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Abstract

In this research project, phase transition and properties in ferroelectric materials
were studied. Many ferroelectric materials which has perovskite structure such
Ba(Zrg 7 Tip.93)03 PbZrO; BaFegsNb (505 , 0.05(Pb(Zn4,3Nby/3)03-0.15(Pb(Niy;sNby3)O3-
0.8(Pb(Zn4;Tiy2)O03,  Ba(TigeSno.1)Os,  BigagziNaoas71L0.0172TiO3,  (NagsKos)NDO3
(BigsNag 5)TiO3 - KNbQ3, 0.8(Pb(Zr1/,Ti12)O3) — 0.2(Pb(Nis2Nby3)O3), 0.7(Pb(Zry2Tis12)O5)
— 0.3(Pb(Zn4,2Nb,;3)03, Ba(TiggSng )05 (1-x)BaTiOs-xBaFeysNby 505, Bi,GeOs, and
0.8PbZr; 5,Tip 4505—0.2BaFey sNby 505 were synthesized. Other related materials such
composites of Portland cement / PbgggSrg 122554 Tip44Sbg 0, O3 and CaCu;Ti,O4, were
also fabricated. Effects of processing parameters and dopants on the phase transition
and properties were investigated. Results were related to their crystal structure,
microstructure and the parameters. It was found that processing parameters and
dopants crystal structure, microstructure affected on the phase transition and properties
of the materials. Further, some presented materials showed a high performance which

good for electronics applications.
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Abstract. In this work, barium zirconate titanate (Ba(Zry 7Ti993)O3) ferroelectric ceramics doped
with B,Os3 were prepared by the conventional mixed-oxide method. The properties of the ceramics
as a function of sintering temperature were investigated. Various technique such as X-ray
diffraction (XRD) technique, scanning electron microscopy, dielectric permittivity spectroscopy
and ferroelectric property measurement were used to obtain characteristic of the ceramics. The
optimum density was observed for 1250 °C sintered sample. An increase in sintering temperature
produced a decrease in dielectric constant. However, ferroelectric behavior was improved in 1275
°C sintered sample. The results were discussed in term of microstructure and crystallinity of the
ceramics.

Introduction

Barium titanate (BaTiOs) is one of the most studied ferroelectric materials due to its excellent
properties, high dielectric constant and low dielectric loss [1]. Recently, the addition of zirconium
(Zr) into titanium (Ti) site in barium titanate has been chosen in fabrication of ceramic capacitors
because Zr*" is chemically more stable than Ti*" and has a larger ionic size (to expand the
perovskite lattice) [2]. Moreover, Zr-substitution at Ti-site has been found to be interesting features
in the dielectric behavior and to effectively to decrease the Curie temperature of BaTiO; ceramics.
For over a number of years, many researchers have attempted to decrease the sintering temperature
of BaTiOs based ceramics through the use of various sintering aids such as B,0Os, Li,0O, etc. [3].
However, very few works have reported on the preparation and dielectric properties of BaZr,Ti;.xO3
ceramic sintered at low temperature. In this work, Ba(Zrg ¢7T0.93)O3 ceramics doping with 2 wt.% of
B,0O3; were prepared by the conventional mixed-oxide method. The effect of sintering temperature
on the density and the electrical properties at room temperature of the ceramics were investigated.

Experimental

Ba(ZryTi;x)O3 (BZT) ceramics were prepared by the conventional mixed-oxide method. The
starting materials barium carbonate (BaCOs3), titanium dioxide (TiO;) and zirconium oxide (ZrO5)
were weighed based on the stoichiometric composition of Ba(Zrg7Ti093)O3. The weighed batch
was ball-milled in alcohol and zirconia milling media for 24 h. After drying, the mixtures were
calcined in an alumina crucible at 1200 °C for 2 h in air atmosphere. The doping addition of 2wt. %
B,0; to the BZT powder was prepared. The calcined powders were again milled in alcohol for 24 h.
The obtained powders with the addition of 3w% polyvinyl alcohol (PVA) binder were pressed into
disc-shape pellets with a diameter 10 mm. The green pellets were sintered at temperatures ranging
from 1150 °C to 1475 °C for 2 h. Phase formation and crystallographic structure of the ceramics
were studied by XRD. The bulk densities of sintered samples were measured using Archimedes
method, ASTM C 373-88. Microstructural study of sintered samples was performed under an
scanning electron microscope (SEM). For electrical study, silver paste was painted on both sides of
the samples. The dielectric constants of the samples were measured using LCZ (Hewlett Packard)
from 20 Hz to 2 MHz at room temperature. The hysteresis loops were measured at room
temperature using a hysteresis circuit.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 202.28.248.45-29/09/08,04:11:38)
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Results and Discussion

XRD patterns of BZT ceramics doped with 2 wt. % of B,Oj; are shown in Fig. 1. As revealed from
the XRD patterns, all the diffraction peaks matched well with the peaks of the perovskite phase. With
in the limit of detection, the second phase was not observed for all samples. An increase of sintering
temperature resulted in an increase of diffraction peak intensity, indicating that B,Os; help to
improve the degree of crystallinity in the ceramics.
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Fig. 1 XRD patterns of B,O3 doped BZT ceramics.

Fig. 2 shows a plot of density as a function of sintering temperature. The density increased with
increasing sintering temperature up to 1250 °C and then decreased at 1275 °C (Fig.2). It is known
that the presence of a B,O; liquid phase assists densification during sintering. At higher
temperature, however, high evaporation of B,O3; was occurred. Therefore, a drop in density was
observed for the sample sintered at 1275°C and above. The SEM micrographs of 2 wt. % doped
BZT ceramics are shown in Fig. 3. The microstructure for the sample sintered at lower temperature
was observed to be quite dense. Little porosity appeared for the sample sintered at high sintering
temperature. There was no change in the grain size, nor is there any evidence of abnormal grain
growth in the annealed sample. The grain size of the sample was found to increase with increasing
the sintering temperature.
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Fig. 2 Bulk density of B,O3 doped BZT ceramics.
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Fig. 3 SEM micrographs of B,O3 doped BZT ceramics sintered at; (a) 2wt. % of B,Os sintered
1225 °C (b) 2wt. % of B,0s sintered 1250°C

Fig. 4 presents dielectric constant measured at room temperature of the samples as a function of
frequency for 20 Hz to 2 MHz. It was found that BZT ceramics obtained the optimum dielectric
constant while BZT doped B,Os; samples exhibited the decrease of dielectric constant with an
increase of sintering temperature. It may be due to the effect of grain size that as suggested from Jin
et al. [5-6] that the dielectric constant depends strongly on grain size. Furthermore, the decrease of
dielectric constant also resulted from the difference in crystal structure caused by increasing in
tetragonality when boron ions were inserted in to an interstitial of BZT lattice.
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Fig. 4 Dielectric constant at room temperature of B,O3 doped BZT ceramics.

The P-E ferroelectric property measurements for the samples are shown in Fig. 4. Slanted
hysteresis curves were observed for the samples sintered at low temperatures. The hysteresis curve
became a square shape for the sample sintered at 1275°C. The remanent polarization (Pr), was
observed to increase with increasing the sintering temperature. However, coercive field (E.) was
found to be ~4.0kV/cm for all sintering conditions. The better ferroelectric behavior may be due to
the better crystallinity of the sample sintered at high temperature.
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Fig. 5 P-E loops at room temperature of BZT ceramics with various sintering temperature.

Summary

B,0; doped BZT ceramics were fabricated by a conventional solid state sintering. Various sintering
temperatures were performed to study effect of heat treatment on the properties of the ceramics. A
higher sintering temperature produced a better ferroelectric behavior. However, it resulted in a

lower dielectric permittivity.
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Abstract. The effects of alumina nanoparticles on the properties of PbZrO; ceramics were
investigated. The samples were prepared by a simple conventional mixed oxide method involving
calcination and sintering temperatures of 800 °C and 1200 °C, respectively. Single-phase lead
zirconate was observed in X-ray powder diffraction patterns for all the samples. The relationship
between the Al,O; content, the dielectric properties and Knoop hardness were determined. The results
indicate that the additive affects Curie temperatures and the shape of the Curie peak, implying a
chemical reaction takes place with the matrix during high-temperature processing. Hardness values
increase for additions up to 1 vol % Al,Os.

Introduction

PbZrOs (PZ) has an antiferroelectric phase (AFE) which exhibits an orthorhombic structure at room
temperature. An anti-pararell shift of Pb ions along the [110] a direction is the origin of the
antiferoelectricity [1-4]. A paraelectric phase (PE) of PZ occurs at the temperature above T, = 236 °C.
A sharp permittivity peak with relative permittivity around 4000 at 1 kHz is observed at this
temperature [1]. It was reported that there exists an intermediate ferroelectric phase (FE) over a very
narrow temperature range (~5 °C) below the T, [3]. The temperature range over which the FE phase is
stable can be extended by application of an electric field or by chemical substitution, such as Ba*" on
the Pb”" sites to form (Pb;_«Ba,)ZrO; solid solutions [5-13]. The AFE-FE phase transition produces a
large volume expansion. This makes the material potentially useful for high displacement
electromechanical actuator applications [14]. It was reported that the mechanical properties of
structural ceramics can be improved by the addition of second phase nanoparticles such as SiC and
Al,O3 [15]. The term ‘‘nanocomposites’ was used for such materials. In recent years, some
consideration has been given to the ferroelectric properties of the nanocomposites. However, there is
little information available on the properties of nanocomposites of antiferroelectric materials, such
as PbZr,0s. In the present work, we prepared PZ/Al,O3 composites by a simple solid-state method.
The effect of Al,O3 nanoparticles on the dielectric behaviour and mechanical hardness are present.

Experimental

Monolithic PZ and PZ/Al,03 nanocomposites were prepared by a simple solid-state mixed oxide
method. The starting powders of PbO, ZrO, and TiO, were mixed in isopropanol using zirconia balls
as the grinding media. The mixed powders were calcined at 800 °C for 3 h. In order to study the effect
of ALLO; (0.5, 1, 3 vol% Al,O3) on the properties of PZ, an Al,O3 powder, with average primary
particle size 40 nm, was blended with the calcined PZ powder, and 1% PV A binder added. The mixed
powders were uniaxially pressed into pellets at a pressure of 100 MPa. The PV A binder was burnt out
at 550 °C using a heating rate of 1 °C /min. Finally, the pellets were sintered at 1200 °C for 2 h with a
heating rate of 5 °C /min. In order to minimize the loss of lead due to vaporization, a PbO atmosphere
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was maintained during sintering using PZ as the spacer powder. X-ray diffraction analysis (XRD) was
used to identify phase formation of calcined powders and sintered samples. Relative
permittivity-temperature measurements were carried out using an impedance analyzer in conjunction
with a non-inductively wound tube furnace. The effect of Al,O3; nanopowder on the mechanical
properties of the ceramics was studied by using a Knoop microhardness tester. Indentations were applied
on the polished surfaces of PZ ceramics.

Results and Discussion

XRD patterns of the monolithic PZ and PZ/Al,0; nanocomposite ceramics are shown in Fig. 1. Only
PZ phase was found for all samples. The analysis was carried out based on the basis of Joint
Committee on Powder Diffraction Standard (JCPDS) data [16]. No trace of the Al,O; phase was
detected.
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Figure 1. XRD patterns of monolithic PZ and PZ/A1,05 nonocomposite sintered at 1200 °C

Plots of relative permittivity versus temperature are shown in Fig. 2. The trend of the relative
permittivity at the T, was found to increase from 4900 for pure PZ to 6100 for the 0.5 vol% Al,O3
sample and 5800 for 1 vol% Al,O3, but decreased to 4800 for the 3 vol% Al,O3 sample.
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Figure 2. Relative permittivity, ¢, (at 1 kHz) vs. temperature for samples of differing Al,O3 content

sintered at 1200 °C.
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The variation of the T, with Al,O3 content is shown in Fig. 3. The T, of the monolithic sample (i.e.
without Al,O3) was 239 °C, but it decreased to ~ 233 °C for the nanocomposite samples. Furthermore,
the permittivity curves of the PZ/Al,0O; samples exhibited a broad shoulder below the Curie
temperature, which suggests a change in the antiferroelectric to ferroelectric phase transition. The
data suggests that a reaction occurs between the additive and matrix during processing, and that Al ion
doping of PbZrO; may be responsible for the changes in dielectric properties [17].
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Figure 3. Plot of T, vs.volume fraction of Al,O3 nanoparticles.

