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Abstract: Understanding the thermal runaway mechanism of lithium-ion batteries under low pressure
and low temperature is paramount for their application and transportation in the aviation industry.
This work investigated the coupling effects of ambient pressure (100 kPa, 70 kPa, 40 kPa) and ambient
temperature (—15 °C, 0 °C, 25 °C) on thermal behaviors in an altitude temperature chamber. The
experimental results indicate that lowering ambient pressure and temperature could attenuate the
thermal runaway intensity, which is mainly attributable to the reduction in oxygen concentration
and the increase in heat loss. Such a dual effect leads to the maximum temperature decreasing from
811.9 °Cto 667.5 °C, and the maximum temperature rate declines up to 2.6 times. Correspondingly,
the whole thermal runaway process is deferred, the total time increases from 370 s to 503 s, and
the time interval, At, from safety venting gains by 32.3% as the ambient pressure and temperature
decrease. This work delivers an in-depth understanding of the thermal characteristics under low
pressure and low temperature and provides meritorious guidance for the safety of cell transportation

in aviation.
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1. Introduction

Global warming has become a serious environmental issue in recent years. Carbon re-
duction and carbon neutrality by 2050 have attracted considerable attention over the years.
Countries around the world are vigorously developing renewable and sustainable energy
sources, which are beneficial for decreasing carbon emissions. Lithium-ion batteries have
recently been regarded as promising energy media and have been extensively applied in
electric vehicles (EVs) at high plateau airports, in electric aircraft [1], and even in aerospace
due to their outstanding merits of high energy density, extended cycle performance, and
environmental friendliness [2,3]. For example, the Boeing 787 and Airbus 350 were the
first commercial aircraft to utilize lithium-ion batteries as a power source. In addition,
Beta’s electric vertical take-off and landing (eVTOL) could complete a 621 km flight [4]. The
application scenarios are becoming more extensive and sophisticated. Lithium-ion batteries
are easily subjected to thermal runaway during air transportation when fresh cells are
exposed to adverse conditions [5], which release substantial heat, accompanied by white
smoke, jet fires, or even explosions [6]. Extensive previous work has been conducted and
reported on the understanding of the electrochemical performance and structural degrada-
tion of electrode materials (both anodes and cathodes) [7] and electrolytes [8]. However, in
recent years, lithium-ion battery accidents in aviation conditions have gradually increased,
which may inhibit developments in the aviation industry [9]. According to statistics from
the Federal Aviation Administration (FAA), more than 497 battery fires were reported in
air transportation between 2006 and 2023 [10]. These catastrophic accidents have caused
profound property loss and overshadowed the development of the aviation industry [11].
Therefore, it is imperative for us to intensively probe the thermal safety and characteristics
of the thermal runaway of the lithium-ion battery under such conditions.
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Generally, as the altitude increases, the ambient pressure and temperature decline
gradually [12]. During air transportation, the cruising altitude for commercial airlines is
in the range of 8000-10,000 m, where the external minimum pressure is approximately
26 kPa and the ambient temperature even reaches approximately —40 °C [13,14]. Therefore,
the high-altitude environment, which is characterized by low pressure and low temper-
ature, has an impact on thermal runaway characteristics. When lithium-ion batteries are
subjected to accidents at high altitudes, they will be exposed to such conditions expedi-
ently. It has been reported that thermal runaway characteristics are influenced by many
factors. For example, the cell SOC [15], cathode material [16], space distribution [3], and
heating position [17]. However, the ambient pressure, which is directly associated with the
oxygen concentration, also shows a pronounced effect on the thermal runaway process.
Chen et al. [18] utilized in-situ calorimeters in Hefei (pressure, 100.8 kPa) and Lhasa (pres-
sure, 64.3 kPa) to assess the thermal and fire hazards of lithium-ion batteries. Their results
confirmed that reducing the ambient pressure caused a reduction in oxygen density, which
resulted in an evident decrease in ignition time, mass loss, and combustion efficiency. Fur-
thermore, Fu et al. [19] explained the lithium-ion battery venting process in detail through
Darcy’s law and Fick’s law. Their results revealed that the ignition time and combustion
intensity were weakened at low pressure, and the oxygen concentration gradient played an
essential role in the internal active material decomposition and burning process during ther-
mal runaway. In general, decreasing pressure means a decline in air density, which would
further attenuate the natural convection heat loss. However, the research of Liu et al. [20]
confirmed that the convective cooling effect is prominent during thermal runaway, and
the relationship between the convection coefficient and ambient pressure can be expressed
as hoP%2. In addition, the intensity of the internal side reaction is closely associated with
the cathode material. Jia et al. [21] compared two typical cathode materials for lithium-ion
batteries at various pressures. Their results indicated that even though the thermal runaway
intensity weakened under low pressure, the thermal runaway time increased in LiFePO,
batteries, whereas the thermal runaway decreased in LiNig5Cop2Mny 3, illustrating the
high complexity in distinctive low-pressure environments.

