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Abstract: In recent years, with the continuous growth in power demand, lithium-ion batteries (LIBs)
have become an indispensable component of various electronic devices, transportation vehicles,
and energy systems. The safety performance of LIBs is one of the most significant issues facing
their continued development. In battery systems, the presence of arcs constitutes a significant safety
hazard that necessitates attention; the thermal runaway (TR) of LIBs releases a large quantity of
particles with elevated temperature and high velocity, probably resulting in arc failures. Changes
in the insulation structure inside battery packs and the accumulation of particulate matter resulting
from the TR of battery cells are potential causes of arc-induced disasters. In this study, we utilized
fully charged 71 Ah ternary LIB Li (NipgCop 1Mng 1) Oy (NCMS811) pouch cell samples and collected
the vented particles in an inert atmosphere after TR. All the settled particles were classified into six
groups; by conducting experiments with different particle sizes, electrode spacings, and circuit loads,
the patterns of the particle-induced arcs were understood. The results indicate that as the particle
size increases, the critical breakdown voltage decreases. Regarding electrode spacing and circuit load
resistance, larger values require higher critical breakdown voltages. The research results provide
valuable guidance for the electrical protection and safety design of battery systems.

Keywords: lithium-ion batteries; venting particles; breakdown arc; critical voltage drop

1. Introduction

LIBs are widely employed in the field of energy storage stations and new energy
vehicles because of their apparent advantages, such as high specific energy density, long
life cycle, and low self-discharge rate [1-3]. However, corresponding safety issues such as
fire accidents have attracted public attention; these issues mainly result from the thermal
runaway (TR) of LIBs [4-6]. The electrical failure (including any situation that may cause
the electrical system to fail to function properly, encompassing faults caused by natural
disasters, human factors, and other causes) of the LIB system, a DC electrical system, is one
of the most essential problems in these fire accidents caused by battery TR.

TR is a major cause of energy failure in batteries; battery TR emissions include not
only gases but also solid particles. With the increase in battery temperature, the internal
chemical changes lead to the damage of the solid electrolyte interface (SEI) film. This
damage prompts a reaction between the anode material and the electrolyte, causing the
decomposition of the electrolyte [7-9]. This process may release toxic gases, such as HF and
CO, as well as flammable gases, like H, and alkane gases [10,11]. When a battery undergoes
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TR, the production of internal gases increases significantly. As the internal pressure rises
to a certain level, different types of batteries have distinct response mechanisms: the vent
valve of prismatic cells activates to release pressure, whereas the pouch cell may experience
damage in areas of lower pressure, leading to battery leakage or rupture [12]. Once these
gases are released, they not only release solid particles and liquid substances from within
the battery but also become the primary combustion media in the event of a fire [13].
Additionally, solid particles of the battery at high temperatures could potentially serve as
ignition sources for fires [14]. These ejectiles are significant fire hazards in addition to the
immense energy released by failed batteries. The ejected materials can potentially cause
electrical failures, particularly arc failures [15,16], which may ignite combustible mixtures
or melt battery modules, directly accelerating and exacerbating fire incidents [17,18]. With
the continuous increase in the voltage of electric vehicle DC battery systems, the electrical
safety issues during battery TR processes, especially DC arc failures, are increasingly
garnering attention.

An arcis a gas discharge phenomenon, a form of self-sustained discharge in a gas, char-
acterized by a decrease in cathode potential and high current density, typically exhibiting a
negative voltage—current characteristic [19]. Since the discovery of the electric arc in the
early nineteenth century, a more comprehensive theoretical foundation has been gradually
developed for the fundamental study of arcs. Under normal conditions, gases exhibit good
insulating properties. However, when a sufficiently high electric field is applied across a gas
gap, it can cause current to flow through the gas, a phenomenon known as a discharge [20].
An arc can be divided into three regions: the cathode potential fall region, the arc column
(positive column of the arc), and the anode potential fall region. The two electrodes of the
arc, the cathode and the anode, can also be considered as components of the arc [21-23].

