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HIGHLIGHTS

e The principle of floating can is discussed as safety element of automotive LIB cell.

o The safety impact of floating can in a prismatic cell is qualitatively investigated.

o The internal short circuit current is quantitatively measured depending on cans.

e ARC demonstrates the thermal equivalence between floating can and can on potential.
o The experimental methods of nail penetration are optimized and summarized in detail.
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1. Introduction

ABSTRACT

Thermal runaway (TR) can be initiated by the heat dissipated from an internal short circuit (ISC). In prismatic
cells, a crucial type of ISC is located between the cell can on positive potential and the first anode layer. To
enhance the safety, the potential of the can could be adjusted by increasing the ISC resistance, i.e., realizing a
floating can, whereas a universal automotive prismatic cell has a can on potential in contrast. This work dem-
onstrates that the floating can mitigates the ISC current and possibly prevents ISC from leading to TR using an
advanced needle penetration test. Moreover, the ISC current was quantitatively measured, proving that there is
no significant ISC current between floating can and outmost anode, while the ISC with can on potential can cause
TR. To demonstrate that such difference originates only from the increased resistance, the equivalence in thermal
behaviors between the two types of cans was analyzed by a heat-wait-seek test in an accelerating rate calo-
rimeter. This work provides not only a guidance on designing a safer prismatic cell but also a prospect how the
optimized needle penetration test can bring a deeper insight into the internal processes of Lithium-ion cells
during mechanical abuse.

propagation [4,6]. Especially for the development of battery electric
vehicles (BEVs), it is desirable to increase the volumetric energy density

Lithium-ion batteries (LIB) have been widely applied in consumer
electronic devices and electric vehicles as energy storage systems
because of their high energy density and long cycle-life [1-5]. As the
energy density of the single Lithium-ion cell increases due to advances in
cell chemistry and cell mechanics, the potential safety issues of cells are
becoming more pressing, i.e. thermal runaway (TR) and thermal
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of the Lithium-ion cell due to the limitation for a further volumetric
expansion of the battery pack, which amounts to currently 220-400 1
depending on the size of the BEV [4]. In order to increase driving range
and power of BEVs by increasing capacity of the Li-ion battery, cathode
active materials with higher reactivity are being applied like NMC with
higher Ni ratio [7]. As an example, the capacity of the Li-ion battery
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pack in the BMW i3 has been improved from 60 Ah over 94 Ah to 120
Ah. Along with this general trend of increasing reactivity of the cells,
however, a concern in safety has been growing. In 2013, the main bat-
tery pack of a Boeing 787 flight from Yamaguchi to Tokyo caught fire. It
is assumed that the accident was caused by a cell internal short circuit
(ISC) [4,8,9]. Between 2015 and 2018, a total of 15 fire incidents of
BEVs (Tesla Model S x 7, BMW I3 x 4, Smart x 2, VW E-Golf x 1, Rimac
One x 1) were reported in Europe. In 2019, 113 fire incidents took place
only within China. Some incidents occurred while driving (38), while
the remaining ones took place in vehicles in stationary states, which
were either charging (24) or parking (38) [9]. Compared to other elec-
tronic devices such as laptops or phones, a thermal runaway in BEVs is
more critical, since battery packs in BEVs consist of a large number of
cells connected in series and parallel and an enormous amount of
thermal energy can be emitted during TR, if propagation is not pre-
vented within the battery pack [6,10-12].

One of the main causes for a TR is an internal short circuit, which
generates so much heat that the local temperature reaches the onset
temperature of exothermic reactions within a LIB cell, e.g. SEI decom-
position or cathode decomposition [4,13]. Under many different abuse
scenarios, ISC appears to trigger ultimately the TR, e.g. mechanical
abuse (deformation of separator leads to ISC), electrical abuse (separator
pierced by dendrite results in ISC) or thermal abuse (shrinkage or
melting of separator causes ISC) [4]. Also metallic defects or contami-
nations within a cell e.g., a small metal impurity inserted during a
production process can cause an ISC when the metallic impurity perfo-
rates insulating layers due to swelling forces or by a mechanical defect
[3,4,14,15].

