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Abstract

This paper reports on dynamic abuse tests on Li-ion cells, namely investigations on local
indentation/intrusion into these cells. Two different types of cells have been investigated, pouch
cells and elliptic cells. The elliptic cells were tested in two different states, with and without
liquid electrolyte. The cells have been loaded by a hemispherical punch with a diameter of
12.7 mm with velocities between 0.01 mm/s and 5000 mm/s. Intrusion force, intrusion depth
and velocity, and cell voltage were measured with high time-resolution during the intrusion
process.

Significant changes in critical force were detected over the span of tested velocities. The
critical force increased with an increase in test speed for the elliptic cells, while it decreased for
the pouch cells. There were also differences associated with the presence of the electrolyte.
These findings are of great importance especially for automotive applications where Li-ion
battery packs are used in Hybrid or Electric Vehicles where intrusion at dynamic speeds is one
of the main failure modes during a crash. The paper describes the experimental setup and test

results in detail and discusses the implications.
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1. Introduction

Electrical energy storage devices are gaining increasing importance for propulsion
technology as well as temporary energy storage. Much effort, accordingly, is put into increasing
the energy density of these systems. Yet, along with the increasing energy density and total
capacity of available electrical energy storage systems, potential hazards grow more drastic as
well. Uncontrolled energy release in these systems can entail combustion, development of toxic
or explosive gases and dusts, or in the worst case, even an explosive failure of the whole energy
storage unit. An increasing number of documented incidents with Lithium ion batteries gives
evidence of this fact [1-4].

Yet, in spite of obvious safety risks of modern battery systems, an understanding of their
complex failure mechanisms and loading limits is not available, for the time being.
Accordingly, a systematic investigation of the perilous states of modern electric energy storage
systems is highly needed.

Historically, safety studies of lithium-ion batteries were more focused on thermal and
electrochemical aspects [5-7]. A series of recent studies over the past five years have
investigated the mechanical deformation and onset of short circuit in lithium-ion battery cells.
Punch loading has been used as a method of studying internal short circuits in batteries by
focusing on thermal response of the cells [8, 9]. In 2012, Sahraei et al [10, 11] and Greve and
Fehrenbach [12] reported first measurements of force-displacements in mechanically induced
short circuit tests of small pouch cells and cylindrical cells [10-12]. Following that, Jwo Pan

and colleagues studied in-plane compressive properties of battery cells and modules of large
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pouch cells [13, 14], while Avdeev and Gilaki [15] reported on structural analysis of large
cylindrical cells. Most of the above studies and continued research on mechanical
characterization of lithium-ion cells and their components were focused on quasi-static testing
[16-21].

The only publication reporting on Lithium-ion cell testing at dynamic rates known by the
authors is by Jun Xu et al on small cylindrical cells [22]. In vehicle applications of lithium-ion
batteries, impact loading is a possible cause of deformation and mechanically induced short
circuit [3]. Two common form-factors of batteries used in vehicle applications are large pouch
cells and prismatic cells. For example, the Chevrolet Volt battery pack is comprised of large
pouch cells [3], while the BMW i3 uses prismatic cells [23]. Therefore, the focus of this study
is on experimental investigation of the deformation and subsequent onset of short circuits in
lithium ion battery cells of large pouch and elliptical (prismatic) form factors under dynamic
loading scenarios.

Regardless of form factor, the interior of battery cells is comprised of a multi-layer system
of anode, separator, and cathode sheets, see Fig. 1. The order of thickness of those layers are
less than 0.1mm. Electrodes (anode and cathode) in turn consist of active particles mixed with
polymeric binders and coated on thin aluminum and copper foils. In the case of cylindrical and
elliptic (prismatic) cells, the multi-layer system is wound and protected by a hard shell casing
of about 0.2 mm thickness, where the casing is commonly made of deep drawn Aluminum of
H 3003. In the case of pouch cells, the layers are stacked on top of each other and then wrapped
inside a Mylar-like pouch material. Active electrode coatings and separators are porous media
soaked in a conductive electrolyte. The constitutive material properties of such a complex
system are not easy to explain. However, previous studies have shown that at cell level, the

homogenized behavior can be modeled as crushable metallic foams [10, 11, 19].
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This paper reports on dynamic punch intrusion tests done over a wide velocity range. In
Section 2, the experimental setup and the cells under test will be described in detail. Section 3
gives a description of the test results with elliptic cells and Section 4 follows with results from

pouch cells. A preliminary discussion is given in Section 5.
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Fig. 1 Interior of battery cells, a) after opening the cover of a pouch cell, the first layer seen
is a separator layer, b) the second layer is an anode layer, ¢) a CT-scan image of a small
pouch cell, d) a CT-scan image of a cylindrical cell and e€) an SEM image of cross section of

electrodes and separators. Figures c¢,d, and e are courtesy of Exponent Inc [19].
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2. Test procedure

