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Abstract

Bi;Ti50, (bismuth titanate—BIT) ferroelectric ceramic was synthesized by self-propagating high-temperature synthesis (SHS)
technique. The microstructure, electric and dielectric properties were determined and the results were compared to a reference
sample produced by solid state reaction. The powders from SHS had agglomerated particles with average size of 200 nm. BiyTi30»
100% crystalline phase was reached after SHS reaction followed by sintering at 1050 °C/2 h. The sintered bodies presented high
relative density (98%) and small grain size (around 5 microns). The electrical and dielectric properties of the samples were studied
using the impedance spectroscopy technique, and the three observed semicircles in the complex impedance diagrams were associated
to the bulk, plate boundaries and grain boundaries of the sintered ceramics. The samples produced through SHS presented the same
bulk conductivity as the reference one, and lower conductivity of the grain and plate boundaries. The same dielectric constant
& =200, at 300 °C and f=1 MHz, was found for SHS sample and for the reference. For higher temperatures, at this same fre-
quency, SHS samples presented higher relative permittivity than the reference, and for temperatures above 7, both samples pre-
sented the same Curie-Weiss parameters. The differences observed in the electrical conductivity and relative permittivity, were
attributed to the differences in the grain size and defect concentration. The anomaly in the permittivity curves near 550 °C is also

discussed.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Bismuth titanate (BiyTi3O;,, or BIT) is a bismuth
layer structured ferroelectric discovered by B. Aur-
ivillius in 1949.! Its crystalline structure consists of
(Bi,Ti30;0) 2 layers formed by BiTiO5 unit cells of per-
ovskite-like structures alternating with (Bi,O,)?>* layers
perpendicular to the ¢ axis.'?> This plate-like morphol-
ogy gives rise to electrical anisotropy with the higher
component of its spontaneous polarisation (Ps~50 uC/
cm?) parallel to the bismuth layers.’™ BisTizO;» high
Curie temperature (670 °C) gives it wide applicability in
electronic elements, as transducers, piezoelectric and
memory devices.®” Due to its importance in the elec-
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tronic industry, a great deal of synthesis routes had been
proposed to obtain BIT single crystals, ceramics and
thin films with suitable properties.>~'® There are some
few papers reporting BIT production by self-propaga-
tion high-temperature synthesis (SHS)!""!?> and to our
knowledge the electrical and dielectric properties of this
product have not been reported yet.

SHS, also known as combustion synthesis, is an
attractive technique to produce ceramic materials since
it is a simple and efficient process. The technique con-
sists on heating a homogeneous mixture of metal salts,
oxides and/or carbonates and a suitable organic fuel.
The high temperature is induced by a self-sustained
exothermic chemical reaction, whose ignition tempera-
ture is lower than the crystallisation temperature of the
product.

There is a substantial economic benefit in the SHS
production, and for this reason, it has been widely used
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in the synthesis of various compounds.'3~'5 According
to Merzhanov,'® SHS products and conventionally
produced ceramics (solid state route) have a ratio of
cost that ranges from 0.4 to 0.13. The goal of many
researchers working on combustion synthesis of
advanced materials is to produce these materials with
comparable or possibly superior properties to those
produced by other ceramic processing techniques.

In a previous paper,'' we have related a series of SHS
experiments to produce BIT, exploring different fuels
and experimental conditions, as annealing temperatures
and stoichiometric ratios. The aim of the present work
is to discuss the characterisation of BIT ceramics pro-
duced by SHS, comparing their microstructure, elec-
trical and dielectric properties to those observed for
samples produced by conventional solid-state reaction.

2. Experimental

BiyTi30;, produced through combustion synthesis
route will be called BIT-SHS hereafter. The starting
materials were TiO, (Vetec, 99.8%) and Bi(NOj3);.
5SH,O (Mallinckrodt, 99.98%), in excess of 3%-w, used
as cation precursors, and CO(NH,), (urea) (Merck,
99.5%) used as fuel. The reactants were firstly mixed to
about 5 ml of distilled water and homogenised in a
quartz crucible. The synthesis was carried out by heat-
ing the mixture in air using an electric plate at 450 °C.
At this temperature the ignition took place. The
reaction lasted less than 5 min and produced a dry, yel-
lowish to brownish powder. In some cases the BIT-SHS
powder was annealed at 1000 °C/30 min before the
sintering step.

