Available online at www.sciencedirect.com

SCIENCE@DIRECTO Egsas

ol TSR
ELSEVIER Journal of the European Ceramic Society 25 (2005) 3017-3020

Vi

www.elsevier.com/locate/jeurceramsoc

Microstructures of BaTi@based PTC
thermistors with Ca, Sr and Pb additions

L. Affleck, C. Leach

Manchester Materials Science Centre, University of Manchester and UMIST, Grosvenor Street, Manchester M1 7HS, UK

Available online 25 March 2005

Abstract

BaTiO; based PTC thermistors undergo a large and rapid increase in resistance just above the Curie terpefdtanesistance increase

is predominantly associated with an increase in grain boundary barrier height, therefore it is important to gain information about the grain
boundary character in these devices. In this study the microstructures of three differeny BaG&hermistor formulations were compared

by transmission electron microscopy. The samples differed in the A-site substitutions, giving the formulae: (1) BJTBa,Ca)TiQ, (3)
(Ba,Ca,Sr,Pb)Ti@ No grain boundary films were observed, though rounding of the grains at the grain junctions was evidence of a liquid
second phase being present during sintering. EDX measurements were made across grain boundaries but no significant segregation of elemen
to the boundaries was observed.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction the grain boundary energy. Grain boundary films or intergran-
ular layers of a second phase have been predicted by some

PTC thermistors such as donor-doped Baflifbdergo a authors to give a better fit to the measured current—voltage
large and rapid increase in resistance just above the Curiedata than is possible without such a la§€rGerthsen and
temperatureTc. A-site substitutions of Sr or Pb are com- Hoffmanrf proposed a 600 nm thick layer of Tiich sec-
monly added to control the switching temperatiiee! Ca ond phase at the grain boundaries of Bagli®hile Hayashi
may also be added for a grain-refining efféct. et al? proposed a 100 nm thick layer of BaFQvith ac-

The PTC effect is attributed to an increase in the potential ceptor point defects at the grain boundaries. However, most
barrier height at the grain boundaries. The potential barrier studies of the microstructure of barium titanate by transmis-
has been attributed to the effects, both of a 2D layer of accep-sion electron microscopy (TEM), to a resolution of 2—-10 nm,
tor states and a thin insulating layer at the grain bounglary. did not show the presence of any grain boundary films or in-
The model of a 2D layer of acceptor states at the grain bound-tergranular layers of a second ph&geThere has been only
ary does not need a second phase filmto be present. The modeaine reported TEM observation of such a layer at the grain
of athin insulating layer at the grain boundary was developed boundarie$.
because some experimental current-voltage data did not fit Evidence for the 2D layer of acceptor states model would

with the idea of a 2D layer of acceptor stafeBhe thin in- include segregation of acceptor atomsto the grain boundaries.
sulating layer model requires the presence of a second phas&egregation of elements such as Fe to the grain boundaries
film at the grain boundaries. has been observed by STEM in conjunction with energy-

Grain boundary films are common in ceramics, particu- dispersive X-ray analysis (EDAX).
larly at high angle grain boundaries, since wetting can lower  In this study the microstructures of grain boundaries in
thermistor formulations with differing compositions are com-
* Corresponding author. Tel.: +44 161 200 3561; fax: +44 161 200 3586. par_ed, usmg TI_EM and SEM’ to characterise the influence of
E-mail addresscolin.leach@man.ac.uk (C. Leach). A-site substitutions on grain boundary character.
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2. Experimental

Commercial donor-doped BaTi(pellets were supplied
by GE Thermometrics (UK) Ltd in three different formula-
tions based on BaTi§) (Ba,Ca)TiQ and (Ba,Ca,Sr,Pb)Ti§)
The pellets were prepared by sintering at a peak temperature
of 1300°C.

Thin specimens were prepared for analysis by TEM, by
grinding, cutting and mounting onto a Cu grid, followed by
dimpling and ion beam thinning. A Philips CM200 TEM,
fitted with an EDAX energy-dispersive X-ray spectrometer,
was used to analyse the microstructure and composition of the
specimens. A FEI Tecnai F30 FEGTEM/STEM fitted with an
EDAX spectrometer was used to obtain compositional lines-
can information across a grain boundary. Thermistor pellets _ _ _ , o
were also polished with colloidal silica in order to obtain ori- '(:é%' Cza' ;ij)ﬁg;(;%:aph of & grain boundary without a film, in a

. . . . ,Ca,Sr, ple.
entation contrast in backscattered electron images, using a
Philips XL30 FEGSEM.

in width from a few nm to 2um. The second phase contained
Ba, Ti, O and reduced levels of dopants. It was silicon-rich
(~16%) in all samples, except for the (Ba,Ca)3i@rmu-

3. Results and discussion lation where it was just composed of Ba, Ti and O. In this
sample, Ca was only detected within the grains and Si was
3.1. Second phases not detected at all.

