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Abstract. Lithium ion batteries (LIBs) have become the dominate power sources for
various electronic devices. However, thermal runaway (TR) and fire behaviors in
LIBs are significant issues during usage, and the fire risks are increasing owing to the

widespread application of large-scale LIBs. In order to investigate the TR and its
consequences, two kinds of TR tests were conducted triggered by overheating and
overcharging ways. The cells are 228 Ah with LiFePO4 as cathode. The TR and fire

behaviors were studied comprehensively from the aspect of experimental pho-
tographs, temperature characteristics, heat release rate (HRR), total heat release
(THR), voltage and mass loss variation. The effects of different triggers were investi-

gated. Under the two trigger conditions, the LIBs did not self-ignite and instead only
release a large amount of gases or aerosols. With external ignition sources, the com-
bustion process can be classified into four stages. The relationship between TR and
fire behaviors related to the two conditions are discussed, respectively. Compared

with overheating, the batteries burn more violently and have higher fire risks during
overcharging tests. The work is supposed to provide valuable fundamental data and
theory guidance for early warning technology and fire protection.
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1. Introduction

State-of-the-art lithium ion batteries (LIBs), with high specific energy density and
excellent cycle-life, are becoming the preferred storage solutions. With a range of
formats, designs and cathode materials, LIBs are configurable and versatile for
various application fields, ranging from portable electronics to electric vehicles
(EVs) and grids storage [1, 2]. Despite their widespread popularity, there are many
significant safety issues related to violent thermal runaway (TR) events [3]. Such
safety concerns are heightened in automotive and aeronautic, where the failures
can endanger consumer lives.

When working outside the stability domain, TR event, a failure mode, occurs
inside LIBs and results in an uncontrollable rapid self-accelerating process with
associated events, such as jet fire, unignited jet flow and even explosion [4, 5].
There are two primary categories of trigger that can lead to TR: electrical abuse
and environmental failure [6]. The environmental failure is commonly including
temperature cycling, pressure impact (altitude) and thermal abuse as well as
mechanical abuse. Subsequently, a series of major exothermic reactions reported
during TR are as follows: solid electrolyte interphase (SEI) decomposition, inter-
nal short circuit (ISC), the redox reaction between electrodes and electrolyte as
well as the cathode and anode reactions [7]. These reactions involving in battery
components can be identified with thermal analysis tools to elucidate the thermal
behaviors, such as the onset temperature and heat release [8, 9].

There have been some researches concerning fire behaviors of LIBs induced by
overheating, which mainly investigated the effect of various factors on LIB’s fire
features, such as state of charge (SOC) [10–13], cathode materials [14–17], envi-
ronment pressure [18–21] and state of health (SOH) [22, 23]. Mao et al. [13] con-
ducted fire tests on 18,650-type LIBs, and proposed that the fire risks increased
with the ascending SOC. Yuan et al. [17] performed TR tests on 18,650-type LIBs
with different cathodes and found that the fire risks depended significantly on
cathode compositions. Chen et al. [18] studied the fire behaviors of LIBs under
different environmental pressures, and revealed that the lower pressure can
weaken the fire intensity. All these investigations mentioned above are focused on
small capacity LIBs. Increased capacity causes the increasing fire hazards owing to
more energetic substances stored. Liu et al. [24] systematically investigated the fire
behaviors of 243Ah LiFePO4 (LFP)/graphite LIBs with different SOCs induced by
overheating, and analyzed the mechanism of jet fire. Wang et al. [25] studied the
combustion features of 50 Ah LiNixCoyMn1-x-yO2(NCM)/graphite batteries with
different heating methods and concluded that the electric furnace possessed higher
fire risks than the cylindrical heater. Peng et al. [26] experimentally investigated
the gas toxicity and thermal hazard of 68 Ah LiFePO4/graphite LIBs and found
that the toxic and thermal hazards increased with the SOC.

