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Abstract

The internal mechanical condition of a lithium-ion battery is often disregarded

but delivers essential information about the battery performance and lifetime.

This work presents a method to measure the internal mechanical condition of

lithium-ion cells with high spatial resolution through scanning acoustic imaging.

An open-hardware ultrasound scan set-up has been engineered to increase the

availability of acoustic imaging significantly. Using this set-up, three cells that

were aged and clamped at different pressures have been imaged. The resulting

ultrasound image clearly showed which parts of the cells have more severely aged

than others. The cells which were clamped with the highest examined pressure

(5 and 10 bar) showed the strongest covering layer and gas formation in the

ultrasound scan. The mechanical effect of the aging seen in the ultrasound image

was verified for each cell by conventional electrical and post-mortem analysis.

At locations where the ultrasound image showed distinct irregularities, scanning

electron microscopy images identified mossy surface layers typical for lithium
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plating.
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1. Introduction

The permanent demand for emission reduction and oil independence results

in an electrification process, which predominantly takes place in the automotive

sector [1]. Lithium-ion (Li-ion) batteries are, due to their exceptional combina-

tion of high energy and power density, the current choice for energy storage in

most electric vehicles [2]. Unfortunately, Li-ion batteries’ usage also poses ad-

ditional risks, mainly due to their emission of hazardous compounds and rapid

heat release in the case of thermal runaway [3]. The actual risk was painfully

demonstrated by, e.g., Boeing, leading to the temporary grounding of all Boeing

787 Dreamliners and tremendous financial losses [4]. As a result, there exists an

urgent need for intelligent supervision systems, which, non-destructively, probe

the battery’s internal condition and sense if all relevant operating conditions

are not detrimental to the battery regarding safety and lifetime. Especially the

information about the internal mechanical condition of the battery is crucial, as

it holds valuable information about the electrochemical performance and vice

versa [5]. Consequently, a full-scale non-destructive test (NDT) of the cell would

be beneficial during all phases of its life cycle to gather information for further

development.

There are several possibilities to perform NDT on Li-ion cells such as computed

tomography (CT), magnetic resonance imaging (MRI), pulse thermography and

neutron-based characterization methods, each with its advantages and disadvan-

tages [6, 7, 8]. The main disadvantage that these methods have in common is

that they require either a lot of space, time or financial resources. First re-

ported by Hsieh et al. [9] and later reproduced and modified by many others, is

the NDT application of ultrasound (US) through-transmission on Li-ion cells,
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which has promising properties to overcome the above disadvantages. This

method uses the electrical stimulation of piezoceramics (or the sensors made

of them) to generate ultrasonic waves in the frequency range from 200 kHz to

tenths of MHz. In most publications, bulk waves are stimulated. These waves

are characterized by the fact that they only have either a transverse or a longi-

tudinal component.

When an ultrasonic wave with the amplitude Ai located in a medium with a

mechanical impedance Z1 strikes a material interface to a medium with a me-

chanical impeadance Z2 at normal incidence, it is partially reflected and trans-

mitted. The reflected (Ar) and transmitted (At) wave amplitudes are described

by the following equations.

Ar =

(
Z2 − Z1

Z1 + Z2

)
Ai (1)

At =

(
2Z2

Z1 + Z2

)
Ai, (2)

with

Zi = ρi

(
Ki +

4

3
Gi

)
with i = 1, 2. (3)

Here Ki and Gi are the compression and shear modulus, respectively, which

can be calculated from the modulus of elasticity E using Poisson’s ratio, and ρi

the density. This results in the fact that at the interface of media with similar

mechanical impedances there is little to no reflection and mostly transmission

and vice versa for very differing impedances [10].

Numerous publications have proven that the measured US signal is influenced

by the cell’s state of charge (SoC) and health (SoH). The ultrasonic waves SoC

sensitivity is caused by the fact that during cycling of a cell, the elastic mod-

ulus and density of the active material is changing due to electrochemical and

structural changes from intercalation and deintercalation of lithium-ions [11].

