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Abstract: Thermal propagation events of the traction batteries in electric vehicles are rare. However,
their impact on the passengers in form of fire, smoke and heat can be severe. Current data on
the dependencies and the reproducibility of thermal propagation is limited despite these major
implications. Therefore, a thermal propagation test bench was developed for custom multi pouch
experiments. This setup includes a multitude of temperature sensors throughout the module, voltage
monitoring and a mass flow sensor. Two distinct experiments were initiated by nail penetration.
These show a high degree of reproducibility thus allowing for future experiments regarding the
dependencies of initial module temperatures and State of Charge (SoC) variations.
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1. Introduction

The move away from commonly used internal combustion engines in the transporta-
tion sector offers the chance of reducing its carbon dioxide (CO;) emissions impact [1]. As
of 2023, a majority of companies in the automotive sector have focussed their research and
development on battery electric cars [2], henceforth called electric vehicles. Current state of
the art vehicles use mainly lithium-ion batteries, which the public associates with a high
risk of thermal events after numerous reports of cars with battery fires [3], mostly attributed
to Thermal Propagation (TP). Thermal Propagation is a self-accelerating destructive process
that involves an initial cell abnormally heating itself by internal exothermic reactions called
Thermal Runaway (TR) and transferring significant heat to nearby cells, causing them to
undergoing TR. Such an unmitigated event can endanger the passengers both onboard and
during exit of the vehicle as well as bystanders and surrounding environment. Regulatory
steps have been undertaken to introduce risk mitigation of the electric vehicles undergoing
Thermal Propagation, notably UN GTR 20 [4] and the derived GB 38301-2020 [5]. It intro-
duced the need of TR detection, subsequent passenger warning features and with a high
margin of safety to allow passengers to evacuate before fire can occur. Various TR detection
methods have been compared by Koch [6] quantifying reaction times and feasability of
different sensor types such as voltage sensors, temperature sensors and pressure sensors.

Previous work has been focused on small modules of cylindrical cells or modules of
low single digit pouch or prismatic cells [7]—or full-scale battery testing yielding widly
different TP patterns.

It has been shown [8], that repeated single cell testing using various triggers on
cylindrical cells yield different results, from the expected opening of the intended bursting
disk to sidewall ruptures. Similar variety of testing outcomes have been shown for prismatic
cells and pouch cells [9].

Batteries 2023, 9, 447. https:/ /doi.org/10.3390/batteries9090447

https:/ /www.mdpi.com/journal /batteries


https://doi.org/10.3390/batteries9090447
https://doi.org/10.3390/batteries9090447
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-3761-0358
https://orcid.org/0009-0004-7601-0325
https://orcid.org/0000-0002-9679-2369
https://doi.org/10.3390/batteries9090447
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9090447?type=check_update&version=2

Batteries 2023, 9, 447

20f15

Due to the range of different single cell responses, it is uncertain if and how repro-
ducible tests on a custom module level can be achieved. To answer this question, a closed
test bench with a costum multi cell setup was designed to study the reproducibility of
differrent trigger methods.

2. Materials and Methods

Characteristics of the cell under investigation can be found in Section 2.1. Two thermal
runaway test benches are used: nail penetration trigger, Section 2.2.1 and ARC, Section 2.2.2.
The thermal propagation test bench setup can be found in Section 2.3.

2.1. Cell under Investigation

One of the first steps towards a test bench is choosing the appropriate cell format and
then evaluating the cell’s TR properties. The multiple cell test bench structure and sizing is
dependent on the cell type and format.

For the test bench conception, a pouch cell with a NMC 622-cathode was used. The
relevant cell characteristics before testing are as follows:

* Py = 500Wh(!
° Ecapacity ~ 60 Ah
e V.~ 500cm?+25cm3

“Begin of Life” (BoL) cells were randomly selected from an incoming shipment
(Figure 1).

|

Figure 1. Cell under investigation. The pouch cell has large cell tabs on the sides, with which it can
be electrically connected when testing modules. It can be seen that length > height > width.

