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It is well known that donor-doped barium titanate ce-
ramics show positive temperature coefficient resistivity
(PTCR) characteristics, resulting in a sudden change
of resistivity near the Curie temperature (7¢c) [1-6].
Moreover, the T¢ can be shifted to lower temperatures
by adding SrTiO; or to higher temperatures by adding
PbTiO3 [7]. The PTCR effects can be improved signif-
icantly by the presence of the acceptor dopants at the
grain boundary [8]. In particular, the resistance jump-
ing can be enhanced considerably when ceramics are
doped with 3d elements, such as Mn, Fe and Cu, acting
as acceptors resulting from an increase in the surface
state acceptor density [9]. Daniels and Wernicke re-
ported the influence of 3d transition elements on the
formation of an insulating grain boundary layer, rich
in Ba-vacancies, arising as a consequence of incorpo-
ration of the 3d elements into the lattice [3]. Recently,
a new process, the so-called vapor-doping method, in-
volving doping with a vapour dopant has been used
and a great improvement in the PTCR effects found [8,
10-12]. Doping processes are very important and de-
pend on the electrical properties and microstructures of
materials [13]. Many researchers have used Al,O3 as
a sintering aid together with excess TiO, and SiO; to
create a liquid phase and reduce the sintering temper-
ature [14-17]. However, most investigations [14-20]
prepared PTCR specimens by the addition of alumina
mixed together with other raw materials (BaCO3, TiO,,
etc.). Cheng et al. [16] added 12.5 mol% AST (Al,Os3—
Si0,-TiO;) and obtained high PTCR characteristics,
low resistivity at room temperature and a small grain
size of about 10 um. However, we repeated their ex-
periment and found a low PTCR response and a high
resistivity at room temperature. Owing to the tremen-
dous development in the applications of PTCR mate-
rials, PTCR characteristics have been a very impor-
tant research topic. From the vapor-doping method, it
is supposed that some alumina might diffuse into the
specimens during sintering to give rise to the observed
effects on the PTCR properties. The objective of this
study, therefore, is to investigate the effects of alumina
diffusion on the microstructures and PTCR characteris-
tics of barium—strontium titanate (BST) ceramics when
samples were prepared by sintering with an alumina
surrounding. A number of effects due to the alumina
on the PTCR characteristics were found.
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Samples were prepared by using the conventional
mixing oxide process. The starting materials of BaCOs3,
SrCOj3, TiO,, Sby, 03 and Si0; (Aldrich Chemical Com-
pany Inc., >99.9% purity) in a molar composition of
0.8BaCOs3 + 0.2S5rCO3 + 1.01TiO; 4 0.0015Sb,03 +
0.03Si0, were ball-milled with zirconia grinding me-
dia and ethanol in a polypropylene jar for 24 h. The
mixture was dried, crushed and then calcined in air at
1100 °C for 2 h. The calcined powder was blended with
3 wt.% polyvinyl alcohol (PVA) and then pressed into
pellets 15 mm in diameter. Two types of surrounding
powders were used for the sintering process. Some pel-
lets were placed on Sb-doped BST powder in crucible A
(samples A), while some were placed on alumina pow-
der in crucible B (samples B). All of the samples were
sintered in air in the same furnace at 1400 °C (at lower
temperatures, almost no effect was found) at increasing
times of 2, 4, and 8 h. Scanning electron microscopy
(SEM,; JEOL JSM-840A) was used to determine the mi-
crostructure of the samples. The dc resistance change
of the specimens as a function of temperature was mea-
sured using a digital multimeter (Agilent 34401A) and
a suitable power supply; electrodes were applied using
silver paste. The measurements were carried out at tem-
perature ranging from room temperature to ~300 °C; a
silicone oil bath was used to heat the samples and a dig-
ital thermometer (Fluke S50) with a K-type thermocou-
ple was used to monitor temperature. The impedance of
the materials as a function of frequency was measured
by an impedance analyzer (HP model LF 4192A) at
room temperature. The amount of alumina at the grain
boundaries in the samples was determined using back-
scattered electron images (BEI) and energy dispersive
X-ray analysis (EDX; Camscan Series 4, with Oxford
Instruments UTW EDX detector/ISIS Software Series
300 for microanalysis and digital image capture).

