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Safety related incidents and accidents involving lithium-ion batteries (LIBs) are often in the news. Even

though catastrophic failure is rare, the high socioeconomic risks associated with battery thermal runaway

reactions cannot be overlooked, as demonstrated by recent high-profile events. Among all the known

types of battery failure modes, the internal short circuit (ISC) tops the list of the major safety concerns

for the lithium-ion battery. However, a clear picture of the LIB's electrochemical safety behavior in the

context of the ISC remains to be fully established. Herein we show that mechanical indentation

techniques are capable of producing highly repeatable and controllable ISC modes in a manner that

allows the electrochemical safety behavior of LIBs to be categorized based on the state of charge (SOC),

ISC resistance, and electrode area. Our results identify the fundamental mechanism(s) of various

electrochemical responses to the ISC through a combination of experiment, numerical simulation, and

analysis. With the understanding that complicated electrochemical phenomena occur after the triggering

of an ISC, we examine the safety boundaries and create an electrochemical behavior map for LIBs after

ISCs. We anticipate that this discovery will lead to new opportunities for battery safety design,

manufacturing, monitoring, and utilization with beneficial consequences to a battery-intensive, mobile,

and green society in terms of much reduced battery safety concerns.
1. Introduction

Currently, there are more than 2 million electric vehicles in
operation on the road with lithium-ion battery capacities in the
20–90 kW h range and more than 7 billion cellphones in active
use worldwide with battery capacities ranging from 1700 to
4000 mA h. Battery safety has attracted intensive attention
globally due to current trends in communication and mobili-
zation brought about by rapidly evolving versions of the smart
phone, tablet, laptop, and other electronic devices, and the
persistent increase in the number of electric vehicles.1–4

One of the fast-growing concerns in hazardous event
scenarios for LIBs involves events triggered by the inevitable
occurrence of mechanical deformation, crushing, and penetra-
tion.5,6 In particular, during themechanical loading process, LIBs
may experience mechanical deformation leading to an ISC that
evolves into a thermal runaway (TR). This process involves
a transient series of mechanical, thermal, and electrochemical
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events that evolve with time in a complex manner that has pre-
vented deeper understanding of LIB failure modes. A schematic
diagram illustrating the physical and chemical processes occur-
ring during a lithium-ion battery ISC event is shown in Extended
Data Fig. S1.† A number of previous studies that focused on the
processes outlined in Fig. S1† have attempted to (1) suggest
various ways to trigger an ISC, including thermal,7–10 electrical11–14

and mechanically-forced15–17 methods and (2) investigate the
electrochemical and thermal behaviour of LIBs aer an ISC.18–20

Plenty of experimental methods have been developed to
trigger an ISC. For the thermally triggered method, there are
phase change material methods developed by the National
Renewable Energy Laboratory (NREL) and NASA,7 and the
memory alloy method proposed by Ouyang's group.21 For the
electrically triggered method, fast charge/discharge over
charging/discharging and cycling can cause an ISC. To control
the ISC position, a metallic particle is retrotted into the
battery.22 For the mechanically triggered method, penetration,23

pre-holed separator methods24,25 and internal particles18 are all
popular supercial ISC trigger methods. Herein we describe
a mechanical indentation loading technique that allows us to
initiate an ISC in a LIB cell in a highly repeatable and control-
lable ISC modes way. Combined with experiment, numerical
simulation, and analysis, our results identify the fundamental
mechanism(s) of various electrochemical responses to an ISC.
With the understanding that complicated electrochemical
J. Mater. Chem. A, 2018, 6, 21475–21484 | 21475
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phenomena occur aer the triggering of an ISC, we examine the
safety boundaries and create an electrochemical behaviour map
for LIBs aer ISCs.

