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HIGHLIGHTS

e Temperature, residual mass, fire behaviour and voltage change were characterised.

o Effects of test parameters on thermal runaway and rupture were investigated.

o Likelihood of both thermal runaway and rupture with respect to testing parameters were evaluated.
e A triangle of factors affecting sidewall rupture of lithium-ion batteries was proposed.

e X-ray computed tomography of internal structure of cells after thermal runaway.

ARTICLE INFO ABSTRACT
Keywords: Sidewall rupture of lithium-ion batteries plays an important role in thermal runaway (TR) propagation because
Battery safety flame burst from the side of cell can directly heat adjacent cells. However, the understanding of sidewall rupture

Thermal runaway

Nail penetration
Sidewall rupture
Computed tomography

in high specific energy cells under mechanical abuse conditions remains limited. In this work, nail penetration is
adopted as a trigger method of TR of 21700-format cylindrical cells with high specific energy (257.0 Weh/kg).
The effects of test parameters including nail diameter, nail speed, penetrating location, penetrating depth, and
state of charge on likelihood and severity of thermal runaway and sidewall rupture behaviour were investigated.
A series of equipment including high-definition cameras, thermal imaging camera, X-ray computed tomography
(CT), cycler and electronic balance were adopted to reveal the behaviour and the mechanism of TR and sidewall
rupture. Discussion on CT scan and fire behaviour provides new perspectives for understanding sidewall rupture
and TR mechanisms in high specific energy cells. The results show that the mean mass loss ratio of the cell with
100% SoC is greater than 45% under each test condition, and the maximum of them is as high as 62.5% when
penetrating off-centre from the cell bottom and with a penetrating depth of 10 mm. The likelihood of sidewall
rupture increases with the increasing nail speed, nail diameter, penetrating depth and state of charge when
penetrating from the top cover of the cell, but it is little affected by the penetrating depth and nail diameter for
penetrating from the bottom of the cell. For the first time such a relationship is presented. The root-cause analysis
for the sidewall rupture of the cell has been discussed, which highlights the three key factors, including the
casing strength, the internal pressure, and the opening area of the venting disk.

1. Introduction considered for a new generation of all-electric aircraft. For example,
Norway and Sweden previously mandated that all short-haul flights be

Road electric vehicles (EVs) powered by lithium-ion batteries (LIBs) fully electric by 2040 [2]. In the UK, Aerospace Technology Institute
have proven to be safer than their gasoline-powered counterparts [1]. (ATI) has published the technology strategy [3], highlighting the
Following their success in the automotive industry, LIBs are being emergence of an entirely new aviation market in the sub-regional and
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Table 1

Summary of some typical nail penetration tests from reference.
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Format

Cathode/
anode

Capacity
(Ah)

Specific
energy
(Weh/kg)

Nail
diameter
(mm)

Nail
speed
(mm/s)

Key indicator

Main finding

Note Ref.

Cylindrical
cell 18650

Pouch cell

NMC-LCO/
graphite;
LFP/
graphite

NMC/
graphite

NMC-LMO/
graphite

NMC/
graphite

LFP/
graphite

LMO-NMC/
graphite

LCO/
graphite

LNCO-LCO/
graphite

LNCO-LCO/
graphite

2.6/1.1

2.2

2.0

2.58

1.5

15.0

0.06/
0.42
/0.86
5.5

3.7/5.7

204.7/
93.1

168.5

168.2

Not given

135.0

Not given

Not given

169.6

204.3/
206.8

3

3/5/8

10

2/3/4/5

80

given

20/30/
40

0.1/
10/100

10/20/
20/40

100

1/5/
10/40/
80

Temperature on
cell surface,
residual mass, and
chamber pressure

Internal
temperature and
surface
temperature

Temperature on
cell surface and
residual mass

Temperature on
cell surface and cell
voltage

Temperature on
cell surface and cell
voltage

Temperature on
cell surface and cell
voltage

Cell voltage

Temperature on
cell surface, cell
voltage, and
released gases

Temperature on
cell surface, cell
voltage, and
released gases

Cells with the LFP cathode and PP-
PE-PP separator shows much better
safety performance than cells with
the NMC-LCO cathode and PE
separator. The maximum
temperature range is from 101.48
°C to 105.50 °C, and weight loss
range is from 3.48% to 4.78% for
LFP cells at 50% SoC.

The maximum internal temperature
is higher than 900 °C, which is
around 300 °C greater than the
surface temperature. The maximum
internal temperature range is from
672 °C t0 920 °C, and the maximum
surface temperature measured by a
thermal camera is 455-610 °C.
Internal structure evolution
observed by a high-speed
synchrotron X-ray radiography
The outcome of TR events increases
with the increasing SoC;
penetrating at side centre is the
most dangerous case. The
maximum temperature for 100%
SoC cells with pierced penetration
is 465.8 + 51.4 °C and the residual
mass is 31.42 + 1.02 g.

The outcome of TR increases with
the increasing nail speed, and the
maximum temperature increases
from 466.8 °C to 695.6 °C from the
low nail speed to the high nail
speed.

The risk of TR increases with the
increasing SoC; the occurrence of
TR depends on the penetrating
depth, and the maximum
temperature range is from 131.8 °C
to 135.9 °C for 100% SoC cells
penetrating with different nail
diameters.

Poor reproducibility using
conductive nails; a clear distinction
between the outcome of the
conductive and non-conductive
nails. The maximum temperature is
112.9 °C for hard short circuit
(0.562 mQ) and drops to 67.7 °C for
soft short circuit (24.0 mQ).
Observation of internal structure
evolution during test

Good reproducibility generated by
combining low nail speed (1 mm/s)
and a conductive nail. The
maximum temperature range is
from 479.49 °C to 503.95 °C and
from 438.17 °C to 471.42 °C for
conductive nail and non-conductive
nail, respectively.

No change for voltage drop, the
development of temperatures and
the infrared-active gas products
when using different nail
geometries. The peak concentration
of methane is 3897 =+ 217 mg/m*
for the cell with 3.7 Ah and there
are two peak concentrations of
3835 + 222 rng/m3 and 3569 +
201 mg/m?® for the cell with 5.7 Ah.

