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A B S T R A C T

Particularly in mobile applications, 18650 lithium-ion batteries can be exposed to mechanical abuse. Deforming
mechanical abuse can severely damage the battery case, but sometimes without causing instantaneous cell
failure. If such cases remain undetected, the cells may remain in use and pose a potential long-term safety
hazard. Due to research gaps in the scientific literature regarding the long-term implications of such damage,
the influence of cell design, intrusion depth, as well as the impact on the electrical behavior, two cyclic aging
studies and further electrical tests (CC–CV capacity, DVA) were conducted with mechanically deformed 18650
cells; using CT, post-mortem, and SEM for further analysis. In the cyclic aging studies, both cell types tested
(with a mandrel and mandrel-free) remained electrically functional and showed no safety–critical behavior,
despite intrusions of up to 6mm. Cells with significant intrusion exhibited increased CC–CV charge capacity
for one charging process, and CC-discharge capacity decreases of 3.2% after mechanical deformation, but no
or only slightly accelerated aging rates after the initial capacity drop. DVA indicated a global capacity loss
of useable material rather than specific anode or cathode damage. CT analysis revealed case re-deformation
after cyclic aging, likely due to jelly roll swelling. Post-mortem analysis showed imprints on all electrode
components and active material debonding. SEM analysis revealed changes in cell internal pressure distribution
due to external deformation.
1. Introduction

Lithium-ion batteries are utilized in various mobile applications,
such as power tools, mobile devices, and electric vehicles. A critical
issue for lithium-ion batteries is the safety aspect, originating in the
properties of the components, which some of are flammable (anode ac-
tive material, electrolyte solvents), oxygen-containing (cathode active
material), and toxic (conducting salt). With an increasing number of
systems in use and rising energy densities, the amount and severity of
hazardous incidents [1–5] may increase further. To prevent such inci-
dents, significant effort is made to detect them before their occurrence,
to mitigate their impact by different means [4,6–8] and improve our
understanding of the causes and mechanisms for the optimization of
cell and pack design. One of the causes of hazardous events, to which
cells in mobile applications may be exposed in particular, is deforming
mechanical abuse.

∗ Corresponding author at: Department of Electrical Engineering and Information Technology, Munich University of Applied Sciences, Lothstr. 64, 80335
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Even in normal operating conditions, mechanical forces are om-
nipresent in lithium-ion batteries at the cell, electrode, and particle
levels and are interdependent with the cyclic aging behavior. At the
cell level, the main mechanisms causing electrochemical–mechanical
interactions are breathing and swelling. Breathing refers to lithiation-
induced reversible cyclic volume changes of the cathode and, espe-
cially, of the anode active materials (up to 10% in the thickness
direction) [9–12] during charge and discharge cycles. Swelling refers to
progressive increases in thickness due to aging-related side reactions,
boundary layer growth, plating [13–15], and a corresponding rise in
cell-internal stress. To avoid the breathing-induced delamination of
electrode layers, pouch and prismatic cells are often braced. However,
excessive bracing pressure must be avoided as well, as this can also
reduce cell lifespan [16–20]. Also, in cylindrical cells, these forces play
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a significant role, as mechanical jelly roll collapsing is considered a
crucial factor in cyclic aging [21,22].

At the electrode level, stress gradients can occur at local imper-
fections, such as the current collector tabs. These can lead to an
inhomogeneous electrode and separator compression and cause in-
homogeneous charge transfer and electric characteristics. Such local
defects may cause inhomogeneous aging and increase the risk of lo-
cal lithium plating [23–28]. Some researchers argue that such local
defects could also cause dendrite growth through the separator and
ISCs in lithium-ion batteries, analogous to lithium-metal batteries [24].
Additionally, breathing-induced repeated loading and unloading of the
separator in high-pressure areas may result in fatigue.

At the particle level, the active material expansion leads to micro-
scopic effects, since intercalation of lithium causes stress within par-
ticles, and external stress causes inhomogeneous intercalation. Cyclic
expansion and shrinking, in combination with inhomogeneous inter-
calation between [29] and in particles [30–32], can cause progressive
mechanical failure of the binder. Additionally, this can result in crack-
ing and breaking down of the particles, thereby causing a loss of active
material alongside the consumption of electrolyte and cyclable lithium
at newly formed boundary layers. With increasing shares of silicon in
the anode active material to enhance the energy density, which exhibits
significantly more mechanical expansion during charge [33,34], the
relevance of these issues will likely further increase.

In the case of external deforming mechanical abuse, these cell-
extrinsic mechanical forces interact with the cell-intrinsic, potentially
causing increased pressure levels and inhomogeneity. The immedi-
ate effect of external mechanical abuse on cells has been analyzed
in various publications with various form factors, types, geometries,
chemistries, and abuse conditions [35–42]. Also, the immediate influ-
ences of SOC [43] and SOH [43–45] on the behavior of lithium-ion
batteries under mechanical abuse have been investigated.

