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Abstract
Project Code : MRG5680137
Project Title : Improvement Electrical Properties of Lead Free BZTs Based Ceramics
Investigator : Dr. Chatchai Kruea-In Departmant of Physics and General Science Fuculty of

Science and Technology Chiang Mai Rajabhat University
E-mail Address : chatchai.krue@gmail.com
Project Period : 24 month

The research project is divided into six main parts.

Part I, the properties of Ba(Zr,,Ti,,s), (Fe,sTa,;) O, ceramics with 0.00 < x < 0.07 were
investigated. The ceramics were fabricated by a solid state reaction technique. X-ray diffraction analysis
indicated that all samples exhibited single phase perovskite. Examination of the dielectric spectra revealed
that the Fe and Ta additives promoted a diffuse phase transition, and the two phase transition
temperatures, as observed in the dielectric curve of pure Ba(Zr,,Ti,,,)O,, merged into a single phase
transition temperature for higher x concentrations. The transformation was confirmed by ferroelectric
measurements. In addition, the doped ceramics exhibited high relative dielectric tunability, especially for
higher x concentration samples.

Part II, Influence of processing parameters, calcination and sintering temperatures, on the
properties of Sr(Fe, ;Nb,;)O, samples were investigated The Sr(Fe, Nb,,)O, ceramics were fabricated by
a solid-state reaction method. X-ray diffraction analysis revealed that pure perovskite phase of SFN
powders was observed for the calcination temperatures > 1000°C. However, all SFN ceramics showed the
pure perovskite phase. Average grain size increased with increasing sintering temperature, where the
hardness value was related with grain size. The dielectric properties examination indicated that increase of
the sintering temperature is effective in improving dielectric constant of the SFN ceramics.

Part III, the 0.94Bi,Na,TiO, —0.06BiAlO, ceramics were prepared by the conventional solid-
state reaction and the two steps sintering. X-ray diffraction analysis revealed that both samples showed a
pure perovskite phase. Scanning electron microscopy study revealed that both ceramics had similar
microstructure. The two steps sintering affect the phase transition temperature of the ceramics. Dielectric
and ferroelectric properties of the two steps sintering samples are better than that of the conventional

sample. The results were related to the densification and the degree of crystallinity of the samples.



Part IV, The method of two-steps sintering was applied to Ba(Ti )O, ceramics to improve

04828110. 18
their electrical properties. The ceramics were sintered at T, (1350 °C) with a short time, followed by firing
at T, (1100 °C) for 4-16h. Effects of dwell time at T, on the properties of the ceramics were investigated.
The examination of dielectric spectra indicates that the ceramics exhibited a relaxor behavior. An
improvement in density and dielectric constant at the transition temperature of the ceramics were observed
for a longer dwell time. The dielectric behavior was confirmed by the ferroelectric behavior of the

samples. The results were discussed in term of densification and chemical composition variation after

sintering.

Part V, In the present work, molten salt method was applied to synthesize the
0.9875(K, ;Na, JNbO, - 0.0125BiScO, (KNN-BS) powders. Pure phase of KNN-BS powder was obtained
for a calcination temperature of 700 °C which lowers than a conventional mixed oxide method by 250 °C.
The KNN-BS ceramics were fabricated by a solid-state reaction technique. Effects of excess Na and K on
the properties of the ceramics were investigated. The excess Na and K produced an increase in dielectric
constant at the ferroelectric to paraelectric transition temperature as well as change the transition
temperatures. Further, the ferroelectric behavior was also improved by the additives.

Part VI, Potassium sodium niobate (KNN) powders were synthesized by a molten salt synthesis.
The pure phase KNN was achieved for a calcination temperature of 500 °C which is lower than the
conventional technique by 400 °C. The KNN ceramics were then fabricated by a two steps sintering
technique. Effects of dwell time at T, on the properties of the ceramics were investigated. Although there
was unchanged in microstructure, the dielectric results indicate that a longer dwell time produced a higher
value of peak dielectric constant. However, the 8 h sample exhibited the densest ceramic and showed a

better ferroelectric performance.

Keywords: lead-free ceramics, dielectric, ferroelectric
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In this work, properties of Ba(ZrgosTioos)1 - x(FeosTaps)x03 ceramics with 0.00<x<0.07 were
investigated. The ceramics were fabricated by a solid state reaction technique. X-ray diffraction analysis
indicated that all samples exhibited single phase perovskite. Examination of the dielectric spectra

revealed that the Fe and Ta additives promoted a diffuse phase transition, and the two phase transition
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temperatures, as observed in the dielectric curve of pure Ba(Zrg 0sTip95)03, merged into a single phase
transition temperature for higher x concentrations. The transformation was confirmed by ferroelectric
measurements. In addition, the doped ceramics exhibited high relative dielectric tunability, especially for
higher x concentration samples.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, much attention has been paid to barium zirconate
titanate (Ba(ZryTi; _, )03, BZTs) based ceramics due to their
interesting properties such as high dielectric, ferroelectric and
piezoelectric properties [1-15]. These materials also show very high
dielectric tunability for some compositions e.g., (y=0.35) [4]. BZTs
can be formed by replacement of Ti** by Zr*" in the B-site of the
BaTiOs lattice. BZTs ceramics with y=0.05-0.08 exhibit high
dielectric constants (¢ >13,000) with low loss tangent (tan 6 < 0.05)
[5,6]. For BZTs compositions of 0<y<0.15, phase transition
temperatures occur for rhombohedral to orthorhombic (T;),
orthorhombic to tetragonal (T), and tetragonal to cubic (T¢). Phase
transitions are strongly dependent on the amount of Zr. When the Zr
concentration is ~15 at.%, the three phase transition temperatures
merged into a single diffuse phase transition [7]. Although BZTs
ceramics show many good properties, procedures forimproving the
electrical properties for these ceramics have been proposed. Many
researchers have reported that solid-solutions between BZTs and
other materials showed many interesting properties. For example,
Jha et al. reported that the BaZrggs5Tig97503-BiFeOs; system
exhibited a relaxor multiferroic [8] and Liu and Ren found that
the Ba(TiggZrp»)03-(Bag;Cag3)TiO3 system showed a very high
piezoelectric coefficient as a lead free piezoelectric ceramic [9]. The
effects of dopants and additives on the properties of BZTs, such as

* Corresponding author. Tel.: +66 5394 3376; fax: +66 5335 7512.
E-mail address: rujijanagul@yahoo.com (G. Rujijanagul).

http://dx.doi.org/10.1016/j.materresbull.2015.01.027
0025-5408/© 2015 Elsevier Ltd. All rights reserved.

Nb [10], Yb [11], ZnO [12], CuO [13], and B,03 [14] have also been
investigated. In the present work, we report on the effects of
co-doped Fe and Ta ((FegsTags)*") on the properties of Ba
(ZI‘0‘05Tio_95)03 ceramics. Ba(Zr0,05T10_95)1 ,X(F60.5Tao_5)XO3 ceramics
of composition 0.00 <x <0.07 were fabricated for the first time,
to our knowledge. Many interesting properties of the co-doped
ceramics were observed.

2. Experimental

Ba(Zrg g5Tig.95)1 — x(Feo sTag 5)x03(BZTFT,) ceramics were fabri-
cated by a conventional solid state reaction technique with x in the
range between 0.00 <x <0.07. The starting raw metal oxides of
BaCO3(>99%, Sigma-Aldrich), Ti0,(99-100.5%, Sigma-Aldrich),
Zr0,(99%, Riedel de haén), Fe,03(>99%, Sigma-Aldrich), and
Ta,05(99%,Sigma-Aldrich) as powders were weighed and prepared
following the stoichiometric formula of this system. The starting
powders were mixed in isopropanol using yttria stabilized zirconia
balls as the grinding media for 24 h. The mixed powders were
calcined at 1250 °C for 4 h. Sintering was performed at 1450°C for
4 h. The bulk density of the sintered samples was measured by the
Archimedes’ method using distilled water as the fluid medium.
Phase formation was determined using an X-ray diffraction
technique (XRD) by a Rigaku diffractometer (MiniflexIl) with a
step size of 0.015°, time per step 0.06 s, and scanned for a 26 range
from 20-80°. The microstructures were studied using a scanning
electron microscope (JSM-IT300, JEOL). For the electrical
measurements, silver electrodes were applied on both sides of
the pellets which had been ground to a thickness of 1.0 mm. The
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Fig. 1. XRD patterns of Ba(Zrg o5Tio.95)1 — x(Feo.sTag5)x03 ceramics. (Inset: unit cell
volume vs. x).

dielectric properties were measured by using a LCR meter (Model
E4980A, Agilent Technologies, USA) which was combined with
a heating-cooling system (Hart scientific model 7340, A Fluke
company) at a heating rate of 5 °C/min. The ferroelectric properties
were examined using a ferroelectric test system at a frequency of
1 Hz. (model P-WS, Radiant Technology, Inc. USA)

3. Results and discussion
3.1. Phase formation and microstructure

The XRD patterns of the Ba(ZrgosTigos)1_ x(FeosTaps)x03
ceramics are displayed in Fig. 1. All samples exhibited a pure
perovskite phase with no secondary phases present within the
detection limits of the equipment. This result indicates that this
material is stable with easy synthesis by a conventional technique.
For the unmodified samples, the present XRD result agrees with
the data for Ba(Zrg gsTig.95)O3 prepared by Jarupoom et al. [15] and
the International Centre for Diffraction Data (ICDD) file no. 01-081-
2198. Although there are conflicting reports for the crystal data of
BZTs ceramics [16-18], our XRD analysis indicated that the
symmetry of the samples was orthorhombic. Unit cell volume of
the samples, calculated based on orthorhombic symmetry and
using an X-pert high score plus program for determining unit cell
parameter, decreased from 130.95 A3 for the unmodified samples
to 130.49 A3 for the x=0.07 samples (inset of Fig. 1). The change in
unit cell volume indicates that crystal structure of the solid
solution was distorted from the pure Ba(Zrg osTiggs) O3 crystal.