Various battery [31]
chemistries and
separator types

Various penetrating [43]
positions

Various SoCs, [28]
penetrating locations,

and penetrating

depths

Various nail speeds [27]

Various SoCs, [37]1
penetrating locations,

nail diameters, and
penetrating depths

Various nail materials [24]
(Copper/steel/
plastic)

Various capacities [34]
and nail speeds

Various nail materials [25]
(Stainless steel/

zirconium oxide),

nail speeds, and

penetrating depths

Various capacities [36]
and nail diameters

(continued on next page)
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Table 1 (continued)
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Format Cathode/ Capacity Specific Nail Nail Key indicator Main finding Note Ref.
anode (Ah) energy diameter speed
(Weh/kg) (mm) (mm/s)
NMC-LCO/ 1.0 185.0 3/5/8 10/20/ Temperature on The cell with a higher SOC is easily =~ Various SoCs, [29]
graphite- 20/40 cell surface, cell triggered to TR by nail penetration penetrating locations,
SiOy voltage with a thicker nail. The maximum nail diameters, and

temperature range is 98.0-105.5 °C
for different nail speeds.

penetrating depths

Note: LCO (LC00y); LiFePO,4 (LFP); LiMny04 (LMO); LiNiCoO, (LNCO); LiNi,Mn,Co,02 (NMC). References [24,25] adopt various nail materials, other references listed

in this Table use a stainless steel nail.

urban environments by 2030, enabled by the full-electric propulsion
system. In 2021, the UK Civil Aviation Authority (UK CAA) published
the UK legislative framework towards net-zero aviation [4]. The realistic
energy storage technology that can meet the power and energy density
demands of this emerging electrified sector is lithium-ion and its future
variants. However, irrespective of the fantastic safety record of LIB in
automotive industry, aerospace organisations are uneasy about battery
safety [5]. This is due to the fundamental premise of safety plus the need
to monitor, identify and isolate or mitigate failure is different. Similar
battery safety concern is still a major roadblock for other applications e.
g. grid-connected energy storage system that contains a large number of
LIBs [6-8].

When a large number of LIB cells are assembled into a pack, the
major risk is thermal runaway (TR) propagation [9]. One of the leading
cause of TR propagation is sidewall rupture of the cell, which directly
affect the neighbouring cells, leading to a chain reaction [9,10]. The
sidewall rupture behaviour previously reported in 18650-format cells
[11-15] and prismatic cells [16]. Anderson et al. [11] found that 18650-
format cylindrical cells with both thin wall thickness and high volu-
metric energy density have a high likelihood of sidewall rupture under
oven heating conditions. Finegan et al. [13] investigated a reason
leading to rupture of 18650-format cells under external heating and
confirmed that the venting disk plays an important role in sidewall
rupture. Lao et al. [10] proposed that a reduction in mechanical strength
under high temperatures is a key factor leading to sidewall rupture.
Chen et al. [17] found that the sidewall rupture is severer at high state of
charge (SoC) for 21700-format cylindrical cells under radial nail pene-
tration. In addition, Jia et al. [15] developed a physics-based model to
simulate the deformation and fracture behaviours of 18650-format cells
under laser heating. To the best of our knowledge, parametric study was
mainly focused on 18650-format cells and some pouch cells of energy
density lower than 200 Weh/kg, as shown in Table 1.

Although in a few cases external heating [11-15] and overcharge
[16] were previously used to study sidewall rupture behaviour of 18650-
format cylindrical cells and prismatic cells, the internal space of the cell
is not greatly changed or fixed under these abuse test conditions. Nail
penetration is commonly used as a trigger method of TR initiation
[18,19] and TR propagation [20-22] and it is listed as one of the me-
chanical abuse tests in most international and national battery test
standards [23]. In this work, nail penetration is adopted as a trigger
method for studying the sidewall rupture behaviour because the internal
short circuit of a cell is instantly generated after nail penetration and the
penetrating nail can affect the internal space and further influences the
internal pressure and rupture behaviour.

However, the outcome of TR during a nail penetration test is strongly
influenced by many factors such as nail material [24-26], nail speed
[25,27-30], penetrating depth [25,28], battery chemistry [31-33], ca-
pacity [34-36], SoC [28-30,37], short resistance [38,39], etc. As shown
in Table 1, a stainless steel nail is commonly used by researchers, in
addition, other conductive materials such as copper [24] and non-
conductive materials [25,26] are also adopted by researchers. The nail
diameter recommended is 3 mm for cell level on the international

standard SAE J2464 [40] and from 3 mm to 8 mm on the Chinese
standard GB 38031-2020 [41]. Other nail sizes were also used, such as
10 mm [24] and 2 mm [36] as well as very thin nail-like needles [35].
The nail speed recommended is at least 80 mm/s on the international
standard SAE J2464 [40] and 0.1 mm/s ~ 10 mm/s on the Chinese
standard GB 38031-2020 [41]. Lower nail speed as slow as 1 mm/min
was also adopted by researchers [42]. However, a comprehensive
analysis of impact of the nail speed on high specific energy cells (>250
Weh/kg) has not been performed yet. Also, it can be seen from Table 1,
the single variable parameter such as nail material is investigated in
some references [24, 27, 43]. Detailed studies on variable parameters
were performed in the cylindrical cells with small capacity and low
specific energy of less than 170 Weh/kg [28]. In addition, an
electrochemical-thermal coupled model [18,26,30,38,39,42,44-49]
was developed to simulate the electrochemical and TR behaviour of LIBs
during nail penetration tests and to perform the parametric study of both
nail and cell based on the porous electrode theory [50,51] and thermal
abuse reaction models [52,53], but not focused on here.

