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Abstract

Dysprosium-doped bismuth sodium titanate ceramics were prepared using the conventional mixed-oxide method. The amount of dysprosium
used was varied from 0 to 2 at.%. The mixed powders were calcined at 800 °C and checked for phase purity using X-ray diffraction technique. The
calcined powders were then cold-pressed into pellets and sintered at 1050 °C for the time ranging from 2 to 48 h. The ceramics were checked for
phases and microstructures using an X-ray diffractometer and a scanning electron microscope, respectively. The analysis showed that undoped
BNT ceramics sintered at longer time exhibited a significant grain growth with non-uniform grain size distribution and shape. The Dy-doped BNT
however showed a much more limited grain growth behavior, resulting in smaller grain size and more equiaxed grain shape. It was also found that
all Dy-doped BNT ceramics sintered at 48 h possessed lower porosity than those sintered for shorter time.
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1. Introduction

Bismuth sodium titanate (BigsNagsTiOs; or BNT) is
currently considered as a potential lead-free ferroelectric
material [1-3]. Although this material has been investigated in
terms of variation in their dielectric and piezoelectric properties
due to various dopants [4—6] and the formation of solid solution
with other compounds [7-9], the studies on grain growth
behavior of pure and doped BNT has not been studied much.

Yi et al. [10] has investigated the microstructure of
lanthanum-doped BNT and it was found that the substitution
of La>* ions in the A-site (Bi** or Na* ions), inducing A-site
vacancies, resulted in grain growth inhibition as well as
improvement of densification. Based on the study of aliovalent
doping in BaTiO3 by Desu and Payne [11] and Rahaman and
Manalert [12], similar reduction in grain boundary mobility
was observed regardless of whether the dopants were donors or
acceptors if their concentration was above the threshold values.
The effects of these dopants were attributed to the segregation
of cation vacancies as well as acceptor solutes at the grain
boundaries in which the space-charge region was induced
and this limited the movement of grain boundaries [12].
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Furthermore, Yi et al. [10] found that the inhibition of grain
growth was much more effective when La>* ions substituted the
A-site of BNT, inducing the B-site vacancies. The substitution
at A-site of BNT by Pb** ions was also found to have the same
effect as other previously mentioned dopants [8].

Besides La>* and Pb**, the dysprosium ion was also used to
dope BaTiOj; and it was found that it also caused a reduction in
grain growth. Unlike La®* and Pb**, Dy ion could substitute
either A-site or B-site [13,14] and this seemed to suggest a
complex role in densification and grain growth behavior of
ceramics. In this study, Dy-doped BNT ceramics are prepared
and their grain growth behavior is investigated in order to
provide some insight in terms of dopant substitution and its
effects on grain morphology.

2. Experimental procedure

The Dy-doped BNT powders were prepared from the mixed
powder of Bi,03 (>98%, Fluka), Na,CO5 (99.5%, Carlo Erba),
TiO, (>99%, Riedel-de Haén) and Dy,05 (99.9%, Cerac). The
amount of Dy,0; used was calculated according to the
chemical formula (BigsNags);_1.5,.Dy,TiO3, where x = 0.005,
0.010, 0.015 and 0.020. The starting powder mixtures were ball
milled for 24 h, calcined at 800 °C for 2 h, and checked for
phase purity using a powder X-ray diffractometer (Siemens
D500). The calcined powders were then ball milled for another
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24 h and pressed into small pellets, which were subsequently
sintered at 1050 °C for 2, 10, 24 and 48 h in a presence of BNT
powder. X-ray diffraction analysis was performed on these
samples to re-check for phase purity. The ceramic samples were
then polished and thermally etched at 950 °C for 15 min prior to
microstructural investigation using a scanning electron micro-
scope (JEOL JSM-5910LV). The grain size was measured from
the SEM micrographs using a mean linear intercept method.

3. Results and discussion

X-ray diffraction patterns of Dy-doped BNT ceramics
sintered at 1050 °C for 2 and 48 h are shown in Fig. 1. The
results showed that all ceramic samples were virtually single
phase with thombohedral structure. The peak splitting due to
rhombohedral symmetry was difficult to observed in this
compound since peak overlapping occurred and it was known
that its lattice dimension was nearly cubic [1]. As the Dy
concentration increased, there was a slight shift of peaks to
greater 260 angle corresponding to smaller lattice size. This
seemed to indicate that the substitution of smaller Dy** ion
(rDy3+ ~1.2 1&) in larger Bi** ion (rgp+ ~1.38 A) or Na* ion
(rna+ ~1.39 A) occurred during synthesis.

SEM micrographs of Dy-doped BNT ceramics sintered at
1050 °C for 2 h are shown in Fig. 2. The micrographs showed
that the grain size generally decreased when Dy content was
increased. The grain size values ranged from about 3.2 wm in
pure BNT to about 0.8 pm in 2.0 at.% Dy-doped BNT. For
these ceramics, a rather wide grain size distribution could be
observed from the figure and in this study, the standard
deviation (S.D.) from grain size measurement was used to
represent the distribution. The S.D. for pure BNT was about 1.3
while that for 2.0 at.% Dy-doped sample was about 0.3. The
grain size as well as the standard deviation for these two
samples were also plotted and are shown in Fig. 4 (note that all
samples had a range of grain size with their corresponding
S.D.’s but were omitted form Fig. 4 for clarity in comparison).
The general trend was that the standard deviation decreased
with increasing Dy content. This indicated that not only was the
grain size reduced but the grain size distribution also decreased,
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suggesting a more uniform grain size in the samples containing
high Dy concentration.