2.1. Tested battery cells

Lithium-ion cells come in a variety of shapes and sizes. The main cell types in use are
cylindrical, elliptical, pouch, and prismatic. Two of these types were tested dynamically on their
susceptibility to intrusion: elliptical cells and pouch cells. The elliptical cell with a casing of
thin aluminum had dimensions of 37 mm x 64 mm x 18 mm and a capacity of 5.3 Ah. This cell
had a nickel oxide chemistry and contained liquid electrolyte. In addition to standard cells filled
with electrolyte, inactive cells without electrolyte were tested as well. These cells will be
referred to as “dry” cells, in contrast to the normal “wet” cells. Both elliptical cells are identical,
apart from the missing electrolyte in the dry specimens.

Two different pouch cells were tested, which will be called pouch A and B. Pouch A had a
capacity of 31 Ah, Nickel Manganese Cobalt (NMC) chemistry, and dimensions of
225 mm x 225 mm x 7.2 mm. Pouch B came with a capacity of 52 Ah, a Nickel cobalt oxide
chemistry, and dimensions of 329 mm x 161 mm x 12.7 mm.

Fig. 2 shows photographs of the elliptical cell and the two pouch cells. In preparation of the
tests the cells were subjected to at least one full charge/discharge cycle in order to verify its
nominal capacity. All tests were done with cells fully discharged (100 % depth of discharge,
which means State of Charge (SOC) of 0%). Previous work of same authors have shown the
mechanical behavior of batteries before short circuit is not affected by the state of charge [24].
Therefore, it is believed that the discharged state does not affect the validity of the tests while

reducing hazards of thermal runaway after the test is completed.
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Fig. 2 Elliptic cell, pouch cell A, and pouch B from left to right.

2.2. Experimental setup and test procedure

The test stand is a commercial servo hydraulic machine (Instron 8503, see Fig. 3). The
machine works with a closed servo loop for cross head velocity. It is able to be operated with
cross head velocities between 0.01 mm/s and 5 m/s and a maximum force of 120 kN.

During the tests, the punch’s displacement and the intrusion force had to be measured. The
punch’s displacement was determined from the cross head displacement which is recorded via
an inductive transducer integrated in the test stand. For this, a proportionality between the cross
head and punch displacements was assumed and elastic test rig deformations were neglected.
In view of the rather small forces involved (< 20 kN) this assumption seems reasonable.
According to the manufacturer, the error due to a possible deformation of the test rig should not
exceed a few tenth of a millimeter while the test stand temperature is maintained constant.

For the determination of the intrusion force a piezo-electric force sensor (Kistler type 9091A)
was adapted to the machine. It was pre-loaded to about 10 % of its measurement range between
two thick steel pieces one of which contained the punch body (Fig. 3, b).The whole setup was
first calibrated and then fastened to the cross head of the test machine (Fig. 3, b). The punch is
50 mm in length and has a spherical tip with a diameter of 12.7 mm following [10, 21, 25]. This
type of punch test is used frequently to characterize material properties of various battery cells

for development of finite element models and as a benchmark to compare the response of
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various cells. It may represent the intrusion of a bolt head into a battery during the deformation
of a battery pack in an electric vehicle.

As cells get short circuited and discharged during the intrusion process, the metallic punch
IS exposed to charge fluctuations. It is emphasized that no additional disturbances could be
found on the force signals during cell penetration and cell discharge. No influence of charge
variations on the force measurement could be detected. However, in some cases significant
disturbances appeared on the displacement signal during a discharge period. Charge variations
on the punch, apparently, could affect the induction process used for displacement
measurement. In some rare cases, displacement recordings became almost completely disturbed
during the discharge period. Yet, it has to be emphasized that these uncertainties were not
present before cell failure. They affect post failure trends only, which are of no importance to
the current investigation. Nevertheless, we plan to deploy an electrically decoupled optical
system in the future tests for punch displacement measurements. Such system should increase
the accuracy of the recordings as well as decouple results from voltage fluctuations in the test
specimen.

