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Abstract: Lithium-Ion battery cells and automotive battery systems are constantly improving as a
result of the rising popularity of electric vehicles. With higher energy densities of the cells, the risks
in case of failure rise as well. In the worst case, a fast exothermic reaction known as thermal runaway
can occur. During thermal runaway, the cell can emit around 66% of its mass as gas and particles.
An experimental setup was designed and showed that the gas-particle-vent of a cell going through
thermal runaway can cause electric breakthroughs. These breakthroughs could start electric arcing in
the battery system, which could lead to additional damages such as burning through the casing or
igniting the vent gas, making the damage more severe and difficult to control. Uncontrollable battery
fires must be prevented. The emitted gas was analyzed and the ejected particles were examined to
discuss the potential causes of the breakthroughs.

Keywords: Li-ion battery; thermal runaway; safety; electric arcing

1. Introduction

Electric vehicle (EV) sales increased from 0.8 million in 2016 to 6.7 million over
5 years [1] and are expected to continue this upward trajectory. The energy density of
Lithium-Ion battery packs has increased from 55 W h L−1 to 450 W h L−1 from 2008 to 2020.
Together with their high specific energy values of up to 250 W h kg−1, it makes the Li-Ion
batteries the most practical and commonly used batteries for modern EVs [2]. However,
these properties bring a higher potential for damage in the event of battery failures, such as
thermal runaway. Therefore, understanding the possible consequences is key for safety.

1.1. Battery Systems in Electric Vehicles

Battery systems in modern EVs vary from manufacturer to manufacturer, and this
variation is partly due to the different cell types, which are explained in the subsequent
section. A typical system for a pouch cell, such as the one used for the experiment, can
be found in EVs produced in Germany. This system consists of a selectable number of
battery modules, each containing 12 lithium-ion pouch cells. These modules are connected
by a battery connector to form the battery system. Modern EV battery systems can have
an energy storage of over 100 kW h. Such battery systems typically operate at a voltage
of around 400 V, but systems of 800 V and above are becoming increasingly common. In
the event of an electric arc in the system, the high voltage and low battery-pack resistance
would lead to very high arc power and, therefore, to a high potential for damage.

1.2. Thermal Runaway of Li-Ion Cells

The high energy density of Li-Ion cells leads to higher risks in the case of failure.
Overcharging, over-discharging, or internal short circuits can be the reasons for an increase
in temperature well above manufacturer ratings. If a critical temperature is reached, a
chain of exothermic reactions can be triggered. This will further increase the temperature,
which accelerates the reaction. This mechanism of self accelerated degradation is known
as thermal runaway. The thermal runaway can lead to temperatures up to 900 °C. During
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this process, gas and particles are emitted by the cell. The state of charge of the cell has
a significant impact on the reaction. A higher state of charge results in higher tempera-
tures and greater gas emissions [3]. After the failure of the battery, but before the main
thermal runaway, a smaller first venting may be observed. This happens due to electrolyte
vaporizing and can be dangerous because the electrolyte is flammable and toxic. In the
second and main venting, the particles emitted by an NMC cell are mainly composed of C,
O, Al, Mn, and F. For a large part, lithium transition metal oxides LixMyO4 and transition
metal oxides MxOy with M = CO; Ni Mn, for both cases, can be found [4,5]. The vented gas
primarily consists of CO2, H2, CO and light alkanes (CxHy) [4,6].

1.3. Electric Arcing Inside a Battery Pack

Electric arcing is a phenomenon where an electric current flows through a gas-filled
gap, creating a plasma channel that can reach very high temperatures and cause damage
to the surrounding materials. Electric arcing can pose serious safety hazards for EVs, as
it can burn through the battery housing and ignite flammable gases. Lai et al. stress that
the electric arcs may destroy TR-propagation countermeasures in battery packs, and arc
issues should be more emphasized in the future [7]. JRC reports TR-propagation tests
on battery-pack level [8]. They found that the TR propagation pattern from cell to cell is
non-sequential. They state that cells far from the initial TR position are triggered into TR
by hot gases [8]. We propose a slightly different explanation; the initial cell releases hot
vent-gas and particles, which could cause electric short circuits, arcing, and eventually the
TR of cells which need not be adjacent to the initial cell.

