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Abstract

Accurately estimating of state of charge (SoC) in battery management systems (BMSs) requires the mea-
surement of numerous parameters and advanced algorithms. This work studies multifrequency ultrasonic
waves to estimate the SoC of Li-ion batteries by sensing the material changes during charge/discharge. A
pouch-type LiNig ¢Mng 2Cog 202 (NMC622)||graphite battery cell is designed and fabricated with a capacity
of 2.4 Ah. Different ultrasonic testing setups are explored to determine the optimal testing parameters for
the battery. An ultrasonic monitoring system is developed to monitor the battery during charge/discharge
at 750 kHz, 1 MHz, and 1.5 MHz. Signal processing algorithms are proposed for extracting three ultra-
sonic features—amplitude, wave velocity, and attenuation. In a three-cycle test, the amplitude histories
do not show clear correlations with the SoC. The wave velocities of all three frequencies have an approx-
imately linear relationship with the SoC, which can be used for SoC estimation. Hysteresis behavior is
observed for the wave velocity in terms of a larger slope in the discharge process and velocity drop after a
close charge/discharge cycle. The wave attenuation is able to capture the material phase transitions during
charge/discharge.
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1. Introduction

The Li-ion battery is an energy storage system that is widely used in portable electronic devices and
electric vehicles. However, Li-ion batteries are extremely complex systems with potential operational safety
risks. Therefore, a battery management system (BMS) is required to control the battery operation to
optimize the performance, lifetime, and safety. One of the most important features of a BMS is the ability
to estimate the state of charge (SoC) [Il 2]. There are many existing SoC estimation methods in the
laboratory, such as the coulometric titration technique [3]. However, it is challenging to estimate the SoC of
commercial batteries without discontinuing the power supply or destructing the battery structure, especially
for online estimation [I]. Existing SoC estimation methods in a BMS include the discharge test method,
Ampere-Hour integral (i.e., coulomb counting) method, open-circuit voltage method [4], battery model-based
method [5], and machine learning (ML) method [6]. These methods require either a long time to execute
and extra hardware or the measurement of extrinsic parameters (e.g., voltage, current, temperature, running
time) and advanced algorithms (e.g., the Kalman filter). This type of BMS requires expensive hardware
and complex software. An alternative low-cost and simple system is desired for the SoC estimation of Li-ion
batteries.

The Li-ion battery is fundamentally a composite material system with multiple layers of electrodes. The
mechanical properties of the system evolve during the delithiation and lithiation, such as modulus and density
changing at different SoCs. A nondestructive evaluation technique using ultrasound was recently applied
for battery SoC estimation. Ultrasonic testing is one of the most widely used techniques for nondestructive
evaluation of material properties and structural health monitoring. The stress wave excited by the ultrasonic
transmitter propagates in the material and is received by the ultrasonic receiver. The material properties,
internal structure, and damage can be accurately evaluated and continuously monitored with the received
ultrasonic signal. Therefore, the evolving mechanical properties (e.g., modulus, density, Poisson’s ratio)
and structure can be monitored via ultrasonic wave propagating through the battery body. The correlation
could be built between the ultrasonic parameters and battery SoC. Hsieh et al. [7] first proposed an acoustic
(i.e., ultrasonic) wave to measure the SoC and state of health (SoH) on Li-ion 18650 and alkaline LR6
batteries. Experimental results demonstrated that the time of flight (ToF) and ultrasonic signal amplitude
had a strong correlation with the battery SoC and SoH.

Davies et al. [8] further investigated the changes of ToF and signal amplitude during the charge/discharge
of a Li-ion pouch cell and discussed the modulus change of the anode (graphite) and cathode (LiCoOs3).
Hysteresis behavior in the ultrasonic wave ToF was found during any charge/discharge cycle. Finally, an
ML model was built to predict the SoC with ToF, signal amplitude, and input voltage as the model input.
A high-frequency (2.25 MHz) ultrasonic wave was used in previous works to achieve high-sensing sensitivity.

In contrast, studies using relative low-frequency ultrasonic waves were reported for battery SoC prediction.



