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ABSTRACT
A Nanoindenter™ equipped with a Vickers indenter was used to measure

fracture toughness of Multilayer Capacitors (MLCs) and BaTiO3 blanks. Strength
of blanks of 6.3 x 4.7 x 1.1 mm3 was measured by performing three-point
flexure using a 4 mm support span. The size of the strength limiting pores in the
flexure tests was compared to pore sizes measured on polished MLC cross
sections, and it was found that much larger pores were present in the 3-point
flexure specimens. Strength distributions for the MLCs were generated using the
measured fracture toughness values, assuming the measured pores or second phase
inclusions were strength limiting.

INTRODUCTION
Performing reliability analysis for multilayer ceramic capacitors (MLCs) is

of importance in improving failure rates of existing designs, but especially in regard
to new designs. There is a drive to produce MLCs with maximum charge capacity,
which can be achieved by using minimal dielectric layer thickness (4 (xm or
smaller). However, uncertainty exists over whether new failure modes will result as
these layers continue to reduce in thickness. Building on experience gained from
reliability analysis of structural ceramics, computer algorithms have been coupled
with finite element analysis (FEA) to perform reliability analysis of MLCs.1"3 Major
inputs to these codes are strength distributions as well as fracture modes and
fracture criteria. For structural components it has been demonstrated that there may
be problems in generating strength data that are representative for the component
under consideration. For example, standard flexure or tensile test specimens are
typically smaller than the components, they are of a different shape, and may be
manufactured in a different manner; consequently, the flaw population between
component and specimen can be different. Much work has been done to overcome
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this, e.g., making specimens from components and controlling machining
parameters, which have made life predictions more reliable. For small ceramic
components such as MLCs and other electronic ceramics, the problem essentially is
the opposite; namely, using standard specimens to generate strength data to predict
the behaviour of components that are very much smaller than the test specimens. In
this case the material processing issues may be even more pronounced. As material
volumes get very small the microstructure may change, and the properties may be
different from the same material processed into larger volumes.

In a previous paper1 we have demonstrated that it is possible to use life
prediction codes to perform reliability analysis of MLCs. In the present paper we
will discuss some of the issues regarding determining the strength data that will
serve as one of the input parameters in the analysis.

EXPERIMENTAL PROCEDURE
MLCs from three different manufacturers have been tested. These were

nominally the same type; X7R 0805 0.1 |iF and typically 4 x 2 x 1 mm3 in size
with alternating layers of BaTiO3 dielectric and silver/palladium electrodes. The
capacitors were sectioned in three orthogonal planes and polished. Two types of
BaTiO3 blanks were acquired for comparisons; 25 mm diameter and 3 mm thick
sintered discs and small flexure specimens with nominal dimensions of
6.3 x 4.7 x 1.1 mm3 produced in a similar way as the dielectric by one of the
manufacturers. These had a grain size of less than 1 urn, and had been tumble
polished to bevel the edges.

Polished surfaces were produced for each of the 5 specimen types, and a
Nanoindenter™ equipped with a Vickers indenter was used to determine the
fracture toughness K[C. The hardness and elastic modulus were determined in
standard fashion using a Berkovich indenter in the continuous stiffness mode.4 The
fracture toughness was determined using:5
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where E is the elastic modulus, H the hardness, P the indentation load, C the crack
length, and a = 0.016 is an empirical constant representing the intensity of the
stress field around the indenter. The Nanoindenter has not frequently been used for
this type of toughness measurements, primarily because most materials will not
crack when indented at these ultra low loads. Previously, a cube cornered indenter
has been used because this produces a more intense stress field and hence, may
more easily produce cracks; however, cracks in BaTiO3 could readily be induced at
a load down to 50 mN. The value of a as given in Eq. (1) was found using
Vickers indenter at a higher load range5, and its applicability to the low load range is
dependent on the shape of the indenter, i.e. its sharpness. The load to area ratio of
the Vickers indenter was determined and self similar indents were produced for the
load range applied here (50-300 mN). Comparisons have also been made between
"NanoVickers" and "MicroVickers" and it was found that the intensity of the stress
fields was similar.6"8 A standard Vickers hardness tester was used for comparison.



The cracks were measured using a scanning electron microscope (SEM) for the
nanoindents, and an optical microscope for the microindents.

Strength was measured for the small flexure bars in 3-point flexure. The
fixture had a span of 4 mm and had support pins that were free to roll. Beyond the
experimental difficulties of testing on such a small scale, there is a concern that
friction and other sources of errors may contribute in an unproportionally large
amount, so an analysis of the error sources was performed.9' This analysis
showed that the friction problem may be the largest error, and that rolling pins are
essential to offset this. Other error sources were determined to be quite small,
however, the analysis further showed that the errors will rapidly increase if the
support span is reduced for the given specimen thickness. The cross-head
displacement rate was 0.5 mm/min and the testing was performed in ambient air.
The two-parameter Weibull strength distribution was determined for the 3-point
flexure strength data using AlliedSignal's CERAMIC code.3 The code uses the
maximum likelihood method for determining the Weibull modulus m and the
scaling parameter a0. Fractography was performed using optical and scanning
electron microscopes. Different strength distributions were explored by comparing
the strength limiting flaws (pores) found in the 3-point flexure specimens to the
pores and inclusions found in the polished cross sections.

RESULTS AND DISCUSSION
Figure 1 shows part of a polished cross section of a MLC. Barely seen in

this figure are three rows of Nanoindents bracketed by arrows. By comparison, a
regular Vickers indent would typically have an impression diameter of more than
50 um and hence, sample several layers.

