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Abstract—Resonant ultrasound spectroscopy (RUS) was used
in this study to measure shifts in resonant frequency that arise
from the presence of cracks in barium-titanate-based multi-layer
ceramic capacitors (MLCCs). This work was motivated by an
industrial need for a nondestructive quality-control technique
with enhanced capabilities for detecting dielectric cracks that
have no initial effect on electrical characteristics of MLCCs. In
this quality-control application, no information will generally be
available on acoustic spectra of capacitors prior to the intro-
duction of cracks during manufacture or mounting in devices.
However, information on the distribution of frequencies of a
specified resonant acoustic mode of a population of uncracked
MLCCs could serve as a reference for determining whether
the resonant frequency of an individual MLCC is within an
acceptable range. In this study, acoustic spectra were obtained
from sets of MLCCs before and after thermal quenching that
generated surface-breaking cracks in a fraction of the specimens.
Three resonant modes below 1000 kHz were studied. The largest
of these three resonant peaks, in the range of 575 kHz to 595 kHz
in MLCCs before heat treatment, was found to be most sensitive
to the presence of visible cracks. An analysis of Gaussian fits
of the frequency distributions for this mode before and after
heat treatment shows that approximately 71 % of the visibly
cracked MLCCs and less than 1 % of the uncracked quenched
MLCC:s are rejected when the criterion for rejection is that the
frequency is more than two standard deviations different than
the mean frequency before heat treatment. These results show
that RUS is a promising approach for nondestructive screening
for the presence of cracks in MLCCs.

I. INTRODUCTION

Multilayer ceramic capacitors (MLCCs) are widely em-
ployed in electronic circuits because of their high capacitance
and small dimensions. However, failure of MLCCs can be a
limiting factor in the reliability of electronic devices in which
they are incorporated [1]. Capacitor failure is of particular
concern in high-end applications where device failure can be
catastrophic and/or repair can be costly or dangerous, such as
medical implants and space applications. The great number
of MLCCs employed in some electronic systems also makes
the requirements for reliability much more challenging. For
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example, some space hardware assemblies contain thousands
of MLCCs [2].

The dominant failure mechanism in MLCCs is cracking of
the brittle dielectric, which occurs due to mechanical stress
during manufacture, installation, and/or operation. Thermal
shock and board flexure are two leading causes of dielectric
cracks [1]. The solder reflow process that is used to attach
MLCCs to boards can produce thermal-shock in an MLCC,
governed by the temperature stability and fracture toughness
of the dielectric [2]. Additionally, post-soldering handling of
a printed circuit board (PCB) on which an MLCC is mounted
can lead to excessive flexure that generates cracks in the
ceramic dielectric [3]. These cracks are typically microscopic,
initially, and do not lead to an immediate detectable effect on
the electrical characteristics of the capacitor. Rather, electrical
failures occur when environmental factors cause electrochem-
ical migration and associated shorting [4] or external stresses
cause a crack to propagate through the electrodes, creating an
electrical open.

The limitations of screening methods such as electrical
leakage testing and visual inspection [2], [5], [6] have led to an
exploration of acoustic techniques that could provide the basis
for inspection systems for nondestructively sensing dielectric
cracks in industrial settings. This research has included reso-
nant laser ultrasonics, scanning acoustic microcopy, electrome-
chanical resonance, resonant ultrasound spectroscopy (RUS),
and nonlinear resonant acoustics [5]-[14]. The principal focus
on resonant methods in these prior studies arises partly from
the fact that the most likely areas for cracking of MLCCs
during manufacture and device fabrication are the ceramic
regions beneath the endcaps, which are not readily accessi-
ble to localized acoustic scanning techniques. Our previous
research on methods for sensing cracks in MLCCs included
nonlinear resonance measurements with tone-burst ferroelec-
tric excitation and found a strong correlation of the amplitude
dependence of frequencies with the presence of visible cracks
in thermally stressed (quenched) specimens [13], [14]. We also
previously employed RUS to study resonant frequency shifts in
MLCC:s subjected to thermal shock, microindentation, elevated
vibration/temperature/current, and a linear flaw produced by
focused-ion-beam (FIB) milling. In that RUS study, acceler-
ated stress and thermal shock were found to induce the most
significant shifts in frequencies, although the sign of these
shifts varied. The present report describes a more extensive
study of the effects of cracks on RUS frequencies of free-



Fig. 1. Half of a cross section of an MLCC showing the 70 internal Ag
electrodes interleaved with dielectric and one of the endcaps.

standing MLCCs subjected to thermal quenching and presents
a brief comparison of RUS results with previous nonlinear
tone-burst results for similarly quenched capacitors.

