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ABSTRACT: Recently, fire and explosion accidents associated
with lithium ion battery failure occurred frequently. Safety has
become one of the main constraints on the wide application of

lithium ion batteries in the field of electric vehicles (EVs). By using o \

a simultaneous thermal analyzer (STA8000) and accelerating rate & /V - )
calorimetry (ARC), we studied the thermal stability of high nickel '] decomposition e
battery materials and the high temperature thermal runaway of the anode * cathode /,/

battery, combining the two experimental results to analyze the
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battery thermal runaway process. We studied the temperature
difference between inside and outside during thermal runaway by
arranging two temperature sensors inside and outside the battery. The chemical reactions of the battery at high temperature through
the thermal performance of the anode, cathode, and separator are also revealed. In-depth exploration of the occurrence process and
the trigger mechanism of thermal runaway of lithium batteries was made. The main findings of the study are as follows: The
temperature at which the anode materials begin to decompose is 77.13 °C, caused by decomposition of the solid electrolyte interface
and the temperature at which the cathode materials begin to decompose is 227.09 °C. The maximum surface temperature of the
battery during thermal runaway is 641.41 °C; and the maximum inside temperature of the battery is 1117.80 °C. The time difference
between the maximum temperatures inside and outside the battery is 40 s. The thermal runaway temperature of the battery T. is
228.47 °C, which is mainly contributed by the internal short circuit of the anode and cathode to release Joule heat and the cathode/
electrolyte reaction. The maximum temperature of T, is 642.65 °C, which is mainly caused by the reaction between oxygen and
electrolyte.

Time(min) )

1. INTRODUCTION

Lithium ion batteries have been widely used in electric

vaporization of dimethyl carbonate and ethyl mercaptan in the
electrolyte at high temperature, grayish-white smoke caused by

vehicles, hybrid electric vehicles, energy storage grids, and
other items because of their high energy density, high working
voltage platform, lack of memory effect, low self-discharge rate,
and long service life.'~® However, in recent years, lithium ion
battery thermal runaway has occurred frequently due to vehicle
fires, explosions, and other accidents. Battery safety has
become a key issue limiting lithium ion battery development.*

The main triggers of thermal runaway of lithium batteries
are caused by (1) metal particles left in batteries during the
manufacturing process that pierce the diaphragm; (2) high-
temperature thermal abuse, causing battery separators to melt
and make contact with the cathode and anode materials; (3)
electrical abuse, such as overcharging or overdischarging
caused by Li (Cu) dendrites piercing the separator; and (4)
mechanical abuse, whereby batteries are used in ways involving
needles or extrusions.

Feng5 used a time series diagram to examine the connection
between battery material reactions at a high temperature and
the thermal characteristics of battery monomers. Macroscopi-
cally, three smoke/fire phenomena can be observed during
battery thermal runaway: grayish-white smoke caused by the
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ethylene carbonate (EC) vaporization in the electrolyte, and
black smoke due to the melting of the Al collector and C,H,
generated by combustion. Microscopically, batteries heat up
sequentially through the solid electrolyte interface (SEI)
membrane decomposition reaction, the reaction of the
embedded lithium anode with the electrolyte, the melting of
the diaphragm, and the reaction of the positive electrode with
the electrolyte.”’

The first release of heat from a high-temperature battery
comes from the anode. Feng divided the exothermic reaction
of the anode material into three stages.”” The initial stage is
the exothermic decomposition of the SEI film on the anode
surface, which was observed previously to exist at temperatures
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Figure 1. Test equipment: (a) BTC130 calorimeter; (b) BTCS00 calorimeter; (c) STA8000 synchronous calorimeter.

ranging from 57 to 250 °C. The third exothermic stage is the
reaction of the anode decomposition with the electrolyte,
which occurs at a temperature greater than 250 °C. Between
these stages is the second, where the reaction of regenerating
the SEI film occurs at the anode electrode after the thickness
reduction due to the decomposition of the SEI film during the
first stage.'” The decomposition and regeneration of SEI
membranes reach a balance in this exothermic stage, which has
a wide temperature range and a stable exothermic rate.