It could also be seen from Fig. 2 that the porosity increased
with increasing Dy concentration. This observation was in
agreement with the slightly higher measured density of pure
BNT compared to Dy-doped BNT ceramics. Nevertheless, all
samples were found to have densities of at least about 95% of
their theoretical values. The effect of Dy ions in a reduction of
grain size but with a somewhat non-uniform grain size
distribution was observed by Yamaji et al. for BaTiO5 system
[15]. The authors attributed this observation to the original
particle size prior to sintering and they also found that a use of
fine starting BaTiO; powder having the size in nanometer range
could produced Dy-doped BaTiO; ceramics having small
grains with narrower size distribution [16]. Since the average
starting particle size for powders used in this study was about
0.3 pm, these were probably not small enough to allow uniform
distribution of Dy ions.

After increasing the sintering time to 10, 24 and 48 h, the
grain sizes of all samples increased. SEM micrographs of
ceramic samples sintered for 48 h are shown in Fig. 3. In pure
BNT and lowly doped samples, the grain size increased such
that some grains grew faster than other grains which resulted in
the presence of very large grains as well as very small grains
and, hence, a wider grain size distribution. From grain size
measurement, it was found that the pure BNT ceramic sintered
for 48 h contained grains as small as 0.7 wm and grains as large
as 14.2 pm. At such long sintering time, the effect of grain
growth inhibition was more pronounced for 2.0% Dy-doped
BNT ceramics and, hence, resulting in narrower grain size
distribution. The 2.0% Dy-doped BNT ceramics sintered for
48 h contained grains having minimum size of ~0.5 pm and
maximum size of ~8.7 pm. It could also be noticed from Fig. 3
that all Dy-doped samples showed denser microstructures when
sintered at longer time.

The effects of sintering time on grain size and grain size
distribution for all pure and Dy-doped BNT ceramics
investigated are summarized in Fig. 4. It could be seen that
regardless of sintering time, the 2.0 at.% Dy-doped samples had
the smallest grain size compared to the rest of samples. The
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Fig. 1. XRD patterns of Dy-doped BNT ceramics sintered at 1050 °C for (a) 2 h and (b) 48 h.
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Fig. 2. SEM micrographs of Dy-doped BNT ceramics sintered at 1050 °C for 2 h: (a) 0 at.%, (b) 1.0 at.% and (c) 2.0 at.%.

error bars for samples sintered as 2 and 48 h indicated the
standard deviation from grain size measurement. These rather
large standard deviations indicated that, for all samples, the
grain growth was not truly uniform. Therefore, the study on the
rate of increase in grain size in order to determine the effect of
Dy ions on grain boundary mobility was difficult. Comparing to

the work by Yi et al. [10], it seemed that doping BNT with La
ions were more effective in producing ceramics with uniform
grain size and hence, grain growth kinetics based on grain
growth law could be studied in details.

From this study, it has been shown that addition of Dy
ions into BNT lattice could inhibit grain growth but the

Fig. 3. SEM micrographs of Dy-doped BNT ceramics sintered at 1050 °C for 48 h: (a) 0 at.%, (b) 1.0 at.% and (c) 2.0 at.%.
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Fig. 4. The change in grain size as a function of sintering time for Dy-doped
BNT ceramics. The error bars for pure BNT and 2.0 at.% Dy-doped sample
corresponded to the standard deviation from grain size measurement.

distribution of Dy ions was not uniform and for longer
sintering time, some of the grains grew faster and consumed
smaller grains. The final microstructures for all samples
therefore consisted of a range of grain size although a
narrower grain size distribution was observed in BNT
ceramics doped with higher Dy concentration.

4. Conclusions

Dy-doped BNT ceramics having nominal compositions
(BigsNagys);_1.5,.Dy,TiO3, where x = 0.005, 0.010, 0.015 and
0.020, were successfully prepared by solid state reaction. X-ray
analysis of ceramics sintered at 1050 °C for various time up to
48 h showed that the materials were virtually single phase with
small shift in peak positions to the right which indicated that the
smaller Dy ions substituted the larger A-site ions. Based on
microstructural investigation, increasing sintering time caused
grains of BNT ceramics to grow inhomogeneously and result in
a wide grain size distribution. Addition of Dy ions into BNT
lattice resulted in grain growth inhibition for all sintering time
especially for the samples containing 2.0 at.% Dy. However, the
observed grain size variation in Dy-doped BNT ceramics
indicated a rather non-uniform distribution of Dy ions in the
powder mixture during material synthesis. It is expected that
further increase in Dy concentration and/or using nano-sized
starting powders could produce Dy-doped BNT ceramics with
more uniform grain size.
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