II. SPECIMENS

The specimens in this study are type-1210 MLCCs man-
ufactured by Vishay Intertechnology, with model number
VJ1210Y474KXAAT.! Figure 1 shows a partial cross sec-
tion of a specimen. The MLCC is comprised of a doped
barium titanate (BaTiOg) dielectric with X7R (Electronic
Industries Alliance standard) performance specification and
70 interleaving silver (Ag) electrodes. Additionally, a nickel
(Ni) diffusion-blocking layer is located between a pool of
Ag and an outer tin (Sn) solder termination layer on both
ends of the MLCC. Measurements of the geometry of a set
of capacitors representative of the specimens in this study
are presented elsewhere [13]. The overall dimensions of the
ceramic (not including metal endcaps) are (1.40 £ 0.02) mm,
(3.04 £ 0.01) mm, and (2.46 £ 0.01) mm, with the indicated
uncertainties being standard deviations of measurements on
seven MLCCs. The core electrodes were found to have a
thickness of (2.0 = 0.2) ym and an average periodicity of
(16.38 £+ 0.05) pum.

III. METHODS
A. Acoustic measurements

Resonant ultrasound spectroscopy (RUS) employs narrow-
band excitation and detection with the frequency incremented
in steps over a specified frequency range, leading to acquisition
of resonant spectra. RUS has previously been employed in
many studies to determine elastic-stiffness coefficients from
measured resonant frequencies and has been shown to be
sensitive to the presence of cracks and other material defects
[15], [16]. RUS employs a piezoelectric transducer, driven by a

'Tdentification of this commercial product is provided for technical com-
pleteness and does not reflect an endorsement by NIST.

Fig. 2. RUS configuration with contact of transducers (top and bottom) for
excitation and detection on opposite small ceramic faces of the specimen
(middle). Interior electrode layers are parallel to the large faces of the
specimen.

sinusoidal voltage from a frequency synthesizer and in contact
with a small area of the specimen, to excite vibrations in the
specimen at the excitation frequency. A second piezoelectric
transducer in contact with another region of the surface of
the specimen (typically on the opposite side of the specimen)
senses the amplitude of vibrations. The signal from the second
transducer is passed to a lock-in amplifier that employs the
synthesizer output as a reference. To obtain a resonance
spectrum of a specimen, the synthesizer frequency is stepped
through the range of interest, and peaks appear at excitation
frequencies that match those of the acoustic normal modes.
The dwell time at each frequency is set to a value substantially
greater than the exponential decay time of the resonant modes
to avoid skewing of peaks [15].

In this study, a configuration with flat-faced piezoelectric
transducers making contact on opposite diagonal corners of
a specimen was found to provide resonant spectra with so
many closely spaced peaks that useful information could not
be extracted from the spectra. Much of the complexity of
these spectra is interpreted as arising from spurious resonances
within the transducers themselves, the magnitude of which is
affected by the strength of coupling to a specimen. Spectra
with fewer peaks were obtained through the use of piezo-
electric transducers with hemispherical wear plates pressed
against opposite flat surfaces of a specimen. Figure 2 shows
the final configuration that was employed, with the excitation
and sensing transducers making contact with the small ceramic
faces of an MLCC. As discussed below, spectra obtained with
this setup still show evidence for excitation of transducer
resonances at modest levels, so that additional steps must be
taken in spectral analysis.

Uncertainties in measured resonant frequencies were deter-
mined by repeatedly acquiring spectra with a specimen re-
moved from and, then, reinserted between the transducers after



TABLE I
NUMBER OF SPECIMENS AND HEAT-TREATMENT TEMPERATURES FOR THE
ELEVEN GROUPS OF MLCCs.

Group  Number of HT Temp.

index specimens (°C)
1 10 181
2 10 203
3 10 197
4 10 202
5 7 187
6 7 203
7 5 214
8 6 140
9 10 204
10 10 202
11 10 203

each spectrum. Twenty-seven spectra were included in this
sequence, and standard deviations of the measured frequencies
of each peak were determined from these spectra.