The separator undergoes a process of shrinking, fusing, and
collapsing as the temperature rises. The collapse of the
separator causes a large area internal short circuit. The released

Joule heat causes the battery to heat up quickly and directly
trigger a thermal runaway. The temperature of the internal
short circuit is related to the separator material. The melting
points of polyethylene (PE) and polypropylene (PP)
diaphragms are about 130 and 170 °C, respectively, and the
melting point of the ceramic separator can reach 257 °C."" The
cathode materials undergo a decomposition reaction at a high
temperature with an exothermic peak that is generally higher
than 200 °C. The oxygen precipitated by the reaction reacts
with the electrolyte to release a large amount of heat."”
Doughty'”'* has pioneered the use of accelerating rate
calorimetry (ARC) to investigate the thermal runaway (TR)
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behaviors of 18650 lithium ion batteries and summarized
possible exothermic reactions inside a battery at different
stages of the TR process. Golubkov'” studied the thermal
stability of different types of 18650 lithium ion batteries and
found that higher battery energy densities were inversely
proportional to safety performance. Ping'® believed that, as the
state of charge (SOC) decreased, the peak heat release rate,
battery heating, and mass loss would also decrease. Kong'’
established a three-dimensional model to study the effects of
battery materials, external heating conditions, and heat
dissipation conditions on the thermal runaway of a battery.
The results show that the increase in the melting temperature
of the separator can increase the onset temperature of thermal
runaway and delay the occurrence of thermal runaway. Jhu'®
used a vent sizing package 2 (VSP2) adiabatic calorimeter to
study the high-temperature thermal runaway of a battery,
finding that the starting temperature of heat release for a
commercial 18650 battery is about 140 °C, the trigger
temperature of thermal runaway is about 200 °C, and the
highest temperature reachable during thermal runaway is 733
°C. Duh'? conducted safety tests on various commercial 18650
lithium jon batteries under 100% SOC, finding that the average
self-exothermic onset temperature of such a battery was 159.1
+ 8.3 °C and the maximum thermal runaway temperature was
498.4 + 25.6 °C. Zhu” established the thermal abuse model of
a lithium ion battery and analyzed and compared the thermal
runaway characteristics of the battery oven test and the battery
under the condition of local heating. The test results show that,
if the battery is locally heated and the heating area is small, the
battery will not be thermally runaway. Sun”" investigated the
thermal runaway behaviors of lithium ion batteries with
LiNi, 4Cog,Mn,0, and LiNi, 3Coy;Mny;0, cathode materi-
als, finding that the onset temperature of thermal runaway for
the battery with the LiNij3Coy;Mny;0, cathode is 20 °C
lower than that with the LiNij¢Co,,Mn,0, cathode,
demonstrating that battery thermal runaway is highly
correlated with cathode chemistry. Li** investigated the TR
behavior of a lithium ion battery triggered by a cylindrical
heater. The effects of state of charge (SOC), the power of the
heater, and the cell spacing were studied, and the amount of
heat transferred between the cell and the heater was calculated.
Li*’ investigated the thermal runaway mechanism of an
LiNiygCoyMn,;O, based lithium ion battery. The reaction
between the cathode and flammable electrolyte was proved to
be the trigger of the thermal runaway accident. Liu”*
investigated the effects of the SOC and the charging—
discharging process on the thermal runaway of 18650 lithium
ion batteries, finding that the thermal runaway initial
temperature of the lithium ion battery decreases with the
increasing SOC. Zhang™ investigated the thermal runaway
behavior of the NCM ternary lithium ion battery in hot and
high humidity environment, analyzing on the basis of tests and
simulations and finding that a hot and high relative humidity
environment has a significant enhancement effect on the risk of
the thermal runaway of the NCM lithium ion battery. Wang”®
used an accelerating rate calorimeter (ARC) to study the
thermal runaway of 37 Ah NCM111, S0 Ah NCMS523, and 50
Ah NCM622 batteries. The self-exothermic onset temperatures
were 90.9, 71.2, and 69.6 °C, respectively; the thermal runaway
trigger temperatures were 241.1, 244.1, and 248.4 °C,
respectively; the maximum thermal runaway temperatures
were 958.5, 964.3, and 1009.2 °C, respectively; and the AH
values were 645 084 J, 706 600 J, and 780 014 ], respectively.

