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ARTICLE INFO ABSTRACT

Keywords: Safety of lithium-ion batteries plays an important role in the context of advancing electrification for vehicles.
Lithium-ion batteries Pouch cells suffer from low structural strength and are often constrained within a battery module to guarantee
Pouch cell

mechanical integrity. The effect of constraints and SOC-dependent changes on the mechanical abuse behavior
was not sufficiently investigated.

A total number of 36 pouch cells were indented with a flat-end cylinder under different boundary conditions
until mechanical failure and thermal runaway occurred. The pouch cells were constrained at 30 % SOC with a
preload force of 0, 300 or 4000 N and charged to 0 %, 30 %, 60 % or 100 % SOC before indentation.

The maximum indentation force, corresponding indentation, initial stiffness and failure behavior indicated a
dependency on the preload force. The stiffness at greater indentation was similar for all boundary conditions
indicating a pre-compression and flattening of unevenness. Internal stress within the separator resulted in earlier
short circuit and mechanical failure for increasing preload force. The mechanical constraint led to increased gas

Mechanical abuse
Out-of-plane
Preload force
Swelling

pressure during thermal runaway.
The results in this publication give rise to an additional consideration of preload force and boundary condi-
tions imposed by a battery module in abuse testing and simulation approaches in the future.

1. Introduction

Lithium-ion batteries (LIB) are the main component for the
advancing electrification in the automotive sector and the advantages
associated with the technology [1]. LIBs have inherent safety-relevant
hazards such as a thermal runaway (TR) [2] and fire or explosion
[3,4] when subjected to mechanical loads like deformations occurring
during a crash [5-7] and resulting thermal propagation [8,9]. The safety
performance on battery cell level in electric vehicles (EV) can be eval-
uated with the European Council for Automotive Research and Devel-
opment (EUCAR) hazard levels during abuse testing to guarantee safe
operation within an EV.

Different certification standards define mechanical abuse loads in
order to determine the mechanical and failure behavior of LIBs and to
derive the resulting hazard level [10,11]. The certification standards
mostly neglect boundary conditions for mechanical abuse tests on cell
level. Apart from certification standards, several investigations on

different influencing factors affecting the mechanical and failure
behavior of LIB cells can be found in the literature. The influencing
factors include the loading rate, loading direction, state of charge (SOC),
indenter geometry, temperature, aging, mechanical boundary condi-
tions or cell type.

Zhu et al. [7], Liu et al. [12] and Kermani and Sahraei [13] reviewed
mechanical abuse tests, relevant influencing factors and battery failure
mechanisms under mechanical abuse conditions. Six loading conditions
were mostly described in the literature. These were pinch tests, hemi-
spherical punch, out-of-plane compression, in-plane compression, cy-
lindrical punch and 3-point bending.

Many of the reported mechanical abuse tests were conducted with
simplifications to reduce complexity of the test procedure and test
setups. One simplification made is mechanical abuse testing on single
LIB cells without realistic geometric boundary conditions. This simpli-
fication neglects the mechanical constraints of the LIB imposed by the
battery module. Mechanical abuse tests on battery module level consider

Abbreviations: CC-CV, Constant current constant voltage; EUCAR, European Council for Automotive Research and Development; EV, Electric vehicle; ISC, Internal
short circuit; LIB, Lithium-ion battery; SEI, Solid electrolyte interface; SOC, State of charge; TR, Thermal runaway.
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geometric boundary conditions but imply complexity and superposition
of different effects such as complex contact conditions with friction or
mutual influence of battery cells during testing [14-16]. Geometric
boundary conditions are especially relevant for pouch-type cells as this
battery format suffers from lower structural strength and integrity in
comparison to e.g. prismatic metal can cells [17].

Pouch cells are usually constrained at begin-of-life inside a battery
module with a preload force to achieve mechanical integrity and
improve cyclic lifetime [18-20]. Reversible swelling leads to cyclic
thickness changes of pouch cells during charging and discharging by
intercalation and deintercalation of lithium ions into the host materials
[21-23]. Reversible swelling is therefore mainly dependent on the SOC.
Aging mechanisms such as solid electrolyte interface (SEI) growth lead
to irreversible swelling and a permanent thickness increase [18,24,25].
Thickness variations caused by reversible and irreversible swelling
result in a SOC- and lifetime-dependent preload force on constrained
pouch cells as the mechanical constraints constitute a resistance to the
thickness increase of the pouch cell [20,26]. The mechanical resistance
is determined by the battery module construction and the design ele-
ments used. Pouch cells are usually embedded between compression
pads (e.g. soft Polyurethane) or flexible bracing to improve lifetime by
accounting for thickness variations and the resulting mechanical load
variations during battery lifetime [20,27-30].

Apart from lifetime, the interaction between the mechanical
constraint and reversible and irreversible thickness changes lead to
safety-relevant implications. Variations in mechanical loads affect the
internal stress acting on components inside a pouch cell. As an example,
compaction of the porous separator structure and resulting internal
stress directly affects the failure behavior [31,32]. Several mechanical
abuse tests with constrained pouch cells or parts of the jelly roll were
performed in the thickness direction (out-of- plane) [33] and perpen-
dicular to the thickness direction of the battery cell (in-plane) [34-38].

