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Exploration of Li-lon Batteries during a Long-Term Heat
Endurance Test Using 3D Temporal Microcomputed

Tomography Investigation

Gergé Ballai, Mildn Attila Sérés, Livia Vdsdrhelyi, Imre Szenti, Robert Kun,
Bdlint Hartmann, Ddniel Sebék, Ferenc Farkas, Aqib Zahoor, Guozhu Mao,

Andrds Sdpi,* Akos Kukovecz, and Zoltdn Kénya

High-resolution computed tomography (micro-CT) was used in this paper to
visualize the inner structure of lithium nickel cobalt aluminum oxide 18 650
form-factor batteries non-destructively after and during a heat endurance test.
Open circuit relaxation and electrochemical impedance spectroscopy were also
conducted. We tested the different heat-aged cells with micro-CT and charge-
discharge and electrochemical impedance spectroscopy measurements to find
the observable physical changes in the cell and connect them to the loss of
performance. We found that the drastic changes in the structure of the cell at
higher temperatures are well traceable. At 150 °C layer delamination and per-
formance loss were observed, battery failure occurred with the further increase
of the temperature, while at the same time, precipitation appeared and the
positive temperature coefficient device fractured. Without opening the cell only
tomographic methods can provide insight into the inner structure of the cell. We
were able to measure the changes in the distances of the layers of the battery and
decent shrinkage was observed, which can be linked to the loss of capacity and

1. Introduction

Lithium-ion batteries (Li-ion batteries,
LIBs), due to their high power and energy
densities, are very important energy stor-
age devices used for many mobile and also
for stationary applications. They are rou-
tinely used in commercially available porta-
ble devices (e.g., smartphones, laptops,
e-cigarettes), thus ensuring their safe oper-
ation is a top priority, especially since they
contain highly reactive, flammable, and
sensitive materials, such as the organic
Li-ion electrolyte. Several factors can cause
the failure of Li-ion batteries, some of
which only result in malfunction (i.e.,
non-energetic failure modes), while others
can lead to the dangerous thermal runaway

increased resistance.

and the explosion of the batteries (i.e., ener-
getic failure modes). Li-ion battery cells can
be exposed to mechanical, electrical and
thermal abuse, in general. Short-circuited,
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overcharged, or over-discharged batteries (electrical abuse), for
example, can enter a dangerous self-inducing exothermic reac-
tion cascade, known as thermal runaway. Other abuse condi-
tions, such as mechanical deformation, or foreign body
penetration (mechanical abuse) can also cause cell internal short-
ing, thereby may result in heat evolvement and eventually may
cause thermal runaway.!! The thermal runaway process can lead
to a battery temperature rise of 600 °C in extreme cases. It was
found that the thermal runaway can be triggered by increasing
the ambient temperature (thermal abuse). Raising temperature,
already above ~70-80°C causes the solid electrolyte interface
(SEI) to decompose. The simultaneous electrolyte decomposition
results in heat release and formation of gaseous by-products
within the battery cell. Further heating of the battery cell beyond
this temperature results in more severe safety conditions and
thermal runaway will occur. There is an onset temperature,
on which thermal runaway will certainly occur, which is between
145 and 150 °C for cylindrical 18 650 cells,”” based on the results
of thermal abuse tests.

