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Abstract: When using lithium-ion batteries (LiBs) with nickel-rich cathodes, safety issues such as ther-
mal runaway (TR) propagation must be considered. To design safe LiBs, effective countermeasures
against TR propagation must be developed. For this purpose, knowledge about the TR behaviour,
especially the TR onset temperature, of fresh and aged lithium-ion cells is required. Therefore, the
aim of this work is to investigate the TR behaviour of several fresh and aged lithium-ion cells with
different cathode chemistries in overtemperature tests using an oven test setup to determine changes
in the TR behaviour due to cyclisation. For the investigation of the TR behaviour of large format
lithium-ion cells, the oven test setup turns out to be an effective alternative to the accelerating rate
calorimetry test. Analysing the results shows that the initial TR temperature after cyclisation for
one cell chemistry is significantly decreased due to the failure of one cell component. In addition,
from a series of tests and the measured TR onset temperatures it can be deduced that an underlying
probability distribution should be taken into account when designing safe LiBs.

Keywords: lithium-ion battery; thermal runaway; battery safety; battery ageing; thermal runaway
propagation

1. Introduction

Lithium-ion batteries (LiBs) are widely used in the latest mobile applications or electric
vehicles (EVs) [1]. In order to extend the total range of EVs, in many applications nickel-rich
cathodes are used in modern LiBs [2]. This technology comes with an increased energy
density, while the thermal stability may be lower compared to other battery cathode
materials, leading to safety issues such as thermal runaway (TR) [3,4]. If a single-cell TR
happens inside a battery module, a large amount of heat is released, which may lead to a
TR of neighbouring cells [5]. This TR propagation is one of the major issues to be solved
for the development of safe battery packs [6]. Therefore, specific knowledge about the TR
behaviour of the lithium-ion cells that are used within the battery design process is crucial.

A typical TR process of lithium-ion cells may include ejection of material and gas,
ignition and combustion. Once the critical temperature of a lithium-ion cell is exceeded,
exothermic reactions between the different cell components begin, which results in a
rapid increase in cell temperature and further exothermic reactions. In this context, the
TR behaviour of a cell is characterized by three safety relevant temperatures: The on-
set temperature of self-heating T1, the onset temperature of TR T2 and the maximum
temperature T3 [7,8]. To avoid TR propagation, a cell temperature below T2 must be
guaranteed for neighbouring cells within the LiB [9]. In addition, when comparing the
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functionality of safety devices of large prismatic lithium-ion cells, two other safety-relevant
temperatures should be evaluated: the activation temperature of the relief valve Tv and the
overcharge safety device (OSD) Tosd [10,11].

The TR process and the occurring exothermic reactions have been analysed in the litera-
ture by using differential scanning calorimetry (DSC) [12,13] and accelerating rate calorime-
try (ARC) [14,15]. If the cell temperature exceeds T1 (80–120 ◦C), the solid electrolyte inter-
face (SEI) film is decomposed. This reaction generates heat, leading to self-heating of the
cells [16]. Once the SEI film is seriously damaged, lithiated graphite on the anode begins
to react with electrolyte and the binder (around 120–140 ◦C) [17,18], which results in an
accelerated self-heating process. If the melting temperature of the separator is reached, an
internal short circuit (ISC) occurs with a collapsing separator [19]. The onset temperature
for the ISC depends significantly on the separator material. The ISC occurs approximately
at 130 ◦C when a PE separator is used, at 170 ◦C for PP separators or at more than 200 ◦C
if the separator has a ceramic coating [20]. The heating process intensifies through the
decomposition of the cathode material around 200 ◦C [21,22], which generates a significant
amount of oxygen [23]. As a result, the generated oxygen may oxidize the electrolyte [24]
or react with the lithiated graphite, generating a large amount of heat and resulting in TR
at the onset temperature T2 with a maximum temperature of T3 [25]. In the literature, T2 is
defined as the point where the self-heating rate of the cell reaches 1 Ks−1 [26].

Previous work has shown that the safety risk related to the TR in fully charged cells
is most critical compared to other states of charge (SOC) [22,27]. Those results were con-
firmed for large and small format lithium-ion cells [28,29], as well as for different cathode
chemistries [30].