In recent years, high energy density (>250 Weh/kg) cylindrical cells
such as 21700-format have been commercially adopted by automotive
manufacturers. This cell format is also currently being considered for the
electric propulsion systems for electric aircraft. Compared to 18650-
format cells, the energy stored in the 21700-format cell is higher by
around 50% [54]. High specific energy means a high risk of thermal
runaway event. The failure mode and the failure mechanism of cells
with high specific energy therefore likely be different from low specific
energy cells. For example, violent jet fire behaviour of 21700-format
cells was reported in our previous study [55], and the sidewall
rupture behaviour of 21700-format cells under external heating and nail
penetration were often observed [10,17,56]. The 21700-format cells
have the same housing materials and wall thicknesses as 18650-format
cells. However, inside a 21700 cell, higher amount of gas generation is
expected than 18650-format cells, which will increase the internal
pressure of the cell compared to the cells with similar size but lower
specific energy. In tandem with the pressure increase, the expected
higher heat generation will increase the cell temperature at a higher
rate. The strength of the cell casing reduces significantly when tem-
perature increases [10]. These two mechanisms likely will translate into
sidewall rupture and a more violent TR outcome. However, the under-
standing of TR and sidewall rupture behaviour of high specific energy
cells such as 21700-format under mechanical abuse remains limited.
Therefore, it is necessary to investigate the behaviour of TR and sidewall
rupture of cells with high energy density under mechanical abuse and
their influencing factors for the deep understanding of the mechanism of
TR and sidewall rupture.

This work aims to establish the detailed relationship between side-
wall rupture and penetrating parameters. Also, this work will fill the gap
of parametric study on high specific energy cells under mechanical
abuse conditions. Commercial 21700-format cells with high specific
energy (257.0 Weh/kg) are adopted and nail penetration is used as a
trigger method for the mechanical abuse. Effects of SoC, nail diameter,
nail speed, penetrating location, and penetrating depth on behaviours of
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Table 2

Battery information.
Item Specification/value Unit
Format 21700 -
Rated capacity 4.8 Ah
Mass 67.5+ 1.5 g
Nominal voltage 3.62 A
Charge cut-off voltage 4.2 A
Discharge cut-off voltage 2.5 A
Operating temperature Charge: 0 to 45 °C

Discharge: —30 to 60

Cathode Lithium nickel cobalt aluminium oxide -
Anode Graphite and Si -
HD camera Data logger
&

A
-

Thermocouple location ™

HD camera
Steel threaded rod

j’//. Nut

) o j—-Tufnol plate

Steel plat o g
e > = Cell
4 |2 :
N =5 Nail
N - IR camera
y Hydraulic
power unit
Cycler

—
Nail penetration system

Fig. 1. Schematic diagram of the test apparatus and thermocouple location,
reproduced from Ref. [17].

Applied Energy 349 (2023) 121610

TR and sidewall rupture are investigated by a combination of many tools
such as a nail penetration system, optical cameras, a thermal imaging
camera, X-ray CT, and an electronic balance.

2. Experiments
2.1. Battery information

In these tests, commercial 21700-format LIBs from the same manu-
facturer and same production batch with lithium nickel cobalt
aluminium oxide cathode and graphite and Si anode were chosen due to
its higher specific energy of 257 Weh/kg. As listed in Table 2, the rated
capacity of the cell is 4.8 Ah, and the nominal voltage is 3.62 V. The
charge cut-off voltage and discharge cut-off voltage are 4.2 Vand 2.5V,
respectively. The mass of the cell is 67.5 &+ 1.5 g. The venting disks in-
cludes two parts: the bottom disk and the top disk. There are six pe-
ripheral holes and one centre hole on the bottom disk and a pre-set
scoring on the top disk, which provides a gas pathway when it breaks
under a high internal pressure.

2.2. Test setup

A schematic diagram of cell, cell holder and experimental setup is
shown in Fig. 1. The naked cell was fixed by a cell holder made of Tufnol
material using screws and nuts and the cell holder, which was fastened
to the hydraulic nail penetration system using jigs. Four type K ther-
mocouples located at 10 mm from the cell base, in the middle of cell, 10
mm from the cell top, and the cell bottom, respectively, are displayed in
Fig. 1 for measuring the temperatures on cell surface. All temperatures
were recorded by a data logging software (PicoLog, UK) with a time
interval of 10 ms. Two high definition (HD) cameras recording at 30
frames per second were placed in the front of the cell with 0.72 m and
side of cell with 0.44 m, respectively, to capture the TR behaviours
during tests. One infrared radiation (IR) camera (FLIR T640, USA)
recording at 30 frames per second was positioned at a stand-off distance
of 1.52 m from the back of the cell to capture temperature evolution on
the cell surface.

Table 3
Summary of test conditions.
Test condition Penetrating location Nail parameter and cell SoC ~ Variable Value Number CT
no. of cells scan
1 100% SoC 6
2 92% SoC 5
3 Nail diameter: 4 mm, SoC 70% SoC 5
4 nail speed: 6 mm/s 50% SoC 5
5 30% SoC 3
Penetrate from the middle of the top cover of the S 00
6 cell* 0% SoC 3
7 Nail speed: 6 mm/s, 3 mm 5 No
8 100% SoC Nail diameter 8 mm 6 1%
9 Nail diameter: 4 mm, 0.5 mm/s 5 No. 1
10 100% SoC Nail speed 100 mm/s 5 No. 4
1 Nail diameter: 4 mm, . Not specified” 5
nail speed: 6 mm/s, 100% Insertion depth 20 mm
12 SoC : ’ (Bottom centre) (Nail diameter: 8 4 No. 3
mm)
13 Nail diameter: 4 mm, . 10 mm 3
14 Penetrate from the bottom of the cell nail speed: 6 mmy/s, 100% Icllie;t;)on depth (Bottom 20 mm 3 No. 3
15 SoC 30 mm 3
16 Nail diameter: 4 mm, 5 mm 5
i . 0, i -
17 nail speed: 6 mm/s, 100% Insertion depth (Off-centre) 10 mm 5 No. 1

SoC

" Note: the nail was stopped when sparks were observed.

" Note: No. 1 means that the first test used for CT scan after TR test in this group.
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Fig. 2. Comparison of (a) the mean maximum temperature at different measuring points and (b) the mean residual mass of the cell with various SoCs.

2.3. Test procedure

All cells were firstly charged to 100% SoC and then rest for half an
hour, and next discharged to desired SoC with 1C (4.8 A) discharging
current rate and finally rest for at least 1 h before tests. All cells were
pierced by a nail made of stainless steel with a conical tip of 40° and
various diameters penetrating depths, and speeds, which was controlled
by the penetration test control system. The test procedure is as follows:

(1) Charge cells to 100% SoC, then discharge to desired SoC;

(2) Put thermocouples on cell surface, then place the cell into the cell
holder;

(3) Fix the cell with screws and nuts, and clamp the cell holder using
G-shape clamps;

(4) Connect data logger, cycler, cameras to laptops with USB cables;

(5) Set penetrating parameters and run a test.