However, mechanical deformation may also occur without imme-
diately causing hazardous events. If such deformation remains unde-
tected, the damaged cells may remain in use and pose a potential
long-term safety hazard. Potential causes for delayed failure include
excessive cell-internal pressure due to cell-external deformation and a
corresponding increased risk of plating, dendrite growth, and separator
fatigue [46]. Additionally, non-hazardous impairments of functionality
may occur, such as increased inhomogeneity of current distributions
on the module level [47,48], which may accelerate aging. On the other
hand, if it turns out that such scenarios do not degrade battery safety,
this might allow weight savings in module design due to reduced safety
requirements. Potential application scenarios are, for example, power
tool or e-bike batteries that might be dropped from a significant height,
thereby causing reversible elastic deformation of the battery pack
casing and permanent plastic deformation of the batteries themselves;
or else, in automotive applications, impacts of road debris in a battery
pack in automotive applications [49].

While cyclic aging under normal operating conditions has been
investigated in-depth in scientific literature [50–53], studies investi-
gating the potential long-term implications of mechanical loads and
deformations on the safety and cyclic aging behavior of lithium-ion
batteries are scarce, with an overview over the available literature
given subsequently.

Kim et al. [54] applied bending and torsion to lithium-polymer
pouch cells. They observed limited impact on the capacity during
cyclic aging up to 50 cycles from bending up to 15◦, while torsion
ests lead to accelerated aging, especially for the maximum of 15◦.
uchs et al. [27] applied deformation to a pouch cell with a steel
all with 4mm diameter, and compared the results between a cycled
nd an uncycled deformed cell in a post-mortem and SEM analysis.
hu et al. [55] investigated the impact of indentation with various
mpactors on the electrical behavior of small format pouch cells (5 cy-
les) and conducted EIS, CT, SEM, and post-mortem analysis. Goodman
2

t al. [56] conducted a long-term aging test series (1000 cycles) with s
mall-format pouch cells damaged by three-point bending. Applying
lectrical characterization, CT, and post-mortem analysis, they reported
hat, despite the occurrence of ISCs, many cells remained electrically
unctional but showed accelerated aging behavior.

For 18 650 lithium-ion batteries, Shuai et al. [57] applied flat
ompression with various indentation depths up to 5mm and conducted
CV measurements, pulse discharge tests, and capacity measurements

or parameter identification for circuit models. They reported that
eformed cells were still useable but exhibited significant capacity
rops. However, they did not investigate long-term cycling. Sahraei
t al. [58] applied rod indentation with a diameter of 6mm up to an
ndentation depth of 4.6mm to 18 650 LFP batteries and cycled them at
ifferent C-Rates up to 89 times. They reported no significant difference
etween the indented and intact cells. Soudbakhsh et al. [59] from the
ame research group published an article with rod deformation with a
iameter 15.8mm up to 5mm intrusion, analyzing the impact on EIS and
itting parameters of an equivalent circuit model. They reported only
minor influence from mechanical deformation in initial capacities. Li

t al. [60] applied flat radial compression with 3 and 6mm intrusion
o 21 700 cells, cycled the cells for 100 cycles, and characterized them
ith incremental capacity analysis (ICA), EIS and CT. They reported

ignificantly accelerated aging for the deformed cells, which might be
aused by micro-leakage at the gasket of the positive pole.

While these publications offer a first insight into the electrical
ehavior and safety of damaged 18 650 cells in short-term cycling
cenarios, their results are partly equivocal and expose several gaps in
vailable scientific publications regarding:

• Indentation depth: The influence of indentation depth has not
been investigated systematically, and no cells with indentation
depth > 5mm have been cycled so far.

• Cycling duration: No long-term cyclic aging experiments with
more than 89 full cycles have been conducted so far.

• Cell design: The influence of cell internal design parameters
(e.g. mandrel) has not been investigated.

• Analysis: Implications of mechanical deformation on cyclic aging
of 18 650 cells have not yet been analyzed with commonly used
methods for battery characterization such as CT, post-mortem and
SEM analysis.

• Electrical behavior: Further investigation of electrical behavior
(e.g. DVA) may improve the understanding of underlying damage
mechanisms or offer approaches for the detection of mechanical
damages.

To address these research gaps, this paper presents long-term cyclic
ging studies with two types of commercial 18 650 cells with mechan-
cal indentation alongside with the application of common analysis
ethods and further investigation of their electrical behavior.

. Experimental

The following section presents the test setups used for the cyclic
ging test series and the further electrical tests.