Thecurrent and power of the electric arc depend on the arc resistance and the circuit
impedance. The arc resistance is influenced by the arc temperature, length, diameter, and
gas properties. In a theoretical battery pack with 66 A h-cells with a nominal voltage of 3.6 V
and a resistance of 1 mΩ with 2p110s connection (2 cells in parallel and 110 cells in series),
an estimation of the arcing current can be made. Doan [9] estimated that the maximum
power of the arc Pmax is reached when the arc voltage is half of the system voltage Vsys,
proposing the following Formula (1), which also includes the system resistance Rsys.

Pmax = (Vsys/2)2/Rsys; (1)

with a system voltage of 396 V and a system resistance of 55 mΩ, the maximum power of
the arc would be 712.8 kW. Compared to a typical electric welding machine with 10 kW,
it becomes clear how dangerous such an arc could be. Because the maximum power
method is rather conservative when estimating the power, a smaller theoretical battery
pack was taken to compensate for that. With larger battery packs, powers of several MW
could be reached.

Electric arcing can be initiated by electric breakdown or short circuit between two
electrodes with a high voltage difference. Short circuits are recognized as the primary cause
of thermal runaway. They are separated into internal short circuits in the battery cell and
external short circuits of the electrodes outside the cell [10]. Abaza et al. [11] measured
a peak current of 1850 A in an external short circuit of a 15 A h pouch cell. External short
circuits lead to a significant increase in temperature that could pose additional risks,
especially if the short circuit is initiated by the thermal runaway of another cell [10–13].
The electric breakdown, the other possible initiation mechanism for an arc, is explained in
Section 1.4.

1.4. Electric Breakdown

An electric breakdown of a gas occurs when the voltage applied over a gas-filled gap is
high enough to cause a multiplication of charge carriers due to various mechanisms. In this
phenomenon, also known as arcing, the gas becomes conductive, resulting in a sudden drop
of the gap voltage and a rise of the current flowing through the gap. When it is established,
such an arc can be stable for as long as the external circuit is stable, but there needs to be an
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initiation. An arc can be initiated by a short circuit of two separated electrodes induced by
an external conductor connecting them for a moment. This mechanism works similarly to
electric welding, where the electrode touches the working material and then is moved away
to create an arc. Particles between two electrodes can become ionized and lead to an electric
breakdown. The third possible mechanism is the breakdown of the gas without particles
initiating it. Whether an electric breakdown of a gas can happen in a given setup depends
on various factors, such as gas pressure, gas type, gap distance, voltage, and the electrodes
in use. The breakdown voltage has proven to be a function of the combined parameter
of gas pressure times gap distance p × d. The gas dependent constants A and B can be
calculated as shown in Equations (2) and (3), where σi is the electron impact ionization cross
section, Ei is the ionization threshold, kB is the Boltzmann constant, T is the temperature,
and e is the elementary charge.

A =
σi

kB × T
, (2)

B =
σi × Ei

e × kB × T
. (3)

The third townsend coefficient or secondary electron emission coefficient γ describes
the relation of electron emission to particles impacting a surface. It is dependent on the
geometry of the electrodes and the ionization threshold of the gas. With the following
Equation (4), known as the Paschen law, the breakdown voltage Vb can be calculated [14].

Vb =
B × p × d

ln(A × p × d)− ln[ln(1 + 1/γ)]
. (4)

1.5. Goals

The main goal of this work is to identify the root cause of electric breakthroughs in the
airgap of electric components that might result in arcing in an automotive battery system.
We investigated whether the venting gas or the ejected particles released from a battery
cell in thermal runaway can cause such electric breakthroughs. Therefore we designed and
performed an experiment, which is described in the next sections.

