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Abstract—Maultilayer ceramic capacitors (MLCC) are the most
widely used capacitor type in the electronics industry. However,
the brittle ceramic dielectric makes MLLCCs prone to mechanical
damage. Manufacturing defects or damage during board assembly
may cause a capacitor to prematurely fail during its operational
life. Here, we demonstrate the fast and non-destructive acoustic
screening of MLCCs. Soldered 2220-sized MLCCs were subjected
to ac voltage frequency sweeps, causing them to vibrate mechan-
ically. Acoustic responses of the capacitors were measured before
and after subjecting the test circuit board to severe bending. The
results show that the cracks and delaminations caused by bending
induce characteristic changes in the capacitors’ acoustic response.
A support vector machine classifier was trained to successfully
detect damaged capacitors based on their acoustic response.

Index Terms—Acoustic emission, ceramic capacitors, nonde-
structive testing.

1. INTRODUCTION

ULTILAYER ceramic capacitors (MLCCs) are com-

monly used in the electronics industry [1]. The ceramic
dielectric gives MLCCs high capacitance per volume, but also
makes them prone to mechanical damage.

Voids and delaminations are typical manufacturing defects in
MLCCs, often related to thermal stresses [2], [3]. Mechanical
stress, such as improper printed circuit board (PCB) handling
during assembly, can lead to cracks or delamination in MLCCs
[4], [S]. Mechanical damage in MLCCs is often left unrec-
ognized during production or assembly, as the capacitor may
operate normally electrically. However, in the field, a crack or
delamination in an MLCC may grow in size, resulting in loss of

Manuscript received April 5,2018; revised August 17,2018; accepted August
29, 2018. Date of publication October 3, 2018; date of current version February
20, 2019. This work was supported in part by the TEKES under project Finnish
Solar Revolution and in part by Academy of Finland under Grant 278496. Paper
2018-PEDCC-0324.R1, presented at the 2017 IEEE International Symposium
on Diagnostics for Electrical Machines, Power Electronics and Drives, Tinos,
Greece, Aug. 29-Sep. 1, and approved for publication in the IEEE TRANSAC-
TIONS ON INDUSTRY APPLICATIONS by the Power Electronic Devices and Com-
ponents Committee of the IEEE Industry Applications Society. (Corresponding
author: Saku Levikari.)

S. Levikari, T. J. Kirkkdinen, and P. Silventoinen are with the LUT
School of Energy Systems, Lappeenranta University of Technology, 53850
Lappeenranta, Finland (e-mail: saku.levikari @lut.fi; tommi.karkkainen @lut.fi;
pertti.silventoinen @lut.fi).

C. Andersson is with ABB Corporate Research Center, 5405 Baden-Dittwil,
Switzerland (e-mail: caroline.andersson@ch.abb.com).

J. Tamminen is with ABB Drives, FI-00381 Helsinki, Finland (e-mail: juha.
tamminen @fi.abb.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TTA.2018.2873989

capacitance, shortened lifespan, or an open or short contact [6].
Larger case size capacitors, used in, e.g., power electronics, have
shown to be more prone to damage from PCB bending than the
more commonly used cases in the 0402 to 1206 range [7]. Test-
ing the capacitors at the assembly line of the system would
prevent unexpected damage in the field. At this moment, how-
ever, a suitable quality assurance, or production testing method
does not exist.

Defects or damage in MLCCs can be detected by mechanical
microsectioning [8] and chemical etching [9], but these meth-
ods are destructive for the capacitor and are therefore unsuitable
for production testing. Recently, an X-ray imaging method with
sufficient accuracy for reliable crack detection has been pro-
posed [10]. Delamination defects, however, cannot be seen in
X-ray images. Other proposed nondestructive methods include
ultrasound imaging [5], acoustic emission counting using a me-
chanical ram [6], impedance analysis under dc bias [11], leak-
age current monitoring [12], laser speckle pattern analysis [13],
opto-acoustic microscopy [14], and neutron radiography [15].

