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Abstract: The knowledge of the influence of high dynamic loads on the electrical and mechanical
behavior of lithium-ion cells is of high importance to ensure a safe use of batteries over the life-
time in electric vehicles. For the first time, the behavior of six commercial Li-lon pouch cells after
a constrained short-time acceleration (300 g over 6 ms) with a resulting cell surface pressure of
9.37 MPa was investigated. At this load, two out of six cells suffered from an internal short circuit,
showing several damaged separator layers across the thickness in the area of the cell tabs. For the
cells that remained intact, a range of measurement techniques (e.g., inner resistance measurement,
electrochemical impedance spectroscopy (EIS), or thermal imaging) was used to reveal changes in
the electrical property resulting from the load. The cells without short circuit show an increase of
internal resistance (average of 0.89%) after the dynamic pre-load. The electric circuit model based on
the EIS measurement indicates a decrease of the resistance Ry up to 30.8%. Additionally, mechan-
ical properties of the cells in an abuse test subsequent to the dynamic pre-load were significantly
influenced. The pre-loaded cell could sustain an 18% higher intrusion depth before electrical failure
occurred as compared to a fresh cell in an indentation test. The results of this study revealed that a
high acceleration pulse under realistic boundary conditions can lead to critical changes in a battery
cell’s properties and needs to be taken into account for future safety assessments.

Keywords: lithium-ion battery; safety assessment; quasi-static and dynamic loading; crash safety;
internal short circuit; battery pre-load; failure behavior

1. Introduction

Lithium-ion batteries (LIB) are the most promising energy storage system for a wide
range of applications, such as consumer electronics as well as electric vehicles (EV) and
hybrid electric vehicles (HEV). The investigation of the safety-relevant behavior of LIB after
the occurrence of a mechanical load (e.g., crash) is of great importance as LIB bear several
hazards, e.g., thermal runaway (TR), fire, or explosion [1,2].

Degradation mechanisms based on normal operation (e.g., vibrations [3-7], calendric
ageing [8-10], cyclic ageing [11,12]) were found to cause changes to chemical [13-15], elec-
trical [16], thermal [15,17], and mechanical [14,18-20] properties of LIB. In addition, besides
the degradation during normal operation, mechanical loads can act on LIB, e.g., as a result
of a crash. Several authors reported changes in LIB properties after a mechanical load
(e.g., acceleration [4,21,22] or deformation [23,24]). The mentioned changes to LIB proper-
ties can affect its safety and is therefore investigated typically by conducting mechanical
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abuse tests.

Different mechanical abuse tests are defined in norms [25]. Several researchers already
investigated various aspects of the safety relevant behavior of LIB in mechanical abuse
tests. However, the focus was mostly on destructive testing by indentation. A crash might
not result in indentation, but in an acceleration load and compression of the battery cells.
During a crash, an acceleration load with peaks exceeding 100 g (not an SI unit but often
used in relevant literature, 1 g equals 9.81 m/s?) can occur [26]. A planar acceleration load
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case is covered by several norms [25,27] with peak accelerations up to 175 g and shock
durations of 6 ms (e.g., UL 1642 with peak acceleration of 175 g, UN 38.3 with 150 g, 6 ms).
In real accident situations (e.g., vehicle to vehicle crash, curb strike), accelerations acting
on the battery can sometimes significantly exceed acceleration values defined within these
norms [21,28].

Based on a series of different experiments (quasi-static and dynamic), an attempt
is made to find the load limit of cells until a short circuit occurs or a thermal runaway
starts. Relevant boundary conditions (e.g., pretension of cells) were mostly neglected
during mechanical abuse testing so far, even though it is known that they are affecting
the mechanical load limits and properties such as stiffness [29]. Mechanical load limits
are affected by several factors, such as indenter geometry, strain rate, or indentation
locality [1,30-32]. Exceeding specific mechanical load limits leads to an internal short
circuit (ISC) and a failure of the battery cell by TR.

Recent literature mostly focused on abuse testing with mechanical deformation [1,31-34]
and cycling of mechanical deformed batteries [23]. It is not known in which way a high,
short-time acceleration (e.g., mechanical shock) can affect the mechanical and safety behav-
ior of a constrained single battery cell.