Test conditions are summarised in Table 3. Five different parameters
i.e., SoC, nail diameter, nail speed, penetrating depth and penetrating
location were studied. For each testing condition, at least 3 repeat tests
were performed. A total of 76 tests were conducted and 6 cells were CT
scanned after test. The selection of nail parameters was referred to the
Chinese standard GB 38031-2020 [41].

3. Results and discussion
3.1. Effect of SoC

As shown in test conditions 1-6, various SoCs from 0% SoC to 100%
SoC were adopted to investigate the effect of SoC on TR behaviour and
sidewall rupture of the cell in this work. The key TR indicators are
defined as follows. The maximum temperature is the measured
maximum temperature of repeated tests at all measuring points on cell
surface. The mean maximum temperature is the mean of measured
maximum temperature of repeated tests at the same measuring point on
cell surface. The residual mass is the mass of the cell after test,
measuring by an electronic balance with an accuracy of 0.1 g. The mean
residual mass is the mean of measured mass of the cell after test of
repeated tests. The mean mass loss ratio is the mean of mass loss of the
cell of repeated tests compared with the original mass. The mean
maximum temperature at different measuring points and the mean re-
sidual mass after test are plotted in Fig. 2a and Fig. 2b, respectively. The
mean maximum temperature at different measuring points on cell sur-
face is not greatly affected by the SoC for tests at the SoC no less than
50%, while it decreases with the decreasing SoC for tests at the lower

SoC (< 30% SoC) due to less Joule heat generated inside the cell. Ac-
cording to temperatures recorded by thermocouples, the maximum
temperature on cell surface of the test at the SoC no less than 50% is
higher than 680 °C, while it is less than 390 °C for the test at the lower
SoC (< 30% SoQ). It is because those tests at the SoC no less than 50%
experienced TR, but the lower SoC (< 30% SoC) cells did not go into TR,
showing sparks and smoke but without fire in one test at 30% SoC, and
little smoke or no smoke in other tests. As shown in Fig. 2b, the mean
residual mass is not greatly affected by the SoC no less than 92%, but it
increases with the decrease in SoC (< 92% SoC). The mean mass loss
ratio of the cell with 100% SoC is up to 52.4%, which means approxi-
mately 52.4% of battery mass ejected outside the cell. It suggests that
more battery components were ejected during the test at the high SoC.
Combining the maximum temperature on cell surface and the residual
mass, the results show that the severity of TR increases with the
increasing SoC. From the view of heat generation and thermal stability
of material, the reason can be summarized as follows: 1) more Joule heat
is generated for high SoC cells because more energy stored in the active
materials for high SoC cells will flow through the nail after nail pierces
electrode layers, and 2) the thermal stability of anode materials reduces
at high SoC due to increased lithiation in anode [28,57]. Therefore, it is
easier to trigger chain reactions of TR for high SoC cells. The current
results confirmed that the severity of TR events increases with the
increasing SoC reported by some researchers [28,31].

The TR behaviour for tests at 50% SoC was observed in this work, but
it was not found in 18650-format cells at 50% SoC and even one test at
70% SoC [28]. The mean maximum temperature and mean mass loss
ratio of 100% SoC cells in this work are higher by ~57% and ~83%
compared to 18650-format cells at 100% SoC reported by Mao et al.
[28], separately. Note that the penetrating position in their study is
different from this work. The 18650-format cells were triggered to TR
under radial penetration in their work [28], while in this work the cells
were triggered to TR under longitudinal direction. Our previous study
showed that the 21700-format cells are easily to trigger to TR and
sidewall rupture under radial direction compared with that under lon-
gitudinal direction [17]. It is worth mentioning that the specific energy
of the 21700-format cell in this work is higher by ~53% compared to
18650-format cells reported by Mao et al. [28]. The fire behaviour
discussed in Section 3.6 is also more violent than that reported by Mao
et al. [28].

Sidewall rupture was only observed in two of six cells tested at 100%
SoC, not at other SoCs. It suggests that it is easier to cause sidewall
rupture for cells at 100% SoC than other SoCs. More cells occurred
sidewall rupture in our study under different testing conditions, while
the rupture behaviour was not reported by Mao et al. [28] in 18650-
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format cells. The reason of sidewall rupture will be discussed in Section
3.7. Combining the four indicators of the maximum temperature on cell
surface, the residual mass, fire behaviour, and the rupture behaviour,
the present results indicate that the TR of cells with high specific energy
is more violent than that with low specific energy cells.

3.2. Effect of nail diameter

As shown in test conditions 1, 7 and 8, three different nail diameters,
3 mm, 4 mm, and 8 mm were adopted to investigate the effect of nail
diameter on TR behaviour and sidewall rupture of the cell in this work.
The mean maximum temperature at different measuring points on cell
surface and the mean residual mass after test are plotted in Fig. 3a and
Fig. 3b, respectively. The results show that the mean maximum tem-
perature at different measuring points on cell surface is little influenced
by the nail diameter. The similar results were also reported by Doose
et al. [36] and Huang et al. [37] using pouch cells with different ca-
pacities and 18650-format cells with the LFP cathode, respectively. The
possible reasons lie in the following two aspects: 1) a thick nail means a
large short-circuit area and a low short-circuit resistance, therefore a
high current can flow through the nail, and therefore more heat is
generated, and 2) thick nail at the same time means large cross section,
and more heat can be dissipated. These two effects offset each other, as a
result there is no great difference on the average maximum temperature
on cell surface when penetrating with different nail diameters. The mean
mass loss ratio of the cell with 100% SoC is as high as 58.3% and 51.4%
when penetrating with a 3-mm-nail diameter and an 8-mm-nail

diameter, respectively. The mean residual mass of cell penetrated with a
nail diameter of 3 mm is less than that penetrated with a nail diameter of
4 mm shown in Fig. 3b, but the difference is within the error bars. There
is no great difference between tests penetrated with the 4-mm-nail
diameter and the 8-mm-nail diameter.