Within the field of battery systems for electric vehicles and energy storage stations, DC
arc faults caused by mechanical collisions, loose connections, insulation damage, and other
reasons have become one of the main causes of safety accidents in battery systems [24]. Guo
Lin and others have found through the analysis of a large number of new energy vehicles
involved in accidents that the proportion of vehicle fires caused by arc faults is as high as
60% [25]. Typical examples from battery systems are listed below. Arc failure due to cooling
liquid leakage was the root cause that led to battery TR and fire accidents of the energy
storage system [26]. And during the process of TR, spark failure accompanied by smoke
were also observed in new energy vehicles [27]. Typically, a DC voltage of approximately
30V is sufficient to sustain the stable combustion of an arc. Therefore, high voltage arcs
can lead to severe electrical accidents and fire hazards. And the high temperature of an
arc can melt the battery pack casing and ignite combustible materials. Once an arc fault
occurs within a battery pack, the additional heat source from the arc and the accelerated
onset of fire due to the entry of air may also hasten the propagation of TR [28]. Therefore,
whether an arc failure occurs during the TR process of a battery system and how the arc
failure happens are subjects worth investigating. Current research on arc faults is mainly
focused on photovoltaic systems, with relatively little research on the disaster-causing
issues of DC arcs in LIB systems [29]. The electrical systems of energy storage stations
and electric vehicles change different voltage levels through power electronic converters;
the voltage range of the DC bus in energy storage stations is 400-1500 V, and the DC bus
voltage in electric vehicles is above 300 V, all of which meet the voltage conditions for arc
occurrence [30].

Paschen’s law reveals the relationship between the breakdown voltage and the gap
distance, as well as factors such as gas pressure in a uniform electric field [31-33]. Equation
(1) represents the expression for the critical breakdown voltage in a uniform electric field.
Given the electrode gap and material, A, B, and 7 are all known constants; therefore, the
critical breakdown voltage V. can be considered a function of the product of gas pressure P
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and electrode gap distance d. In real-world scenarios, where the electric field distribution is
non-uniform, the critical breakdown voltage obviously changes.

BPd

e (APd) —n(1)

1)

At millimeter-scale gaps and atmospheric pressure, the air breakdown voltage is
close to several kilovolts and varies linearly with the gap distance. Therefore, in DC
battery systems, it seems difficult to form a breakdown arc at hundreds of volts. However,
during the TR eruption process of LIBs, the battery itself undergoes deformation, high
temperatures, and airflow impact, which can shock the entire battery structure system,
leading to changes in the battery system’s structure [34,35]. Consequently, it is highly likely
to encounter arc faults caused by TR in the battery system. The TR emissions from a fully
charged ternary battery mainly exist whichn gaseous and solid states. During the flow of
TR emissions, the battery system’s originally sound electrical insulation design may be
melted and destroyed, increasing the likelihood of arc fault occurrence [36]. During the TR
eruption process of LIBs, particulate matter is dispersed throughout the surroundings as it
flows with the smoke. Larger particles, influenced by gravity, deposit near the emission
vent, while smaller particles float with the smoke and disperse to more distant areas [33,37].
Consequently, particles of relatively smaller size have the potential to cover a larger area
within the confines of a battery system. Studies have shown that the breakdown voltage of
gas—solid mixtures may be lower than that of air [38]. Additionally, particles larger than
0.1 mm are more easily broken down compared to air [39,40]. Within battery systems, the
accumulation of particulate matter may facilitate the formation of arcs [36], but whether it
significantly reduces the critical breakdown voltage requires further research and analysis.

For a fully charged ternary battery, over half of the mass loss during TR is due to
the ejected particles, including internal materials such as graphite and metal collectors.
These particles contain over 30 elements, such as Ni, Co, Mn, Li, Al, Cu, C, H, and O [41],
and for a fully charged commercial 50 Ah Li (Ni0.6Mn0.2C00.2) O, battery, 45% of the
particles are smaller than 0.85 mm in size [12]. Particles of relatively smaller size are more
likely to accumulate in the gaps of the battery system, and the breakdown voltage of
gas—solid mixtures may be lower than that of air [38,42]. However, previous research has
primarily focused on high voltages of several kilovolts and long gap distances of hundreds
of millimeters, with the associated dielectric and ventilation particles being different [43,44].
Therefore, there is an urgent need to clarify whether and how the emission of particles
significantly reduces the critical breakdown voltage of the breakdown arc to improve
electrical safety and prevent accidental fire incidents.