In this paper, the quality assurance testing goal is approached
by measuring the acoustic phenomena of the MLCCs. When
under ac voltage, MLCCs generate acoustic emissions. Acoustic
emissions are physical vibrations caused by the piezoelectric
properties of the dielectric (BaTiO3) [16], [17]. Recently, it was
shown that a narrow-pulse frequency sweep signal can be used to
produce vibration in MLCCs, and that bending the circuit board
in order to produce cracks in the MLCCs changes the acoustic
emission characteristics of the capacitors [18]. Similar findings
have been made by Johnson et al. using resonant ultrasound
spectroscopy [19]-[21]. The acoustic approach is particularly
interesting, since there is a need in the industry for a method that
could identify damaged capacitors from an assembled board.
Acoustic monitoring has also been applied for other electronic
components, such as power semiconductor modules [22]-[24].

The term acoustic emission does not necessarily refer to au-
dible sounds in the human hearing range. Indeed in this context,
the authors use the term as a synonym for vibration occurring
in the capacitor, caused by the electromechanical phenomena
within the capacitor itself.

In this study, acoustic signals produced using the method
from [18] are measured using a point contact sensor. Acous-
tic measurements are conducted before and after bending the
circuit board. The measured waveforms are then analyzed and
correlated against bending-induced damage in the capacitors. In
order to determine the suitability of acoustic measurements for
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TABLE I
EXCITATION SWEEP SIGNAL FOR MLCCSs

Type Pulse wave
Duration 100 ms
Frequency range 100Hz...2MHz
Voltage —10V...+10V
Duty cycle 80%
Frequency slope linear

detection of physical damage, a support vector machine (SVM)
[25] is trained on the acoustic data to classify the MLCCs as
either damaged or undamaged. The key observation from the
data is that the changes in the acoustic emission correlate quite
well to delamination of the end termination in the capacitors,
better than to the existence of cracks. This suggests that it may
be possible to develop a delamination detection method based
on acoustic emission. Such a method would be very welcome,
because at the moment a non-destructive test method for finding
delamination in MLCCs does not exist. The acoustic measure-
ment may be useful in identifying cracked capacitors as well,
even though the correlation in the analyzed signals is not as
good as it is for delamination.

This paper has been improved from its original form, pub-
lished in the SDEMPED 2017 conference [26].

II. EXPERIMENT

The experiment was conducted on 60 2220-sized MLCC ca-
pacitors of 22 uF, assembled on a purpose-built PCB. Half of
the capacitors were flexible end termination capacitors, while
the others had “normal” end terminations.

The experimental procedure was as follows: first, the ca-
pacitors were characterized individually by driving them with
frequency-swept voltage while measuring their acoustic emis-
sions using a point contact sensor. The test board was then
subjected to a controlled bending to damage the MLCCs. After
bending, the capacitors were re-characterized acoustically. X-
ray imaging and cross-sectioning were used to obtain accurate
information on the actual condition of each capacitor.

After obtaining all the data described above, changes ob-
served in the acoustic data were compared to the damage ob-
served in each capacitor. In addition to 2220-sized MLCCs,
the effect of circuit board bending has also been acoustically
observed in case of sizes 1206, 1210, and 1812, all of which
yield stronger acoustic response than 2220 [27]. Because PCB
bending-caused flex cracks have been an issue especially with
larger case sizes, this study was performed on 2220-size capac-
itors. The acoustic data, alongside X-ray and cross-sectioning
results, are publicly available [28].

A. Acoustic Characterization

To obtain an acoustic response, the MLCCs were driven with
a pulse frequency sweep signal specified in Table I. A KRN
Services KRNBB-PC broadband point contact sensor was at-
tached to the capacitor being characterized (see Fig. 1). The
signal was amplified using a KRN AMP-1BB-J measurement
amplifier and then recorded using a Keysight MSO-X 4104A

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 55, NO. 2, MARCH/APRIL 2019

Fig. 1. Point contact sensor placed on top of a capacitor. The sensor is within
a 3-D printed fixture on the test PCB, allowing the sensor to be in place without
holding it manually.

oscilloscope. The test was conducted in an anechoic room in
order to minimize any external acoustic disturbances.

The signal from the point contact sensor contains a significant
amount of electromagnetic interference (EMI). The harmonics
of the pulsed input signal also excite the resonant frequencies of
an MLCC to appear several times during a sweep [18]. More-
over, at frequencies below 50 kHz, a high-amplitude burst likely
related to PCB vibration occurred in most of the measurements.