As can be seen from Fig. 4, the cells with a large opening are
exploded because a lot of pressure is accumulated inside the cell until
the internal pressure exceeds the strength of the cell casing. Cracks in the
cell casing possibly initiates in the lower part close to the cell bottom and
propagates almost straight towards the top and the bottom of the cell.
Although the effect of nail diameter on mean maximum temperature on
cell surface was negligible, the sidewall rupture of cell was greatly
influenced by the nail diameter. The thick nail can take up more space
inside the cell than the thin nail, hence, the internal pressure of the cell
penetrated by a thick nail is higher than that penetrated by a thin nail
based on the idea gas law under the assumption of constant temperature
and constant amount of substance. The present results show that nail
diameter is a leading factor to cause sidewall rupture of the cell when
penetrating from the middle of the top cover of the cell. The likelihood of
sidewall rupture increases with the increasing nail diameter. For the first
time such a relationship is presented, the mechanism of sidewall rupture
will be discussed in detail in Section 3.7 combined with CT scan results.

3.3. Effect of nail speed

Three different nail speeds, 0.5 mm/s, 6 mm/s, and 100 mm/s were
adopted to investigate the effect of nail speed on TR behaviour and
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Fig. 6. Voltage profile of the cell penetrated from the top cover of the cell at a speed of (a) 0.5 mm/s, and (b) 100 mm/s.



H. Chen et al.

3

Applied Energy 349 (2023) 121610

Fig. 7. Photos after test penetrated at different nail speeds. (a) 0.5 mm/s, (b) 6 mm/s, and (c) 100 mm/s.

sidewall rupture of the cell in this work (test conditions 1, 9 and 10). The
mean maximum temperature at different measuring points on cell sur-
face and the mean residual mass after test are presented in Fig. 5a and
Fig. 5b, respectively. The high standard deviation of the mean maximum
temperature at different measuring points on cell surface means that
they are more spread out and are possibly influenced by the flame. The
mean mass loss ratio of the cell with 100% SoC is as high as 51.5% and
51.9% when penetrating at a speed of 0.5 mm/s and 100 mm/s,
respectively. The present results show that the mean maximum tem-
perature on cell surface and mean residual mass of the cell after test are
not greatly influenced by the nail speed. The same effect was reported by
some researchers [28,29]. However, the peak of average temperature at

40 mmy/s is higher than that at lower speeds (10-30 mm/s) reported by
Huang et al. [37] with 18650-format LFP cells. The outcome of TR in-
creases with the increasing nail speed from 0.1 mm/s to 100 mm/s re-
ported by Ma et al. [27] with 18650-format NMC cells, but there are no
repeat tests in their study. Fig. 6 shows the voltage profile of the cell
penetrated from the top cover of the cell at different speeds. The moment
when voltage starts to drop was set as zero for alignment. The voltage
dropped rapidly to zero after nail penetration because internal short
circuit was generated. As expected, testing at a speed of 100 mm/s
required less time for the voltage to drop to zero compared to 0.5 mm/s.

As shown in Fig. 7, sidewall rupture occurs in one of the five tests
penetrated at a speed of 0.5 mm/s, in two of the six tests penetrated at a
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(b) nail diameter: 4 mm; (c) and (d) nail diameter: 8 mm.

speed of 6 mm/s, and in four of the five tests penetrated at a speed of
100 mm/s, respectively. The present results show that the nail speed is
also a leading factor to cause sidewall rupture of the cell. The likelihood
of sidewall rupture increases with the increasement of nail speed. The
possible reasons are as follows: 1) at higher speed heat and gas are
generated within a shorter period, and 2) more internal space is occu-
pied by a higher-speed nail in a short time.

3.4. Effect of penetrating location

Two penetrating locations, from the top cover of the cell and from
the bottom of the cell were adopted to investigate the effect of pene-
trating location on TR behaviour and sidewall rupture of the cell in this
work. The mean maximum temperature at different measuring points on
cell surface and the mean residual mass after test are plotted in Fig. 8.
Two nail diameters of 4 mm and 8 mm are considered here. As shown in
Fig. 8a and c, the mean maximum temperature at different measuring
points on cell surface is not greatly affected by the penetrating location
and the nail diameter, but the test penetrated from the bottom of the cell
has a low standard deviation. As shown in Fig. 8b and Fig. 8d, the
penetrating location also has little influence on the mean residual mass
after test with the 4-mm-nail diameter, while the mean of residual mass
after test penetrated from the bottom with the 8-mm-nail diameter is
higher than that penetrated from the top cover of the cell. The mean
mass loss ratio of the cell with 100% SoC is as high as 53.5% and 46.8%
when penetrating from the cell bottom and with a 4-mm-nail diameter

and an 8-mm-nail diameter, respectively.

Fig. 9 presents photos after nail penetration test from the cell bottom.
The venting disk of the cell was completely destroyed, and the top cover
of the cell was partly melted by flame for tests without sidewall rupture.
Melted aluminium pieces came from current collector can be found on
the top cover of the cell displayed in Fig. 9c due to the high internal
pressure. Note that cell No. 4 penetrated with a nail diameter of 4 mm
occurred sidewall rupture. This phenomenon was less common as only
one test penetrated from the bottom of the cell happened. As shown in
Fig. 9a, the top cover of Cell 4 is still in a good condition and the top disk
of the cell just shows a small melting area, mostly in good condition. It
suggests that the venting disk was not activated during the test and the
gases were accumulated inside the cell until the sidewall rupture
happened. Combined with the test results of penetration from the top
cover of the cell, the present results show that the test penetrated from
the top cover of the cell is more likely to occur sidewall rupture than that
penetrated from the bottom of the cell. The main reason is that the
venting disk is damaged and therefore does not work when penetrating
from the top cover of the cell.

