10°C) [5]. Therefore, PT is systematically
added to PMN to enhance the dielectric properties of PMN (as well as increasing Tax)-
In particular, 0.9PMN-0.1PT ceramics, which have Ty ~ 40 °C and & max > 20000,

have been a subject of many investigations and, more importantly, have been widely



applied for capacitor, actuator and transducer applications [9-12]. However, since there
have always been a need to obtain ceramic with board dielectric peak and maximum
dielectric constant for various applications, especially in capacitive components [2-5],
and with the complimentary characteristics between 0.5PZT-0.5BT and 0.9PMN-
0.1PT ceramics, it is expected that excellent dielectric properties can be obtained from
a mixture composition of the two ceramics. It is, therefore, one of the aims of this
study to explore the dielectric properties of the mixture composition of 0.5PZT-0.5BT
and 0.9PMN-0.1PT.

In most applications, however, 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 [13-15]. A prior knowledge of how the materials behave
under different load conditions is therefore very crucial for proper design of a device
and for suitable selection of materials for a specific application. Therefore, it is very
important to determine the properties of the materials as a function of applied stress.
Previous investigations on the stress-dependence dielectric and electrical properties of
many ceramic systems, such as PZT, PMN-PZT, and PMN-PT have clearly
emphasized the importance of the subject [15-22]. Therefore, the major aim of this
study is to investigate the influences of the compressive stress on the dielectric

properties of complex perovskite PZBT-PMNT ceramic.

2. EXPERIMENTAL DETAILS

The ceramic composition with a formula [0.5Pb(Zr)s,Ti9453)O03—0.5BaTiOs]-
[0.9Pb(Mg;3Nby3)03-0.1PbTiO;] (abbreviated as PZBT-PMNT hereafter) was

selected for this study as outlined above. The PZBT-PMNT powders were prepared



from 0.5Pb(Zrs,Tip43)O3—0.5BaTiO; (abbreviated as PZBT hereafter) and
0.9Pb(Mg;3Nb,3)03-0.1PbTi0O; (abbreviated as PMNT hereafter) starting powders via
a simple mixed-oxide method [7,23]. The detailed descriptions of the PZBT and
PMNT powders processing and characterization were presented elsewhere and will not
be discussed here [7,8,23]. The PZBT-PMNT ceramics were then fabricated via the
same mixed-oxide method. After mixing the powders by ball-milling method and
drying process, the mixed powders were pressed hydraulically to form disc-shaped
pellets 10 mm in diameter and 2 mm thick, with 3 wt.% polyvinyl alcohol as a binder.
The pellets were placed on the alumina powder-bed inside alumina crucible and
surrounded with atmosphere powders of the same composition. Finally, the pellets
were sintered at 1250 °C for 2 h.

For dielectric property characterizations, the sintered samples were lapped to
obtain parallel faces disc-shaped specimens with diameter of 8 mm and thickness of 1
mm, and the faces were then coated with silver paint as electrodes. The samples were
then heat-treated at 750 °C for 12 min to ensure the contact between the electrodes and
the ceramic surfaces. The samples were subsequently poled in a silicone oil bath at a
temperature of 120 °C by applying a dc field of 20 kV/cm for 30 min and then field-
cooled to room temperature. The dielectric properties of the sintered ceramics were
studied under stress-free condition as functions of both temperature and frequency
with an automated dielectric measurement system. The capacitance and the dielectric
loss tangent were determined over the temperature range of 25 and 400 °C with the
frequency ranging from 1 kHz to 5 MHz. The measurements were carried out on
cooling continuously at the rate of 3 °C/min. To study the effects of the compressive
stress on the dielectric properties, the compressometer was constructed [20,24]. The

dielectric properties were measured by LCR-meter (Instrek LCR-821). The room



temperature (25 °C) capacitance and the dielectric loss tangent were obtained at
frequency range 10 to 200 kHz under the compressive stress levels up to 230 MPa. The
dielectric constant was then calculated from a parallel-plate capacitor equation, e.g. &;
= Cd/eoA, 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 107 F/m).

3. RESULTS AND DISCUSSION

The stress-free dielectric properties, e.g. dielectric constant (g;) and tan 0, as functions
of both temperature and frequency are plotted in Fig. 1. It is clearly seen that there are
two distinct dielectric anomalies. The first dielectric peak at lower temperature region
with higher dielectric constant is associated with the PMNT component, which has
Tmax near 40 °C [12]. A strong dielectric dispersion below Ty« also indicates a relaxor
ferroelectric behavior. In this case, the temperatures of maximum dielectric constant
and dielectric loss tangent are shifted to higher temperature with increasing frequency.
The maximum value of the dielectric constant decreases with increasing frequency,
while that of the dielectric loss tangent increases. The dielectric properties then
become frequency independence above the transition temperature [25,26]. Even though
these descriptions are not clearly seen on the first dielectric peak because of the
appearance of the second dielectric peak, it could still be said that the relaxor behavior
exists. The second dielectric peak occurs over temperature range 150-200 °C, which
should be associated with the PZBT component with T¢ near 162 °C [7,8]. A diffuse
phase transition with small frequency dispersion of the dielectric maxima is also
observed within this second dielectric peak, similar to earlier reported observation for

the PZBT component [8]. These observations of the two distinct dielectric peaks



should indicate the composite nature of the PZBT-PMNT ceramic. Moreover, it
should also be noted that significant increase in the dielectric constant dielectric loss at
high temperatures is a result of thermally activated space charge conduction [25,26].
The fractional changes of the dielectric properties of the PZBT-PMNT ceramic
under the compressive stress during loading and unloading are shown in Figs. 2 and 3.
There is a significant change of the dielectric properties of the ceramic with increasing
stress from 0 to 230 MPa and returning to stress-free condition. As seen in Fig. 2, the
dielectric constant decreases monotonically with increasing the compressive stress,
then increases only slightly when the compressive stress is gradually removed. The
changing of the dielectric constant with increasing and decreasing the applied stress
does not follow the same path. In every frequency, the dielectric constant with
increasing the compressive stress is larger in value than that with decreasing stress. It
is also of interest to see that the stress-free dielectric constant value decreases
significantly after a stress cycle. It can be seen very clearly that the dielectric constant
decreases as much as 25% at the maximum applied stress and only returns to slightly
less than 85% of its original value when the stress is removed. As displayed in Fig. 3,
though following a similar trend, the change in the dielectric loss tangent value is less
significant, as it only decreases about 10-20% at the maximum stress and almost
returns to its original value after a stress cycle. Similar observations have been
reported for other ceramic systems, such as BT, PZT, PMN, PMN-PT and PMN-PZT
[17,20,22,27-28]. It should also be noted that since the dielectric constant of the
sample was measured through the capacitance, there is a change of sample capacitance
due to the geometrical deformation under stress. The variation of the sample dielectric
constant (Ag;) can be expressed as &*X*((1+2v)/E), where X is the applied stress, v is

the Poisson’s ratio, and E is the Young’s modulus [29,30]. By applying the estimated



values of v ~ 0.3 and E ~ 100 GPa for the ceramic [15,16,18,22,31] and &, ~ 4000, it
can be estimated that at the maximum stress of 230 MPa, the variation of 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 observed in Fig. 2.

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 [16,17,20,22,27,28]. 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-aging, clamping of domain walls, and
stress induced decrease in switchable part of spontaneous polarization
[21,27,31,32,33].

The situation for the PZBT-PMNT system is quite complex because this
system is a mixing between the relaxor ferroelectric PMNT and the normal
ferroelectric PZBT. Therefore, there is a competing mechanism between the two types
of materials, depending upon temperature. Since the stress experiment was carried out
at room temperature (~25 °C) which is just below the Ty.x of PMNT (~40 °C) [12], the
dielectric properties of the PZBT-PMNT ceramic undet stress should be dominated by
the PMNT contribution. Therefore, 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 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 behavior of the PZBT-PMNT ceramic depends on the
ratio between the micro-polar region and the non-polar matrix, in this case the non-
polar matrix still dominates [27,28]. Hence, the dielectric responses of the PZBT-
PMNT ceramic are observed to decrease significantly with increasing the compressive
stress, as seen in Figs. 2 and 3. More interestingly, it is worth noting that our earlier
investigations on the stress-dependent dielectric properties of the two members, i.e.
PZBT [32] and PMNT [22], revealed that under a similar loading condition the
dielectric constant of the PMNT ceramic decreased nearly 70%, whereas the PZBT
ceramic showed approximately 5-10% increase in the dielectric constant. Clearly, the
apparent suppression of the dielectric constant change with stress observed in this
current study supports the composite nature of the PZBT-PMNT ceramic, as also
revealed by the free-stress dielectric properties measurements shown in Fig. 1.

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. 3, the clamping
of the domain walls under the compressive stress results in a decrease of domain wall
mobility and reduces the dielectric loss tangent [22,27]. This is a reversible effect with
the domain wall mobility returning to near the original values when the applied stress
is removed, as seen in Fig. 3 that the dielectric loss tangents return to near their
original values after a stress cycle. In addition, a significant decrease in the dielectric
constant after a full cycle of stress application has been observed, and attributed to the
stress induced decrease in switchable part of spontaneous polarization at high stress

[21,31].



4. CONCLUSIONS

The dielectric properties of complex perovskite PZBT-PMNT ceramic were
investigated in this study. The dielectric properties measured under stress-free
condition showed two distinct dielectric peaks associated with PZBT and PMNT. The
dielectric properties under the compressive stress were observed using a homebuilt
compressometer. The results clearly showed that the superimposed compression load
significantly reduced both the dielectric constant and the dielectric loss tangent in
every measuring frequency. The change of the dielectric properties with stress was
attributed to competing influences of the intrinsic contribution of non-polar matrix and
the extrinsic contribution of re-polarization and growth of micro-polar regions. Other
contributions include the clamping of the domain walls and the stress induced decrease
in switchable part of spontaneous polarization. This study clearly indicated that the
complex perovskite PZBT-PMNT ceramic possessed a composite nature, as confirmed

by the dielectric measurements.
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List of Figure Captions

Fig. 1. Temperature and frequency dependences of dielectric properties of
PZBT-PMNT ceramic under stress-free condition (solid circle indicates
dielectric peak associated with PMNT, and dotted circle indicates
dielectric peak associated with PZBT).

Fig. 2. Relative changes of dielectric constant (g;) as a function of compressive
stress for PZBT-PMNT ceramic.

Fig. 3. Relative changes of dielectric loss tangent (tan 8) as a function of

compressive stress for PZBT-PMNT ceramic.
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Fig. 1. Temperature and frequency dependences of dielectric properties of PZBT-
PMNT ceramic under stress-free condition (solid circle indicates dielectric peak
associated with PMNT, and dotted circle indicates dielectric peak associated with

PZBT).
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Lead zirconate titanate (PZT) -cement composites of 0-3 connectivity were produced and
the effects of the frequency and electric field on the ferroelectric polarization-electric
field (P-E) hysteresis of the composites were investigated. It was found that there was an
increase in both the instantaneous remnant polarization (P;,) and coercive field (£;.) when
the applied field increased. The instantaneous remnant polarization (P;) was found to
reduce when the frequency was increased. The ferroelectric hysteresis loops only existed
when the composites were subjected to lower frequency; i.e. at 20 and 40 Hz. At higher

frequency, the loops tended to stretch out, showing more of a lossy characteristic.
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Piezoelectric-cement based composites have recently been developed for civil
engineering applications [1-12]. The benefit from the use of such piezoelectric-cement
based composite is that these composites possess better matching to the host structure,
concrete than normal piezoelectric ceramic or other type of piezoelectric composites. Li
et al. [1] showed that cement-based piezoelectric composites of 0-3 white Portland
cement-lead zirconate titanate (PZT) composite can overcome the matching problem and
that =40%-50% PZT by volume, the acoustic impedance is close to that of concrete (8.95
x10° kg'rm™s™) as compared to that of PZT at 21.2 x10° kg'm™s"'. However, the study
on the ferroelectric hysteresis, which is an important behavior for materials with
ferroelectric properties [13] that can be used to give indication of the difficulty of the
poling process involved, of piezoleclectric-cement composites is limited. It is thus the aim
of this current work to investigate the ferroelectric hysteresis behavior of the
piezoleclectric-cement composites. Effects of the frequency and the amplitude of the
applied electric field on the hysteresis behavior will be examined to provide the basis for

the poling process of the piezoleclectric-cement composites.

In this work a 0-3 of PZT ceramic particles were mixed with normal Portland
cement (PC) to form PZT-PC composites [7]. Lead zirconate titanate (PZT) ceramic
particles having median size 450um of composition Pb(Zrys,Tip45)O3 were produced
from PZT pellet sintered at 1250°C for 3 h. PZT ceramic particles were then mixed with
Portland cement (PC) to produce 0-3 connectivity PZT-PC composites of 50:50 by
volume. Thereafter, the composites were placed for curing at 60°C and 98% relative
humidity for 3 days before measurements [7]. Phase characterizations of the composites
were carried out by room temperature X-ray diffraction (XRD; Philips PW 1729

diffractometer) using Ni-filtered CuK radiation. The room temperature ferroelectric



hysteresis (P—E) loops were characterized using a computer controlled modified Sawyer-
Tower circuit [14]. The electric field was applied to a sample by a high-voltage ac
amplifier with the input sinusoidal signal with a frequency of 20-100 Hz from a signal

generator.

X-ray diffraction pattern of 0-3 PZT—PC composite, as shown in Fig. 1, was found
to show diffraction pattern mostly as attributed to that of PZT showing the perovskite
phase at 26 of 22.023, 30.942, 31.387, 38.283, 44.917, 50.417 and 55.524 degree, where
the matching XRD peaks can be seen when compared to the PZT ceramic. In addition,
rhombohedral calcium carbonate (CaCO3) (26= 29.072), dicalcium silicate (20= 32.013,
32.117 and 32.939) and hydrated peak of hexagonal calcium hydroxide (260=34.111) can
also be noticed and these peaks can be clearly seen in the pure Portland cement XRD
pattern. Nonetheless, these detectable phases do not account for all the phases present in
the cement matrix. For example, calcium silicate hydrate which is the primary cement
hydration product is generally known to be amorphous with poor crystalline form and
thus amorphous characteristic can also be noticed from the XRD pattern. The overall
detectable crystallized products when compared to the total phases of Portland cement are
therefore relatively small; although the presence can still be seen. It thus further explains
as to why these peaks of hydrated cement phases are even lesser in intensity in the XRD
pattern of PZT-cement composite at 50% PZT by vol. since the crystallized perovskite
structure of PZT would dominantly give a stronger diffraction resulting in high intensity

peaks as seen in the XRD pattern.