Some thermal safety issues of fresh LiBs at the beginning of their life can be avoided
through chemistry design or battery management systems [31]. Whereas others, such as
penetration- and crush-triggered TR, cannot be avoided by these methods [20]. However,
the TR behaviour of aged LiBs might differ from fresh LiBs [32,33], leading to enhanced
safety risks. Therefore, during battery design it is important to consider possible influences
of ageing effects on the TR behaviour to ensure safe operation of the LiBs over the entire
battery lifetime.

Some researchers described that LiBs degraded under high-temperature storage ex-
hibit an improved thermal stability with a higher T1 during TR [34] without analysing the
ageing effects leading to the improved thermal stability. Abada et al. concluded that an
improved thermal stability can be explained by the thickening of the SEI film [7], which
is the main effect of calendrical ageing [35]. Other studies focusing on the influences of
cyclization on the TR behaviour have shown that some ageing processes lead to a decreased
thermal stability with lower T1 and T2, without identifying the ageing process itself [36,37].
However, a detailed investigation of the influence of ageing effects on the TR behaviour
is given by Ren et al. [38]. According to this research, a decay in thermal stability is only
observed if lithium plating or deposition occurs during degradation of the cell. Other
ageing effects, such as cathode particle cracking or cathode electrolyte interphase film
formation, do not result in any obvious changes in TR behaviour [38].

According to the existing literature, some regular ageing effects, such as lithium plating
or SEI film thickening, as well as the SOC clearly affect TR behaviour. However, current
research mostly focuses on investigating the influence of these regular ageing effects on TR
behaviour. This means that other effects that could occur during cyclisation, such as the
mechanical failure of a cell component, e.g. due to delamination of the ceramic coating of
the separator, are not considered. Therefore, comprehensive studies are required to gather
knowledge about the TR process of fresh and aged lithium-ion cells.

The aim of this work is to investigate the TR behaviour of several fresh and aged
lithium-ion cells with different cathode chemistries to determine changes in the TR be-
haviour due to cyclisation. Therefore, overtemperature tests are performed in an oven test
setup, which operates on the heat-wait-seek method described by Lei et al. [39] similarly
to the ARC. For this purpose, the cells are cycled under normal conditions. Therefore,
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plating or lithium deposition effects that could have an influence on the TR process are not
expected. However, a massive decay in thermal stability after cyclization is observed in
one cell type, which is triggered by the delamination of the ceramic coating of the separator.
Furthermore, from a small series of overtemperature tests and the measured TR onset
temperature T2, which is relevant for the development of effective countermeasures against
TR propagation [9], it can deduced that an underlying probability distribution should be
considered in the development of safe LiBs. The results presented in this paper provide
novel insights into the TR behaviour of fresh and aged large format lithium-ion cells, from
which necessary conclusions can be drawn in order to develop safe LiB systems.

2. Experimental Procedures
2.1. Test Samples

In this study, two different types of commercial prismatic cells in the PHEV2 format
are investigated. The anode material of both cell types is graphite, whereas the cathode
material differs. The first cell type uses a Li(Ni0.3̄Mn0.3̄Co0.3̄)O2 (NMC111) cathode and
the second cell type a Li(Ni0.6Mn0.2Co0.2)O2 (NMC622) cathode, respectively. Both cell
types come with an organic LiPF6-based carbonate electrolyte. Additionally, both cell types
take advantage of a ceramic-coated separator, in order to increase the onset temperature of
TR and the thermal stability. A detailed summary of the cell parameters is listed in Table 1.

Table 1. Cell parameters.

Parameters Cell Type 1 Cell Type 2

Cathode NMC111 NMC622
Anode Graphite
Separator Ceramic coating
Nominal capacity 37 Ah 51 Ah
Cell format Prismatic PHEV2
Voltage range 2.8–4.2 V 2.5–4.2 V
Relief valve opening pressure 800 kPa
Initial mass 0.825 kg 0.925 kg

2.2. Ageing Procedure

The cell capacities are determined by a reference performance test (RPT) at 20 ◦C prior
to the ageing test. During the RPT, the cells are cycled according to the following procedure:

(1) CC(1C)-CV charge to 4.2 V until the charging current is reduced to 0.05 ◦C
(2) Rest for 30 min
(3) CC(1C) discharge to 2.8/2.5 V for cell type 1 and 2, respectively. According to the

respective cell specifications
(4) Rest for 30 min

The initial cell capacity C0 is determined as the discharge cell capacity of the third
cycle.

