
Ultrasonic Tomography Study of Metal
Defect Detection in Lithium-Ion
Battery
Mengchao Yi1,2, Fachao Jiang1*, Languang Lu2*, Sixuan Hou3, Jianqiao Ren4, Xuebing Han2

and Lili Huang5

1College of Engineering, China Agricultural University, Beijing, China, 2State Key Laboratory of Automotive Safety and Energy,
Tsinghua University, Beijing, China, 3School of Mechanical Engineering, University of Shanghai for Science and Technology,
Shanghai, China, 4R&D China, Électricité de France, Beijing, China, 5School of Automotive Engineering, Lanzhou Institute of
Technology, Lanzhou, China

Lithium-ion batteries are widely used in electric vehicles and energy storage systems.
Sudden fire accident is one of the most serious issue, which is mainly caused by
unpredicted internal short circuit. Metal particle defect is a key factor in internal short
circuit it will not show an obvious abnormal change in battery external characteristic just like
mechanical and thermal abuse. So, a non-destructive testing of battery internal metal
defect is very necessary. This study is first time to scan and analyze different types of
defects inside a battery by using ultrasonic technology, and it shows the detection
capability boundary of this methodology. A non-contact ultrasonic scanning system
with multi-channel was built to scan the battery sample with aluminum foil, copper foil
and copper powder defects. The position and shape of those defects were clearly shown
by using tomography methodology. It was found that the acoustic properties difference
between metal defects and battery active materials has a strong influence on detection
sensitivity. Compared with aluminum foil, copper foil and copper powder are easier to be
detected and change the ultrasonic signal greatly, they will produce an obvious shadowing
artifacts and speed displacement phenomena in tomography images. Ultrasonic
tomography technology is an effective method for non-destructive testing of lithium-ion
batteries.
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1 INTRODUCTION

Characterized by high energy densities, wide operating voltage windows, and long service lifetimes,
lithium (Li)-ion batteries (LIBs) are vital energy storage devices in new-energy vehicles and electronic
products (Han et al., 2019). The performance and quality of LIBs have a direct impact on products in
terms of the user experience and cyclic sustainability (Cordoba-Arenas et al., 2015; Xiang et al.,
2017). However, during use, batteries undergo degradation and irreversible side reactions, and this
can lead to accidents including fires and explosions (Ould Ely et al., 2019; Ren et al., 2019b; Huang
et al., 2021) reviewed the LIB accidents that had occurred worldwide in recent years, including those
related to electric vehicles, backup power-supply systems, and consumer electronics. In the absence
of damage caused by external forces (e.g., collision or puncturing), internal short circuits (ISCs)
(Ecker et al., 2017), overcharging (Ren et al., 2019a; Wang et al., 2021), and internal battery defects
(IBDs) (Mohanty et al., 2016) have been found to be the primary causes of battery accidents. Battery
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abuse (e.g., overcharging) is identifiable and preventable when the
battery management system is in normal operation, while ISCs
and IBDs are problems that are hidden more deeply. In contrast
to mechanical and thermal abuse that leads to significant
abnormal changes in external battery parameters (e.g., voltage
or temperature), ISCs and IBDs are more likely to cause
unexpected safety accidents (Mohanty et al., 2016; David et al.,
2018).

Both ISCs and IBDs share a common characteristic: the
presence of metal-particle impurities—such as Li dendrites
(formed after Li plating in batteries), copper (Cu) dendrites
(formed after overdischarging), and scrap iron and welding
slag splashes [accumulated during the manufacturing process
(Mohanty et al., 2016)]—on the surface of the battery active
material. In extreme situations, particularly after being charged at
a high rate, there can be ultrahigh-temperature and -stress
conditions between the electrode plates of a battery, allowing
relatively large metal particles to crush the separator, which in
turn causes an ISC.

To ensure undisrupted use of LIBs, nondestructive testing
(NDT) methods have been developed. These mainly include
neutron diffraction (ND) (Zinth et al., 2014), X-ray
tomography (XRT) (Cai et al., 2020; Magnier et al., 2021), and
ultrasonic testing (UT). Because a certain level of radiation is
emitted during both the ND and XRT test processes, these two
techniques require good protective measures. In addition, their
implementation is costly. In contrast, as a common NDT
technique, UT allows for accurate characterization of metal
defects (e.g., pores, impurities, and cracks) without the need
for ionizing radiation.

With the help of UT, researchers have gradually identified
the relationships between the state of charge and state of health
of batteries and the acoustic signals they reflect (Davies et al.,
2017; Ladpli et al., 2017; Ladpli et al., 2018; Guorong et al.,
2019; Zhao et al., 2021). Moreover, ultrasonic technology
shows conspicuous advantages in the detection of some
local, microscopic defects that cannot be easily identified
using electrical signals. By producing tomographic scan
images at different depths with high-frequency probes,
(Bauermann et al., 2020), effectively analyzed the internal
structures and defects of coin cells. Deng et al. (2020)
analyzed electrolytes in terms of their wetting effects and
gas generation based on variations in C-scan images. Chang
and Steingart (2021) investigated color-palette variations in
the C-scan images of batteries at different numbers of cycles
and discovered internal Li-plating areas. Li and Zhou (2019)
ultrasonically imaged and simulated pores of different sizes
and at different depths in batteries. Bommier et al. (2020)
provided the correlations between Li plating and acoustic
signals in batteries under different operating conditions.
Wu et al. (2019) put forward a method that monitors the
thermal safety of batteries based on the time-of-flight
(TOF) gate.