It can be seen from Fig. 2 that when the composite was subjected to different
electric field, the P-E hysteresis loops can be seen at all different electric field. It must

first be noted that all ferroelectric hysteresis loops (P-E loops) of the PZT-cement



composites show a “lossy” feature with round tips as a result of cement matrix in the
composites. It is believed that when an external electrical field acts on the cement matrix
many weak conducting ions such as Ca®’, OH, Si*", A’ begin to migrate besides the
polarization of electron. These ions cause higher conducting loss in the composites, hence
a lossy feature is then observed in all the P-E loops obtained [19]. However, this study
primarily aims at comparing the effects of the frequency and amplitude of the applied
electric field on the hysteresis behavior, as reported in PZT ceramics and other monolithic
materials [15-18]. Therefore, the ferroelectric parameters obtained here are used
exclusively for comparison purpose among themselves. From the P-E loops seen in Fig. 2
(a), one can define two parameters based on the x- and y-axes intercepts. With a lossy
behavior, it is impossible to achieve the fully saturated loops, hence the typical hyteresis
parameters; i.e. the remnant polarization (P,) and the coercive field (£:) cannot be
extracted. For comparison, we define the y-axis intercept at a given applied field as the
“instantaneous” remnant polarization (P;), while the x-axis intercept is called the

“instantaneous” coercive field (E;.).

From Fig. 2(a), an increase in the amplitude of the field £, makes the loop larger
and increases its angle to the £ axis of inclination. Furthermore, it can be seen that there
is an increase in the so called “instantaneous” remnant polarization (P;) and the
“instantaneous” coercive field (E;.) which represents the polarization at zero field and
electric field at zero polarization at each measured frequency and E, when the electric
field (Ey) increases from 10 kV/cm to 25 kV/cm. At frequency of 60 Hz, P;. can be seen
to increase from 1.25 to 4.65 uC/cm2 and E,. increases from 6.05 to 14.27 kV/cm for the
hysteresis loops with the electric field of 10 kV/cm and 25 kV/cm, respectively. The

increase in both the “instantaneous” parameters is due to the electric charge in a polar



material when induced with increasing an external electric field. The plots of the
“instantaneous” polarization and coercive field against different £, at fixed (60 Hz) can
be seen in Fig. 2 (b). It can be observed that when the electric field increases there is an
increase in the “instantaneous” remnant polarization and that this increase appear to be
almost linear. The “instantaneous” coercive field was found to increase in a similar
manner. Previous investigations on the ferroelectric hysteresis behavior of the
ferroelectric materials under sub-coercive field condition also showed similar changes of

the hysteresis parameters with the applied field [16,18].

When the hysteresis loops were plotted at 25 kV/cm and with varying frequency
from 20 to 100 Hz (Fig. 3 (a)), a typical hysteresis loops can still be seen at lower
frequency (20 and 40 Hz). However at higher frequency i.e. 100 Hz, the loop tends to
stretched out more and the loop no longer resemble a typical hysteresis. The
“instantaneous” remnant polarization (P;.) and “instantaneous” coercive field (E;.) can be
seen to decrease with an increase in frequency. The observation that the P, and E;
decreases with increasing frequency is ascribed to the delayed response of the
polarization reversal to the varying external field. Similar behavior was observed in

previous study on ferroelectric ceramics [13-15].

It should be noted here that a loss from the cement can be seen to be more
sensitive at higher frequency especially at 100 Hz where an oval shaped typical of a
resistance is seen. It is understood that at the high frequency the interfacial polarizations
cannot follow the change of the electric field due to the longer time taken for the space
charge polarization to occur [16]. It is believed that when an external electrical field acts

on the cement matrix many weak conducting ions such as Ca**, OH, Si4+, Al begin to



migrate besides the polarization of electron. These ions move slowly when it reaches the
interface of PZT and cement or in the defect areas and there is an accumulation effect
which in turn results in the polarization of a space charge, and at lower frequency all the

polarization can follow these changes of electrical field [19].

I think we need to compare our results with previous P-E studies on PZT-PC
composites here. Could you please provide some comparison of our results with

those from the published paper by Chinese group [refs 20, 21]?

Fig. 3 (b) shows the “instantaneous” remnant polarization P; and the
“instantaneous” coercive field E;,, measured at different frequencies at fixed E(y=25
kV/cm. It can be seen that P;. can be seen to decrease increases from 6.10 to 4.24 to
},LC/sz when increasing f from 20 to 100 Hz. The E;. on the other hand can be seen to
increase from 12.25 to 16.86 kV/cm with increasing frequency and the saturation seems
to occur when the frequency reaches 80 Hz, where there is little difference in the coercive

field between the results at 80 and 100 Hz.

From the above results, it was found that both the “instantaneous” remnant
polarization (P;) and the “instantaneous” coercive field (E;.) increase when the electric
field (Ey) increases from 10 kV/cm to 25kV/cm. When the hysteresis loops were plotted
at 25 kV/cm and with varying frequency from 20 to 100 Hz, P;. was found to decrease
with an increase in frequency while E;. still increases. At higher frequency (=80 Hz), the
loop tends to stretch out more and no longer exhibit ferroelectric P-E hysteresis loop. It is
understood that at the higher frequency a space charge polarization from conducting ions
at the interface cannot follow the change of the electric field, thereby leading to a non-

ferroelectric appearance. It should also be noted here that fully saturated P-E loops



cannot be achieved for the 0-3 PZT-PC composite studied here as a result of its highly
lossy characteristics due to the presence of the weak conducting ions in the cement

matrix, which in turns leads to poling difficulties in this type of the composites.

The authors gratefully acknowledge the Thailand Research Fund (TRF) and the

Commission on Higher Education (CHE) for financial support.
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Figure 1

Figure 2

Figure 3

Figure Captions

XRD Diffraction pattern of 0-3 PZT-PC composites with comparison to
PZT and PC patterns

Effects of electric field amplitude on (a) the ferroelectric (P-E) hysteresis
loops and (b) on instantaneous remnant polarization (P;) and
instantaneous coercive field (E;.) of PZT-PC composites (with fixed f of
60 Hz)

Effects of electric field frequency on (a) the ferroelectric (P-E) hysteresis
loops and (b) on instantaneous remnant polarization (P;) and
instantaneous coercive field (E;.) of PZT-PC composites (with E fixed at

25 KV/cm)
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Abstract

Effects of electric field-frequency, electric field-amplitude, mechanical stress, and temperature
on the hysteresis area, especially the scaling form, were investigated in soft lead zirconate
titanate (PZT) bulk ceramics. The hysteresis area was found to depend on the frequency and
field-amplitude with the same set of exponents as the power-law scaling for both with and
without stresses. The inclusion of stresses into the power-law was obtained in the form of

(A — Ay—p) x f792 Eyo%4* which indicates the difference in energy dissipation between the
under-stress and stress-free conditions. The power-law temperature scaling relations were
obtained for hysteresis area (4) and remanent polarization P, while the coercivity Ec was
found to scale linearly with temperature 7. The three temperature scaling relations were also
field-dependent. At fixed field amplitude E, the scaling relations take the forms of

(A) o T~11024 P o 712322 and (Ey — Ec) o T.

PACS numbers: 77.22.Ch, 77.84.Dy, 77.84.—s

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

1. Introduction

Lead zirconate titanate (Pb(Zr;_, Ti, )O3 or PZT) ceramics are
among the lead-based complex perovskites that have been in-
vestigated extensively, both from academic and commercial
viewpoints with various applications [1-3]. However, PZT
ceramics are usually modified with dopants. Generally, donor
(higher-valency) additives induce ‘soft’ piezoelectric behav-
ior with higher dielectric and piezoelectric activities, while
acceptor (lower-valency) additives result in ‘hard’ piezo-
electric behavior [1-3]. Most of the previous investigations
have been focused on soft PZT ceramics because of their
extensive uses in sensors and actuators [1-3]. In many of
these applications, the dynamic hysteresis, i.e. hysteresis area
(A4) as a function of the field amplitude E, and frequency f
has become an important consideration [1—4]. Hence, there
have been reports on the scaling behavior, which indicates the
dependence of the hysteresis area (4) on relevant parameters,
of the dynamic hysteresis in ferromagnetic and ferroelectric
thin films [5—-13]. Many theoretical studies have been focused

0031-8949/07/129184+06$30.00 © 2007 The Royal Swedish Academy of Sciences

on the scaling law.

(4) o fYE], (1)

where « and S are exponents that depend on the
dimensionality and symmetry of the system of hysteresis
curves in polarization systems [5-8]. Earlier investigations
have reported the scaling relations for high-f region with «
and B values, respectively, of —1 and 2 for (®2)? and (®?)3
models, and of —0.33 and 3 for PZT thin-film [6, 8, 9].
In contrast, there are only very few reports on the scaling
behavior studies of ferroelectric hysteresis loops of bulk
ferroelectric ceramics [14—17].

More importantly, in many applications the ceramic
specimens are often subjected to mechanical loading, either
from the design of the device itself or from operating
conditions which induce stresses [1-3, 18]. Therefore, a
prior knowledge of how the material properties change
under different load conditions in materials is inevitably
crucial for proper design of a device and for suitable
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Stress- and temperature-dependent scaling behavior

selection of materials for a specific application. In many
previous investigations the electrical properties of ceramics
were found to depend strongly on stresses (o) [19-23].
Additionally, it is well known that the size and shape of the
hysteresis loop in the ferroelectric state depend strongly on
temperature 7 [1-3, 24]. The temperature dependence
of ferroelectric properties is of interest in view of not
only technological applications, but also in fundamental
senses. The theoretical investigation by Rao et al has
already proposed a temperature scaling for ferromagnetic
materials, which indicates that the hysteresis area decreases
with increasing temperature [5, 8]. Experimental results on
ferromagnetic thin-films have revealed various temperature
scaling relations [5, 6, 8, 10]. Interestingly, there has been
no report on the temperature scaling of dynamic hysteresis
in ferroelectrics, both theoretical and experimental. Since
f, Eo, o and T have been reported to impose significant
influence on the dynamic hysteresis responses of ferroelectric
ceramics, it is therefore the aim of this study to establish
the scaling behavior of the dynamic hysteresis responses
of soft PZT bulk ceramics under the influence of external
stress and temperature. In this present study, the scaling
behavior indicates the dependence of the hysteresis area (A)
on frequency £, field amplitude £y, stress o and temperature 7.

2. Experimental

Disk-shaped samples of a commercially available soft PZT
ceramic (PKI-552, Piezo Kinetics Inc., USA) with diameter
of 10 mm and thickness of 1 mm were used in this study. For
the stress-dependent studies, the dynamic hysteresis (P—E)
loops were characterized at room temperature (25°C) by
using a modified Sawyer-Tower circuit with f covering
from 2 to 100Hz and E, from 0 to 18kVcem~'. The
electric field was applied to a sample by a high voltage
AC amplifier (Trek 610D) with the input sinusoidal signal
from a function generator (HP 3310A). The P-E loops were
recorded by a digital oscilloscope (HP 54645A, 100 MHz).
Effects of the external stress on the dynamic hysteresis were
investigated with the compressometer, which was developed
for simultaneous applications of the mechanical stress and
the electric field [22, 23]. The compressive stress, applying
parallel to the electric field direction, was supplied by the
servohydraulic load frame and monitored with the pressure
gauge. The P—E loops were recorded as a function of
mechanical stress applied discretely between 0 and 24 MPa
for each applied field and frequency. At each constant stress,
the loop was obtained after 20 sampling cycles to average
out the noise deformation. For the temperature-dependent
studies, the stress-free P—E hysteresis loops were obtained
over a temperature range of 298—453K with E¢ up to
40kV em™! (f was fixed at 4 Hz).

3. Results and discussion

3.1. Stress-dependent case

The hysteresis profiles for various frequencies f, field-
amplitude E,, and stress o are obtained. For a particular
applied stress, as expected, the dependence of the loop pattern
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Figure 1. Hysteresis loops for soft PZT ceramic at various o
(f =100Hz and Eg = 18kVem™).
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Figure 2. Scaling of hysteresis area (4) against f~°2° E, for soft
PZT ceramic at various o.

and area (A4) on f and E is remarkable. At fixed Ey, the loop
area (A4), remanent polarization (P;), and coercive field (E¢)
decrease with increasing frequency. For the dependence of the
hysteresis loop on Ej, the loop does not saturate at small fields
(6 and 8 kV cm™"). With further increase in Ey, (4), P, and E¢
increase until well saturated loop is achieved. Similar stress-
free observations have been reported in thin-films and bulk
ceramics [7, 11, 14-17].

Figure 1 displays the hysteresis loops under different
compressive stress during loading at fixed / of 100 Hz and
fixed Ey of 18kVem™'. The P—E loop area (4) is found
to decrease steadily with increasing stress. To investigate the
scaling behavior under the effect of applied stresses, instead
of including only the field amplitude E, and the frequency
term £, the scaling relation should also include the stress (o)
term, i.e.

