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Abstract

The acicular Sr0.39Ba0.48K0.32Nb2O6 single crystal particles were first prepared by the reaction of SrCO3, BaCO3 and Nb2O5 in molten
K2SO4 at 1300◦C for 3 h. By using these single crystal particles as seeds and V2O5 as additives, textured Sr0.4Ba0.6Nb2O6 (SBN40) ce-
ramics were obtained. The effect of V2O5 on sintering behaviour, microstructure and dielectric properties of textured SBN40 ceramics was
investigated. The experimental results show that the addition of V2O5 can accelerate the densification rate of the material and encourage the
texture of SBN40 ceramics, which further improves the anisotropy in dielectric properties between different directions of textured SBN40
ceramics.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The growth of strontium barium niobate (SrxBa1−xNb2O6,
0.25 ≤ x ≤ 0.75 abbreviated as SBN) single crystals
with different compositions, and the effect of composi-
tion on properties, is widely studied because of its im-
mense importance in many technological applications such
as electro-optic,1–3 pyro-electric,4,5 piezoelectric,6–8 and
photo-refractive devices.9–11 But the high cost and difficult
fabrication of SBN single crystals have laid restrictions
on their applications. In recent years, SBN ceramics have
gained increasing attention since they are easier and cheaper
to fabricate into large sizes and complex shapes. However,
the randomly oriented grains often impair the electrical
properties of SBN ceramics. Recently, some studies have
shown that textured SBN ceramics have excellent electrical
properties, which opens up one effective way to improve
the electrical properties of SBN ceramics.8,12

Templated grain growth (TGG) is so far considered to be
the most effective method to obtain textured ceramics. The
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process involves orienting anistropically-shaped template
particles in a dense, fine-grained matrix. Template parti-
cles must be large and anisometric in shape, so that they
can be oriented during forming, and grow preferentially
during heating. The final texture in the microstructure is
dependent strongly on the number of template particles,
the relative size of matrix and template particles and sin-
tering additives. Duran et al.12 studied the microstructure
and electrical properties of textured Sr0.53Ba0.47Nb2O6 ce-
ramics, which were fabricated using KSr2Nb5O15 (KSN)
particles as template and V2O5 as additive, but the ef-
fect of V2O5 additive on sintering behaviour, texture de-
velopment and dielectric properties is not clear. In addi-
tion, the template particles KSr2Nb5O15 contained minor
amounts of impurities SrNb2O6 and Sr2Nb2O7, which
made it difficult to design the composition of SBN ce-
ramics properly. In this paper, pure, acicular strontium
barium potassium niobate particles were first synthesised
by means of molten salt synthesis (MSS). By using these
acicular particles as seeds, the effect of V2O5 additives
on sintering behaviour, texture development and dielec-
tric properties of textured Sr0.4Ba0.6Nb2O6 ceramics was
investigated.
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2. Experimental details

Reagent grade oxides, SrCO3 (purity: 99.95%), BaCO3
(purity: 99.95%), Nb2O5 (Purity: 99.99%) and K2SO4
(purity: 99.95%) were used as starting powders. Acicular
Sr0.4Ba0.6Nb2O6 template particles were prepared via MSS
from SrCO3, BaCO3 and Nb2O5, in which K2SO4 was
added at a weight ratio of 1:1. The mixture was sealed in
an alumina crucible and then heated at 1300◦C for 3 h in
air. On the completion of reaction, flux salt was removed
from the powder particles by repeated washing with hot
deionised water until no chloride ions were detected by silver
nitrate.

The matrix powders SrNb2O6 (SN) and BaNb2O6 (BN),
used to synthesise textured Sr0.4Ba0.6Nb2O6 ceramics, were
prepared separately by ball-milling SrCO3 or BaCO3 and
Nb2O5 for 24 h in ethanol. Then the dried powders were
calcined at 950◦C for 3 h. After appropriate amounts of
SN, BN according to Sr0.4Ba0.6Nb2O6 composition and
0.5 wt.% V2O5 additive were mixed with a solvent (60 vol.%
toluene–40% ethanol) and milled for 24 h, 10 wt.% tem-
plate particles, poly(vinyl butyral) (binder), triethanolamine
(modifier) and diethyl-o-phthate (plasticiser) were added
and mixed for 6 h. The slurry consisting of 10 wt.% tem-
plate particles was tape-casted to obtain some 0.1 mm-thick
sheets, which were cut, laminated and pressed at 100 MPa
to form green compacts (6 mm×6 mm×12 mm). The green
compacts were heated at 600◦C for 2 h to remove organic
ingredients and then isostatically pressed at 200 MPa at
room temperature. Finally the specimens were sintered be-
tween 1100 and 1425◦C in air at a heating rate of 4◦C/min
for 3 h.

