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Abstract A two-step sintering approach composed of
spark-plasma-sintering (SPS) technique at 1000 °C for
1 min and under a uniaxial pressure of 63 MPa followed by
conventional sintering at 1400 °C for 3 h is proposed for
synthesis of dense Ba(Tigg;Sng13)O03 ceramics. Starting
powders had grain size of about 90 nm and were obtained
by co-precipitation. The SPS pellets consist of submi-
cron (300-500 nm) grains. X-ray diffraction analysis of
as-prepared Ba(Tigg7Sng 13)O5 ceramic shows the occur-
rence of cubic and tetragonal phase coexistence for the
pellets obtained after SPS processing and the presence of
only tetragonal phase in the samples after the second
(conventional) sintering. Grain uniformity in the final
product is high, with average size of ~2 um. The apparent
densities of the sintered pellets at temperature of 1400 °C
were ~92% of the theoretical value of Ba(Tigg7Sng 13)Os.
The ceramics exhibit a high relative dielectric constant
of 6,550 and a dielectric loss (tan 0) = 0.078 at Curie
temperature of 63 °C and 10 Hz.

Introduction

Solid solutions BaTi;_,Sn,0; (BTS,) show interesting
dielectric properties and are used for capacitors, relaxors
and sensor [1-4]. The isovalent substitution of Ti** by
Sn** ions in barium titanate leads to a reduced stability
range of the tetragonal phase, due to a decrease of the
ferroelectric cubic-tetragonal phase transition temperature
T. [5-8]. Sn substitution gradually shifts the first order
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character of the phase transition in BaTiO; towards a
second order transition. The character of the ferroelectric
phase transition in BTS, strongly depends on the Sn-level
x. The observation of ferroelectric domains below the
permittivity maximum temperature provided evidence of
ferroelectric long-range order for x < 0.13, whereas indi-
cation for the relaxor state of BTS, was obtained for
compositions x > 0.2 [6, 9].

Both the variation of the chemical composition, reduc-
tion of grain size and reduction of grain boundaries
improve the temperature stability of electric properties in
ferroelectric ceramics. Use of fine powders as precursors in
combination with SPS is thought to be convenient in order
to have a better control of the indicated parameters [10].
Using SPS, it is possible to preserve and control the grain
size and to some extent the grain boundaries. We note that
SPS was used with good results for sintering of BaTiO3
[11-13] ceramic starting from mixtures of oxides and
carbonates.

Most data available for BTS, focus on ceramics sintered
from conventional powders, obtained from solid state
reaction of BaCO5; with TiO,, SnO, or mixtures of both
oxides. Few chemical techniques such as precipitation [14]
and glycolate-precursor based synthesis [15] have been
used to fabricate ultra-fine BTS, powders.

In this paper, preparation and dielectric characterization
of BTS,3 ceramic, processed by spark plasma and con-
ventional sintering from co-precipitated powders are
reported.

Experimental procedure

The BTS,; powder obtained by co-precipitation [14] was
sintered into discs with thickness of 1.5 mm and diameter
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of 19 mm by SPS technique using SPS 825S (Sumitomo
Coal Mining Co, Japan) equipment as follows: BTS;3
powder was poured into the graphite die and then sintered
at 1000 °C, for 1 min. A type K thermocouple measured
the temperature. The hot junction of the thermocouple was
placed into a horizontal channel at about 7 mm deep in the
12.7 mm thick die wall. The heating rate was chosen as
250 °C min~"' and the applied mechanical uniaxial pres-
sure was 63 MPa. Sintering was performed in vacuum
(6-15 Pa). In the SPS apparatus the default 12:2 (on:off)
current pulsed pattern was applied. The waveform is not
square and, in fact, is composed of several spikes (pulses)
separated by a current-free interval. Regardless of the
pattern, each pulse has the same period of about 3 ms.
Thus, the pattern of 12:2 has a sequence of 12 pulses ‘on’
and 2 pulses with no current (off). The total time of one
sequence (cycle) is about 0.04 s. The operating parameters,
namely voltage and the peak current were below 5 V and
2000 A, respectively.

