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Abstract

Phase formation, densification, microstructural development and the electrical resistivity of Sb-doped Ba0.8Sr0.2TiO3 ceramics, containing
different sintering additives have been investigated. A secondary phase of (Ba1−xSrx)6Ti17O40 was found in samples containing 1 mol%
excess TiO2, whereas in samples containing a combination of 1 mol% TiO2 and 3 mol% SiO2 an additional fresnoite solid solution phase,
Ba Sr Ti Si O , was found to co-exist at intergranular regions. Grain growth was suppressed by the single TiOadditive, but no
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mprovement in densification was observed. However, the combined excess of SiO2 and TiO2 promoted liquid phase sintering, producin
eduction in sintering temperature from∼1350◦C to∼1250◦C; this additive combination also enhanced the PTCR response.

2004 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramics exhibiting a positive temperature coefficient of
esistivity (PTCR) are used in a wide variety of applica-
ions, such as over-current protection, self-regulating heaters,
nd temperature sensors.1 Low resistivity at room tempera-

ure and a strong PTCR effect are both critical parameters
or device applications. Barium titanate, BaTiO3, is the ba-
is for most PTCR materials, however, unmodified BaTiO3

s an insulator which shows a high intrinsic resistivity of
ore than 10�10 cm at room temperature, when prepared

n an oxidizing atmosphere, and no PTCR effect can be
bserved.2 The desired semiconducting BaTiO3 phase, ex-
ibiting a non-linear change of resistivity with temperature,
an be achieved by donor doping, coupled to careful selection
f heat-treatment conditions to control the interaction of the
rain boundaries with oxygen during ceramic fabrication.3

xamples of donor additives are trivalent ions (e.g. La3+,

∗ Corresponding author. Tel.: +66 53 943 376; fax: +66 53 357 512.
E-mail address:ppornsuda@yahoo.com (P. Bomlai).

Sb3+) substituting on Ba2+ sites, or pentavalent ions (e
Nb5+, Ta5+) substituting on Ti4+ sites of the perovskit
ABO3 lattice.1

Heywang first proposed that the PTCR effect was de
dent on electron traps (acceptor states) along grain boun
resulting in electron depletion layers and Schottky barrie4

Jonker subsequently explained the absence of any PTC
fect below the Curie temperature (TC) in terms of spontaneou
polarisation of ferroelectric domains.5 The overall resistanc
of the sample is dependent on the resistance of the
boundary regions, the value being affected by interaction
oxygen and changes to the density of acceptor states d
processing. A maximum resistance is reached atTmax, due
to the increasing energy levels of electron traps. Dopant
and concentration, processing conditions and oxygen p
pressures all influence the PTCR effect.6,7

Solid solutions of BaTiO3 with SrTiO3 (Ba1−xSrxTiO3)
are particularly useful for PTCR applications since the C
temperature can be varied by changing the Ba/Sr ratio, w
offers flexibility in controlling the temperature range o
which the PTCR effect can be utilised.8,9
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.06.015
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It is common practice in electroceramic fabrication to in-
troduce various additives to control microstructures and to
enhance densification at reduced sintering temperatures. For
example, in BaTiO3 processing, a small excess of TiO2 is
often added to produce a composition with a relatively low
solidus temperature,∼1330◦C, which promotes liquid phase
sintering and densification at lower temperatures than in un-
modified BaTiO3.10 The sintering temperature of BaTiO3
may also be reduced by adding SiO2, which reportedly gives
a solidus temperature of∼1260◦C.11,12 More complex addi-
tive compositions are also used, for example, a mixed alumina
silica titania system (AST), is reported to reduce sintering
temperatures and enhance the PTCR effect in BaTiO3.13 The
AST additive has also been added to BST to induce liquid
phase sintering.14,15

It was originally suggested that AST improved PTCR
properties by providing a liquid which acts as a grain bound-
ary ‘chemical sink’ for impurities that otherwise would de-
grade the PTCR effect; microstructural changes associated
with liquid phase sintering are also likely to be important. Re-
cently it has been suggested that cooling rates in BST–AST
systems affect the PTCR response due to changes in the thick-
ness of a BST phase precipitated from the liquid onto BST
matrix grains during cooling; enhancements in the PTCR
effect were thought to be due to consequent changes in
the acceptor state density and the polarisation state at grain
b
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of the ABO3 lattice. Possible mechanisms include Ti va-
cancy formation, Ba/Sr vacancy formation, or electronic
compensation.6,7 In the present work Sb-BST was made by
simple additions of Sb2O3 (0.15 mol%) with a 1:1 compen-
sation of the A sites and no reduction in the TiO2 content.
The possible consequences of this on solid solution forma-
tion and the phases produced during sintering are discussed
later in the text.