To improve the safety and performance of LIBs a thorough
understanding of their internal 3D structure, mainly the elec-
trode stack’s (folded or rolled) microstructural condition is indis-
pensable. The real and in-operando 3D internal structure of the
samples can be visualized by high-resolution computed tomog-
raphy (micro-CT), neutron tomography or 3D X-ray microscopy.*™!
Micro-CT is an important non-destructive, 3D X-ray visualization
technique in materials science,’® based on the differing X-ray
attenuation of materials. It is especially suitable for the visuali-
zation of Li-ion batteries internal (micro-)structure while sustain-
ing the real physical conditions of the analyzed cells. Micro-CT
renders the investigation of real 3D structure possible, and its
non-destructive nature also allows us to conduct temporal inves-
tigations. The possibility of temporal investigations (also referred
to as 4D micro-CT) gives opportunities to investigate the effect of
external/internal impacts on the structure of batteries, e.g., com-
pression,m nail intrusion,® heat treatment, overcharge[m] or
thermal runaway.'” If the changes are applied outside the
micro-CT device it is called ex-situ measurement, while by using
special cells, in-situ measurements can also be conducted, which
can be either interrupted or continuous!'"; thereby energy stor-
age devices can even be investigated in-operando conditions.
In-operando measurements require extremely short image
acquisition times, thus high flux/intensity is needed, which
can be achieved in synchrotron facilities.'” Regular laboratory-
based CTs with an X-ray tube, however, can also provide valuable
information regarding the detailed structure of the batteries, with
micron-scale resolution. The quality of these longer measure-
ments also tends to be better than that of the quasi-real-time
images, thus preferable for investigating processes with a longer
time span.

Micro-CT is routinely used as a characterization tool in the
fields of energy storage and conversion.!*~**! Micro-CT can
help to identify the effect of microstructural™***! inhomogeneity
on the performance of Li-ion batteries.”"'® The thermal runaway
process of LIBs can be investigated in real-time within operando
micro-CT.®! Post-mortem micro-CT investigation can also pro-
vide valuable information: the examination of exploded batteries,
for example, can give an insight into the processes/structural
changes that caused the explosion.'”) Other than lithium-ion
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batteries lithium iron phosphate batteries!"® and lithium-sulfur
batteries!™ can also be investigated.

Experiences of such examinations can be directly utilized in
many fields, including the prolonging of battery lifetime of
Li-ion batteries used in stationary battery energy storage systems.
The global demand for such units is estimated to reach
2623 GWh by 2030 according to European Commission,?%*"
and understanding the factors behind degradation can not only
contribute to the sizing of those, but also to the optimization of
electricity market services provided by batteries.*?

In this article, commercial, Panasonic NCR18650BD form fac-
tor Li-ion battery cells are investigated under thermal abuse con-
ditions and its temperature- and time-dependent microstructural
changes are investigated using micro-CT analysis, supplemented
by charge-discharge and electrochemical impedance spectros-
copy measurements, at some selected heat abuse temperatures,
to quantify its effects. The batteries are exposed to gradual heat
treatment and their open-circuit voltage (OCV) is monitored over
time. The threshold temperature is determined where the battery
performance started to decrease. The structural changes induced
by the high temperature are characterized by multiple micro-CT
measurements and a possible explanation is given to the failure
of investigated Li-ion batteries at elevated temperatures. We were
the first who found correlation between the decrease in the layer
distances of the cell and the decaying performance following
high temperatures.

2. Experimental Section

The long-term external heat treatment experiments were per-
formed on cylindrical Panasonic NCR18650BD Li-ion batteries
with a nominal capacity of 3030 mAh at the state of health
(SOH) of 100%, as follows: the new batteries, in factory condition
(SOC, state of charge at ~60%), were heated in a thermostatically
controlled oven (VWR DRY-Line 180 Prime) from 75 to 165 °C,
increased in steps of 15 °C every 8 days. Micro-CT and voltage
measurements (Keithley 2401 source meter) were conducted
every 2 days to examine the structural and performance changes
caused by the heat treatment. In all the cases the cells were cooled
down to room temperature before measurements.

Ex-situ temporal micro-CT measurements were conducted
with a Bruker Skyscan 2211 using 155kV and 70 pA for X-ray
generation, including 0.5 mm Ti beam filters, at a resolution
of 11 pm? /voxel. To be able to achieve this high resolution, over-
size scan mode had to be applied, we automatically divided the
sample into 6 equal parts and reconnected them during recon-
struction by the software. X-ray projection images were recorded
at 50 ms per image, with 1113 images per section in 0.2° stepwise
rotation of the sample. NRecon reconstruction software (Skyscan,
Bruker, Belgium) was used to reconstruct the projected images
and CTVox (Skyscan, Bruker, Belgium) and DataViewer (Skyscan,
Bruker, Belgium) software were used for the visualization of the
3D-rendered objects.