The use of UT to detect and locate metal impurities in
batteries is a research topic with huge potential; however, to
date, relatively few results using this approach have been
published. Therefore, it is crucial to take advantage of the

unique identification capacity of ultrasonic-based NDT
techniques to detect and identify common highly
hazardous metal impurities [e.g., aluminum (Al) and Cu]
in batteries.

In this study, specific defects were first manually prepared and
then implanted into a multilayer battery structure to produce a
quantifiable and qualifiable defect-containing battery sample,
which was subsequently comprehensively scanned using a
noncontact, multichannel UT technique. The waveform signals
and scan images corresponding to these defects were thoroughly
analyzed to determine the effectiveness of the ultrasonic wave
selected in this study for detecting different types of defect in the
battery structure.

2 MATERIALS AND METHODS

2.1 Battery Preparation
The uncertain nature of the growth of metal dendrites and
distribution of metal slag in batteries precludes quantifiable
preparation of a sample with local defects. In addition, metal
particle impurities formed during the manufacturing process
are randomly distributed on the surface of the battery active
material, presenting a challenge to the selection of a sample
with the required quality from commercially available
batteries. Therefore, for the ultrasound-based defect-
detection tests in this study, a battery sample was designed
with the raw materials found in the dry cells in commercial
batteries. Because this study was focused primarily on the
variation of signal characteristics with the type of defect and
battery material, defects were designed mainly on one side of
the battery sample, while battery layers were added on the
other side to analyze the effects of thickness on signals. The
particle sizes of lithium and copper dendrites are relatively
small, about 10–20 µm. Therefore, copper powder with a
particle diameter of 10 µm in this work was used to imitate
the deposition of metal dendrites and tiny debris. In addition,
in order to explore the influence of material properties for
ultrasonic signal, copper and aluminum foil are also used as
the defects. And it is possible to compare the signal difference
between the same material in the form of powder and pressed
sheet. The following procedure was followed to prepare the
battery sample.

1) Select four pairs of cathode and anode plates and remove their
tabs (the extension from current collector).

2) Cut the cathode and anode tabs (Al and Cu foils, respectively)
into halves along the center and diagonal lines to produce a
rectangular Al-foil defect and a triangular Cu-foil defect. The
shapes are only used to distinguish aluminum and copper foil
more clearly on the C-scan image, and it will not have any
influence on the ultrasonic signal.

3) Place one anode on a separator, then place the Cu and Al foils
in the upper half of the surface according to Figure 1A, and
subsequently spread and sufficiently compact approximately
3 g of Cu Figure 1A powder with a particle diameter of 10 µm
on the separator.
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4) Fold the separator and cover the anode, then place a Cu foil,
an Al foil, and Cu powder on the separator in the same
quantities as those on the anode surface according to
Figure 1B, and subsequently add a cathode plate.

5) Stack the remaining three pairs of cathode and anode plates
layer by layer from the bottom up, separate each cathode and
anode using separators in a “Z”-shaped pattern. Figure 1C
shows a sectional view of the overall structure.

6) Package the separators with high-temperature-resistant tape
according to Figure 1D to form the main body of the
battery cell.

7) Fix the battery cell with clamping plates and then subject it to
hot pressing in a heating chamber at 80°C for 1 h.

8) Place the battery cell in a custom-made Al-plastic-film
packaging bag, then add electrolyte into the bag.
Subsequently, place the bag in a heating chamber at 40°C
to sufficiently wet the battery cell, and finally complete the
packaging process in a vacuum plastic-packaging machine to
produce a defect-containing battery sample, as shown in
Figure 1E.

A separator was used to separate the defects on the cathode
and anode surfaces. However, because this separator was
relatively thin, the two sets of defects can be essentially
considered to be located at the same depth in the battery.
Table 1 summarizes the materials used to prepare the battery
sample and their corresponding thicknesses. The overall
thickness of the sample was approximately 1,600 µm. The

thicknesses of the Cu and Al foils accounted for
approximately 6.25 and 9.38‰ of the total thickness of the
sample, respectively. The thickness of the Cu powder was
further reduced during the battery preparation process.
Detailed measurements performed after the battery was
disassembled revealed that the thickness of the powder areas
ranged approximately from 10 µm (at the edge) to 60 µm (at the
thickest location) and accounted for less than 3.7% of the total
thickness of the sample.

2.2 Methodology
Color contrast in ultrasonic imaging arises from the difference
between A-scan signal amplitudes. The signal amplitude reflects
the variation of the sound pressure and is a primary basis for
analyzing internal anomalies in a sample. Ultrasonic waves
propagate steadily and continuously in homogeneous media,
and their signals change only at the interface of two different
materials. Sound-wave changes primarily involve the following
phenomena. 1) The speed of a sound wave changes as it
propagates from one material to another. 2) A sound wave
scatters or is absorbed at an interface. 3) An inhomogeneous
physical field alters both the amplitude and phase of a sound wave
(Rahiman et al., 2008). The extent of these changes can be

FIGURE 1 | Internal structure of defective battery sample.

TABLE 1 | Sample material thickness.

Material Thickness (µm)

Cathode (include current collector) 115
Anode (include current collector) 140
Separator 16
Al-plastic-film 152
Al foil 15
Cu foil 10
Cu powder 10∼60

FIGURE 2 | Principles of sound wave transmission and reflection in
multilayer structure.
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described by the difference between the acoustic impedances Z of
the materials:

Z � ρc (1)

where Z is the acoustic impedance, ρ is the density of the medium,
and c is the speed of sound in the medium.