Randomly oriented specimens were prepared according
to the conventional method. The Sr0.4Ba0.6Nb2O6 powders
synthesised by the reaction of SrCO3, BaCO3 and Nb2O5 at
1100◦C for 3 h were mixed, uniaxially pressed at 100 MPa
and further isostatically pressed at 200 MPa and sintered at
1300◦C for 3 h.

The bulk density of samples was measured in water by
Archimede’s principle. The texture, perpendicular to tape
casting direction, as well as phase assembly, was determined
using X-ray diffractometry (XRD) with Cu K�. The spec-
imens with or without grain orientation were polished and
thermally etched for microstructure observation which was
carried out by scanning electron microscope (SEM, Model
HITACHI 270) with an energy dispersive X-ray spectrom-
eter (EDS). The specimens were electroded by silver paste.
The dielectric constant and dielectric loss at 1 kHz were mea-

Table 1
Lattice parameters, chemical compositions and morphology characterisation of the synthesised seed particles

Lattice parameters Chemical compositions (at.%) Morphology characterisation

a = b (nm) c (nm) Volume (nm3) K Sr Ba Nb O Length (�m) Aspect ratio

1.2519(2) 0.3980(1) 0.6237 3.32 3.90 4.78 22.01 65.99 4–43 4–22

sured on unpoled samples from room temperature to 250◦C
using a HP4192A impedance analyzer.

3. Results and discussion

3.1. Synthesis of acicular template particles

It is worth noticing that the synthesised product from
SrCO3, BaCO3, and Nb2O5 in molten K2SO4 consists of
the expected tetragonal tungsten bronze phase and minor
amount of BaSO4, which can be easily removed by the
conventional sedimentation method due to the considerable
difference in particle size. An XRD pattern of the pow-
der synthesised via MSS at 1300◦C is shown inFig. 1. It
can be seen that the synthesised powder from which BaSO4
has been removed is composed of single tetragonal tung-
sten bronze phase. In comparison with Sr0.4Ba0.6Nb2O6 pre-
pared by the conventional mixed-oxide method (CMO) (a =
1.24731 nm,c = 0.396653 nm),13 the unit-cell dimensions
of SBN synthesised by MSS are larger (seeTable 1). EDS
analysis shows the seed particles contain a certain amount
of K in addition to Sr, Ba, Nb, and O (seeTable 1), indi-
cating that K in K2SO4 can substitute for Sr, Ba during the
formation of Sr0.4Ba0.6Nb2O6 seed particles in the form of
Sr0.39Ba0.48K0.33Nb2O6.

SBN has a tungsten bronze structure with a unit-cell for-
mula of (A1)4(A2)2C4B10O30,14 in which the A1, A2, C
and B cations are in the 15-, 12-, 9- and 6-fold-coodinated
sites, respectively. The Ba2+ and Sr2+ occupy five of the
six (A1, A2)-sites. In the sample fired in KCl flux, two
potassium ions substitute for one strontium or barium ions
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Fig. 1. XRD pattern of the powder synthesised via MSS at 1300◦C.
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Fig. 2. SEM micrograph of acicular Sr0.4Ba0.6Nb2O6 template particles
prepared via MSS.

in Sr0.4Ba0.6Nb2O6. Potassium ions are considered to dis-
tribute in —A1 and A2—interstitial sites in a random man-
ner. Considering that the ionic radius of potassium (1.51 Å)
is larger than the barium ion (1.42 Å) and that there are more
cations in the unit cell, it can be understood that SBN ob-
tained by MSS should have larger cell dimensions than that
of SBN obtained by CMO.

SEM micrograph of acicular Sr0.4Ba0.6Nb2O6 particles
via MSS is shown inFig. 2. The synthesised seed particles
has the length of 4–43�m and an aspect ratio of 4–22 (see
Table 1).

3.2. Effect of V2O5 on the densification behaviour of
textured Sr0.4Ba0.6Nb2O6 ceramics

The effect of V2O5 additive on the densification be-
haviour of Sr0.4Ba0.6Nb2O6 ceramics is shown inFig. 3.
The density of SBN40 samples increases with sintering
temperature whether V2O5 is added or not. It is noted
that the density of V2O5-free samples increases quickly
from 3.45 to 5.18 g/cm3 within a narrow temperature range
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Fig. 3. The effect of V2O5 on the densification behaviour of Sr0.4Ba0.6-
Nb2O6 ceramics.