The ultrasonic waves SoH sensitivity is caused by material changes during ag-

ing, such as particle cracking, the formation of gaseous products, the growth of

a solid electrolyte interface (SEI), or other covering layers [12, 13, 14, 15]. Espe-
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cially because those aging phenomena have a very strong influence on the elastic

modulus and density, ultrasound technology is well suited for aging diagnostics

[16]. Both the SoC and SoH diagnostic capabilities have been demonstrated

many times in recent years. In [17] a support vector regression machine learn-

ing model has been trained to improve the SoC prediction of LCO cells over

several hundred cycles using the time of flight (ToF) and signal amplitude (SA)

of a measured ultrasound signal. An SoC prediction of up to 1% has been

achieved.

Building on the previous publications, Wu et al. specifically investigated the

increased aging, or abuse of the cell in their work [18]. This work demonstrated

the usefulness of ultrasound in SoH estimation and showed how sensitive ul-

trasound is in detecting gases in a battery cell. Both the ToF and the SA

immediately showed distinct irregularities when introducing gas particles into

the cell caused by overcharging.

All of the publications mentioned above are limited by the fact that they just

measured the ultrasound in few discrete locations on the cell surface. Since cell

aging is very inhomogeneous, it is never clear with setups with fixed sensors to

what extent the aging is adequately measured [19]. Therefore, it would be de-

sirable to build a structure where the position of the sensors is variable so that

the entire cell can be measured. This method is also known as scanning acous-

tic microscopy (SAM) or scanning acoustic imaging. In a very recent study by

Bauermann et al., a commercial SAM microscope was used to localize defects

in an LCO Li-ion cell for the first time [20]. Unfortunately, the high cost of

such an SAM microscope impedes market and research penetration. In addi-

tion, due to the used sensors, the entire cell cross-section could not be measured.

In the following, a cost-effective set-up is presented with which the entire cell

cross-section can be measured simultaneously. This framework is going to be

used to localize aging phenomena of three identical pouch cells aged at different

clamping pressures. The focus of this work is to present a tool and its possibil-

ities for future publications. To accomplish this, all relevant underlying effects

that occur during the experiments are analyzed to demonstrate the diagnostic
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capabilities of the framework.

2. Experimental Set-Up and Methodology

There are generally two ways to measure ultrasound propagation: the pitch-

catch (also called through-transmission) method and the pulse-echo method.

With the pitch-catch method, at least two ultrasound transducers are used.

One always serves as the transmitter and the other as the receiver. Usually,

the two transducers are placed opposite each other, with the battery cell in

the middle. With the pulse-echo method, only one transducer is used, which

simultaneously serves as transmitter and receiver. Here the reflection of the

emitted ultrasonic wave is measured according to equation (1) to (3) [10].

The experiments were carried out with a self-developed SAM imaging device,

which was specially designed for ultrasound measurements on pouch cells of

variable size. The device consists of two independently operable measuring arms,

each of which can automatically move the corresponding ultrasonic transducer

in all three spatial directions. This allows measurements to be made using both

the pulse-echo method and the through-transmission method on a normal or

diagonal measurement path.

2.1. Design and Features of the Custom SAM Microscope

To achieve a sufficient positioning accuracy to generate an adequate image

at comparatively low costs, a system of stepper motors, trapezoidal thread spin-

dles and precision linear guides was engineered (see figure 1). The NEMA-14

stepper motors are operated using commercially available stepper motor drivers

and microcontroller boards. The detailed documentation of the structure is

provided open-hardware in our git repository to expand the availability of SAM

measurements [21]. The maximum achievable resolution (in other words, lowest

length/pixel) of the measurement is 5 µm/pixel. This can be either increased or

decreased by changing the focal beam diameter of the sensor or using higher pre-

cision motors. In the context of this work, a coarser resolution of 500 µm/pixel
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and 2000 µm/pixel was chosen. On the one hand, this reduces the scan time

quadratically, and, on the other hand, it is not clear with the self-built sensors

how large the beam’s diameter is. This would require further simulations, which

shall not be part of this work. However, as will be shown, the apparatus can

generate adequate images even with the coarsest resolution chosen here.

