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The effect of aluminium on the electrical and
mechanical properties of BaTiO; ceramics as a
function of sintering temperature
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The effect of aluminium additions on the mechanical behaviour of BaTiO, positive temperature
coefficient of resistance ceramics sintered in air at temperatures ranging between 1220 and
1400° C has been investigated. Tensile strength has been measured indirectly by the diametral
compression of lapped discs using concave loading anvils. Values of ~85 and ~110 MPa for
samples fired near their optimum sintering temperature were determined for two batches of
material, the latter of which contained additions of Al,O; (0.55 mol%). Strength did not vary
systematically with grain size and appeared to be controlled by near surface defects. The size
of these cavities, which were generally crescent shaped, was consistent with the material
having a bulk fracture toughness of ~1.3 MPam'/2. The higher mechanical strength of samples
which contained Al,O, additions was attributed to the enhanced “healing up” of these cavities
by the liquid phase giving a smaller inherent critical defect size rather than by increasing the

bulk toughness of the ceramic.

1. Introduction

In Part 1 {1], the effect of aluminium additions, intro-
duced in the form of AL, O,, on the electrical behaviour
of barium titanate positive temperature cocflicient of
resistance (PTCR) ceramics was presented as a func-
tion of sintering temperature. As well as the import-
ance of their electrical properties, the mechanical
performance of these materials is now of increasing
significance. In particular, devices subjected to mains
voltages, ~ 240V, ., must be capable of withstanding
stresses which derive from thermal shock when the
device is switched on and off. Repeated switching of
the device can cause cracks to develop within the
material which grow with continued thermal cycling.
The propagation of these cracks through the com-
ponent causes a detrimental increase in the resistance
of the device. There is therefore an interest in the
strength and toughness of barium titanate for PTC
device applications.

Tension testing of brittle materials directly, though
desirable, is notoriously unreliable due to the difficulties
associated with specimen preparation and alignment
during testing. Measurement of tensile strength in
bending using three- or four-point loading has there-
fore been widely adopted. The maximum tensile stress
on the convex surface of the beam is calculated from
the load at failure from simple bending theory and is
frequently called the ““modulus of rupture™. This value
is approximately equal to the tensile strength if
allowance is made for any differences in volume of
material subjected to the maximum stress [2].
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An indirect method of determining the tensile
strength of brittle materials is the diametral com-
pression test or Brazilian test [3]. In its simplest
form, the test involves the compression of a disc-like
specimen along the vertical diameter, where failure
eventually takes place. The correlation between values
measured by this and other tests on the same material
varies from good, for some rocks [4], to poor for
materials such as polycrystalline alumina and mag-
nesia [5]. Invariably the diametral compression test
underestimates the tensile strength of the material by
up to 50% in certain cases [6]. This has been attributed
to the biaxial state of stress experienced by the sample
[7]. The induced tensile stress on the vertical plane is
accompanied by an orthogonal compressive stress of
three times its magnitude.

It has also been recognized that stress concentrations
at the loading lines can lead to premature failure
initiation in these regions. For example, it has been
suggested that the use of brass shims at the loading
contacts can reduce these problems [8]. An alternative
approach has been reported to suppress specimen
collapse at the contact edges by superimposing a Hert-
zian contact stress distribution on the test system [9].
This was achieved by the use of concave, as opposed
to plane, loading anvils, It was shown that when
the ratio of the contact half width to the radius of
the specimen (b/R) was small, the value of strength
measured varied linearly with this ratio. However,
when it exceeded ~ 0.27, strength values were inde-
pendent of this parameter. This phenomenon was

0022-2461/89 $03.00 + .12 © 1989 Chapman and Hall Ltd.



Figure | Diametral compression test geometry showing concave
loading anvils.

interpreted in terms of the shear stress distribution
within the sample. For small values of 4/R, a high
shear stress near the loading contact was observed.
Failure at lower loads could therefore be initiated
prematurely due to highly localized shear stresses in
these regions rather than at the centre of the specimen
where the tensile stress is highest [10]. It was suggested
that the latter mode of failure is more likely if the ratio
of radius of curvature of the loading anvils to the
radius of the test specimen is ~ 1.25.

As bartum titanate PTCR ceramics are currently
sintered in the form of discs both for device appli-
cations as well as electrical property measurements [1],
this particular mechanical test method appears to be
most appropriate to assess the effect of processing
variables on the strength of these materials.

Aluminium has been advocated widely as a sinter-
ing aid which improves the electrical properties of the
final device [11]. It has also been shown in the first part
of this communication that such additions increase
the volume of the liquid phase. The object of this
paper is to report the effects of additions of ALO; on
the mechanical properties of the fired ceramics.