) ) . The angle that the second phase makes with the grains

A crystalline, untwinned second phase was seen in all the o4 orovide information about wetting behaviour. For a grain
sampleskig. 1). It was located at triple junctions, and varied boundary to be wet by a second phase, the dihedral angle,
must be less than 60TEM micrographs of the second phases
at grain junctions in the samples studied here show a range
of dihedral angles, mainly from30° to 50°, although a few
larger angles were noted. This suggests that in most cases
grain boundary wetting should occur, i.e. a layer of second
phase should be seen at the interface between two grains.

3.2. Grain boundary films

No grain boundary films thicker than 50 nm were observed
in any of the samples~{g. 2). Some rounding of grains at the
grain junctions was observed, however, which was evidence
of a liquid grain boundary phase being present during sinter-
ing (Fig. 1). It is possible that some grain boundaries were
wetted at high temperatures during sintering, but de-wetted
upon cooling. Previous studies on the role of sintering aids
in BaTiOs thermistors have inferred the presence of a lig-
uid phase around the grains at the sintering temperature, but
that this accumulates at grain junctions upon cooling leaving
boundaries virtually free of second phdse.

3.3. Segregation

A series of spot EDX analyses was made across a grain
boundary in each sample, to determine whether any segre-
gation of elements to the boundary could be detected. The
Fig. 1. TEM micrographs of untwinned crystalline second phase in (a) nanOprObe TEM mode was used; the electron spot width for

(Ba,Ca,Sr,Pb)Ti@ sample and (b) (Ba,Ca)TiDsample. The insets show  analysis was about 15nm. A SUitabl_e grain bqundarY- that
selected area electron diffraction patterns of each second phase region.  was parallel to the electron beam during analysis, was found

500 nm
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Fig. 5. TEM micrograph of misoriented region in (Ba,Ca,Sr,Pb}T$@m-
ple. Insets show selected area diffraction patterns of the region and surround-
ing grain with the same sample orientation.

3.4. Twins

The microstructures of each barium titanate formulation
show twinning in most graing={g. 4). The width of the twin
domains and the spacing between them was measured from
TEM micrographs, with the twin planes oriented parallel to
the electron beam. Generally the twins are between afew 10 s
and a few 100 s of nanometres wide.

Fig. 4(a) shows the twinning in the BaTgsample, in
which many grains contained a double annealing twin (A),
running across the grain. Such twins were not observed in
the (Ba,Ca)TiQ and (Ba,Ca,Sr,Pb)Ti®dsamplesFig. 4(b)
and (c). All of the samples had single annealing twins (B),
Fig. 3. (a) Plot of the amount of each element along a line across a grain straight parallel (ferroelectric) twins (C) and tapered (defor-
bgundarg, Eg)aS?ETl\;@msii:gplg l;:% ?;?;egatiog at 2 reSOLUﬂO_MﬁtEm is " mation) twins (D). The ferroelectric twin planes in each sam-
a2 orap grainboundary showing the position g1 \yere indexed and found to K& 01}, in common with

other published daté In BaTiOs, {101} twins form dur-
ing the cubic to tetragonal phase transformation, to release
in each sample. Spot analyses taken at the grain boundarythe induced stressé$.{1 1 1} annealing twins form during
interface and to either side showed no evidence for grain sintering and are associated with abnormal grain gréwth.
boundary segregation. Additionally a linescan across a grain
boundary in a BaTi@sample was performed, with analyses 3.5, Misoriented regions
taken every 2 nm using a 2 nm spot sigég( 3). The line in
Fig. 3(a) shows the position of the grain boundary. Again,no  |n the (Ba,Ca,Sr,Pb)Ti@sample, some grains contained
evidence for grain boundary segregation was observed. It wassmall regions of about lm diameter that were of a simi-
concluded that, in the samples studied here, any segregationar composition but slightly misoriented with respect to the
of elements to the grain boundary was below the detectability surrounding grainFig. 5shows a TEM bright field image of
limit of the EDAX detector £-0.5%). such a misoriented, untwinned, region along with diffraction

500 nm

Fig. 4. Backscattered electron micrographs of the barium titanate samples studied, showing twinning in the grains: @)(Ba{Ba,Ca)TiQ, (c)
(Ba,Ca,Sr,Pb)Ti@ Arrows indicate twin types: A, double annealing twins; B, single annealing twins; C, parallel (ferroelectric) twins and D, tapered (de-
formation) twins (scale bars =&m).
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patterns from this region and the surrounding grain. The mis- for the supply of the thermistor pellets used in this study. Pe-
orientation is described by a rotation of 5ih the plane of ter Kenway of the Manchester Materials Science Centre is
the sample and a 7%bout an axis parallel to the electron thanked for his help with the TEM studies.

beam. The interface with the host grain is sharp. The origin

of these regions is currently uncertain and will be the subject

of further study. References
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