One difficulty when doing dynamic testing arises from the combination of high punch
velocities in conjunction with the small cell thicknesses. As the punch has to penetrate the cells
at least some millimeters to generate a short circuit and, additionally, 10-20 millimeters are
needed for punch deceleration at higher testing velocities, the punch will penetrate the cell
completely and hit the surface beneath with considerable residual speed. This might cause
significant damage to the punch and the force sensor. Thus, in order to prevent this, a special
setup was devised, called a force limitation device, comprising two metal plates with central
holes greater than the punch’s diameter, a shear plate and a cylindrical piece of steel (Fig. 3, c).
The piece of steel fits into the hole of the upper metal plate and is kept in place by the shear
plate beneath. By this, a flat surface is provided for the cells under test. At the same time, the

setup provides a limitation for the force exerted onto the punch as the shear plate shears off
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when the shearing force (~ 30 kN) is reached. If the force of the punch surpasses the shearing
force of the plate, the steel piece falls to the ground and the punch penetrates the cell without

further obstruction. This allows the punch to decelerate freely until it stops.

C
battery cell
Yy shear material
(force limitation)
piece of steel

Fig. 3 Experimental setup. a) Commercial servo hydraulic test machine (Instron 8503), b)
Photograph with cross head, force sensor, punch, cell, and force limitation device, and c)

Drawing showing the inner setup of the force limitation device.
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The shear force is determined by the shear plate thickness and material and can easily be
adjusted to lie well above the critical force to be measured and below any destructive value.
From quasi static tests the critical force for short circuit generation was known to be around
10 kN [10, 21]. Hence, the shearing force of the punch base device was chosen to be greater
than 30 kN, well above the force to be measured. Pieces of steel panel with a thickness of 2 mm
were used for this purpose.

It should be pointed out that, as a result of the tests, the cells are usually completely pierced
by the punch (Fig. 4). Therefore, a post-test analysis of the cells is not possible. Fig. 4 depicts
post-test pictures of some tests, showing on the upper row pierced cells right after tests while

still under the punch and on the lower row photographs of cells after removal of punch head.

Fig. 4 Posttest photographs of test apparatus and cells. Upper row, from left to right: punch

tests of elliptical and pouch cells. Lower row, from left to right: post-test pictures of

punctured dry elliptic cell, pouch A, and pouch B.
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3. Test results with elliptic cells

During each indentation test, load, displacement and voltage of cell terminals were recorded

over time with a transient recorder (MF instruments, TransCom). The recorder allows for data

recordings with 12 Bit resolution at a maximum sampling rate of 10 MHz. For the tests sampling

rates between 75 Hz and 500 kHz were used, depending on the overall intrusion time which

varies with test velocity and cell thickness.

Fig. 5 depicts recordings from a test with a cross head speed of 5 m/s into a wet elliptical

cell. Upon touching the cell surface, the force level increased up to about 8 kN at a displacement

of ~ 6 mm, then it broke down to about 5 kKN. Upon further penetration of the cell, the load level

remained around 6 kN until the back side of the cell was reached. Next, the punch pushed

against the back support of the cell and against the shear plate. This finally broke at a load level

of ~ 35 kN. The load at this point drops to zero. The punch comes to a rest about 30 mm after

having reached the cell surface.
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Fig. 5 Load, voltage, and displacement time-histories of a punch test

with 5 m/s cross head speed into an elliptical cell.
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The cell failure time, i. e. the onset of short circuit formation, can easily be identified by the
drop in voltage. From this, the critical load and critical indentation depth can be determined
which are of main importance for investigations of cell failure. Usually, short circuit formation
occurs after a few millimeter indentation, and the measurement could be stopped here in
principle. Due to the inertia of the punch, however, the punch penetrates further into the cell
which usually is completely pierced, as mentioned above. Yet, as only signals up to the failure
time are of importance, only the first part of the signal histories will be shown in the rest of this
paper.

The results of a test are most intuitively presented as load displacement curves where the
load is displayed as a function of indentation depth. For preparing these curves the measured
cross-head displacement, assumed to be proportional to the indentation depth, was carefully set
to zero at the punch’s impingement time on the cell which was determined by the rising edge
of the load time history.