The mixed powders were ball milled with zirconia grind-
ing media in isopropanol for 20 h, then dried and sieved,
followed by calcination at 1000◦C for 3 h in an alumina
crucible, using heating and cooling rates of 5◦C/min. In or-
der to obtain compacted pellets, the calcined powders were
blended with 1% PVA and ball-milled for 6 h, dried and
sieved again before pressing into 1.5 cm diameter pellets at
100 MPa. For binder removal, samples were heated at a rate
of 2◦C/min, and held at 500◦C for 1 h. The samples were
then sintered in air at various temperatures ranging from
1200◦C to 1450◦C, for 1 h, using heating and cooling rates
of 5◦C/min.

Phase identification of powders and sintered samples was
carried out at room temperature using an X-ray powder
diffraction technique (XRD) with a scan speed of 0.004◦/s,
using Cu K� radiation (Philips APD1700). The density of
sintered samples was obtained by geometric measurements.
The microstructures of the as-sintered surfaces were observed
u 0).
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oundaries14 stemming from the ‘acceptor-rich’ liquid.
In order to provide further information on the role of s

ering additives in donor-doped BST ceramics we have
mined the effects on microstructures and PTCR respo
f additive systems which do not include Al3+ (which is a
ossible acceptor dopant on Ti sites). One was a single2
dditive (1 mol%), the other a combination of TiO2 (1 mol%)
nd SiO2 (3 mol%); both of these systems induce liquid ph
intering in ceramics of the parent BaTiO3 composition. Th
dditives were added to a standard Sb-doped Ba0.8Sr0.2TiO3
TCR composition.15,16 Particular attention was given to e
mining the effect of the additives on intergranular ph

ormed on cooling the liquid.

. Experimental procedure

Ceramic samples were prepared by the convent
ixed oxide process. The starting powders of BaC3,
iO2, SrCO3, Sb2O3, SiO2 (Aldrich chemical company, Inc
9.9+% purity) were used to prepare the compositions sh

n the following, in which Sb3+ substitution on the Ba2+ site
s assumed.

omposition 1: (Ba0.797Sr0.2)Sb0.003TiO3 (Sb-BST)
omposition 2: Sb-BST + 1 mol% TiO2 (Sb-BST + TiO2)
omposition 3: Sb-BST + 1 mol% TiO2 + 3 mol% SiO2 (Sb-BST +
TiO2/SiO2)
There is debate as to the charge compensation m

ism(s) in donor-doped perovskites involving substitu
f trivalent ions, of suitable ionic radii, on the A sit
sing scanning electron microscopy (ESEM, Phillips XL3
ackscattered imaging and X-ray mapping were carried

o monitor the distributions of each phase in the micros
ure (Camscan series 4 SEM, with Oxford Instruments U
DX detector/ ISIS software series 300 for microanalysis
igital image capture). Transmission electron microsc
as also employed (Philips CM20 TEM, with Oxford Inst
ents EDX facility). Samples for TEM examination were

nto 3 mm disks, mechanically ground to 300�m, ‘dimpled’
o a thickness of∼30�m, and finally Ar+-ion beam milled
own to perforation for electron transparency. The dc r

ance change of the specimens as a function of tempe
as measured using a digital multimeter (Agilent 3440
nd a suitable power supply; electrodes were applied
ilver paste. The measurements were carried out from
emperature to∼300◦C using a silicone oil bath to heat t
amples; a digital thermometer (Fluke S50) with a K-t
hermocouple was used to monitor temperature.

. Results

The XRD patterns for powders of each of the three c
ositions, calcined at 1000◦C for 3 h, are shown inFig. 1.
t room temperature the parent composition, Ba0.8Sr0.2TiO3
hould be tetragonal with ac/a lattice parameter ratio o
.003.17 However, no tetragonal peak splitting was eviden
ny of the Sb-BST powder samples (even at angles up t◦
θ). This was probably due to peak broadening effects ca
y chemical inhomogeneities in the powder mixture, an
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Fig. 1. X-ray diffraction patterns of powders showing phase formation with
different additives when calcined at 1000◦C for 3 h ((*) Ba4Ti13O30, (�)
Ba5SrSi10O26, (+) �-BaSiO3, X: Ba4Ti11O26 and C: BaCO3).

complete solid state reaction during calcination (crystallite
size effects are unlikely after high temperature calcination).
The resultant localized variations in solid solution composi-
tion (Ba:Sr ratio) would give a variety of slightly different
lattice parameters, and broadened XRD peaks. All three cal-
cined powder compositions showed an extra peak at 24.2◦ 2θ

suggesting the presence of a barium carbonate phase.18 This
was either a result of incomplete decomposition of the start-
ing carbonate, or due to carbonation of the calcined powder
after standing in air. Powders of composition 2 (excess TiO2)
showed evidence of a faint diffraction peak similar in posi-
tion to that of the most intense reflection of Ba4Ti13O30.19For
powders of composition 3 (excess TiO2 + SiO2), numerous
faint XRD peaks were evident (Fig. 1). Comparisons with
standard XRD files suggested these represented a complex
secondary phase mixture of: Ba5SrSi10O26,20 �-BaSiO3,21

Ba4Ti13O30
19 and Ba4Ti11O26,22 as labelled inFig. 1. Par-

tial substitution of Sr for Ba may have occurred in some of
these phases.