3.5. Effect of penetrating depth

Three different penetrating depths, 10 mm, 20 mm, and 30 mm,
penetrated from the centre of the cell bottom (test conditions 13, 14 and
15) and two different penetrating depths, 5 mm, and 10 mm, penetrated
off-centre from the cell bottom (test conditions 16 and 17) were adopted
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Fig. 9. Photos after tests penetrated from the cell bottom. Nail diameter: (a) 4
mm and (b) 8 mm, (c) enlarged view.

to investigate the effect of penetrating depth on TR behaviour and
sidewall rupture of the cell in this work. The mean maximum temper-
ature at different measuring points on cell surface and the mean residual
mass after test are plotted in Fig. 10. The present results show that the
mean maximum temperature on cell surface and the mean residual mass
of cell after test are not greatly influenced by the penetrating depth
when penetrating from the centre of the cell bottom. The mean mass loss
ratio of the cell with 100% SoC is as high as 54.3%, 54.9%, and 51.2%
when penetrating from the cell bottom centre and with a penetrating
depth of 10 mm, 20 mm, and 30 mm, respectively. The mean maximum
temperature at different measuring points on cell surface is also little
influenced by the penetrating depth when penetrating off-centre from
the cell bottom, but the mean residual mass after test with the 10-mm-
penetrating depth is less than that with the 5-mm-penetrating depth.
The mean mass loss ratio of the cell with 100% SoC is about 51.6% and
62.5% when penetrating off-centre from the cell bottom and with a
penetrating depth of 5 mm and 10 mm, respectively. It means that TR of
the cell with deeper insertion becomes more violent. Fig. 11 presents
temperature profiles at different locations of 100% SoC cells penetrated
off-centre from the cell bottom with penetrating depth of 10 mm.
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Temperature firstly rose to the peak value in a few seconds, then
decreased gently because of cooling. Note that the thermocouple located
10 mm from the cell bottom of Test No. 5 in this group presented in
Fig. 11c s failed in the test. As shown in Fig. 11, the temperature curves
show a good repeatability. Fig. 12 shows the voltage profile of the cell
during the test. The voltage dropped to zero in a very short time due to
internal short circuit after penetration. Sidewall rupture was not
observed in these tests. It further proves that penetrating from the top
cover of the cell is easier to cause sidewall rupture than from the bottom
of the cell.

3.6. Battery fire

Battery fire was observed during nail penetration tests in this work.
The battery casing was firstly pierced, followed by damage to the elec-
trode assembly. The internal short-circuit path was generated between
cathode and anode electrode layers due to nail, and therefore a large
amount of heat was released in a very short time. The heat generated
would heat the penetrating region to high temperatures, which in turn
initiated a series of exothermic reactions that produced a lot of flam-
mable gases. Battery fire was created if these flammable gases were
ignited by sparks. Fire behaviour of 18650-format cells under radial nail
penetration was reported in previous literature [27,28]. The evolution
of battery fire was described by Mao et al. [28], but only a narrow view
of battery fire could be observed as the cell was inside an explosion-
proof chamber. Ma et al. [27] also mentioned battery fire but without
giving a detailed description. Only one camera was used to capture the
battery fire in above references. As presented in above sections, the TR
behaviour of 21700-format cells with a high specific energy becomes
more violent than 18650-format cells.

According to our test results, all cells with a high SoC (> 50%)
experienced TR and occurred fire. There were only gases or smoke and
sparks in tests at 30% SoC and only gases for 0% SoC tests. Two typical
fire-burst behaviours were found based on cells with or without sidewall
rupture. One is that the fire was only ejected from the top cover of the
cell for cases without sidewall rupture, as presented in Fig. 13 and the
other is that the fire was mainly ejected from the side of the cell for cases
with sidewall rupture, as displayed in Fig. 14. The fire behaviour con-
firms that the outcome of TR for high energy cells is more severe than for
low specific energy cells.

A represented example without sidewall rupture is Test No. 2
penetrated off-centre from the bottom of the cell. As shown in Fig. 13,
some sparks are firstly ejected from the venting holes because battery
components start to burn inside the cell under high temperature. The
strength of ejection which depended on the internal pressure changed
with time. A strong jet of sparks and a weak jet of sparks alternatively
presented until the jet fire was generated. The whole process of TR could
be divided into three stages. The first stage was spark-dominated, and
the second stage was fire-dominated, and the third stage was the cell
cooling. Transition between adjacent stages had been reported in our
previous study for cells triggered to TR under external heating [55]. In
this test, there were no sparks ejected from the penetrating location after
nail insertion. But sparks were observed and ejected from the pene-
trating location in some tests. For tests penetrated from the top cover of
the cell, the phenomena were similar, see Fig. A1 (Appendix). The fire
behaviour for current used 21700-format cells is more violent than
18650-format cells [28] mainly because more energy is stored in 21700-
format cells. Note that it showed some differences in fire behaviour even
under the same testing conditions because fire behaviour is complicated
and affected by many factors such as heat generation, internal pressure,
released gas composition, and external environment.

The fire-burst behaviour from the side of the cell was observed for
some tests penetrated from the top cover of the cell as well as from the
bottom of the cell. A represented example is Test No. 4 penetrated from
the centre of the cell bottom with a nail diameter of 4 mm. As shown in
Fig. 14, a lot of sparks are ejected from the side of the cell and at the
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same time a few sparks are ejected from the penetrating location after
nail insertion. The process of battery combustion was lasted for about 5
mins and initially a jet of fire with sparks was sprayed outside lasting for
about 110 s at a certain strength, after that a cluster of fire without
sparks was generated and became weak gradually until the fire went out.
There were no smoke, gases and sparks discharged from the venting
holes. The top cover of the cell is still in relatively good condition, as
presented in Fig. 9a, only a small melting spot is found on the top disk
after the test. For tests penetrated from the top cover of the cell, the fire-
burst behaviour was similar with that penetrated from the cell bottom,
see Fig. A2 (Appendix).

3.7. Thermal runaway and sidewall rupture

TR can be characterised by some key indicators such as TR trigger
temperature, TR maximum temperature, mass loss ratio, and heat
release rate. Observing the change in internal structure of the cell is also
a good indicator to characterise TR. To further understand the mecha-
nism of TR and sidewall rupture, an X-ray computed tomography (CT)
was used to observe the internal structure after tests. In this work, six
cells with 100% SoC after test as listed in Table 3 were scanned by the X-
ray CT (TESCAN UniTom XL, Czech Republic) with an exposure voltage
of 180 kV, an exposure power of 30.0 W, and an exposure time of 0.85 s
to generate 3698 projections with a voxel size of 40 pm. Software
(Acquila, Czech Republic and VG Studio Max 2.2, Germany) was used to
reconstruct the individual radiographic scans.