2. Materials and Methods

An experiment was designed in which the gas/particle jet from a cell in thermal
runaway is funneled to go through the gap between two electrode-spheres. A sample
holder with a vent opening facing two electrode-spheres was built using steel frames. It
contained the cell, a heating element, and thermocouples. It was placed into a stainless
steel reactor that was equipped with gas analyzers. An electric circuit was designed to
measure the breakthrough characteristics inside the vent-gas-jet, also providing a triangle
voltage with an amplitude of 400 V. The circuit was connected to the electrodes over the
interface of the reactor. The cell was heated to start its thermal runaway. Measurements
were conducted to see if electrical breakthrough events happen between the electrodes
during thermal runaway. The ejected gas and particles are analyzed to discuss what the
cause of potential breakthroughs could be. A sketch of the whole setup is shown in Figure 1.
In the following subsections, the used components and methods are described in detail.

2.1. Used Li-Ion Cell

The cell used for the experiment is a 66 A h pouch cell made by a well-known cell
producer of automotive Li-Ion cells, and can be seen in Figure 2. It was removed from an
electric vehicle that was built in 2019. In the vehicle, the cell was part of a pack held together
by the cyan-colored resin of which the remains are still visible. It had a mass of 893 g before
the experiment. The main dimensions were a thickness of 11.7 mm, a width of 97 mm, and
a length (without tabs and sealing) of 320 mm. The cell had a nominal voltage of 3.6 V with
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an energy density of ∼270 W h kg−1. We assume that the cell has a graphite-based anode
and an NMC cathode.

Figure 1. Overview of the whole test setup.

Figure 2. Tested cell sample. The blue plus and minus sign mark the cathode and anode.

2.2. Test Setup

A special sample holder was used, consisting of two steel-plates and several steel-
frames and PTFE-frames. The PTFE frames were used as seals. The PTFE frames had
cut-outs for the thermocouples, for the power lines of the heater and for the venting
opening. The overall stack had only one opening for the venting with a cross section of

Avent = 11 mm × 50 mm. (5)

Inside the stack thermocouples, TC10 . . . TC18 were integrated into a mica sheet to
measure the temperature of the bottom cell-surface (Figure 3). Below the mica sheet
containing the thermocouples there was an additional 5 mm layer of mica-sheets. Thermo-
couples TC1 . . . TC9 were inserted into the steel-spacer to measure the temperature of the
top-surface (Figure 4). A heat-pad that covered the whole cell surface was on top of the
steel-spacer. Steel was chosen for the spacer to conduct the heat from the heat-pad to the
cell. Above the heat-pad a mica sheet with a silicon-foam tape-layer on top was used to
compress the cell. The gaps between the sides of the cell with the terminals and the steel
frame were filled with additional mica sheets to further funnel the gas through the venting
opening. The individual layers are shown in Figure 5.
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Figure 3. Position of the thermocouples below the cell in the mica sheet.

Figure 4. Position of the thermocouples above the cell in the steel-spacer.

Figure 5. Exploded view of the CAD model showing the components and layers of the sample holder.
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Opposite of the venting opening, in a distance of 121 mm, a venting target-plate was
placed. Thermocouples (TC19 . . . TC45) were placed on the target-plate in a regular grid as
shown in Figure 6. The cross section of the setup with the venting path is shown in Figure 7.

Figure 6. Position of the thermocouples (green circles) on the vent-gas target-plate.

Figure 7. Cross section of the setup.

2.3. Reactor

The reactor RD600B (Custom made, Austria) that housed the test is made from stainless
steel. It has a volume of 424.7 L and was built for pressures of up to 37 bar at up to 200 °C.
The blind-flange was fixed and held all the interfaces for the thermocouples and electric
connections. For the interfaces, there was a DAQ system in place that consisted of several
components from Gantner Instruments GmbH. The main body could be slid open to access
the stage for the sample holder. A sketch of the reactor is seen in Figure 8.

2.4. Gas Analysis

The gas composition in the reactor was measured with two different methods. To
measure the permanent gases with gas chromatography there was a Inficon microGC
Fusion 2-modul-system in place. The gas chromatograph was calibrated for H2, O2, N2,
CH4, CO, CO2, C2H6, C2H4 and C2H2.

To measure infrared active gases via Fourier transform infrared spectroscopy, there was
a Bruker MATRIX-MG01 (Bruker Corporation, Billerica, MA, USA) with 0.5 wavenumber
resolution in use. This measurement gave a higher accuracy for gases at low concentrations
of only a few ppm.
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2.5. Electric Circuit

A special isolated electric circuit was designed to measure the breakthrough charac-
teristics inside the vent-gas-jet as shown in Figure 9. It consisted of a power supply that
provided a triangle voltage with 5 Hz and a voltage amplitude of 400 V. Resistor R1 was
used to discharge the internal capacitance of the power supply during negative flanks.