In the sintered ceramics,Fig. 2(a), XRD peaks of the
main phase became sharper, indicating improved composi-
tional uniformity of the BST solid solution; the carbonate
peaks had disappeared at these higher temperatures. Tetrag-
onal peak splitting was now evident at high angles (in ad-
dition to splitting due to the separation of K�1 and K�2
peaks). The example of the 1 1 3/3 1 1 peaks at∼80◦ 2θ

i
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m
±
±
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2 :17
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Fig. 2. (a) X-ray diffraction patterns of samples sintered at 1400◦C show-
ing phase formation with different additives ((*) Ba2TiSi2O8 and (+)
Ba6Ti17O40). (b) X-ray diffraction patterns of samples sintered at 1400◦C
showing tetragonal peak splitting of the high angle peaks.

present but there were a number of other extra peaks, which
comparisons with standard patterns indicated to be similar in
d-spacings to Ba2TiSi2O8,25 referred to as the 2:1:2 phase,
Fig. 2(a), The other secondary phases previously present in
the calcined powder of composition 3 were no longer present
in the sintered samples.

The geometric densities of sintered samples prepared at
various sintering temperatures are shown inFig. 3. For com-
positions 1 and 2, density increased sharply between sin-
tering temperatures of 1300◦C and 1350◦C, but with little
subsequent change up to 1450◦C. For composition 3, den-
sification occurred at lower temperatures than for the other
two samples, reaching a maximum density at∼1250◦C, but
then declining slightly with further increments in sintering
temperature. The lower densification temperature of compo-
sition 3 was consistent with the added TiO2 + SiO2 produc-
ing a liquid phase during sintering at 1250◦C, which aided
densification. The fall off in density at higher temperatures
may be due to greater amounts of liquid being produced, from
which an increasing amount of the lower density 2:1:2 silicate
s shown inFig. 2(b). The values ofa and c lattice pa-
ameters were estimated using a manual least square
ethod;23 all samples gave similar average values,a = 3.97
0.05Å and c = 3.99± 0.05Å, giving a c/a ratio of 1.01
0.05.
Sintered ceramics of composition 2 (excess TiO2) pos-

essed one faint additional peak at an angle correspo
o the main peak in the standard pattern of Ba6Ti17O40, at
9.16◦ 2θ,24 Fig. 2(a); this phase is referred to as the 6
hase. In the case of composition 3, the 6:17 phase was
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Fig. 3. The densities (geometric) of sintered samples as a function of sinter-
ing temperatures and additives.

phase, and the 6:17 phase, crystallized. The reported densi-
ties of Ba6Ti17O40 and Ba2TiSi2O8 phases are 4.79 g cm−3

and 4.42 g cm−3, respectively,24,25 compared to a value of
5.84 g cm−3 for Sb-BST calculated from the experimental
lattice parameter measurements obtained from XRD data.
There may also have been some unidentified low density
glassy phase present in the samples after cooling.

The 6:17 second phase was present in only very low
amounts in sintered ceramics of composition 2 (Fig. 2) and
therefore a value of 5.84 g cm−3 is probably a reasonable es-
timate of theoretical density for both compositions 1 and 2.
This gave a percentage theoretical density value of∼95%
for ceramics of both compositions sintered at≥1350◦C. For
composition 3, from XRD there was a greater amount of crys-
talline secondary phases (mainly 2:1:2 plus some 6:17), and
as the proportion of these was not known, an estimate of a
limiting density in terms of a percentage is less meaningful.

Compositions 1 and 2 after sintering at 1350◦C each dis-
played similar microstructures, with a bimodal grain size dis-
tribution of large grains in a fine-grained matrix,Fig. 4(a).
This type of secondary, or exaggerated, grain growth is char-
acteristic of BaTiO3 and related compositions.26 The coars-
ened grains were≤40�m in size for Sb-BST, but this de-
creased to≤30�m for the sample with 1 mol% of added
TiO2. After sintering at 1400◦C, the larger secondary grains
extended throughout the microstructure and the bimodal dis-
t -
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Fig. 4. SEM micrographs of as-sintered surfaces of: (a) Sb-BST + TiO2

(composition 2) sintered at 1350◦C; (b) Sb-BST + TiO2 (composition 2)
sintered at 1400◦C; (c) Sb-BST + TiO2/SiO2 (composition 3) sintered at
1350◦C.