The results of Knoop hardness measurements are shown in Fig. 4. The PZ/Al,03 nanocomposites
displayed 28% higher hardness than the monolithic PZT. The maximum value of hardness of 3.1 GPa
was found for the samples containing 1 vol% Al,Os. This value is close to the value reported by
Tajima et al., in PZT [18, 19]. The improved mechanical properties in PZT were proposed to be due to
Al,Os nanoparticles reinforcing the grain boundaries and acting as effective pins against microcrack
propagation [ 18, 19]. It can be pointed out here that the hardness of the PZ samples could be improved
at only some concentrations of nanoparticle additions, up to 1 vol%. The slight decrease in hardness
on moving from 1 to 3 vol% Al,O3; may be due to the higher porosity of the PZ containing 3 vol %
ALOs.
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Figure 4. Knoop hardness and porosity vs. volume fraction of Al,O3 nanoparticles.
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Summary

Dielectric and mechanical property measurements of PbZrO;/Al,O; nanocomposites were
investigated. Dielectric results infer a chemical reaction between the additive and matrix occurs
during ceramic processing. There was a marked increase in peak permittivity, from 4900 for pure PZ,
to ~6100 for 0.5 vol% Al,O3;. All PbZrOs/Al,O3 samples exhibited a 6 °C reduction in Curie
temperature relative to PbZrO;. A low-temperature shoulder to the Curie peak appeared in the
modified samples which imply that chemical reaction with the matrix also affects the
antiferroelectrifc-ferroelectric phase transition. The optimum hardness of the nanocomposites was
found for the sample with 1 vol% Al,Os addition.
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Abstract. Ceramics in the system 0.05(Pb(Zn;/3Nb/3)03-0.15Pb(Ni;3Nb;/3)03-0.8Pb(Zr;2T1,,2)O0;3
(0.05PZN-0.15PNN-0.8PZT) were synthesized via the columbite method. Ferroelectric properties
of the samples prepared by different sintering conditions were investigated. The mechanical
property of the ceramics was also determined. The best ferroelectric properties were observed for
the sample sintered at 1250°C.

Introduction

In the last decade, normal ferroelectric such as lead zirconate titanate [PbZr,—,Ti,O3, PZT] has
become an important commercially produced piezoelectric materials.[1-3] Excellent piezoelectric
properties of PZT have been observed in compositions close to the morphotropic phase
boundary(MPB Zr:Ti ,52:48). [1-3] Locating the MPB for the ferroelectric materials is very
important for making the phase diagram and for obtaining excellent electrical properties. Therefore,
most commercial PZT and other ferroelectric ceramics are thus designed in the vicinity of the MPB
with various dopings in order to achieve high properties.

Lead-based relaxor perovskites, such as Pb(Zn;sNb;/3)O3; (PZN) and Pb(Ni;,3Nb;/;3)O3 (PNN),
having the general formula Pb(B’B”)O3 have received significant attention since the 1970s because
of their peculiar dielectric and piezoelectric behavior. These materials have been applied in many
areas such as electrostrictive actuators, transducers, and multilayer ceramic capacitors. [4-9]

Recently, binary or ternary systems containing a combination of relaxor ferroelectrics with
rhombohedral symmetry and normal ferroelectric tetragonal symmetry near the MPB have attracted
particular attention owing to their high dielectric and piezoelectric properties. The excellent
electrical properties can be applied to many areas such as multilayer ceramic capacitors,
electrostrictive transducers, sensors, and actuators. [10-12] In the present work, solid solution of
0.05PZN-0.15PNN-0.8PZT ternary system was synthesized via a columbite method. Various
sintering temperature were carried out, to find out the optimum processing condition.

Experimental

The ternary system of 0.05PZN-0.15PNN-0.8PZT was synthesized by a columbite method. The
wolframite precursor ZrTiO4 was formed by reaction between ZrO, with TiO, at 1400 °C for 4 h.
The columbite precursor ZnNb,Og was prepared from the reaction between ZnO and Nb,Os at
975 °C for 4 h. The precursors ZrTiO4, ZnNb,Og were then mixed with PbO (99.9%) according to
the stoichiometric ratio for the desired compositions with 2 mol% excess PbO added. The mixed
powders were calcined at temperatures ranging, 900°C at a dwell time of 2 h in a double crucible
configuration with a heating rate of 20 °C/min. The calcined powders were isostatically cold
pressed into pellets at a pressure of 100 MPa. Sintering occurred between 1100 and 1350 °C with a
dwell time of 2 h at 500°C with heating rate 1°C/min and 2 h at 1250°C with heating rate 5°C/min.
The perovskite phase was examined by x-ray diffraction (XRD). The density of the sintered
samples was measured by Archimedes’ method with distilled water as the fluid medium. The
polarization-Electric field (P-E) property and mechanical property of the sintered samples were
measurement.
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Results and Discussion

The perovskite and pyrochlore phase formation at different sintering temperatures in 0.05PZN-
0.15PNN-0.8PZT ceramics were studied and analyzed by XRD.
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Figure 1. XRD patterns at room temperature of 0.05PZN-0.15PNN-0.8PZT ceramics.
Fig. 1 illustrates XRD patterns from this system. The pyrochlore-type structure was found in the
sample sintered at 1200 and 1300°C, as indicated by . In the other hand, pure peroskite was

observed for the 1250 °C sintered sample. The formation of pyrochlore phase may be due to
reaction between PbO and the columbite precursors or due to lead lose at high temperature.
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Figure 2. Density as a function of sintering temperature of 0.05PZN-0.15PNN-0.8PZT ceramics.

Fig. 2 shows the typical sintered densities of 0.05PZN-0.15PNN-0.8PZT ceramics for various
sintering temperature. Although the pure perovskite phase was found at 1250°C, the density of the
sample was observed to decrease with increasing sintering temperature. The decreasing in density
may be due to the PbO evaporation at high temperature.
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Figure 3. Polarization vs. electrical field for 0.05PZN-0.15PNN-0.8PZT ceramics.

The result of polarization-field (P-E) measurements for the ceramics sintered at various
temperatures is shown in Fig. 3. All samples showed normal ferroelectric behavior with a
rectangular loop. High polarization was observed for all samples. The optimum ferroelectric with
higher remanent polarization (Pr) of 40 uC/cm? was observed for the sample sintered at 1250°C, as
expected. The lower remanent polarization in other sintering conditions may due to the formation of
pyrochlore phase in the samples which made the ceramics have lower ferroelectric behavior.
However, coercive field (E.) was ~ 7.2 kV/cm for all sintering conditions.
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Figure 4. The 1250°C sintered sample displayed a higher hardness than the other samples.

The results of hardness measurements are shown in Fig. 4. The higher hardness value was 6.7 GPa.
In the present work, the grain size of the system was found to increase with increasing the sintering
temperature. Therefore, the existent of pyrochlore phase may result in the lower mechanical
property of the samples.
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Summary

In this work, 0.05PZN-0.15PNN-0.8PZT ceramics were synthesized via a columbite method. The
sintering temperature of 1250°C was selected as the optimum sintering condition for preparation of
the 0.05PZN-0.15PNN-0.8PZT ceramics. Pyrochlore phase was found to effect on the ferroelectric
and mechanical properties of the ceramics.
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Abstract. Boron oxide doped barium stannate titanate ceramics were prepared by a solid-state
reaction method. Properties of the ceramics were investigated. The experimental results showed that
most properties of the ceramics depend on the sintering temperature. The higher relative
permittivity of 13887 with tand ~0.034 at 34 °C was observed for the samples sintered at 1350 °C.
Piezoelectric coefficient (ds3) of the samples was found to be in the range of 90 - 115 pC/N.
However, the optimum ds3 coefficient was observed for the sample sintered at 1250 °C.

Introduction

Lead-based ceramics are widely used in electronic applications due to their superior piezoelectric
and dielectric properties [1]. However, the lead-based ceramics are not environmentally friendly for
their lead oxide toxicity [2]. Therefore, much attention has been paid for lead-free piezoelectric
ceramics for the recent years [3-10]. Barium stannate titanate (BaSnyTi;xO;) is one of most
interesting lead free materials. The Curie temperature of BaSn,Ti;.xO3 (BST) can be controlled for
various applications by varying the stannate molar fraction. BST also exhibits a diffuse phase
transition with no relexor ferroelectric behaviour [4]. It was reported that Ba(Tip.9Sng 1)Os; (BSTO1)
is a high dielectric constant near room temperature [5]. For multilayer capacitor applications,
researchers have focus on decreasing the sintering temperature by adding sintering aids. Many
sintering aids such as LiF, Bi,0O3, Nb,Os, Co3;04, ZnO and B,0; have been suggested for barium
titanate-based ceramics [6-8]. However, properties of BST ceramics doped with B,O3; have not been
studied. In the present work, B,Os-doped BSTO1 ceramics were fabricated. The effect of sintering
temperature on the properties of B,Os-doped BSTO1 ceramics was investigates.

Experimental

The present B,O3;-doped BSTO1 samples were prepared by a conventional ceramics fabrication
processes. Commercial powders of BaCO3, SnO,, TiO,, and B,0O3 were mixed in a ball-mill for 24 h
with ethylalcohol and zirconia balls. After drying and sieving, the slurry was calcined at 1300 °C for
4 h using a heating rate of 5 °C/min. The calcined powders were reground by ball milling with 3 wt.
% PVA as the binder. Cylindrical pellets 15 mm in diameter were isostatically pressed at 80 MPa.
The pellets were sintered at 1250 - 1450 °C for 2 h using a heating rate of 5 °C/min. The density of
the sintered samples was measured by the Archimedes method using distilled water as the fluid
medium. In order to study phase formation, X-ray diffraction analysis (XRD) was performed using
a diffractrometer. Microstructural evolution was examined using scanning electron microscopy
(SEM). The average grain size of the sintered samples was measured by the linear intercept method.
To study the electrical properties, both flat surfaces of the samples were polished and then
electroded with a conducting silver paint. The dielectric constant (g;) and dissipation factor (tand) of
the pellet samples were measured at various temperatures ranging from —100 to 180 °C with a
heating and cooling rate of 3 °C/min using an LCR meter in conjunction with a temperature
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chamber. The piezoelectric coefficient (ds;3) was measured with a ds;; meter (Model PM-3001 ds3
Meter) on poled slices.

Results and Discussion
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Fig. 1. XRD patterns of B,O3 doped BSTO1 ceramics.

XRD patterns of 1 wt. % B,0O3; doped BSTO1 ceramics sintered at various sintering temperatures are
shown in Fig. 1. All samples exhibited a pure perovskite structure. All peaks are well matched with
the perovskite structure [9]. The secondary phase was not observed for all samples. The similar
result was reported in ref. 10.
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Fig. 2. Density as a function of sintering temperature for B,O; doped BST01 ceramics.

The values of sintered density as a function of sintering temperature are shown in Fig. 2. The
density increased with increasing sintering temperature up to 1300 °C and then decreased for
further sintering temperatures. It is expected that the presence of a B,0Os3 liquid phase assists
densification during sintering. However, high evaporation of B,O3 at high temperature may result in
a lower final density. SEM micrographs of the ceramics are illustrated in Fig. 3. The porosity levels
in SEM micrographs of the pellet surfaces were consistent with trends in measured density values.
The microstructural analysis revealed that the increase of the sintering temperature enhances the
grain size. Average values of grain size, as measured by the linear intercept method, increased from
26 um for the sample sintered at 1250 °C to 30 um for the sample sintered at 1450 °C.
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Fig. 4. Dielectric constant and dielectric loss versus temperature for B,O; doped BSTO1ceramics.

Fig. 4 shows the dielectric constant (g;) as a function of temperature for the samples sintered at
various temperatures. The results revealed that sintering temperature has an effect on the dielectric
properties. There was an increase in peak dielectric constant from 6477 for the sample sintered at
1250 °C to 13887 for the sample sintered at 1350 °C, followed by reductions for the sample sintered
at 1350 °C (Table 1). This trend matches that of the sintered densities, i.e., the higher density
samples gave higher measured dielectric constants. Fig.4 also shows the variation of dielectric loss
as a function of temperature. The dielectric loss of our ceramics was less than 0.02. It was observed
that the transition temperature of the samples is in the range of 34 - 36 °C. Although, sintering
temperature has a significant effect on the grain size, but this factor has not influenced on the
transition temperature (Table 1). Change in the piezoelectric constant (ds3) values as a function of
the sintering temperature is shown in Table 1. The ds; coefficient was found to be in the range of
90 - 115 pC/N. However, the better ds; coefficient of 115 pC/N was observed for the sample
sintered at 1250 °C.