Gold et al. [9] discovered that the arrival time of a 200 kHz ultrasonic wave through the thickness of a pouch
cell was linearly related to the battery SoC. Relatively low frequency is used because the high-frequency
ultrasonic wave has an attenuation so high that the received signal amplitude would be too small. Ladpli et
al. [I0] proposed an ultrasonic guided wave method for SoC and SoH estimation. The pouch cell was treated
as a multiplayer wave guide, and the ultrasonic guided wave of 100200 kHz was propagated in the battery.
The battery SoC and SoH were predicted using ML models with ToF and signal amplitude as the model
input. The work also found some nonlinear features on the ToF and signal amplitude, which was induced
by the intercalation staging in the graphitic anode. The ultrasonic method was also studied in other works
for SoC and SoH prediction of Li-ion pouch cells [11] [12] [13]. Based on a similar mechanism, Bommier et
al. [I4] used ultrasound to detect SEI formation and capacity degradation of Si/graphite composites in a
full cell setting. Zhang et al. [I5] proposed an in situ ultrasonic measurement technique to monitor the
NMC622 and graphite drying process with ultrasonic attenuation. The ultrasonic inspection technique can
also detect defection for Li-ion batteries. Li and Zhou [16] utilized air-coupled ultrasonic wave for stomata
defect detection, and Robinson et al. [I7] identified the designed missing half of the negative-electrode layer
with the ultrasonic signal amplitude.

This paper presents an experimental study of ultrasonic diagnosis of the Li-ion battery at multiple
frequencies. While the previous studies focused on applying the ultrasonic technique for SoC estimation,
this work emphasized the fundamental experimental study of ultrasonic testing for Li-ion batteries, including
the optimal testing setups, algorithms of ultrasonic feature extraction, and sensitivity of these features. Most
studies used one frequency ultrasonic wave for measurement. This work deployed an ultrasonic testing system
at multiple frequencies for monitoring battery charge/discharge. The results from multi-frequency sensing
could provide more comprehensive information than one frequency to understand the material changes of
delithiation and lithiation. The proposed method was validated on Li-ion pouch cells, and the ultrasonic

parameters of amplitude, velocity, and attenuation were correlated with the battery SoC.

2. Ultrasonic Nondestructive Evaluation of Li-Ion Batteries

The ultrasonic measurement technique can provide a nondestructive method for evaluating the material
properties. Figure[]provides a schematic diagram of the ultrasonic measurement on a Li-ion pouch cell. The
ultrasonic transmitter is excited by an ultrasonic pulser and will transmit stress waves into the pouch cell.
The ultrasonic wave will experience transmission, reflection, and attenuation when propagating through the
multilayer that comprises positive and negative electrodes and finally be received by the ultrasonic receiver.
In Figure [T} two transducers are at the two side surfaces of the battery to create the through-transmission
model. For pulse-echo mode, only one transducer is used as both transmitter and receiver. For the through-

transmission mode, the first arrival signal propagates a distance of the thickness. Once the first arrival ToF



is extracted, the ultrasonic velocity can be obtained. In a homogeneous material, the propagation velocity
of the longitudinal (i.e., compressional) wave is associated with the material elastic modulus E, density p,

and Poisson’s ratio v as:

v, = ¢E“ V) 1)
p(14+v)(1—2v)

For a Li-ion battery with multilayer electrodes, the average longitudinal velocity is related not only to the
elastic properties (e.g., modulus, density, Poisson’s ratio) of each layer but also to the interface conditions
of adjacent layers. In the charge process, the cathode (e.g., LiCoOs) elastic modulus will decrease, and the
anode (e.g., graphite) elastic modulus will increase [I8] [I9], while both densities will decrease. The average
wave velocity through the battery electrodes is affected by the combinations of these parameters.
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transmitter
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receiver

Figure 1: Concept of ultrasonic testing on a Li-ion battery.
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Another basic ultrasonic feature is wave attenuation, which represents how much the wave amplitude
diminishes when propagating. As the wave propagates through battery electrodes, several factors will
contribute to wave attenuation. First, the reflection occurs at the interfaces of adjacent layers. Then, the
propagating longitudinal wave may convert to the shear wave, which will also cause attenuation. Because the
electrode layer is a composite material, the stress wave may be scattered by its complex internal structure.
Part of the energy will be absorbed by the electrode layers and converted to other energy forms. In addition
to these, the beam spreading and transducer coupling also contribute to the total attenuation in the received

ultrasonic signal. The amplitude of the received signal can be expressed as:

A= A()e_aza (2)

where Ay is the original amplitude, and A is the attenuated amplitude after propagation distance z. « is
the attenuation coefficient with a unit of Neper per meter, which describes the total attenuation. When the
elastic properties of the cathode and anode layers change in the charge/discharge process, the reflection and
transmission coeflicients also change if the wave propagates from one layer to another layer because of the
changing acoustic impedance of these layers. The energy absorption of these layers will change accordingly.

