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Microstructure and electrical properties of (BagSro.4)o.85Bio.1TiO3
ceramics prepared by single-step, liquid-phase, solid-state
reactive sintering

Nahum Masé ' (® - Cecile Marcelot? - Laétitia Fabre® - Jean-Baptiste Fruhauf> - Pascal Dufour’ -
Christophe Tenailleau' - Bénédicte Warot-Fonrose? - Etienne Snoeck? - Sophie Guillemet-Fritsch'

Abstract

(Bao6Sro0.4)0.85Bio.1 TiO3 ceramics have been obtained by single-step, liquid-phase, solid-state reactive sintering in the tempera-
ture range 1250-1350 °C using stoichiometric amounts of BaTiO3, SrTiO3 and BisTizOy,. Their microstructure and electrical
properties have been studied by X-Ray diffraction and fluorescence, scanning and transmission electron microscopy and imped-
ance spectroscopy. The relativedensity, Dy, relative permittivity, 5;, and dissipation factor, tan 6, atroom temperatureand the bulk
and grain boundary resistivity, Ry, and Ry, and activation energies, E® and E®®, are approximately independent of the sintering

temperature with values around e.g. D, ~97.5 %, el, ~1790, tan 6 ~0.06 %, RZWC ~26 k2 cm, E§” ~1.03 eV, R;gmc ~217 kS2cm

and E2® ~1.41 eV. By contrast, the temperature coefficient of capacitance, TCC, increases linearly from ~10 ppm °C ' to
~21 ppm °C ' on increasing sintering temperature. Comments on the influence of the sintering temperature on the chemical

composition of the ceramics are made.

Keywords Liquid-phase - Solid-state reactive sintering - Electrical properties - (Bag ¢Srq.4)o 85 Bio.) TiO3 ceramics

1 Introduction

Barium titanate, BaTiO3, and strontium titanate, SrTiOs, are
the parent materials for a range of commercial electroceramic
devices. They form a continuous solid solution [1, 2] with
general formula Ba, ,SrTiO3: 0 <x<1. On increasing x,
the crystal structure at room temperature changes from tetrag-
onal to cubic at x =0.30; the temperatures of rhombohedral-
orthorhombic, orthorhombic-tetragonal and tetragonal-cubic
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phase transitions of BaTiO; decrease linearly and coalesce at
x=0.80 to give a single transition with T, at ~115 K; a
relaxor behaviour is observed on further increasing x; [Refs
3-7] and, finally, SrTiO; is regarded as a quantum paraelectric.

In addition, Ba, ,Sr, TiO; ceramics may also contain a
wide variety of dopants in order to further control the temper-
ature of the maximum of the permittivity vs. temperature pro-
file as well as the temperature coefficient of capacitance. In
particular, in Bi-doped Ba,_,Sr,TiO; ceramics, a relaxor be-
haviour near room temperature is observed for low Srand Bi
content, i.e. (Ba, ,Sry);_1 5,Bi, TiO3 with 0.20 <x <0.40 and
y <0.10 [Refs 8-13].

Commonly, Ba,_,Sr,TiO; ceramics are obtained in a two-
step process which involves, first, decarbonation and initial
reaction of the raw powder reactants, i.e. BaCO3, SrCO; and
TiO,, at low temperature, e.g. ~1000 °C, and, next, sintering
of the ceramic body at temperature above e.g. ~1300 °C. In
addition, sintering agents, e.g. SiO,, or an excess of one of the
reactant, e.g. TiO,, are also added into the formulation since
they promote the formation of a liquid phase which enhances
the reaction and grain growth dunng sintering. The use of a
liquid phase during sintering is regarded in the literature as



Liquid-Phase Sintering [14] (LPS) or Solid-State Reactive
Sintering [15] (SSRS).

The company SCT (Société des Céramiques Techniques) is
interested on manufacturing (Bag ¢Srg.4)0.85Bi0.1TiO3 ce-
ramics capacitors in a single-step, reproducible approach. In
order to do so, we have used the LPS/SSRS approach taking
advantage of the low melting temperature of BiyTi;Oy;.
The influence of the sintering temperature on the chem-
ical composition, microstructure and electrical properties
are reported here.