2.2. Thermal Runaway Test Benches

To study the TP characteristics, first a TR of an initial cell has to initiated. For this
use, a multitude of trigger methods have been developed to mimic real failure modes [9].
The test bench focuses on the use of nail-penetration, heating and over-charging of the
initial cell and the subsequent response from the surrounding cells. As the subsequent
TP depends on the cells reactivity, a temperature and state of charge (SoC) zone has to
be identified, in which a TR of the initial cell will most likely lead to propagation. The
temperature range of the climate chamber, in which the test bench is thermally conditioned,
allows for a temperature range of 0 °C-60 °C. Using the mean temperature of 30 °C, a
study of single cell reactivity was first conducted using nail penetration and subsequently
verified using ARC (Accelerating Rate Calorimetry) measurements. Variables of the nail
penetration study are “direction of nail penetration”, “uncycled vs. cycled cells” and “SoC
vs. Temperature”.

2.2.1. Nail Penetration Test Bench

For the trigger method nail penetration, 5 mm diameter nails were used - the respective
tip shape depends on the penetration direction relative to the electrode layers (Figure 2). If
the nail penetrated orthogonal to the electrode layers, the tip shape was conical (Figure 3).
If the nail penetrated parallel to the electrode layers, then a wedge shaped tip was used
(Figure 4).
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Figure 2. Schematic view of the two nail tip shapes used, depending on the direction of nail
penetration. On the (Left), a conical nail tip is shown and on the (Right), a wedge shaped tip.

A thermal runaway which would lead to TP can be identified by the resulting released
cell energy and subsequent temperature increase. In the preliminary tests, two temperature
sensors placed on opposite sides of the cell were used. The placement of T1 can be seen in
Figure 3 with an arrow on the cell indicating the placement of T2 on the opposite side of
the cell.

Figure 3. TR testbench for test case of “Nail penetration orthogonal to electrode layer”.
(Left): schematic overview of nail penetration relative to cell, (Right): test bench with pouch cell
pinned down with red boxes indicating the placements of sensors T1 and T2.

Starting with a SoC of 25%, the cell is triggered with the nail. If no TR occurs, the SoC
of the next cell is increased by 5 percent increments up to a SoC of 60%, when it is increased
by 10 percent increments up to 80%. The final test is at 100% SoC. The test campaign is
stopped, once a TR is detected.

Figure 4. TR testbench for test case of “Nail penetration parallel to electrode layer”. (Left) schematic
overview of nail penetration relative to cell, (Right) test bench with pouch cell clamped between two
plates (red box) with nail (green box) and hydraulic system for nail penetration (yellow box).

2.2.2. ARC

A TR will lead to a TP reaction, if the cell next to the initially triggered cell experiences
a thermal event. Literature has named a so-called trigger temperature [10]—below this
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temperature, the cell is deemed safe with an insignificant heat generation, above this
temperature it is expected to react due to significant heat generation. This binary definition
does not take into in consideration, that cells are typically connected to structures, which
can act as heat sinks and thus pushing the trigger temperature higher. A more realistic,
yet difficult, approach would be to take said individual heat flows as well as exothermic
reactions within the cell into consideration.

An Accelerated Rate Calorimeter (ARC) is an established method for determining the
trigger temperature under adiabatic conditions. A cell is placed inside a reaction chamber
(see Figure 5). Once the chamber is closed, a heat-wait-seek (HWS) cycle is started. The
system heats up by a small temperature increment, then switches to waiting for a defined
time for thermal equilibrium - followed by a seek mode evaluating the temperature increase
rate. If a predefined temperature rise is exceeded, then the ARC switches into an Exotherm
Mode. Then the ARC provides an adiabatic environment, in which released energy can be
measured by temperature increase. If the predefined temperature rise is not exceeded, a
new HWS cycle is started. For the experiments, an EV+ ARC manufactured by Thermal
Hazard Technology is used. A schematic of the used temperature sensor placement and a
view inside of the ARC can be seen in Figure 6.

