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a b s t r a c t

In this work, samples of bismuth alkaline titanate, (K0.5Na0.5)(2−x/2)Bi(x/6)TiO3, (x = 0.05–0.75) have been
prepared by conventional ceramic technique and molten salts. Metal oxides or carbonates powders were
used as starting raw materials. The crystalline phase of the synthesized powders was identified by the
X-ray diffraction (XRD) and particle morphology was characterized by scanning electron microscopy
(SEM). Solid state reaction method was unsuccessful to obtain pellets. From XRD results, a rhombohe-
dral structure was detected and the parameter lattice were estimated to be a = 5.5478 Å and ˛ = 59.48◦.
ead-free ceramics
ismuth alkaline titanate powders
ynthesis
onventional method
olten salt method

haracterization

These parameters were used to refine the structure by Rietveld analysis. SEM results showed several
morphologies. Apparently, bismuth is promoting the grain growth whose sizes vary from 30 nm to
180 nm It is expected that these materials can be utilized in practical applications as substitutes for
lead zirconatetitanate (PZT)-based ceramics.

© 2011 Elsevier B.V. All rights reserved.
RD
EM

. Introduction

Since the discovery of the excellent piezoelectric properties of
ead zirconate titanate (Pb(Zr, Ti)O3, PZT) at a morphotropic phase
oundary (MPB) composition, considerable work has been focused
n the development of related lead-based piezoelectric, ferroelec-
ric ceramics and their adaptation to several types of devices as
iezoelectric actuators, sensors and transducers [1]. However, the
oxicity of lead oxide (PbO) and its vapor pressure during pro-
essing, that not only causes environmental pollution but also
enerate instability of composition and electrical properties of
roducts, have led to a demand for alternative lead-free piezo-
lectric materials [1]. Nowadays, bismuth-based compositions are
idely considered as nontoxic substitutes for piezoelectric materi-

ls based on lead. Indeed, Bi3+ and Pb2+ possess the same lone-pair
lectronic configurations and a majority of the Bi-containing oxy-
en octahedral compounds are known to demonstrate ferroelectric

roperties. At the same time, because of the smaller size of Bi3+ as
he A-site cation, only a few of the possible bismuth-based per-
vskite compositions could be obtained by conventional methods
t normal pressure [2]. Bismuth sodium titanate, Bi0.5Na0.5TiO3

∗ Corresponding author.
E-mail address: atorresh@ipn.mx (A.M. Torres-Huerta).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.099
(abbreviated as BNT), discovered by Smolenskii, in 1960, is one
of the important ferroelectrics with perovskite structure and
most investigations have been concentrated on the modifications
of BNT for applications such as piezoelectric and pyroelectric
devices [3], also this material is considered to be a good candi-
date for a high temperature relaxor as Zhou and Liu mentioned
[4].Nevertheless, BNT has a drawback of high conductivity and
high coercive field Ec which cause problems in polarizing process.
Bi0.5(Na1−x−yKxLiy)0.5TiO3, as one kind of lead-free BNT ceramics,
has been reported to be a promising system [5]. Among the meth-
ods to obtain dense ceramics is the molten salts, which provides
a simple way to synthesize ceramic powders and is often used to
fabricate powders with anisotropic morphology [6].

Therefore, in this work, samples of alkaline bismuth titanate
(K0.5Na0.5)(2−x/2)Bi(x/6)TiO3, (x = 0.05–0.75) have been proposed and
prepared by a conventional ceramic technique and molten salts
in order to determine the effect of the synthesis method on the
microstructure. It is expected that these materials can be utilized
in practical applications as substitutes for lead zirconatetitanate
(PZT)-based ceramics.
2. Experimental procedure

(K0.5Na0.5)(2−x/2)Bi(x/6)TiO3, (x = 0.05–0.75) ceramics were made by conventional
solid state reactions and molten salts using high-purity (99.9%) powders of Na2CO3,
K2CO3, Bi2O3 and TiO2. The powders were weighed out to give the desired chemical

dx.doi.org/10.1016/j.jallcom.2011.02.099
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:atorresh@ipn.mx
dx.doi.org/10.1016/j.jallcom.2011.02.099
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which is more accurate at greater angles; also, Bi3+ could be pro-
moted the grain growth up to x = 0.70 (bismuth content = 0.12), and
then, this growth is inhibited.
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Fig. 1. (K0.5Na0.5)(2−x/2)Bi(x/6)TiO3, 0.05 ≤

ompositions and hand-milled using acetone as solvent. The mixtures were calcined
t 700 ◦C for 3 h, then hand-milled again in acetone, an attempt to press them and
ake pellets was done but failed; then, the powders were treated at 800 ◦C for 3 h.