The interface bonding condition between adjacent layers will vary during the charge/discharge processes,
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which will contribute to the change of wave attenuation. Therefore, the wave attenuation variations during
charge/discharge will be a combined effect of the material and structural change. Previous studies used
maximum amplitude or total energy to characterize the attenuation of waves transmitting through the
battery. However, amplitude and total energy are largely affected by the initial transmitting energy and
the transducer coupling condition. The attenuation is analyzed in the frequency domain to eliminate the
dispersion effect in this work. The attenuation due to beam spreading is corrected so that the attenuation

obtained is related only to the material property changes.

3. Experimental Details

3.1. Battery Fabrication

The selected battery chemistry comprised a LiNiggMng 2Cog 202 (NMC622) cathode, graphite carbon
anode, and Gen-2 electrolyte packaged with aluminum laminate. The cathode was NMC622 [90%/5%
Polyvinylidene Fluoride (PVDF)/5% carbon black] with a total material loading of 14.2 mg/cm? per side
of electrode. The total thickness of the double-sided coating was around 122 pm with 15 pm aluminum
foil. The anode was graphite (Superior SLC1520T 92%/6% PVDF /2% carbon black) with a total material
loading of 7.85 mg/cm? per side of electrode. The thickness of the double-sided coating was around 115 pm
with 10 pum copper foil. The cathode and anode were both calendared to 35% porosity. The negative/positive
(N/P) ratio was set at 1.1.

The selection of this chemistry was driven by (1) similarity to typical chemistry used in EV batteries,
including those targeted for second-life applications; (2) the ability to produce multiple batteries that have
nearly identical properties and are spatially uniform in material properties across the cell; (3) well-understood
changes in chemistry and physical properties with repeated charge-discharge cycles; (4) cycling with the
standard cell voltage range of 2.5 to 4.5 V as a practical application; and (5) considering practical SoC and
discharge. The pouch cell had 13 double-sided cathodes, 12 double-sided anodes, and two single-sided anodes
with 11 g of Gen-2 electrolyte filled. The total thickness of the cell was 4.4 mm, including the separator
and pouch material, and the total capacity was around 2.6 Ah. The cells were fabricated at Oak Ridge
National Laboratory (ORNL). Before the ultrasonic testing, the cells were slowly charged and discharged
(C/10 rate) in the formation, formed gas was removed, and the cell was resealed. The initial material char-
acterization of the cathode active material and the assembled electrodes has been added in the supporting
information as Figure S1 including scanning electron micrographs in both top view and cross-section and a
X-ray diffractogram of the powders. The electrochemical performance assessment of the same batch Li-ion

battery is shown in Figure S2 of the supporting information.



3.2. Ultrasonic Test Setup

High-frequency transducers of 1-5 MHz were mostly used for ultrasonic testing of Li-ion batteries [20]
[7, [8, 211, 22| 13]. High-frequency ultrasonic waves have a smaller wavelength and are more sensitive to the
internal material change of battery than low-frequency waves. Furthermore, high-frequency transducers can
be deployed on small-package batteries with micro-electromechanical system piezoelectric transducers [g].
Low-frequency ultrasonic waves around 200 kHz were also deployed in some works [9] [T0] because of their
low wave attenuation. In most works, only one frequency of a longitudinal wave was used. This work studied
different frequencies of ultrasonic waves to monitor batteries’ charge/discharge processes. Four candidate
types of transducers were selected: 1 and 2.25 MHz longitudinal transducers (Olympus V103 and C106) and
1 and 2.25 MHz shear transducers (Olympus V153 and V154).
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Figure 2: Ultrasonic signals on the Li-ion battery from (a) longitudinal transducer 1 MHz (L-1MHz), (b) longitudinal transducer
2.25 MHz (L-2.25MHz), (c) shear transducer 1 MHz (S-1MHz), and (d) shear transducer 2.25 MHz (S-2.25MHz).

