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Abstract: The knowledge about the influence of electrical aging on the behavior of lithium-ion cells
under mechanical loads is of high importance to ensure a safe use of batteries over the lifetime in
electric vehicles. In order to describe the mechanical behavior in relation to electrical aging, fresh
and electrically aged NCM pouch cells were investigated under different mechanical crash loads.
For the first time, the aged cells’ behavior under quasistatic lateral loading was taken into account.
Aged cells showed lower maximum forces compared to the fresh cells. The reason of the changed
mechanical cell behavior was explained with the different buckling behavior of fresh and aged
cells by experimental images. Furthermore, quasistatic and dynamic crash tests in cell’s thickness
direction were performed at varying state of charge (SOC) and compared to the results of a previously
published study. Independently of the testing velocity, the electrically aged cells failed at increased
deformation values. This observation was justified by an increased cell thickness due to an additional
softer layer, formed on the aged graphite particle surface, which was observed by the means of
scanning electron microscopy. Furthermore, the aged cells showed lower failure forces of up to −11%
under quasistatic and dynamic loads at 0% SOC. It was also illustrated that electrical aging causes a
deeper voltage drop after cell failure, which suggests a higher energy release after the internal short
circuit. The investigations show that electrical aging has a significant influence on the mechanical
properties of lithium-ion cells and must be taken into account in the safety assessment.

Keywords: lithium-ion battery; electrical aging; quasistatic and dynamic loading; crash safety;
internal short circuit; battery safety

1. Introduction

Lithium-ion batteries (LIBs) nowadays find a wide variety of applications in different
industry sectors, including consumer electronics, public or private transport or stationary
energy storage systems. For the production of vehicles with alternative fuels, lithium-ion
battery technology presents great interest due to the high energy density and low self-
discharge rates [1]. One important aspect, which needs to be considered during electric
vehicle (EV) applications, is the safety of LIBs. Mechanical, electrical or thermal abuse can
provoke an internal short circuit (ISC) of the cells within a battery, thus leading to a further
safety-critical, uncontrolled energy release [2,3] during the so-called thermal runaway
(TR) process.

In order to prevent potential hazards originating from external mechanical loads (e.g.,
vehicle crash), several studies focused on defining mechanical load limits [4–7] of LIBs in
order to assess LIBs’ safety. Factors, influencing the mechanical behavior of LIBs, such as the
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state of charge (SOC) [8–11], the testing velocity [12–17] or the loading direction [18], were
also analyzed in order to increase the knowledge of LIB performance under mechanical
abuse. However, most of this investigations were conducted on fresh LIBs. For a well
known fact LIBs are stressed by a high amount of electrical charge and discharge cycles over
their whole lifetime, which leads to capacity fade due to electrochemical reactions inside the
cell [19]. The resulting degradation mechanisms depend on the operating conditions like the
environmental temperature, the charging rate (C-rate) and the Depth of Discharge (DoD) or
by calendrical aging [19,20]. These effects influence the behavior of LIBs under mechanical
abuse and have to be considered in the safety assessment of LIBs. Several studies have
focused on the investigation of electrically aged LIBs’ mechanical properties under different
conditions [21–29].

Kovachev et al. [25] investigated fresh and aged 100% SOC pouch cells under qua-
sistatic indentation, which were cycled with 1C at 60 °C. A higher failure force was no-
ticed for aged cells as well as right-shifted force-displacement curves. This outcome
was justified with a thickening of the aged anode layer by different decomposition prod-
ucts. Liu et al. [26,28] conducted mechanical indentation tests on electrically cycled
lithium-ion pouch cells at a temperature of 0 °C with 0.8C. Test results of these studies
showed similar trends as observed by Kovachev et al. [25]. Sprenger et al. [27] used cells,
which were electrically cycled under state-of-the-art EV battery module conditions with a
charging-discharging strategy based on high-performance driving profiles. A temperature
range between −3 °C and 31 °C was applied. Besides a shifted force-displacement curve,
Sprenger et al. reported a lower failure force of up to −29% for aged cells under cylindrical
indentation at 0% SOC. The behavior was traced back to the lower mechanical strength of
the aged anode and separator [27].