Data for bulk density of the studied samples is presented in
Table 1. The bulk density value changed slightly with the increased
co-doped concentration where the bulk density was in the range of
5.80-5.87 g/cm?>. Selected surfaces of the ceramics are displayed in

Table 1
The bulk density and average grain size of Ba(ZrgsTioos)1 —x(FegsTags)xO3
ceramics.

x Concentration Bulk density Average grain size
(g/cm?) (.m)

x=0.00 5.80 78.7

x=0.01 5.83 79.4

x=0.03 5.84 815

x=0.05 5.85 819

x=0.07 5.87 83.1

Fig. 2. SEM images of Ba(ZroosTip.95)1 — X(FepsTagp5)x03 ceramics (a) x=0.00 and
(b) x=0.07

Fig.2.All samples presented coarse grains where the grain size wasin
the range of 78.7-83.1 wm. The values of average grain size are also
listed in Table 1. A slight increase in average grain size was observed
after adding the additives. The slight changes in density and grain
size are probably due to the low concentration of additives. However,
this small amount could affect the dielectric, ferroelectric and
dielectric tunability properties which will be discussed in next parts.

3.2. Dielectric temperature dependence and phase transition behavior

Fig. 3(a) illustrates the characteristic temperature and frequency
dependence of the dielectric constant for Ba(ZrggsTiggs)1 - x
(FegsTag5)x03 ceramics. The sharp dielectric peak at Ty, for the
unmodified samples transforms to a diffuse phase transition for
higher x concentration samples. It should be noted that the
x>0.03 samples presented a pronounced frequency dependence
of the dielectric constant, while the frequency dispersion for
x<0.03 samples was not as strong. Loss tangent (tan §) versus
temperature at various frequencies and x concentrations is
presented in Fig. 3(b). Values of tan § for the unmodified ceramic
agreed well with the work done by Yu et al. for Ba(Zrg o5Tig.95)03 [7].
The tan § exhibited a frequency dependence and the degree of
frequency dependence tended to increase with x concentration.
This result agrees with the dielectric constant result. It should be
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Fig. 3. Dielectric properties as a function of temperature for Ba(Zrp osTio.95)1 — X(Feg sTag5)x03 ceramics: (a) dielectric constant and (b) loss tangent.

noted that the measured tan § values were lower than 0.028 for
x <0.01 samples.

To check the degree of broadening of the dielectric curve, the
diffusiveness parameter (§) of the phase transition for the studied
samples was determined by using the following expression [19]:

Er.max (T - Tm)?
=eX
&r P [ 28%

where &.max is the maximum value of the relative dielectric
constant at T=T.,&. is the dielectric constant, and & is the
diffuseness parameter of the transition. The value of § can be
determined from the In(gy/¢,) versus (T — T,)? curve. This value is
valid for ¢, /e; < 1.5, as clarified by Pilgrim et al. [19]. The § values of
Ba(Zrg0sTio.05)1 - x(FeosTag 5)x03 ceramics are shown in Fig. 4(a).
Generally, the value of § depends on many factors such as
composition and structure of materials. In the present work, the &
value increased with increasing fraction of x. The lower value § for
the unmodified samples can be attributed to the ferroelectric
nature of Ba(Zrg g5Tig.05) O3. With increasing fraction of x, however,
the diffuse phase transition in Ba(ZrggsTig.95)1 - x(F€o.5Tag 5)x03
ceramics increased. This may be due to the substitution of
(Feo.sTags)*" for (ZroosTioes)* which can decrease the size of the
local polar domains. Furthermore, compositional fluctuation may
occur after doping. This may produce different local transition
temperatures [20,21] which contribute to the diffuse phase
transition for higher x concentration samples. Generally, grain
size is an important factor that affects the dielectric constant
behavior of BaTiOs based ceramics [22-24]. Cai et al. [23] proposed
that ferroelectric properties of BaZrg,TiggO3 ceramics depend on
the grain size of their ceramics. Tang et al. [24] reported that the
dielectric constant-temperature curve for coarse-grained of
BaZr,Tigg0s ceramic presented a sharp phase transition peak
(for ferroelectric to paraelectric phase transition) while the
dielectric constant curves for medium- and fine-grained samples
showed diffuse phase transition characteristics. For our present
work, however, the grain size increased slightly with increasing
dopant concentration. Therefore, grain size may have less
contribution for the transition behavior for this work.

It should be noted that two phase transition peaks were clearly
observed for the unmodified sample. The transition temperatures
as observed for the unmodified samples are close to previous
works [25,26]. These peaks correspond to the orthorhombic to
tetragonal (T, ~20-54°C) and tetragonal to cubic (T, ~ 60-110°C)
phase transitions. Furthermore, the transition temperature at Ty,
can be associate with a transformation from ferroelectric state to

(1)

paraelectric state [25,26]. However, the two phase transition
temperatures merged into a single phase transition temperature
for the x > 0.05 samples (below room temperature).

Based on the results of X-ray diffraction and dielectric spec-
troscopy, the phase diagram of Ba(ZrggsTiggs)1 - x(Feos5Tag s5)x03
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Fig. 4. (a) Value of diffusiveness with respect to x concentration for
Ba(Zrg0sTip.o5)1 — X(FegsTags)x03 ceramics where x=0.00-0.07 (inset: In(&m/é;)
vs. (T—Tny)?) and (b) proposed phase diagram of the studied ceramics.
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Fig. 5. Dielectric constant-electric field curves at room temperature of the samples
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(where 0.00 <x <0.07) has been established as shown in Fig. 4(b).
The transition temperature for ferroelectric state to paraelectric
state (T. and T,) decreased approximately linearly with x,
from 110°C for the unmodified samples to —29°C for the
x=0.07 samples. The transition temperature at T, also decreased
with x but it merged with T, at x=0.05. This indicates that there
was a large change in transition temperatures after doping,
suggesting that a small amount of the additives has a strong
effect on the phase transition of the studied ceramics.

3.3. Dielectric tunability study

Itis suggested from the literature that some compositions of BZTs
exhibits very high dielectric tunability [4]. In the present work, the
effect of (FegsTags)* substitution on the tunability of the ceramic
was therefore investigated. The dielectric constants versus electric
field curves at room temperature are shown in Fig. 5. Generally, the

relative tunability (n,) is assigned to be the ratio of the change in
dielectric constant between the results after an electric field is
applied (&(E)) to the zero field (&,0)), as seen in Eq. (2) [27].

&:(0) — & (E)
1y (%) = (W) % 100 2)

In the present work, the ¢(E) values were measured at
E=20kV/cm. The plot of n, as a function of X concentration is
illustrated in the inset of Fig. 5. The n, value for the unmodified
samples (Ba(ZrggsTigos5)03) was 15% which was lower than
previous work for Ba(Zrg3sTipgs)0s (44%) [4] due to the
composition of our samples was different from the previous
work. However, the n, value increased with x concentration. It
should be noted that the n, value for the x=0.07 sample was 85%
which is quite high for dielectric tunability materials. Maiti et al.
[4] suggested that ratio of Zr and Ti in Ba(ZryTi; _y) O3 has a strong
effect on the dielectric tunability. In the present work, the
obtained data indicated that the dielectric tunability was affected
by the amount of Zr/Tij, i.e., the n, value increased with decreasing
amount of Zr/Ti (increasing in x). This may be due to the additives
which produced a transformation from polar domains to polar
nanodomains in the samples. The polar nanodomains were
proposed to have a contribution to increase the dielectric
tunability due to they can be re-oriented and transformed into
ferroelectric state under the applied fields [28]. Tang et al.
suggested that grain size was an important factor that affects the
dielectric tunabilty of Ba(Zrg ;Tipg)O3 ceramics, i.e., a coarse grain
produced higher dielectric tunabilty. However, the slight increase
in grain size with dopant concentration for our present work
suggests that grain size may have a low contribution to
the increasing of relative dielectric tunability for the higher
concentration doping samples.