Cylindrical cells indicated a strong SOC-dependence on mechanical
properties for different abuse load conditions including cylindrical
punch [33,39], hemispherical punch [39,40] or radial compression
[39-41]. It is assumed that the observed SOC-dependence on mechani-
cal properties results from internal stress caused by an anode thickness
increase upon charging. The expansion of the jelly roll is restricted by
the housing of the cylindrical cells and the jelly roll gap reduces when
the cylindrical cell is charged [42].

Several researchers investigated the possible SOC-dependency of the
mechanical properties of prismatic battery cells. Internal stress can be
expected to result in SOC-dependence on mechanical properties as
observed for cylindrical cells as the prismatic battery cells also have a
metal housing. However, Kotter et al. [43] did not observe a strong SOC-
dependence of the mechanical properties, hardening and failure pa-
rameters for prismatic battery cells. Other researchers conducted ex-
periments with prismatic battery cells and found SOC-dependent
mechanical properties especially for the out-of-plane direction [38,44].

Li et al. [33] performed out-of-plane abuse tests with constrained
pouch cells to prove that the metal can of cylindrical cells is causing
internal stress when the battery cell is charged. In this work, the me-
chanical behavior of a constrained pouch cell was affected by the
applied boundary condition and the pouch cells indicated a strong
dependence on the applied preload force. Additionally, the constraining
procedure affected the mechanical response of the pouch cells. Bolts
were used to apply a preload force that resulted in stiff bracing of the
pouch cells. Unconstrained pouch cells did not indicate a SOC-
dependency of mechanical properties for a hemispherical indentation
[45]. This can be attributed to the fact that the soft pouch foil is not
restricting the thickness increase as much as a metal can case. In the case
of pouch cells, the SOC-dependent thickness changes will therefore not
create internal stress affecting the mechanical properties. Qu et al. [46]
found a SOC-dependency of the mechanical response for three-point
bending tests with unconstrained pouch cells. The authors assume that
this SOC-dependency is a result of the interfaces between current
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collectors and the anode coating that change their properties when the
battery cell is charged. The observed change in mechanical properties
can also be explained by SOC-dependent material properties existing on
the electrode level. A lithiated graphite electrode showed a higher
Young’s modulus [47] and an earlier failure in tensile tests [48].

Zhu et al. [36] constrained pouch cells with compression pads or
bolts and performed in-plane abuse tests. The mechanical properties of
the pouch cells indicated a dependence on the mechanical constraint. A
compliant mechanical constraint caused a different deformation pattern
compared to a stiff mechanical constraint.

In summary, the mechanical properties and the failure behavior of
pouch-type LIBs depends on the boundary conditions like the mechan-
ical constraint. Additionally, reversible and irreversible swelling have to
be considered as the corresponding geometry changes affect the preload
force of a constrained pouch cell. The mechanical constraint is expected
to cause internal stress and have a similar effect as the metal can housing
of cylindrical and prismatic cells. In a battery module, compression pads
account for SOC- and lifetime-dependent geometry changes of pouch
cells. A compliant mechanical constraint must be realized in order to test
a pouch cell under realistic boundary conditions. Influencing factors like
the applied preload force and the stiffness of the overall mechanical
system need to be considered to allow for a safe mechanical integration
of pouch cells within a battery module. The electro-mechanical failure
behavior of constrained pouch cells has not yet been sufficiently inves-
tigated for a combination of different preload force levels, realistic
mechanical constraints (soft — comparable to compression pads) and
SOC-dependent geometry variations during out-of-plane indentation
tests. An innovative test setup was designed to perform quasi-static out-
of-plane mechanical abuse tests with pouch cells under realistic
boundary conditions and in a repeatable way in order to fill the gap in
literature.

The following research questions will be answered in this
manuscript:

e To what extent does the preload force and SOC-dependent geometry
variations (reversible swelling) influence the mechanical properties
of a pouch cell during out-of-plane indentation?

e Is the failure behavior of a pouch cell during an out-of-plane
indentation affected by the preload force and SOC-dependent ge-
ometry variations (reversible swelling)?

2. Method

The effect of a preload force and SOC on the mechanical response of
lithium-ion pouch cells during quasi-static indentation tests was exam-
ined in this study. Furthermore, the effect of reversible swelling and the
related change of thickness was investigated by charging/discharging of
pouch cells while applying a preload force. For this purpose, pouch cells
were constrained with two different preload force levels of 300 N (12.5
kPa) and 4000 N (167.2 kPa) at 30 % SOC and then charged or dis-
charged to the test SOC, respectively. The pouch cells were tested at 0 %,
30 %, 60 % and 100 % SOC. Mechanical relaxation [49,50] was
considered when applying the preload force to create realistic boundary
conditions. Tests without preload force were performed at the same SOC
as reference. Apart from effects on the indentation force and displace-
ment, the voltage and temperature at different locations were measured
allowing for the investigation of the effect of SOC and preload force on
the failure behavior. Additionally, post-mortem photos and video during
the indentation tests were taken to investigate the failure mechanisms
and the dependency of the thermal runaway and failure behavior on the
applied boundary condition.