The electrical performance and capabilities of a fresh (BOL,
beginning-of-life) cell and a cell treated at 120 °C were compared.
This temperature was chosen because according to Figure 3.
beyond 135 °C OCV measurements indicate severe deterioration
of the cell’s internal structure. According to'**! 120°C is the
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upper limit where the SEI layer can block the contact between
anode and electrolyte, however, it is well beyond the optimal
working limit, as SEI has already started to decompose. At this
temperature, the heat damage is already significant, but the cell
remains operational with a significantly decreased performance.
Standardized tests, such as electrochemical impedance
spectroscopy (EIS), can still be performed. In our study, three
types of measurements were determined to characterize the
heat treatment effects on the cell. Capacity measurement,
OCV relaxation and EIS. Each test was performed on both
new cells and heat-treated cells, by a Metrohm Autolab
PGSTAT302n potentiostat at room temperature, which was
22°C+2°C in our study. The batteries were enclosed in a
custom-made 3D printed battery holder tightened by brass
screws for proper contact.

2.1. Capacity Measurements

The capacity measurements consisted of three stages. At the first
stage, there was the initial charge of the cells from the capacity
after shipment to 100% SOC. It was done by standard CC-CV
charging method with 0.3C (909 mA) constant current, and
4.2V constant voltage, with 0.02C or C/50 (60 mA) cut-off cur-
rent. After 24 h rest period, a CC discharge phase is followed with
0.1Cor C/10 (303 mA) and a cut-off voltage of 2.5 V. The last step
was CC-CV charging with 0.1 C or C/10 (303 mA), and a 4.2 con-
stant voltage phase, the same as in the case of the initial charge.
Table 1 summarizes the methods and applied limits, as well as
the derived quantities.

From this measurement discharge and charge capacities were
determined by the Coulomb counting method Equation (1).

Q:/i(t)dt (1)

where Q is the capacity, i(t) is current, 7, is the start of the
charge-discharge measurement and the end of the measurement
is 77, which is the time when the battery reaches the end condi-
tions. For discharge, that means the cut-off voltage limit is 2.5 V.
For charge it means the 0.02C (50 mA) charging current. The
direction of the current is not considered in this formula, dis-
charge and charge capacity are denoted by Qqgch and Qg respec-
tively. We assume that after the initial charge stage, the cell is at
SOC = 100%, while after discharge the SOC = 0%.

Table 1. The procedure of the capacity measurements.

Step No. Stage Method End condition Derived Quantity
1. Initial Charge cc 42V -

2. Initial Charge cv 0.02C or C/50 (60 mA)

3. Relax for 24 h - -

4. Discharge ccC 2.5V (low cut-off) Discharge capacity
5. Charge ccC 4.2V (high cut-off) Charge capacity
6. Charge cv 0.02C or C/50 (60mA)  Charge capacity
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2.2. OCV Relaxation

Voltage relaxation (OCV retention) in open circuit conditions
was monitored for 24 h during the relaxation period between the
initial charge phase and the CC discharge. The SOC of the battery
cells for this measurement is considered to be 100%. OCVs were
recorded each hour, providing information on the current state-of-
health of the cell and indicating the expected self-discharge as well.
Although storing cells at that high SOC are considered to accelerate
capacity fade, for such a short period, this can be neglected.

2.3. EIS Measurements

Electrochemical impedance spectroscopy measurements were
done completely separately from the discharge measurements.
Two different EIS were performed. The first one was at 100%
SOC for 25, 60 and 120 °C. and the second, at 120 °C at three
different SOC levels: 0%, 50% and 100%, from 4kHz to
0.01 Hz. The steps for the frequency sweep were 10 points per
decade. The impedance of the battery is calculated by
Equation (2).