(Ay < f"Ego?. 2)

However, due to increasing number of exponents, to simplify
the problem, the validity of the scaling law (A4) (o) «
792 E, is assumed, inspired by a stress-free investigation
on bulk PZT [14], for all applied stresses. Consequently, the
area (A) for each stress is plotted against /~*2° E;, as shown
in figure 2, and it can be seen from the least-square linear fits
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soft PZT ceramic.

that reasonably good linear relations can be found. As a result,
the condition of universality having m = —0.25 and n =1
in soft PZT bulk ceramic systems is confirmed whereas the
proportional constant in equation (2) may still be a function
of o. Therefore, equation (2) is generalized by writing,

(4) =G (0) f "B Ey+ F(0), A3)

where both G (¢) and F (o) are assumed to be a function of
o representing slope-function and y-intercept-function for a
‘linear-relation’ in equation (3), and their values are presented
via linear-fit functions in figure 2. Next, to obtain the scaling
form as indicating in equation (2), the slope-function G (o)
is assumed to take a form of power-law function, i.e. G (0) =
a+bo¢, and anonlinear fit for G (o) gives a = 0.136 +0.021,
b= —0.01940.015 and ¢ = 0.439 +0.173 with R? ~ 0.994.
However, for the y-intercept-function F (o), the scattering
data in F (o) do not follow a trivial power-law scaling form.
Instead, the reasonably well-fitted function that suits F (o)
in the current study is found to take a quadratic function. So
F (0)=ay+a 0 +ayo? is written and a least square fit is
performed to give agp = —0.019 £ 0.006, a; = 0.002 +0.001
and a) = —1.149 x 107* £4.850 x 10~* with R?~ 0.878.
As a result, from equation (3), it is therefore possible to write
the scaling area

“)

and by plotting this scaling area ((4) — F (o)) / G (o) against
793 E, all the data should collapse on to a single linear
line having a y-intercept at zero. The data-collapsing of the
scaling area from all f, Ey and o was found to confirm
equation (4) as evident in figure 3. On the other hand, it
is of interest if the scaling of (4) in a form given by
equation (2) is allowed. Therefore, by discarding minor loops
which usually occur at very low Ey, F (o) = (4) (Ey — 0)
will be small in comparison to {(4) and can be discarded in
equation (4) at some intermediately high fields. Consequently,
(A) < (a+bo¢) f~02Ey may be written and by substituting

the fitted parameters, it is found that
(4) = (do=0) = (4 = Agm0) o [TOPEg0™™, (5
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where (A4,—g) refers to stress-free hysteresis area which will
be a dominant term for zero stress. Note that from the
appearance of stress o, (4 — A,—o), referring to the difference
in energy dissipation between under-stress and stress-free
conditions, increases with increasing stress suggesting a decay
of (4) with o at a rate of 6*** as observed in experiments.
As a result, it can be concluded that the difference in
the hysteresis area between under-stress and stress-free
conditions scales with frequency, field-amplitude and stress
via exponents m = —0.25, n =1 and p = 0.44. However, at
a particular fixed stress, equation (5) gives 2% E, which is
the original form for how the area scales with the frequency
and the field-amplitude [14].

To understand the scaling relation obtained, at least
qualitatively, one needs to consider the following statements.
Since the P—E loop area indicates the polarization dissipation
energy subjected to one full cycle of electric field application,
the loop area is therefore directly related to volume involved
in the switching process during the application of electric
field [22-24]. Hence, when the mechanical stress is applied,
more and more ferroelectric domains are constrained by the
applied stress and cannot be re-oriented by the electric field
S0 as to participate in the polarization reversal. Consequently,
both the saturation and remanent polarizations become
lower with increasing compressive stress. The polarization
dissipation energy is consequently found to decrease with
increasing applied stress, indicating that the sample volume
contributing to polarization reversal decreases with the
increasing stress. Similar observations have also been reported
in other investigations [19-23]. Though this study has
revealed a significant influence of the external stress on
the scaling behavior in bulk ceramics, there has been no
quantitative theoretical treatment to include the stress-term
in the scaling relation. An earlier theoretical investigation
by Rao and Pandit [8] has already proposed the inclusion
of temperature term in the scaling relation, in addition
to f and E( terms. Many of the theoretical treatments to
explain the stress effect on the hysteresis behavior have
been primarily based on constitutive models, thermodynamic
phenomenology and Rayleigh law approach [25-27]. This
clearly has triggered a need to include a stress-term in the
previous theoretical models [5—7].

3.2. Temperature-dependent case

The hysteresis loops for various electric field amplitudes Eg
and temperatures 7 were obtained and it was found that both
Ey and T played a crucial role on the hysteresis area (A). For
example, with increasing E, a transition from a minor loop at
low field to a saturated s-shape loop at high field occurs. This
is expected because with higher field there is more electrical
energy supplied into the system resulting in more ‘electrical
driving force’ acting on electric dipole moments [24].
Consequently, the polarization has more tendency to follow
the external electric field which in turn reduces the phase
lag between the polarization and the field signals. As a
result, the saturated loops are obtained at high fields instead
of the minor loops at low fields. On the other hand, with
increasing temperature, the loop area is notably reduced in
size. This is caused by the fact that higher temperature
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provides higher thermal fluctuation to the polarization which
reduces the ferroelectric interaction among the dipoles [24].
Therefore, even FEj is fixed, the polarization direction is
easily tuned with the electric field at higher temperatures
due to the smaller ferroelectric interaction providing a
reduction in both remanent polarization (P;) and coercivity
(E¢). For this reason, the hysteresis loop area is reduced
with increasing temperature. Similar observations have been
reported in many other ferroelectric systems [28-31]. More
interestingly, the observed temperature dependence of these
hysteresis parameters prompts a question whether there exist
temperature scaling relations for these parameters.

Figure 4 shows the relation between (4) and 7 in a
double logarithmic form where good linear fits are apparent
(R? close to 1). This implies a power-law relation between the
hysteresis area and temperature, i.e. (4) o< 77, and for each
E\ the exponent y can be extracted from the slope, i.e. y =
dIn (A4)/dIn T. However, both the slope y and the y-intercept
seem to vary with Ey. Thus, to prove this £y dependence,
both the slope y and the y-intercept are plotted as a function
of Ey (insets in figure 4), and the linear dependences on
E are noticeable. The linear least square fits of both slopes
and y-intercepts with Ey give y = —0.0332x — 1.1024 with
R? =0.9983 for the slope (lower inset), and y = 0.0769x +
6.0137 with R? =0.9966 for the y-intercept (upper inset).
However, the y-intercept refers to the value of In (A4) at the
limit In 7" approaching zero and from the fitting In (4) is not
ceased at this limit which is not really sound because at low
temperatures dynamic of the dipoles or domain walls freeze.
This could be caused by the fact that domain wall motion
at high temperature is very different from that at very low
temperature [32, 33]. Consequently, this study does not imply
there is a finite hysteresis area at T approaching zero (i.e.
in this case In 7 =0 or 7 = 1) but the quantity In(A4) at
In 7 = 0 here comes from an empirical fit to fulfill the validity
of the linear fit. Therefore, upon the proposed assumptions
and fitting techniques, by integrating all the relevant fits, it is
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Figure 5. (a) Double logarithmic plot between In (7,) and In (7)),
and (b) linear plot between E¢ and T.

found that

(A) = exp (0.0769E( +6.0137) 7~ (00332E:+1.1024) ()

Through similar mathematical treatment performed on (A4),
temperature dependent relations for P, and E¢ are also
obtained. Figure 5(a) shows the relation between P, and T in a
double logarithmic plot. As is evident, the power-law relation
seems suitable for the fit since good R? are attained. It is found
that

P, = exp(—0.0068 Eo + 10.305) 7 (0-0022E0-1.2322) - (7)

The relation between Ec and 7 is shown in figure 5(b).
Surprisingly, linear relations are apparent so an approximation
on y =ax+b could be used to fit the data. Nonlinear fits
between E¢ and T are also performed (not shown) and the
linear dependence of E¢ and T is confirmed. Therefore, it
could be estimated that

Ec = (—0.00003E¢ — 0.03085) T+ (0.0459E, +18.319) .
®)
The temperature dependences of (A4), P, and Ec shown in
equations (6)—(8) are also slightly Ey-dependent. Obviously,
small coefficients to £y (for the whole range of E, used in
this study) suggest that at fixed £

(A) x T_1'1024, (9)
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—1.2322
P xT s

(10)

(Eco—Ec) «T. (11)

Eco in equation (11) can be viewed as the coercivity at
T ~ 0K. However, as T — 0, thermal energy is low causing
a non-symmetric hysteresis loop, hence E¢y cannot be
meaningfully defined. Here, E is used for proposing the fit,
which is valid for the experimental range in this study.

The quantitative results obtained in equations (9)—(11)
could also be explained in terms of domain switching as
a function of temperature and field. Generally, the domain
switching is caused by the domain wall movement leading to
either extension or contraction of the ferroelectric domains,
and determines the average polarization value. In soft PZT
ceramics, the oxygen vacancy is a key factor which controls
how the ferroelectric domain grows and shrinks. In particular,
oxygen vacancy is mobile and usually gets stuck at the
ferroelectric domain [34-36]. This causes domain wall
clamping and decelerates the domain switching. Therefore,
if the trapped oxygen vacancies are high in number, the
polarization switching is rarely allowed and the polarization
will be suppressed due to the pinned domain wall [37].
Nevertheless, the oxygen vacancy can become less trapped if
an external electric field is applied [38]. This is since there is
more electric driving energy on the ferroelectric dipoles and,
starting from boundaries with low oxygen vacancy density,
the domain walls move across the boundaries allowing bigger
domain switching whereas the oxygen vacancies move aside
and get accumulated at other boundaries. This is why higher
P, and E¢ are found with increasing applied field. On the
other hand, temperature also has some prominent effect on
the domain wall movement. With increasing temperature,
there is higher level of thermal fluctuation in the system, that
causes the oxygen vacancy to become less entrapped [39].
Therefore, the external field need not be as high as those at
low temperatures to unlock the domain switching. This leads
to the reduction in E¢ with increasing temperature. In the
case of P, the higher temperature induces higher level of
thermal fluctuation on the domain wall motion and reduces
the stability of the polarization in each domain. Thus the
average P; tends to decrease with increasing temperature. As
aresult, the hysteresis area (A4) is also reduced with increasing
temperature. In general, this temperature- and field-dependent
domain switching phenomenon is universal to all ferroelectric
systems. However, the behavior may be different in detail due
to different levels of complex defect, types and percentages of
doping, crystal structures and domain states [31, 34, 36-39].

More importantly, equations (9)—(11) present simple re-
lations for the temperature scaling of ferroelectric hystere-
sis parameters. It should be noted that there have only been
few theoretical treatments to include temperature term in dy-
namic hysteresis scaling of ferromagnetics [5, 6, 8]. Consid-
ering relatively successful applications of the treatments to
E- and f-dependent ferroelectric hysteresis [5-9], it would be
worthwhile to compare our experimental results with the the-
oretically derived scaling. Theoretical scaling relations have
been proposed as (4) o« T~7 with y being 0.7, 1.18 and
1.98 for continuum 3D (®?)2, 2D and 3D Ising models, re-
spectively [5, 6, 8]. An explanation for the variation may
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come from the different polarization-interaction terms as con-
sidered in these models. It could be seen that our experi-
mentally obtained temperature scaling of (4) (with y ~ 1.1)
falls between the values obtained from the models. The
difference could be attributed to additional contributions from
depolarizing effects within the ceramics (arisen from domain
walls, grain boundaries, space charges, immobile defects
etc) [14-17], as compared to physically over-simplified
polarization-interaction proposed in the theoretical models
[5, 6, 8].

Furthermore, the relation E, o (T — T,)~%3 drawn from
the 3D (®?)? model is significantly different from the linear
relation obtained from our study, which further clarifies that
the theoretical models cannot be applied to ferroelectric bulk
ceramics. This study clearly serves as a survey to show that
more improvement of the theoretical approach is needed to
predict the scaling behavior in bulk ferroelectric ceramics.
Interestingly, different forms of temperature scaling of E¢
extracted from the previous experimental data on PZT thin
films also indicate dimensional dependence of the coercivity,
as reported in previous investigations [26, 35].

4. Conclusions

The scaling behavior of the dynamic hysteresis of soft
PZT bulk ceramics under the effects of mechanical stress
and temperature has been investigated. With the presence
of external stress, the scaling law for the loop-area yields
the same set of exponents as frequency and field-amplitude
in stress-free condition which confirms the condition of
universality in the bulk system. The difference in energy
dissipation between the under-stress and stress-free conditions
is found to scale with 925 E,0%44. Additionally, power-law
temperature scaling relations have been found for hystersis
area (A4) and remanent polarization P;, while the coercivity
E¢ scales linearly with temperature. The three temperature
scaling relations are field-dependent. At fixed E, the scaling
relations take the forms of (4) oc T—11924 P o 7712322 gpd
(Eco— Ec) «xT.
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Abstract

In this work, barium titanate (BT) ceramic was prepared using a conventional mixed oxide
method. The effect of uniaxial compressive stress on the ferroelectric properties of BT
ceramics were investigated. The changes in ferroelectric properties were observed at stress up
to 60 MPa using a compressometer in conjunction with a modified Sawyer—Tower circuit. The
results showed that applied stress had a significant influence on the ferroelectric properties of
BT ceramics. Ferroelectric characteristics, i.e. the area of the ferroelectric hysteresis (P—E)
loop, the saturation polarization ( Pg,), the remanent polarization (P;) and the loop squareness
(Ryq), decreased with increasing compressive stress, while the coercive field (£.) remained
constant. Stress-induced domain wall motion suppression and non-180° ferroelectric domain

switching processes are responsible for the changes observed.

PACS numbers: 77.80.—e, 77.84.—s, 77.84.Dy

1. Introduction

Barium titanate (BaTiOs; BT), which exhibits a perovskite
structure and a Curie temperature ~120°C, is a classical
ferroelectric material which has been extensively exploited
both for fundamental research and for technological utiliza-
tion over the past decades [1, 2]. Owing to its high dielectric
constant, large mechanical-quality factor, large pyroelectric
coefficient, non-toxic handling, low cost of manufacturing
and being a lead-free ferroelectric ceramic, BT is an environ-
mentally friendly material, thus making it a strong candidate
for various electronic applications in this global climatic
situation. These include commercial capacitors, positive
temperature coefficient resistors, high-density optical data
storage, ultrasonic transducers, piezoelectric devices and
semiconductors [3—6]. In many of these applications, BT
ceramics are often subjected to mechanical loading, either de-
liberately in the design of the device itself or the device is used
under environmental stresses. Despite this fact, material con-
stants 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 [7].
It is therefore important to determine the electrical properties
of BT ceramics as a function of applied stress. Previous

0031-8949/07/129205+04$30.00 © 2007 The Royal Swedish Academy of Sciences

investigations on stress-dependence of electrical properties
of many ferroelectric ceramics, such as lead zirconate tita-
nate (PZT), lead magnesium niobate (PMN) and PMN-lead
titanate (PT) [7, 8], have clearly emphasized the importance of
this subject. These works reported that the electrical proper-
ties of these ceramics changed significantly on the application
of stress. Yimnirun et al [7] and Zhou et al [9] investigated
the effect of external stress on the ferroelectric properties of
soft PZT ceramics. Their results showed that the ferroelectric
characteristics, i.e. the area of the ferroelectric hysteresis
(P-E) loops, the saturation polarization (Psy), the remanent
polarization (P;) and the loop squareness (Ryq), decrease with
increasing compressive stress. For BT, the stress dependence
on its electrical properties has been widely studied for many
decades. Konkol and Piotrowska [10] have studied the effect
of one-dimensional stress on the permittivity (¢) of BT
ceramics. Their work showed that the & value increased
with pressure below 100kgcm™2 and increased more slowly
after pressure above 100kgcm™ as domain movement is
restricted. After removal of stress, the ¢ slowly decreased
to the original value. Moreover, Kim ez al [11] observed the
change in domain configuration under external stress and
explained it in terms of elastic strain energy minimization.
However, there are few works studying the ferroelectric
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properties of BT under stress. Desu [12] studied the influence
of stress on the ferroelectric properties of BT thin film and re-
ported that the coercive fields of BT thin film increased while
remanent polarization decreased with increasing compressive
stress. Sinyakov and Flerova [13] studied the hysteresis loop
behavior of BT single crystal with tensile stress. Nevertheless,
as well known, the experimental results of thin films and
single crystals are always totally different from bulk ceramics
because of their different microstructures [14].