2.1. Specimen

Commercially available NMC622/graphite lithium-ion pouch cells
with a nominal capacity of 60 Ah were used within this study, see
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Table 1
Basic data of tested specimen.
Parameter Value
Nominal capacity 60 Ah
Dimension® 300 x 110 x 13.36 mm
Cathode/anode material NMC622/graphite
Max. voltage 42V
Min. voltage 25V
Anode thickness 208 pm
Cathode thickness 172 pm
Separator thickness 15 pm
Layers of cathodes/anodes 31/32

@ Average thickness at 0 % SOC.

Table 1. The pouch cell had a dimension of 300 x 110 x 13.36 mm. The
thickness describes the average thickness of the pouch cell at 0 % SOC.
The surface was measured at 175 measurement points distributed over
the whole surface [51]. The jellyroll of the pouch cell had a dimension of
260 x 92 mm. More details about the internal structure of the pouch cell
can be taken from Appendix A.

2.2. Specimen preparation

The pouch cells were discharged to 0 % SOC with an electric load
(Elektro-Automatik EA-EL 9080-340 B). A constant current constant
voltage (CC-CV) procedure with a current of 1 C (60 A) and an abort
current of 0.1 C were used to discharge to 2.5 V. A relaxation time of 10
min was kept before charging. The pouch cells were charged with a
power supply (Elektro-Automatik EA-PSI 9080-340) with 1 C with
constant current for 18 min to reach a SOC of 30 %.

2.3. Test setup

A test setup was designed to perform an indentation test without
removing the preload force during and after charging/discharging of the
pouch cell, see Fig. 1. The test setup consisted of three aluminum plates.
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The bottom plate (3) was equipped with guiding shafts to guide the
middle plate (2) without tilting. The top plate was used to apply the
preload force by compressing four parallel-arranged springs. Bolts with
fine thread (M16 x 1.25) were screwed into the bottom plate (3) in order
to apply the preload force.

Springs representing the stiffness within a battery module were used
instead of compression pads. Using springs allowed for more repro-
ducible results and an estimation of the counteracting force of the pouch
cell during the indentation. The stiffness of one spring was chosen to
achieve an overall stiffness of the test setup of 380 N mm ! representing
the stiffness of a typical compression pad used in battery modules. The
four springs were selected from a batch considering their length. The
stiffness characteristic of the test setup with the four parallel-arranged
springs was tested by compression in a hydraulic press. The linearity
of the overall system and an overall stiffness of 380 N mm ! was vali-
dated by that test. High precision gauge blocks were used to guarantee
repeatability for the application of the two different preload force levels.

The middle plate (2) had a hole with a diameter of 41.5 mm and 50
mm and an attached flange to fit the indenter (4). The indenter (4) was
made of steel (42CrMo4) and supported itself on the middle plate (2) by
the smaller hole. This ensured a constant preload force on the whole
surface of the pouch cell. The indenter (4) was guided by a high strength
copper alloy bearing with graphite inlets as solid lubricant (MiSUMi
MPBZU 40-50).

2.4. Experimental procedure

A preload force Fy, of 300 or 4000 N was applied at 30 % SOC in
order to represent the mechanical preload force during the battery
module manufacturing process [26], respectively. A preload force is
commonly applied to the battery cell stack and the battery module’s
endplates during the manufacturing process. The battery module is then
joined while maintaining the preload force [26]. The preload force was
readjusted after 10 min to account for mechanical relaxation. Mechan-
ical relaxation caused an asymptotic decrease of the preload force. A

Fig. 1. (a) Test setup for quasi-static indentation tests with cross section plane. (b) Bottom view with bottom plate (3) and three temperature measurement points T
in the center and T, T_ close the positive and negative battery tabs. (c) Cross section of the test setup for mechanically preloaded tests with top plate (1), guided
middle plate (2), bottom plate (3), guided indenter (4) with temperature sensor T; and springs. (d) Cross section of the test setup for reference tests without pre-

load force.
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period of 10 min was sufficient to reach a mechanical relaxed state of the
pouch cell. This was proven by measuring the transient preload force in
preliminary investigations by setting the two preload force levels and
readjusting it after a period of 10 min.

The test SOC was achieved by discharging the constrained pouch cell
with a CC-CV procedure including a current of 1 C and an abort current
of 0.1 C to 2.5 V. A relaxation time of 10 min was considered before
charging. The pouch cells were then charged with 1 C with constant
current for the corresponding time to achieve the test SOC. The distance
between the middle (2) and top plate (1) was measured before the
indentation tests at two opposite positions to obtain the actual preload
force before the quasi-static mechanical test, see Fig. B.2 in Appendix B.

The reference tests without preload force followed the same charging
and discharging scheme. In these tests, the test setup was used without
springs. Three repetitions were performed for each preload force level
Fyre (ON, 300 N and 4000 N) and SOC (0 %, 30 %, 60 % and 100 % SOC),
see Table 2.

2.5. Quasi-static indentation test

After constraining the pouch cell and reaching the test SOC, quasi-
static indentation tests were performed. The pouch cell’s voltage, tem-
perature at various locations, indentation depth and force were
measured during the quasi-static indentation tests. The temperature was
measured with Type K thermocouples with an accuracy of +0.75 °C at
four different locations: one thermocouple inside the indenter (4) and
three thermocouples distributed over the bottom of the pouch cell, see
Fig. 1. The thermocouple inside the indenter (4) was fixed in the in-
denter’s bore hole that was filled with thermal paste to guarantee good
thermal conductivity. The three thermocouples on the bottom plate (3)
were fixed with adhesive tape and touched the surface of the pouch cell.