The results from the experiments show that both the
microstructures and electrical properties of samples A
and B are significantly different. The variation of grain
size with both sintering time and the surrounding pow-
der are shown in Fig. 1, as determined from SEM mi-
crographs using a linear intercept method, Table I. The
grains of samples A are consistently fine, smaller than
those of samples B. As the sintering time increases, the
grain size of samples A approaches a constant value of
7-9 pm, whereas the grain size of samples B continues
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TABLE I Calculated parameters of the samples with various sintering times and surrounding powders

Samples Mean grain size (um) Ry () Rgp (S2) PrT (2 cm) Pmax (€2 cm) log(omax/prT) (Orders)
A-2h 7.1 33 2.9 39 1.0 x 10° 34
A-4h 8.5 3.6 3.6 54 7.3 x 100 5.1
A-8h 8.9 3.8 54 66 6.2 x 10° 5.0
B-2h 12.4 22 55 57 4.5 x10° 3.9
B—4h 18.2 2.1 42.6 309 1.8 x 108 5.8
B-8h 40.5 2.4 54.2 391 2.0 x 107 4.7

The mean grain size is calculated from Fig. 1. The impedance data (Rg and Rgy) are calculated from Fig. 4. The prt, pmax and 1og(omax/orr) values
are calculated from Fig. 5.

Figure 1 SEM micrographs of the grains of both BST samples at various sintering times: (a), (c) and (e) Samples A sintered for 2, 4 and 8 h. (b), (d)
and (f) Samples B sintered for 2, 4 and 8 h.
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Figure 2 Back-scattered electron micrographs of the BST samples sintered with different surrounding powders at 1400 °C for 4 h: (a) Samples A

(BST surrounding). (b) Samples B (alumina surrounding).

to increase. The grains of samples B show an anomalos
growth with a grain size of up to 40 um when sintered
for 8 h. This fact suggests that mass transportation or
diffusion of the surrounding alumina contributes to the
increase in the average grain size of samples B.

The results from our BEI, EDX analyses and
impedance measurements demonstrate alumina diffus-
ing to the grain boundaries of the BST ceramics when
the alumina sintering surrounding was used. The mi-
crographs of BEI (Fig. 2) show a sharp difference in
the grain features between samples A and B. While
there are only small spaces and structure in the small-
grain boundaries of the ceramics without the alu-
mina sintering (samples A), the big-grain boundaries
of the alumina-surrounding-sintered ceramics (samples
B) are full of large spaces which are filled with second-
phase structures. A detailed analysis using EDX (Fig. 3
and Table IT) indicates that in samples B the intergranu-
lar structure, in a thickness of about 3—20 pm, is of Al-
contained second phases such as an Al-Si-rich phase
and an Al-Ba/Ti phase, as indicated in Fig. 3. In con-

trast, the second phase in samples A are BagTi;7049
and Ba,TiSi,Og [21]. The data in Table II show that
Al is mainly located in the grain boundaries with only
a few (%) in the grain interior. Furthermore, the con-
centration of Al in the grain boundaries is comparable
with those of the main original ceramic elements such
as Ba, Si and Ti. All of these results indicate that Al
from the alumina surrounding diffuses into the ceram-
ics during the sintering process, mainly along the grain
boundaries, to form Al-rich-containing second phases.

TABLE II Quantitative results from EDX analysis of samples B sin-
tered for 4 h (refer to Fig. 3)

Normalized (at%)

Sample composition Ba Ti Sr Al Si Sb
Grain interior 392 495 108 02 00 02
Grain boundary region (1) 22.1 12.6 - 37.7 275 -
Grain boundary region (2) 309 64 - 39.7 242 -

Grain boundary region (3) 25.1 657 0.5 86 0.03 0.04
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Figure 3 X-ray mapping of samples B sintered for 4 h ((1) and (2) are Al-Si-rich phases, (3) is Al-Ba/Ti phase, SEI is secondary electron image, BEI
is back-scattered electron image, AlIK is aluminium Ke, SiK is silicon K, SrL is strontium Lo, BaL is barium LA, TiK is titanium Ke).

Complex-plane impedance as a function of fre-
quency was analyzed for the grain interior and bound-
ary resistances. For RC-parallel systems wherein the
ceramic—electrode interface resistance is negligible, the
impedance (Z) is given by [22, 23]

Z=27 —-iz" (D
then
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where Z' is the real part and Z” the imaginary part of the
total impedance, R, the intra-grain resistance, Ry, the
grain boundary resistance, and Cg, the grain boundary
capacitance. The impedance diagrams of samples A
and B at room temperature are shown in Fig. 4, and the
relevant data calculated using formulae (1) and (2) are
shown in Table I. The grain resistances of both samples
are unchanged. However, the grain boundary resistance
increases slightly for samples A and significantly for
samples B with increasing sintering time. After 4 h of
sintering, the grain boundary resistance of samples B
is considerably greater than that of samples A. This
indicates that insulating alumina diffuses to the grain
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Figure 4 Impedance spectra of the BST samples at different sintering
times, as recorded at room temperature (Z’ means the real part of the
total impedance, Z” means the imaginary part of the total impedance).
(a) Samples A. (b) Samples B.

boundaries to increase the resistance as the sintering
time increases. Additionally, the diffused alumina can
also decrease the grain interior resistance resulting from
the aluminum-trapping impurities, such as Na, Cr, K,
and Fe, which are harmful to the PTCR properties in
the raw materials [19].