To investigate the impact of the solid particles ejected during battery TR on the
formation of arcs in the battery system, settled particles of fully charged NCM811 battery
samples were collected after TR in a sealed chamber filled with nitrogen and divided
into five groups according to particle size; the particulate matter was characterized and
analyzed, and the elemental composition of the particulate matter was obtained. Then, an
arc testing system was developed to investigate the relationship between the breakdown
voltage and electrode spacing, particle size, and load resistance, and the rules of their
mutual influence were grasped. This research reveals a new mechanism of breakdown arc
in the battery system and provides guidance to evaluate and improve electrical safety.

2. Experimental

The experimental apparatus used in this study is depicted in Figure 1, with detailed
descriptions provided in the subsequent sections.
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Figure 1. Experimental system. (a) The schematic diagram of venting particle collection; (b) the
collection process of particulate matter; (c) Malvern Particle Size Analyzer 2000 and field emission
scanning electron microscope analysis yielded size distribution curves and average particle size
within the range of 0.02-2000 pm and the composition of metallic elements contained in particle;
(d) the schematic diagram of breakdown arc tests, and the images of arc generating area before
the test.

2.1. Venting Particles Collected after TR

The TR of ternary batteries is often accompanied by the ejection of a large number
of high-temperature solid particles, which can potentially damage the insulating coating
of the battery system, thus threatening the electrical safety design of the battery. These
tiny particles may freely deposit and fill in the gaps of metal structures, subsequently
increasing the probability of arc breakdown. Consequently, the risk of arc-related disasters
also correspondingly increases. The experimentation plan for collecting particulate matter
builds upon the foundational work of Li Cheng and his research team, among others [45],
and we selected 71 Ah NCMS811 LIBs for our experiments on TR. The specific parameters
of the sample are presented in Table 1, and the composition of each battery structure is
presented in Table 2. The sample battery was fully charged to 100%SOC with a constant
current of 1/3 C and a constant voltage of 4.2 V. The TR test was conducted in a 230 L sealed
chamber filled with nitrogen, as shown in Figure 1a. First, the chamber was evacuated
until a vacuum of 0.8 was achieved, and after a few minutes, it was filled with fresh
nitrogen to atmospheric pressure. This operation was repeated twice to reduce the oxygen
concentration to below 1%. The initial temperature of the battery was 30 °C, and the initial
voltage was 4.2 V. Using a fixture to secure the battery, heating was applied to one side of
the battery using a heating plate, causing the temperature of the battery and the positive
and negative tab temperatures to rise gradually. The critical temperature for TR was defined
as a temperature change rate of 1 °C/s. The temperature of the positive tab rose to 119 °C,
and the temperature of the negative tab rose to 123 °C. The voltage stabilized at 4.16 V, after
whichh the TR reaction of the battery occurred violently, and the voltage quickly dropped
to 0 V. Following this, the temperatures of both tabs rose rapidly. The highest temperature
inside the test chamber reached 859.2 °C, and the highest pressure reached 175.3 kPa. When
the exhaust process finally terminated, nearly all the emitted particles settled at the bottom
of the chamber. When the temperature inside the experimental environment had dropped
to an appropriate level, a soft-bristle brush was used to collect the scattered particles from
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various parts of the test chamber onto a weighing pan for weighing; then, they were placed
into a plastic seal bag or storage bottle. After the experiment, the measured mass of the
battery was 433 g, and the total mass of the particulate matter collected was 152 g (the
results from different batteries are also of this order of magnitude); particles smaller than
500 um were filtered out, and it was found that particles below 500 um accounted for more
than 90% of the total weight of the collected particles. All the settled particles were sorted
by 32-mesh, 150-mesh, 200-mesh, and 270-mesh sieves, corresponding to 500 pum, 100 pm,
75 um, and 54 um in diameter, respectively. Additionally, a 48-mesh sieve corresponding
to 300 pm in diameter was utilized to obtain particles with a larger average size; so, the
particles below 500 um were divided into five groups based on different particle sizes,
with the size ranges being 0-54 um, 54-75 pm, 75-100 pm, 100-300 pm, and 300-500 um.
Figure 2 shows the mass percentage results of particles with different sizes. Using these
five groups of particles with varying sizes as the experimental subjects for arc induction
can intuitively reflect the impact of particles of different sizes on arc initiation.