Figure 1 shows the variation of displacement, d, its
rate, r, and operating current, /, as a function of tem-
perature, during the SPS process of BTS;3 powder. The
displacement is measured between of two punches of die
in the cylindrical configuration, where is pressed and
compacted the BTS;3; powder. Finally we get a dense and
tick disc.

The onset temperature of the densification process is
885 °C and the offset temperature is placed above 950 °C,
where the operating current decreased. X-ray diffraction
indicated the presence of cubic and tetragonal BTS;
phases (see Fig. 4a in “X-ray patterns” section). To obtain
a tetragonal single phase ceramic, a second step of con-
ventional sintering on as-prepared SPS bulks was applied at
1400 °C for 3 h in air. But, before that, SPS-samples were
annealed in oxygen, at 950 °C for 3 h to remove the carbon
contamination from the graphite die and punches.
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Fig. 1 Displacement (shrinkage), its rate and operating current
versus temperature for BTS;; sample

The microstructure of the samples was investigated
using a Hitachi S2600N scanning electron microscope. The
structure of the BTS,; precursor powders was character-
ized by X-ray diffraction technique using a Bruker-AXS tip
D8 ADVANCE diffractometer. For powder diffraction,
CuK,; radiation, (wavelength 1.5406 A), a LiF crystal
monochromator and Bragg—Brentano diffraction geometry
were used. The data were acquired at 25 °C with a step-
scan interval of 0.020° and a step time of 10 s.

Apparent densities of the sintered pellets were measured
by Archimedes method (in water) using a density balance.

The temperature dependence of dielectric constant and
dielectric losses were evaluated in the temperature range
from —20 to 120 °C at 10 Hz, 100 Hz, 1 kHz, 10 kHz and
100 kHz by an Agilent 4263B LCR meter equipped with a
thermostat. The electrical measurements were carried out
in the metal-ferroelectric-metal (MFM) configuration
where M is silver and F is the ferroelectric sample (BTS;3).
Silver paste used as the electrodes, was screen-printed on
both surfaces of BTS;3 pellets.

Results and discussion
Microstructure

The SEM micrograph of BTS,; starting powders shows
agglomerates consisting of homogenous-sized grains
(~90 nm in diameter) (Fig. 2). The homogeneity of the
grain size of the starting powders enhances the densifica-
tion process [11] of BaTiOs.

The densities of pellets sintered by SPS were about
83.5% of the theoretical density.

After SPS, the surface of the bulk BTS,; samples was
contaminated with carbon from the graphite foils inserted

Fig. 2 Scanning electron microscope photomicrographs of the BTS;3
powder
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between the die, punches and the ceramic powder. In the
volume, these samples were dark blue due to the reducing
sintering atmosphere used during SPS (low vacuum). In
this way, some Ti** is reduced to Ti**, a well known
phenomena in SPS sintering [11]. To restore the oxygen
stoichiometry and to remove the carbon contamination,
SPS dense pellets were annealed in oxygen, at 950 °C for
3 h. Corresponding typical SEM images of the fractured
surface of the annealed pellets are shown in Fig. 3a. Sim-
ilar SEM images were obtained by Takeuchi et al. [12] for
BaTiO; SPS pellets.

The SPS pellets consist of submicron (300-500 nm)
grains (Fig. 3a). This result indicates, as expected, that the

—_— 10 ym ——

Fig. 3 SEM images of fracture surface of the BTS;; pellets annealed
at 950 °C, 3 h in oxygen (a), and the conventional sintering at
1400 °C, 3 h in air (b)

@ Springer

short sintering period is an essential factor to obtain fine-
grained BTS 3 ceramics by the SPS process. Some pores
located at grain boundaries can be observed. The grain size
and shape was highly uniform for the prepared samples.
The apparent density of the pellets sintered by SPS tech-
nique and annealed at 950 °C, 3 h in oxygen was about
86.5% of the theoretical value (taken 6.19 g/cm3, [16]) of
BTS;s.

