Introducing Flex “Fail-Open” Capabilities for MLC Chip Capacitors
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Abstract
Higher capacitance offerings in ceramic MLC capacitors is not restricted to increasing the capacitance capability of the smaller 0402 and 0603 chip sizes, but expanding the capacitance capabilities of the 0805, 1206,
1210, and 1812 chip sizes. These larger chip sizes present the manufacturer a dilemma as the ceramic capacitor is a “rock-solid” performer with excellent reliability
when these devices are not cracked; but these larger devices have a greater tendency to crack. Once the ceramic capacitor cracks, it is susceptible to moisture and
ionic ingress and subsequent failure that could lead to a
“shorted” condition. This condition can create a large
amount of concentrated heat on the printed circuit board.

cific point, and then propagates as a straight line perpendicular or angled to the bottom face or as a curved
arc upward into the capacitor body (Figure 1). The
problem is that once the crack is created, it is nearly impossible to detect. All too often, it is a failure found by
the end customer. [1]
This fault is created in the capacitor after it is mounted
to the PCB. The point of origin for this crack is the delineation within the body where part of the body is under strain and part of the body is held rigid by the termination that wraps under the chip. It is at this point along
the bottom face of the MLC capacitor that the crack is
initiated (Figure 2).

Because the flex crack is absolutely predictable as to
where the crack is initiated, design modifications can be
implemented to allow the crack to propagate into “safe
regions” within the structure where the failure mode becomes more benign as an “open” condition.
The ‘Flex Crack’

Figure 2.

Figure 1.

Flex crack signature

The flex crack itself is denoted with a specific signature
as the crack starts on the bottom side of the chip, at the
end of the termination wrap that extends beneath the
chip. It always, Always, ALWAYS, starts at this spe-

Crack always, Always, ALWAYS starts at the
bottom termination edge.

Once the crack is created, there may not be any apparent
change in the properties of the capacitor. It may still
maintain the same capacitance as previously, the same
DF (dissipation factor) or ESR (effective series resistance), the same leakage or IR (insulation resistance). It
can continue to appear as a ‘good’ capacitor for hours,
for days, for weeks, even for months after the fault is
created; but the creation of the crack establishes a site
for future electrical failure.
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The crack is created under strain and at the instant the
crack is created, there is a likely separation of the body
at that crevice, and this may momentarily cause a loss of
some capacitance. Yet, once the strain is removed, the
device is allowed to ‘fit’ back together and as the electrodes rejoin, the apparent loss of capacitance does not
exist. [2, 3]

section into the part (the red line defines approximate
depth of cross-section). The flex crack apparent in all
near-vicinity capacitors leads us to believe the catastrophic failure on the left was prefaced by a flex crack –
the weakest fault channels all the current at failure.

The term “Flex Crack” defines that this crack is likely
the result of bending or flexing the PCB, once the capacitor is mounted to it. Unfortunately, this is not the
only method of creating this crack. It can also be created because of mismatches between the capacitor and
the board’s coefficients of thermal expansion (CTE). If
the board undergoes a higher expansion than the capacitor, then there is a strain force generated on the capacitor.

Reducing the Crack
There are ceramic materials used for engine components.
Why can’t we use some of that technology to create
stronger ceramics? The answer lies in the intended use
for these ceramics. The electrical property characteristics desired with the class of ceramics in use, prohibit
the transition to the mechanically stronger materials because they do not exist.

It is our belief that the electrical fault requires some
ionic penetration carried in by moisture. The length and
thickness of these cracks vary greatly. A very ‘tight’
crack will likely require more time for ionic penetration,
as opposed to a crack that is wider or more open. [3]

We have collected extensive data on deflection vs. failure rate for different size chips. Based on this history,
the plot of Figure 4 defines the flexure required to
achieve a certain failure rate for a given chip size..

Figure 4. Flexure levels for 1, 10, and 100-PPM failure rates.

Figure 3.

As removed and cross-sectioned capacitors from
failed board.

This crack and subsequent failure can create more than
a nuisance in the circuit, if the fault site is exposed to a
high current source. Such exposure can lead to a localized heating within the fault, fracturing, and involving
more ceramic in the vicinity, resulting in higher current
draw, and a glowing, very hot element sitting on the
board. Transition from a ‘leaky’ circuit to a ‘deadshort’ circuit can take place in a very short time. In
Figure 3, the unit on the right is one of several units that
were found in the immediate vicinity of the unit on the
left (6 in parallel). The top view is of the capacitors removed from the board, and the bottom view is a cross-

There is a great deal of literature available that describes
this failure mechanism, and a large number of these materials deal with cautions required in manufacturing
when applying these devices to the circuit boards. Mapping out the strains generated by position on a PCB
could define some problem areas that demand solutions.
The solution could be as simple as rotating the placement of the capacitor by 90°. Once the strains are defined for each location, the plot of Figure 4 would helpful if the vertical scale were given as strain instead of
mm of Flexure. The conversion of flexure to strain is
given by Equation 1.
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σ=

6T δ
L2

Equation 1.

