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Abstract

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

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

Lead-based perovskite-type solid solutions consisting of
the ferroelectric and relaxor materials have attracted a growing
fundamental and practical interest because of their excellent
dielectric, piezoelectric and electrostrictive properties which are
useful in actuating and sensing applications [1-3]. Among the
lead-based complex perovskites, lead magnesium niobate—lead
titanate ((1 —x)Pb(Mg13Nby3)03—xPbTiO3 or PMN-PT)
and lead zinc niobate-lead titanate ((1 —x)Pb(Zn;/;3Nby/3)
03—xPbTiO3 or PZN-PT) have attracted much attention due to
their superior electrical properties [4—7]. However, the major
disadvantage of the two ceramic systems is relatively low Curie
temperatures (7¢) of the morphotropic phase boundary (MPB)
compositions, i.e. lower than 200 °C for the two systems [5—8].
This low Tc comes with the expenses of more temperature
dependent properties and less polarization stability, which in
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turn restrict the operating temperature range to less than 100 °C
[7,8]. Interestingly, the MPB composition of the lead indium
niobate-lead titanate ((1 —x)Pb(In;»Nb;/)O3—xPbTiO3 or
PIN-PT) solid solution system has been reported to possess Tc
higher than 250 °C [8-13], and therefore potential for high tem-
perature applications. Many previous studies have focused on
the processing and properties of PIN-PT single crystals, partic-
ularly the MPB composition [9,12,14,15], while the information
on PIN-PT ceramics is still limited [8,10,13]. In addition, most
of the PIN-PT ceramics studied were prepared by the mixed-
oxide method with a conventional ball-milling technique, which
resulted in coarse grains ceramics [11,13], even though it is well
known that fine grains ceramics usually show superior electrical
properties [16,17]. Recently, a vibro-milling technique has been
employed to produce nano-sized powders which can be used
to fabricate ceramics with fine grain microstructure [18-20].
Therefore, as an extension to the research on the PIN-PT
ceramics, the overall purpose of this study was to systematically
determine the dielectric and ferroelectric properties of ceramics
in the (1 —x)Pb(In;2Nby/2)O03-xPbTiO3 (when x=0.0, 0.1, 0.2,
0.3, 0.4, and 0.5) system prepared by the mixed-oxide method
via the vibro-milling technique. The vibro-milling technique
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was employed to explore the potential in obtaining fine grains
ceramics, which would in turn lead to superior electrical
properties.

2. Experimental

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

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

3. Results and discussion

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

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

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

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

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

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

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

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

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

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

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

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

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

where fy, E, and Ty are the Debye frequency, the activation
energy and the static freezing temperature, respectively [30].
The Debye frequency, the activation energy and the static freez-
ing temperature obtained by fitting the experimental data with
Eq. (1) arelisted in Table 2. From Eq. (1), itis known that the acti-
vation energy is an internal energy of the cluster, which concerns
with an anisotropy energy, Kanis and the cluster volume, V [31].
The fitting results show that the activation energy increases with
increasing PT content for PIN-PT system, indicating that PT
induces the increasing of the anisotropy energy and the cluster
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Fig. 4. Temperature dependence of dielectric constant of (1 — x)PIN—xPT ceramics (measured at 1 kHz).

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

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

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

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

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

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

0.0 310 3.9 x 100 0.042 0.0 - - - -

0.1 434 3.0 x 1010 0.015 0.1 6.46 14.25 6.57 0.73

0.2 471 2.8 x 1010 0.010 02 1552 19.63 9.47 1.31

0.3 535 2.6 x 1010 0.004 03 2043 27.05 8.58 0.97

0.4 599 2.3 x 1010 0.002 04  5.65 11.99 11.68 0.59

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

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

4. Conclusion

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

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

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

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

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

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

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

2. Experimental procedure
The starting materials were commercially available zinc

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

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

300 nm

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

900 °C for 1 h with heating/cooling rates of (e) 20 and (f) 30 °C/min.