Various investigations have also been carried out to study the TR behaviors
induced by overcharging. The two primary features are heat and gas generation
throughout the overcharging process owing to the side reactions and ohmic inter-
nal resistance. Tobishima et al. [27] performed the overcharging tests with differ-
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ent charging currents at ambient temperature, and concluded that the amount of
heat and gas generation increased with the charging current. Ye et al. [28] investi-
gated the influence of charging regime on overcharging behaviors under adiabatic
condition and found that the LIBs overcharged with galvanostatic-potentiostatic-
galvanostatic charging regime are more dangerous. Ouyang et al. [29] compared
the overcharging and over-discharging behaviors of 18,650-type LIBs and revealed
that overcharging failure is more dangerous. As for the large capacity LIBs, Jiang
et al. [30] performed overcharging tests on 43 Ah LiNi0.5Co0.2Mn0.3O2/C LIBs
with different charge rates and proposed that the fire hazards of battery increased
with the charge rates. Huang et al. [31] investigated the TR characteristics of 40
Ah NCM pouch and prismatic LIBs in the overcharging experiments, and con-
cluded that the prismatic battery had better TR buffering characteristic and smal-
ler deformation owing to the safety valve. Sun et al. [32] compared the TR
behaviors of battery module with LiFePO4 under different overcharging condi-
tions, and found that no TR occurred after stopping the overcharging with safety
valve opening.

The use of large-scale LIBs is increasing with development of EVs and energy
storage systems (ESS) under the growing demand for large capacity. Additionally,
the large-scale batteries can reduce the pack complexity and the number of LIBs
required. The fire of large-scale LIBs is more violent and spread more quickly. In
consideration of the above needs, it is necessary to investigate the TR and fire
behaviors of large capacity cells. The aforementioned researches covered the over-
heating behaviors of large-scale LFP cells. However, few studies have been con-
ducted on overcharging tests of LFP cells with capacity of over 100 Ah. The goal
of our work is to fill the knowledge gap.

During the storage and practical application, the batteries are sometimes
exposed to the overheating and overcharging risks owing to malfunction of charge
control and inappropriate battery management. To the best of our knowledge, the
detailed comparison of fire behaviors of different triggers tested on large capacity
LFP cells is missing in the current work. The quantitative analysis of the TR
behaviors is also needed as such the information is significant for both fire simula-
tion and fire risk analysis. Thus, in this study, the overheating and overcharging
tests were performed to compare the TR characteristics of large capacity LFP
cells under different triggers. The heat accumulation and heating power of differ-
ent triggers were calculated quantitatively.

In this work, the 228 Ah LiFePO4/graphite cells, one of the most promising
LIBs for electric buses and energy storage system, were employed to investigate
the TR characteristics and fire behaviors in overheating and overcharging tests. A
series of combustion dynamical parameters were recorded and analyzed, including
experimental photographs, temperature characteristics, HRR, voltage and mass
loss variation. The effects of different triggers were investigated. The relationship
between TR and fire behaviors was also discussed.
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2. Experimental

2.1. Battery Samples

The investigated prismatic cells are fresh large-scale power LIBs designed for elec-
tric buses or energy storage system. The battery samples employ LiFePO4/graphite
as electrodes with the nominal capacity of 228 Ah. The physical dimension is
170 mm in length, 200 mm in height and 53 mm in height width. The 228Ah LIBs
contain two jelly-rolls connected in parallel. The characteristics of the battery
samples are concluded in Table 1. During the sample preparation, all batteries
were evaluated using constant-current (CC) and constant-voltage (CV) methods,
and then prepared to 100% SOC before the fire tests.

The experiments consist of two parts: Case 1. Overheating tests, i.e. the TR was
triggered by overheating. Case 2. the TR was triggered by overcharging. The bat-
tery samples, initial SOC and test setup of these two cases are the same.

2.2. Experimental Apparatus

Figure 1 shows the schematic diagram of experimental platform. The apparatus is
fabricated following ISO5660 and ISO9705 and contains two main subsystems.
The left part of the test rig is a combustion chamber (1.8 m 9 1.8 m 9 2 m) and
set the sample under well controlled conditions. The right part is the analysis and
exhaust system to obtain temperature, HRR, voltage and mass loss variation.

