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Quantitative Ultrasound Spectroscopy for Screening
Cylindrical Lithium-lon Batteries for Second-Life

Applications

Simon Montoya-Bedoya,”® " Esteban Garcia-Tamayo,” Daniel Rohrbach,"
Juan Pablo Gaviria-Cardona,”™ Hader V. Martinez-Tejada,”™ Brady Planden,”
David A. Howey,*® Whady F. Florez,™ Raul A. Valencia,” and Miguel Bernal'

Diagnosing lithium-ion battery degradation is a crucial part of
managing energy storage systems. Recent research has ex-
plored ultrasonic testing for non-invasive health assessment as
an alternative to traditional, time-consuming, electrical-only
methods. Assessing the state of health is vital for determining
quality at end of ‘first’ life, with retired batteries at 70-80%
health still holding value for secondlife applications. Over the
coming years, tens of GWh of salvaged batteries will hit the
market, requiring rapid noninvasive methods to classify retired
batteries according to their state of health. This study uses a 64
— element ultrasonic array to obtain mid-band quantitative
ultrasound spectroscopy parameters - including mid-band fit,

Introduction

Interest in energy storage systems has increased due to their
key role in the race against climate change.” Lithium-ion
batteries (LIBs) have become the main energy storage technol-
ogy for electric vehicles (EVs), because of their high energy
density,>® and for stationary storage applications, as they
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spectral slope, and intercept - from circumferential waves
around cylindrical batteries. Thirteen cylindrical cells were used
to evaluate the methodology: three pristine and ten retired
from the same source. The mid-band fit showed the ability to
track the state of charge and discriminate between the state of
health levels in accelerated degradation experiments both with
pristine batteries, and also with recovered secondlife batteries
with unknown historical use. Linear-array ultrasonic transducers,
coupled with quantitative spectral parameters, show promise
for future non-destructive battery health screening methods,
offering valuable insights for the emerging used battery market.

compensate for the variable nature of renewable energy
generators. These technologies are rapidly increasing their
share of the global energy mix and are helping to bring
electricity to off-grid communities.”

The growing trend for LIBs has emphasized the need for a
holistic view of their value chains®™ including battery manufac-
turing, primary application, battery re-purpose, second-life
applications, recycling, and final disposal.>® Since batteries are
high-value assets, we must maximize the extraction of value
from them during life and adopt circular economy frameworks
to reduce the generation of waste and improve the use of
valuable resources.”® The end of life for LIBs in electric vehicles
is reached at approximately 70-80% of their State of Health
(SOH) (defined as the remaining percentage of the capacity
compared to the pristine state) because this has been defined
as a point where batteries would not satisfy the mobility needs
of consumers."” This threshold has been revised by some
authors,""'? but, regardless, retired LIBs from EVs present
substantial opportunities for repurposing as second-life bat-
teries (SLBs) in lower power demand applications."” Such life
extension reduces the pressure to mine high-value and hard-to-
extract minerals used to manufacture new LIBs, and further
avoids early recycling."'* Conventionally, cell-to-cell variations
within a module of a retired EV battery pack necessitate
individual SOH assessments to ascertain suitability for repurpos-
ing as SLBs. Research has explored the prospective advantages
and barriers associated with SLBs,"®'” as well as the criteria for
sending cells directly to recycling."®

Conventional battery SOH or State of Charge (SOC)
estimation methods require performance and internal changes

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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to be inferred from external signals such as electrical measure-
ments and surface temperature. The estimation of health for
SLBs is a complex task due to the different degradation
pathways a retired battery may have suffered."®?®” Nonetheless,
accurate SOH estimation is required to ensure the continued
safe and correct operation of the SLBs,"“*" and the methods to
achieve this need to be relatively fast?? Standard capacity
measurements for SOH estimation, using techniques such as
Coulomb counting, are time-consuming due to the low applied
currents, and are therefore impractical for use in high
throughput scenarios.”® A challenge also arises from the
absence of historical usage data, requiring additional tests to
characterize the LIBs to account for the different degradation
pathways that they might have undergone during their first
life.*** Recent research has focused on developing rapid and
non-destructive evaluation (NDE) techniques for battery state
estimation, such as X-ray Computed Tomography (X-ray
CT),1*® Electrochemical Impedance Spectroscopy (EIS)**=? and
acoustic methods.®*>* The versatility and relatively low cost of
ultrasound equipment compared to other NDE techniques has
stimulated research using various acoustic approaches for SOC
and SOH estimation purposes.**> In addition, since ultrasound
wave propagation is directly influenced by changes in the
mechanical properties within the specimens tested, it can give
insight into a battery’s internal state.***"