The state of health (SOH) is defined as the relative capacity

SOH =
C
C0

· 100 %, (1)

where C is the discharge capacity of the cell during cycling.
The ageing sequence follows the RPT procedure at an ambient temperature of 20 ◦C to

cycle four cells of each cell type until 90% SOH (type 1) or 80% SOH (type 2), respectively. In
order to simulate the integration of one cell into a module stack surrounded by a prestressed
frame, each discharged cell is mounted between two steel plates with an initial force of
1 kN.

The cells are tested with a multichannel battery testing system (BaSyTec XCTS50) and
a climate chamber (ESPEC PU-3KP) to control the ambient temperature.
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2.3. Electrochemical Impedance Spectroscopy (EIS)

In order to investigate any changes in cell impedance after cyclization, EIS is performed
on one cell of each type at fresh and cycled state. Therefore, the cells are fully charged
at 0.33 C by CC-CV charging prior to EIS. Afterwards, the cell impedance is measured
between 0.1 Hz and 1 kHz using eight frequencies per decade with a HIOKI BT4560. During
EIS, all cells are located in a climate chamber (ESPEC PU-3KP) at 20 ◦C and rested for 5 h to
reach thermal equilibrium before conducting measurements.

2.4. Thermal Behaviour Test Procedure

Oven tests are performed on five fresh and three aged cells of each cell type to in-
vestigate the thermal stability and TR behaviour of the cells. Therefore, all cells are in a
fully charged state, as described in several international norms [40,41]. A lithium-ion cell is
referred to be more thermally stable, if the onset temperature of TR T2 is higher compared
to cells with a lower thermal stability and a lower T2, respectively [42].

An oven manufactured by HORO Dr. Hofmann GmbH is utilized for these tests.
K-type thermocouples are used to measure temperatures at the cell surface and inside the
oven, whereby the sampling rate of the thermocouple signals is 10 Hz. The thermocouple on
the cell surface is attached using a thermally conductive adhesive, whereby the measuring
point is additionally taped with glass fibre tape to insulate the measuring point from
neighbouring surfaces. Each cell is mounted between two steel plates with an initial force
of 1 kN and tested in each oven test. Plasterboards are inserted between the steel plates and
the cell to minimize the thermal coupling between the steel plates and the cell. The insertion
of insulation ensures that the heat generated during TR is not immediately transferred to
the rest of the measurement setup. Therefore, it is possible to estimate TR behaviour in a
worst-case scenario with the help of the measured temperatures. The measurement setup
and thermocouple positions are presented in Figure 1.

Steel plate
Plasterboard
Lithium-ion cell

Thermocouple
(oven temperature)  

Thermocouple
(cell surface temperature)  

Relief valve

Figure 1. Scheme of the oven test setup with the thermocouple positions.

During the thermal stability test, the oven is preheated to 80 ◦C and rested for 2 h.
After the initial preheating, the ambient temperature of the oven is increased in steps
of 5 ◦C, with resting periods of 30 min after each temperature step until a cell TR is detected,
i.e., the measured cell surface temperature rate exceeds 1 Ks−1.

3. Results and Discussion
3.1. Cycling Performance and Degradation Behaviour

Figure 2 displays the degradation behaviour of each aged cell. As shown in Figure 2a,
all type 2 cells reach 80% SOH after only 956 to 1147 cycles, whereas the type 1 cells exhibit
a better performance, with cycle numbers reaching from 1457 up to 1959 cycles at an SOH
of 90%. Although both cell types are cycled under normal conditions, an accelerated
capacity loss of the type 2 cells is observed. In particular, a rapid loss of capacity is
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detected after about 850 cycles. This might be caused by changes in cell balancing during
cyclization [43] which may lead to lithium deposition [44]. A steadily decreasing capacity
is observed for type 1 cells. Therefore, an accelerated degradation behaviour due to lithium
deposition is not to be expected in this case.

(a) (b)

Figure 2. Degradation behaviour of the aged cells. (a) cell type 1 until 90% SOH; (b) cell type 2 until
80% SOH.