The smoke gases were collected entirely through an exhaust hood and trans-
ferred to a 300 mm diameter sampling duct. The flow rate and temperature of the
smoke gases were measured by a pitot tube and thermocouples, respectively. After
the steady flow zone, the gas mixture was filtrated, dried and then conveyed to the
Servpro gas analyzer to help determine the HRR based on the oxygen exhaust
principle [33]. A digital video was utilized to capture the combustion behaviors.
The battery was laid on an electric balance to simultaneously monitor the mass
variation during combustion process. In the preliminary tests, the LIBs did not
self-ignite, and instead only release a large amount of gases and aerosols. In such
conditions, a multi-purpose gas lighter was utilized to ignite the flammable sub-
stances.

Table 1
Basic Parameters of the LIB Samples

Parameter Value

Geometry (length 9 thickness 9 height)/mm3 170 9 30 9 200

Nominal capacity /Ah 228

Working voltage /V 2.5 � 3.6

Cathode LiFePO4

Anode Graphite

Mass/g 4130
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A schematic diagram of the thermocouple setup is illustrated in Fig. 2. In over-
heating and overcharging tests, five K-type thermocouples (1 mm) were arranged
on the battery surface to measure temperature variations during fire tests. They
were pasted on the cathode tab, safety valve and the surface of the cell, respec-
tively. The remaining 1 thermocouple, numbered as TC7, was located at 10 cm
away from the safety valve to record the flame temperature.

2.2.1. Overheating Tests In this section, homogenously external heating of the lar-
gest surfaces of LIBs was performed to obtain the TR characteristics triggered by
overheating. Figure 3a presents a schematic diagram of the overheating test set-
up. An electric heating plate (200 mm length, 170 mm width) was utilized as the
external heating source against the battery surface. The output power of the heat-
ing plate was 500 W. A 5 mm thick ceramic fiber blanket was placed uniformly
around the battery and heater to prevent excessive heat dissipation. A tailored
sample holder, consisting of two stainless steel plates, was employed to fix the bat-

Figure 1. Schematic diagram of the burning test apparatus.

Figure 2. The arrangement of the thermocouples during the
experiments.
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tery to ensure a good thermal contact between the heater and battery. The heating
plate was turned off when the LIBs fire burnt out. The selected SOC was 100%.
A battery cycler was used to record the battery’s voltage variation.

2.2.2. Overcharging Tests In this part, the overcharging tests were conducted in
the combustion chamber. Figure 3b shows the related experiment set up. First,
before overcharge tests, the cells were pre-cycled and charged to 100% SOC. Then
the overcharging tests with 0.2C was performed without any protection sets at a

Figure 3. The schematic diagram of the experimental setup. (a)
Overheating tests and (b) overcharging tests.
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constant current charge protocol. Charge the cell from 100% SOC until the TR
occurs, representing the scenario of the continuous overcharge after charging. The
voltage and current variation were recorded by a power supply (Neware BTS
30 V/50 A). The final SOC was determined by coulomb counting (integrate cur-
rent (A) over time). The sample holder and ceramic fiber blanket were also uti-
lized to ensure that the battery was stable and less heat was dissipated,
respectively.

3. Results and Discussion

3.1. Combustion Behaviors

Figure 4a and b describe the representative combustion phenomenon correspond-
ing to various timestamps in the overheating and overcharging triggered TR tests,
respectively. For the LIBs with different triggering modes, the overall combustion
process gave the similar trends. According to the manifestation of burning behav-
ior and the mass loss curve, the combustion process can be divided into several
stages: (I) safety venting and ignition, (II) stable combustion, (III) thermal run-
away and jet flame as well as (IV) abatement and extinguishment.

Figure 4. The fire behaviors of LIBs under different TR triggers. (a)
Overheating tests and (b) overcharging tests.
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During the whole test process, the LIBs were constant heated and charged by
the electric heater and battery cycler, respectively. During this stage, multiple
physical and chemical reactions occur inside the LIBs, depending on the abuse
scenario. The physical reactions are the evaporation of electrolytes, and the chemi-
cal transformations are mainly the side reactions to generate flammable hydrocar-
bons [34, 35]. The two above increases the pressure in the cell. After continuous
heating and charging, the inner pressure increased and the safety valve opened at
2073s and 2458s for overheating and overcharging tests, respectively, accompanied
by a loud crack sound.