Thus far, there have been no systematic studies on the fer-
roelectric properties of BT bulk ceramics and even though, as
mentioned above, there have been many works on electrical
properties of BT ceramics since 1940s [1, 2], there are no pre-
vious reports on the P—E hysteresis loop results under various
environmental stresses of BT bulk ceramics. Therefore, this
work will be the first to investigate the dependence of hystere-
sis loop with stress for BT ceramic. The major purpose of this
work is to report the results of P—E hysteresis loops of BT ce-
ramic under various compressive stresses and to discuss these
new experimental results. Moreover, the ferroelectric data,
i.e. the saturation polarization (P;), the remanent polarization
(P:), the coercive field (E.) and the loop squareness (Ryq), of
BT ceramic under compressive stress will also be reported.

2. Experimental procedure

Investigations were performed on BT ceramics produced by
the conventional mixed oxide method. The x-ray diffraction
test at room temperature showed that BT ceramics have a
pure perovskite phase with tetragonal symmetry, matched
with JCPDS file no 5-0626 with unit cell parameters a =
3.994 A and ¢ =4.038 A, space group P4 mm (no 99) [15].
Disk samples with a diameter of 12.5 mm and a thickness of
0.8 mm were chosen for the electrical measurements and the
samples were electroded by silver painting.

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
sinusoidal signal with a frequency of 100 Hz from a signal
generator (Goodwill, model GAG-809). To study the effect
of the compressive stress on the ferroelectric properties,
the uniaxial compressometer was constructed. The detailed
descriptions of this system are explained elsewhere [7, 16].
During the measurements, the specimen was immersed in
silicone oil to prevent high-voltage arcing during electric
loading. Measurements were performed as a function of
mechanical stress applied discretely between 0 and 60 MPa.
During the measurements, a desired 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). The parameters obtained from the loops
were the saturation polarization (P;), the remanent polariza-
tion (P;) and the coercive field (E.), which are defined as
the points where the loops reach the maximum polarization,
cross the zero field and the zero polarization, respectively.

3. Results and discussion

The polarization versus electric field (P—E) hysteresis loops
of the BT ceramics under different compressive stress are
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Figure 1. Polarization versus electric field (P—E) hysteresis loops
as a function of compressive stress for BT ceramic.
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Figure 2. Changes in dissipation energy (hysteresis loop area) with
compressive stress for BT ceramic.

shown in figure 1. It should first be noted that the area of these
P-F hysteresis loops slightly decreases with increasing stress.
The P—E loop area represents the unit-volume polarization
dissipation energy of a ferroelectric material subject to one
full cycle of electric field loading [17]. The change in
polarization dissipation energy is plotted in figure 2 as a
function of compressive stress, in which the dissipation energy
is found to decrease linearly with the stress increment. The
polarization dissipation energy is also termed energy loss
consumed for self-heating of the specimen and related directly
to the number of domains participating in the switching
process during an electric loading cycle [9]. From figure 2, it is
clear that the number of domains contributing to polarization
reversal gradually decreases with increasing compressive
stress. In the stress-free state (0 MPa), the dissipation energy
is 1.10 x 10° Jm~3, whereas at maximum stress (60 MPa),
the dissipation energy decreases to 0.9 x 10°Jm™ (~20%
of the stress-free state), which implies that a lower number
of domains participate in polarization reversal under high
compressive stress.

The changes in the saturation polarization (), remanent
polarization (P;) and coercive field (E.) with the compressive
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Figure 4. Changes in coercive field (£.) with compressive stress
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stress are plotted in figures 3 and 4, respectively. Similarly to
the trend observed in the dissipation energy, figure 3 clearly
shows that both the P and P, decrease as the compressive
stress increases. This suggests a significant stress induced
decrease in the switchable part of the spontaneous polariza-
tion of the BT ceramic resulting in the observed decrease
in the polarization value under high stress [18]. In contrast,
the applied stress shows little or no influence on the coercive
field (E.), as plotted in figure 4. These results clearly indicate
that BT ceramics are not suitable for high compressive stress
applications. It should be noted here that previous works on
other ceramics systems, such as PZT, PLZT and PMN-PT,
showed a similar tendency [9, 19, 20].

The ferroelectric characteristics of the BT ceramic
can also be assessed with the hysteresis loop squareness
(Rsq), which can be calculated from the empirical expres-
sion [21, 22]:

_ b, Pus

Ry = 1
sq 2 P, ( )

Loop squareness (R‘ ‘)
T

0.8

0.6 —— —— ——— T ———— .
Stress (MPa)

Figure 5. Changes in loop squareness (Ryq) with compressive stress
for BT ceramic.

where P, is the remanent polarization, P is the saturated
polarization obtained at some finite field strength below the
dielectric breakdown and P, g, is the absolute value of the
polarization at the field equal to 1.1E.. For the ideal square
loop, Ryq is equal to 2. As shown in figure 5, the Ry values
gradually decrease with increasing compressive stress. This
observation is clearly a result of the decrease in polarization
under the compressive stress. From these results, it can be said
that the ferroelectric characteristics of BT ceramic decrease
considerably under application of compressive stress.

To understand these experimental results on the BT
ceramic, one can interpret the changes in terms of domain-
reorientation processes. When the 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° domain switching processes. Therefore, it takes
a larger than usual applied electric field to reorient the
domain along the stress direction, resulting in a lower value
of the saturated polarization (figure 3). When the electric
field is reduced to zero the domain tends to rotate back
away from the stress direction, resulting in a lower than
usual remanent polarization (figure 3). Moreover, the decrease
in the dissipation energy with increasing compressive stress
indicates that more and more ferroelectric domains are
constrained by the stress and cannot be reoriented by the
electric field so as to participate in the polarization reversal.
Consequently, both the saturated and remanent polarizations
become lower with increasing compressive stress. The
results of the changes in the ferroelectric characteristics of
the BT ceramic with increasing compressive stress are in
agreement with previous investigations of many ferroelectric
ceramics [7, 9, 23].

4. Conclusions

In this study, the effects of compressive stress on the
ferroelectric properties of BT ceramic are investigated. Fer-
roelectric properties under compressive stress are observed
up to 60 MPa using a compressometer in conjunction with
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a modified Saywer—Tower circuit. The results show that the
area of the hysteresis loops, which corresponds to the dissi-
pation energy, the saturation polarization (/P;), the remanent
polarization (P;) and the loop squareness (Ryq) decrease with
increasing compressive stress, whereas the coercive field (E.)
appears unaffected by stress. The non-180° ferroelectric do-
main switching and stress-induced domain wall suppression
processes are responsible for the changes observed. These
values (Ps, P, Ry and E.) confirmed that the ferroelectric
characteristics of BT ceramic decrease considerably under
the application of compressive stress.
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Abstract

Lead zirconate titanate (PZT) is a ferroelectric material with very interesting and useful dynamic hysteresis properties. Normally, PZT is doped
with donors or acceptors to yield better electrical properties. Soft and hard PZT ceramics are respectively donor- and acceptor-doped PZT, which
are commercially available and widely employed in various applications. Previous investigations have mainly been focused on the dynamic
hysteresis at room temperature and under stress-free condition. However, when used, these ceramics are normally subjected to stress. More
importantly, the ambient temperature is usually not at room temperature. Therefore, this study was to investigate dynamic hysteresis behavior of
both hard and soft PZT ceramics with varying compressive stress and temperature. The results clearly revealed the influence of external stress and
temperature on the dynamic hysteresis of both types of PZT ceramics. Increasing stress and temperature resulted in a decrease of the hysteresis area

of the two types of PZT ceramics.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Dynamic hysteresis; B. Hard PZT; C. Soft PZT

1. Introduction

Lead zirconate titanate (Pb(Zr;_,Ti,)O5; or PZT) ceramics
are among the lead-based complex perovskites that have been
investigated extensively, from both 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 [1,4,9,10].
Generally, donor (higher valency) additives induce ‘soft’
piezoelectric behaviors with higher dielectric and piezoelectric
activities suitable for sensor and actuator applications. On the
other hand, acceptor (lower valency) additives result in ‘hard’
piezoelectric behaviors particularly suitable for ultrasonic
motor applications [1,2,4-6].

* Corresponding author. Tel.: +66 53 943367, fax: +66 53 943445.
E-mail address: nat_4169@hotmail.com (N. Wongdamnern).

However, in these applications, PZT ceramics are often
subjected to mechanical loading under different temperatures,
either deliberately in the design of the device itself or the use in
changing shapes for many smart structure applications or the
uses under environmental stresses or environmental heats
[1-7]. A prior knowledge of how the material properties change
under different 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 or room temperature condition, which in
turn may lead to incorrect or inappropriate designs of actuator
and transducer. It is therefore important to determine the
properties of these materials as functions of applied stress and
temperature. Previous investigations on the stress dependence
of dielectric and electrical properties of many ceramic systems,
i.e. undoped-PZT, PLZT, BT, PMN-PT, PZT-BT and PMN-
PZT, have clearly emphasized the importance of the subject
[11-19]. The present study aims at studying technically
important and commercially available soft and hard PZT
ceramics. Many investigations have already revealed interest-
ing results on the dielectric and piezoelectric properties of the

0272-8842/$34.00 © 2007 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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soft and hard PZT ceramics under stress [13—15,19]. However,
there has been no work on the stress and temperature
dependence of the ferroelectric properties of the ceramics.
Therefore, this study is undertaken to investigate the influences
of the uniaxial compressive stress and temperature on the
ferroelectric properties of the soft and hard PZT ceramics.

2. Experimental procedure

A commercially available soft PZT (PKI-552, Piezo
Kinetics Inc., USA) and hard PZT ceramics (APCI-840,
USA) were used in this study. Soft PZT properties presented
(measured by the supplier) a longitudinal charge coefficient
d33 =550 pm/V; a planer coupling factor k, = 0.63, a dielectric
constant (1 kHz) ¢, =3400, a Curie temperature 7, =200 °C
and a bulk density = 7.6 g/cm’. Hard PZT properties presented
dz3 =290 pm/V, k, =0.59, ¢ = 1250, T, =325 °C and a bulk
density = 7.6 g/cm’. The disc-shaped samples with a diameter
of 6.27 mm and a thickness of 1 mm were pre-poled by the
supplier.

The ferroelectric hysteresis (P—E) loops were characterized
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 sinusoidal signal
with a frequency of 50 Hz from a signal generator (Goodwill,
model GAG-809). To study the effects of the uniaxial stress and
temperature on the ferroelectric properties, the uniaxial
compressometer was constructed with heating system. The
compressometer with heater were developed for simultaneous
applications of the mechanical stress, the temperature and the
electric field. The compressometer cell with heating system
consisting of a cylindrical brass cell with a heavy brass base, a
brass ram, precisely guided loading platform provides true
uniaxial stress during mechanical loading, while the heater
provides desired heat to increase the temperature up to 200 °C.
The prepared specimen was carefully placed between the two
alumina blocks and the electric field was applied to the
specimen via the copper shims attached to the alumina blocks.
With this setting, the uniaxial compressive stress was applied
parallel to the electric field direction and heat was applied to the
brass and passed to sample through silicone oil. During the
measurements, the specimen was immersed in silicone oil to
prevent high-voltage arcing during electric loading. The
uniaxial compressive stress was supplied by the servohydraulic
load frame and the applied stress was monitored with the
pressure guage of the load frame. Heating of the sample was
applied by 300 W heater, which was tightened to brass and the
applied heat was monitored and controlled by multimeter and
computer interface. Measurements were performed as func-
tions of mechanical compressive stress and temperature.
Mechanical stress was applied discretely between 0 and
324 MPa and temperature was applied discretely between 25
and 160 °C. The ferroelectric hysteresis (P—E) loop was
recorded at discrete temperature for each mechanical loading
condition. The measurements reported were for the samples
during mechanical loading. 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
constant stress and temperature.

3. Results and discussion

The polarization versus electric field (P-E) hysteresis loops
of the soft and hard PZT ceramics under different compressive
stress during loading are shown in Figs. 1 and 2, respectively. It
should first be noticed that the area of the P—E loops decreases
steadily with increasing the compressive stress in both soft and
hard PZT ceramics. The P-E loop area indicates the
polarization dissipation energy of a ferroelectric material
subjected to one full cycle of electric field application. This
amount of energy loss is directly related to volume involved in
the switching process during the application of electric field [2].
Therefore, the decrease in the loop area with increasing stress is
a result of the stress-induced domain wall motion suppression
[19]. The polarization dissipation energy is consequently found
to decrease with increasing the applied stress, indicating that
the sample volume contributing to polarization reversal
decreases with the increasing compressive stress.

The change in the saturated polarization (Pg,,), the remanent
polarization (P,), and the coercive field (E.) with the uniaxial
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Fig. 1. Polarization vs. electric field (P—E) hysteresis loops as a function of
compressive stress for soft PZT ceramic during loading.
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compressive stress is similar to the trend observed in the
dissipation energy (loop area). Both the saturated and remanent
polarization decrease as the compressive stress increases. This
suggests a significant stress-induced decrease in the switchable
part of the spontaneous polarization of the soft and hard PZT
ceramics resulting in the observed decrease in the polarization
values, as well as the dissipation energy, under high stress
[15,23]. In contrast, the applied stress shows little or no
influence on the coercive field (E.). 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
[11,12,19-22,24].

To understand, these experimental results on the soft and hard
PZT ceramics, one can interpret the changes in term of domain-
reorientation processes [13—19]. When uniaxial compressive
stress is applied in the direction parallel to the poling direction,
the applied stress tends to keep the ferroelectric domain 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 polarization (Ps). When the electric field is reduced
to zero the domain tend to rotate back away from the applied
stress direction, resulting in a lower than usual remanent
polarization (P,). Furthermore, the decrease in the dissipation
energy with increasing compressive stress indicates that more
and more ferroelectric domains are constrain by the stress and
cannot be reoriented by the electric field so as to participate in the
polarization reversal. Consequently, both the saturated and
remanent polarizations become lower with increasing compres-
sive stress [19]. The results of changes in the ferroelectric
characteristics of the soft and hard PZT ceramics with increasing
compressive stress are in agreement with the previous
investigations of many ferroelectric ceramics [11,12,18-25].