For example, a structure consisting of a material with an
acoustic impedance of Z2 (material B) into which a material with
an acoustic impedance of Z1 (material A) (Z1 < Z2) is embedded is
used as an example for illustration. Figure 2 shows the changes in
the pressure of a sound wave in this multilayer structure. The
transmittance values (t1 and t2, respectively) and reflectance
values (r1 and r2, respectively) at interfaces 1 and 2 are
calculated using Eqs 2–5 (Rahiman et al., 2008):

t1 � 2Z2

Z1 + Z2
(2)

r1 � Z2 − Z1

Z1 + Z2
(3)

t2 � 2Z1

Z1 + Z2
(4)

r2 � Z1 − Z2

Z1 + Z2
(5)

Without considering its energy loss, the total incident pressure
of a sound wave equals its total outgoing sound pressure. As an
initial incident sound wave with a pressure of P0 (solid black line)
propagates from material A to material B, there is an increase in
the pressure of the primary transmitted sound wave, P1 (solid
blue line), which is accompanied by the generation of a reflected
wave with the same phase and a pressure of R1 (solid red line). As
the sound wave propagates from material 2 to material 1, there is
a decrease in the pressure of the secondary transmitted sound
wave, P2 (dotted blue line), which is accompanied by the
generation of a reflected wave with an opposite phase and a
pressure of R2 (dotted red line). The sound pressure attenuation
coefficient α of this type of sandwich structure is calculated using:

α � P2

P0
(6)

Interfacial changes in the transmittance and reflectance are
major parameters for analyzing defect locations and types. If the
two materials have notably different acoustic impedances (e.g.,

when a sound wave encounters air while propagating in a solid
medium), most of the sound-wave energy is reflected, allowing
for clear identification of defects. Conversely, if the two materials
have similar acoustic impedances, most of the energy is
transmitted. Sound waves are insensitive to this type of
condition, resulting in missed identification. Considering that
a battery is composed of a multilayer structure, the received
signals inevitably contain diffracted waves. Consequently,
analysis based solely on the maximum peak sound pressure
will yield errors. Therefore, α can be more accurately
compared through the substitution of the independent sound
pressure in Eq. 6 with the total cumulative sound pressure, which
can be obtained through the integration of the amplitude of the
received signal over the effective TOF range.

Table 2 summarizes the properties of the materials used to
prepare the battery sample. Specifically, the data of cathode and
anode are obtained from previous work (Yi et al., 2021), they were
completely wetted in the electrolyte at a porosity of 30%. The
others are standard materials, their acoustic properties are
publicly available information.

2.3 Acoustic Imaging
Ultrasonic scanning and imaging techniques are widely used in
fields such as battery testing (Goh et al., 2017; He et al., 2018;
Perlin et al., 2019), construction engineering (Jorne et al., 2014;
Choi et al., 2016), and medical science (Feril et al., 2003; Li et al.,
2018; Wang et al., 2018).

There are three main ultrasonic imaging modes (Shi et al.,
2021), and these are shown in Figure 3. 1) B-scan images of
representative cross-sections (the green areas, i.e., the x–z and y–z
planes). A B-scan image is generated based on the reflected
signals on a straight line. These images are primarily used to
characterize cross-sectional defects in samples. 2) C-scan images.
A C-scan image is produced based on the maximum amplitude of
the transmitted A-scan signals at each sampling point after the
probe completes the scanning of a two-dimensional plane (the
red area, i.e., the x–y plane). These images are primarily used to
characterize the distribution of the defects within the scan area. 3)
Tomographic images. Tomographic images in different time
domains are produced based on transmitted A-scan signals
selected within specific TOF ranges (the A-scan signals in the
ranges marked by blue strips) to improve the display contrast
between defects at different depths in C-scan images. B-scan
images of different locations or tomographic images in different

TABLE 2 | Acoustic properties of battery sample materials.

Density (g/cm3) Wave speed (km/s) Acoustic
impedance (105 g/cm2 s)

Cathode (NCM111 and electrolyte) 3.7 2.47 9.139
Anode (Graphite and electrolyte) 2.26 2.61 5.899
Al foil 2.7 6.26 16.902
Cu foil 8.96 4.7 42.112
Cu powder (press by 0.2 MPa) 2.1 1.437 3.018
Separator 0.92 1.450 1.334
Al-plastic-film 1.501 3.642 5.467
Electrolyte density (LiPF6/EC/EMC � 2.19:1:1.27) 1.22 1.594 1.945
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TOF ranges can be centrally stored and combined to produce
animated tomographic scan images, and this can facilitate better
visualization of the rendering process for internal defects.

2.4 Experimental Setups
Noncontact methods are usually employed in ultrasonic scanning
and imaging. A probe is used to emit a sound wave, which then
requires a medium to propagate to the battery. In UT, air and
liquids are common media used for this purpose. While air
coupling is easy to implement, sound waves diminish
considerably during propagation in air. In addition, high-
frequency sound wave in air is very difficult to transmit.
Therefore, it is often required to use low-frequency probes to
increase the sound pressure and wavelength. Because both the
battery materials and the defects in the batteries are very thin,
low-frequency signals transmitted to batteries through air

coupling are insensitive to material changes. Consequently,
information with respect to defects is missed, and the image
resolution is relatively low. In comparison, these disadvantages
associated with air coupling are nonexistent when sound waves
propagate in liquids. For scanning and imaging of small batteries,
the liquid coupling method used by Deng et al. (2020) is superior
to the air coupling method used by Li and Zhou (2019) and
Chang and Steingart (2021).