7=

Y IMORULL ) _ |7 expipy) =2 427

= Tilexp(jat + ¢1)

This is the general definition of the impedance, in the case of
an AC system. Impedance (Z) is the quotient of the complex volt-
age (V) and current (I). We can write the complex numbers in
polar coordinate form, with an absolute value and a phase angle
(). Here the absolute value of the complex impedance will be the
quotient of the absolute value of voltage and current, while the
phase shift will be the difference between the voltage phase and
current phase. This can be rewritten as a Cartesian form, the real
value can be implemented as the resistance (Z’), while the com-
plex value as the reactance (Z”). Specifically for batteries, the
reactance is capacitive in the lower frequency ranges. Note that
in electrical engineering publications, j is used instead of i, for
the complex unit, as i is reserved for current.

To measure the change in the electrochemical properties of
cells three cells were measured. One after 120°C, one after
60 °C and one after 25 °C for one week. The three temperatures
were chosen to represent the unbothered cell, the temperature
abuse resulting from average use and extreme heat abuse. The
electrochemical measurements as the charge-discharge measure-
ments and the electrochemical impedance measurements were
conducted by using a Merohm Autolab PGSTAT302N potentiostat.

The charge-discharge measurements were recorded at 0.1C-
rate to evaluate the heat damage that can cause the decrease
in the capacity. The upper and lower cut of voltages were 4.2
and 2.5 Volts, respectively.

The EIS measurements were recorded by the same setup
between 2500 and 0.1 Hz with the applied signal amplitude of
0.01 of the Vs

Post-mortem energy dispersive spectroscopy (EDS) measure-
ment was used to determine the elemental composition of the
layers. The sample preparation required an inert atmosphere,
thus the preparation was conducted in an Ar (Messer 5.0) filled
glove box. An intact battery was embedded in resin and cut into
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1 cm high pieces. The elemental composition of the battery parts
was analyzed by energy-dispersive X-ray spectroscopy (Rontec
Quantax EDS) built into a Hitachi S-4700. The samples were
measured at 20kV accelerating voltage without any additional
coating.

3. Results and Discussion

3.1. Structural Analysis

A 3D structural analysis of the 18 650 Li-ion batteries was con-
ducted by micro-CT. The typical layered structure of cylindrical
LIBs is shown in Figure 1. On the top, the parts of the cathode are
visible: the top cover, the gasket seal, the current interrupt device

>25mm<

www.entechnol.de

(CID) (parts of which are the top disk, the insulator, the bottom
disk, and the tab), and the positive temperature coefficient (PTC)
device. On the bottom side, the anode pole can be seen (the
anode tab and the bottom insulator). The two poles are connected
by the center pin and a coiled structure (also called a jelly roll
structure), which can be seen on the enlarged part on the right.
This contains the anode, the cathode, and the separator layers.
The whole structure is enclosed into a steel can.

Figure 2 shows a horizontal cross section of a 3D micro-CT
image of the Li-ion battery. The typical circular jelly roll structure
of the Li-ion batteries can be seen on the left, while the enlarged
part also shows the EDS element mapping results. Micro-CT
alone is not capable of element analysis, but by combining it with
EDS we can gain insight into the 3D element composition of
Li-ion batteries. This representation enables the identification

Figure 1. 3D Micro-CT reconstructed images of a 18 650 Li-ion battery, taken with 11 ym?/voxel resolution: an outside view of the steel can, a vertical
cross section of the inner structure, and an enlarged view of the jelly roll structure.

Figure 2. A horizontal cross section of a 3D micro-CT image of a 18 650 Li-ion battery, taken with 11 pm?jvoxel resolution. The enlarged part also shows

the EDS element mapping results on top of the micro-CT image.
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of the element composition of the layered structure visible on the
micro-CT image. The copper foil (1), carbon in the anode’s layer
(2), cobalt originating from the cathode (3), and aluminum foil
(4) layers are well separated and identified.