Many remarkable works have confirmed that ambient pressure shows significant
effects on thermal runaway characteristics. However, lithium-ion batteries may confront
more sophisticated environments under aviation conditions. Fundamentally, decreasing
the ambient temperature relieves the internal chemical reaction of lithium-ion batteries.
Niu et al. [22] found that the acceleration of the thermal runaway process between adjacent
batteries was primarily attributed to the net convection transfer. Guo et al. [23] confirmed
that the heating rates decreased as the ambient temperature declined, and a better heat
dissipation condition at low temperatures could effectively migrate the temperature rate.
In addition, Liu et al. [20] further explored the effects of ambient pressure and temperature
on the thermal characteristics of a dimension linear arrangement lithium-battery module.
The results indicated that the ambient pressure and temperature had little influence on
the safety venting temperature and that the time interval between adjacent cells increased
obviously. However, the effect of ambient temperature (between 23 °C and 33 °C) on the
thermal runaway onset and maximum temperature was not clearly explained. During
air transportation, lithium-ion batteries are more inclined to confront low-pressure and
low-temperature conditions, which may further trigger domino accidents. Therefore, a
systematical investigation related to the thermal runaway characteristics of lithium-ion
batteries is urgently needed to meet the ever-increasing demand for aviation transportation
and application.

This work endeavors to investigate the coupling effect of low pressure and low temper-
ature on lithium-ion battery thermal characteristics. A set of experiments was arranged and
conducted using 18,650 cylindrical lithium-ion batteries in a designed altitude temperature
chamber. Three typical atmospheric pressures (101 kPa, 70 kPa, and 40 kPa) and ambient
temperatures (—15 °C, 0 °C, and 25 °C) were selected. The thermal runaway characteristic
parameters, including thermal runaway process images, critical temperature and time, and
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mass loss, were measured and analyzed thoroughly. A scanning electron microscope (SEM)
and energy-dispersive spectrometry (EDS) were utilized to identify the transformation
electrode micromorphology and element composition of the cell electrode in different
configurations. These experimental results are anticipated to deliver valuable references for
the safety application and transportation of lithium-ion batteries in the aviation industry.

2. Experimental Platform and Setup
2.1. Battery Samples

The lithium-ion battery applied in this paper was a commercial 18,650 lithium-ion
battery (height, 65 mm; diameter, 18 mm). Table 1 lists the battery specifications. The
nominal capacity and voltage were 2600 mAh and 3.63 V, respectively. The cathode was
nickel manganese cobalt oxide LiNip5Cop2Mng 3 (NCM 523), and intercalation graphite
was used as the anode. The cell mass was 44.8 &= 0.2 g after the plastic packing was peeled
off. According to the product specifications, the storage temperature ranges from —20 to
60 °C for one month. Prior to the experiments, the cell was first discharged to 2.75 V with
a constant current of 0.5 C. Then, the fresh cells were charged using the same constant
current/constant voltage (CC-CV) method to 100% SOC three times. Finally, to minimize
internal heat generation during the charging/discharging process and maintain a stable
state, the cycled cells rested for at least 24 h.

Table 1. Technical specifications of the test battery.