Where:
T, represents the board thickness (mm),
L, represents the span between supports (mm),
δ , represents the flexure (mm), and
σ , represents the calculated Strain.
All of the data that we normally collect as failure rates
versus flexure (mm) can easily be converted to strain.
Since we standardized the span (90 mm) and the board
thickness (1.6 mm) , the equation can be reduced to the
following:

µσ = 1185 δ

Equation 2.

The average flexures (mm) to achieve specified failure
rates of 100, 10, and 1-PPM failure rate levels have
been converted using Equation 2, and the plots are
shown in Figure 5 as Strain x 10-6 (µStrain) versus chip
size for the specified failure rates.
Looking at the susceptibility of the capacitors by size
(Figure 5) shows that the larger the capacitor, the lower
the level of strain is required to create the specified failure rates. Suppose that a circuit is showing a failure rate
of 100-PPM (2,200 uStrain) for a specific 2225 chip capacitor. In order to drop that failure rate at that strain
level, by 90% to near 10-PPM based on the plot of Figure 5, the 2225 chip would have to be replaced with the
1210 chip capacitor.

almost five times the volume of the 1210 chip. If the
failure rate per chip is 10 times better, but five chips are
needed, then the improvement could be as low as a factor of two instead of ten.
Improving the Existing Structures
The mechanics of the fault creation are well understood
and there are some design solutions that have been proposed that will reduce the failure rate or change the failure mode of the circuit. [4] In one solution, the cracks
may still be initiated, near the same flexure as the previous devices, but the crack occurs in benign regions of
the capacitor and the potential for the high current failures is reduced when the crack begins to conduct. Another solution adds another element to the MLC structure in an attempt to allow the strain to create a breakage outside the ceramic body, and in the termination region.
Improvement A – Additional Cover Layers
In this design modification, additional cover layers are
added to the MLC structure to create thicker cover margin areas in the ‘top’ and ‘bottom’ regions of the chip
capacitor (see Figure 6). Since orientation of ‘top” and
‘bottom” of the chip capacitor is not maintained, additional thickness must be applied to both in order to ensure that the bottom face has this effect with the random
placement of these devices.

Figure 6.

Figure 5. Chip size versus strain required to achieve 100, 10,
and 1 PPM Failure rates – typical.

First, the big question is “How many 1210 capacitors
must be used to duplicate the capacitance achieved with
the 2225 capacitor?” By comparison, the 2225 chip has

Thicker cover margins.

Again, a flex crack created in the capacitor as shown in
Figure 6, will always start at the end of the bottom termination edge. It may start upward then turn into the
termination end face as shown with the solid line. If the
crack does not turn sharply, but continues in a more vertical direction as shown with the dashed line starting at
the termination edge, then it will cross into the electrode
overlap region, creating a potential for a short-circuit
type of failure.
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This device may show a higher level of flexure or strain
in order to initiate the crack, but any crack localized in
the cover margin area will not cut across any portions of
the electrode patterns and result in a change in capacitance. However, this crack may be detectable if the dielectric body has piezoelectric properties. In this case,
the capacitance would trend down as the strain increases
on the capacitor. A crack in the margin area as shown
with the solid line, may allow the capacitor to ‘slip’
slightly, reducing the strain, and creating a sudden increase in capacitance.
During our testing, if we see any of these capacitance
inflections, we count that flexure as the point of crack
inception. There is too much of a random prediction of
what direction the crack will take – any crack detected,
regardless of penetration into the electrode regions or
not, is a crack initiated in the structure of the component,
and recorded as such. Only if a mechanism were created in the device to restrictively channel the crack in
the margin area, would this be an improvement to be
depended on as a safety solution.
This improvement has shown to have a minimal impact
on eliminating the final electrical failure potential of a
flex-cracked unit. The random nature of the crack
propagation is such that it offers no guarantees of elimination of ‘short-circuit’ failures.
Improvement B – Added End Margins
If the crack penetrates only electrodes terminated on one
end of the capacitor, then the ‘short-circuit’ condition
could be eliminated. The crack would still exist and
still be detectable (as a sudden change in capacitance
during the application of the strain), but if the crack becomes conductive, these electrode plates are already tied
together at the termination end – no fault is generated.

The drawing in Figure 7 shows the effects of the crack
initiated at the end of the bottom termination edge moving in two paths up into the body of the ceramic. The
‘end margins’ are defined as that area extending from
the end termination face, along the electrode paths, until
it meets the floating edges of the electrodes terminated
from the opposite face. The crack represented by the
solid line cuts through two common electrodes then
travels into the end termination face of the device. The
second path moves more vertical, up through over half
of the electrodes in the end margin area, but all of a
common termination.
Both of these cracks may lead to a loss of capacitance,
intermittent or high DF, but not the dreaded ‘shortcircuit’ failure. Additionally, there is no leakage path
created which might lead to increased parallel conduction over time.
Although there is randomness among the flex crack
propagating from perpendicular, to within an acute angle, to a curved path, the flex crack has never appeared
to propagate away from the near termination face, or
deeper into the body of the ceramic. By choosing the
end margin to encompass the susceptible area within
this structure, this solution is 100% effective in eliminating the ‘dead-short’ scenario in the MLC capacitor.
We tested 500 pieces of five different part numbers and
20 different batches for flex, and created cracks in 100%
of the pieces tested. The pieces were then put on life
test at 125°C, with twice-rated voltage applied for 2,000
hours. Cross-sectional analysis of the flex ‘cracked’
devices reveals typical flex crack signatures, but the
cracks are confined to the end-margin regions. No failures (leakage above initial limits or fuse failures indicative of ‘dead-short’ events) were detected in this sample.
Repeated testing of additional groups has confirmed
these results – no leakage related failures.
Improvement C – Soft Termination
This modification leaves the margins in the capacitor
body as small a possible, allowing higher capacitance
than the margin modifications. This modification
though, does create a new layer in the end termination
intended to pull apart under strain. Figure 8, shows the
layered structure of this modification. The base metallization is as standard, a fritted metal compound that is
fired on to the ceramic body.