Ultrasound was introduced for SOH monitoring of LIBs in
Ref. [42], who observed a decrease in the amplitude of an
ultrasound transmission signal when comparing the cycled
state to the original battery state. The authors suggested that
these observations could be associated with degradation due
to gas evolution, electrode expansion, and other mechanisms.
Research reported in Refs. [37,43] demonstrated the connection
between ultrasound and battery state and showed that the SOC
and SOH have an impact on the amplitude and the time of
flight (ToF) of ultrasonic waves propagating through the
batteries. Some other studies have also used the ToF as an
indicator of SOC changes and also as a health indicator.***"
These relationships between battery state and ultrasound signal
characteristics have been explained by the evolution of
mechanical properties. Changes in the bulk modulus, shear
modulus, and density changes of the cell stack (a layered
structure within the battery) during the charge and discharge
phases of the LIBs are a result of the lithiation and delithiation
of the electrodes.”®>" In fact, it has been shown that changes in
the graphite negative electrode and the graphite/electrolyte
interface dominate the ultrasonic response of the battery, as
the changes in the positive electrode material and thickness are
negligible compared to that of the anode.®"

Most literature has focused on analyzing waves that
propagate throughout the flat, layered structure of pouch-type
LIBs. However, alternative methodologies, such as guided
waves, leverage the battery geometry as a waveguide, thereby
minimizing energy loss and covering a substantial portion of
the surface area.’®? This work reported an inverse linear
relationship between the ToF and the SOC and the authors also
observed a shift towards lower ToF and higher amplitude of the
ultrasonic guided waves as a function of the number of charge/
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discharge cycles during aging. Moreover, recent studies have
correlated different characteristics of guided waves to the
battery state.”*** It should be noted that guided waves often
operate at lower frequencies than compression waves, and are
well suited to prismatic and pouch form factors.®®

Cylindrical LIBs are widely used in consumer electronics and
have gained significant traction in the automotive industry,
particularly with Tesla’s announcement of the cylindrical 4680
format.®” The challenge of recycling these is pronounced due
to the complexity of separating electrodes from their tightly
coiled structure.”™™ This highlights the need for rapid, non-
destructive techniques to evaluate the SOH of cylindrical cells,
where one promising approach is ultrasonic testing. However,
the unique ‘jelly roll’ configuration and the rigid stainless steel
casing of cylindrical cells pose distinctive challenges for ultra-
sound propagation, as demonstrated by a limited body of
research.**%” Thus, we aim to bridge the gap in knowledge
and explore the potential of ultrasonic testing for cylindrical
geometries in pursuing non-destructive and rapid methods that
enable second-life markets.

Ultrasound signal characteristics in both the time and
frequency domain®"? are useful as health indicators for SOH
assessment. Nevertheless, the majority of previous studies have
been carried out with batteries cycled in a laboratory environ-
ment and have not explored the use of ultrasound character-
istics as quick tests to classify SLBs from the field in terms of
their SOH, as evidenced by the limited existing research.””® Here
we address the primary challenge of the widespread adoption
of ultrasound technologies in assessing the SOH, which is the
extension of these techniques for batteries with an unknown
usage history, as highlighted in recent literature." We explore
the potential of Quantitative Ultrasound Spectroscopy (QUS) as
a novel metric for SOH assessment in cylindrical SLBs batteries
with unknown histories, drawing inspiration from biological
applications, where tissue characterization using quantitative
ultrasound is widely and effectively employed. This spectral-
based (frequency domain) method seeks to extract quantitative
parameters that are related to physical properties.® Prostate
cancer detection and classification, and thyroids® are a few
examples. In the current work, QUS was studied with pristine
batteries subject to accelerated degradation and then extended
to explore its implementation as a fast screening framework for
cylindrical SLBs with an unknown degradation path. Finally, the
potential application of this method to C-rate varying scenarios,
such as when a battery is operating in an EV (i.e. under drive
cycle conditions), was also explored as it has only been
investigated by a few researchers.***” To the authors’ knowl-
edge, this is the first time reported in the literature where an
ultrasound methodology has been directly applied to recovered
SLBs.

The main contributions of the present study can be
summarized as:

1. The introduction of QUS for use as a non-invasive technique
to extract spectral parameters that could be used as health
indicators for LIBs and SLBs.
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2. Investigation of an ultrasound methodology with cylindrical
geometry batteries, which have a more complex wave
propagation path compared to other flat geometries.

3. Exploration of the QUS methodology with batteries sub-
mitted to accelerated degradation and extending frequency
ultrasound characteristics for screening of SLBs according to
their SOH.

4. Evaluation of the spectral methodology on experiments
under drive cycle conditions.

Results and Discussion
Ultrasound Wave Propagation

Ultrasonic waves propagating in cylindrical LIBs present more
complex propagation paths compared to geometries such as
pouch cells, as evidenced in previous studies.”” Both cylindrical
and flat geometries consist of a multilayer structure of electro-
des, metallic collectors, and separators immersed in a liquid
electrolyte. A general equation for the propagation of ultrasonic
waves in an elastic body can be found in Ref. [68], which is the
model used by the simulation tool of this work. In addition, the
interaction of ultrasonic waves with interfaces between material
layers, each characterized by different acoustic impedances (2),
affects their propagation. In the case of compressional waves in
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a general elastic body, these impedances can be described as a
simplified version that depends on the density (o) and the
elastic behavior of each material, characterized by the first and
second Lamé elastic constants (4, u; which are related to the
stiffness tensor as shown in the Supporting Information),*” a
outlined in Eg. (1). Charge and discharge processes |nvoIV|ng
lithiation or delithiation of the battery electrodes, along with
degradation phenomena in aging batteries, modify the me-
chanical properties (and therefore Z) of the layers, consequently
affecting the ultrasonic signals.®**”

