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Abstract: Thermal runaway (TR) and the thermal runaway propagation (TRP) of Li-ion batteries
can lead to safety incidents and cause explosion or fire accidents. Therefore, TR is a critical issue
for the thermal safety of Li-ion batteries. In this study, the TR and TRP behavior of Li-ion batteries
using different abuse methods (nail penetration, side heating, and overcharge) was investigated
experimentally. First, the Extended Volume Accelerating Rate Calorimetry (EV-ARC) test was
performed using the cell with an internal implantation thermocouple for a comparative study. Three
abuse methods were used to induce TR and TRP for the cells and modules. At the cell level, the
maximum temperature inside the cell under the EV-ARC test, nail penetration, and side-heating
abuse was 994.8 °C, 964.3 °C, and 1020 °C, respectively. The thermocouple inside the cell under the
overcharge abuse test was broken, and the experimental phenomenon indicated that the cell was
most severely damaged under the overcharging abuse test. At the module level, the TRP behavior
using the three abuse methods was different than in the first two TR cells, while the behavior of the
other cells was similar. It was evidenced that TRP triggered by the overcharge abuse was the most
hazardous, followed by the side-heating abuse, and lastly, the nail-penetration abuse was the least.

Keywords: lithium-ion battery; thermal runaway; abuse tests

1. Introduction

The energy crisis and environmental pollution are critical all over the world. Therefore,
energy saving and environmental protection have become priorities in the development of
various products [1-4]. As an efficient energy storage device, Li-ion batteries are widely
used because of their high energy and power density, long cycle life, and high environ-
mental friendliness [5-7]. However, in recent years, cases of explosion or fire due to li-ion
batteries have commonly occurred in cell phones, laptops, electric vehicles, energy storage
plants, and airplanes worldwide. These battery accidents are always caused by the thermal
runaway (TR) of Li-ion batteries [8,9]. TR will propagate to the adjacent cell in a battery
system. TR and TR propagation (TRP) has attracted worldwide attention [10].

The TR of Li-ion batteries can be triggered by mechanical abuse [11,12], thermal
abuse [13,14], or electrical abuse [15,16]. These abuses lead to a series of chemical reactions
inside the battery and release a large amount of energy. The critical reactions that trigger
TR are usually associated with the following failure processes: internal short-circuiting
after the collapse of the separator [8,17], oxygen re-release by cathode decomposition [18],
and interactions between the lithiated anode and electrolyte [19,20].

There are relevant regulations for the thermal safety testing of Li-ion batteries, includ-
ing mechanical, temperature, and electrical performance tests. One of the most commonly
used battery testing regulations is GB/T 38031, which recommends three methods of ther-
mal safety testing, nail penetration, side heating, and overcharge [21]. The mechanical tests
are mainly the penetration test and the drop test of the battery. Zhang et al. [22] conducted
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a test study on the penetration-triggered TR of long flexible Li-ion batteries and found that
the different positions and depths of the triggered place had significant effects on the TR
characteristics of the battery, the temperature test is mainly the high-temperature durability
test of the battery. Wang et al. [23] conducted a study on the heating-triggered TR of Li-ion
batteries with different nickel contents. The results showed that the higher the nickel con-
tent of the battery, the higher the risk of TR. The electrical performance test mainly includes
the short-circuit test, overcharge test, and over-discharge test. Ren et al. [24] analyzed the
effect of the overcharge rate on the battery, and the results show that overcharging leads to a
continuous increase in the voltage and temperature of the battery, which eventually leads to
TR, but the overcharge rate had almost no effect on the thermal runaway characteristics of
the battery. It can be seen that different trigger methods can lead to different TR behaviors
of Li-ion batteries. Meanwhile, most of the current studies focus on the TR characteristics
by a single abuse method with a single Li-ion battery cell, and there are few comprehensive
analyses of various abuse methods at the cell and module levels. Therefore, it is necessary
to investigate the different TR behaviors triggered by different trigger methods.

In this study, the behavior of different abuse methods on the TR and TRP of Li-ion
batteries are investigated experimentally at the cell and module levels. Firstly, the internal
implantation thermocouple was operated on the cell, and the TR characteristic temperature
of the cell was obtained by the Extended Volume Accelerating Rate Calorimetry (EV-ARC)
test to evaluate the adiabatic TR characteristics. Then, the TR tests at the cell level using
different abuse methods, including nail penetration, side heating, and overcharge, were
carried out to compare and evaluate the TR behavior. Finally, the comparative TRP tests of
the Li-ion battery modules with different trigger methods were conducted.