Fig. 6 depicts two such curves from tests with different velocities. On the left side, the test
results from Fig. 5 are drawn again around the failure time. VVoltage here starts to decrease at
about 4.5 mm indentation when the load is still increasing. The global load maximum is reached
at about 5.5 mm indentation. This indentation coincides with a sharp drop of the voltage which
goes to zero afterwards.

On the right side of Fig. 6 a test with cross head speed of 1 mm/s is depicted. It can be seen

that the critical load level is almost identical, the indentation depth is slightly increased.
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Fig. 6 Load and voltage-displacement curves of two indentation test with wet elliptic cells

at different velocities.

The failure mode seen in Fig. 6 (failure mode 1), consisting of a minor voltage drop before
load maximum and a more pronounced drop at load maximum, is typical for most of the wet
elliptical cells. At high velocities (> 10 mm/s) this was the only failure mode observed. Yet at
lower velocities, a second failure mode occurred in some tests (mode Il). In these cases, the
voltage dropped sharply to zero, coinciding with a small drop in force, well in advance of the
global load maximum (cp. Fig. 7) which is reached after a couple of millimeters additional
displacement. Apparently, a strong internal short is formed before the global load maximum is
reached.

It is not clear what factor drives the cell to either failure mode. The occurrence of mode I or
Il failure seemed to be more a matter of probability. Fig. 7, right side, presents load and voltage
displacement curves for two identical tests performed with 0.1 mm/s. In one test the cell failed
in mode I, the other in mode Il. We want to emphasize the reproducibility of the load
displacement measurements clearly seen in the figure up to the point of failure. It is interesting
that the voltage starts to decrease in both failure modes at a load of approximately 4.5 kN and

an indentation depth of slightly below 5 mm. However in mode 11 it drops immediately to zero,
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with just a small drop in force, while in mode | the most significant drop in voltage occurs after

the global load maximum.
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Fig. 7 Load displacement and voltage of a punch test with 0.01 mm/s cross head speed,

left side, and 0.1 mm/s, right side, into a wet elliptical cell.

From the tests of wet elliptic cells, up to three specific load and indentation levels can be
extracted: the levels at initial voltage drop (soft short), the levels at complete voltage break
down (hard short), and the levels at global load maximum. In Fig. 8 these three load levels are
depicted as a function of test velocity for the nine wet cells tested. Clearly, every test yields a
hard short and a global peak load. Additionally in failure mode 1, a soft short level can be
determined. Furthermore, in failure mode I, in most cases, the global peak load almost coincides
with the formation of a hard short circuit which forms when the cell starts to be penetrated.
From the three points of hard short circuit in the lower region of Fig. 8 three cells were observed
to fail exhibiting failure mode II.

Analyzing short circuit formation from tests with velocities greater than 1 mm/s involves
significant uncertainties due to the small time scales involved. As the whole indentation process
takes some milliseconds or less in the high dynamic range, precisely discriminating the

formation point of any short circuit or even discriminating between soft and hard short circuits
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is difficult and apt to misinterpretation, especially as discharging of a cell takes milliseconds to
be completed even with a hard short circuit. For example, looking at Fig. 7, all clearly
discernibly hard short circuits needed more than 5 milliseconds for discharging. This amounts
to only a small fraction of the indentation period for the low velocities shown in Fig. 8, but
increases to almost the complete indentation time for the highest velocities tested. Hence in the
high dynamic range, a soft short circuit is not easily detected and might be overlooked due to
the very small voltage drop in the limited observation time between soft short and global failure.
Moreover, higher vibration levels of the test stand and hence a decreasing signal to noise ratio
add further ambiguity. This is pictured in the increasing scatter of the short circuit data at higher
velocities in Fig. 8.

The overall and important result remains unaffected by any uncertainty of soft short
determination, namely that there exists a risk for a short circuit at indentation depths
approximately 2 mm smaller than the one necessary for global failure. The upper dotted line in
Fig. 8 is a least square fit to the points of load maximum, which can be determined
unambiguously for the complete velocity range. The lower line is a parallel line meant as guide
to the eye. It is interesting to see that the three points of hard short circuit from failure mode I1

are in line with the points of soft short circuit for failure mode | (see Fig. 7 right side).
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Fig. 8 Measured specific load levels for soft short circuit, hard short circuit,

and global peak load for wet elliptic cells.