Fig. 3), leading to a dissolution–re-precipitation mass trans-
port mechanism.27 In comparison to the other two samples,
the microstructures of composition 3 were more porous, the
grain size distributions were not bimodal, and the maximum
grain sizes were smaller (∼25�m),Fig. 4(c); there was little
change in grain size with increased sintering temperatures.

Backscattered SEM imaging, along with X-ray mapping,
were performed on polished sections of the sintered ceram-
ics to investigate compositional differences within the mi-
crostructures. For both compositions 1 and 2, an intergranular
phase was evident which was richer in Ti than the Sb-BST
ribution disappeared,Fig. 4(b). There was only a slight in
rease in grain size on raising the sintering temperature
400◦C to 1450◦C, for the TiO2 modified sample (compo
ition 2), but without the TiO2 addition (composition 1), th
aximum grain sizes increased from∼40�m to∼60�m.
Composition 3 produced a different microstructure.

econdary grain growth was apparent at any temper
tudied (in the range 1200–1450◦C); an example sintere
t 1350◦C is shown inFig. 4(c). Instead many grains we
ounded in form, consistent with the addition of SiO2 +
iO2 producing a liquid phase at the sintering temperat
as already implied by the lower densification tempera
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Fig. 5. Backscattered electron image (BEI) and X-ray maps of a polished sample of Sb-BST (composition 1) sintered at 1400◦C for 1 h.

matrix grains, and contained much less Sr,Figs. 5 and 6.
This phase is referred to as phase T. In composition 3, phase
T was again present but an additional phase, labelled S, was
also observed,Fig. 7. Phase S was Si-rich, and with similar
Ba levels, but lower Ti and Sr levels to the matrix Sb-BST
grains. These qualitative descriptions are in agreement with
the relative elemental contents of BST and the 6:17 and 2:1:2
secondary phases identified by XRD. Hence phase T was as-
sumed to be the phase identified as 6:17 by XRD and phase
S the 2:1:2 phase.

TEM-EDX and TEM-electron diffraction were used to
provide more detailed information on the two intergran-
ular phases in composition 3. The EDX results (semi-

quantitative), showed only Ba, Sr and Ti in the matrix; the
low level of added Sb was not detected,Fig. 8. Peak over-
lap made it difficult to determine any differences in Ba/Ti
ratios in the EDX spectra from the matrix and from phase
T. However, it did provide an indication of Sr in phase T,
Fig. 8. Therefore, phase T, which XRD data had suggested to
be Ba6Ti17O40, was more probably a Sr-substituted phase,
(Ba,Sr)6Ti17O40. The other secondary phase analysed by
EDX contained Ba, Ti and Si with low levels of Sr,Fig. 8.
Therefore, this phase was the Si-containing phase S, sug-
gested by XRD to be Ba2TiSi2O8. TEM-EDX, as with phase
T, indicated a low level of Sr substitution. An electron probe
microanalysis (EPMA) study has confirmed that phase T was
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Fig. 6. BEI and X-ray maps of a polished sample of Sb-BST + TiO2 (composition 2) sintered at 1400◦C for 1 h.

the 6:17 phase; analysis data implied a degree of beam overlap
with the matrix phase, nevertheless the data was consistent
with the composition being (Ba1−xSrx)6Ti17O40 with x ∼
0.01. The EPMA data for phase S revealed that the Si to Ti
ratio deviated from that of fresnoite (Ba2TiSi2O8) giving an
actual formula of: Ba1.95Sr0.05Ti1.2Si1.8O8. This is close to
the limiting composition reported for substitution of Ti4+ on
Si4+ sites in fresnoite.28 The full results of the EPMA study,
will be reported in a later publication.