2. Experimental
2.1. Preparation for Internal Temperature Measurement

In this study, a commercial prismatic cell was used for the tests. The cathode material
is a Li(NixCoyMn,)O, (x:y:z = 5:2:3) composite cathode with a graphite anode. Table 1 lists
the specifications of the cell.

Table 1. Specifications of the cell.

Length (mm) Width (mm) Height (mm) Capacity (Ah) Weight (g)
108 102 27 60 930

For the TR of a large Li-ion battery, the temperature inside and outside is vastly differ-
ent, and the surface temperature is significantly lower than the internal temperature [25,26].
In order to accurately measure the internal temperature of the cell and to avoid irreparable
damage to it, extremely thin, high-precision thermocouples (KAIPUSEN KPS-IN600-K-0)
were carefully implanted in the center of the cell. The process of thermocouple implantation
is shown in Figure 1. First, to ensure the safety of the cell during the process, the cell was
discharged to 0% state-of-charge (SOC), the cut-off discharge rate was 1/3 C, and the cell
was discharged at a constant voltage to a current of 1.85 A (Figure 1a). Since there was
a safety valve above the cell, the side surface of the cell was chosen for thermocouple
implantation in order to avoid damage to it. Two diagonal lines were drawn to determine
the center, and then a drill was used to bore a 2 mm diameter hole through the center of
the case (Figure 1b). It is noted that the drill bit should not damage the jelly roll. After
drilling holes in the side surface of the cell, the burrs were removed from the housing at
the holes to prevent them from falling into the internal jelly roll. A 1-mm-diameter docking
rod was wrapped with insulating tape and inserted into the gap between the cell jelly roll
to allow access to the implanted thermocouple (Figure 1c). The purpose of wrapping the
thermocouple with tape was to prevent the thermocouple from coming into direct contact
with the jelly roll and causing a short circuit within the cell. The temperature measurement
post at the front end of the 1-mm-diameter thermocouple was slowly pushed through the
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expanded access to the middle of the jelly roll, the data wire at the end of the thermocouple
was attached to the cell surface, and the front portion of the thermocouple was kept upright
on the side of the cell (Figure 1d). The part of the thermocouple implanted in the cell was
also wrapped with insulating tape. High-temperature glue was evenly applied around the
gap of the hole where the thermocouple was to avoid contact between the inside of the cell
and the outside, thus protecting the jelly roll (Figure 1e). After the glue was set, the voltage
was checked to ensure that there was no internal short circuit of the cell after thermocouple
implantation. After that, the cell was charged to 100% SOC at the rate of 1/10 C (Figure 1f).
The internal thermocouple implantation process was performed in a dry room. After the
glue solidified, the EV-ARC test and abuse tests should be conducted as soon as possible to
ensure that it had little influence on the tests [26-28].

. (e)

Figure 1. Process on thermocouple implantation. (a) Discharge; (b) drill the hole; (c) open access;
(d) inserting the thermocouple; (e) gluing the thermocouple; (f) charge.

2.2. EV-ARC Test

The EV-ARC test has been widely used to evaluate the TR hazard of Li-ion batteries [29-32].
Figure 2 is the schematic diagram of the EV-ARC setup, where the thermocouple (Tj,)
was implanted in the center of the cell using the method described in Section 2.1. Two
thermocouples were attached to the front and side surfaces of the cell to measure the
temperature (T¢, Ts). The cell was clamped on a fixed iron frame to avoid the heat transfer
caused by the contact between it and the EV-ARC chamber.

+ Internal implantation thermocouple

3 Surface thermocouple
(c)

Figure 2. Experimental setup for EV-ARC test. (a) EV-ARC; (b) EV-ARC chamber; (¢) Schematic of
thermocouple position.