Despite the increasing number of studies, focusing on electrically aged pouch cells,
further investigations are needed in order to generate extensive insights regarding the influ-
ence of aging on battery safety. All of the discussed investigations took into consideration
only the mechanical behavior of aged cells in thickness direction as it seems to represent
the most critical loading direction for separator failure. To the authors best knowledge, no
investigations under in-plane loads were performed with aged cells although they are of
high importance as they describe an underbody load case. This analysis was set as one
main focus of the current publication. Secondly, no information was found whether aging
affects the anisotropic behavior of the cell, as discussed by Raffler et al. [18]. For this reason,
quasistatic indentation tests over the cell’s long side were conducted. A lack of knowledge
was also identified in the effect of aging on the strain rate dependency of aged cells, which
has to be considered especially for battery safety assessment in crash scenarios. Therefore,
dynamic mechanical experiments in thickness direction were carried out, similar to the
quasistatic test from Sprenger et al. [27]. In addition to all mechanical tests further scanning
electron microscopy (SEM) analyses of fresh and aged cells were conducted in order to
provide better understanding about the influence of aging on the occurred dependencies.

2. Materials and Methods
2.1. Investigated Lithium-Ion Cell

The investigations of this study were performed on a 74 Ah large-format automotive
lithium-ion pouch cell. A detailed overview of the cell’s structure showing the cell’s dimen-
sions can be seen in Figure 1. In order to ensure a clearly defined description of the cell’s
loading directions, a local coordinate system (u, v, w) was defined by Sprenger et al. [27].
As a result, the coordinate u describes the long cell side, v the short cell side and w the
cell’s thickness direction. The used cell consists of several double-coated layers including
graphite anodes, LiNiMnCoO2 (NCM) cathodes and a z-folded polyethylene separator
with a ceramic Al2O3 coating [27].

The artificially aged cells were electrically cycled using the same aging strategy as
proposed by Sprenger et al. [27]. Aging was done under real EV battery module conditions
with several cells serially connected to each other. The used aging strategy was derived
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from an estimated high-performance customer behavior with an average discharge power
of 1.1 kW and an average charging power of 0.6 kW for each cell. Charging/discharging
was performed in a range between 10% and 90% SOC. A temperature range between −3 °C
and 31 °C was applied [27]. Electrical aging was performed until a residual capacity of 90%
was reached. In order to see a more detailed description of the investigated cell and aging
strategy, the reader is referred to [27].
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Figure 1. Structure and cell dimensions of the investigated lithium-ion pouch cell referring to
Sprenger et al. [27]: (a) Shows the cell’s length and width. (b) Shows the cell’s thickness and
layer structure.

2.2. Post-Mortem Analysis

Regarding the investigation of the electrical aging’s influence on the mechanical
properties, the cell layers and their specific aging effects were analyzed in detail. In this
work, SEM images from each cell layer were used to determine morphological changes
due to aging as these changes might help to create plausible explanations for a changed
behavior on cell level. The investigations were made analogously to the procedure of
Sprenger et al. [27]. In order to avoid reactions with oxygen, the cells were first opened
in a glove box and the layers were washed in dimethyl carbonate (DMC). In a next step,
specimens of 5 mm diameter were generated from aging conspicuous spots of the cell layers.
In order to investigate the specimens, a Tescan MIRA3 XMU Scanning Electron Microscope
was used. Additionally, energy dispersive X-ray (EDX) measurements were conducted to
determine changes in the material decomposition through electrochemical aging [27].

2.3. Mechanical Testing
2.3.1. Experimental Design

Aiming to determine the influence of electrical aging on the mechanical behavior of
lithium-ion cells, the tests shown in Table 1 were performed. All conducted experiments
were done using a ∅ 30 mm impactor. First, lateral indentation tests were used to determine
the difference of fresh and aged cells under in-plane loading (v-direction). Therefore, the
cells were sandwiched between two L-shaped sample holders (S235JR), in order to keep the
cell in position without applying any external force on the battery surface (see Figure 2a).
To confirm the effects for in thickness loads (w-direction) reported by Sprenger et al. [27],
additionally quasistatic cylindrical indentation tests were performed. As a short side
orientated impactor (v-direction, Figure 2c) was already used by Sprenger et al. [27], the
impactor was 90° rotated (impactor length along u-direction, Figure 2b) in the current
study aiming to investigate how the anisotropic cell properties influence the aging’s impact.
Furthermore, cylindrical indentation tests along the short cell side (v-direction) were
performed at v = 3 m/s at two different SOCs (0% and 100%). The measured data was
compared to the quasistatic results, conducted by Sprenger et al. [27], to determine the
influence of testing velocity on the mechanical performance of the investigated cells. In
order to analyze the influence of aging (∆aged), testing velocity (∆vel) and SOC (∆soc) under
in-thickness loads, three material parameters including cell stiffness S, failure displacement
d f ail and failure force Ff ail were defined. The cell stiffness S was defined as the linear
region of the force-displacement curve after the compressible behavior of the cell, which
is characterized by the parabolic characteristic at the beginning of the test curve. Failure
displacement d f ail and failure force Ff ail were defined at the point of ISC occurrence. A
detailed description of the testing equipment used can be found in the following sections.
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Table 1. Quasistatic (QS) and dynamic (DYN) mechanical tests for the characterization of the
investigated lithium-ion pouch cell.