Z=/p(A+2u) (M

Current research has focused primarily on flat-structured
batteries, leaving unresolved questions about ultrasound prop-
agation inside cylindrical batteries. This form factor introduces
unique interactions, influenced not only by geometry but also
by mechanical deformation caused by the expansion of spirally
coiled, elastic materials.”” Our initial assumption was that the
correlations observed between the QUS parameters and the
battery state originated from the backscattered signals of the
back-wall reflections as they traveled through the battery.
However, simulation studies conducted with the battery cross-
section and media shown in Figure 1(a-b) (see Experimental
section for details on simulation settings and materials proper-
ties) revealed the propagation of longitudinal circumferential

Media definition
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- Stainless steel
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Aluminium (current collector)
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Copper (current collector)

Separator
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Figure 1. Diagram of the simulation performed to understand ultrasound wave propagation in cylindrical batteries under the conditions of this paper. (a) 3D
render of the cylindrical battery aligned in a parallel orientation with the ultrasound array showing a unique element position used for the simulation with a
red marker, (b) grid that represents the media used for simulation and (c,d) snapshots of the simulation results for the beginning of the circumferential wave
propagation at two different timestamps. The snapshots were normalized between 0-0.0015 to increase contrast.
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waves around the stainless-steel case, influenced by wave
interactions with the internal layers. These ultrasonic waves
carry information about the battery SOC and SOH. This finding
aligns with the characteristic region identified in the ultrasonic
experiments (Figure 8(a)). Given the cell diameter of 18.4 mm
and circumferential perimeter of about 57.8 mm, echoes at
~10pus correspond to a sound speed of approximately
~5780 ms™".

In Figure 1(c) and Figure 1(d), snapshots of the simulation
illustrate the velocity field of the circumferential waves in the
cell case. As they move, the circumferential waves receive
information from the waves traveling in the internal layers near
the battery case, which are affected by the internal battery
materials, as shown in Figure 1(d), where the scattered waves
due to the interaction with the internal layers can be observed.
Previous studies have shown that wave propagation in
cylindrically layered media is determined by scattering effects
generated by the refractions and reflections at the interfaces of
the internal layers and boundaries.”” Here, the simulation
verified that these scattering effects from the internal layers
contribute to the circumferential waves that were measured in
a pulse-echo setup. We were interested in using pulse-echo to
eliminate the additional complexity and alignment challenges
of using two phase array transducers, as would be required in a
pitch-catch setup. However, we will continue to explore this in
future research.

We hypothesize that the wave interactions at the interfaces
cause a change in the characteristics of the circumferential
waves, which allows this ultrasonic testing technique to obtain
information about the battery state. In addition, the potential
influence of changes in cell thickness due to expansion and
contraction on circumferential waves traveling in the case has
been considered in light of the observed cell diameter
variations during cycling, as discussed in Ref.[72]. While our
preliminary analysis suggests that the quantitative parameters
extracted here may be robust to these expansion/contraction
changes within our current analysis window, future experiments
involving coupled ultrasound measurements and detailed cell
thickness assessments could provide a more comprehensive
understanding, particularly in the context of potential aging
effects. Furthermore, prior studies have examined ultrasonic
methods in cylindrical structures like pipelines and fluid-filled
shells, demonstrating the effectiveness of these techniques in
gathering internal information from such structures.”>”¥

Ultrasound propagation in intricate structures, like the “jelly
roll” form of cylindrical batteries, presents significant complex-
ities. The simulation employed in our study qualitatively
elucidates the ultrasonic wave propagation mechanisms in
cylindrical batteries under specific experimental conditions. It is
important to note that while the simulation provides founda-
tional insights, it does not account for the variation of
mechanical properties, such as Lamé constants, across different
SOC and SOH levels. These parameters are sensitive to opera-
tional conditions and their determination represents a signifi-
cant challenge due to the lack of readily available data. Future
research will aim to enhance the predictive capabilities of our
ultrasonic assessment approach for cylindrical battery health

Batteries & Supercaps 2024, 7, 202400002 (4 of 12)

diagnostics by extending our simulation framework to incorpo-
rate dynamic mechanical properties and conducting further
experimental and numerical studies for a comprehensive under-
standing of the underlying mechanisms. In this study, we
focused on the analysis of circumferential wave signals, which
have empirically shown the most promise for assessing battery
state using the QUS parameters presented here. The Supporting
Information (A.2) includes a simulation video, offering a more
comprehensive view of the process.