The EV-ARC follows a ‘heat-wait-seek” working mode [14]. During the heat process,
the self-generated heat of the cell is not considered, and adiabatic testing is not performed.
After the cell has reached the target temperature, the instrument maintains this temperature
for a period of time to achieve thermal equilibrium between the cell and the chamber.
EV-ARC detects whether the temperature change rate dT/dt of the cell exceeds the preset
detection sensitivity (0.02 °C-min~!) during the ‘Seek’ mode. If not, the above steps will be
repeated. Once the temperature increase rate exceeds the threshold, the EV-ARC will enter
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adiabatic test conditions until the cell TR. The temperature and voltage data were collected
in real time using a data collector (HIOKI LR8400).

2.3. Nuil Penetration Abuse Test

The nail-penetration abuse tests for the cell and the module were performed according
to the test regulations [33]. The schematic diagram of the nail-penetration abuse test for
the cell is shown in Figure 3a. The cell was charged to 100% SOC, and it was fixed by the
holder, which contained two stainless-steel clamping plates and screws. To ensure the
stability of the cell during testing, each screw was torqued to 1 N-m. In order to reduce
the heat dissipation between the cell and the holder, two mica plates with a thickness
of 10 mm were placed between the cell and the holder, and their dimensions were the
same as the front surface of the cell. The holder and the mica plates were designed with a
10-mm-diameter through-hole corresponding to the center of the cell so that the nail could
completely penetrate the cell. Two thermocouples (T, Tp,) were located at the center of the
front and back surfaces of the cell, and one thermocouple (Tj,) was implanted inside the
cell to measure the internal temperature. Voltage wires were clamped to the positive and
negative lugs of the cell to collect voltage data. In the test, a stainless-steel felting nail with
a diameter of 6 mm was used to penetrate the cell at a speed of 25 mm/s. The nail was kept
inside the cell after the cell TR.

(b)

Figure 3. Nail-penetration abuse test. (a) cell test; (b) module test.

The schematic diagram of the nail-penetration test for the module is shown in Figure 3b.
The module contained four cells, and there was no electrical connection between the cells.
The holder and mica plates used for the module test and the applied clamping torque were
identical to those of the cell test. In the test, the nail completely penetrated through the first
cell without damaging the other cells. The cells are named C;—Cy4. C; was the triggering
cell. The position of the thermocouple on the surface of C; was the same as that in the
cell-level test, and the thermocouples of C,—C4 were located at the center of the front and
back surfaces of the cells.

2.4. Side Heating Abuse Test

The schematic diagram of the side-heating test for the cell is shown in Figure 4a. The
positions of the thermocouples were the same as that in the nail penetration test. The cell
was heated by a steel heater of the same size as the surface of the cell, with a thickness of
3 mm and a heating power of about 450 W. The heater was turned on during the test and
turned off immediately after the TR of C;. The holder and the mica plates fit closely with
the cell. The rest of the setup was the same as that in the nail-penetration abuse test.
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Figure 4. Side-heating abuse test. (a) cell test; (b) module test.

The schematic diagram of the side-heating abuse test for the module is shown in
Figure 4b. The thermocouples on the surface of each cell in the module were the same as
the module nail-penetration abuse test. The heater, holder, mica plates, and test process
were the same as that in the cell-heating abuse test.

2.5. Overcharge Abuse Test

The overcharge abuse tests were performed according to ref. [34]. The schematic
diagram of the overcharge abuse test for the cell is shown in Figure 5a. The thermocouple
on the surface of the cell and the thermocouple implanted inside were the same as that
in the side-heating abuse test. The cell was overcharged by a charge/discharge machine
(NEWARE CT-4004) with a constant rate of 1/3 C, and no upper limit of charging voltage
was set until the cell TR.

IN-m

=

Figure 5. Overcharge abuse test. (a) cell test; (b) module test.

The schematic diagram of the overcharge abuse test for the module is shown in
Figure 5b. Cell C; was overcharged with a constant rate of 1 C, and the charger was turned
off after the TR of C;. The rest of the setup was the same as that in the module side-heating
abuse test.

3. Results and Discussion
3.1. TR Behavior under EV-ARC Test
Using the EV-ARC test, the characteristic temperature of the TR cell was determined,

including the self-generated heat temperature (T7), the TR trigger temperature (13), and
the TR maximum temperature (T3). The real-time voltage and temperature values of the
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different thermocouples are shown in Figure 6. The temperature of each thermocouple
remained consistent until TR occurred, and it rose exponentially when TR happened. The
maximum temperature of T¢ and Ts was 565.8 °C and 561.7 °C during the test, and the
maximum internal temperature Ti, was 994.8 °C, which was nearly 430 °C higher than
the surface temperature. The initial voltage of the cell was 4.3 V, and the voltage dropped
rapidly to 0 after TR occurred, which indicated that a serious internal short circuit occurred
in the cell. After the cell TR, the temperature of each thermocouple dropped rapidly and
approached uniformity.