Test SOC [%] SOH [%] QS DYN v [mm/s] Load Direction Investigated Parameter

Lateral Indentation 0 90/100 x 1 v SOH
Cylindrical Indentation Long Side 0 90/100 x 1 w SOH

Cylindrical Indentation Short Side 0/100 90/100 x 1 w SOC & SOH [27]
0/100 90/100 x 3000 w Strain Rate

2.3.2. Quasistatic Testing Device

Quasistatic loading experiments were conducted on the hydraulic press PRESTO
420, designed to achieve a maximum load of 420 kN with cross-head speeds residing in
the range of 0.05 mm/s–6.4 mm/s. For cylindrical indentation tests (Figure 2b,c), the test
specimens were placed on top of a 1 mm thick isolating Pertinax® plate (Kaindl, HP2061)
on the movable lower plate of the press. The upward movement of the lower press
plate was realized via four guidance rails, positioned symmetrically in the corners of the
testing chamber in order to avoid tilting of the plate during movement. Displacement
data was recorded by a high-precision linear glass scale encoder with an accuracy of 1 µm.
A cylindrical indenter with a diameter of 30 mm was mounted perpendicular over the
long side of the cell as shown in Figure 2b. The battery sample was deformed with a
testing velocity of 1 mm/s. Electrical cell failure, characterised by an ISC, was defined
as the criterion of test termination. In the case of lateral indentation (Figure 2a), the test
termination criterion was set to 25 mm of displacement after contact between cell and test
stamp or if cell failure is detected. Thus, a maximum cell deformation of approximately
40% of the unclamped cell width was achieved. Testing speed for this test case remained
unchanged at 1 mm/s with respect to the aforementioned cylindrical indentation tests.
The force during quasistatic tests was logged via a NI-9237 bridge input module with a
resolution of 24 bits and a sample rate of 50 kS/s using a load cell of the type GTM Serie
K 500 kN and a GTM Serie K 20 kN, both of which have an accuracy class of 0.02%. The
integrated 24-bit NI-9229 voltage input module (0–60 V per channel) measured the voltage
signal of the cells during mechanical testing. Data acquisition frequency for all measured
signals was set to 1 kHz [25,27]
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Figure 2. Visualization of the used experimental setup for mechanical cell testing: (a) Lateral
indentation test setup with test bench, L-shaped sample holders and the ∅ 30 mm cylindrical impactor.
(b) Shows the cylindrical indentation test along the long cell side (u) and (c) the cylindrical indentation
test setup along the short cell side (v) [27].

2.3.3. Dynamic Testing Device

The ELLMAR test rig (see Figure 3), especially designed for dynamic battery experi-
ments at arbitrary SOC levels, was used in this work to conduct high-speed dynamic impact
tests with a velocity of 3000 mm/s. Here, the cell and the underlying isolating Pertinax®
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plate (Kaindl, HP2061), were fixed vertically on a 85 kg horizontal ball bearing guided steel
sled, which was next accelerated by an electric driven belt within a 16 m long acceleration
section. The above mentioned sled mass was chosen in order to achieve cell failure with
a constant velocity during impact. After reaching the constant target velocity at the end
of the acceleration section, the sled decoupled from the belt and hit a 30 mm cylindrical
impactor, mounted directly on top of a load cell. The resulting force signal was measured
by a KISTLER Z20730 piezoelectric load cell with 500 kN nominal force and a sampling rate
of 100 kHz. Sled displacement was recorded by a SIKO MSC500 high-precision magnetic
sensor, characterized by a resolution of 1 µm and an accuracy of ±5 µm. Cell voltage was
measured during all dynamic tests with a Dewetron DAQP-STG module with a sampling
rate of 100 kHz and a voltage input accuracy of ±0.05%.

Figure 3. Illustration of the ELLMAR test rig with movable sled used for dynamic cell tests at
3000 mm/s in this study.