Ultrasound for Battery Degradation Analysis
Pristine Batteries Submitted to Accelerated Degradation

Figure 2 presents the (a) voltage, (b) mid-band fit (MBf), (c)
spectral slope (SS) and (d) 0 MHz intercept (10) for the periodic
reference performance tests (RPTs) during the accelerated
degradation of one of the three pristine cells (see Figure C.2
and Figure C.3 in the supporting information for the results of
the other two pristine cells tested). The SOH decreased from
100% to 83 % after the 40 degradation cycles (see cycling data
in the Supporting Information for further analysis). During
charging, a gradual decrease can be observed in most of cases
for the MBf and 10 until the constant voltage (CV) phase is
reached, where an approximately constant value for both QUS
parameters appears. Once discharge begins, MBf and 10 increase
until coming back to the initial state.

The trends observed for SS during charge/discharge are
more difficult to analyze due to the frequency dependency of
this parameter. However, this metric may serve as an indicator
of other phenomena occurring within the battery, and further
investigation is needed to better understand the impact of SOH
on the frequency dependence of the ultrasound spectrum. For
example, a more sophisticated function fitted to the power
spectrum may lead to better results. The MBf exhibits smoother
curves compared to the behavior exposed by the SS and the 10,
showing more potential to be used as an indicator for state
assessment since it appears to be more consistent.

The SS follows a change in the frequency-dependent
attenuation, however we did not identify a clear trend versus
SOC and SOH for this parameter. On the other hand, MBf and 10
are connected to the ultrasonic signal amplitude changes
because they are related to the amplitude damping or
attenuation in the frequency domain. In this regard, some
authors”>”® have reported a general increase in the rigidity of
the battery during charging primarily due to the behavior of
the graphite. Graphite undergoes a ~10% volume expansion
and contraction during lithiation/delithiation and has a 3 times
higher bulk modulus in the fully lithiated graphite (charged)
state compared to the fully delithiated state (discharged), which
is significantly higher compared to the positive electrode and
other non-electrochemically active materials (such as collectors
and the separator) within the battery. These characteristics have
led to the consideration of graphite intercalation mechanics as
the main contributor to the ultrasonic response of the
battery.” The changes in graphite stiffness alter its acoustic
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Figure 2. Results of accelerated degradation experiments in one cell showing (a) voltage, (b) MBf, (c) SS and (d) 10 for different stages of degradation from

100% to 83 % SOH.

impedance, affecting the mismatch of acoustic impedance at
certain interfaces (“Cu|C", “C|separator”, “separator |C" and
“C|Cu"), and thus influencing how ultrasound scatters across
these interfaces.""*” Our results show that MBS, in particular, is
affected by these changes as it tracks the charging and
discharging (Figure 2).

Regarding the behavior of the QUS parameters during
aging, Figure 2(b) shows that MBf can differentiate between
different SOH levels following degradation cycling. Figure 2(c-
d) show that, although both SOC and SOH affect SS and 10, no
clear trend can be observed - suggesting poor sensitivity of
these two features for tracking SOC or SOH. Therefore, the
remainder of this paper focuses on the MBf feature, which has
clear potential to be used as a health indicator since it shows a
trend towards lower amplitudes as the battery is degraded,
going from —1.95 dB at the pristine state to —16.73 dB at about
83% SOH when the battery is at the full-charged state. The
differences in MBf between the onset and the end of the
constant current (CC) charge phase increase with battery
degradation. Previous studies have focused on correlating SOC
with ultrasonic parameters. However, literature is scarce in the
evaluation of battery degradation in cylindrical geometry. One
of the few studies that explored this geometry found challenges
such as a cycle-by-cycle comparison of the reflected acoustic
signal of an NCA/graphite cylindrical battery that did not show
a clear trend.”

Given the complexity of battery aging, which leads to
diverse degradation mechanisms impacting the mechanical
performance of the battery materials,*>’” understanding how
these mechanisms influence ultrasound waves remains a key
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area of research.”® We hypothesize that the decreasing trend in
MBf values during the aging process is caused by higher
attenuation of the ultrasonic signals within the internal layers of
the battery. In this sense, several studies have shown structural
changes in cylindrical lithium-ion batteries due to aging using
X-ray CT techniques, where cylindrical LIBs suffer jelly roll
deformation due to mechanical stresses induced in the
structure during aging.”®"! Therefore, degradation can lead to
less well defined structures, which may result in more scattering
of the ultrasound signals. In addition, local variations in acoustic
impedance will cause increased scattering, which together with
absorption within the layers can cause attenuation of the
ultrasonic signals. This will result in a lower amplitude of the
circumferential waves due to scattering effects at the more
heterogeneous internal interfaces.

The green arrow in Figure 2(b) points the reader to a feature
that was observed in the accelerated degradation experiments
for all the RPTs, where batteries with lower SOH exhibited a
drop of the MBf at increasingly lower voltages during aging.
This progressive change may be caused by lithium plating.
Although LIBs undergo diverse degradation mechanisms, lith-
ium plating has been reported as the most prevalent under the
accelerated degradation conditions chosen, i.e., fast charge and
low-temperature cycling.®? This characteristic of the ultrasonic
signals could be correlated with the progressive deposition of
metallic lithium on the negative electrode surface. Nevertheless,
direct verification of lithium plating was not feasible in these
experiments.x Hence, the identification of lithium plating is
reserved for future post-mortem analysis. Other studies using
flat battery geometries have determined the amount of lithium
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plating ultrasonic ~ ToF
measurements.