2. Experimental methods

All samples tested in this investigation were taken
from the same batches prepared for the electrical
characterization reported previously [1]. The as-
sintered compacts were in the form of discs ~4.5mm
diameter and ~ 2.5mm thick. These dimensions were
sclected because they correspond to those of manufac-
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Figure 2 Dependence of diametral compressive strength on sinter-

ing temperature for samples (a) with and (®) without alumina
additions.

Figure 3 Polished section of a failed sample showing typical mode
of failure. Note the single fracture on the diametral plane and
absence of significant damage at the loading contact.

tured PTC devices. Non-uniform and temperature-
dependent shrinkage during the liquid-phase sintering
process had the effect of producing a concave circum-
ferential edge to the pellets. To regain a uniform cir-
cumference, which was to be loaded, the specimens
were lapped on a Logitech precision polishing machine.
The machine was fitted with a purpose-built attach-
ment which maintained a cylindrical profile to the
pellets. This permitted them to rotate within slots in a
locating plate due to the counter rotation of an upper
lapping surface. The whole device oscillated slowly on
the standard plate of the machine which maintained a
differential speed with respect to the upper surface
which produced the lapping action. The lapping
medium was 0.1 ym diamond paste. Uniform profiles
on up to 12 samples were produced typically within 15
to 30 min.

Mechanical testing was carried out on an Instron
1000 bench testing machine with a SkN capacity.
Load and cross-head displacement were monitored
autographically using a loading rate of ~3.5mm
min~'. Failure was detected by an audible crack
accompanied by a drop in load on the autographic
trace. In the cracked condition the sample retained
significant load-carrying capacity and care had to be
taken to ensure that it was unloaded immediately to
avoid secondary failures. The loading anvils employed
had a radius of curvature of 2.75 mm and are shown
schematically in Fig. 1.

Figure 4 Scanning electron fractograph of a sample to which
alumina additions had not been made. Note the failure origin
~500pm x ~ 170 um located at the specimen surface.
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Figure 5 Polished, unetched, section of a sample containing alumina
additions sintered at 1240°C. Note the crescent-shaped defects.

Fracture-surface examination and grain-size deter-
minations were carried out using Cambridge Instru-
ments S600 and S180 scanning electron microscopes.
Optical examination of polished as-sintered samples
was achieved using a Zeiss Ultraphot II microscope.

3. Results

The mean grain size of the sintered ceramics with

{(type A) and without (type B) alumina additions are

shown in Table I as a function of sintering temperature.
Values of diametral compressive strength, o, were

calculated from the peak load at failure using the

following relation [10]
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where P is the maximum compressive force on a sample
of diameter, d, and thickness, ¢. The variation of this
parameter with sintering temperature is plotted for
type A and type B materials in Fig. 2. Failure was by
a single crack on or near the diametral plane as shown
in Fig. 3. For some samples, the material in the vicin-
ity of the loading regions was uncracked and the two
halves of the failed specimen had to be separated
subsequently to reveal the fracture surfaces. Failure
origins were readily located by scanning electron
fractography for the type B material. A typical example
is presented in Fig. 4. Failure origins were less readily
identified, however, for the samples to which the
additions had been made. Therefore, polished,

_

Figure 6 Polished, unetched, section of a sample without alumina
additions sintered at 1240° C. Note the similarity in defect shape to
Fig. 5.
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Figure 7 Polished, unetched, section of a sample containing alumina
additions sintered at 1320°C. Note how by this temperature the
defects have become smaller and more regular.

unetched, sections were examined under the optical
microscope to reveal the size and distribution of
defects in unstressed samples. In undersintered samples
these generally appeared crescent shaped in two-
dimensional section. Figs 5 and 6 are of optical
micrographs of samples with and without alumina,
respectively, sintered at 1240° C. At higher sintering
temperatures the cavities in the former material tended
to become smaller and more regular (Fig. 7) whereas
for the latter, Fig. 8 shows that crescent-shape defects
persisted. Fig. 9 is a composite section of a fractured
type B sample which had been sintered at 1400° C and
shows a defect of this type, part of which appears to
have acted as a failure origin.