For overheating tests, the main form of electrolyte inside cell is liquid owing to
the limitation of the saturated vapor pressure. With the safety valve opening, the
internal pressure relieves abruptly from the saturation pressure to ambient pres-
sure, which accelerates the electrolyte boiling. Thus, a short continuous venting
event was observed and accumulated in combustion chamber, which formed a
deflagration fireball after ignition. Unlike overheating tests, no continuous venting
occurred for overcharging tests because the gaseous products have dominant con-
tribution to pressure. And only the electrolyte liquid was observed at the instant
of the safety valve opening.

Afterward, the batteries entered the stable combustion stage and this phe-
nomenon lasted 148 s and 1256 s for LIBs under overheating and overcharging
modes, respectively. During stage II, the flame became stable and small under the
evaporation of organic solvent and gas generation. Hereafter, an aggressive cylin-
drical jet flame occurred in the vertical direction. After the TR burst, for over-
heating tests, there are multiple characteristics fire behaviors, such as jet fire
weakening and jet fire increasing again, while as for overcharging tests, the jet
flame intensity became more severe than the former, which are described in detail
in Sect. 3.6. The TR stage lasted for 143 s and 96 s under overheating and over-
charging tests, respectively. Subsequently, the LIBs fire decayed until extinguish-
ment.

3.2. Temperature Variations

3.2.1. Overheating Tests The temperature is a significant parameter to character-
ize the reaction process and thermal hazards. As shown in Fig. 5a, the tempera-
tures at different locations did not follow the same increase trend. T0 increased
quickly, while the other temperatures increased almost linearly due to thermal
conduction through the jelly roll from the heating plate.

After continuous heating, the battery temperature gradually increased and the
self-heating reactions were triggered. At 2073s, when T4 was 164.9�C and T2 was
105.9�C, the safety valve opened, which was larger than the boiling points of elec-
trolyte. Note that there is a sharp drop of battery temperature owing to the vent-

bFigure 5. The temperature variations of LIBs in overheating tests. (a)
The surface temperature, (b) The temperature rate as well as (c) The
flame temperature.
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ing of high-temperature ejecta and electrolyte. The values of temperature drop
(Td) vary with the thermocouples’ positions. The biggest Td occurs on the side
surface and the value is 27.6�C. The onset temperature of TR is the critical point
where a steep increase in temperature rate starts. The TR occurred at onset tem-
perature of 170.2�C for T4 and the increasingly exothermic reactions were trig-
gered. Specifically, the maximum surface temperature and temperature rate were
572.9�C and 4.7�C/s, respectively. The highest observed flame temperature was
988.8�C at 10 cm above safety valve.

3.2.2. Overcharging Tests Figure 6 shows the surface and flame temperature vari-
ations of LIBs during overcharging process. As exhibited in Fig. 6a, the tempera-
ture at different surfaces showed the same pace of increase, which was due to heat
generated from the side reactions inside the battery. Two venting events can also
be observed in the overcharging trigger: a minor venting at safety venting due to

bFigure 6. The temperature variations of LIBs in overcharging tests.
(a) The surface temperature, (b) The temperature rate as well as (c)
The flame temperature.

Table 2
The Summary of Average Heating Power (Ph) at Different Stages

Abuse type Ph-ave (W) Stage I Ph-ave (W) Stage II Ph-ave (W) Stage III

Overheat 360.49 526.2 4296.25

Overcharge 96.58 254.48 7574.75

Figure 7. Heat accumulation in overheating and overcharging tests.
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the gas products accumulated, and a major venting accompanied by vigor venting
gaseous mixture and particle during TR.