Figure 3 shows a scatter plot of the MBf values obtained
from seven RPTs conducted during the cycling of three
batteries. The MBf data were extracted from two specific
regions: the beginning of the charging phase or fully-dis-
charged state (indicated by the Dch label with red markers, red-
circled area in Figure 2(b)) and the end of the CC region in the
charging phase (notated as Ch label with blue markers, blue-
circled area in Figure 2(b)). A trend showing a lower amplitude
of MBf was identified for all the cells as a function of
degradation. A steeper slope above ~90% state of health was
observed for the measurements from the end of the CC charge
compared to the MBf values in the discharged state. Despite
the expected variability between the MBf values measured for
the cells at similar SOH levels, the consistent trends observed
for the QUS parameter in both cases show the potential of this
technique to be used as a rapid general metric to assess the
health of a battery. In addition, as the results showed a higher
sensitivity of the MBf at the upper cut-off voltage of 4.2V,
employing this method at high states of charge could be
preferable to assess SOH.

Although previous studies have investigated the impact of
temperature changes in LIBs on the propagation of
ultrasound,®” the ultrasonic experiments in the current study
were done at a low C-rate condition where the change in
temperature was less than 1°C (as reported in Figure C.1(a),
Figure C.2(a) and Figure C.3(a)) throughout the cycling process.
Therefore, temperature did not significantly impact the ultra-
sound parameters, and the changes of the QUS parameters
evidenced during the charge and discharge phases and with
aging may be solely attributed to battery internal state
changes.

caused by
831

cycling  using

Testing Second-Life Batteries

We now consider screening of SLBs after first life applications.
The cells used were the same manufacturer and model as those
used in the accelerated degradation experiments, and had

unknown historical usage. Results of cycling experiments on
these cells are given in Figure 4, showing a subset of four
representative batteries across a range of SOH values. Further
details of the cycles for all ten batteries are given in Supporting
Figure D.1. Overall, the measured state of health ranged from
about 72 % to 30%.

The measured MBf results for the SLBs have similar trends
to those recorded for the lab experiments in the preceding
section. Again, a correlation emerges between MBf and SOH.
Despite the differences in the aging path, between the SLBs
compared to those with a controlled cycling process," the MBf
showed its robustness to follow the charge/discharge process.
An evident correlation emerges between increased battery
degradation and lower mid-band fit values, presumably linked
to higher attenuation of the circumferential ultrasonic signals in
more degraded batteries. The underlying physical reasons for
these findings require additional testing and study to explain,
such as post-mortem analysis with more ultrasonic testing to
differentiate between the different degradation mechanisms
presented.

Nonetheless, in contrast to other ultrasonic testing methods
that try to decouple the ultrasonic response of the different
battery layers,®® our approach centers on evaluating the
entire response of the cylindrical battery as an integrated
system. This offers valuable insights for rapid and non-invasive
battery health evaluation, particularly in scenarios where
expedited screening methods are indispensable.

We now compare (in Figure 5) the ultrasonic screening
results for both the accelerated degradation cycled cells and
the SLBs, and note that the mid-band fit analysis performed on
second-life batteries appears to extend the patterns observed
in the accelerated degradation experiments. The results in
Figure 5 show a clear difference in the MBf for the “Ch” state
compared to the “Dch” state. In the case of the “Dch” state, a
more monotonic slope was observed for the MBf as a function
of the SOH, while the “Ch” state shows at least two distinct
rates above and below 90% SOH. An abrupt increase in MBf is
observed between 90-100% for the “Ch” data, suggesting a
potential transition between distinct regimes. However, below

0 _i T D d T 0 T T T T T ]
oo o
(¢ 4 000 Dg <>o O o E SOC condition
5k P oY D J|§| Deh[
= Ch N
Am :
S =.-10F . % 112[ @ ADB1
. . ® s . . 5 ¢ ADB2
- - ¢ B} _ 1|2/ O ADB3
_20 1 1 1 1 1 1 1 1 1
100 98 96 94 92 90 88 86 84 82

SOH [%)]

Figure 3. Relationship between the MBf and the SOH for measurements extracted at the onset of the charging phase ('Dch’ in red) and the end of the CC
region of the charge (‘Ch’ in blue) for three batteries submitted to accelerated degradation. ADBi: Accelerated degraded battery i.
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To illustrate how the QUS methodology could be used for
SO 6335 % health assessment, fifth-order polynomials were fitted to the

SOH; 59:69 % MBf vs. SOH values in the “Dch” and “Ch” cases (mathematical
e SOH: 30.09 % | expressions are given in Supporting Information E). Despite the
unknown degradation pathways''” and usage histories of the
second-life batteries, our methodology exhibits the potential to
offer robust SOH assessments, irrespective of the specific
degradation mechanisms experienced and even when historical
1 usage data is not available.