B. Heat treatments

Each of the eleven groups of specimens was placed on
a stainless steel tray and inserted into a box furnace at a
temperature above the phase-transition temperature of barium
titanate (~ 125 °C), where the crystal structure changes from
cubic to tetragonal crystal structure on cooling. Each group
was left in the furnace for approximately 5 minutes and, then,
removed from the furnace and immediately quenched by drop-
ping into ice water. The set temperature of the furnace for each
group, in addition to the number of specimens in the group,
are listed in Table 1. The heat-treatment temperatures of the
groups were varied over the course of the study, with the aim
of varying the number of specimens that were cracked by the
heat treatment. As described below, no significant correlation
was found between resonant frequencies in cracked specimens
and the heat-treatment temperatures of these specimens.

C. Optical inspection

A modified version of the “vicinal illumination” technique
of Burns and Yang [17] was employed to detect cracks
generated by heat treatment. The specific procedure described
by Burns and Yang could not be employed with the required
magnifications (greater than 20X), because the space between
the specimen and the objective lens in a microscope was too
small to insert external lights. The technique was modified by
reducing the field diaphragm of the microscope, or partially
rotating the incident light reflector turret from the bright field
settings, to produce nonuniform lighting. The outer edge of the
field diaphragm, or outer shaded boundary from the partially
rotated incident light reflector turret, was visually searched for
cracks. No cracks were detected in any of the MLCCs before
heat treatment.

D. Finite element calculations

Theoretical values of the resonant frequencies were com-
puted using the finite element method. This technique is well
established in giving excellent approximations for both the

frequency spectrum and the displacement patterns associated
with each mode. These are computed through the use of piece-
wise approximations to the three displacement components
combined with the weak form of the equations of motion,
as expressed by Hamilton’s Principle [18]. The discretized
form of these approximations results in the standard eigenvalue
equation, given by

[K]{u} = w*[M]{u}, (1

where the matrix [K] contains the terms associated with strain
energy, [M] contains the terms associated with kinetic energy,
w is the natural angular frequency of vibration, and {u} con-
tains the modal displacement vector. A number of symmetry
arguments can be made to reduce the size of this eigenvalue
problem according to the nature of the modal displacements,
and it is possible to reduce the physical domain and associated
boundary conditions into eight separate problems involving a
single octant of the actual physical geometry. Details of this
procedure are given elsewhere [19].

IV. RESULTS
A. Principal spectral peaks

Figure 3 shows typical resonance spectra, with frequency-
independent backgrounds subtracted, obtained from an as-
received (AR) capacitor before heat treatment (without visible
cracks) and after heat treatment (HT). The capacitor from
which these spectra were obtained had visible cracks after
heat treatment. The largest peak is near 582 kHz in the AR
spectrum and near 572 kHz in the HT spectrum. Additional
peaks appear in the ranges of 450 kHz to 480 kHz and 970
kHz to 1200 kHz. A peak in the range of at 590 kHz to 610
kHz is present on the high-frequency shoulder of the main
peak before and after heat treatment, and similar small peaks
are visible on the shoulders of the other peaks.

Figure 4 shows the same two spectra over a narrower
frequency range near 600 kHz. The main peak is shifted
substantially downwards in frequency (by approximately 10
kHz), and the shift in the smaller peak, if any, is much less.
This general behavior was found to be typical of spectra from
AR and cracked HT specimens in this study.

Finite element (FE) calculations predict that, in the fre-
quency range of Fig. 4, there is only one acoustic resonance,
with a frequency of approximately 590 kHz [19]. This mode
in the FE calculations is nondegenerate, as are all normal
modes in objects with orthorhombic or lower symmetry [20].
Therefore, the presence of the second peak in Fig. 4 cannot
be explained by degenerate-mode splitting arising from a
deviation from exact orthorhombic symmetry.

The possibility that the smaller peak in Fig. 4 is not an
acoustic resonance of the specimen was explored by per-
forming RUS measurements with the excitation and detection
transducers directly touching one another (without a specimen
present). A spectrum obtained over the frequency range of
550 kHz to 650 kHz in this configuration shows a peak with
a maximum at (601 + 5) kHz. This result is consistent with
the weaker peak in the range of 595 kHz to 598 kHz in Fig. 4
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Fig. 3. RUS spectra of a capacitor (a) before and (b) after quenching from
197 °C (Group 3), normalized to the height of the largest spectral peak in each
spectrum. Before heat treatment, no cracks were seen in an optical microscope.
After heat treatment, the capacitor was determined from optical inspection to
have cracks at the surface of the ceramic.

being an instrumental artifact arising from resonances of one
or both of the transducers. This conclusion is further supported
by the fact that analysis of additional spectra acquired from all
of the MLCC:s in this study showed no significant correlation
of the frequencies of the smaller peak (closest to 600 kHz)
with the presence of cracks.