Two common battery formats for BEVs, namely, prismatic and cy-
lindrical Li-ion cells employ a metallic can, typically made from
aluminum or stainless steel, which surrounds the jelly roll(s) or stack(s)
in the cell. For prismatic cells with aluminum can the potential of the can
should be higher than >1 V vs. Li/Li* so that an alloying reaction be-
tween lithium cations from the electrolyte and the aluminum from the
cell can is inhibited [16]. To ensure this, the potential of the cell can is
typically fixed to the potential of the cathode. For that reason, an ISC is
generated, if an electrically conductive particle connects the outermost
anode layer in the jelly roll and the aluminum can. As a safety measure
to limit the current of this undesirable ISC, a high resistance between the
positive terminal and the cell can could be introduced. A cell can con-
nected over an increased electric resistance to the positive terminal is
called floating can, while a conventional Li-ion cell can is directly con-
nected to the positive terminal and is called can on potential in the
following. The floating can is realized by introducing a highly resistive
synthetic between the cell can and the rivet, which connects the positive
terminal to the cathode. This is schematically shown in Fig. 1b).

If an ISC is induced by a metal impurity between can and outermost
anode, four resistances define the ISC current: the inner resistance of the
cell (Ry), the resistance between can and anode (Rca), the resistance of
the inserted particle (Rparticle) and the resistance between cell can and
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cathode (R¢c). If a particle between can and anode results in an ISC in a
Li-ion cell with can-on-potential, substantial current can flow during ISC
with low resistance, Risc, can on potentials Since Rec is not present. How-
ever, such a high current can be prevented by applying floating can
because of the considerably escalated resistance, Rcc > 1 k Ohm.

RISC, can on potential =~ Ri + Rca + Rparlicle
RISC, floating can ~ Ri + Rca + Rparticle + Rec

In this investigation, ISCs were deliberately triggered using advanced
needle penetration tests, to evaluate the resilience of Li-ion cells towards
an ISC depending on the type of can. As Huang et al. suggested, there are
mainly three challenges in a conventional nail penetration test: 1) a
large size of used nail with 3-20 mm, 2) relatively high penetration
speed like 8 cm/s or greater and 3) temperature measurement on the
surface of the cell, hence no information about the local ISC spot inside a
cell can be obtained [13,17]. To overcome those three challenges, the
following measures were applied in this work.

1. A thin stainless needle with 1 mm diameter was driven into the cell,
limiting the mechanical and thermal impact of the needle on the cell
under test; the damage caused by the needle on the cell can was kept
to a minimum and the siphoning of thermal energy from the inside of
the cell over the needle to ambient air was reduced.

2. The needle penetrated the samples with a slow penetration speed,
0.01-0.03 mm/s. As the thickness of components of automotive cells
can be quite small, e.g., the current collector foils are roughly 10 pm
in thickness, the needle penetration speed has to be slow in order to
understand the effect of individual layers.

3. The ISC current is measured indirectly by replenishing the lost cell
capacity due to the ISC with a power supply set to constant voltage
mode and connected to the cell. In this manner, it is still not feasible
to measure the exact local temperature in the ISC area, but it is
possible to quantify the amount of ISC current depending on the type
of ISC.

Additional details covering the experimental techniques are given in
the following chapter.

This work aims to study mainly the influence of the type of can on
thermal runaway features of an automotive LIB prismatic cell using
needle penetration test. The only difference in the tested cells lies on the
connection of the can to the positive terminal, it is either directly con-
nected (can on potential) or connected via a resistor (floating can).
Besides the type of can, all tested cells have the same design in terms of
capacity (34Ah), chemistry and cell mechanics, which allows to inves-
tigate the influence of the type of the connection between can and the
positive terminal.

In the first part of this study, cell voltage and three temperatures on
cell surface are investigated during needle penetration tests to qualify
the thermal stability of the Lithium-ion cell, depending on the resistance
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Fig. 1. Li-Ion cell with can on potential (a) and cell with floating can (b).
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between cathode and cell can. Every cell was studied under compres-
sion, since Lithium-ion cells in EVs are assembled in modules, which are
compressed in order to prevent lithium plating due to insufficient con-
tact between the electrodes [18-20]. The obtained results demonstrate
that a floating can effectively makes the cells more resilient towards an
ISC and prevents a thermal runaway, whereas cells with can on potential
experienced severe thermal runaways with hazard levels >4.

In the second part, the method to measure ISC current is studied and
the measured ISC current is quantified depending on types of ISC, e.g.,
ISC between cell can and the outermost anode and ISC between cell
layers.