The (P-E) hysteresis loops of the soft and hard PZT
ceramics under different temperatures are shown in Figs. 3 and
4, respectively. In both cases, area of the P—FE loops decreases
steadily with increasing the temperature, indicating that
polarization dissipation energy decreases when the temperature
increases. This is caused by that higher temperature provides
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Fig. 3. Polarization vs. electric field (P—E) hysteresis loops as a function of
temperature for soft PZT ceramic.
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Fig. 4. Polarization vs. electric field (P-E) hysteresis loops as a function of
temperature for hard PZT ceramic.

higher thermal fluctuation to the polarization order parameter,
which reduces the ferroelectric interaction among the dipoles.
Therefore, even Ej is fixed, the polarization direction is easily
turned with the electric field at higher temperatures due to the
smaller ferroelectric interaction providing a reduction in both
remanent polarization (P,) and coercivity (E.). For this reason,
the hysteresis loop area is reduced with increasing the
temperature. Additionally, slightly asymmetric P-E loops are
also observed in the hard PZT, as displayed in Figs. 2 and 4. The
observation could be attributed to the presence of the complex
defects, which provide the internal field-bias. Therefore, the
ferroelectric interaction between these defect dipoles which are
trapped near domain walls, and the other dipoles in the domain
makes the polarization switching and domain reorientation
processes, as well as the domain wall motions, more difficult in
one field direction than the other direction. This results in
asymmetric loops, and the differences between E and E_, and
P and P;, as observed in Figs. 2 and 4.

4. Conclusions

In this study, the effects of stress and temperature on the
ferroelectric properties of soft and hard PZT ceramics are
investigated. The results show that in both types of PZT
ceramics the ferroelectric characteristics, i.e. the area of the
ferroelectric hysteresis (P—E) loops, which corresponds to
the energy dissipation, the saturated polarization (Pg,) and the
remanent polarization (P,), decrease with increasing compres-
sive 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 pro-
cesses are responsible for the changes observed. Similar
decrease of the ferroelectric parameters is also observed with
increasing temperature. The cause for the thermal effect is
believed to reduce ferroelectric interaction due to higher
thermal fluctuation. More importantly, this study undoubtedly
shows that the applied stress and the temperature have
significant influences on the ferroelectric properties of the soft
and hard PZT ceramics.
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Abstract

This paper studied the modeling of the synthesis process of NiNb,Og (NN) powder using an artificial neural network (ANN). The characteristic
of interest was the amount of NN phase percentage produced from the synthesis process. Three controlling factors affecting the mentioned
characteristic were dwell time, calcined temperature and heating/cooling rate. Design of experiments (DoE) technique was used to analyze the
relationship of controlling factors to the amount of NN phase. The results show that calcined temperature is the most important factor affecting the
amount of NN phase. The dwell time and heating/cooling rate are less significant on the phase but longer dwell time and higher heating/cooling rate
are appreciable for the slightly higher purity. Multiple regression was also used to compare the results and the ANN was found to significantly

outperform the regression analysis.
© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Typically, in preparing ceramic powder, several techniques
ranging from mechanical milling to chemical method can be
used [1]. However, due to many factors involved such as milling
time, dwell time, calcined temperature, heating/cooling rate,
etc., lots of experimental combinations are possible. Therefore,
to search for the optimal condition in obtaining the powder with
a pure preferred phase at low cost could be difficult. This
method of trial-and-error experiment is not economical and the
optimal experimental setting cannot be guaranteed. Conse-
quently, there is a need for a technique which can be used to find
the relation between the relevant parameters to obtain the
powder with a high purity phase in a cost efficient way. Thus,
there comes the objective of this study to suit such a situation
using an artificial neural network.

Artificial neural network (ANN) is one of several artificial
intelligence tools which has been widely used in various
applications due to its ability to learn from samples, and fault

* Corresponding author.
E-mail address: wimalin@eng.cmu.ac.th (W. Laosiritaworn).

tolerance. In this study, it is used to predict the percentage of the
desired material in ceramic powder preparation. The NiNb,Og
(NN) powder was chosen as a case study due to its interesting in
being used as a precursor to prepare Pb(Ni;;3Nb,3)O5 [9] which
is a potential candidate for electroceramics applications [1-3].

In this study, by following the NN powder preparation
technique suggested in Ref. [9], the percentage of the obtained
NN phase relevant to the condition of preparation including
dwell time, calcined temperature and heating/cooling rate was
investigated. Fifty-one experimental samples have been used to
construct the ANN model. Once the ANN has been assembled,
it was used to predict the percentage of NN phase of the unseen
input conditions. Therefore, this minimizes the need to conduct
an actual experimentation. Design of experiments (DoE) was
then used to analyze the effect of controlling factors to the
percentage of NN phase. Multiple regression model was also
used for a comparison purpose.

1.1. Background theories
1.1.1. Artificial neural network

Artificial neural network (ANN) is ‘an interconnected
assembly of simple processing elements, units or nodes, whose

0272-8842/$34.00 © 2008 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

doi:10.1016/j.ceramint.2007.09.102
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functionality is loosely based on the animal neuron. The
processing ability of the network is stored in the inter-unit
connection strengths, or weights, obtained by a process of
adaptation to, or learning from, a set of training patterns’ [4].

Inspired by how the brain and nerve cells work, ANN is
constructed by connecting simple processing elements or
neurons together. Neurons can be located in the input layer, the
output layer or the hidden layers. The input layer takes data
from the outside of a neural network and sends it to hidden layer
neurons. The output layer sends the information back outside
the network.

ANN training can be supervised or unsupervised (self-
organising). This paper is focused on supervised training. The
back-propagation algorithm is the most extensively adopted
algorithm for network training [5] and is the type of network
used in this research.

1.1.2. Statistical design of experiments

Statistical DoE was first developed in the early 1920s by Sir
Ronald Fisher to determine the effect of multiple factors on the
outcome of agricultural trials. The work of statisticians [6,7]
with an interest in this area has provided a firm foundation for
practitioners. DoE is a statistical and structural method used to
analyze relationships between factors affecting processes
(independent variables) and the output of those processes
(dependent variables). DoE techniques are widely used, both by
researchers, for characterisation, optimisation, and modelling

[8].
2. Experimental procedures
2.1. NN powder preparation

The NN powder was synthesized by the solid-state reaction
of thoroughly ground mixtures of NiO and Nb,Os powders
milling in the required stoichiometric ratio. The detailed
description of the NN powder preparation is given elsewhere
[9]. In this study, the NN powder was synthesized by varying
dwell time from 1 to 48 h, calcined temperature from 500 to
1200 °C, and heating/cooling rate from 3 to 30 °C/min. Then
the obtained powder is investigated by X-ray diffraction (XRD)
technique to calculate the percentage of NN phase. However, if
there exist more than two phases in the XRD pattern, the NN
percentage is set as unclassified. Controlling factors in the
experiments were set by trial-and-error and percentage of NN
phase were recorded. Fifty-one records of experimental data
were available.

2.2. Multiple regression analysis

A multiple regression model has the following form:
y=Bo+ Bixi + Boxa + -+ + Brxy,
where f, is the intercept, By, ... ,B; refer to parameters

representing the contribution of the independent variables,
and xy, ... ,x; are independent variables.

Of the 51 records available, 41 records were randomly
selected and used to fit regression equation while the remaining
10 records was used as independent test set. The regression
equation is as follows:

y = —103.905 4 0.189x; + 0.810x, 4 0.616x3,

where y is the percentage of NN phase obtained, while x;, x, and
x5 refer to calcined temperature, dwell time and heating/cooling
rate, respectively. The results from regression analysis are
compared with the result from ANN in the next section.

2.3. Artificial neural network training and testing

The same data set used to fit regression equation was used to
train ANN. The training was carried out with 41 records and the
remaining 10 records for testing ANN performance. Qnet
v2000 software was used to develop an ANN model. The
network developed consisted of three layers. Input layer has
three neurons representing calcined temperature, dwell time
and heating/cooling rate while the output layer has one neuron
which represents the prediction of percentage of NN phase
obtained. Hidden layer neurons were selected by trial-and-error
and the appropriate number of hidden neurons were 17. Root
mean square error of the training and testing data were
0.039701 and 0.049907, respectively, and the correlation
coefficient of training and testing data were 0.977587 and

140
i

120 1

A\

100 -

-
7
1

60
40

20 x

0+ T T T T T T T T

1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49
—+— Actual value of NN phase = Regression prediction ANN prediction

Fig. 1. The comparison of actual value with regression prediction and ANN
prediction.

MAD all
10 4,

MAD test MAD train

—— Regression —=— ANN

Fig. 2. MAD of results from regression model and ANN model.



W. Laosiritaworn et al./Ceramics International 34 (2008) 809-812 811

Table 1

ANOVA analysis

Source d.f. Seq SS Adj SS Adj MS F P
Calcined temperature 4 148162.3 148162.3 37040.6 3532.83 0
Dwell time 6 2207 2207 367.8 35.08 0
Heating/cooling rate 2 525.1 525.1 262.6 25.04 0
Calcined temperature x dwell time 24 280.9 280.9 11.7 1.12 0.363
Calcined temperature x heating/cooling rate 8 2907.1 2907.1 363.4 34.66 0
Dwell time x heating/cooling rate 12 1317.7 1317.7 109.8 10.47 0
Error 48 503.3 503.3 10.5

Total 104 155903.4

d.f.: degree of freedom; Seq SS: sequencial sum of squares; Adj SS: adjusted sum of squares; Adj MS: adjusted mean square; F: F-statistic; P: p-value.
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Fig. 3. Main effect plot (data means) of NN percentage.

0.947345, respectively. As the correlation coefficient of both
training and testing data were very close to 1, the model is a
good approximation of real experimentations.

Fig. 1 shows the actual data of percentage of NN phase
compared with the prediction from regression and ANN. Fig. 2
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is the radar chart that illustrates mean absolute deviation
(MAD) of the overall, training and testing data of the results
from both regression and ANN. It can be concluded from both
figures that ANN significantly outperform multiple regression,
as a result ANN model was used for further analysis.

2.4. Design of experimental analysis

After the ANN had been properly trained, it was used to
predict experimental results. Experiments were set at five levels
for the calcined temperature ranging from 500 to 1200 °C,
seven levels for the dwell time ranging from 1 to 12 h and three
levels for the heating/cooling rate ranging from 10 to 30 °C/
min, with all possible combinations of experimental setting of
105. These experimental settings were fed to the trained ANN
to obtain the prediction of the NN phase.
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Fig. 4. Interaction plot (data means) of NN percentage: (a) between temperature and dwell time; (b) between temperature and heating/cooling rate; (c) between

heating/cooling rate and dwell time.
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3. Results and discussion

Analysis of variance (ANOVA) was carried out to identify
significant factors and factor interactions to the percentage of
NN. The ANOVA analysis was prepared by using MINITAB
release 14. Table 1 summarises the significant factors of each
response at the 95% confidence level. Significant factors at
the 95% confidence level were the factor that has P value
lower than 0.05. As a result, calcined temperature, dwell time,
heating/cooling rate, interaction of calcined temperature and
heating/cooling rate and interaction of dwell time and
heating/cooling rate are found to be significant with different
levels.

The relation among the experimental parameters in
obtaining the high purity NN phase can be analysed by the
main effect plot (Fig. 3), which shows the effect of each
controlling factors on the NN percentage. The graph indicated
that calcined temperatures has the highest effect on NN
percentage and there is a steep decrease in NN percentage at
temperature below 900 °C. Dwell time and heating/cooling rate
have less effect than calcined temperature but their effects are
still significant according to the ANOVA analysis.

The interaction plot (data mean) of NN percentage is shown
in Fig. 4. Each sub-figure represents the interaction between a
pair of preparation conditions in obtaining the NN phase. Since
there are three relevant parameters considered in this study,
when a pair is chosen, each data point in the considered sub-
figure is calculated from the average over the remaining
parameter. For instance, Fig. 4(a) shows the interaction of
temperature and time of the obtained NN phase in which each
data point is calculated from the average over all considered
heating/cooling rate.

It can be summarised from Fig. 4(a) that the calcined
temperature has prominent effect on the percentage of NN
phase, where a very high percentage is obtained only for the
temperature above (or equal to) 900 °C. A huge leap in the
percentage is found in calcined temperature between 700 and
900 °C, but the longer dwell time only slightly enhances the
percentage. Slight dependence on heating/cooling rate of the
NN phase is also found (Fig. 4(b)). The strong reliance on the
temperature is again apparent. On the other hand, Fig. 4(c)
shows the relation of heating/cooling rate of the NN phase with
varying dwell time. As can be seen, the high percentage is
found for low heating/cooling rate but high dwell time. The
description underlying all these phenomena can be given via
thermodynamics of phase transformation. Presumably, to grow
the NN phase, the thermal energy must be at the right condition
corresponding to the energy barrier. If the calcined temperature
is too low, the thermal energy might not be enough to trick out
the NN phase. However, even the heating/cooling rate does not
have a significant effect on the percentage of NN phase, but

when the rate is too high, there might not be enough time for the
NN phase to get growing so a longer dwell time is needed.