A similar situation exists with the small peaks that appear
on the shoulders of the main peaks in the ranges of 450 kHz
to 480 kHz and 970 kHz to 1200 kHz in Fig. 3. A spectrum
over the range of 400 kHz to 1100 kHz (not shown) obtained
with transducers directly touching one another contains, in
addition to the strong peak near 601 kHz, smaller peaks at
(420 £ 2) kHz, (476 £ 2) kHz, (519 + 3) kHz (870 £+ 5)
kHz, (945 £+ 5) kHz, (1003 + 5) kHz, and (1083 + 5) kHz.
The peaks measured in this configuration near 476 kHz and
1003 kHz are within a few kilohertz of shoulder peaks in
Fig.3(b), consistent with the hypothesis that these peaks in
the spectra from MLCCs are transducer resonances. As with
the peak near 600 kHz in MLCC spectra, these shoulder peaks
near 476 kHz and 1003 kHz were not found to be significantly
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Fig. 4. Spectra of Fig. 3 over a narrower frequency range of 550 kHz to
640 kHz and fits of these data to the sum of two Pearson VII functions: (a)
before quenching and (b) after quenching from 197 oC.

correlated with the presence of cracks in the capacitors.

The graphs in Fig. 4 include fits of each measured spectrum
to a superposition of two Pearson VII spectroscopic functions
over the 550 kHz to 640 kHz range. The Pearson VII function
[21] (which is symmetric) includes an adjustable parameter
that provides peak shapes between that of a Lorentzian and a
Gaussian and, thus, fits the main peak more closely than either
of these simpler functions. However, the second (smaller)
Pearson VII function does not provide a close match to the
shape and maximum of the minor peak (near 598 kHz), and
this is most obvious in the heat-treated spectrum (Fig. 4(a)),
where the peaks are more clearly separated. Since this peak
was determined to be an instrumental artifact and is not
considered in further analysis of the spectra, the use of a more
complicated fitting function to match this peak (for example,
including additional Pearson VII functions in the sum) was
considered to be unwarranted.

Finite-element calculations over the frequency range from
0 kHz to 1000 kHz predict normal-mode frequencies at
approximately 354 kHz, 474 kHz, 590 kHz, 657 kHz, 691 kHz,
701 kHz, 709 kHz, 772 kHz, 803 kHz, 848 kHz, 862 kHz, 876
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Fig. 5. Displacement patterns calculated from the FE model for modes at (a)
474 kHz, (b) 590 kHz, and (c) 970 kHz.

kHz, 970 kHz, and 977 kHz [19]. The calculated frequencies
of 474 kHz, 590 kHz, and 977 kHz are, respectively, within
1.7 %, 1.3 %, and 1.4 % of the three strongest measured peaks
in Fig. 3(a) at (465.8 +/- 1.1) kHz, (582.1 +/- 0.3) kHz, and
(990.5 +/- 0.3) kHz (not including the peak near 600 kHz that
is identified as an instrumental artifact). The corresponding
calculated displacement patterns for these three modes are
shown in Fig. 5. These patterns consist predominantly of
(a) flexural displacements normal to the largest surface, (b)
flexural displacements normal to the second largest surface,
and (c) extensional displacements normal to the second largest
surface, respectively.

Several additional weak peaks are also seen in the RUS
spectra but are not visible on the linear scale of Fig. 4, and the
frequencies of these peaks are consistent with those predicted
from FE calculations for other modes [19]. The relatively small
height of these peaks is understood to arise from the fact
that the strength of acoustic excitation of a given mode is
dependent on its symmetry and the contact configuration of
the transducers.