Cartridge Heater
120'C

Top Zone Sensor

120'c
Side Zone Sensor
120

~ Optional Radiant Heater _|,
Bottom Zone Sensor |
Sensor

120°C

Figure 5. Schematic overview of an ARC [11]. The cell is in thermal equilibrium with the surrounding
reaction chamber and the ARC is seeking for a temperature increase of the cell.
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Figure 6. (Left) Schematic view of the temperature sensor placement on the cell. (Right) View inside
the ARC with the sensors attached to the cell before testing.

2.3. Thermal Propagation Test Bench

The test facility, seen in Figure 7, can be split into three functional groups: the multi
pouch cell setup test bench (red box), the exhaust system with massflow meter (blue box)
and the surrounding environment. The surrounding environment is a test room with
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an exhaust gas filtration system. All components have been selected and designed with
robustness in mind to ensure safety during testing as well as its reusability. A description
of the components can be found in Section 2.3.1.

Figure 7. Overview of the test facility: the mini-module test bench (red box) is connected via flanges
to the exhaust system with a massflow meter (blue box), which allows the generated venting gas to
vent into the surrounding environment.

2.3.1. Overview of Components

The multi pouch cell setup test bench is a steel case with a removable lid, as seen in
Figure 8. To withstand the expected heat and pressure, the test bench consists of 30 mm
thick steel for reusability. Two identical test benches were manufactured, each with two
flanges placed on opposite sides. The flanges have an inner diameter of 50 mm. The test
box can be tempered by using one of the flanges as tempered gas inflow and the other as
gas outflow. Using this flange system, also different gases can be filled into the test bench.
The test bench is closed before testing, with 16 screws holding down the lid, using Loctite
SI 5300 for an airtight seal. A hydraulic system for nail penetration can be attached to the
lid and an opening in the center of the lid allows for the nail trigger to pierce into the test
chamber. This opening can be closed for experiments with different trigger methods. For
the overheating and overcharging trigger experiments, their respective power supplies run
through the sides of the steel case. The sensor cables also run through the sides of the test
bench. The inside volume of the steel case is called test chamber, in which a cell mount
with a cell stack can be placed.

d)

b) c)

Figure 8. CAD rendering of test bench. (Left) closed test bench. (Right) Placement of cell mount
within the test chamber. The following components are visible: (a) Hydraulic system for nail penetra-
tion (b) Exit for exhaust line (c) Cell mount (d) Low heat conduction post insulators (e) Removable
lid (f) Clamping system.

The cell mount is connected to the steel case using low heat conductivity post insu-
lators, reducing heat transfer between the mount and case. The mounting arrangement
allows for movement, to trigger different cells. The initial thermal runaway was triggered
in cell number 7 (see Figure 12)—one of the two middle cells, causing a thermal propagation
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in both directions through the cell stack. Two identical cell mounts were manufactured and
can be used interchangeably. The placement of the cell mount inside the test bench can be
seen schematically in Figure 8 and before testing in Figure 9.

Figure 9. View of the open test bench with a setup of 12 2p6s-connected pouch cells. The cables are
routed through the sides of the box, the red Loctite sealent is already applied in this area.

A multi pouch cell setup consisting of up to 12 of the chosen pouch cells can be placed
inside the cell mount. In between the cells and between cells and cell mount, aluminium
sheets with cutouts for temperature sensors of Type K are used. The thickness of the sheets
are equal to the width of the sensors at 1 mm. A picture taken during the assembly of the
multi pouch cell setup can be seen in Figure 10. By using these sheets, through-plane heat
conduction from cell to cell can be studied and the temperature sensors are not indenting
into the cells. The sheets surrounding cell 4 (counted from the exhaust pipe)—nicknamed
the “super sensor cell”—is equipped with more temperature sensors to analyze in-plane
(lateral) heat conduction; the sheet between cells 4 and 5 is shown in Figure 10.