After cyclization, one cell of each type is used for EIS tests. The impedance spectra
of the aged and fresh cells are compared in Figure 3. In the following visual evaluation
of the impedance spectra, the equivalent circuit model presented by Schmidt et al. [45] is
used as a basis. According to Schmidt et al. [45], the characteristics of the SEI and charge
transfer processes are represented by the total diameter of the impedance arc, while the
electrolyte conductivity and electronic losses are modelled using an ohmic resistance by
evaluating Zreal at Zimag = 0. The SEI and charge transfer resistance Rct is represented by
the total diameter of the impedance arc, while the ohmic resistance R0 of each cell can be
obtained by evaluating Zreal at Zimag = 0. Figure 3 shows, that both aged cells exhibit an
increased impedance. The SEI and charge transfer characteristics of the aged type 2 cell
show a significant change. The diameter of the impedance arc nearly multiplied by five
compared to that of the fresh cell, while the diameter of the impedance arc of the type 1 cells
remains unchanged. The most conspicuous change is an increase in ohmic resistance for
both cell types. While the ohmic resistance of the aged type 2 cells increased only slightly,
the ohmic resistance of the aged type 1 cell almost tripled. The observed increase in ohmic
resistance may be caused by a reduced ionic conductivity of the electrolyte, for example
due to electrolyte decomposition or loss in lithium inventory [46].

Figure 3. Impedance spectra for fresh and aged cells of type 1 and 2 at 90% and 80% SOH, respectively.
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After EIS, the fresh and aged cells are discharged to 2.8 V and 2.5 V, respectively, and
disassembled under air atmosphere. The anodes harvested from these cells are presented
in Figure 4. Since the cathodes of fresh and aged cells show little differences, they are not
presented in this work. As shown in Figure 4a,b, the anodes of the fresh type 1 and 2 cells
have a uniform graphite grey colour with no visible lithium depositions on the surface.
The anode of the aged type 1 cell is similar to the fresh anode with no obvious changes
in colour or visible depositions. A small amount of lithium deposition is detected on the
surface of the anode of the aged type 2 cell, turning the colour into silver grey locally, which
is consistent with the analysis of the degradation behaviour from Figures 2 and 3.

When removing the cell coils of the fresh type 1 cell from the cell housing, a small
amount of electrolyte remains in the housing, whereas no electrolyte can be detected in the
housing when disassembling the aged type 1 cells, indicating electrolyte consumption. The
consumption of electrolyte may lead to the significant increase in cell impedance described
in Figure 3 [47]. In addition, distinctive delamination effects of the ceramic coating on the
separator surface of the aged type 1 cell are obtained, turning the separator colour from
white to ivory in the delaminated areas, which is shown in Figure 4e. Separator areas with
delaminated ceramic coating are not detected for the aged type 2 cell.

(a) (b)

(c) (d)

Figure 4. Cont.
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(e)

Figure 4. Pictures of a separator part of the aged type 1 cell with the area of delaminated coating inside
the red lines and agglomerates of delaminated ceramic in blue circles (e) and the fully-discharged
anodes from fresh and aged cells. (a) Fresh type 1 cell; (b) aged type 1 cell; (c) fresh type 2 cell;
(d) aged type 2 cell.

3.2. Thermal Runaway Behaviour and Temperatures

The results of a typical overtemperature test using the oven test setup is shown
in Figure 5. During the preheating phase, the cell temperature slowly increases to 80 ◦C.
Thereafter, the ambient temperature is increased by 5 K every 30 min until T2 is reached.
When the cell temperature reaches Tosd, the OSD separates the cell tabs from the active
material. The heating process of the cell accelerates at T1 due to self-heating, while the
before constant cell temperature increasing rate starts to increase. Therefore, T1 is defined
as the point at which the temperature gradient exceeds 0.05 K of the constant increasing rate
during the heating process without self-heating. The exothermal reactions activated during
self-heating lead to the decomposition of overheated electrolyte, resulting in activating
the relief valve at Tv [48]. Finally, the heating process results in TR at T2 with a maximum
temperature of T3.

Figure 5. TR behaviour of an aged type 2 cell. Diamonds represent the five TR behaviour temperatures
T1, Tosd, Tv, T2 and T3.