In this work, experiments with short-time accelerations up to 300 g with a pulse
duration of 6 ms were performed. During the acceleration, the cell was also subjected to a
compression representing the inertial effects of the adjacent cells within the module. After
the short-time acceleration load (pre-load), the effects on battery safety in abuse conditions
were investigated. Subsequent to the pre-load, the cells were subjected to a mechanical
abuse test and the results were compared with reference cells that were not pre-loaded. In
addition, the battery cells were analyzed with different assessment methodologies before
and after the dynamic pre-load. The analysis techniques consisted of electrical (internal
resistance measurement, electrochemical impedance spectroscopy) and thermal (thermal
imaging) methods as well as a postmortem analysis (battery dissection).

2. Materials and Methods
2.1. General Data of Investigated Cell and State of Charge (SOC) Setting

The investigated battery cell was a state-of-the-art pouch cell with a nominal capacity
of 41 Ah used in a commercial electric vehicle [35]. A single cell had a weight of 0.86 kg
and a size of 216 x 260 x 7.8 mm. Kovachev et al. [36] performed a chemical analysis and
measured the thickness of all components of the investigated cell. They concluded that
NMC and graphite were used as cathode and anode material, respectively. The separator
was single-layered with an Al,O3-coating and had a thickness of approximately 20 um. To
establish a certain state of charge (SOC) value, a constant current constant voltage (CC/CV)
charging protocol was used for charging the batteries at a charging rate of 1C in the constant
current phase and a cut-off current of 0.05 C in the constant voltage phase. Discharging
was conducted in constant current (CC) mode with a discharge rate of 1 C. The charging
and discharging were performed with a programmable DC power supply (EA-PSI 9000
3U, EA Elektro-Automatik, Viersen, Germany) and an electronic load (EA-EL 9000 B, EA
Elektro-Automatik, Viersen, Germany).

2.2. Constrained Short-Time Acceleration (Dynamic Pre-Load)

In order to apply the dynamic pre-load, battery cells were inserted between two mov-
able aluminum plates that were mounted in front of a test sled (see detail in Figure 1). This
test rig was especially designed for highly dynamic battery experiments. The dynamic sled
test resulted in a combined load on the cell with a high acceleration and a compression con-
straint. The battery cells were oriented in such a way that the acceleration and mechanical
compression constraint were applied in transvers direction (direction w in Figure 1a). The
dynamic system accelerated the sled with a total weight of 150 kg, including the battery
cell, to a maximum speed of 18 m/s within a distance of 16 m. After the acceleration phase,
the sled velocity was adjusted to the constant target speed (18 m/s) over a distance of 1 m.
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260 mm

After that phase, the freely moving sled was decelerated by an aluminum honeycomb in
order to achieve the predetermined deceleration of 300 g over 6 ms. Based on preliminary
investigations, this load represents the load limit at which acute electrical failure may occur.
The honeycomb (Plascore—PAMG-XR1-7.9-1/4-40-N-5052) was mounted to a crash block
and acted as a deformation element, resulting in a surface pressure of 9.37 MPa in the u-v

plane of the cell.
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Figure 1. (a) Dimension of the investigated pouch cell (b) Schematic presentation of the dynamic test

rig with a velocity overlay.

Two measurement systems were used to record the sled position and to calculate
the sled velocity at the point of contact with the honeycomb. An ultra-high-speed/high-
accuracy laser displacement sensor LK-H 157, Keyence, Mechelen, Belgium) with a linearity
of 0.02% and a repeatability of 0.25 um was mounted at the crash block and directly
measured the displacement of the sled. In addition, video target tracking was used to
measure the displacement of the sled and was mainly used to validate the measurement
results. A uniaxial, piezo resistive accelerometer (Typ 62C1-1000g, ASC, Pfaffenhofen,
Germany) with an amplitude non-linearity of +1% was used to record the sled acceleration.
During the tests, the cell voltage was recorded with a Dewetron DAQP-STG (Dewetron,
Grambach, Austria) module with a data acquisition rate of 100 kHz and a voltage input
accuracy of £0.05% of reading. The data acquisition was performed with Dewetron data
acquisition system (DEWE 2602, Dewetron, Grambach, Austria). Acceleration signals and
cell voltage were filtered with a CFC600 filter as this is recommended in the SAE J211 [37]
regulation for tests with vehicle components. The cell voltage was recorded 200 ms before
the acceleration pulse started for a duration of 600 ms. After an observation period of
10 min (time to monitor cell behavior for safety reasons), the voltage was measured with
a Fluke 179 handheld digital multimeter (Fluke Corporation, Everett, WA, USA) with a
voltage accuracy of £(0.09% + 2 counts). After this time, the cells were detached from the
sled and placed under observation for another 10 days, and the voltage was measured
daily with the handheld digital multimeter. In total, 8 cells were tested at 0% state of charge
(SOC) with the same test configuration.