3. Results

In this section the results of the investigated mechanical dependencies of aged cells
are presented and compared to fresh cells. First, SEM images and SEM-EDX results of
fresh and aged anode samples are analyzed with the goal to explain any observed changes
in the mechanical behaviour. In a next step, the behavior of fresh and aged cells under
lateral indentation is discussed in greater detail and the differences are highlighted. In
the third subsection an orientation dependency assessment of the investigated cells is
performed, which is based on the evaluation of the conducted cylindrical indentation
tests over the cell’s long side (u) in thickness direction (w). Finally, a comparison of the
dynamic indentation tests over the short cell side (v) to the quasistatic results is conducted
in order to determine a possible influence of aging on the strain rate dependency of the
cell’s mechanical properties.

3.1. Post-Mortem Analysis

The main changes of the investigated cell by electrical aging were found for the anode
active material in terms of a grown in size solid electrolyte interface (SEI) layer. This process
resulted in growth of the anode’s graphite layer and to an overall thicker cell. Additionally,
the appearance of local lithium plating was confirmed with inductively coupled plasma
optical emission spectrometry (ICP-OES) measurements in previous investigations [27].
In the current study, further SEM and SEM-EDX measurements of the anode material
were performed to specify the observed changes. The results are shown in Figure 4.
Investigations of the electrically aged cathode and separator material revealed no significant
changes compared to the fresh samples.
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Figure 4. Analyzing the electrical aging mechanisms at the anode of the investigated lithium-ion
cell with SEM-EDX: (a) Surface image of the fresh anode. (b) First conspicous detail of the aged
anode showing decomposition products. (c) Second conspicous detail of the aged anode indicating
lithium-plating. (d) Cross section image and thickness measurement of the fresh anode. (e–g) Surface
images of the aged copper current collector with pitting corrosion effects. (h) Cross section image
and thickness measurement of the aged anode. (i) SEM-EDX analysis of the fresh graphite anode.
(j,k) SEM-EDX analysis of the first and second conspicous spot of the aged anode. (l) SEM-EDX
analysis of the aged copper current collector.

The SEM images (Figure 4a) of the fresh anode display a very clean structure of the
graphite particles without any conspicuity. SEM-EDX measurements in Figure 4i show that
the graphite particles mainly consist of typical components like carbon and oxygen as well
as slight amounts of fluorine and phosphorous. In contrast, for the aged anode surface
two suspicious morphological structures were found. Detailed images demonstrate several
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graphite particles of the aged anodes, which are surrounded by an additional bright layer
(Figure 4b). SEM-EDX measurements of this layer in Figure 4j indicate an increased fluorine
and phosphorus content. Thus, the additional layer can be characterized as decomposition
products between the electrolyte and the anode’s SEI. The mechanism can be explained
based on the work of Xiong et al. [20] as follows. During electrical charging the insertion
of lithium into the anode particle leads to internal mechanical stresses. Cracks of the SEI
layer occur, which evoke a direct contact and side reaction between the electrolyte and
the graphite material. As a result an additional layer grows over the cell’s lifetime by the
accumulation of this process. This process also results in an electrolyte consumption and a
capacity fade [20].

The second conspicuous area of the aged anode can be seen in Figure 4c. Here, various
crystal-like structures can be recognized, which show increased proportions of oxygen,
taking into account the SEM-EDX measurements shown in Figure 4k. The fact that only an
increased oxygen content is present suggests possible lithium plating effects. However, this
can only be assumed to be an aging mechanism, since lithium cannot be detected by the
means of SEM-EDX. Nevertheless, it must be taken into account that lithium plating effects
have already been detected on the aged anode material of the investigated cell. In the
following, SEM cross section images (Figure 4d,h) were generated to investigate the impact
of these aging effects on the anode’s thickness. The results reveal a thickness increase of
12 µm of the investigated aged anode compared to the fresh specimen. Taking into account
the number of anode layers, a total increase in cell thickness of 0.5 mm results, assuming
the same growth per layer.

Sprenger et al. [27] reported a lower mechanical strength of the aged anode under
tension, which was also mentioned as one possible reason for a lower mechanical strength
of aged cells under cylindrical indentation. Thus, in this study the aged copper was
investigated by SEM-EDX in order analyze the occurance of corrosion effects due to contact
with the electrolyte. A few small spots, indicating a morphological change of the copper
material, were found (Figure 4e–g). The mentioned areas can be identified as pitting
corrosion of the copper. This can be justified by the specific cavity appearance and the
occurrence of several elements besides copper. SEM-EDX measurements of the holes reveal
depositions of carbon, oxygen and fluorine (Figure 4l). Whilst taking into account the
results of Dai et al. [30], a reaction of the copper current collector with the electrolyte is the
most probable reason for the mentioned formation of pitting holes.