Figure 8. Three-dimensional (3D) sketch of the reactor. L = 1000 mm D = 578 mm.

Electrode current was measured by a voltage probe (Ch1) at the shunt Rshunt. As a
safeguard, a current clamp was used to measure currents with a cut-off at 30 A. Electrode
voltage was measured by the probe Ch2. The oscilloscope was set to 200 kS/s and the
trigger was set on (Ch1) to detect discharge events.

Figure 9. Electric setup to measure the vent-gas-jet characteristics.

In addition, the DAQ (Q.series X, Gantner Instruments, Schruns, Austria) (100 S/s) was
connected to the analog outputs of the power supply, so that the internal current generation
and voltage generation of the power supply could be monitored and synchronized with
the TR of the cell. The analog outputs were only used for the synchronization. They are not
accurate enough to analyse the actual discharge events.

For event analysis only, the measurement of the oscilloscope was used.
Used equipment:

• Oscilloscope Picoscope6402 (Pico Technology, Saint Neots, UK)
• Isolated programmable power supply: EA-PSI 95100-10 DT (EA Elektro-Automatik,

Viersen, Germany) max 500 V, max 10 A;
• C1 capacitor (RS components, Gmünd, Austria) inside the power supply;
• R1 power resistors (RS components, Gmünd, Austria) 1 kΩ;
• Rshunt high quality shunt (Isabellenhuette Heusler, Dillenburg, Germany) with 0.1Ω;
• Current clamp: Pico technology TA189 (Pico Technology, Saint Neots, UK) DC to

100 kHz Max 30 A. Overload 500 A, for 60 s.

The setup was tested by deliberately producing shorts between the electrode-spheres
prior to the start of the experiment.
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2.6. Experiment Method

The experiment method consisted of several subsequent steps. First, the cell was
positioned in the sample holder cycled at normal conditions and charged to 100% state of
charge. Then the reactor was closed, evacuated, and filled with nitrogen. The local heater
was activated and the power source and oscilloscope were started, to measure the electric
properties of the vent-gas-jet.

After the thermal runaway propagated through the whole cell, the gas composition
was analysed. The reactor was evacuated to about 1 kPa absolute pressure and flushed with
N2 several times before it was opened to remove the cameras. Then the reactor was closed,
heated up to 200 °C, and again evacuated to about 1 kPa absolute pressure and flushed
with N2 several times before it was opened again. Then, the dust and particles ejected by
the cell were collected and sieved. The whole setup inside the reactor is shown in Figure 10.

Figure 10. Complete setup inside the reactor.

3. Results
3.1. Cell Response

The cell went into thermal runaway 730.9 s after the heater was started. In the follow-
ing Table 1, the notable events regarding the thermal runaway and the heat production
are listed.

The measurements of all thermocouples are plotted in Figure 11. There, the moment
of the thermal runaway and its consequences are clearly visible. Figure 12 shows the
distribution of temperatures caused by the released hot gas and particles measured by
the thermocouples with the arrangement shown in Figure 6. The heater was started 36.7 s
after the experiment start and heated up until 780 s as seen in Figure 11. The thermal
runaway of the cell starts at 767.6 s. The heater could have been turned off as soon as
the thermal runaway started but the additional heat added by keeping it running did not
change the result of the thermal reaction. The discharge events happened between 768 s and
770 s of the experiment.High temperatures were reached around the center of the vent-gas
target-plate at x = 0 mm with some outliers at x = 52 mm. Highest vent-gas temperatures
>1000 °C were measured by TK24 and TK34 at 772 s. After 800 s, the maximal average cell
case temperature was reached and the cool down stage began.

The open reactor aswell as the electrodes after the thermal runaway are shown in
Figures 13–15. Compared to Figure 10, the large amount of particles all over the setup are
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to be noticed. That dust was collected and examined later. Pictures showing the electrode
gap before and during venting can be seen in Figure 16.