3.4. Ferroelectric properties

Polarization hysteresis measurements were employed for
x=0.00-0.07 compositions. The measurement was performed

T=-40°C T=-10°C T=40°C T=80°C T=120°C
20 20 20 20 50
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Fig. 6. P-E hysteresis loops at different temperatures for Ba(Zrg ¢5Tio.05)1 — X(FepsTag 5)xO3 ceramics.
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over the temperature range from —40 to 120°C, across the
transition temperature for each sample. However, the hysteresis
loop could not be obtained at some conditions due to a breakdown
problem (blank graph). This may be due to the existence of
multi-valence of Fe ions and oxygen vacancies which often occur
in many Fe containing compounds [29]. The hysteresis loops
(P-E loops) for the studied ceramics are presented in Fig. 6. The
hysteresis results agreed with the dielectric results for the
transformation from the ferroelectric to the paraelectric state at
T. (or Tpy,). For x < 0.05 composition, the P-E plots showed a typical
square loop at temperature below T.. For the x=0.01 and
0.03 ceramics, lossy capacitor loops (banana or rugby like loops)
were observed at temperatures >T.. For x >0.05 ceramics, all
hysteresis loops deformed from the typical hysteresis loop for
ferroelectric materials, i.e., they presented slanted and distorted
hysteresis loop. This can be attributed to the x>0.05 samples
having higher loss tangent or conductivity, compared with the
unmodified sample (Fig. 3(b)), which may be due to the additives
producing a polaron hopping mechanism.

4. Conclusion

Effects of (FegsTags)*" onthe properties of Ba(ZrgosTio.os)1 - x
(FeosTaps)x03 ceramics were investigated. All fabricated
ceramics presented pure phase perovskite with orthorhombic
symmetry. Small amount of (FegsTags)** additive (x=0.05)
produced the most obvious change in the phase transition
behavior. The additive also promoted diffuse phase transition
and dielectric frequency dispersion. The relative dielectric
tunability could be improved by the additive. In addition,
ferroelectric examination confirmed the presence of a diffuse
phase transition after doping.
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Influence of processing parameters, calcination and sintering temperatures, on the
properties of Sr(FeysNbys)O; samples were investigated The Sr(FeysNbys)O; ceramics
were fabricated by a solid-state reaction method. X-ray diffraction analysis revealed that
pure perovskite phase of SEFN powders was observed for the calcination temperatures
>1000°C. However, all SFN ceramics showed the pure perovskite phase. Average grain
size increased with increasing sintering temperature, where the hardness value was
related with grain size. The dielectric properties examination indicated that increase
of the sintering temperature is effective in improving dielectric constant of the SFN
ceramics.

Keywords Dielectric properties; high dielectric ceramics; mechanical property

1. Introduction

Recently, there is intense research on developments of lead free dielectric materials due to
the environmental concern and potential use in electronic devices. For high-k capacitance
applications, the giant dielectric constant materials including CaCu3Ti4O;, and some com-
plex perovskite materials containing Fe have been attracted great attention from many re-
searchers [1, 2]. The synthesized giant dielectric constant materials such as BaFe( sNbg 503
(BFN), BaFe( 5Tag 505 (BFT), and SrFe(sNbysO3; (SFN) [3-5] have been widely inves-
tigated due to their properties which are suitable for technological applications. Among
these materials, SFN has attracted considerable interest due to its high dielectric constant
(10°-10%) over a broad temperature, and high dielectric relaxation response [6]. However, it
is known that the properties of many ceramics are also influenced by processing parameter
such as heat treatment conditions. Therefore, various fabrication techniques and processing
parameters have been proposed such as rapid-rate sintering, rate-controlled sintering and
optimized dwell time etc. [7, 8]. The optimized sintering temperature is one of important
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Figure 1. (a, b) X-ray diffraction patterns of SFN powders and ceramics, (c) X-ray diffraction
patterns of SFN ceramics at 72°-78° and the inset is ceramic density vs. sintering temperature.

processing parameter since it can produce a high ceramic density and homogeneous grain
growth which result in good electrical and mechanical properties. In present work, we re-
port our study on the influence of processing temperature such as calcination and sintering
temperature on properties of Sr(FegsNbg5)O3 high dielectric ceramics.

2. Experimental

Polycrystalline of SFN ceramics were prepared via the conventional mixed oxide method.
High purity metal oxides of Sr,COs, Fe, 03, and Nb,O5 were weighed following stoichio-
metric formula of Sr(FeqsNbg 5)O3. The starting powders were then mixed and ball-milled
in isopropanol for 24 h using yttria stabilized zirconia ball as a grinding media. After mix-
ing, the slurry was dried, sieved and calcined at 3 h for 1100°C. An organic binder, polyvinyl
alcohol, was added into the calcined SFN powders and then ball-milled in isopropanol for
24 h. This slurry was dried and sieved to form a homogeneous powder and then was pressed
at 150 MPa into 10 mm diameter pellets by unisxial pressing using a stainless steel die. The
obtained pellets were sintered between 1200°C and 1400°C in an electric furnace under
air atmosphere for 3 h. The density of the sintered samples was measured by Archimedes
method using distilled water as a fluid medium. Phase formation of the sintered samples
was characterized using the X-ray diffraction (XRD) technique. The morphology of the
samples was investigated using a scanning electron microscope (SEM). For the electrical
measurement, silver paste electrode was applied to both sides of the samples. The dielectric
properties were determined with various frequency and temperatures using a LCR meter.
Vickers hardness measurement was performed on polished surface using a microhardness
tester.

3. Results and Discussion

XRD patterns of the calcined powders are illustrated in Fig. 1. A perovskite phase was
observed for all powder samples. However at a lower calcination temperature (such as
900°C), peaks of second phase were found (as indicates by ‘“*” in the Fig. 1(a)). The
second phase was determined as SrsNbsO;s, according to JCPDF No. 01-083-0132. In
this work, the 1000°C powder was selected for the sintering. XRD patterns of the SFN
ceramics sintered at different temperatures are shown in Fig. 1(b). All ceramics showed
a pure phase perovskite. Further, spitting of XRD peaks such as (332), (240), and (116)



Downloaded by [Chatchai Kruea-In] at 00:18 11 December 2013

130/[1010] C. Kruea-In et al.

Thm 0001 EMR S CMU
e o (37

Figure 2. SEM micrographs of SFN ceramics sintered at (a) 1200, (b) 1300, and (c) 1400°C.

peaks at 20 ~ 75-77° were clearly found (Fig. 1(c)). This result indicates that the samples
exhibited an orthorhombic symmetry. The XRD analysis was carried based on JCPDS file
No. 01-070-5965. The orthorhombic symmetry in SFN was also reported by Liu et al. [6].

Density as a function of sintering temperature is shown in the inset of Fig. 1(c) The
density increased with increasing sintering temperature up to 1300°C and then decreased
for higher sintering temperature. The decrease in density value for the 1400°C sample may
be due to a formation of close pores in the sample after sintering at high temperature.
Further, sintering at higher temperature may produce many defects in the ceramics. Fig. 2
displays surfaces of the SFN ceramics sintered at different sintering temperatures. All
samples look quite dense. The higher sintering temperature produced a notable increase
in grain size (Fig. 2 and 5). Average grain size, as calculated by an intercept method,
increased with increasing sintering temperature. This increasing can be explained by the
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Figure 3. Frequency dependence of dielectric constant and loss tangent for the SFN ceramics
measured at room temperature.
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Figure 4. Dielectric constant (&) and dielectric loss (tan §) versus temperature for the SFN ceramics

sintered with different sintering temperatures. Inset shows loss tangent versus temperature for the
SEN ceramics.

phenomenological kinetic grain growth equation expressed as
1 1 Q
logG = —log t + — |log Ky — 0.434— (1)
n n RT

where G is the average grain size at the time, 7 is the kinetic grain growth exponent, K is a
constant, Q is the activation energy, R is the gas constant, and 7 is the absolute temperature.
In the present work, rapidly grain growth was observed for the samples sintered with
temperatures >1200°C.

Figure 3 illustrates the dielectric constant as a function of frequency for the SEN
ceramic samples. All samples exhibited a dielectric-frequency dependent. The samples also
exhibited higher dielectric constants at lower frequencies due to the presence of different
types of polarizations, such as interfacial, dipolar, atomic, ionic, electronic contribution
in the material. However, the dielectric constant of the samples decreased with increasing
frequency. This may be due to some polarizations as suggested above may have less
contribution. Fig. 3 also shows dielectric loss as a function frequency. The dielectric loss
result exhibits a frequency-dependent behavior. This may related with the concentration of
charge carriers that respond to this evident is not constant [9]. The temperature dependence
of the dielectric constant for all ceramics is presented in Fig. 4. Although the density of the
ceramics was observed to decrease for a higher temperature sample (such as the 1400°C
sample), the dielectric constants were improved by increasing the sintering temperature.
The high dielectric constants for higher sintering temperature SFN ceramics may be due
to the existence of Fe>* in sintered SFN ceramics, as proposed by Ananta and Thomas
[10]. The present of Fe’* and Fe*" ions on equivalent crystallographic sites can results
in an electron-hopping conduction mechanism [9]. Further, the concentration of Fe?* ions
is very sensitive to temperature, and it increases with increasing the sintering temperature
[11].

