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Short time spark plasma sintering at 1200 °C for 10 min and under a uniaxial pressure of 95 MPa followed
by annealing at 1100°C for 5 h is proposed for synthesis of high density (99%) Ba(Tio s7Sno.13)03 ceramic.
Starting powder of 450 nm was obtained by co-precipitation, while the average grain size in the sintered
ceramic was of 580 nm. X-ray diffraction analysis of the as prepared Ba(Tips7Sno.13)O3 samples indicated
the presence of single phase BaTig7Sng 1303 developed in the BaTiO3 cubic structure. Samples have high
relative dielectric constant of 5680 and low dissipation factor (tan § = 0.009) at Curie temperature of 57 °C
and 1kHz, good tunability and ferroelectric properties. Remarkable is that these results are from some
points of view different than for the conventionally processed samples with similar stoichiometry. Some
ideas in this regard are presented and this suggests that SPS can be useful for expanded possibilities in
the control of the properties.
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1. Introduction

Solid solutions Ba(Ti;_xSny )O3 (denoted as BTS, hereafter) show
ferroelectric properties and are used for capacitors, relaxors, dielec-
tric amplifier, switching circuit snubbers and sensor [1-7]. BTSy
is also important for practical applications in functionally graded
materials [8].

The advantages of the isovalent Sn-substitution at titanium site
in BTSy are related to the possibility to control the dielectric char-
acteristics [9-11]. It is usually observed that the phase transition of
BTSx becomes increasingly diffuse [9], as displayed by significant
deviations from the Curie-Weiss law of the temperature depen-
dent permittivity reported for x> 0.05 [10]. Broadening of the peak
of the dielectric constant, &, in a wide working temperature range
[12] is accompanied by enhancement of its level, and both being
useful for applications (e.g. capacitors). In addition, with increasing
Sn content, the Curie temperature of the paraelectric-ferroelectric
phase transition decreases considerably. When x < 0.30, the Curie
temperature of Ba(Ti;_,Snx )O3 declines about 8 °C forevery 1 at.% of
titanium (Ti%*) substitution by tin (Sn**)[13], so that, e.g., it is about
40°C for BTSq3 [11,14]. The ferroelectric domain-structure was
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observed for Ba(Ti;_xSnx)O3 x<0.13 [11]. Ba(Ti;_xSnx)03, x> 0.2
revealed characteristic features of ferroelectric relaxor [10,15].
Apart from the chemical Ti/Sn composition, temperature stabil-
ity of electric properties strongly depends on the oxygenation level,
grain size, grain size distribution and on the presence of certain
grain boundaries. Use of fine powders as precursors in combina-
tion with spark-plasma-sintering (SPS) is thought to be convenient
in order to have a better control of the indicated parameters. It
is in general observed that SPS due to specifics of pulsed elec-
trical field application, namely a cleaning process at the surface
of the grains [16,17] and enhanced electro-diffusion, can result
into significant decrease of the processing times and temperatures
[18]. Such effects combined with the use of a uniaxial pressure
during SPS-processing can produce ceramics of high density and
can preserve or control the grain size and to some extent the
grain boundaries. Noteworthy, SPS is also a process with features
far from equilibrium, e.g. it involves occurrence of hot spots and
much debated plasma states, leading to non homogeneities and
defects. Up to now, SPS was used with good results for sintering
of BaTiO3 [19-21] ceramics starting from powders produced by
solid-state reaction between oxides and carbonates. In this paper,
we used SPS to obtain single phase solid solution Ba(Ti;_,Sny)O3
(x=0.13) as a high density ceramic. We used powders obtained by
co-precipitation. The dielectric and ferroelectric properties of the
resulting SPS-processed BTS;3 ceramic are characterized. We try to
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Fig. 1. Displacement (shrinkage), its rate and operating current vs. temperature for
BTS;3 sample.

discuss some specific details of our SPS samples vs. literature data
for similar samples obtained by conventional methods.