BIT was also prepared by solid-state reaction to be
used as reference. In this case, the precursor powders
Bi,O; and TiO, (Alfa Aesar, 99.99%) were mixed in the
stoichiometric proportion and ball-milled for 3 h in
plastic recipients containing the powders, zirconia balls
and isopropyl alcohol in the volumetric proportion of
10:60:30. The as-dried material was calcined at 750 °C
for 3 h in Pt crucible in an open atmosphere furnace.
The calcined powders were milled again for 108 h and
calcined at 750 °C for 10 h.

The ceramic powders obtained from both methods
were pelletized and sintered following the same proce-
dure. The powders were mixed with a binder solution of
polyvinyl alcohol in an agate mortar, pressed uniaxially
(~20 MPa) and sintered at 1050 °C for 2 h.

The thermal analysis of the produced powders was
performed in DTA equipment (TA Instruments 1600
DTA) and the crystalline phase obtained was identified
by X-ray diffraction (XRD) (Rigaku Rotaflex-RU-
200B) in continuous scanning mode. A Zeiss DSM960
Scanning Electron Microscope (SEM) was used to
investigate particle size and morphology. The density of

the sintered specimens was determined by the method of
fluid displacement (Archimedes method) using distilled
water.

For the impedance spectroscopy measurements, the
ceramic disks were polished with alumina powder,
cleaned with acetone in ultrasonic bath for 15 min and
dried at 100 °C. Electric contact was made by applying
Pt paste on the parallel faces of the pellet and firing it at
700 °C for 30 min. The measurements were performed
in the frequency range from 5 Hz to 13 MHz, with an
applied potential of 500 mV, using a Solartron 1260
Impedance Analyzer controlled by a personal computer.
These ac measurements were taken isothermally, at
temperatures from 300 up to 750 °C, and the results
were analysed using the software Zview.!”

3. Results and discussions
3.1. Powder characteristics

Fig. 1 shows the XRD patterns of BIT-SHS as pro-
duced (curve a), after annealing at 1000 °C/0.5 h (curve
b) and after sintering at 1050 °C/2 h (curve c). The
peaks identified at curve 1(a) were associated to the
phases TiO,, Bi;;TiO5y and Bi,Ti,O;. After annealing
for 30 min, BisTi30;, was the predominant phase but a
very little amount of the phases Bi,Ti,O7 and Bi;»TiOyq
were still found, possibly because longer times would be
necessary to complete the formation of the crystalline
Bi4Ti30,. In fact, the pellets sintered for 2 h exhibited
the unique phase BisTi3015, as shown in Fig. 1—curve
c. The XRD pattern of the reference sample, produced
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Fig. 1. Powder XRD patterns of the samples produced by SHS
(curves a, b and c): (a) before annealing, (b) after annealing at 1000 °C/
30 min, (c) after conforming and sintering at 1050 °C/2h. Curve (d):
reference sample, produced by solid state reaction. Indexed crystalline
phases from JCPDS collection: *—BiyTi30;, (file number 73-2181), A
Bi,TizOy; (file number 32-0118), W—Bi;,TiO, (file number 42-0186),
o—Bi,Ti,05 (file number 72-1820), WM. TiO, (file number 84-1750).
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by solid state reaction, also presented the single phase
Bi4Ti30;, (Fig. 1—curve d).

BIT-SHS presented mean particle size of 200 nm (see
Fig. 2a), and for the reference sample this value was 1
um (Fig. 2b). A great number of agglomerates can be
seen in the BIT-SHS powder, which is typical of com-
bustion synthesis products. The milling in agate mortar
before compacting and sintering was adopted in order
to break the agglomerates. It was also observed that the
annealing step before conformation induces some
undesirable coalescence of the inter-agglomerate parti-
cles. These agglomerates were more difficult to break in
the mortar, leading to a decrease in the final density of
the sintered ceramic, as will be discussed in the next
section.

3.2. Density and microstructure

The relative density of the BIT sintered ceramics was
determined for the samples prepared according to three
different procedures: (1) the powder from SHS was
annealed at 1000 °C for 30 min, then conformed and
sintered at 1050 °C/2 h; (2) the powder from SHS was
simply conformed and sintered at 1050 °C/2 h and (3)
BIT was synthesised by solid-state reaction, sintered
under the same experimental conditions and used as
reference. The second and third cases provided ceramics
with high relative density, both near 98%. The anneal-
ing step of the SHS powder before conformation was
tested since it had been previously determined as an
essential step to produce BIT,!"!2 but samples annealed
before conformation achieved final density of only 90%.
The presence of agglomerates is a general feature of
powders produced by combustion synthesis, and this is
the main cause of the porosity observed in those

sintered ceramics since the intra-agglomerate particles
undergo the sintering process at a lower temperature
than the inter-agglomerate ones. As the sintering with-
out annealing also yielded single phase BiyTi30,, it was
adopted in the production of the samples for further
characterisation.