2 Experimental

The starting raw material was a granulated (Ba ¢S1( 4)0.85Bio.1 T103
powder provided by Ferro. The powder was first dispersed
in Darvan C. Then, 1 wt.% PEG 4000 and 2 wt.% Poval
205C were added and the resultant solution was atomised
at 315 °C. After powder conditioning, pellets were fabri-
cated by uniaxial compaction at 600 bar of pressure, re-
pressed isostatically at 1000 bar, placed on a bed of sacri-
ficial powder (MgO doped ZrO,) and sintered in air at
several temperatures as follows: 1150 °C for 6 h;
1250 °C, 1300 °C and 1350 °C for 2 h. After sintering,
the edge and the faces of the pellets were polished
~0.05 mm and ~0.30 mm, respectively, in order to remove
any contamination from the sacrificial powder and/or fur-
nace. The final dimensions of the pellets were 4.75—
5.15 mm thick and 20.00-20.20 mm diameter. For statisti-
cal purposes, three pellets were characterised for each
sintering temperature.

The density of the pellets was determined by the
Archimedes method, using water as the immersion liquid.
Pellets were first dried at 180 °C overnight, then cooled down
to room temperature into a desiccator under vacuum before
the density measurement.

Samples were analyzed by X-ray powder diffraction
(XRD) at room temperature using a Bruker D4
Diffractometer CuK o radiation. Lattice parameters were de-
termined by Le Bail method for reflections in the range 20 <
20 < 100° using the software GSAS. X-Ray Fluorescence
(XRF) used a Bruker S2 Ranger.

For dilatometry, a pellet, ~10 mm thick and ~6 mm diam-
eter, was heated at 1400 °C in air, ~20 cm® min 1, at
2 °C min ! in a Setaram Setsys Evolution 16/18. For
thermogravimetry (TG), ~100 mg of powder were heated at
1400 °C in air, ~100 cm® min !, at 2 °C min ! in a Netzsch
STA 409 C thermobalance.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were performed with a JEOL
JSM6510LV and FEI CM20, respectively, both equipped with
Oxford EDS detectors.

Dielectric and impedance data were collected with an
Agilent 4294A impedance analyser over the frequency range
40 Hz to 1 MHz, with an ac measuring voltage of 100—
500 mV and over the temperature range —60 °C to 650 °C
on heating and cooling cycles. For dielectric measurements
pellets ~5 mm thick and ~20 mm diameter were analysed
whereas impedance measurements used slabs of ~1 to
2.5 mm thick and ~100 mm? of area which were obtained
by cutting the pellets perpendicularly to both faces.
Electrodes were fabricated with Ag paint that was annealed
at 760 °C. Data were corrected for the overall pellet geometry
and, consequently, resistivity and permittivity data are report-
ed in units of  cm and F cm ', respectively.

3 Results and discussion

Figure 1(a) shows the mass loss of the green powder and the
linear contraction of a green pellet as a function of tempera-
ture. Between room temperature and ~400 °C, a weight loss of
~4 % occurred which was associated with evaporation of wa-
ter and combustion of organic matter, i.e. binders. Between
~700 °C and ~1050 °C, no noticeable weight loss was ob-
served whereas, above ~1050 °C, weight loss occurred grad-
ually and became pronounced above ~1250 °C. No shrinkage
was observed up to ~900 °C whereas, above ~900 °C, it be-
came pronounced over the temperature range ~1075—-1250 °C.
An expansion was finally observed above ~1300 °C.

XRD performed on the raw powder of (Bag 6Stg 4)9.85B10.1 T103
used to prepare the ceramics contained a mixture of
BaTiO;, SrTiO5 and BiyTi301,, Fig. 1(b). After sintering
in the temperature range from 1250 °C to 1350 °C, ce-
ramics were phase pure (Ba,Sr,Bi)TiO; whereas those
sintered at 1150 °C contained, in addition to the main
phase (Ba,Sr,Bi)TiO3, a small amount of unreacted
SrTiOs, Fig. 1(c) and (d). Hereafter, we focus on the
phase-pure samples determined by XRD.

Lattice parameters were @ ~3.961(1) A and V=62.15(1)
A® in agreement with the literature data [12].The calculated
theoretical density was ~5.79 g cm °. The relative density of
the pellets (Table 1) decreased from ~98.1(2) % to ~96.9(3) %
on increasing the sintering temperature from 1250 to 1350 °C,
in agreement with pellet expansion observed in the dilatome-
try data, Fig. 1(a).