solid-state reaction, Mater. Lett. (2007), doi:10.1016/j.matlet.2006.12.050

Please cite this article as: A. Prasatkhetragarn et al., Effect of calcination conditions on phase formation and particle size of Zn;Nb,Og powders synthesized by




4 A. Prasatkhetragarn et al. / Materials Letters xx (2007) xxx—xxx

Table 1
Particle size range of Zn;Nb,Og powders calcined at various conditions

Calcination conditions Particle size range

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

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

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

3. Results and discussion

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

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

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

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

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

Zn
Nb

Counts

o 2 4 6 8 10 12 14 16 18 20
Energy (eV)

Fig. 5. EDX analysis of the Zn;Nb,Og powders.
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carlier [9,14]. This clearly emphasizes the advantages of a rapid vibro-
milling technique.

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

4. Conclusions

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

Introduction

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

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

e-mail: Supon@chiangmai.ac.th

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

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

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

Experimental procedure

The starting materials were commercially available
indium oxide, In,O3; (JCPDS file number 71-2195) and
niobium oxide, Nb,Os (JCPDS file number 30-873)
(Aldrich, 99.9% purity). The two oxide powders
exhibited an average particle size in the range of 1.0-
3.0 pm. InNbO4 powders were synthesized by the solid-
state reaction of thoroughly ground mixtures of In,O;
and Nb,Os powders that were milled in the required
stoichiometric ratio. Instead of employing a ball-milling
procedure [10, 16], a McCrone vibro-milling technique
was used [19, 20]. In this technique, a vibratory
laboratory mill (McCrone Micronizing Mill) powered
by a 1/30 HP motor was employed. The grinding vessel
consists of a 125 mL capacity polypropylene jar fitted
with a screw-capped, gasketless, polythene closure. The
jar is packed with an ordered array of identical,
cylindrical, grinding media of polycrystalline corun-
dum. A total of 48 milling media with a powder weight
of 20 g was kept constant in each batch. The milling
operation was carried out in isopropanal inert to the
polypropylene jar. In order to combine mixing capacity
with a significant time saving, the milling operation was
carried out for 0.5 h with corundum cylindrical media in
isopropyl alcohol (IPA). After drying at 120 °C for 2 h,
the reaction of the uncalcined powders taking place
during heat treatment was investigated by themogravi-
metric and differential thermal analysis (TG-DTA,
Shimadzu), using a heating rate of 10 °C/min in air from
room temperature up to 1,000 °C. Based on the TG-
DTA results, the mixture (~10 g for each batch) was
calcined at various conditions, i.e. temperatures ranging
from 700 °C to 1,200 °C, dwell times ranging from 0.5 h
to 4 h and heating/cooling rates ranging from 3 °C/min
to 30 °C/min, in closed alumina crucible [cylindrical
shape with 25 mL capacity (3 cm in diameter and
3.5 cm in height)], in order to investigate the formation
of indium niobate.

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

Results and discussion

The TG-DTA simultaneous analysis of a powder
mixed in the stoichiometric proportion of InNbO, is
displayed in Fig. 1. The TG curve shows two distinct
weight losses. In the temperature range from room
temperature to ~150 °C, both exothermic and endo-
thermic peaks are observed in the DTA curve, in
consistent with the first weight loss. These observations
can be attributed to the decomposition of the organic
species (i.e. polyethylene milling jar, rubber gloves,
skin, etc.) from the milling process [19, 20]. Increasing
the temperature up to ~1,000 °C, the solid-state reac-
tion occurred between In,O5; and Nb,Os [10, 16]. The
broad exotherm in the DTA curve represents that
reaction, which has a maximum at ~500 °C. This is
supported by a large fall in sample weight over the
same temperature range. The causes for these obser-
vations are not well documented, but could probably
be related to (i) the partial formation of InO¢ and
NbOg octahedra prior to InNbO, formation [6, 7] and
(ii) the possible formation of InNbO, in a very small
container containing only 0.5 g of powder in TG-DTA
apparatus. It should be noted, however, that in the
calcination process, a much larger crucible containing
~10 g of powder was used, hence, higher calicination
temperature than that observed from TG-DTA is
expected. Although the DTA curve shows that there
are other small peaks at ~750, 850 and 900 °C,
however, it is to be noted that there is no obvious
interpretation of these peaks. These data were used to
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Fig. 1 TG-DTA curves for the mixture of In,O3;-Nb,Os powder
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define the range of calcination temperatures for XRD
investigation to between 700 °C and 1,200 °C.