The sintered ceramics presented grains with plate-like
morphology and average grain size about 5 um for BIT—
SHS (Fig. 3a) and about 14 um for the reference sam-
ples (Fig. 3b), measured along the larger dimension of
the platelets. The aspect ratio (length/thickness) of the
sintered grains seemed to be the same for both samples.

3.3. Electrical properties

Impedance diagrams of BIT-SHS and reference sam-
ple are presented in Fig. 4. Three semicircles are well
resolved, each of them corresponding to the impedance
of a different microstructural region of the ceramic. The
electrical resistivity of each region is characterised by
the diameter of the corresponding normalised semicircle
and the maximum of each semicircular arc corresponds
to the relaxation frequency. The three arcs observed
were enumerated as 1st, 2nd and 3rd from the left to the
right in the graphs, in crescent order of frequency.
Electrode polarisation caused only a slight enhancement
of the noise levels for measurements at frequencies
lower than 100 Hz, so it was not taken into account for
the data fitting.

The ac properties of BIT single crystals were reported
by Huanosta et al.'® and Kim et al.'” and the complex
diagram of BIT single crystal was characterised by the
presence of two semicircles, in measurements perpendi-
cular to the ab plane. Huanosta et al.'® observed that
each BIT single crystal presented a mica-like aspect

(b)

Fig. 2. SEM micrographs of BiyTi;O,, powders: (a) produced by SHS; (b) produced by solid-state reaction.
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(a)

consisted of piled up crystalline plates. Based on this
observation, they interpreted the two impedance semi-
circles of the single crystal as the separated contributions
from the crystalline plates and the plate boundary regions.

Accordingly, each grain in the polycrystalline sample
is formed by piled up crystalline plates, so the three
semicircular arcs observed in Fig. 4 can be attributed to
the contributions from the grain boundaries (1st arc),
plate boundaries (2nd arc) and bulk of the crystalline
plates (3rd arc). The arcs in Fig. 4 were depressed, indi-
cating a deviation from the Debye behaviour.?0-?!

The brick-layer model?® was employed to represent
the electrical response of BIT ceramics. In this material,
the impedances of three different microstructural
regions were present in the ceramic, so the electrical
properties were determined by a series combination of
such impedances. The equivalent electric circuit pro-
posed is presented in Fig. 5. Each arc from the experi-
mental data was represented by a parallel combination
of a resistance (R) and a constant-phase element (CPE).

The CPE is an empirical impedance function with
considerable importance in data fitting. It substitutes
the uniquely capacitive element, in order to account for
the depression of the semicircles when the sample pre-
sents a non-Debye behaviour.? When the capacitance is
substituted by a CPE element, the impedance is expres-
sed by the phenomenological equation.?!

R

Z = RO W

where 0<W <1 and i = +/—1. The parameter ¥ depends
on the distribution width of the relaxation times around

a mean value to=RC. When ¥=1, Eq. (1) reduces to
the impedance of a simple RC element.

(b)

Fig. 3. SEM photographs of BisTi;O1, compacts sintered at 1050 °C for 2 h: (a) produced by SHS; (b) produced by solid-state reaction.

The theoretical curves as well as the deconvoluted
arcs were plotted in Fig. 4. As it can be observed, the
experimental response was in excellent agreement with
the theoretical one thus indicating that the proposed
model gave an adequate representation of the electrical
properties of the samples. It was not necessary to
include an impedance element representing the ceramic—
electrode interface in this case since the contact impe-
dance was small.

Three R values were obtained from each fitting. They
represented the normalised electrical resistances of the
three different microstructural regions in the ceramic at
a specific temperature. Considering the characteristic
anisotropy of BIT conductivity and the random orien-
tation of the grains, our results correspond to inter-
mediate values between the components parallel and
perpendicular to the ¢ axis.