The observed corrosion effects may have led to a lower adhesion of the graphite-
copper interface and a decrease of the tensile strength of the whole anode due to material
lost. However, it must be taken into account that these are minor corrosion effects and the
degree of influence on mechanical strength cannot be determined with certainty.

3.2. Lateral Indentation

Lateral indentation (Figure 2a) test results are presented in Figure 5. Due to the
high variation in the behavior of each cell during the individual test repetitions, all force-
displacement curves are illustrated in the diagram. With the selected test setup, the cell
was held in place on the bottom part with two L-shaped cell holders. The cell top remained
unconstrained, which allowed cell buckling to occur independently on the cell condition.
For this reason also no short circuit was detected during the experiment, since the cell was
not restricted in its position within the deformation zone. As seen for the conducted tests in
thickness direction [27], a highly reduced force level can be noticed for electrically aged cells
for this abuse case. This effect can be explained by the different buckling pattern of fresh and
aged cells, originating from the changes to the layer structure of the anode active material.
For fresh cells, a relatively large buckled area occurs in the range between 0 mm and 5 mm
cell deformation, having a buckling point near the L-shape cell holders. It is possible that
fanning out of the individual cell components led to a reduced buckling strength of the
laminate. With further intrusion of up to 25 mm, the buckled area is compressed in the
lateral direction while the buckling point remained stationary. In contrast, the origin of the
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buckling point for aged cells was at a position near the test stamp, which led to a smaller
buckling area on the cell surface at deformations below 5 mm. A fold over of aged cells was
seen, the start of which was identified as the force peak seen in Figure 5a until a deformation
of 5 mm. The fold over process subsequently led to continuous deformation of the cell
layers in thickness direction with increasing intrusion until 25 mm, where a movement of
the buckling point in the lateral cell direction was observed. A lower slope of the force
increase was also detected for aged cells when compared to fresh in the deformation range
starting after the fold over up to the set maximum deformation. The resulting slope change
in the force-displacement characteristic between 5 mm and 25 mm of aged cells originates
from the growth of the anode thickness, thus increasing the mechanical preloading within
the cell. The growth of an additional layer on the anode was confirmed by SEM-EDX
measurements in Section 3.1. Although to a certain extent the swelling amount of the anode
can be compensated by the flexibility of the pouch material, overall cell thickness increase
is observed. A thicker cell with increased internal preload would increase in this case the
resistance to buckling.
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Figure 5. Comparison of the lateral indentation test results between fresh and aged lithium-ion cells:
(a) shows the measured results of force and electrical voltage. (b) shows the buckling behavior of
fresh and aged cells at 5 mm and 25 mm displacement.

3.3. Cylindrical Indentation Long Side

Figure 6 shows the difference between the mechanical response of fresh and electrically
cycled cells when subjected to cylindrical indentation along the long cell side (Figure 2b).
The fresh and aged curves represent the average force-displacement characteristic, calcu-
lated from the mechanical response of all three conducted test repetitions. Additionally,
error bars are used to visualize the low variation between the individual tests. The re-
sults illustrate a significant influence on the displacement at failure by electrical aging. A
right-shifted force-displacement characteristic of approximately 0.7 mm was observed for
these cells. Thus, a higher failure displacement d f ail of up to +17% was seen compared to
fresh cells. In addition, a decreased failure force Ff ail of −11% was measured during the
current test case. Similar findings were confirmed by previous investigations published
by Sprenger et al. [27], where a −29% decrease in maximum force was explained by the
lower mechanical strength of the investigated cell’s aged separator. The increase in failure
deformation d f ail was explained by the thickening of the SEI layer, which had formed on
the surface of the aged anodes. In this case, a thicker anode active material would mean an
overall cell thickness increase, which would shift the force-displacement curve to the right.
The SEM investigations in Section 3.1 confirm this theory since the SEI change was the main
responsible aging mechanism for the aged anode’s thickness increase of approximately
0.5 mm considering each anode layer of the entire cell. It has to be considered that in the
simplified calculation of the anode’s thickness increase in Section 3.1 the same thickness
change for each anode layer in the cell was assumed, which may explain the difference of
0.2 mm compared to the shifted failure displacement d f ail .
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Figure 6. Comparison of the cylindrical indentation test results along the long cell side for fresh and
electrically aged lithium-ion cells at 0% SOC.