Item Specification
Cathode material LiNip 5Cog,Mn( 30, (NCM523)
Anode Graphite
Nominal capacity 2600 mAh
Nominal voltage 3.6V
Charge: 42V
Voltage Discharge: 2.75 V
Cell mass 448+02¢g
1 year: —20~25 °C
Storage temperature 3 months: —20~45 °C

1 month: —20~60 °C

2.2. Experimental Setup

A schematic diagram of the Altitude Temperature Chamber was utilized to simulate
aviation conditions, as shown in Figure 1. The chamber was composed of internal and
external cabins. The internal ambient temperature was gradually cooled to the selected
temperature by decreasing the external ambient temperature, which was manipulated via
the control panel. The chamber interior dimensions were 800 x 600 x 1000 mm, it could
maintain internal pressure from low pressure (20 kPa) to atmospheric pressure (101 kPa),
and the temperature control window ranged from —20 °C to 70 °C with an accuracy of
1 °C. The experimental chamber was made of stainless-steel panels and was coated with
ultrafine glass wool to guarantee temperature precision. In addition, the exterior chamber
heated or cooled the interior chamber to maintain a constant ambient temperature, and
the ambient pressure was monitored using a pressure sensor in real time. Prior to the tests,
the chamber pressure primarily decreased to the selected value and remained stable for a
while. Then, the ambient temperature was reduced to the fixed temperature.

To simulate thermally failed cell heat transfer to adjacent cells, a cylindrical heater
with 100 W, which had the same dimensions as the 18,650 cell, was employed. The heater
was cleaned with residue after each experiment to minimize the influence of ejecta. A
K-type thermocouple, with a diameter of 1 mm and an accuracy of 0.5 °C, was attached
to the center of the cell to monitor the cell temperature variations synchronously. In
addition, the jet flame temperature distribution was measured by a thermocouple tree,
which was positioned along the central axis in the vertical direction. The distance interval
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was 10 cm. The whole experimental process temperature variations were recorded by
the data acquisition equipment NI cDAQ-9213, National Instruments, USA. The mass
variations before and after the experiment were determined using an electronic balance
(Metter Toledo XP10002S, Metter Toledo, Switzerland) with a resolution of 0.01 g. A SONY
FDR-AX700 digital camera (Sony) was employed to capture the thermal runaway behavior
and burning process. In addition, the micromorphology and composition of the electrode
materials were obtained using the scanning electron microscope (Gemini SEM 450, Zeiss,
German) and energy dispersive spectrometer EDS (ESCALAB 250Xi, Thermo Fisher, USA)
in this work, respectively.

Data acquisition

Thermocouple

Control Panel

| S prsare

‘[hamber pressure and
[ temperature

NI cDAQ-9213

Balance g
I

SRS Q) |

Data collection I

Figure 1. Schematic of the experimental setup.

2.3. Experimental Design and Procedure

Before closing the altitude temperature chamber to start the experiments, the prepared
battery was placed on the supporting mesh, and the recording and collection devices
were in a state of preparedness. When the internal pressure and temperature reached the
setpoint, the cell with 100% SOC was kept in the chamber for 2 h to maintain the lithium-ion
battery temperature the same as the chamber’s internal conditions [24]. Then, the heater
was initiated until a fire or explosion was observed, and all the data acquisition systems
were activated simultaneously.

In this work, two key parameters were controlled.

Parameter I. Ambient temperature (T).

The performance of lithium-ion batteries is sensitive to the environmental temperature
during operation and transportation. In this work, experiments were carried out at various
ambient temperatures (—15 °C represents low-temperature conditions and 25 °C represents
the optimum temperature) to explore the influence of ambient temperature on thermal
behavior at low temperatures.

Parameter II. Ambient pressure (Pp).

The experiments were conducted under three pressure values: 101 kPa represents at-
mospheric pressure and 40 kPa represents low pressure. The altitude temperature chamber
is capable of maintaining stable ambient temperature and pressure simultaneously.

The detailed experimental configurations are illustrated in Table 2. To reduce the
effects of thermal runaway gas ejection on the oxygen concentration and pressure, the
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chamber door was opened to recover to the previous situation after each test. Finally, all
the tests were repeated at least three times to reduce experimental errors.

Table 2. Experimental configurations.