Wang”” used ARC to study the high-temperature thermal
runaway of a 23 Ah NCMS523 soft-pack battery. The 75% SOC
battery showed a large bulge near the positive electrode at
171.06 °C, and the battery temperature rise rate was 2.53 °C/
min. Zhao*® used the ARC ramp heating test method to study
the thermal runaway of an 18650 battery. The maximum
thermal energy released at 100% SOC was 61.72 k] (equivalent
to 5.57 g of TNT), the maximum runaway temperature was
727.64 °C, the maximum peak pressure was 36.33 bar, and the
maximum gas volume was 116.58 mmol.

This work first investigates the thermal stabilities of battery
materials through heat flow and thermogravimetric curves and
then explores heat generation in a battery. Second, by
arranging two temperature sensors inside and outside a
battery, respectively, we explore the temperature difference
between the inside and the surface of the battery during high-
temperature thermal runaway. Finally, the characteristics of
thermal runaway behavior caused by heating are studied, and
then the depth of the mechanism of high-temperature thermal
runaway in lithium batteries is revealed. This paper is
important to provide guidance on the prevention, control,
and early warning of thermal runaway.

2. EXPERIMENTAL DESIGN

2.1. Test Equipment. The ARC provides an adiabatic
environment for the test sample. It is mainly used to obtain
reaction kinetics and thermodynamic parameters of test
samples so that risk can be evaluated. The ARCs used in
this study are the BTC130 and BTCS00 calorimeters produced
by H.EL Group (UXK.). Figure la shows the BTC130
calorimeter, and Figure 1b shows the BTCS00 calorimeter.
The temperature accuracy is 0.01 °C. The STA8000
synchronous calorimeter, shown in Figure lc and made by
PerkinElmer (USA) can test a sample’s thermogravimetric and
calorimetric/differential thermal signals simultaneously.

2.2. Test Battery. The test object in this article is a
commercial 18650 high nickel battery (made in Guang Dong
Province, China), the anode material is graphite, and the rated
capacity of the battery is 2.9 Ah. The specific battery
information is shown in Table 1. Before testing started, five

Table 1. Battery Information

parameter value
anode graphite
cathode Li(Niy4Cop ;Mn,;)O,
separator PP/PE/PP (three layers)
electrolyte LiPFs/DMC:EMC:EC = 1:1:1
rated capacity 2.9 Ah
operating voltage 2.5-42V
weight 47-48 g

charge—discharge cycles were performed at 25 °C with a
standard charge—discharge rate to stabilize the battery. The
battery consistency is good, and follow-up tests can be carried
out. Figure 2 shows the actual battery diagram and the battery
disassembly diagram.

2.3. Test Methods. 2.3.1. Test Method for Battery
Material Thermal Stability. Disassemble the 100% SOC
high nickel battery in the glovebox, separate the cathode,
anode, and separator of the battery, and then dry them in a
ventilated place for 24 h. Scrape about 10—30 mg of battery
material from the electrode current collector of the battery and
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Figure 2. (a) Actual battery and (b) battery disassembly diagrams.

put it into the STA8000. Set the temperature rise range of the
instrument to 50—900 °C and the temperature rise rate to 10
°C/min. Start the experiment.