Summary

In the present work, 1 wt.% B,Os-doped BSTO1 ceramics were fabricated at various sintering
temperatures. Because of the high dielectric peak board and exceptional di; value, the sintering
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temperature of 1350 °C is selected as the sintering condition which has an optimum property of this
system.
Table 1 Electrical properties of B,Os doped BSTO1ceramics

Sintering
temperature Tf) max €1 max tand d3
°C] [°C] [pC/N]

1250 35.21 6477 0.0134 | 115

1350 34.15 13887 0.0345 | 107

1450 36.29 8281 0.0193 90
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Abstract. In present work, lead zirconate titanate (PZT) ceramics, having the composition near
morphotropic phase boundary were prepared by conventional mixed oxide method. The sintering
process was performed at various sintering temperatures ranging from 1100 to 1300 °C. Relationships
between phase and sintering temperature, and phase and structure were reported. An increase
sintering temperature affected the increase in grain size. The grain growth rate was found to have a
linear fit with the phenomenological kinetic grain growth equation. Tetragonal relative fraction
increased with increasing sintering temperature. In addition, dielectric constant at dielectric peak
increased with increasing grain size which consistent with the trend of tetragonality.

Introduction

Lead zirconate titanate (Pb(Zr;<Tix)O3) ceramic is a well known material for various sensors and
actuators because of their excellent electrical properties [1]. The high electrical properties of PZT
ceramic was found for a composition close to the morphotropic phase boundary (MPB). This MPB
is located around PbZrOs;:PbTiO3 ~ 0.52:0.48 which separates a Ti-rich tetragonal from a Zr-rich
rhombohedral phase [2]. Therefore, PZT and modified PZT for electrical applications are designed
in vicinity of the MPB. It is known that the properties and phase transition of the lead-based
ferroelectric materials are strongly influenced by density, composition, phase, and microstructure
which in turn depend on the method of preparation [3-5]. In case PZT, processing conditions such
as sintering temperature, soaking time, and heating rate was also found to have effect on its
properties [6, 7]. Although the properties of PZT ceramics have been studied in the past, some
relationships between processing and the properties have not been observed. In the present work
properties of the PZT ceramics prepared at different sintering temperature were investigated. Some
relationships between phase, structure and properties of PZT were also reported.

Experimental

PZT ceramics were prepared by mixed oxide method. The starting materials of PbO, ZrO, and TiO,
were mixed in a ball-mill pot for 24 h with ethyl alcohol and a zirconia ball and calcined at 800°C
for 2 h with heating rate of 5°C/min. The calcined PZT powder was sieved and pressed into a disc
shape and sintered at 1100, 1150, 1200, 1250, and 1300°C for 6 h with heating rate of 5°C/min.
Density of the sintered samples was measured by Archimedes method with distilled water as the
fluid medium. Phase formation of the sintered pellets was determined by X-ray diffraction (XRD).
Microstructures of the sintered samples were examined using a scanning electron microscope
(SEM). For the electrical measurement, the pellets were polished and then the silver past was
applied on both surfaces for making electrode. The dielectric constant (€, ) of the sintered samples

was measured at various temperature ranging from 30 to 425 °C with a heating rate of 3 °C/min
using a LCR meter in junction with an environmental chamber.
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Results and Discussion

Fig. 1 shows XRD patterns of PZT ceramics sintered at various sintering conditions (1100 to 1200
°C for 6 h with heating rate of 5°C/min). The XRD result revealed that the main phase has a
perovskite structure [8]. Small amounts of other phases were found in the samples sintered at 1250
and 1300 °C, as indicated in Fig.1. An existence of other phases may be due to the PbO loss at
higher temperature which made non-stoichiometric composition.
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Figure 1. XRD patterns of PZT ceramics at various Figure 2. Tetragonality (c/a) as a function of fraction
sintering temperature (V indicates second phase). of tetragonalilty and rhombohedral phase.

To study the relation between relative fraction phase and sintering temperature, tetragonal and
rhombohedral phase was identified by an analysis of the peaks in the 26 range 43-46°. However,
there was appearance of multi peaks due to the superposition of the tetragonal and rhombohedral
(200) peaks. In order to identify the phase compositions between rhombohedral and tetragonal
phase, the (200) peaks can be fitted using Gaussian equation. Relative fraction of tetragonalilty and
rhombohedral phase was determined. The percentage of relative phases was then calculated by the
following equations: [9]

integrated intensity of R (200) (1)
total integrated intensity

Rhombohedral (%) =
and

integrated intensity of T(200) and T(002) )

Tetragonal (%0) = - - -
= ) total integrated intensity

where T and R were defined as the tetragonal and rhombohedral phases, respectively. In addition,
tetragonalilty (c/a) was calculated from the position of (200) peaks. Relative fraction of tetragonality
phase was found to increase with increasing sintering temperature. Fig.2 shows the tetragonality as a
function of T(%)/R(%). A linear increase of the tetragonality was observed, indicated that an
increase in tetragonal phase resulted in the increase in tetragonality.
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Figure 3. Effect of sintering temperature on grain
growth.

Grain size as a function of sintering temperature is shown in Fig.3. With increasing sintering
temperature, the grains grew and the average grain size exponentially increased. A plot log(Grain
size) as a function the reciprocal of the temperature (1/7) is also shown in Fig. 3. Linear relationship
between log(Grain size) and 1/T was observed. Although, variation in the data was found, the trend
can be well fitted by the phenomenological kinetic grain growth equation [10] expressed as

1 oo 1! E
where G defines as the average grain size at the time t, k" the constant, m the kinetic grain growth

exponent, E the apparent activation energy, R the gas constant, and T is the temperature in Kevin.
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Figure 5. Maximum dielectric constant and sintered Figure 6. Maximum dielectric constant as a function of
density versus grain size of selected samples. c/a.

Plots of dielectric constant versus temperature for PZT ceramics in the inset of Fig. 4, indicated that
the sintering temperature has an effect on the dielectric behavior. Fig. 4 also shows maximum
dielectric constant at dielectric peak(€.max) as a function of sintering temperature. There was an
increase in maximum dielectric constant from 14890 for the 1100 °C sintered sample to 21150 for the
1200 °C sintered sample, followed by reductions for further sintering temperatures. This result can be
well explained by the effect of density in the samples. The values of sintered density as a function of
sintering temperature are also shown in Fig4. It can be seen that the density values of samples sintered
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at 1100 - 1250 °C have not much different. Therefore, the samples sintered at these temperatures were
selected for studying the effect of grain size on some properties. Fig.5 shows a plot of maximum
dielectric constant as a function of grain size. The maximum dielectric constant was found to increase
with increasing the grain size which is consistent with the observation made by previous researchers
[11]. However, we found that the maximum dielectric constant has a relation with the tetragonality,
1.e., lower tetragonality samples gave lower maximum dielectric constant (Fig.6).

Summary

Relationships between processing, phase, microstructure, and properties in PZT ceramics were
investigated. The PZT ceramics were sintered at different sintering temperatures. At high sintering
temperature, some second phase occurred. An increase in tetragonal phase produced an increase in
the relative fraction of tetragonality phase. A plot logG as a function the reciprocal of the sintering
temperature indicated that grain growth rate matched the phenomenological kinetic grain growth
equation. Although the maximum dielectric constant was observed to increase with increasing the
grain size, we found that the maximum dielectric constant has an empirical relation with
tetragonality.
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Abstract Lead zirconate titanate (PZT) ceramic-cement-
based composites have increasingly been recognized as an
attractive new composite material for use as a sensor in
structural applications. In this work, PZT was doped with
Sr and Sb (PSZT) to give it greater dielectric constant (&)
and higher piezoelectric coefficient (d33) values than normal
PZT and is the first time that it is mixed with normal Port-
land cement to produce a 0-3 connectivity PSZT-Portland
cement composite using PSZT contents of 50% and 70%
by volume. Scanning electron micrographs show PSZT ce-
ramic particles closely surrounded by the hydrated cement
matrix where a dense microstructure can be observed in the
interfacial zone. Both the ¢; and d33 values were found to
increase with PSZT content and the values are amongst the
highest so far for these types of composites, where the &; and
dz3 values reached 590 and 48 pC/N, respectively.

PACS 77.22.-d - 77.22.Ch - 77.84.-s - 77.84.Lf - 81.05.-t

1 Introduction

Very recently, there have been a number of developments
in cement-based piezoelectric composites for applications
in smart civil engineering structures as sensors [1-5]. New
cement-based piezoelectric composites are a very promis-
ing material that increasingly attracted many researchers.
This is due to its better compatibility to concrete, the main
structural material used in civil engineering, compared to

A. Chaipanich () - G. Rujijanagul - T. Tunkasiri
Department of Physics, Faculty of Science, Chiang Mai
University, Chiang Mai 50200, Thailand

e-mail: arnon @chiangmai.ac.th

other piezoelectric materials such as piezoelectric ceram-
ics, piezoelectric polymers and polymer-based piezooelec-
tric composites. The ideal cement-based piezoelectric com-
posites should have good piezoelectric properties as well
as good compatibility to concrete. 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, with ~40%
PZT by volume, the acoustic impedance of the composite
can be close to that of concrete (8.95 x 10° kg m2s7 1)
as compared to that of PZT at 21.2 x 10® kgm~2s~!.
Piezoelectric—cement composites can therefore be ideally
used as sensors having similar acoustic matching with the
host structure material, concrete. The advantage of the
acoustic matching over the available sensors placed out-
side a structure is that these sensors can be placed inside
the concrete structure for real-time structure monitoring in
order to detect vibration of the host structure. The acoustic
impedance of the composite can be calculated using (1) as
follows:

Ic = pcVe, (1)

where I is the acoustic impedance of the composite, p. is
the density of the composite and V. is the acoustic velocity
of the composite. The acoustic impedance of the concrete
can be calculated from the density of 2400 kg m~ and the
acoustic velocity of concrete of 3730 ms™!; the acoustic im-
pedance can be calculated as 8.95 x 10° kgm™2s~!. For
the acoustic impedance of the composite to be relatively
close to that of concrete, the volume fraction of the ceramic
phase has been previously studied in the range of 40-70%,
where calculated /. values reported by Li et al. [1] are 9.18—
13.27 x 10° kgm™2 s~!, and the piezoelectric property val-
ues were maximized through the use of a higher level

@ Springer
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Table 1 Dielectric and piezoelectric results reported previously in the literature

Reference Casting method and curing temp. PZT (%) &r Poling dz3 (pC/N)
Cement type: white Portland cement
Lietal. [1] Paste (23°C) 50% by vol. 94 2.7kVmm™! 12
70% by vol. 182 2.7kVmm™! 30
Cement type: white Portland cement
Lietal. [3] Paste (65°C) 50% by vol. 300 2.7kVmm™! 23
4.3 kVmm™! 30
Cement type: sulphoaluminate cement
Huang et al. [2] Pressed (20°C) 60% by weight - 2kVmm™! ~1.8
4kVmm™! ~4
85% by weight - 2 kVmm™! ~8
4kVmm™! ~15
Fig. 1 Curing chamber with PSZT
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of piezoelectric ceramic. So far the majority of developed
cement-based piezoelectric composites used PZT as the
piezoelectric material. This is because PZT possesses a very
high piezoelectric value. Another reported work by Huang et
al. [2] also used PZT to produce a 0-3 connectivity cement-
based piezoelectric composite but sulphoaluminate cement
was the cement type used. The results previously reported
by these researchers are given in Table 1.

One of the most important piezoelectric properties is the
piezoelectric coefficient, d33. However, the main difficulty
reported in the development of these composites is the pol-
ing process which can lead to breakdown if too high a volt-
age is used [1-3]. The highest d33 value measured 24 h after
poling so far is ~30 pC/N when 4.3 kVmm~' was used
and 223 pC/N when poled at 2.7 kV mm~! [3]. These sam-
ples were made by a so-called mixing and spreading method,
thus producing a paste of cement with PZT ceramic with a
fixed water content. White Portland cement was the cement
type used to make these composites.

