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Both at room temperature and above the Curie temperature, Weibull plots for the mechanical
and dielectric strengths of BaTiO; thick films sintered 1300° C to 1400° C showed good a
correlation. The present resuits indicate that the microstructure plays a similar role in both
mechanical and dielectric failures and firmly suggest that the fracture origins in both failures
are analogous, possibly surface flaws associated with grain size. Specimens sintered at

1450° C showed a bend in the Weibull distribution for mechanical strength. This bimodal
Weibull distribution was explained by the assumption that the geometric relation between the
ratio of grain sizes to specimen thickness and stress gradient under a three-point bending
condition affects the effective tensile stress of the tips of surface flaws.

1. Introduction

Brittle fracture generally limits the use of ceramic
materials. Before ceramic materials are widely accep-
ted for practical applications, many problems have to
be solved. One of the most important is to improve
their structural reliability [1].

In practice the reliability of ceramic materials
is recognized only after their fracture strength
test. The usual mechanical strength test requires
a lot of test pieces to be subjected to failure, which
would be inconvenient from the technological point of
view.

Gogotsy et al. [2] reported that the critical stress
needed to induce acoustic emission for reaction-
sintered Si; N, followed a similar Weibull distribution
to its bend strength. They proposed that this phenom-
enon can be utilized to predict structure reliability by
proof testing the specimens under a load of 70-80%
of the average strength. However this method still
requires a lot of test pieces, and the defects propagate
during the test which will lead to degradation of speci-
mens, making it difficult to judge if the specimens
could be reutilized.

Mechanical failure is recognized to be a microstruc-
ture sensitive, and specifically large grains and pores
are regarded as playing important roles as fracture
origins [3]. The mechanical strength distribution and
reliability of a material are usually estimated in terms
of Weibull statistics [4].

Similarly, dielectric strength has also been shown to
depend upon microstructure parameters such as grain
size, porosity, etc. Furthermore, it has been proved
mathematically that the Weibull modulus is indepen-
dent of the selected number of specimens. Although
bending strength decreases with an increase in span
length and dielectric strength decreases with increas-
ing electrode area, the Weibull parameter still remains
the same in both cases [5, 6]. Hence a direct analogy

698

between dielectric and mechanical strength distribu-
tions can be expected if the fracture origins for failure
are similar in both cases. When the two sets of data
follow a similar Weibull distribution, the cumulative
failure probability of mechanical strength can be
evaluated by analogy with the dielectric strength dis-
tribution without needing a large number of test pieces.
This could become a new method for predicting the
structural reliability of materials.

This has already been pointed out by Yamashita
et al. [7] and confirmed partly for hot-pressed BaTiO,
ceramics. The specimens they employed contained
various kinds of additives and different microstruc-
tures. As they noted, the role of additives was not
clarified and the different behaviours in Weibull dis-
tributions for mechanical and dielectric strengths
of large-grained and fine-grained specimens with
different porosities could not be rationally explained.

In the present study, BaTiO, thick films with uni-
form microstructure containing no additives, fabricated
by a modified doctor blade method [8], were subjected
to both failure tests to examine the verification of the
above mentioned concept.

2. Weibull distribution
A statistical method commonly used to determine
the strength of brittle materials is that proposed by
Weibull [9]. The Weibull function is also known to
statisticians as the Fisher-Tipper Type 3 distribution
of smallest values or as the third asymptotic distribu-
tion of smallest values or as the third asymptotic dis-
tribution of smallest extreme value [10]. The Weibull
statistics is based on the ‘weakest link hypothesis”
which means that the most serious flaw in the specimen
will control the strength [11].

The tensile strength of a brittle material under
uniform loading is found both theoretically and prac-
tically to follow the Weibull distribution, which is
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given by [9]

Pyo= 1 —exp{—Vllor — o)/o]"} (1)

where P, is the cumulative failure probability for the
stress, m is a parameter known as the Weibull modu-
lus, ¥ is the volume subject to tensile stress, g, is a
normalizing factor called the scaling parameter, and
g, 1s a threshold stress below which the failure probabil-
ity is zero. The Weibull modulus, which was previously
considered to be an empirical constant, was given a
physical meaning by Jayatilaka and Trustrum [12].