Temperature Pressure SOC Heating
Group No. Test No. e (kPa) (%) Power (W)
1 101
I 2 25 70 100
3 40
4 101
I 5 0 70 100 100
6 40
7 101
I 8 —15 70 100
9 40

3. Results and Discussion
3.1. Thermal Runaway Process of Lithium-Ion Batteries

Figure 2 illustrates the contrasting thermal runaway phenomena of lithium-ion bat-
teries at various ambient pressures and temperatures, where 101 kPa, 25 °C represents
the terrestrial environment, which is also the optimum condition for lithium-ion battery
operation, and 40 kPa, —15 °C represents the extreme environment of high-altitude aviation
conditions. It can be found that the thermal runaway process can be divided into five
stages: (I) heating and safety venting, (II) gas release, (III) explosion, (IV) combustion after
thermal runaway, and (V) abatement.

In stage I, the cell temperature rose smoothly and was heated by the electric heater
on an ongoing basis. As the cell temperature continuously rose, a chain of side reactions
accompanied by gas generation occurred inside the cell [25,26]. The internal reaction gases
were generated and accumulated continuously. Gradually, the safety valve was unable to
withstand the high pressure, which triggered the safety valve to break. A large number of
flammable gases, including CO,, CO, alkane, and electrolyte vapor were released in stage II.
However, the temporary cooling was not enough to depress the self-heating process. At this
point, the flammable gases and internal electrode active materials started to react with the
air, and the influence of the oxygen concentration gradually emerged. Once the cell surface
temperature exceeded 200 °C, a chain of side reactions was triggered and released large
amounts of heat, resulting in the surface temperature increasing exponentially in stage IIL
High-temperature sparked or high-speed particles are likely to become the ignition sources
of jet fires. However, as the ambient temperature and pressure decreased, the oxygen
reduction and heat loss weakened the thermal runaway intensity. It can be seen that the
thermal runaway jet fire at 101 kPa, 25 °C was brighter than that at 40 kPa, —15 °C, which
demonstrated more intense internal side reactions and exhibited great thermal hazards, as
shown in Figure 2 [27]. Subsequently, the residual electrolyte burned steadily for a while
at 101 kPa, 25 °C. However, only a weak flame was observed at 40 kPa, —15 °C in stage
IV. This phenomenon can be attributed to the following two aspects. On the one hand, as
the ambient pressure decreased, the reduced oxygen concentration gradient slowed the
air diffusion rate. Therefore, the internal exothermic side reactions and explosion were
inhibited [19,28]. On the other hand, as the ambient temperature declined, the convection
and radiation heat loss also increased and, thus, more heat accumulation was required
before thermal runaway. Finally, the recorded surface temperature decreased quickly and
cooled gradually in stage V. Therefore, under aviation conditions, the low ambient pressure
and low temperature demonstrate an inhibitory effect on the thermal runaway intensity.
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Safety venting Gas release Explosion Combustion Abatement

Figure 2. Thermal runaway phenomenon of batteries in aviation conditions: (a) 101 kPa, 25 °C,
(b) 70 kPa, 0 °C, (c) 40 kPa, —15 °C.

3.2. Effects of Ambient Pressure

The oxygen concentration and ambient temperature played important roles in the
exothermic side reaction and burning process during the thermal runaway process. The
oxygen concentration decreased with a decrease in the ambient pressure. The relationship
between the oxygen content and ambient pressure can be approximately calculated using
the ideal gas law:

PVenamber = MairRT (1)

Moreover, the oxygen fraction is 21% and remains constant under various pressures.
Therefore, the oxygen mole fraction under various pressures in the chamber can be ex-
pressed as [21]:

no, = 0.211,4iy PVepamber
2 RTy

where P is the internal chamber pressure, V is the volume of the chamber, # is the air mole
number, R is the gas constant, R = 8.314 J/mol/K, and Ty is the ambient temperature.

