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Abstract

Barium titanate (BaTiO3) specimens are sintered under di�erent conditions to produce di�erent microstructures. These micro-

structures are composed of ®ne grains or duplex grains or coarse (abnormal) grains. The mechanical properties are determined as a
function of microstructure. Microcracks are generated together with the formation of abnormal grains. The presence of microcracks
enhances the toughness of BaTiO3. The fracture of duplex-grained specimens originates from abnormal grains. The Weibull modulus

of duplex-grained specimens is high for the size distribution of abnormal grains is narrow. There are only abnormal grains in the
coarse-grained specimens. Microcracks are connected with one another in the specimens. The strength of the coarse-grained specimens
is thus low.# 1998 Elsevier Science Limited and Techna S.r.l. All rights reserved

1. Introduction

Barium titanate (BaTiO3) is widely used as a dielectric
material for its high dielectric constant. However, in
order to use the materials for electronic components,
not only the dielectric properties but also the mechan-
ical properties are important. For examples, a stress of
30±50MPa is generated in the capacitor during end ter-
mination and soldering [1]. However, the mechanical
properties of BaTiO3 have attracted less attention. In a
recent review made by G. de With [1], the reported
values of the mechanical properties for BaTiO3 are
summarised. The reported values are scattered dramati-
cally. The scatter may result from di�erent materials,
microstructures and measuring techniques. The
mechanical properties depend strongly on the micro-
structure [2,3]. The relationships between the micro-
structure and mechanical properties of BaTiO3 are
investigated in the present study.

2. Experimental

A BaTiO3 powder (No. 219-6, Ferro Co., USA) hav-
ing Ba/Ti ratio of 0.995 was used in the present study.
The powder was dispersed in de-ionized water. From a
preliminary study, PAA-N (ammonium salt of polyacrylic

acid, Aldrich Chem. Co., USA) could be used as the
dispersing agent to disperse the BaTiO3 powder in
water. The amount of the dispersing agent used was
0.175wt% relative to BaTiO3. The slurry was milled for
4 h with a turbo-mixer. The grinding medium used was
zirconia balls. The slurry was then pressure ®ltered with
a stainless mold to remove the water. The pressure
applied was 1MPa. The cake was then dried in an oven
at 40�C for 3 days, at 60�C for 1 day and at 105�C for 1
day. The green compact was ground with SiC paper to
remove 0.15mm from the top and bottom surfaces. This
procedure was adopted to avoid contamination. The
size of the resulting green compact was 60mm in dia-
meter and 5.2mm in thickness. The pore structure in the
green compact was determined by a mercury porosime-
try (Autopore II 9220, Micromeritics Instrument Co.,
USA).

The green compacts were heated at 3�Cminÿ1 to
600�C for 30min to remove the dispersing agent. The
compacts were then heated to the sintering temperature.
Four temperature/time pro®les, (1) 1290�C/7.5min, (2)
1290�C/120min, (3) 1290�C/600min and (4) 1330�C/
120min were used to sinter the compacts. The heating
and cooling rates were 3�Cminÿ1. The discs were then
cut with diamond blade into rectangular bars. The bars
were ground longitudinally with a 325 grit diamond
wheel at a cutting depth of 5mm per pass. The ®nal
dimensions of the specimens were 3�4�36mm. The
specimens were then chamfered with 200 grit SiC
papers. The strength of the specimens was determined
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by the four-point bending technique. The upper and
lower spans were 10 and 30mm, respectively. The frac-
ture toughness was determined by the single-edge not-
ched beam (SENB) technique. The notch was generated
by cutting with a diamond saw. The thermal expansion
curve of the ®red specimens was determined with a
dilatometer (Theta Co., USA). The heating and cooling
rates were 3�Cminÿ1. The specimens were heated to
300�C and held at temperature for 1 h. The linear
expansion curves of the specimens during heating,
dwell, and cooling were recorded.

The ®nal density was determined by a water dis-
placement method. The polished surfaces were prepared
by grinding with SiC papers and by polishing with alu-
mina particles. The polished surface was chemically
etched with a HCl-HF solution to reveal the grain
boundaries. The microstructure was observed with
optical microscopy (OM) or scanning electron micro-
scopy (SEM). The area fraction of abnormal grains was
determined by using an image analyzer (Quantimet 520,
Cambridge Co., UK). The size of BaTiO3 grains was
determined with the linear intercept technique.