In this work, a pressing technique, a fabrication method
similar to that of Huang et al. [2], was adopted but with
a higher temperature of curing at 60°C. Furthermore, nor-
mal Portland cement, also known as ordinary Portland
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Fig. 2 XRD traces of PSZT and of PSZT-PC composites

cement, is the cement type used in this work since it
is the most common cement being used in making con-
crete worldwide. Moreover, recently, ceramics produced
from PZT with some dopants such as Sr, Sb and Nb were
found to possess better piezoelectric properties than nor-
mal PZT ceramics [6-9]. In our study, PZT doped with
Sr and Sb (Pboj;gSr().12Zr().54Ti0.44Sb0.0203) was used.
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Fig.3 SEM micrographs of
PSZT50-PC composite at (a)
x 600 magnification and (b)
x 1500 magnification

Pbo.ggSI‘O.12ZI‘0.54Ti0,44Sb()_0203 (PSZT) ceramic particles
were mixed with normal Portland cement at 0, 50, 70 and
100% by volume to form the PSZT-Portland cement (PSZT-
PC) composites with 0-3 connectivity. Their dielectric and
piezoelectric properties were then investigated.

2 Experiment

Modified (doped with Sr and Sb) PZT ceramics with a com-
position of Pbg ggSro.12Zro 54 Tig 44Sbg.0203 (PSZT) were
prepared by a mixed-oxide method as previously prepared
by Zheng et al. [6]. The starting powders of PbO, ZrO,,
SrCO3, Sby 03 and TiO, were mixed and calcined at 925°C

for 4 h. The ceramic discs of about 10 mm in diameter and
2 mm in thickness were obtained by pressing and sintering
at 1250°C for 2 h. In order to minimize the loss of lead due
to vaporization, the PbO atmosphere for the sintering was
maintained using PZT (Pb(Zrg 5,Tip.48)O3) as the spacer
powder. X-ray diffraction (XRD) was employed to identify
the phase of the PSZT ceramics. PSZT powder was obtained
by grinding the ceramics and sieved to a desired particle size
between 300 and 600 pm. PSZT ceramic particles were then
mixed with Portland cement (PC) to produce 0-3 connec-
tivity PSZT-PC composites of 50:50 and 70:30 by volume.
Thereafter, the composites were pressed into discs of 10 mm
in diameter and 2 mm in thickness and cured for 3 days in
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Fig. 5 Energy-dispersive X-ray g
trace result of PSZT70-PC
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Fig. 6 The effect of PSZT on

dielectric permittivity results of 4000 4 800
PSZT-PC composites 1
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a controlled 60°C, 98% relative humidity (RH) environment
(Fig. 1) before measurements.

Morphology and phase characterizations were carried
out using a scanning electron microscope (SEM; JEOL
JSM-840A) and room-temperature X-ray diffraction (XRD;
Philips PW 1729 diffractometer) using Ni-filtered CuK radi-
ation, respectively. The pellets were polished and then elec-
trodes were formed by gold sputtering. The capacitance and
the dissipation factor (tand) of the composites were mea-
sured using an impedance meter (Hewlett Packard 4194A)
at room temperature and at the frequency of 1 kHz. The per-

20 40 60 80 100
PSZT (%)

mittivity or the relative dielectric constant (¢;) was then cal-
culated from the following equation:

_Ct

8 - _’
' goA

@
where C is the sample capacitance, ¢ is the thickness,
go is the permittivity of free space constant (8.854 x
1072 Fm~") and A is the electrode area.

The composites were poled for piezoelectric measure-
ment in silicone oil at 130°C for 45 min at a poling field of
2kV mm™!. This is an important and a very difficult process
as a higher poling field would lead to breakdown, a sim-
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Fig. 8 The effect of PSZT on ™

ds3 values of PSZT-PC 500 -
composites 504

404
400

304

300 4 %]

40

200

d_, (pCIN)

100

60

—m— results
--@-- model

-100 ;

ilar condition found in normal PZT-PC composites [4, 6].
The piezoelectric coefficient (d33) was first measured 24 h
after poling using a dz3 meter (PiezoMeter System model
PM25). The impedance measurements were also carried out
at room temperature using a Hewlett Packard impedance
meter (4194A). The thickness electromechanical coupling
coefficients (K;) were then calculated from the electric im-
pedance graph plotted against the frequency and using the
following formula [10]:

:gﬁm%gﬁ—ﬂ) 3)
2 fp 2 fs

where f; and f;, are the series frequency and the parallel res-
onance frequency, respectively, and K; can be approximated
as follows:

Kf=2&tan<zfn_fm>, 4)
2 2 fa

where fm and f, are the frequencies at the minimum and
maximum electric impedances, respectively.

K?

3 Results and discussion

Figure 2 shows the XRD results of PSZT-cement compos-
ites with 50% PSZT and 70% PSZT (denoted as PSZT50
and PSZT70, respectively). XRD trace results of PSZT ce-
ramics and that of hydrated cement are also shown in Fig. 2
for comparison purposes. It can be seen that the XRD trace
of PSZT ceramic was found to have a similar diffraction pro-
file as that of pure PZT phase. PSZT phase was detected in
all PSZT-PC composites and the intensity can be seen to in-
crease with increasing PSZT content. The amorphous phase
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(represented as a broad peak in the XRD traces of the com-
posites) of hydrated cement can also be seen in the PSZT-
PC composites, since the cement matrix is also present in
order to bind the PSZT ceramic together.

SEM micrographs of PSZT50 and PSZT70 composites
are shown in Figs. 3 and 4, respectively. Generally, PSZT
ceramics are seen to be densely surrounded by the cement
matrix (Fig. 3). On closer investigation using greater mag-
nification (x5000), Fig. 4b, calcium silicate hydrate gel
(the main hydration product of Portland cement) denoted
as CSH as shown in the SEM micrograph can be seen to
closely surround the PSZT ceramic particles in the inter-
facial zone. Calcium silicate hydrate gel acts as the binder
which binds the composites together. Furthermore, energy-
dispersive X-ray (EDX) analysis of the composite is shown
in Fig. 5, where the elements of calcium silicate hydrate
were detected. Apart from gold, which was used to coat the
samples, calcium, silicon and oxygen were detected as the
main elements (hydrogen cannot be detected), thus confirm-
ing that the bond provided between PSZT particles is indeed
by calcium silicate hydrate.

Dielectric constant (&) results of PSZT-PC composites
are plotted in relation to PSZT content in Fig. 6. The di-
electric constant of PSZT50 composite was found to have a
value of 335 and that of PSZT70 composite is higher at 590.
It can therefore be seen that the dielectric constant increased
when PSZT volume content increased in the composite. For
analytical purposes, a series model as proposed by Bowen
et al. [11] has been used for the dielectric constant analysis.
The equation is given as follows:

Vpszr

1 Vi
b Ve
EPC

(&)

9
Ecomposite EPSZT
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Fig. 9 The impedance spectra 40000
as plotted against the frequency
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Table 2 Dielectric and piezoelectric (poled at 2 kV mm™~") results of PSZT-PC composites
Composite type Casting method and curing temp. PSZT (%) &r dz3 (pC/N) K; (%)
Cement type: normal Portland cement
PSZT-PC Pressed (60°C) 50% PSZT by vol. 335 27 19.5
70% PSZT by vol. 590 48 22.5

where &composite> €pc and epszr are the dielectric constants Vpszt are the volume fractions of PC and PSZT, respec-

of the composite, PC and PSZT, respectively. Vpc and tively.
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Fig. 10 The phase spectra as
plotted against the frequency for
(a) PSZT50 and (b) PSZT70 110000
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It can be seen that when the graph, using (5), is plotted
against the dielectric results with respect to the volume per-
centages of PSZT, the results have a similar trend but were
found to be slightly higher. This could be attributed to the
methods adopted since a different number of ways can be
used to produce composites having the same volume frac-
tion and the coarse particle size of PSZT (450 um) can im-
prove the dielectric values. This argument is further sup-
ported by the results shown by Li et al. [1], who found that

@ Springer

the dielectric values for coarser particle size (83.52 um) of
piezoelectric PZT ceramic gave results higher than the re-
sults of finer particle size (4.92 um). This agrees with mod-
els intrepreted by Li et al. [1] in PZT-PC composites, where
similar results were found with increasing PZT content.
Furthermore, from Fig. 7, the dissipation factor can be
seen to reduce with increasing PSZT content in the compos-
ite and the reduction is more significant at very high per-
centages of PSZT content. The effect of PSZT on d33 val-
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ues can be seen in Fig. 8. Again, an increase in d33 values
can be seen with increasing PSZT content in the compos-
ite. PSZT50 and PSZT70 composites have d33 values of 27
pC/N and 48 pC/N, respectively. These values are notice-
ably amongst the highest when compared to the values re-
ported previously when using PZT at the same volume con-
tent for such a piezoelectric-cement-based composite sys-
tem. In pure PSZT ceramic at 100%, the d33 value was found
to be 480 pC/N. It can be seen that the piezoelectric coef-
ficient results were found to be very similar to the results
proposed by Furukawa et al. [12] as given in (6):

15vpszrepcd33(pszT)
1 — vpszr)(2 + 3vpszT)epszT

(6)

d33 (composite) — (

where d33(composite) and d33pszr) are the ds3 values of the
composite and PSZT, respectively.

The impedance spectra of PSZT50 and PSZT70 com-
posites are plotted against the frequency and are shown
in Fig. 9a and b, respectively. The electromechanical cou-
pling coefficients (K;) were then calculated using (4) and
the results are given in Table 2. It can be seen that there is
an increase in the K; values with increasing PSZT values,
where the K; values for PSZT50 and PSZT70 composites
are 19.5% and 22.5%, respectively. The phase spectra are
also plotted against the frequency as shown in Fig. 10a and b
for PSZT50 and PSZT70 composites, respectively, where
they can be seen to represent a peak at ~113000-114000 Hz
for both composites. This is due to the piezoelectric effect.
Furthermore, an increase in the phase spectra can be seen to
be higher in the PSZT70 composite as compared to that of
the PSZT50 composite due to the greater piezoelectric effect
when more PSZT was added. From the above results, the di-
electric and piezoelectric properties are amongst the highest
reported and these composites have very good potential for
use as sensors in concrete structures where they would offer
close matching to the host structure.

4 Conclusions

PSZT-Portland cement composites were successfully pro-
duced and poled and have good potential for use in struc-
tural applications. From SEM micrographs, PSZT ceramic
particles can be seen closely surrounded by the hydrated ce-
ment matrix where a dense microstructure can be observed
in the interfacial zone. Dielectric constant (&;) and d33 val-
ues were found to increase with PSZT content, where the
dielectric constant of PSZT50 and that of PSZT70 are 335
and 590, respectively. Piezoelectric coefficient (d33) val-
ues were found to be 27 and 48 pC/N for PSZT50 and
PSZT70 composites, respectively. Furthermore, K; values
for PSZT50 and PSZT70 composites are 19.5% and 22.5%,
respectively, the piezoelectric effect can also be observed
through the changes in the phase detected in the compos-
ite and the increase in the piezoelectric effect is seen with
increasing PSZT content.
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Single-phase cubic Ba(Fe,Nb)y 505 (BFN) powder was synthesized by solid-state reaction at 900, 1000,
1100, 1200 °C for 4 h in air. X-ray diffraction indicated that the BFN oxide mixture calcined at 1200 °C
crystallizes to the pure cubic perovskite phase. The crystallite size of the BFN increases slightly with
increasing temperature, while the lattice strain progressively decreases. BFN ceramics were produced

from this powder by sintering at 1350-1400 °C for 4 h in air. Samples prepared under these conditions
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achieved up to 97.4% of the theoretical density. The temperature dependence of their dielectric constant
and loss tangent, measured at difference frequencies, shows an increase in the dielectric constant with
sintering temperature and measurement frequency which is probably due to disorder on the B site ion
of the perovskite. The Mossbauer spectra of these sintered BFN ceramics suggests the presence of a super-

structure on the B-cation sublattice.
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1. Introduction

Perovskite - type ceramics ABOs are widely used in the
electronics industry. Of these materials, the complex perovskites
A(BiBy;)Os3, are particularly attractive for applications such as
microwave frequency resonators, capacitors or various types of
detectors. The high value of the dielectric constant of perovskites
over a very wide temperature interval is due to disorder in the dis-
tribution of the B-site ions in the perovskite unit cell. This may lead
to composition fluctuations and, as a consequence, to different lo-
cal Curie temperatures in the different regions of the ceramic [1].
High values of the dielectric constant (&) over a wide temperature
range have recently been reported by Yokosuka [2], Tezuka et al.
[3], Raevskite et al. [1], and Saha and Sinha [4,5] in ceramic sam-
ples of the ternary perovskite Ba(Fe,Nb)y 503 (BFN). Some of these
workers have assumed that BFN is a relaxor ferroelectric, but the
phenomenon of its dielectric behavior is not clearly understood.
In general, BFN ceramics require very high sintering temperatures
to achieve satisfactory density and high dielectric constant. Sinter-
ing at about 1350-1400 °C produces materials with a dielectric
constant (&) of 30,000. This study focuses on the solid-state prep-

* Corresponding author. Tel.: +66 5394 3376; fax: +66 5335 7512.
E-mail address: sukum99@yahoo.com (S. Eitssayeam).