For brittle materials, the relation ¢, = 0 is widely
accepted as giving the closest fit. By putting ¢, = 0,
Equation 1 can be written

y = Inln[l/(1 — P)] = In(V/e?) + mino,  (2)

so that the plot of y against Ing, gives a straight line
with slope m. The slope can, therefore, be estimated
graphically by a least square or a maximum likelihood
method [13].

Let us choose a sample size of n specimens and
order the strength values so that

O'ISO'ZS"'U,-"'go'n (3)

Many estimators to calculate P for the ith strength
are proposed [10]. The most popular estimator is
expressed as

Po= i+ 1) )

On the other hand, the Weibull distribution has also
been used to estimate the scatter of dielectric break-
down strength [14]. Hence the probability of dielectric
failure can be represented by an expression similar to
that of mechanical failure as

Py = 1 —exp{—VI(E, — EJE]"} (5)

where E, and E, are the scaling parameter and thresh-
old field, respectively, and ¥’ is the volume subject to
dielectric stress.

Equations 1 and 5 can be rewritten as follows,
dividing both strengths by their own average values a;
and £,

Inin[l — /(1 — P))] = InV(5:/o,)" + mln(o/d;)
(6

Inln[l1 — /(1 — P,)] = InV'(E,/E))" + m'In(E,/E,)
(M

Using these equations, the experimental strength
values could be plotted on a graph of the same scale
and graphical comparison would become easier [7].

3. Experimental procedure

The modified doctor blade method was adopted in
order to fabricate lots of homogeneous specimens thin
enough for dielectric breakdown. Thick films of BaTiO,
with 5 x 20 x 0.2mm and 5 x 20 x 0.27mm were
fabricated following the previously reported pro-
cedure [8].

To control the microstructure of the specimens
sintering temperatures were varied between 1300°C
and 1500°C, while the sintering time was fixed at
3h.
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Figure 1 Logarithmic grain size distributions in BaTiO, thick
film for each sintering temperature (D is the mean grain size).
(@) D = 3.35um (1300°C) (b) D = 5.18um (1350°C) (c) D =
7.26 um (1400°C) (d) D = 15.0pm (1450°C) (¢) D = 68.7um
(1500° Cy.

Scanning electron microscope observations on gold-
sputtered specimens were performed to measure the
grain size distributions. Each grain shape was transfor-
med to a circle without altering the area and its dia-
meter was taken to be the grain size. Logarithmic grain
size distribution was then calculated for about 100
grains in each sample.

The three-point flexure method was used to measure
the bending strength which is expressed as

¢ = (3PL)/(2bd?) )

where P, L, b, and d mean applied weight, span length
(12mm), width of the specimen (5mm) and thickness
(200 and 270 um) respectively. After the mechanical
strength test, the dielectric breakdown measurement
was carried out with the same samples, so that extrinsic
microstructural defects might not be induced from a
structure deformative process such as grinding and
polishing etc.

For the dielectric breakdown test, silver paste was
attached to both sides of the film as the electrodes.
The d.c. voltage was applied to a specimen placed in
the silicone oil (to protect the surface discharge) and
increased at the rate of 50 Vsec™'. The breakdown volt-
age was determined by measuring the abrupt increase
in current and breakdown field and regarded as the
dielectric strength (E)).
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Figure 2 Weibull plots of the data of mechanical and dielectric
strengths measured at room temperature for the specimens of
BaTiO, sintered at 1350°C (200 um). (O mechanical strength
6; = 21.1 Nmm~?), ® diclectric strength (£, = 45.5kVem™")).

4. Results

4.1. Failure at room temperature

First, measurements were carried out at room tempera-
ture. Both mechanical and dielectric strengths were
estimated by the Weibull statistics (Equations 5 and 6).

Fig. 2 shows the Weibull plots of the data for mech-
anical strength and dielectric strength obtained for the
specimens sintered at 1350° C. The Weibull plots of
the data for each strength showed good linearity. These
linearities mean that the scattering of both data are
well expressed by the Weibull distribution function
and both failures obey the weakest link hypothesis.

From comparison between the two plots, it is seen
that the distribution shapes of both strengths are very
close to each other. This trend indicates that micro-
structure has a similar role in both failures, though the
decisive factor for fracture is not well known.

In these specimens the Weibull modulus (m) of
mechanical strength can be substituted for that of
dielectric strength. Furthermore, the distribution of
mechanical strength can be estimated by the distribu-
tion function determined from the dielectric strength
measurements if the average mechanical strength is
known beforehand. Compared with the Weibull mod-
ulus, average mechanical strength could be deter-
mined from a relatively small number of test pieces.

