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Interactions between BaTiO; and the B,0s-Bi,O3 system were studied by sintering BaTiO3 with B,Os/Bi,O5 glass powder. In
general, the microstructural development of BaTiO; depends very much on the amount and composition of glassy phase
present in the samples during sintering. With large amounts of B,O3-Bi,O; glassy phase and, as a consequence, a high Bi*
donor-dopant concentration, the grain growth is suppressed. On the other hand, when the amount of donor-dopant supplied
by the glassy phase decreases, the grain growth occurs, leading to the formation of semiconducting ceramics. All prepared
samples exhibited the Postive Temperature Coefficient Resigtivity (PTCR) effect.

Key words: BaTiOs, semiconducting ceramics, PTCR effect, glassy phase, grain growth.

Introduction porated in BaTiO; grains under conditions which result
in anomalous grain growth [3, 4] the concentration of
The donor ions La**, Nd®* and Bi** on the B&* the incorporated donor dopant is limited to the so-
lattice sites or Nb>*, Sb>* and Ta on the Ti*" lattice called critical donor-dopant concentration (C,), which
sites are the most common cations used to modify the is usually much smaller than the donor solubility in the
electrical resistance of BaTiOz. They may lead to two BaTiO; lattice and is more or less the same for all
different phases, depending on the method of donor- donors, provided that the donors are incorporated
dopant compensation. When the donor dopant is exclusively on one lattice site.
compensated with cation vacancies an insulating phase Usually, because donors tend to enter exclusively onto
is obtained, however, when the donors are compensated one lattice site, the preparation of PTCR thermistors
with dectrons a semiconducting phase results. In generd, based on BaTiO; is straightforward. One of the donors

the number of donors that can be incorporated into the that needs a little more care is Bi**. The preparation of
BaTiO; lattice via a solid-state reaction depends on the thermistors based on Bi** and/or studies which would

solubility limit, which in turn depends on the particular explain the role of Bi** in BaTiOs-based PTCR ceramics

donor species [1]. are rare in the literature even though PTCR ceramics
According to the defect-chemistry model, which is based on Bi** as a donor are known.

based on electrical measurements [2] the vacancy com- In order to understand dl the above-mentioned features,

pensation of ionised donors (D) in BaTiO; proceeds a B,05-Bi,O; glassy phase was formed in order that we
up to about 1220°C in air and 1300°C in oxygen. So, could study the microstructura development and the

when a solid solution of donor-doped BaTiO; is pre- formation of PTCR ceramics resulting from Bi** incorpo-
pared via a conventiona ceramic route involving calci- ration in BaTiOs.

nations of the powder mixture below 1220°C in air, There are some reports of BaTiO; with additions of
vacancy compensation occurs and an insulating donor- Bi,Os-containing glassy phases. Mostly, the amount of
doped phase is aways obtained where the donor the glassy-phase additions was higher than 1 mol%,
concentration can be increased to the solubility limit. which is used in order to lower the sintering temper-
This phase can be transformed into a semiconducting ature, optimise the microstructura development and the

phase when it is treated under reducing conditions that dielectric properties of the BaTiO; ceramics [5, 6]. In
ensure the thermodynamic stability of the so-called contrast, studies of the effect of bismuth on semicon-
“reduced” or semiconducting donor-doped BaTiO; phase. ducting BaTiOs are not common in the literature [7].

On the other hand when the donor dopants are incor- A Bi,05-B,0; glassy phase can influence the prepa
ration of BaTiOs-based PTCR materias in two ways. i)

* Corresponding auithor: the glassy-phase may govern the kinetics of grain-growth
ng§ :gggig;ggfgg due to the presence of_ a diffu;i on Iay_er. A _I arge amount
E-mail: igor.zaic@ijss of glassy-phase associated with a thick diffusion layer
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can substantially sow down the grain growth rate and
decrease the final grain size and ii) on the other hand,
when the concentration of the donor dopant (Bi»Os) is
too high the anomalous grain growth (AGG) which
causes the semiconductivity in donor-doped BaTiOs
can be blocked in accordance with the so-called donor-
dopant-induced grain size and conductivity anomaly
[4].

The aim of thiswork was to study the microstructural
development and electrical properties of samples with
compositions lying in the system BaTiOz-B,O3-Bi,0s.