121110
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C

Figure 1: A: Picture of the developed SAM set-up. Consisting of the ultrasonic pulser/receiver

(1), USB oscilloscope (2), 12 V power supply for the stepper motors (3), climate chamber (6),

SAM set-up (7) and granite foundation plate (8). B: CAD rendering of the SAM set-up

consisting of trapezoidal thread spindles, stepper motors and precision linear guides (5) and

a silicone oil tank (4). C: Exploded-view drawing of the custom-made ultrasonic transducers,

consisting of the piezoceramic (9), 3D-printed parts for the stabilization of the piezoceramic

connection (10), housing for the filling material (11) and for mechanical connection to the

measurement arm (12).

The US measurements were carried out using the through-transmission method.

Meaning the ultrasound wave is stimulated on one side of the cell and received

on the opposite side. For this purpose, the measuring system was equipped

with two ultrasonic transducers. To further decrease the total system cost, the
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transducers were also self-build. Both transducers have a centre frequency of

1 MHz. The core element of each transducer is a piezoceramic made of modified

lead zirconate titanate of the type PIC255 from the manufacturer PI Ceramic

GmbH with external dimensions of 10.0 mm x 10.0 mm x 2.0 mm (LxWxH). The

piezoceramics are clamped in an additively manufactured housing and cast in

with a two-component epoxy resin. The model 5077PR from the manufacturer

Olympus NDT is used as the pulse generator/pulse receiver. The received signal

is sampled at 125 Msps with a USB oscilloscope of the type 6404D (PicoScope)

from the manufacturer Pico Technology. These two or similar devices should

be already available in most laboratories of ultrasound research groups so that

this set-up offers a low entry barrier from classical one-dimensional ultrasound

research into SAM imaging

The examined pouch-bag battery cell was positioned upright in a container

filled with silicone oil and fixed at the circumferential sealing seams via a plas-

tic frame. The cell tabs are not in contact with the silicone oil, which serves

as a coupling medium. Due to its low electrical conductivity, the silicone oil

prevents the battery cell from discharging unintentionally if it contacts the cell

tabs accidentally, even if externally introduced particles contaminate it. The

kinematic viscosity of the silicone oil used is 20 cSt, which is comparable to

water. All measurements were carried out at a constant ambient temperature

of 25 °C. For this purpose, the entire measuring apparatus was positioned in

a climate chamber (model XB-OTS-408 by Dongguan Xinbao Instrument Co.,

LTD). The measurement setup was placed on a granite foundation plate to

dampen any vibrations from the climate chamber.

2.2. Examined Cell and Preceding Aging Tests

For the measurements, the Li-ion cell of the manufacturer Kokam of the type

SLPB526495 with a capacity of 3.3 Ah and an external dimension of 95.0 mm

x 64.0 mm x 5.4 mm (LxWxH) was used. The stack design of the cell consists

of two individually Z-folded units connected in parallel. Each unit contains six

double side coated graphit anodes, five double side coated Li(NiCo)O2 cathodes
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Table 1: List of examined cells including correspondig clamping, cycling conditions and last

measured residual capacity at end of life (EoL) including the corresponding full cycle count.

cell ID clamping cycling capacity & cycles @ EoL

cell 1 constant-path 0.5 bar 1C, 100 % DOD 91 % @ 580 cycles

cell 2 constant-force 5 bar 1C, 100 % DOD 75.5 % @ 420 cycles

cell 3 constant-force 10 bar 1C, 100 % DOD 76.8 % @ 160 cycles

and two single side coated cathodes with the second stack containing an addi-

tional double side coated cathode [22]. The examined cells were clamped using

two different clamping methods: constant-path and constant-force clamping.

The resulting aging protocol with the corresponding cells can be found in table

1. For constant-force clamping two aluminium pressure plates were subjected

to a constant-force applied by four compression springs corresponding to an

equivalent surface pressure of 5 bar (cell 2) or 10 bar (cell 3) (see figure 2B).

For the constant-path clamping, the aluminium plates are fixed to the cell with

nuts and bolts (see figure 2C). The initially applied pressure was 0.5 bar (cell 1).