Figure 5 illustrates the Vicker hardness value as a function sintering temperature.
The hardness decrease value of the SFN ceramics decreased with increasing sintering
temperature. Generally, for ceramic materials, the finer grain ceramics exhibits higher
hardness value. Therefore, our result is consistent with this rule. Further, the lower hardness
value for higher temperature sample (1400°C) can be link with the lower measured density.
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Figure 5. Vicker hardness values as a function sintering temperature of the SFN ceramics Inset
shows a plot of average grain size value versus sintering temperature.

4. Conclusion

Properties of SFN calcined powders and ceramics, prepared by a conventional technique
with different calcination and sintering temperatures, were investigated. Increasing sintering
temperature enhances the grain growth and dielectric constant where the 1300°C sample
exhibited the highest ceramic density. The sintering temperature also affected the hardness
value where the hardness value was linked with the value of grain size.
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In this research, 0.94Biy sNay sTiO3;—0.06BiAlO; ceramics were prepared by the conven-
tional solid-state reaction and the two steps sintering. X-ray diffraction analysis revealed
that both samples showed a pure perovskite phase. Scanning electron microscopy study
revealed that both ceramics had similar microstructure. The two steps sintering affects
the phase transition temperature of the ceramics. Dielectric and ferroelectric properties
of the two steps sintering samples are better than that of the conventional sample. The
results were related to the densification and the degree of crystallinity of the samples.

Keywords Two step sintering; ferroelectrics; dielectric properties

1. Introduction

Since the rising of requirement for environmental concern by reduced using lead contained
in electronic materials, many lead free materials have been synthesized and investigated.
Bismuth sodium titanate (BipsNagsTiO3; BNT) is an interesting lead free material due
to its interesting electrical performance. The BNT ceramics have been widely investi-
gated to achieve high electrical properties and to replace the toxic lead-based materials.
This material has high Curie temperature (T'.~320°C), strong ferroelectric properties with
large remanent polarization (P;) at room temperature [1-2]. However, the pure BNT ce-
ramics exhibits high coercive field (E.) and high conductivity [3] which makes them
difficult to pole. To overcome this problem many solid solutions between BNT and other
materials have been investigated such as (BigsNags)TiO3-BaTiOs3[4], (BigsNags)TiO3-
(Ko.5Bio5)TiO3[5], (BipsNag 5)TiO3-BaTiO3-BiFeOs[6], and (Nag sBig 5)TiO3-BiScOs [7].
Recently, Yu and Ye [3] fabricated (BigsNags5)TiO3-BiAlO3 (BNT-BA) systems and re-
ported that this system has excellent ferroelectric and piezoelectric properties compared
with the pure BNT system [3].
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It is known that processing has affected the properties of many electroceramics [8—10].
For bismuth based ceramics, bismuth loss during the sintering process can produce lower
electrical properties. Therefore, preservation of Bi loss at high temperature is important
to obtain bismuth based ceramics with high electrical properties. Recently, it has been
proposed that the two step sintering method is an effective method to achieve high ceramic
density. Grain size of the ceramics can be controlled by this technique. Furthermore,
this method doesn’t need special equipment and sophisticated processing. The two-steps
sintering consist of two main firing steps, i.e. firing at a high temperature 7' (the first step)
follow by firing at a temperature lower than the first step approximately 100-200°C (T';)
at a suitable dwell time (second step). This method has been applied to fabricate some
ferroelectric materials, resulting in improvements of the electrical properties [11-13].

To our knowledge, the properties of BNT-BA prepared by the two steps sintering have
not been investigated. Therefore in the present work, the BNT-BA ceramics in a composition
of 0.94BNT-0.06BA were fabricated by two-step sintering methods. The ceramics also
were fabricated by a conventional solid-state reaction method. A comparison study of
the properties of the 0.94BNT-0.06BA ceramics prepared from these two techniques was
investigated.

2. Experimental

For the calcination state, high purity metal oxide of Na,COj3, Bi,O3 TiO,, and Al,O3 were
weighed according to the formula of 0.94 (BipsNags)TiO3_0.06BiAl0; (BNT-BA) and
then mixed by the ball milling method. The obtained powders were dried and then calcined
at 800°C for 2 h with a heating rate of 100°C/h. The calcined powder was mixed with a
3 wt% of polyvinyl alcohol binder. The obtained powders were then pressed into pellets
of 1 cm diameter. After that the green pellets were sintered by a conventional method and
the two-step sintering method. For the conventional method, the pellets were sintered at
1100°C for 2 h. For the two-step sintering, the sample were sintered at T} = 1100°C for
a short time and then rapidly cooled to a lower second-step temperature 7, = 1000°C
for 4 h, followed by cooling to room temperature. Phase formation was characterized by
X-ray diffraction (XRD) technique. The densities of the sintered ceramics were measured
by using the Archimedes’ method with distilled water as the media. Microstructure study
was investigated via a scanning electron microscope and the grain size was determined
by using the intercept method. For electrical measurements, silver electrodes were made
on both sides of the pellet samples. Dielectric measurements were carried out using an
impedance analyzer (Agilent 4192A) over the frequency range of 1 kHz to 1 MHz with
various temperatures. The ferroelectric properties at room temperature were examined
using a ferroelectric tester (Radiant Technologies Inc.).

3. Results and Discussion

XRD patterns of the BNT-BA ceramics sintered by the conventional and the two-step
sintering methods are shown in Fig. 1. All samples exhibited a pure phase perovskite
without impurity phase such as Bi;Al4Og [3]. The samples also showed a rhombohedral
symmetry. The full width at half maximum (FWHM) of the (111) XRD peak for each
sample was calculated. The FWHM values were calculated to be 0.354 and 0.295° for
the conventional method and the two step sintering method, respectively. Generally, the
FWHM value can be related to degree of crystallinity, grain size (particle size) and strain of
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Figure 1. XRD patterns of the BNT-BA ceramics fabricated by the conventional and the two-step
sintering methods.

sample, and residue stress in metals [14]. However, in the present work we concerned only
for the degree of crystallinity in the ceramics. In our case, a lower FWHM value indicates a
higher degree of crystallinity. Therefore, the two step sintering samples exhibited a higher
degree of crystallinity. However, it should be noted that the density for the two steps
sintering sample (5.854 g/cm?) was higher than that obtained from the conventional sample
(5.790 g/cm?).

Figure 2 displays the microstructures of the ceramic samples. The average grain sizes
for the conventional and two step sintering samples were 1.5 and 1.4 um, respectively.

Figure 2. SEM micrographs of BNT-BA ceramics fabricated by (a) conventional method and
(b) two step sintering method.
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Figure 3. Dielectric properties of BNT-BA ceramics fabricated by (a) conventional method and (b)
two step sintering method.

Furthermore, grain shape and distribution of both samples looks similar. The similar mi-
crostructure for both samples suggests that the two steps sintering has not affected on
microstructure of the ceramics, compared with the conventional method.

A comparison of the dielectric result between the conventional and two step sintering
samples is shown in Fig. 3. The temperature dependence of the dielectric constant depicts a
weak frequency dependence for both samples compared with some relaxor materials such
as Ba(Tig7Zrp3)O; ceramics [15]. However, the two steps sintering sample exhibited a
stronger frequency dependence compared to the conventional sample. In addition, the two
steps sintering sample had a higher dielectric maximum at the transition temperature (T, ~
300°C) with maximum permittivity (&y,) of ~3,100 (at 1 kHz) while the conventional sample
exhibited a lower e, value of 2,800 (at T, ~ 290°C). The improvement of the maximum
dielectric may be due to the higher ceramic density and the higher degree of crystallinity of
the two step sintering sample. A similar result was reported on the work done by Khamman
et al. in BigsNaysTiO3 [16]. Furthermore, the change in transition temperature indicates
that processing parameter has an effect on the phase transition temperature of this solid-
solution. In addition, the dielectric permittivity curve of the conventional sample looks
broader or more diffuse comparing with the two steps sintering sample. Figure 3 also
shows loss tangent value as a function of frequency. The values of loss tangent at T, (at
1 kHz) were 0.021 and 0.025 for two step sintering and conventional samples, respectively.
Further, the loss tangent for the two steps sample presented a stronger frequency dependence
compared to the conventional sample which consistent with the dielectric constant data.
The presented results indicate that preparation technique affects the dielectric behaviour of
the ceramics.

To estimate the degree of diffuseness in the dielectric-temperature curve, the diffuseness
parameter (8, ) was calculated from the equation [17].