The stiffness S of the aged cells, defined as the slope of the linear region in the force-
displacement curves in the range between 150 kN–300 kN, decreased about −35% after cell
cycling. The reason for this effect is the formation of a more elastic SEI layer at the outer
section [31], which when initially compressed softens the overall mechanical response of the
cell. An important issue, having a high priority in the safety assessment of electrically aged
cells, is the electrical voltage drop, indicating the occurrence of an ISC inside the cell. In
the case of cylindrical indentation over the long cell side a simultaneous force and voltage
drop could be identified, as often seen in literature [27,32,33]. In this study a deeper voltage
drop of approximately 50% for aged cells was observed compared to fresh cells, which can
be also explained by the loss of mechanical strength of the investigated cell’s separator
observed by Sprenger et al. [27]. Due to the separator’s lower mechanical strength, a higher
number of separator layers may have failed, which led to the deeper voltage drop. Similar
effects for aged cells were also reported for aged cells in several publications [26–28].

In addition to the decrease in maximum force Ff ail and the increase in critical dis-
placement at failure d f ail , an anisotropic behavior of the cells was seen during cylindrical
indentation, regardless of the cell aging status. This effect can be traced back to the
combined anisotropic effect of the separator and anode, which also showed a direction
dependency during tensile testing. The observed changes to the tensile properties of the
mentioned aged components are stated as the reason for the observed changes in the
behavior of aged cells, indented in u- and v-direction.

3.4. Cylindrical Indentation Short Side

In order to analyze the strain-rate dependency of the investigated fresh and aged
lithium-ion cells, dynamic indentation tests along the short cell side in thickness direc-
tion (Figure 2c) were conducted with an impact velocity of 3000 mm/s and the results
were compared to previously conducted quasistatic tests (∆vel), outlined in the work of
Sprenger et al. [27]. Additionally, the difference between 100% SOC and 0% SOC (∆soc)
and the difference between fresh and aged cells (∆aged) was investigated for both the
quasistatic and dynamic load case.

In the work, which was previously conducted by Sprenger et al. [27], a reduction
of −29% of the maximum achieved force Ff ail was observed for the investigated aged
cells compared to fresh cells, when tested at 0% SOC under quasistatic load (Figure 7a). In
addition, a right-shifted force-displacement characteristic as seen for cylindrical indentation
along the long cell side (see Section 3.3), was observed. In the case of 100% SOC a small
decrease of Ff ail about −2% between fresh and aged cells could be determined. An increase
in testing velocity (∆vel) resulted in an overall different curve characteristic (Figure 7b),
when compared to the quasistatic load case. Four force peaks could be distinguished until
cell failure for both fresh and aged cells, which were only noticeable under dynamic loading
conditions. The first two peaks (“1” and “2”) are represented by a force plateau, which can
be associated with the influence of the electrolyte on the mechanical behaviour of the cells.
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During highly dynamic load cases by compressing the internal cell layers, which are soaked
in electrolyte solution, the electrolyte is being pressed out of the material pores with high
velocity, which results in the observed force plateaus. A second important difference to
quasistatic loads is the increased cell stiffness S of up to +57% for fresh and +75% for aged
cells. This effect can be attributed to the solid-fluid interaction between the electrolyte and
the active material coatings at different loading velocities, as seen from studies comparing
the mechanical behavior of dry and wet cells, tested at different speeds [17,18]. During dy-
namic tests the electrolyte seems to flow in the porous coating material, causing additional
viscous forces [28]. This would in turn mean as the loading velocity increases, the flow of
electrolyte is accelerated which in turn results in higher material stiffness.

SOC=0%, fresh SOC=100%, fresh SOC=0%, aged SOC=100%, aged

b

short, v=1 mm/s

0 1 2 3 4 5
0.0

2.5

5.0

V
ol

ta
ge

 [V
]

Displacement [mm]

0

25

50

75

100

125

150

175

F
or

ce
 [k

N
]

b) Cylindrical indentation short sid e

AgedFresh

(b) Cyl. ind. short, v=3000 mm/s

1

2

3
4

0 1 2 3 4 5
0.0

2.5

5.0

V
o

lta
g

e
 [

V
]

Displacement [mm]

fresh

0

25

50

75

100

125

150

175

F
o

rc
e

 [
kN

] Fresh Aged

(a) Cyl. ind. short, v=1 mm/s

Figure 7. Comparison of the cylindrical indentation test results along the short cell side for fresh
and electrical aged lithium-ion cells: (a) Quasistatic results at v = 1 mm/s by Sprenger et al. [27] and
(b) dynamic results at v = 3000 mm/s.