Figure [2| shows the ultrasonic signals collected on the battery using the four pairs of transducers when
the battery was not in charge/discharge. Both the signals from L-1MHz and L-2.25MHz had a clear first
arrival echo and second reflected echo. The wave attenuation can be calculated by using these two echoes.
The amplitude of the reflected echo in the signal of L-2.25MHz, shown in Figure b)7 was relatively small
because of the high attenuation. The signal of the S-IMHz had a reasonable amplitude, but the dominant
part of the signal was still the longitudinal wave rather than the shear wave. The signal of the S-2.25MHz
showed a very weak signal. Therefore, only the two longitudinal transducers were selected, and the two
shear transducers were not used in this work.

The selected L-1MHz and L-2.25MHz transducers were placed at the center position on the battery side
surface, and a 3D printed holder was used to ensure that the transmitter and receiver had an accurate

alignment on the two side surfaces of the battery. Vaseline was used as the couplant for the longitudinal
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transducers because it would not dry out during a long-term test. The transmitters and receivers were fixed
with C-clamps to ensure a stable contact between the transducers and the battery. Because the transducers
selected were broadband transducers, the L-1MHz and L-2.25MHz transducers were also excited at lower
frequencies in addition to their center frequencies to explore the test sensitivity of different frequencies. After
several trial tests, the excitation frequencies and corresponding excitation voltage for the two transducers

were selected and summarized in Table [II

Table 1: Selected ultrasonic transducer pairs and corresponding excitation frequencies.

Channel 1 2 3
Transducer L-1MHz L-1MHz L-2.25MHz
Excitation frequency 750 kHz 1.0 MHz 1.5 MHz
Excitation voltage 120 V 120 V 120 V

Different excitation waveforms were explored, including a short-duration pulse, a square wave, and
different cycles of the tone burst. The energy of the short-duration pulse and the square wave was unable to
generate enough energy for the wave to propagate through the battery. A one-cycle tone burst experienced
the same problem. For a three-cycle tone burst, the first echo in the signal was overlapped with the reflected
echo, which was nonviable for the attenuation calculation. Therefore, a two-cycle tone burst was finally
selected as the excitation waveform. An excitation voltage of 120 V was used to achieve a reasonable signal-
to-noise ratio and avoid transducer overload. The battery was also tested in a pule-echo mode with only
one transducer for transmitting and receiving. However, the first and the second echo had low amplitude in
the received signals because their propagation distances were longer than those in the through-transmission

mode.

3.3. Ultrasonic Monitoring System for Charge/Discharge Test

The pouch-type battery cells were tested by using an ultrasonic testing system. The system used two
pairs of transducers with transmitters and receivers. The ultrasonic transmitters were driven by a function
generator (Agilent 81150A) and an amplifier (Ritec GA-2500A) with a two-cycle tone burst. The ultrasonic
wave was transmitted into the battery from one side surface, and the signal was received by the corresponding
receiver on the other side surface. The received ultrasonic signals were collected using an oscilloscope (NI
PXTe-5122) with a sampling rate of 100 MS/s and 100 times average to increase the signal-to-noise ratio. A
multiplexer (Keysight DAQ970A) was used to switch between the two pairs of transducers. Meanwhile, the
battery temperature and air temperature were measured using three Type-T thermocouples. The ultrasonic
signals and temperature data were collected simultaneously every 2 min during the battery charge/discharge.

The battery cell was charged and discharged using a potentiostat (Biologic, SP-200) with a C/10 rate
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and a constant current (240 mA). Figure [3| shows the voltage, current, and SoC histories of a three-cycle
charge/discharge with a C/10 rate. The charge/discharge voltage ranged from 3.0 to 4.2 V with a constant
current of 240 mA. Each charge/discharge cycle was 20 h.

0 10 20 30 40 50 60
Time (hour)

Figure 3: Battery charge/discharge profile: (a) voltage history, (b) current history, and (¢) SoC history.

4. Ultrasonic Wave Features Analysis

Three ultrasonic wave features were extracted from the ultrasonic signals: signal amplitude, wave velocity,
and wave attenuation. The peak-to-peak amplitude was used as signal amplitude. The wave velocity and
wave attenuation extraction require complicated signal processing algorithms, as discussed in this section.