Table 1. Notable events. Here, t is the time and T̄CC is the average cell case temperature. U∗
C is the

cell voltage at the start of the experiment.

t/s T̄CC/◦C Event

0 23 Start of Experiment
36.7 23 Cell heater ON, power >50 W

503.3 131 First cell case temperature (TK7) reaches >200 °C
766.6 171 1 s before start of 90% of the main gas release (immediately before start of TR).
767.6 171 Start of 90% of the main gas release (pressure starts to increase rapidly).
767.6 171 First vent gas temperature (TK34) reaches >200 °C
768.4 182 Arcing event 1
769.1 218 Arcing event 2 and 3
769.2 220 Arcing event 4 and 5
769.4 220 400 V power source switches off due to overload
770.9 218 First reactor gas temperature (TK56) reaches >200 °C
771.3 229 Voltage of the cell drops below 90 % of U∗

C.
772.1 247 Max. over-pressure (peak-baseline) inside the reactor ∆PR = 1.4 bar.
773.8 312 Voltage of the cell drops below 50 % of U∗

C.
775.1 378 Last cell case temperature (TK10) reaches >200 °C
794.2 539 Maximal local cell case temperature (TK5) T̂CC = 681 °C.
794.6 540 Cell heater OFF, power <50 W
800 547 Maximal average cell case temperature T̄CC = 547 °C.

Figure 11. Temperatures of all sensors.

Figure 12. Temperature of the vent gas.
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Figure 13. Setup inside the reactor after TR.

Figure 14. View of the electrodes after TR.

3.2. Gas Analysis

The amount of gas released by the cell during thermal runaway was calculated using
the ideal gas equation and the measured values for gas temperature and pressure inside
the reactor. Overall, 5.53 mol of gas was released as seen in Figure 17.
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Figure 15. Removed electrodes. Even after shaking, some compressed dust remained sticking on the
surface of the electrode-spheres covering the area which was hit by the vent-gas jet.

Figure 16. Video frame captions before (left) and during (right) the venting of the cell. The full
videos are online at [15].

Gas component analysis of the main venting was performed about 10 min after the TR
events of the cell. The measured components are shown in Figure 18. H2, the component
most favorable for arcing, made up 16% of the total gas released. CO2 was the biggest
component with 33% The major chemical reactions during TR that are responsible for the
released gas were discussed in a previous publication [16].

3.3. Electric Characteristics of the Vent-Gas-Jet

In Figure 19, the electrode voltage and current in comparison to the pressure in the
reactor can be seen. Overall, five discharge events were detected, as seen in Figure 20.
Discharge events happened at different voltage levels and at both the rising and the falling
voltage flanks. In Figure 21, the first event is shown. It happened on the rising flank at
276 V. Events 2 and 3 both happened in a time span of 7 ms on the falling flank at about
280 V and 260 V as seen in Figure 22. Events 4 and 5 happened over the voltage peak, and
event 5 started before the voltage could go all the way back up to its supposed value after
event 4 as seen in Figure 23. Unfortunately, after the 5th discharge event, the power supply
turned itself off due to over-power-protection, so further possible events could not happen
even though the reaction was still going on as seen in the pressure in Figure 19.
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Figure 17. Amount of gas n in the reactor. Timespan annotated in green is the timespan before
thermal runaway; here n-baseline is set as zero. Timespan annotated in cyan is the timespan after
thermal runaway where gas is assumed to be in equilibrium. The released amount of gas is annotated
with the arrow.

Figure 18. Composition of the gas which was released by the cell.

3.4. Cell and Ejected Material after Thermal Runaway

The cell went through thermal runaway, resulting in the ejection of a big part of its
mass in particles and gas. The remains of the cell were extracted. The cell mass changed by
−66.1% from 962.80 g to 326.80 g. Figure 24 shows the cell after the experiment.

Fine particles and copper pieces were released by the cell as seen in Figure 25.
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Figure 19. Comparing analog outputs of the power source for electrode voltage and current to the
pressure in the reactor. (Note that the analog outputs of the power source could not keep up with the
fast signal change, therefore they peak at merely 350 V instead of the real value of 400 V).