To remove the harmonics and EMI, the signals were processed
using wavelet decomposition and low-pass filtering. After these
stages, the envelope curve of the signal was calculated. The en-
velope curve is treated as the acoustic response of the capacitor
because it is more convenient to compare envelopes than raw
acoustic responses.

The acoustic characterization process was conducted in an
identical manner before and after bending.

B. Inflicting Damage to the Capacitors

The test board was bent with a Zwick-Roell Z010 four-point
bending setup. Under 18-mm bending displacement, the PCB
was subjected to strain levels between 5800 and 8000 pStr
measured at the board centerline, with an average of 6000 Str.

In reality, a PCB does not experience uniform bending in one
direction, especially directly aligned with the orientation of the
capacitor. To take this into account, capacitors were assembled
in three different angles relative to the direction of the bending.
This affects the type and location of damage within the capacitor.

C. X-Ray Imaging and Cross-Sectioning

After the test board bending, the capacitors were inspected
for cracks by X-ray imaging using a Phoenix Nanomex ma-
chine. The capacitors were also cross-sectioned to reveal any
delamination, which cannot be seen by X-ray. This was done
by casting the MLCCs in two-phase epoxy, grinding them with
a Struers Rotopol-11 to a desired depth, and then polishing the
surface for inspection with a Leica M205C optical microscope.
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Cross-sectioning gives accurate information of the condition
in the depth that the capacitor has been ground to. If a crack or
delamination can be seen in this depth, the capacitor is classified
as being damaged. If no damage is seen, however, the existence
of damage cannot be ruled out, since a crack or delamination
can reside deeper in the capacitor. For this reason, capacitors
that showed no damage but exhibited slight changes in their
acoustic characteristics were imaged at three different depths to
get better understanding of the condition.

The authors would like to point out that cross-sectioning is a
very labor-intensive process. It is not feasible to do a complete
cross-sectioning of every capacitor at multiple depths. For this
reason, full-depth cross-sectioning was not performed for every
capacitor.

D. SVM Classification

Intuitive discrimination between damaged and undamaged
capacitors by inspecting the acoustic responses is difficult and
infeasible. Instead, the classification must be based directly on
features of the acoustic data. Because each capacitor will yield
different numeric features, reliable classification based on strict
conditional expressions would be impracticable. Therefore, the
machine learning approach is more suitable for the classifica-
tion task. SVM are machine learning based binary classifiers
that have been successfully utilized in signal classification tasks
[25], [29], [30]. In the basic SVM approach, the data consist of
samples (in this case, the MLCCs) belonging in either positive
(1) or negative (0) category. From each sample, n numerical
features are extracted. The samples are then mapped onto an n-
dimensional feature space, where each dimension corresponds
to a certain feature. The SVM classifier is then trained by fitting
a decision plane into the sample points such that it separates
the points in the positive and negative categories by the largest
possible margin. Often in real-world scenarios, the data are
not linearly separable, i.e., points in different categories over-
lap. In such a situation, the data points may be mapped into
a transformed feature space using a nonlinear kernel function.
Furthermore, a cost function is often employed: data points on
the wrong side of the decision surface correspond to a total cost,
which is minimized as a part of the decision plane fitting [25].

For the task of classifying capacitors, the SVM was trained by
extracting only two features from the raw data. This approach
kept the classifier model simple and helped in preventing over-
fitting. Additionally, two-dimensional feature data were con-
venient to visualize and use in conjunction with the statistical
analysis and visual inspection of acoustic responses.

III. RESULTS

All the acoustic emission envelopes contained a strong res-
onance peak at circa 500 kHz, related to the fundamental res-
onance modes of the capacitor body. The authors refer to this
peak as the main peak of the capacitor. As can be seen in Fig. 2,
the value of this peak is almost doubled between the measure-
ments for a capacitor with no damage. This change seems very
significant at first, but further results suggest that the doubled
value is still not very large. The increase in the peak value
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may be explained by better sensor-to-capacitor contact during
the second measurement. Another probable explanation is that
the 6000 pStr bending actually caused some degree of physical
changes that were missed during the X-ray inspection and mi-
crosectioning, since cracks and delaminations can be difficult
to detect from the images. Some changes can be seen at fre-
quencies lower than that of the main peak, but they are not as
significant.