The ultrasonic wave velocity history was extracted from the monitoring signals in terms of relative
velocity change and absolute velocity. The maximum velocity change during the battery charge/discharge
was on the order of 1%, and such a small velocity change cannot be captured by using the conventional
method with the first arrival time. Therefore, a stretching technique from the coda wave interferometry
was adopted to analyze the relative velocity change. The technique can achieve a precision of 107° of
relative velocity change [23], and the precision still can be improved with a higher signal sampling rate. The

stretching technique was proposed by Lobkis and Weaver [24], and it compares the reference signal ¢ and



the perturbed signal ¢’ and computes the cross-correlation coefficient CC(e) as:

CC(e) = t ftf O't(1 — 5)]¢(tt)dt |
\/ftf 90/2 [t(l - 5)]dt le 902(t)dt

The stretching factor €,,4,, which maximizes the cross-correlation coefficient C'C, represents the relative

(3)

ToF change %. When the wave propagation distance is constant, the relative velocity change %” equals
—%. In this work, the battery and transducers were clamped, and the authors assumed a constant distance
between the two transducers. The analysis always used the first signal at 0% SoC as the reference signal, and
the relative velocity change was calculated by comparing every signal with the reference signal. Therefore,
the calculated relative velocity change for the 100% SoC was 40.79%, which indicates that the velocity at
100% is 1.0079 times that of the velocity at 0% SoC. The absolute velocity history was analyzed by using
the absolute velocity v; = d/t; of the first signal (i.e., reference signal) and the relative velocity history

(%)1 The first arrival time t; of the first signal was captured using the Akaike information criterion picker

[25]. The absolute velocity history can be presented as:

by [1 ' <d”>i] , (1)

= o .
where d is the battery thickness, and (42); = 0 for the first signal.

Wave attenuation was analyzed with the first arrival echo packet and the reflected echo packet. Figure
(a) plots the time-domain signal from the L-1MHz transducers at 0% SoC. The signal had multiple echo
packets, and only the first and second echo packets were used for the attenuation calculation. The first and
second echoes were windowed at [3 us, 8.5 us] and [8.5 us, 14 us], respectively, and then transformed to the
frequency spectra using fast Fourier transform. The experimental attenuation was calculated by taking the

ratio between the two amplitude spectra X;(f) and Xa(f) as:

Att(f) = —20log {XQ(f)} : (5)

Xi(f)

where Att(f) represents the attenuation at different frequencies. Ultrasonic attenuation estimation typically

requires a correction for beam-spreading with the amplitudes X, (f) in Eq. corrected as [20]:

Xn,corrected = Xn (f)/D(xna W)a (6)

where the diffraction coefficient D(z,,,w) is propagation distance- and frequency-related as:

o kr? kr?
D(xp,w) =1 — e~/ | 7o 20y 4y g (5] (7)

n xn



Here, z,, is the propagation distance of the n'* echo, w is the angular frequency, Jy and J; are the Bessel
functions of the first kind, k is the wave number, and r is the transducer radius (6.35 mm for all transducers

in this work).

5. Results and Discussion

5.1. Wave Velocity History

The velocity histories were analyzed by using the stretching technique [24] and are plotted in Figures
[4(a)—(c). The wave velocity was represented in the percentage change of velocity denoted as the relative
velocity change in the left axes. The ultrasonic signal at time zero was used as the reference with its relative
velocity change as 0%. All three relative velocity change histories had the same trend with the SoC history
with increasing velocity in the charge process and decreasing velocity in the discharge process. Because the
graphite has a lower volumetric specific capacity than the NMC622 in the material level [27], the anode
graphite has a larger volume in the cell and controls the overall wave propagation time and velocity. The
modulus of the graphite increases in the charge process, causing a higher velocity and decreases in the
discharge process, which results in a lower velocity. The velocity history of 1.5 MHz had the largest velocity
change (1.3%) at full charge, indicating that it was most sensitive to the battery structural or material
change during charge/discharge. The absolute wave velocity for 1.5 MHz was estimated to be 1,536 m/s at
time zero with 0% SoC in the right axis. At full charge, the wave velocity was 1,556 m/s with a velocity
change of 20 m/s. Such a small velocity change cannot be detected by the conventional ultrasonic method,
which is why the stretching technique was used.