Figure 10. (Left) Schematic overview of the cell mount connected to the test bench. (Right) Mid-
assembly of the cell stack in the cell mount. The aluminium sheet between cell 4 and 5 is placed on
top cell 4, the cutouts for the six temperature sensors (T7-T12) clearly visible.

The exhaust system is connected through a flange system to the mini-module test
bench. The opening on the opposite side of the test bench is closed during an experiment
using a blank flange, forcing the created venting gas to flow through the exhaust pipe.
The exhaust system has an inner diameter of 50 mm and a total length of 2445 mm. Its
individual pieces are as following: (a) metal pipe (length 300 mm), (b) glass cylinder (length
205mm), (c) metal pipe (length 1210 mm), (d) mass flow meter (integrated into the flange)
and (e) metal pipe (length 730 mm).

The glass cylinder in the exhaust system is included to study the travel of hot particles.
It is made out of sapphire glass to withstand the expected high gas temperatures. The
mass flow meter of type Siemens 7MF0340-1DL01-5AF1-Z A00+B11+E01+Y01+Y02 with
SITRANS P320 measures the gas flow (and thus the gas creation) using differential pressure.

The surrounding environment is a retrofitted shipping container, into which the
venting gas is emitted from the test bench. The air volume of the shipping container has its
own filter system, which runs during the tests. For first experiments, a larger experiment
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hall was used. In the surrounding environment, two cameras are placed to observe the
setup, as seen in Figure 11 . Camera A records the mini-module test bench to detect possible
gas leakage and time of entry of the nail into the test bench, whereas camera B focuses on
the gas exhaust. Camera C was used initially to capture another angle of the test bench, but
was later omitted due to the redundancy to camera A.

Figure 11. Camera setup: camera A focuses on the test bench and the hydraulic system for nail
penetration, camera B on the exhaust and captures the venting gas. Camera C is used in this setup to
record another view angle of the test bench.

2.3.2. Temperature Sensor Placements

Type K thermocouples are used to measure the temperatures during the experiment,
an overview of the placements can be seen in Figure 12. Most are placed in between the
cells—to avoid indentation, aluminum sheets with cutouts for the thermocouples are used.
The surface temperature of the test chamber is measured with two sensors on the outside—
one at the top near the opening for the nail and one at the bottom centrally located. The
exhaust gas is measured with sensors inside the exhaust system as well as sensors on the
outside of the pipes, allowing for the calculation of heat transfer from venting gas to the
pipe. Within the test bench, sensors are placed on the low heat conduction post insulators,
which connect the cell mount to the test bench.

Steel case Trigger cell
—o—&/ //
Exhaust pipe
» — 1 -

Cell mount
Temperature Sensors

Gas Pipe Test bench ’ Middle of Cells

’ Bolt ‘ Environment

Figure 12. Schematic overview of the temperature sensor placement across the test bench. Red: 13
centrally located between cells, respectively between cells and cell mount. Orange: On the outside
of the exhaust pipe. Yellow: On the inside of the exhaust pipe. Green: Outside surface of the test
bench (top and bottom). Purple: Low heat conduction post insulators. Black: Measuring ambient
temperatures of the surrounding environment.
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The nicknamed “super sensor cell” number 4 has 9 additonal temperature sensors—
their placement can be seen in Figure 13. Two extra thermocouples are placed between cells
3 and 4. Additionally, five sensors are placed between cells 4 and 5 and two on the cell tabs.

o o @
L 4 ¢ *® o
¢ ® o o

Between Cell 3 & 4 Between Cell 4 & 5

Figure 13. Schematic view of the nicknamed “super sensor cell”. Red: two centrally located tempera-
ture sensors (see Figure 12). Blue: additionally placed sensors.