Table 1. Parameter information of the sample battery.

Category NCMS811
Shape Pouch cell
Capacity (Ah) 71
Voltage ceiling (V) 4.25
Voltage floor (V) 2.8
Specific energy (Wh/Kg) 331.6
Battery weight (g) 910
State of charge (SOC) 100%

Table 2. Information on the structural composition of the sample battery.

Category Composition
Anode Graphite
Cathode current collector Cu
Anode current collector Al
Separator Polyethylene (PE)
Salt LiPFg
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Figure 2. Mass fraction of particles with different particle sizes.

2.2. Arc Testing System

To investigate the influence of particles with different sizes on arc initiation under var-
ious electrode gaps, we established a particle-induced arc testing system, with a schematic
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diagram shown in Figure 3. The system primarily comprises a direct current power supply,
an arc generation area, a protection resistor, a Hall current sensor, and a high-speed data
acquisition device. The voltage of the DC power supply is adjustable within the range
of 0—400 V, which is suitable for arc disaster analysis in electric vehicles equipped with
the currently prevalent 400 V voltage platform battery systems. The arc generation area
consists of two aluminum alloy electrodes and a mica board base, with a K-type thermo-
couple placed at the center of each electrode to record the temperature changes of the
electrodes during the experiment. The exposed particulate matter was evenly filled into
the electrode gap (approximately 3-5 g is needed), and a spatula was used to compact
the particulate matter to minimize the gaps between particles, ensuring that the gap was
completely filled. Additionally, brand new mica sheets and electrode plates were replaced
between each group of experiments to minimize errors as much as possible. During the
arc initiation experiments, the DC power supply voltage, series circuit current, voltage
between electrodes, and temperatures of the two electrodes were recorded, with a sampling
frequency of 1 kHz.

Explosion-proof box

DC power supply

Current sensor

.o
c —- g~

Uare ,"i—lighspeed data acquisition Computer

’

i Load resistance
electrode pa:tlcle electrode = S
& fm e
,/'xa’-' 4 Ls ' 4}
AR y }g 2 “i

Figure 3. Particle-induced arc testing system.

At the beginning of the experiment, the electrode gap was set and filled with particles,
after which the DC power supply was turned on, applying voltage across the electrodes.
The initial voltage was set to 50 V, which was increased by 10 V every 20 s until an arc
breakdown occurred, at which point the power supply voltage was maintained for over
20 s. During this process, it is typically observed that the voltage increases to a final plateau
value V7 just before breakdown, as well as a voltage plateau value V, corresponding to the
arc event. Based on these values, we can define the critical breakdown voltage as shown in
Equation (2). Since the voltage loading mode is stepped at 10 V increments, the error range
of the test results is =5 V. The critical breakdown voltage referred to here is the externally
applied voltage, not the inter-electrode voltage required to sustain stable arc combustion.

. Vi+W

Ve 5

(£5V) 2)

To investigate the effects of electrode spacing, particle size, and load resistance on
particle-induced arc formation, these three factors were varied separately to understand
their influences. The tests were conducted according to the following procedure, with each
test condition replicated no less than twice. Before each experiment, a blank control group
was set up without particles in the electrode gap, and no arc breakdown occurred. The
specific experimental contents are as follows:

(1) To investigate the relationship between particle size and critical breakdown voltage:
The electrode gap was fixed at 4 mm, and the particle size was varied. Five groups of
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particles with different sizes were used as test samples, with the load resistor set to
20 Q.

(2) To investigate the relationship between electrode spacing and critical breakdown
voltage: Particle groups with sizes ranging from 300 to 500 pm were selected, and the
load resistor was set to 20 (). The electrode gap was adjusted to 1 mm, 2 mm, 4 mm,
6 mm, and 8 mm.