4.5 : ;

——SOH: 71.74 %

0 2 4 6 8 Extending Ultrasound Analysis to Real-Scenario Testing

In addition to investigating QUS as a screening method, we
0 conducted a preliminary exploration of the technique in
scenarios with variable operating C-rates, typical in EVs. Here,
batteries rarely undergo constant applied current; instead, the
current fluctuates during accelerating, decelerating, or main-
taining a constant velocity.®™® Furthermore, the battery can
abruptly switch between charging and discharging at irregular
rates. For this technology to be applicable in EVs and potentially
in SLBs scenarios, the system must reliably track the battery’s
SOC even under varying these varying conditions. To determine
the method’s ability to function under varying conditions,
ultrasonic measurements were taken during a drive cycle
discharge test, as shown in Figure 6 for (a) a pristine battery, (b)

8 an aged battery after the accelerated degradation process, and

Time [h] (c) one of the SLBs.
Figure 4. Results from the 1% cycle of the experiments performed with . Figure 6 demo.nStrateS the_ ability of the MBf to respond
second-life batteries: (a) voltage measured and (b) MBf calculated from quickly to dynamic changes in state of charge and state of
ultrasonic acquisition during the charge/discharge process. To enhance health in the three batteries tested with a drive cycle. The SLB

clarity, a subset of representative curves is displayed - the complete dataset

of batteries is available in Supporting Figure D.1. and the battery post-accelerated degradation exhibited a high-

er variation in MBf in response to abrupt current changes,
whereas the pristine battery showed a smaller magnitude of
changes in MBf (the differences between the MBf at the start
90%, the “Dch” data may provide more insightful information  and the end of the process were A=0.57 dB, A=6.49 dB and
to determine the SOH of a certain SLBs. A=5.50 dB for the pristine battery, the aged battery after the
accelerated degradation and the SLB, respectively). This
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Figure 5. Relationship between the MBf and the SOH for measurement extracted at the onset of the charging phase (‘Dch’ in red) and the end of the CC
region of the charge (‘Ch’ in blue) for the three batteries submitted to accelerated degradation and ten second-life batteries tested. Polynomial fits were
adjusted in both cases to construct calibration curves. ADBi: Accelerated degraded battery i. SLBi: Second-life battery i.
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Figure 6. Temperature, applied current (dashed red), with resulting voltage (blue) and MBf values during ultrasonic testing while batteries were discharged
using a current profile emulating a real drive cycle for (a) a pristine cell, (b) a cell after accelerated degradation protocol and (c) a second-life cell.

response is similar to findings from the previous sections, where
a general increase in MBf was noted as the battery progressively
discharged. However, these findings are part of a preliminary
investigation only. Since the cylindrical geometry is significantly
more complicated than other geometries, we currently limit the
conclusion to noting a correlation between the MBf and the
SOC in this specific context. This observation motivates future
research to delve deeper into exploring, establishing and
generalizing this correlation.

Conclusions

In this study, we introduced a frequency-based analysis
approach employing quantitative ultrasound spectroscopy for
rapid non-invasive assessment of battery health. This demon-
strated the sensitivity of circumferential ultrasound waves to
the state of charge (SOC) and state of health (SOH) of Li-ion
batteries, offering a valuable method for evaluating the health
condition of common cylindrical format cells, including 18650,
21700, 4680, and others. The method was successfully applied
to pristine batteries subjected to accelerated degradation
experiments as well as second-life batteries. Furthermore, we
explored drive cycle scenarios where current demands are not
constant and can change rapidly, demonstrating preliminary
success in the context of SLBs.

The results of this study demonstrate the ability of the mid-
band fit parameter to track the SOC and discriminate between
different SOH levels after degradation cycling. The MBf was
more sensitive to changes in the SOH at high SOC compared to
measurements at low SOC. The study also shows the potential
of this method to serve as a rapid assessment tool for second-
life battery use in a circular economy, reducing the time
required for screening from hours to microseconds, addressing
a significant challenge in ultrasonic testing for assessing the
SOH of batteries with unknown usage history.

This work was limited to the analysis of batteries of specific
chemistry (NMC) and with cylindrical geometries, which have
been less explored by other ultrasonic testing approaches.
Further work will explore other battery chemistries and geo-

Batteries & Supercaps 2024, 7, 202400002 (8 of 12)

metries using QUS parameters. In the future, further simulation,
post-mortem analysis and experimentation with other non-
invasive methods will help to identify the physical mechanisms
associated with changes in different ultrasonic characteristics of
the QUS parameters.

Additionally, the practical application of our methodology
to batteries with unknown usage history, as encountered in
second-life battery scenarios, introduces uncertainties that need
further exploration. Understanding the performance of the
method under various usage conditions and battery chemistries
is essential for its robustness and applicability.

Beyond its immediate applications, our study has broader
implications, particularly in the context of a circular economy.
The ability to rapidly assess the SOH of SLBs is crucial for their
integration into sustainable energy storage systems. By reduc-
ing screening time from hours to microseconds, our method
addresses a significant challenge in ultrasonic testing, paving
the way for efficient and cost-effective utilization of SLBs.

In conclusion, while our study provides valuable insights, it
paves the groundwork for future research that should address
current limitations, explore alternative battery scenarios, and
push the boundaries of non-invasive battery health assessment
techniques.