The electrochemical and thermal behaviour of LIBs aer an
ISC is complex and random. Evidence has shown that the ISC
types (e.g. anode–cathode, anode–current collector, cathode–
current collector and current collector–current collector
types),18 mechanical stress26 and material melting27 can all
affect the ISC process. Due to these reasons, the absence of
reproducible testing methods and the difficulties associated
with observing the evolution of internal material chemistry and
structural transformation have provided much of the under-
standing of the fundamental mechanism(s) of supercial ISC-
to-TR. Herein we describe a mechanical indentation loading
technique that allows us to initiate an ISC in a LIB cell in
a highly repeatable and controllable ISC mode way. Combined
with experiment, numerical simulation, and analysis, our
results identify the fundamental mechanism(s) of various
electrochemical responses to an ISC. With the understanding
that complicated electrochemical phenomena occur aer the
triggering of an ISC, we examine the safety boundaries and
create an electrochemical behaviour map for LIBs aer ISCs.
2. Experimental
2.1. Penetration test

The experimental equipment is shown in Fig. 1a and Table S1.†
The battery samples were supplied by HUAWEI company and
charged to the denoted SOC value by the BK6808AR recharge-
able battery performance testing equipment with a controlling
computer. Then, batteries were placed on the compression test
platform (110 mm diameter), and two electrodes were con-
nected to an Agilent 34410A digital voltmeter (as shown in
Fig. 1b). The LIB surface temperature was measured in situ by
ANBAI AT4508 multi-channel temperature sensors and K-type
thermocouples. The platform was installed on an INSTRON
8801 universal material testing machine. At the same time, the
phenomenon of the experiment was recorded using a camera.

A steel particle with a 2 mm diameter was placed in the
center of the geometry of a battery (as shown in Fig. 1b and c).
When the experiment was carried out, the platform moved up
and squeezed the foreign matter into the battery.

In the meantime, the cell voltage and potentials for both
cathode and anode variations with the SOC are also demon-
strated in Fig. 1d and e, providing a clear picture of the elec-
trochemical status of cells with various SOC values in our study.
2.2. Contact resistance measurement experiment

An INSTRON 2345 universal material testing machine was used
as the mechanical testing platform for tests. The contact resis-
tance was measured using an Agilent 34420A digital voltmeter.

Short-circuit resistance of all four contact forms was
measured, i.e., (I) An–Ca, (II) Ca–Cu, (III) An–Al, and (IV) Al–Cu (as
shown in Fig. 2a). According to the corresponding combination
forms, these samples were placed on the compression test plat-
form and two electrodes were connected to the digital voltmeter
21476 | J. Mater. Chem. A, 2018, 6, 21475–21484
(as shown in Fig. 2b and c). The battery electrode samples were
cut into rectangle shapes with 80 mm length and 50 mm width.
The contact area is a circle with a 10 mm diameter. In the contact
region, the active material was shaved off and lost a hole in the
diaphragm (as shown in Fig. 2d). The activematerial in the sensor
connection area was shaved off. During the experiment, the press
head moved down to contact the electrode. The relation between
the contact force and contact resistance is determined.
3. Simulation methods
3.1. Modelling and calibrating the nite element (FE) model
of an LIB

A detailed FE model was built in this paper, consisting of
a cover, anode, cathode, separator and current collector as
shown in Fig. 3a. The geometry and material parameters of the
LIB are shown in Table S2.†

The material of the separator is PE ceramic coating, and
there are no obvious anisotropic properties as determined
through the tension experiment. The material of the cover is an
aluminium plastic lm with no anisotropic properties. Thus an
elasto-plastic model is used for these two materials. The shear
element is used for the battery cover, while the solid element is
used for the separator.

A one-layer cathode/anode is a sandwich structure consisting
of a middle Al/Cu shell and the outer porous LiCoO2/LiCx. The
elasto-plastic model is used for the Al/Cu shell while the crush-
able foammodel is used for porous LiCoO2/LiCx. A one-layer shell
(current collector) with a two-layer-solid (activematerials) method
is used to simulate the anode and cathode; the shell and the solid
share the same nodes in the contact surface as shown in Fig. 3a. A
penalty contact method is used for other contact surfaces.

Both tension and compression tests were setup to calibrate
the cathode/anode model. 5 mm � 60 mm rectangular speci-
mens of the cathode/anode with a current collector are chosen
for tension tests while 20 stake layer wafers with a radius of
8 mm were chosen for compression. An INSTRON 8801 with
a maximum loading of 100 kN and an INSTRON 2345 with
a maximum loading of 5000 N were used for compression and
tension tests separately due to different load ranges. As shown
in Fig. S4a–d†, both compression and tension tests can calibrate
well with the simulation results of cathode/anode models.