(3) Toinvestigate the relationship between load resistance and critical breakdown voltage:
Particles with sizes ranging from 300 to 500 um were selected, and the electrode gap
was set to 1 mm, 2 mm, and 4 mm. The effects of load resistors of 20 () and 30 () on
the critical breakdown voltage were compared under different electrode gaps.

3. Results and Discussion
3.1. Characterization Results
3.1.1. Particle Size Analysis

The Malvern Particle Size Analyzer was used to analyze the particle size distribution
of the five groups of particles below 500 pm. Here, D (0.1), D (0.5), and D (0.9) represent
the equivalent spherical diameters of the particles corresponding to cumulative volume
fractions of 10%, 50%, and 90%, respectively, with the mean particle size being the mean
equivalent spherical diameter. Figure 4 shows the distribution curves of the particles in the
five different size ranges. Table 3 presents the key parameters of the test results.

10
- S4m N
84 t== 54-T5um f\
e 75-100pmm f 1
e 100—300pm !
~ -
é 61 —— 300—-500pm
@
o0
S
= 41
v
]
)
R 24
0-
0.1 1 10 100 1000

Particle size (um)

Figure 4. Cumulative distribution curves for different particle size groups.

Table 3. Particle size analysis of battery ejection particles.

Particle Size (um) D (011 D (0.5) D (0.9) Average Particle Size (um)  Highest Proportion (um)
0-54 3.054 11.538 27.846 14.185 12.619
54-75 7.452 68.109 74.069 55.6 63.246
75-100 10.346 81.093 116.901 81.384 90.237
100-300 20.496 168.775 326.968 178.776 200
300-500 113.876 361.002 644.56 375.681 447.744

1D (0.1), D (0.5), and D (0.9) represent the equivalent spherical diameters of the particles corresponding to
cumulative volume fractions of 10%, 50%, and 90%, respectively. (The error range is +1%-+5%.)

3.1.2. Scanning Electron Microscopy Results

Scanning electron microscopy (SEM) was used to conduct microscopic observations
and photography of the five groups of particle samples at magnifications of 200, 1000 x,
and 10,000 x, respectively. It can be observed that as the particle size increases, the shape of

the particles changes from spherical to flattened. Figures 5-7 show the images captured at
different magnifications.
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Figure 5. Scanning electron microscopy image of ejected particles magnified by 0.2x10x:
(a) 0-54 um; (b) 54-75 um; (c) 75-100 um; (d) 100-300 pum; (e) 300-500 um.

ENT- 5001

Figure 6. Scanning electron microscopy image of ejected particles magnified by 1x10%x: (a) 0-54 um;
(b) 54-75 um; (c) 75-100 pwm; (d) 100-300 pum; (e) 300-500 um.
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(d) ) (e)

Figure 7. Scanning electron microscopy image of ejected particles magnified by 1x10*x: (a) 0-54 um;
(b) 54-75 um; (c) 75-100 um; (d) 100-300 um; (e) 300-500 pum.

EDS spectral analysis of the surface micro-regions of particles of different sizes revealed
the presence of ten elements in the particles ejected during the TR of the battery: C, O, F,
Al Si, P, Mn, Co, Ni, and Cu (Li and H were not tested). Among these, Ni, Co, Mn, and
O primarily originate from the cathode material, Al and Cu from the current collectors, C
and Si from the anode material, and P and F likely from the electrolyte and binders. The
results of the micro-regional EDS analysis are presented in Table 4; C and O are the main
constituents of the ejected particles, constituting 55-90% of the elemental content of the
particles. EDS analysis randomly selected the micro-surfaces of several particles, and there
is measurement error associated with the equipment (see Table 4 for details). Therefore,
the absence of Si and Cu elements in the 54-75 um and 100-300 um particles does not
necessarily indicate that these elements are not present in the group of particles. All the
detected elements show a non-monotonic relationship with particle size.

Table 4. EDS micro-area composition analysis of ejected particles weight% (wt%).