In Fig. 9 load displacement histories of dry cells are depicted. Here, of course, no voltage
signal is available. The force signal itself looks similar to the wet cells. Yet the first force
maximum is significantly higher than with the wet cells. There are also differences in the slope

of the load signal and the dependence on the test velocity.
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Fig. 9 Force-time histories of a dry cell.
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From the nine tests done with dry cells the global maximum in load and the respective
indentation depth was extracted. The results for global force maximum are plotted in Fig. 10 as
a function of indentation velocity together with the results of the wet cells, already shown in
Fig. 8. Compared to the wet cells the dry cells do not only exhibit a higher force level, they also
show a higher dynamic change. In fact the force maximum of the dry cells increases by about
60 % over the tested velocity range. For the wet cells the observed increase is only ~ 25 %. It
is observed that the inner liquid significantly increases the susceptibility of the cell to

mechanical failure.
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Fig. 10 Summary of results with elliptic cells. The lines are least square fits to the data points.

As to the indentation depth, Fig. 11 depicts load-displacement curves for different velocities
for both dry and wet elliptical cells. It can be seen that for the dry cells, the higher the velocity

the deeper is the indentation into the cell without much change to the slope of the load
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displacement curve. Although no significant strain rate hardening occurs, the critical force

significantly increases at higher velocities.
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Fig. 11: Load displacement curves for dry and wet elliptic cells for different punch velocities.

For the wet cells, the situation is different. With increasing velocity, the load displacement
curves exhibit an increasing slope as well as a decreasing indentation depth to failure. These
effects together result in the rather flat dependence of the critical force on velocity (Fig. 10).
Nevertheless, the hardening effects for the slope of the curves in wet cells is higher than in the
case of the dry cells with a stronger dependence of critical force on velocity.

The indentation depth at the global peak load as a function of punch velocity, is depicted in
Fig. 12. Although the scatter in the data is rather large, the increasing trend of the critical load
in the case of the dry cells and the decreasing trend of critical load in the case of the wet cells
is evident. The dotted lines in the figure are least square fits to the data points and are added as
a guide. The data seem to indicate that at very slow velocities (v << 1 um/s), the liquid is simply
drawn aside during the indentation process and has no influence on the failure mechanism,

while it does have an effect at higher velocities.
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Fig. 12 Critical indentation depth as function of velocity for the elliptic cells. The lines are

least square fits to the data points, they cross at a velocity of about 1.5 pm/s.

4. Test results with pouch cells

Testing of the pouch cells was done in exactly the same way as with the elliptic cells. Load
displacement curves qualitatively look similar, even though, due to their smaller thickness
(approximately 1/3 of the thickness of the elliptic cells) and the lack of a housing, critical
indentation depths are significantly smaller. Yet some principal differences exist. Firstly, no
significant voltage decrease was observed before the global load maximum. It is upon
puncturing of the cell that the voltage starts to decline. Secondly, there were several cases where
the voltage did not drop to zero during a test. Rather the voltage remained at a slightly lower
level. Therefore, it is possible to pierce a pouch cell without causing a complete short circuit.
As with the elliptic cells, there were cases with a single sharp drop in voltage and others with

only a gradual decrease. Fig 13 presents examples of test results for different velocities.



AUTHOR'S POSTPRINT
Originally published in:
International Journal of Impact Engineering
2017
DOI: 10.1016/j.ijimpeng.2017.04.025

http://www.sciencedirect.com/science/article/pii/S0734743X17300118

© <2017>. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
6 T T T T T T 6 6 T T T T 6
v = 5000 mm/s v =330 mm/s
5 -5
= 4 -4 T
2 2.
S Z S
z z
—zi. § S 13 %
3 > | % 2
o = =
= 8 = il 2 8
e 1
0 -0
1 1 1 L L L 1 1 1 1 1 \
1 0 1 2 3 4 5 6 7 1 0 1 2 3 4 7
Displacement [mm] Displacement [mm]
10 T T T T T T T 5
v =10 mm/s
8r 44
6l 13 % =
= o -
< £ = B
o = o %
8 125 3 =
© ]
(8]
2F 41
0 —H0
1 1 1 1 i | 1 1 1 1 1 1 1 1 1
1 0 1 2 3 4 5 6 T 1 0 1 2 3 4 5 6 7

Displacement [mm)] Displacement [mm]