(1300–1400◦C) and reaches a maximum value at 1425◦C.
The addition of V2O5 helps to improve the densification
of SBN40 markedly. For example, even if it is sintered
at 1100◦C, the V2O5-containing sample has a density of
4.38 g/cm3, which is much higher than V2O5-free sample
sintered at 1350◦C (4.07 g/cm3). Thus, V2O5-containing
SBN with relatively higher density can be sintered at lower
temperature. It is reported that V5+ ions are rarely dissolved
in the tungsten bronze structure.15 Thus, V2O5 exists as
liquid phase in the grain boundaries at not very high temper-
ature because of low melting point (690◦C), promoting the
densification of SBN ceramics. With the increase in temper-
ature, the viscosity of molten V2O5 decreases, which helps
V2O5 to spread out across the grains, and consequently den-
sity increases. However, too high a temperature will result
in the decrease of density owing to the evaporation of V2O5.

3.3. Effect of V2O5 on the texture development of
Sr0.4Ba0.6Nb2O6 ceramics

XRD patterns of V2O5-free SBN samples prepared with
seed particles sintered at 1400 and 1425◦C are shown in
Fig. 4b and c; the XRD pattern of sample prepared with-
out seeds and V2O5 is also given for comparison (Fig. 4a).
Strong {0 0l} XRD peaks of seed-containing sample do
not occur unless the sintering temperature is higher than
1425◦C, indicating that texture development is not easy un-
der the condition of absence of V2O5. The addition of seed
particles makes every peak position turn left slightly, which
is probably related to K+ ions in template particles. XRD
patterns of V2O5-containing SBN samples prepared with
seed particles, sintered at different temperatures are shown in
Fig. 5, as well as that of sample sintered at 1300◦C without
seeds. Similar to V2O5-free samples, the grains in the sam-
ple without template particles do not exhibit a preferred ori-
entation (seeFig. 5a). In contrast, the sample prepared with
seeds sintered at 1200◦C shows strong{0 0l} peaks in the
XRD pattern, suggesting that with the aid of V2O5 texture
begins to develop at lower temperature. With the increase
of temperature, the{0 0l} peaks dominate the diffraction
pattern for samples sintered above 1300◦C.

20 30 40 50
2θ  / 

o

(5
3
1
)

(6
0
0
)

(4
0
1
)

(0
0
2
)

(0
0
1
)

(3
1
0
)

(3
2
0
)

(3
2

1
)

(5
2
0
)

(5
3
0
)

(0
0
2

)
(6

2
0
)

(6
3
0
)

(6
0
1
)

(a)

(b)

(3
1
1
)

(3
3
0
)(4

1
0
)

(2
1
1
)

(0
0
1
)

(c)

Fig. 4. XRD patterns of V2O5-free SBN samples prepared without (a) or
with seed particles sintered at 1400◦C (b) and 1425◦C (c).
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Fig. 5. XRD patterns of V2O5-containing samples prepared without (a) or
with seed particles sintered at 1200◦C (b), 1300◦C (c) and 1400◦C (d).

The degree of orientationF(00l), was calculated using the
following equations (Lotgering method)16:

F = P − P0

1 − P0
(1)

P =
∑

I{00l}
∑

I{hkl}
(2)

P0 =
∑

I0{00l}
∑

I0{hkl}
(3)

whereI andI0 are the peak intensities of oriented and random
samples,P andP0 are the ratio of{0 0l} and{h k l} peak
intensities in the oriented and random samples, respectively.
In this work, the diffraction lines between 2θ = 20 and 50◦
were chosen to calculateP andP0.

Fig. 6 shows the effect of V2O5 on the degree of align-
ment for the specimens prepared with or without V2O5 as a
function of sintering temperature. It can be seen that degree
of orientation in specimens prepared without V2O5 is small
below 1400◦C and quickly reaches a maximum (0.85) at
1425◦C. In contrast, the V2O5-containing sample sintered
at 1100◦C has a high degree of orientation of 0.65, and then
the degree of orientation increases gradually with increasing
temperature to a maximum of 0.86. These results indicate

Fig. 7. SEM micrographs of V2O5-containing sample sintered at 1200◦C (a) and V2O5-free sample sintered at 1425◦C (b).
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Fig. 6. Degree of orientation as a function of sintering temperature for
specimens with and without V2O5.

that the presence of liquid phase V2O5 favours the forma-
tion of textured SBN40 ceramics. For specimens prepared
without V2O5, the rapid growth of seed particles leads to
high texture at 1425◦C.