Particle Size (um) 0-54 54-75 75-100 100-300 300-500
C 59.5 44.8 60 60.7 719
@) 11.4 10.9 14 15 18.3
F 3.8 3.1 32 3.5 3
Al 1.7 12.6 6.7 1.9 0.6
Si 0.3 0 0.1 0 0.2
P 1.1 0.8 1.1 1.1 0.8

Mn 1.2 1.4 0.7 1.3 0.4
Co 2.6 34 1.6 2.5 0.7
Ni 18.2 23 12.5 14 3.8
Cu 0.2 0 0.1 0 0.3

For major elements (>20 wt%), the allowable relative error is <4-5%. Similarly, (£3 wt% < content < 20 wt%)—<10%;
(£1 wt% < content < 3 wt%)—<30%; +£0.5 wt% < content < 1 wt%—<50%.
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3.1.3. ICP-OES Elemental Analysis Results

The proportion of several major metal elements in the ejected particles was analyzed
using an ICP plasma emission spectrometer, and the detection results are presented in
Table 5. It can be observed that the most predominant metal element is Ni, and except for
particles smaller than 54 um, the composition and proportion of the major metal elements
in the other particle groups are roughly the same. A histogram of the proportion of major
metal elements is shown in Figure 8.

Table 5. ICP metal elemental composition analysis of ejected particles (wt%).

Particle Size (um) 0-54 54-75 75-100 100-300 300-500
Al 3.38 10.1 10.6 6.7 6.15
Co 4.63 342 3.44 3.38 3.86
Cu 2.13 8.05 7.57 7.9 5.94
Li 3.23 3.81 391 3.92 4.16
Mn 2.03 1.48 1.48 1.48 1.68
Ni 34.4 25.3 25.5 25.1 28.8
Si 0.29 0.29 0.22 0.21 0.23

The error range for Ni is <15%; for Si, it is <2%; and for the other elements, it is <10%.

100 =

80 4

60

Percentage (%)

404

ORI

20

1 2 3 4 S

Particle size (um)
Figure 8. Metal elemental composition ratio of different particle groups.

3.2. The Impact of Particles with Different Sizes on Arc Initiation

The TR of ternary LIBs can eject particles, which may trigger arc faults and is signifi-
cantly more likely to form arcs than in air media. During the flow of the emitted fumes, due
to the forces of gravity and buoyancy, there may be differences in the spatial distribution
characteristics of particles of varying sizes, with smaller particles tending to disperse over
a broader area, reaching more distant locations and thus affecting a larger region. The
mechanisms by which particles of varying sizes induce arc formation between the gaps of
identical or similar charged structures are expected to differ.

Selecting an electrode gap of 4 mm and a load resistance of 20 (), five groups of particles
with different sizes were uniformly and freely filled into the electrode gap. The arc induction
experiment with 300-500 um particles was chosen as a typical case to illustrate the particle-
induced arc phenomenon. As shown in Figure 9, the images before and after the experiment
show the electrode gap filled with particles. It can be observed that there are distinct burn
marks on the electrodes after arc combustion. Figure 10 is a video frame captured during
the experiment, from which it can be seen that local corona discharge phenomena occur
before the arc stabilizes; Figure 11 represents the data acquisition records of the voltage
changes at the electrodes and the circuit current during the experimental process. Before
the breakdown arc occurs, the voltage between the electrodes is approximately equal to
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the power supply voltage, with the circuit in an open state, and the series circuit current is
almost zero. The power supply voltage initially increases from 50 V in steps, witha 10 V
increment every 20 s. Shortly after the power supply voltage reaches 130 V, the series circuit
becomes conductive, and the arc begins to stabilize combustion. According to Equation (2),
the critical breakdown voltage for this case is determined to be 125 V. At this point, the
arc can be considered as an equivalent resistance, and its equivalent resistance value, as
well as the power of the arc itself, can be calculated based on the voltage across it and the
circuit current.

Figure 9. (a) Before the test; (b) after the test. Comparison images before and after particle-induced
arc testing.

() (b)

Figure 10. (a) Partial corona discharge; (b) stable arc combustion. Phenomenon of particle-induced
arc testing.