The prepared test setup with the pouch cells was placed inside a
specific hydraulic press allowing for safe testing under laboratory con-
ditions. The distance between the indenter (4) and the hydraulic press
was measured before each test to determine the point of contact. A load
cell (HBM Type C6A 500 kN) of the accuracy class 0.5 measured the
indentation force. The indenter (4) indented the pouch cell with a speed
of 0.2 mm s~ to achieve quasi-static conditions. The indentation was
measured with a high-precision linear glass scale encoder (SINO KA-
300) with an accuracy of 1 pm. Video was recorded during the inden-
tation to investigate the thermal reaction of the pouch cell at the point of
failure. After the indentation test, all parts of the test setup were cleaned.
All sliding bearings were lubricated after cleaning to have optimal
gliding conditions.

3. Results
3.1. Mechanical behavior

The force-displacement and voltage-displacement curves of the
quasi-static mechanical tests for different SOC and different preload
force levels can be taken from Fig. 2. The maximum force is in the range
of 137 kN to 170 kN and occurs at an indentation between 2.6 mm and
3.8 mm. The force curves indicate a similar shape for 0 %, 30 % and 60
% SOC. The shape changes qualitatively for a SOC of 100 %.

The qualitative change in the force-displacement curves at 100 %
SOC indicates a more abrupt mechanical failure of the pouch cells. The
mechanical failure of the pouch cells can be characterized by an abrupt

Table 2
Test matrix with the performed tests.

Fyre [N] SOC [%] No. of repetitions
0
300 0, 30 60, 100 3
4000
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drop in force after reaching a maximum force Fq. The mechanical
failure is not displacement controlled as the hydraulic press cannot
regulate the hydraulic pressure in such a short time frame and the force-
displacement curves in Fig. 2 can only be interpreted to the point of
mechanical failure. A mechanical softening of the pouch cells occurs
before the abrupt drop of force for 0 %, 30 % and 60 % SOC, see Fig. C.1
in Appendix C.

In the case of 100 % SOC, a mechanical softening is not observed and
the abrupt drop in force coincides with the force maximum Fy,g. This
more abrupt mechanical failure results in a peaked shape of the force-
displacement curves for 100 % SOC. The preload force was only
increasing slightly for 60 % and 100 % SOC due to the SOC-dependent
thickness increase caused by reversible swelling, see Table B.2 in Ap-
pendix B. The relatively low spring stiffness causes a minor increase of
preload force for the additional spring compression by reversible
swelling of the pouch cells. The minor change in preload force by SOC-
dependent thickness increase can explain that the abrupt drop in force
can be observed for all levels of preload force for 100 % SOC.

The more abrupt failure of the pouch cells at 100 % SOC can be the
result of an earlier failure of fully lithiated graphite anodes under tensile
loading [48] and chemical reactions that occur even before mechanical
failure. A slight decrease in voltage before mechanical failure indicates
an internal short circuit (ISC) with a high short circuit resistance. This
implies that a separator damage is already initiated before the me-
chanical failure. The separator damage is more severe with a 100 % SOC
pouch cell potentially causing the qualitative change in the mechanical
behavior and affecting the test repeatability especially for the 100 %
SOC tests.

In general, a preload force reduces the spread between the tests. The
application of a preload force causes more reproducible initial condi-
tions before the quasi-static indentation test by flattening the uneven-
ness and irregular thickness of the pouch cell surface.

3.1.1. Maximum indentation force

The maximum indentation force Fp,q, shows only minor dependence
on the SOC, see Fig. 3(a). The tests without preload force have a wide
spread between 143 kN and 170 kN averaging over all tests at 159 kN.
The maximum force Fy,q indicates a dependence on the preload force
taking the averaged values into consideration. The pouch cells without
preload force are sustaining the highest force on average before me-
chanical failure except from 100 % SOC. The maximum force for a
preload force of 300 N and 4000 N is ranging from 148 kN to 159 kN
(average 153 kN) and from 137 kN to 162 kN (average 153 kN),
respectively. The maximum force Fy,q at both levels of preload force are
on average close to each other but are significantly smaller than the
maximum force measured during experiments without preload force,
see Table 3.

Several influencing factors are attributed to the preload force de-
pendency of the maximum indentation force Fp,qy. Internal stress caused
by the preload force reduces the additional mechanical load that can be
sustained by the pouch cells. This might lead to a higher maximum
indentation force for pouch cells that are not mechanically preloaded.
Additionally, a free deformation of the pouch cell is restricted by the
mechanical constraint causing altered deformation patterns. A me-
chanically constrained pouch cell is not able to bend up (lifting of the
edges) during indentation to the same extent as a mechanically uncon-
strained pouch cell. The lifting edges of the mechanically unconstrained
pouch cell cause the middle plate of the test setup to move upwards
during indentation.