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

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

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

Apart from the calcination temperature, the effect of
dwell time was also found to be quite significant. From
Fig. 3, it can be seen that the single phase of InNbO,
(yvield of 100% within the limitations of the XRD
technique) was found to be possible in powders
calcined at 950 °C with dwell time of 2 h or more.
The appearance of In,O; and Nb,Os phases indicated
that full crystallization has not occurred at relatively
short calcination times. However, in the work reported
here, it is to be noted that single phase of InNbO,
powders was also successfully obtained for a calcination
temperature of 900 °C with dwell time of at least 4 h

®in,0,

0 Nb,O, VInNbO,

Intensity (a.u.)
‘(

1h
v e, oV
[¢] - v v vV v v
osh e
v

2 Q YA_Y v vy vV v
InNbO, JCPDS file no. 83-1780

‘ : | ‘ L . | |

20 25 30 35 40 45 50

20 (degrees)

Fig. 3 XRD patterns of IN powders calcined at 950 °C with
heating/cooling rates of 10 °C/min for various dwell times
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Fig. 4 XRD patterns of IN powders calcined at 900 °C with
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applied (Fig. 4). This was apparently a consequence of
the enhancement in crystallinity of the InNbO, phase
with increasing dwell time. The observation that the
dwell time effect may also play an important role in
obtaining a single-phase wolframite product is also
consistent with other similar systems [19, 25, 26]. It is
also very interesting to see that the on-set firing time is
approximately 2-22 h shorter than those reported
earlier with a conventional ball-milling method
[10-17]. The difference could be attributed to the
effectiveness of vibro-milling and a carefully optimized
reaction. Most importantly, this study suggests that a
rapid vibro-milling method can significantly lower the
optimum calcination temperature and dwell time for
formation of single-phase InNbO, powders.

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

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

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

1,200 °C

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

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

Calcination conditions Estimated particle size

range (10 nm)

Temperature Dwell Rates

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

1000 2 10 200-500

1100 2 10 250-600

1200 2 10 350-700

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

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

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

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

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

1. Introduction

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

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

2. Experimental Procedure

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

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

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

3. Results and Discussion

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

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

26/degrees

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

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

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

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

(b)

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

Since the densities of the two ceramics are very similar in value (97-98%), this indicated
that density could not be the controlling factor. It can be assumed that the employed sinter-
ing temperature in the two-stage sintering process is not enough for driving densification
mechanism to achieve dense BT ceramics, as evidenced in Fig. 4(a). The highly porous
microstructure was induced which could be the main reasons for low dielectric constant
in fine grain case. However, the scope for improving two-stage sintering by raising the
temperature is limited by the capability of the furnace. Nevertheless, the room temperature
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Figure 5. Variation with temperature of relative permittivity (&) and dissipation factor (tan §) at 10
kHz for two-stage sintered BT ceramics.

dielectric values in the order of 2000 for both ceramics are higher than those reported earlier
[11, 23]. In the same way with the dielectric properties, the ferroelectric properties of the
two-stage sintered BT ceramic were similar to those of the normal sintered ceramic, as
shown in Fig. 6.
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------- Normal sintering
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20

10 -
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Figure 6. Hysteresis graphs of normal and two-stage sintered BT ceramics.
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4. Conclusion