.1. Cyclic aging test studies

Two cyclic aging studies were conducted on two cell types with the
ame experimental test setup elaborated in the latter. An overview of
he test conditions is given in Table 1.

.1.1. Cell types
In this work, two types of high-power 18 650 lithium-ion bat-

eries (Samsung INR18 650-25R M, production code SDIEM THO4;
ony/Murata US18 650 VTC5, production code Z119D) were used.
rom an applicant’s perspective, these cells are similar, as they have

imilar capacities and can provide high discharge currents (as shown
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Fig. 1. CT-Scans of the Samsung INR18 650-25R M and the Sony/Murata US18 650VTC5. Each left column: Axial cross-section of positive pole regions. Middle column: Radial
cross-section of the center of the cells. Right column: Axial cross-section of to bottom part of the cells.
Table 1
Overview over conducted cycling aging studies with mechanically damaged cells.

Test series I II

Cell type Samsung INR18650-25R M Sony/Murata US18650VTC5

Cycling charge CC-CV 4A, 0.1A
Cycling discharge CC 10A
Rest phase duration 20min
Test end criterion 70% SOH or 600 cycles

Battery tester Scienlab SL6/30/0.18BTS20C
Climate chamber ATT Discovery DM340
Ambient condition Temperature chamber, 25 ◦C, convection box
Cell contacting Cell holder with spring probe pins

Deformation tool Universal testing machine Test GmbH 112.50 kN H
Feed rate 0.1mm s−1

Feed hold time 60 s
Impactor Cylindric: ∅ 20mm
Indentation depth 0mm (reference), 2mm, 4mm, 6mm
Tab alignment Inner
Cells per variation 5

Table 2
Data sheet specifications of cell types used in this publication.

Samsung Sony/Murata
INR18650-25R M [61] US18650VTC5 [62]

Nom. discharge capacity 2500mAh 2600mAh
Max. cont. discharge 20Aa 30A/20Ab

Max. cont. charge current 4A 4A
Discharge cut-off voltage 2.5V 2.0V

a60% after 250 cycles.
b30A with 80 °C cutoff.

in Table 2). That makes them suitable for many mobile high-power
applications and potentially exposed to mechanical damages.

Regarding their mechanical structure, both cells have one cath-
ode current collector tab within the jelly roll and two anode current
collector tabs, each at the inner and outer end of the jelly roll, as
depicted in Figs. 1(a) and 1(b). A significant mechanical difference
between the cells is that the Samsung INR18 650-25R M has no mandrel
in the center, while the Sony/Murata US18 650VTC5 does. Conse-
quently, the jelly roll of the Samsung INR18 650-25R M has more space
to compensate for deformation by reshaping, while the Sony/Murata
US18 650VTC5 has less space available. Therefore, it was assumed that
this might result in higher cell internal stress and harm the cell safety
in long-term cyclic aging studies after deformation.

2.1.2. Test procedure
The same test procedure was chosen for both cyclic aging series,

using five cells for each variation. Rather than applying mechanical
deformation before starting the long-term cycling tests, the cells were
pre-cycled for ten cycles to ensure the finalization of cell formation pro-
cesses, such as the initial SEI formation [63]. Additionally, this allowed
the direct comparison of pre- and post-deformation measurements. CT
checkups were conducted at the start of the test series (to mark the
tab alignment), after the deformation, and at the end of the long-term
3

Fig. 2. Deformation setup for the aging studies and electrical investigations.

cyclic aging studies. The cells were analyzed further in post-mortem
examination and SEM.

2.1.3. Cell deformation
The deformation of the cells was conducted with a Universal testing

machine 112.50 kN H (Test GmbH) with a maximum force of 50 kN,
distance measurement with a resolution of 1 μm and a force sensor with
class 0.5 according to ISO 7500–1. For the tests, path controlled feed of
0.1mm s−1 was applied until the desired indentation depth was reached,
which was then held for 60 s. To preclude thermal events during the cell
deformation, it was conducted at 0% SOC.

During the deformation procedure, the cell temperature was mea-
sured with Pt1000 sensors to detect potential heat generation due to
ISCs. As the focus of these aging series was on the deformation of the
jelly roll, the cells were deformed radially in the cell center with a
cylindric impactor with 20mm diameter, as depicted in Fig. 2, with 2, 4
and 6mm intrusion. Under the same test conditions in a preceding test
series, 50 pristine Samsung INR1860-25R M cells with 0% SOC showed
internal short circuits (voltage drop > 2.5%) at a mean intrusion of
8.05mm (𝜎 = 0.20mm).

2.1.4. Electrical and environmental test conditions
Cyclic aging test series were performed with a cell testing system

SL6/30/0.18BTS20C (Scienlab) with a voltage precision of ±1mV and
a current precision of 0.05% ±25mA.