Experimental

Ceramic samples of the BaTiOs-containing glassy phase
were prepared by using BaTiO; (CABOT BT-10, BalTi
=1.00, d=0.12 pm) with the addition of various amounts
of glassy phase: 0.1 mol%, 0.2 mol%, 0.4 mol% and
0.8 mol%. Weighed amounts of the starting powder
were homogenised in an agate planetary bal mill with
alcohol for 2 hours. The binary glass system with vari-
ous ratios of glass modifier (Bi,O3) to glass former
(BgOg): 20 mol% Bi203'80 mol % BgOg g|a$ (B), 50
mol% Bi,0s-50 mol% B,0O; glass (C) and 80 mol%
Bi,0s-20 mol% B,0Os glass (D) were chosen to prepare
the glass-containing samples. In addition to these three
binary glass systems the compositions with only one of
the congtituent oxides were aso investigated, i.e. B,O3
and Bi,Os. Thefirst tie-ling, BaTiO5-B,0s, is abbreviat-
ed as A and the last tie-line, BaTiOs-Bi,Os, using only

0.4 mol % of glassy pha%ém
o"}

B,O, 20 50 80 Bi,0,

e Coarse- grained, undoped samples
high electrical resistivity
¢ Coarse- grained, semiconducting
& Fine-grained, high
electrical resistivity
Coarse- grained, high electrical resistivity
Fig. 1. Composition diagram showing the compositions studied,
the region where the anomalous grain growth (AGG) occurs and

theregion wherethe AGG isblocked, their electrical resistivity and
their grain size.

Bi,O3; oxide, is labelled as E (Figure 1).

Cdculaed amounts of reagent-grade chemicds - Bi,Os
and/or HzBO; for various glass compositions- were
weighed, mixed and melted in platinum cruciblesin air
at 1000°C for 3 hours. Pouring into cold water quench-
ed the molten glass. The quenched glass was crushed
and milled in a ball mill. Barium titanate and weighed
amounts of glassy phase were thoroughly mixed. From
these powders pellets were prepared with dimensions:
diameter-9=6 mm, height=5 mm. The pellets were
placed on platinum supports in an alumina boat and
sintered in a tube furnace a 1300°C for two hours in
air. The samples had a heating and cooling rate of
about 5K minute™. Some of the samples containing
only Bi,O; additions were analysed for Bi,Oz content.

The polished-and-etched samples were examined using
an optical microscope and a scanning electron micro-
scope.

For the electrical measurements the surfaces of the
sintered samples were rubbed with an In-Ga aloy to
provide ohmic contacts. The temperature dependence
of the resistance was measured with amultimeter (Hewlett-
Packard 3457A) and the temperature dependence of the
capacitance at 10 kHz was measured with an imped-
ance andyser (Hewlett-Packard 4192A) in a temperature-
programmable furnace at a heating rate of 3 K minute™
from 25 to 300°C.

Complex-impedance spectra in the range from 5 Hz
to 13 MHz a room temperature were measured using
an impedance anayser (Hewlett-Packard 4192A).

Results and Discusson

In order to get some information regarding the micro-
structural development and electrical resistance for the
compositions investigated, the dependence of the amount
and composition of the Bi,Oz-containing glassy phase
on the microstructure of BaTiO; was studied and the
results were expressed in the form of a composition-
properties diagram, Fig. 1.

Each point in this diagram represents the nominal
compoasition of the sample studied, while the symbol of
the points in the diagram match the samples main
characteristics - whether the samples are coarse or fine
grained and semiconducting or isolators.

It should be emphasised that the data in the composi-
tion-properties diagram refer to the compostion as
indicated in the composition diagram. The possible
change of the overall composition of samples due to
the evaporation of the constituent oxides forming a
glassy phase during heating was not considered, except
in the case of the BaTiO3-Bi,O; system. However, also
in this case the starting composition is indicated in the
composition diagram. Based on the microstructure of
the sintered samples and the corresponding electrical
measurements the composition diagram can be divided
into two magjor regions. The larger part of the system
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with an amount of glassy phase higher than 0.8 mol%
is characterised by a fine-grained microstructure and
was not considered here. This part of the diagram is
well documented [4], and because of the relatively
large amount of the donor-containing B,Os-Bi,O3 glassy
phase, the anomaous grain growth in this region is
blocked. The composition in this part of the diagram is
more or less suitable for the preparation of dielectric
materials.

In this work the part of the composition diagram
containing less than 0.8 mol% of glassy phase was
considered.

Microstructural development of barium titanate at
a constant amount of glassy phase with different
compositions

How effectively the glassy-phase governs the micro-
structural development of donor-doped BaTiO; can be
demonstrated when a tie-line connecting the composi-
tions exhibiting a constant amount of 0.4 mol% glassy
phase is considered, the dashed line in Fig. 1. The
composition (a) contains no bismuth, the composition
(b) contains 0.16 mol% Bi**, the composition (c) con-
tains 0.4 mol% Bi**, the composition (d) contains 0.64
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mol% and the composition (€) contains 0.8 mol% Bi®*
(nomina composition).