Tension tests were setup for calibrating separator and cover
models. A 5 mm � 60 mm rectangular specimen of the cover
and separator were chosen for tension tests. As shown in
Fig. S4e and f,† the tension tests can calibrate well with the
simulation results.

The FE model was used to predict the mechanical behaviour
of the penetration test. In the simulation setups, the platform is
xed and the indenter is given forced displacement. Fig. 3b
shows the calibration results and it proved that the FE predicts
well under particle penetration.
3.2. Multi-physics method of the LIB

The multi-physics model of the LIB consists of a total of 5 sub
models (e.g. mechanical model, thermal model, short-circuit
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Design of the penetration experiment for an LIB: (a) testing equipment illustration, (b) experimental platform and sensor measurement
point indication, and (c) construction and geometrical information of a prismatic pouch cell. (d) Cell voltage change with the SOC variation and
(e) potential change for various SOCs for the cathode and anode, respectively.
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model, battery model and thermal runaway model as shown in
Fig. 3c) to describe the short-circuit behaviour. The main
equation of those models has been described in Table. S3.†

A single particle battery model is used to compute the voltage
drop and heat produced; the charge/discharge characteristic
curve is shown in Fig. S3.† The mechanical model with
homogenized material properties of components is used to
compute themechanical stress and deformation eld under ISC
conditions. The ISC model is built to calibrate the ISC resis-
tance, ISC position and heat produced. The thermal runaway
This journal is © The Royal Society of Chemistry 2018
model is used to calculate the heat caused by a thermal
runaway. Note that, the thermal runaway model only considers
the main chemical reactions (SEI decomposition, anode–elec-
trolyte reaction, cathode–electrolyte reaction and electrolyte
decomposition28) for necessary simplication. The thermal
model is also used to calculate the heat transfer. The geometric
boundary of the thermal model is determined by the mechan-
ical model.

The trigger of an ISC can be determined by the mechanical
stress.15 The critical stress sc can be set for an ISC criterial.
J. Mater. Chem. A, 2018, 6, 21475–21484 | 21477
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Fig. 2 Measurement of electrode contact resistance. (a) Four types of contact, (b) experimental equipment diagram (c) experimental situation
diagram, and (d) test samples.
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Considering the four types of ISC modes that occur at the same
time, the initial ISC resistance is assumed by equivalent elec-
trical conductivity aer the ISC is triggered. Aer the ISC trig-
gered, the separator and current collector melting lead to the
change of ISC resistance in a specic location. The Arrhenius
equation is used to predict the melting phenomenon. The
melting of the current collector (Cu/Al) will increase the resis-
tance while the melting of the separator will produce a new
short-circuit contact; thus the relationship of electrical
conductivity and the melting state can be assumed in the
functions.
4. Results and discussion

Typical relationships among mechanical loading, voltage and
temperature with time evolution upon the ISC are well depicted
in Fig. 1.

For the 5% SOC cell (Fig. 4a), aer the contact of the steel
ball with the pouch wall, the force was increased continuously
up to about 282 N at t¼ 66 s, at which point the force drastically
dropped to about 21 N accompanied by the indicated voltage
drop, revealing the point of internal short related discharge of
the cell. The force rose again as the steel ball was continuously
pushed against the electrode assembly. Regardless of the force
change, the cell voltage continuously decreased and levelled off
at 0.4 V. During the internal short, the cell temperature rose by
11 �C. Thus, the thermal runaway is not triggered in this case,
but rather the cell's electrochemical discharging dominates the
entire process.

However, for the cell with SOC ¼ 60%, several voltage drops
and recoveries (5 downward spikes) are observed in Fig. 4b.
21478 | J. Mater. Chem. A, 2018, 6, 21475–21484
Eventually, the cell voltage drops to zero. During this process
the voltage drop is always accompanied by a drop in the force
and an increase in the temperature.

