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Abstract

The processing route of barium stannate titanate ceramics were optimized to prepare full composition range solid solution sample. The phase
structure, microscopic morphology and dielectric properties of barium stannate titanate ceramics were studied. X-ray diffraction patterns indicated
that the samples are of single perovskite structure. Linear empirical relationship between crystal lattice and tin content was proposed. This
relationship is valid covering the full composition range, which suggests that this solid solution system is ultimate mutual soluble. The phase
transition behavior was studied and a phase diagram was obtained based on the dielectric measurements.
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1. Introduction

Barium stannate titanate (BTS) ceramics was studied by
Smolensky [1] at the early 1970s as a prototype of ferroelectrics
with diffused phase transition. In the next 20 years, few papers
were published involving BTS. Since 1990, although several
works had been reported on ceramics [2—5] and thin film [6-10]
preparation, and on phase transition [3,4,11-14], electrome-
chanical [15-17], electrical [18,19] and dielectric [3,20-24]
properties, the common academic attention is fairly insufficient
compared with that of barium strontium titanate.

BTS is a binary solid solution system composed of ferroelec-
tric barium titanate and non-ferroelectric barium stannate. Both
of them are of perovskite structures with an ABO3 formula. The
B sites of the solid solution are occupied by either titanium or
tin ions. This material system may find application for various
purposes because the Curie temperature or dielectric maximum
can be widely shifted by changing the tin content. The permit-
tivity is very high and as well temperature as bias field sensitive.
Therefore, it can be used in various potential applications, such
as capacitor, bolometer, actuator [16,17] and microwave phase
shifter [22-24].
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Yasuda et al. [3] had extensively studied the phase transition
behavior, dielectric and ferroelectric properties of BTS. How-
ever, in his study, the highest solubility of barium stannate is
only 0.4. Therefore, a systematically study covering the whole
range is required. The sintering temperature of BTS ceramics is
as high as 1500 °C and the grain growth is extremely inhomo-
geneous [23]. Thus, the processing route in solid state reaction
needs to be optimized.

In the present paper, the processing route was optimized
to prepare full range solid solution sample Ba(Sn,Ti;_,)O3
(x=0-1), and the phase structure, microscopic morphology and
dielectric properties of BTS ceramics were studied.

2. Experiment

The BTS ceramic sample was prepared by means of solid state
synthesis. The raw materials are reagent grade BaCO3 (99.9%,
Fenghua), TiO, (99.8%, Fenghua), SnO, (99.8%, Northwest
Institute of Non-Ferric Metal) and hydrothermal synthesized
spherical particle BaTiO3 (Guoteng). The notations and formu-
las of the selected compositions of BTS solid solution are shown
in Table 1.

The raw materials were weighed and ball milled, then cal-
cined at 1000-1100°C for 3h. The synthesized powder was
ball milled again before pressed into pellets, and densified to
ceramics by sintering at 1250-1500 °C for 2 h.
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Table 1

Compositions of BTS solid solution
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Notation Formula Sintering parameters Density Resistivity (€2 cm)
Absolute (g/cm?) Relative (%)
BTSO BaTiO3 1250°C/2h 5.81 96 100
BTS6 Ba(Tig.04Sn0.06)03 1300°C/2h 5.91 97 10!
BTS10 Ba(Tio.00Sn0.10)03 1380°C/2h 6.04 98 10'2
BTS20 Ba(Tig.30Sn0.20)03 1380°C/2h 6.14 97 1012
BTS30 Ba(Ti.70Sn0.30)03 1420°C/2h 6.24 97 10'2
BTS40 Ba(Tig 60Sn0.40)03 1420°C/2h 6.29 96 10'2
BTS50 Ba(Tio.50Sn0.50)03 1420°C/2h 6.34 95 101!
BTS60 Ba(Tig.40Sn0.60)03 1450°C/2h 6.43 95 10!
BTS70 Ba(Ti.30Sn0.70)03 1450°C/2h 6.57 95 1013
BTS80 Ba(Tig.20Sn0.80)03 - 6.63 94 102
BTS90 Ba(Tig.10Sn0.90)03 - 6.60 92 10!
BTS100 BaSnO; - - - 1010