The amount of Bi* donors in the glassy phase
increases from the left to the right. No Bi is present on
the line BaTiOz-B,O; (I€ft), while incorporation of the
total amount of Bi at the Ba sites on the line BaTiOs-
Bi,Os (right) would correspond to 0.8 mol% Bi*'g,
Because the ratio between Ba and Ti in the system was
constant a 1.00, the total incorporation of Bi a Ba

Fig. 2. Microstructures of samples a, b, ¢, d, e lying on the tie-line covering the compositions with a constant amount of 0.4 mol% glassy
phase containing various amounts of donor dopant (Bi,Os); (a) sample containing 0.4 mol% of a glassy phase with the composition 100
mol% B,O;, (b) sample containing 0.4 mol% of aglassy phase with the composition 80 mol% B,0;-20 mol% Bi,Os, (€) sample containing
0.4 mol% of aglassy phase with the composition 50 mol % B,0Os-50 mol % Bi,Os, (d) sample containing 0.4 mol% of aglassy phase with the
composition 20 mol% B,0;-80 mol% Bi,Os and (€) sample containing 0.4 mol% of aglassy phase with the composition 100 mol% Bi,Os.
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sites implies that some Ba should be expelled from the
solid solution, entering into the liquid phase.

When we consider the properties of the samples
lying on this tie-line, we can see that in spite of the
constant amount, regardless of the different compositions
of the glassy phase, there are four separate regions with
respect to the microstructure and the corresponding
electrical properties of samples.

The sample with composition (a), which lies on the
first line BaTiOs-B,0s, without any Bi®*" donors show
surprisingly a PTCR effect. The room temperature
resistance is relatively high but the samples show
definitely a reproducible PTCR effect with a noticeable
anomay in electrica resstance, Fig. 4d. To our
knowledge there were no published results that would
support this finding. Regarding the boron valence 3+ it
might in principle serve as a donor on the Ba lattice
sites. In spite of this B,Oz; shows some indication to
serve as a donor and might in particular conditions
function as a donor, its solid solubility must be very
limited. We didn't include its concentration during
considering the overal critical donor-dopant amount in
samples.

The next two samples with compositions (b) and (c),
lying on crossings with the tie-lines BaTiOs-B and
BaTiO3-C, contain donor-doped BaTiOs. Here the grain
growth is subjected to the so-called donor-dopant
induced grain size and electrical conductivity anomaly.
In this case the grain growth must depend on the amount
and composition of the glassy-phase and consequently
on the amount of donor.

In Figs. 2a, 2b, 2c the microstructures of the
compositions abbreviated as (a), (b) and (c) are shown,
they contain 0.00, 0.16 and 0.4 mol% Bi**, respec-
tively. All samples are semiconducting and they exhibit
the PTCR anomaly, Figs. 4a, 4b, 4c.

When the amount of Bi,Oz present in the glassy
phase increases further, to 80 mol%, i.e. to the point
(d), which is located at the crossing with the tie-line
BaTiOz-D, i.e. BaliOs-(20 mol% B,0s-80 mol%
Bi,Os3) the amount of donor in the samples increases to
0.64 mol% Bi*. In this case the grain growth is
hindered and after sintering a fine-grained microstruc-
ture is obtained. In general, the AGG and the formation
of semiconducting grains do not occur here, rather they
occur at some discrete positions, which might be a
conseguence of the inhomogeneity of the samples, Fig.
2d.

The end of this tie-line connecting the constant molar
amount of 0.4 mol% “glassy phase” represents the
sample (e) containing pure Bi,Oz with a melting point
of 820°C.

During sintering at 1300°C in samples with pure
Bi,O3 a certain amount of Bi,O3 evaporated so that the
final amount of Bi** was lower than that of the starting
composition. This was not the case when the Bi,Os; was
a part of Bi,0O3-B,O; glassy phase. The chemica ana

lyses indicated that after sintering about 0.1 mol% of
Bi,O3; evaporates during sintering of the 0.4 mol%
doped sample. These samples contain after sintering an
amount of donor higher than the critical concentration.
However, sample (e) shows large grains, Fig. 2e, with a
faint PTCR effect at high resistance, close to the
instrument detection limit, Fig. 4c.