Therefore, the non-contact-multiple acoustic channel-battery
in situ testing (NCMAC-BIST) methodology proposed in
previous work (Yi et al., 2021) was applied in this study. The
ultrasonic equipment was developed by Tsinghua University and
manufactured by Solid (Beijing) Technology Co., Ltd., it can
support maximum eight channels of signal transmission and
reception at the same time. The output excitation signal was a
220 V pulse signal with 200 ns pulse width, recording frequency

FIGURE 3 | Schematic diagrams of different types of acoustic imaging.

FIGURE 4 | Non-contact NDT methodology for defective battery.
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in C-scan were 80 MHz. Figure 4A shows a schematic diagram of
the principle of its operation. The battery sample was fixed with
metal fixtures (the defects were on the rear side) and wetted in
dimethicone with a viscosity of 10 cSt (DOWSIL, PMX-200). A
total of four 2.5 MHz focusing probes (1–4, from Guangdong
Goworld, mark: 2.5P14) were placed at both sides of the battery to
generate and receive three sets of ultrasonic signals, namely
transmitted signals (probes 1 and 2), reflected signals from the
front side (probe 3), and reflected signals from the rear side
(probe 4). The four probes were driven by motors to move
simultaneously (see Figure 4B for the scanning paths (dotted
black lines)) and produce respective scan images.

3 RESULTS AND DISCUSSION

3.1 C-Scan Results
Figure 5 shows the C-scan images produced based on the
maximum amplitudes of the transmitted and reflected
ultrasonic signals. Observation of Figure 5A reveals the
following. Because the Al–plastic film was relatively thin and
the battery was well vacuumed during the preparation process,
the ultrasonic signals almost directly penetrated the area devoid
of the jelly roll with nearly no obstruction. As a result, the
transmission receiver probe received relatively large voltage
amplitudes, which refer to the red pixels in the color bar.
Clear battery edges surrounded by ghosting artifacts can be
seen in each C-scan image, and these can be attributed to the
cathode plate being slightly larger than the anode plate. A lack of
an adjacent matching anode material for the excessive cathode
area weakened the propagation of the sound wave. As a
consequence, these areas were not as well imaged as those
where the cathode and anode overlapped.

In the transmission image, the signal amplitudes at most
locations are relatively high, as indicated by an orange color.
There are three notable green areas in the image (marked by white

arrow), suggesting that the transmission probe received signals
with relatively low amplitudes from these locations and that the
sound wave was attenuated during the propagation process. A
comparison of the two reflection C-scan images (Figures 5B,C)
reveals the presence of three anomalous circular areas, each with
relatively high signal amplitudes in the center, at the
corresponding locations in the reflection image of the front
side, as well as a lack of corresponding anomalous areas in the
reflection image of the rear side. These findings suggest that
particles in the air may have adhered to the surface of the jelly roll
in these three areas during the battery packaging process, which
subsequently raised the Al-plastic film and formed air bubbles on
the front side. The transmitted signal from the anomalous
circular area in the bottom of the C-scan images (marked by
black arrow) was found to undergo a notable transitional change
with no decrease in its amplitude, suggesting the presence of a
normal Al–plastic-film fold or indentation in this area.

In order to provide a convenient comparison, the names and
their specific positions of visible corresponding defect on the
cathode (+) and anode (−) for each C-scan image are marked in.
Of the three C-scan images, the implanted Cu and Al foils and Cu
powder are clearly visible in the transmission image and the
reflection image of the rear side. The upper and lower parts of
each of these two images correspond to the defect layers
embedded onto the cathode and anode surfaces, respectively.
In contrast, only the edges of the triangular Cu foil in the defect
layer at the anode side can be partially and faintly seen in the
reflection image of the front side. In the transmission C-scan
image, the color of the defects differs slightly from that of the
surrounding area. For example, the Cu- and Al-foil defect areas
are darker in color than their surrounding areas, suggesting that
the transmitted signals received from these areas had relatively
high amplitudes. An opposite phenomenon can be observed in
the Cu-powder defect areas. Color differences are inconspicuous
in the reflection C-scan images, in which the defects can be
mainly distinguished based on their light-colored external

FIGURE 5 | Transmission C scan (A), reflection C-scan in front side (B) and rear side (C).
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contours. The shape contours of the triangular Cu foils and the
rectangular Al foils are clearly visible in all the C-scan images,
with the highest clarity in the transmission image and relatively
low clarity in the reflection image of the rear side (mainly because
the battery sample was not accurately placed at the focus of the
reflection probe for the rear side during the focusing process).

The Cu-powder defects were highly susceptible to
deformation, as the jelly roll of the battery underwent high-
temperature hot pressing and vacuum treatments. As a result, the
final shapes of the Cu-powder defects differed from their initial
shapes during the preparation process. Figures 6A,B shows
photographs of the cathode and anode material surfaces taken
after the battery was disassembled (the Cu and Al foils were
removed to facilitate observation). Figures 6C,D shows enlarged
views of the Cu-powder defect areas as well as the residual Cu-
powder areas at the cathode and anode sides in the transmission
C-scan image. The Cu powder on the cathode surface shows a
tendency to spread towards the edges, while well-preserved Cu
powder can be seen on the anode surface. This phenomenon can
be ascribed to the following two factors. 1) The cathode surface
was flatter and smoother than the anode surface. As a result, the
Cu powder particles adhered relatively poorly to the cathode
surface and drifted with the electrolyte to other locations. 2) The
Cu powder on the cathode surface was closer to the opening of the
Al–plastic-film packaging bag and was therefore susceptible to
being pulled out alongside the air and electrolyte during the
vacuuming process. A comparison of the true conditions of the
battery observed after its disassembly and the transmission
C-scan image reveal that the ultrasound image succeeds in
displaying approximate contours of the Cu-powder defects but
fails to clearly show their relatively thin areas. This is because the
single wavelength of the 2.5 MHz ultrasonic wave in the battery
was approximately 400 μm, much greater than the accumulated
thickness of the Cu powder. Consequently, the sound waves were

not highly sensitive to the relatively thin Cu-powder areas.
Addressing this problem requires the use of higher-frequency
probes.