3. Results

The results of the single cell TR experiments with nail penetration can be found in
Section 3.1. The findings of the ARC experiment are presented in Section 3.2. Using the
single cell reactivity results, subsequent TP experiments with the multi pouch cell setup in
the test bench were carried out, as outlined in Section 3.3.

3.1. Thermal Runaway Triggered by Nail Penetration

As previously stated, two directions of nail penetration relative to the cell are possible,
both with different nail tip shapes. The results of these two directions of nail penetration
are compared in Section 3.1.1. During the campaign, it became clear, that uncycled cells
were not undergoing a TR with significant heat generation. Yet subjecting the cells to a
full initial cycle caused the cells to then undergo a TR with significant heat generation
once triggered, as shown in Section 3.1.2. Further variations in the temperature and SoC
allowed for a Design of Experiment approach for future experiments—the resulting DoE is
discussed in Section 3.1.3.

3.1.1. Significance of Nail Penetration Direction in Uncycled Cells

Figure 14a shows the resulting temperature curves of sensor 11, when the nail triggers
the cell orthogonal to the electrode layers. Temperature sensor T2 shows comparable
results. The SoC ranges from 25% to 100%. Most curves show a declining temperature over
the 1000 s recorded. This is due to the fact, that the experiments were carried out between
March and June and the surrounding environment (shipping container) was not tempered.
This leads to a significant cooling effect of cells with an SoC of up to 55%. Cells with higher
SoC were tested in warmer temperatures, so the temperature difference was less and the
cells did not cool down as much. This also explains the initial temperature difference of the
experiments—as the cells need to be clamped down as seen in Figure 3, the testing plate
was at cooler ambient temperatures. Especially for the first test run with 25%, the setup
took longer than initially expected. In the following tests, higher initial temperatures were
achieved due to an established setup routine.

Most experiments did not lead to any significant recorded temperature release, yet
the setup with 45% SoC does lead to the highest temperature rise of around 10 °C. The
nail has short-circuited the cell, yet the discharge current is insignificant with negligible
heat generation—this can be seen in Figure 14b in a slow decrease of the voltage of the
respective cell. Literature shows, that triggering a pouch using this method would lead
to a significant reaction—yet these cells mentioned in the publication were subjected to a
cycle before testing or direct charging to 100% SoC [9].

The graph in Figure 15 shows the resulting temperature curves of sensor T1 for an
SoC between 30% and 50% after the cells were triggered parallel to the electrode layers.
Larger temperature rises can be seen compared to the orthogonal layout. The cell with
30% SoC has a temperature raise of up to 20 °C, 40% of up to 15 °C and 50% of up to
35 °C, yet these TRs would not lead to TP, if a cell was adjacent to it. Typical trigger
temperatures—temperatures, where a TR might occur—are above 100 °C [10]. The ARC
experiment, where a critical temperature of TR is determined, shows for a cell at 40% SoC
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temperatures of around 190 °C for a TR reaction, as seen in Section 3.2. The preferable
direction for nail penetration, if a significant reaction is expected, needs to be parallel to the
electrode layers.

40 u 4.02 .
—25%20°C 70% 25°C|
sl | ——80%20°C | | 4l 80% 25°C] -
$) | 35% 20°C ‘
° ‘ ———40% 25°C L
= 30} \‘ -~ 45%25°C | > 3.98 -
- 50% 25°C £
o o5 b ——55% 25°C || > 3.9
2 60% 25°C | S .ol
5 70% 25°C £3.94
S 20t 80% 25°C |1 S
g 392}
o 100% 25°C :
= o i
15T TV ] sof T
10 . . . : 3.88 - . - -
0 200 400 600 800 1000 0 200 400 600 800 1000
Timetins Timetins
(a) Temperature curves (b) Voltage curves

Figure 14. Single cells triggered by nail orthogonal to electrode layers. (Left) The temperature data
from sensor T1 is shown for cells with SoC ranging from 25% to 100%. No significant temperature
increase is recorded; therefore the cell reaction in a module would not lead to TP. (Right) The voltage
U of cells with starting SoC 70% and 80% is shown. The sudden decrease in the voltage within the
first seconds correlates with the moment, when each nail penetrates the cell. The voltage decreases
slowly, leading to insignificant heat generation.