Electron diffraction patterns provided confirmation that
the phases being analysed by SEM-BEI and TEM-EDX were
the same phases giving rise to the additional XRD peaks
in Fig. 2. Examples of bright field and dark field images,
together with corresponding selected area electron diffrac-

tion (SAED) patterns are shown inFig. 9, for phase T, and
in Fig. 10 for phase S. The SAED patterns could be in-
dexed on the basis of the published XRD powder data for the
Ba6Ti17O40,24 and Ba2TiSi2O8,25 parent, non-Sr-substituted
phases. For monoclinic Ba6Ti17O40 the reported lattice pa-
rametersa, b and c are 9.887̊A, 17.097Å, and 18.918̊A,
respectively, withβ = 98.72◦; values ofa, b and c esti-
mated from the indexed TEM-SAED patterns (assumingβ =
98.72◦) for the Sr-substituted phase T, were 9.88Å, 17.52Å
and 18.86̊A. For tetragonal Ba2TiSi2O8 the reported lattice
parameters,a andc are 8.542̊A and 5.219Å, respectively;
values ofa andc estimated from measurements of the TEM-
SAED patterns of Sr-substituted phase S were 8.58Å and
5.18Å. TEM images,Fig. 10, indicated that the liquid formed
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Fig. 7. BEI and X-ray maps of a polished sample of Sb-BST + TiO2/SiO2 (composition 3) sintered at 1400◦C for 1 h.

at high temperatures had wet at least some of the grains, and
flowed along grain boundaries. It is possible that some dewet-
ting occurred on cooling, resulting in segregation to triple
points and other intergranular regions resulting in pockets of
second phase, as illustrated inFig. 7.

All of the samples exhibited PTCR behaviour, but there
were variations dependent on sintering temperatures and ad-
ditives. The resistivity–temperature (ρ–T) characteristics of
samples of each of the three compositions, sintered at 1450◦C
are plotted inFig. 11 and results, for all samples are sum-
marised inTable 1. The measurements were carried out using
a silicone oil bath to heat the samples; this limited the up-
per temperatures to around 300◦C. For compositions 1 and

2, increasing the sintering temperature decreased the room
temperature resistivity,ρRT, from >30� cm for 1350◦C, to
values of∼10� cm and 14� cm for Sb-BST and Sb-BST +
TiO2, respectively,Table 1. There was no significant varia-
tion inρRT with sintering temperature in the case of the SiO2
+ TiO2 additive, all samples giving a value of 8–14� cm.
The SiO2+TiO2 additive enhanced the PTCR effect, by pro-
ducing higher values of maximum resistivity (ρmax), for sam-
ples fabricated at higher sintering temperatures,Table 1. The
steepest rise in resistivity occurred for a sintering temperature
of 1450◦C, giving aρmaxvalue of 1.2× 105 � cm, compared
to <2.5× 104 � cm for the other two compositions,Table 1.
This represents a resistance increase (ρmax/ρRT) of ∼104 be-
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Fig. 8. TEM-EDX data for Sb-BST + TiO2/SiO2 (composition 3): (a) matrix grain; (b) intergranular phase T (6:17); (c) intergranular phase S (2:1:2).

Table 1
Summary of values of: room temperature resistivity,ρRT; the ratioρmax/ρRT (ρmax = maximum resistivity on raising the temperature);Tmax, the temperature
corresponding toρmax as a function of sintering temperature and composition

Sintering
temperature
(oC)

Samples

Sb-BST Sb-BST+TiO2 Sb-BST + TiO2/SiO2

ρRT (� cm) ρmax/ρRT Tmax (◦C) ρRT (� m) ρmax/ρRT Tmax (◦C) ρRT (� cm) ρmax/ρRT Tmax (◦C)

1275 – – – – – – 13 5.0× 102 265
1300 – – – – – – 8 1.8× 103 260
1350 35 7.5× 101 260 38 9.2× 102 250 11 2.6× 103 275
1400 11 1.9× 103 270 18 1.7× 103 275 12 4.6× 103 280
1450 10 2.2× 103 270 14 1.7× 103 280 14 9.0× 103 280
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Fig. 9. TEM data for phase T present in the Sb-BST + TiO2/SiO2 specimen (composition 3): (a) bright field image; (b) dark field image (200 reflection); (c)
corresponding electron diffraction pattern that has been indexed to the [03̄ 1] crystal axis of phase T lying parallel to the electron beam from the area indicated
in (a) and (b). The ED pattern is indexed using XRD powder data for Ba6Ti17O40.24

tween room temperature and 280◦C for the SiO2 + TiO2
additive. In an additional experiment, PTCR data were ob-
tained for a Sb-BST + TiO2/SiO2 sample with 0.02 mol% of
added manganese oxide,Fig. 11(b); there was a substantial
increase in resistivity, with the value ofρRT increasing to∼5
× 102 � cm and theρmax/ρRT ratio increasing to∼105.8 (for
a sample sintered at 1350◦C).