2.3. Internal Resistance Measurement

The measurement of internal resistance was based on a simplification of the VDA
current step method procedure [38]. All the internal resistance measurements were per-
formed with a 30 s charging pulse with 41 A. The measurement was performed with a
programmable DC power supply (EA-PSI 9000 3U, EA Elektro-Automatik, Viersen, Ger-
many) and an electronic load (EA-EL 9000 B, EA Elektro-Automatik, Viersen, Germany).
By subtracting the voltage of the battery under load (U;) from the voltage of the battery
before the application of the current pulse (Up) and dividing the result by the value of the
discharge current (I), the internal resistance (R;) of the battery cell could be determined.
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Ri= (Up—U;)/1 1)

2.4. Electrochemical Impedance Spectroscopy (EIS) Measurement

Electrochemical impedance spectroscopy (EIS) was performed with galvanostatic
excitation at 50% SOC and a temperature of 20 °C. Three fresh cells were used as reference
to indicate changes compared to dynamically pre-loaded cells. The measurement of current
and voltage was conducted with a 24-bit ADC with 48 kHz sampling frequency and £50 A
and +5 V measurement range, respectively. The measurements were repeated three times
for each cell to quantify scatter and exclude measurement errors. The excitation frequency
of the current ranged from 0.01 Hz to 1 kHz with 4 points per decade, in a logarithmic
manner. The current amplitude was 20 A above a frequency of 0.05 Hz and was adapted to
13.6 A,9.0 A, and 4.5 A for the frequencies of 0.03 Hz, 0.02 Hz, and 0.01 Hz, respectively.

The data evaluation was performed by fitting of the measurement data with an
equivalent circuit (EC) with the software ZView. The EC consisted of the inductance Ly,
resistor Ry, a parallel circuit with the resistor R, constant phase element CPE;, and the
Warburg element Wo;. The resistor Ry was chosen to make statements about the electrolyte
resistance and investigate possible changes caused by a dynamic pre-load. The parallel
circuit with R; and CPE; was chosen to be able to evaluate changes in the electrochemical
behavior associated with the solid electrolyte interface (SEI) and charge-transfer resistance
and track changes to semi-circles in the EIS. The constant phase element CPE; was defined
according to Equation (1) by the two parameters CPE;-T (T) and CPE;-P (P), with j and w
representing the imaginary unit and angular frequency, respectively.

1

T:(jow)” @
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A finite-length Warburg element Wo; was defined according to Equation (2) by the
three parameters Wo;-R (R), Wo1-T (T), and Wo;-P (P). The exponent Wo1-P (P) was chosen
to be mutable as a relocation of the electrolyte within the cell was expected when applying a
dynamic pre-load. This might affect the diffusion of the Li-ions and result in deviation from
the ideal diffusion process represented by a 45° phase angle with the standard Warburg
impedance element with an exponent Wo1-P (P) of 0.5. A finite-length definition was chosen
over an infinite-length Warburg element to possibly distinguish between liquid-phase and
solid-phase diffusion.

coth [(]Tw)P}

Zw, = RW ®3)

2.5. Quasi-Static Abuse Tests

Quasi-static abuse tests were conducted on one fresh reference cell and on dynamically
pre-loaded cells with 100% SOC. A hydraulic press was used to indent the center in w-
direction of the cell with a hemispherical impactor with a radius of 15 mm. The tests
were conducted at a testing velocity of 1 mm/s under ambient temperature conditions
(20 °C), whereby every cell was deformed at least until a short circuit occurred. The
indentation force, impactor displacement, and cell voltage were recorded during all abuse
tests at an acquisition rate of every um of deformation. A load cell type K 500 kN (GTM,
Bickenbach, Germany) was used (accuracy class 0.02%) to measure the indentation force.
Data acquisition was performed with a NI-9237 (National Instruments, Austin, TX, USA)
Bridge Input Module with a resolution of 24 bits and a sample rate of 50 kHz. A 24-bit NI-
9229 (National Instruments, Austin, TX, USA) Voltage Input Module (0-60 V per channel)
was used to record the cell voltage. A linear glass scale with a resolution of 1 pm and
an accuracy of £0.01 mm/m was used to measure the intrusion depth. In all tests, high-
definition videos were recorded.
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2.6. Thermal Imaging