In the first stage, the combination of over-voltage heat, reversible and side reac-
tion heat increased the battery temperature continuously. At 2379 s, when T4 was
73.6�C and T2 was 73.4�C, the first venting (safety venting) occurred and the addi-
tional overcharging capacity was 33.66 Ah. The temperature of safety venting is
smaller than the boiling points of electrolyte, which means that the gaseous prod-
ucts have dominant contribution to pressure rather than electrolyte vapor. Note
that no measurable temperature drop occurred at safety venting, which because it
was mainly caused by the phase change of electrolyte absorbing large amounts of
heat. When the additional overcharging capacity exceeded 44.14 Ah, the LIBs
entered TR stage and the violent jet flame was observed. Specifically, the peak
surface temperature and temperature rate were 649.8�C and 11.65�C/s, respec-
tively. The maximum temperature rate is 2.5 times higher than that of overheating
tests. The peak flame temperature was 1011.2�C at 10 cm above safety valve.

3.2.3. Comparison of TR Characteristics Induced by Overheating and Overcharg-
ing The heat accumulation and heating power are two critical parameters to char-
acterize the TR propagation and mitigation. To better compare the TR hazards
induced by overheating and overcharging, the heat accumulation (HA) and heat-
ing power (Ph) were introduced to quantify thermal hazards. The Ph can be
roughly calculated with Eq. (1).

Ph ¼ cbmb
dTave
dt

ð1Þ

where Tave is the average surface temperature of the battery, cb = 1.1 kJ kg-
1�C- 1 is the LIB specific heat capacity. mb is the battery mass and can be mea-
sured by the electrical balance.

For overcharging tests, since the temperature difference between the battery sur-
faces is very small, thus the HA during overcharging can be expressed with
Eq. (2). Where T0 is the initial temperature of the battery.

HA ¼ cbmbðTave � T0Þ ð2Þ

While for overheating tests, there is a huge temperature gradient of LIBs in the
thickness direction before TR. The HA before TR can be computed as follows:

HA ¼
Z

qbAbcbðTbðxÞ � T0Þdx ð3Þ

bFigure 8. The HRR curves and THR for LIBs under different triggers.
(a) Overheating, (b) Overcharging as well as (c) The normalized peak
HRR in comparison with that of the standard combustible substances
[12] and other battery [10, 38].
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Furthermore, The HA during TR can be roughly determined by Eq. (4). mb,tr rep-
resents the battery mass after the TR tests.

HA ¼ cbmb;trðTmax � TtrÞ ð4Þ

The average heating power (Ph-ave) was introduced to characterize the heating
power of the battery at different stages. The calculation results have been reported
in Table 2. Compared with the Ph-ave at stage I, note that the value of Ph-ave

under overheating is 3.73 times larger than that of overcharging due to the heat-
ing plate. During stage II, the Ph-ave increases significantly owing to the increasing
side reactions. While as for stage III, the Ph-ave reaches its peak and the Ph-ave

under overcharging is larger owing to more electric energy stored. Figure 7 pre-
sents the HA under overheating and overcharging. The characteristics of HA in
different stages under overcharging are different from that of overheating. The
HA are 2219.82 kJ and 2094.75 kJ for overheating and overcharging tests, respec-
tively. Compared with overheating tests, the stage II and stage III possess higher
risks from the perspective of thermal hazards.

3.3. Heat Release Rate

The HRR is one of the most critical variables to characterize the fire intensity and
fire hazards quantitatively. The HRR is the energy release rate of flaming combus-
tion and a numerical integration of HRR can determine the total heat release
(THR).

Figure 8 present the HRR curves versus time of the LIBs in overheating and
overcharging tests, respectively. The change of HRR with time corresponds to the
combustion behaviors of LIBs. As illustrated in Fig. 8a, for the overheating tests,
the three peaks pertain to two segments associated with those two venting events.
For overheating tests, the first peak HRR occurred at safety venting and was aris-
ing from the gas accumulated before burning. The first peak HRR was 20.42 kW
and the value was influenced by the ignition moment. Two subsequent HRR
peaks are corresponding to the fast-exothermic reactions (TR) process of the two
jelly-rolls. The two peak HRR values were 74.96 kW and 98.99 kW, respectively.