SEM micrographs of samples, parallel to tape casting di-
rection, of V2O5-containing samples prepared with seeds,
sintered between 1200 and 1425◦C have similar microstruc-
tures, i.e. some large, highly anisotropic grains are aligned.
The microstructure of V2O5-containing sample sintered at
1200◦C is shown inFig. 7a. Thus, strong morphologic tex-
ture can be easily obtained in V2O5-containing samples by
introducing aligned template particles. However, the mi-
crostructure of V2O5-free samples is quite different. Only
equi-axed grains can be seen in the sample even though it
was sintered at 1425◦C, seeFig. 7b. EDS analysis shows
that all the vanadium exist in grain boundaries. Obviously,
the differences in microstructure of two samples with and
without V2O5 result from the presence of V2O5, since V2O5
with low melting point will become liquid phase during sin-
tering and promote the faster growth of (0 0l) planes having
high surface energy.



Q.W. Huang et al. / Journal of the European Ceramic Society 25 (2005) 957–962 961

Table 2
Comparison of temperature and V2O5 additive on texture development, dielectric properties of SBN40 sample prepared at different conditions

Preparation conditions The degree of orientation Tc (Curie temperature) (◦C) ε at room temperature ε at Tc

Seed particles V2O5 Temperature (◦C)

With With 1200 0.74 181 487 5072
With With 1300 0.82 182 553 5686
With With 1400 0.86 181 581 7065
With Without 1400 0.38 181 594 3412
With Without 1425 0.81 182 482 5000
Without Without 1300 0 156 550 1030

3.4. Effect of V2O5 on the dielectric properties of textured
Sr0.4Ba0.6Nb2O6 ceramics

Fig. 8shows the orientation-dependence and temperature
dependence of the dielectric constant and dielectric loss at
1 kHz for a V2O5-containing sample sintered at 1300◦C
for 3 h. In Fig. 8a, the dielectric constant at room temper-
ature in the direction perpendicular to thec-axis (6 0 7) is
higher than the parallel to thec-axis (2 4 4), which is con-
sistent with the well-known dielectric anisotropy in single
crystals.17 The anisotropy in the dielectric constant between
the perpendicular- and parallel-cut samples increases with
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Fig. 8. Temperature and crystallographic direction dependence of the
dielectric constant (a) and dielectric loss (b) for V2O5-containing sample
sintered at 1300◦C for 3 h.

increasing temperatures and reaches a maximum at the Curie
temperatureTc (εr = 5686 and 550, respectively). These two
orientations also show different dielectric-loss behaviours,
presumably because the electrical conductivity in the paral-
lel cuts is higher than perpendicular cuts.

Table 2shows the effect of temperature and V2O5 ad-
ditive on dielectric properties of SBN40. Whether V2O5
is added or not, the samples prepared with seed particles
have almost the sameTc, indicating thatTc is not influ-
enced by the addition of V2O5. However, in comparison
with the sample prepared without seed particles, the samples
prepared with seed particles have higherTc value, show-
ing that the addition of seed particles influences theTc of
SBN40 value. Previous investigation18,19 shows that when
alkali elements, such as sodium and potassium, are present
in the structure, they will partially or fully occupy the in-
terstitial sites with no vacancy left and this causes the value
of Tc to increase, which stabilises the ferroelectric struc-
ture. FromTable 2, Tc of the sample prepared without seed
particles and V2O5 approaches single crystal SBN40 (Tc =
158◦C).17 In addition, similar to the tendency of degree
of orientation versus temperature,ε at both room temper-
ature and Curie temperature increases with increasing sin-
tering temperature, indicating that the dielectric properties
of textured SBN40 ceramics increase with the degree of
orientation.

Due to lack ofεr of single crystal SBN40, we cannot
compare our data with single crystal. But from the above
experimental results, it can be seen that the addition of V2O5
is helpful to improve the degree of orientation and therefore
increases the dielectric anisotropy.

4. Conclusions

The acicular Sr0.39Ba0.48K0.32Nb2O6 single crystal parti-
cles with the aspect ratio of 4–22 were obtained in molten
K2SO4 salt at 1300◦C for 3 h. By using these single crystal
particles as templates, textured Sr0.4Ba0.6Nb2O6 (SBN40)
ceramics were prepared.

The addition of V2O5 favours the lowering of the sin-
tering temperature of the textured SBN40 ceramics and the
growth of seed particles, resulting in the improvement of the
degree of orientation and the anisotropy of dielectric prop-
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erties between perpendicular- and parallel-cut directions in
textured SBN40.
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