Lastly, the equivalence of the two types of cells in terms of thermal
behavior is validated by accelerating rate calorimeter (ARC) tests.

2. Experimental
2.1. Needle penetration test

15 needle penetration tests were carried out to study the impact of
the floating can on the safety of LIB cells qualitatively and two addi-
tional needle penetration tests were conducted to measure the internal
short circuit current quantitatively depending on the type of can.

2.1.1. Linear actuator

All needle penetration tests were conducted using a linear actuator
manufactured by Fritz Automation GmbH. A fixed needle can move
laterally with speeds from 0.01 to 15 mm/s. Applied forces onto the
needle, voltages and temperatures are recorded.

2.1.2. Cell preparation

All tested 17 LIB cells (two jelly rolls, cathode as blend out of
NMC111, NMC622 and NCA and anode out of graphite) were fully
charged to 100 % state of charge (4.2 V, 34 Ah) by a battery tester at
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room temperature using a constant current (C/3) - constant voltage
(break at I < 1A) protocol. Before charging, every LIB cell was com-
pressed to 5 kN by two stainless-steel plates (210 x 79 x 15 mm?) with a
hole (diameter 15 mm) as shown in Fig. 2a) and b). The applied force is
defined in the range of the force that is applied in the real BEV LIB
module application and the dimensions of the plates were chosen to
compress the entirety of the jelly rolls within the cell.

2.1.3. Test protocol

For every test, needles with a diameter of 1 mm, a length of 60 mm
and tip angle of 60° were used. An overview of the performed tests is
shown in Table 1. In the first part of tests (1-12), LIB cells were pene-
trated with controlled speeds (0.01, 0.02 or 0.03 mm/s) until a TR was
observed. This was done to compare the critical penetration depth of
cells with a floating can and those with can on potential. For each
penetration speed, the penetration depth to achieve a thermal runaway
was determined twice. Next, three cells with floating can were pene-
trated at three different speeds, deep enough to achieve an ISC, but not
deep enough to trigger a TR (tests 13-15). This was carried out to study
the resilience of cells with floating can against ISC. During those needle
penetration tests, the following parameters were measured 1) cell
voltage, 2) voltage between needle and positive terminal (Vyp), 3)
voltage between needle and negative terminal (Vny), 4) force applied on
needle and 5) temperatures on the surface of cells (on vent, positive and
negative terminal) using K-type thermocouple. As the last part, for the
quantitative study of the ISC current, the LIB cell was connected via a
shunt (40 A, 75 mV) to a power supply (4.2 V, 6 A) as a parallel circuit.
In this design, any voltage drops originating from an ISC will be
compensated by the power supply to the equivalent voltage of the LIB
sample cell in 100 % state of charge, 4.2 V with maximum 6 A. The
voltage of the shunt (Vg) was measured additionally, and it was
mathematically transformed into current. Since the current flows from
power supply over shunt to the cell exactly as much as required to
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Fig. 2. Test conditions: compressed sample (a), picture of a compressed LIB cell in lab (b), test design for qualitative evaluation of cell type on TR (c) and test design

for quantitative measurement of ISC current.
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Table 1
Protocol for needle penetration tests.
Test Type of cell can Speed of penetration [mm s '] Measurement of V Note
Veen Vnp VN Ven
1 Can on potential 0.01 v v v - penetration until TR (In test 2 and 6, only d was determined.)
2 0.01 v - - -
3 0.02 v 4 v -
4 0.02 v 4 v -
5 0.03 v 4 v -
6 0.03 v - - -
7 Floating can 0.01 v v v - penetration until TR
8 0.01 v 4 v -
9 0.02 v 4 v -
10 0.02 v v v -
11 0.03 v v v -
12 0.03 v 4 v -
13 Floating can 0.01 v v v - Soft short
14 0.02 v 4 v -
15 0.03 v 4 v -
16 Can on potential 0.01 v - v v Measurement of ISC-current
17 Floating can 0.01 v - v v

replenish the voltage loss from ISC, it can be assumed that this current
(Ish) is equivalent to the ISC current. In this supplementary circuit,
however, the extent of ISC could be larger than the real ISC where a LIB
cell is discharged by ISC, since the lost capacity would be compensated
to 100 % state of charge.

