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Abstract. Bismuth sodium titanate, Biy.sNag.sTiO3 (BNT) is considered to be an excellent candidate for a key
material of lead-free dielectric ceramics. In this study, we propose the dielectric and optical study of single phase
BNT powder prepared by solid-state reaction route. The phase formation and structural study were done by X-ray
diffraction (XRD) which shows well developed crystallite with a pure perovskite phase. The ceramic was sintered
at different temperatures from 1050°C to 1175°C to study the effect of sintering temperature on the morphology
and density. It was found that the sample sintered at 1150°C shows the highest density. The microstructure of the
ceramic was investigated by scanning electron microscopic (SEM) technique. The temperature-dependent dielectric
study of the sample sintered at 1150°C was done in the frequency range of 50 kHz—-1 MHz which shows a diffuse
phase transition. The piezoelectric constant (d33) was found to be 41 pCN—1. The P-E hysteresis loop confirms
the ferroelectric behaviour in the ceramic. The UV-Vis spectrum indicated that the Biy.sNag.5TiO3 ceramic has an

optical band gap of 2-94 eV.
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1. Introduction

Recently lead was expelled from many commercial applica-
tions and materials owing to its toxicity. Ferroelectric lead
zirconate titanate (PZT) ceramics were extensively used for
many industrial purposes due to their high dielectric and
electromechanical properties. However, the toxicity of lead
oxide and its high vapour pressure during the sintering pro-
cess not only causes environmental pollution but also gene-
rate instability in composition and electrical properties of
products. Therefore, it is necessary to develop environment-
friendly lead-free piezoelectric ceramics, which have become
one of the main trends in the present development of piezo-
electric materials (Smolenskii et al 1961). Although there
was a concerted effort to develop lead-free piezoceramics, no
effective alternative to PZT was yet found. Bismuth sodium
titanate (Big.sNag.5)TiO3 (abbreviated as BNT) was consid-
ered to be an excellent candidate as a key material of lead-
free piezoelectric ceramics and attracted considerable atten-
tion in the past few decades. It was studied continually by
several researchers in recent years (Zvirgzds et al 1980;
Takenaka and Takenaka 1998; Walsh and Schulze 2004).
BNT can be synthesized by chemical co-precipitation
method, sol-gel method, hydrothermal route and solid-state
reaction method (Kuharuangrong and Suhulze 1996; Herabut
and Safari 1997; Jiang et al 1997; Said and Mercurio 2001;
Lenka et al 2002). Solid-state reaction processing route to
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ceramic powders involves heating reactants, so it is an easiest
and one of the popular methods. Solid-state synthesis some-
times called as ‘conventional technique’. This method helps
to control particle size and morphology (Diasa et al 1999).
In this study, the solid-state reaction synthesis, the effect of
sintering temperature on microstructure, dielectric properties
and the optical study of calcined BNT were investigated.

2. Experimental

We have used BirOs (S.P. Fine Chemical Ltd., Mumbai),
Na,CO; (Loba Chemicals Pvt. Ltd., Mumbai) and TiO,
(Merck Specialties Pvt. Ltd., Mumbai) as the starting mate-
rials in the fabrication of BNT ceramic. All the precursors
have purity of 99-9%. The oxide and carbonate powders were
weighed according to their respective stoichiometric propor-
tions, and then mixed by ball mill with zirconia media in
acetone medium for a period of 12-16 h. The purpose of
ball milling was strictly to create a homogeneous mixture
of the powders, and not to reduce particle size. After mix-
ing, the suspensions were poured into Pyrex dishes and ace-
tone was evaporated from the mixture. The dried mixture
was calcined at 850°C for 2 h at a rate of 300°C/h to burn
out the carbonate, and to allow the perovskite structure to
form the individual components. Before calcining, thermo-
gravimetric analysis (TGA) of the powdered mixture of the
starting materials was carried out using a thermogravimetric
analyser (Netzsch) with increasing the temperature at a rate
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of 10°C/min. XRD analysis was carried out with an X-ray
diffractometer (XRD, X-Pert high score) using monochro-
matic CuKe radiation. The deflection range was 20-70° with
a step size of 0-5°/min. The calcinated powders were granu-
lated with an organic binder poly vinyl alcohol (5 wt.%). To
get uniform and fine grain, the granules were passed through
73 um sieve. The residues after sieving were again crushed
in an agate mortar and passed through the sieve. The pro-
cess was repeated until all the granules become less than
73 pwm. Then pellets of diameter 10 mm and thickness 1 mm
by a cylindrical steel dia was prepared in hydraulic uniax-
ial press. Since density of the electronic ceramic is a very
sensitive parameter and that directly affects their properties,
therefore, proper sintering of the pellet is essential for elec-
trical measurements. The pellets were sintered at 1050, 1075,
1100, 1125, 1150 and 1175°C for 4 h and then density was
measured by Archimedes principle method.
The relative density, p,, of a BNT disk is given by,

oy = 20 % 100, (1

Pt
where p; and p, are the theoretical density and the measured
density, respectively.
The experimental bulk density and apparent porosity were
measured by using Archimedes principle;