In the high SOC case, i.e., SOC ¼ 95%, the cell voltage
exhibits four key response points in time (Fig. 4c and Video 1†):
At Point A the cell voltage drops to a low value as the force drops;
at Point B the cell voltage uctuates near the indicated value for
about 3 seconds, accompanied by smoke; at Point C the cell
voltage falls sharply to zero with a breakout of re; at Point D
the cell burns violently and produces a signicant amount of
heat. We surmise that at Point A thermal soening of battery
components led to the force drop. Starting from Point B, the
battery electrochemical process dominates the process early on
(the temperatures are lower than 200 �C). As the temperature
rises, the chemical reactions gradually dominate the failure
evolution behaviour until Point C is reached. The cell temper-
ature then increases sharply to �650 �C shortly aer Point D is
reached, i.e., corresponding to the thermal runaway.

Internal material deformation and electrical behaviour of
the LIB cells subjected to ball indentation are difficult to char-
acterize in situ; therefore, we developed two detailed computa-
tional models to reveal the mechanical mechanism driving the
ISC trigger event and the subsequent diffusion process leading
to a short-circuit. The deformation and fracture of each
component are computed using a detailed mechanical nite
element (FE) model that takes account of the cover, anode,
cathode, separator, and current collector (Simulation methods
section and Section 3 of the Extended Data†). In a correspond-
ing manner, the complicated electrochemical behaviour is
predicted through a rational framework computational method.
Sub-models (i.e., a battery model, a mechanical model, an ISC
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) FEM model of the LIB, detailed mesh and modeling method. (b) Mechanical verification: particle (2 mm) penetration of the LIB. (c)
Coupling method and schematic algorithms for the models.
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model, a thermal model, and a thermal runaway model) are
proposed to account for each critical milestone event during
ball penetration. Among them, the mechanical model is used
for the loading process before the ISC; the battery model and
the ISC model are used together to describe the electrochemical
behaviour during the ISC; and the thermal runaway model
serves to depict the thermal runaway behaviour. The four
mentioned sub-models are coupled with the thermal model.
(Detailed information about the modelling can be found in the
Simulation methods section and Section 4 of the Extended
Data†)

Taking the cell with SOC ¼ 60% as an example, at Point 1 in
Fig. 5a no change in the voltage drop and the load drop is
observed during the experiment. However, current collector
failure occurs before Point 1, as evidenced by the simulation
results (Fig. 5a). At Point 2, it is clear that a small voltage drop
(�12 mV) started earlier than the force drop indicating that
a Ca–An direct touching happens due to failure of the separator.
This form of contact corresponds to a larger ISC resistance,
This journal is © The Royal Society of Chemistry 2018
based on experiment we performed to calibrate the resistances
of all four available ISC types, i.e.: (I) An (anode)–Ca (cathode),
(II) Ca–Cu (Cu anode collector), (III) An–Al (Al cathode
collector), and (IV) Al–Cu (Extended Data Fig. S3†). At Point 3,
the cell voltage and load drop simultaneously due to the frac-
ture of cathode active materials (Fig. 5a), leading to a smaller
ISC resistance and a larger discharge current. Once the ISC
evolved into Point 4 status, anode active materials failed
(Fig. 5a) and sparked the Al–Cu type ISC with an extremely small
resistance (Extended Data Fig. S3†). With the aid of the
computational model, we can vividly observe the progressive
(Point 1 to Point 4) failure of the current collector, separator,
anode, and cathode with increasing ball penetration.

An ISC cell can be regarded as a complete circuit by itself
wherein the internal resistance and ISC resistance are in series.
Thus, the resistance change is responsible for the sudden drop
of the measured voltage. Two typical voltage drop responses
were extracted from the experimental results: a slight drop (e.g.
Point 2 to Point 3 in Fig. 5a) due to the large contact resistance
J. Mater. Chem. A, 2018, 6, 21475–21484 | 21479
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Fig. 4 Load–, voltage and temperature–time curves for batteries at different SOC values, including (a) low SOC (5%), (b) medium SOC (60%) and
(c) high SOC (95%), after a foreign body (a 2 mm-diameter ball) was pressed into the cells at a speed of 1 mm min�1.
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produced by the contact of the positive and negative electrodes
without the Al–Cu contact (i.e., minor ISC, case 1) and a sharp
drop (e.g., Point 3 in Fig. 5a) caused by the direct Al–Cu contact
(i.e., resulting in a major ISC, case 2).