3.2 Transmission C-Scan Tomography
Results
Figure 7 shows the waveform of the transmitted ultrasonic signal
from the center of the battery. The TOF of the waveform can be
seen distributed mainly in the range of 29–35 µs. Here,
tomographic transmission C-scan images were produced at
TOF gates of 0.1 µs over the TOF range.

Figure 8 shows the tomographic transmission C-scan images
for six different TOF intervals, i.e., those intervals correspond

FIGURE 6 | The surface of the cathode (A) and anode (B) after disassembly. Partial enlargement comparison of Cu powder in transmission C-scan image and the
remnants on electrode surface, (C) for cathode and (D) for anode.

FIGURE 7 | Example of transmission waveform at the center point of
battery, several intervals were selected with a small TOF gate.
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with 1–6 TOF gates marked by blue strips in Figure 7 (intervals
1–3 were within the main-wave; interval 4 was between the main
wave and the first derivative wave; and intervals 5 and 6 were at
the highest points of the first and second derivative waves,
respectively).

The image in Figure 8A was produced based on the first
peak of the main wave. It can be seen that the internal defects
could be identified once the transmission probe began to
receive the transmitted sound wave. While the amplitudes in
this image are generally small, the edges of the defects differ
in color from the blue background, indicating the presence of
materials and structures different from those in other areas.
However, the color contrast between the defect areas and the
areas surrounding them varies to different degrees with the
TOF. Overall, of all the tomographic transmission C-scan
images, those in Figures 8B,C are the best in terms of
displaying the defects. The image in Figure 8B shows the
clearest defects, which can be attributed to the fact that
intervals 2 and 3 corresponded to the two consecutive
relatively high peaks of the main wave and that interval 2
preceded interval 3. The interfacial transmittance and
reflectance of a sound wave will change upon encountering
a defect. Therefore, the notable change in the peak of the
transmitted wave within interval 2 was accompanied by the
generation of a reflected wave, which was later superimposed
with the forthcoming wave within interval 3. The effects of
the reflected wave within interval 2 are therefore unavoidably
included in the tomographic transmission C-scan image for
interval 3. Consequently, the color differences in some areas
are relatively more pronounced in Figure 8C.

Figures 8D–F show tomographic C-scan images produced
based on the derivatives of the transmitted wave. Of these images,
only the image in Figure 8E relatively clearly shows the defects.
Note that even the two difficult-to-see thin metal layers on the
anode surface appear with relatively high contrast in Figure 8E,
which can be ascribed to two factors: 1) The high signal
transmittance and the generation of relatively small derivative
waves in the defect-free area; and 2) The resulting notably
stronger derivative waves formed due to the defect areas. This
principle is similar to that for the phenomena seen in Figures
8B,C. While their locations can still be approximately

distinguished in Figures 8D,F, the defects appear in these two
tomographic images with less clear shapes and lower color
contrast compared to the tomographic images for the main-
wave interval. This difference can be attributed to the significant
decrease in the signal-to-noise ratio of the waveform and the
increase in the color difference between the background noise and
some individual areas at these TOF intervals and does not mean
that folds or severe consistency differences interfering with the
identification of the defects occurred in the battery. Therefore,
when ultrasonic C-scan imaging is employed to identify relatively
thin defects, it is necessary to select wave peaks with amplitudes as
large as possible and at TOF intervals as early as possible within
the main-wave interval to produce tomographic images, as well as
to mark notable, relatively reliable defects. For any questionable
defect, it is necessary to produce another image based on the
highest peak within the first derivative wave interval and further
determine the authenticity of the defect through observation of
contrast changes.

FIGURE 8 | Transmission C-scan Tomography images in different TOF intervals.

FIGURE 9 | Location of each defect selection point for signal analysis.
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3.3 Transmitted Signal Results
Eight points were selected in the battery sample to better compare
the effects of different defects on the propagation of the ultrasonic
waves. In Figure 9, these are eight points were marked for signal
analysis, corresponding to the Cu (P1) and Al foils (P2) and Cu
powder (P3) on the anode surface, the Cu (P4) and Al foils (P5)
and Cu powder (P6) on the cathode surface, the defect-free area at
the center (P7), and the edges of the Cu foil on the anode surface
(P8), respectively.

Figure 10 compares the transmitted signals from the defects
on the cathode (Figures 10A–C) and anode surfaces (Figures
10D–F) and the defect-free area (the solid blue lines, solid orange
lines, solid yellow lines, and dotted black lines depict the
waveforms of the ultrasonic wave passing through the Cu and
Al foils, the Cu powder, and the defect-free area, respectively).

