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Preparation of single crystalline Sr0.5Ba0.5Nb2O6 particles
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Abstract

Single crystalline and agglomerate-free ceramic particles are important for fabrication of grain-oriented ceramics by the self-assemble
processes. In the present work, preparation of single crystalline Sr0.5Ba0.5Nb2O6 particles was first explored by traditional solid-state reaction
and molten-salt synthesis methods. The results show that the particles synthesized by solid-state reaction were spherical, hard-aggregated and
polycrystalline. Molten salt synthesis provides sub-micrometer anisotropic single crystalline Sr0.5Ba0.5Nb2O6 particles and the morphology of
a particle may be adjusted by changing synthesis conditions. The synthesized particles have uniform size distribution and are easily dispersed,
thus may suit self-assemble processes to prepare grain-oriented ceramics. Furthermore, effects of synthesis conditions in molten salt synthesis,
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n the phase formation, morphology and size distribution of SBN particles were investigated.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Functional ceramics and single crystals are being used in
any applications in electronics and optics due to their one
r more special physical properties in dielectric, piezoelec-

ric, pyroelectric, ferroelectric and electro-optic behaviors.
ompared to single crystals, ceramics are easily fabricated
nd very inexpensive, but their physical properties are much
oorer than that of the corresponding single crystals. This

s because the random grain orientation in ceramics leads
o poor poling quality and inhibits the appropriate orien-
ation of the polarization axes. Therefore, it is desirable to
btain ceramics with oriented grains according to their phys-

cal properties. Recently, some self-assemble processes in
eramics, such as templated grain growth (TGG)1–3and mag-
etic alignment (MA)4,5 techniques were developed for this
urpose. In these processes, part or all starting particles are
ligned according to their anisotropic properties and then

orm dense grain-oriented ceramics with properties close to
he single crystals after sintering. In TGG processing, large

anisotropically-shaped template particles were oriente
external mechanical force in a fine-grained matrix in gr
body, and then a textured microstructure is develope
growth of aligned particles during sintering and post h
treatment. In MA processing, the single crystalline pa
cles with feeble magnetic susceptibility may be aligne
a high magnetic field through the colloidal processing.
anisotropic single crystalline particles play a decisive
on the properties of final sintered ceramics in these
cesses. The requirement for particles may be differe
various processes, but generally they should be single
talline, homogenous size distribution, easily dispersed
anisotropic shape or physical properties.

SrxBa1−xNb2O6 (SBN, wherex = 0.25–0.75) ferroelec
tric materials with tungsten bronze structure have exce
pyroelectric, linear electric-optic coefficients, photo refr
tive effects and interesting piezoelectric properties.6,7 The
tungsten bronze structure consists of a skeletal frame
of MO6 octahedra, sharing corners to form three type
tunnels parallel to thec-axis in the unit cell formula o
[(A1)2(A2)4C4][(B1)2(B2)8]O3, in which the 12-coodinate
∗ Corresponding author. Tel.: +81 52 736 7158; fax: +81 52 736 7405.
E-mail address: weiwu.chen@aist.go.jp (W. Chen).

A1 site, 15-coordinated A2 site, 9-coodinated C sites, and 6-
coodinated B1 or B2 sites, may be occupied by corresponding
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cations, respectively. In SBN, The Ba2+ ion (1.74Å) predom-
inantly occupies the bigger 15-coordinated A2 sites, and the
Sr2+ ion (1.54Å) occupies the A1 or a combination of A1
and A2 sites depending on the compositions. The B1 and B2
sites are occupied by Nb5+ ions.8 Because SBN crystals have
obvious anisotropic properties, the attempts to prepare grain-
oriented SBN ceramics were tried in recent years. Nagata et
al.9 achieved anisotropic SBN ceramics by hot pressing, but
the polarization values were very below the single crystal val-
ues. Duran et al.2 prepared high grain-oriented SBN ceramics
via TGG, however the acicular KSr2Nb5O15 (KSN) particles
were used as templates, which introduced more K+ ions into
the SBN lattice.

