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Abstract Causes of breakdown, both mechanical and
electrical, in high voltage, high energy density, BaTiO3
capacitors were studied. The flexural strength of the capac-
itors was 96 MPa. Failure was due to surface defects or pores
close to the surfaces of the samples. The dielectric break-
down strength of the samples was 181 kV/cm. The causes of
breakdown were either electrode end effects or pores be-
tween the dielectric and electrode layers. Weibull statistics
were used to determine if there was a correlation between
mechanical failure and dielectric breakdown. A strong cor-
relation between the two types of failure was not found in the
study, in contrast to earlier studies of single dielectric layer
capacitor materials.

Introduction

New applications for multilayer ceramic capacitors are

driving the need for materials that have a high dielectric

energy density and reliability, specifically pulsed power

applications, including high power microwave and elec-

tromagnetic (EM) gun technologies [1]. The equation for

the dielectric energy density in a material can be given as:
Emnax
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where J is the energy density (J/m’), E is the applied
electric field (V/m), ¢ is the relative permittivity and &g is
the permittivity of free space (F/m). Equation (1) accounts
for the field dependence of the dielectric constant that is
observed for ferroelectric materials. Assuming that the
material does not demonstrate field-dependence of the
dielectric constant, the following equation may be derived:

J=1/2 ek (V/i)? (2)

where J is the volumetric energy density, &y is the per-
mittivity of free space, k" is the dielectric constant, V is the
applied voltage, and ¢ is the dielectric layer thickness. A
capacitor must possess a high dielectric constant and layers
that are as thin as possible in order to increase energy
density.

To improve the performance of multilayer capacitors,
along with obtaining a high permittivity, the mechanisms
of breakdown in these laminate architectures, both
mechanical and electrical, must be understood. After the
breakdown mechanisms are understood, methods can then
be implemented to minimize or eliminate breakdown and
thus improve the performance of the capacitors through the
(VIt)? term.

Dielectric breakdown strength

Dielectric breakdown is a well-known phenomenon that
occurs in multilayer ceramic capacitors, and the causes of
dielectric breakdown in ferroelectric ceramics have been
widely studied [2]. Three breakdown mechanisms are
commonly accepted for solids: intrinsic breakdown, ther-
mal breakdown and ionization breakdown [3-5].

The dielectric strength depends on many factors,
including material parameters such as porosity and grain
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size, and external parameters, such as the frequency and
ramp rate of the applied voltage. The effect of porosity on
the dielectric strength of materials has also been widely
reported in the literature. Beauchamp demonstrated a
decrease in breakdown strength with increasing porosity,
with the breakdown strength decreasing by a factor of
approximately 3 with a 12% increase in porosity [6].
Gerson used a statistical approach to show trends in
breakdown strength as the amount of porosity was altered
[7]. In his proposed model, Gerson assumed that all of the
voids were of equal size and uniformly distributed in the
material. Again, the breakdown strength decreased
abruptly, from a breakdown strength of 79 kV/cm for a
fully dense material to approximately 20 kV/cm at 22%
porosity. The trends in porosity showed that, if present in
the material, pores were likely the main cause of failure of
multilayer ceramic capacitors.

Besides porosity, many other factors contribute to
dielectric breakdown in multilayer ceramic capacitors.
Thermal runaway can be a cause of breakdown in ceramic
materials [8]. Localized reduction of the ceramic dielectric
occurs leading to an increase in conductivity. Heating
causes a rapid rise in temperature and results in melting of
the ceramic which can cause a conduction path to form
between the electrodes and hence cause breakdown. The
tapered geometry of electrode ends is known to result in a
field enhancement effect that can lead to premature
breakdown due to higher field intensity near these regions
[9]. Basically, breakdown occurs at lower applied fields
than expected as a result of field enhancement. Mechanical
defects, such as cracks, can also lead to premature failure
[10]. Ferroelectrics commonly fracture due to the appli-
cation of high fields. Due to the design of multilayer
capacitors, each layer is clamped at its edge which can lead
to electric field-induced mechanical stresses leading to
cracks and failure [11]. Another cause of cracks in
ceramics can be due to edge effects of the electrodes [12].
The electrodes end inside the material which can cause a
strain incompatibility due to the inactive material being
next to the active material. This can create a stress field at
the electrode edge which can lead to crack initiation at this
site. Mechanical stresses can further lead to crack initiation
and growth and finally failure in the device. Electrical
shorts can be also be caused by cracks perpendicular to the
interface of the capacitor between the dielectric and elec-
trode layers. Overall, any field-enhancing defect present in
the capacitor can lead to dielectric breakdown.