The battery is such a multi-layer composite structure, when
sound waves are transmitted layer by layer, echo waves will be
generated at the interface of each layer. With the increasing of
layers or the acoustic impedance difference between materials, an
obvious derivative wave will appear behind the main wave. The
waveforms of the ultrasonic waves propagating in all areas but the
Cu powder were very similar, and each consisted of a main wave
peak part and two derivative wave peak parts, suggesting that the
defects accounted for a small proportion of the battery in the
thickness direction and did not significantly alter its original
structure.

For the main wave peak part, the amplitude of the sound waves
was larger when passing through each of the Cu and Al foils than
the defect-free area, with the amplitude in the Cu foil being the

largest of those in the three areas, because the acoustic impedance
of metal foils are several times greater than that of the cathode
and anode materials, which will inevitably increase the sound
pressure. In contrast, the amplitude in the Cu powder was smaller
than that in the defect-free area, which is the reason that the Cu-
and Al-foil areas are darker in color and the Cu-powder area is
lighter in color on the anode surface in the C-scan transmission
image in Figure 5A.

For the derivative wave peak parts, the amplitude of the
transmitted signal from the Cu-foil area on the anode surface
was smaller than that of the transmitted signal from the defect-
free area within the first echo interval. This phenomenon well
illustrates that the acoustic impedance of the Cu foil is much
higher than those of the graphite and separator. The pressure
of the sound waves increased when propagating from the
graphite to the Cu foil. In contrast, there was a decrease in
the pressure of a sound wave upon propagation into the
separator, which was accompanied by the formation of a
reflected wave in the opposite direction, which reduced the
energy of the subsequent sound waves. Because the Cu foils
were relatively thin, the phase difference between the reflected
and incident waves was less than 90°, and a frequency
dispersion that led to peak shifts occurred at 31–32 µs,
which indicates that there is an interface with a large
difference in acoustic impedance inside battery. The basic
match between the waveforms of the signals from the Al-
foil and defect-free areas suggests that the acoustic impedance
of the Al foils differed to a smaller extent from those of the
graphite and separator compared to the Cu foils and that the Al

FIGURE 10 | Transmission signal of Cu foil, Al foil and copper powder on cathode and anode surface vs. transmission signal of defect-free position.
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foils did not significantly alter the sound waves. Due to copper
powder is a porous structure material with low acoustic
impedance, it has a strong obstruction to both the main
wave and the derivative wave. Therefore, the derivative
wave in transmission signal at the copper powder position
is significantly lower than that of other metal foils. Relatively
few derivative signals were received from the Cu-powder areas
and were closer to the main wave, suggesting that the sound
waves were mostly absorbed when passing through the Cu
powder and only a small part of them escaped.

Figure 11A compares the transmitted signals from the edges
of the Cu foil at the anode side and the defect-free area. It can be
seen that the signal amplitude decreased considerably at the
edges of the Cu foil. Here, the echoes from the defect-free area
disappeared almost completely and only some relatively small
echoes remained. Figure 11B can be used to provide an
excellent explanation for the weakening of a sound wave at
an edge. When a defect emerges between the two material layers
in a battery, one edge of the defect unavoidably creates a void
through compression. This void is filled with air or the
electrolyte, which has a relatively low acoustic impedance,
resulting in the formation of a miniscule cavity. A sound
wave is significantly reflected when passing though this

cavity. As a result, the probe can only receive a relatively
small amount of the transmitted energy. Hence, when defects
with relatively large particle sizes or rough edges appear on
electrode surfaces, the void created by their edge can result in
notable signal changes that can facilitate their identification,
even if the defects and the electrode materials share very similar
properties.

3.4 Transmitted Sound Pressure
Changes in the transmittance of the sound waves due to the
difference between the properties of the defects and the electrode
material can be more clearly observed from a sound pressure
energy perspective.

The total sound pressures at P1–P6 in Figure 9 were obtained
through integration of the respective sound-wave signals and
subsequently normalized through division by the total sound
pressure energy corresponding to the defect-free area (i.e., P7).
The solid orange and blue lines in Figure 12 show the sound-
pressure attenuation rates at the defects (P1–P3) on the anode
surface and those on the cathode surface (P4–6), respectively. The
theoretical sound-pressure attenuation rates at P1–P6 were
calculated based on Table 2, Eqs 2–6, and Figure 2 (see the
dotted orange and blue lines in Figure 12 for the results).

A comparison reveals a basic consistency between the
experimental and theoretical trends of the total sound
pressures. The transmittance of the sound waves was found to
be much greater during propagation in the thin metal layers than
in the metal powder areas. In addition, the transmittance of the
sound waves was found to be higher at the defects on the anode
surface than those on the cathode surface. The pressure of the
sound waves was found to remain above 92% during propagation
in the Cu and Al foils at both the cathode and anode sides. These
findings show the following. 1) A miniscule defect layer in the
normal battery structure invariably causes a loss in sound-wave
energy, which is the direct basis for determining the presence of
defects. 2) While a defect increases the signal amplitude within
the main-wave interval, it can still partially block the sound-wave
energy, which is shown by a decrease in the signal amplitude
within the derivative-wave intervals. 3) As mentioned in Section
3.3, there is indeed a peak amplitude increase in main wave area
(Figures 10D,E), but according to the Eqs 2–5, only when the

FIGURE 11 | (A) Transmission signal at the edge of Cu foil vs. transmission signal of defect-free position; (B) Schematic diagram of the void produced by extrusion
of the defect between two materials.

FIGURE 12 | Experimental and theoretical comparison of transmittance
changes caused by different defects.
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FIGURE 13 | Comprehensive reflection images of rear side for defects (images for Cu and Al foils on cathode surface can be found in Supplementary Material).