The tie-line containing 0.4 mol% of glassy phase
shows explicitly how the composition of the glassy
phase governs the microstructure development associat-
ed with the electrical resistance. One can observe that
close to the compositions (c) the boundary representing
the composition of samples with 0.4 mol% of donor-
dopant divides the tie-line into two different parts. In
one part, below 0.4 mol% Bi**, where the microstruc-
ture consists of large semiconducting grains, and the
other part, above 0.4 mol% Bi**, where a microstruc-
ture that consists of isolating, small grains prevails, Fig.
2d. So, this amount was adopted as the critical donor
concentration C, for this system.

Exceptions prove samples (a) where the PTCR effect
was identified in spite of the fact that the “true” donors
were absent. The reason for this phenomenon is not
known yet.

On the other hand in samples (e) grain growth occurs
despite the overall composition of these samples is
higher than 0.4 mol% Bi*".

Microstructural development of barium titanate at
a congtant glassy-phase composition with different
amounts of glassy phase

The samples with the composition lying on the tie-
line A, (BaTiOs-B,05) contain no “proper” donors. Here
the sintered samples show surprisingly a PTCR effect,
Fig. 4d. The final grain size was more or less similar
while the final grains show a relatively high resistance
and a noticeable and a reproducible PTCR effect. One
of the reasons might be the supposition that the amount
of boron that dissolves in BaTiO; should be very small
and independent of the glassy phase composition.

Tielline B, i.e. BaTiO;- (80 mol% B,0s-20 mol%
Bi,O3): when the composition of the glassy phase
changes to that of 80 mol% B,0s-20 mol% Bi,Os,
which suggests a presence of donor dopant, the semi-
condutivity of donor-doped BaTiOs can be expected as
well as the anomaly in the grain growth and the
conductivity. On this tie-line the microstructure and the
electrical properties are strongly related to the donor
concentration in samples. The critical concentration
and the formation of a fine-grained non-conducting
microstructure of the composition lying on this tie-line
is above 0.80 mol% of glassy phase, which is 0.32
mol% Bi*". All the investigated compositions on this
tieline are semiconducting and exhibit the PTCR
effect, Fig. 4a, since they contain less donor dopant
than the critical concentration C, 0.4 mol% Bi**.

Tieline C, BaTiOs-(50 mol% B,0s-50 mol% Bi,0x):
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on this tie-line the samples containing up to 0.4 mol%
of glassy phase were found to be semiconducting,
while those samples with 0.8 mol% of glassy phase
and more, were fine grained. In samples containing 0.8
mol% of glassy phase, the amount of donor dopant was
too high, i.e. 0.8 mol% Bi*, so that anomalous grain
growth (AGG) was blocked, Fig. 3. On the other hand,
al samples containing 0.4 mol% glassy phase and less
which equates to 0.4 mol% Bi®*" and less, were large
grained and semiconducting and showed the PTCR
effect, Fig. 4b.

Tieline D, BaTiOz-(20 mol% B,0s-80 mol% Bi,0x):
when the composition of the glassy phase changes to
20 mol% B,05-80 mol% Bi,O3 we find the composition

. . . - . i 0 05 Bi3* i
Fig. 3. Microstructure of asample lying on thetie-line C, BaTiOs- with 0.4 mol% glassy phase and/or 0.64 mol% Bi*" in
(50 mol% B,05-50 mol% Bi,Os) containing 0.8 mol% of glassy the composition diagram, where the AGG is blocked,
phase (0.8 mol% Bi*"). i.e. where the fine-grained and highly resistive samples
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Fig. 4. (8) Resistance versus temperature for samples with their composition aong the tie-line B, BaTiOs-(80 mol% B,05-20 mol% Bi,Os).
(b) Resistance versus temperature for samples with their composition along the tie-line C, BaTiOs-(50 mol% B,03-50 mol% Bi,0s). (¢)
Resistance versus temperature for samples with their composition along the tie-line E, BaTiOs-Bi,Os. (d) Resistance versus temperature for
sampleswith their composition along thetie-line A, BaTiO;-B,0s.
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are located. In contrast, the microstructure of the
samples with 0.2 mol% glassy phase, which is 0.32
mol% Bi*", exhibit AGG and were semiconducting.

Tielline E, (BaTiOs-Bi,O3): on this tieline four
samples with 0.1, 0.2, 0.4 and 0.8 mol% Bi,O; were
investigated. Two of them doped with 0.1 and 0.2
mol% Bi,Oz containing less donor-dopant than the
critical concentration (C,) found for the system showed
a remarkable PTCR effect and were semiconducting,
Fig. 4c. The other two samples doped with 0.4 and 0.8
mol% Bi,O; show a higher resistance and a small
PTCR effect. Both samples contain more donor-dopant
than the critical concentration (C,) estimated for the
system, Fig. 1.