The sintering process started by SPS method was con-
tinued by the second step conventional sintering at 1400 °C
for 3 h in air. The final ceramics show the grains with
average size of ~2 pm (Fig. 3b). The apparent densities of
the sintered pellets at temperature of 1400 °C were ~92%
of the theoretical value of BTS;3.

X-ray patterns

Figure 4a, b shows the XRD patterns of BTS,; pellets,
annealed at 950 °C, 3 h in oxygen, after spark-plasma
sintering and final sintering at 1400 °C for 3 h, respec-
tively. Figure 4c presents a detailed look at the (200) peak
for the sample after heating at 950 and 1400 °C. Figure 4a
indicates that the crystalline structure of the decarbonised
SPS pellets (at 950 °C) consists of cubic phase BaTiO3
(XRD pattern PDF 79-2263) [17] and to a small secondary
phase Ti305, monoclinic (XRD pattern PDF 01-076-1066).

The diffraction patterns of BTS;; pellets sintered at
1400 °C shown that the peak 20 = 45.4° splits into (002)
and (200) reflections (Fig. 4c), which are characteristic to
BaTiOj; tetragonal phase (PDF 81-2202) [18]. Figure 4b
indicates also a small secondary phase (orthorhombic
Ba,TiO,) (PDF 01-075-0677).
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Fig. 4 X-ray diffraction patterns of the BTS,; pellets obtained by
SPS and annealed at 950 °C in oxygen (@) and then, conventional
sintered at 1400 °C (b). Inset (¢) shows detail of (002) and (200)
peaks resulted by splitting of (200) peak at 1400 °C
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Dielectric properties

The variations of relative permittivity and of tan ¢ with
temperature, at various frequencies (10 Hz, 100 Hz, 1 kHz,
10 kHz and 100 kHz), for the SPS pellets after the final
conventional sintering at 1400 °C are shown in Fig. 5a, b.

The highest dielectric constant of BTS;;3 was 6550 at
10 Hz and decreased up to 5,500 at 100 kHz, at the Curie
point temperature (Fig. 5a). The temperature of Curie point
(T,) was T. = 63 °C. This value of Curie temperature
point, higher than that indicated in literature [6, 7, 15], can
be attributed to partial reduce of Ti*" to Ti*™ and to
chemistry imbalances created by SPS at grain boundaries.
The dielectric loss, at Curie temperature, was 0.013 at
10 Hz and increased up to 0.1 at 100 kHz (Fig. 5b).
A small influence of the frequency on the dielectric prop-
erties was observed.
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Fig. 5 Temperature and frequency dependence of a dielectric
constant and b loss tangent (6) for BTS;3 ceramic sintered by SPS
and conventional method

Conclusions

We used SPS method for a fast initial first step of pressing-
sintering process of barium titanate stanate powders. The
as-obtained SPS pellets consist of submicron (300-
500 nm) grains. Because the room temperature permittiv-
ity, at 1 kHz, for BaTiO; ceramics shows an apparent
maximum at grain size in the range of about 1 pum [19, 20],
we continued the sintering process by the conventional
method to increase grain size. In this work, final ceramic
had a grain size of about 2 pm with high grain size uni-
formity. The second step of conventional sintering also
resulted in the conversion of the cubic phase observed after
SPS processing-step into tetragonal single phase. Final
ceramic had a density of about 92% of the theoretical value
and good dielectric properties (¢, = 6,550, tan 6 = 0.078)
at Curie temperature, 7, = 63 °C and 10 Hz. The values of
the dielectric characteristics of BTS;3 ceramics consoli-
dated by SPS and conventional sintering methods are in
good agreement with literature data.

Despite the drawback of carbon contamination at the
surface of the BTS;; ceramic during SPS process, the
benefits of the proposed combined two-step sintering
method to prepare BTS;3 solid solution consist in: the
control of grain size and morphology, the control of oxygen
deficiency and the control of the cubic BTS;; conversion
into tetragonal BTS,3 phase with high permittivity.
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