2.3.2. Test Method for Temperature Difference between
Inside and Outside of Battery. Use a tool to open the safety
valve and insulating pad of the 100% SOC battery, revealing
the material winding structure of the battery and the core shaft
at the center. Pull out the core shaft and paste a temperature
sensor to the middle of the core shaft with thermal insulation
tape. Insert the mandrel into the core, and arrange a
temperature sensor on the outer surface of the battery (as
shown in Figure 3). Seal the safety valve with high-temperature
tape. Finally, start the ARC “ramp” program to heat the battery
to thermal runaway.

Temperature Sensor

Mandrel

Figure 3. Arrangement of temperature sensor for battery spindle.

The ARC ramp program triggers the battery thermal
runaway by means of external heat induction. The test
principle is that the ARC cavity heats up according to the
set temperature rise rate, transferring heat to the battery
through air convection so that the battery heats up until
thermal runaway or the test cutoff temperature is reached. The
ramp program parameter settings are shown in Table 2.

2.3.3. Test Method for High Temperature Thermal
Runaway of a Battery Cell. The ARC’s “heat—wait—search”

Table 2. Parameter Settings of ARC Ramp Program

serial no. parameter numerical value
1 chamber temperature rise rate (°C/min) 2
2 test cutoff temperature (°C) 300
3 maximum temperature of cavity (°C) 500

(HWS) program is used to study the high-temperature thermal
runaway of battery cells. The test principle is as follows: at the
beginning of the test, the battery is heated to the starting
temperature of the experiment; after that, the calibration stage
begins; the calibration phase continues to ensure the battery
heats evenly; then the “wait” mode starts so that the battery
and cavity reach thermal equilibrium; after the wait mode is
over, the “search” stage begins and the system judges whether
the battery will start to generate heat by determining if the
temperature rise rate of the battery is greater than the set
temperature rise rate (0.03 °C/min); if the search stage is over,
the system judges that the battery does not generate heat by
itself and the heat wire will increase the temperature of the
battery by S °C. The system will start the next round of the
HWS mode, until it is determined that the battery self-heats or
the battery temperature reaches the preset maximum experi-
ment temperature, whereupon the test stops. The temperature
sensor is arranged in the center of the battery shell during the
test. Test parameter settings are shown in Table 3.

3. TEST RESULTS AND DATA ANALYSIS

3.1. Thermal Stability of High Nickel Cylindrical
Lithium Battery Materials. The heat flow and thermogravi-
metric curves of the cathode material are shown in Figure 4a.
There are two weight loss stages in the thermogravimetric
curve. The weight loss in the first stage is between 68.77 and
158.52 °C and the weight loss ratio is 2.19%, which is caused
by the thermal decomposition of the cathode electrolyte
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Table 3. ARC HWS Program Parameter Settings

serial no. parameter numerical value
1 test start temperature (°C) 60
2 length of initial calibration (min) 120
3 test cutoff temperature (°C) 500
4 temperature rise step length (°C) S
S self-exothermic criterion (°C/min) 0.03
6 waiting time (min) 15

interface (CEI) film that formed on the cathode surface.”” In
the second stage, the weight loss is between 227.09 and 617 °C
and the weight loss ratio is 14.699%, which is caused by the
decomposition reaction of the cathode material to produce
oxygen. An exothermic peak appears at 201.22—248.28 °C in
the heat flow curve, its peak appears at 233.32 °C, and the
exothermic heat is 91.44 J/g. This heat peak corresponds to
the oxygen evolution reaction in the second stage of the
thermogravimetric curve. The exothermic peak is caused by the
decomposition reaction of the anode material to produce
oxygen.

Figure 4b shows the heat flow and thermogravimetric curves
of the anode. The quality of the anode material decreases
significantly at 100.35—293.44 °C and is reduced by 4.4%. An
exothermic peak appears at 77.13—152.52 °C in the heat flow
curve, which is related to the decomposition of the SEI film. Its
peak is at 111.30 °C, and the exothermic heat is 81.59 J/g. An
exothermic peak of the negative electrode decomposition is
observed at 319 °C.