Electro-thermal analysis was conducted with a thermal imaging camera. For cells, with
an internal short circuit, the location of the damage inside the cell could be determined. Cells
without electrical failure were examined regarding a possible different surface temperature
distribution pattern resulting from changes inside the cell. [3]

The measurements were performed using a thermal imaging camera (T600, Teledyne
FLIR, Wilsonville, USA) with a thermal sensitivity <0.04 °C at 30 °C. The cells were painted
with a matt black varnish to avoid surface reflections and receive a known emissivity
number of approximately 0.97. This ensured correct temperature measurements.

On cells that show an internal short circuit, multiple charging current pulses with a
duration of 5 s were applied to heat up damaged areas as well as prevent an uncontrollable
rise of temperature. The charging current was increased stepwise, starting at 1 A, doubling
after each repetition. A waiting time of 60 s was applied between the current pulses to
allow a possible heat conduction from inner layers to the filmed surface. During the whole
sequence of current pulse and waiting time, the cell surface was filmed with the thermal
camera to see the evolution of the cell surface temperature.

Cells without an internal short circuit were charged for 15 min with 1 C (41 A). The
temperature distribution of the cell surface was recorded by thermal imaging every 15 s
to detect inhomogeneous temperature distributions arising from internal cell damage or
changes in cell components.

2.7. Post-Mortem Analysis

The cells that had self-discharged after the dynamic pre-load were analyzed in more
detail to understand the reason for self-discharge. These cells were deep-discharged (where
necessary) and disassembled by cutting the pouch fold at the edge of the cell with ceramic
scissors [36]. Damage caused by disassembling were avoided by cutting the pouch folds as
far to the edge as possible. The single layers (electrodes and separators) of the disassembled
cells were examined using a translucent light to find damage, e.g., holes in the separator.

3. Results and Discussion
3.1. Constrained Short-Time Acceleration (Dynamic Pre-Load)

Figure 2 illustrates graphs of the sled-acceleration and voltage of each cell as a function
of time. Solid lines represent results of cells where no irreversible short circuit occurred
while dashed lines show the accelerations and voltages of the cells that exhibited a perma-
nent short circuit after the constrained acceleration loading.

At the beginning of the acceleration pulses, a higher peak (324.2 g to 388.7 g) was
noticed resulting from the buckling initiation of the aluminum honeycomb. After the initial
phase (1 ms), an acceleration plateau with 300 g could be observed. For the experiment with
Cell 06, another peak at the end of the acceleration phase could be recognized in the range
of 398 g. The acceleration peak can be attributed to the fact that the aluminum honeycomb
was almost completely compressed, which resulted in this acceleration overshoot [39]. For
all other experiments, this compaction at the end of the pulse could not be seen.

The deviations from the target acceleration of 300 g over 6 ms (see Table 1) were
analyzed for all cells, which had no internal short circuit. Because the loads of Cell 06
and Cell 01 show the largest deviations, they were put aside and excluded from further
investigations. Cells 02 and 03, which showed a permanent short circuit after the test, were
also included in further investigations.
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Figure 2. Acceleration (CFC600 between —7.5 and 12.5 ms) and voltage signals (CFC600 between
—7.5 and 12.5 ms) of all tested cells.

Table 1. Deviation of the target acceleration pulse of 300 g with 6 ms for Cell 01, and 04 to 06.