The chemical composition analyses by XRF on the surface
of the pellets, Table 1, showed a good agreement between the
theoretical and experimental concentration for ceramics
sintered at 1250 °C. However, on further increasing the
sintering temperature, the concentration of TiO, and BaO in-
creased, the concentration of SrO remained constant whereas
that of Bi,O5 decreased.

Backscattered SEM images of the cross-section of the pel-
lets were carried out on samples sintered from 1250 °C to
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1350 °C. All samples showed the same microstructure; for
clarity, we only show data for a pellet sintered at 1250 °C.
Two microstructurally- and chemically-distinct regions were
observed, Fig. 2. The main phase exhibited small, round
grains (not shown) and appeared in whitish tones in the back-
scatter micrographs whereas the secondary phase exhibited
large particles and appeared in blackish tones in the backscat-
ter micrographs, Fig. 3. Mapping images revealed that the
main phase contained Ba, Sr, Ti and Bi whereas the secondary
phase contained essentially Ba and Ti, Fig. 3. According to the
chemical analyses by EDS, the secondary phase appeared to
be BasTi 3030, a well-known phase present in the BaO—
TiO, system [16].Since SEM images showed a notice-
able presence of secondary phase which was not ob-
served by XRD, these results indicated that the second-
ary phase appeared to be amorphous.

The estimated grain size of (Bag ¢Srg4)0.85Bip. TiO3 by
TEM images was in the range ~0.5 to ~2 pm in the sintering
temperature 1250-1350 °C. EDS mapping by TEM on the

45 50 55 60
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(Bag ¢St 4)0.85B1p.1 TiO3 main phase showed that, indepen-
dently of the sintering temperature, Sr, Ba and Ti were homo-
geneously distributed through the grains whereas Bi appears
to be homogeneously distributed at 1250 °C but, above
1300 °C, evidence of Bi segregation at the grain boundaries
was observed, Fig. 4 (regions 3 and 5) and Table 2. In addi-
tion, some Al was also present due to the milling media. We
note that no Al was detected by XRF since the weak Al peak
in the XRF spectrum could not be resolved from that of the Pd
XRF source.

Electrical measurements showed that, independently of the
sintering temperature, all samples exhibited a similar behav-
iour. As a representative set, Figs. 5 and 6(a) show the relative
permittivity, €,’, and dissipation factor, tan 9, as a function of
the temperature as well as the impedance complex plane plot,
Z” vs Z’, for a pellet sintered at 1350 °C for 2 h.

Thus, above room temperature, the permittivity decreased
on increasing temperature and was frequency-independent
whereas, below room temperature, it passed through a

Table 1  Density, chemical composition, ¢,’, tan § and TTC as function of the sintering temperature

Temp (°C) Time (h) Density (%) Concentration (mass %)* [ tan & (%) TCC (ppm/°C)
BaO TiO, SrO Bi, 03

1250 2 98.1(2) 35.7(3) 37.6(4) 16.06(5) 10.6(1) 1781(16) 0.07(3) 9.7(5)

1300 2 97.5(2) 36.2(1) 38.1(7) 16.1(1) 9.7(7) 1790(20) 0.05(3) 14.6(6)

1350 2 96.9(3) 36.2(2) 39.3(1) 16.1(3) 9.4(1) 1783(22) 0.05(3) 21(1)

The values and errors represent the average and estimated standard deviation, esd, of three pellets
T Theoretical mass concentration for (Bag ¢Sty.4)o s5Bio 1 TiOs: BaO = 36.10%, TiO, = 36.87%, StO = 16.27% and Bi,O; = 10.76%



Fig. 2 Backscattered electron
SEM image of the cross section
of a pellet sintered at 1250 °C

maximum, was frequency-dependent and showed a relaxor
effect, Fig. 5(a). The dissipation factor was frequency-
dependent and, at 50 Hz, passed through a minimum over
the temperature range —20 °C to 40 °C, Fig. 5(b). Table 1
summarises €, at 20 °C and tan 6 in the temperature range
10 to 30 °C as well as the TCC in the temperature range —25
°C to 100 °C as a function of the sintering temperature.
Both ¢,” and tan & were approximately independent of
the sintering temperature with values around ~1780 and
~0.06 %, respectively. By contrast, TTC increased linearly
from ~10 ppm °C ' to ~21 ppm °C ' on increasing the
sintering temperature from 1250 °C to 1350 °C, probably
due to an increase in grain size.