_ 2
s _ [(T T, } 0

2
& 25y

The value 8, can be calculated from a plot of In(g; jax /€,) versus (T — T,,)%. The values of
the parameter 8, were 197.64 and 191.74 K for the conventional sample and the two steps
sintering sample, respectively. The higher §,, for the conventional sample confirms a more
diffuse phase transition.
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Figure 4. P-F hysteresis loops of BNT-BA ceramics fabricated by the conventional method and the
two step sintering method.

The polarization-field (P—E) measurements for the ceramics prepared from both meth-
ods are represented in Fig. 4. The polarization loop of both samples are well developed
showing a large remanent polarization at zero field. The hysteresis loops have a typical
square shape which is the characteristic of a ferroelectric material. The values of P, and
E. for conventional samples were 29.27 ;1 C/cm? and 3.2 kV/cm, respectively, whereas the
remanent polarization P; and coercive field E. for the two steps sintering method were
38.49 uC/cm?and 3.6 kV/cm, respectively. Since there is no significant change in the grain
size the higher P; value for the two steps sintering method may be due to the density effect,
i.e. higher density sample give higher P, value. Furthermore, a higher degree of crystalinity
in the two steps sintering method may be another reason for the higher P, value.

4. Conclusion

The properties of BNT-BA ceramics prepared by the conventional and the two steps method
were investigated. Although both samples had pure phase perovskite and similar microstruc-
ture, the two steps samples exhibited higher density and degree of crystallinity. Phase tran-
sition behavior, dielectric and ferroelectric properties were found to depend on the methods
of preparation. In this work, the two steps method sample exhibited the better dielectric
and ferroelectric performances.
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The method of two-steps sintering was applied to Ba(Tiy g:Sny.15)O3 ceramics to improve
their electrical properties. The ceramics were sintered at T;(1350°C) with a short time,
followed by firing at T, (1100°C) for 416 h. Effects of dwell time at T, on the properties
of the ceramics were investigated. The examination of dielectric spectra indicates that
the ceramics exhibited a relaxor behavior. An improvement in density and dielectric
constant at the transition temperature of the ceramics were observed for a longer dwell
time. The dielectric behavior was confirmed by the ferroelectric behavior of the samples.

Keywords Phase transition; dielectric properties; diffuseness parameter

1. Introduction

In the recent years, lead free ferroelectric ceramics with perovskite structure (ABO3) such
as BaTiO3-based ceramics, (BigsNag 5)TiO3-based ceramics, and (K sNags)NbOs-based
ceramics have received considerable attention from many authors due to their high electrical
properties as well as an environmentally friendly, leading to their use as a replacement for
lead based ceramics [1-4]. Among the BaTiO3-based ceramics, Barium stannate titanate;
Ba(Ti;—xSnx)O3 (BTS) is one of an interesting ferroelectric materials [5]. The transition
temperature from ferroelectric (FE) phase to paraelectric (PE) phase of Ba(Tij. xSny)O;
depends on Sn concentration [6]. This electroceramic system exhibits a high dielectric
constant for 0.10 < x < 0.20 compositions [5, 7]. For BTS in some compositions, it
shows a relaxor ferroelectric behavior response [8]. A diffuse phase transition has been
observed due to a partial isovalent substitution of Ti** by Sn** [9]. Many researchers have
reported that properties of BTS ceramics can be improved by doping some metal oxide
[10]. Furthermore, small grain and densest BTS ceramics exhibit a better in dielectric
behavior for the ferroelectric state [11, 12]. Generally, the fine grain and densest ceramics
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can be obtained by using suitable sintering parameters. It is also reported the properties
of many ceramics have been affected by technique of sintering. Therefore, many sintering
techniques have been proposed such as fast firing, liquid phase sintering, and pressure-less
sintering [13—15]. One of promising sintering technique which produces fine grain and high
densification ceramics is the two step sintering. For this technique, the sample is heated to
first step a higher temperature (7';), then rapidly cooled down and held at second step a
lower temperature (T',) for a suitable dwell time until it is fully dense. Recently, it is reported
that two step sintering could produce a better densification, resulting in an improvement of
alkaline niobate-based lead-free ceramic properties [16].

In the present work, the two step sintering technique was applied for fabrication of the
BTS ceramics. Many properties of the fabricated ceramics such as dielectric properties and
ferroelectric properties were investigated and reported.

2. Experimental

High purity metal oxide of BaCOs, TiO, and SnO, were used as the starting materials.
These powders were weighed based on the stoichiometric formula of Ba(Tipg>Sng 13)O3
(BTS) and then mixed in ethanol with yttria stabilized zirconia ball as grinding media for
24 h. The obtained products were dried, ground and then sieved before calcined at 1300°C
for 4 h. The calcined powders were mixed with polyvinyl alcohol binder. The resulting
powder was pressed into cylindrical pellet shape. The green pellets were sintered by two
step sintering. For the two step sintering processing, the samples were sintered at T =
1350°C for a short time and then fired at 7, = 1100°C for 4-16 h, followed by cooling
to room temperature. The density of the sintered samples was measured by Archimedes
method using distilled water. Phase formation of the sintered samples was characterized
by the X-ray diffraction (XRD) technique. The electrical properties of the studied samples
were investigated. The dielectric properties were determined at various temperatures and
frequencies using a LCR meter (Agilent E4980A). The ferroelectric polarization versus
electric field (P-E hysteresis loop) measurement was performed at various temperatures
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Figure 1. XRD patterns of BTS ceramics prepared using two steps sintering methods, where #, is
the dwell time at 7.
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Figure 2. Surfaces of BTS ceramics sintered with different dwell times at T5: (a) 4 h and (b) 16 h.
(Color figure available online.)

using a ferroelectric test system (Radiant Technologies). Microstructure of the samples was
studied by a scanning electron microscope (SEM).

3. Results and Discussion

In the present work, the dwell time for the second step of sintering was varied to achieve the
better properties of the ceramics. The XRD diffraction results of the samples prepared by
two steps sintering methods are shown in Fig. 1. The XRD result revealed that all samples
have a pure perovskite phase, i.e. there was no evidence of impurity product in the XRD
patterns for all samples. The data was analysis based on JCPDS file no. 00-031-0174. The
XRD analysis also indicated that all samples had a cubic symmetry. This result is consistent
with the work done by Wei et al. [7] who investigated the properties of Ba(Ti;_xSnx)O3
(x = 0-1) ceramics. Furthermore, no measurable changes in d-spacing for different dwell
times at 7>. A plot of density versus the dwell time is displayed in the inset of Fig. 1. The
density of the samples increases with increasing the dwell time. Although, the sintering
temperature at T is quite high, the increase in density with the dwell time indicates that
the sintering was not completed at 7'; but it would be completed or nearly completed at T,
(with a suitable time). Fig. 2 shows selected SEM micrographs of the samples. The grain
size of the samples is in a range of 6.6—7.6 um. This indicates that dwell time at 7, did not
influence the grain size. However, it should be noted that the grain size range obtained in
this work is smaller than that obtained from the conventional sintering technique (previous
work) [17].
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Figure 3. (a) Dielectric constant and (b) dielectric loss versus frequency for BTS ceramics sintered
with different dwell times at 7.
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Figured4. Dielectric constant and dielectric loss (tan §) versus temperature for BTS ceramics prepared
by two steps sintering technique with different dwell times at 7,: (a) 4 h, (b) 8 h and (c) 16 h. Insets
show ferroelectric hysteresis loops of the samples.

Figure 3 shows the dielectric constant and dielectric loss versus frequency measured
at room temperature for the BTS ceramics. It was found that a longer dwell time produced
stronger frequency dependence in the samples. The dielectric constant (at 1 kHz) was
observed to increase with the dwell time (Fig. 3(a)). Further, all samples also exhibited a
frequency dependent of the dielectric loss where the 16 h sample had higher dielectric loss
than other samples, especially for frequencies <5 x 10* Hz. Variations in the dielectric
constant of the materials under investigation were measured as a function of temperature for
the frequencies ranging 1-500 kHz. The temperature dependence of the dielectric constant
depicts a relaxor behavior of the dielectric peak at T, (where T, is the temperature at
dielectric maximum (&;max)) for all samples.

Figure 4 shows the dielectric constant and dielectric loss versus temperature. The
value of &, m,x increased with increasing the dwell time (Fig. 5). However, T, unchanged
with the dwell time, due to the unchanged in the structure of samples after sintering. The
increase in dielectric constant may be related to the increase in density, i.e. a longer dwell
time produced a higher dielectric constant. It has been suggested that the paraelectric side
of the permittivity curve, having diffuse phase transition, can be written as [18]

Ermax ex (T - Tm)2
P T

6]

where &, max 1S maximum value of the dielectric constant at T'y; € ; is the dielectric constant
of sample; and §,, is diffuseness parameter of the transition. The parameter of §,, can be



Downloaded by [Chatchai Kruea-In] at 00:21 11 December 2013

BTS Ceramics Prepared by Two-Steps Sintering [1149]/135

-22.5 : 9000
M o |
| E 3
= - 1 se00
2304 L R e |
L . N ::;'_' T
9 * U 8800 £
=% -23.5 w”
&~ !
ey
- 8700
'24.0' ’,’L
-
: : : ‘ : . —L 8600
4 8 12 16

Dwell time Z, (h)

Figure 5. Values of &, ,x and T, versus dwell time (#,) at T, of BTS ceramics. Inset shows value of
Sy versus dwell time at T',.

determined from In(e;max/e;) versus (T — Tw)? plot [19]. This parameter is valid for the
range of (&;max/&r) < 1.5, as suggested by Pilgrim et al. [18]. A plot of parameter §,, versus
time at T', is illustrated in the inset of Fig. 5. The value of parameter §,, increased with
increasing time at T, indicating that the longer time at 7', produced a slightly sharper phase
transition in the ceramic system.