Besides internal defects, extrinsic conditions can also
affect the breakdown strength of a material. The extrinsic
factor that is believed to be the most common cause of a
reduction in breakdown strength is moisture adsorption
[13]. Thus, the electrical failure of a dielectric material can
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be due to a combination of competing factors, both
intrinsic and extrinsic.

Mechanical strength

Ceramics have wide distributions in failure strength. The
response of a solid to an applied stress is deformation
(linear assuming low stresses applied under reversible
conditions). However, if the applied stress exceeds the
strength of the material, it will fail mechanically [14].
Mechanical failure occurs in multilayer ceramic capacitors,
but it has been rarely investigated, and is certainly not as
well studied as dielectric breakdown. Mechanical failure is
common in high voltage, high energy density multilayer
capacitors and occurs for several different reasons. As large
capacitors are discharged, a ringing effect will take place
within a ferroelectric material [15]. A large peak current
occurs during this discharge event, which in turn leads to
high mechanical stresses, especially in large capacitors
[15]. A second type of failure mechanism in ceramic
capacitors, specifically BaTiO3, is due to large residual
stresses from the phase transformation that occurs during
cooling the material from the sintering temperature to room
temperature [16]. When the material is above the Curie
temperature, the material is cubic and therefore internal
stresses and ferroelastic twinning are absent. As the
material is cooled through the Curie transition, large
residual stresses develop during the transformation from
the cubic to the tetragonal phase, which weakens the
material, leading to failure at measurably reduced
strengths. Strength degradation can also occur due to the
presence of microstructural defects such as pores and
machining flaws. Mechanical properties, including the
elastic modulus and flexural strength, of materials are
known to decrease as the porosity level increases [14].
Surface defects, possibly due to machining and handling,
can also be a major source of stress concentrations,
resulting in failure at lower strengths.

Weibull statistics

A statistical distribution commonly used to represent the
strength of brittle materials is that proposed by Weibull
[17]. The use of Weibull plots to compare mechanical
failure data with electrical breakdown data in BaTiOjz
ceramics has been pointed out by Kishimoto [18]. Weibull
plots have also been successfully used to compare
mechanical and electrical strength data for other materials
such as hardened gypsum [19]. Weibull statistics can be
used to plot the distributions for both the mechanical and
electrical property data. Calculated Weibull moduli,
determined from the distributions, provide a statistical
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comparison of the distribution in the mechanical and
electrical strength values. Similar electrical and mechanical
failure distributions and Weibull moduli have been inter-
preted as an indication of similar failure origins in BaTiO3
ceramics [18]. The study of Kishimoto suggested that
Weibull plots may be used effectively to determine if there
is a correlation between mechanical failure and dielectric
breakdown in electrical ceramics.

The purpose of this paper is to measure the mechanical
and electrical breakdown strength of BaTiO; in high
voltage, high energy density multilayer ceramic capacitors.
Weibull statistics, along with the identification of both the
electrical and mechanical failure origins, will be used to
determine if there is a correlation between mechanical and
electrical failure in the capacitors. Unlike the prior study by
Kishimoto, which reported the behavior of single dielectric
layer capacitors, this work focuses on the behavior of
multilayer ceramic capacitor devices.

Experimental procedure

Test bars for both mechanical flexure testing and electrical
breakdown strength measurements were produced by tape
casting dielectric sheets and screen printing the electrode
geometry. The tape casting slurries were prepared using a
standard 58 vol.% dielectric powder (Ferro X7R 422H,
BaTiO; based material) and 42 vol.% binder (Ferro
B73210). The powder and binder solution were ball milled
using ZrO, milling media for 48 h. The slurry was then
filtered using a 5 pm filter to remove any agglomerates in
the slurry, de-aired at 15 mm Hg for 5 min, and slow rolled
for 24 h to assure a homogeneous mixture. The tape was
cast on silicone coated mylar at a thickness of 0.05 mm
(20 mils) and dried for 1 h (~0.015 mm thickness (6 mils)
after drying). The tape was then cut into
139.7 mm X 139.7 mm (5.5” x 5.5”) squares for further
processing.