The heat flow and thermogravimetric curves of the separator
are shown in Figure 4c. The exothermic peak at 69.4 °C is
caused by the thermal decomposition of LiPF.

The other two endothermic peaks are caused by the heat
absorption of the separator. The melting points of the PP and
PE membranes are 130 and 170 °C, respectively. The
temperatures of the two peaks in Figure 4c are 135.86 and
168.59 °C, respectively, corresponding to the melting points of
PP and PE.*

3.2. Research on Temperature Difference between
Inside and Outside in the Process of Thermal Runaway.
A 100% SOC high nickel battery with a mandrel is heated
through the ARC cavity at a constant rate of 2 °C/min. The
heat is transferred to the battery through air convection to
cause thermal runaway, and two temperature sensors arranged
on the battery core and external surface record the temperature
data that describes the temperature difference between inside
and outside in the process of thermal runaway. Figure Sa shows
the variation curve of the temperature difference between the
inside and outside with the surface temperature during the
thermal runaway of a 100% SOC battery. Before point A
(91.84 °C), the external heating of the battery increased
significantly, and the internal and external temperature
difference AT was negative and decreased. The endothermic
reaction inside the battery at point A leads to a decrease in AT.
From point A to point B, AT drops quickly just after point A
and then rises slowly, which may be related to the
decomposition and regeneration of the SEI film. From point
B to point C (160.09 °C), the fluctuation of the temperature
difference AT between the inside and outside (an increase of
0.6 °C) may be related to the heat absorption of the diaphragm
fusing. However, due to the violent reaction in this stage when
the battery is fully charged, the temperature rises quickly, and
the mild endothermic reaction (i.e, the melting of the
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Figure 4. Heat flow and thermogravimetric curves of battery material:
(a) cathode, (b) anode, and (c) separator.

diaphragm) does not have a significant effect on the
temperature.

To amplify the temperature change of the heat absorption
for the BC section diaphragm, a 0% SOC battery was selected
for internal and external temperature difference testing, as
shown in Figure Sb. Battery point A also showed a decrease in
the internal and external temperature difference AT. From
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Figure S. Temperature differences between inside and outside of
thermal runaway in a high nickel battery at (a) 100% state of charge
(SOC) and (b) 0% SOC.

point B (131.07 °C) to point C (159.34 °C), the temperature
difference between inside and outside AT decreased from
—3.43 to —4.62 °C, indicating a drop of 1.2 °C. The heat
absorption of the diaphragm increases the temperature
difference between the inside and the outside by 1.8 °C,
which can further reduce the heating rate of the cavity to make
the internal reaction of the battery sufficient to explore the
precise heat absorption of the diaphragm. In Figure Sa, after
point C, the temperature difference AT between the inside and
outside of the battery increases sharply. This is due to a short
circuit inside the battery caused by the diaphragm breakdown.
The short circuit inside the battery releases a large amount of
Joule heat, and the surface heating rate of the battery is much
lower than that of the inner core. The short circuit of the inner
core continues to heat up, triggering the reaction between the
positive electrode and the electrolyte, resulting in a thermal
runaway explosion. In Figure Sb, the temperature difference
AT between the inside and outside of the 0% SOC battery
after point C increases slowly. This is due to the low state of
battery charge, the small heat released by the battery’s internal

generated inside the battery. There is a large temperature
gradient difference between the internal and external environ-
ments, which will cause the internal temperature of the battery
to drop rapidly. As the overall temperature of the battery
thermal runaway further increases, the temperature sensor will
eject from the battery along with the jelly roll. At this time, the
temperature sensor is in the external environment and detects
the ambient temperature, which causes the temperature to
drop rapidly. The time difference between the maximum
temperatures inside and outside the battery is 40 s. Studying
the temperature difference between inside and outside the
battery during thermal runaway provides guidance for the
addition of flame-retardant materials inside the battery, the in-
depth exploration of the spreading process, and the prevention
of thermal runaway.