To better understand the thermal runaway behaviors, Figure 3a demonstrates the cell
temperature profiles under different pressure conditions with the optimum temperature
of 25 °C. The other ambient temperatures at various pressures showed a similar trend. In
general, lowering the ambient pressure, on the one hand, alleviated the thermal runaway
intensity. On the other hand, it postponed the thermal runaway process. It can be noted
that the cell surface temperature escalated smoothly, and the average temperature rate was
approximately 0.38 °C/s. The ambient pressure had no significant effect on this process.
As the safety valve opened, the cell temperature decreased slightly, which could migrate
the thermal runaway process to some extent. However, the oxygen gradually penetrated
the cell and triggered a chain of exothermic reactions. The impact of the environmental
pressure was mainly manifested in the period from the safety valve opening to thermal
runaway. Therefore, the ambient oxygen content reduced as the pressure decreased, as
illustrated in Equation (2), while the intense thermal runaway entailed airborne oxygen
supporting internal exothermic reactions from safety valve rupture to thermal runaway
occurrence. Although the ternary cathode materials of lithium-ion batteries can decompose
and generate oxygen at approximately 210 °C [29], the mole fraction is too small to influence

@)
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the thermal behavior. The decomposition reaction of the NCM 523 cathode material is
shown in Equation (3) [30].

NCM(R3—m) e (Mn, Ni)O(Fm3m) + CaO (s) + Ni(s) + Oz (g) 3)

—=—25°c| @ BILIL T708°C 73860C
80011 o ooc | i
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Figure 3. The cell surface temperature variations: (a) typical surface temperature at 25 °C under different
ambient pressures, (b) typical surface temperature at 70 kPa with different ambient temperatures.

Tables 3 and 4 demonstrate the total time (t,,) and time interval (At) during thermal
runaway. The total time is the period from heating to when the lithium-ion battery reaches
the maximum temperature, and At is the time interval from safety valve rupture to the
maximum temperature, which can be expressed using Equation (4) [31]. As the ambient
pressure decreased from 101 kPa to 40 kPa, the thermal runaway intensity was alleviated,
and the maximum temperature decreased at low ambient pressure, which is consistent
with previous works [32]. In addition, the total time to thermal runaway increased from
370 s to 429 s with an increment of 14%. Meanwhile, the time interval, At, increased from
71 s to 98 s, an increase of approximately 28%, indicating the predominant effect after the
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safety valve opening. Therefore, the increase in the total time and the time interval revealed
the inhibitory effect at low pressure.

Table 3. The total thermal runaway time.

Ambient Temperature 101 kPa 70 kPa 40 kPa
O (s) (s) (s)
25 370 £ 16.3 415+ 16.7 460 + 5.6
0 405 £ 139 428 £8.1 483 +9.5
-15 429 £17.6 458 +11.9 503 +10.8

Table 4. Time interval, At, from safety venting to thermal runaway.

Ambient Temperature 101 kPa 70 kPa 40 kPa
Q) (s) (s) (s)
25 75+33 89 £2.7 98 £ 5.6
0 82+1.9 94 +4.1 101 £3.5
—-15 88176 99 +3.9 105 + 6.8

However, it is different from the primary depression effect on the safety valve opening.
The cooling effect of ambient temperature acts on the whole thermal runaway process. At
low temperatures, the cell and heating rod remained at a lower initial temperature, which
required more time to preheat and trigger thermal runaway. The convection and radiation
heat loss increased with decreasing ambient temperature. Figure 3b illustrates the surface
temperature evolution at —15 °C, 0 °C, and 25 °C under 70 kPa. It can be seen that the
thermal runaway process was postponed at low temperatures, and the total time to thermal
runaway increased from 405 s to 483 s, which was an increase of 16%, and the ambient
temperature decreased from the optimum temperature of 25 °C to —15 °C. In addition,
the time interval ascended from 89 s to 99 s, which was an increase of approximately 10%,
demonstrating the predominant inhibiting effect of ambient pressure between venting
and the thermal runaway onset time. Finally, it is worth noting that the thermal runaway
intensity was weakened at low temperatures; the maximum temperature decreased as
the ambient temperature decreased. Therefore, the lower ambient temperature could
also decrease the thermal runaway propensity by accelerating the volatilization of the
flammable electrolyte.
At =ty —ty (4)

where t4 is the time to thermal runaway, and £, is the time for safety venting.