1567-1739/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2008.10.003

aration of BFN ceramics, with particular reference to the effect of
the calcination and sintering conditions on the dielectric behavior
and physical properties of the ceramic, with the aim of achieving
optimal properties at moderate processing temperatures.

2. Experimental

Barium iron niobate (Ba(FeNb)ys03: BFN) was synthesized by
solid-state reaction of appropriate mixtures of barium carbonate,
BaCO; (Fluka, 99.0% purity), iron oxide, Fe,05 (Riedel — deHaén,
99.0% purity) and niobium oxide, Nb,Os (Aldrich, 99.9% purity).
The powders were milled together in ethanol for 24 h in a polyeth-
ylene container with zirconia balls, dried at 120 °C and calcined at
temperatures ranging from 900 to 1200 °C, with a dwell time of 4 h
and a heating/cooling rate of 5 °C/min. The thermal reactions of
these powder mixtures were investigated by thermogravimetry
and differential thermal analysis, using a heating rate of 10 °C/
min in air from room temperature to 1250 °C. The calcined pow-
ders were subsequently examined at room temperature by X-ray
diffraction using Cu Kot radiation (XRD; Siemens D500/D501) to
identify the phase composition of each calcined sample. The pow-
der produced under the optimum calcining conditions was pressed
into discs using polyvinyl alcohol as a binder and sintered at vari-
ous temperatures from 1250 to 1400 °C, with a dwell time of 4 h at
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a heating and cooling rate of 5 °C/min. The densities of the sintered
discs were determined using the Archimedes principle. The sin-
tered samples were polished to obtain plane and parallel surfaces
and silver paste electrodes were applied for the purpose of the
dielectric measurements which were made at 1KHz to 1 MHz
and temperatures of —50 to 300 °C using a precision impedance
analyzer (Agilent 4294A). The room temperature Modssbauer spec-
tra of the powdered sintered samples were recorded using a con-
ventional microcomputer-controlled spectrometer in the
sinusoidal mode. The >’Co/Rh source had a maximum activity of
1.85 GBq and the isomer shifts are quoted with respect to the mid-
point of the magnetic spectrum of natural iron. The spectra were
fitted to Lorentzian lineshapes using the commercially available
fitting program NORMOS written by R.A. Brand (distributed by
Wissenschaftliche Elektronik GmbH, Germany).

3. Results and discussion

TGA and DTA curves of the BFN precursor mixture are shown in
Fig. 1. The solid-state reactions in this precursor are marked by two
distinct weight losses, one above ~600 °C and the other above
1000 °C. In the temperature range from room temperature to
~600 °C, the sample shows a small broad exothermic DTA peak
at 524 °C, attributed to the decomposition of the organic species
from the milling process and the carbonate reactant. The calculated
loss of CO, corresponds well with the weight loss indicated by the
TGA curve. The endothermic peak at 814 °C corresponds to the
transition of o-Fe,03 to B-Fe,03 as reported by Cahn and Lifshin
[6]. The exothermic peak at ~1000 °C arises from the solid-state
reaction between barium oxide, iron oxide and niobium oxide. An-
other small exothermic peak at ~1200 °C probably corresponds to
a phase transition.

The X-ray diffraction (XRD) patterns of the calcined powders
(Fig. 2) indicate that the formation of pure cubic Ba(FeNb)ys03
(BFN) begins at about 900 °C and is complete at about 1200 °C
(ICSD file number 52835 [7]), consistent with the DTA peak at
1200 °C (Fig. 1). Therefore, the optimum calcination temperature
of 1200 °C was chosen to subsequently produce BEN powder in this
work in order to confirm the complete reaction and high purity.
The cubic cell parameter (a) of this compound is 4.080 A, in the
space group Pm3m. Our results are in agreement with Rama
et al. [8] and Tezaka et al. [3] who also prepared this compound
by solid-state reaction. However, Saha and Sinha [4] deduced a
monoclinic-type BFN structure by using a standard computer pro-
gram (POWD) analysis. Based on the DTA and XRD data we con-
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Fig. 1. DTA and TGA curves of the BFN precursor.
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Fig. 2. XRD patterns of calcined BFN powder.

clude that over a wide range of calcination conditions, pure BFN
can be formed by a solid-state mixed oxide synthetic route. The
present results suggest that the optimal calcination conditions
for producing single-phase BFN are 1200 °C for 4 h with heating/
cooling rates of 5 °C/min.

The crystallite size and lattice strain of powder were also esti-
mated from the XRD profiles. The crystallite size thus measured
is the size of coherently diffracting domains and is not necessarily
the same as the size of the polycrystalline aggregates. The crystal-
lite size was estimated from the Scherrer formula [9]:

0.891
~Bcoso (1)

where B is the broadening of diffraction line (in radians), t is the
diameter of the crystal particle, 0 is the maximum intensity peak
angle and 2 is the wavelength of the X-rays used. The lattice strain,
defined as the change in length per unit length, is determined as the
change in the d spacing of the strained sample by comparison with
the unstrained state. The relationship between the strain (¢) and the
line broadening B is defined as [10]:

B
£=Ztano 2)

where f is the integral breadth of line profile (8 =A/Imax A is the
peak area and I, is the maximum height of the peak). The calcu-
lated crystallite sizes and lattice strain of the powders produced un-
der different calcination conditions are shown in Table 1. In general,
the crystallite size of the BFN powder increases slightly with
increasing temperature, while the lattice strain progressively de-
creases, in good agreement with Tunkasiri and Lewis [11]. The
strain in the diffracting planes originates from microstresses caused
by structural imperfections which may be related to the grain size
[12]. At lower temperatures the kinetic energy is not sufficient to
decompose the powder, whereas at high temperatures the kinetic
and chemical driving forces increase sufficiently to promote diffu-
sional processes and influence the reaction kinetics, reducing the
imperfections in the crystal [13].

Table 1
Effect of calcination temperature on the variation of crystallite size and strain of BFN
powder.

Calcination Temperature (°C) Crystallite size (nm) Lattice strain (%)

900 62 1.13
1000 83 0.55
1100 97 0.44
1200 105 0.38
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The densities of the BFN ceramics increase with sintering tem-
perature, these are 4.6, 4.8, 6.1 and 6.2 g/cm? for sintering at 1250,
1300, 1350 and 1400 °C, respectively, the maximum density being
recorded for a sample sintered at 1400 °C (6.2 g/cm>, or 94.7% of
the theoretical density (reported in ICSD) [7]). It is known that
the relative density is the most important factor for a dielectric
material since the dielectric constants are in good correlation with
relative density, hence the highly dense samples sintered at 1350
and 1400 °C were selected for the dielectric property measure-
ments, made as a function of temperature from —50 to 300 °C at
different frequencies. The variation of dielectric constant and
dielectric loss with temperature is shown in Figs. 3 and 4. Both
dielectric constant (&) and dielectric loss (tan §) were found to de-
crease for a given frequency. There are two possible explanations
for the systematic increase in dielectric constant with sintering
temperature. One possibility is that it is due to increased conduc-
tivity in the samples, suggested by Ananta and Thomas [14] to re-
sult from the presence of Fe?* in sintered BFN ceramics. The
concentration of such species is known to be highly sensitive to
the sintering temperature, increasing with increasing temperature
[15]. It is known that the co-existence of Fe?* and Fe>* on equiva-
lent crystallographic sites can give rise to an electron-hopping con-
duction mechanism, which, owing to its finite hopping (or jump)
probability, tends to come into effect at lower frequencies. An
alternative explanation is related to disorder in the B site cations,
as suggested by Majumder et al. [16] to occur in compleXx perovsk-
ites. In A(B;Bj;)Os3-type perovskites such as Pb(FegéNbgg)O; the
Fe*3(B,) and Nb*>(By) ions randomly occupy the octahedral B sites
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surrounded by O~2 anions. Due to the presence of larger Fe*>(B;)
cations, a larger “rattling space” is available for the relatively smal-
ler Nb*3(By;) cations. When an oscillating ac signal is applied to
such disordered systems, the smaller By cations (with a large rat-
tling space) can readily move without distorting the oxygen frame-
work. In an ordered perovskite, a comparatively smaller rattling
space is available for B site cations. Therefore a larger dielectric
constant is expected in disordered complex perovskites such as
PFN compared with ordered perovskites (e.g., PbTiOs).

To attempt to distinguish between these two possible explana-
tions, the room temperature Mossbauer spectra were determined
of the present BFN ceramics sintered at 1350 and 1400 °C
(Fig. 5). The spectra of BFN prepared at both temperatures can be
fitted to two quadrupole doublets with isomer shifts (¢) and quad-
rupole splitting (AEq) values shown in Table 2. In both sintered
samples, the occupancy of the site corresponding to the wider-
spaced doublet 2, as determined from the fitted peak area, is con-
siderably less than the site occupancy of doublet 1, and decreases
slightly with increased sintering temperature (24.3% and 22.7% in
the samples sintered at 1350 °C and 1400 °C, respectively). The iso-
mer shift values for both doublets in both samples are similar, fall-
ing in the range for high-spin ferric iron [17]. However, these
values also overlap with the values for low-spin ferrous ion,
making it impossible to distinguish between these two valency
states on the basis of isomer shifts alone. The doublets of site 1
with quadrupole splitting values in the range 0.43-0.45 mm/s fall
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Table 2
Mossbauer hyperfine parameters of BFN samples.

Sample Isomer shift (4), Quadrupole splitting (AEg),
mm s~ mms~!

BFN sintered at 1350 °C

Doublet site 1 0.312 0.462

Doublet site 2 0.306 0.803

BEN sintered at 1400 °C

Doublet site 1 0.316 0.487

Doublet site 2 0.301 0.865

within the range for high-spin ferric iron in an octahedral configu-
ration, and are assigned as such. The doublets of site 2, with
slightly wider separation fall within the range of high-spin ferric
iron, but the possibility that they arise from low-spin ferrous iron
cannot be ruled out on the basis of their quadrupole splitting, since
the parameters of these two species also overlap to some extent.
However, the decrease in the concentration of sites corresponding
to doublet 2 with increasing sintering temperature is contrary to
the reported behavior of Fe?*, which increases in concentration

with increasing sintering temperature [15]. It is therefore more
likely that both doublets arise from high-spin ferric iron, since
the nearest and next-nearest neighbors are the same in both sam-
ples, explaining the similarity of the isomer shifts of each site. The
differences in the quadrupole splitting values could arise from dif-
ferences in the site occupation of the nearest and next-nearest
neighbor sites, possibly related to the presence of a superstructure
on the B-cation sublattice.