Through simulation, we predict two types of failure modes
aer point 1, i.e. case 1 and case 2 (Fig. 5a). Case 1 is the same as
discussed above (Fig. 5a). For case 2, the major ISC initiates
directly and earlier than Case 1 perhaps because the fractured
current collector produces some sharp tips that penetrate the
21480 | J. Mater. Chem. A, 2018, 6, 21475–21484
separator and electrode active materials leading to an Al–Cu
contact. The randomness is believed to be caused by the failure
of the current collector and roughness of the edge shape.

We surmise that once the major ISC is triggered, there are
three typical modes of ISC evolution in our designed experi-
ments. Mode I represents the voltage drop to a signicantly
lower value with a plateau, and then subsequently a further
drop to 0 in high SOC cells. Mode II denotes the voltage drop to
a low value and then recovery to a stable value (smaller than the
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Utilized simulated analysis to demonstrate the mechanism of the electrical behaviour of an LIB: (a) during penetration before a major ISC
(FE model) and (b) during penetration after a major ISC (sub-models).
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original voltage) inmedium SOC cells, andMode III refers to the
voltage drop to a low value followed by a gradual drain to 0 in
low SOC cells. The simulations from the sub-models replicate
the trends for all three modes of the experiments as shown in
Fig. 5b. In part the melting of the separator and current
This journal is © The Royal Society of Chemistry 2018
collector both in high/medium SOC cells is replicated as well.
The differences are that separator melting stops aer 2 s for
60% SOC cells but is extended for 95% SOC cells (Videos 2 and
3†) Those results indicated that themelting of the separator and
current collector diffusion determined the evaluation process of
J. Mater. Chem. A, 2018, 6, 21475–21484 | 21481
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the ISC. Thus, we dene a so ISC as what happens when
current collector melting (60% SOC cells for example or no
melting in low SOC cells) is dominant, while a hard ISC happens
when separator melting is dominant (95% SOC cells for
example).

Based on the observed experimental phenomena and
mechanism analysis, Fig. 6a summarizes the mechanical load
induced cell failure mode and corresponding thermal behav-
iour. Fundamentally, the stress governs the triggering of
different ISC types (minor ISC/major ISC) where the mechanical
failure of separator, cathode, and anode may trigger and/or
cause a combination of different ISC modes. With the evolu-
tion of stress upon the indention loading, the current collector
fails leading to a separator dis-function, such as, to trigger the
Ca–An mode ISC. At that time, a minor voltage drop occurs (i.e.,
minor ISC). As the indentation proceeds, the electrodes fail and
cause the Cu–Al mode ISC with an obvious voltage drop (i.e.,
major ISC). In particular, the features of battery components
aer the ISC are also shown in Fig. 6b (take SOC ¼ 60% for
example). For the minor ISC, we unloaded the cell right aer the
so ISC occurred (as evidenced by the drop-in voltage) and
immediately disassembled it. Evidence of compressive defor-
mation and a small hole was found in the separator. No
signicant perforation was detected on the electrode surface
but cracks were observed on the edge of the extruded area due to
Fig. 6 The electrical behaviour modes andmechanisms of the cells upon
thermal runway/non-hazardous situation and principles of multi-field cou
ISC (left) and major ISC (right).

21482 | J. Mater. Chem. A, 2018, 6, 21475–21484
large deformation. Similarly, for the major ISC, which brings
with it a voltage drop-recovery situation (Fig. 6b), we also
unloaded and disassembled the cell aer the onset of the major
ISC. In this case, extruded areas of the separator were found to
have melted (as shown in the separator related image in
Fig. 6b). The local areas beside the extruded point were also
melted and consequently cut off the current path to stop further
discharging of the cell. This allowed the recovery of voltage to
a slightly lower but stable value (Fig. 6b).