4. Conclusions

The ANN technique was used to study the relation among
calcined temperature, dwell time and heating/cooling rate in
obtaining the high percentage of NN phase. In this study, the
high accuracy ANN model of NN synthesis process, was
constructed from a minority of training examples, in predicting
the results from an untrained experiment. Also from the
prediction, a significant effect from the relevant parameters to
the percentage of NN phase is apparent. The most important
factor to obtain the high percentage is the calcined temperature
while the dwell time has a moderate effect on the phase, and the
heating/cooling rate has the least significant. The major
advantage of ANN is that it allows the through analysis of the
relationship of controlling factors to the amount of NN phase
without conducting experiments randomly. The traditional
trial-and-error experiment might results in conducting many
experiments, yet the optimal solution might never be found.
The techniques adopted in this article could also be applied to
other process which will results in a more economical and
structure way for data analysis.
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Abstract

In this study, in order to develop low-temperature sintering ceramics for a multilayer piezoelectric transformer application, we explored CuO
and Bi,03 as sintering aids at low temperature (900 °C) sintering condition for Sb, Li and Mn-substituted 0.8Pb(Zrg 45Tig 52)O3-0.16Pb(Zn ,3Nb,,
3)03-0.04Pb(Ni;,3Nb,,3)O5 ceramics. These substituted ceramics have excellent piezoelectric and dielectric properties such as d;; ~ 347 pC/N,
kp ~ 0.57 and Q,, ~ 1469 when sintered at 1200 °C. The addition of CuO decreased the sintering temperature through the formation of a liquid
phase. However, the piezoelectric properties of the CuO-added ceramics sintered below 900 °C were lower than the desired values. The additional
Bi,0; resulted in a significant improvement in the piezoelectric properties. The composition Sb, Li and Mn-substituted 0.8Pb(Zr( 45Tig.52)O3—
0.16Pb(Zn;3Nby/3)03—0.04Pb(Ni;/3Nb,/3)O03 + 0.5 wt% CuO + 0.5 wt% Bi,O; showed the value of k,=0.56, Qpn = 1042 (planar mode),
dz3 =350 pC/N, when it was sintered at 900 °C for 2 h. These values indicated that the newly developed composition might be suitable for

multilayer piezoelectric transformer application.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Low temperature sintering; Piezoelectric transformer and vibration velocity

1. Introduction

The materials for piezoelectric actuators, ultrasonic motors
and piezoelectric transformers applications should have
compromised characteristics between hard and soft piezo-
electrics, implying high electromechanical coupling factor (k)
and piezoelectric constant (d) with high mechanical quality
factor (Qp,) [1].

However, the sintering temperature of lead zirconate titanate
(PZT)-based high-power compositions is usually too high,
approximately 1200 °C, to use base metal electrodes such as Ag
and Cu. Therefore, Ag/Pd alloy is generally used as the
electrode to suppress the migration of Ag into the ceramics at
high temperature. Consequently, lowering of the sintering
temperature of piezoelectric ceramics is essential for the

* Corresponding author. Tel.: +66 53 941921x445; fax: +66 53 943445.
E-mail address: Ngamjarurojana@yahoo.com (A. Ngamjarurojana).

fabrication of cost-effective multilayer piezoelectric devices.
Furthermore, low temperature sintering can provide advantages
such as compatibility with low temperature cofired ceramics
(LTCC), the reduction of energy consumption, and the reduced
PbO volatilization.

Previously, various techniques were employed to obtain the
low temperature sinterable PZT composition. The addition of
dopants, which improves solid-state sintering, and the addition
of oxides and compounds, which have low melting points for
liquid-phase sintering are the most popular methods [2—4].
Some of the oxides and compounds that have been used for
assisting liquid-phase sintering [5-9]. Even though these
techniques were able to obtain dense ceramics at low sintering
temperature, piezoelectric properties were not satisfactory
enough to be used in industry.

Previously, we developed the Sb, Li and Mn-substituted
Pb(Zr( 48Tip.52)03-Pb(Zn;3Nby/3)O3-Pb(Ni;3Nb,/3)O5  cera-
mics with excellent dielectric and piezoelectric properties
when sintered at 1200 °C [10]. The aim of this study was to

0272-8842/$34.00 © 2007 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

doi:10.1016/j.ceramint.2007.09.012
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Fig. 1. Density, dielectric permittivity (];/¢o), piezoelectric constant (ds3),
electromechanical coupling factor (k,) and mechanical quality factor (Q,,) and
of the specimens sintered at 900 °C for 2 h in Pb(Zr,Ti)O3—Pb(Zn,Ni);,3Nb,,
303 + x wt% CuO ceramics.

lower the sintering temperature of this composition for
providing Ag or Cu cofiring compatible high-power piezo-
electric ceramics, aiming at layered structure piezoelectric
actuators and transformer applications. We therefore investi-
gated the effect of CuO and Bi,0O5 addition in the Sb, Li and
Mn-substituted Pb(ZI'OA48Ti0.52)O3—Pb(ZI’l 1/3Nb2/3)03—Pb(Ni 1/
3Nb,/3)O3 ceramics as a solution for low temperature sinterable
high power ceramics.

2. Experimental procedure

The specimens studied in this research were fabricated
according to the formula: 0.8Pb(Zrg45Tig 5,)O03—0.16Pb(Zn,
3Nb,,3)03-0.04Pb(Ni;sNb,,3)O5 with Sb, Li and Mn substitu-
tion (Pb(Zr,Ti)O3—Pb(Zn,Ni)1/3Nb2/303) + x wt% CuO + y wt%
Bi,03, where x = 0.1-0.5; y = 0-0.5, respectively. Raw materials
of PbO, ZI'Oz, TiOz, ZnO, NlO, Nb205, Sb205, Li2C03, MHOZ,
CuO and Bi,03 with >99% purity were used to prepare samples
by a conventional ceramic sintering process. The obtained
mixture was ball-milled using zirconia ball media with
isopropanal as a medium in a polyethylene jar for 24 h. The
mixed slurry was dried and calcined at 750 °C for 2 h. The
calcined powders were ball-milled again with additives and
consolidated into disks of 12.5 mm diameter and rectangular
plates using isostatic pressing about 150 MPa. PbO-rich atmo-
sphere sintering of the ceramics was performed in a high-purity
alumina crucible at the temperature of 850-900 °C for 2 h. The
crystal structure and symmetry of the sintered bodies were
examined by X-ray diffraction (XRD) and sintered densities
were measured by the Archimedes method. Silver electrode
(Dupont, QS 171) was printed on the lapped surfaces for
electrode. The electrode specimens were poled in silicone oil at
150 °C by applying a dc field of 3 kV/mm for 30 min. The
piezoelectric constant (d33) was measured using a quasi-static
piezoelectric d3; meter (Model ZJ-3d, Institute of Acoustics
Academic Sinica, China). The planar coupling coefficient (k)

(b)

Fig. 2. SEM images of the samples sintered at 900 °C for 2 h in Pb(Zr,Ti)O3-Pb(Zn,Ni);/3Nb»/303 + x wt% CuO ceramics.: (a) x = 0.1, (b) x = 0.2, (c) x=10.3, (d)

x=0.4 and (e) x=0.5.
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Fig. 3. Density, dielectric permittivity (%, /o), piezoelectric constant (ds3),
electromechanical coupling factor (k) and mechanical quality factor (Qr,) and
of the specimens sintered at 900 °C for 2 h in Pb(Zr,Ti)O3-Pb(Zn,Ni);;3Nb,,
303 + 0.5 wt% CuO + y wt% Bi,03 ceramics.

and the mechanical quality factor (Q,,) were determined by the
resonance and anti-resonance technique using an impedance
analyzer (Model HP4294A, Hewlett-Packard, CA).

3. Results and discussion
3.1. Effect of CuO addition

Initially, the effect of the addition of CuO on the
sinterability, crystal structure, piezoelectric and dielectric
properties was investigated in Pb(Zr,Ti)Os—Pb(Zn,Ni);,3Nb,,
303-based ceramics. The sintering temperature of all the
specimens was fixed at 900 °C, which is cofiring compatible
temperature for Ag and low temperature cofired ceramics
(LTCC) substrate. Density, dielectric permittivity (el;/e),

(@)

2 uni

(@

707

electromechanical coupling factor (kp), mechanical quality
factor and piezoelectric constant (ds3) were plotted as a
function of the amount of CuO addition in Fig. 1. The density
was increased with the increase of CuO contents approximately
from 6.4 to 7.8 g/cm®. This improvement of the density might
be related to the formation of the liquid phase. Moreover, the
variation of piezoelectric and dielectric properties showed
similar trend to that of density. Therefore, the improved
piezoelectric and dielectric properties, which were observed in
the range of x > 0.3, might be due to the increased density as
well as increased grain size shown in Fig. 2. This hardening
effect that could be confirmed by the enhancement of O, value
approximately from 600 to 1200 as shown in Fig. 1. Therefore,
Cu ions could be expected to enter B site and act as a hardener.
Fig. 2 shows the SEM images of the Pb(Zr,Ti)O5;—Pb(Zn,Ni),
3Nb,/305 + x wt% CuO ceramics sintered at 900 °C for 2 h. As
the CuO addition amount increased, grain growth happened
whereas small grains disappeared. This grain growth with CuO
addition can be explained with liquid phase sintering.
Previously, we showed that the addition of CuO can reduce
the sintering temperature of the Pb(Zr,Ti)O3;—Pb(Ni,Nb)O;
system by the formation of a liquid phase [11]. Thus, this liquid
phase formation can also be an explanation for the
Pb(Zr,Ti)O3-Pb(Zn,Ni);,3Nb,/303 + x wt% CuO ceramics.

3.2. Effect of Bi,Oj3 addition

Bi,O3 has low melting temperature (817 °C) and it was
reported BiO3 can form liquid phase with ZnO at approxi-
mately 750 °C. Therefore, Bi,O3; was added to Pb(Zr,Ti)O5—
Pb(Zn,Ni);3Nby305 + 0.5 wt% CuO in order to further
improve the piezoelectric properties of the specimens sintered
at low temperature. Density, dielectric permittivity (&l3/¢0),
electromechanical coupling factor (k,), mechanical quality

(b)

Fig. 4. SEM images of the samples sintered at 900 °C for 2 h in Pb(Zr,Ti)O3—Pb(Zn,Ni),3Nb,303 + 0.5 wt% CuO + y wt% Bi,0; ceramics.: (a) y = 0, (b) y = 0.1, (¢)

y=0.3 and (d) y=0.5.
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factor and piezoelectric constant (d33) of Pb(Zr,Ti)Os—
Pb(Zn,Ni)/3Nb,/305 + 0.5 wt% CuO + y wt% Bi,03 ceramics
sintered at 900 °C for 2 h are plotted as a function of the amount
of Bi,O5 addition in Fig. 3. When Bi,O3 was added, density was
increased and this increased density improved the dielectric and
piezoelectric properties as seen in Fig. 3. The density of the
specimens was improved when the amount of Bi,O3 was added
and this increase might be due to the formation of liquid phase.
In addition, Q,, was decreased and 83T3 /eo and dz; were
increased with the amount of Bi,O5 addition in the range of
0.0 <y < 0.3. Therefore, their variations could happen because
Bi ions entered A site, since they acted as softener in this range.
On the contrary, Q,, exhibits a minimum profile at 0.3 wt% of
Bi,O; addition. In addition, 83T3 /€0, d33 and Q,, were increased
with the amount of Bi,O3 addition above 0.3 wt%. Thus, Bi
ions might act as both hardener and softener in this range and
their variations might be able to occur because Bi ions entered
B site and A site, respectively. Fig. 4 shows the SEM images of
the Pb(Zr,Ti)O3—Pb(Zn,Ni)]/3Nb2/303 + 0.5 wt% CuO + y wt%
Bi,0O5 ceramics sintered at 900 °C for 2 h. When the amount of
Bi,O3; was more than 0.3 wt%, the small grains almost
disappeared and average grain size increased. Even though
apparent liquid phase formation was not observed in the SEM
images, Bi,O3 addition might induce small amount of liquid
phase and it could be expected to help grain growth due to its
low melting point.

4. Conclusions

In this study, we developed CuO and Bi,0; as sintering aids
at low temperature sintering condition (900 °C) for Sb, Li and
Mn-substituted Pb(Zr,Ti)O3—Pb(Zn,Ni),,3Nb,,305 ceramics.
The addition of CuO decreased the sintering temperature
through the formation of a liquid phase. However, the
piezoelectric properties of the CuO-added ceramics sintered
below 900 °C were lower than the desired values. The
additional Bi,0; resulted in a significant improvement in the
piezoelectric properties.

At the sintering temperature of 900 °C, the electromecha-
nical coupling factor (k,), piezoelectric constant (ds3),
mechanical quality factor (Q,,) of Sb, Li and Mn-substituted
O.8Pb(ZrO_48Ti0,52)O3—O.16Pb(Zn1/3Nb2/3)03—0.04Pb(Ni1/
3Nb,,3)O3-based ceramics with 0.5 wt% CuO and 0.5 wt%
Bi,03 show the optimal value of 0.56, 350 pC/N and 1042,

respectively. These values indicated that the newly developed
composition might be suitable for multilayer piezoelectric
transformer application.
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Abstract

The uniaxial stress dependence of the hysteresis behavior of ferroelectric films was studied. The DIFFOUR model was modified to include the
uniaxial stress effect. Both the uniaxial stress and the external electric field were applied on the out-of-plane direction of the films. The polarization
was measured with varying the magnitude of the applied stress and the electric field frequency via the dynamics of the polarization reversal in terms
of hysteresis. The study was taken by means of Monte Carlo simulations using the spin-flip Metropolis algorithm. From the results, the district
dependence of hysteresis behavior on frequency between low frequency and high frequency was prominent. On the other hand, the remanent and
the coercivity significantly decreased with increasing applied stresses. Moreover, the areas under the hysteresis loops also decreased indicating
smaller magnitude of energy dissipation. The results agree well with related experiments where applicable.

© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Ferroelectric thin-films; Monte Carlo; Uniaxial stress; Hysteresis

1. Introduction

Ferroelectric thin-films have recently been of wide interest
in view of both technological and fundamental importance
[1,2]. Of a particular interest is the technological applicability
such as high-speed ferroelectric recording media in which high
areal densities and high reliability are in demand [1]. Therefore,
it is necessary to understand the response of ferroelectric
domain switching to electric field corresponding to specific
material structures in detail. Nevertheless, for the sake of
simplicity, theoretical studies on ferroelectric multi-layers are
usually performed on an ideal stress-free system. However, real
materials used in many applications are often affected by
crystalline anisotropy caused by external mechanical stress, or
internal strain induced by misfit in lattice spacing at the
interfaces between ferroelectric layers and the substrate.
Furthermore, ferroelectric thin-films under stresses were found
to have their polarization behavior altered leading to substantial
changes in phase transition between ferroelectric and para-

* Corresponding author. Fax: +66 53943445.
E-mail address: yongyut_laosiritaworn @yahoo.com (Y. Laosiritaworn).

electric phases [3,4]. Consequently, it is very important to
include the applied stress to model real materials.

In this work, the uniaxial stress dependence of the
ferroelectric dynamic properties in thin-films was studied. To
outline, the study was firstly done by proposing the DIFFOUR
Hamiltonian that includes the uniaxial stress effect. Then, by
means of Monte Carlo simulations, the polarization along the
out-of-plane direction is investigated with varying the field
frequency and uniaxial stress via the dynamics of the hysteresis.
Finally, all the descriptions to these results are given in detail.