1000 5
994.8°C
800 4
@)
o ~
“‘5 600 —
g 5 &
QC)L Tin 2 ;1
E 400 T,
—T, I
200 Voltage
0
% 2 4 6 3 10
Time /s X 103

Figure 6. TR characterization of cell under EV-ARC test.

Figure 7 illustrates the temperature and temperature rate curve, which is the dif-
ferentiation of the Tj, data smoothed by the moving average algorithm. It indicates
that the characteristic temperature T is 72.4 °C, T, is 222.7 °C, and T3 is 994.8 °C [29].
Figure 8 shows the wreckage of the cell after EV-ARC test. Combined with the reaction
time sequence of the cell TR, this process can be analyzed as follows:

Ty=994.8 °C
10001008
LT ) Temp rate
4800 800
3 G
S 4600 ; 600
© 3
g
g2 5
> 1400 ‘E; 400
=
. T,=222.7°C
1 = = Voltage -
Temperarture [\ 1200 4111}
T,=72.4°C I__,_,_,/I
| —© ;
0 . " s . 0 °
0 2 4 6 8 10 10° 10°

Time (s)

x10*

Temperature rate (°C-min)

Figure 7. Internal temperature and voltage of the cell.

When the cell temperature was below 60 °C, there was almost no internal exothermic
reaction; at this time, the cell was slowly warming up because of the rising temperature
of the EV-ARC chamber, and the voltage drop was mainly due to the electrochemical
properties of the cell rather than the internal short circuit [35].
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Figure 8. Wreckage of the cell after EV-ARC test.

When the temperature reached above 60 °C, the SEI film inside the cell started to
decompose, the capacity of the cell also started to decay, and the voltage dropped at an
accelerated rate. As the internal reaction continued, the cell self-generated heat temperature
rise rate reached the detection sensitivity threshold (0.02 °C-min~!), and the temperature
reached T+, from which time EC-ARC started to enter the seek mode [36].

When the temperature reached above 110 °C, the active material of the cell was
consumed, the voltage further accelerated to drop, and the EV-ARC repeatedly switched
between the heat mode and the track mode due to the combined effects of the melting
heat absorption of the diaphragm inside the cell and the exotherm of the side reaction. As
the temperature continued to rise, the diaphragm gradually melted, a weak internal short
circuit was generated inside the cell, and the voltage dropped while the temperature rise
rate continued to increase [37].

When the temperature reached about 200 °C, the cell voltage dropped sharply with
the internal temperature of the cell rose rapidly. Several seconds later, the temperature rate
reached 1 °C-s~ 1. At this moment, the temperature was T3 [38].

Later, a violent reaction occurred inside the cell, and it released a large amount of heat;
TR started, which caused the temperature to rise dramatically. The maximum temperature
was T3 [39].

Figure 7 shows some photos of the cell wreckage after the EV-ARC test. The cell shell
swelled significantly, and the surface of the cell was covered with black debris, and it could
be seen that the safety valve of the cell had been opened, from where the jelly roll was
ejected, resulting in the loss of mass. By calculation, the mass loss (Mj,gs) Was 272.3 g.

Through the EV-ARC, it is possible to calculate the total increase in energy under an
adiabatic environment (E,), as in Equation (1) [40]. Where Mcore = 0.795 kg is the mass of
the cell core, Cp, = 981 J-kg~1-K™! is the specific heat capacity of the cell, AT = T3 — Ty =
922.4 °C. Therefore, in this paper, E5 =7.19 x 10° J. The characteristic parameters of the cell
under the EV-ARC test are shown in Table 2.

Ea= Mcore‘cp'AT 1

Table 2. Characteristic parameters of cell TR under different abuse tests.