In a capacitor which showed significant delamination in the
cross-sectioning (see Fig. 3), the changes are much more pro-
nounced. The main peak value is increased to over four times that
of a typical value for a pre-bending measurement. Even though
not all delaminated capacitors exhibited values this high, no-
tably increased main peak values were observed in the majority
of them. On the other hand, most of the capacitors did not show
delamination as significant as in Fig. 3(b), where a clear gap can
be seen extending horizontally across the end termination.

At lower frequencies, the changes are comparable to those
of an undamaged capacitor. New resonance peaks appear at
frequencies higher than that of the main peak, but compared to
the main peak, their value is very low.

The main peak of a capacitor with cracks (see Fig. 4) exhibits
changes even smaller than the intact capacitor. The cracked
capacitor does, however, exhibit a new resonance peak at ca.
800 kHz. The emergence of such a peak was observed in multi-
ple cracked capacitors. The frequency of this peak varies from
capacitor to capacitor, and is likely to be affected by the size
and location of the crack. Nevertheless, the overall emergence
of this peak, referred to as the secondary peak, was observed
to correlate with the presence of damage. The crack shown in
Fig. 4(b) is approximately 500 pm in length and 5 mm in width,
extending across the capacitor end termination. Since this crack
causes noticeable changes in the capacitors acoustic response
[see Fig. 4(a)], it is very likely that also smaller cracks and
delaminations cause acoustically observable changes.

To study these peaks and the related damage statistically, the
main and secondary peak values were obtained programmati-
cally for every acoustic measurement. For this purpose, the main
peak value was defined as the highest peak value at frequencies
lower than 700 kHz. The secondary peak value, respectively,
was defined as the highest peak value at frequencies higher than
700 kHz. The cross section and X-ray images of every capacitor
were examined, and each capacitor was deemed to either have
or not have a crack, and to either have or not have delamination.

These results were then used to determine which peak indi-
cates which type of damage (see Fig. 5). It is evident that the
higher the main peak value, the more likely a capacitor is to have
delamination damage. The secondary peak value, on the other
hand, does not exhibit such a direct relation to the emergence of
delamination.

The main peak value seems to be a poor tool for identifying
cracked capacitors. Fig. 5 does not suggest a clear trend be-
tween the main peak value and the likelihood of a crack. On
the other hand, a weak trend can be observed between the sec-
ondary peak value and the emergence of cracks. However, high
secondary peak values are not unambiguously an indication of
cracks.
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(b) Cross-section of C198 after bending. No cracks or delami-
nation can be seen.

Typical example of an MLCC with no observed damage after the bending of the PCB. Slight main peak amplitude increase is seen in (a) at around

(b) Cross-section of C224 after bending, showing delamination
under the right-hand—side termination.

Typical example of a capacitor with delamination. The acoustic response in (a) shows significant increase in the main peak value, and several new peaks

(b) Cross-section of C201 after bending, showing cracks in the
passive area near the right-hand—side termination.

Typical example of an MLCC with multiple cracks near the termination. Main peak amplitude increase and new resonant peaks around 800 kHz are seen
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Secondary peak value vs %MLCCs with delamination
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Histograms describing the relationships amongst cracks, delamination, and acoustic emission peak values of 60 MLCCs. The bins are based on the peak

values, and the numbers indicate the total amount of MLCCs in each bin. The error bars depict the combined uncertainty of measurement and sampling errors
(see Appendix). Significant correlation between delamination and increased main peak value can be seen, whereas secondary peak values weakly correlate with
the occurrence of cracks. Both peak values are generally lower for undamaged capacitors.

Undamaged MLCCs appear to exhibit lower values than dam-
aged capacitors, both in terms of main and secondary peaks. This
suggests that an increase in either of the peak values is a possible
sign of damage.

A. Detecting Damaged Capacitors Using SVM Classifiers

In order to discriminate between damaged and undamaged
MLCCs, an SVM classifier was trained on data extracted from
the acoustic measurements. Each MLCC was mapped onto
a two-dimensional feature space, with the features being the
main and secondary peak values after the PCB bending. Each
MLCC was labeled either damaged or undamaged, depending
whether or not cracks and/or delamination were observed in
the cross-sectioning. The SVM classifier was then trained by
fitting a decision surface into the data set as shown in Fig. 6. A
Gaussian kernel function was chosen for the SVM model, since
it performed better than polynomial kernels. A linear SVM was
unable to separate the datapoints properly, whereas using poly-
nomial kernel functions caused the SVM model to overfit into
the data.