B. Correlation of resonant frequencies with the presence of
cracks

The central objective of this study is to assess whether a
nondestructive screening technique can be developed to detect
the presence of dielectric cracks in MLCCs through the use
of resonant-frequency spectra. For such screening, data will

generally not be available for individual capacitors before they
are exposed to stresses that potentially generate cracks, but
measurements could be performed to determine the mean and
standard deviation of frequencies of a population of uncracked
and cracked capacitors with the same nominal specifications,
materials, and processing parameters as those being screened.
Resonant frequencies of subsequently screened capacitors
could then be compared with these population distributions to
assess the likelihood of cracks being present. To explore the
feasibility of such an approach, an analysis of the statistics of
measured frequencies of cracked and uncracked MLCCs was
conducted.

No cracks were optically detected in the AR specimens in
any of the groups listed in Table 1. After heat treatment, the
majority of specimens were visibly cracked, including all of
the specimens in Groups 2 — 7 and Group 9. Heat-treated
specimens with no visible cracks included four in Group 1, all
specimens in Groups 8, six in Group 10, and three in Group
11.

As described above, the two peaks near 600 kHz were
simultaneously fit to a sum of two Pearson VII functions to
reduce skewing of the fit to the main peak that would arise
from the presence of the smaller instrumental peak if a single
Pearson VII function were used. The frequencies of the RUS
peaks near 460 kHz and 990 kHz were similarly determined
by fitting to a sum of two Pearson VII functions.

Figures 6 and 7 show, for all the specimens in this study,
the frequencies determined with the above fitting procedure
for the three principal RUS peaks between 400 kHz and 1100
kHz. Spectra for MLCC Groups 9, 10 and 11 were acquired
only over a frequency range near 990 kHz.

Before proceeding with an analysis of correlations of the
frequencies with the presence of visible cracks, we con-
sider whether the data show a significant dependence of the
frequencies of the cracked MLCCs on the temperature of
heat treatment. It would not be surprising, for example, to
find that greater thermal shocking from higher heat-treatment
temperatures leads to increases in the number and/or size of
cracks and greater associated shifts in resonant frequencies.
One-way Analyses of variance (ANOVAs) were performed
on the frequency data for the visibly cracked HT specimens
with the group number as a categorical index. The results
of these analyses show that, based on a confidence interval
with p = 0.05, differences in the means of the groups are
not statistically significant. The p-values were 0.07, 0.39, and
0.68 for the peaks near 463 kHz, 584 kHz, and 990 kHz,
respectively. Similar ANOVAs performed separately on the AR
and HT capacitors without visible cracks found no statistically
significant differences in mean frequencies of the groups.
In the absence of significant evidence of a dependence of
the frequency on heat-treatment temperature within each of
the three categories, analyses of differences between these
categories were pursued without heat-treatment temperature
as a variable. In other words, all of the heat-treatment groups
were considered as a single set within each of the three
categories (AR, HT without cracks, and HT with cracks).
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Table II lists results of statistical analyses of the frequencies
that are plotted in Figs. 6 and 7 for each of the three principal
peaks. Shapiro-Wilk tests of normality of the frequencies were
performed separately for each of the three MLCC categories
(AR, HT with visible cracks, and HT without visible cracks)
for each of the three modes. At the p = 0.05 confidence level,
normality cannot be rejected for any of the data sets. In other
words, the data for the peaks in each of the three frequency
ranges are consistent with their having been drawn from a
normally distributed population for each category.

For the two higher-frequency modes (near 584 kHz and
990 kHz in AR specimens), the scatter in the frequencies of
the AR specimens is believed to be dominated by dimensional
variations of the specimens. This conclusion is consistent
with the fact that the fractional standard deviations of the
three orthogonal dimensions were measured to be 0.27 %
to 1.1 % (Sec. II) and the fractional standard deviations
of the frequencies near 584 kHz and 990 kHz are in the
middle of this range (0.6 % and 0.5 %, respectively). Many
resonant frequencies of objects are approximately inversely
proportional to some linear combination of dimensions. In the
simple case of an isotropic sphere, for example, all resonant
frequencies are exactly inversely proportional to the radius of
the sphere [22].

The standard deviations associated with variations in trans-
ducer contact were found to be more than an order of mag-
nitude smaller (0.3 kHz) than the corresponding values of o
listed in Table II for the two higher-frequency modes. Uncer-
tainties in the individual fit frequencies for these modes (with
the selected dual-Pearson function) were less than 0.01 % and,
therefore, not a significant contribution to the AR standard
deviations in Table II.