Several wet chemical techniques have been investigated
to synthesize SBN powders,10–12 but most attentions were
focused on the effect of synthesis temperature and parti-
cle size. In addition, expensive organic salts were required
in these techniques. Molten salt synthesis (MSS) is a well-
established, low-cost technique of forming a desirable com-
pound in a flux of low melting point.13 The size and morphol-
ogy of resulting particles are easily controlled by synthesis
conditions. Some ceramic powders, such as Sr2Nb2O7,14

BaFe12O19,15 BaNd2Ti4O12
16 and lead-based niobates17–19

have been obtained by MSS technique. But few open litera-
tures reported the molten salt synthesized SBN.
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Table 1
SBN50 samples synthesized by MSS

Samples Weight ratio of
SBN and salt

Synthesis conditions (temperature,
duration and cooling rate)

SBN-1-1 1:1 950◦C, 4 h and 2◦C/min
SBN-1-2 1:1 1000◦C, 4 h and 2◦C/min
SBN-1-3 1:1 1000◦C, 4 h and 10◦C/min
SBN-1-4 1:1 1000◦C, 10 min and 10◦C/min
SBN-2-1 1:2 950◦C, 4 h and 2◦C/min
SBN-2-2 1:2 1000◦C, 4 h and 2◦C/min
SBN-2-3 1:2 1000◦C, 4 h and 10◦C/min
SBN-2-4 1:2 1000◦C, 10 min and 10◦C/min

compositions and synthesis conditions are listed inTable 1.
As-synthesized SBN particles by MSS were washed several
times with deionized water until no free chloride ions were
detected by silver nitrate solution.

0.5BaCO3 + 0.5SrCO3 + Nb2O5

= Sr0.5Ba0.5Nb2O6 + CO2 (1)

2.2. Characterization of SBN particles

Phase analyses were carried out in Rigaku X-ray diffrac-
tometer (RINT2550). The morphology and size distribution
of particles were observed by SEM (JEOL, JSM-5600N) and
laser scattering particle size distribution analyzer (HORIBA,
LA-920S). In the laser particle size distribution analysis, the
particles were dispersed in deionized water by ultrasonication
for 4 min before the measurement. The electric diffraction of
the particle were performed under a TEM (JEOL, JEM2010)
equipped with EDS (ThermoNORAN, VANTAGE).

3. Results and discussion

3.1. Solid-state reaction synthesis

Fig. 1 shows SEM image of the SBN50 powder synthe-
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In the present work, preparation of single crystal
r0.5Ba0.5Nb2O6 particles, suitable for self-assemble p
esses, was explored by molten salt synthesis method
omparison, solid-state reaction method was also u
ffects of synthesis conditions, such as salt amount, tem
ture, soaking time and cooling rate, on the morphology
ize distribution were investigated in detail. TEM and E
ere also employed to characterize the single crystalline
articles.

. Experimental

.1. Preparation of SBN particles

The nominal composition of SBN was Sr0.5Ba0.5Nb2O6
SBN50). The starting materials used were BaCO3 (99%),
rCO3 (99%), Nb2O5 (99%), NaCl (99.5%) and KC

99.5%). According to the reaction(1), the stoichiometri
mount of BaCO3, SrCO3 and Nb2O5 were mixed by plane

ary mill for 1 h in ethanol medium, and then dried at 110◦C
or 2 h. In solid-state reaction method, the mixed pow
ere synthesized in air directly at designed temperatur
h at a heating rate of 4◦C/min. In molten-salt synthesis, t
alt was equal molar ratio NaCl–KCl, and two composit
ere designed: SBN-1 (SBN and salt with 1:1 weight ra
nd SBN-2 (SBN and salt with 1:2 weight ratio). The mixt
f starting powders of SBN50 were mixed with salt by ha
round in a mortar and pestle for 30 min and then heat
esigned temperature at a rate of 4◦C/min. The detail samp
ized at 1300◦C by solid-state reaction. As indicated
rrow, the primary particle has a nearly spherical sh
nd around 1�m size. But they are strongly agglomerat
nd some of them have become polycrystalline particle
enoted grain boundary with circle). There are two pe

n the particle size distribution pattern (Fig. 2), a small one
t around 1�m, and a big one at around 6�m. It should
e noticed that some particles reach 30�m even after
trong ultrasonic dispersion. These results indicate that
articles in SBN synthesized by solid-state reaction are
rystalline or hard to be dispersed. They are difficult to
mployed in the self-assemble processes.