Figure 7.

Larger end margins.
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Yet when we run the flex test, monitoring capacitance
as we flex, we see a distribution of ‘failures’ that mirrors the results we see in the fail-open, extended end
margins. Figure 9 shows the results of the flex testing
of a 1210 capacitor with the polymer layer, and Figure
10 shows the results of a similar capacitor with the extended end margins.
Although the polymer-layered terminations appear to
have moved up the average distribution point to 4 mm
as opposed to the 3 mm value for the extended end margin (hard termination?) parts the lower flex levels, or
problematic grouping, appear to be similar in both.

Figure 8.

Soft (polymer based) termination layer.

The next layer is the modification over standard terminations. A thin layer of a conductive epoxy is applied
over the fired, base termination - the “soft termination.”
After this is cured, the surface is nickel-plated and then
tin plating is applied over the nickel.
This modification presents the conductive epoxy to the
MLC capacitor that was never used before. Under
strain, the solder attachment to the nickel cap (the tin
plating has been blended into the solder termination during the reflow) transfers the strain to the epoxy, transferring the strain to the base metal and eventually to the ceramic body. The shear strength of the solder, nickel,
fritted base metal, and ceramic attachments have already
been proven as being stronger than the ceramic body
(flex testing as never revealed a termination pull-off). If
the activation of this mechanism is consistent, then there
should never be a crack created within the body of the
ceramic.

The application of the polymer film in the MLC capacitor is something new. Variations in thickness of coverage may still leave some parts with poorer tear capability than others. This conductive polymer, or a very
similar material, has been used in surface mount tantalum capacitors for nearly 20 years. The difference here
is that the polymer is blanketed in a plastic case for the
tantalum, and outside in a metal blanket with the MLC.
Solder heats are high enough to begin the decay of some
of the polymers in this application, whereas they were
blanketed in the surface mount tantalum. If the polymers are overheated, they may loose some of their elastic capability as brittle, hardened barriers.

Figure 10. Flex failures for extended end margins.

Figure 9.

Flex failures for polymer layer termination.

From the failures with the soft-termination, we wanted
to analyze if the drop in capacitance created cracks.
Since the flexure was set to 2% capacitance change during the test, cracks found in these pieces would only
verify those failures found at 2% change, but we
changed the criteria for the additional test from 2% to
1% for the analysis. What we had to do was run another
group of 20 pieces and set the tester to stop at a lower
percentage change. We set the detection level to 0.2%,
as we claim that this level is susceptible to piezoelectric
noise and some of these pieces should show no cracks.
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vealed a crack; but it does not appear to eliminate the
lower distribution of faults created at flexures well below that average.
Conclusion
There are a couple of improvements not presented here,
as these are not proven as feasible for production at this
time. There is an old modification that entirely eliminates flex cracking – using leadframes to create a mechanical isolation between the chip and the PCB. This
modification is extremely effective but expensive.

Figure 11. Capacitance & Flex versus Time for Unit #5.

Looking at the capacitance versus time for the lowest
five pieces of this group of twenty, we could see that the
capacitance indeed jumped up suddenly, for each of the
pieces. Figure 11 shows the sudden capacitance jump
for unit #5, at 3.4 mm flexure. At first, we thought that
a crack might not be evident as the piezoelectric relief
could be responsible for that sudden jump. When we
cross-sectioned the lowest five detected cracks, we
found one device (Unit #5) with the typical flex crack
signature (Figure 12).

Of the three improvements discussed, the cover margin
solution is most unreliable. The end margin solution is
100% effective in eliminating the dead-short results of
the flex crack, but does not eliminate the flex crack.
The theory behind the soft termination is that it eliminates the flex crack from appearing but testing has
shown this is not the case.
As the move to lead-free processes continues, the projections are that this will increase the susceptibility to
flex crack failures. [4] In light of this, any optimizations
of the device to withstand these failures, or allowances
for the failure to present itself in a benign manner, must
be pursued. In addition, a full understanding of the suggested process care in reducing the occurrence of these
faults must also be fully developed. [5]
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The soft-termination technique does move the average
up, and in our group of twenty tested for 0.2% capacitance change, only one out of five cross-sectioned re-
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