On the other hand, the Weibull plots for the
specimens sintered at 1450°C and 1500° C revealed
different distribution shapes between mechanical and
dielectric strengths (Fig. 3). The Weibull plot of dielec-
tric strength showed good linearity but that for mech-
anical strength showed a bend in the line. Both plots
showed a good coincidence in a high strength region
but differed in a low strength region.

From these results, the Weibull moduli were cal-
culated by a least squares method and are summarized
in Fig. 4. The error bar means the range that contains
80% data points. These plots showed good correlations
quantitatively for the specimens sintered at 1300°C,
1350° C and 1400° C, but not at 1450° C and 1500°C.

The similarity of Weibull moduli of two failure tests
indicates that the effective microstructural factor for
two failures are analogous to each other; that is the
weak spot distributions responsible for both failures
are similar. This result would firmly suggest that the
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Figure 3 Weibull plots of the data of mechanical and dielectric
strengths measured at room temperature for the specimens of
BaTiO, sintered at 1450°C (200 pm). (O mechanical strength
(6; = 19.7Nmm™?), @ dielectric strength (E, = 30.2kVem™")).

fracture origins in both failures are similar in small-
grained specimens but not in large-grained specimens.

4.2. Failure above the Curie temperature

It was thought that the above result was due to the
analogy of both failure origins. It has been accepted
that weak spot distribution should account for the
observed scatter of fracture strength. Similar results
would be obtained if the same weak spot distribution
specimens were examined, even if the intrinsic strength
changes.

It has been shown by Pohanka et al. [14] that the
strength of BaTiO, above the Curie temperature (7))
was greater than that at room temperature. They say
that the difference in strength is attributed to the
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Figure 4 Weibull moduli of mechanical and dielectric strength dis-
tribution plotted against sintering temperature. (O mechanical
strength, @ dielectric strength.) (¢ for 1450° C was calculated from
the high mechanical strength region.)
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Figure 5 Weibull plots of the data of mechanical and dielectric
strengths measured above 7, for the specimens of BaTiO, sintered
at 1350°C (200 um). (O mechanical strength (6, = 23.7 Nmm™2).
@ dielectric strength (E, = 53.0kVem™').

internal stress induced as cubic to tetragonal phase
transformation. Above T, where the internal stress is
absent, the observed strength is higher when the critical
flaw size is constant.

Specimens warmed up above T, without changing
the weak spot distribution shape would give rise to
changes in average mechanical and dielectric strengths.
In the present study, this was experimentally confirmed
as shown in Figs 5 and 6. Average strengths for both
mechanical and dielectric failures are seen to be higher
above T, than at room temperature. It is also to be
noted that the sets of the Weibull plots show similar
tendencies to those observed at room temperature.

4.3. Thickness dependence of failure
It was a rather strange phenomenon that only the
specimens sintered at 1450°C and 1500°C showed
bends in Weibull plots of mechanical strength, though
the grain size distribution shapes were similar to those
for the specimens sintered at lower temperatures.
Then we examined whether the ratio of the average
grain size to the specimen thickness was responsible
for the observed phenomenon, a stress distribution
under a three-point bending condition is not uniform
throughout a test piece and this would have a large
effect on a large-grained specimen.

Fig. 7 shows the result of the examination. The
Weibull plot for the mechanical strength of the 270 ym
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Figure 6 Weibull plots of the data of mechanical and dielectric
strengths measured above T for the specimens of BaTiO, sintered
at 1450° C (200 ym). (O mechanical strength (5; = 26.0 Nmm?).
® dielectric strength (E, = 35.2kVem™")).
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Figure 7 Weibull plots of the data of mechanical and dielectric
strengths measured at room temperature for the specimens of
BaTiO, sintered at 1450°C (270 um). (O mechanical strength
(6; = 37.8Nmm~?), ® dielectric strength (£, = 44.7kVem™")).

specimen sintered at 1450° Ca showed good linearity
unlike Figs 3 and 6.

5. Discussion

Mechanical and dielectric strength distributions for
small-grained specimens sintered below 1400°C
showed good correlations both at room temperature
and above the Curie temperature. Considering that
microstructural parameters seriously affect the strength
distribution, the results obtained would suggest that
the starting points for both failures and their distribu-
tions are the same. The identity of the fracture origins
for both failures may be expected from previous work
on various kinds of cermic materials.