The correlation curve between the wave velocity of 1.5 MHz and the SoC is plotted in Figure (d) The
wave velocity histories of 750 kHz and 1 MHz were not presented here because they had results very similar
to those of the 1.5 MHz history but showed smaller sensitivity than SoC. The three cycles of the 1.5 MHz
correlation curves were represented in black, blue, and red. The wave velocity had an approximately linear
relationship with the SoC for the charge and discharge processes for each cycle. In the first cycle, the slope
was fitted to be 0.20 m/s per percent SoC with R? = 0.97 for the charge curve and 0.22 m/s per percent
SoC with R? = 0.98 for the discharge curve. The second and third cycles had similar slopes for the charge
(0.20 m/s per percent SoC and 0.21 m/s per percent SoC) and the discharge (0.22 m/s per percent SoC and
0.23 m/s per percent SoC) processes. A hysteresis loop existed for all three charge/discharge cycles, which
indicates that the electrochemical reaction in the battery was not fully reversible. The discharge process
always had a slightly larger slope than that of the charge process. The hysteresis degree of ultrasonic
velocity should be related to the battery charge/discharge rate and SoH. Kim et al. [22] reported a larger

hysteresis loop with increasing charge/discharge cycles. Another noticeable behavior was that the wave
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Figure 4: Velocity history of (a) 750 kHz, (b) 1 MHz, and (c) 1.5 MHz. (d) Correlation between the velocity history of 1.5 MHz
and SoC. The left y-axis is the relative velocity change (unit percent) and uses the first signal at time zero as the reference.

The right y-axis is the absolute wave velocity with a unit of meter per second.

velocity dropped after each charge/discharge cycle, and the final change was -0.354% (1,530 m/s) after three
cycles. This behavior was also reported in Davies et al. [g].

To study the temperature effect on the wave velocity, ultrasonic signals were collected when the battery
experienced temperature changes in the lab environment with a very slow temperature change rate ( 0.8°C
in 24 h). The battery was considered in thermal equilibrium, and surface temperature was used to represent
the global battery temperature. Figure (a) shows the velocity change history from 24.4 to 25.2°C at initial
0% SoC. The velocity change had a strong linear relationship (high R?) with the temperature, and the fitted
slope was denoted as the temperature effect coefficient k, which was 4.6 m/s/°C. The test was repeated
at five different SoCs (0% — 50% — 100% — 50% — 0%), and the coefficient k is plotted at five SoCs
in Figure b). The five coefficients were verified in repeated tests. The coefficient & became smaller at
higher SoCs and reached 3.11 m/s/°C at full charge. In the discharge process, the coefficient increased and
returned to 4.60 m/s/°C at full discharge. The battery wave velocity was more sensitive to the temperature
change at a lower SoC. The two coefficients at 50% SoC did not match the charge and discharge processes,
indicating that the battery elastic properties differed at these two points. After another 16 charge/discharge
cycles, the five coefficients were measured again, and these coefficients were found to have become smaller.
Therefore, the temperature effect on the wave velocity is related to both SoC and SoH.

The temperature effect coefficients for the five SoCs were used to compensate the correlation curve
between the wave velocity and SoC in Figure Figure c) plots the temperature history over the three

charge/discharge cycles. Temperature compensation used the temperature at time zero as the reference
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Figure 5: (a) The velocity change at different temperatures for 0% SoC. (b) The temperature effect coefficient k for five SoCs.
(c) Battery temperature history during the three-cycle charge/discharge. (d) The velocity change history after temperature

compensation.

(24°C). Figure [5(d) presents the correlation curve between relative velocity change and SoC before (blue)
and after (red) temperature compensation. With compensation, the slope of the linear relationship between
velocity and SoC had only a minor change, which can be ignored. The new correlation curve was squeezed,
unlike the original curve. The velocity drop after each charge/discharge cycle became smaller, which indicates

that the velocity drop after each cycle was caused by both temperature effect and material hysteresis.

5.2. Wave Attenuation History

The wave attenuations for the three frequencies—750 kHz, 1 MHz, and 1.5 MHz—were analyzed and
are plotted in Figure [6{a). The 1 and 1.5 MHz attenuation curves both showed increasing attenuations in
the charge process and decreasing attenuations in the discharge process. However, the 750 kHz curve had
an opposite trend. One possible explanation is that the 750 kHz wave is more sensitive to the material
change of one electrode, whereas the other two frequencies are more sensitive to the material change of the
other electrode. The attenuation curves were correlated with the SoC history in Figure [6[b) for the three
frequencies. In the figure, the 1 and 1.5 MHz attenuation curves showed positive correlations with SoC,
whereas the 750 kHz attenuation curve had a negative correlation with SoC. The attenuation of 750 kHz
was the most sensitive to SoC with 2 dB total attenuation change, whereas the other two attenuations had