For both cyclic aging test series, CC–CV charging with 4A and
0.1A cut-off for the CV-phase and CC discharge with 10A were chosen
within a voltage range from 2.5V to 4.2V. These test conditions were
chosen to represent high load scenarios, as it was assumed that they
cause high cell internal mechanical stress. Current limits were set by
the data sheets for the charge and the specified temperature operating
conditions for the discharge phases. 20min pauses were applied after
each charge and discharge phase for the homogenization of the charge
distribution within the electrodes and particles as well as for temper-
ature cooldown. As test end criteria, 70% SOH, as commonly used for
cyclic aging series [50–53], or 600 cycles were chosen.

The tests were performed in an ATT Discovery DM340 temperature
chamber, equipped with gas sensors and an exhaust system, with a
temperature of 25 °C. As the ventilation causes inhomogeneous tem-
perature boundary conditions within the temperature chamber due
to different convective heat transfer, the cells were positioned within



Journal of Energy Storage 55 (2022) 105564M. Spielbauer et al.

2

t
b
e
I
p

s
o
m

2

a
F
i

2

m
t
B
(

polymer boxes, which increased the maximum cell temperature but
ensured equal environment conditions for all cells. The cells were
contacted using self-constructed cell holders with spring contact pins
for four-terminal sensing (two power pins and one sense pin per pole).

2.1.5. Computed tomography analysis
CT scans were conducted with a phoenix nanotom s

research|edition (GESensing & Inspection Technologies) with 120 kV
voltage, 130mA current, 2 × 2 binning, and 1000 images per scan.

.2. Further electrical tests

To avoid interference of electrical characterization methods with
he cyclic aging studies, which might have influenced the electrical
ehavior directly after the deformation and can cause capacity recov-
ry [64], checkups were not conducted during the long-term test series.
nstead, further characterization before and after cell deformation was
erformed on a separate set of cells.

While some of the commonly used methods for the characterization,
uch as EIS [59,65], have already been applied to damaged 18 650 cells,
thers have not. In this work, capacity analysis, open circuit voltage
easurements, and differential voltage analysis were conducted.

.3. Capacity analysis

Capacity and charge curve analyses were conducted for the charge
nd discharge measurements during the long-term cyclic aging studies.
urthermore, the influence of the charge and discharge direction was
nvestigated on a separate set of cells.

.3.1. Open circuit voltage measurements and differential voltage analysis
Open circuit voltage measurements and differential voltage analysis

ay help to understand if deformation inflicts function loss mainly to
he anode or cathode. For these tests, a HRT-M5 series tester from
attery Dynamics was used, as it offers significantly higher current
0.05mA) and voltage precisions (4 μV).

OCV measurements were conducted on Samsung INR18 650-25R M
cells with CC–CV for charging and discharging in 10 pre-cycles before
and after mechanical deformation. For the cycling, C/5 was applied
in this case [50,66–70]. For the mechanical deformation, the same
settings were chosen as in Table 1 with 2, 4, and 6mm indentation
depth but with deformation at 50% SOC instead. The measurement data
was logged with a sampling frequency of 0.1Hz.

3. Results

After the description of the experimental test setups in the previous
section, the following section presents the results of the conducted
measurements.

3.1. Results of the aging test series

For the test series with deformation and cyclic aging, CT, post-
mortem, and SEM analysis were performed.

3.1.1. Deformation and cyclic aging
For cyclic aging study I, the force–displacement curve (depicted in

Fig. 3(a)) during deformation showed more than 8 kN peak load for
the cells with 6mm deformation and significant mechanical relaxation
during the 60 s holding phase.

During the long-term cyclic aging of aging study I, none of the
deformed cells exhibited any indicators of safety-relevant issues. The
averaged discharge capacity curves are depicted in Fig. 3(b). While the
deformation seems to have little impact on the CC discharge capacity
for cells with 2mm deformation, cells with 4mm show small and cells
with 6mm deformation show distinct drops of the discharge capacity
4

(ca. 0.08Ah or 3.2%) after deformation. After this initial drop, the aging
of the damaged cells occurred at similar rates as the reference cells.

For cyclic aging study II, the force–displacement curve (depicted
in Fig. 3(c)) during deformation showed slightly higher peak loads of
more than 9 kN for the cells with 6mm deformation.