Fig 13 Load and voltage-displacement curves of indentation tests with pouch cells of type A

at different velocities

In order to increase the number of data points, several tests were performed on each pouch
cell. This was possible due to the large area of the pouch cells, so each cell could be pierced
several times without interference between the different measurement areas. Of course, voltage
and short-circuit information could only be registered with cells not being short-circuited.
Therefore, usually only one test per cell allowed a voltage-time history to be measured. Further
tests, done with cells already short-circuited, provided load displacement recordings, only. This
however does not constitute a significant disadvantage as the load maximum is the only
important force level for the pouch cells. Up to four tests with a single pouch cell of type A and

up to three with type B were done.
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No significant differences in the load displacement curves of a new pristine cell and cells
short circuited by a former test were found, at least not up to the time of the global load
maximum. Fig. 14 gives the load displacement curves of two tests performed with v =1 mm/s.
The sharp voltage drop in the case of the pristine cell is accompanied by a sharp drop in load
while the drop in force is more gradual in the case of the previously short circuited cell. Yet,

the rising edge of the curve and the peak load are almost identical.
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Fig. 14 Load displacement curves for two tests both with v =1 mm/s.

Four cells of each type of pouch cell were available for testing. 16 tests with type A and 11
with type B cells were done. All tests have been evaluated as to the load and indentation depth
at global load maximum, this was the only point of interest for pouch cells, as soft shorts were
not observed for these cells. Fig. 15 depicts the results for the load maximum as a function of
velocity for both kinds of tested pouch cells. The two types of pouch cell show similar behavior.
The global load drops by a factor of approximately two in the tested velocity range. All results
made with active cells, i.e. cells with a voltage signal, are marked with a cross. Note that five

measurements from each cell type could be performed with an active voltage signal because in
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each case one cell did not develop a permanent short-circuit in the first test and could be used
with voltage signal a second time.

Comparing the global load of elliptical and pouch cells (Fig. 10 and Fig. 15), it is interesting
to note that the critical load for the pouch cells is higher in the low velocity range but lower in
the high velocity range. Hence, they offer higher safety in a quasi-static impact scenario but
less in a dynamic one than elliptic cells.

In Fig. 16 the measured indentation depth at global load maximum is shown as a function of
velocity. The indentation depth decreases by a factor of approximately two as well. The two
dotted lines again are least square fits to the data points. The two fits result in almost identical
slopes for both kind of pouch cells. Yet, the absolute values of critical indentation for pouch B
are about one millimeter higher than the ones for pouch A. This probably is related to different
thicknesses of the cells, considering that pouch cell A was about 60 % thinner than pouch cell

B.
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Fig. 15 Critical load for both types of pouch cell tested. Tests made with active cells are
marked with a cross. The other tests were made with cells already short-circuited

from former testing.
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Fig. 16 Indentation depth as function of velocity for dry elliptic cells and both kinds of pouch
cell. Tests made with a fresh pristine cell are marked with a cross. The other pouch cell tests
were made with an already short-circuited cell from former testing. The lines are least square

fits to the data points.

In Fig. 17 load displacement curves from different test velocities with pouch A cells are
presented. These cells seem to harden at higher velocities as the curves steepen with increasing
velocity. Yet, as the brittleness increases with speed, the critical indentation depth and the

critical load decrease.
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Fig. 17 Load displacement curves for pouch cells of type A for different punch velocities.

5. Discussion on failure modes

Initial investigations of our group involving tensile tests on battery components have shown
strain rate hardening and reduced ductility at higher speeds [26]. The strain rate hardening
observed in the tests could be explained by the strain rate hardening of the components used in
the battery cells and for their casings. The interior layers of aluminum and copper foils and
polymeric separators are all materials that exhibit strain rate hardening, so is the hard aluminum
casing of the elliptical cells and Mylar-like pouch materials of pouch cells. In the case of wet
cells, the hydrostatic pressure and viscosity of the liquid electrolyte also adds to this effect. The
final peak force is determined by these two competing effects: strain rate hardening and reduced
ductility at higher speeds. In the case of elliptic cell, the strain rate hardening is stronger than
the reduced ductility effects at higher speeds and overall the peak force increases. However, in
pouch cells, the brittleness of material at higher speeds is stronger than the strain rate hardening

effects and this results in a lower peak force in dynamic velocities.