Dimensional variations are also believed to be the dominant
factor contributing to the scatter in frequencies of the mode
near 463 kHz in AR specimens. However, for this mode,
the measured variations in frequency associated with variable
transducer contact are only a factor of 3.5 times smaller than
the value of o for AR specimens in Table II. Therefore, this
uncertainty contributes significantly to the standard deviation
listed in this table.

ANOVAs performed with a categorical index corresponding
to AR and HT showed that the mean frequency of HT
specimens without visible cracks were, in each of the three
frequency ranges, not significantly different from those of
the AR specimens, based on a standard cutoff of 0.05 for
the p-values (Table II). The mean frequencies of the three
data sets of HT specimens with cracks were all found to be
significantly different from those of the corresponding AR
specimens (Table II).

For the case of normally distributed data sets, as in Table II,
an alternate statistical approach for evaluating differences in
mean values is the two-sample Z-test. The Z-value for two
sets of measured frequencies is given by [23]
Ji—J

7 =
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TABLE I
STATISTICAL ANALYSIS OF FREQUENCIES f FOR THE THREE CONDITIONS OF MLCCS, INCLUDING MEAN, STANDARD DEVIATION, p-VALUE OF
SHAPIRO-WILK NORMALITY TEST, p-VALUE OF ANOVA, TWO-SAMPLE Z-VALUE FOR THE HT DISTRIBUTION RELATIVE TO THE CORRESPONDING AR
DISTRIBUTION, AND THE FRACTION OF THE HT DISTRIBUTION THAT LIES WITHIN 20 AR OF THE CORRESPONDING AR MEAN.

MLCC Meanf o of f Number of Shapiro-Wilk ANOVA  Z-value Fraction within

condition (kHz) (kHz) specimens p-value p-value 20aRr of AR mean
AR 462.62 3.78 64 0.66 0.95
584.02 333 64 0.62 0.95
989.56 4.71 93 0.09 0.95
HT 461.37 2.15 10 0.90 0.31 1.5 1.00
without 582.61 2.15 10 0.44 0.57 1.8 0.99
cracks 987.00 4.86 19 0.40 0.07 2.1 091
HT 457.15 4.53 55 0.23 0.00 7.1 0.67
with 574.32 5.58 55 0.89 0.00 113 0.29
cracks 985.49 393 75 0.63 0.00 6.1 091

where fl and fQ are the mean frequencies, o1 and o, are
the standard deviations, and N; and N, are the number of
data values in each data set. The second-to-last column in
Table II lists the Z-values for each of the HT data sets relative
to the corresponding AR data set. Following the common
interpretation of results from a Z-test, Z-values less than 2.0
indicate that there is no statistically significant evidence of a
difference in the means of the two populations from which the
data were drawn, and Z-values greater than 2.5 are consistent
with the means being significantly different. Therefore, the
Z-values listed in Table II for the HT specimens without
visible cracks provide no significant evidence that the mean
frequencies of the distributions for the modes near 463 kHz
or 584 kHz are different than the corresponding means of the
distributions for the AR data sets. The Z-value of 2.1 for
the mode with frequencies near 987 kHz provides marginally
significant evidence for this distribution being different than
the AR distribution. The Z-values of all three of the data
sets for the HT specimens with visible cracks (7.1, 11.3, and
6.1) provide highly significant evidence for the means being
different than the corresponding means for the AR specimens.
These results are similar to those obtained from the ANOVAs
on the raw data (not involving the Gaussian fit parameters),
including the fact that the ANOVA p-value for the data from
the HT specimens with frequencies near 987 kHz is close to
the nominal cutoff of 0.05 (Table II). From the Z-test, the
statistically strongest evidence for a difference in the means of
the underlying populations of the cracked HT specimens and
AR specimens is obtained for the mode with a mean frequency
near 574 kHz in cracked specimens.

The last column in Table II lists the fraction of the fit normal
distributions (specified by the means and standard deviations)
that lie within 20ar of the corresponding AR mean frequency
(specified by values in the first three rows of the table). By
definition, the fraction of the AR distributions within these
ranges is 0.95 (i.e., 95 % of the AR distributions are within
two standard deviations of the mean). The values in the last
column for the HT specimens with visible cracks show that
91 % to 100 % of the fit distributions for these specimens lie
within 204r of the corresponding AR mean for each mode.
For the HT specimens with visible cracks, 67 %, 29 %, and

91 % of the fit distributions of frequencies for the lower,
middle, and higher peaks, respectively, are within 204 of
the corresponding AR mean.