3.3. Thermal Runaway Critical Temperature

To further analyze the thermal runaway characteristics under low-pressure and low-
temperature conditions, the critical temperatures including the voltage drop temperature,
Tv_dmp, the safety venting temperature, Ty, the onset temperature, T}, and the thermal
runaway maximum temperature, Ty,;x Were extensively applied to assess the thermal
hazard of the lithium-ion battery [33]. T4 is the temperature at which the voltage
drops to 0 V instantly, simultaneously forming an internal short circuit and releasing
an amount of joule heat that further accelerates the thermal runaway process. T, is the
corresponding temperature for the safety valve opening from recording videos and the
temperature profile decrease. The thermal runaway onset temperature, T}, is identified
as dT-dt~! > 10 °C/s, which considers the gradient of the cell temperature [34] combined
with visual and audible observations, as shown in Equations (5) and (6). Ty is the surface
maximum temperature that manifests the thermal hazard and intensity during the thermal
runaway process, as demonstrated in Equations (7) and (8) [35]. Figure 4 summarizes
the critical temperatures of Ty drops To, Ttr, and T,y under different ambient temperatures
and pressures. Supervising voltage fluctuation is one of the most efficient instruments
for the early detection of thermal runaway, and internal short circuit formation is closely
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associated with the polymer separator property. The temperature for the voltage decrease
was approximately 117.4 £ 2 °C, which is insensitive to the ambient temperature and
pressure. This result is consistent with previous related works [32]. In addition, as the side
reaction proceeded, when the internal pressure of the cell reached the threshold [6,36], the
safety valve broke and a portion of gas was released. Previous studies have confirmed that
the safety venting temperature is primarily related to the cathode material, SOC, and even
the external pressure. However, as shown in Figure 4, the safety venting temperature, Ty,
was approximately 135.8 & 2.7 °C, and the aviation conditions of low temperature and low
pressure have no obvious influence.

240
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(a) The critical temperature of voltage, safety venting, and onset temperature.
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(b) The maximum temperature under different conditions.

Figure 4. The critical temperature of voltage drop (To-drop)s safety venting (Toenting), thermal runaway
onset temperature (Touset), and maximum surface temperature (Ty.x) under different conditions.

Thermal runaway onset temperature, T}, is the turning point at which the cell surface
temperature transforms from the gently built-up stage to the dramatic exponential growth
stage. It is critical for evaluating battery safety and thermal hazards. In this study, the
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thermal runaway onset temperature increased with decreasing ambient pressure and
temperature. For example, the thermal runaway onset temperature was 228.2 + 5.3 °C
under 40 kPa, —15 °C, which is higher than 207.5 & 5.6 °C under the 101 kPa, 25 °C
condition. Namely, it is more difficult to trigger thermal runaway under low ambient
pressure and temperature. Therefore, it is significant to improve the onset temperature
to delay the thermal runaway process. In addition, lowering the pressure reduced the
oxygen concentration involved in the internal exothermic reaction, and the low temperature
increased the convection and radiation heat loss during thermal runaway. Consequently,
a lower maximum temperature was performed for the cell under the coupled effects
of low pressure and low temperature. For example, the maximum temperature was
811.9 £ 32.8 °C at 101 kPa, 25 °C, while it was only 667.5 &+ 28.8 °C at 40 kPa, —15 °C,
which varied by about 144.4 °C. Therefore, low pressure and low temperature have a
significant effect on the critical temperature parameters Ty, and Ty4y, while the effects on
the voltage drop, Ty, 4,0y, and safety venting, Ty, are negligible.

ty = min{k : T(k+1) — T(k) > 10 °C} )
Ttr = T(ttr) (6)

Fmax = argmi?x{T(k)} (7)

Tmax = mrclax{T(k)} (8)

In addition, the heat transfer process is mainly determined by the cell temperature
gradient [37,38]. To further explore the influence of ambient pressure and temperature on
the thermal runaway intensity, Figure 5 presents the temperature rate variations at two
selected typical pressures and temperatures. It can be seen that the maximum temperature
rate even reached 153.1 °C-s~1at 101 kPa, 25 °C, while it was only 57.8 °C-s~lat 40 kPa,
—15 °C, a reduction of nearly 2.6 times. The maximum temperature rates with all the
experimental conditions are demonstrated in Table 5. A higher maximum temperature
rate indicated a more severe thermal runaway. Consequently, combined with the dual
effects of ambient pressure and temperature, low pressure with less oxygen content and
low temperature with more heat loss can weaken the intensity of exothermic side reactions
and lower heat accumulation, which alleviates the thermal runaway intensity.