The bolts are held in place by wedge lock washers on both sides of the two outer

aluminium plates to prevent the nuts from loosening due to vibration in the test

environment. The applied compressive forces for both set-ups were measured by

means of a load cell (KM38 by ME-Meßsysteme GmbH) using a third aluminum

plate. In addition, steel plates were fixed between the cell and the aluminium

plate. These steel plates had cutouts that made the bracing slightly inhomoge-

neous. However, as will be shown, other aging effects are much more significant,

so the influence of this slight inhomogeneity can be neglected. The cells were

then cycled under constant current constant voltage (CC CV) conditions at a

charge rate of 1C with a depth of discharge (DOD) of 100 % until they reached

a residual capacity of less than 80 % during a check-up except for cell 1. The

trajectory of the residual capacity of the cells is shown in figure 2. The capac-

ities shown here have all always been measured in the clamped state. After

completion of the aging tests, the cell was stored unclamped at constant room
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temperature of 25 ◦C for a further 9 months until the SAM measurements. The

focus of this work is not on describing and analysing the aging mechanisms at

different pressures and clamping methods but rather on the spatially resolved

ultrasonic imaging of those. Nevertheless, the effects of the different pressures

and clamping methods and their visibility in the ultrasound image are described

and corroborated with the literature in the following.

2.3. Influence of External Pressure on Cell Aging

The accelerated aging of Li-ion cells under increased mechanical stress is the

subject of current research at various research institutions. In [23] Cannarella

et al. conducted very similar clamping experiments with three commercial LCO

pouch cells clamped at 0.5, 5, and 50 bar. As a function of the cycle number, the

normalized capacity evolution showed higher capacity fade at higher clamping

pressures. According to the results in [23], the main reason for the capacity

fade is loss of lithium inventory (LLI), since a post mortem analysis showed

that the half cells have higher capacities than the corresponding full cells. At

higher pressures, according to [23] inhomogeneities from the production process

are amplified, which leads to increased local clogging and deformation of the

separator and thus to more covering layer formation due to local current density

increases. An additional effect studied in [24] is the decrease of available active

surface area at higher clamping pressures due to mechanical compression of the

active materials’ particles. According to the study, this additionally might lead

to increased current density and ultimately kinetic retardation that enhances

side reactions. Since the examined cells and measurement setups in [23] and

[24] are very similar to the ones used in this work, we can assume that the aging

results will have a similar trend and similarly caused side reactions.
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Figure 2: A: Trajectory of the 1C residual capacity during the check-ups of the examined

cells. The accelerated aging at higher pressures is clearly visible. The crosses indicate the

time of check-up. All capacities shown here are measured in the clamped state. B: Picture of

the constant-force clamping set-up. C: Picture of the constant-path clamping set-up.

3. Results and Discussion

The cycling of the clamped cells results in three very differently aged cells.

In figure 2A it can be seen that the aging curve of cell 1 is significantly flatter

than that of the cells cell 2 and cell 3. Furthermore, capacity difference analyses

(CDA) showed that the aging effects in the high pressure cells are different from

those in the low pressure cell [25]. According to Lewerenz et. al., this could be

due to an increased formation of a covering layer. The results are consistent

with the investigations from the literature (see chapter 2.3). Figure 3 shows
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photos of the front and back of the cells examined under pressure before they

were scanned in the custom made SAM imaging device. The markers indicate

B

A1 2 3 4 5

6 7 98 10

1211 13 14

18171615

cell 1 cell 2 cell 3

cell 1 cell 2 cell 3

Figure 3: A: Picture of the front side of the cells aged under pressure. B: Picture of the back

side of the cells examined under pressure. Reading from left to right, first cell 1, then cell 2

and lastly cell 3 is shown. The most noticable bulges are marked. Through optical inspection

it is apparent that the cell cycled with the lowest pressure has fewer bulges.

clear bulges in the cell housing. It should also be noted that the cells have

been turned vertically to the back (in figure 3B) and the left side of the cell

back is in the same position as the right side of the cell front. These bulges

most likely indicate gas or covering layer accumulation even before the SAM

analysis. However, it is not clear in advance exactly what the overall extent of

degradation is or if there are gas accumulations within the cell stack. cell 1 shows

significantly fewer bulges. The smaller oval columns on the top and bottom of
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the cell (marker 1 and 6) are rather to be understood as non-stressed areas and

originate from the cut-outs in the steel plates. Although it may appear that

this has made the clamping highly inhomogeneous, it will be shown later that

this effect is negligible compared to the strong degree of clamping.