In Z” vs Z°, Fig. 6(a), each electrically active region of the
sample gave rise to a semicircle (ideally) from which the re-
sistance values, R, were obtained from the intercepts on the Z’
axis whereas the permittivity values were obtained by apply-
ing 2tfRC =1 at the maximum of each semicircle. Thus,

Fig. 3 Backscatter electron SEM and mapping images of the cross
section of a pellet sintered at 1300 °C

independently of the sintering temperature, all samples
showed two semicircles from which the resistivity values R,
and R, were obtained. From the magnitudes of the associated
permittivity values, C; represented the bulk permittivity of the
sample, e.g. ~45 pF cm ! at ~350 °C, whereas C, was of the
order of nanofarads and was attributed to a grain boundary
effect. Bulk and grain boundary conductivity data (c=R ),
Fig. 6(b) gave linear Arrhenius plots with similar conductivity
and activation energy values independently of the sintering
temperature/time. The dc conductivity at room temperature,
extrapolated from the Arrhenius plots, was ~10 2° S cm .
The results presented here show that (Bag¢Stg.4)0.85Bio.1 T10;
dense ceramics can be obtained in a single-step using stoi-
chiometric amounts of BaTiO;, SrTiO; and Bi;Ti;0,, at

(a) 1300 °C, 2h

(b) 1350 °C, 2h

Fig. 4 Bright field TEM images of ceramics sintered at several
temperatures. Areas analysed by EDS are shown



Table 2  EDS analyses on areas marked in Fig. 4
Area Element (at.%)

Ba Sr Bi Ti Al
1 33.8 20.4 3.7 40.7 1.4
2 329 19.4 47 42.1 0.9
3 35.0 17.8 6.3 40.3 0.6
4 25.6 22.0 42 46.8 1.4
5 23.1 22.1 5.5 47.7 1.6

temperatures above ~1250 °C and sintering times of 2 h.
Bi4Ti30,, melts incongruently above ~1200 °C (liquidus
temperature at ~1300 °C) [17-20] and, thus, creates a liq-
uid phase which enhances the reaction. At lower tempera-
tures, where no liquid phase forms, unreacted ceramics are
obtained even with sintering times of 6 h, Fig. 1(c, d).

However, the presence of the liquid phase appears to con-
tribute critically to (1) enhance the Bi loss from the ceramic as
observed in the TG and XRF data, Fig. 1(a) and Table 1, in
particular at temperatures >1300 °C, and (2) promote the for-
mation of a secondary phase, Figs. 2 and 3, although this is
often observed in ceramics prepared by liquid-phase/sol-
id-state reactive sintering whose microstructure consists
of solid grains and a solidified liquid network [14] or a
secondary phase [21].
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Fig. 5 (a) Relative permittivity, ¢,.’, and (b) dissipation factor, tan 0, at
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Fig. 6 (a) Impedance complex plane plot at 525 °C of a ceramic sintered
at 1350 °C and (b) Arrhenius plot of bulk, oy, and grain boundary, o>,
conductivity for ceramics sintered at several temperatures. Activation
energies, in eV, are noted beside each data set

Nevertheless, neither the secondary phase nor bismuth loss
affect the electrical properties. Thus, independently of the
sintering temperature, (Bag ¢St 4)0.85Bip.1TiO3 ceramics ex-
hibit similar values of relative permittivity, dissipation factor
and bulk/grain boundary conductivity, Table 1 and Fig. 6(b),
which are comparable to those reported in the literature for the
same composition prepared in a two-step process [12].
However, among the sintering temperatures studied here,
1250 °C is the best option from the point of view of energy
efficiency during manufacturing. These results should, there-
fore, be of interest to the ceramics industry.

4 Conclusions

(Bag ¢St 4)0.85B1o.1 TiO3 ceramics can been obtained from a
mixture of BaTiO3, SrTiO5 and BiyTizO45 at 1250 °C with a
relative density of ~98 %, ¢,” ~1780, tan 6 ~0.07 % and TTC
~10 ppm °C '. However, above that temperature, Bi loss from
the ceramic is enhanced. Independently of the sintering tem-
perature, (Bag ¢Srg 4)0.85Big.1 TiO5 ceramics show similar bulk
and grain boundary conductivities with an estimated dc con-
ductivity at room temperature of ~10 2 S cm .
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