or molten salt method, equimolar NaCl and KCl (Sigma–Aldrich 99.0% purity), used
s medium reaction, were mixed and ground homogenously in an agate mortar.
hen, the starting materials and the medium reaction were mixed in a weight ratio
f 1:2, and the heat treatment was carried out in closed alumina crucible at 700 ◦C
or 3 h. The powders were washed several times with deionized water to remove
he residual salt, and dried in air at 150 ◦C; then, the dried powders were once again
rounded in an agate mortar and pressed at 3.9 MPa and sintering at 800 ◦C for 3 h.

Structural characterization of the prepared samples was carried out using X-ray
owder diffraction (XRD, Brucker AXS Advance D8) with CuK� radiation at 35 kV and
5 mA. Grain sizes were determined by Scherrer equation. Data were collected at
oom temperature in the 2� range of 10–80◦ with a step size of 0.02◦ and a count time
f 1.5 s/step. The unit cell of the crystal lattice was refined, based on XRD data, using
ietveld analysis [7]. Scanning Electron Microscopy (SEM, JEOL JSM-6300) was used

n order to study the morphology of the as-synthesized powders, the acceleration
oltage was 15.0 kV at 200×, 2000× and 5000×.

. Results and discussion

.1. X-ray diffraction (XRD)

Figs. 1 and 2 show the XRD spectra of samples synthesized by
olid state reaction. Since the samples with a composition between
.55 ≤ x ≤ 0.75 seem to be one phase, it was decided to work only
ith these compositions and produce the same solid solutions by
olten salts (Fig. 3).
The grain sizes were obtained using the Scherrer equation:

= k�

B cos �B
(1)

here t = grain size, � = X-ray wavelength (Cu K�, 1.5405 Å),
= FWHM, full width at half maximum, � = Bragg angle, k = constant.
The constant k normally has a value of 0.9 but strictly speak-
ng, this is valid only when the particles are spherical, belong to
he cubic system, and are uniform in size; however, the shape and
ize distributions in a specimen are usually not known; in practice,
hen the shape is not known, a value of 1.15 is recommended [8].
rees) 2 θ (degrees)

5, diffractograms (solid state reaction).

Then, because the shape has not been determined yet, k = 1.15
was used to calculate the grain size based on (1 1 0) and (2 1 4)
reflections which are shown in Fig. 4.A similar trend was observed
in both solid state reaction and from molten salts, except for (1 1 0)
signal at x = 0.70 in the latter method; the grain size increases as
bismuth content increases up to a maximum grain size is achieved.
Particularly, greater grain sizes are obtained by molten salts than
those by solid state reaction. The grain sizes differ for (1 1 0) and
(2 1 4) reflections as a result of the Scherrer equation precision
10 20 30 40 50 60 70 80

2 θ (degrees)

Fig. 2. (K0.5Na0.5)(2−x/2)Bi(x/6)TiO3, 0.55 ≤ x ≤ 0.75, diffractograms (solid state reac-
tion).
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ig. 3. (K0.5Na0.5)(2−x/2)Bi(x/6)TiO3, 0.55 ≤ x ≤ 0.75, diffractograms (molten salts).
In order to determine the structure, UnitCell program was used
9]. A rhombohedric structure was supposed and the lattice param-
ters were estimated: a = 5.5478 Å and ˛ = 59.48◦ (a = 5.5046 Å and
= 13.6421 Å, for hexagonal system). These results are useful as

Fig. 5. SEM images of (K0.5Na0.5)(2−x/2)Bi(x/6)TiO3 by solid state react
Fig. 4. Bismuth content vs Grain size for molten salts (MS) and solid state reaction
(SSR) methods.

starting values for Rietveld analysis. From the Rietveld analysis, it

can be said that, even though some changes are observed through
the diffractograms, the structure were the same in all the cases
(0.55 ≤ x ≤ 0.75) and the lattice parameters did not change (Table 1,
maybe because the ionic radii of bismuth and sodium are very

ion (a) x = 0.55, (b) x = 0.60, (c) x = 0.65, (d) x = 0.70, (e) x = 0.75.
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Fig. 6. SEM images of (K0.5Na0.5)(2−x/2)Bi(x/6)TiO3 by m

Table 1
Rietveld refinement details for (K0.5Na0.5)(2−x/2)Bi(x/6)TiO3(0.55 ≤ x ≤ 0.75).