3. Results and discussion

The pore structure of the green compact is shown in
Fig. 1. The pores are distributed in a rather narrow
range, 0.1 mm to 0.2 mm. The green structure is uniform.
The pressure in®ltration technique used in the present
study can produce a uniform green structure. The den-
sity and grain size of the ®red specimens are shown in
Table 1. The relative density of the specimens varies
from 94.0 to 98.5%. The microstructures of the speci-
mens are shown in Fig. 2. There are no abnormal grains
observed in the specimens sintered at 1290�C for
7.5min. The specimens sintered at 1290�C for 7.5min
are termed as ®ne-grained specimens. For specimens
sintered at 1290�C for 120 and 600min, there are 18 and
49 vol%, respectively, of abnormal grains present. The
microstructure is duplex in nature. The specimens are
termed as duplex-grained specimens. The size of the
abnormal grains ranges from 30 to 40 mm. For the spe-
cimens sintered at 1330�C for 120min, the grain size is
37 mm. From microstructural observation, (Fig. 2), the
abnormal grains start to form at 1290�C for longer than
7.5min. Some ®ne grains are consumed to form abnor-
mal grains. As the specimens are sintered at 1330�C for
120min, all the ®ne grains are consumed by abnormal
grains.

The Weibull curves for the specimens sintered with
di�erent sintering pro®les are shown in Fig. 3. The
average strength of the specimens is shown in Table 1.
For the specimens sintered at 1290�C, the strength of
the specimens sintered for 7.5min is the lowest. The
strength of brittle ceramics is very sensitive to the pre-
sence of porosity [4]. For barium titanate, the strength is
decreased exponentially with the increase of porosity [5].
The strength of the ®ne-grained specimens is low for
their relatively low density. The average strength and
Weibull modulus are the same for the specimens sin-
tered at 1290�C for 120 and 600min. As the specimens
are sintered at 1330�C, the strength is the lowest among

Table 1

The density, grain size, mechanical properties and dielectric properties of the sintered BaTiO3

Fine-grained Duplex-grained Duplex-grained Coarse-grained

Sintering conditions 1290�C, 7.5min 1290�C, 120min 1290�C, 600min 1330�C, 120min

Relative density (%) 94.0 97.5 98.5 97.4

Amount of abnormal grains (vol%) 0 18 49 100

Size of abnormal grains (mm) Ð 32 40 37

Size of ®ne grains (mm) 1.3 1.5 1.7 Ð

Average strength (MPa) 72 82 80 65

Weibull modulus 9 (20a) 15 (23a) 18 (17a) 13 (21a)

Toughness (MPam0.5) 1.1 1.2 1.5 1.6

Flaw size (mm) 45 41 68 117

Dielectric constant 2760 2610 2250 1600

Dissipation factor 0.017 0.019 0.014 0.015

a Number of specimens used to determine the Weibull modulus.

Fig. 1. The pore size distribution for the green compact.
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all the specimens. It results from their coarse micro-
structure. The fracture toughness of the specimens is
shown as a function of the amount of coarse grains in
Fig. 4. The toughness increases with increasing amount
of coarse grains.

Ceramics are known to fractured in a brittle, Gri�th
fashion. The size of critical ¯aw, C, can be estimated by
using Gri�th equation as

����
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In the equation, KIC is the fracture toughness, s the
strength and Y a geometrical constant. The calculated
size of critical ¯aw is shown in Table 1. There are no
abnormal grains in the ®ne-grained specimens. The size
of critical ¯aw is much larger than the average grain
size. It indicates that fracture is dominated by proces-
sing ¯aws. The formation of processing ¯aws can relate
to the powder characteristics and processing techniques

[6]. The value of the Weibull modulus re¯ects the size
distribution of the processing ¯aws.

As specimens are sintered at 1290�C for 120 and
600min, both ®ne and coarse grains are existed. A
typical fracture surface for duplex-grained specimens is
shown in Fig. 5. The specimen is sintered at 1290�C for
120min. The fracture originates from an abnormal
grain. It indicates that the abnormal grains act as frac-
ture origin. The size of abnormal grains is similar to the
size of processing ¯aws (Table 1). It further con®rms
that fracture is originated from abnormal grains. The
fracture is then dominated by the abnormal grains
instead of the pre-existed processing ¯aws. The for-
mation of nuclei for abnormal grains is suggested to
originate from heterogeneity in chemical composition
and particle size [7,8]. Such heterogeneities commonly
occur in commercial BaTiO3 powders. The hetero-
geneities may distribute randomly in the compact. The
nuclei of abnormal grains are thus distributed randomly
within the structure. The size of abnormal grains
depends strongly on the composition and sintering

Fig. 2. The microstructure of the sintered specimens. The specimens are sintered at 1290�C for (a) 7.5min (b) 120min (c) 600min and (d) at 1330�C
for 120min.