Although the oven testing procedure is equal for all tested cells, the TR behaviour
differs between the cell types, as shown in Figure 6 and Table 2. The external heat-
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ing process of all cells starts at 80 ◦C. While self-heating of fresh type 1 cells occurs
between 121 and 129 ◦C, before the OSD disables cell current flow (around 137–138 ◦C), the
OSD of fresh type 2 cells is triggered between 116 ◦C and 126 ◦C before self-heating occurs
around 122–128 ◦C. After self-heating, the total heating process accelerates and the relief
valve of the cells opens around 145–154 ◦C (fresh type 1) and 142–166 ◦C (fresh type 2),
respectively. While the TR of fresh type 2 cells is triggered between 188 ◦C and 199 ◦C, fresh
type 1 cells are more thermally stable as the TR starts around 207–213 ◦C. Maximum cell
temperatures during TR for the fresh cells are determined to be around 618–682 ◦C (fresh
type 1) and 518–577 ◦C (fresh type 2), respectively. All tested fresh type 2 cells show lower
maximum temperatures T3 than fresh type 1 cells, while the mass loss of fresh type 2 cells
is larger (around 42–44%) than that of the type 1 cells (around 37–39%). The ejected gases
of fresh type 2 cells are ignited in all tests and a strong flame formation is observed.

Comparing the TR behaviour of fresh and aged type 1 cells, a shift to lower tempera-
tures can be observed. The OSD of the aged type 1 cells is triggered approximately 30 ◦C
earlier than the OSD of the fresh cells. The TR of the aged cells is already triggered between
102 and 112 ◦C, which means that T1 cannot be determined in these cases. This corresponds
to 50% of T2 compared to the fresh type 1 cells. In addition, the relief valve does not open
until T2 is reached between 102 and 112 ◦C. While the ejected gases of fresh type 1 cells do
not ignited, the aged cells show ignition of the gases and strong flame formation. In two of
the three aged type 1 cells tested, the entire cell coil is ejected from the cell housing during
TR. As a result, the mass loss of the aged type 1 cells higher and the maximum temperature
reached with the TR T3 is lower compared to the fresh type 1 cells.

The cycled type 2 cells show almost the same TR behaviour compared to the fresh
type 2 cells. The OSD trigger temperature of the aged cells is slightly lower than Tosd of the
fresh cells. Additionally, the aged type 2 cells show a higher maximum TR temperature T3
(around 615–699 ◦C) than the fresh cells (around 518–573 ◦C), while the mass loss of aged
type 2 cells is around 29–31%, which is slightly lower than that of fresh type 2 cells.

Table 2. TR behaviour and mass loss of all tested cells.

Cell T1 Tosd Tv T2 T3 Mass Loss

Type 1 fresh #1 121 ◦C 137 ◦C 154 ◦C 206 ◦C 682 ◦C 38%
Type 1 fresh #2 129 ◦C 138 ◦C 145 ◦C 209 ◦C 636 ◦C 39%
Type 1 fresh #3 126 ◦C 134 ◦C 148 ◦C 211 ◦C 668 ◦C 37%
Type 1 fresh #4 126 ◦C 137 ◦C 150 ◦C 211 ◦C 618 ◦C 38%
Type 1 fresh #5 127 ◦C 137 ◦C 147 ◦C 213 ◦C 657 ◦C 37%

Type 1 aged #1 - 101 ◦C 102 ◦C 102 ◦C 184 ◦C 85%
Type 1 aged #2 - 104 ◦C 104 ◦C 104 ◦C 155 ◦C 85%
Type 1 aged #3 - 109 ◦C 112 ◦C 112 ◦C 577 ◦C 36%

Type 2 fresh #1 122 ◦C 116 ◦C 142 ◦C 188 ◦C 573 ◦C 43%
Type 2 fresh #2 128 ◦C 126 ◦C 153 ◦C 190 ◦C 527 ◦C 43%
Type 2 fresh #3 123 ◦C 122 ◦C 166 ◦C 194 ◦C 518 ◦C 43%
Type 2 fresh #4 127 ◦C 120 ◦C 150 ◦C 197 ◦C 567 ◦C 42%
Type 2 fresh #5 123 ◦C 120 ◦C 153 ◦C 199 ◦C 556 ◦C 44%

Type 2 aged #1 129 ◦C 108 ◦C 152 ◦C 189 ◦C 628 ◦C 31%
Type 2 aged #2 124 ◦C 114 ◦C 149 ◦C 191 ◦C 615 ◦C 29%
Type 2 aged #3 123 ◦C 120 ◦C 159 ◦C 197 ◦C 699 ◦C 29%
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4.2 V 0 V4.2 V 0 V 0 V