. . Time of
Characteristics Tom,,lx Mioss Ml‘,sg Rate TR Energy Extra Energy TR Trigger Time Ejection & Fire
Q) (8) (%) ()] )] (s) ©)
EV-ARC 994.8 272.3 324 7.19 x 10° None Over 90,000 -
Nail 9643 3313 35.6 696 x 10° None 1 6
penetration
Side heating 1020 372.1 39.9 7.39 x 10° 2.00 x 10* 180 136
Overcharge None 601.1 64.3 1.17 x 10° 4.48 x 10° 4700 165
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3.2. TR Behavior Using Different Abuse Methods
3.2.1. TR Behavior under Nail-Penetration Abuse Test

Figure 9a shows the temperature and voltage curves of the cell in the nail-penetration
abuse test. At the moment of 0 s, the nail pierced into the cell, and subsequently, TR
occurred. The voltage of the cell dropped from 4.31 V to 2.53 V within 0.2 s. Then, it
rebounded to 3.41 V and gradually dropped to 0 during the following 6.5 s. The voltage
fluctuation during TR was caused by the internal short circuit caused by the nail. After
0.3 s, when the voltage began to drop, T first increased, and after about 1 s, Tj, rose rapidly,
followed by Ty}, after about 3.8 s. At the moment of 7.6 s, Tj, reached the highest value of

964.3 °C, and at this time, Tt and T}, were about 550 °C and 95 °C, respectively, and they
were still in the rising stage.

1000
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£ 400 n > g { =
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10 I (
==
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800 6
T T 5
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L
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Voltage \
0
0
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(c)
Figure 9. TR characterization of cell under different abuse tests. (a) Nail penetration; (b) Side heating;
(c) Overcharge.

The TR process is shown in Figure 10a. After 1 s of the nail penetrating the cell, a
large amount of electrolyte vapor violently ejected from the cell, after which the fire quickly
disappeared. Then, 5 s later, the jet fire turned into a spark jet accompanied by a large

amount of black smoke. At 9 s after TR, the cell stopped ejecting, and the environment was
filled with dust and smoke.
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# 7 min before TR

Figure 10. TR phenomena under different abuse test. (a) Nail penetration; (b) Side heating;
(c) Overcharge.

The cell wreckage after the test is shown in Figure 11a. The shell of the cell melted
and solidified into an aluminum ball at the penetration hole on the front surface, which
indicated that the temperature at the hole was extremely high at the time of TR. The plastic
packaging film of the cell was completely melted, and the thermocouples were embedded
inside the cell shell. Both the internal implantation thermocouple and the glue on the side
surface of the cell were not broken, but the glue had detached from the cell shell, which
might be due to the excessive pressure inside the cell during TR and the internal material
ejected from the thermocouple implantation hole on the cell. On the top of the cell, it can
be observed that its safety valve was fully opened, and its jelly roll could be viewed.

Figure 11. Cell wreckage after different abuse test. (a) Nail penetration; (b) Side heating;
(c) Overcharge.
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3.2.2. TR Behavior under Side Heating Abuse Test

Figure 9b shows the curves of temperature and voltage variation with time of the cell
under the side-heating abuse test. The initial temperature of the cell was 20 °C. The heater
was turned on at the moment of 0 s, and the front surface of the cell was heated, which
allowed T to increase continuously. At the moment of 160 s, T rose to 328 °C. During this
period, the values of T, and Ty, were almost indistinguishable and rose slowly to 42 °C,
and the voltage of the cell was stabilized at 4.3 V. Then, the cell TR, the voltage rapidly
dropped to 0 in the following 12 s. At the same moment as the voltage drop, T started to
rise, and after about 3 s, Tj, also rose rapidly, reaching a maximum of 1020 °C within 3 s.
After 6 s of cell TR, Ty, began to rise. The maximum values of Tt and T}, were 737 °C and
633 °C, respectively.

Figure 10b displays several images of the TR process in the test. After the TR of the
cell at 1 s, a large number of jet sparks ejected from its safety valve, and this process lasted
for about 6 s. Afterward, the sparks were ignited, the top of the cell burned vigorously,
and the flame became smaller after 5 s. The flame above the cell lasted for about 126 s, and
during this period, a lot of smoke was ejected from the cell.