W.H. Tuan, S.K. Lin/Ceramics International 25 (1999) 35±40 37



temperature [7]. In the present study, the sintering tem-
peratures were varied over a very narrow range. The
®nal size of abnormal grains is thus similar for the spe-
cimens prepared in the present study (Table 1). It may
also implies that the size distribution of abnormal grains
is uniform. Since the fracture originates from abnormal
grains, the scatter of the strength value is narrow. The
Weibull modulus is therefore high for the duplex-
grained microstructure. Furthermore, the Weibull mod-
ulus is similar for the specimens containing di�erent
amount of abnormal grains.

In the specimens sintered at 1330�C, only coarse
grains can be observed. As shown later, the formation
of abnormal grains is accompanied with the formation
of microcracks. If the number of microcracks is large
enough, the microcracks can link to one another. The
size of critical ¯aw is three times that of the grains in the
coarse-grained specimens (Table 1). It suggests that
microcrack of one abnormal grain links to other micro-
cracks of adjacent abnormal grains. Several connected
microcracks dominate the fracture behaviour. The
size of connected microcracks varies from specimen to

specimen. The size of critical ¯aws also varies from
specimen to specimen. The Weibull modulus is thus low.

The thermal expansion curves for the ®ne-grained,
duplex-grained and coarse-grained specimens are shown
in Fig. 6. For the ®ne-grained specimens, the expansion
curve is very close to that of shrinkage curve. The
volume changes associated with the phase transforma-
tion between tetragonal and cubic can be noted on the
curve. For the duplex-grained specimens, the expansion
and shrinkage curves are not matched well to each
other, i.e. a hysteresis is observed. The separation
between the expansion and shrinkage curves is the big-
gest in the expansion curve as the transformation taking
place. For the coarse-grained specimens, the separation
between the expansion and shrinkage is bigger than that
of the duplex-grained specimens. The presence of
expansion hysteresis can be related to the presence of
grain boundary microcracks [9±11]. The presence of
microcracks along grain boundaries provides a ``cush-
ion'' into which adjacent grains may expand [11]. The
hysteresis is thus formed as the specimen is heated and
subsequently cooled. The volume change associated

Fig. 5. (a) The fracture surface of a specimen with duplex micro-

structure. The fracture origin of the specimen is shown in (b).

Fig. 3. The Weibull curves for the sintered specimens.

Fig. 4. The fracture toughness as a function of the amount of abnor-

mal grains.

38 W.H. Tuan, S.K. Lin/Ceramics International 25 (1999) 35±40



with the phase transformation occurs within a relatively
short time. The matching between the expansion and
shrinkage is more di�cult. Furthermore, the phase
below the Curie temperature is anisotropic in nature.
The thermal expansion coe�cient is di�erent along dif-
ferent crystal orientations. The separation between the
expansion and shrinkage at the phase transformation
temperature is thus large. The hysteresis area of the
coarse-grained specimens is larger than that of the
duplex-grained specimens. It indicates that the micro-
crack density of the coarse-grained specimens is higher
than that in the duplex-grained specimens.

Microcracks are frequently found together with the
formation of abnormal grains. It results from the ther-
mal expansion mismatch along di�erent crystal orienta-
tion [11]. One example is shown in Fig. 7. The
microcrack density is proportional to the amount of
coarse grains. The presence of microcracks can enhance
the fracture toughness [12]. The toughness is thus
enhanced with increasing amount of coarse grains
(Fig. 4). In the coarse-grained specimens, the coarse
grains are near to one another. The microcracks can

link to one another. The strength is thus decreased
[13] (Table 1).

The dielectric constant and dissipation factor at room
temperature are shown in Table 1. Previous studies
indicate that the dielectric constant depends strongly on
microstructure. [14,15] This is also demonstrated in
Table 1. The dielectric constant decreases with the
increasing amount of coarse grains. The dissipation
factor for all the specimens is less than 2%. The factor
shows little dependence on microstructure.

4. Conclusions

The relationships between microstructure and
mechanical properties of BaTiO3 are investigated. The
green compacts are prepared by a pressure in®ltration
technique. Uniform green structure results from this
technique. The green compacts are sintered with di�er-
ent sintering conditions. As sintering time is prolonged
or sintering temperature is raised, abnormal grains are
formed. The formation of abnormal grains leads to the
formation of microcracks. The presence of microcracks
is veri®ed by investigating the thermal expansion beha-
viour. Due to the presence of microcracks, the fracture
is originating from the abnormal grains. The size of
abnormal grains shows little dependence on the sinter-
ing conditions used in the present study. Due to the
narrow size distribution of abnormal grains, the Weibull
modulus for the duplex-grained specimens is high. The
presence of microcracks can also enhance the fracture
toughness. However, as the number of microcracks is
high enough for microcracks to connect to one another,
the strength is reduced.
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