Regardless of the aging state or SOC, two additional force plateaus (“3” and “4”) can
be noticed in the range between 80 kN and 120 kN under dynamic loading. A similar curve
characteristic was reported for the anode material under compression [23,27]. In the
mentioned study, the force plateau was clearly evoked by the graphite material’s failure,
which was followed by a further force increase. As there was no ISC detected at this point
for the dynamically tested cells in this study, a local damage of the graphite under the
impactor could explain the third force plateau. For all cell conditions the last force peak
(“4”) indicated the point of electromechanical cell failure, which coincided with the voltage
drop, detected for the tested batteries. At this point, cell failure was observed at lower peak
forces of up to −26% compared to the quasistatic tests independent of the aging state and
SOC. Furthermore, a decrease of the failure displacement d f ail between −14% and −17%
was noticed by increasing the testing velocity.

The influence of aging on the mechanical behavior of cells during dynamic loading
was clearly visible. As the force-displacement curves’ shape remained similar after aging,
an observed difference was however the decrease in size of the observed plateaus, which
can be explained by the reduction of electrolyte content after aging. The curves of aged
cells at 0% SOC showed a shift to the right (d f ail +7%), which is caused by the thickness
increase of the cell due to anode growth and a lower cell stiffness S of up to −8% compared
to fresh cells. For charged cells the changed failure displacement d f ail after aging was even
more significant (+60%). Reason for this was the cell’s additional thickness increase of
approximately 1.78 mm when fully charged [27]. As a result under quasistatic loading
higher failure displacements d f ail of up to +32% were noticed. For electrically aged cells at
0% SOC a −6% decrease of failure force Ff ail under dynamic testing velocity compared to
fresh cells could be observed. At fully charged state, the failure force Ff ail for aged cells was
approximately +6% higher as for fresh cells. Independently of the SOC, a deeper voltage
drop compared to fresh cells could be noticed. This behavior may result in a higher energy
release after ISC, which can e.g., evoke higher temperatures after an internal short [26–28].
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Finally, it can be derived that electrical aging led independently of the SOC or the
testing velocity to a decreased cell stiffness S and a higher failure displacement d f ail . A
lower failure force Ff ail for electrical aged cells was mainly seen at 0% SOC. Compared
to fresh cells, aged cells showed a higher dependency regarding the SOC. Especially the
change of d f ail and Ff ail were strongly influenced by the SOC for aged cells. In contrast, for
fresh cells a higher SOC only evoked a small increase of d f ail of up to +8% and an increased
failure force Ff ail of up to +5%. A summary of the parameter analysis for all conducted
load case scenarios, SOC and SOH levels from both studies can be seen in Table 2.

Table 2. Change of cell stiffness S, failure displacement d f ail and failure force Ff ail and how
these parameters are influenced by increasing the (a) testing velocity (∆vel), (b) the state of charge
(∆soc) or (c) using an electrical aged cell compared to a fresh cell (∆aged).

(a) Influence of Testing Velocity

Parameter FreshSOC,0% FreshSOC,100% AgedSOC,0% AgedSOC,100%
QS DYN ∆vel QS DYN ∆vel QS DYN ∆vel QS DYN ∆vel

S [N/mm] 66.8 104.8 +57% 69.3 108.7 +57% 55.5 96.0 +75 % 60.9 87.2 +43%
d f ail [mm] 2.87 2.38 −17% 3.01 2.58 −14% 3.04 2.55 −16% 3.97 4.14 +4%
Ff ail [kN] 133.9 100.3 −25% 140.2 104.2 −26% 104.0 93.9 −10% 136.9 110.1 −20%

(b) Influence of State of Charge

Parameter QSFresh DY NFresh QSAged DY NAged
Low High ∆soc Low High ∆soc Low High ∆soc Low High ∆soc

S [N/mm] 66.8 69.3 +4% 104.8 108.7 +4% 55.5 60.9 +10 % 96.0 87.2 −9%
d f ail [mm] 2.87 3.01 +5% 2.38 2.58 +8% 3.04 3.97 +31% 2.55 4.14 +62%
Ff ail [kN] 133.9 140.2 +5% 100.3 104.2 +4% 104.0 136.9 +32% 93.9 110.1 +17%

(c) Influence of Aging

Parameter QSSOC,0% QSSOC,100% DY NSOC,0% DY NSOC,100%
Fresh Aged ∆aged Fresh Aged ∆aged Fresh Aged ∆aged Fresh Aged ∆aged