The electrical conductivity values were calculated
from the resistance values. Fig. 6 shows the log plots of
the electric conductivity as a function of the reciprocal
temperature, for temperatures between 300 and 750 °C.
For BIT-SHS samples, higher conductivities for the
crystalline plates and grain boundaries were observed,
while the plate boundaries presented lower conductivity
than the reference. The enhancement observed for the
conductivities can be attributed to higher concentration
of defects in BIT-SHS samples, since smaller con-
ductivities were expected for the BIT ceramic that
possesses smaller sintered grains.*

The conductivities from the three separate contribu-
tions followed the Arrhenius law

o(1) = opexp(—Eq /kT), 2
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Fig. 4. Impedance diagrams of sintered ceramics (1050 °C/2 h): (a) BIT-SHS measured at 500 °C; (b) BIT-SHS measured at 710 °C; (c) reference
sample measured at 500 °C and (d) reference sample measured at 710 °C. The numbers indicate the logarithm of signal frequency. The arcs were

enumerated as Ist, 2nd and 3rd, in crescent order of frequency.
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Fig. 5. Equivalent circuit used to represent the impedance response of
BIT ceramics.

where o is a pre-exponential factor and E,, kK and T
represent the apparent activation energy for the con-
duction process, Boltzmann’ constant and the absolute
temperature, respectively. The apparent activation
energies, indicated in Fig. 6, were deduced from the

slope of the straight-line regions. Below T, the activa-
tion energies calculated for BIT-SHS agree with the
values determined for the reference sample. Further-
more, the activation energy determined for the crystal-
line plates agree with that reported by Huanosta et al.,'®
and the energy values determined for both plate
boundaries and grain boundaries were found to be the
same. These results indicate the same conduction pro-
cess and similar energy barriers for grain boundaries
and plate boundaries.

The random orientation of the grains did not allow us
to separate the contribution from the two directions of
the plate-like grains, so the measured conductivity of
the crystalline plates is expected to reflect an inter-
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Fig. 6. Ahrrenius plot of BIT produced by solid-state reaction and BIT produced by SHS synthesis. The electric conductivities were determined
from the arcs in the impedance diagram. (a) high frequency arc; (b) intermediate arc; (¢) low-frequency arc.

mediate value between the carriers mobility along the ¢
axis and a (or b) axis.

The changes observed in the apparent FE, near
T.=670 °C were related to changes in the predominant
conduction mechanism. Kim et al.'"” reported BIT con-
duction as n-type below T, and p-type above T, but
Shulman et al.?? suggested the opposite behaviour, with
p-type conduction below T, and n-type conduction
above T.. On the other hand, the (Bi,O,)*>" layers are
known as ionic conductors in some materials belonging
to the Aurivillius family,> and oxygen vacancies in the
perovskite layers would also lead to ionic conduction in
this region. The hypothesis of electronic conduction
combined to localised ionic movement is also very
acceptable, as will be seen in the next section.

3.4. Dielectric properties

The complex permittivity &;* was obtained from the
complex impedance data Z* by the expression.?”

g N\
& = (iwsoZZ*> =& +id (3)

where S is the electrode area, £ is the pellet thickness
and ¢;o is the vacuum permittivity. The real component
& is the relative permittivity, or dielectric constant, and
the imaginary part &;” is the loss factor.

Fig. 7 a shows the relative permittivity of BIT-SHS
and reference sample, as a function of the temperature,
at several frequencies. It can be seen that the relative
permittivity undergoes a low-frequency dispersion for
all temperatures measured, due to the presence of con-
duction mechanisms in the material. In this case, charge
carriers have to be considered in the polarisation
mechanisms,?3?* and the relative permittivity presents a
conductive component (Io/®). The dipolar behaviour of
both BIT-SHS and reference sample is more evident for
frequencies higher than 10* Hz. Above this frequency the
permittivity curves presented a well-defined peak at 7.
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Fig. 7. Relative permittivity of BIT-SHS and reference sample: (a) € as a function of the temperature, for frequencies between 1 kHz and 1 MHz.
Open symbols: BIT-SHS; solid symbols: reference sample; (b) € as a function of the frequency, at 7= 550 °C.

The anomalous peak near 550 °C, observed in Fig. 7a,
was reported previously by several researchers!®->>—27
and was attributed to phenomena such as structural
changes,'® space-charge relaxation®®> and oxygen
vacancy movement.’>?” Shulman et al.>’ have shown
that niobium doped samples had the relaxation at
550 °C suppressed, and have suggested that Nb ions
would prevent from oxygen vacancy formation. These
authors proposed a polarisation mechanism due to local
ionic jumps to explain the anomalous behaviour of BIT
near 550 °C.

In fact, the peak at 550 °C was less pronounced at
f=10° Hz (see Fig. 7a), which reinforces the idea of a
slow phenomenon, such as ionic polarisation or space
charge relaxation, occurring predominantly at the grain
boundaries and plate boundaries. In single crystals,
where the anomaly was also observed,!® the phenom-
enon would occur mainly in the plate boundaries.