4. Conclusions

BaFey5Nbg 503 ceramics were prepared by solid-state reaction,
producing single-phase cubic BaFeysNbgsOs powders when cal-
cined at 1200 °C. The sintering temperature affects the density
and dielectric properties of BaFey sNbg 503, densities 94.7% of theo-
retical being achieved upon sintering at 1400 °C. The plot of dielec-
tric constant as a function of temperature exhibits a broad curve
with the highest value of dielectric constant (&;). The increase of
dielectric constant with sintering temperature and frequency is
likely to be due to increased conductivity in the samples. The
Mossbauer spectra of these sintered BFN ceramics suggest that
the behavior of the dielectric properties with temperature is not
due to the presence of Fe?",
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Abstract

Phase formation study in lead-free piezoelectric ceramics based on lanthanum doped bismuth sodium titanate (Big4g71Nag.4g71-
Lago17>TiO3:BNLT) and zirconium doped barium titanate (BaZrgosTig9sO3:BZT), has been carried out in the system of
(1—x)BNLT-xBZT where x = 0.0-1.0, by two-step mixed oxide method. It was observed that the addition of BZT in the BNLT ceramics
developed the dielectric and piezoelectric properties of the ceramics with the optimum piezoelectric constant (d53) and dielectric constant
(&) at room temperature of about 138 pC/N and 1651, respectively, from the 0.2 BNLT to 0.8 BZT ceramic sample. The Curie temper-
ature (7¢) of this ceramic was found at 295 °C which is 195 °C higher than that of pure BZT ceramics, promising the use of this ceramic

in a higher range of temperature.
© 2008 Elsevier B.V. All rights reserved.

PACS: 77.22.ch; 77.65.Bn; 77.84.Bw; 61.05.cp

Keywords: BNLT; BZT; Lead-free piezoelectric ceramic; Two step mixed-oxide method

1. Introduction

The most widely used piezoelectric materials are lead-
based ceramics due to their superior piezoelectric proper-
ties, but they are not environmental friendly for their lead
oxide toxicity. Recently, lead-free materials are increas-
ingly desired, especially in consumer products such as cars
and sound generators. Thus, it is necessary and urgent to
search for the lead-free piezoelectric ceramics with excellent
properties, which should be comparable with those found
in the lead-based ceramics.

Bismuth sodium titanate (BNT) is one of the most
important lead-free piezoelectric materials to replace the
widely used lead-based perovskite materials, because of
the free control of sintering atmosphere and the lack of

* Corresponding author. Tel.: +66 81 884 1859; fax: +66 53 357 512.
E-mail address: kpengpat@gmail.com (K. Pengpat).

1567-1739/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2008.04.004

lead pollution during the preparation process of BNT.
However, the electrical properties of the BNT ceramic
are quite poor. To improve its properties, several solid
solutions of BNT based materials, such as BNT-BaTiOs;,
have been extensively studied [1-4]. Another way to
improve the electrical properties of BNT is the addition
of a modifier element by cation, such as K™ and La**
etc. Herabut and Safari [5] reported the effect of La addi-
tive on piezoelectric properties of (Bigs Nag.s)i-1.5xLay.
TiO:BNLT ceramics. They found that the dielectric
constant (¢;) and piezoelectric constant (ds3) increased up
to 550 and 91 pC/N, respectively, when the La doping con-
tent was only about 1.72%.

Due to the excellent dielectric properties of barium tita-
nate (BT), the BT ceramics are generally used as high
dielectric capacitors. Moreover, studies have been focusing
on the temperature dependence of the dielectric constant
and the nature of phase transition, but piezoelectric behav-
ior was scarcely observed. Yu et al. [6] have reported that
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Zr-doped BaTiO;z (BZT) ceramics with 5% Zr content
showed fairly satisfactory piezoelectric response, with the
piezoelectric constant value of 236 pC/N at room tempera-
ture. The large temperature dependence of BZT ceramics,
combined with the low Curie temperature, however, limits
their practical applications as the piezoelectric devices [7].
To overcome this problem, the new system such as BNT
(1—x)(BipNay»)TiO3—xBa(Ti,Zr)O; by Peng et al. [8]
was investigated. They reported that the highest piezoelec-
tric response, with the maximum piezoelectric constant of
about 147 pC/N with higher Curie temperature than that
of the BZT ceramics, was successfully obtained from the
(1—x)BNT-xBZT ceramic where x = 0.09.

In this work, the fabrication of the ceramics from
(1—x)Big.4871Nag.4g71La0.0172TiO3 (BNLT)-xBaZrg os.
Tig 9503 (BZT) system, where x was varied between 0.0
and 1.0 mole, has been carried out, in order to study phase
evolution of the entire system of BNLT-BZT ceramics and
find out the optimum conditions for obtaining the ceramics
with improved electrical properties.

2. Experimental

High purity (purity > 99.0%) powders of bismuth oxide
(Bi,03), sodium carbonate (Na,CO;), lanthanum oxide
(Lay03), titanium dioxide (TiO,), barium carbonate
(BaCOs;) and zirconium dioxide (ZrO,) were used as start-
ing materials for producing the ceramics from
(1—=x)(Big.4871Nag 4871Lag 0172 TiO3)-x(BaZr.05Tip.0903)
system where x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 mole. The
batch compositions of BNLT and BZT were weighed and
mixed by ball-milling method for 24 h. Then both mixtures
of BNLT and BZT were dried and calcined separately at
900 °C and 1250 °C for 2 h, respectively. Both calcined
powders were then mixed with respect to the above formula
by ball-milling method for 24 h with ethanol as a milling
media.

After drying and sieving the mixtures, the BNLT-BZT
batches of different compositions were made into pellets
of 10 mm in diameter using uniaxial pressing in stainless
steel mold. The pellets were subsequently sintered between
1075 °C and 1500 °C in an electric furnace and air atmo-
sphere under controlled heating and cooling rate of 5 °C/
min with soaking time for 4 h. X-ray diffractometer
(XRD, Siemens D500) and scanning electron microscope
(SEM, JEOL JSM5910LV) were used to evaluate the crys-
tal structure and to observe the microstructures of the sin-
tered ceramics, respectively. The mean linear intercept was
used to determine grain size of the ceramics and the bulk
densities of the sintered samples were measured by Archi-
medes method using distilled water as a medium.

The two circular surfaces of the sintered ceramics were
polished and coated with silver paste as electrodes for elec-
trical contact. The room temperature dielectric constant
(¢;) and dielectric loss (tand) of ceramics were measured
at various frequencies from 1 to 100 kHz using an LCZ
meter (HP4276 A). Temperature dependence of dielectric

constant and dielectric loss (tand) of selected sample were
observed in order to determine the Curie temperature
(Tc) at 1 kHz by using LCR meter (HIOKI3532-50). To
measure piezoelectric charge constant (ds3) and ferroelec-
tric hysteresis loops, the prepared ceramic samples were
polarized in silicone oil bath at 50 °C under 4.0 KV/mm
for 15 min and the samples were aged at room temperature
for 24 h after poling. After that the piezoelectric measure-
ments were performed using a piezoelectric-dssz-meter
(Model 8000, Penne baker). Finally, the measurements of
ferroelectric hysteresis loops were conducted at room tem-
perature by using a ferroelectric tester (Radiant Technolo-
gies Inc.) at 20 kV/cm.

3. Results and discussion

The X-ray diffraction study was performed in order to
study phase formation of the lead-free piezoelectric ceramics
based on BNLT-BZT prepared by two-step mixed oxide
method. The X-ray results of (1—x)BNLT-xBZT ceramics
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Fig. 1. XRD patterns of sintered BNLT-BZT ceramics.
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Fig. 2. XRD patterns of sintered BNLT-BZT ceramics in the 20 range
between 43° and 48°.
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Fig. 3. SEM micrographs of (1—x)BNLT-xBZT ceramics where x = (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8 and (f) 1.0.

where x was varied from 0.0 to 1.0 are shown in Fig. 1. The
peak shift started to appear in XRD patterns of the ceramics
where x > 0.2, indicating the changes in lattice parameter of
these ceramics compared with the pure BNLT phase. A sin-
gle phase perovskite could be obtained in this system with
rhombohedral, tetragonal symmetry or mixing of both sym-
metries in each X-ray diffraction pattern at various BZT
content which can be distinguished by the splitting of
XRD peak at 20 range between 43° and 48° as shown in
Fig. 2. The structural symmetry of BNLT (x = 0.0) sample
is rhombohedral which is corresponding to the single peak
at about 47° in its XRD pattern. A splitting of (002) and
(200) peak started to appear at x = 0.2, indicating the
tetragonality of the ceramic. This tetragonality of the
BNLT-BZT ceramics was found to increase with increasing
BZT content. As the minimum amount of BZT added in this
study equals to x = 0.2, therefore, the morphotropic phase
boundary (MPB) composition was not revealed. As from
the previous study in BNT-BZT system [8], the MPB cera-
mic was found at 9% BZT addition. Thus, the future work
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Fig. 4. The comparison between grain size and dielectric constant as a
function of BZT content.

in our (1-x)BNLT—xBZT system will concentrate closely
to the expected MPB region of around x = 0.1.
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The SEM micrographs of BNLT-BZT ceramics were
obtained in Fig. 3. The SEM observation confirms that
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the BNLT-BZT ceramics are densely sintered with the den-
sity value ranging from 5.74 to 5.80 g/cm®. No abnormal



464 P. Kantha et al. | Current Applied Physics 9 (2009) 460-466

grain was observed in the samples, indicating an absence of
pyrochlore formation. The microstructures in SEM micro-
graphs of the ceramics are thus consistent with the XRD
results. It can be clearly seen that the amount of BZT addi-
tions has no significant change in shape in the BNLT-BZT
ceramics. However, microstructural analysis also revealed
that BZT additions produced a notable decrease in grain
size. Average values of grain size, as measured by the linear
intercept method, decreased from ~7 um for the 0.0BZT or
the pure BNLT sample to ~1 um for 0.8 BZT sample. The
plot of grain size as a function of BZT content is shown in
Fig. 4. The reduction in grain size may be due to the differ-
ence in ionic radius and valency of A-site cations of Bi*"
(131 pm) and Ba”" (156 pm) which plays an important role
in grain growth mechanism, as beyond the solubility limit
of BZT, it may be accumulated at the grain boundary
which would result in the inhibition of grain growth. This
result agreed pretty well with the work done by Pengpat
et al. [9] and Eitssayeam et al. [10], who found the similar
result in the BNLT-BaTiOj3 system and PbZr 5,Tip 4303~
BaFeq sNbg 503, respectively. From the plot of dielectric
constant at room temperature as a function of BZT con-
tent, it can be clearly seen that the dielectric constant
increased dramatically when BZT was added to the BNLT
ceramics from 675 (x=0) to 1571 (x=0.2). Further
increase in BZT content from x = 0.2 to 0.8 has, however,
affected insignificantly on the dielectric constant as well as
grain size of the BZT added ceramics (Fig. 4). Thus, the
tetragonality seems to play an important role in enhancing
the dielectric constant of the BZT added ceramics which is
consistent with the XRD result as the structure of the
BNLT ceramic is rhombohedral.

Temperature dependence on dielectric constant is shown
in Fig. 5. For x = 0 sample (pure BNLT), the temperature
dependences of dielectric constant depict a strong fre-
quency dependence of the dielectric peak at 7= Ty, (T,
the temperature of dielectric maximum). BNLT is ferro-
electric (FE) with a rhombohedral structure at room tem-
perature. The rhombohedral phase transforms to a
ferroelectric (FE) tetragonal at the temperature (75), which
occurs at ~180 °C and the transforms of the tetragonal to
the paraelectric (PE) cubic phase occurs at 340 °C [11]. In
the present BNLT samples, the measured 7> and T}, values
were ~176 and 345 °C, respectively. The maximum dielec-
tric constant at 7, of BNLT was found to be 2200 and this
value is close to the result in the literature. The similar tran-
sition was reported by Yu et al. [6] who observed the 7> at
50 °C in the Ba(Ti;_,Zr,)O5; where x = 0.05. For x =0.2—
0.8 samples, the dielectric-temperature curves showed a
board dielectric peaks as well as the transition temperature
at T, exhibited an unclear phase transformation especially
at high frequency. However, the optimum of the maximum
dielectric constant at 7T,, of 3600 was observed at the
x=0.2 sample. In the present work, we prepared
(1—x)BNLT-xBZT by mixing BNLT and BZT together
before sintering. Therefore, it is believed that a microscopic
compositional fluctuation might occur in the BNLT-BZT