Rwp 25.07
RBragg 54.944
Rexp 11.51
�2 2.18
2� range (◦) 3–80
Reflections 25
Spatial group R3c

c
t
t
o
t
a
w
a

3

m
t
t

T
A

a (Å) 5.5257
c (Å) 13.5800
Volume (Å3) 359.0914

lose
(

rBi3+ = 117 pm, rNa+ = 116 pm
)

[10] and it could indicate
hat bismuth occupies sodium sites; however, these results have
o be improved due to the R’s and �2 values are high. Because of
ne necessary condition to piezoelectricity in compounds is that
he structure has to be non-center symmetric [11], the materi-
ls synthesized in this work satisfy this condition: all the samples
ere rhombohedric (spatial group R3c) and the atomic positions

re listed in Table 2

.2. Scanning electron microscopy (SEM)
The electrical properties of polycrystalline ceramics are deter-
ined not only by the composition but also by the microstructure,

he control of microstructure with grain orientation is very impor-
ant to obtain ceramics with better performances [12], a SEM study

able 2
tomic positions for (K0.5Na0.5)(2−x/2)Bi(x/6)TiO3.

x/a y/b z/c

Na 0.00000 0.00000 0.00000
K 0.00000 0.00000 0.00000
Bi 0.00000 0.00000 0.00000
Ti 0.50000 0.50000 0.48200
O (1) 0.00000 0.30000 0.01600
O (2) 0.50000 0.20000 0.51500
olten salts (a) x = 0.60, (b) x = 0.65, (c) x = 0.70.

was conducted in order to determine the microstructure and mor-
phology of the samples.

Fig. 5 shows the micrographs of the samples
(K0.5Na0.5)(2−x/2)Bi(x/6)TiO3 (0.55 ≤ x ≤ 0.75) obtained by solid
state reaction and Fig. 6 (0.60 ≤ x ≤ 0.70), those obtained by molten
salts. From these images, it can be stated that the method used to
obtain the solid compounds influenced on the grain size, shape
and sinterability. The major drawback with samples from solid
state reaction is the difficulty of obtaining high density by the
conventional sintering.

An attempt was made to obtain pellets from solid state reaction
powders but showed a poor sinterability; then, only powders were
obtained which are regular (Fig. 5a–c and e), except for x = 0.70
(Fig. 5d) where two morphologies are distinguished: one showing
elongated grains with a large aspect ratio and another exhibiting
non-uniform growth.

Fig. 6a (x = 0.60) shows regular grains with porous while in
Fig. 6b (x = 0.65) the material is more compact and irregular shapes
can be observed. However, on Fig. 6c, regular elongated grains are
observed along with some KCl grains arising from the equimolar
mixture of NaCl + KCl used in molten salts. The differences among
the grain morphology could be the result of the formation of a liq-
uid phase in the Na-excess specimen, as Motohashi and Kimura
[13] mentioned that excess Na forms the grains with flat grain
boundaries, whereas the grains formed in the stoichiometric and
Na-deficient samples show an irregular shape.

4. Conclusions

As bismuth content increases (up to 0.12), the grain size
increases up to a maximum grain size is achieved: 160 nm and
180 nm for solid state reaction and molten salts, respectively. In
general, the molten salts method produces grains coarser than

those obtained by solid state reaction as a result of Na excess. The
grain sizes vary from 30 nm to 180 nm, giving a spread of values of
150 nm. The method used to obtain the powders influenced on the
grain size, shape and sinterability. An optimization is required in
order to ensure and achieve only monophasic compounds. It was
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[11] A.L. Kholkin, N.A. Pertsev, A.V. Goltsev, in: A. Safari, E.K. Akdogan (Eds.), Piezo-
A.M. Torres-Huerta et al. / Journal of Al

etermined that the synthesized materials presented a rhombo-
edric structure (spatial group R3c) which is a necessary condition

or the compounds could be piezoelectric properties.
It is expected that the small and homogenous powders influ-

nce to lower sintering temperature and to improve piezoelectric
roperties.
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