Figure 3 shows the measured cell voltages at ~50% SOC, at
different temperatures (after 8-day heat treatment). The mea-
sured voltages of around 3.5V are the expected values according
to the specification of the rechargeable 18 650 Li-ion batteries. The
OCYV of the battery is unaltered up to 135 °C, but at 150 °C, a rapid
decrease in the OCV was observed. The voltage was already

351 vV VVVVVYVY

0.5+

0.0

T T T T T T T T T T T T T T T T 1
20 40 60 80 100 120 140 160 180
Temperature (°C)

Figure 3. The measured OCVs of the cells versus the temperature of the
long-term heat treatment experiments.

www.entechnol.de

decreased at the first measurement (after 2 days) and did not alter
during the 8-day cycle. In contrast to the previous stages, at 165 °C,
a visible change occurred in the condition of the battery: cell open-
ing occurred and this resulted in electrolyte leakage. After that, no
OCV was measurable, and the cell was irreversibly destroyed
before a thermal runaway reaction occurred.

Figure 4 shows the structural deformations caused by external
overheating. There was no visible change in the structure at 135 °C
compared to room temperature. The first changes occurred at
150°C, after 2 days of heating; further deformation did not occur
until the end of the 8-day heating cycle. The overheating can also
cause delamination and layer deformation (of the Cu layer); these
are visible on the figure (blue box) and can cause short-circuiting
and thus battery failure. Increasing the temperature to 165 °C
showed that layer deformation was not observed, but additional

Figure 5. Condition of the PTC after 150 (red box) and 165 °C (blue box)
external heat treatment; green box highlights the formed precipitation due
to leakage. The micro-CT images were taken with 11 pm?/voxel resolution.

;

Figure 4. Micro-CT images of structural changes in the layers of 18 650 Li-ion battery caused by external overheating taken with 11 pm?jvoxel resolution
compared to the unaltered cell. The upper part shows the structure of the unaltered cell (yellow box), the middle one at 135 °C (red box), and the lower one

at 150°C (blue box).
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deformations did occur. In Figure 5, the PTC device of the battery
is shown at 150 and 165 °C. At the lower temperature, the PTC
appears to be intact, while at higher temperature, the PTC is
heavily fractured. At 165 °C, while no traces of external damage
were observed, a leakage through the pressure seal occurred,
exposing the electrolyte to oxygen, causing precipitation formation
as seen on the upper part framed by a green box.

Multiple research has addressed and examined the structural
changes during and after a thermal runaway reaction of commer-
cial batteries with the micro-CT technique.”** We found that
noticeable changes occur even without the dangerous energetic
reactions.

Blazek et al. reported the swelling of the electrode stack as a
result of prolonged use which can further accelerate the aging of
the Dbattery cells. They found that this phenomenon can be
tracked by micro-CT measurements by measuring the distance
between the layers in a cross-sectional view of the cell without
opening it. Significant increases in the distances were found
in the used cells with similar SOCs.”?® To learn if similar phe-
nomena take place in batteries during extreme heat exposures,
the layer distances of the cells after different temperature expo-
sures were measured (Figure 6).

By measuring and averaging the thickness of ten layers in eight
directions radially from the middle of the cell, we found that the
average distance decreases by 1.61% from the initial value of
354.0 + 1.3 pm to 348.3 £+ 1.5 pm. Blazek et al. experienced a simi-
lar change in magnitude, although in the other direction.”” This
can be linked to the different processes involved during their meas-
urements in the repeatedly charged and discharged and our heat-
stressed cells. The decreases that we have experienced in the layer
thickness can be linked to the degradation of the porous anode and
cathode materials, by the exposure to the increased temperature
and the consequential increased pressure inside the cell.