Figure 20. Oscilloscope measurement of voltage and current showing all breakthrough events. (The
oscilloscope time is referenced to the first trigger).

After the sieving of 135.40 g of ejected material, the following copper pieces were found:

• 14 pieces >10 mm;
• 46 pieces 5 mm to 10 mm;
• 48 pieces <5 mm.

Overall, 60 significant pieces were found that could have shortened the two electrodes.
The copper pieces can be seen in Figure 26.
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Figure 21. Oscilloscopemeasurement of voltage and current during breakthrough event 1.

Figure 22. Oscilloscopemeasurement of voltage and current during breakthrough events 2 and 3.

The sieved dust was compressed and its resistance measured at a voltage of 20 V, as
seen in Appendix A. The results are shown in Figure 27. The sieved dust still contained
copper pieces that are responsible for a drop in resistance. In the more finely sieved dust,
the number of copper pieces and therefore the measured resistance varies. The dust in V2
seemed to have less copper in it than V3, which explains the different curve compared to
the other results. This implies that the actual resistance of the dust without any copper
particles would be much higher.
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Figure 23. Oscilloscopemeasurement of voltage and current during breakthrough events 4 and 5.

Figure 24. Cell after the TR.
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Figure 25. Copper pieces lying around the sample holder.

Figure 26. Sieved copper pieces.

Figure 27. Force over resistance of the dust. V0 and V1 are sieved with 2.8 mm and V2 and V3
with 1 mm.
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4. Discussion

It is clear that the gas-particle-vent of the cell going through thermal runaway is the
reason for the electric breakthrough events. But, as described above, there are three major
components of the vent corresponding to three possible mechanisms that could explain the
measured events. First, there could be arcing through the gas due to a changed composition
and pressure. Secondly, there could be electric conduction by the particle conglomerate
passing by and touching the electrodes. The third possible explanation would be the larger
copper pieces touching both electrodes while passing through. In the following subsections,
all mechanisms and their likelihoods are discussed. In Figure 28, the possible mechanisms
are schematically illustrated.

Figure 28. Schematic illustration of the possible breakthrough mechanisms. (A) Arcing through gas,
(B) Breakthrough due to dust, (C) Copper piece connecting the electrodes.

4.1. Arcing through Gas

To see if arcing through the gas is an optional explanation for the measured breakthrough
events, an approximation using the Paschen law Equation (4) was made. The impact of the gas
temperature on the breakthrough voltage in a gas mixture is primarily given by the change of
gas composition with changing temperatures [17]. Since our approximation was made for the
component with the lowest breakthrough voltage, the temperature has no significant effect
on the result. Out of the gas components analysed, H2 would give the lowest breakthrough
voltage with its values of A = 3.83 /(Pa/m) and B = 104.1 /(Pa/m) [18]. The values of the
pressure and the gap are taken as p = 1.2 bar and d = 5 /(mm) to give the smallest p × d
value. With the approximation γ = 0.1 for the secondary electron emission coefficient, this
results in a minimal breakthrough voltage of Vb = 9098 V. This shows that, even with the
most favorable assumptions made, arcing through the gas is still not possible in our setup with
max 400 V.

Additionally, there seemed to be no correlation between the voltage and the occurrence
of the events. Events happened at the rising and the falling flanks at different voltage values
between 250 V and 400 V. If the increased electric-field was the reason for the breakthroughs,
then we would expect electric breakdown during the rising flank above some voltage threshold.
This was not the case in the experiment.
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In a study about the dielectric breakdown strength of vented Li-Ion electrolyte, Nybeck
et al. [19] came to the conclusion that the vented gases maintain a similar dielectric strength
to ambient air.

4.2. Dust as Arcing Starter

Consequentially, the ejected material has to be the reason for the measured break-
throughs. No applicable literature was found on the effect of similar amounts of dust on
the breakthrough voltage. To give a worst-case estimate, the resistivity at the maximum
mechanical compression applied to the dust as seen in Figure 27 was calculated using Equa-
tion (A1). An applied force of 3.8 kN in the test setup shown in Figure A2 equals a dust
compressed by 1.96 MPa. The first 45° of the electrode sphere were covered in compressed
dust after the experiment (Figure 15). Therefore, the cross section of the spheres at 45°
with an area of A = 50 mm2 and the distance of the middle points between the poles and
the cross sections L = 7.93 mm have been taken, along with the calculated resistivity, to
compute an estimate for the resistance of the dust between the electrodes. The resistivity
and resistance between the electrodes for each dust sample are shown in the following
Table 2.