Because the data set consisted of only 60 MLCCs, dividing
it into separate training and validation sets would have had
significant negative effect on the performance of the classifier.
Instead, leave-one-out cross validation [31] was used to evaluate
the performance of the classifier: the SVM was trained on data
from all but one MLCC, and the performance of the classifier
was tested with the left-out MLCC. This procedure was repeated
for all 60 MLCCs, simulating the performance of the SVM on
data outside the training set.

In classifying undamaged capacitors, the SVM model
performed equally well for both in-sample (training) and
cross-validated data [see Fig. 7(a) and (b)]. In cross valida-
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Fig. 6. SVM classifier fitted into observed MLCC features. The peak height
data were obtained from the acoustic measurements after bending the PCB. In
order to improve the classifier performance, the data were standardized to zero
mean and unit variance. Capacitors which showed either delamination and/or
cracks in the cross-sectioning are labeled as damaged.

tion, damaged MLCCs were missed by the classifier slightly
more often, while the SVM was still able to detect three out of
four damaged capacitors. The overall cross-validated accuracy
of the classifier was 78.3%, whereas the recall (how many of
the damaged capacitors were found) was 75.7%.

The operation of the classifier at different threshold values is
visualized by the receiver operating characteristic (ROC) [32]
curve in Fig. 8. With out-of-sample data, the SVM classifier
performs similarly as with data within the training set. The
area under ROC curve (AUROC) with out-of-sample data is
approximately 0.78, indicating a fairly good classifier despite
the small amount of training data. A perfect classifier would
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have an AUROC value of 1.0, whereas purely random guessing
would produce an AUROC of 0.5. The performance of the clas-
sifier could be improved by including more of the features in
the acoustic response, provided that the features actually carry
information about the condition of a capacitor.

The classification results presented here are for an SVM
trained to detect whether or not the capacitor had suffered
any kind of damage. Classifiers were also trained to detect
specifically either delamination or cracks. Delamination was de-
tected with only slightly lower performance than the combined
classifier. For cracks, however, the classifier output was neg-
ative for every single capacitor. Unlike in Fig. 6, the cracked
capacitors mapped onto the feature space formed no clear clus-
ter for the decision plane to separate from the rest of the data.
This suggests that while the main and secondary peak values are
enough to determine whether or not an MLCC is delaminated,
other features should be extracted if cracks were to be detected.

IV. DISCUSSION

The data obtained in this study suggest that main peak value
may turn out to be a valuable metric in identifying delaminated
capacitors, especially when used together with secondary peak
value information. However, neither of these peak values seem
to explicitly indicate the presence of cracks.

In the analysis presented in this paper, only two peak values
are taken into account. As it is mentioned in Section III, the
secondary peak frequency is not fixed, and varies from capacitor
to capacitor. Considering how simple the extracted features are
and how small a portion of the frequency response is used, the
SVM classifier performs remarkably well. However, capacitors
containing only cracks were left undetected.

The determination of delamination and cracks presented in
Figs. 5 and 6 is not guaranteed to be error free. The data were
obtained by looking at cross section images of the capacitors,
and in such a process misidentification is a possibility. Training
the SVM model with misidentified capacitors would decrease its
accuracy. Nevertheless, the performance of the SVM classifier
surpassed the initial expectations of the authors based on visual
and statistical observations.

It is likely that by extracting proper features, such as more
resonant peaks and their frequency information, the classifier
performance would improve both for crack and delamination
detection. More flexible classifiers, such as neural networks or
random forests could also yield better results; this is a matter for
further study. Moreover, the acoustic approach could be used as
a complementary method to X-ray analysis, which can identify
cracks accurately, but not delaminations.

The cracks and delaminations in this study were relatively
small, the vast majority of them residing in the passive region
of the capacitors. Nevertheless, even a small fault in a capacitor
can grow over time, and water can get inside the component
with harmful results. Even though the dimensions of a damaged
region cannot be accurately defined by cross section images,
damage at the capacitor termination less than 500 pm long can
cause changes in the acoustic signature.