While as for the overcharging tests, only one peak HRR was observed during
the TR stage. No continuous venting occurred at safety valve opening for over-
charging tests due to the lower venting temperature, thus the first peak HRR was
not observed. And only one peak HRR occurred during TR stage, which means
that the TR process interval between the two jelly-rolls was very short or occurred
simultaneously. By dividing HRR with the total surface area of the battery, the
normalized peak HRR is compared with standard combustible substances, as
shown in Fig. 8c. The resulting values in overheating and overcharging tests are

bFigure 9. The mass loss and mass loss rate for LIBs under different
triggers. (a) Overheating, (b) Overcharging as well as (c) The total
mass loss.
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0.93 and 1.31 MW/m2, and slightly higher than that of PE and fuel oil, respec-
tively. The calculated THR values are 13.95 and 18.76 MJ for overheating and
overcharging tests, respectively. For comparison, the normalized peak HRR of
fully charged LIBs with different cathodes are presented in Fig. 8c. These results
from the limited comparison indicate that the HRR is highly dependent on the
cathode composition and the increase of Ni vastly intensify the fire severity of
LIBs. For different chemistries, the batteries burn more violently and possess
higher fire risks during overcharging.

3.4. Mass Loss and Residue

Figure 9 presents the mass loss curves during overheating and overcharging tests.
By subtracting the initial mass of the battery, the masses are normalized, thus the
mass losses are negative values. Note that the mass loss variations show the simi-

Figure 10. The combustion residues of LIBs under different triggers.
(a) Overheating, (b) Overcharging.
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lar trend during overheating and overcharging tests and are summarized into four
stages, which are ascribed to the complex and varied internal reactions.

At the first stage, the batteries were well sealed, thus the mass fluctuated
slightly, and a little smoke was observed owing to the decomposition and melting
of the plastic packaging of LIBs. At the instant of safety valve opening, the vio-
lent and sudden ejection exerted a reactive force on the balance and was shown as
the rebound in mass-loss value. Afterward, the LIBs entered the transition stage.
During this stage, the mass loss changed gently owing to the less gas generation
and the evaporation of electrolyte. The mass loss rates were about 0.37 g/s and
0.36 g/s at the transition phase in overheating and overcharging tests, respectively.
Hereafter, a sharp mass decrease was observed during TR phase with the vigorous
ejection. During this process, there are two mass loss rate peaks in overheating
tests and one mass loss rate peak in overcharging tests, respectively, which are
corresponding to the HRR peaks. Note that the mass loss at TR stage accounts
for most of the mass loss. In the final stage, the mass showed a slight decrease
until the reactants were depleted and no substances ejected out from the safety
valve.

The mass loss ratio can be obtained by dividing the total mass loss with the ini-
tial mass of the battery. Figure 9c shows the total mass loss and mass loss ratio in
overheating and overcharging tests, respectively. The values of peak mass loss rate
are 10.85 g/s and 15.5 g/s, and the total mass loss is 921.3 g and 970.8 g for cells
in overheating and overcharging tests, respectively. These values indicate that the
overcharging tests cause more substances to be ejected out and the venting process
is more violent. That can be also characterized by the residues of the batteries. As
exhibited in Fig. 10, more severe damage and deformation appear on the batteries
after overcharging. In overheating and overcharging tests, the formation of small
aluminum beads means that the maximum inner temperature exceeds the alu-
minum’s melting point of 660.4�C.