Table 5. The cell maximum temperature rate of all experimental tests.

Ambient Pressure 25°C 0°C —-15°C
(kPa) (°C-s™1) (°C-s™1) (°C-s™1)

101 153.1 107.9 71.6

70 131.5 97.1 68.9

40 98.6 68.8 57.8
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Figure 5. Temperature rate evolution under different conditions: (a) temperature rate at 101 kPa,
25 °C; (b) temperature rate at 40 kPa, —15 °C.

3.4. Flame Temperature Distribution

To quantify the influence of ambient pressure and temperature on the jet fire.
Figure 6 presents the thermal runaway axial temperature distributions of jet fire at 101 kPa,
25 °C and 40 kPa, —15 °C. It can be observed that the flame temperature at 1 cm height
presented the maximum values, and the flame temperatures were much higher than the
cell surface temperature. For example, the peak flame temperature decreased from 975.7 °C
t0 696.3 °C, which declined by 28.6% as the ambient pressure and temperature decreased
from 101 kPa, 25 °C to 40 kPa, —15 °C. The results demonstrated that both low ambient
pressure and temperature can broadly inhibit lithium-ion battery jet fires. For other height
flame temperatures in the vertical direction, there was no specific trend at various pressures
and temperatures due to the randomness of jet fire. In addition, it should be noted that the
farthest location (approximately 20 cm) flame temperature even reached about 187.3 °C,
which is sufficient to induce adjacent cell thermal runaway. Therefore, lithium-ion battery
thermal runaway may also trigger catastrophic accidents during air transportation.
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Figure 6. The axial jet fire temperature distributions during thermal runaway. (a) 101 kPa, 25 °C,
(b) 40 kPa, —15 °C.

3.5. Physical and Chemical Characteristics of Debris

A detailed analysis of the changes in the composition of cell active materials before
and after thermal runaway can help provide insight into the mechanism of lithium-ion
battery thermal runaway. Figure 7 presents a comparison of anode and cathode residues of
lithium-ion batteries through the energy dispersive spectrometer (EDS) coupled with field
emission scanning electron microscopy (SEM). By disassembling the experimental samples,
it was noted that the fresh battery layers were relatively smooth, and the separator acted
as an isolation layer to prevent internal short circuits [39]. However, the electrode active
materials and electrolytes were consumed, and the cathode and anode were mixed together
after thermal runaway. The anode materials of the cell were brittle and easily detached
from the Cu current collector. The micromorphology of the electrode materials became
rough, and many cracks formed. There was no clear-cut distinction of electrode material
morphology between 101 kPa, 25 °C and 40 kPa, —15 °C. In addition, it was found that the
deformation of the cathode was more severe than that of the anode and was driven by the
high temperature. The aluminum current collector almost melted, and the cathode material
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changed from a layered structure to a spine structure and decomposed to release oxygen,
and it finally transformed into a rock salt structure [40].
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Figure 7. Chemical analysis of the battery before and after thermal runaway. (a) fresh battery;
(b) 101 kPa, 25 °C; (c) 40 kPa, —15 °C.