S [N/mm] 66.8 55.5 −17% 69.3 60.9 −12% 104.8 96.0 −8% 108.7 87.2 −20%
d f ail [mm] 2.87 3.04 +6% 3.01 3.97 +32% 2.38 2.55 +7% 2.58 4.14 +60%
Ff ail [kN] 133.9 104.0 −29% 140.2 136.9 −2% 100.3 93.9 −6% 104.2 110.1 +6%

4. Summary and Conclusions

In this study, mechanical tests of fresh and electrically aged pouch cells were conducted
to investigate the influence of electrical aging on lithium-ion cells’ mechanical behavior
under typical crash load cases. For the first time, the electrical aging’s impact under
lateral cell loads was investigated. Beside electrical aging, also the influence of the SOC
and the testing velocity were taken into account for loads, applied to the investigated
lithium-ion cells in thickness direction. Furthermore, SEM-EDX analyses were used to
explain the observed changes to the mechanical behavior of aged cells in the current and
previous investigations.

It was shown by cylindrical indentation tests that electrical aging has a significant
impact on the cell’s mechanical properties in thickness direction. Compared to fresh cells,
a right-shifted force-displacement curve, which led to a higher failure deformation of
up to +17% was observed for aged cells cells at 0% SOC. SEM analyses revealed that
the main responsible mechanism for this change is the aged cell’s thickness increase due
to the growth of the SEI on the anode active material. The observed shift of the force-
displacement characteristic was clearly increased for fully charged cells, which correlated
with the thickness change between 0% and 100% SOC of the investigated cell. Furthermore,
it was shown that electrical aged cells at 0% SOC show a lower mechanical failure force in
a range of −11% and −29% under quasistatic cylindrical indentation, dependant on the
impactor orientation.
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Dynamic cylindrical indentation tests revealed a special curve characteristic with
four conspicuous force peaks. Peak one and two were identified as effects evoked by the
compression of the electrolyte between the cell layers. These force peaks were slightly
decreased due to the electrolyte consumption for aged cells. The third peak of the dynamic
curve was justified with the internal failure of the anodes’ graphite layer. Finally, the fourth
peak indicated cell failure by a simultaneous voltage drop. For aged cells at 0% SOC a
lower failure force of −6% was noticed. In contrast, aged cells showed a higher failure
force of +6% at 100% SOC compared to fresh cells. Increasing the testing velocity evoked a
higher cell stiffness and lower failure forces in every test case. It was shown additionally
that regardless of the test speed, aged cells cause a steeper and deeper voltage drop after
failure, which can lead to faster and higher energy release.

Under lateral loading neither fresh or electrically aged cells showed an internal short
circuit up to 25 mm deformation. Aged cells exhibited greatly reduced force values, which
could be justified by different buckling behavior using image recordings of the tests. Fresh
cells showed buckling close to the used specimen holder, whereas aged cells buckled closer
to the impactor. For aged cells, a force drop could be identified at the beginning of the
deformation, which led to a folding of the upper part of the cell. Subsequently, the cell
layers were deformed in the thickness direction, resulting in reduced force values.

The most important findings of this study can be summarized as follows:

1. The investigated aged pouch cells show a right-shifted force-displacement curve, a
lower stiffness and deeper voltage drops under mechanical indentation in thickness
direction compared to fresh cells. Furthermore, lower failure forces of aged cells can
be noticed at 0% SOC.

2. The right-shifted force-displacement curve in the thickness direction of the cell is
caused by aging effects such as the growth of the SEI layer as well as lithium plating
effects. The thickness increase of the anode examined in the SEM measurements
correlates with the shift of the force-displacement curve at 0% SOC. This demonstrates
electrolyte consumption within the cell, which has a direct influence on the size of the
plateaus in the dynamic test.

3. Under lateral loading, the fresh cell shows lower buckling stability. The most probable
reason for this is the lower mechanical stability of the laminated composite. Aged
cells are subjected to higher mechanical pressure in the thickness direction, which
compresses the cell interior.

4. Regardless of the aging condition, the cell under study shows two significant force
drops under dynamic cylindrical indentation, with the former presumably involving
failure of only the anode graphite layer and the latter involving failure of the separator.

5. The influence of state of charge is similar under quasistatic and dynamic loading.
Aged cells show a higher dependence on the state of charge.

6. The tensile strength of the aged anode may be reduced by aging effects such as pitting
corrosion, as these effects can lead to reduced adhesion between the current collector
and the active material.

For future investigations, the authors recommend a complete restraint of the cell in
order to investigate also lateral loading under more realistic cell module conditions, where
neighboring cells can restrict buckling of the loaded cell. Thus, short circuit detection could
be also observed.
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