3.5. Investigation of the Overheating and Overcharging Mechanisms

3.5.1. Overheating Tests The 228 Ah battery consists of two jelly-rolls connected
in parallel. The large format LIBs were locally heated on the front surface. Thus,
the TR process is firstly triggered on the jelly roll close to the heating plate, and
then expands to the second jell roll. During continuous heating process, the com-
bination of electrolyte vapor and gas increases the internal pressure inside cells.
With the temperature increase, the solid electrolyte interface (SEI) layer decom-
poses firstly at the relatively low temperature [36]. Afterwards, the intercalated
Li+ can react with the electrolyte and release heat and gases [34, 35]. After safety
venting, the solvents accelerate boiling owing to the higher temperature, then form
a short continuous jet. As the temperature further increases, the separators shrink
and collapse, which leads to internal short circuit. The electrical energy stored
releases a large amount of Joule heat. The delithiated Li0FePO4 can decompose
and release O2 [37], which would react with active materials. As the above fast
exothermic reactions occur, the TR process of LIBs is activated, and jet flame can
be observed.
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3.5.2. Overcharging Tests In order to further evaluate the overcharging behaviors
and mechanisms, the variations of overcharging capacity, voltage and current over
time are presented in Fig. 11. According to the two characteristic events, i.e.,
safety venting and TR, the overcharging process can be simply classified as three
stages. At the initial stage of overcharging tests, the voltage increases because the
Li+ deintercalated from the cathode and intercalates anode. When the batteries
are overcharged into 4.5 V, the voltage rises slowly. After continuous overcharg-
ing, the deintercalation and intercalation rates in cathode and anode slow down
during this process. With the voltage increase, the reactions of the lithium den-
drites in anode with electrolyte, the oxidative decomposition of electrolyte and the
collapse of cathode can occur and generate large amounts of gases to increase the
internal pressure. These reactions also cause the voltage to drop slowly. Hereafter,
a rapid increase in voltage can be observed at 2808 s owing to the further increase
of Li+ intercalation into the anode, the decrease of electrolyte and the change of
distance between electrodes by gas generation, which increase the degree of inter-
nal polarization. When the overcharging capacity reaches 43.11 Ah, there is an
apparent voltage platform area (around 11.6 V), and is the balance of the over-
charging process and the internal micro short circuit [30]. The internal short cir-
cuit is caused by the formation of the lithium dendrites piercing the separator.
After the overcharging capacity exceeding 44.14 Ah, the voltage drops and the
separator melts. The voltage drop area is a stage where thermal runaway occurs,
side reactions and internal short circuit occur violently [28]. These reactions
release large amounts of heat and increase the battery temperature rapidly.

Figure 11. Voltage, current, overcharge capacity variations over
time in overcharging tests.
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4. Conclusions

In this work, the 228 Ah LiFePO4/graphite cells, one of the most promising LIBs
for electric buses and energy storage, were employed to investigate the TR charac-
teristics and fire behaviors in overheating and overcharging tests. A series of com-
bustion dynamical parameters were recorded and analyzed, including experimental
photographs, temperature characteristics, HRR, voltage and mass loss variation.
The effects of different triggers were investigated. The relationship between TR
and fire behaviors was also discussed. Furthermore, the TR characteristics trig-
gered by overcharging and overheating are comparatively analyzed. The main
conclusions are summarized as following:

In overheating and overcharging tests, the LIBs did not self-ignite and instead
only release a large amount of gases or aerosol droplets. With external ignition
sources, the combustion process can be divided into the following stages: safety
venting and ignition, stable combustion, thermal runaway and jet flame, abate-
ment and extinguishment.

Compared with overcharging tests, a short continuous venting event was
observed at safety valve opening, and the cooling effect of the safety valve open-
ing is more obvious during overheating process. A large temperature gradient
within the cell occurred during overheating process, while the LIB temperature
distribution is homogeneous in overcharging tests. In overcharging tests, the stage
II and stage III possess higher risks from the perspective of thermal hazards. The
maximum temperature rate reaches 11.65�C/s and is 2.5 times higher than that of
overheating tests. The maximum surface temperatures are 572.9�C and 649.8�C
for overheating and overcharging tests, respectively. Compared with overheating,
the batteries burn more violently and have higher fire risks during overcharging,
which induce more mass loss and heat release of flaming combustion. The peak
HRR can be as high as 98.99 kW and 140.33 kW for overheating and overcharg-
ing tests, respectively.

The observations presented in this work provide an insight of the burning
behaviors and TR characteristics under overheating and overcharging triggers. A
comprehensive analysis of TR process and fire risks is significant. Such results can
serve as scientific references for safety applications and fire protection.
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