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Evolution of low sigma grain boundaries in PTC
thermistors during sintering
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Abstract

BaTiO3-based positive temperature coefficient (PTC) thermistors undergo a large and rapid increase in grain boundary resistivity at tempera-
tures just above the Curie temperature,Tc. Ample evidence exists for variability in the magnitude and form of the resistivity increase between
different grain boundaries, and it has been noted that many of the grain boundaries showing a weak PTC effect have lowΣ values when
indexed using coincidence site lattice notation. It has also been reported in the literature that, in undoped BaTiO3, there is a strong preference
for the formation ofΣ = 3 grain boundaries in the microstructure, with many more present than would be expected by chance.

In the current study, the formation and retention of lowΣ grain boundaries in a PTC thermistor based on doped BaTiO3 have been
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haracterised through interrupted sintering experiments. Electron backscatter pattern (EBSP) analysis was used to establish gra
isorientation distributions in a series of samples prepared during an interrupted sintering study.
A significant proportion ofΣ = 3, 5 and 9 boundaries was observed, withΣ = 3 boundaries being systematically preferred over other loΣ

oundaries. SinceΣ = 3, 5 and 9 grain boundaries are believed to be PTC inactive, their presence in significant numbers in the micr
s likely to be deleterious to the overall performance of a thermistor, particularly during transient loading.

An increase in the proportion ofΣ = 3 twin boundaries was noted with sintering time, however, the proportion ofΣ = 3 grain boundarie
emained fairly constant, although occurring with a higher frequency than would be expected in a random population. The proportioΣ = 5
nd 9 boundaries also remained approximately constant during the sintering process, indicating that the density of lowΣ boundaries in th
icrostructure is fixed at an early stage of sintering and is not affected significantly by grain growth.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Positive temperature coefficient (PTC) of resistance ther-
istors, based on donor doped barium titanate, shows a large
nd rapid increase in grain boundary resistivity with increas-

ng temperature. This occurs at temperatures just above the
urie temperature,Tc, and is associated with a ferroelectric

o paraelectric phase transformation.1 Early models for the
TC effect linked the increase in grain boundary resistivity

o a sudden decrease in dielectric constant, which allowed
n electrostatic barrier to develop.1,2 These models were de-
eloped by considering the effects of spontaneous polarisa-
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tion and by including the effect of secondary microstruct
features such as grain boundary phases. More recent
models have been refined further by incorporating the ef
of charge shielding and trap activation.3,4

Studies of individual thermistor grain boundaries h
shown that the magnitude of the PTC effect can differ wid
between grain boundaries, with some grain boundaries s
ing large increases in resistance whilst others show litt
no response.5,6 Such differences in performance are g
erally attributed to variations in the amount of segrega
dopants at different interfaces.7 However, it has also bee
observed that the extent of PTC behaviour at a given g
boundary can be influenced by the geometry of the g
boundary and, in particular, the crystallographic misorie
tion across the interface. Using coincidence site lattice (C
notation, in which the value ofΣ that is ascribed to a
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interface is given by the reciprocal of the fraction of coinci-
dent atomic sites formed if the two lattices are overlapped,8

several authors9,10have noted thatΣ = 3, 5 and 9 grain bound-
aries characteristically exhibit little or no PTC effect, whereas
randomly misoriented high-angle boundaries, not indexable
as lowΣ, tend to be associated with a large PTC resistivity
increase.

A recent combined theoretical and experimental study
of grain boundary misorientations in sintered untextured
BaTiO3 and SrTiO3 revealed the presence of significantly
more Σ = 3 grain boundaries in the sintered material than
would be predicted within a population containing a ran-
dom distribution of grain boundary misorientations.11 If this
were also to be the case in BaTiO3 that has been processed
to yield a PTC thermistor then the significant proportion
of such grain boundaries, which are known to be electri-
cally inactive, would have implications for device perfor-
mance in the context of the local uniformity of electrical
behaviour.

In this contribution, the results of a combined microstruc-
tural and crystallographic study to characterise the forma-
tion and retention of some lowΣ grain boundary types

and structures during the sintering of a PTC thermistor are
presented.

2. Experimental

The thermistor samples used in this study were prepared
from donor doped BaTiO3, containing additions of lead,
strontium and calcium, by sintering at 1300◦C. A series of
partially sintered pellets was prepared by quenching pellets
after dwell times of between 0 and 60 min.

Polished faces of all of the pellets were prepared for mi-
crostructural analysis by grinding and polishing with pro-
gressively finer diamond pastes, down to 1�m, and finishing
with a colloidal silica solution to produce a strain-free surface
finish suitable for EBSP analysis.

Microstructural characterisation was carried out using
backscattered electron imaging and electron backscattered
pattern (EBSP) analysis, using a Phillips XL30 FEGSEM
equipped with an HKL EBSP analysis system. An in-house
program12 was used to establish the numbers and distribu-
tions of the chosen lowΣ interfaces.