Mean Value Standard Deviation
Cell
[g] [g]
Cell 01 19.14 10.73
Cell 04 9.17 6.55
Cell 05 8.40 9.44
Cell 06 25.60 28.53

The cell voltage dropped at the beginning of the acceleration pulse for every conducted
test by at least 0.01 V. A drop of the cell voltage can result from pressed out electrolyte
between the layers [40], reducing ion-conductivity, or from smaller separator pores, caused
by the compression load. Cells 01 and 03—-05 showed a voltage overshoot at the end (7.5 ms)
of the acceleration pulse between 0.003 and 0.01 V and a more oscillating voltage response
after the overshoot in comparison to Cell 02. The voltage of Cell 06 showed the most
significant change in the voltage of 0.04 V after 1.9 ms, but it recovered to the initial voltage
after the end of the loading phase. Cell 02 also showed a significant but lower voltage drop
than Cell 06 after 1.4 ms of the constrained acceleration. In contrast, Cell 02 self-discharged
within ten minutes observation time to 0 V after the test. Even though the cell voltage
of Cell 03 recovered back to the initial voltage level (2.85 V) 7 milliseconds after the start
of the constrained acceleration, the cell discharged after the test. A voltage drop from
2.85V to 1.65 V could be observed ten minutes after the test and to 0.22 V after 10 days.
Since different discharge times could be observed, it can be assumed that the short circuit
resistance is different for each cell. In the literature, it was observed that different types of
short circuit exist [41]. The short circuit resistance is dependent on the components that
come into contact within the cell. According to this, different discharge resistances and
discharge times might be observed. However, it was not possible to determine which type
of internal short circuit occurred in the individual cells.
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Considering the ratio of cells with and without permanent internal short circuit, it
can be assumed that the tested load level represents a load threshold the investigated cell
can barely sustain. Exceeding the latter leads to internal damage of the layup structure,
resulting in an internal short circuit.

3.2. Internal Resistance Measurement

The cells were visually inspected to ensure that there was no previous damage or
noticeable difference. The internal resistance was measured before the dynamic pre-load
for all six cells. The mean value of the internal resistance of the cells before the dynamic
pre-loading was 20.17 mOhm with a standard deviation of 0.45 mOhm.

Table 2 summarizes the results of the internal resistance measurement and the per-
centage change caused by the dynamic pre-load. Cell 04 had an internal resistance of
19.57 mOhm and increased to 20.79 mOhm (+1.22%) after the dynamic pre-load. Cell 05
also indicated an increase in the internal resistance from 19.80 mOhm to 20.36 mOhm
(+0.56%). A reason for this phenomenon could be that the compression of the cell leads to a
reduction of the distances between the single layers inside the cell. It is conceivable that
this increases the resistance of the cell because the electrolyte has been forced out of the
separator and interlayers.

Table 2. Measurement results of internal resistance before and after the dynamic pre-load and
percentage change of internal resistance.

Cell Before Pre-Load After Test Change
[mOhm] [mOhm] [%]
Cell 04 19.57 20.79 +1.22
Cell 05 19.80 20.36 +0.56
Average 19.69 20.58 +0.89

The remaining cells (Cell 02 and 03) could not be used to determine the internal
resistance because of the internal short circuit.

3.3. EIS Measurement

Analysis of the cell impedance of the three investigated fresh reference cells indicated
a small spread. A statistical evaluation of fitted EC elements for nine measurements
(three measurements on each reference cell) showed small standard deviations (sd) for all
parameters of the EC elements except the inductance Ly (Mean = 1.50 x 10%, sd = 10.1%)
and the resistance in the Warburg element Wol-R (Mean = 0.00835, sd = 10.0%), as shown
in Table 3. This evaluation indicated low manufacturing tolerance and allowed for a
comparison of the fresh reference cells with the dynamic pre-loaded cells. Observed
changes in electrochemical behavior after applying the dynamic pre-load can be attributed
to internal cell changes. Appendix A contains further details about the EIS measurements
performed on the three fresh reference cells.

Figure 3 indicates deviations in impedance of Cell 04 and 05 after the dynamic
pre-load. Over a large frequency range, Cells 04 and 05 lay outside of a one standard
deviation corridor.
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Table 3. Mean EC element values and standard deviation (sd) for three reference cells and after
dynamic pre-load for Cell 04 and 05. Values in brackets are percentage deviation values in reference
to the reference mean.
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Figure 3. Plot for mean impedance (black) and standard deviation corridor (grey) of fresh reference
cells and for Cell 04 (red) and 05 (blue) after the dynamic pre-load with (a) magnitude of impedance,
(b) phase of impedance and (c) Nyquist plot with equivalent circuit for curve fitting.