2. Experimental procedure

The BTS;3 powder obtained by co-precipitation [22] was sintered by SPS
(FCT Systeme GmbH, Germany) at 1200°C, for 10 min into discs with thickness
of 235mm and diameter of 20mm. A pyrometer measured the temperature.
The heating rate was chosen at 100°Cmin-! and the applied mechanical uni-
axial pressure was 95MPa. Temperature was taken at 2mm above the sample
on the punch surface, and through an axial hole made in the punch. Sinter-
ing was performed in vacuum (30-40Pa). In the SPS apparatus a 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. Each pulse has the
same period of about 3 x 1073 s. In the current work, a pattern of 12:2 on:off
pulses was applied. The total time of one sequence (cycle) is about 0.04s. The
operating parameters, namely voltage and the peak current were below 5V
and 1600A, respectively. In Fig. 1 is shown the variation of displacement (D),
temperature (T), and mechanical pressure (P), as a function of time, during
the SPS processing of BTS;3 powder. The onset temperature of the densifi-
cation process was 1100°C and the densification completion is placed above
1200°C.

After SPS processing, the surface of the bulk BTS;3 samples was contaminated
with carbon from the graphite foils inserted between the die, punches and the
ceramic powder. Graphite-layer was mechanically removed. In the volume, sam-
ples 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 [19]. To restore the oxygen stoichiometry and to remove the carbon
contamination, SPS dense pellets were annealed in oxygen, at 1100°C for 5 h.

Microstructure of the samples was investigated using a Hitachi S2600N scanning
electron microscope.

Structural characterization of the BTS;3 precursor powders and sintered ceram-
ics was performed by X-ray diffraction technique using a Bruker-AXS tip D8
ADVANCE diffractometer (CuKa radiation, 1.5406 A). Apparent densities of the sin-
tered pellets were determined by Archimedes method (in water) using a density
balance.

Silver paste used as the electrodes, was screen-printed on both surfaces of
BTS;3 pellets. The temperature dependence of the dielectric constant and of the
dielectric losses was evaluated in the temperature range from —20 to 225°C at 1,
10 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 (Ba(Tipg7Sno.13)03).

P-E loops were measured using aixACCT System with a modular designed elec-
trical characterization system: the TF Analyzer 2000HS series. The dependence of
the polarization P on an alternating electric field E with the amplitude of 5kV/mm
was measured at a frequency of 100 Hz with the aid of a Sawyer-Tower circuit. A
triangular waveform was chosen for the electric field cycle.

3. Results
3.1. Microstructure
The SEM micrograph of BTS;3 starting powders shows agglom-

erates consisting of well crystallized grains with size of 300-600 nm
(Fig. 2(a)).

Fig. 2. Scanning electron microscope photomicrographs of the BaTi;_4SnyOs3,
x=0.13 powder (a) and sintered pellets (b).

SEM image of the fractured surface of the annealed pellets are
shown in Fig. 2(b). The SPS pellets consist of submicron grains
(400-800 nm). This result indicates, as expected, that the short
sintering period is an essential factor to obtain fine-grained BTS;3
ceramics by the SPS process. Some pores located at grain bound-
aries can be observed. The apparent density of the pellets sintered
by SPS technique and annealed at 1100 °C, 5 h in oxygen was about
99% of the theoretical value (6.19 g/cm3, [23]) of Ba(Tig g7Sng 13)03.

3.2. X-ray patterns

Fig. 3 shows the XRD patterns of BaTi;_,SnyOs3, x=0.13 pellets
obtained by SPS and annealed at 1100°C, 5 h in oxygen.

XRD data of SPS compacted and annealed BTS;3 pellets, (Fig. 3)
indicate that the crystalline structure of the SPS pellets consist of
cubic phase (XRD pattern PDF 79-2263) [24]. No secondary phase
is observed.