4. Discussion

For the more extensively studied BaTiO3 system,
1–4 mol% of excess TiO2 is often used to promote a liq-
uid phase during sintering, and so aid densification. The
BaO–TiO2 phase diagram indicates that at equilibrium, a
small excess of TiO2 added to BaTiO3 results in a liquid
being formed at a temperature of∼1330◦C, with a mixture

of BaTiO3 and Ba6Ti17O40 solid phases co-existing at equi-
librium below this temperature.10 From the present study into
Sb-BST with an added nominal 1 mol% TiO2 (composition
2), there was no evidence of enhanced densification (Fig. 3).
Phase equilibria for the ternary BaO–SrO–TiO2 system, pub-
lished for an isothermal section at 1250◦C and 1400◦C pro-
vides an explanation for this and for the phases produced
during sintering.29,30 The earlier version of the diagram at
1400◦C29 is broadly similar to the 1250◦C diagram,30 re-
produced inFig. 12, but with (Ba,Sr)Ti3O7 being reported in
place of (Ba,Sr)6Ti17O40.

From the phase diagrams, for an overall composition of
(Ba0.8Sr0.2)TiO3 plus 1 mol% of TiO2, a two-phase field of
(Ba,Sr)TiO3 and (Ba,Sr)6Ti17O40 coexisting solid solutions
is indicated at temperatures of 1250–1450◦C.29,30 Notwith-
standing any significant effects due to the 0.15 mol% of added
Sb2O3, composition 2 would be expected from the phase dia-
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Fig. 10. TEM data for Phase S for Sb-BST + TiO2/SiO2 (composition 3): (a) bright field image; (b) dark field image (2 0 1 reflection); (c) corresponding
electron diffraction pattern that has been indexed to the [21̄4̄] crystal axis parallel to the electron beam from the area indicated in (a) and (b). The ED pattern is
indexed using XRD powder data for Ba2TiSi2O8.25

gram to be a mixture of∼98 mol% (Ba,Sr)TiO3 and∼2mol%
(Ba,Sr)6Ti17O40 solid solution phases, with no liquid present.
The maximum compositional extent of Sr substitution in
‘B6T17ss’ ((Ba,Sr)6Ti17O40) is shown by the phase diagram
to be around 2 mol%,Fig. 12. The experimental phase and
compositional analysis results are therefore consistent with
the predictions from the equilibrium phase diagrams. The
phase diagrams also explain why, in contrast to the situa-
tion for BaTiO3, adding excess TiO2 to BST produces no
reduction in sintering temperature. In the BST-TiO2 system
no liquid is formed (at equilibrium) at temperatures up to
1400◦C. However, added TiO2 did produce a microstructural
effect, bringing about a reduction in grain size; this may have
been due to grain pinning effects associated with the second
phase (Ba,Sr)6Ti17O40particles. (The unmodified composi-
tion, Sb-BST, also contained (Ba,Sr)6Ti17O40 but at much

lower levels, and therefore the microstructural effect would
be much greater in Sb-BST + TiO2.)

There are several possible reasons why lower levels of
the Ti-rich second phase, (Ba,Sr)6Ti17O40, may have been
present in sintered samples of unmodified Sb-BST. The
(Ba,Sr)6Ti17O40 could be present simply due to inadequate
mixing of the components in the starting powders, giving
TiO2 rich regions which produce (Ba,Sr)6Ti17O40 at sin-
tering temperatures. Alternatively it could signify a solid
solution mechanism involving Ti4+ vacancy formation as
charge compensation for Sb3+ substitution on divalent A
sites. It is reported that at low dopant concentrations, the Sb3+
ions occupy the Ba2+ sites, and at higher dopant concentra-
tions, they can occupy the Ba2+ sites and/or Ti4+ sites.31–33

However, based on careful phase diagram studies, coupled
to results of impedance spectroscopy, a Ti vacancy mecha-



P. Bomlai et al. / Journal of the European Ceramic Society 25 (2005) 1905–1918 1915

Fig. 11. The resistivity–temperature characteristics of the three composi-
tions sintered at 1450◦C, together with data showing an enhanced PTCR
response for TiO2/SiO2 + 0.02 mol% manganese oxide sintered at 1350◦C.

nism has been suggested for a range of donor-doped PTCR
compositions.6,7,34 Because there was no compensating re-
duction in the TiO2 content of the starting powders used here,
solid solution mechanisms involving Ti vacancy formation,
would naturally generate ‘excess’ TiO2 during calcination
and/or sintering. For example, if the solid solution formation
mechanism involved Ti vacancy creation to compensate for
the additional charge of Sb3+ on a Ba2+ (or Sr2+) site, giving
a formula, (Ba,Sr)1−xSbxTi1−x/4O3, then our starting mix-
ture of 0.15 mol% Sb2O3 (x = 0.003), with no compensating
reduction in the TiO2 content, would result in an ‘excess’ of
TiO2 being released, equivalent tox= 0.003/4, or 0.075 mol%
excess TiO2. More speculatively, a complex mechanism in-
volving some Sb5+ formation and substitution on Ti4+ sites
may occur, again giving excess TiO2 (for Sb2O5 doping, the
Sb5+ ions are reported to occupy the Ti4+ sites33).