60 . . 4

ss| T C30%] | 35“
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(a) Temperature curves (b) Voltage curves

Figure 15. Single cells triggered by nail parallel to electrode layers. (Left) The temperature data
from sensor T1 is shown for cells charged directly to a SoC of 30%, 40% and 50% without cycling. A
temperature increase is recorded, yet well below temperatures, where a cell’s reactions could lead to
TP. (Right) The cell voltage U is decreasing as the respective cells are undergoing TR.

The cells delivered directly by the cell manufacturer have a low risk of causing a TR
reaction that would lead to a TP when penetrated. The results show, that a SoC of 50%
would still be considered safe. Yet tests on battery level have shown that nail penetration
will lead to Thermal Propagation. For this, the battery underwent a full charge and
discharge cycle before test. Therefore the single cell tests need to be repeated with an
additional cycle added. Nevertheless, triggering a cell using nail penetration parallel to
the electrode layers causes higher rates of heat generation compared to nail penetration
orthogonal to electrode layers. Therefore, for the test bench setup nail penetration parallel
to the electrode layers is used as the trigger direction.
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3.1.2. Uncycled Cells vs. Cycled Cells

To recreate the battery conditions causing the TP reaction, a full charge and discharge
cycle was added to the test procedure before the cell then was charged to the required SoC.
In Figure 16, the cell reactions of 40% SoC with and without cycle are shown. The uncycled
experiments lead to a slow temperature increase to surface temperatures of less than 40 °C.
For the cell with a previous cycle a rapid increase to a surface temperature of 264 °C is seen.
Cells tested at 30% didn’t produce temperatures higher than 70 °C, so 40% is the lowest
SoC used going forward regarding triggering a TP.

300

—40 %, cycled

——40 %, uncycled #1
40 %, uncycled #2

—40 %, uncycled #3

53
W
(=}

[
(=3
(=}

@
S

S
3

Temperature T in ‘C

50

0 200 400 600 800 1000

Time in s
Figure 16. Single cells triggered by nail penetration parallel to electrode layers. The cells are charged
to 50% SoC; one cell with a previous cycle is compared to three cells directly charged to 50% without
cycling. The cycled cell shows a significant reaction, where the cell reaction would lead to TP, The
three uncycled cells all display a comparable insignificant reaction and would not lead to TP.

Comparing cell reactions from Figure 15 to Figure 16, it can clearly be shown that
the cells need to be subjected to a full cycle before any TP testing. Cells with significant
calendar aging have been observed to remain their high reactivity that occurs after exposing
the cell to at least one cycle. In research from Essl [9] cells were not subjected to a cycle, yet
charged directly to 100% SoC for testing, showing significant temperature increases of up
to 800 °C. Testing of cells at 100% SoC, often with previous cycles to determine the exact
capacity, is common compared to this work. Analyzing the cell’s chemistry before or after
an initial cycle was not in the focus of this work.

3.1.3. Design of Experiment: Temperature and State of Charge

For a nail trigger causing a cell TR reaction, which will likely lead to a TP reaction in a
module, the following for the pouch cell used need to apply: (a) exposure of the cell to at
least one full cycle before test, (b) trigger using a nail parallel to the electrode layers and
(c) a SoC of at least 40%.

Therefore, the temperature and SoC restrictions for the module are as follows: tem-
peratures between 0 °C and 60 °C due to limits of the climate chamber and a SoC between
40% and 100%.