Fig. 7b illustrates the permittivity versus frequency
for BIT-SHS and for the reference ceramic, at 550 °C.
The frequency interval from 10 Hz to 103 Hz corre-
sponds approximately to the grain boundary response.
In this frequency interval the relative permittivity was
dominated by the conductive term, so the higher BIT-
SHS permittivity can be due to the slight enhancement
in the conductivity (see Fig. 6¢) of the grain boundaries.
The greatest differences in ¢; were observed in the fre-
quency interval from 2.103 to 5.10° Hz, corresponding
approximately to the relaxation frequencies of the
intermediate semicircle of Fig. 4. Since the conductivity
of the plate boundaries did not increase in BIT-SHS
(see Fig. 6b), the enhancement of ¢;’ at these frequencies
should be due to a localised charge movement at this
microstructural region. For frequencies near 10° Hz,
which correspond to the contribution from the crystal-
line plates, the conductive term (io/®) is small since the

frequency is high, so the enhancement in the permit-
tivity should be due to the smaller grain size.*

From the above results, we conclude that at least
three simultaneous mechanisms can be present at BIT
ceramics under an alternating external field: (1) electro-
nic conduction, as reported in references 19 and 22; (2)
re-orientation of the spontancous dipoles, typical of
ferroelectric materials, and (3) polarisation at the plate
boundaries, which is probably due to localised ionic
jumps as suggested in reference 27 and do not con-
tribute to the electronic conductivity. The electronic
conduction and ionic local polarisation could be both
due to oxygen vacancies in different microstructural
regions of the sample, but more evidence is necessary to
define the defects related to each mechanism.

In order to attest the quality of BIT-SHS samples, we
have compared the relative permittivity values at f=1
MHz (Fig. 8). For T=300 °C, one can observe that
both samples presented the same value &;' =200, which
agreed with the values reported in the literature.’-27-2%
Above 400 °C the difference between the relative per-
mittivity of BIT-SHS and the reference sample
increased, up to the ferro/paraelectric transition tem-
perature (7.). At f=1 MHz and T=T,., both curves
reached a maximum, with (& na)BrT—sus= 1040 and
(S/max)reference = 530.

The permittivity data at 1 MHz were fitted to the
Curie-Weiss function

¢ =C/)T—Ty) “4)

for temperatures higher than 7.. The obtained Curie—
Weiss temperatures (7p) were 506 and 455 °C and the
Curie constants (C) were 1.58.10° °C and 1.09.10° °C for
BIT-SHS and reference sample, respectively. These
values are in good agreement with the parameters
determined by Fouskova et al.?! for BIT single crystal,
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Fig. 8. Relative permittivity of BIT produced by solid-state reaction
and BIT-SHS, fitted by the Curie-Weiss law for temperatures above 7.

measured at 5 MHz. The similarity of the fitted para-
meters C and T, for the both samples studied again
attests the efficiency of the SHS technique to obtain BIT
with reasonable good properties.

4. Conclusions

Our main goal in this paper was to show that BIT
produced by SHS presented electrical and dielectric
properties comparable to that observed for the conven-
tional samples.

The sintered ceramics obtained through SHS reached
high density (98% theoretical) and 100% single phase,
in approximately 5 min of reaction and 2 h of sintering,
whereas the conventional process took more than 100 h.
The reduced processing time, the simplicity of the
procedure and the excellent quality of the produced
material are the greatest advantages of SHS method.

Three relaxation processes were observed, corre-
sponding to three different microstructural regions in
the BIT ceramic (crystalline plates, plate boundaries and
grain boundaries). The good physical properties of
BIT-SHS sintered ceramics attest their applicability in
the same electrical devices, which employ the con-
ventionally produced ceramics. BIT-SHS presented
similar activation energies for the conduction processes,
the same dielectric permittivity at 300 °C, the same
Curie temperature (7,=670 °C) and Curie-Weiss para-
meters. Some differences observed in the overall con-
ductivity, and also in the real permittivity (at high
frequencies and temperatures above 300 °C), can be
related to the smaller grains of BIT-SHS and to the
density of defects in the samples. The main features
observed for the relative permittivity were: (1) the low
frequency dispersion is due to the conductive term; (2)
the anomalous peak is related to polarisation in the
boundaries; (3) the difference between BIT-SHS and the

reference sample is higher between 2.10° Hz and 5.10°
Hz, probably due to ionic polarisation at the plate
boundaries.
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