Previously, the detected temperature was generally the
external battery temperature, and the maximum temperature
range of thermal runaway of ternary batteries was 300—800
°C.’' This inside and outside temperature difference test
increases the knowledge of the maximum battery temperature.
The above content takes the NCM811 battery as an example
and calculates the heat released from the battery during
thermal runaway according to E = c-m-AT, where ¢ represents
the specific heat capacity of the battery, which is taken as 1 J/
(gK); m represents the mass (g) of the battery; and AT
represents the temperature difference of the battery. From the
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battery thermal runaway trigger temperature T, to the thermal
runaway maximum temperature T, stage, the heat released
from the battery thermal runaway is 25.73 kJ, which is
equivalent to a 5.8 g TNT explosion (15% TNT equivalent
4.437 kJ/g). By contrast, the battery thermal runaway heat
release of 48.22 kJ, equivalent to a 10.8 g TNT explosion
(calculated at the maximum inside temperature of the battery),
is about 1.87 times higher than the perception of the energy
released by the explosion.

3.3. High Nickel Cylindrical Lithium Battery Cell
High-Temperature Thermal Runaway. The thermal run-
away process of the 100% SOC battery is investigated through
the ARC’s HWS program. We define the self-generated heat
temperature T, when the rate of increase of battery
temperature is continuously greater than 0.03 °C/min, the
temperature at which the battery safety valve ruptures is T, the
temperature at which the battery separator melts and causes a
sudden voltage drop is T4, and the temperature at which the
battery thermal runaway is triggered is T, when the rate of
increase of battery temperature is continuously greater than 1
°C/s. The maximum temperature that can be reached during
the thermal runaway explosion is T,

During the thermal runaway process of the battery, the
changes in temperature, voltage, and increase in the rate of the
temperature of the battery are shown in Figure 7. The battery
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Figure 7. Temperature, temperature rise rate, and voltage variation
during the high-temperature thermal runaway of a battery cell.

was heated to 60 °C, and after 2 h of temperature control, no
self-generated heat was detected in the battery. The battery
was then heated according to the gradient. With the increase in
battery temperature, SEI film will be heated and decomposed
to release heat. When the temperature rise rate of the battery is
continuously greater than or equal to 0.03 °C/min, self-
generated heat begins to occur and the starting temperature of
the battery’s self-generated heat T, is 94.53 °C. With the
increase in battery temperature, the local heating shrinkage of
the battery separator causes a micro short circuit in the battery,
and the battery voltage will drop to near zero rapidly.

The drop temperature Ty is 113.48 °C. At this time, the
partial micro short circuit of the separator does not appear as a
large area fuse, and the separator closes the Li* transmission
channel, leading to the voltage drop. The micro short circuit of
the battery and the continuous decomposition of SEI film will
produce gas, which will cause the pressure inside the battery to
rise and break through the pressure reducing valve. The
breaking temperature of the pressure relief valve T is 148.23
°C. The gas breaks through the pressure relief valve and takes

some heat from the battery body, causing the battery
temperature to drop briefly. After the pressure relief valve
breaks down, the active substance inside the battery contacts
air directly, aggravating the reaction of the internal material
and causing the battery temperature to continue to rise. When
the temperature rise rate of the battery reaches 1 °C/s, the
temperature T, of the battery thermal runaway trigger is 228.47
°C. At this time, the temperature on the surface of the battery
increases exponentially, and the cathode material decom-
position and oxygen precipitate react with the electrolyte,
aggravating the runaway contact heating of the battery, causing
fire and explosion. The maximum thermal runaway temper-
ature T, of the battery is 642.65 °C.

Combined with the thermal stability of the battery material
and the thermal runaway of the battery cell at high
temperature, the process of battery thermal runaway is
summarized by the following five processes:

L. From 0 to 94.53 °C: The battery is in a safe state, and no
other self-heating reaction occurs.

II. From 94.53 to 113.48 °C: Heat is derived from the
decomposition of the SEI membrane.

III. From 113.48 to 168.59 °C: The separator shrinks at
113.48 °C, melts at 135.86 °C, and collapses at 168.59
°C. The scope of the internal short circuit is gradually
expanded, causing the voltage to drop.