3.2. Capacity Measurements Results

Capacity measurements were performed at four chosen temper-
atures: 25, 60, 120, and 150 °C summarized in Table 2.
Although both discharge and the charge capacity are slightly
higher in the case of the 60°C heat-treated cell, these values
are within the rated capacity (20°C) and the typical capacity
(25 °C) of the NCR18650BD cell, set by the manufacturer. These

www.entechnol.de

Table 2. The charge and discharge capacity of the cells after T week of heat
abuse at different temperatures.

Temperature [°C] Capacity discharge [Ah] Capacity charge [Ah]

25 2.973 2913
60 3.7 3.108
120 2.713 2.738
150 n.a. n.a.

variations occur due to small differences in cells or the room tem-
perature because available capacity for a given constant current
discharge rate is temperature dependent, and it is typical for
higher temperatures to result in more capacity.**) However, after
a heat abuse at 120 °C, capacity decay is observable and significant,
around 10% to the nominal value. At 150 °C, no detectable cell
capacity was observed due to the aforementioned irreversible
destruction of the battery.

3.3. OCV Relaxation Measurement Results

The OCV relaxation measurements were designed originally for
4 different temperatures 25, 60, 120, and 150 °C. But as shown in
Figure 3. at 150°C the OCV is quite unstable, indicating that
such physical changes occurred inside the cell, that no charge-
discharge measurements can be performed on it, and therefore
neither OCV relaxation tests. Consequently, only the first three
measurements will be presented in Figure 7.

For the initial OCV, there is no significant difference between
the different temperatures. As the temperature is increased, the
relaxation occurs faster and at 120 °C, it turns to a more elevated
self-discharge scenario.

3.4. EIS Measurement Results

As previously mentioned, two types of EIS measurements were
conducted. These will be discussed separately.

3.4.1. EIS at SOC 100%

In the first measurement, the EIS was conducted at different
temperatures, with a fully charged cell, which is shown in

Figure 6. a) The cross-sectional view of the unaltered and b) the 150 °C heat-treated cell.
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Figure 7. The measured OCVs of the fully charged cells in a period of 24 h.

Figure 8a. The results for 25 and 60 °C show a Nyquist plot of a
Li-ion battery cell. For all the temperatures, the usual frequency
domains, high- (f>1kHz), middle (1kHz>f>1Hz)- and,
low-frequency domains (f< 1 Hz), are distinguished.””! At the
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high-frequency range, we can observe the impedance (mostly
inductive) of the electrical connection, and when Z” =0 the
ohmic resistance of the cell. In the middle range, semicircles con-
nected to SEI, charge transfer, and electrochemical double layer
can be observed. Usually, the semicircle at higher frequencies
is described as the impedance of the SEI layer and the other at
lower frequencies is linked to the charge-transfer reaction.
Although the regions representing SEI layer and double layer
are “merged” into one semicircle in the case of the cell exposed
at 120 °C, as opposed to the theoretical EIS curve,”® this is not a
unique measurement result. Li et al. claimed that it happens when
no charge transfer reactions occur at the interfaces.”” This phe-
nomenon is well described in the literature.*°>% Then at the
lower-frequency domain, mass transport that is usually represented
with the so-called Warburg impedance is also observable.l*”!

As the difference between 25 and 60 °C, a little ohmic resis-
tance increase can be observed at the higher range of the fre-
quency. The difference for lower frequencies is negligible.
However, for 120 °C, middle-frequency phenomena overlap into
one semicircle. Another notable effect is that the ohmic resis-
tance of the cell has grown to almost 150% compared to the unal-
tered cell (from 42.3 to 61.1 milliohms). The ohmic resistance or
bulk resistance of the cell is generally considered one of the indi-
cators to determine the state of health of cells as it tends to
increase due to crack formation in the electrodes and the attrition

(b)

0.094 ——25°C
—— 60 °C
0.08+ ——120°C

001 01 1 10 100 1000
log;4(f)

@ 0,015,

0.010+

-0.015 T T T T T T
0.01 0.1 1 10 100 1000

log,,(f)