Sequence of events for cell type 1 fresh

4.2 V 0 V 0 V 0 V0 V

Sequence of events for cell type 1 aged

4.2 V 0 V 0 V 0 V 0 V 0 V0 V

Sequence of events for cell type 2 fresh

4.2 V 0 V 0 V 0 V

Sequence of events for cell type 2 aged

0 V

0 V

start

external heating self & external heating thermal runaway

T1 Tosd Tv T2 T3

T3

T3

T2

T2

T2

Tv

Tv

Tosd

Tosd

Tosd

T1

T1start

start

start

external heating thermal runaway

external heating self & external heating thermal runaway

external heating self & external heating thermal runaway

gas ignition & flames

gas ignition & flames

gas ignition & flames

80 °C 101 -
109 °C

102 -
112 °C

155 -
577 °C

80 °C 121 -
129 °C

137 -
138 °C

145 -
154 °C

207 -
213 °C

618 -
682 °C

80 °C 122 -
128 °C

116 -
126 °C

142 -
166 °C

188 -
199 °C

518 -
573 °C

80 °C 123 -
129 °C

108 -
120 °C

149 -
159 °C

189 -
197 °C

0 V

T3

615 -
699 °C

0 V

Figure 6. Sketch of the sequence of events during overtemperature tests with increasing surface
temperatures for fresh and aged type 1 and 2 cells.

3.3. Discussion

According to literature, cells with a NMC111 cathode are considered to be more
thermally stable and less reactive than cells with a NMC622 cathode [49]. Additionally,
all aged type 1 cells are only cycled until 90% SOH, while the degraded type 2 cells are
cycled until 80% SOH with 1 C at an ambient temperature of 20 ◦C. Therefore, no decay in
thermal stability is expected for the aged cells, especially for the cells of type 1. However,
as described in Figure 5, a reduced TR onset temperature T2 is detected for the aged type
1 cells. Furthermore, a decay in thermal stability is not observed for aged cells of type 2.

In previous works, local lithium deposition or plating has been shown to reduce the
thermal stability [26,38]. After disassembling the cell, no lithium deposition is observed for
the aged type 1 cell, as shown in Figure 4b. Furthermore, a small amount of local lithium
deposition is obtained for the aged type 2 cell, as shown in Figure 4d, which does not result
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in a reduction in T2 in any of the aged type 2 cells tested. Therefore, another effect must
lead to the decreased TR onset temperature T2 of the tested aged type 1 cells.

When disassembling the aged type 1 cell, local delamination of the ceramic coating
and the separator is observed, as shown in Figure 4e. Therefore, the continuous ceramic
coating on the separator is disrupted, which might result in the loss of the enhanced
thermal safety properties of the ceramic coating. By further analysing the delaminated
separator areas using a DSC measurement with two heating phases, the melting range of the
separator material without the ceramic coating is determined, which is shown in the DSC
result in Figure 7. The melting of the separator material starts at about 105 ◦C and ends
before 140 ◦C. By comparing the DSC result from Figure 7 with the TR behaviour of
the aged type 1 cells shown in Figure 5, a clear correlation between T2 of the aged type
1 cells and the onset of separator melting can be seen. Therefore, the separator areas with
delaminated coating could be the cause of the observed decrease in thermal stability in all
tested aged type 1 cells. Although separators with a ceramic coating are thermally more
stable than those without a ceramic coating [20], the local delamination results in the loss
of the improved thermal stability. By heating the aged type 1 cells, the cell temperature
increases to the melting region of the delaminated separator. As a result, the areas without
a continuous ceramic coating start to melt, which could lead to local ISC and TR.

Figure 7. DSC result of the separator material without ceramic coating of the aged type 1 cell, with
the beginning and end of melting marked by red dashed lines.