Even though the simple mixed-oxide method employing a conventional ball-milling was
used, this work demonstrated that it was possible to obtain smaller grain size BT ceramics
with high densification by the two-stage sintering technique. It has been shown that, under
suitable condition, two-stage sintering can effectively suppress the grain growth in BT,
leading to fine-grained microstructure (~1 wm). Moreover, whisker morphology is also
found in all two-stage sintered ceramics. More importantly, the dielectric properties of BT
ceramics in this work are interestingly independent of the grain size, as it is evident that
dielectric constant of the small grained ceramic prepared by the two-stage sintering is of
the same value with large grained ceramic prepared by the normal sintering.
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Abstract Lead zirconate (PbZrO3) powder has been
synthesized by a solid-state reaction via a rapid vibro-
milling technique. The effects of calcination tempera-
ture, dwell time and heating/cooling rates on phase
formation, morphology, particle size and chemical
composition of the powders have been investigated by
TG-DTA, XRD, SEM and EDX techniques. The
results indicated that at calcination temperature lower
than 800 °C minor phases of unreacted PbO and ZrO,
were found to form together with the perovskite
PbZrO; phase. However, single-phase PbZrO; pow-
ders were successfully obtained at calcination condi-
tions of 800 °C for 3 h or 850 °C for 1 h, with heating/
cooling rates of 20 °C/min. Higher temperatures and
longer dwell times clearly favored the particle growth
and formation of large and hard agglomerates.

Introduction

Lead zirconate, PbZrO; (PZ), which is a typical anti-
ferroelectric (AFE) material at room temperature with
a Curie temperature of ~230 °C, has an orthorhombic
symmetry with a structure similar to that of classical
ferroelectric of orthorhombic barium titanate (Ba-
TiO3) [1-5]. Practically, this material is a potential
candidate for energy storage applications for DC fields
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and low loss linear capacitor, owing to its AFE nature
[6-12]. Recently, the double hysteresis behavior of this
material makes it attractive for the microelectronic,
microelectromechanical systems (MEMs) as well as for
actuator applications [12-14].

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

Experimental procedure

The starting materials were commercially available
lead oxide, PbO (JCPDS file number 77-1971) and
zirconium oxide, ZrO, (JCPDS file number 37-1484)
(Fluka, >99% purity). The two oxide powders exhib-
ited an average particle size in the range of 3.0-5.0 pm.
PbZrO; powders were synthesized by the solid-state
reaction of thoroughly ground mixtures of PbO and
ZrO, powders that were milled in the required stoi-
chiometric ratio. Instead of employing a ball-milling
procedure (ZrO, media under ethanol for 24 h [30] or
under a mixture of cyclohexane and deionized water
for 12 h [31]), use was made of a McCrone vibro-
milling technique [22, 32, 33]. In order to combine
mixing capacity with a significant time saving, the
milling operation was carried out for 0.5 h with
corundum cylindrical media in isopropyl alcohol
(instead of 8 h with zirconia media [32]). After drying
at 120 °C for 2 h, the reaction of the uncalcined pow-
ders taking place during heat treatment was investi-
gated by themogravimetric and differential thermal
analysis (TG-DTA, Shimadzu), using a heating rate of
10°C/min in air from room temperature up to 1000 °C.
Based on the TG-DTA results, the mixture was cal-
cined at various conditions, i.e. temperatures ranging
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from 700 to 900 °C, dwell times ranging from 1 to 5 h
and heating/cooling rates ranging from 1 to 20 °C/min,
in closed alumina crucible, in order to investigate the
formation of lead zirconate.

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

Results and discussion

The TG-DTA simultaneous analysis of a powder
mixed in the stoichiometric proportions of PbZrOj is
displayed in Fig. 1. In the temperature range from
room temperature to ~150 °C, the sample shows both
exothermic and endothermic peaks in the DTA curve,
in consistent with a slight drop in weight loss at the
same temperature range. These observations can be
attributed to the decomposition of the organic species
(most likely polyethylene from the milling jar) from
the milling process. [22, 33]. Corresponding to a large
fall in sample weight (~4.5%), the other exotherm and
endotherm are observed within 300-450 °C tempera-
ture range in the DTA curve. However, it is to be
noted that there is no obvious interpretation of these
peaks, although it is likely to correspond to a phase
transformation of ZrO, precursor alloyed with PbO
precursor reported by a number of workers [35-38]. In
general, it is well established that there are a number of
polymorphic forms of PbO and ZrO; stable at different
temperatures and pressures [35, 37]. However, in this
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Fig. 1 TG-DTA curves for the mixture of PbO-ZrO, powders
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work, the possibility of these phase transformations has
not been investigated, since the overriding objective is
to synthesize single phase PbZrQO;, irrespective of the
polymorph in which it is stabilized.