Because of this liberated TiO2 the starting composition of
Sb-BST (composition 1) would therefore lie in the same two-
phase field in the equilibrium phase diagram as BST + TiO2
(composition 2), but would give a much lower proportion of
(Ba,Sr)6Ti17O40 (according to lever rule calculations). By a
similar argument, compositions 2 and 3, namely Sb-BST +
TiO2 and Sb-BST + (TiO2/SiO2) would therefore contain a
total excess of∼1.1 mol% TiO2.

For composition 3, with co-additions of SiO2 and TiO2
we have been unable to find relevant quaternary phase dia-
gram information. A published phase diagram for the join,
BaTiO3–SiO2 indicates a solidus temperature of∼1260◦C
for additions of up to 28% of silica (although there is debate
about aspects of this version of the diagram and the system
has been shown not to be a true binary).35,36 Our experimen-
tal results for composition 3 showed that there was a major
increase in density on moving from a sintering temperature
of 1200◦C to 1250◦C. This suggests liquid formation and a
solidus temperature between 1200◦C and 1250◦C, for Sb-
BST + TiO2/SiO2.

The XRD and TEM-ED results for Sb-BST + (TiO2/SiO2)
indicated that (Ba,Sr)2TiSi2O8 (fresnoite) was the main phase
which crystallises from the liquid during cooling; this co-
existed with a small amount of (Ba,Sr)6Ti17O40. EPMA re-
sults indicated substitution of Ti4+ for Si4+ on the tetrahedral
sites of fresnoite giving a formula: Ba Sr Ti Si O .
O
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re reported to give a mixture of BaTiO3, Ba2TiSi2O8 (fres-
oite) and Ba6Ti17O40.37,38 Whereas we have demonstra

hat BST + TiO2 produced a very different phase mixture
aTiO3–TiO2; the present results for BST demonstrate

here are close similarities in the phases produced for2
dditions to BST, and reported results for BaTiO3.

Other workers studying exaggerated grain growth
aTiO3 with added SiO2 have also reported fresnoite.35,39,40

t has been suggested that secondary or exaggerated
rowth in BaTiO3–SiO2 is due to the formation of the inte
ranular silica-rich liquid at temperatures between 126◦C
nd 1320◦C.26 However, the present results demonst
n absence of exaggerated grain growth in Sb-BS
TiO2/SiO2) samples, despite the evidence that a silica
iquid formed during sintering.
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Fig. 12. Phase equilibria for part of the BaO–SrO–TiO2 system at 1250◦C30 which is broadly similar to published data for 1400◦C29 (( ) composition in this
present work, for Sb-BST + 1 mol% TiO2). B6T17 (ss) = Sr-substituted Ba6Ti17O40; B4T13 (ss) = Sr-substituted Ba4Ti13O30.

elongated{1 1 1} twinned grains were said to form by nucle-
ation from the Ba6Ti17O40 particles.30 In our Sb-BST and Sb-
BST + TiO2 samples, which each contained (Ba,Sr)Ti6O17
and exhibited exaggerated grain growth, we did not observe
any of the characteristic, elongated grains reported to be
{1 1 1} twins in BaTiO3, and also reported in BST prepared
by other research groups.30,41–43 The reasons for this dis-
crepancy are unclear.

Each of the three compositions produced different PTCR
responses. For a given composition, the effects of sintering
temperature are likely to be related to microstructural changes
and to changes in the distributions of dopants and defects
at grain boundary regions. For all compositions, the most
favourable PTCR responses were obtained in ceramics fab-
ricated at the highest sintering temperatures. Possibly this
was because of improved mass transport at the highest tem-
peratures, producing improved grain boundary structures and
well defined barrier layers.

Overall the best PTCR response of the three compositions
was in the sample of Sb-BST co-modified with TiO2 and
SiO2 (composition 3), sintered at 1450◦C. The microstruc-
ture of ceramics with this composition were very different
to the other compositions, being more porous, which would
be expected to promote oxygen diffusion to the grain bound-
aries, and increases the resistivity of the grain–grain bound-
ary interfaces.6,7 The smaller average grain size, and greater
g rent

PTCR characteristics for the TiO2 + SiO2 additive composi-
tion. As mentioned in the introduction, AST is often added to
BaTiO3 and BST ceramics to promote liquid phase sintering.
Cheng et al.15 have added varying amounts of AST to Sb-
BST, which allows a direct comparison with results obtained
here for 1 mol% TiO2 + 3 mol% SiO2.1