Frontiers in Energy Research | www.frontiersin.org December 2021 | Volume 9 | Article 80692911

Yi et al. Ultrasonic Detection of LIB

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


acoustic impedance of each layer of material is in an increasing
state, the final sound pressure energy will increase. Once the wave
transfer from a material with a large acoustic impedance to a
small one, the transferred energy will be blocked and a reflected
wave will be generated. So as the consequence, sound pressure
energy will be lost after sound wave propagate to electrode,
separator or other remaining materials from defects. Combine
the above findings, determining the presence of defects based
solely on the highest peak in the waveform is not completely
accurate. Changes in the total transmitted sound-wave energy are
required as an adjunct to facilitate further assessment.

Theoretically, the transmittance is higher in the Al-foil areas
than in the Cu-foil areas. However, this difference is not evident
in the experimental results. In particular, the experimental results
show almost identical transmittance values at the Al foils at both
the cathode and anode sides, which are approximately the same as
the transmittance value at the Cu foil at the cathode side. This
phenomenon can be mainly attributed to the relatively low
detection sensitivity that occurs when the wavelength of the
sound wave is much greater than the thickness of the metal
defect layer. In addition, the cathode material has a relatively high
acoustic impedance that differs to an even smaller extent from
those of the metals and, consequently, does not induce very much
sound-wave reflection. Therefore, from a total sound pressure
perspective, the 2.5 MHz ultrasonic waves are highly effective at
identifying the defects on the anode surface but are limited in
their identification of the types of thin metal layers on the cathode
surface.

The Cu powder on each of the cathode and anode surfaces led
to significant sound-wave attenuation. The theoretical
transmittance of the Cu powder on each surface is
approximately 77%. The experimental value of the
transmittance of the Cu powder on the cathode surface is very
close to the theoretical value, while the experimental value for the
cathode surface is lower than the theoretical value. This is mainly
because the Cu-powder defects have relatively high inherent
porosity. Even if the Cu powder is completely wetted in the
electrolyte and compacted, its density and elastic modulus are still
below those of solid metals (see Table 2 for the detailed
parameters). Under this condition, the acoustic impedance of
the Cu powder differs less significantly from that of the anode
than that of the cathode. As a consequence, compared to the
anode surface, the presence of metal powder on the cathode
surface more significantly attenuates the sound waves.

3.5 Defect Appearance and Signal
Difference in Reflection Scan
Compared to the reflected signals from the front side, the defects
were more clearly characterized by the reflected signals from the
rear side. Therefore, only the reflected signals from the rear side
are used here for discussion.

Figure 13 and Supplementary Figures S1, S2 show the
comprehensive reflection images of the rear side. All figures
integrate a variety of information including the A-scan signal
at selected position, B-scan images of horizontal and vertical
cross-sections, and a locally enlarged view of the C-scan reflection

image of the rear side. Figure 13A and Supplementary Figures
S1, S2 are the images for the Al foil on the anode surface and the
Cu and Al foils on the cathode surface, respectively. Unlike the
transmission images, the reflection images of these three locations
are unable to satisfactorily display the contours of the defects due
to an insignificant difference between them and the surrounding
defect-free areas (as reflected by the A-scan signal in the upper left
corner of each figure). The A-scan signal from each of the three
locations can be found to have a relatively complete reflection
waveform, followed by a small derivative wave. The frontmost
ends of the two waves (as indicated by the dotted yellow lines in
Figure 13A represent the reflection behavior of the ultrasonic
wave upon reaching the front and rear sides of the battery. The
difference (approximately 4 µs) between the TOFs at the two
points corresponding to the frontmost ends of the two waves is
twice time during the sound wave pass through the whole
thickness of the battery. The signals from the inside of the
battery can be considered to be distributed between these two
points. It should be noted that B-scan image are mapped to the
amplitude of B-scan waveform, it is not related to each layer of
battery structure unless the wavelength is less than the half
thickness of the material layer. The horizontal and vertical
B-scan of each of these three locations are continuous with no
faults or dislocations. The presence of defects at these locations
cannot be completely determined based on image recognition or
signal differences. Similar to the conclusion derived from the
analysis of the transmitted signals, the Al foil (the thicker of the
two implanted thin metal layers) did not significantly reflect the
sound wave, regardless of its location (on the cathode or anode
surface).

However, the ultrasonic B-scan images show notable
characteristics of the Cu-foil defects at the anode side as well
as the Cu-powder defects at the cathode and anode sides.
Figure 13B shows the comprehensive image of Cu foil at the
anode side. Compared to the Cu foil on the cathode surface, there
is a notable blue strip in each of the horizontal and vertical B-scan
images of the Cu foil at the anode side, suggesting that the sound
waves encountered an obstruction when propagating in this area,
and their amplitude decreased. After passing through the defect,
the sound waves regained their amplitude (the dotted black area)
and continued to pass through the rest of the structure. This is a
typical through-transmission enhancement (TTE) phenomenon,
suggesting that the defect did not absorb the sound waves and had
a relatively small thickness and a relatively high density.