Figure 11b shows the images of the cell wreckage after the test. After TR, the front
surface of the cell, which was heated, appeared to have a large rupture, from where it can
be seen that the cell had ejected a part of the jelly roll. From the upper portion of the cell, it
can be found that the safety valve of the cell had opened, and the rupture extended from
here to the front of the cell, which indicated that the ejection of sparks and fire might be
the reason for the formation of the rupture. The glue on the side of the cell was broken
rather seriously, probably because of the ejection from the hole of the cell during TR; the
glue had been smashed and shattered, and its pieces fell around the cell. However, the
internal implantation thermocouple remained intact. Similar to the nail-penetration abuse
test, the plastic film on the cell surface melted, and the thermocouple was embedded in the
cell shell.

3.2.3. TR Behavior under Overcharge Abuse Test

Figure 9c illustrates the curves of the temperature and voltage of the cell under the
overcharge abuse test. In the test, the cell was charged from 100% SOC at a rate of 1/3 C.
The voltage steadily increased to exceed its nominal cut-off voltage (4.35 V) until 2000 s.
Due to the large capacity of the cell, there was no significant exothermic reaction inside the
cell during this period, and the temperature of the cell barely increased. When the cell was
overcharged to about 120% SOC (i.e., about 2100 s), the cell voltage rose faster and reached
5.13 V at about 2400 s. The temperature of the cell also started to increase slowly due to the
heat generated by the internal side reactions of the cell. After this, there was an internal
short circuit inside the cell, which caused the voltage to decrease slowly, and at the same
time, the cell temperature rose even faster, with the internal temperature rising to 170 °C
at the moment of 4700 s. As the overcharge continued, the internal resistance of the cell
increased under the influence of the internal short circuit and led to a sharp increase in
voltage. The cell temperature continued to rise, resulting in the deformation and melting of
the separator, which eventually led to cell TR. It is notable that due to the instantaneous
release of energy stored inside the cell, the TR process was too aggressive and caused the
failure of the internal implantation thermocouple.

Figure 10c displays several images of the TR process in the test. In the previous 5 min
of cell TR, the safety valve had broken, and white smoke was constantly coming out of the
cell. With cell TR, a massive white smoke was ejected from the cell, and after 1 s, it was
ignited, and violent flames and sparks engulfed the test area. Due to the excessive internal
pressure of the cell, both the cell and the holder could be seen to be overturned by the shock
wave of TR. After that, the flame of the cell became smaller, and the burning process lasted
for 163 s.

Figure 11c illustrates images of the cell wreckage after the test. Most of the front shell
of the cell melted, the upper part of it was completely broken, and the jelly roll inside the
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rupture could be seen ejected. Part of the shell on the back of the cell also suffered melting.
The high-temperature-resistant glue on the side turned into foam, probably because the
glue was melted by the high temperature during TR, and it was also impacted by the gas.
The top of the cell was affected by the jet and fire, and the shell melted extensively. Overall,
the cell was severely damaged after the test due to the TR being too violent to the extent
that the internal implantation thermocouple failed inside the cell.

3.2.4. TR Behavior Comparison

In each of the tests, due to the different abuses used, the behavior and characteristics
of cell TR were quite different from each other. Table 2 lists the characteristic parameters of
cell TR in each test. In the EV-ARC test, the cell was in a strictly adiabatic condition, cell
TR was almost undisturbed by external factors, and the energy released by TR also came
entirely from the cell itself. Therefore, the TR characteristic parameters of the EV-ARC test
can be used as evaluation standards [28].

In the other three abuse tests, nail penetration did not introduce additional energy
into the cell, while side-heating and overcharge supplied thermal and electrical energy
to the cell, respectively. Because of the extra energy, in the side-heating test, Tmax was
higher than that in the EV-ARC and nail-penetration abuse tests. For the side-heating
abuse test, the total TR energy and the extra energy can be calculated by Equation (1).
While in the overcharge test, the internal implantation thermocouple even failed due to
high temperature, and the electric energy charged into the cell was 124.4 Wh (4.48 x 10°])
collected by the charger. The comparison of the energy is shown in Table 2. It can be seen
that the TR energy of the nail-penetration abuse test was almost the same as that of the
EV-ARC test, which also confirmed that the nail did not introduce extra energy into the cell.
The extra energy introduced into the cell in the side-heating abuse test was approximately
2% of E,. However, for the overcharge abuse test, the TR energy was almost 1.5 times
more than E,. It can be indicated that for the nail-penetration and side-heating abuse test,
using internal implantation thermocouple is a good method for measuring the internal
temperature of the cell, while for the overcharge abuse test, it is difficult to measure internal
temperature due to the excessive extra energy.