A Design of Experiment (DoE) approach with a central point of 70% at 30 °C was
selected: a central composite design with the two factors ‘temperature” and ‘SoC’. The
aforementioned range of SoC is 40% to 100% and the temperature range is 0 °C to 60 °C—
these test points are visualized in Figure 17. It includes an area named “TR would lead to
TP”, which is supposed to show, that other temperature/SoC-combinations exist, where a
TP could be initiated. No experiments were carried out to verify the area—it is included in
a symbolic matter.
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Figure 17. Schematic view of the Design of Experiment with a central point (yellow) at 70% and

30 °C. Red markers have only one variable (T or SoC) varied in regards to the central point, whereas
the green markers have both variables changed.

To ensure all test parameters lead to a successful TP, points of low reactivity need to
be verified. These points are A (70% at 0 °C), B (49% at 9 °C) and C (0% at 30 °C). All three
points are verified in Figure 18—all three generate temperatures well above 250 °C and it is
expected with high probability that a TR will lead to a TP reaction.

400 :
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350 F —49 %,9°C |1
70 %, 0°C
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i;’ 200 F 1
g \
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0 . . .
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Figure 18. Combinations of temperature/SoC from the DoE of low expected reactivity tested for their
heat release. The cells are triggered parallel to the electrode layers and are subjected to a previous
cycle. Cell reaction at point A (70% at 0 °C), B (49% at 9 °C) and C (0% at 30 °C) are shown, all three
clearly showing a temperature increase sufficient for triggering a propagation.

3.2. Single Cell Reactivity Using ARC

Using nail penetration at an initial temperature of 30 °C, the cells from 40% SoC
onward displayed a heat release to trigger a propagation (see Figure 18). Yet to ensure, that
the temperature reached is sufficiently high to trigger the TP reaction, an ARC experiment
using a single cell at the lowest SoC of the DoE of 40% is carried out.

Figure 19 shows the recorded temperatures of the cell during the ARC experiment. The
last temperature plateau, before the cell undergoes TR is 194 °C. The surface temperature
of the 40% SoC nail penetration test in Figure 16 is 250 °C. Therefore, such a triggered cell
will be able to cause a TP reaction.
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Figure 19. A cell cycled and then charged to 40 °C is placed inside an ARC. The cell is slowly heated
and the ARC searches for a response from the cell. The ARC detects the thermal runaway from 194 °C
onwards.

3.3. Thermal Propagation Test Bench

To validate the test bench, two tests at 70% SoC at 30 °C were carried out: the first
trial was with air within the test bench, the second was with nitrogen—to see, if the
propagation is affected by the surrounding atmosphere in a cell pack. Figure 20 shows the
measured temperatures in the trial run with air. For better overview, only centrally located
temperature sensors within the cell pack are shown. The temperature sensor “cell 3/4” is
missing due to an error during setup. Before a cell undergoes TR, its base temperature
increases at a low rate due to heat conduction. The further away a cell is from the initially
triggered cell 7, the higher its maximal temperature tends to become. This cascading
effect is observed both in air and nitrogen in both directions - this needs to be studied in
further experiments. The sensors named “Mount/Cell 1” and “Cell Mount 12/Mount”
are mounted between the last cell and cell mount. This leads to lower measured maximal
temperatures, as the cell mount acts as a heat sink.

1000 : : 1000
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800 Cell 4/5 1 800 Cell 9/10
cell 23 RS Cell 10711
O Cell 12 = Cell 11/12
_E 600 - Mount/Cell 1] | = 600f Cell 12/Mount | |
=
2 =
s | ‘ 2 ‘
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S 4001 1 5 400f ;
: :
= 5]
| :
200t / } 1 200 ‘ ‘
i i
0 : : 0 : :
0 500 1000 1500 0 500 1000 1500
Time in s Time in s
(a) Propagation towards lower index cells (b) Propagation towards higher index cells

Figure 20. Test bench validation with air, cell number 7 triggered by nail penetration. The cell pack
was tested at an initial setup of 70% SoC at 30 °C. (Left): Propagation towards cells with lower
index—Temperature sensor between cell 3 and 4 missing. (Right): Propagation towards cells with
higher index.