Figures 13C,D show comprehensive images of the Cu-powder
defects on the cathode and anode surfaces, respectively.
Compared to the other types of defects, changes due to the Cu
powder are the most notable in the B-scan images. 1) There is a
relatively large blue area corresponding to the Cu-powder area on
each of the cathode and anode surfaces. In particular, the blue
areas in the center of the anode surface and the upper part of the
cathode surface are both relatively thick, which is very similar to
the distribution of the actual thickness determined after the
disassembling of the battery (as shown in Figure 6),
suggesting that the thickness of each blue area is directly
proportional to the actual thickness of the corresponding
defect and that the Cu powder had a much more significant
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impact on the sound waves than the Cu foil. 2) In contrast to the
Cu-foil-induced TTE, the completion of the passage of the sound
waves through the Cu powder is followed by the appearance of a
large lower-amplitude area (indicated by the dotted orange box)
and nearly complete disappearance of the right-side boundary in
those B-scan images. This is a typical shadowing artifact (SA)
phenomenon. The principle of formation of shadowing artifacts
is similar to the principle by which ultrasound is employed to
detect gallstones in the medical detection. On the whole, each Cu-
powder defect can be viewed as a porous material with a relatively
loose structure. The sound waves are reflected and scatter
multiple times in the pores of each Cu-powder defect,
resulting in energy loss. This is the reason that more severe
shadowing artifacts can be seen in the B-scan images after the
passage of the sound waves through the Cu powder. 3) In addition
to the notable difference in the color between the defect and the
background, a boundary fault (indicated by the dotted white line)
appears in each B-scan image. This is a speed displacement (SD)
phenomenon, suggesting a relatively considerable difference
between the sound speeds in the defect and the surrounding
structural material as well as a delay in the remaining reflection
response of the sound waves in the thickness direction upon an
encounter with an obstruction during propagation. The white
dash dot lines in Figure 13 signify the endpoints of the fault in
each of the horizontal and vertical B-scan images, which are
highly coincident with the external contours of the defect and the
junctions of the cross-section lines in the C-scan. Therefore, the
actual dimensions of the defect below the cross-section can be
basically determined based on the fault at the bottom of each
B-scan image. This result, together with the thickness
information for the blue area related to the defect, can be used
to further evaluate the three-dimensional morphology of the
defect.

4 CONCLUSION

In this study, an ultrasonic NDT technique was used for the first
time to scan and analyze different types of defects inside a battery.
In the experiment, identical Cu and Al foils and Cu powder were
implanted onto the cathode and anode material surfaces.
Subsequently, transmitted and reflected signals from all the
defect areas were obtained using a noncontact method. In
addition, C-scans and tomographic images were produced to
facilitate detailed analysis. The experimental results show that
sound waves are highly sensitive to different material properties.
Different signals appear immediately in response to the
emergence of a material different from that of the rest of the
structure. This is an effective test method for studying problems
related to batteries such as internal defects and distribution
consistency. The conclusions of this study can be summarized
as follows.

1) The C-scans produced based on the highest and second-
highest peaks of the main wave of the transmitted signal
are the clearest of all the ultrasonic images and most
satisfactorily visualize the locations and morphologies of

the defects. For areas with relatively low color contrast and
uncertainties, tomographic images at different depths can be
produced based on the first derivative wave to determine
whether the contrast increases and to further judge the
preliminarily determined defects.

2) The total transmitted signal energy represents the
transmittance of the sound wave along the propagation
path, which is related to the difference between the
acoustic impedances of the defects and the active material.
It was found in the experiment that the transmittance of the
ultrasonic waves at the Al foils on both the cathode and
anode surfaces remained relatively high, resulting in a
decrease in the effectiveness of the ultrasonic waves for
detecting the Al foils. The defects on the anode surface
caused a more significant decrease in the transmittance
and, consequently, could be more easily detected by the
ultrasonic waves. The defects composed of Cu powder had a
loose, porous structure and significantly consumed the
sound-wave energy. As a result, of all the defects, the
sound waves were the most effective in detecting the Cu
powder. The experimental results confirm that the ultrasonic
waves were able to detect Cu foil with a thickness ratio of
approximately 6.25‰ (on anode surface) and Cu powder
with a thickness ratio of approximately 1.25% (on both
cathode and anode surfaces).

3) A reflected signal corresponds to a return process inside a
battery. For a battery (a multilayer structure), defects distant
from the probe are interfered with by the diffracted waves
generated by other structures along the path. As a result, no
effective C-scan reflection images can be generated for defects
distant from the probe.

4) The TTE, SA, and SD phenomena that occur after a sound
wave passes through a defect can be used to determine the type
of the defect and identify its external boundary. The shape of
the defect and its thickness distribution can be ultimately
effectively determined based on the reflection B-scan and
tomographic scan images.

5) The thicknesses of the defects implanted in the battery in this
study were much smaller than the wavelength of the
ultrasonic waves emitted by the 2.5-MHz probes used for
detection. Consequently, signal analysis cannot yield
accurate thickness and depth information for these
detects. Probes using higher frequencies are required to
improve the detection sensitivity.

6) The detection ability of this technology will be restricted by
the thickness and structure of the battery. For example, a
thicker prismatic battery requires lower frequency sound
waves to ensure the penetration. This brings an additional
problem is that the ability to detect small defects will reduce.
Therefore, we believe that 2.5 MHz focus probe can be used
for pouch battery with a thickness of less than 15 mm, and
more engineering work is required for calibration and
matching.

In the future, frequency-domain analysis of ultrasonic
signals will be included to improve the robustness and
accuracy of the identification of defects. In addition, we
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will explore optimal matching ranges for battery thicknesses
and ultrasonic probe frequencies, as well as establishing
acoustic models for verification. This technique can
optimize the battery manufacturing process from an NDT
perspective, and it presents both an opportunity and a
challenge to UT when extended to the testing of metal
powder generated during the commercial battery-
manufacturing process.
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