Inter-electrode voltage
—— Electric current

200 - 10

100 4

Stable Arc
Combustion

0 - ol ! 0
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T T
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Figure 11. Particle-induced arc testing curve.
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Due to the uncontrollable randomness during the particle filling process, the critical
breakdown voltage obtained from each experiment may also vary. Therefore, at least two
replicate experiments are conducted for each particle size group. The range of critical
breakdown voltages for the arc formation obtained from these experiments is shown in
Figure 12; the green band indicates the critical range of voltage values that can trigger
breakdown arcs corresponding to different particle sizes. It can be observed that in the
experimental groups with particle sizes less than 54 um, the required breakdown voltage
exceeds the range of the adjustable DC power supply, which is 400 V. This means that when
the particle size is less than 54 um, a 400 V battery system is unlikely to produce an arc with
particles of this size. As the particle size increases, the critical breakdown voltage required
for arc initiation also decreases. That is, when the particle size is below 500 pum, the larger
the particle size, the higher the likelihood of inducing an arc in the battery system.

280

I Breakdown voltaael

260

—~ 2404
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>400V
£ 220 -
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(=]
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._.._.._.
N )
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54-75 75-100 100-300 300-500
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Figure 12. Different particle sizes critical arc-induced breakdown voltage.

According to Ohm’s law and the power calculation formula, Equations (3)—(5) can be
used to approximately determine the equivalent resistance of the arc and the power during
stable combustion, where Ri represents the equivalent resistance of the arc at moment i,
Vai denotes the voltage across the arc at moment i, I; represents the series circuit current
at moment i, R represents the average equivalent resistance of the arc during the time it
remains stable, n is the number of experimental data points taken during arc combustion,
and P represents the power during arc combustion. Due to the continuous fluctuation of
the voltage across the arc and the circuit current during combustion, the obtained values are
only approximate averages. Figure 13 represents the changes in the approximate equivalent
resistance and arc power during the arc initiation induced by different particle sizes, as
well as the maximum temperature rise rate of the positive and negative electrodes during
arc combustion. Since no arc was produced by particles below 54 pm, this group is not
displayed in Figure 13.
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n
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Figure 13. Arc-induced characteristics parameters of particles with different particle sizes.

As shown in Figure 13, the thermal power of the arc decreases with the increase in
particle size. This is intuitively reflected by the maximum temperature rise rate, which
follows the same trend as the arc power. Moreover, the power change trend is consistent
with the trend of the critical breakdown voltages required for arc initiation by particles of
different sizes. The equivalent resistance of the arc, on the other hand, gradually increases
with the increase in particle size.

A notable point is that after elemental analysis of the particulate matter, the compo-
sitional differences between particles of different sizes were found to be significant and
could not be ignored. Further investigation is needed to determine whether this will have
an impact on the experimental results.

3.3. The Impact of Different Electrode Gaps on Arc Initiation

When the battery system is functioning normally, the designed electrical gap should
meet the specifications, resulting in a lower probability of arc fault occurrence. However, in
the event of TR or thermal propagation within the battery system, the high-temperature
smoke flow may melt the insulating layer on the surface of the charged structure after
passing through the insulated coating area. Additionally, some charged structures may
deform, creating conditions for a breakdown arc to occur.

As previously discussed in the section on arc induction by particles with a 4 mm
electrode gap, particles in the 300-500 um size range have the lowest critical breakdown
voltage. Therefore, this section focuses on the effects of particle-induced arcs with this
specific particle size group at different electrode gaps. The electrode gaps are set at 1 mm,
2 mm, 4 mm, 6 mm, and 8 mm, with the values chosen to be close to the electrical insulation
gaps typically found in battery systems. Figure 14 presents the experimental results of
the critical breakdown voltages required for particle-induced arcs at different electrode
gaps, the blue band denotes the critical range of voltage values that can induce breakdown
arcs corresponding to different electrode gap distances. As the electrode gap increases,
the required critical breakdown voltage also increases. Figure 15 shows the changes in arc
equivalent resistance, arc thermal power, and the maximum temperature rise rate of the
electrode plates at different electrode gaps. The arc thermal power follows the same trend
as the critical breakdown voltage, as does the maximum temperature rise rate, while the
equivalent resistance exhibits an opposite trend.
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3.4. The Impact of Different Load Resistance on Induced Arc Generation