2. Methodologies
2.1. Spin Hamiltonian

In this study, the DIFFOUR Hamiltonian [5-7]
P2 a b L
-y (ﬁ_iug +§u§> - ¥ - EO L

<ij>
(1

was considered where i; is the ferroelectric dipole spin at site i,
P3/2m is the kinetic energy, a and b are the double-well

0272-8842/$34.00 © 2008 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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potential parameters for the ferroelectric spins, and Uj; is the
ferroelectric interaction. However, in this study, only the case
that i; is constant in magnitude was considered to underline the
dynamics of the spin orientation in response to the field.
Therefore, by proposing appropriate reference energy and
introducing the stress effect, the Hamiltonian can be rewritten
as

H = Z U”(Al)ﬁl . ﬁj - E(t) Zuiu 2

<ij>

where #; is a unit vector referring to one of the possible 14
ferroelectric spin directions (6 from tetragonal and 8 from
rhombohedral structures), <ij> represents summation over
the nearest pairs, and wu;, is the spin’s z component.
E(t) = Eg sin (27ft) is the electric field acting only on the
out-of-plane direction of the films, where f and E, refer to
frequency and amplitude respectively. Helical and free-
boundary conditions were used for the in-plane (xy) and
the out-of-plane (z) directions. In this picture, the magnitude
of ii; is dimensionless, so both U; and E have a unit of
energy. U;(Al) is a function of lattice distortion Al, arising
from the applied stress, and assumed to take a Lennard—Jones
potential-like [8], i.e.

"o 12 ro 6
iy i

Here, ry is the lattice spacing at a specific thermal equilibrium,
U, is the ferroelectric interaction associated to ry (Al = 0), and
r;; is the distance between site i and j. For zero stress (strain),
ri; = ro and U;; = =Uj so the system prefers ferroelectric phase.
Since the Young’s modulus is defined as Y = P/((r;; — ro)/ro)
where P is the stress (pressure), it is possible to write 7/
ro=1—(P/Y) and Eq. (3) as U= Uo[(1 — (P/Y))f12
—2(1 — (P/Y))"®). However, along the xy direction, there also
exists the lattice distortion caused by the stress along the z
direction. The ratio of the distortions between these two
directions is defined as the Poisson ratio ¢ = —Ar*”/Ar* (where
for many systems ranging from metal to ceramics, ¢ ~ 0.3 [9]).
As a result, it is possible to write & = —ArY/Ar = —(r}] —
ro) /(1 — ro) = (1 — 1) /ro) /(5 /(ro — 1)) which ~ gives
1 /ro =1 —¢((ri;/ro) — 1) = 1 +¢(P/Y). Consequently, the
ferroelectric  interaction along the xy direction is
U = Uo[(1 + (¢P/Y)) ™ = 2(1+ (eP/Y)) °]. As a result,
the Hamiltonian can be written as

H= > Ufii;+

<ij> € in-plane

—E®r) Z Ui 4

ZA A
Uijuiuj
<ij> € out-of-plane

2.2. Monte Carlo simulation

Throughout this study, U, was set as 1, so this re-defines
the unit of temperature T as J/kg (Where kg is the Boltzmann’s
constant), and electric field amplitude E, as a unit of U,. The
simulations were done at a temperature in the ferroelectric

phase (where there exists hysteresis loops), i.e. T= 1.0 J/kg.
The ratio P/Y was varied from 0.00 to 0.16. The simulation
was done on bi-layer ferroelectric films where each single
layer consists of ferroelectric unit cells connecting along the
in-plane direction. The ferroelectric spins are assumed to
reside in the unit cells and the system consists of
N=L x L x 2 spins where L x L refers to number of spins
in one monolayer. To minimize finite size effect, large L is
required so in this study L = 40 was chosen. Trial simulations
for larger sizes were also performed and it is found that for the
range of parameters used in this study, the difference in
hysteresis behavior is not significant. The unit time step was
defined from one full simulation update of all sites of the
lattice, i.e. 1 Monte Carlo step per site (mcs). The field
frequency was varied from 0.001 to 4 mcs™' and the field
amplitude is fixed at Ey/Uy = 4.

With the Hamiltonian proposed in Eq. (3), each system was
assigned an initial random configuration and later on was
passed to the thermal Monte Carlo updates, using the
Metropolis algorithm [10]. In updating the system, each spin
is assigned a new random direction, and the probability of
accepting that new direction is proportional to

. AH
probability = exp( kBT> 4)
where AH is the energy differences between of the original and
the new updating state. If the energy difference is less than zero,
or a uniform random number in the range [0,1) is less than the
probability given in Eq. (5), the new direction is accepted and
the system is successfully updated, or else the considered spin is
left untouched. The whole procedure is repeated until the
simulation ends.

In measuring, with varying the uniaxial stress and the
applied field frequency, each simulation waited for a few cycles
to obtain steady hysteresis loops, and then the polarization per
spin along the z direction was calculated, i.e.

2 =$ [Z“} (©6)

Then, 1000 steady hysteresis loops were used to calculate
average hysteresis loop for each condition.

3. Results and discussion

From the simulation results, with varying field frequency
and stress, significant changes to the hysteresis loop were
found. Fig. la shows the patterns for hysteresis loops for
frequencies ranging from 0.001 to 0.320 mcs™'. As can be
seen, 2 distinct behaviors can be found for low frequency
region, e.g. f < 0.125 mes™" and for high frequency region,
e.g.f > 0.125 mcs™'. At low frequencies, the loops get bigger
with increasing frequency. This is because, at low frequency,
the field period is high and hence the sweeping time of the field
per one hysteresis cycle is large. Ferroelectric spins then have
time to follow the field leading to low phase-lag between the
polarization and field and hence to a small hysteresis loop.
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Fig. 1. Hysteresis loops of the bi-layered films (a) at zero-stress but varying
frequency from f= 0.0010 to f= 0.3200 mes ™, and (b) at f= 0.0010 mcs ™" but
varying stress from P/Y =0.00 to P/Y =0.16.

However, with increasing the frequency in the low frequency
region, the phase lag gets bigger and hence the hysteresis
loop becomes larger. However, if the frequency is still
increased, the loop reaches a maximum size at a certain
frequency. Beyond this point, the frequency is very high which
limits the dynamics of the spins and results in a smaller loop
with an oval shape-like.

However, with a non-zero stress, e.g. in Fig. 1b, the decrease
of the remanent p,, the coercivity Ec, and the hysteresis loop-
area were found. The reason is that the stress causes the z
direction to become a ‘hard axis’. As a result, the spins prefer to
align in the xy direction or have their z-components align in an
anti-parallel pattern to lower the energy. Consequently, both p,
and E¢ reduce. In comparison with experiments, qualitatively,
the decrease of the coercivity and the loop-area with increasing
stress has trends that agree reasonably well with an experiment
on ferroelectric material [11].

On the other hand, Fig. 2 shows the hysteresis loop area as
a function of frequency for various stresses. The loop area
increases for low frequency region and decreases for high

O Wm0 x X +

Hysteresis area

0 il Ll PR |J“ul\
0.001 0.01 0.1 1 10
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Fig. 2. Stress dependent of the hysteresis areas (arbitrary unit) of the bi-layered
films as a function of the electric field frequency (mcs™' unit) with varying
stresses from P/Y =0.00 to P/Y =0.16.

frequency region with increasing frequency. At a particular
frequency, the loop area is smaller for larger stresses. This is
because the z direction is the stress induced ‘hard axis’. In
this way, the spins are loosely coupled along the z direction
and hence it will be easier for the spins to catch up with the
field so the inclined oval loop occurs with small loop area.
However, with increasing the frequency at low frequencies,
the phase lag gets larger but with higher stresses it will
require higher frequency to reach the loop-area maximum
point. This is why the frequency at the maximum area shifts
to higher frequency for larger stress. Notice that the
maximum area is smaller for larger stress because of smaller
pr and Ec.

4. Conclusions

In this study, Monte Carlo simulations were performed to
study ferroelectric thin-films under the influence of uniaxial
stress on ferroelectric hysteresis properties. The objective is
to investigate the behavior of the spin-reversal along the out-
of-plane direction with changes in the magnitude of the stress
and the electric field frequency. With increasing frequency, it
is found that the hysteresis area increases for low frequency
and decreases for high frequency. On the other hand, the
applied stress reduces p,, Ec and the hysteresis area. This is
due the stress causing the out-of-plane direction to be a ‘hard
axis’ and the hysteresis results in smaller loop-area. The
results qualitatively agree well with experiments where
applicable.
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Abstract

Nanocomposites of the (1 — x)PZT-xBT system were fabricated by the bimodal particle concept. The effect of fabricating conditions on
structural characteristics and dielectric properties of the ceramics was investigated using XRD, SEM, and a standard dielectric measurement. The
ceramic—solid solutions and -nanocomposites in the PZT-BT system were comparatively explored. It was clearly seen that the microstructures and
the dielectric properties of PZT-BT ceramic-nanocomposites are totally different from those of ceramic—solid solutions. The dielectric behavior of
ceramic-nanocomposites displayed superimposition of two phase transitions with a lower maximum value of the dielectric constant than that of the

solid solutions.
© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Piezoelectric ceramics (e.g. Pb(Zr,,Ti(;_,))O3, BaTiO; and
its related compounds), which are widely used as transducers,
pressure sensors and actuators, suffer from mechanical and
electrical deterioration in service because of fatigue damage.
When piezoelectric devices are used in severe circumstances,
such as high stress or high power applications, problems that
are related to reliability (i.e. degradation of electrical properties
and fatigue fracture) become more critical and important.
Therefore, it is necessary to investigate the electrical behavior
of piezoelectric ceramics and to design microstructure that
possesses excellent electrical properties. Both BaTiO5 (BT) and
Pb(Zr,Ti)O3 (PZT) are among the most common ferroelectric
materials and have been studied extensively since the late 1940s
[1,2]. These two ceramics have distinct characteristics that
make each individual ceramic suitable for different applica-
tions. The compound PZT has highly desirable piezoelectric
properties which can be applied in transducer applications.
Furthermore, it has a high 7c of 390 °C which allows
piezoelectric devices to be operated at relatively high

* Corresponding author. Tel.: +66 53 943367, fax: +66 53 943445.
E-mail address: wanwilai_chaisan@yahoo.com (W. Chaisan).

temperatures. BT is a normal ferroelectric material which
exhibits a high dielectric constant, a lower T (~120 °C) and
better mechanical properties [1-3]. Thus, mixing PZT with BT
is expected to decrease the sintering temperature of BT-based
ceramics, allowing a desirable move towards electrodes of
lower cost [4]. Moreover, the nano-reinforced structure is
believed to improve densification and mechanical properties of
the ceramic composite. Therefore, ceramic-nanocomposites of
the lead zirconate titanate—barium titanate ((1 — x)PZT-xBT)
system with various compositions, were fabricated using a
modified mixed-oxide synthetic route and a bimodal particle
concept. The effect of processing parameters on the arrange-
ment of phases, microstructural evolution and electrical
properties of the ceramics was carefully investigated using
XRD, SEM and dielectric measurements.

2. Experimental procedure

Ceramic-nanocomposites in the system (1 —x)PZT-xBT
(0.1 <x<0.5; Ax=0.1) have been fabricated from PZT
powder and BT nanopowder, employing a normal sintering
method. Reagent grade PbO, ZrO,, TiO, and BaCO5; 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

0272-8842/$34.00 © 2008 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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nanopowder, a vibratory laboratory mill (McCrone Microniz-
ing Mill) powered by a 1/30 HP motor was employed for 30 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 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 mixed powders were then formulated
from the BT and PZT components by employing the similar
mixed-oxide procedure. In the mixing process, the calculated
relevant proportions of constituents were weighed, suspended
in ethanol and intimately mixed in a ball-mill with zirconia
media. Drying was carried out for 2 h and the dried powder was
then ground into the fine powders. The 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 at
1200 °C for 2 h.

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). For electrical measurements,
silver paste was fired on both sides of the polished samples at
750 °C for 12 min as the electrodes. Dielectric properties of the
sintered ceramics were studied as a function of both
temperature and frequency. The capacitance was measured
with a HP4284A LCR meter in connection with a Delta Design
9023 temperature chamber and a sample holder capable of high
temperature measurement. Dielectric constant (¢;) was calcu-
lated using the geometric area and thickness of the discs.

3. Results and discussion

XRD patterns of all sintered ceramic-nanocomposites are
shown in Fig. 1. Here the peak positions and intensities of the
XRD patterns vary according to the amount and chemical
composition of the phases present. It is seen that the diffraction
peaks shifted towards a higher angle with increasing x and the
XRD peaks of all ceramic-nanocomposites are broader than
those of solid-solution case in our earlier work [6]. These can be
interpreted in terms of co-existing perovskite phases, i.e. PZT,
BT and their reacted intermediate phases. Moreover, with
careful observation, it is found that the sintered samples of
0.3 < x < 0.5 nanocomposites exhibit the perovskite structure
with traces of unwanted phase (57) occurring at 26 ~28°. It is
believed that this unwanted phase is ZrO, matched with JCPDS
file no. 37-1484 [7]. Compositional fluctuations due to the
evaporation of lead oxide within surface regions are believed to
be responsible for the occurrence of free ZrO, phase in the
sintered (1 — x)PZT-xBT ceramics of 0.3 < x < 0.5 nanocom-
posites. Another possibility was put forward by Fushimi and
Ikeda [8], who suggested that melting of PT-PZ solid solution
can change from congruent to incongruent and induce ZrO, to

Vv Zr0;

x=05 v l\L AL
=04 ‘;\.\
x=04 3 3 il - -
Il

Intensity (a.u.)

1
. x=02 I\ " " A
she = - =
gg x=0.1 Uif.\: ‘f‘ gé g,;‘:: 56
~ — 4 7"|-’ \_-_"""T‘_J T /_‘/'\ T
20 30 40 50 60
20/degrees

Fig. 1. XRD patterns of the (1 — x)PZT-xBT ceramic-nanocomposites sintered
at 1200 °C for 2 h.

form at ~1340 °C. On the other hand, Brankovic et al. [9]
suggested that incomplete reaction of the starting precursors
can also result in the persistence of free ZrO, phase. Since no
trace of ZrO, has been observed for sintered samples of x = 0.1
and 0.2, it is believed that the segregation of ZrO, may be
associated with loss of Pb content and also depend on the level
of BT content, similar with observations made in other
perovskite systems [10,11].