In addition, the cell lost more jelly roll in the overcharge test, which resulted in the
highest mass loss of the cell. Comparing the ejection and fire time, it can be found that
excess extra energy led to longer combustion times, but it has no significant effect on
the ejection time. In general, the higher the extra energy, the more violent the TR in the
abuse tests.

3.3. TRP Behavior Using Different Abuse Methods
3.3.1. TRP Behavior under Nail-Penetration Abuse Test

Figure 12a shows the curves of the temperature and voltage of each cell in the nail-
penetration abuse test, and Figure 13a shows the TRP process of the module. After C; was
penetrated, Ty rose to 610 °C in 2 s, and T}, also started to rise fluctuatingly. After C, TR,
the curve of Ty¢ approximated to T¢, and correspondingly, the curve of T3¢ approximated to
Ty¢. C1 and C; ejected sparks within a few seconds after TR, but there was no fire afterward;
only a large amount of smoke was ejected. When C3 TR, the module began to burn, and the
temperature of the cells fluctuated drastically due to the effect. After C4 TR, the naked fire
of the module lasted for about 123 s. Thereafter, the module continued to release smoke.



Batteries 2022, 8, 201 12 of 17

1200, 1200,

1000} 1000 \ p
P s P s 5
H E] &
g 600 2 600 8
5 5 S
£ £ >
5 400 5 a0
g -

200 00)

0 100 200 300 400 0 100 200 300 400 500
1200,

Time /s

Figure 12. TRP temperature and voltage with different trigger methods. (a) Nail penetration; (b) Side
heating; (c) Overcharge.
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Figure 13. TRP phenomena with different abuse methods. (a) Nail penetration; (b) Side heating;
(c) Overcharge.
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Figure 14a illustrates images of the cell wreckage after the test. The cell’s shell melted
in many places and formed multiple metal adhesions after cooling, with the most obvious
adhesions at the bottom between the cells. The breakage was more severe on the top of
C; and Cy; in addition, the side surface from C; to C4 was broken and ejected a large
amount of jelly roll. Compared with the cell TR test, each cell in the module was more
severely damaged.

Figure 14. TRP wreckage with different trigger methods. (a) Nail penetration; (b) Side heating;
(c) Overcharge.

3.3.2. TRP Behavior under Side-Heating Abuse Test

The curves of the temperature and voltage of each cell in the side-heating abuse test
are illustrated in Figure 12b. C; was heated for 155 s before TR, after which C; ejected for
about 10 s, and then combustion commenced above C;. The module remained burning
until the end of TRP, as shown in Figure 13b. During the TRP, large fluctuations in Ty
and T3¢ were observed. As the flames became more intense, they were also ejected from
the side of C»-C4, which resulted in a higher temperature of C;—C, than C; by more than
100 °C. The module continued to combust for nearly 200 s following C4 TR, after which the
flame disappeared from the outside of the module, but there were still visible sparks inside
the module.

Figure 14b shows images of the cell wreckage after the test. Similar to the pinprick
experiment, the damage on the top surface of C; and C; was more severe, with large
breaks on the surface of each cell, and the shell of each contact cell was completely melted,
allowing the internal failed jelly roll to be seen.

3.3.3. TRP Behavior under Side-Heating Abuse Test

The temperature and voltage curves of the module in the overcharge abuse test and
its enlarged diagram are shown in Figure 12c. The voltage of C; slowly rose from 4.31 V to
5.305V, then it dropped due to the internal short circuit and started to rise rapidly when
it reached about 5 V again. The maximum overcharge voltage was 12.7 V, after which it
quickly dropped to 0. At this time, C; was overcharged to about 141% SOC. The maximum
temperature of both C; and C; was around 650 °C, while that of C3 and C4 reached almost
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1000 °C. Figure 13c shows the process of the module overcharge test. Unexpectedly, due to
the very violent impact wave of the overcharge-triggered TRP, the camera lens was struck
during C; TR and failed to capture the complete scene. It is worth noting that 83 s before C;
TR, its pressure relief valve suddenly broke and started to eject a large amount of electrolyte
to the outside, which may be the reason for the low temperature of C;. After C4 TR, the
module also burned for at least 167 s, after which the camera was affected by the high
temperature and turned off.