Experimental Section

Battery Characterization and Cycling Protocols

In this study, the operando ultrasound response of thirteen
commercially available cylindrical (model 18650) LIBs was inves-
tigated. The general characteristics of these batteries are reported
in Table 1. The cells were of two types: 1) a group of 3 pristine
batteries that were subjected to accelerated degradation protocols,
and 2) a group of 10 SLBs, recovered by second-life battery start-up
BATx SAS. The methodology presented here was tested in three
scenarios, described in the following sections.

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Table 1. Cell information.

Characteristic Value

Nominal capacity 2.6 Ah

Voltage range 2.75-42V

Positive electrode chemistry NMC (Nickel-Manganese-Cobalt)
Negative electrode chemistry Graphite

Geometry (DxH) 18.4x65.0 mm

Manufacturer reference LG M26

Accelerated Degradation on Pristine Batteries

Three pristine batteries were subjected to 40 accelerated degrada-
tion cycles at high C-rate (2C, 5.2 A) and low temperature (5°C) in a
battery cycler (Ilvium OctoBoost16000) using a constant current -
constant voltage (CC-CV) charge and CC discharge protocol
between the cutoff voltages in Table 1. The cutoff current for the
CV phase was 0.05C. Additionally, before cycling and after cycle
numbers 6, 12, 18, 24, 30, and 40, a RPT was performed at low C-
rate (0.2C) and room temperature (25 °C) with CC-CV for charge and
CC for discharge. During the RPT, ultrasound measurements were
taken every 30 s and the SOH was assessed by Coulomb counting
using the discharge capacity. All experiments were carried out in a
thermal chamber (Binder MK53) with a K-type thermocouple placed
on the cell surface (located as shown in Figure 7) for temperature
measurements.

Testing Second-Life Batteries

The ten SLBs were cycled three times under RPT conditions at 0.2C
and room temperature at 25°C. A CC protocol was used for both
the charge and discharge phases. The discharge capacity was used
to assess the SOH and ultrasonic measurements were performed
every 30 s. These cells were taken from a two-wheeler EV, with no
record of historical usage data.

Extending the Ultrasound Methodology to a Drive Cycle Test

In order to explore the methodology proposed in this study in
environments such as EV operation, where the discharge behavior
is variable, a real-world driving discharge cycle was performed on
three batteries: a new battery, an aged battery from the accelerated

Vantage-256 system
(Verasonics Inc.)

1/ Verasonics'

Host
computer

Ultrasound

3D-printed
case

Cylindrical Temperature

Battery cycler
battery sensor

Figure 7. Overview of experimental setup, including 3D-printed case for
immersion in oil to guarantee good coupling between the ultrasonic array
and the cylindrical battery during cycling and ultrasound measurements.
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degradation process, and a second-life battery. First, the batteries
were discharged using a CC protocol to the lower cut-off voltage,
followed by a CC charging phase to a final voltage of 3.95 V. Then a
discharge phase emulating a driving cycle test, as used in Ref. [67],
was performed while ultrasonic measurements were recorded every
4 s until the voltage reached 2.7 V.

Ultrasonic Measurements and Feature Extraction

Ultrasonic measurements were acquired using a 5MHz center
frequency and 64 - element linear array transducer (Imasonic SAS)
and a Vantage 256 Research Ultrasound system (Verasonics Inc.). A
pulse-echo setup was used to analyze signals from ultrasound-
battery interaction. A 3D-printed case was used to perform the
ultrasonic and electrochemical experiments in this study. The
ultrasound array was placed longitudinally at the top of the
cylindrical cell with both the cell and sensor immersed in a mineral
oil (330779 Merck) bath to ensure coupling and alignment between
the ultrasound probe and the battery (see Figure 7). To check if the
cells self-discharged faster when immersed, a self-discharge test
was performed on 2 cells by charging them using a CCCV protocol
up to 4.2V and monitoring OCV evolution for 2 days. The OCV
change was negligible. Using a plane-wave imaging sequence, ten
ultrasound frames were obtained at a frame rate of 1 kHz. A single
ultrasound pulse as 40V, with 5 MHz frequency symmetric broad-
band, was used for excitation in all the experiments.

Radio frequency (RF) data from all 64 channels were recorded at a
sampling rate of 20 MHz. The data analysis was limited to the time
signal between 10 us and 11 ps (highlighted with a dotted white
square in Figure 8(a)), which corresponds to the arrival time of the
ultrasonic waves around the stainless steel cylindrical case. Signals
were time-gated using a Hanning window to extract the region
described above from each of the elements. Example time-gated
signals from the 64 elements are plotted in Figure 8(b).

The windowed signals were then used to compute a power
spectrum for each element, using the square magnitude of the
Fourier transformed RF signal for each time series (a log-com-
pressed representation is shown in Figure 8(c)); then all 64 power
spectra were averaged to obtain a mean power spectrum, R,,(f). A
normalized spectrum, Ry (f), was then calculated using Eq. (2), with
a reference spectrum R.(f) taken from an empty battery case to
adjust for system or acquisition dependent effects.