Table 2. The calculated resistivity and corresponding resistance between the electrodes of the 4 dust
samples which were compressed with 1.96 MPa.

Sample ρ/Ωmm R/Ω

V0 39.67 6.29
V1 54.46 8.64
V2 14,272.15 2263.56
V2 111.66 17.71

This shows that the ejected compressed dust copper conglomerate could result in
low enough resistances to cause breakthrough. Whether the arcing was caused by the
conglomerate or by larger single copper pieces could not be determined by this experiment,
but it gives indicatives.

4.3. Copper Pieces as Arcing Starter

Large single copper pieces big enough to be in contact with both electrodes at the
same time could be the cause of the breakthrough events. During thermal runaway, the
cell ejected ∼636 g. When 135.40 g already contained 60 copper pieces with >5 mm, then
∼636 g could contain up to 281 such pieces. The significant number of potentially released
copper pieces could cause the discharge events between the electrode-spheres. Most of the
pieces have the right size in only one possible orientation, therefore most of them would fly
through the gap without causing a discharge, which would explain why more events were
not seen.

5. Conclusions

The cell was put into a sample holder with an opening that funneled the gas-particle-
vent between two sphere electrodes. This setup was put into a stainless steel reactor and the
electrodes were connected to a power supply applying a triangle voltage with an amplitude
of 400 V and an electric measurement setup to detect electric breakthroughs. The cell was
heated until it went through a thermal runaway. Five discharge events were measured
during the ejection of gas and particles.

The cell went into thermal runaway 730.9 s after the heater was started and produced
5.53 mol of gas during the thermal runaway. ∼636 g of mass was ejected. 135.40 g of that
mass was examined and 60 copper pieces with >5 mm were found. We clearly identified
the particles ejected by the cell during thermal runaway to be the root cause of electric
breakthroughs. Venting gas alone could not explain the measured breakthroughs in our
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test setup. The ejected copper could have caused the five measured discharge events either
as a conglomerate of smaller pieces or as single larger pieces.

If a cell of a battery system inside an electric vehicle goes into thermal runaway and
the vent gas jet wears off isolation material due to abrasion and high temperatures, arcing
could happen and cause further damage. Thus, arcing poses a risk worth taking into
consideration during the design of safe battery systems. It is recommended to consider the
direction of the vent jet in the case of a thermal runaway and make sure it does not face
electric connections where it could lead to breakthroughs and arcing.

Many questions regarding the influence of venting and particles on the possibility of
arcing are still unanswered. The authors are currently working on follow-up projects to
better understand the conditions that may cause electric breakthroughs in battery packs.
This includes influences of cell-types, electrode geometries, electrode voltages, and par-
ticle deposition. Further research could include the influence of the state of charge and
experiments under ambient atmosphere conditions.
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Appendix A. Dust Resistivity Measurement

For the resistivity measurement of the dust a non conductive calcium silicate cage,
that is open on the top and closed with a mica sheet on the bottom, was taken. Through
two openings on opposing sides copper electrodes were inserted. The cage got filled up
to the top with dust and closed with a mica sheet. This setup is shown in Figure A1 as
a schematic and in Figure A2 by a picture. The sides of the dust volume both measured
44 mm and the copper electrodes rose 0.3 mm above the ceramic plate.

https://repository.tugraz.at/records/wt2bh-20214
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Figure A1. Schematic of the dust resistivity measurement.

Figure A2. Picture of the dust in the measurement setup.

A 20 V voltage was applied while the dust got slowly mechanically compressed. The
power supply was set to a maximal power of 40 W and 2 A. With the exact voltage and
current the resistance could be calculated. With the resistance R, the distance between the
electrodes L and the surface area of the electrodes A the resistivity ρ could be calculated by
the following Equation (A1).

ρ =
A × R

L
. (A1)
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