The most direct way to identify whether a cell has undergone TR is to analyze the
surface temperature of said cell. A raise of 2 K/s as this threshold limit has been set.
These resulting times for each temperature sensor in the cell pack have been visualized in
Figure 21. Temperature sensor 1 is between cell mount and cell 1, sensor 2 is between cell 1
and 2, etc.
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* Nitrogen

¢ Nitrogen interpolated
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Figure 21. Visualized propagation through the cell pack in air and nitrogen. Both cell packs was
tested at an initial setup of 70% SoC at 30 °C. Temperature sensor 1 is “Mount/Cell 1”7, sensor 2 “Cell
1/27, etc.

For air, sensor 13 was missing; for air and nitrogen, sensor 4 was missing due to a false
setup and was replaced by an interpolation. A sideways V-shape graph for both air and for
nitrogen is visible. Instead of plotting the absolute time elapsed since the TP was triggered,
calculating the time difference in-between the detected TRs gives Figure 22. The average
time for air is 34.1 s and the average time for nitrogen is 32.3 s.
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TR time over cell x

Figure 22. Propagation time difference and averaged time, air vs. nitrogen.

Comparing the results of air and nitrogen to each other, using statistical analysis, it
can be derived:
Null hypothesis: Hy = p; — 2 =0
Alternative hypothesis: H; = p1 —pp # 0
t —test = —0.29
Degrees of freedom = 14
p=0.778

This shows that tests using air or nitrogen are both yielding results, in which the
deviations of the time until the next cell undergoes TR in comparison to the mean value of
all times is not of statistical importance. Similar average propagation times hint to a high
degree of repeatability between both experiments.

As the trial size was only two, it is presumptuous to assume that all experiments of
the DoE will yield similar clear results and thus further testing needs to be carried out. A
test bench qualification as well as varying temperature-SoC starting conditions analogue to
Figure 17 will be carried out.

4. Conclusions

This work investigated the reactivity of a mass-produced pouch cell and derived a
test bench setup for the study of repeatability of Thermal Propagation of a small module.
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Comparing two possible nail penetration directions in single cell testing, cells only showed
a significant reaction when triggered parallel to the electrode layers. Cells without cycling
were tested against cycled cells, where cycled cells displayed significant reactivity with
higher temperatures in comparison to limited heat release of uncycled cells. For starting
temperatures of 30°C it was determined, that a cell at 40% SoC will lead to temperatures,
which allows for a TP process to be initiated - this was verified using an ARC.

Transferring single cell testing results to the test bench, a two-factor Design of Exper-
iment was created, with SoC ranging from 40% to 100% and temperatures from 0 °C to
60 °C. The lower expected reactivity combinations of point A (70% at 0 °C), point B (49% at
9 °C) and point C (40% at 30 °C) were tested and will lead to a TP.

The test bench houses a cell module with temperature sensors between all cells to
monitor the TP process. A middle cell is triggered and leads to the start of the propaga-
tion. Two tests were carried out, one with an initial air filled test bench and one with an
initial nitrogen filled test bench. A thermal runaway of a cell is detected, if the attached
temperature sensor measures a temperature increase of 2 K/s. Comparing the resulting
propagation times of air and nitrogen yield similar results. The choice of initial gas in the
test bench is not of statistical importance. Further qualification of the test bench needs be
carried out as well as the proposed DoE with temperature/SoC variations.
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Abbreviations

The following abbreviations are used in this manuscript:

ARC  Accelerating Rate Calorimetry
BoL Begin of Life

CAD  Computer Aided Design

CO, Carbon Dioxide

HWS  Heat-Wait-Seek

NMC Nickel Manganese Cobalt

SoC State of Charge

P Thermal Propagation

TR Thermal Runaway
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