The phase structure of the ceramic sample was deter-
mined using a powder X-ray diffractometer (XRD/Dmax2400,
Rigaku). The microscopic morphology was analyzed by a scan-
ning electronic microscope (SEM/1000B, Amray). The density
of the sample was measured using Archimedean method with
an electronic balance (Mettler-Toledo). The temperature depen-
dence of dielectric constant was measured using a LCR meter
(HP4284A, Hewllet-Packard) and a temperature chamber. The
direct current resistivity was measured by an ohmic meter
(HP4339, Hewllet-Packard).

3. Results

3.1. Starting material selection and sintering temperature
optimization

There were three processing routes to synthesize BTS pow-
der: (a) started from raw materials BaCO3, TiO; and SnO;; (b)
started from hydrothermal BaTiO3, raw materials BaCOs and
SnOy; (c) started from hydrothermal BaTiO3 and pre-synthesize
BaSnO3, which was pre-calcined from BaCO3 and SnO; at
1200 °C for 4 h showing single perovskite structure and 602 nm
average particle size.

The phase structures of the three types of calcined powders
were analyzed by XRD. The resultants of routes A and B were
single phase perovskite, while a small amount of residual bar-
ium stannate was detected in the resultant of route C indicating
an incomplete synthesis, although all the final sintered ceram-
ics were of single phase perovskite structure. The microscopic
morphology of ceramics prepared via route A showed inhomo-
geneous and abnormal grain growth, while that of routes B and
C were homogeneous. Therefore, route B was selected as the
optimized one.

Sintered ceramic bodies, covering the whole solution range,
were prepared following the route B starting from hydrother-
mal BaTiO3, raw materials BaCO3 and SnO;. The absolute and
relative densities are listed in Table 1. When the tin content is
higher than 80%, it is noticed that the ceramics are not fully den-
sified, which is proved by apparent observation and noticeable
dielectric loss at room temperature, in spite of the measured high
relative density.

BTS6 (Ba(Sng oTig.94)03) ceramics was selected for sin-
tering temperature optimization ranged from 1250 to 1425°C
with a step of every 25 °C. The results are listed in Table 2.
The maximum density was obtained at 1300 °C; the grain size
increased with increasing temperature which is calculated from
the cutting lines in the SEM photos; the room temperature dielec-
tric constant decreased with the increasing temperature which
is something related to the inner-granular stress; the resistivity
was measured using a HP4339 high resistance meter and the
highest resistivity was obtained in sample sintered at 1300 °C.
These results suggest that the optimized sintering temperature
is in the vicinity of 1300 °C.

The SEM morphology of the fracture faces of BTS10
(Ba(Sng 10Tip.90)03) and BTS20 (Ba(SngooTipgp)O3) are
shown in Fig. 1. It can be seen that well grown and homoge-
neous grain structure and dense ceramic body can be obtained
via processing route B.

3.2. Phase determination and lattice constant refinement

As shown in Fig. 2, the XRD patterns indicate that all the
samples are of single phase perovskite structure. Except for bar-
ium titanate, the non-cubic peak splitting can not be detected for
the other compositions (tin content > 10%) even in those high
angle refraction peaks. This is in agreement with that reported

Table 2

Influence of sintering temperature of BTS6

Sintering temperature (°C) (duration 2 h) 1250 1275

Density (g/cm?) 5.67 5.81

Grain size (um) 3 6

Dielectric constant 3226 3074 2809

Resistivity (10'0 € cm) 5 30
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Fig. 1. SEM morphology of fractured faces of: (a) BTS10 and (b) BTS20.

by Yasuda et al. [3]. The results of refinement of crystal lat-
tice constant are shown in Fig. 3. The extrapolation function is
(cos? 0)/((1/sin 0) + (1/6)), and the peak data used are in range of
high refraction angle (26 = 60—110°). The fitting results exhibit
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Fig. 2. XRD patterns of BTS solid solution.
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Fig. 3. Lattice constant of BTS as a function of the tin content.

well fitted linear relationship between lattice constant and tin
content. The fitting equation of lattice constant is

a =4.0046 + 0.0011x (A) (D)

where a represents lattice constant or the cubic root of crystal cell
volume (for tetragonal symmetry only) and x is the percentage
of tin content.