During the long-term cyclic aging of aging study II, none of the
deformed cells exhibited any indicators of safety–critical behavior ei-
ther. Similar to the first aging study, the CC discharge capacities in
Fig. 3(d) show significant capacity drops of around 0.08Ah for the cells
with 6mm intrusion. Regarding the behavior during long-term cyclic
aging, the Sony/Murata US18 650VTC5 exhibited a slightly longer life
span under the chosen test conditions than the Samsung INR18 650-25R
M in the aging study I. While cells with 2mm and 4mm deformation
showed, apart from initial capacity drops after deformation, no sig-
nificant increase in the aging rates, the cells with 6mm deformation
showed slightly accelerated aging after 300 cycles.

3.1.2. CT analysis
To analyze the combined effects of mechanical deformation and

cyclic aging on the internal structure of the battery cells, CT conducted
after the deformation and at the end of the cyclic aging test series are
elaborated subsequently.

The CT images of cells of aging study I after the deformation (de-
picted in Fig. 4(a)) show that increased deformation leads to increasing
filling of the void space in the center of the jelly roll. Additionally,
active material and separator compression, buckling, delamination, and
current collector tab deformation can be observed. Despite the high
intrusion, no fracture of the electrode current collectors occurred.

At the end of the aging test series, the reference cells showed
mechanical jelly roll collapsing originating from the mechanical in-
homogeneity at the cathode current collector tabs, which is typical
for cylindrical cells [21,22,71–73]. For the cells with 2mm deforma-
tion, similar mechanical collapsing is also observable, but originating
from the external indentation spot instead. For the cells with 4mm
deformation, the collapsing emanates from both the collector tab and
the deformation spot. For the cells with 6mm deformation, no jelly-
roll collapsing is visible in this cross-section as there is no space
remaining in the cell center. Nevertheless, the cross-sections without
direct deformation range still show similar mechanical collapsing.

A comparison of cell thicknesses in the strongest deformed cross-
section (Table 3a), shows that due to the elastic deformation of the
cells and the universal testing machine, the actual remaining cell
deformation is below the applied machine feed. At the end of the aging
test series, the cell diameters have increased significantly (0.73mm for
6mm indentation).

The CT scans for aging study II, depicted in Fig. 4(b), show that
the mandrel poses some resistance to mechanical deformation, but
collapses at increased intrusion depths; thus resulting in only minor
differences in the effective jelly-roll layer compression. Also for this cell
type, no fracture of the electrode current collectors was observable.

At the end of the aging test series, the CT scans of the reference cells
show that void spaces in the mandrel region have slightly decreased
due to jelly-roll swelling. In this region, minor mechanical collapsing
occurred. For the deformed cells, no mechanical collapsing is noticeable
in CT cross-sections with the highest deformation, but outside of the
indentation zone, mechanical collapsing occurs as well. For the cells
with 4mm and 6mm deformation, it is noticeable that the impactor-
averted side shows significant delamination at the end of the aging test
series. Near the mandrel, these cells exhibit some delamination after
the end of the aging studies.

The increase of cell diameter (0.95mm for 6mm indentation) during
the long-term cycling (shown in Table 3b), is slightly higher than in
aging test series I, also considering the aging series cells with 2 and
4mm deformation ended at 600 cycles and not at SOH 70%.



Journal of Energy Storage 55 (2022) 105564

5

M. Spielbauer et al.

Fig. 3. Cell deformation and discharge capacity fade for both cyclic aging studies of mechanically damaged cells (top: Samsung INR18 650-25R M, bottom: Sony/Murata
US18 650VTC5).

Fig. 4. CT scans in the cross-section of the maximum deformation conducted after cell deformation and after test ending for both aging series.
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Table 3
Measurements of the diameter in the deformation cross-section for both cyclic aging studies conducted after deformation and
after cycling showing significant jelly roll swelling and re-deformation of the case. The diameter was measured in the cross
section with the highest deformation.

(a) Measurement of the diameter in the deformation cross-section for aging study I.

Reference 2mm Def. 4mm Def. 6mm Def.

After Def. 18.11mm 16.72mm 14.83mm 13.08mm
After cycling 18.11mm 17.09mm 15.44mm 13.81mm
Swelling 0mm 0.37mm 0.61mm 0.73mm

(b) Measurement of the diameter in the deformation cross-section for aging study II.

Reference 2mm Def. 4mm Def. 6mm Def.

After Def. 17.99mm 16.66mm 14.84mm 13.03mm
After cycling 17.99mm 17.16mm 15.47mm 13.98mm
Swelling 0mm 0.50mm 0.63mm 0.95mm
3.1.3. Post-mortem analysis
Post-mortem analysis with cell disassembly and visual inspection of

each jelly roll component was conducted at the end of the cyclic aging
studies on one cell for each indentation depth. For this, the outward-
oriented sides for the anode, cathode, and separators for both the inner
and the outer jelly roll areas were analyzed.