The room temperature resistivities,ρRT, for Sb-BST +
AST were reportedly higher, of the order 102–103 � cm, de-
pending on total additive content, compared to 8–14� cm
here for TiO2 + SiO2. The maximum resistivities on heating
to higher temperatures,ρmax, were also higher for the AST
system, giving aρmax/ρRT ratios as high as 105.6 compared to
∼104 for the more simple TiO2 + SiO2 additives in this work.
The 1 mol% TiO2 + 3 mol% SiO2 additive composition was
selected for detailed study after it had been found to give the
most favourable properties in preliminary trials of different
amounts of additive, and different TiO2/SiO2 ratios.44 Lai
et al.45 suggested that AST enhanced the PTCR effect (in
Nd-doped BST) by increasing acceptor state density (elec-
tron traps) at grain boundaries. More recently Lee et al.14

illustrated the importance of an acceptor-rich BST surface
layer precipitated from an AST liquid which was assumed
to be rich in acceptor impurities; Al3+ is a well-known ac-
ceptor in perovskites,2,46 substituting for Ti+4. Therefore,

1

1
rain boundary surface area may also contribute to diffe

1 mol AST = 0.255 mol Al2O3 + 0.562 mol SiO2 + 0.187 mol TiO2;

mol of the ‘ST’ used here = 0.25mol TiO2 + 0.75 mol SiO2.
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the lower resistivities of Sb-BST + TiO2/SiO2 obtained in
the present study (with no added acceptors) indirectly sup-
ports the premise that Al3+ contained in AST plays a critical
role as a compensating acceptor dopant, possibly being dis-
tributed along grain boundaries whilst the additive is in the
liquid phase, reacting with BST surface layers and increas-
ing their resistivity. By adding 0.02 mol% manganese oxide
to the starting Sb-BST + TiO2/SiO2 mixture we found that
ρRT could be increased to 530� cm, and a ratioρmax/ρRT of
∼105.8 was obtained, which is comparable to values reported
for the AST sintering additive.

Another factor to consider when comparing the PTCR
properties of the two liquid forming systems is the relative
ease of oxygen diffusion through the liquid and along grain
boundaries as the samples is cooled from sintering tempera-
tures. West et al. have demonstrated the importance of oxy-
gen non-stoichiometry in PTCR materials.6,7,34 The elec-
trical properties of the respective crystalline silicate grain
boundary phases would also be important, but little is known
as to how this factor influences the conduction barriers at
grain interfaces.

In summary, although the benefits of adding sintering aids
to PTCR ceramics have been demonstrated here and else-
where, and acceptor species present in the liquid which is
formed at the sintering temperatures may play an impor-
tant role, the mechanisms leading to improvements in the
P ising
h ves-
t re-
g e of
v

5

1 er-
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s hose
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ture. Additions of manganese oxide to the Sb-BST–SiO2 +
TiO2 system raised the value ofρmax/ρRT to ∼105.8.

For samples of Sb-BST + TiO2, the absence of any evi-
dence of liquid phase sintering with respect to densification
experiments, and the presence of a (Ba,Sr)6Ti17O40 inter-
granular phase was consistent with published phase equilibria
for the BaTiO3–SrTiO3–TiO2 system. However, the additive
did have a role in influencing microstructures by reducing
grain growth. The presence of smaller amounts of the same
(Ba,Sr)6Ti17O40 phase in samples with no nominal starting
excess of TiO2 may have been indicative of a solid solution
mechanism involving charge compensation by the formation
of Ti4+ vacancies, as the starting powders were prepared
without any compensating reduction in TiO2 content.
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. Conclusions

A combined additive consisting of 3 mol% SiO2 and
mol% TiO2 was effective in reducing the sintering temp
tures of Sb-doped BST ceramics by inducing liquid ph
intering. The microstructures were more porous than t
f Sb-BST, or those with only TiO2 as an additive.

The combined additive, on cooling, resulted in interg
lar regions containing crystalline phases of a fresnoite
olution Ba1.95Sr0.05Ti1.2Si1.8O8 and (Ba,Sr)6Ti17O40 (with
1 mol% Sr2+ for Ba2+ substitution). There was TEM ev
ence that the liquid phase wet the boundaries between
idual grains at high temperatures, but there were many
ockets of secondary phases in the microstructures.

As well as reducing sintering temperatures, the SiO2 +
iO2 additive enhanced the PTCR effect: room tempera
esistivities were <14� cm and in terms of the PTCR effe
aximum values of resistivity were around five times hig

han for the other compositions. The ratioρmax/ρRT increased
ith increasing sintering temperatures, reaching a maxi
alue of∼104. This improvement in PTCR properties m
ave been due to greater oxidation of grain boundary la
uring processing as a result of the more porous micros
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