AUTHOR'S POSTPRINT
Originally published in:
International Journal of Impact Engineering
2017
DOI: 10.1016/j.ijimpeng.2017.04.025
http://www.sciencedirect.com/science/article/pii/S0734743X17300118
© <2017>. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

The reduction of peak force in wet cells compared to dry cells can be explained by the effects
that electrolyte has on the polymeric separators. It has been shown that the strength of the
polymeric separators decreases when they are soaked in dimethyl carbonate (DMC) which is
the main component of the electrolyte used in lithium-ion batteries [27]. Furthermore,
molecular dynamic simulations indicate that DMC molecules absorbed in amorphous sections
of polymeric separators result in loss of Young’s modulus [28]. Considering that the peak force
and the onset of short circuit are controlled by a failure of the separator, these effects explain
why wet cells have lower critical loads.

The observations in this study of two failure modes in the elliptical cell can be explained by
the theory of soft and hard internal short formation due to mechanical loading of separators as
explained by Zhang et al 2016 [20]. In that publication, the authors studied failure of dry
processed separators under biaxial punch loading. They observed that two failure modes exist
for these anisotropic separators, one leads to a large sudden slit along Machine Direction (MD)
and the other to a smaller opening along Transverse Direction (TD) of the separator. In the first
failure mode, called mode A, a separator under punch loading ruptures when TD loading
reaches a critical level and suddenly a large slit is formed. While, under second failure mode,
mode B, the separator becomes thin and transparent, but does not rupture when the critical TD
loading value is reached; in fact deformation of the separator continues until loads reach the
critical limit in MD, which is a relatively higher value and then a small crack is formed.
Therefore, the mode A failure is a one-step failure which immediately causes a large contact
area between anode and cathode, and leads to a hard short circuit. On the other hand, in failure
mode B, the first step of failure is thinning of the separator, which starts at the same critical
load as mode A, and it is not expected to create a total short circuit, but only a soft short
indicated by a slight decrease in voltage. The second step in failure mode B is the formation of
a small crack at a higher load. It is at that point that finally a hard short circuit forms. The two

separator failure modes are shown in Fig. 18.
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The two types of failure observed in elliptical cells (as shown in Fig. 7 right) are consistent
with these two failure modes in dry processed separator failures. In elliptical cell failure mode
I, a decrease in voltage precedes the global peak in load and complete loss of voltage by 1 mm,
which is consistent with failure mode B in the separator. The elliptical cell failure mode Il is
characterized by a sudden total drop in voltage which is a characteristic expected in failure

mode A of the separator.

Failure in Mode A,
One step rupture Failure in Mode B,

Step 2: rupture

Failure in Mode B,
_ Step 1: thinning

Fig. 18 Failure of dry processed separator in Modes A and B [20].

The drops in force during a soft or hard short can have different causes. A fracture in layers
of electrode/separator assembly, a fracture in shell casing, or loss of stiffness due to discharge
are three possible phenomena contributing in drop or gradual reduction of force. For elliptical
cells, a notable local drop in force generally coincides with the voltage drop in mode Il. Yet
similar drops also appear in many tests in failure mode | when the hard short forms (cp. Fig. 7,
green curve). Besides fracture of few layers, another explanation for this drop is a reduction of
cell stiffness during discharge [24, 25]. It is visible most pronouncedly at low indentation
velocities where the time scale of discharge (some milliseconds) is fast compared to the
indentation process (see also lower right of Fig 13 and Fig. 14). The global peak load also

indicates that the metal shell casing of the elliptical cell has been punctured.
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6. Summary and conclusion

Dynamic local indentation tests have been performed in the velocity range between
0.01 mm/s and 5 m/s. With two different types of pouch cells, it was demonstrated that the
critical force necessary to generate an internal short, defined as first force maximum in the load
displacement curves, drops roughly by a factor of two from about 8 kN to about 4 kN in the
tested velocity range. The apparent strain rate effect of decrease in critical load is an interesting
feature of the dynamic response of pouch cells. It is both counter intuitive and difficult to
explain. An explanation of this phenomenon at the micro mechanical level is the subject of the
ongoing research.

With the tested elliptic cells, the behavior was quite different. Here the critical force
increased in the case of wet cells and dry cells. In the tested dynamic range the increase was by
~ 25 % with wet elliptic cells and ~ 60 % with dry elliptic cells. It was found with the wet cells
that the voltage drop often starts before the force maximum was reached. Different failure
modes were found which are consistent with two failure modes observed at dry processed
separators. The observed strain rate hardening behavior for elliptical cells is consistent with the
known response of metallic and polymeric materials subjected to dynamic loading.

These findings are important for a realistic evaluation of battery crash safety, as they indicate

that the failure limit of battery cells should be estimated in dynamic rather that quasi-static tests.
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