The ferroelectric hysteresis loops at different temperatures of the samples are displayed
in the insets of Fig. 4. The hysteresis loops shows the gradual change in hysteretic behavior
with increasing temperature approaching the phase transition. It should be noted that the slim
loops were observed at temperatures lower than T, due to the relaxor ferroelectric influence.
However, the 8 and 16 h (at 0°C) samples showed distorted and more slant hysteresis loops
with larger area. This may be related to the high dielectric loss at temperature >T,, produced
higher leakage current in the samples.

4. Conclusion

Ceramics of BTS were fabricated by the two steps sintering technique. Effects of dwell
time at the second state of the sintering on the properties of the studied ceramics were
investigated. All samples exhibited a relaxor behavior, characterized by dielectric and fer-
roelectric measurement. The dielectric constant at the transition temperature increased with
increasing the dwell time. It is proposed that the enhancement in the dielectric properties
is due to the better densification of the samples.
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In the present work, molten salt method was applied to synthesize the
0.9875(KysNays)NbO3;-0.0125BiScO; (KNN-BS) powders. Pure phase of KNN-BS
powder was obtained for a calcination temperature of 700°C which lower than a
conventional mixed oxide method by 250°C. The KNN-BS ceramics were fabricated by
a solid-state reaction technique. Effects of excess Na and K on the properties of the
ceramics were investigated. The excess Na and K produced an increase in dielectric
constant at the ferroelectric to paraelectric transition temperature as well as change
the transition temperatures. Further, the ferroelectric behavior was also improved by
the additives.

Keywords Molten salt; transition temperature; ferroelectric property

Introduction

In the recent years, lead-free ferroelectric materials have been shown a significant inter-
est for environmental friendly electronic devices which will be replaced the lead based
ferroelectric materials such as PbZr,Ti;O3; based materials [1-5]. Potassium sodium
niobate ((K4Na; x)NbO3; KNN-based) based system is an important lead-free ferroelec-
tric materials due to their excellent electrical properties. Among KNN-based materials,
(1-x)KNN-xBS ceramics have been considers as promising candidates for lead-free piezo-
electric ceramics since they exhibit high piezoelectric properties at room temperature and
high curie temperature (d33~253 pC/N, k, = 0.48, k, = 0.49 and T. = 351°C) [6]. The
phase structure of (1-x)KNN-xBS ceramics are a perovskite structure with orthorhombic
symmetry, tetragonal symmetry and pseudocubic symmetry, depending on composition
parameter X. Previous works have reported the properties of the materials in the composi-
tion ranging 0.0125 < x < 0.0200) showing high piezoelectric properties because of the
formation of the polymorphic phase transition (PPT) between orthorhombic to tetragonal
phase in the studied range composition [6-9]. To obtain excellent electrical properties in
the materials, however, it is necessary to fabricate the studied ceramics from high quality
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Figure 1. XRD patterns of the KNN-BS powders calcined with different temperatures. Inset shows
SEM micrographs for (a) 700°C and (b) 800°C samples.

of starting calcined powder. Recently, it is reported that molten salt technique is a simple
technique with low cost for synthesis high quality and fine power. Further, this technique
can save energy for the processing due to it does not use too much higher temperature for
the calcination, compared with other techniques [10].

Further in case Na and K based materials, it is known that K and Na can volatile during
the high temperature processing, i.e. higher loss rate of K and Na can occur at the sintering
state. Since the molten salt technique is the low temperature technique and the high temper-
ature technique produces K and Na loss problem in the Na and K based ceramics, therefore
in this work the KNN-BS in a composition of 0.9875(K sNag 5)NbO3.0.0125BiScO3 were
synthesized by the molten salt technique. The effects of excess K and Na on the properties
of the synthesized ceramics were also investigated.

Experimental Setup

The 0.9875(K.5Nag 5)NbO3.0.0125BiScO3 sample were prepared by the molten salt tech-
nique, using raw metal oxides of K;CO3 (99.0%, Sigma-Aldrich), Na,COj3 (99.5%, Riedel-
de Haen), Nb,Os (99.9%, Aldrich), Bi;03(99.9%, Aldrich) and Sc,03 (99.0%, ABSCO
materials). The powders were weighed according to the stoichiometric chemical formula
and then ball milled in isopropanol for 24 h. An equal molar ratio of inorganic salt mixtures,
NaCl (99.5%, Fluka) and KCI (99.5%, Riedel de Haen) were mixed by hand-grinding for
30 min. The mixture raw materials were mixed with the salts by a ball milling technique.
The mixed powders were calcined at temperatures ranging from 500 to 800°C for 2 h. The
obtained products were washed with hot deionized water several times until no trace of
anion was detected (by AgNOj3 aqueous solution). The obtained powders were then added
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Figure 2. (a) XRD patterns of KNN-BS ceramics containing different levels of excess K-Na. Inset
shows density vs. K-Na excess and (b) SEM micrographs and grain size vs. additive concentration.
(Color figure available online.)
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Figure 3. (a—c) Dielectric constant and loss tangent versus temperature of KNN-BS ceramics con-
taining different additives levels ((a) = 0.0, (b) = 0.5, and (c¢) = 1.0 wt%) and (d) values of &, nax and
transition temperatures as a function of additives content.

with K;COj3; and Na,COs in a range of 0—1 wt% and ball milled for 24 h. After grinding
and sieving, 3 wt% of polyvinyl alcohol binder was added into the powders. The resulting
powders were pressed in to pellets and sintered at 1200°C for 3 h in air. The density of
the resulting ceramics was measured using the Archimedes’ method. Phase formation was
determined using the X-ray diffraction (XRD) technique. The microstructure of the samples
was studied via scanning electron microscopy (SEM). For electrical measurements, the ce-
ramics were coated with silver paste electrodes on both sides of the pellets and the dielectric
properties were measured using an impedance analyzer. The ferroelectric hysteresis loops
were carried out at room temperature using a hysteresis measurement circuit.

Experimental Results

To obtain the pure KNN-BS phase, the mixed raw materials powder was calcined at a
temperature ranging 500-800°C. The XRD patterns of the calcined powders (with different
temperatures) are shown in Fig. 1. The XRD data revealed that the all calcined powders
exhibited a main perovskite phase. No impurity other than KNN-BS was observed by
XRD except the powder calcined at the temperature <700°C. It should be noted that the
pure phase of KNN-BS can be obtained at the calcination temperature over 950°C by the
conventional solid-state method [6]. Therefore, the existence of pure phase KNN-BS at
700°C in the present work, suggests that the molten salt method can reduce the calcination
temperature by ~250°C. Further, no shift in the diffraction peaks was observed though the
calcinations temperature range, implying an increase in the calcination temperature did not
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Figure 4. P-E hysteresis loops for the KNN-BS ceramics. (Color figure available online.)

make any change in lattice parameters. However, particles size of the calcined powders
increased from 0.29 um for the 700°C powder to 0.34 um for the 800°C powder (inset of
Fig. 1). Further, the 700°C powder exhibited a uniform in particle size.

XRD patterns of KNN-BS ceramics containing different levels of the additives are
shown in Fig. 2(a). Pure perovskite phase was observed for all ceramic samples. To check
the symmetry of the samples, the XRD data was carried out based on the Inorganic Crystal
Structure Database (ICSD). The XRD peaks are consistent with orthorhombic with Amm?2
symmetry as KNbOs; (ICSD code 01-071-0946) [11]. Our results is consistent with the
work done by Hao et al. [12] whose samples were synthesized KNN-BS by a novel
hybrid method of sol-gel and ultrasonic atomization. The values of sintered density (bulk
and relative density) as a function of K-Na content are shown in the inset Fig. 2(a).
The measured density was found to increase with K-Na excess. This may be due to the
additives compensated K and Na volatile during the processing. SEM micrographs and
grain size versus additive concentration are displayed in Fig. 2(b). The grain morphology
of the samples is a cuboid-like shape. The average grain size, as calculated by an intercept
method, decreased with increasing amount of the additives. Although the additives assist
densification during the processing, a higher amount of the additives produced the decrease
in grain size. This may be caused by effect of excess additives (at the grain boundaries)
which inhibited grain growth.