The chemical analyses showed that in low-doped
samples, up to 0.2 mol%, the evaporation of Bi,Os
from the samples was not significant and was not taken
into the account. The identification of the PTCR
anomaly in both samples (0.1 and 0.2 mol% Bi,0s) is
in accordance with the grain-growth and conductivity
anomaly in donor-doped BaTiOs, where donor-dopants
in the concentration range of around a few tenths of a
mol percent cause the semiconductivity in BaTiOs; and
result in the PTCR effect.

The other two samples doped with 0.4 and 0.8 mol%
Bi,Os; had a coarse-grained structure. Here, the grains
grew to more than 50 pum but the samples showed a
high resistance. Chemica analyses of the 0.8 mol%
Bi,Os-doped samples show, after sintering, only half of
the nominal donor amount, i.e. 0.4 mol% Bi,Os; (0.8
mol% Bi*"), which is substantially above the critical
concentration observed in this system.

When the donor concentration gets too high in BaTiOs
the mechanism of the donor incorporation usudly changes
and instead of grain growth of the reduced donor-doped
phase the grain growth should be blocked. However,
instead of that the insulating grains grew during sinter-
ing. One of the reasons for this could be the lack of
ions with a high ionic strength during grain growth, for
example Si** or B®*, which stimulate AGG [8] and can
influence the method of donor incorporation in the
BaTiO; grains. However, the red reason is, at present,
not known.

Electrical Properties

In parallel with the anomalous grain growth the Bi**
and B*" in small amounts, if at all, were incorporated,
inducing the semiconductivity and the PTCR effect.
Bi** was the only effective donor present in the studied
composition diagram. It induces the semiconductivity
when incorporated in grains during the anomalous
grain growth (AGG). The anomalous grain growth in
BaTiO; is expected and can be treated as an intrinsic
property of BaTiOs. So, whenever during anomalous
grain growth in BaTiOs suitable donors are present in
concentrations below the critical level the anomalous
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Fig. 5. Complex-impedance spectraof samplesfromthetie-lineD,
BaTiO5-(20 mol% B,03-80 mol% Bi;O5).

grain growth associated with donor-dopant incorpor-
ation will proceed and induce the semiconductivity. In
the whole region characterized by the semiconducting
anomalous grains the samples exhibit the PTCR
anomaly. The resistivity anomaly in the samples is a
few orders of magnitude. The anomaly in the electrica
resistivity of the sintered samples was not optimized
and was not very high but it was present in al the
samples considered, Fig. 1. The room-temperature
resistance is dependent on the amount of glassy phase
present in the samples. A large amount of glassy phase
decreases the average grain size and increases the
number of grain boundaries per sample volume and
their thickness. In Fig. 4a the temperature dependence
of the resistance of the samples lying on the tie-line
BaTiOs-B is shown, they contain a glassy phase with
composition B. All samples lying on this tie-line exhibit
the AGG, the PTCR anomaly and a low resistance.

The complex-impedance spectra complete these results
of the R (T) measurements, Fig. 5. The grain resistance
stays more or less constant while the grain-boundary
resistance of the samples is strongly dependent on the
amount of the glassy phase. All the compositions studied
on this tie-line show the PTCR anomaly, however, the
room-temperature resistance increases with the amount
of liquid phase.

A higher amount of liquid phase dows down the
AGG, which has the consequence that the average grain
size decreases. More grain boundary surface area per
sample volume unit in samples changes the resistance
and capacitance of the chemical make up. So, a larger
amount of glassy phase strongly increases the ultimate
grain-boundary resistance at a nearly constant grain
resistance.

The temperature dependence of relative permitivity
(gr) for the samples containing 0.8, 0.4, 0.2 and 0.1
mol% of glassy phase is shown in Fig. 6. Also, the
relative permittivity decreases for samples with large
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Fig. 6. Temperature dependence of relative permittivity as a
function of BaTiOz; samples with various amount of glassy phase
(20 mol% 8203-80 mol% B|203)

amounts of glassy phase, due to the dielectric dilution.
Conclusions

The samples within the composition diagram show
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the donor-dopant-induced anomaly in grain size and
electrical conductivity and the PTCR effect.

The samples containing less than 0.4 mol% of the
donor-dopant Bi®** were semiconducting and showed a
PTCR anomdy of afew orders of magnitude. The PTCR
effect in samples can be optimised by the modification
of the microstructure and the potential barrier at the
grain boundaries of samples. An exception was the
highly doped samples on the tie-line E, (BaTiOs-Bi,0Os).

Samples containing B,O; were found to be semi-
conducting exhibiting a PTCR effect. The effect is
under the consideration.
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