Figure 8. a) EIS at different temperatures with fully charged cells, b) the real part of the cell impedance at different frequencies, c) the magnitude of the
cell impedance at different frequencies, and d) the imaginary part of the impedance at different frequencies.
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of the electrolyte.**) At the same time, the polarization resistance
decreased with the increasing heat treatment temperatures. The
experienced growth in internal resistance and loss of capacity
after higher temperatures can be linked to several factors, for
example, increasing electrolyte viscosity, decomposition of the
SEI layer,®” degradation of the electrode materials, or the
decrease in the quantity of lithium that can be used in the reac-
tion. The battery becomes short circuited between 120 and 140 °C
because of the melting of the polymer separator and the degra-
dation of the PTC.B®

For the real and imaginary parts of the impedance, there is a
difference in order, and the real part of the impedance is much
greater. That is why we got almost the same plots when observing
the magnitude of Z (|Z|) and Z’, as shown in Figure 7b,c.
Different electrochemical phenomena affect the imaginary part
of the impedance (Z”) much, as shown in Figure 8d.

3.4.2. EIS at 120°C

In the second measurement, the EIS is conducted at different
SOCs, with a cell at 120°C, at the beginning of life, which is
shown in Figure 9.

In this case, a significant increase in the real part of imped-
ance can be observed between 100% SOC and 50% SOC.
However for 0% SOC, there is no further increase in the ohmic

0.06 1

0.05 T T T T
0.1 1 10 100 1000

l0g,,(f)

www.entechnol.de

resistance, but with lowering frequencies the impedance tends
to infinity, with Z’ =0.211 [Q] and Z” =0.575 [Q] at 0.01 Hz.
This increase at a very low charge of the cell is also expected
based on the literature.””!

For the relation between the magnitude of Z and Z’ the same
can be stated as in the previous case, which is shown in Figure 9.
In figure of Z” the effects of different electrochemical processes
are completely blurred, because of the rapid increase. The expe-
rienced increase in internal resistance and loss of capacity can be
linked to several factors. These physical changes possibly can be
linked to the change in layer thickness which can be observed by
computer tomographic measurements.

4, Conclusion

The effect of long-term elevated external temperature on the 3D
structure of 18 650 Li-ion batteries was examined by ex situ tem-
poral micro-CT investigation. Micro-CT proved to be a capable
tool to investigate the internal structure of LIBs and detect the
signs of degradation in the PTC of the cell which can be a sign
of exposure to extreme temperatures or prolonged use. It showed
in cell diagnostics it can be used for prevention and not just oper-
ando or postaccident investigation. External overheating caused
serious damage to the electrode layer structure of the batteries.
The temperature-induced structural deformation of the layers

(®) 0.10-

0%
— 50%
0.09 - — 100%
@ 0.08 1
N
0.07 +
0.06 4
0.05 T T T T T T
0.01 0.1 1 10 100 1000

log,(f)

-0-015 T T T T T
0.1 1 10 100 1000

log;4(f)

Figure 9. EIS at different SOCs at 120 °C (a), the magnitude (b), the real part (c), and the imaginary part (d) of the cell impedance at different SOCs.
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started at 150°C causing short circuiting and malfunction.
However, the charge—discharge and EIS measurements show
that the capacity loss and the increase of the battery resistance
start at a much lower temperature; at the same time decrease
in the distance between the layers in the rolled-up cell was
observed on the micro-CT images. Further heat treatment caused
leakage, the fracturing of the PTC layer, and the total failure of
the battery. It was demonstrated that by micro-CT even slight
changes in the structure can be perceived even before the dan-
gerous thermal runaway, which could not be investigated by
computed tomography or related techniques, and it has its place
among other approaches to evaluating used battery cells and to
find changes in the micrometer range. Smaller changes only can
be observed by opening the cell. Our results help to understand
the underlying failure mechanisms of the batteries caused by
extreme heat and can help the design of the newer, safer genera-
tion of LIB cells.
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