Plots of dielectric constant as a function of temperature are illustrated in Fig. 3. The
data result revealed the paraelectric transition of the ceramics occurred at ~357-367°C.
The transition temperature decreased with increasing the additives (Fig. 3). All samples
displayed a weak frequency dependence of the dielectric constant. It should be noted
that the dielectric constant maximum at peak of the dielectric curve (&;max) increased
with increasing amount of the additives (Fig. 3(d)). This trend matches that trend of the
measured density, i.e., the higher density ceramics gave higher dielectric constants due to the
additives have compensated the K and Na loss during the processing. The transformation
from the orthorhombic to tetragonal phase displayed a shoulder at temperature around
~150-200°C (T orth—tetra)- This transition is clearly observed for the 1.0 wt% sample.
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Further, the T oth-tetra decreased with increasing the additives (Fig. 3). The changes in phase
transition temperatures may be cause by the reduction of defects after adding the additives.

The P - E hysteresis loop measurements at room temperature were performed using
a Sawyer—Tower circuit. The hysteresis loops for various excess additives contents are
shown in Fig. 4. A lossy capacitor hysteresis loop type was observed for the unmodified
and 0.5 wt% samples. However, the remanent polarization (P;) increased with increasing
the additive. Further, the 1 wt% sample showed a ferroelectric hysteresis loop. Therefore,
the additives produced an improvement in ferroelectric behavior of the KNN-BS ceramics.

Conclusion

We have for the first time synthesized KNN-BS powders by molten salt method. The
molten-salt method could reduce the calcination temperature to a low temperature. The
synthesized KNN-BS powders exhibited fine particles. The ceramics of KNN-BS with
different excess K-Na levels were also fabricated via a solid-state reaction technique and
properties of the ceramics were investigated. All ceramics exhibited pure perovskite phase
with orthorhombic symmetry at room temperature. Dielectric constant—temperature plots
showed a higher peak value of the dielectric constant for a higher additives contented sample
which was also a higher dense sample. The additive also shifted the transition temperatures.
In addition, the additives improved the ferroelectric behavior for the studied system.

Acknowledgments

The authors would like to thank the Thailand Research Fund (TRF) and
Office of the Higher Education Commission (OHEC) Thailand for financial supported.
Thank also to Faculty of Science and Graduate School Chiang Mai University, and Faculty
of Science and Technology Chiang Mai Rajabhat University for supporting facilities.

References

1. S.Su, R. Zuo, S. Lu, Z. Xu, X. Wang, and L. Li, Poling dependence and stability of piezoelectric
properties of Ba(Zr,Tips)O3-(Bag7Cag3)TiO3 ceramics with huge piezoelectric coefficients.
Curr. Appl. Phys. 11, S120-123 (2011).

2. K. Matsumoto, Y. Hiruma, H. Nagata, and T. Takenaka, Piezoelectric properties of KNbO;
Ceramics prepared by ordinary sintering. Ferroelectrics. 358, 169—174 (2007)

3. T. Tsurumi, J. Li, T. Hoshina, H. Kakemoto, M. Nakada, and J. Akeda, Ultrawide range dielectric
spectroscopy of BaTiOs-based perovskite dielectrics, Appl. Phys. Lett. 91, 182905 (2007).

4. E. Matsushita, and K. Sugiyama, Condition of morphotropic phase boundary in perovskite-
oxides. Ferroelectrics. 428, 49-56 (2012).

5. X. Pang, J. Qiu, K. Zhu, and H. Zheng, Synthesis and characterization of (Ko sNags)NbO;
piezoelectric ceramics prepared using Ks70Li4.07Nb1023030 as a new sintering aid. Ferroelectrics.
432, 73-80 (2012).

6. H. Du, W. Zhou, F. Luo, D. Zhu, and S. Qu, Design and electrical properties investigation of
(Ko5Nag 5)NbO3;—BiMeOs; lead-free piezoelectric ceramics. J. Appl. Phys. 104, 034104 (2008).

7. X. Sun, J. Deng, C. Sun, J. Li, J. Chen, R. Yu, G. Liu, X. Xing, and L. Qiao, Effect of BiScOj3
and LiNbO; on the piezoelectric properties of (Nag 5K s)NbO; ceramics. J. Am. Ceram. Soc. 92,
1853-1855 (2009).

8. H.Du, W. Zhou, F. Luo, D. Zhu, S. Qu, Y. Li, and Z. Pei, High T, lead-free relaxor ferroelectrics
with broad temperature usage range: 0.04BiScO;—0.96 (K(sNajs)NbOs. J Appl Phys. 104,
044104 (2008).



Downloaded by [Chatchai Kruea-In] at 00:21 11 December 2013

10.

11.

12.

Properties of Modified KNN Based Ceramics [321]/75

. J. Liu, J. Zhu, M. Wang, Y. Pu, X. Li, P. Sun, L. Feng, X. Zhu, J. Zhu, and D. Xiao, Effects of

K/Na ratio on the phase structure and electrical properties of 0.98(K\Na; ,)NbO3;—0.02BiScO;
lead-free ceramics. Ceram. Inter. 38, 347-350 (2012).

F. Bortolani, and R. A. Dorey, Molten salt synthesis of PZT powder for direct write inks. J. Euro.
Ceram. Soc. 30, 2073-2079 (2010).

J. G. Fisher, D. Rout, K. S. Moon, and S. J. L. Kang, High-temperature X-ray diffraction and
Raman spectroscopy study of (KosNays)NbO; ceramics sintered in oxidizing and reducing
atmospheres. Mater Chem Phys. 120, 263-271 (2010).

J. Hao, Z. Xu, R. Chu, Y. Zhang, Q. Chen, P. Fu, W. Li, G. Li, and Q. Yin, Characterization
of (KosNags)NbO; powders and ceramics prepared by a novel hybrid method of sol-gel and
ultrasonic atomization. Mater. Design. 31, 3146-3150 (2010).



This article was downloaded by: [Chatchai Kruea-In]

On: 11 December 2013, At: 00:05

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Ferroelectrics

Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gfer20

FERROELECTRICS

Fabrication of Sodium Potassium Niobate
Ceramics by Two Step Sintering Assisted
Molten Salts Synthesis

Narumon Lartcumfu  , Chatchai Kruea-In ° , Nattaya Tawichai ¢ &
Gobwute Rujijanagul ?

& Department of Physics and Materials Science, Faculty of Science ,
Chiang Mai University , Chiang Mai , 50200 , Thailand

® Faculty of Science and Technology , Chiang Mai Rajabhat
University , Chiang Mai , 50300 , Thailand

¢ School of Science , Mae Fah Luang University , Chiang Rai , 57100 ,
Thailand
Published online: 09 Dec 2013.

To cite this article: Narumon Lartcumfu , Chatchai Kruea-In , Nattaya Tawichai & Gobwute
Rujijanagul (2013) Fabrication of Sodium Potassium Niobate Ceramics by Two Step Sintering Assisted
Molten Salts Synthesis, Ferroelectrics, 456:1, 14-20, DOI: 10.1080/00150193.2013.846171

To link to this article: http://dx.doi.org/10.1080/00150193.2013.846171

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content™) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,

and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &



http://www.tandfonline.com/loi/gfer20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00150193.2013.846171
http://dx.doi.org/10.1080/00150193.2013.846171

Downloaded by [Chatchai Kruea-In] at 00:05 11 December 2013

Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions



http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Chatchai Kruea-In] at 00:05 11 December 2013

Ferroelectrics, 456:14-20, 2013 Taylor & Francis
Copyright © Taylor & Francis Group, LLC Taylor & Francis Group

ISSN: 0015-0193 print / 1563-5112 online
DOI: 10.1080/00150193.2013.846171

Fabrication of Sodium Potassium Niobate
Ceramics by Two Step Sintering Assisted
Molten Salts Synthesis

NARUMON LARTCUMFU,'! CHATCHAI KRUEA-IN,**
NATTAYA TAWICHAI? AND GOBWUTE RUJIJANAGUL!

Department of Physics and Materials Science, Faculty of Science, Chiang Mai
University, Chiang Mai 50200, Thailand

2Faculty of Science and Technology, Chiang Mai Rajabhat University, Chiang
Mai 50300, Thailand

3School of Science, Mae Fah Luang University, Chiang Rai, 57100, Thailand

Potassium sodium niobate (KNN) powders were synthesized by a molten salt synthesis.
The pure phase KNN was achieved for a calcination temperature of 500 °C which is lower
than the conventional technique by 400°C. The KNN ceramics were then fabricated by a
two steps sintering technique. Effects of dwell time at T, on the properties of the ceramics
were investigated. Although there was unchanged in microstructure, the dielectric results
indicate that a longer dwell time produced a higher value of peak dielectric constant.
However, the 8 h sample exhibited the densest ceramic and showed a better ferroelectric
performance.