3.1.2. Displacement at maximum indentation force

The displacement dpmqy indicates the indenter displacement with the
maximum indentation force Fq. On average, pouch cells without
preload force show a larger indenter displacement at maximum force
drmax except for 30 % SOC, see Fig. 3(b). The displacement dpyq, varies
from 2.85 mm to 3.79 mm for a pouch cell without preload force. The
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displacement dppqy for a pouch cell with a preload force of 300 N is close
to the one without preload force ranging from 2.95 mm to 3.82 mm. Ata
preload force of 4000 N, the displacement dgyqy ranging from 2.62 mm
to 3.32 mm is on average (3.07 mm) significantly lower compared to the
other two levels of preload force (3.46 mm for 0 N and 3.38 mm for 300
N).

Increasing the preload force on the pouch cells causes a maximum
force Fpqy at a lower indenter displacement dpmqy. The preload force
causes a pre-compression and compaction of the internal structure of the
pouch cell. The porosity of the electrodes and separator are reduced by
the applied preload force decreasing the amount of mechanically sus-
tainable deformation. A preload force of 300 N or 4000 N caused on
average a reduction of the pouch cell’s thickness of 0.07 mm and 0.27
mm, respectively.

Additionally, the unevenness of the surface of the pouch cells is
flattened by a preload force. The initial indentation phase of an un-
constrained pouch cell consists of the flattening of the indented surface
by the indenter. The initial flattening of the indented surface causes only
a minor mechanical load to the internal structure resulting in a larger
tolerable indentation for unconstrained pouch cells.

3.1.3. Mechanical stiffness

The force-displacement curves have two nearly linear sections before
the maximum force Fpy, see Fig. 2. The two stiffness values c¢; and c3
were calculated with a linear regression of the force-displacement curve
considering the displacement ranging from 0 mm to 0.2 mm and 0.5 mm
to 1.5 mm, respectively. Fig. 4(a) and (b) illustrates the two obtained
stiffness values c; and cp. Average values for the stiffness can be taken
from Table 3. Both stiffness values show no clear dependency on SOC.

The stiffness c¢; indicates a dependency on the preload force of the
pouch cell. Except from 30 % SOC, pouch cells without preload force
have the lowest stiffness ¢; ranging from 9.7 kN mm ™ to 21.3 kN mm !
(average 17.4 kN mm ). Increasing the preload force leads to a stiff-
ening of pouch cells at low displacement. This can be attributed to the
internal stress by pre-compression and a flattening of the surface of the
pouch cell. The stiffness ¢; increases for a preload force of 300 N ranging
from 14.6 kN mm~! to 29.9 kN mm ' (average 23.2 kN mm™ 1. A
further increase of the preload force to 4000 N leads to a further increase
of the stiffness c; ranging from 28.5 kN mm ™! to 40.1 kN mm ! (average
33.5 kN mm ™). A mechanically unconstrained pouch cell is softer at the
beginning of indentation.

The stiffness c; approaches the value of the stiffness c; when
increasing the preload force indicating a material compaction and flat-
tening of the unevenness of the pouch cell. This is also indicated by the
independence of the stiffness c on the preload force, see Fig. 4(b). The
stiffness ¢, ranges from 49.3 kN mm™! to 61.2 kN mm ™! (average 53.6
kN mm ™) for all indentation tests. This was expected as the applied
preload force is rather low compared to the indentation force.

3.2. Failure behavior

The measured voltage, temperature and video are investigated in
order to find out the influence of the mechanical preload and the SOC on
the failure behavior of the pouch cells. The indenter applies a mechan-
ical load to the pouch cell until a mechanical failure occurs. A pouch cell
without preload force bends up and lifts the middle plate of the test setup
during indentation, see Fig. 5(a). The deformation of a constrained
pouch cell with preload force is blocked and the pouch cell is not able to
bend up, see Fig. 5(d)-(e).

The shape of the indenter is punched into the pouch cell leading to a
rupture of the separator at the indenter edge resulting in an external
short circuit, see Fig. 5(b). In the case of high SOC the produced short
circuit leads to a thermal runaway of the pouch cell. Internal pressure
and temperature rise by chemical reactions until the flammable gas
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ignites, see Fig. C.1. The internal pressure in the pouch cell during
thermal runaway is strong enough to lift the top plate against the pre-
load force and the additional counter force applied through the springs,
see Fig. 5(d)-(e). The burning gas leaves the pouch cell on the long side
of the pouch seam and opens the whole side. Increasing the preload force
results in a more directed and higher pressurized outgassing of the
thermal runaway gasses indicated by the traces of smoke and particles
from the combustion after the experiment, see Fig. 5(c)-(e). A pouch cell
without preload force indicates thermal runaway marks over the entire
cell body. Pouch cells with a preload force show a less affected overall
area due to the directed and pressurized outgassing.

3.2.1. Short circuit

The pouch cell’s voltage can be characterized by a slight decrease
followed by a sharp voltage drop, see Fig. 2. The displacement dygrop of
the indenter at a voltage drop of 0.05 V can be taken from Fig. 6(a) and
was defined as the short circuit point according to the literature [12]. A
dependency of dygrgp on the SOC is found. The earliest voltage drop
occurs on average at 0 % SOC and shifts towards a higher displacement
for 30 % SOC and 60 % SOC. At 100 % SOC the displacement at voltage
drop dygrep decreases. A comparison of the displacement at the voltage
drop dygrep with the displacement at the maximum force dpmqy is given in
Table 3. The comparison reveals that at 30 % SOC, 60 % SOC and 100 %
SOC a voltage drop occurs after or very close to the maximum force. At 0
% SOC, the voltage drop occurs significantly earlier than the maximum
force.