Further insights were obtained by the comparison of EC elements for the reference
cells and after the dynamic pre-load, as shown in Table 3. The resistance Ry is correlated
with the electrolyte resistance and was not affected by the dynamic pre-load. Cell 05
showed an increase in inductive behavior that might be attributed to the connection of
the EIS measurement device and the cable layout. Cells 04 and 05 showed decreased
R; values by multiple standard deviations. The resistance R; correlates in this case with
the solid electrolyte interface (SEI) and charge-transfer resistance. Additionally, CPE;-T
and Wo;-T increased for Cell 05 after the dynamic pre-load. CPE;-T and Wo;-T correlate
with the double-layer capacity and diffusion, respectively. An irreversible and permanent
compression of the battery cell and an uneven distribution of electrolyte caused by the
dynamic pre-load could be a reason for the observed electrochemical behavior [12,42]. An
analysis of video data of the dynamic pre-load test revealed that electrolyte within the cell
was pressed towards the edges. Thickness changes of the battery cell and resulting changes
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in layer thicknesses and distances could influence the capacitive behavior and explain the
changes observed for Ry and CPE;-T. Changes of other parameters of the equivalent circuit
were within the range of two standard deviations of the reference measurements and were
therefore found to be not significant.

3.4. Quasi-Static Abuse Tests

Cells 04 and 05 were subsequently subjected to an abuse test with a hemispherical
impactor. In Figure 4, the force/displacement-curves of the indentation tests are shown.
The colored lines are the dynamically pre-loaded cells, the black line represents the reference
measurement with a fresh cell. The exact values of displacement until short circuit and
the related force can be taken from Table 4. It was observed that for the cells which were
dynamically pre-loaded, the intrusion of the impactor did not cause an earlier internal
short circuit than for the reference cell. With a value of 22.19 kN, the maximum force at
mechanical cell failure of compressed and accelerated cells is even higher compared to the
value of 18.95 kN for the reference cell. A possible explanation of this phenomena could be
the increase in the adhesion of the layers, caused by compression during the constrained
acceleration test.

25
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&
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Figure 4. Force vs. displacement and voltage change vs. displacement of the performed abuse tests.

Table 4. Displacement and corresponding force values at ISC and their difference compared to the
reference cell.

Cell Displacement at ISC Force at ISC
[mm] [kN]
Reference cell 2.26 17.43
Cell 04 2.76 (+22.1%) 20.00 (+14.7%)
Cell 05 2.77 (+22.6%) 20.45 (+17.3%)

The peak force occurred at a range of intrusion of approximately 3.08 mm for the
pre-loaded cells, compared to a value of 2.53 mm for the reference cell. As can be seen
in Table 4, the dynamically pre-loaded cells failed at a lager deformation and were able
to sustain a higher load level. The general behavior of the cell voltage during the test
was comparable. For both pre-accelerated and fresh cells, a voltage drop was triggered at
the mechanical failure of the cell. A shift of the short circuit could be assessed with the



Batteries 2023, 9, 71 10 of 16

conducted abuse tests, which correlated with the different mechanical failure point. An
immediate drop of the voltage to 0 V could be observed after the impactor is removed from
the cell. The elastic recovery of the cell components led to a hard internal short circuit at
this point [43].

3.5. Thermal Imaging

Figure 5 shows thermal images of Cells 02 and 03 with temperature hotspots on the
cells” surfaces. Cell 02 had a temperature hotspot located at the edge of the cell between
both cell tabs with approximately 4 °C for a current pulse of 8 A. Cell 03 had a temperature
hotspot fairly visible in the corner at the height of the cell tabs. Hotspots on the cell surface
can be expected if an internal short circuit occurred within a pre-loaded cell due to local
higher current densities. By comparing the two pictures, the assumption can be made
that the ISC at Cell 03 is affecting a separator layer close to the upper surface while in the
case of Cell 02, the ISC could be located in a layer in the middle of the cell. The thermal
measurements were repeated on the opposite side of the cell. Nevertheless, no further
hotspots could be detected. It seems that the different intensity of the hotspots between
Cells 02 and 03 could be caused by a different short circuit mode [41,44]. At a short circuit
with a still quite high resistance, the temperature increase is not so strong and therefore not
so well visible with thermal imaging equipment.
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Figure 5. (a) Temperature hotspot measured during charge current pulses by thermal imaging of Cell
02 (b) Temperature hotspot measured during charge current pulses by thermal imaging of Cell 03
(c) Voltage response of Cell 02 at current of 8 A. (d) Voltage response of Cell 03 at current of 8 A.