The analysis for cyclic aging test series I in Fig. 5(a) shows im-
prints of the current collectors on the electrodes and separators of
the reference cells. In the outer jelly roll area, the cathode shows
discoloration patterns at the axial center. In the inner jelly roll area,
the electrodes were significantly bent and broke during unrolling. The
cathode showed two discoloration bands. With increasing intrusion, the
deformed cells show progressively distinct imprints of the impactor
with increasing indentation depth on all jelly-roll components and
delamination in the impact areas, which is also observable on the
opposing electrode surfaces. On the cathode, the discoloration pattern
shows significant differences. In the inner jelly roll area, increased
delamination after unrolling and axial gaps in all jelly roll layers are
observable. Despite these local differences, a significant proportion of
the electrodes appears to be unaffected by the mechanical compression.

The analysis of the aging test study II, depicted in Fig. 5(b), likewise
shows imprints of the current collectors for the reference cells and
discoloration in the outer jelly roll area. Unlike the Samsung INR1865-
25R M, for the Sony/Murata US18 650VTC5, the inner jelly roll area
is easily bendable and unrollable without breaking. For the deformed
cells, different coloration patterns are recognizable in both the inner
and outer jelly roll areas. In the direct deformation and bending area,
patterns with active material debonding can be found on all jelly roll
components.

3.1.4. SEM analysis
To investigate if external compression influences the electrode mi-

crostructure after cycling, SEM analysis was conducted by Fraunhofer
ISC on an aged Samsung INR18 650-25R M cell with 4mm deformation
and a cycled reference cell. For the deformed cell, one sample was taken
from the outer jelly roll of the non-deformed area and one from the
outer jelly roll of the impact area. For comparison with an undeformed
cell, samples from a reference cell were taken from the inner and the
outer jelly roll area.

The anode of the deformed cell exhibits significant morphology
changes, densification, and a lower porosity in the impact area com-
pared to the non-deformed sample in Fig. 6(a). While these differences
appear severe, significant gradients can also be observed between the
inner and the outer jelly roll of the reference cell Fig. 6(b), even though
the densification does not appear to be as severe. For the cathode, the
difference between the impact area and the non-deformed area at the
outer jelly roll is less significant, as depicted in Fig. 6(c). Also, the visual
differences between inner and outer jelly roll are slighter, as shown in
6

Fig. 6(d). In all cathode samples, cracks in particles can be observed.
3.2. Electrical behavior

Regarding the electrical behavior of cells under mechanical in-
dentation, the effects on charge and discharge capacity and DVA are
elaborated in the latter.

3.2.1. Capacity behavior
As so far, only the CC-discharge capacity has been analyzed Fig. 7(a)

shows the coulombic efficiency for all tested cells for the first 25
cycles of cyclic aging study I (with cyclic aging study II showing
similar results). The cells with 4 and 6mm deformation exhibit severe
drops in coulombic efficiency down to 78% in the cycle directly after
mechanical deformation.

Further analysis of the charge and discharge capacity, exemplarily
depicted in Fig. 7(b) for a cell with 6mm deformation, reveals that
the cause of this behavior is not only the drop in discharge capacity
but also a substantial spike of charged capacity in the first cycle after
deformation from 2.55Ah to 2.82Ah for a cell with 6mm indentation.
That is more than 10% above the specified capacity of the cell type.
After this spike in charge capacity, in the following cycle the capacity
dropped below the level before the deformation of 2.45Ah.

The voltage–charging curve in Fig. 7(c) shows that the deformation
has only a minor influence on the duration of the CV-phases, whereas
the CV-phases are significantly prolonged and show higher charging
currents. Further tests indicate that this effect occurs not only in the
charge direction but also when cells are deformed at 100% SOC, and
then CC–CV discharged. Also, a prolonged CV phase occurs but with
significantly smaller charge throughput in the CV phase.

3.2.2. OCV measurements and DVA
DVA was conducted on the fifth cycle of the OCV measurements

before and after the mechanical deformation. The results showed that
the reference cells exhibit only marginal shifts in the DVA, which is why
they are not presented. The deformed cells show qualitatively similar
changes in the DVA, which is why only the variation with the most
significant changes (6mm deformation) is shown.

The DVA over the capacity in Fig. 8(a) for the deformed cell shows
the total loss of discharge capacity and the resulting shrinkage of
the entire measurement curve. The DVA over the SOH in Fig. 8(b)
illustrates no characteristic shifts in the peaks observable for both
anode and cathode. Instead, compression of the measurement curve
occurs.

4. Discussion

After elaborating on the measurement results, the following section
discusses these findings concerning the identified research gaps. Also,
the influence of cell design with CT, post-mortem, and SEM analysis,
as well as the electrical behavior are discussed.