Mechanical strengths calculated on the basis of an
ideal structure are several orders of magnitude greater
than those commonly achieved in ceramic materials
[15]. The accepted explanation for this discrepancy is
that the usual ceramic materials contain defects which
raise the local stress up to the theoretical strength
value under a relatively small applied stress. Surface
flaws, grain-boundary gaps, pores and voids would
behave as stress concentrating defects in brittle ceram-
ics. In a bending test the effective applied stress gives
the highest tension to the opposite surface of the
specimen, so that surface flaws including grain bound-
aries and pores near the surface would govern the
mechanical strength distribution.

In the case of dielectric breakdown in ceramics, it
has also been accepted that breakdown starts from the
microstructural defect. Beauchamp pointed out that
dielectric breakdown in MgO had a tendency to occur
at grain boundaries and often at three grain pockets
[16]. Heiman et al. [17] calculated the electric field
enhancement due to hemispherical protuberance at
the polysilicon-poly-oxide interface.

The specimens in the present study must have con-
tained a considerable amount of surface flaws and the
silver-paste electrode would have penetrated into
the concave part of the surface. The electric field in the
vicinity of the tip of electrode is inversely proportional
to the radius of curvature of the tip which should be
determined by the flaw shape, and hence field concen-
tration to concave portions of surface flaws would
lead to dielectric breakdown.
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Figure 8 Schematic of the relation between surface flaw size and
tensile stress in the vicinity of the lower surface in a three-point
flexure test; (a) Small-grained specimen (b) Large-grained specimen.

The electric field concentration to surface flaws
seems to be an analogous phenomenon to the stress
concentration to surface flaws in a bending test, and
thus a similar role of surface flaws in both mechanical
failure and dielectric breakdown must have given rise
to similar Weibull distributions.

Figs 4, 6 and 7 all show the Weibull plots for the
specimens sintered at 1450° C. From these figures the
following experimental facts can be extracted: (1) only
thick specimens showed a good statistical correlation
between mechanical and dielectric failures (Fig. 7),
(2) Weibull moduli for dielectric strength are all
analogous (~4.0) regardless of the specimen thick-
ness, and (3) bends in Weibull plots for mechanical
strength appear in thin specimens (figs 4 and 6), while
Weibull moduli in high-strength regions are ~4.0,
which is similar to that of a thick specimen.

Bimodal Weibull distribution with bends seen in
Figs 4 and 6 are referred to as “‘composite Weibull
distributions” and are considered to show that there
are two causes for their mechanical failure. Since all
the Weibull moduli for dielectric strength and those
for mechanical strength in high-strength region of thin
specimens (Figs 4 and 6) and whole region of thick
specimen (Fig. 7) are all analogous (~ 4.0), there must
exist a particular cause for mechanical failure in the
low-strength regions of the thin specimens.

As mentioned before, the stress distribution under a
three-point bending condition is not uniform through-
out a test piece, that is, the stress gradient exists. In the
small-grained specimen, tensile stress applied to the
surface flaws whose sizes must be comparable to grain
sizes [18] is considered to be constant regardless of
their size (Fig 8a), judging from the observations that
Weibull distributions were of a single mode for ali the
specimens sintered below 1400° C (Fig. 4). However,
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in the case of a large-grained specimen, the stress
gradient must have a large effect on how the tensile
stress is effectively applied to the tips of surface flaws
(Fig. 8b). For example, even at the largest surface
flaws, which often become the origin of brittle frac-
ture, the effective tensile stress may be smaller than
that at smaller surface flaws due to the stress gradient.
In such a case the flaw intensity may become of a
bimodal distribution, though the flaw size distribution
stays as a single mode, as assumed from the idea of
statistics of extremes [19]. This is considered to be the
reason why only thin specimens with large grain sizes
show bimodal Weibull distributions of mechanical
strength (Figs 4 and 6).

For a thick specimen with large grains (Fig. 7)
a geometric relation between the ratio of grain size
(surface flaw size) to thickness and for a smaller-grained
thin specimen may have given rise to a single-mode
Weibull distribution of mechanical strength.

Since electric field may not have a gradient corres-
ponding to that of mechanical stress, the Weibull dis-
tribution of dielectric strength was observed to be of
a single mode in all cases reflecting only the flaw size
distribution.
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