From the signal of needle force the penetration depth (d) was derived
by noting the point of first contact with the cell can and taking the
thickness of the cell can (0.69 mm) into account. Furthermore, using two
voltage signals between needle and terminals, the penetration depth (d)
could be optimized as penetration depth from the contact to can (dcan)
by the exact turning moment to Vyy = 0 and Vyp = 4.2 V and as
penetration depth from the contact to anode (danode) by the transition
moment to Vyy = 4.2 and Vyp = 0 V. All data in the first and second part
of tests were recorded by the data acquisition belonging to the linear
actuator (100 Hz) and the third part of tests were recorded using
Gantner measuring system (100 Hz).

2.2. Accelerating rate calorimeter

2.2.1. Calibration of EV accelerating rate calorimeter

For the ARC tests the extended volume (EV) accelerating rate calo-
rimeter, manufactured by the company Thermal Hazard Technology
(THT, Bletchley, Milton Keynes, United Kingdom), was used. Its internal
size amounts to 24,540 cm® with 25 cm diameter and 50 cm depth and it
has one heater and one thermocouple located in the lid and in the bot-
tom; and two heaters and thermocouples (all type N) in the sidewall. The
EV ARC allows a tracking of the temperature and temperature rates and
operates in (quasi-)adiabatic mode. This means that the cell cannot
transfer heat to the calorimeter walls, which represents worst-case
conditions. The ARC was calibrated according to the manufacturer
recommendations using the calibration mode. A dummy made of
aluminum with similar dimensions and heat capacity as the cell and the
same thermocouple arrangement were used. In calibration mode, the
heater power settings are optimized for uniform heating by determining
calibration offsets between the thermocouples. After the calibration, a
drift check, which is a standard Heat-Wait-Seek test with the dummy,
ensures that the self-heating and self-cooling rate of the dummy stays
below 0.02 °C/min.

2.2.2. Cell preparation

Before the ARC test, all four LIB cells (34 Ah) were cycled three times
by a battery tester at room temperature using the protocol with a con-
stant current (C/3) - constant voltage (at 4.2 V until [ < 1/10C) with a
30-min rest after charging and discharging. After this capacity check, the

cell under test was charged to a state-of-charge of 100 % (SOC100) and
mounted in the calorimeter chamber. Then, type K and type N ther-
mocouples were attached to the cell with the high temperature resistant
adhesive tape. One is in the center of the wide cell surface of the front,
which is the main or so-called bomb thermocouple (Type N) that con-
trols the calorimeter temperature. Another thermocouple (Type K) was
added on the vent and the cell voltage was monitored as well during the
tests.

2.2.3. Heat-wait-seek test

Tests were conducted using the standard heat-wait-seek method
from 50 to 350 °C. The HWS test started at 50 °C in the Heat Mode by
heating up the cell in small temperature steps of 5 °C. At the end of each
temperature step the Wait Mode was activated for 20 min to establish
thermal equilibrium. When the sample chamber and cell were at the
same temperature, the system entered the Seek mode in which it
detected, whether the cell generated heat that leaded to a significant
self-heating above the sensitivity limit of 0.02 °C/min. If it was below
the limit, the Heat-Wait-Seek loop restarted by heating up the cell by 5
°C. If the limit was exceeded, the system switched to the quasi-adiabatic
Exotherm mode, i.e. the heaters followed instantaneously the tempera-
ture change of the cells’ surface. This prevents the heat transfer to the
chamber and consequently the cell is heating up more and more until a
thermal runaway occurs or the chemicals for this exothermal reaction
are completely consumed. When the maximum temperature of 350 °C
was reached, the cell was cooled down by introducing compressed air in
the Cooling mode.

3. Results and discussion
3.1. Influence of the type of can on thermal runaway

Fig. 3 illustrates the voltage and temperature curves of the two
groups of LIB cells which were penetrated until TR 1) with can on po-
tential (a, ¢, e and g), and 2) with floating can (b, d, f and h). Fig. 4
presents the third group of LIB cells with floating can without TR. In all
graphs, Os is the time when the final penetration depth d was reached.