In the particle-induced arc testing system, the circuit load acts as a protective resistor,
limiting the excessive current when a breakdown arc is formed. The impact of the circuit
load resistance on the critical breakdown conditions and characteristics of particle-induced
arcs is not yet clear. In this experiment, particles in the 300-500 pm size range were selected,
and the electrode gaps were set at 1 mm, 2 mm, and 4 mm. Under different electrode gaps,
the protective resistors were set at 20 () and 30 (). The experimental results are shown
in Figure 16, where, for ease of comparison, the critical breakdown voltage is selected as
the minimum value from multiple repetitive experiments; this value represents the lower
limit of the voltage at which a breakdown arc may occur during the experiment. It can
be observed that under different electrode gaps, as the protective resistance increases, the
critical breakdown voltage required for particle-induced arcs also increases. Moreover,
as the electrode gap increases, the critical breakdown voltage values increase even more,
indicating that when the breakdown environment itself requires a higher breakdown
voltage, the circuit load resistance has a greater impact. Therefore, increasing the resistance
of the circuit load can be considered as a protective measure to reduce the probability of
arc fault occurrence in the circuit. As seen in the previous sections, the trends in equivalent
resistance, thermal power, and the maximum temperature rise rate of the electrodes after
the arc stabilizes are primarily related to the trend in required critical breakdown voltage;
thus, these aspects are not further elaborated in this section.
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4. Conclusions

In this study, the particles ejected after the TR of NCM811 were collected. The particles
below 500 um were screened out, accounting for over 90% of the total weight of the
collected particles. The particles below 500 um were then sorted into five groups by mesh
size: 0-54 um, 54-75 um, 75-100 um, 100-300 um, and 300-500 pm. Characterization
analysis was performed on these five groups of particulates. For the five groups of particles
with different sizes, it was found that as the particle size decreased, the shape of the particles
transitioned from flat to spherical. Through energy-dispersive X-ray spectroscopy analysis,
a total of 10 elements, including C, O, F, Al, 5i, P, Mn, Co, Ni, and Cu, were detected in the
particles. The content of C and O was the highest, accounting for 55-90%, while among the
metal elements, the content of Ni was the highest.

Subsequently, for the five groups of particles that were collected, an experiment was
designed to investigate the induced arc by the particles. The effects of different particle sizes,
different electrode gaps, and different load resistances on the critical breakdown voltage
required for particle-induced arcs were examined. The experimental results revealed that,
at the same electrode gap, the critical breakdown voltage needed for the arcs induced by
the five groups of particles decreased as the particle size increased. For the same group
of particles, as the electrode gap widened, the required breakdown voltage also increased.
Additionally, when the load resistance in the circuit was increased, the breakdown voltage
for arc induction by the same group of particles, at the same electrode gap, also increased.
Therefore, the experimental results of this group can validate increasing the circuit load
resistance, which could be considered as a protective measure to prevent breakdown arcs
in the circuit. After the arc reached stable combustion, it could be regarded as an equivalent
resistance. The power during arc combustion could be calculated based on the current
and the voltage across the arc. The calculation results showed that, under experimental
conditions with a single variable, the power of the arc followed the same trend as the
required critical breakdown voltage.

Ultimately, a novel breakdown arc failure called the venting particle-induced arc was
revealed in the battery system. The presence of particulate matter significantly reduces the
breakdown voltage, which can lower the breakdown voltage from 400 V to approximately
120 V, thereby making the initiation of arcs more likely. This research can improve the
electrical safety design of the LIB system. The method raised in this research for parametric
evaluation and design can provide a theoretical guidance to improve the electrical safety of
battery systems affected by venting particle-induced arc failure. Additionally, the influence
of arc failure on battery TR also deserves great attention. However, the main work of this
study focuses on collecting particulate matter from battery samples in a single system
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and conducting repetitive experiments. There is a lack of experimental results regarding
different battery systems. Further research work is needed to address this issue.
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