Alternatively, the current collector failure may lead to
collector tip penetration into the separator and electrode active
materials, which can cause a major ISC directly. The starting
point for describing the electrochemical behaviour of the cell
until now is triggered fully by the mechanical response of the
materials. Aer that, the evolution of the electrochemical
response becomes dominant. The onset of the major ISC causes
a drastic heat generation leading to an increase in the local
temperature, followed by melting of the separator (m.p. ¼ 130
�C) and the current collectors as well (m.p. of Al¼�600 �C, m.p.
of copper¼�1100 �C). If the local heat is generated fast enough
and the temperature is high enough, more than one component
could be melted. The melting behaviour ultimately determines
whether the drop in voltage is recoverable (so ISC) or not (hard
ISC). For instance, the drop in voltage of the 60% SOC battery
recovered but the 95% SOC battery did not. The local heat
mechanical loading. (a) The evaluation from themechanical loading to
pling. (b) The characterization of the two ISC types, including theminor

This journal is © The Royal Society of Chemistry 2018
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melted the collector and cut down the current for the 60% SOC
case, while it was too large to make the separator melted area
extend rapidly even though the collector was also melted for the
95% SOC case. Thus, the hard ISC occurred when SOC ¼ 95%
and the so ISC occurred when SOC ¼ 60%. In the meantime,
the heat of 5% SOC LIB was too low to melt a collector but
separator of a local limited area. Once the so ISC occurs or in
a low SOC situation, the cell stays in a non-hazardous state
while for the hard ISC case, an inevitable thermal runaway
occurs.

Using the computational models, we are capable to investi-
gate the full spectrum of safety behaviours of the lithium-ion
cells. The results are summarized in Fig. 7. Intuitively, SOC
and resistance should serve as governing factors to determine
the safety of a lithium-ion battery aer the ISC. Here, SOC, Rr

(ISC resistance), and RrA (product of ISC resistance and contact
area) are used as dominant variables. The initial SOC deter-
mines the maximum energy released during an ISC. Thus, when
the SOC is low enough, the cell will remain safe even if a hard
ISC is triggered (the low SOC boundary could be around SOC <
0.2). Based on the contact resistance experiments we discussed
above, the initial area resistance (RrA, if A stays the same, such
as in indentation) determines the ISC type. A minor ISC does
not include the Cu–Al contact, so RrA ranges between
122 Umm2 (the minimum value of the Cu–An, Al–Ca and An–Ca
contact) and 300 U mm2 (the maximum value of the Cu–An,
Al–Ca and An–Ca contact). RrA values for a major ISC range
between 4 U mm2 (the minimum value of the Cu–Al contact)
and 50 Umm2 (the maximum value of the Cu–Al contact). In all
cases, the resistance is measured with an Agilent 34420A digital
voltmeter and the contact area is determined by the indentor
contact area. Detailed data are shown in Extended Data
Fig. S4e.†Note that if the Cu–Al contact happens, a fusing Al–Cu
interface is produced with rising temperature and the electrical
Fig. 7 The safety boundary of the LIB after an internal short circuit
based on the multi-physics model. The ISC form will be identified by
the distribution of RrA– axial value: 5Umm2� 50Umm2 formajor ISC
cases and 122 Umm2 and 300 Umm2 for minor ISC cases. RrA, Rr and
SOC together determine the extent of the danger.

This journal is © The Royal Society of Chemistry 2018
resistivity of the Al–Cu contact is drastically reduced to around
45 to 85 mU cm.29 Clearly, more initial ISC heat will be produced
when RrA is smaller.

In the minor ISC zone it is still possible for a thermal
runaway to be directly triggered if the contact area is large
enough (not observed in our experiments due to constant
contact area). The major ISC zone may be divided into 4 types as
illustrated in Fig. 7A and is a so ISC with insufficient heat to
cause separator melting; Fig. 7B and D illustrate hard ISCs
dominated by separator melting; Fig. 7C illustrates a so ISC
with current collector melting. The two hard ISC types are both
caused by separator melting. This evolution map gives us
comprehensive insights into LIB safety evaluation aer an ISC is
triggered.
5. Conclusions

In summary, we have discovered different electrochemical
behaviours of a lithium-ion cell upon the initiation of an ISC
using a highly reproducible mechanical penetration method.
Multi-physics computational models and physical tests prove
that mechanical deformation, stress distribution, and failure
processes acting together determine the particular mode(s) of
the ISC, such that voltage change and temperature rise may lead
to different levels of safety performance for LIBs. A full spec-
trum safety mechanism map is developed that should provide
useful fundamental guidance for lithium-ion battery safety
design, evaluation, prediction, and protection.
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