In terms of voltage behavior, the reaction of the third group can be
defined as soft short, presenting a gradual discharge without a TR, while
the first and second group feature a typical behavior of a thermal
runaway. Depending on groups, the voltage behaviors can be outlined as
below:
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Fig. 3. Cell voltage and temperature profiles of group 1 and 2 with thermal runaway: Cell voltage profile (a), temperature profile on positive terminal (c), on

negative terminal (e) and on vent (g) of cell with can on potential; cell voltage profile (b), temperature profile on positive terminal (d), on negative terminal (f) and on
vent (h) of cell with can on potential.
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Fig. 4. Cell voltage and temperature profiles of group 3 with soft short: Cell voltage profile (a), temperature profile on positive terminal (b), on negative terminal (c)
and on vent (d).

Group 1: Voltages drop abruptly to 0 V within less than a second after
the critical penetration depth was reached (Fig. 3a)).

Group 2: As soon as the critical d was achieved, voltages seem to
decline but recover shortly back to 4.2 V then fall to 0 V within a time
range of 10 s (Fig. 3b)). This indicates that the short circuit currents
are smaller than in the first group and the rise in temperature is
slower than in group 1.

Group 3: Voltages decrease gradually (Fig. 4a)). Especially, the
voltage of Cell 14 with the biggest d (3.10 mm) in the group presents
several fluctuations with the lowest voltage of 3.28 V, showing a
resilience against ISC.

To evaluate the behavior of voltages quantitatively, the time to reach

2.8 V, the minimum working voltage of the tested Li-ion cell according

to the cell manufacturer, is determined and listed in Table 2.

The evolution of temperatures on positive, negative terminals and

vent can be classified also depending on group:

Group 1: Temperatures on both terminals and vent increase
dramatically within 2 s. Maximum values (259 °C on positive ter-
minal, 314 °C on negative terminal and 1289 °C on vent) as seen
Fig. 3c), e) and g). Those behaviors correspond to the sudden drop of
cell voltage and the jet of flames through the cell vent that was
observed. While the temperature on the vent drops abruptly, as soon

as the heat is released through an open vent, temperatures on both
terminals decrease gradually.

Group 2: Like Group 1 with can on potential, it shows a typical
temperature curve of TR. However, the maximum temperatures on
terminals are higher than those of group 1 (Fig. 3d) and f), while the
maximum on vent is lower compared to group 1 (Fig. 3h)). It is
assumed that the emerged heat from ISC was partially spread
broader inside a cell compared to cells with can on potential, because
it took longer for voltage to drop with the spring-back phase, while
thermal energy in cells of the first group was instantly released
mostly through vent.

Group 3: There are no evident changes in temperatures on the sur-
face of the cells (Fig. 4b), ¢) and 4d)). Only temperatures of cell 15
increase slightly, since the voltage drop was steeper compared to cell
13 and 14 (AV = 0.09 V). Yet, the generated heat was homogenously
spread out all inside cells and there is no difference between termi-
nals and vent.

Those experimental results can be supported by the observation of

the samples during and after experiments as described below:

e Group 1 and 2: When any cell is penetrated until a critical penetra-

tion depth, it experiences a thermal runaway with erupting flame
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Table 2
Results of cell 1-15 depending on the type of can and the type of reaction.
Cell in Group 1 01 02 03 04 05 06
Type of can Can on potential
Speed of penetration (mm s 1) 0.01 0.01 0.02 0.02 0.03 0.03
Penetration depth (mm) d 1.90 1.67 1.58 2.76 2.54 0.91
dean 1.90 - 1.80 2.66 2.66 -
danode 0.02 - 0.00 0.01 0.01 -
Max. Temp. (°C) + Terminal 234.8 259.1 210.1% 242 202.5 251.7
- Terminal 275.0 246.7 314.9 265.2 288.3 251.0
Vent 600.7 452.8 137.9 173.1 108.1 1288.7
TimetoV <28V 0.02s 097 s 0.00 s 091s 0.20 s 0.40 s
Categorized as Thermal runaway
Cell in Group 2 07 08 09 10 11 12
Type of can Floating can
Speed of penetration (mm s 1) 0.01 0.01 0.02 0.02 0.03 0.03
Penetration depth (mm) d 3.76 3.67 4.17 3.83 3.05 3.67
dean 3.76 3.88 4.73 4.05 3.53 3.93
danode 1.48 0.88 1.35 1.15 0.77 1.24
Max. Temp. (°C) Vent 293.8 324.2 289.4 333.7 285.8 212.7
+ Terminal 331.7 373.5 207.5 149.7% 149.4% 165.3°
- Terminal 386.1 345.4 116.1 620.8 257.1 123.5
Timeto V < 2.8V 5.35s 8.79s 5.08 s 9.02s 8.05s 8.07 s
Categorized as Thermal runaway
Cell in Group 3 13 14 15
Type of can Floating can
Speed of penetration (mm s ') 0.01 0.02 0.03
Penetration depth (mm) d 2.80 3.10 2.77
dean 2.81 3.18 3.00
danode 0.20 0.22 0.51
Max. Temp. (°C) Vent No change No change 19.4
+ Terminal 19.6
- Terminal 19.1
Voltage [V] after time [h] 4.16, 24 412,18 4.11, 3
Categorized as Soft short