ceramics, especially in the x = 0.2 sample. This may cause
the evidence of unclear phase transition and broadening
dielectric-temperature curves, indicating relaxor behavior
of these ceramics. This is agreed pretty well with other pre-
vious works. [11-13] For x = 1.0 sample (pure BZT sam-
ple), the two clear phase transitions was observed again
at 51 and 110 °C, which may be corresponding to antiferro-
electric (AFE) orthorhombic phase transforms to a ferro-
electric (FE) tetragonal phase transition and a
ferroelectric (FE) tetragonal transforms to a paraelectric
(PE) cubic phase transition, respectively [8]. Sharp dielec-
tric peak with dielectric constant of 6500 was observed at
110 °C for the FE to PE transformation in the BZT sample.
In addition, weak frequency dependence of the dielectric
curve was also observed in this sample. It can be noticed
that the dielectric curves of the BZT added samples
(x =0.2-0.6) show unusual behavior where the dielectric
constant at high frequency of 100 kHz was larger than that
of lower frequency in the high temperature region. The
similar result was also found in the work done by Tian
et al. [14], who studied the dielectric behavior of their
BNT-BZT ceramic sample. It is also observed in the dielec-
tric loss versus frequency curves of those ceramics (figures
not shown) that the dielectric loss increases dramatically at
100 kHz, comparing to that of lower frequency, causing the
increase in dielectric constant of the ceramics as described
above. One of the possible reasons may be due to the per-
turbation of thermal motion of ionic or molecular dipoles,
leading to an abnormal change in conduction mechanism
at this frequency of 100 kHz. It is worth further study in
the electrical phenomena of these ceramics by an imped-
ance spectroscopy. Fig. 6 shows the dielectric loss (tand)
versus temperature of all ceramic samples. It can be seen
that tan d values of the BZT added samples are lower than
that of the pure BNLT (0.0BZT) sample especially when
the temperature are higher than their 7,. This may be
caused by the change in their structures from the FE tetrag-
onal phase to AFE orthorhombic phase.
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Fig. 6. Temperature dependence of dielectric loss of BNLT-BZT
ceramics.
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In order to study the ferroelectric properties, measure-
ments of polarization hysteresis were performed at room
temperature using a Sawyer—Tower circuit. The results
are shown in Fig. 7. For x = 0.0-0.8, slim hysteresis loops
with small remanent polarization (P;) were observed.
Among those ceramic samples, the x =0.2 sample has a
good ferroelectric property with high P, value of about
10 pC/em? and E, = 13 kV/cm. This may be resulted from
a good homogeneity of the solid solution between BNLT
and BZT at this composition. For x = 1.0 sample (the pure
BZT), its hysteresis loop exhibits a nearly square with a lit-
tle bit slant. The values of P, and E. for x = 1.0 sample are
approximately 10 pC/cm? and 13 kV/cm, respectively. The
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result indicates that the best piezoelectric properties should
be observed in this composition.

Fig. 8 shows the changes in the piezoelectric constant
(ds3) as a function of the BZT content. The ds3 coefficient
of this BNLT-BZT system was found to be in the range
of 79-224 pC/N. As expected, the highest ds33 of 224 pC/
N was observed in the x = 1.0 sample due to its excellent
ferroelectric property as mentioned above. For x = 0.0-
0.8 sample, the highest ds3 coefficient of 159 pC/N was
observed in x = 0.8 samples, but it also has quite low T},
(127 °C) as summarized in Table 1. The sample with
x =0.2, however, exhibits the optimum properties with
high 7;, of about 295°C and acceptable ds3 value of

P(uClcm?) P(uClem?)
0.00BZT (BNLT) 2] 0.20B2T 20
154 15
104 104
54
240 4 10 20 20 o 9 1 20
51 E(kVicm) -5 E(kV/cm)
-104 104
-15 154
-20 -204
P(uClem?) P(uClcm?)
0.40BZT 201 0.60BZT 201
15- 151
10- 104
/3 7 5-/
20 40 4.1 20 20 40—y 10 20
ol E(kV/cm) -5 E(kV/cm)
-10 4 10
-15 - 15
-20- -20-
2 2
P(uClcm®) P(uClcm®)
0.80BZT 201 1.00BZT 20
154 154
10- 10
20 " 10 20 10 20
] EtkV/em) EkV/cm)
10+
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-20- =204

Fig. 7. Ferroelectric hysteresis loops of the BNLT-BZT ceramics at various BZT contents.
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Fig. 8. Piezoelectric constant (ds3) as a function of BZT content.

Table 1
Density, piezoelectric and dielectric properties of BNLT-BZT ceramics
Sample o ds3 & at tano T
(g/cm3) (pC/N) 1 kHz* (°C)
1.0BNLT 5.77 98 675 0.04 345
0.8BNLT-0.2BZT 5.79 138 1571 0.08 295
0.6BNLT-0.4BZT 5.76 79 1422 0.09 131
0.4BNLT-0.6BZT 5.74 23 1679 0.10 112
0.2BNLT-0.8BZT 5.78 159 1651 0.04 127
1.0BZT 5.80 224 1227 0.03 100
BNLT [5] - 91 550 0.04 345
BNT-BT [4] — 125 580 0.01 288
BNT-BZT [8] 5.82 147 881 0.03 244
BNLT-BT [11] 5.86 130 1060 0.05 275

& At room temperature.

138 pC/N. It can also be seen from Table 1 that BZT addi-
tion has improved the dielectric and piezoelectric proper-
ties of the ceramics comparing to the pure BNLT
ceramics. [5] The more the BZT added, the lower the T},
value could be obtained as the pure BZT ceramic has a
low T, of about 100 °C. To retain a high T, value with
acceptable d3; and dielectric constant, the x = 0.2 sample
is, therefore, considered to be the optimum composition
in this study. Comparing to other systems of BNT-BT
[4], BNT-BZT [8] and BNLT-BT [15], the x = 0.2 sample
offers better dielectric constant and higher 7, value. More-
over, it also has board dielectric peak, promising the wider
temperature range for using in electronic applications.

4. Conclusions

The BNLT-BZT ceramics have been prepared by two-
step mixed oxide method. The pure BNLT and BZT pow-
ders were produced with calcination temperature of 900
and 1250 °C, respectively. Both powders of various
amounts of BZT from 0 to 100 mol.% were then pressed
and sintered to form the dense ceramics with the density
value ranging from 5.74 to 5.80 g/cm?. After electrical
characterization had been employed to the selected ceram-
ics, it was found that the addition of BZT developed the
piezoelectric and dielectric properties of (1—x)BNLT-
xBZT ceramics with the optimum condition of x =0.2
where piezoelectric coefficient (ds3), dielectric constant at
room temperature under 1kHz and Curie temperature
are of about 138 pC/N, 1571 and 295 °C, respectively.

Acknowledgements

The authors would like to thank the Thailand Research
Fund and Faculty of Science, Chiang Mai University for
financial supports. We also thank the Research Laboratory
for Excellent in Electronic Materials, Department of Phys-
ics, and Graduate School, Chiang Mai University
Thailand.

References

[1] H. Li, C. Feng, W. Yao, Mater. Lett. 58 (2004) 1194.
[2] J.V. Zvigzds, P.P. Kapostins, L.A. Zvigzds, Ferroelectric 40 (1982)
75.
[3] T. Takennaka, K. Sakata, K. Toda, Ferroelectric 95 (1989) 153.
[4] T. Takennaka, K. Maruyama, K. Sakata, Jpn. J. Appl. Phys. 30
(1991) 2236.
[5] A. Herabut, A. Safari, J. Am. Ceram. Soc. 80 (1997) 2954.
[6] Z. Yu, C. Ang, B. Guo, A.S. Bhalla, J. Appl. Phys. 92 (2002) 1489.
[7] M. Matsubara, T. Yamaguchi, W. Sakamoto, K. Kikuta, T. Yogo, S.
Hirano, J. Am. Ceram. Soc. 88 (2005) 1190.
[8] C. Peng, J.F. Li, W. Gong, Mater. Lett. 59 (2005) 1576.
[9] K. Pengpat, S. Hanphimol, S. Eitssayeam, U. Intatha, G. Rujijana-
gul, T. Tunkasiri, J. Electroceram. 16 (2006) 301.
[10] S. Eitssayeam, U. Intatha, K. Pengpat, T. Tunkasiri, Appl. Phys. A
83 (2006) 295.
1] R. Ganesh, E. Goo, J. Am. Ceram. Soc. 79 (1996) 225.
2] B.S. Chiou, R.W. Vest, Bull. Am. Ceram. Soc. 63 (1984) 811.
3] B.S. Chiou, IEEE Trans. Comp., Hybrid Manu. 12 (1989) 798.
4] H.Y. Tian, K.W. Kwok, H.L.W. Chan, C.E. Buckley, J. Mater. Sci.
42 (2007) 9750.
[15] P. Jarupoom, K. Pengpat, N. Pisitpipathsin, S. Eitssayeam, U.
Intatha, G. Rujijanagul, T. Tunkasiri, Curr. Appl. Phys. 8 (2008) 253.

(1
1
(1
1



Advanced Materials Research Vols. 55-57 (2008) pp 885-888
online at http://www.scientific.net

© (2008) Trans Tech Publications, Switzerland

Online available since 2008/Aug/22

Effects of Potassium Fluoride Salt Additive on the Sintering Temperature
and Dielectric Properties of BaFeosNb,50; Ceramics

U. Intatha®, K.Sathitada® S. Eitssayeam®, K. Pengpat®,
G. Rujijanagul®, P. Thavornyuttakarn® and T. Tunkasiri®

& School of Science, Mae Fah Luang University, Chiang Rai 57000, Thailand
® Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50202, Thailand
¢ Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50202, Thailand

#i_uraiwan@yahoo.com
Keywords: Sintering add, Barium iron niobate, Dielectric properties

Abstract. BaFe(sNbsO; (BFN) exhibits very high dielectric constant over a wide temperature
range. However, these materials normally require high-temperature sintering to achieve a maximum
densification. The aim of this study is to determine the effect of potassium fluoride salt on the
sintering and dielectric properties of BFN ceramics. The results show that KF additive lower the
sintering temperature by 100-200°C without affecting the formation of BFN phase. Ceramics doped
with 1% KF show optimum densities of about 95% of the theoretical value when sintered at 1300°C.
The addition of fluoride salt in the BFN ceramics causes very broad dielectric constant curves over a
wide temperature range indicating the diffuse phase transition characteristic. Furthermore, this
addition also reduces in the dielectric loss when compared with pure BFN ceramics.

Introduction

In recent years, there has been a considerable interest in investigation into electroceramic materials
of high permittivity for applications in multilayer capacitors and other electronic devices. [1] Those
complex perovskites exhibiting a diffuse phase transition (DPT) have received much attention, due
to their broad maximum in the temperature dependence of relative permittivity. The high values of
dielectric permittivity over a very wide temperature interval can be correlated to cation disorder in
B-side of the perovskite lattice, where composition fluctuation occurs, giving rise to differerent
local Curie temperatures. Recently, high dielectric permittivity (&;) has been reported for certain
ceramic compositions of ternary perovskite Ba(Fe,Nb)ysO; (BFN). On the other hand, several
previous investigators, including Yokosuka [1], Tezuka et al.[2], Raevskite [3], Saha and Sinha [4],
have reported that the BFN-based electroceramics exhibit very attractive dielectric and electrical
properties over a wide temperature range, together with relaxor behavior. BaFe, sNby 503 requires a
rather high sintering temperature (1350-1400°C), in order to achieve a satisfactory density and a
dielectric permittivity in the range of (g;) of 40,000. According to Valant et.al. [5], adding of some
sintering aids could reduce the sintering temperature of the ceramics such as potassium fluoride
(KF). In this study, therefore we focus on the fabrication of BFN electroceramics where the effect
of sintering additives on the dielectric and physical properties, as well as their microstructure, were
investigated.

Experimental

Barium iron niobate, BaFe(sNbysO3;, (BFN) was synthesized by solid-state reaction of barium
carbonate, BaCOs (Fluka, 99.0% purity), iron oxide, Fe,Os (Riedel-deHaén, 99.0% purity) and
niobium oxide, Nb,Os (Aldrich, 99.9% purity). The starting materials were weighed to give the
stoichiometric composition, suspended in ethanol and intimately mixed in a milling machine for
24 hours using zirconia grinding media. After drying for 2 hours, the powder was ground, sieved
and calcined in closed alumina crucibles. The calcination conditions were 1200°C, dwell time 4 h

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 202.28.248.45-29/09/08,04:06:42)
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and heating/cooling rate of 5°C/min. Phase formation in the samples was monitored by X-ray
diffraction (XRD). Potassium fluoride, KF was added in concentrations ranging between 1-5 wt%
and mixed by vibro-milling for 30 min in ethanol. The resulting mixture was dried and uniaxially
pressed intol5 mm diameter pellets at a pressure of 85 MPa. These discs were sintered in air at
various temperatures with a dwell time of 4 h and a heating/cooling rate of 5°C/min. The densities
of the sintered samples were determined using Archimedes’ principle and the phases present were
identified using an XRD diffractometer (Philips Model PW 1729). The microstructures were
observed using a scanning electron microscope (Jeol SEM model 635F). The sintered samples were
polished to obtain parallel surfaces and silver paste electrodes were applied for dielectric
measurements. The dielectric properties of the pellet samples were measured at 1 KHz at
temperatures between room temperature and 300°C, using a precision impedance analyzer (Agilent
4294A).