The result of voltage measurement in Figure 5 shows that both cells have an initial
voltage of 0 V. A certain amount of energy could still be charged into Cell 02, indicating only
a small separator defect with a still high electric resistance (Figure 5a,c). After removing
the applied voltage, the voltage of the cell shows an exponential drop. The considered
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time period is too short to see a complete discharge due to the internal short circuit. In
comparison, Cell 03, which showed a hotspot (Figure 5b), shows a clear sign of a hard
internal short circuit in the voltage signal. The voltage drops immediately to 0 V after every
charging pulse. Based on the voltage signal, it is only possible to detect a defect of the
separator. If the anode or the cathode rupture, neither a hotspot in thermal analysis nor a
change in the voltage is to be expected.

The cells that sustained the dynamic pre-load without a permanent voltage drop (Cell
05 and 06) were filmed with the thermal camera during one CC/CV charging procedure
with 1 C. Thereby, it was found that the temperature distribution was homogeneous over
the entire cell surface. A comparative measurement with a fresh cell did not show a
difference in temperature or its distribution over the cell surface between the fresh and the
dynamically pre-loaded cells. It can be summarized that the dynamically pre-loaded cells
where no internal short circuit occurred do not show any internal damage which led to a
change in the thermal behavior of the cells.

3.6. Post-Mortem Analysis

In order to determine the exact location of the ISC, Cells 02 and 03 were disassembled.
For every cell, the reason for the ISC could be found. Since the separator is the most
safety-relevant component within the cell, it was examined in greater detail. In Figure 6,
the typically found pattern of damage is shown. In addition, Figure 6b shows the damage
of the separator which can be assigned to the hotspot of Cell 03 in the upper layers. The
found damage is significantly greater than expected. There were cracks in the separator
and detached active material of anode or cathode observable. A detailed analysis of the
separator layers showed that in both disassembled cells the separator suffered multiple
damages. In Cell 03, 23 of 42 separator layers were found to be damaged (Figure 6b).
In contrast, Cell 02 showed a number of 14 broken separator layers. There was no clear
tendency demonstrated as to whether the separators located closer to the cell outer surface
or the ones closer to the center of the cell are at higher risk of damage. The damage was
distributed over the entire thickness of the cell.

Cell 02

Cell 03

(b)

Figure 6. (a) Damages inside the cell after dynamic pre-load tests at cell 04. (b) Evaluation of the

damaged separator layers (red) for cell 03 and 04.

It is remarkable that the damage is exclusively in the area of the cell tabs. None of the
damage is more than 30 mm away from the cell tabs. An inspection to determine whether
the material properties in the area of the cell tabs differed from the rest of the cell did not
reveal any findings.

When this area was examined with the aid of microscopy, it was found that an
additional separator layer was used as reinforcement in the area of the cell tabs. However,
only approximately 2 mm of the additional layer extend into the cell. Figure 7 illustrates
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a microscopy image of this area. In dark grey, the additional layer can be seen on the
separator, which extends approximately 2 mm into the cell [36].

i
| EHT = 1500 kV Detecto:

Figure 7. Microscopy image of the cell near the cell tabs. The additional layer of separator is visible
in dark grey and extends approx. 2 mm into the cell [36].

The additional layer of separator does not extend to the location where the damage
in the cell was observed. Nevertheless, it cannot be excluded that this will increase the
load on the separator in the neighboring area because the thickness of the cell parts with
additional layers is different compared to other areas. Another explanation for the location
could be the internal structure of the cells. Separator material can be found not only in the
area between the anode and cathode, but also at the transition region to the terminal tabs,
which might cause regions with higher stress peaks during mechanical loading and cause a
separator failure.

3.7. Summary

The results of all six tested cells are summarized in Table 5. All cells except Cell 01 and
Cell 06 were deeply analyzed after the dynamic pre-load, with different analysis methods
depending on weather a short circuit occurred during the dynamic pre-load, as highlighted
in Table 5.

Table 5. Chronologic illustration and main results of the conducted tests with cells depend-
ing on whether a short circuit has occurred or not. Ri—internal resistance measurement, dyn.
pre-load—constrained acceleration load, TI—thermal imagining, PA—post-mortem analysis, EIS—
electrochemical impedance spectroscopy, QS—quasi-static testing.