# The considerable difference from the max. temperature on opposite terminal is assumed to result from a defect in thermocouple-adhesive.

and fire (hazard level >5 based on the hazard levels defined by
EUCAR).

e Group 3: Cells with floating can experience a slow voltage drop over
the course of days without any sudden eruption of flames, even if a
nail induces ISC between can and the outmost anode. Additionally,
cells that went through soft short remained relatively intact with
vent closed (hazard level 3).

In the following Table 2, the summarized results are listed such as

penetration depths (d, dean and danode), the maximum temperatures on
positive and negative terminal and vent, time for cell voltage to drop
under 2.8 V and type of thermal reactions.

These are the main conclusions drawn by the results given in Table 2:

o The difference between d.,, and danode is bigger than the thickness of
the studied cell can (0.61 mm). It is assumed that the cell can was
pushed by the needle to some extent without penetration of can.
Moreover, the penetration depth measured by the applied force on
needle, d does not always correspond to the penetration depth (dcan)
measured by voltage between needle and positive terminal (Vyp) or
negative terminal (Vyn). Those deviations demonstrate why the
measurement of voltages, Vyp and Vyy is necessary to enable the
precise detection of the point when the needle has a contact on the
can and the outmost anode.

e Cells with can on potential experience a thermal runaway at small
danode < 0.02 mm with the smallest dypoge 0f 0.00 mm. It is likely that

the thermal runaway occurs briefly after or as soon as cell can and
outermost anode are shorted by the needle, considering the low
resistance against this ISC and the high voltage on this ISC. The
applied voltage on this short circuit is quasi-equal to the cell voltage,
4.2 V, since the can is connected to the cathode. The time delay
between penetration and voltage drop was less than 1 s indicating
that the short circuit between can and outermost anode dissipates a
lot of heat quickly, because of the intrinsically low Risc, can on potentials
and therefore high short circuit current.

Cells with a floating can undergo thermal runaway at dapode in the
range of 0.77-1.48 mm. As an anode, a cathode and a separator in
the tested cell have a thickness of 104 pm, 107 ym and 18 pm,
respectively, these penetration depths correspond to 3 to 7 layers.
That is because the heat generated by the ISC between can and
outermost anode was not enough to trigger the TR and additional
shorts between anodes and cathodes were required. In addition, the
time until the cell voltage dropped below 2.8 V is slightly longer
(5.08-9.02 s) than that of the previously discussed cells with can on
potential.

In the third group, the penetration depth was determined arbitrarily,
but sufficiently deep to have a contact between the needle and the
electrode (danode > 0). In all three cases, the internal short circuit
between cell can and the outmost anode was induced and every LIB
cell with floating can experiences a minimal voltage drop without
thermal runaway. The discretionally selected penetration depth af-
fects how fast or slows cell voltage drops. For instance, cell 13 with
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Fig. 5. Classification of Soft short circuit and Thermal runaway depending on
can’s potential.

the smallest dapode of 0.20 mm demonstrates only 0.04 V drop in 24
h, while it took only 3 h for the voltage of cell 15 with the biggest
danode Of 0.51 mm to drop to 4.11 V.

In the following Fig. 5, it can be clearly seen that the cell mechanics,
whether the can is on positive potential or connected via a resistance to
the positive terminal has a major influence on critical penetration depth,
danode, time to 2.8 V and the type of reaction (TR or soft short). Time to V
< 2.8 V is plotted against penetration depth and each sample is colored
based on the maximum temperature on the positive terminal. While the
smallest measured danede Of cells with floating can is 0.77 mm, that of
cells with can on potential is 0 mm, indicating that thermal runaway
occurs by ISC between can and outmost anode in the latter cells.