BD=D/(W-1I), 2

AP=(W-D)/(W—=1I), 3

where BD; bulk density, AP; apparent porosity, D; dry
weight, W; shocked weight and I; suspended weight.

The sintered pellets were taken SEM and EDX for grain
size, morphology and elemental analysis using JSM T330
scanning electron microscopy (JEOL, USA). Using the linear
intercept method presented by Fullman (1953), the average
grain size in BNT disk is given by,

Z?:l Li

B

G =1.56 “)
where, G, n, L;, and Ng, each represent the average grain
size in the disk, the total number of straight lines drawn
on the SEM image, the length of the iy, straight line
drawn on the SEM image, and the total number of grain
boundaries, which are intersected by all of the straight
lines drawn on the SEM image, respectively. The high-
est density sample was taken for dielectric study after
pasting the silver as an electrode on both the disk side
followed by heat treatment at 300°C (15 min) for bet-
ter conductance. The dielectric measurements were carried
out in the frequency range from 50 Hz to 1 MHz using
a LCR tester (Hioki, Japan) connected to computer. The
dielectric data were collected every 5°C, keeping a heat-
ing rate of 1°C/min. Ferroelectric hysteresis measurements
(PE loop) were traced at room temperature for the poled
and unpoled samples using modified Sawyer—Tower circuit
by applying a.c. fields. The piezoelectric coefficient dz3
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was measured using a piezo-di; meter (NTPL\018\08-09,
NIT, Rourkela, Orissa). The pooling field was 3 kV/mm,
because the coercive field of BNT, E. = 7-3 kV/mm. Gen-
erally, the pooling field should be less than the coercive field
(E.) at room temperature, otherwise breakdown occurs, but
here as the polling temperature was 110°C for 20 min, hence
the pooling field was 3 kV/mm.

The optical properties were taken absorbance data using
diffusive reflectance mode by SHIMAZDU 2450 UV/Vis
spectrophotometer. A BaSO, was used as a reference, on
which fine-ground powders of the sample were pressed. The
spectra were recorded at room temperature in the wavelength
range of 200-700 nm.

3. Results and discussion

3.1 X-ray diffraction study

Figure 1 shows the XRD pattern of BNT powder calcined
at 850°C for 2 h. The XRD analysis of the calcined powder
shows that the samples (BNT) were single phase and main-
tain the rhombohedral structure with space group R3C. X-ray
pattern from JCPDS reference (file no. 36-0340) was also
plotted for comparison. A systematic shift of peaks in the
XRD pattern of BNT was most likely due to the error in zero
positioning of X-ray instrument. Nevertheless, the relative
intensity and positions for X-ray peaks of the sample agreed
with the reference pattern. The lattice parameters were found
tobea = 55158 A, b = 5-5158 A, ¢ = 13-46 A and the cell
volume was found to be 176.5 A3,

3.2 Effect of sintering temperature

In this study, the densities of sintered BNT ceramics at
1050, 1075, 1100, 1125, 1150 and 1175°C for 4 h, were

(012) JCPDS card no. 36-0340

(202)
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Figure 1. Room temperature XRD of Bip.sNag.5TiO3 powder
calcined at 850°C for 2 h.
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found to be 58, 54, 64, 82, 90 and 94% of their the-
oretical density, respectively. Figure 2 shows the density
and apparent porosity of the sintered samples at various
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Figure 2. Bulk density and apparent porosity at different tempe-
ratures of BNT pellets.
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temperatures. This indicates that the sintering temperature of
1150°C for 4 h yielded the highest density of the sintered
ceramics. However, the sintering temperature has an influ-
ence on the morphology and microstructure of sintered BNT
ceramics. It was found that the average grain size of sin-
tered BNT ceramics at 1050—1150°C for 4 h was approxi-
mately 1-5 pm. Figure 3(a—f) shows SEM micrographs of
BNT ceramics sintered at 1050, 1075, 1100, 1125, 1150 and
1175°C for 4 h. The particles were agglomerate and basi-
cally irregular in shape (figures 3a, b). Some spherical par-
ticles have diameter ranging from 0-2 to 1-0 pum. A sintered
surface ceramic with fine grain and non-uniform microstruc-
ture was obtained in BNT ceramics (figures 3c, d), with
average grain size ranging from 1 to 5 pum. It can be con-
cluded that, lower sintering temperature with longer sinter-
ing time produced smaller grain size ceramics. As shown in
figure 2, the density of the BNT ceramics increased sharply
as the sintering temperature increased from 1075°C to
1150°C and the porosity decreases with increase in sin-
tering temperature. A maximum density of 5-72 g/cm?,
which was 94% of the theoretical density, was obtained
for samples sintered at 1150°C. However, the density drops