3.3. Dielectric properties

The behaviour of relative permittivity (&;) and of tan § with tem-
perature, at various frequencies (1, 10 and 100 kHz), for the BTS;3
pellets, is shown in Figs. 4 and 5.
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Fig. 3. X-ray diffraction patterns of the BaTi;_xSn,O3; x=0.13 pellets obtained by
SPS and annealed at 1100°C, 5 h in oxygen.

Fig. 4. Temperature dependence of dielectric constant at various frequencies of
Ba(Tip.s7Sng.13)03 ceramic.

There are permittivity peaks for the samples corresponding
to their ferroelectric to paraelectric phase transition. The dielec-
tric constants of Ba(Tigg7Sng.13)03 pellets were 5680 at 1kHz,
5240 at 10kHz and 5200 at 100kHz, at the Curie temperatures
(Figs. 4 and 5). The dielectric maximum shifted to higher tempera-
ture for a higher frequency. The Curie temperatures (T.) were 57, 63
and 64 °C, respectively. Peaks are broad indicating that the phase

Fig. 5. Temperature dependence of loss tangent (8) at 1-100kHz frequencies of
Ba(Tip.g7Sn0.13)03 ceramic.

Fig. 6. Tunability at 100 kHz frequency, of Ba(Tig.s7Sng.13 )03 ceramic pellets.

transition region is diffused. More precise, the full width of half
maximum (FWHM) extends to about 78, 87 and 87 °C, at the exper-
imental frequencies (1, 10 and 100 kHz). Dielectric losses tangent
(8) of Ba(Tig g7Sng.13 )03 pellets were 0.009 at 1 kHz, 0.008 at 10 kHz
and 0.004 at 100 kHz, at the Curie temperatures (Figs. 4 and 5). The
values of the dielectric characteristics of BaTigg7Sng 1303 ceram-
ics, consolidated by spark plasma sintering, are comparable with
the literature data [22,25], and are suitable for applications in, e.g.,
capacitors.

The tunability (=[£(0) — &(E)]/e(0)) of Ba(Tip.g7Sng.13)03 SPS sin-
tered ceramic pellets is shown in Fig. 6.

The tunability at 5V/cm and 100kHz frequency, of
Ba(Tigg7Sng.13)03 sintered pellets showed a monotonic decrease
from 19.37% at 20°C to 18.29% at 79°C. This result implies that
our ceramic is suitable for tunable device applications such as
voltage-controlled oscillators, tunable filters and phase shifters.

The ferroelectric characteristics of Ba(Tigg7Sng13)03 ceramic
pellets are shown in Fig. 7.

With increasing temperature from 20 to 40°C, the well-
saturated square Polarization (P)-Electric field (E) hysteresis loop
becomes large. The values of the coercitive field, E, and the rema-
nent polarization, Py, are shown in Table 1.

As it can be seen in Table 1, the values of E. and P; indi-
cate a very small variation with temperature in 20-40°C range
of BTSq3 ferroelectric characteristics. The E. and P; values of our
Ba(Tig g7Sng.13)03 SPS-ceramic are close to that of BaTiO3 sol-gel
bulk ceramic [26].

Fig. 7. P-E hysteresis loop at 20°C, of Ba(Tig.g7Sno.13)03 ceramic pellets.
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Table 1
E. and P, values at various temperatures (20, 30 and 40°C) of Ba(Tigs7Sno.13)03
ceramic pellets.

Temperature (°C) Ec (kV/cm) P (n.C/cm?)
20 123 13.07
30 19.1 13.57
40 19.9 13.76

4. Discussion

Barium stanate titanate is considered a prototype of a fer-
roelectric material with diffused phase transition. The physical
mechanism of diffuse-type phase transition has various reasons.
Smolensky [9] and Kvyatkovskii [27] proposed that the broad-
ened phase transition originates from the chemical composition
fluctuation and the distribution of defects. More precisely, the tem-
perature range of the diffuse ferroelectric phase transition and the
value of the shift of the average transition temperature are a func-
tion of the degree of disorder and chemical composition. Isupov
[28,29] explained some problems of ferroelectrics with diffused
phase transition in view of polar region. Another factor that can
contribute to broadening of the ferroelectric transition in real sam-
ples it refers to nonuniform internal and external stresses [30].
These factors are directly related to the technology of preparation
and processing of samples.