3.1. SAM Analysis

After optical inspection of the cell housing, the three previously clamped

cells were placed in the custom SAM microscope. To demonstrate both high

resolutions and scan times, between which a trade-off has to be made, cell 3

was scanned with a spatial resolution of 500 µm/pixel and cells cell 2 and cell 1

with a spatial resolution of 2000 µm/pixel. When a new scanning position is

reached, the system waits one eighth of a second to allow any possible swirling

of the silicone oil to settle. However, this safety margin is most probably much

larger than necessary, as no swirling was observed in this set-up for such small

steps. Significantly shorter scan times can be achieved by reducing the safety

margin or even omitting it altogether. However, this has not yet been done at

this stage of development. The resulting scan times for 7000mm2 are 12 min for

2000 µm/pixel spatial resolution and 45 min for 500 µm/pixel spatial resolution.

Even at this stage of development, these are remarkable improvements compared

to classical imaging techniques listed in chapter 1. Of course, significantly higher

resolutions can be achieved with the methods from chapter 1, but the focus of

the apparatus developed in this work is rather on an optimal cost-use-time ratio.

3.1.1. Data Processing and Feature Extraction

At each measuring point, an ultrasonic signal is recorded with the sam-

pling rate of 125 Msps for 10000 samples. The signal is a linear combination

of incoming ultrasound wave modes, noise as well as other signal components.

The so-called continuous wavelet transform (CWT) is used to design a band-

pass filter, subsequently applied to the raw signal. The CWT is a convolution

(see equation 4) that shows which signal components of the signal f(t) have

a high similarity to the so-called mother wavelet ψ(t), at different scales (a)
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and translations (b) [26]. These components appear brighter in the CWT than

components with low similarity (see figure 4).

C(a, b) =
1

a

∫ ∞

−∞
f(t)ψ∗

(
t− b

a

)
dt (4)

The choice of the mother wavelet is essential to reach a good trade-off between

spectral and temporal resolution. Preliminary analysis has shown that the mor-

let mother wavelet allows for good separation of the different oscillation modes

present here while keeping a good temporal resolution. Hence it is used in all

following experiments for analysis. The big benefit of the CWT in this applica-

tion is that it can distinguish the difference between the longitudinal mode of

interest (centre frequency 1 MHz) and the low frequency transversal mode (cen-

ter frequency 150 kHz) much clearer than fast fourier transform methods [27].

The superimposed low frequency transversal mode has a different speed of sound

and attenuation, changing the time of flight (ToF) and other important ultra-

sound features and therefore needs to be filtered out (see zoom in figure 4). The

resulting CWT can be seen in Figure 4. It is obvious that most of the signal has

frequency components in the range 50 kHz to about 2 Mhz. Thus, the bandpass

filter is designed according to the bandwidth of the longitudinal signal in the

CWT (500 kHz to 3 Mhz). There is some electromagnetic interference (EMI)

ringing visible in the beginning of the shown signal which has a much higher

frequency and is also filtered out. The result is depicted as the red filtered signal

in figure 4. All control and signal processing code was written in Python as this

is allowing for easy communication with both the microcontrollers and the USB

oscilloscope while using the robust signal processing frameworks. Based on the

filtered signal, the entire spectrum of imaging techniques is at hand. In the

context of this work, two imaging methods are presented in comparison. In a

first approach, the maximum amplitude (SA) of the signal is used and a colour

is assigned to it linearly. The resulting image can be seen in figure 5 in the first

column. In [20], the one-dimensional feature of the weighted ToF of reflected

ultrasonic waves was used as the imaging method. However, in order to go one

step further in the imaging procedure in this work, the so-called signal intensity
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Figure 4: Continuous wavelet transformation (CWT) of a exemplary raw ultrasonic signal

and comparison with the filtered signal. The filtering of the wavemode of interest is clearly

visible. The red lines in the CWT amplitude indicate the width of the subsequently applied

bandpass filter.

(SI) is used [10]. The SI is defined as an integral over all squared signal samples

of the filtered signal ffilt(t) during the measurement time tN .