. Dyn. ) ISC TI PA
Cell R preload N No ISC EIS 0s
Cell 01 20.38 no ISC - - -
Cell02  19.88 1SC - no hot spot 14 broken
separator layers
Cell 03 20.54 1SC - hot spot 23 broken
separator layers
.o, Displ atISC +22.1%
celt ot 107 no15C 2079 R =21.7% Force at ISC +14.7%
Cell05 1980  nolSC 2036 R: 3087 DisplatISC+22.6%

Force at ISC +17.3%
Cell 06 20.86 no ISC - - -
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4. Limitations

Battery cells are pre-loaded within a battery module for better ageing performance [45].
During their lifetime, irreversible chemical reactions cause a change in battery cell thickness,
resulting in an increased pretension force over time [45] and a change in mechanical
properties [14]. This might affect the mechanical response of the battery module and failure
of the battery cells [46,47].

Geometrical changes of the battery, pretension variations, and different testing SOCs
should be considered for future testing procedures to gain a deep understanding of the
safety behavior of the used battery cells. Additional components within a battery module,
such as cooling plates [46] or compression pads [47], directly influence the mechanical
response during mechanical abuse and should also be considered in future research.

5. Conclusions

In this study, six pouch cells were constrained with a compressive force of about 9 MPa
and dynamically pre-loaded with a 300 g acceleration pulse lasting 6 ms. Four cells were
used for further investigations. Two of these cells (Cell 04 and 05) did not show a permanent
voltage drop, indicating that no internal short circuit occurred, and were further analyzed
with an internal resistance measurement, electrochemical impedance spectroscopy, and
mechanical indentation test. All three tests revealed a change in reference measurements,
indicating a change in properties caused by the mechanical pre-load. Two cells (Cell 02
and 03) had a permanent voltage drop, suggesting an internal short circuit, and were
further analyzed by thermal imaging and post mortem analysis. Thermal imaging revealed
hot spots located at the position of separator failure proven by a dissection of the cells to
analyze the number of broken separator layers. In the following, the conclusions drawn
from this study are summarized:

1.  The applied load as combination of acceleration and compression indicated a load
limit for separator rupture as one third of the tested cells suffered from an internal
short circuit. The other cells did not indicate an internal short circuit.

2. High accelerations in the thickness direction of a constrained battery cell can lead to
an internal short circuit by separator rupture. A separator rupture might be caused by
high shear forces within the cell (e.g., electrolyte movement).

3. Cells without internal short circuit after dynamic pre-load showed a change in electric
and mechanical properties potentially causing safety-relevant issues, e.g., an increased
inner resistance can cause greater heating of a cell during normal operation.

4.  Inner resistance measurements and electrochemical impedance spectroscopy can
show changes in the electrical behavior of dynamic pre-loaded cells. Therefore, such
measurements can be considered for non-destructive battery monitoring and analysis.

5. Considering the level of load that needed to be applied to the cells, it has to be
remarked that this exceeds by far the current regulatory requirements. The cell as
such is considered to be robust. It is assumed that at such load levels as tested, other
failure modes within a battery or a module are likely more critical.

The results of this study revealed that a high acceleration pulse under realistic bound-
ary conditions can lead to critical changes in a battery cell’s properties. In some cases, these
changes were not indicated by standard measurement quantities, e.g., voltage or tempera-
ture. More advanced measurement techniques such as EIS revealed property changes and
might be used to find unsafe battery cells.
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Constrained battery cells showed high load limits for acceleration loads. Further
research is needed to find load limits for other load cases to be able to include battery
cells in the load path of a battery system. For future investigations and safety assess-
ments, the authors recommend taking into account the different behavior of dynamically
pre-loaded cells.
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NMC Lithium nickel manganese cobalt oxide
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Appendix A

Figure Al illustrates the results of electrochemical impedance spectroscopy of the
three fresh reference cells. Each reference cell was measured three times. These results were
used to derive mean values and the standard deviations within the manuscript.
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Figure Al. Plot of electrochemical impedance measurement (EIS) results for three reference cells
and three repetitions per cell with (a) magnitude of impedance, (b) phase of impedance and
(c) Nyquist plot.
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