Remarkably, the results were identical for flex and “normal”
termination capacitors. The authors expected that some differ-
ence would be seen between these capacitor types, but this
turned out not to be the case. From the production testing point
of view, this is a welcome result, as the test method would not
have to be redesigned for different termination types.

Even though the capacitors used in this study are physically
larger than those found in, e.g., consumer electronics, acous-
tic screening is applicable for case sizes of 1206 and below
[27]. It must also be noted that smaller capacitors are not as
prone to damage from bending [7]. Therefore, the most potential
applications of acoustic screening are in, e.g., power electron-
ics, where large case sizes and heavy circuit board assemblies
increase the risk of flex cracks and delamination.

The physical phenomena causing the changes in the acoustic
response has not been discussed yet. It seems likely that de-
lamination near the end terminations of an MLCC allows the
capacitor to vibrate more freely in a direction perpendicular to
the PCB surface. Because vibration in this direction creates the
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largest displacement for the point contact sensor, increase in
main peak values is observed. Resonance peaks observed in the
secondary peak region have lower amplitude, and thus are likely
related to other resonance modes of the capacitor body. A possi-
ble explanation for this is that cracks in the ceramic body allow
the MLCC to vibrate more freely along these modes, causing
secondary peaks to appear.

V. CONCLUSION

A set of MLCCs was investigated acoustically before and after
inflicting damage. The changes in the acoustic characteristics
were analyzed and compared against the damage observed in
each capacitor. The acoustic data were also used to train an SVM
classifier to detect damaged capacitors.

The main finding was that delamination of the capacitor
causes quite consistent changes in the acoustic response of a
capacitor. Cracks in the capacitor cause changes as well, but are
not as easy to detect as those caused by delamination.

The SVM classifier showed promising performance. Nev-
ertheless, further study on feature extraction and classifier al-
gorithms is required to develop a reliable capacitor screening
method based on acoustic emission.

APPENDIX

In order to calculate the error bars for Fig. 5, two major
sources of measurement uncertainty were identified: 1) the
misidentification of cracks and delaminations in the cross sec-
tion images, and 2) the sampling error caused by the relatively
low number of capacitors in many of the bins in Fig. 5.

Other sources of uncertainty, such as the uncertainty present
in the measurement instruments, do exist in this case. It was
estimated that their contribution to the total uncertainty of the
measurement was insignificant when compared to the uncer-
tainty of the identification of damage and the sampling error.

For the identification of cracks, it was estimated that the likeli-
hood of a false positive, i.e., an intact capacitor being incorrectly
determined as having a crack, was 1%. The likelihood of a false
negative, i.e., a cracked capacitor being incorrectly determined
as being intact, was estimated to be 5%. Similarly, for the iden-
tification of delamination, the false positive rate was estimated
as 5%, and the true positive rate as 10%.

Using these false identification rates, the maximum and mini-
mum bounds of the error a. and a_ were calculated. This yields
an asymmetrical distribution of error, which is difficult to han-
dle in the uncertainty estimation process. For this reason, these
bounds were converted into a single standard uncertainty value
uq based on [33, Sec. 4.3.8] as
) Qy —a-

1

S (1)

Y 12

To estimate the effect of sampling error, upper and lower
bounds were taken from the chart in [34, p. 494]. In this
case, the distribution is heavily skewed, especially in the bins
where the number of capacitors is low. The obtained up-
per and lower bounds were again used to obtain a single
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standard uncertainty value

ay — a—
12

The two standard uncertainty values were then merged into a

combined uncertainty
ue = \/ui +uj 3)

which was then multiplied with a coverage factor k£ = 1.960 to
expand the uncertainty to a confidence level of 95%. The bar
height in Fig. 5 is the observed percentage of capacitors p in
each bin, and the error bars cover the range p + ku,. The error
bars are cut at 100% and 0% because values outside these values
are not meaningful.

The authors would like to note that this analysis is heavily
simplified. The resulting uncertainty estimates are taken to be
good enough for an understanding of how well the results can
be generalized to another, similar capacitor population.

(@)

u; =
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