Figure 3. SEM of BNT pellets sintered at: (a) 1050°C; (b) 1075°C; (¢) 1100°C; (d) 1125°C;

(e) 1150°C and (f) 1175°C for 4 h.
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Figure 4. Elemental analysis (EDAX) of BNT pellet.

when the temperature was further increased to 1175°C. The
densification behaviour of the BNT ceramics at different
sintering temperatures can be explained in terms of defect
chemistry and the creation of oxygen vacancies. At lower sin-
tering temperatures, the number of oxygen vacancies is small
and the ability of atoms to diffuse is also small which results
in poor densification. The lower density of the BNT ceramics
sintered at 1050°C is due to poor atomic diffusion and insuf-
ficient sintering of the ceramics. It was demonstrated both
theoretically and experimentally that the number of vacan-
cies increases with increase in sintering temperature. As a
result, better atomic diffusion during the sintering process
occurs and thus, promotes densification. However, the low
density at a higher sintering temperature of 1175°C may be
due to evaporation of the volatile alkali metal (Zhen and Li
2006; Marcos et al 2007; Zhao et al 2007). The elemental
composition of the BNT ceramic was confirmed by EDAX
spectrum as shown in figure 4.

Theoretically, if the sintering temperature goes below the
critical temperature, the relative density will also increase
along with the temperature. This result can probably be
attributed to the fact that with the solid phase sintering, the
atomic diffusion promotes the densification of the BNT disk,
and this process may be enhanced by increasing the temper-
ature. However, as the sintering temperature exceeds the crit-
ical temperature, the relative density decreases with increase
in temperature. This is due to the fact that the coarsening pro-
cess may dominate as the sintering temperature is higher than
the critical temperature, and reduce the driving force for den-
sification (Rahaman 2003). This trend was observed by Liu
et al (2009). Further, Watcharapasorn et al (2007) showed
that increasing the sintering temperature only had an effect
on increasing the grain size without appreciably affecting its
density.

3.3 Dielectric study

Temperature dependence of relative dielectric constant at
measuring frequencies of 50 kHz, 100 kHz, 500 kHz
and 1 MHz is shown in figure 5. It can be seen from
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Figure 5. Temperature dependence on dielectric constant &, and
loss tangent (tan §) of BNT ceramic.

figure 5 that the phase transformation process of BNT is
complex. There are two &, peaks in the graph, which appear
at 210 and 316°C, respectively, and we call these two tem-
peratures as characteristic temperature (abbreviated as 7).
The conventional explanation, regarding this phenomenon,
is that different phase transformation process occurs at two
T.; ferroelectric—antiferroelectric transformation process at
210°C and antiferroelectric—paraelectric transformation pro-
cess at 316°C (Kimura ef al 2004). But new proofs show that
there is no antiferroelectric phase between the two T¢. It is
the stage where trigonal and tetragonal states coexist, with
polar micro-domains altering.

Figure 5 shows the temperature dependencies of the tan
8 for pure BNT ceramics at different frequencies. The
depolarization temperature (73) near 150°C can be derived
from the temperature of the tan § first peak at a certain
frequency and, accordingly, depends on the determining
frequency. Hiruma et al (2006, 2008) asserted that for fully-
poled ceramic samples in a sufficiently high electric field,
the first sharp peak of tan § had no frequency dependence
and that the 7y obtained using this method corresponded
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to that determined from the variations of electromechanical
coupling constant k, with temperature. There were reports
that above a critical field, the d.c. bias electric field induced
a transition from the relaxor to the long-range ferroelectric
phase in La-modified PZT ceramics (Perantie ef al 2008).

The relative dielectric constant increases slowly with the
increasing temperature below 210°C, and more rapidly above
210°C until the temperature Ti,ax 0of maximum dielectric con-
stants ¢l . Rapid increases in &, occurred near 316°C on
heating, which is the structural phase transition temperature
from the rhombohedral to the tetragonal phase. Another fea-
ture in figure 5 is that the temperature Tp,.x increases with
measuring frequencies; they are: 316, 321, 326 and 331°C
at frequencies of 50 kHz, 100 kHz, 500 kHz and 1 MHz,
respectively. Also, the value of the relative dielectric constant
decreases as the measuring frequency increases showing evi-
dence of a diffuse phase transition with a straight frequency
dispersion occurring around the temperature 7pax.