only 1 dB change from 0 to 100% SoC. The 1 and 1.5 MHz attenuation curves both had inflection points
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around 63-64% SoC, which did not occur in the 750 kHz attenuation curve. All three correlation curves
had local attenuation peaks around 4.7% SoC. When the SoC was near 0%, the modulus of the cathode
was at its maximum, the modulus of the anode was at its minimum, and the largest impedance difference
was between the anode and cathode. The attenuation due to impedance mismatch contributed more to the

total attenuation, causing a local attenuation surge.
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Figure 6: Ultrasonic Wave attenuation histories of (a) 750 kHz, (b) 1 MHz, and (c) 1.5 MHz. (d) Correlation between

attenuation history and SoC for the three frequencies.

The differential capacity (dQ/dV) curve from the differential capacity analysis (DCA) and the attenua-
tion of 1.5 MHz of the second cycle are plotted in Figure [7] with the blue curve for the charge process and
red for the discharge process. In Figure a), the cell exhibited two redox peaks at 3.46 V (c2) and 3.64 V
(c3) on the charge curve and two peaks at 3.40 V (d2) and 3.59 V (d3) on the discharge curve. The first
peak on the charge curve started from point c1. The corresponding attenuation for ¢l was a local maximum
attenuation Acl in Figure b) followed by attenuation decreasing to Ac2. At this point, the dQ/dV showed
the first peak ¢2, representing the Li intercalation into the graphite anode (C¢ —LiC;). The second peak
was ¢3, which was caused by the phase transition from a hexagonal to a monoclinic (H1—M) lattice of the
NMC622 28, 29]. The corresponding attenuation for ¢3 was Ac3. Between Ac2 and Ac3, the attenuation
was relatively constant, which indicates that the material change in this period was relatively small. At
c4, the corresponding attenuation is Ac4, which was the inflection point in Figure @(b) After Ac4, the
attenuation had a linear relationship with the battery potential. During discharge, the attenuation change
was largely reversible with attenuation Ad4, Ad3, Ad2, and Ad1 for corresponding points d4, d3, d2, and d2.
Although the wave attenuation did not show a linear relationship with the SoC, it still captured the details

of the material phase transitions in the delithiation and lithiation processes. The ultrasonic attenuation is
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usually affected by the lattice parameter in metallic materials [30], therefore, it may be able to be correlated
to change of the lattice parameters (especially ¢) of the cathode and anode, which was studied in previous
literature [311, 32, [33].

Previously, our group has exhaustively investigated the various structural transitions that occur during
the electrochemical charge/discharge of the NMC 622 system [34] 35} [36, 387, [38]. Additionally, there is a
plethora of manuscripts available in literature on the same battery chemistry which we have employed here.
From this, we can identify the phase transitions occurring in this system with a good level of certainty. The
NMC 622 cathode material undergoes structural transitions from hexagonal H1 to monoclinic M, (3.4 V - 3.6
V) followed by the monoclinic phase converting to a hexagonal H2 phase beyond 3.6 V. The graphite, on the
other hand, undergoes staging phenomena in this voltage window which has also been extensively reported
in literature. Additionally, greater accuracy in correlating the phase transitions with the attenuation curve
can be achieved by performing combined operando X-ray powder diffraction (XRD) (using hard X-rays from
Mo or Ag sources) and ultrasonic NDE measurements on thin lithium-ion battery pouch cells (<5 anode

and cathode layers) which would be disseminated as a result of a follow-up study presently underway.
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Figure 7: Second charge cycle: (a) differential capacity analysis curves and (b) attenuation curves of 1.5 MHz at different

voltages.