Fig. 15 presents slice images of Test No. 4 at 100% SoC penetrated at
a speed of 100 mm/s (test condition 10 in Table 3) in the longitudinal
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direction at different angles (0°, 45°, 90°, and 135°) and in the radial
direction at different heights (5 mm, 15 mm, 35 mm, and 65 mm) from
the cell base to the cell top, respectively. The visual image of this cell is
shown in Fig. 15a and f. The shape of battery casing became very
irregular after sidewall rupture. A large crack along the longitudinal
direction of the cell can be seen and the top cover of the cell is still in
relatively good condition. As shown in Fig. 15, the electrode assembly
around the nail tip is damaged severely but other region around the nail
keeps good contact. It suggests that internal short circuit mainly
occurred in the region around the nail tip at the early stage of nail
penetration, then propagated to other regions. The electrode assembly
close to the battery core was easy to damage than those close to battery
casing because of less constraint and violent chemical reaction in the
region close to the battery core. Note that there is no tube/mandrel in
this cell. Debris was full of battery core area due to internal airflow.
There were many metal particles with different sizes spreading all over
electrode materials. These brighter particles are possibly melted
aluminium current collector and can be observed on the surface of crack
part in Fig. 15a. There was a large amount of residue and molten debris
attached to the inner casing of the cell, which may be mainly compo-
nents of sparks and other products sprayed on the inner surface of bat-
tery casing.

Fig. 16 presents slice images of Test No. 1 at 100% SoC penetrated at
a speed of 6 mm/s and with a nail diameter of 8 mm (test condition 8 in
Table 3) in the longitudinal direction at different angles (0°, 45°, 90°,
and 135°) and in the radial direction at different heights (5 mm, 15 mm,
35 mm, and 65 mm) from the cell base to the cell top, respectively. The
visual image of this cell is shown in Fig. 16a and f. A long crack and a
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short crack are generated on the casing. The electrode assembly close to
the cell core was firstly damaged by nail because the diameter of nail
was more twice than the diameter of mandrel, then the electrode ma-
terials around the nail tip were shorted and heat generated, and gases
were released. Sidewall rupture happened in this cell under combined
effects of high internal pressure, high temperature, and malfunction of
the venting disk. As shown in Fig. 16f, venting holes are damaged and
there is only a hole pierced by the nail. In addition, there are no
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additional vents generated on the positive terminal of the cell. A cavity
was generated in the upper part of the cell because the pressure gener-
ated by gases and the nail pushed and moved the electrode assembly
forwards. A large cavity was also formed in the low part of the cell.
Similar to the phenomena presented in Fig. 15, there were some melted
aluminium particles with different sizes spreading all over electrode
materials and lots of molten fragments attached to electrode materials
and the inner case in the low part of the cell.
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Fig. 13. Evolution of fire behaviour for Test No. 2 at 100% SoC penetrated off-centre from the cell bottom with a penetrating depth of 5 mm (test condition 16 in

Table 3). (a) Front view, (b) side view, and (c) back view from IR camera.

To compare the internal structure of cells without experiencing
sidewall rupture during nail penetration, as shown in Fig. 17, four cells
listed in Table 3 with different testing conditions were scanned by CT.
The common features of these CT images were melting aluminium
particles spreading over battery electrodes, and the electrode assembly
was in a disorder state and most of the electrode materials were broken
into pieces under internal airflow. Fig. 17a presents the Test No. 1
pierced from the top cover of the cell at a speed of 0.5 mm/s (test
condition 9 in Table 3). The collapse in the upper part of the cell was
observed. This phenomenon is less common, and the possible reason is
that at high temperature the strength of the cell casing drops beyond the
point when it cannot support the structural integrity. Especially if the
internal pressure decreased quickly and fell below the atmospheric
pressure. This is possibly occurred when a large amount of gas is dis-
charged from venting holes in a very short time, creating a vacuum in-
side the cell. The cavity was detected by CT scan, which indicates to the
occurrence of such vacuum. Two melting aluminium balls were attached
on the top cover of the cell after test. These balls were from the inside of
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the cell and went outside via the venting hole. A lot of melting
aluminium particles with different sizes and brighter colour could be
found inside the cell, as shown in Fig. 17a. Fig. 17b presents the Test No.
1 with off-centre penetration from the cell bottom and with the pene-
trating depth of 10 mm (test condition 17 in Table 3). A large cavity was
generated inside the cell and the negative tab with a long and white line
shape was detached from the cell bottom due to damage during nail
penetration. For tests penetrated from the centre of the cell bottom with
two different nail diameters, as shown in Fig. 17c (test condition 14 in
Table 3) and 17d (test condition 12 in Table 3), a lot of residues accu-
mulated under the top cover of the cell. The components of the residue
possibly be sparks but were blocked by the top cover of the cell when
ejecting from the cell. The top cover of the cell was partly melted under
high temperature. These CT scan images show that the venting disk
played an important role in sidewall rupture.

Based on our test results, sidewall rupture of the cell was influenced
by many factors which included the penetrating depth of the nail, the
nail speed, the nail diameter, the penetrating location, and the cell SoC.



H. Chen et al.

(a) Front view

(b) Side view

(¢) Back view

Applied Energy 349 (2023) 121610

Fig. 14. Evolution of fire behaviour for Test No. 4 at 100% SoC penetrated from the centre of the cell bottom with a nail diameter of 4 mm (test condition 11 in

Table 3). (a) Front view, (b) side view, and (c) back view from IR camera.

The likelihood of sidewall rupture increased with the increasement of
nail speed, nail diameter, penetrating depth and SoC. Penetrating from
the top cover of the cell was easier to cause sidewall rupture than from
the bottom of the cell. As shown in Fig. 18, sidewall rupture is mainly
influenced by the casing strength, internal pressure, and the opening
area of the venting disk.