Peak broadening may be quantified by the parameter 8,
which is related with permittivity and temperature as follows
(Kirillov and Isupov 1973):

1 1 (T —=Ty?
7T T e )
g g 2em0
6 parameter of two different frequencies are calculated by fit-
ting permittivity—temperature data and are 221-5 for 50 kHz
and 217-9 for 100 kHz and the fitting as shown in figure 6.
The diffusivity (y) parameter is applied to characterize the
relaxor behaviour and it is expressed by a modified Curie—
Weiss law (Uchino and Nomura 1982)
Ty
Lo _ @ty ©
e g C
where y and C are constants for diffusion factor and Curie—
Weiss constants, respectively. In general, the diffusion fac-
tor is between 1 and 2, representing the normal ferroelectric
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Figure 6. 1In (e /¢) vs (T — Tyy) for 50 kHz and 100 kHz of BNT
ceramic.
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Figure 8. P-E hysteresis loop of BNT ceramic.

phase transition and completed diffusion phase transition. In
the case of y = 1, anormal Curie—Weiss law is obtained. The
diffusion factor can be employed to describe the diffusion
phase transition. The plots of In ( 1/ — 1/£;n) as a function
of In(T — Ty,) for the BNT samples are shown in figure 7.
The diffusion factor was found to be 1-4 at 100 kHz.

Figure 8 shows the room temperature P—E hystere-
sis loops of BNT ceramics sintered at 1150°C. The P-E
hysteresis loop indicated that the sample exhibited typical
ferroelectric nature. The remnant polarization (P;), maxi-
mum polarization (Pp,) and coercive field (E.) of un-
poled BNT ceramic evaluated from the saturated ferroelec-
tric hysteresis loop is summarized in figure 8. The dynamic
piezoelectric coefficient (d33) was calculated as the ratio
of the maximum strain to the maximum field in the cycle
(Smax/ Emax)- The strain and dynamic piezoelectric constant
dss is 41 pCN_l.
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Figure 9. UV-Visible spectrum of BNT powder.

3.4 Ultraviolet-Visible absorption spectroscopy analyses

Figure 9 shows the UV-Vis absorbance spectrum of BNT
ceramic prepared by solid state reaction (SSR) and sintered
at 850°C for 2 h. The optical band gap energy (Eg,,) was
estimated by the method proposed by Wood and Tauc (1972).
According to these authors the optical band gap is associ-
ated with the absorbance and photon energy by the following
equation:

hva o (hv — Egyp)" (N

where « is the absorbance, £ the Planck constant, v the fre-
quency, Eg,, the optical band gap and 7 is a constant associ-
ated with different types of electronic transitions (n = 1/2,
2, 3/2 or 3 for direct allowed, indirect allowed, direct forbi-
dden and indirect forbidden transitions, respectively). Thus,
the Eg,p value of BNT ceramic was evaluated extrapolating
the linear portion of the curve or tail. In our work, the UV-Vis
absorbance spectrum suggests an indirect allowed transition
and, therefore, the n = 2 was used in (7).

In principle, we believe that the obtained E,,, value for the
BNT ceramic can be associated to a structural order—disorder
effect into the lattice due to a symmetry break between
the O-Ti—O bonds and/or distortions on the (TiOg) clusters.
A possible explanation for the origin of this symmetry break
can be related with the synthesis method. It is possible to con-
clude on this hypothesis that the high temperatures employed
in the SSR during the sintering process are not sufficient
to avoid the presence of structural defects (symmetry break
between bonds or distortions) into the BNT structure, mainly
those arising from the repeated cycles of grinding.

4. Conclusions

Lead-free BNT ceramics were synthesized successfully
using the solid-state reaction route and its structure,
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microstructure, dielectric, ferroelectric and electric field-
induced strain behaviour were investigated. XRD revealed
the existence of rhombohedral phase. The sample was sin-
tered at different temperatures. It was shown that sample
sintered at 1150°C has the highest density. The dielectric
study of the sample sintered at 1150°C reveals diffuse phase
transition. BNT ceramics sintered at an optimal temperature
of 1150°C showed ferroelectric behaviour at room tempe-
rature. The piezoelectric coefficient was found to be (dsz =
41 pm/V). The optical property was studied by UV-Vis
spectroscopy.
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