Figure 14c shows images of the cell wreckage after the test. After the overcharge abuse
test, a large amount of molten aluminum appeared on the bottom of C;, and the case of
C; was completely melted, with the jelly roll directly exposed to the module and severely
damaged in the combustion. The pressure relief valves of both C, and C3 can be seen
from the above of the module; combined with the side images, it can be seen that the side
surfaces of each cell badly deteriorated.

3.3.4. TRP Behavior Comparison

The TR intervals t;_j,1 (i =1, 2, 3) of the adjacent cells in the different abuse tests are
shown in Table 3. It can be seen that the total TRP time varies significantly among the
three abuse tests, and the main reason for this is the time interval of the early stages of
TRP. In the first TRP time interval, ¢;_p, the side-heating abuse test is longer than that of
the nail-penetration and overcharge abuse test, while there was a different decrease for
later TRP time intervals, tp_3 and t3 4. The additional energy introduced by the different
abuse methods varies considerably, and the TR time is significantly affected for C; and
C; in each test, and this effect gradually diminishes from the TR of C3. The less time for
module TRP, the faster the release of the module’s TRP energy, which is also reflected in
the more violent TRP. The wrecks of the cell of each module can be used as supporting
evidence. The mass variation in the module under different abuse tests is shown in Table 4.
C; has the highest mass loss rate in each test, even up to 70% in the overcharge test, due to
the extra introduced energy. However, for C,—Cy, the difference in their mass loss is not
significant, and the values are basically around 33%. The module had the shortest TRP
time and lost the most mass in the overcharge test, which to some extent, indicates that the
TRP triggered by the overcharge abuse would be more hazardous.

Table 3. Time interval of TRP with different trigger methods.

Abuse Method t1-0 (s) tr_3 (s) t3_4 (s) TRP Time (s)

Nail penetration 442 59.2 63.5 177.8
Side heating 47.5 54.8 55.2 158.5
Overcharge 37.2 48.3 51.3 146.6

Table 4. Mass variation under different abuse tests.

Trigger Method Cell Migss (8) Mo Rate (%)
Cy 451.9 48.53
. . Cy 295.4 31.82
Nail penetration Cs 30,0 33.20
Cy 323.6 34.79
Cy 4259 45.89
. . G 3235 34.92
Side heating Cs 3107 3346
Cy 301.9 32.71
Cy 655.5 70.16
Cy 316.7 33.90
Overcharge (@ 314.9 33.70

Cy 279.5 29.92
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4. Conclusions

This paper investigates the TR behaviors of an Li-ion battery at the cell and module
levels using different abuse methods (nail penetration, side heating, and overcharge), which
were analyzed and compared through experiments. First, the TR tests at the cell level using
EV-ARC and three abuse methods and TRP tests at the module level were conducted. The
TR parameters, experimental phenomena, and the introduced extra energy were analyzed,
and the TR behaviors using different abuse methods were studied.

Using the EV-ARC test, the characteristic cell temperatures, T1, T, and T3, used in
this study were measured to be 72.4 °C, 222.7 °C, and 994.8 °C, respectively. The maximum
temperature of the cell under the nail-penetration abuse test was similar to that of the
EV-ARC test, while the maximum temperature of the cell under the side-heating abuse
test was higher than T3 due to the extra thermal energy. In addition, the overcharge
abuse introduced more extra electrical energy. The TR behavior (cell temperature, TR time,
test phenomena, etc.) using the three abuse methods differed significantly. At the cell
level, overcharge abuse is the most hazardous, followed by side-heating abuse, and lastly,
nail-penetration abuse was the least.

At the module level, the TRP behaviors using the three abuse methods are different in
the early TRP stage, the first two TR cells were more affected by the abuse method, and the
TR behaviors of the last two cells were similar. Usually, the triggered cell in the module
had a higher rate of mass loss, while the mass loss rate of the other cells in the module was
relatively similar. In addition, using the same abuse method, the cells in the module were
more severely damaged. It can be indicated that the TRP triggered by the overcharge abuse
would be more hazardous than that of the side-heating and nail-penetration abuse.
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