EDS was applied to further analyze the elemental composition of the electrode materi-
als. For the fresh battery, the anode elemental composition mainly included 87% C, 7.6%
O, 41% E and 1.1% P. The composition of the cathodes was 30.2% Ni, 12.1% Co, 16.6%
Mn, 6.3% C, 23.1% O, 11.5% F, and 0.3% P. After thermal runaway, the anode proportion of
the element C increased from 87.1% for the fresh battery to 92.1% at 101 kPa, 25 °C and
88.2% at 40 kPa, —15 °C. A higher degree of carbonization and carbon content at 101 kPa,
25 °C manifested more intense side reactions and combustion behaviors during thermal
runaway. Nevertheless, the cathode elements F and P presented similar declining trends
and decreased significantly after thermal runaway. For example, the content of F decreased
from 11.5% for the fresh battery to nearly 0 at both 101 kPa, 25 °C and 40 kPa, —15 °C,
and P reduced from 0.3% to 0.1%. The decrease in the elements F and P indicated that
the electrolyte salt, LiPFg, and the binder were consumed in the redox reduction reactions,
and a lower F content indicated more intense exothermic reactions inside the cell during
thermal runaway.

3.6. Mass Loss

The ejection and burning of the electrolyte and electrode material are the major sources
of mass loss during thermal runaway. Lithium-ion batteries with more intense internal
reactions exhibited a higher mass loss. Figure 8 illustrates the mass loss at various tempera-
tures and pressures after thermal runaway. It can be noted that the mass loss decreased
with decreasing ambient pressure and temperature. For example, as the ambient pressure
decreased from 101 kPa to 40 kPa at 0 °C, the mass loss for 100% SOC cells declined from
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23.3 g to 19.5 g, which agrees with the experimental results of previous research. The lower
oxygen concentration and combustion were primarily responsible for this phenomenon in
which more active materials were ejected and combusted during the thermal runaway pro-
cess. Similarly, as the ambient temperature decreased from 25 °C to —15 °C under 101 kPa,
the increasing heat loss and relatively low initial temperature inhibited the intensity of the
internal side reactions and burning behaviors, resulting in the mass loss decreasing from
24.1 g to 21.6 g. Therefore, the mass loss outcomes further confirmed that reducing ambient
temperature and pressure can weaken the degree of side reaction hazards to some extent,
which is chiefly attributed to the variation in the oxygen concentration (ambient pressure)
and heat loss (convection and radiation loss) during thermal runaway.

I 25 >l 0 >R\ -15 °C|

70
Pressure (kPa)

Figure 8. Mass loss of cells after thermal runaway.

4. Conclusions

This work comprehensively probed the thermal characteristics of 18,650 lithium-
ion batteries at different ambient pressures and temperatures in an altitude temperature
chamber. In this work, the dynamic pressure conditions of 101 kPa, 70 kPa, and 40 kPa and
ambient temperatures of —15 °C, 0 °C, and 25 °C were selected. Some critical parameters
of lithium-ion batteries, such as temperature variation, mass loss, and heat distribution,
were obtained. SEM/EDS tests were utilized to demonstrate the changes in electrode
active materials. These results are beneficial to further comprehend the lithium-ion battery
thermal characteristics at low-temperature and low-pressure conditions. The primary
conclusions are summarized as follows:

The thermal runaway process of a single cell primarily comprises five stages: (I) vent-
ing, (II) gas release, (III) explosion, (IV) combustion, and (V) abatement at low temperature
and pressure conditions. Remarkably, the venting stage can be regarded as the far-reaching
period for thermal runaway. The results indicated that the cell with 100% SOC, a voltage
drop temperature of 117.4 £ 2 °C, and a safety venting temperature of 135.8 £ 2.7 °C was
insensitive to ambient temperature and pressure. Lowering the pressure can largely atten-
uate the thermal runaway intensity of lithium-ion batteries, as the oxygen concentration
is critical for the successive exothermic reactions and burning process. Meanwhile, as the
ambient temperature decreased, the cell with a relatively low initial temperature and more
heat loss also postponed and depressed the thermal runaway process. Therefore, as the
ambient temperature and pressure decreased, the weak exothermic reactions and slow heat
accumulation resulted in a higher thermal runaway onset temperature, a lower maximum
temperature and temperature rate, and a lower mass loss. Such a phenomenon was further
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verified through SEM/EDS analysis of the electrode materials, where the elements F and P
decreased significantly after thermal runaway. In this work, the mechanism of pressure and
temperature on thermal runaway was investigated, which could deepen our understanding
of thermal runaway characteristics under extreme conditions and help to improve the fire
safety of cells during air transportation.
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