The slight decrease in voltage indicates a short circuit with a large
ISC resistance as shown for instance by Liu et al. [52]. Further inden-
tation of the pouch cell decreases the ISC resistance and causes a sharp
voltage drop that coincides with the mechanical failure, see Fig. C.1 in
Appendix C.

The voltage drop at a specific SOC shows a dependency on the pre-
load force. The earliest voltage drop is observed for a preload force of
4000 N ranging from 2.64 mm to 3.31 mm (average 2.99 mm). The
displacement for the voltage drop is higher at a preload force of 300 N
(average 3.20 mm) and O N (average 3.32 mm) ranging from 2.81 mm to
3.67 mm and 2.78 mm to 3.77 mm, respectively. The difference in the
voltage drop displacement dyg,op between 300 N and O N is significantly
smaller than the difference between 300 N and 4000 N. This effect is
expected and is attributed to the internal stress in the separator and the
pre-compression of the pouch cell by high mechanical preload. The pre-
compression of the pouch cell leads to higher mechanical loads for a
smaller displacement.

3.2.2. Maximum temperature

The temperature increases in all experiments directly after the me-
chanical failure triggered by the external short circuit. A higher SOC
leads to higher peak temperatures as expected, see Fig. C.1 in Appendix
C. The preload force seems to have an effect on the peak temperatures of
the temperature sensor T; placed inside the indenter. The other tem-
perature sensors were not used for this evaluation as some sensors have
been broken during the indentation test as a result of high temperatures.
An investigation of the results reveals on average higher temperature
peaks of T; for a pouch cell without preload force, see Fig. 6(b). For a
preload force of 4000 N on average a lower maximum temperature is
observed but still with a significantly higher value than experiments
performed under a preload force of 300 N.

3.3. Summary

Table 3 summarizes the average values of the investigated parame-
ters. The values noted in brackets describe the percentage change of a
constrained pouch cell in comparison to the unconstrained pouch cells
used as reference tests.
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Table 3
Average values of different evaluation parameters and percentage difference compared to a pouch cell without preload force F,,. = 0 N in brackets.

Parameter Fore=0N Fpre = 300 N Fpre = 4000 N SOC [%]

¢1 [kN mm™] 20.6 27.5 (+33.6 %) 32.4 (+57.1 %) 0

19.4 18.0 (—7.3 %) 35.4 (+82.2 %) 30

17.0 26.8 (+57.8 %) 29.5 (+73.8 %) 60

12.7 20.6 (+62.5 %) 36.7 (+189.2 %) 100

¢y [kN mm ] 51.6 52.7 (+2.2 %) 53.6 (+4.0 %) 0

50.6 52.1 (+3.0 %) 51.6 (+2.0 %) 30

54.0 55.1 (+1.9 %) 53.0 (—1.9 %) 60

53.5 56.3 (+5.3 %) 58.7 (+9.7 %) 100

Fnax [kN1 158 153 (~3.5 %) 150 (~5.0 %) 0

161 149 (-7.2 %) 148 (—8.1 %) 30

163 157 (—3.6 %) 155 (—5.0 %) 60

155 152 (—-1.8 %) 158 (+2.1 %) 100

dpmax [mm] 3.47 3.38 (—2.7 %) 3.06 (—11.9 %) 0

3.49 3.55 (+1.9 %) 3.18 (—8.8 %) 30

3.64 3.52(-3.4 %) 3.21 (—12.0 %) 60

3.25 3.05 (—6.0 %) 2.83 (-12.8 %) 100

dyirop [mm] 2.93 2.90 (-1.1 %) 2.75 (—6.0 %) 0

3.49 3.37 (-3.3 %) 3.10 (—11.0 %) 30

3.56 3.46 (—2.8 %) 3.22 (9.8 %) 60

3.28 3.08 (—6.3 %) 2.87 (—12.4 %) 100

3.4. Limitations

The indenter represents an area load on the pouch cell. In crash
scenarios other shapes may intrude and indent the battery cell. These
types of indenters should be accounted for in the future and the effect of
preload force, SOC and reversible swelling should be elaborated.

The tests were performed under quasi-static conditions and should
be carried out at crash-relevant loading speeds in future to include strain
rate effects such as stiffening of material and qualitative change in
failure behavior [16,53,54].

Additionally, the test setup stiffness should be varied and adapted to
a non-linear behavior representing the stiffness of a battery module.
Components within the battery module such as cooling plates addi-
tionally influence the overall stiffness [15]. In the literature, a correla-
tion between reversible swelling and the stiffness against which the
battery cell has to expand was found [18]. The stiffness thus has a direct
impact on the internal stresses of the battery cell affecting its failure
behavior.
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4. Conclusions

In this study, the influence of preload force and SOC on the me-
chanical behavior and failure behavior during mechanical abuse testing
of constrained and unconstrained pouch cells was investigated. A suit-
able test setup was presented to perform out-of-plane indentation tests
with realistic boundary conditions. The pouch cells were constrained
with a preload force of 300 N or 4000 N at 30 % SOC before indentation.
The test SOCs of 0 %, 30 %, 60 % and 100 % were set without removing
the preload force of the pouch cell to account for mechanical relaxation.
The mechanical abuse load was applied with a flat-end cylinder in the
thickness direction of the pouch cell. In order to achieve realistic
boundary conditions the preload force was applied via springs repre-
senting the stiffness of a commercial compression pad. Reference tests
were performed without applying a preload force to the pouch cell.