.2. Molten salt synthesis

.2.1. Phase development
Figs. 3 and 4show the phase development of SBN-1

BN-2 compositions synthesized by MSS at designated
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Fig. 1. Morphologies of SBN50 particles synthesized by solid-state reaction
at 1300◦C.

Fig. 2. Particle size distribution of SBN50 synthesized by solid-state reaction
at 1300◦C.

Fig. 3. Phase development of SBN-1composition synthesized by molten-salt
method: (�) SBN50; (�) SrNb2O6/BaNb2O6 and (�) Sr2Nb2O7.

Fig. 4. Phase development of SBN-2 composition synthesized by molten-
salt synthesis: (�) SBN50 and (�) Sr2Nb2O7.

peratures for 4 h, respectively. In SBN-1 composition, the
peaks of SrNb2O6 and BaNb2O6 are still strong at 850◦C, but
at 950◦C, only SBN50 phase is detected. So, the temperature
to complete SBN formation is much lower in MSS than that
in solid-state reaction, which normally lies between 1100 and
1200◦C.20 This can be attributed mainly to the enhanced dif-
fusivity of the constituent oxides in the liquid state of salt.13

When temperature increases to 1000◦C, a minor amount
of Sr2Nb2O7 phase appears. This agrees with the results of
Duran et al.2 It should be noted that the Sr2Nb2O7 phase also
was detected in SBN-2, even at relatively low temperature
950◦C. Based on these results, we assume that high tempera-
ture and more amount of NaCl–KCl salt might accelerate the
formation of Sr2Nb2O7 phase. At these two situations, the
cations of salt, Na+ (1.39Å) and K+(1.64Å),21 may more
easily substitute for Sr2+ (1.54Å) in SBN tungsten bronze
structure. This point will be described in the later by TEM
and EDS analysis.

3.2.2. Morphological characterization of particles
Figs. 5 and 6show the effect of salt amount and temper-

ature on the morphology and size distribution of the synthe-
sized particles. From SEM results, the particle morphology
and size do not change at different synthesis temperatures
(950 and 1000◦C), but are influenced significantly by the
s bvi-
o .3
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t
i
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s s. In
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alt amount. In both SBN-1 samples, particles show o
us anisotropic shape and have sizes at around 0.2–0�m

n diameter and 1�m in length. In both SBN-2 samples, p
icles are still anisotropic in shape, but coarser in diam
nd shorter in length, as comparison to SBN-1 samples

aser particle size distribution analysis results further p
his fact. As indicated inFig. 6, the median particle size (d50)
s around 0.47�m in SBN-1 samples, and 0.55�m in SBN-

samples. In addition, the particle size distributions o
amples are very uniform, especially in SBN-1 sample
omparison with the SBN particles synthesized by solid-
eaction, SBN particles synthesized from MSS are very
ingle crystalline and easily dispersed.
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Fig. 5. Morphology of SBN particles synthesized at different temperatures and molten salt amounts: (a) SBN-1-1; (b) SBN-2-1; (c) SBN-1-2 and (d) SBN-2-2.

Fig. 6. Particle size distribution of SBN particles synthesized at different temperatures and molten salt amounts.



W. Chen et al. / Journal of the European Ceramic Society 26 (2006) 647–653 651

Fig. 7. Morphology of SBN particles synthesized with different processing parameters: (a) SBN-1-4; (b) SBN-2-4; (c) SBN-1-3 and (d) SBN-2-3.