SI =

∫ tN

0

f2filt(t) dt (5)

This makes it possible to take into account information that does not only show

up in one or a few samples. The resulting images are shown in figure 5 in the

second column. There are many other methods to interpret the ultrasound data

into an image for example using time-frequency analysis. However, these are

beyond the scope of this paper and are subject of further research.
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3.1.2. Discussion of SAM Images

On the basis of the signal processing methods presented in previous sections,

the most relevant spots in the SAM images depicted in figure 5 are now dis-

cussed.

Cell 2 (in figure 5B) has undergone both the most severe electrical aging (see fig-

ure 2A) and shows the most severe inhomogeneities in the SAM images. These

inhomogeneities occur, amongst others, at the places where in figure 3 bulges

can be optically inspected. However, there are almost as many spots (such as

the middle ellipse in figure 5B) where no bulges are visible, but where an in-

homogeneity is visible in the SAM image. Based on equations 1–3, the spots

with a weak signal amplitude (blue spots in the first column) are caused by

a significantly different mechanical impedance in the signal path. The current

understanding according to [28] and [20] is that this difference in impedance is

due to inhomogeneous electrolyte distribution, gas accumulation or other cover-

ing layers. In recent studies, it was not possible to distinguish which particular

effect is responsible for which change in the SAM image. However, since accord-

ing to Deng et. al. gases have a very different mechanical impedance compared

to active material, the blue spots in the signal amplitude plot can be attributed

to an increased gas accumulation. Furthermore, it can be suspected that espe-

cially round or elliptical spots in the SAM image reflect gas bubbles, as these

shapes represent energetically favourable states for gases. This indication is

confirmed by the fact that no covering layers or electrolyte accumulations were

visible on the anode sheet at these elliptical spots. It is also worth noting that

the through-transmission method resulted in a complete scan of every cell layer

at every point and thus also found gas accumulations that were located in the

middle or even on the back of the cell. For example, the gas accumulations

located in circle 17 in figure 3B are visible in the signal amplitude image 5B,

although they were located on the back side of the cell, as well as various other

inhomogenities located in the marked ellipses that cannot be assigned to either

the front or the back side of the cell and were thus presumably located in the
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middle of the cell stack. The trade-off of the through-transmission method is

that although the entire cell cross-section can be measured very quickly with

the same sensor, the information about the depth position of the defects in the

current state of development is lost. How this disadvantage can be rectified

by means of signal theory is subject of current research. In addition to the

suspected gas accumulations in the SAM images, various stamp marks can be

seen in the anode-sheet photos in figure 5. At these locations, the separator

was fixed to the anode by the cell manufacturer. These stamp marks are also

visible in [22] and other unrecorded cell openings at our institute. Especially in

5B and C, increased silvery/greyish shimmering deposits are optically visible

around the stamp marks. Based on the SAM images, we suspect that both the

bulges and thus the alleged gas accumulations originated from these deposits.

However, since all these spots are covered with gas accumulations in cell 2, they

are not explicitly visible, since the gas reflects the signal almost completely and

thus hardly anything arrives at the receiving sensor. In order to demonstrate

different resolutions, a 500 µm/pixel resolution was chosen for the analysis of

cell 3 as shown in figure 5C. In the analysis of cell 3, the focus still remains

on the signal amplitude (first column in figure 5C) for now. Again, elliptical

and non-elliptical spots are visible on the SAM image. However, as the cell

case appeared much flatter and more individual spots are visible on the SAM

image, there seems to have been less gassing in this cell compared to cell 2. The

increased resolution of the SAM images leads to a slightly improved recognition

of shapes. Large areas with an SA between 0.1 V and 0.05 V are now visible.

Since this signal amplitude is not low enough to originate from a complete re-

flection, it can be assumed that these spots originate from the covering layers

and/or inhomogeneous electrolyte distribution. This assumption is supported

by the high correlation of shape and position of covering layers in the photo of

the anode (see figure 5C third column).
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Figure 5: Comparison of the SAM images to an exemplary anode sheet. For each cell, the SA

(first column) is compared with the SI (second column). In the third column, a representative

back side of the anode sheets from the center of the cell-stack is displayed. To rectify this,

the SAM images have been mirror-inverted so that they are congruent with the backs of the

anode-sheets. A and B are showing cell 1 and cell 2 with a resolution of 2000 µm/pixel. C

is showing cell 3 with a resolution of 500 µm/pixel resolution. Reading from top to bottom,

cell 1 is displayed first, then cell 2 and finally cell 3.