The tape cast sheets for the bars were screen printed
with 30Ag/70Pd ink (Ferro EL 44006) using an Aremco
Accu-coat screen printing machine. A total of 28 sheets (12
electrode layers and 16 blank (not screen printed)) layers
were aligned and stacked to produce test bars for
mechanical flexure testing. The bars were fabricated so that
they would function as working capacitors. All of the
samples underwent the same lamination conditions: 85 °C
and 2.8 MPa (400 psi) for 10 min. The final thickness after
lamination was approximately 4.0 mm. After lamination,
10 mm x 4.0 mm X 60 mm bars were cut from the large
stack. The bars underwent burnout in air at 5 °C/h to a
maximum temperature of 500 °C to remove all of the
remaining organic binder. After burnout, the samples were
sintered by heating at 5 °C/min to 1,300 °C, held for 2 h,

and furnace cooled at 10 °C/min to room temperature. The
sintered bars for mechanical testing were polished from a
3 pum to 0.25 pm diamond finish and tested using a four-
point bend method. The polished surface minimizes the
likelihood of failures originating at surface defects typical
of as-sintered surfaces. Removal of the surface or near-
surface defects also allows some of the bulk of the BaTiO;
dielectric to be tested so that all of the failures do not arise
from extrinsic defects on the as-sintered surface. This al-
lows for comparison with the breakdown data, since
breakdown tests the bulk of the material, not the surface.
Figure 1 shows the area of the bar that is being tested in
flexure. Figure 2 shows the area of the bar that will be
tested electrically. The final dimensions of the bars were
approximately 45 mm X 8§ mm X 3 mm.

A fully articulated four-point bend fixture was used for
mechanical testing according to ASTM Standard C1161-
02c. Mechanical testing was performed using a screw-dri-
ven Instron testing machine (Instron Model 4204, Nor-
wood, MA) using a crosshead speed of 0.5 mm/min (strain
rate of 0.0056/min and a stressing rate of 0.5625 GPa/min).
The outer span of the four-point bend fixture was 40 mm
and the inner span was 20 mm for all of the flexure strength
tests. The flexure strengths were then calculated using a
standard four-point bend equation. A total of 30 bars were
tested mechanically in order to obtain statistical data.

The same bar geometry was used for both the electrical
measurements and the mechanical measurements. The bars
with internal electrodes were terminated with Ag ink, he-
ated at 5 °C/min to 700 °C, and held for 10 min after
coating to sinter the termination material. The bars for
mechanical testing were also heated to 700 °C prior to
testing to assure that the bars were processed identically

Fig. 1 Schematic of the volume of the bar being tested using a four-
point bend method

Fig. 2 Schematic of the volume of the bar being tested electrically
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and therefore could be directly compared. The capacitance
was measured with a Hewlett Packard 4192A LF Imped-
ance Analyzer at a frequency of 1 kHz and 1 volt. The
breakdown measurements were made with a Hewlett
Packard 4104B DC voltage source and a Trek Model
20120A Amplifier. The bars were immersed in Fluorinert
fluid for breakdown testing to suppress surface breakdown.
A total of 30 bars were tested electrically in order to obtain
statistically significant data.

Results
Strength measurements

The electrode-containing bars were found to have an
average flexural strength of 96 + 13 MPa. The results of
this experiment show that BaTiO; is a much weaker
material than oxide ceramics such as Al,O5; or ZrO,. The
strength level is consistent with values previously deter-
mined for similar electrical ceramic materials such as Ba-
TiO3, PZT and ZnO. Al-Saffar et al. [20] studied the
flexure strength of BaTiO; multilayer ceramic capacitors
with varying thicknesses. The flexural strength of a
0.90 mm thick X7R bar was 136 MPa, whereas a 1.33 mm
thick bar had a flexural strength of only 119 MPa. The
capacitors in this study were 3 mm thick; therefore, the
strength of the bars correlates well with the literature val-
ues for BaTiOs.