Fig. 7 shows the effect of processing parameters on the
morphology and size distribution of particles. At 1000◦C
SBN-1-4 and SBN-2-4 samples were held for 10 min, and
SBN-1-3 and SBN-2-3 samples were held for 4 h, before
they were cooled down at 10◦C/min. In SBN-1-4 and SBN-
2-4 samples, particles are finer and some of them may be
still nuclei (not faceted morphology). With increasing hold-
ing time, the particles become coarser, longer and faceted.
But the high cooling rate does not show much influence on
the morphology when comparing the SBN-1-3 and SBN-2-3
with SBN-1-2 and SBN-2-2.

The formation of SBN particles in MSS is through a
solution-precipitation process. Above the melting point of
NaCl–KCl (650◦C), the oxides may start to dissolve and
form a liquid containing cations and anions.13 With increas-
ing concentration of ions, the SBN may precipitate, and then
particle growth occurs. In the present work, most SBN par-
ticles are faceted, which mean the grain growth is mainly
controlled by the mass diffusion.22–24 It has been accepted
in single crystal growth that the morphology of crystal is
determined by two factors: (1) the crystalline habit and (2)
the driving force for grain growth.22,23SBN is tetragonal and
has advantage in particle growth alongc-axis. When the driv-
ing force for growth is low, the particle may grow according
to its crystalline habit and show obvious anisotropic mor-
phology, while if the driving force is too high, the particle
h w an
e d to
t ten

salt. When the amount of salt is increased, the dissolution
of starting powders may be accelerated, which improves the
driving force for particle growth. Thus the particles show less
anisotropic morphology with low aspect ratio. If the syn-
thesis temperature is increased, the solubility and mobility
of ions in molten salt should increase. But from the experi-
mental results, this increase is not obvious between 950 and
1000◦C, so the morphologies of SBN particle change very
little. In comparison to the rode-like particle of SBN-1-4 and
SBN-1-3, the aspect ratio of SBN particles decreases slightly
due to the diameter increasing with prolong soaking time. It
seems that the aspect ratio of around 5 is the limited value
for the particles in the SBN-1 composition synthesized at
1000◦C.

3.2.3. TEM characterization
Single crystalline SBN particles (SBN-1-1) synthesized at

950◦C were investigated by TEM, as shown inFig. 8. The
electronic diffraction pattern further indicates that the SBN
particles synthesized by MSS are single crystalline and has
an advantage in growth alongc-axis. The EDS spectrum, as
shown inFig. 9, indicates that Na+ and K+ ions enter into
the SBN lattice. This is because of the close ionic radius of
Na+ (1.39Å), K+ (1.64Å), Sr2+ (1.54Å) and Ba2+ (1.74Å).
During the formation SBN50, Na+ and K+ ions also have the
chance to take up the Aor A position of SBN lattice. The
s esh
a Na
a ely.
as a trend to reduce the anisotropic growth and sho
quiaxed shape. In MSS, the mass diffusion is relate

he solubility, mobility and distance of ions in the mol
1 2
trong Cu signal in EDS spectrum is attribute to cupper m
s TEM sample holder. The influence of the incorporated+

nd K+ on the physic properties of SBN will be studied lat
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Fig. 8. TEM and electric diffraction of SBN single crystalline particle.

Fig. 9. EDS spectrum of SBN single SBN50 crystalline particle.

4. Conclusions

Single crystalline and agglomerate-free SBN50 particles
were successfully prepared possibly by molten-salt synthesis,
while solid-state reaction method resulted in severe agglom-
eration of particles. In MSS, pure SBN50 phase may be
obtained at 950◦C and 1:1 weight ratio of oxides and salt.
When the temperature and salt amount increase, Sr2Nb2O7
phase starts to appear. The synthesized particles are faceted
sub-micrometer and have anisotropic morphology alongc-
axis. With increasing amount of salt, the aspect ratio of SBN
particles are reduced, while the synthesis temperature does
not show much influence on the particle morphology between
950 and 1000◦C. Incorporation of Na+ and K+ ions are
found in SBN50 lattice. MSS-synthesized SBN50 particles
are suitable for the preparation of grain-oriented ceramics by
self-assemble processes.
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