IV. From 168.59 to 228.47 °C: The separator large area
collapse causes a large amount of Joule heat to be
released by a short circuit in a large area but does not
lead directly to thermal runaway. The heat in this stage
mainly comes from the Joule heat released by the short
circuit.

V. From 22847 °C to fire and explosion: When the
decomposition temperature of the cathode material is
reached, the cathode material separates oxygen and
reacts with the electrolyte, thereby releasing a large
amount of heat and causing battery thermal runaway.

The sequence diagram of battery thermal runaway is
summarized in Figure 8. During the battery thermal runaway

50 100 150 200 250 300 350 400
T(C)

Figure 8. Thermal runaway process.

process, LiPF; pyrolysis, SEI film decomposition and
regeneration reaction, PE diaphragm fusing, PP diaphragm
fusing, cathode decomposition and electrolyte reaction, anode
decomposition and electrolyte reaction, etc. occur.

The detected battery thermal runaway trigger temperature
by the outer thermocouple is 228.47 °C, and the battery
consistency is good. According to the internal and external
temperature difference test during the battery thermal runaway
process, the internal temperature of the battery is 1117.8 °C
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when the battery reaches the thermal runaway trigger
temperature, which has reached the highest temperature. The
battery cathode material begins to decompose around 227.09
°C. It takes 5.75 s from the inside of the battery to reach the
decomposition temperature of the cathode material to the
external monitoring to the triggering temperature of the
battery’s thermal runaway. It can be seen that when the
thermal runaway trigger is detected at the outside of the
battery, irreversible damage has occurred inside the battery.

4. RESULTS AND DISCUSSION

Using the STA8000 and ARC, the thermal stability of 100%
SOC NCMB811 battery materials and the thermal runaway
process of a cell at a high temperature were studied. The
thermal runaway process of a battery at high temperature was
revealed by the thermal performance of its cathode, anode, and
separator. The main conclusions are as follows:

1. The cathode material decomposed around 227.09 °C,
releasing 91.44 J/g. The SEI decomposed and anode material
reacted with the electrolyte at 77.13—152.52 °C, releasing
81.59 J/g. The separator melted and collapsed at 135.86 and
168.59 °C, respectively, due to the melting of PE and PP
materials.

2. A high nickel battery with a mandrel was used to explore
the temperature difference between inside and outside the
battery during thermal runaway. Heat generation inside the
battery began to increase during thermal runaway (when the
battery reached 169.09 °C), and a large number of exothermic
chemical reactions started to occur inside the battery that
resulted in a rapid increase in the temperature difference
between inside and outside the battery. The maximum
temperature difference between inside and outside was 905
°C; when that difference was reached, the surface temperature
was 212.79 °C and the inside temperature was 1117.8 °C. The
time difference between the maximum temperature inside and
outside the battery is 40 s. The heat released from the thermal
runaway of a high nickel battery is 48.22 kJ (equivalent to 10.8
g of TNT explosion), increasing the perception of energy
released from the explosion by about 1.87 times.

3. The thermal runaway onset temperature of the high nickel
battery monomer was 94.53 °C, which was caused by the initial
decomposition of SEI film and the heat release in combination
with the thermal stability analysis of the battery material. The
thermal runaway trigger temperature was 228.47 °C, which
was mainly contributed by the reaction between the anode and
electrolyte, releasing Joule heat from an internal short circuit of
the cathode and anode electrode as well as the reaction
between the cathode and electrolyte. The maximum temper-
ature of the thermal runaway process was 642.65 °C, with a
maximum temperature rise rate of 579.43 °C/min, which was
caused mainly by the reaction between the oxygen precipitated
from the decomposition of the cathode material and the
electrolyte.
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