Though many factors can reduce the nonlinear dielectric
response, there are two in the current system that are believed to
predominate. The first is a scaling effect associated with an average
grain size decrease. The second is an increase in the number and/or
features of domain wall pinning sites. An important processing goal
is to obtain high-quality microstructure with desired grain size and
density. One related aspect is that ionic conductivity in BTSy occurs
due to the migration of O~ ions through oxygen vacancies. In our
case, SPS is responsible for smaller average grain size as already
noted above and, as we speculate, for the disorder in the distribu-
tion of ions (oxygen and titanium ions). In the case of A(B'1_xB"x)03
perovskites with ferroelectrically active cations in the B sublat-
tice, as the difference in the length of the unstressed cation-cation
bonds ALg=|Lg — Lgr| (or the difference in the radii) of the B’ and
B” cations increases, the relative displacement of the oxygen ions
from the basal A planes increases, so that, the broadening of the
transition increases as well [30].

When, the ferroelectrically active Ti cation is replaced by Sn
in BaTiO3, the degree of broadening increases monotonically with
the concentration of Sn. The composition fluctuations denote the
compositionally disordered ions or the existence of vacancies,
interstitial ions, dislocations, and other defects. The influence of
the degree of compositional disorder on the average transition tem-
perature can be attributed to the disorder-related variation of the
average diameter of the oxygen octahedra surrounding ferroelec-
tric ions in the perovskite structure.

Since no impurity phases were observed in XRD and no elements
other than Ba, Ti, Sn and O were detected by EDX (not shown here)
for our SPS BTS;3 pellets, the dielectric properties of the samples
must be associated with the oxygen deficiency and nonuniform
internal stresses due to these oxygen deficiencies. The oxygen defi-
ciency creates disequilibrium of the charge in the ceramics. It can
be compensated via the formation of Ti3* and/or the presence of
Ti vacancies (for electroneutrality), in the BTS{3 sintered by SPS
technique.

Based on these considerations, the value of Curie temperature,
higher than that indicated in literature [10,11], can be attributed
to partial reduction of Ti** to Ti3* and to chemistry imbalances and
defects created by SPS through the mechanisms mentioned in Sec-
tion 1. Strongly suppressed grain growth in the SPS process may

suggest that SPS influences in the first instance inter-grain regions.
However, this affects further the grains at least due to newly
occurred situation for oxygenation (in situ or post annealing).
Such scenario, although it required further confirmation through
detailed systematic experiments, can give an explanation for some-
how different results obtained for the SPS-BTS;3 ceramic when
compared to conventional BTSq3. Results also indicate that refine-
ment of the processing is highly desired and that SPS can play a
positive role in controlling material’s characteristics.

5. Conclusions

We used spark plasma sintering method for a fast pressing-
sintering process of barium titanate stanate powders at 1200°C,
10 min. Then, the pellets were annealed in oxygen, 5h at 1100°C.
The as-obtained pellets consist of submicron grains. Final ceramic
had a density of about ~99% of the theoretical one. The dielectric
properties as a function of temperature and frequency, were from
&r=5680 and tan §=0.009 at Curie temperature T =57 °Cand 1 kHz
toer=5200and tan §=0.004 at 100 kHz and T. =64 °C. The dielectric
maximum and the Curie temperature shifted to higher tempera-
ture for a higher frequency. The SPS manufactured BaTig g7Sng.1303
ceramics shown also a good tunability and ferroelectric properties.
The differences in properties of our samples and conventionally
processed ones presented in literature suggest that SPS can be a
useful technique expanding the possibilities for the properties con-
trol of the BTS 3 ceramic. This might be related to Ti/Sn (reduction
of Ti** to Ti3*) and/or oxygen behaviour and also to the defects.
Further research is required.
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