In order to develop effective countermeasures against TR propagation in a battery
module after one cell goes into TR, the temperature of neighbouring cells must be kept
below T2 [9]. Usually, during the development of LiBs, only single validation tests are
performed by using the same setup to verify the safety [9]. In Figure 8 all determined
values for T2 are shown. Comparing the T2 data points of the individual tests, a random
variation is clearly detectable. Assuming that a normal distribution describes the random
variation of the T2 data points, the determined normal distributions for each test series are
presented in Figure 8. Statistical tests confirm that the normal distribution describes the
random variation of the data points, which is consistent with the results reported by Walker
et al. [50]. The observed average T2 for the aged type 1 cells is 105.9 ◦C with a standard
deviation of 5.1 K based on a sample size of three experiments. For the fresh type 1 cells,
an average T2 of 210.1 ◦C with a standard deviation of 2.4 K based on five samples could
be obtained. The observed average T2 for the fresh type 2 cells is 193.7 ◦C with a standard
deviation of 4.7 K based on a sample size of five experiments. For the aged type 2 cells, an
average T2 of 192.1 ◦C with a standard deviation of 4.3 K based on three samples could be
obtained.
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Figure 8. Measurement points (triangles) of all measured TR onset temperatures and assumed normal
distribution (lines) with standard deviation and mean values for all performed thermal stability tests
and filtered by aged and fresh cells of both types.

By comparing the distribution of the T2 data points from fresh and aged type 2 cells,
no notable changes are detected. The standard deviation or mean values are not influenced
by ageing effects through cyclization in this case, whereas the standard deviation and
average determined from the T2 data points of aged type 1 cells differ significantly from
the T2 data points of fresh type 1 cells, due to the local separator failure of the aged type
1 cells. Therefore, significant differences in the influence of ageing on the distribution of T2
are detected by comparing both cell types.

In addition, comparing the maximum cell temperature to the mass loss of each cell,
which are presented in Table 2, shows that an increased amount of ejected material comes
with a lower cell temperature. The amount of heat generated by non-ejected material
depends on the substance remaining in the cell [51]. Therefore, a higher amount of ejected
material leads to a lower amount of generated heat through non-ejected material and lower
cell temperatures.

4. Conclusions

The TR behaviour of several aged and fresh large format lithium-ion cells with different
cathode chemistries, i.e., NMC622 and NMC111, respectively, are investigated in this
paper. The cells are degraded by cyclization at an ambient temperature of 25 ◦C, while
EIS measurements and cell openings are performed on one fresh and aged cell of each
chemistry type. Finally, the TR behaviour of fresh and aged cells are compared.

The TR behaviour of the aged type 2 cells shows no major changes from fresh cells,
while for the type 1 cells, massive differences in TR behaviour between aged and fresh
cells are obtained. In all measurements, T2, Tv and Tosd of the aged type 1 cells decrease in
comparison to the fresh type 1 cells. In the existing literature, lithium plating or deposition
leads to a decay in T2 [38], which cannot be observed during cell disassembly on aged type
1 cathodes. Furthermore, slight lithium decomposition is detected for the degraded type
2 cell, without having any impact on the TR behaviour in this case.

During further analysis, the local delamination of the ceramic coating of the separator
is identified as a possible reason for the changes in TR behaviour. Without the ceramic
coating forming a continuous layer, the separator melting starts around 105 ◦C, which may
lead to the thermal failure of the separator and an earlier ISC and TR in the aged type 1 cells
compared to the fresh cells.

Finally, the measured data is examined for random variation to provide a first small
contribution in generating the necessary data for designing safe LiB systems and develop-
ing effective countermeasures against TR propagation. Assuming normally distributed
T2 data points for aged and fresh cells, the comparison of the datasets shows that the
standard deviation and mean values of the underlying distribution highly depend on the
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TR behaviour of the cell type and may change after cyclization due to ageing effects or the
failure of cell components.

For the first time, this work illustrates that for the development of safe LiBs with
effective countermeasures against TR propagation, both massive changes in TR behaviour
due to degradation during the lifetime of LiBs and an underlying probability distribution
of T2 should be considered.

Future work will focus on TR modelling in order to predict the changes in TR behaviour
during the whole lifetime of the LiB and developing sufficient countermeasures against TR
propagation in order to design safe LiBs for EV and other mobile applications.
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The following abbreviations are used in this manuscript:

ARC Accelerating rate calorimetry
CC Constant current
CV Constant voltage
DSC Differential scanning calorimetry
EIS Electrochemical impedance spectroscopy
EVs Electric vehicles
ISC Internal short circuit
LiBs Lithium-ion batteries
NMC111 Li(Ni0.3̄Mn0.3̄Co0.3̄)O2 cathode
NMC622 Li(Ni0.6Mn0.2Co0.2)O2 cathode
OSD Overcharge safety device
RPT Reference performance test
SEI Solid electrolyte interface
SOC States of charge
SOH State of health
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