The casing strength for the given material depends on its strength
under high temperature and the thickness of the casing. As reported by
Lao et al. [10], the tensile strength of casing material monotonously
decreases with the increasing temperature, and the tensile strength at
800 °C drops to 5% of that at room temperature. The high temperature
influenced not only the casing strength, but also the thickness. The
previous study showed that there is an 12.7% reduction in casing
thickness compared with the fresh cell by CT scan [17]. Reduction in
thickness [58] and drop in tensile strength under high temperature lead
to the decline in casing strength. The internal pressure depends on the
gases released, internal space, and internal temperature. The gases
released are directly related to battery components, SoC, and heat
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generation. A cell with high SoC stores more energy than a low SoC,
which means that the exothermic reaction for a high-SoC cell is more
violent than a low-SoC cell and therefore more energy will be released
for a high-SoC cell. The more internal space is occupied by the thicker
nail and deeper insertion. According to the ideal gas law, the internal
pressure is also related to the internal temperature, which depends on
the heat generation inside the cell. The opening area of venting disk also
plays an important role in sidewall rupture. The venting disk may not be
open even the pressure inside the cell is greater than the given value if
the venting disk has a manufacturing defect, manufacturing error, or the
venting disk is damaged by the nail during penetration from the top
cover of the cell. All of them can lead to malfunction of the venting disk,
and therefore leading to the decrease in the opening area of the venting
disk, which further increases the risk of sidewall rupture. For example,
some tests, see Fig. 9a and Fig. 15f, showed that sidewall rupture
happened but the top cover of the cell was still in relatively good
condition.
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Fig. 15. Internal structure of Test No. 4 at 100% SoC penetrated at a speed of 100 mm/s (test condition 10 in Table 3). Photos after test from side view (a) and top
view (f) and slice images in the longitudinal direction at different angles (0°, 45°, 90°, and 135°) (b)-(e) and in the radial direction at different heights (5 mm, 15 mm,
35 mm, and 65 mm) (g)-(j) from the cell base to the cell top.

Fig. 16. Internal structure of Test No. 1 at 100% SoC penetrated at a speed of 6 mm/s and with a nail diameter of 8 mm (test condition 8 in Table 3). Photos after test
from side view (a) and top view (f) and slice images in the longitudinal direction at different angles (0°, 45°, 90°, and 135°) (b)-(e) and in the radial direction at
different heights (5 mm, 15 mm, 35 mm, and 65 mm) (g)-(j) from the cell base to the cell top.

4. Conclusions The mean maximum temperature at different measuring points is not
greatly influenced by those penetrating parameters. The mean mass loss
The behaviour of TR and sidewall rupture of high specific energy ratio of the cell with 100% SoC is greater than 45% under each test

21700-format LIBs under nail penetration were studied by a series of condition listed in Table 3, and the maximum of them is as high as 62.5%
tests. The results of post-mortem analysis and CT scan have provided an when penetrating off-centre from the cell bottom and with a penetrating
insight to understand the mechanism of sidewall rupture and TR. depth of 10 mm, but sidewall rupture is not observed, suggesting that
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Fig. 17. Internal structure of cells without sidewall
rupture. (a) Test No. 1 at 100% SoC penetrated from
the centre of the cell bottom at a speed of 0.5 mm/s
and with a nail diameter of 4 mm (test condition 9 in
Table 3), (b) Test No. 1 at 100% SoC penetrated off-
centre from the cell bottom at a speed of 6 mm/s
and with a nail diameter of 4 mm and the penetrating
depth of 10 mm (test condition 17 in Table 3), (c) Test
No. 3 at 100% SoC penetrated from the centre of the
cell bottom at a speed of 6 mm/s and with a nail
diameter of 4 mm and the penetrating depth of 20
mm (test condition 14 in Table 3), and (d) Test No. 3
at 100% SoC penetrated from the centre of the cell
bottom at a speed of 6 mm/s and with a nail diameter
of 8 mm and the penetrating depth of 20 mm (test
condition 12 in Table 3).
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Fig. 18. Influencing factors of sidewall rupture of lithium-ion batteries.

the internal pressure releases slightly slower than testing conditions
with sidewall rupture. The likelihood of sidewall rupture increases with
the increasing nail speed, nail diameter, penetrating depth and state of
charge when penetrating from the top cover of the cell. While the like-
lihood of sidewall rupture is little affected by the penetrating depth and
nail diameter for penetrating from the bottom of the cell because only
one test happened sidewall rupture due to malfunction of the venting
disk. The casing strength, internal pressure, and the opening area of the
venting disk are main factors which determine the sidewall rupture of
the cell or not. The results showed that the risk of sidewall rupture in-
creases greatly if the venting disk does not work due to malfunction,
blockage, and damage, etc. Therefore, adding a venting disk at the
bottom of the cell may increase the battery safety and reduce the risk of
sidewall rupture. Two typical fire-burst behaviours were observed based
on cells with or without sidewall rupture. More attention should be paid
to the fire burst from the side of the cell because the flame directly heats
the adjacent cells if there are no mitigation materials between cells. In
addition, penetrating off-centre from the bottom of the cell with a thin
nail and lower speed could provide relatively good reproducibility of TR
results. Note that the main conclusions are made based on 21700-format
cells with lithium nickel cobalt aluminium oxide cathode and are
therefore not universal because the sidewall rupture behaviour is
influenced by many factors. But this work can provide a reference for
analysing the sidewall rupture behaviour of cylindrical cells. Putting a
pressure sensor inside the cell would be a future work to investigate the
changes in internal pressure during TR.

The volume-averaged properties of battery component are popularly
used in current modelling study of TR. The current work will help un-
derstand the mechanism of TR and sidewall rupture of the cell under
mechanical abuse conditions. The insight of fire behaviour, tempera-
ture, residual mass, and internal structure of cell will help for the
development of a more accurate model in predicting TR and sidewall
rupture of the cell.
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Appendix A

(a) Front view

(b) Side view

Fig. Al. Evolution of fire behaviour of Test No. 1 at 100% SoC penetrated from the top cover of the cell with a nail diameter of 3 mm (test condition 7 in Table 3). (a)

Front view, and (b) side view.
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(a) Front view

(b) Side view

(c) Back view

Applied Energy 349 (2023) 121610

Fig. A2. Evolution of fire behaviour of Test No. 1 at 100% SoC penetrated from the top cover of the cell with a nail diameter of 4 mm and at a speed of 100 mm/s
(test condition 10 in Table 3). (a) Front view, (b) side view, and (c) back view from IR camera.
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