F
b

ig. 1. Backscattered SEM images of the partially sintered samples after: (a
ar = 5�m).
) 0 min; (b) 5 min; (c) 10 min; (d) 15 min; (e) 30 min; and (f) 60 min dwell (scale
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3. Results and discussion

Fig. 1(a)–(f) shows the microstructures of the partially sin-
tered samples. After 0 min dwell at the sintering temperature
(Fig. 1(a)) densification has begun, but little grain growth has
occurred, with the majority of grains ca. 1�m in diameter.
Porosity is distributed primarily at grain junctions and triple
points. An inter-granular second phase is just visible, and is
finely dispersed throughout the microstructure, in some cases
surrounding individual grains.

After 5 min at the sintering temperature, some grain
growth has begun (Fig. 1(b)), with grains up to 2.5�m in
diameter present. A secondary liquid phase is present and is
most noticeable at triple points.

After 10 min at the sintering temperature, the morphology
of the larger grains changes, as they start to become more
regular in shape, showing a{1 0 0} habit with straight edges
and square corners (Fig. 1(c)). A small number of the origi-
nal grains remain, and both inter- and intra-granular porosity
is present. The appearance of intra-granular porosity indi-
cates that at this stage of sintering the drag force exerted by
the pores on the grain boundaries has been overcome by the
driving force for boundary motion, resulting in the pores be-
coming isolated in the grains.

After 15 min dwell grain growth, the pore size and second
phase distribution are comparable with the fully sintered ma-
t bit
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Fig. 3. Graph showing the variations in:Σ = 3 annealing twin (�), Σ = 3
grain boundary (�), Σ = 5 grain boundary (�) andΣ = 9 grain boundary
(�) populations with sintering time.

Σ = 3, 5 and 9 interfaces during sintering. Statistically sig-
nificant data on the proportions of specific grain boundary
types were collected by characterising a minimum of 300
grain boundaries within each sample. By observing the mi-
crostructure, it was possible to classify theΣ = 3 interfaces as
eitherΣ = 3 annealing twins orΣ = 3 grain boundaries. Be-
cause of the limited penetration depth of backscattered elec-
trons, allΣ = 3 twin boundaries, including those at a shallow
angle to the surface, were able to be identified.

Fig. 3shows the change in the percentage ofΣ = 3 anneal-
ing twins andΣ = 3 grain boundaries in the microstructure
with dwell time, along with variations on the proportion of
Σ = 5 and 9 grain boundaries. It can be seen that the propor-
tion of Σ = 3 grain boundaries in the microstructure remains
approximately constant during sintering and grain growth,
whilst there is a steady increase in the total number ofΣ = 3
annealing twin interfaces up to a point where they account for
25% of the totalΣ = 3 interface population. As with theΣ = 3
grain boundaries, theΣ = 5 and 9 grain boundaries show lit-
tle change in their proportions as sintering proceeded. The
Σ = 3 grain boundaries are present at about twice the expected
level throughout the sintering process,11 indicating that the
erials (Fig. 1(d)). The number of grains with a square ha
as increased further, with the majority of grains now 4–5�m

n size.
With increasing dwell time, the smaller grains are e

nated and the final microstructure, comprising squ
–5�m grains with rounded corners, is approac
Fig. 1(e)–(f)). The level and form of porosity remain r
tively constant during this period.

Density measurements from the central region of eac
errupted sintering sample are shown inFig. 2. When the
intering temperature is reached, the sample density i
roximately 80% of theoretical, but after 15 min dwell,
ensity increases to ca. 95.5%, changing little thereafte

EBSP analysis was carried out on the interrupted si
ng samples to characterise the formation and retentio

Fig. 2. Variation in sample density with sintering dwell time.
 Fig. 4. Variation in sample grain size with sintering dwell time.
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preferential formation and stabilisation ofΣ = 3 grain bound-
aries in BaTiO3 occurs at an early stage of sintering, and that
these structures are retained during further densification and
grain growth.

Fig. 4 shows a graph of mean grain size versus sinter-
ing time. The grain growth clearly follows the development
of annealing twins within the microstructure, indicating that
the proportion of grains containing annealing twins increases
directly with the mean grain size. This suggests that the driv-
ing force for the formation of AT interfaces is a reduction in
interfacial strain energy between neighbouring grains, rather
than the overall minimisation of interfacial energy that is as-
sociated with grain growth.

4. Conclusions

An interrupted sintering study of a PTC thermistor in-
dicated that maximum densification occurred after 15 min
dwell time at the sintering temperature. Grain growth
occurred inhomogeneously throughout the microstructure
during sintering, although no anomalous grain growth was
observed. EBSP analysis of a large number of grains al-
lowed the misorientation of a statistically significant number
of grain boundaries to be established. The proportion ofΣ = 3
a in of
s cted
Σ t the
s -
a nged
d ese

low Σ grain boundaries are established at an early stage of
sintering and are not affected significantly by grain growth.
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