The mechanical properties were analyzed in terms of maximum
indentation force Fq, and two stiffness values c; and cs. The stiffness ¢;
was evaluated at a small indentation below 0.2 mm. The stiffness co
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Fig. 4. Arithmetic mean of experimental results for stiffness (a) c; evaluated for a displacement of 0 mm to 0.2 mm and (b) c; evaluated for a displacement of 0.5 mm

to 1.5 mm.
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Fig. 5. (a) Lifting of middle plate Ad for a pouch cell without preload force. Post-mortem photo documentation indicating particle traces from combustion (red
dashed line) and video sequence right before and during thermal runaway of a pouch cell with (b) 0 % SOC and 0 N preload force, (c) 60 % SOC and O N preload
force, (d) 60 % SOC and 300 N preload force and (e) 60 % SOC and 4000 N preload force. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 6. Arithmetic mean of experimental results for (a) indenter displacement dy-,p at voltage drop of 0.05 V and (b) maximum temperature of temperature sensor

T, inside of the indenter.

represented a larger indentation and was evaluated for an indentation
between 0.5 mm and 1.5 mm.

The maximum force Fq, indicated a negative dependency on the
preload force explained by initial stress within the jellyroll. The
maximum indentation force Fq a pouch cell was able to sustain
reduced on average by 4.0 % and 4.1 % for a preload force of 300 N or
4000 N. A minor overestimation of the maximum force Fy,qy is expected
if abuse tests were performed without preload force with a similar
indenter geometry.

The stiffness c; at small indentations indicated on average a strong
positive dependence on preload force resulting from pre-compression of
the pouch cell. The stiffness c; increased on average by 33.3 % and 92.3
% for a preload force of 300 N or 4000 N. Considering a battery module
with several stacked pouch cells, these results indicate a high relevance
for numerical simulation models and battery module designing. The
stiffness ¢ approaches the stiffness cy for a preload force of 4000 N as
expected. The stiffness co showed only minor dependency on the vari-
ation parameters SOC and preload force and increased on average by
3.2 % and 3.6 % for a preload force of 300 N or 4000 N. The stiffness ca
for a large indentation is only slightly underestimated when tests are
performed without preload force on simplified test setups and with a
similar indenter geometry.

In the case of failure behavior, the boundary conditions must be
considered. The compression of a pouch cell by preload force shifts the
force-displacement curve to the left and imposes mechanical stress in the
separator leading to an earlier mechanical and electrical failure indi-
cated by the indentation at the maximum force dppq. and the voltage
drop dygrop- The voltage drop occurred significantly earlier than the
maximum force when performing the indentation test with 0 % SOC. At
other SOC levels both failure mechanisms coincided.

In terms of indentation, the voltage drop dygrqp occurred on average
3.4 % and 9.9 % earlier for a preload force of 300 N or 4000 N. The
indentation causing a voltage drop is of high interest for safety evalua-
tions and is underestimated in the presented work when no preload force
is applied.

The conclusions drawn from the presented study are summarized in
the following:

e Mechanical characterization for large indentation might be per-
formed without preload force on simplified test setups when the

failure behavior is not of interest as the stiffness c5 correlated with
large indentation between 0.5 mm and 1.5 mm is not relevantly
dependent on SOC or preload force.
The stiffness ¢; for a small indentation below 0.2 mm is strongly
dependent on preload force and increased with the applied preload
force. Performing a mechanical characterization without boundary
conditions can lead to a misinterpretation on battery module level,
since the error of several battery cells in a battery module is
accumulated.

Internal stress caused by a preload force and reversible swelling af-

fects the failure behavior of pouch cells indicated by a preload force

dependency of the maximum force Fp,qy, corresponding indentation
drmax and indentation at voltage drop dygrop.

e Application of realistic boundary conditions results in a different
failure behavior of pouch cells in quasi-static out-of-plane indenta-
tion tests by earlier failure and thermal runaway with high internal
pressure leading to a directed out-gassing.

The test results from this study indicate the need for a correct rep-
resentation of boundary conditions during abuse testing. Important
safety relevant load limits were overestimated in this study when no
boundary conditions were applied to the pouch cells. Normally, abuse
tests with battery cells are performed without consideration of boundary
conditions that are imposed by the battery module. This might lead to
the derivation of incorrect safety relevant load limits and failure
mechanisms. Further investigations can contribute to a deeper under-
standing of the influence of the applied boundary conditions on the
overall mechanical and failure behavior of battery cells in battery
modules.
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Appendix A. Specimen dimension and internal structure

The internal structure of the pouch cell consisted of alternating electrode stacks made up of two anode layers and one cathode layer or one anode
layer and two cathode layers, respectively. The electrodes within one stack were separated by a separator sheet. One long separator sheet was used to
wrap the electrode stacks starting from the center of the pouch cell, see Fig. A.1.