3.2. Quantitative study of ISC current

Fig. 6 shows the ISC current depending on the type of cell can during
the needle penetration. Considering the path of needle penetration in-
side an automotive prismatic cell, the ISC which takes place first is 1) ISC
between cell can and the outmost anode. At second, ISC between cell
electrodes and current collectors would arise in the order of 2) ISC be-
tween anode and cathode and ISC between anode current collector (Cu)
and cathode and 3) ISC between anode and cathode current collector

(a) .

Temperature [°C)

U U
R R R; +R R R
_ cc T Rca + Rj +Rpeedle cc T Rea
U U
Case 2 “I RLL + Ri + Rpeedle  Ruw
U
LT = Rec + Rea +RCA "RuL
Cell Can
mAnode
=Separator
= Cathode
Insulation

Fig. 7. The short circuit currents in the needle penetration test: the local short
circuit between can and outmost anode (case 1), the local short circuit between
layers (case 2) and the complex short circuit (case 3).

(AD) and 4) ISC between Cu and Al. Those ISCs that are listed above
would come into effect together, as long as the electrical contact be-
tween cell layers and needle stays stable without being melted by
generated heat or being ruptured (increasing contact resistance).

The cell with can on potential experienced ISC between can and
anode as soon as the needle had a contact on the outmost anode (Vnn:
4.2V — 0V), and the current of ISC increases abruptly until it is limited
by the power supply at 6 A (Fig. 6a)), indicating the actual ISC current
might have been bigger than 6 A. On the other hand, the cell with
floating can does not present any significant ISC current until 16 s (see
the first paragraph in section 3.1) even after the needle reached the
outmost anode at 88 s. It implies that the current from ISC between can
and the outmost anode is negligible because of the high resistance be-
tween can and positive terminal. Following the first contact, the current
gradually increases while oscillating (Fig. 6b)). It is assumed that the ISC
current is constantly increasing as several short circuits are produced
and that the observed sharp drops in the current stem from melting or
breaking layers in the cell.

Fig. 7 illustrates the short circuit currents that are arising during a
needle penetration test with four fundamental resistances, which
determine the short circuit current Is¢ that is induced in dependence of
the cell voltage U:

e Case 1: The short circuit current between the cell can and the
outermost anode, Ics (see case 1 in Fig. 7) is determined by the
resistance between the cell can and the cathode R¢c, the resistance
between can and the outmost anode Rca, the inner resistance of the
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Fig. 8. Self-heating rate of two cells with floating can and two cells with can on potential.

cell R; and the resistance of the needle Rpeedle- Rneedle and R; are
negligibly small (<1 mOhm) and can be omitted for this evaluation.
Case 2: The layer-to-layer short circuit current, Ij;, (see case 2 in
Fig. 7) depends mostly on the layer-to-layer short circuit resistance
Ry;. For each penetrated pair of anode and cathode n, the short cir-
cuit current will increase depending on the number of layer-to-layer
short.

Case 3: Total short circuit current Isc (see case 3 in Fig. 7) is a
combination of the short circuit current between the cell can and the
outermost anode and the layer-to-layer short circuit current.

In the can on potential configuration R¢c is close to zero, hence Ica
will be large, which is verified in this work as seen in Fig. 6a) and b). If
there is a high resistance Rcc, a floating can configuration, however, the
Isc via the can is small and the layer-to-layer short circuits contribute the
majority of the current. That is why there was no significant current
flowing after the contact of needle on the outmost anode until I, is
induced in Fig. 6b). The results shown in Fig. 6 can be interpreted in a
way that Ica is much larger than Iy, without R¢c, thus cells with can on
potential experience a thermal runaway from I only, no penetration of
layers is needed. If the can is floating, however, multiple Ij;s are
required to discharge the cell.