Results and Discussion

It is known that the relative density is the most important factor for a dielectric material since the
permittivity and relative density have good correlation. The densities of the KF-doped BFN
ceramics sintered under various conditions are shown in Fig. 1. They were found to lie between
4.00 — 5.70 g/cm’ for KF-doped samples. The concentration of the fluoride salt strongly influences
the density, the maximum value of density was 5.674 g/cm’ in a sample containing 2 wt.% KF
sintered at 1200°C respectively. While the average density of pure BFN ceramics obtained in this
work is 6.40 g/cm’® when sintered at 1350°C. The theoretical value of BFN is 6.51 g/cm’. The value
density of KF doped BFN decreased from pure BFN, probably due to liquid phase sintering in the
presence of molten fluoride salt (the melting point of KF is 860°C respectively), and to the
vaporization of fluoride salts. Similar results were obtained by Pollet and Marinel [6], who reported
that the porous microstructure caused by volatilization of the lithium salt also resulted in the
reduction of the bulk density.
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Figure 1. Dependence of relative density with sintering temperature in KF-doped BFN ceramics.

The SEM micrographs of BFN as-sintered surfaces (a) undoped BFN ceramic sintered at 1350°C,
(b) 2 wt.% KF sintered at 1200°C, and (c) 5 wt.% KF sintered at 1000°C are shown in Fig. 2. It can
be seen that there were a few pores at grain boundaries, but cracks or micro cracks were not
detected in the sintered body of BFN without additive samples. A lot of pores still existed in
samples containing KF. The average grain size of undoped BFN ceramic is larger when compared
with KF doped ceramics. It may be assumed that the additive might act as a grain growth inhibitor.
Fig. 2(c) showed the cubic-type grains in ceramic. This shape was found in all the doping levels of
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KF sintered at 1000°C, This may be due to the effect of the low melting point of fluoride salt on the
grain growth behaviour of the ceramics. This low melting point additive may diffuse into a grain
boundary, allowing BFN grains to grow rapidly in cubic shape, corresponding to their crystal
structure. In the sample sintered above 1000°C, liquid phase sintering was observed, evidenced by
rearrangement of liquid phase around the large cubic grains.
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Figure 2. SEM micrographs of BFN as-sintered surfaces (a) undoped BFN ceramic sintered at
1350°C, (b) 2 wt.% KF sintered at 1200°C, and (c). 5 wt.% KF sintered at 1000°C

All the maximum density samples of BFN and KF-doped BFN ceramics were examined by XRD to
investigate their phase development. Fig. 4 shows the XRD patterns, indicating that in all samples
only single-phase BFN is present. It can be seen that pure cubic BaFe, sNby O3 (BFN) is formed in
the BFN ceramics sintered at 1350°C. The second phases related to KF were not detected in the
XRD pattern of the specimens. This may be due to the amount of excess additive was too small to
be detected by the XRD method. The XRD phase analysis was based on the Inorganic Crystal
Structure Database (ICSD) code. 43622.
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Figure 3. XRD patterns of KF sintering additive BFN ceramics and pure BFN ceramics.
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Figure 4. Temperature and frequency dependence of (a) dielectric constant and (b) dielectric loss.

The temperature dependence of the dielectric properties at 1 KHz for BFN and KF-doped BFN
ceramics is shown in Fig. 4. Both the dielectric constant (g;) and dielectric loss (tan &) values
increase with temperature. The dielectric constant and of the undoped BFN ceramics is about 1470
at room temperature and increases with temperature to 43100 at 300°C. The overall values of
dielectric constant of KF-doped BFN ceramics are lower than BFN ceramics. This result may be
due to the different mechanism of conductivity in the ceramics. For the KF-doped BFN ceramics, as
the ionic radius of K is larger than that of Ba" ionic radius, it cannot diffuse in to the grain of BFN
ceramics. Thus, K" ion in this system might be segregate at grain boundary and the conductivity
mechanism may probably like core-shell structure.

Summary

Physical, dielectric properties and microstructure of the KF doped BFN ceramics were found to
depend on the amount of the dopant. The maximum value of density was 5.674 g/cm’ in a sample
containing 2 wt.% KF sintered at 1200°C. The mechanism of low-temperature sintering occurs by
liquid-phase sintering. The results show that the relative density is the most important factor for a
dielectric material. The values of dielectric constant of KF-doped BFN ceramics are lower than
pure BFN ceramics. This result may be due to the difference mechanism of conductivity in the
ceramics.
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Effect of Annealing Time on Electrical and
Mechanical Properties of 0.7(Pb(Zr;,,Ti;/2)03)
- O.3(Pb(Zn1/2Nb2/3)O3 Ceramics
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'Department of Physics, Faculty of Science, Chiang Mai University,
Thailand 50200
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The solid solution between the normal ferroelectric and relaxor ferroelectric of
0.7(Pb(Zr12Ti12)03)—0.3(Pb(Zn;,,Nby/3) O3 was synthesized by the columbite method.
After sintering, the ceramics were investigated as a function of annealing time. Proper-
ties of the ceramics were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), dielectric spectroscopy, and hardness tester. The results indicated
that dielectric constant of the annealed samples was enhanced. In addition, hardness
values of the annealed samples were also improved.

Keywords Post-sintering annealing; dielectric constant; mechanical properties

Introduction

Lead zirconate titanate (PbZr;_, Ti, O3z, PZT) is one of the most interesting perovskite
ferroelectric which is host to exceptionally high dielectric and piezoelectric properties.
The optimum electrical properties of PZT were reported for compositions close to the
morphotropic phase boundary (MPB), i.e., x = 0.48 [1]. Therefore, most commercial fer-
roelectric ceramics are thus designed in the vicinity of the MPB with various doping schemes
in order to achieve excellent properties. In order to improved the electric properties, PZT
have been alloyed with several complex perovskite oxides such as Pb(Fe; ;» Nb; 2)O3 (PFN)
[2], Pb(Mn;/> Nb;2)O3(PMN) [3], Pb(Sci2 Nby2)O;5 (PSN) [4], Pb(Zn;/3-Nby/3)0;
(PZN) [5], and Pb(Cd /3 Nby;3)O3(PCN) [6]. Among these complex perovskite oxides,
PZN was found to have an extremely high relative permittivities ~60,000 (for single crys-
tal).[7, 8, 9]. PZN exhibits a typical ferroelectric relaxor material with a diffuse phase
transition temperature of 140°C [10]. Nanometer-level chemical heterogeneity in the form
of short range order of Zn>* and Nb>* at B-sites was proposed to account for the observed
diffuse phase transition [11, 12]. The crystal structure of PZN is rhombohedral at room
temperature and transforms to cubic at high temperatures. Recent work has shown that
ultrahigh piezoelectric and dielectric properties can be obtained in the binary system of
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0.7 (Pb(Zr 2 Tiy2)O3) — 0.3 (Pb(Zn;/2Nb,/3)03 (0.7PZT-0.3PZN[13]. Further, it is sug-
gested that the properties of many binary systems can be improved by a thermal heat
treatment [14]. In the present work 0.7PZT-0.3PZN ceramics were prepared by a columbite
method. Effect of annealing time on electrical and mechanical properties of the sintered
ceramics was investigated.

Experimental

The binary system solid solution of 0.7PZT-0.3PZN was synthesized by a columbite
method. Reagent grade metal oxides (purity > 98%) were used in the present work. The
columbite precursor ZnNb,Og was prepared from the reaction between ZnO and Nb,Os
at 975°C for 4 h. The wolframite precursor ZrTiO4 was formed by reacting ZrO, with
TiO, at 1400°C for 4 hours. The precursors ZnNb,Og¢, ZrTiO4 were then mixed with PbO
according to the stoichiometric ratio for the desired compositions. An excess of PbO equiv-
alent to 2 mol% was also added to the mixed powder, to prevent PbO volatilization at
high temperature. The mixed powders were calcined at temperatures ranging 900°C at a
dwell time of 2 h in a double crucible configuration with a heating rate of 20°C/min. The
calcined powders were isostatically cold pressed into pellets at a pressure of 100 MPa and
then sintered at 1100—1300°C with a dwell time of 4 h. To determine the effect of thermal
annealing, the maximum density sample was thermally annealed at 900°C in the same PbO
atmosphere for various times up to 32 h. For dielectric measurement, the ceramic discs
with diameter of 15 mm were polished into a thickness of 1 mm. The samples were coated
with gold as electrodes for electrical contact. The dielectric properties were measured with
an LCR meter utilizing an environmental chamber for the temperature measurements. The
mechanical property of the samples was studied using a Vickers microhardness tester. In-
dentations were applied on the polished surfaces with loads in the range of 0.2-1.0 kg, and
an indentation period of 15 s.
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Figure 1. X-ray diffraction patterns of 0.7PZT-0.3PZN ceramics at various annealing times.
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Figure 2. Temperature dependence of the dielectric constant at various annealing times for 0.7PZT-
0.3PZN ceramics.

Results and Discussion

XRD patterns of as sintered and annealed samples as shown in Fig. 1, reveals that all
samples have a perovskite structure. The XRD data was found to consist with rhombohedral
symmetry, which is indicative of a ferroelectric phase.

The relationship between dielectric constant and temperature of the as sintered and
the annealed samples are shown in Fig. 2. It is clearly seen that the annealing produced
a thermally induced phase transitions. Clear shoulders at the rhombohedral to tetragonal
phase transition temperature (Trpo—Tietra) ~195-200°C were observed, indicates a decrease
in the chemical heterogeneity of the annealed samples. The dielectric permittivity result also
shows a significant improvement in the dielectric constant. However, limit of improvement
was observed for the 16 h annealed sample because the longer annealing time results in a
high PbO evaporation and produces defects in the samples.

Hardness(GPa)

o

T Y. T ¥ T , T y T o T
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Figure 3. Vickers hardness as a function of annealing time for 0.7PZT-0.3PZN ceramics.
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Figure 4. SEM micrographs of 0.9PZT-0.1PZN ceramics before and after annealing: (a) as-sintered
and (b) annealed at 900°C for 32 h.

Vickers hardness data in Fig. 3 indicates that annealing enhanced the hardness of the
samples. The value of hardness was found to increase from 4.89 GPa for as sintered sample
to 6.82 GPa for 16h annealed sample. However, a decrease harness value was found for
the 32 h annealed sample. Scanning electron microscopy (SEM) images of the surfaces of
the ceramics before annealing and after annealing for 32h are shown in Fig. 4. Compared
with the as sintered sample, rounder grain shape was observed for the annealed samples.
In addition, grain size of the samples was calculated to be around 2 um (2.06-2.11 pum).
This result indicates that grain size has not much influence on the trend of hardness.

For lead-based ferroelectric ceramics, many authors proposed that excess PbO has an
influence on the electrical properties [14]. A liquid phase sintering is present due to low
melting point of lead oxide. Thus, a small amount of excess PbO can be added to assist
in the formation of the perovskite phase and for densification of the ceramic. In present
work, an excess PbO was introduced into the samples. An overabundance of PbO may
result in a low dielectric constant due to PbO enrichment of the grain boundary and the
formation of a grain boundary layer. This layer has a low dielectric constant. Thus, thermal
annealing is effective to ameliorate this effect and to increase the chemical homogeneity.
However, a longer annealing time produces a loss of PbO and results a formation of
defects. This made the 32 h annealed sample have a lower dielectric constant and hardness
value.

Conclusions

The dielectric and mechanical properties of annealed 0.7PZT-0.3PZN ceramics formed via
the columbite process were investigated. With an increase in the annealing time up to 16 h,
the maximum dielectric constant increased. The clear phase transition for the rhombohedral
to tetragonal phase was observed for the annealed samples, indicating a greater degree of
homogeneity on the atomic scale. In addition, 16 h annealed sample showed the better
mechanical property.
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