(@ (b)
’ 300 mm 5
. 260 mm N ] Anode
I Cathode
EE
E|E . Separator
SN t=13.36 mm I ] (Sheet)

Separator
= (Wrap)

Fig. A.1. (a) Dimensions of tested pouch cell. (b) Schematic sketch of internal cell structure.

Appendix B. Thickness change

The average thickness of unconstrained pouch cells at different SOC was measured with high-precision capacitive sensors (Micro-Epsilon CSE3).
The capacitive sensor had an accuracy of +0.012 pm. The measurement points were distributed over the whole surface of the pouch cell and a total
number of 175 measurement points were taken as described by Michelini et al. [51], see Fig. B.1. The average thickness tqy, was determined by
calculating the arithmetic mean of the 175 measurement points of three pouch cells. The thickness measurements were repeated three times for each
pouch cell to validate the results. The average thickness and percentage thickness increase can be taken from Table B.1.

(a) (b)

| —Sensor 1

. r' _
dy | txy)

e o = 60 120

d x-axis [mm]
2
[ [ | [ [ DT [ |
————Sensor 2 130 131 132 133 134 135

Fig. B.1. (a) Principle sketch of the setup for measuring the thickness of the pouch cell. (b) Exemplary results of the local thickness of the pouch cell with the 175
measurement points indicated by red circles.

Table B.1

Average thickness of an unconstrained pouch cell and the percentage thickness increase compared to 0 % SOC in brackets.
Parameter SOC =0% SOC = 30 % SOC = 60 % SOC = 100 %
tayg [mm] 13.36 (-) 13.54 (1.35 %) 13.60 (1.80 %) 13.75 (2.92 %)

The thickness of the pouch cells reduced on average by 0.07 mm and 0.27 mm when applying a preload force F, of 300 N or 4000 N, respectively.
Additionally, the distance between the middle plate and the top plate was measured at two opposite positions with a vernier height gauge, see Fig. B.2.

10
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The average change of the two measured distances (distance 1 and distance 2) was used to calculate the average change in plate distance Adgy,.
Table B.2 summarizes the arithmetic mean of the average change in plate distance Adyy for all tests performed.

The distance Adgy, was used to calculate the actual compression force that was reached after setting the SOC for indentation testing. The thickness
of the pouch cell changed during charging and discharging leading to a change of the initial preload force applied at 30 % SOC, see Table B.2. An
increase of the thickness of the pouch cells while charging causes a reduction of the distance Ad,y; and results in an increase of the preload force. A
decrease of thickness causes an increase of the distance Adg, and results in a decrease of the preload force.

The change of preload force was small at an initial preload force Fy. of 4000 N. For an initial preload force of 300 N a significant change was only

observed at 100 % SOC.
L
X

distance 2

distance 1

Fig. B.2. Measurement points to set the pretension and derive the force after setting the SOC.

Table B.2
Arithmetic mean of average plate distance Adgy, and resulting change of initial preload force after setting SOC
in brackets.

Parameter Fyre = 300N Fyre = 4000 N SOC [%]

Adgyg [mm] +0.07 (—22.8 N) +0.22 (—83.6 N) 0
+0.00 (0.0 N) +0.01 (—3.8 N) 30
—0.02 (+7.6 N) —0.01 (+3.8 N) 60
—0.22 (+83.6 N) —0.17 (64.6 N) 100

Appendix C. Mechanical failure

Fig. C.1 illustrates a time-based representation of the indentation force, indenter displacement, voltage and temperature change for the tem-
perature sensors T; and To. The mechanical failure occurs at the abrupt drop in force. The mechanical failure occurs shortly after reaching the
maximum force for 0 %, 30 % and 60 % SOC. In the case of 100 % SOC the point of mechanical failure nearly coincidences with the point of maximum
force. This change in mechanical failure behavior is not dependent on the applied preload force and must therefore be the results of SOC-dependent
structural changes within the pouch cell.

The abrupt change of indenter displacement at the point of mechanical failure occurs because the hydraulic press is unable to regulate the hy-
draulic pressure in such a short time frame.

The obvious drop in voltage coincides with the point of mechanical failure. This result is not obvious in the displacement-based representation
illustrated in Fig. 2. The slight decrease in voltage before the obvious voltage drop indicates that an internal short circuit (ISC) is already present before
the mechanical failure. A high ISC resistance causes only a slight reduction of voltage. The voltage drops further in the event of an increasing
indentation. No permanent short circuit was observed for 30 % SOC and a preload force of 300 N. Similar results were found in a study by Liu et al.
[52]. No permanent short circuit was observed in this study for a medium SOC. The authors described that in the medium SOC range current collector
melting is dominant in comparison to separator melting.

The temperature sensors T and T» indicate a temperature increase coinciding with the point of mechanical failure. The ISC triggers exothermic
reactions and results in a thermal runaway for tests performed at 60 % and 100 % SOC. Tests performed at 0 % and 30 % SOC show only a slight
temperature increase.

11
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Fig. C.1. Force, displacement, voltage and change of temperature AT; and AT, over time for quasi-static mechanical tests for different levels of preload force and
SOC. (a) 0 % SOC. (b) 30 % SOC. (c) 60 % SOC. (d) 100 % SOC.
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