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

Therefore, to investigate the effect of calcination
temperature on the phase development, the mixed
powders were calcined for 2 h in air at various tem-
peratures, up to 900 °C, followed by phase analysis
using XRD. As shown in Fig. 2, for the uncalcined
powder, only X-ray peaks of precursors PbO (V) and
71O, (e), which could be matched with JCPDS file
numbers 77-1971 [40] and 37-1484 [41], respectively,
are present, indicating that no reaction had yet been
triggered during the milling process. It is seen that fine
PbZrO; crystallites (*) were developed in the powder
at a calcination temperature as low as 750°C, accom-
panying with PbO and ZrO, as separated phases. This
observation agrees well with those derived from the
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Fig. 2 XRD patterns of PZ powder calcined at various temper-
atures for 1 h with heating/cooling rates of 10°C/min

TG-DTA results and other workers [31, 38]. As the
temperature increased to 800 °C, the intensity of the
perovskite-like PbZrO; peaks was further enhanced
and became the predominant phase. Upon calcination
at 850 °C, an essentially monophasic of PbZrOj; phase
is obtained. This PZ phase was indexable according to
an orthorhombic perovskite-type structure with lattice
parameters a = 823.1 pm, b = 1177 pm and ¢ = 588.1
pm, space group P2ch (no. 32), in consistent with
JCPDS file numbers 35-739 [42] and other investigators
[24, 30, 43]. This study also shows that crystalline
orthorhombic PZ is the only detectable phase in the
powder, after calcination in the range 850-900 °C.
Having established the optimum calcination tem-
perature, dwell times ranging from 1 to 5 h with con-
stant heating/cooling rates of 5°C/min were applied at
850 and 800 °C, as shown in Figs. 3 and 4, respectively.
From Fig. 3, it can be seen that the single phase of
PbZrO; (yield of 100% within the limitations of the
XRD technique) was found to be possible in all pow-
ders calcined at 850 °C with dwell time ranging from 1
to 5 h. This is probably due to the effectiveness of
vibro-milling and a carefully optimized reaction.
However, in the work reported here, it is to be noted
that single-phase of PbZrO; powders was also suc-
cessfully obtained for a calcination temperature of
800 °C with dwell time of 3 h or more applied (Fig. 4).
This was apparently a consequence of the enhance-
ment in crystallinity of the PbZrOj; phase with
increasing dwell time. The appearance of PbO phase
indicated that full crystallization has not occurred at
relatively shorter calcination times. The observation
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Fig. 3 XRD patterns of PZ powder calcined at 850 °C with
heating/cooling ratesof 10 °C/min for various dwell times
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Fig. 4 XRD patterns of PZ powder calcined at 800 °C with
heating/cooling rates of 10 °C/min for various dwell times

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

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

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

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

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

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

20 °C/min

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

Conclusions

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

@ Springer
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Table 1 Particle size range of PbZrO; powders calcined at
various conditions

Temperature Dwell ~ Heating/cooling  Particle size range

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

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

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

PACS 77.22.Ch; 77.84.Dy

1 Introduction

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

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

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

2 Experimental

The Pb(In;;»Nb;/;)O3 ceramics were prepared
from Pb(In; 2Nbj,2) O3 powders obtained with the wolframite
method via the vibro-milling technique. In this technique,
a vibratory laboratory mill (McCrone micronizing mill) was
employed. A total of 48 polycrystalline corundum milling
media with a powder weight of 20 g was kept constant in
each batch. The milling operation was carried out in iso-
propanal inert to the polypropylene jar [14, 16, 20]. Initially,