V. DISCUSSION

The results in the last two columns of Table II suggest that,
with the RUS approach, measurements of the frequency of
the dominant mode near 584 kHz provide the most promising
basis for nondestructively detecting the presence of cracks in
MLCCs of the type studied here. With the + 20r range
of the AR frequency distribution employed as a criterion for
acceptance/rejection, the results for this mode indicate that
approximately 71 % of cracked MLCCs would be rejected.

In two previously published studies [13], [14], we explored
the correlation of measurements of acoustic nonlinearity with
the presence of visible cracks in MLCCs with the same nom-
inal specifications and manufacturing parameters and similar
heat treatments as those employed in the current study. Unlike
the data in the current study, Shapiro-Wilk tests of normality
of the measured nonlinearity parameters showed that these
data were not consistent, after heat treatment, with a Gaussian
distribution, although they were consistent with a Gaussian
distribution before heat treatment. Therefore, rather than look
at the overlap of fit distributions to assess the shifts in the
HT data relative to the AR data in those studies, the analysis
involved simply counting the number of HT specimens that
had nonlinear parameters outside of a specified range of the fit
AR distribution. In our first nonlinear study of these MLCCs
[13], analysis of correlations of the presence of cracks was
pursued by counting the numbers of MLCCs with and without
cracks that had nonlinear parameters within and outside of a
range of two standard deviations (20ar) of the AR mean. This
led to a rejection rate of 89 % for cracked HT specimens. In the
second nonlinear study on the same specimens, we performed
time-domain nonlinear-acoustic analysis of resonant ringdown
to determine nonlinear parameters and found a rejection rate
of approximately 93 % with a £ 3o g criterion that included
99.7 % of the AR distribution.

A comparison of the dominant-mode rejection rate of 71 %
found for cracked samples in the current study and the
rejection rates described above from the previous nonlinear



studies supports the conclusion that nonlinear elastic properties
are more strongly correlated with the presence of cracks in
type-1210 MLCCs than are linear elastic properties (which de-
termine resonant frequencies in conventional RUS). However,
in considering approaches for industrial screening of MLCCs,
it is useful to note that RUS offers potential advantages
for less-critical applications, with respect to simplicity of
hardware implementation and analysis of measurements. The
narrow-band excitation of RUS also may provide substantial
advantages in situations where interference of spurious modes
makes nonlinear tone-burst measurements impractical. In par-
ticular, it would not be surprising to find that spurious mode
interference will be a substantial issue in any future testing
of MLCCs mounted to circuit boards, since acoustic coupling
to a board is likely to lead to excitation of additional acoustic
modes. In such a situation, broader-band tone-burst techniques
will simultaneously excite any nearby spurious modes, and
analysis of signals to extract nonlinear parameters could be
intractable. In contrast, RUS spectra with overlapping peaks
can be analyzed by fitting with functions that include multiple
peaks, as used in this study.

VI. CONCLUSION

The results presented here demonstrate that RUS is a
promising approach for screening MLCCs for cracks that
cannot be detected through electrical measurements before
service and can lead to eventual device failure. Among three
resonant modes excited most strongly in type-1210 MLCCs
with the selected RUS transducer configuration, the dominant
mode (near 584 kHz in as-received specimens) was found to
be most sensitive to the presence of visible surface-breaking
cracks. Analysis of Gaussian fits to the measured frequency
distributions of this mode showed that heat-treated specimens
without visible cracks had a distribution that was not sig-
nificantly different from that of the as-received specimens,
while the distribution for specimens with cracks was shifted
significantly downwards. A criterion for acceptance/rejection
based on a symmetric frequency range spanning 95 % of the
distribution for the as-received specimens (£ two standard
deviations) led to 71 % of the distribution for the visibly
cracked specimens being rejected. This rejection percentage is
less than those previously reported in two previous nonlinear-
acoustic studies of similar MLCCs [13], [14], which suggests
that linear acoustic measurements are less sensitive than non-
linear measurements to the presence of cracks in this type of
capacitor. Nevertheless, the relative simplicity of RUS makes
it a potentially attractive choice for enhanced screening of
MLCCs in applications that do not require optimal reliability.
The narrow-band excitation employed in RUS would also pro-
vide advantages over tone-burst techniques in situations where
spurious modes substantially interfere with measurements of
the resonant modes of interest.
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