3.3. Dielectric properties and phase diagram

The temperature dependences of dielectric constant of BTS
ceramic samples are shown in Fig. 4. The dielectric maxima
decrease with increasing tin content, with a rate of roughly 8 °C
per centesimal B site substitution. When the tin content exceeds
40%, the phase transition temperature is lower than the tem-
perature of liquid nitrogen, the low temperature limit in our
experiment. The dielectric peaks of phase transition becomes
diffused when the tin content is larger than 10%, and relaxation
behavior can be observed in the sample with the tin content equal
to 30%.

This solid solution system is a combination of ferroelec-
tric and non-ferroelectric perovskite structures. The common
schematic phase diagram of this type of solid solution had been
predicted by Cheng [25]. We plotted a phase diagram of BTS
based on the dielectric measurements, as shown in Fig. 5, which
is similar to both that proposed by Yasuda et al. [3] and pre-
dicted by Cheng. As we know in case of barium titanate, there
are several dielectric peaks, which illustrate successive phase
transitions from cubic, tetragonal and orthorhombic to rhombo-
hedral crystal lattice. When the tin content is larger than 10%,
there is only one dielectric peak, which indicates there is only
one rhombohedral ferroelectric phase. When the tin content is
more than 25%, there are dielectric relaxation in phase transition
region [22], thus the phase transition temperature is expanded
to a temperature region.

3.4. P-E hysteresis loop

The polarization hysteresis loops of BTS20 were measured
at various temperatures as shown in Fig. 6. In ferroelectric
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Fig. 4. Temperature dependence of dielectric constant of BTS samples.
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Fig. 5. Phase diagram of BTS based on dielectric measurments.
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Fig. 6. P-E hystersis loops of BTS20 ceramics.

phase (—60°C) of BTS20, the hysteresis loop indicates nor-
mal ferroelectricity with weak remanent polarization. While in
its paraelectric phase (20 °C), the loop looks like S shape line.

4. Discussions

The linearship between lattice constant and tin content (Eq.
(1)) indicates a good structural compatibility between barium
titanate and barium stannate, and the crystal lattice constant of
BTS solid solution obeys Vegard Law, which features a linear
relationship covering full solution range. Therefore, these results
suggest that this solid solution system is ultimate mutual soluble.

As shown in Fig. 4, it is obvious that the dielectric relax-
ation behavior of the sample is closely related to the tin content.
The degrees of relaxation and diffuseness had been quantita-
tively analyzed elsewhere [22/CI1397]. On introducing FDDP, a
parameter for dielectric dispersion, the relaxor behavior is sup-
posed to be observable if the FDDP inflexion temperature is
close to the phase transition region in BTS samples. This can
be understood in view of that the relaxation behavior is origi-
nated from polar nanoregions. Dielectric relaxation behavior can
be observed only if the measurement frequency is close to the
relaxation frequency of the polar nanoregions. Otherwise, there
is no relaxation behavior even if the dielectric peak is diffused
[22].

With addition of tin atoms in B site of perovskite cells, the
ferroelectricity of BTS is diluted. Thus, as shown in Fig. 6,
for one-fifth tin occupancy in B site (BTS20), the remanent
spontaneous polarization in the ferroelectric region was weak-
ened drastically compared to that of barium titanate. While for
BTS10, in its ferroelectric phase, there is a temperature region
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where the loops are slim-waist shaped. We are convinced it
is related with interaction between defects and domain walls.
When field is decreased after domains were fully orientated,
point defects may drive domain walls back to the original posi-
tions and thus produce the abnormal P-E loops [22].

5. Conclusion

Dense and well sintered BTS ceramics were prepared using
optimized solid reaction route. XRD patterns indicated that the
samples are of single perovskite structure. Linear empirical rela-
tionship between crystal lattice and tin content was proposed.
This relationship is valid covering the full composition range,
which suggests that this solid solution system is ultimate mutual
soluble.
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