The microstructural morphology of (1 — x)PZT-xBT cera-
mic-nanocomposites was initially examined by SEM. Micro-
graphs of as-fired surface of all ceramic-nanocomposites are
shown in Fig. 2(a—e). In general, high porosity, heterogeneous
microstructures consisting mainly of two ranges of particles (in
respect of size and shape) were found in all samples. A
distribution of very small spherical BT particles (brighter phase
with diameter ~200-500 nm) is found over the PZT grains,
especially for rich-BT samples. Large pore-sizes of the order of
2 pm were also observed. These poorly sintered samples could
be attributed to several factors, including the effect of different
particle size fractions between the two end components,
ineffective mixing and the use of low density green bodies
produced by conventional uniaxial die-pressing.

Densities in the range 4.80-6.21 g/lcm® were obtained,
which are considerably lower than the values obtained for
sintered PZT-BT solid solution ceramics in our earlier work
[6]. In order to preserve the ceramics with a nanostructural
arrangement, it is possible that the sintering temperature
employed in this work is not enough for driving the
densification mechanism to achieve dense PZT/BT ceramic-
nanocomposites. However, so far, there are no reports on the
production of highly dense PZT/BT ceramic-nanocomposites
by a pressureless sintering method. Moreover, the scope for
improving pressureless sintering by raising the temperature is
limited by the melting point of PZT (~1400 °C) whilst the hot-
pressing technique can cause severe PbO-volatilization
problems [12].

The temperature dependence of the dielectric constant (g,)
measured at 1 MHz for (1 — x)PZT—-xBT nanocomposites with
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Fig. 2. SEM micrographs of as-fired surfaces of the sintered (1 — x)PZT-xBT ceramic-nanocomposites with x = (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4 and (e) 0.5.

0.1 <x <0.5 is shown in Fig. 3. All ceramic-nanocomposites
display dielectric peak superimposition of the two phase
transitions (7} and 7,) with no frequency dependence. The
shape of dielectric peak for each composition seems to be the
two peaks merged into a mound. The height of the mound was

5000

n2

Eml
3000 A

2000 4

1000

Temperature (°C)

Fig. 3. Comparison of dielectric constant (&) at 1 MHz for (I — x)PZT-xBT
ceramic-nanocomposites.

lower than those of solid solutions [6]. The phase transition
temperatures, 7, and 7T,, and dielectric data are illustrated in
Fig. 3 and list in Table 1. As is well known, the dielectric
constant of pure PZT and pure BT showed anomalies at 390 and
130 °C, respectively. Therefore, ceramic-nanocomposites
between PZT and BT are expected to show a transition
temperature between 390 and 130 °C. An attempt was made to
characterize the dielectric temperature of PZT-BT as a function
of x. However, difficulties were encountered in indexing the
measured dielectric peak broadening obtained. As seen in
Fig. 3, with increasing of x, T and T, decrease moving toward

Table 1
Dielectric properties of ceramic-nanocomposites in the (1 — x)PZT-xBT sys-
tem

Compositions (x) T, (°C) Em1 T, (°C) Em2

0.1 340 3200 392 3800
0.2 285 1800 390 1600
0.3 257 1200 388 1000
0.4 234 960 385 700
0.5 216 940 380 530

em1 and &, are the maximum dielectric constant at 7 and 75, respectively (see
also Fig. 3).
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the Curie temperature of BT. T refers to transition temperature
of BT and T, refers to transition temperature of PZT. There are
various proposals for explaining the dielectric response of
composite materials. Ausloos [13] studied effective dielectric
constant theories of composite solids. Their work reported that
the broad spectrum of dielectric constant is the results of
clustering effects, the shape of particle (or cluster) effect and
particle heterogeneity effect. In this work, it is possible that the
incorporation of BT nanoparticles into a PZT matrix may hinder
domain wall motion sufficiently to reduce the dielectric constant
[14]. Moreover, the presence of unwanted ZrO, phase (confirmed
by XRD) and high porosity (confirmed by SEM) are other
reasons for the low dielectric constants in ceramic-nanocompo-
sites with composition of x> 0.2. However, by neglect
accounting for the porosity, the maximum dielectric constant
(émax) of all ceramic-nanocomposites was back-calculated to
100% density for a better comparison with the solid solutions.
Although the dielectric values of ceramic-nanocomposites are
still lower than those of the solid solutions, the broadening is
greater which infers the operating temperature with the moderate
dielectric constant (~1000-4000) of these ceramics is much
wider in range, suitable for certain electronic devices.

4. Conclusions

Ceramics-nanocomposites in the system (1 — x)PZT-xBT
were successfully processes by employing the bimodal particle
concept. All PZT-BT compositions in this study were of the
perovskite structure with tetragonal symmetry. The dielectric
properties of all the ceramic-nanocomposites are strongly
influenced by the presence of secondary phases and densifica-
tion mechanism. The dielectric peak shows superimposition of
the two phase transitions with no frequency dependence and the
dielectric value is lower than that of solid solutions for all
compositions, explained by theory of the dielectric response for
composite materials. With increasing of x, the phase transition
temperatures of all ceramics decrease moving toward to Curie
temperature of BT.
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Abstract

Barium titanate (BT) nanopowder was synthesized by a solid state reaction via a rapid vibro-milling technique. The effect of milling time on
phase formation and particle size of BT powder was investigated. Powder samples were characterized using XRD (X-ray diffraction) and SEM
techniques. It was found that the resulting BT powders have a range of particle size depending on milling times. Production of a single-phase BT
nanopowder can be successfully achieved by employing a combination of 30 h milling time and calcination conditions of 1200 °C for 2 h.

© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Barium titanate (BaTiO5 or BT), which exhibits a perovskite
structure and a Curie temperature ~120 °C, is a classical
ferroelectric material that has been extensively exploited both
for academic and technological utilizations over the past
decades [1,2]. Owing to its high dielectric constant, large
mechanical-quality factor, large pyroelectric coefficient, non-
toxic handling and low cost of manufacturing, compared to
several lead-based perovskite ferroelectrics, BT-based ceramics
have been a strong candidates for several electronic applica-
tions, including ultrasonic transducers, multilayer capacitors,
pyroelectric detectors, semiconductors with positive tempera-
ture coefficient of resistance (PTCR) and electro-optic devices
[3,4]. To fabricate them, a fine powder of perovskite phase with
a minimal degree of particle agglomeration is needed as the
starting material to achieve a dense and uniform microstructure
at a given sintering temperature. In order to improve the
sintering behavior of ceramics, a crucial focus of powder
synthesis in recent years has been the formation of uniform-
sized, single morphology particulates ranging in size from
nanometer to micrometers.

* Corresponding author. Tel.: +66 53 943376; fax: +66 53 943445.
E-mail address: wanwilai_chaisan@yahoo.com (W. Chaisan).

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 BT powders, many investigations have
focused on several chemistry-based preparation routes, such
as sol—gel [5], sol-precipitation [6], hydrothermal reaction [7],
besides the more conventional solid state reaction of mixed
oxides [8]. 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. 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
[9,10]. The ball-milling technique is a very popular solid state
reaction because of easy and low cost technique, however the
size of particle from this technique is still large (micrometer).
Thus, the potentiality of vibro-milling technique will be then
focused in order to achieve the nanosized powder. Although
some research has been done in the preparation of BT
nanopowders via a vibro-milling technique [11], to our
knowledge a systematic study regarding the influence of
milling time on the preparation of BT nanopowders has not yet
been reported. Therefore, in this work, the effect of milling time
on phase formation, and particle size of BT nanopowders was
investigated in this connection. The potential of the vibro-

0272-8842/$34.00 © 2008 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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milling technique as a simple and low-cost method to obtain
usable quantities of single-phase BT powders at low
temperature and with nanosized particles was also examined.

2. Experimental procedure

Commercially available powders of BaCO; and TiO,
(anatase form), (Fluka, >99% purity) were used as starting
materials. BaTiO3 powder was synthesized by the solid state
reaction of these raw materials. A vibratory laboratory mill
(McCrone Micronizing Mill) powered by a 1/30 HP motor was
employed for preparing the stoichiometric BaTiO3 powder [9].
The mixed powder was vibro-milled for 0.5 h with corundum
media in isopropyl alcohol (IPA). Drying was carried out for 2 h
at 120 °C. Various calcination temperatures ranging from 700
to 1400 °C were selected to investigate the phase development
of BT. Moreover, in order to investigate the effect of milling
time on phase formation and particle size, the milling times
were then ranged from 0.5 to 30 h. All powders were examined
by room temperature X-ray diffraction (XRD; Siemens-D500
diffractometer) using Ni-filtered Cu Ka radiation, to identified
the phase formed and the optimum firing temperature for the
production of single-phase BT powders under various milling
conditions. The crystallite size and tetragonality factor (c/a)
were also estimated from these XRD patterns [12]. The
morphologies of the powders observed by scanning electron
microscopy (JEOL JSM-840 A SEM).

3. Results and discussion

From the TG-DTA data in previous work [13], the range of
calcination temperatures between 700 and 1400 °C were
designed for BT powder to investigate the phase formation.
To study the phase development with increasing calcination
temperature in BT powder prepared from vibro-milling
technique for 0.5 h, it was calcined for 2 h in air at various
temperatures, up to 1400 °C, followed by phase analysis using
XRD. As shown in Fig. 1, for the uncalcined powder, only X-
ray peaks of precursors, BaCO; (@) and TiO, (4), which
could be matched with JCPDS file numbers 5-0378 [14] and 21-
1272 [15], respectively, are presented, indicating that no
reaction had yet been triggered during the milling process. In
this work, it is seen that the desired perovskite BaTiO5 (/) was
already observed in the powder calcined at 700 °C, accom-
panying with unreacted BaCOj; and TiO, precursors as

.
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Fig. 1. XRD patterns of BT powders calcined at various temperatures for 2 h
with heating/cooling rates of 10 °C/min (@ = BaCO;, ¢ = TiO,, 7 = BaTiO3
and * = Ba,TiOy).

separated phases, in good agreement with literature [16,17].
Moreover, the unknown phase (%) started to occur at 260 ~28.5°,
consistent with earlier work of Simon-Seveyrat et al. [18].
According to the literature [19,20], the reaction sequence of the
phase formation in the BT mixture can be described as follow.

2BaCO; + TiO, — Ba,TiO4 + 2CO, (1)
Ba,TiO, + TiO, — 2BaTiO; )

It was believed that this unknown phase corresponds to
Ba,TiO4, which could be matched with JCPDS file numbers
72-0135 [21], always found in conventional mixed oxide
processing [16,22]. As the temperature increased to 1000 °C,
the intensity of the BaTiO; peaks was further enhanced. The
starting materials completely disappeared after calcination at
1100 °C, however, the unwanted Ba,TiO, phase still be
detected. Upon calcination at 1300 °C, an essentially mono-
phasic of BaTiO; phase was obtained. This observation agrees
well with other workers [23,24]. This BT phase was indexable
according to a tetragonal perovskite-type structure with lattice
parameters a =3.994 A and ¢ =4.038 A, space group P4dmm
(no. 99), consistent with JCPDS file number 5-0626 [25].

Table 1
Effect of milling time on the optimum calcination temperature and the variation of particle size of BT powders measured by different techniques
Milling time (h) Perovskite phase (%) Calcination temperature (°C) XRD SEM
A (nm) cla D (nm) P (nm)

0.5 100 1300 38.32 1.0090 610 250-1400
10 100 1250 32.09 1.0059 260 100-500
15 100 1250 32.38 1.0036 490 100-1000
20 100 1250 31.95 1.0058 590 250-700
25 100 1200 31.60 1.0065 390 250-700
30 100 1200 31.56 1.0056 250 100400

A = crystallite size, c/a = tetragonality factor, D = average particle size, P = particle size range.
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Fig. 2. XRD patterns of BT powders milled at different times.

Having established the optimum calcination temperature of
BT powder vibro-milled for 0.5 h, an attempt was also made to
calcine the BT powder under various milling times. The
optimum calcination temperature of each powder was reported
in Table 1 and the XRD patterns of all BT powders are shown in
Fig. 2. It has been observed that with increasing milling time,
all diffraction lines broaden, e.g., (0 0 2) and (2 0 0) peaks, an
indication of a continuous decrease in particle size and of the
introduction of lattice strain. These values indicate that the
prolonged milling treatment affects the particle size and
evolution of crystallinity of the phase formed. For BT powders,
the longer the milling time, the lower the required (optimum)

300 nm

300 nm

| (b)

firing temperature. Additionally, the crystallite size and
tetragonality factor (c/a) were estimated from these XRD
patterns as also given in Table 1. The calculated crystalline size
value was also found to decrease with increasing milling time.
Though, the relative intensities of the Bragg peaks and the
calculated tetragonality factor (c/a) for the powders exhibit
independent of milling time, it is well documented that, as
Scherer’s analysis provides only a measurement of the
extension of the coherently diffracting domains, the crystallite
sizes determined by this method can be significantly under
estimation [26]. In addition to strain, factors such as
dislocations, stacking faults, heterogeneities in composition
and instrumental broadening can attribute to peak broadening,
making it almost impossible to extract a reliable particle size
solely from XRD [27].

In this connection, SEM 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. 3). At first sight, the
morphological characteristic of BT powders with various
milling times is similar for all cases. In general, the particles are
agglomerated and basically irregular shape, with a substantial
variation in particle sizes. The powders consist of primary
particles with nanometers in size. Increasing milling time over
the range 0.5-30 h, the powders exhibit spatial fluctuation in
their particle sizes. The extent of the fluctuation depends on the
milling time as well as on the calcination temperature applied.
In this study, it is seen that the optimum milling time for the
production of the smallest nanosized BT powder with low firing
temperature was found to be at 30 h. The finding of this

>

300 nm

Fig. 3. SEM micrographs of BT powders after milling times of (a) 0.5, (b) 15, (c) 25 and (d) 30 h (calcined at their optimized conditions).



176 W. Chaisan et al./Ceramics International 35 (2009) 173—176

investigation indicates a strong relationship between the vibro-
milling process and the yield of BT nanopowders.

4. Conclusions

The synthesis of perovskite BT nanopowder by a solid state
reaction and the influence of milling time on its formation were
studied. It was established that the milling time influences not
only the development of the solid state reaction of BT phase but
also particle size and morphology. It was shown that the
increase of vibro-milling time significantly decreases the
calcination temperature and particle size. A single phase of BT
nanopowder can be successfully produced by employing a
combination of 30 h milling time and calcination condition of
1200 °C for 2 h.
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