The effect of the alumina diffusion on the microstruc-
ture of the BST ceramics is seen not only in the grain
growth but also in the grain shape. The grain shape be-
came rounder (Fig. 1) when the ceramics were sintered
in an alumina surrounding. It is considered that liquid-
phase sintering occurred due to the low melting point
of the second phases at the grain boundaries. The lig-
uid phase would facilitate absorption of grain-growth
inhibitors (e.g. the n-dopant and other impurities), thus
favoring grain growth. While addition of aluminium
into the ceramics has already been found to increase
the grain size [20], we have found that sintering in an
alumina surrounding has the same effect. Nonuniform
grain growth was found in the 8-h-sintered samples B
(Fig. 1f). This might be due to non-uniform wetting
of the grain from the liquid when the grains grew too
rapidly, giving rise to nonuniform absorbtion of the in-
hibitors [20].

The electrical resistivities of samples A and B as
a function of temperature for various sintering times
are shown in Fig. 5 and Table I. All samples exhibit
PTCR behavior with the T¢ of samples B slightly
lower (50-60 °C) than that of samples A (65-70 °C).
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Figure 5 The resistivity—temperature characteristics of the samples sin-
tered for various sintering times with the different surrounding powders
(the short flat part of each curve over the temperature range below 40 °C
is taken as the room-temperature resistivity, whereas the highest point
of each curve is taken as the maximum resistivity).

The room-temperature resistivity (orr), maximum
resistivity (oPmax), and the PTCR jump (the ratio of
log (pmax/PrT)) depend on the sintering time and thus
the diffusion of alumina. Both pgrr and pp,.x for all
samples increase as the sintering time is increased up
to 4 h. However, pmax decreases slightly for samples
A and decreases markedly for samples B when the
sintering time increases up to 8 h. This indicates that
the diffusion of alumina relates to the increase in pgr.
A jump of the maximum resistivity is found to be about
5.8 orders of magnitude for the 4 h sintering samples B.
It is obvious that the resistivity jump of the samples B
was greater than that of the samples A. For these
reasons, it can be concluded that alumina diffusion can
positively improve the PTCR effect. The temperature
of maximum resistivity (Tax) shifts slightly towards a
lower temperature as the sintering time increases when
the alumina sintering surrounding is used.

According to Heywang’s model, the PTCR property
of ceramic samples primarily arises from the presence
of the Schottky barrier at the grain boundary [1, 16].
Kutty and Hari used alumina as an additive mixed with
other raw materials (but without silicon) to make PTCR
ceramics, and found that second phases were formed
and defects acted as acceptors. However, their alumina
addition [24] resulted in higher Ty« and lower ppax.
The enhancement of the PTCR response by alumina
diffusion found in this investigation is also thought to
be due to the diffused alumina acting as an electron
trap, and increases with the surface state density. Thus,
the increase in pgrt and pmax and the decrease in Ty
with sintering time and diffusion of alumina can be
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explained by the increase in the surface state density or
the increase in the effective electron traps in the grain
boundary region [20, 25, 26]. The decrease in Ppax,
particularly for samples B, after sintering for 8 h may
be caused by the increase in grain size, leading to a
decrease in the amount of grain boundaries per unit
length [27].

It can be concluded that surrounding alumina in the
sintering of the BST ceramics leads to the diffusion
of alumina into the grain boundaries. Therefore, the
diffused alumina can improve the PTCR effect in the
ceramics during the sintering process. The effects of
alumina diffusion can be summarized as follows: (i)
the diffusion effect is shown only when the sintering
temperature is as high as 1400 °C; (ii) the prr, Pmaxs
and improvement of PTCR jumping increase with sin-
tering time in the range of 2—4 h; however, the PTCR
properties decrease if the sintering time is extended to
8 h; and (iii) the diffusion leads to an increase in grain
size and formation of a liquid phase containing alu-
mina, silicon and excess titanium. The enhancement of
the PTCR properties due to the alumina diffusion is at-
tributed to diffused-alumina-induced defects as well as
an increase in the surface state density.
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