Table 1 shows the results for the electrical property
measurements of the bars produced in this study. The
average dielectric constant was 3,933 and the average
breakdown strength was 181 + 11 kV/cm (459 volts/mil).
The dielectric constant was well within the range expected,
which is approximately 4,000, for X7R-based materials
[21]. The breakdown strength was lower than values quo-
ted by the manufacturer (276 kV/cm or 700 V/mil) for this
X7R-based material. This variation is expected based on
the large size of the bars being tested as compared to the
quoted value from the manufacturer which was likely
determined on thin (~25 pm) single layer samples. The
breakdown strength could also vary due to the ramp rates
and test conditions that were used for the current experi-
ments.

It is well known that the probability of a larger flaw
being present increases as the volume of material under

uniform stress increases, leading to lower measured
strengths for larger components [17]. However, it is also
well known that once the volume of a material has in-
creased to a particular level, there is a nearly 100% prob-
ability that a component will contain a flaw of the
appropriate critical size, such that any further increase in
volume (or thickness given the same length and width
dimensions) will not significantly reduce the failure
strength. Thus, there is a clear trend of decreasing strength,
both mechanical and electrical, with increasing dielectric
thickness, but at some thickness (volume), the strength
values will become nearly constant.

Comparison between mechanical and electrical
breakdown events (Weibull)

A comparison of the Weibull plots for the two sets of bars,
as sintered bars for electrical breakdown and polished bars
for flexure strength, is shown in Fig. 3. The Weibull plots
have been normalized using the average strength reported
above so that the results can be plotted on the same graph
for ease of comparison. The Weibull modulus for the
flexure tests is 10, whereas for the electrical breakdown
measurements, a Weibull modulus of 18 is observed. The
shape of the distributions is also dissimilar. Based on these
results, there does not appear to be a strong correlation
between electrical breakdown and mechanical failure in
large sized high voltage, high energy density capacitors.
We have to keep in mind that the latter conclusion is based
solely on the comparison of electrical breakdown to
“‘flexure’’ testing.

These results are in contrast to those of Kishimoto who
suggested the existence of a strong correlation between
mechanical and electrical breakdown in BaTiO5 ceramics
sintered at 1,350 °C (Fig. 4 of ref. [18]) based on the
comparison of the Weibull distributions of the electrical
and mechanical strength. Data from Kishimoto (repeated
herein as Fig. 4) shows the statistical probability for both
the mechanical and electrical failure to be nearly identical.
The Weibull moduli for both the mechanical plot and the
electrical plot are similar, with a value of approximately 5.
In addition, Kishimoto suggested that the failure origins
and population of failures in both mechanical failure and
electrical breakdown are the same. He also suggested that
the microstructure of the material plays a strong role in
both mechanical and electrical failure. In order to under-

Table 1 Results of the

lectrical ¢ Sample Dielectric Dissipation factor Average breakdown strength  Std.
clectrical measurements constant (%) (kV/cm) Dev.
As-sintered (30 sample 3,933 0.69 181 11

average)
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Fig. 4 Weibull plot of mechanical and electrical data for single
dielectric layer BaTiOj;. (data from [14])

stand the differences in the results of the Weibull plots
obtained in the present study, the failure origins in the
capacitors must be determined.

Failure mechanisms

A strong correlation between mechanical failure and
electrical breakdown was not found using Weibull statistics
in the current study. SEM analysis was subsequently used
to determine the origin of failure in the bars so that the
causes of failure could be compared.

For bars that were tested mechanically, SEM results
(Fig. 5a, b) show that failure due to flaws at the tensile
surface of the mechanical test bars occurred in only 20% of

the bars due to the polishing process prior to flexure testing.
Velocity hackle and other fracture surface features were
readily observed during SEM analysis. These lead back to
the surface of the bar indicating that the surface was the
origin of failure in these cases. Pores near the tensile sur-
face of the flexure bars were also found as a second source
of failure (Fig. 5c, d). These pores were readily observed
during post-mortem SEM analysis. Failure in the polished
bars was mainly caused by pores on, or near, the tensile
surface, along with surface defects that were not removed
by polishing.