Regarding the safety aspect, both cyclic aging test series conducted

showed that even severe deformations depths with up to 6mm intrusion
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Fig. 5. Post-mortem analysis for both aging studies after test ending showing the outward oriented sides of cathode, separator, anode and separator for both the outer and the
inner jelly roll area.
did not cause any hazardous events. Furthermore, even in an aging
study of a Samsung INR18 650-25R M cell with electrode fracture with
7.5mm deformation, which was not elaborated in this publication, the
cell was cyclable up until 70% SOH without safety-relevant issues. The
postulated scenarios of progressive separator fatigue due to increased
swelling forces, breathing, or dendrite growth was not observed.

Regarding the influence of the cell design, the CT analysis shows
minor jelly roll collapsing for the reference cells with a mandrel. The
higher stiffness of the Sony/Murata US18 650 VTC5 during deformation
7

could, among other factors such as different material composition
and mechanical strength of other components, partly be caused by its
presence. The flexible design of the mandrel might be a safety feature,
as a rigid mandrel could increase cell-internal stress in the case of
deformation, reducing the indentation depth of the onset of an ISC.

Apart from insights regarding the influence of the cell design,
the CT analysis also revealed that external mechanical deformation
does not cause destruction of the jelly roll structure but primarily
reshaping. Additionally, it was observable that external deformation
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Fig. 6. SEM images of a Samsung INR18 650-25R M cell with 4mm deformation and a reference with 70% SOH. In the CT scans at the top, the location of the sample extraction
is marked in orange. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
causes the mechanical collapsing to originate from the external de-
fect rather than cell-internal imperfections. Thickness measurements
showed cell diameter increases at the end of the cyclic aging studies for
the deformed cells. These increases likely are caused by cell internal
pressure increases due to swelling, which partly are compensated by
the re-deformation of the cell cases. Delamination for the Sony/Murata
US18 650VTC5 with 6mm deformation may explain increased aging
rates.

The post-mortem analysis showed active material debonding dur-
ing unrolling and different cathode discoloration patterns for the de-
formed cells. Debonding may be caused by excessive mechanical stress
that causes the fracture of the active material-current collector inter-
face [75], or can be caused by electrolyte drying out in these regions
due to porosity decreases and electrolyte displacement. While the
cause for the discoloration remains unclear, it potentially is linked to
mechanical stress, with different stress distributions causing different
discoloration patterns. Despite severe local defects, large parts of the
electrodes remained intact. The separators showed pressure imprints
but no signs of fracture or fatigue, which testifies against the presence
of an ISC.

The SEM analysis revealed that cell-external pressure may cause
significant porosity gradients of the anode, while the cathode exhib-
ited only minor differences in general. Combined with the significant
debonding of aged samples of anode active material and its lower
mechanical strength in compressive tests [76–80], this may indicate
8

that the anode active material is more susceptible to mechanical stress.
However, as porosity gradients can also be found in undeformed ref-
erence cells, the deformation may primarily change the pressure dis-
tribution within the cell. Excessive stress levels can be expected in the
buckling zones, where sample extraction was impossible due to active
material debonding during cell disassembling. With this, it has to be
considered that SEM images show only a local sample of the electrodes
and allow no general statement regarding its entirety.

Regarding the electrical behavior, 6mm indentation caused dis-
charge capacity drops of 3.2% after the deformation. After initial drops,
the deformed cells showed no or only slightly accelerated aging rates
compared to the reference cells during long-term cyclic aging. Such
capacity drops are undesirable as they may significantly increase inho-
mogeneity within a module and cause accelerated aging for the entire
system.

Nevertheless, in combination with the increased CC–CV charge ca-
pacity directly after deformation (10% for the Samsung INR18 650-25R
M) this may offer an approach for damage detection. The low-current
cut-off of the CV phases supports the assumption of actual capacity
loss rather than resistance increase alone. Significantly smaller charge
throughput in the CV phase in the case of discharging may be explained
by the steeper OCV curve or by being mainly caused by anode side
reactions. Mechanisms causing the initial increase of charged capacity
and the subsequent drop of discharge capacity may be cracking and
pulverization of active material, as well as the formation of new SEI and
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Fig. 7. Electrical behavior of damaged battery cells during charging after mechanical deformation of cells of aging study I.

Fig. 8. DVA over capacity and over current SOH for a Samsung INR18 650-25R M cell before and after 6mm deformation with a 20mm cylindric impactor. Peaks which are
characteristic for the anode (A) and cathode (C) [74] are marked.
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other boundary layers [81–83]. OCV measurements and DVA analysis
indicated, as opposed to observations in the SEM analysis, that the loss
of capacity cannot be attributed mainly to the anode but originates
from a global loss of useable material. That is because the characteristic
peaks attributed to anode and cathode barely change their relative
positions.