5.8. Ultrasonic Signal Amplitude
Ultrasonic signals were collected for a three-cycle charge/discharge test. Peak-to-peak amplitudes were
extracted from the ultrasonic signals. The amplitude histories are plotted in Figure [§] along with the SoC
history. The signal amplitude histories of 750 kHz and 1 MHz did not show a clear correlation with the
14



SoC history, and the amplitude variations during charge/discharge were less than 0.1 V. The could be due
to the low sensitivity of the 1 MHz transducer used. Only the amplitude history of the 1.5 MHz had a
good correlation with the SoC history in Figure (c) The amplitude increased in the charge process and
decreased in the discharge process, which was caused by the increasing modulus in the charge process and
the decreasing modulus in the discharge process. The amplitude history of one charge/discharge cycle was
very similar to the result obtained in Davies et al. [8]. The amplitude showed shows a nonmonotonic
behavior with initially increasing until 63.5% SoC. After that, the amplitude rapidly decreased. The trend
was very similar to change of the ¢ lattice parameter in the charge process reported in literature [31, 32].
The discharge process showed a symmetric trend to the curve of the discharge process with peak amplitude
at 72.5%. Between 4 and 14%, both the charge and discharge processes showed a fast-changing stage,
indicating a significant structure or material change in this period. At 4% in both the charge and discharge
process, local minima were in the amplitude history, which matched the local maximum attenuation at
around 4% SoC in Figure [6{d). The amplitude variation during charge/discharge is a combined effect of
multiple factors. In the charge process, the increasing average modulus will enhance the received signal with
a higher amplitude. On the other side, the wave attenuation also increases, which attenuates the signal

amplitude. Therefore, the signal amplitude is unsuitable for characterizing the SoC.
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Figure 8: Ultrasonic signal amplitude histories from the transducers of (a) 750 kHz, (b) 1 MHz, and (c) 1.5 MHz.

15



6. Conclusions and discussions

In this work, multifrequency ultrasonic waves were used to monitor the charge/discharge process of Li-
ion batteries. A pouch-type battery cell was designed and fabricated with a NCM622 cathode and graphite
anode. Different setups for ultrasonic battery testing were explored to determine the optimal transducer type,
frequency, excitation waveform, couplant, and testing mode. Finally, a multifrequency ultrasonic system
was developed with 1 and 2.25 MHz longitudinal transducers to monitor the charge/discharge process of
the battery with a C/10 rate. Signal processing algorithms were proposed to analyze the velocity change
and attenuation in the charge/discharge test. Ultrasonic wave features—including signal amplitude, wave
velocity, and wave attenuation—were extracted to correlate with the battery SoC. This paper discusses
the results of the three-cycle charge/discharge test in detail, and these results were also verified in several
repeated tests (see Figure S3-S6 in the supporting information) on the same battery and another battery
from the same fabrication batch.

Only the signal amplitude of 1.5 MHz is sensitive to the battery SoC change and it shows consistency
with results in the literature. By comparing the amplitude history with the attenuation history, the authors
confirmed that the amplitude is simultaneously affected by the material modulus and the acoustic attenua-
tion. However, these two have opposite trends during the charge/discharge. Therefore, the amplitude is not
suggested to characterize the battery SoC in this work.

The velocities of all three frequencies show a positive linear relationship with the battery SoC. The
velocity increases in the charge process and decreases in the discharge process, indicating the rising and
descending average modulus in the charge and discharge processes, respectively. The velocity of 1.5 MHz is
the most sensitive to the battery SoC, and the slope of the linear relationship is around 0.2 m/s per percent
SoC. For each cycle, the slope of the discharge process is slightly larger than that of the charge process,
which showed a hysteresis behavior here. Another hysteresis behavior is that the velocity dropped after
each charge/discharge cycle, which may provide a possible path to characterizing the SoH of the battery.
The temperature effect on the wave velocity was also studied at different SoCs. However, it is only the
environmental temperature effect. In the future work, higher charge/discharge rates will be used to study
the effect of temperature variations caused by fast charge/discharge.

The attenuations of all three frequencies are sensitive to the battery SoC change. The 750 kHz attenuation
is the most sensitive to battery SoC and has an opposite trend with the SoC. The 1 and 1.5 MHz attenuations
are less sensitive but have similar trends with the SoC. One possible explanation is that the first attenuation
(750 kHz) was sensitive to the material change in the cathode, whereas the other two attenuations (1 and
1.5 MHz) were sensitive to the material change in the anode. Therefore, multi-frequency ultrasonic waves
are suggested for monitoring the material changes of battery charge/discharge. The attenuation did not

not show a linear relationship with the SoC, but captured phase transitions of NMC622 in the attenuation
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histories of 1 and 1.5 MHz. Because the wave attenuation is very sensitive to the material changes, it has a

great potential for estimating the SoH of batteries.
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