Keywords Molten salt; two step sintering; dielectric properties

1. Introduction

Potassium sodium niobate (KxNa;_4)NbOs3; KNN) system is an important lead-free ferro-
electric materials and it has been widely investigated due to their potential applications in
electronic devices such as piezoelectric actuators, sensors and transducers. KNN ceramics
show high transition temperature, high remnant polarization, and high radial coupling coef-
ficients [1-4]. Further, morphotropic phase boundary between orthorhombic and tetragonal
phases of the KNN is observed for the composition of Ky sNagsNbO;3 [5]. In order to get
high piezoelectric and ferroelectric properties, a high quality of starting powder is essen-
tially considered. Various approached have been used to obtain the KNN powders [6-8].
The conventional mixed-oxide method has been often used to synthesized KNN powders;
however, it requires a high calcination temperature which leads the particle coarsening and
aggregation of the powders. Many chemical route such as sol-gel process, hydrothermal
and co-precipitate have been proposed for producing the fine KNN powders, but cost of raw
materials of these methods are quite high. Furthermore, the yield of the obtained products
from most chemical methods is so small. Recently, it is proposed that molten salt synthesis
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is one of the simple and practical techniques with low cost for preparing fine powder [9].
Further, it is known that the properties of many ceramics are also influenced by the tech-
niques of sintering. Therefore, various techniques have been reported such as rapid-rate
sintering, rate-controlled sintering, and two-step sintering [10]. Among these methods, the
two-step sintering method is interesting because it can achieve a high ceramic density
and produces small grains with low grain growth rate [10]. Generally for the two-steps
sintering, the samples are fired at temperature T for a short dwell time follow by firing at
a temperature lower than the first step approximately 100-200°C (T,) at a suitable dwell
time (second step). By using this technique, loss of some starting materials which have
low melting point can be control due to the short dwell time at T;. Thus, this sintering
technique may be good for some lead free materials which prepared from low melting point
raw materials.

In the present work, the molten salt method and the two step sintering were applied to
synthesize the KNN powder and ceramics, respectively. The characteristic of synthesized
KNN powder prepared by the molten salt method was investigated. The effects of dwell time
at T, for the two step sintering process on the ceramic properties were also investigated.

2. Experimental

In the present study, (Ko sNags5)NbO3 ceramic powder was synthesized by molten salt
method. An equal molar ratio of inorganic salt mixtures, NaCl (99.5%, Fluka) and KCl
(99.5%, Riedel de Haen) were mixed by hand-grinding for 20 min. The stoichiometric
amounts of K,COj3 (99.0%, Sigma-Aldrich), Na,COj3 (99.5%, Riedel de Haen), and Nb,O5
(99.9%, Aldrich) were weighed according to the chemical formula of (K 5Nag 5)NbO3 and
then the oxides were mixed by a ball milling technique for 24 h in ethanol medium. The
obtained powders were dried at 110°C for 12 h. The mixtures of the precursors and mixed
salts were 1:1 weight ratio. After hand-grinding by a mortar and pestle for 30 min, the
mixture was placed in sealed alumina crucibles and heated at temperatures ranging from
400 to 700°C for 2 h. The obtained products were washed with hot deionized water several
times until no trace of anion was detected by AgNO; aqueous solution. The calcined
powders were characterized by variety techniques. Phase formation was determined by
XRD analysis. The particle morphology was examined by scanning electron microscopy
(SEM). The obtain KNN powder was used to form the KNN ceramics. The obtained powder
was pressed into a disc shape. For the two-steps sintering, the samples were sintered at
T; = 1,150°C then rapid cool down to T, = 950°C for 2—16 h, followed by cooling to room
temperature. Organic impurities were eliminated by firing the green pellet samples at 500°C
for 2 h for all samples. For the dielectric investigation, silver paste was painted on both sides
of the samples. Dielectric measurements were carried out using a LCR meter in conjunction
with a tube furnace. The ferroelectric hysteresis loops (P-E loop) was determined using a
Sawyer Tower circuit (1 Hz) at room temperature.

3. Results and Discussion

Figure 1 shows XRD patterns of calcined powders at various calcination temperatures. For
the 400°C calcined sample, second phase was observed as indicates by “*” in the XRD pat-
tern (Fig. 1). However, the XRD intensity peak of the second phase was very small; indicat-
ing that amount of second phase was very low. Pure perovskite phase of KNN was obtained
for the calcination temperature >400°C. It should be noted that that sample calcined at
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Figure 1. XRD patterns of KNN powders prepared by using various calcination temperatures.

700°C showed the highest amount of perovskite phase due to the XRD patterns shows sharp
peaks. Normally, the pure phase of KNN powder synthesised by the solid-state reaction
method can obtained at the calcinations temperature >900°C [11]. Therefore, the existence
of pure phase KNN at temperature >400°C in the present work, indicatess that the molten
salt synthesize can reduce the calcinations temperature by 400°C.

Morphology of selected KNN powders is displayed in Fig. 2. With increasing calcina-
tion temperature, no change in particle size was observed. The average particle size of the
samples was in a range ~0.2-0.3 um. Particle shape and size distribution all powders look
unchanged with increasing the calcination temperature. This result suggests that the calci-
nation temperature has not too much effect on the microstructure of the resulting powders.
Further, the powders exhibited uniform in particle sizes.

In the present work, the two-step sintering method was applied for fabrication of the
KNN ceramics, i.e. the sample were sintered at 7; = 1150°C for a short time and then
rapidly cooled to a lower second-step temperature 7, = 950°C for 2-16 h, followed by
cooling to room temperature. The XRD patterns of the KNN ceramics sintered by the two

Figure 2. SEM micrographs of KNN powder calcined at (a) 400 and (b) 700°C.
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Figure 3. XRD patterns of KNN ceramics fabricated by the two steps sintering method.

steps sintering method are shown in Fig. 3. All samples exhibited a pure phase perovskite
without any impurity phase such as K4NbgO;7 [12]. The XRD data revealed that the
samples showed an orthorhombic symmetry according to the JCPDF file No. 01-071-0946.
The XRD result is consistent with the work done by Fisher ef al. [13] who synthesized
KNN by a solid-state technique.

The density values of the studied ceramics were 4.25-4.47 g/cm?. However, maximum
density was 4.47 g/cm? for the 8 h sample. The lower density for the 16 h sample may be
due to longer dwell time produced higher volatile K and Na. The average grain sizes of
the samples were in a range 2.5-2.6 um (Fig. 4). The slightly changed in grain size with
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Figure 4. Bulk density and grain size as a function of dwell time at T, for the KNN ceramics,
prepared by the two steps sintering.
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Figure 5. Selected SEM micrographs of KNN ceramics fabricated by the two steps sintering with
different dwell time T',: (a) 2 h and (b) 16 h.

increasing the dwell time is due to the temperature at T is not high enough for producing
a higher rate of grain growth. Selected SEM micrograph of the KNN ceramics is displayed
in Fig. 5.

Plots of dielectric constant and dielectric loss versus temperature are illustrated in
Fig. 6. All samples exhibited a weak frequency dependence of the dielectric constant. The
transition temperatures at orthorhombic to tetragonal (7T rerrq) and tetragonal to cubic
(T,) phase transitions were found to be unchanged with increasing the dwell time. However,
the maximum dielectric constant at T, increased from 2,200 for the 2 h sample to 2,400 for
the 16 h sample. Further, the values of dielectric loss of all samples were lower than 0.05
for temperature <200°C. However, the values of dielectric loss at the high temperatures
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Figure 6. Dielectric properties of KNN ceramics fabricated with various dwell times at 7.
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Figure 7. Dependence of the polarization versus electric field (P-E) loop of KNN ceramics prepared
by the two steps sintering method where T, was varied from 2-16 h.

(>200°C) are comparable high. It should be noted that the values of dielectric loss for the
16h sample are higher of than other samples. This may be due to the formation of defects,
caused from the longer dwell time.

Ferroelectric hysteresis loop measurements were performed using a Sawyer—Tower
circuit at room temperature. The hysteresis loops (P-E) of the samples are shown in
Fig. 7. All samples exhibited the ferroelectric characteristic. However, it seems that the
8 h samples presented better ferroelectric behavior. To check the quantification of the
hysteresis behavior, the squareness of the hysteresis loop (Ry;) was determined by an
empirical relationship as expressed in equation (1) [14]

R =ﬁ+ Pk, 0
M P,
where P; is the remanent polarization, P; is the saturate polarization, and P g, is the polar-
ization at an electric field equal to 1.1 times of the coercive field. The Ry, value as a function
of dwell time is presented in Fig. 7. It was found that the 8 h sample had a higher value Ry,
as expected. This result may be link with the higher measured density of this sample.

4. Conclusion

In the present work, a molten salt synthesis was applied to synthesized KNN powders.
Pure phase perovskite was obtained at a relative low calcination temperature of 500°C. The
powder exhibited a fine grain with a relatively uniform particle size. The KNN ceramics
were prepared by the two steps sintering technique with different dwell times at the second
steps of sintering. All ceramics had a pure perovskite phase with rhombohedral symmetry.
The dielectric constant at ferroelectric to paraelectric phase transition temperature increased
with increasing the dwell time. The results also indicate that the higher density ceramics
produced the better ferroelectric performance in the studied ceramics.
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