4. Discussion

The mode of failure shown in Fig. 3 is typical of those
observed in this investigation and demonstrates that
premature failure initiation at the loading contacts,
often associated with this test, appears to have been
inhibited. The fact that for some samples crack arrest
took place within the compressive stress field associ-
ated with these contacts is a further indication that
failure originated away from these regions. The values
of tensile strength measured indirectly by this test for
samples fired at or near their optimum sintering tem-
perature, vary between ~85 and ~ 110 MPa. This
is in general agreement with data reported recently
by DeWith and Parren [12] for a series of comumer-
cially available PTC ceramics doped with various pro-
prictary additives. They found that values of strength
measured using miniature three-point bend specimens

TABLE I The effect of sintering temperature on the mean
grain size of ceramics containing alumina additions (type A) and
those such additions (type B)

Sintering temperature (°C) Mean grain size {(um)

Type A Type B
material material

1240 1.8 2.0

1260 4.8 3.0

1280 5.3 38

1300 5.6 43

1320 6.0 43

1360 6.8 4.5

1400 5.7 5.2




Figure 8 Polished, unetched, section of a sample without alumina
additions sintered at 1320° C. Note that the defect size and shape in
Fig. 6, persist to this sintering temperature.

ranged from ~ 100 to ~ 140 MPa. Bend testing and
small specimens tend to overestimate tensile strength
and if the volume of material subjected to the maximum
stress for each test is taker into account [2], the dif-
ference between the values is therefore probably not
significant. The test used in this investigation, how-
ever, is capable of detecting bulk as well as surface
defects.

Inspection of Fig. 2 and Table I reveals that the
strength of both type A and type B materials does not
vary systematically with grain size. In particular,
the inverse dependence of the fracture stress on the
square root of the mean grain size, reported for other
ceramics [13], was not observed. This, together with
Figs 5 to 9, would suggest that the strength of this
material is controlled by inherent defects which are
significantly larger than the average grain size. How-
ever, the defect-controlled strength of brittle materials
can only be fully characterized if the fracture tough-
ness is known. A value of K- = 1.3MPam'”? has
been reported recently for a range of similar PTC
ceramics [12]. If it is assumed that a similar value is
applicable here then the critical defect size, 4., can be
calculated from [12]

Ke = Yorae)"” )

where i is a dimensionless geometrical factor and o is
the fracture stress. The precise value of ¢ will depend
upon the configuration and location of the defect
within the sample. If this parameter is assumed to be
unity, a reasonable estimate of the critical defect size
can be obtained. Taking values of fracture stress from
Fig. 2 and a value of K¢ = 1.3MPam'? [12], these
range from 140 to 380 um and 210 to 440 um for type
A and type B material, respectively. The feature
shown in Fig. 4 is ~500um x 170 um and was
observed in a sample of type B material with a fracture
strength of 68 MPa from which the theoretical defect
size evaluates to ~ 360 um. This is in good general
agreement despite the simplifying assumptions made.

The source of failure shown in Fig. 4 is typical of
those observed for type B material. No significant
differences in local composition were detected by
EDX spectra and Figs 5 and 6 suggest that they orig-
inate as crescent-shaped cavities which do not close
during early sintering or in the absence of alumina

Figure 9 Polished, unetched, section of a fractured sample which
had been sintered at 1400° C. Note that in the absence of alumina
additions crescent-shaped defects persist to the highest sintering
temperature employed and, in this particular example, appears to
have acted as a failure origin.

additions. The appearance of the inner surfaces has
the same general characteristics of the “as-sintered”
surfaces described previously [1] and even include
similar fibrous features. It is likely that these cavities
can be traced back to the pressing stage of the
preparation process as their shape is largely unaltered
by sintering temperature for type B material. They
appear to be located and oriented randomly through-
out the bulk of the material and failure ensues from
the largest and least favourably oriented portion of
the defect with respect to the maximum stress, as
suggested by Fig. 9.

The role of alumina in promoting the liquid phase
appears to have had two effects on these pressing
defects, the first of which is to reduce their size.
Secondly, the shape of the defects becomes more
regular with an aspect ratio approaching unity. Both
of these trends will produce a ceramic with higher
strength and are consistent with the observation that,
for the same sintering conditions, type A material
was always stronger than type B material. Fracture
behaviour, however, for both materials was similar
and invariably transgranular (Fig. 4).

In conclusion, it has been demonstrated that the
diametral compression of carefully lapped discs
using concave loading anvils can provide an indirect
measurement of the tensile strength of BaTiO; PTC
ceramics. This strength has been shown to be con-
trolled by the presence of crescent shaped defects
which probably originate from the pressing stage and
persist for all sintering temperatures investigated for
material which does not contain additions of alumina.
The increased strength shown by samples to which
these additions had been made can be attributed to a
smaller {inherent) critical defect size — as the defects
partly “heal up” during sintering — as opposed to any
increase in toughness of the bulk ceramic.
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