_ Ravs ()
RN(f) 10 IOg10 Rref(f) (2)
A line Rjne.r(f) was fitted to the normalized power spectrum in the
range 3.8-5.5 MHz. Figure 8(d) shows representative normalized
spectra from two batteries with different SOH at a discharge
condition (i.e., at 0% SOC), and their linear fits. From the fitted
model, Eq. (3), the slope SS and intercept 10 were extracted. The
MBf corresponds to the magnitude of the fitted linear model at the
middle frequency of 4.65 MHz (Eq. (4)). The motivation for extract-
ing these parameters from a fitted model is that they can eventually
be assigned a physical meaning, as has been done in previous work
from biomedical applications.®” However, this will require further
investigation to be applied to this battery case.

RN(f) ~ Rlinear(f) =S55-f + 10 (3)

MBf = Rlinear(fmid =4.65 MHZ) (4)

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

95UB017 SUOWIWIOD BAITeaID 9|edl|dde auy Ag peusenob afe sojpe YO 8sn Jo SajnJ Joj Arig1T 8UIUO 4|1/ UO (SUONIPUOI-PUR-SW)W0Y A3 | 1M ARelq | jBU|UO//SANY) SUOIIPUOD pUe SWe | au1 89S " [#202/50/60] Uo Akiqiauljuo A3|1Im ‘s9.1 Aq 20000202 11ed/200T 0T/10p/woo"Ae| 1M Arelq i jputuo-adoine-Ans iweyo//sdny wouy pepeoijumod ‘S ‘vzfz ‘£2299952



Batteries & Supercaps

Research Article
doi.org/10.1002/batt.202400002

Chemistry
Europe

European Chemical
Societies Publishing

Amplitude image of the RF

Time-gated signal for each of the

signals for each of the 64 S 64 elements ]
(a) (b) 5 . :
elements Rzl
bb‘ : [
2
g
s >
% 6 T N
— -3 e N
Bog £ |—
ﬂs [}
g 10 E
F 12 L
14 I
10 20 30 40 50 60 10 10.2 10.4 10.6 10.8 11
Element Time of Flight [[JS]
1 |
Log normalized power spectrum
— Power spectra from the 64 elements — g ) P P —_—
o and linear fit
© o | @,
> | | =
20 A ——— A I A R S R
-5}
% z |
% : -10+ | — SOH ~ 70% (at discharge)
W 40t ] -- Lincar fit
% 5 | — iOH ~ Exln% (at discharge)
Z —_— | sl !
& 20] g | 1
g < 1 l o
< || Riinear (f) 78S + £ +10
ot L =20+ sz 7 MBS
L L e |
20 - 1 (I
0 2 4 6 8 10 g 3 4 5 6
Frequency [MHz] Frequency [MHz]

Figure 8. High-level representation of the approach used in this work to calculate the QUS parameters. (a) Example of an image of the log amplitude of the RF
signal from the 64 elements of the probe showing the characteristic region analyzed, (b) time-gated signals from the characteristic zone analyzed, (c) power
spectra calculated using Fourier transform and (d) normalized power spectrum with linear fit to obtain QUS parameters.

Simulation Characteristics

Ultrasound propagation simulations were conducted using
SimSonic® to analyze wave propagation within cylindrical bat-
teries. SimSonic, an open-source software tool, employs a finite-
difference time-domain approach. Figure 1(a) shows a schematic of
the cross-section (indicated by the dotted square) employed for
simulation using one element emitting and receiving (highlighted
as a red square) from the ultrasonic array. As illustrated in
Figure 1(b), the simulation mesh aims to replicate the transverse

section of a battery. This was achieved by modeling concentric
annuli of different materials, each with unique mechanical proper-
ties (sourced from Ref. [61] under a fully-discharged condition for
the NMC chemistry) and varying thicknesses, as detailed in the
zoomed-in view of the different layers. The mass density p, the
stiffness tensor with components C;;, C,, C,, and Cg, and the
thickness of each material layer were used in the simulation (see
Table 2 for the used values). A detailed description of the
simulation conditions and the equations used to calculate the

Table 2. Mechanical properties and thickness of the battery materials layers used in simulation.
Density p(mg-mm ) C,, (GPa) C,, (GPa) C,, (GPa) Ces (GPa) Thickness (mm)
NCM 1.54 19.39 19.39 8.31 5.54 0.058
Graphite 1.06 10.11 10.11 3.19 3.46 0.066
Aluminium current collector 2.7 103.57 103.57 51.71 25.93 0.02
Copper current collector 8.96 170.55 170.55 90.23 40.16 0.01
Separator 1.68 1.66 1.66 1.42 0.12 0.029
Stainless steel case® 7.88 204.6 204.6 137.7 126.2 0.5
Mineral oil 0.83 2.25 2.25 2.25 0.0 N/A
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stiffness tensor components from the Lamé elastic constants can be
found in the Supporting Information.

Supporting Information

A file containing the supplementary information, supplementa-
ry results figures (PDF), and a supplementary movie with the
simulation to understand the ultrasound wave propagation in
the cylindrical batteries. Additional references cited within the
Supporting Information. '8
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