Fig. 1. Cross section of a typical MLC.

Figure 2 shows two Vickers indents produced in a capacitor showing that in
order to produce well-defined cracks the indents had to be placed in the outer
margin of the MLC which had a thickness of about 100 um The indent in
Fig. 2 a) is from the margin area away from the end caps, and the well defined
indent and equal length of all four cracks indicated that this was an area with
appropriately low or uniform residual stresses. The indent in Fig. 2 b) is from the



dielectric with electrode material on both sides, and it can be seen that this indent is
too large to be used for determination of the material properties.

Fig. 2. a) Typical Vickers indent produced by the Nanoindenter in the dielectric
margin of the MLC. b) A Vickers indent produced by the Nanoindenter in the
dielectric layer covered both ceramic and metal electrode layers.

Table I gives the results of fracture toughness measured for the five
dielectric materials. All values are well within ranges reported for similar
materials." It can be seen that the toughness of the sintered blanks was
significantly lower than for the other materials. This material had a porous
microstructure and larger grain size than the other materials, and it was concluded
that this was not representative for the material in the capacitors. Freiman11 states
that internal stresses due to the phase transformation in these materials have
manifested themselves in deviation from the indentation model at small indentation
loads. The toughness measured here does not seem to indicate this, however,
caution must be exercised when interpreting data obtained at these very low
indentation loads. Similarly, residual stress effects from the manufacture of the
capacitors may influence the data, although the very even cracks indicated no
significant stress gradients or different stress states. It is also important to note that
the fracture toughness values obtained by "NanoVickers" and "MicroVickers" were
essentially the same for the blanks, and that the toughness values for the 3-point
bend specimens were the same as for capacitor B made by the same manufacturer.

Figure 3. shows the results of the 3-point flexure testing. The Weibull
characteristic strength was 104 MPa and the Weibull modulus was 10.8. This is a
strength level comparable to other reports for similar material." Fractography
showed that failure was predominantly from relatively large pores. Assuming these
were Griffith type flaws, the pore radius would be of the order of 90 um. Using
these data for input into reliability analysis of the MLC would pose an obvious
problem: pores of that size would not exist in the dielectric of a normal capacitor



whose dielectric layer was one order of magnitude smaller. The marginal area was
thicker as shown above, but it was not thought that this would be a representative
strength distribution for the dielectric.

Cross sectioned and polished capacitors were imaged in the SEM, and it
was observed that the pores were indeed very much smaller, see Fig. 4. In addition
to the pores, inclusions of a second phase were also noted in the MLCs.

Table I. Fracture toughness measured by indentation

BaTiO^ Blanks
BaTiO3 3-Point
("Capacitor B")
Capacitor A
Capacitor B
Capacitor C

KIC Measured by
Nanoindentation

with Vickers
Indenter

0.79 (± 0.08)
1.12 (±0.14)

1.36 (±0.29)
1.11 (±0.28)
1.53 (±0.47)

KIC Measured by
Standard Vickers

Indentation

0.71 (±0.03)
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Fig. 3. Weibull analysis of three-point flexure data. Values in parentheses
constitute ± 95 % confidence estimates.
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Fig. 4. Comparison of typical microstructures of three MLCs of nominally the
same type.

Working under the assumption that these pores or the second phase
inclusions possibly would be the strength limiting flaws, the size distributions were
quantified using an image digitizing program. The strength of the material
containing these pores or inclusions was calculated assuming they were Griffith
type flaws (ignoring the difference between pores and second phase as fracture
initiating flaws), using the fracture toughness measured for the particular dielectric
material. These strength values were then fitted to a two parameter Weibull
distribution as done for the 3-point flexural strength data. To facilitate the
comparison of these distributions for the three MLC sets and the 3-point flexure
strength set, the distributions were scaled to a unit volume (i.e., V=l mm3) and
then graphed assuming a uniaxial application of tensile stress for each material. The
results are shown in Figs. 5 and 6, where the results from the 3-point flexure test
have been scaled to the same volume for comparison.

As can be seen, the predicted strengths were higher than that measured in
3-point flexure, as one would expect from the differences in pore sizes. It is further
seen that it could be possible that the second phase inclusions rather than the pores
would be strength limiting in the capacitors. The indentation experiments induced
cracks of the same order of magnitude as the pores and second phase inclusions,
and similar strength distributions would be obtained if these types of cracks were
strength determining.



SUMMARY AND CONCLUSIONS
Using a Nanoindenter™ equipped with a Vickers indenter it was possible to

measure the fracture toughness of MLCs in situ. The fracture toughness obtained
corresponded well with fracture toughness obtained using a "MicroVickers"
indenter at loads an order of magnitude higher. The fracture toughness of small
flexure specimens produced by the same method as MLCs compared well to the
corresponding dielectric material. Strengths determined by 3-point flexure
corresponded well to strengths obtained for similar materials, however, it was
found that the strength limiting pores in the flexure specimens were substantially
larger than pores measured in the dielectric material. Polished cross sections of the
MLCs revealed the existence of pores and second phase inclusions, and strength
distributions were obtained assuming those would be strength limiting using the
measured fracture toughness. The strengths obtained in this fashion were higher
than those measured in 3-point flexure, corresponding to the different sizes in
strength limiting flaws.
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Fig. 5. Predicted strength distributions assuming measured pores were strength
limiting flaws. 3-point flexure data were scaled to similar volume for comparison.
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Fig. 6. Predicted strength distributions assuming measured second phase
inclusions were strength limiting flaws. 3-point flexure data were scaled to similar
volume for comparison.