The breakdown origins in the as-sintered bars that were
used for electrical testing were also examined using SEM.
Figure 6a and b shows a typical mode of failure: a pore
between the electrode and dielectric layer that was ob-
served in 40% of the bars that were tested to electrical
breakdown. As predicted by modeling, a spherical pore in
the material will result in a field enhancement in the
material surrounding the pore approximately 1.5 times the
applied field [22]. This field enhancement would be ex-
pected to lead to breakdown at the interface between the
pore and the dielectric and to reduce the average break-
down strength of the material. A second type of breakdown
mechanism that was observed in the bars produced in this
study was breakdown at the electrode ends (Fig. 6¢, d).
This was the most prevalent breakdown mechanism ob-
served in the study since 60% of the bars failed due to
breakdown at the electrode ends. The electrode ends are
also expected to exhibit a field enhancement effect;
therefore, breakdown is more likely to occur at these
points. In a parallel plate capacitor, the field is normal to
the plates in the central region of the electrode, but extends
into the dielectric beyond the electrode edges. This results
in a field concentration at the edges. The resulting field at
the electrode edges can be as much as twice the average
field, thus leading to breakdown at this point [23]. Two
different causes of failure have been observed in the bars
produced in this study that were tested to mechanical and
electrical failure. Failure due to pores was observed in both
mechanical and electrical testing. In addition, failure at the
electrode ends was also observed as a second mechanism
for electrical failure.

Although pores were shown to cause both mechanical
failure and electrical breakdown, the pores were located in
different regions of the test bars. The pores close to the
surface caused mechanical failure, whereas for electrical
breakdown, failure often occurred at pores between the
dielectric layers and the electrode layer in the volume of
the sample, not in the surface region. The pores that caused
mechanical failure in the samples were also found to be of
varying size with some pores being relatively small (5 pum)
and some pores as large as 30 um. The pores that caused
electrical failure could not be directly measured due to
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Fig. 5 SEM micrographs
showing (a) and (b), failure
initiating from flaws on the
tensile surface of the bar and (c)
and (d), failure initiating from a
subsurface pore

Fig. 6 SEM micrographs of
electrical breakdown regions
associated with a pore: (a) low
magnification and (b) high
magnification; and breakdown
associated with an electrode
end: (c) low magnification and
(d) high magnification

some expansion of the pores as a result of catastrophic
breakdown in that region of the capacitor. The different
failure mechanisms found in the bars are an explanation for
the differences in the Weibull distributions for both failure
types. The failure mechanisms are not consistent between
the two types of failure, and therefore, the Weibull plots
would not be expected to show a strong correlation. The
corresponding Weibull plots from the study by Kishimoto
(Fig. 4 of ref. [18]) suggest that the origin of both
mechanical and electrical failure would be expected to be
the same. One difference between the results of Kishimoto
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and the current study is that the materials tested in the
Kishimoto study were only one layer thick with termina-
tions applied to the top and bottom of the layer. This would
lead to a stronger correlation since pores between layers,
electrode end effects and other factors that are present in a
multilayer structure would not contribute to failure for such
samples.

The slopes of the Weibull plots also support the obser-
vation that there is more than one type of failure origin
causing mechanical and electrical failures. The Weibull
plots that were obtained in this study and some of Ki-
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shimoto’s plots show multiple regions of varying slopes. A
Weibull plot with discontinuities in the slope can be
attributed to a mixture of failure modes [17]. The different
slopes can be attributed to different failure mechanisms,
such as pores and surface defects for mechanical failure
and pores and electrode ends for electrical failure. The
varying slope could also be attributed to flaws of different
size controlling failure such as pores with two different size
distributions or surface flaws of varying size. From the
Weibull plots and the SEM images above, we can conclude
that multiple failure mechanisms are causing failure in the
capacitors, and therefore, there is not a direct correlation
between mechanical and electrical failure in multilayer
ceramic capacitors.

Conclusions

There is not a simple relationship between mechanical
failure and electrical breakdown in high voltage, high en-
ergy density multilayer ceramic capacitors. Pores were the
leading cause of both mechanical failure and electrical
breakdown, but the location of the pores for mechanical
versus electrical failure was different. Pores close to the
surface of the capacitor resulted in mechanical failure, but
did not contribute to electrical breakdown. Pores between
the dielectric and electrode layers resulted in electrical
breakdown, but did not play a major role in mechanical
failure. Surface defects are a second kind of mechanical
failure origin. The field enhancement associated with
electrode ends provided a second mechanism for electrical
breakdown. Overall, the mechanisms for mechanical and
electrical failure were different when comparing failure
events in working capacitors. Weibull statistics and
microstructural analysis of failure origins were used to
show that there is not a correlation between mechanical and
electrical breakdown events in high voltage, high energy
density multilayer capacitors examined in this study.
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