In addition to these spots, elliptical spots with low signal amplitude are visible
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in the centre of the cell. Again, as with cell 2, no deposits are visible at these lo-

cations on the anode sheets of the cell, indicating gas bubbles. Now the analysis

of the most lightly strained cell 1 is carried out. Here, no significant bulges are

visible on the surface of the cell. Furthermore, the signal amplitude is very ho-

mogeneous. To demonstrate the usefulness of the SI feature, the second column

of figure 5A is now considered. Obviously, some structures are now visible here

that were not visible in the SA-image. For one thing, the deposit and the stamp

marks are now clearly visible in the upper left corner. Furthermore, bifurcated

structures are visible emanating from the upper right corner, which were not at

all visible from the SA alone. In the corresponding photo of the anode sheet,

the strongest silvery/greyish deposits of the sheet are visible in the upper left

corner (which appears on the upper right corner of the SI-SAM images because

the sheets are turned around), so that it can be strongly assumed that these

structures on the SI-SAM image are gas inclusions originating from these ac-

cumulations. Furthermore, several stream-like structures with particularly high

signal intensity are visible following the suspected gas accumulations. According

to [28], due to the increased signal intensity and the shape of the structures, it

can be assumed that they are spots where an increased amount of electrolyte is

present, as it has been displaced from the gas from the upper right corner. Due

to the increased electrolyte occurrence, an improved mechanical propagation

of the ultrasonic signal through the cell is possible at these locations, so that

the SI is increased there. The same effect can be observed in the lower right

corner of the second column in figure 3C for example, which also shows the SI.

There, next to the spot with almost zero SI, is a semicircle-shaped area with

nearly the maximum SI. However, since there is still a minimal basis for this

in the ultrasound-related literature, it remains in the context of this work only

a conjecture, which must be confirmed in the future with alternative imaging

methods such as CT or in-situ neutron diffraction [29]. To make a quantitative

statement about the electrochemical properties of the cell based on the ultra-

sound images, the state of research is not yet sufficiently developed. Detailed

models with precisely determined material constants of all relevant occurring
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effects are required for this, both of which are still the subject of current re-

search.

In conclusion, the SI feature provides a generally better image than SA, since

more information of the ultrasound signal is used and reflections that are only

noticeable in the later part of an ultrasound signal are also taken into account.

To further understand which electrochemical effect led to the SAM images, a

post-mortem analysis was performed. Whose results are presented now.

3.2. SEM Analysis

In this section, the results of the scanning electron microscopy (SEM) anal-

ysis are shown. Since the cell has to be disassembled to acquire SEM images of

individual sheets, the gas bubbles mentioned previously will inevitably not be

visible. All SEM images were taken with a ZEISS SUPRA 55 using the SE2 de-

tector with a working distance of 4.0–6.0mm and an acceleration voltage of 3 kV

(except for the overview image (figure 8A), where 5 kV were used). The pouch

cells were opened and prepared in an argon-filled glovebox and then transferred

with a transfer module (Kammrath & Weiss GmbH) from the glovebox into

the SEM. With the transfer shuttle the specimens are be protected from air

and/or moisture at all times, so that no unwanted reaction with these during

the transfer takes place. It should be mentioned again that the cells were stored

for 9 months between the aging tests and SAM/SEM analysis. Although the

long storage time allowed us to see both gas and covering layers with a high

confidence at the same time, most of the internal processes associated with the

cell-cycling should have subsided and the silver/greyish deposited material next

to the stamp marks seen in e. g. figure 6B should be passivated.

Figure 6 shows an image of an anode sheet from cell 2. The sheet is from the

middle of the electrode stack and the SEM results shown here as an example are

comparable to the other available anode sheets. Due to the fact that no pristine

cell material was available for the SEM analysis, two measurement areas were

chosen (see figure 6B and C), a less silver/greyish spot in the middle of the

sheet (C) and a spot directly at a stamp mark position (B).
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Figure 6: A Image of anode sheet from cell 2 with marked SEM measuring areas. B Zoom

to stamp marks and C reference area

In figure 7 the SEM results from the reference measurement at the center of

the anode sheet are shown. In the reference image graphite flakes with slight

contamination in the nano-size range are visible. In comparison to Liu et al.