3.3. Proof of the equivalence in thermal behaviors by heat-wait-seek test
in the ARC

Thermal properties of two LIB cells with can on potential and two
cells with floating can were compared using ARC to prove that the
improved safety of the floating can against internal short circuit between
can and outmost anode does not stem from any changes in their thermal
properties. Fig. 8 shows the self-heating rate vs. the temperature for all
four cells. This curve depicts an average of the data points that were
recorded, when the calorimeter was in the Exotherm mode. Therefore,
the different critical points and regions of the temperature rate can be
clearly distinguished, such as the onset point at 80-85 °C, the rate drop
due to venting at 103-113 °C, and the point of no return above 168 °C,
where the temperature rate exceeded 60 K/min, which means that the

Table 3

Characteristic temperature parameters of two cells with floating can and two
cells with can on potential for comparison; T; is the onset temperature of the first
exothermic reaction due to SEI decomposition (self-heating rate >0.02 K/min),
T, is the cooling temperature due to venting, T3 is the onset temperature of the
second exothermic reaction (self-heating rate >0.02 K/min), T4 I the onset
temperature ta which the thermal runaway starts (self-heating rate >60 K/min)
and Ts is the maximum temperature during thermal runaway.

Temperature Floating can Can on potential

Cell 1 Cell 2 Cell 3 Cell 4
T, [°C] 80.8 80.8 85.4 80.8
Ty [°C] 106.6 103.4 108.9 113.2
T3 [°C] 110.5 112.4 115.2 117.1
T4 [°C] 168.6 188.6 173.9 190.2
Ts [°C] 552.1 557.3 326.8 521.7

cell went into thermal runaway. As seen in Fig. 8 and Table 3, all four
cells demonstrate comparable self-heating rates and a good agreement
in the five temperature parameters that are given in Table 3. Thus, it can
be assumed that the two types of LIB cells have the same thermal
properties.

4. Conclusions

In this work, the impact of the type of LIB prismatic cell can
connection on thermal reaction and the ISC current that is depending on
it, are studied qualitatively and quantitatively, using a needle penetra-
tion test. Furthermore, the equivalence in thermal properties of the two
types of cell cans, can on potential and floating can, is proven by ARC.
The main conclusions can be drawn as follows.

1. A needle penetration test can reproduce several ISC cases such as an
ISC between can and outmost anode and ISC between electrodes and
current collectors. In this test, penetration depth is considered as the
most important parameter, indicating how robust a LIB cell is against
ISC. For the precise diagnosis, voltages between needle and terminals
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(Vnn and Vyp) can be measured so that it is possible to detect the
exact contact point of needle to cell can and to the outmost anode,
allowing to define the penetration depth from can (dc.an) and from
outmost anode (danode)-

2. The critical penetration depth (danoqe) depends on the type of
connection between can and positive terminal. An ISC between can
and outmost anode can be mitigated by a floating can, demonstrating
that the resistance between can and terminal is an effective safety
measure. While LIB prismatic cells with can on potential experienced
thermal runaway with dpode between 0.00 and 0.02 mm, the critical
penetration depth (danode) Of cells with floating can was in the range
between 0.77 and 1.48 mm. Moreover, only a gradual self-
discharging behavior, representing a soft short was observed, when
cells with floating can were penetrated less than 0.51 mm from
outmost anode.

3. The current of ISC varies depending on the type of cell:

i) Can on potential: Because of the intrinsically low R¢c, it was
observed that ISCca rose up to the maximum amount (6 A) as
soon as the needle bridged can and outmost anode.

ii) Floating can: No significant ISCcp current was measured due to
the high R¢c. Thermal runaway seems to originate from the
stacking ISC current mostly from ISCpy.

4. According to the result from ARC, the compared two types of LIB
cells demonstrate the equivalence of thermal properties. The
enhanced safety of floating can does not result from any changes in
its thermal behaviors but from its electrical feature.

5. Future work

Further efforts are worthy in the following aspects. First, a mea-
surement of the temperature inside of the cell. As presented in Fig. 3,
temperatures on the cell surface change abruptly right after thermal
runaway. This makes it challenging to diagnose an inner cell thermal
dynamic before thermal runaway. Several researchers have suggested
methods to measure the inner temperature by embedding a temperature
sensor in a cannula and its benefit [13,21-23]. Second, further sys-
tematic investigation of Li-ion cells with different cell chemistry, ca-
pacity, assembly and size. These factors could possibly affect the
behavior of the cells against ISC and thermal reaction [24]. In the future
work, it will be discussed thoroughly which parameter has a major
impact on the safety against ISC and what should be profoundly
considered in terms of designing a safe automotive LIB cell. Studies of
needle penetration could not only contribute to the understanding of the
correlation between several crucial factors in cell and safety with respect
to ISC but also to fine-tuning the cell chemistry and design.
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