All in all, no cell in these test series exhibited a hazardous event
and no indication of safety–critical behavior. However, this must not be
construed as a guarantee for cell safety under mechanical deformation,
as the small sample size of 5 per variation allows no significantly
reliable conclusion on the impact of cell safety. Such damage may
severely increase the risk of a hazardous event without being trackable
in the conducted test series. Additionally, other tests conducted by the
authors of this publication have shown that, while 18 650 batteries are
very resilient against deformation in the jelly roll area, deformations
at the positive pole as small as 1mm may cause electrolyte leakage
and functionality delay or loss of the CID. Also, deformations in the
area of the anode and separator overhang may be more critical, as they
may establish direct contact between the electrodes. Furthermore, the
results are limited to the specific load case and the two tested cell types.

5. Conclusion

In this work, long-term cyclic aging test series with deformed cells of
two types of high-power 18 650 cells (with mandrel and mandrel-free)
were conducted. In the long-term cyclic aging studies, no hazardous
events were observed. The aging test series showed that minor defor-
mations have an insignificant impact on the CC discharge capacity,
whereas severe deformations lead to capacity drops directly after de-
formation but little to no accelerated aging after these initial drops.
CT, post-mortem, and SEM analysis indicated significant differences in
cell internal stress distribution and local component damaging for the
deformed cells, but without causing separator failure.

Further electrical analysis showed significantly increased CC–CV
charge capacity in the cycle after mechanical deformation due to
prolonged CV phases. The prolonged CV-phases with increased charge
capacity and following CC-CV discharge capacity drops and after defor-
mation may offer an approach for detecting mechanical damage. DVA
indicated no damage primarily on either anode or cathode but global
capacity losses.

While the cells in the conducted investigations exhibited no safety–
critical behavior, the small sample size of 5 cells per variation has to
be highlighted, which does not allow reliable statistical conclusions.
Either way, other deformation scenarios are far more critical, and very
high loads may lead to instant thermal runaway, which still needs to
be addressed with proper module design.

Future work may investigate much higher sample sizes to draw
more statistically reliable conclusions. Also, other cell types, load sce-
narios (e.g. other impactors, deformation locations, axial compression),
and even more severe cell deformations with electrode fractures could
be investigated. Furthermore, the investigation of cells with graphite–
silicon anodes, which exhibit higher cyclic and irreversible volume
expansion, might be relevant to upcoming cell generations. The effect,
which leads to increased charge capacity in the cycle after the defor-
mation, might be better understood after further testing with half-cells
or chemical analysis in the deformation areas.

CRediT authorship contribution statement

Markus Spielbauer: Conceptualization, Methodology, Validation,
Formal analysis, Investigation, Resources, Data curation, Writing – orig-
inal draft, Writing – review & editing, Visualization. Jonas Soellner:
Conceptualization, Methodology, Writing – review & editing. Philipp
Berg: Methodology, Writing – review & editing, Funding acquisition.
Korbinian Koch: Conceptualization, Methodology, Investigation, Re-
10

sources, Writing – review & editing. Peter Keil: Validation, Formal
analysis, Investigation, Resources, Data curation, Writing – review &
editing. Christian Rosenmüller: Formal analysis, Investigation, Re-
sources, Writing – review & editing. Oliver Bohlen: Conceptualiza-
tion, Methodology, Resources, Writing – review & editing, Supervision,
Project administration, Funding acquisition. Andreas Jossen: Con-
ceptualization, Methodology, Resources, Writing – review & editing,
Supervision, Project administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

The data that has been used is available upon request.

Acknowledgments

Funding from the German Federal Ministry for Economic Affairs
and Energy (BMWi) of the project ReVISEDBatt [03ETE 004C] and
managing by the Projektträger Jülich (PtJ) as well as funding by the
The Bavarian Ministry for Science, Research and Culture of the project
Safe-Mu-Mob is gratefully acknowledged. The authors also want to
thank Dr. Sarah Hartmann and Philip Daubinger from Fraunhofer ISC
for conducting SEM scans, Prof. Dr. Gregor Feiertag for supporting
this project by granting access to the CT and Robert Stanger, Leonard
Janczyk and Varnim Goyal from Hilti Entwicklungsgesellschaft GmbH
for fruitful discussions and for providing cells for the test series.

Appendix. Abbreviations

EIS Electrochemical Impedance Spectroscopy
ISC Internal Short Circuit
CC Constant Current
CID Current Interruptive Device
CT Computed Tomography
CV Constant Voltage
DVA Differential Voltage Analysis
LFP Lithium Iron Phosphate
OCV Open Circuit Voltage
SEI Solid Electrolyte Interphase
SEM Scanning Electron Microscope
SOC State of Charge
SOH State of Health
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