[30], the slight impurities could be lithium deposits, which might be explained

by the fact that the cell was cycled under severe conditions, which favored the

deposition (cell at 75.5% residual capacity; see table 1).
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Figure 7: SEM images of the reference area in the center of the anode sheet (see figure 6C).

In B (magnification of A), graphite flakes with slight impurities can be seen. It is assumed

that the impurities are lithium deposits.

Figure 8A and B give an overview of the surface around the stamp marks.

Two large circles with partially filled material are visible. The filled material

(shown darker here) is the separator, which adheres to the anode even after

the cell is disassembled. In figure 8C and D a close-up on the transition area

between inside and outside the stamp mark is shown. Small remains of the sepa-

rator are visible in the stamp mark area and in addition a large height difference

in the transition area can be observed. In figure 8D graphite flakes are visible

under the area where the separator was previously connected. This indicates

that no, or at least significantly less new surface deposition material formed

directly beneath the area where the separator was connected to the anode. In

contrast, the areas directly adjacent to the stamp marks are completely covered

with a thick surface layer. Additionally the covering layer has small holes going

down to the graphite material (see figure 8E and F) and little surface damages

(see figure 8G and H).
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Figure 8: SEM images of the area around the stamp marks (see figure 6B). A and B give an

overview of the surface around the stamp marks. C and D show a close-up on the transition

area between inside and outside the stamp marks. E and G with the magnified images F

and H show the morphology of the covering layer in the presence of small surface holes and

surface damage

So far, it is not clear where the small holes and/or surface damage came

from, but it is assumed that they occurred during the disassembly (removal of

the separator) or sample preparation of the SEM sample. At these spots, the
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morphology of the covering material can be seen. Compared to Louli et al.

[31], the morphology looks like plated lithium. A possible explanation for this

could be that in the area of the stamp marks the Li-ion transport is blocked

(e.g. due to a lack of electrolyte, or clogged seperator at these locations) and

therefore the local current density in the surrounding areas are increased which

favors the accumulation of lithium plating [32, 33, 34]. The unwanted plated

lithium can afterward react with the electrolyte forming a passivation layer and

producing gas which can probably both be seen in the SAM images [35]. In a

study by Cannarell and Arnold the effect of a locally clogged separator has been

studied specifically investigated [36]. In this work, a cell with a locally clogged

separator was purposefully built and cycled. After opening the cell, local lithium

plating could be detected around the site of the clogging. A subsequent finite

element simulation showed that an increased current density occurred around

the edge of the clogged separator, leading to a local potential of < 0V and thus

to lithium plating. The overwhelming optical similarity of both separator and

active material supports the assumption that exactly this effect also occurred

in the production process of the cell in our work.

4. Conclusion

To image the aging of three NMC pouch cells with adjustable resolution,

a low-cost SAM device was developed in this work. It was demonstrated that

the clamping pressure is strongly related to the aging of the cells. In this work,

increased covering layer formation on inhomogeneities produced by the cell man-

ufacturer were observed at high clamping pressures. These covering layers (and

resulting gas accumulations) have been imaged in advance with the developed

SAM apparatus. Through SEM investigations it can be suspected that the cov-

ering layers are lithium plating. The cell which was clamped with the lowest

pressure showed a much more homogeneous SAM image. Improved images were

generated by applying the SI in lieu of it’s SA feature in all SAM measurements.

In particular, the slight inhomogeneities in the most lightly clamped cell also
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became imageable. By using the through-transmission method, all cell layers

could be imaged simultaneously without turning or moving the cell. Although

the focus of ultrasound diagnosis has been on pouch cells, current research at

our institute is aimed at extending these methods to alternative cell geome-

tries such as prismatic or cylindrical cells. We hope that the publication of this

low-cost SAM apparatus will contribute to the base of non-destructive imaging

techniques and enable other research institutions and the industry to produce

SAM images.
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