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Abstract

Electrochemical-mechanical interactions, especially pressure-induced ones, have been identified to be
a cause for lithium-plating in lithium-ion cells. Mechanically induced porosity inhomogeneities in the
separator layers due to electrode expansion during charging especially lead to cell internal balancing
currents and can cause localized plating. To identify cell-format and cell-material dependent
mechanical weak spots, a layer-resolved mechanical simulation of different cell types and cell-material
combinations is presented in this work. The simulation results show distinctive layer strain patterns
for different cell-types that coincide with localized lithium-plating found in post-mortem cells.
Additionally, the effects of cell bracing in battery modules is investigated and a method to mitigate the
increased layer strain due to bracing counterforces is proposed that also increases cell energy density
for hardcase-type automotive cells.
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1. Introduction

Since the invention of the lithium-ion battery, battery cells have evolved in a multitude of form factors
and electrode chemistries. For cylindrical cells, pouch-type cells and prismatic hardcase-type cells, the
basic internal structure of commercially available cells remains the same. Most commercially available
cell-types consist of a negative electrode (anode), a positive electrode (cathode) and an ion-conducting
polymer separator soaked with electrolyte. Depending on the intended use, the composition of the
electrodes and their layer thicknesses are varied. Cathodes nowadays are mostly either LiCoO, (LCO),
LiNixMn,Co,0, (NMCxyz) or LiNio.sC00.15Al0.0s02 (NCA). Anodes consist predominantly of graphite and in
some cases small amounts of added silicon to increase energy density [1]. Especially with added silicon,
the dilation of the anode during operation is increased significantly. Where graphite shows a dilation
between 4.3 % and 13.2 % (dependent on the measurement method) [2—7], silicon shows a dilation of
around 300 % during lithiation [8,9]. Also, cathode materials show a dilation of -0.8% to 0.9%
(NMC111) [2,10,11] or -2 % to -1.9 % (LCO) during lithiation [3,12]. On electrode material level, this
dilation can e.g. lead to particle cracking which causes increased cell aging [13,14]. On cell level,
electrode dilation can result in significant material strain; this can especially affect the soft polymer
separator layers. Increased strain of the separator results in reduced porosity of the separator, which
leads to increased internal resistance of the cell, but can also cause localized lithium-plating due to
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mechanically induced balancing currents on electrode level [15-18]. Non-uniform/inhomogeneous
pressure distribution was found to induce accelerated cell aging e.g. due to mechanically induced
lithium plating [19-21]. In a worst-case scenario, electrode dilation can lead to creep and tearing of
the separator with a subsequent thermal runaway by internal short circuits of the cell [22,23].

To investigate effects from macroscopic external and internal mechanical loads such as vibrations
[24,25], shocks [24,26] and crush [27,28], a variety of simulative approaches have been conducted in
the past, but only a few have investigated mechanical pressure on cell level [16,19,29,30]. Most
publications use a homogenized model of the electrode stack, but only a few present electrode layer-
resolved mechanical models as shown by the review of Kermani et al. [31]. When a layered model is
used, often only a comparably small electrode stack section is modeled compared to the volume of
the total electrode dimensions. Considering the mechanical variety of internal (round-wound, flat-
wound or stacked electrode layers) and external (metal tube, foil-type or rigid prismatic-type) cell
structures, homogenized models obviously have only limited explanatory power when investigating
cell-format dependent effects like localized lithium plating. During post-mortem analysis of different
cell types (Fig. 1), one can observe distinctive localized lithium-plating patterns for each cell type.
Hence, the mechanical structure of a cell clearly has an impact on (spatial) lithium plating behavior.

Fig. 1. (2 column) From left to right: localized lithium-plating patterns found in 18650-cell [15], pouch-type-cell [32] and prismatic hardcase-
type cell [33].

In this work, an electrode layer resolved mechanical simulative study of common cell types and cell
materials is presented that considers the variety of internal (electrode stack geometry) and external
(casing or bracing structures in a battery module) cell structures. This boundary condition is also
simulated with respect to ambient conditions in battery application, e.g. mechanically constrained cells
in a battery module. Conclusively, an evolutionary approach to equate and reduce strain in battery
cells is presented, which should decrease or even avoid mechanically induced balancing currents and
therefore localized lithium-plating and increase cell lifetime.
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2. Material and methods
2.1. General modeling approach

All-in-all modeling of a lithium-ion-cell requires an electrochemical-mechanical coupled model which
imposes high requirements regarding computational power, especially when dealing with an
electrode-resolved model. To reduce the complexity of the model but get cell format dependent
results, a pure finite-element mechanical simulation with Ansys 18.2 is conducted in this work. A
summary of the used boundary definitions and simulation hypotheses can be found in the
supplementary material (Table S.8 and S.9). Electrode dilation is simulated via parameterized virtual
thermal material expansion. To investigate the maximum material strain at the end of the charging
step, material dilation is simulated via a linear virtual temperature increase. Nonlinear dilation effects
like graphite staging are omitted in this first study. Owing to the limitations of the used software
version and for convergence of the model, some additional necessary simplifications are applied.
Consequences of the simplifications for the results are discussed in detail in the discussion section.

The start of each simulation is a force-free state of an ideal cell with form-fit contact of the
electrode/separator layers with the casing parts. Force generation due to binder swelling is neglected
owing to only few available data. To investigate the mechanical stresses and strains of the
electrode/separator layers in a charged cell, an isothermal single charging step of the cell is simulated.
Therefore, thermal expansion of the material e.g. due to high charging currents is neglected. Since
locally increased ionic resistance leads to localized balancing currents and therefore can cause
localized lithium plating, the increased ionic resistance of the strained layers is calculated from the
data of Sauerteig et al. [34].

2.2. Material models

Since electrodes consist of a porous matrix of largely active material and binder, mechanical material
data from only the active material particles cannot be used. This is aggravated by the fact that,
compression tests of electrodes show substantial differences in terms of mechanical stiffness
compared with Young’s modulus of pure active materials [34,35]. Therefore, lithiation hardening of
active materials is neglected in this work as well. For this work, experimentally obtained stiffness data
[34] obtained from electrode and separator compression tests is used and extrapolated to a maximum
stress of 40 MPa. Material strain is calculated via integration of the material stiffness curves. For
electrode dilation during lithiation values of 7.5 % (graphite anode without silicon) [2], 0 % (NMC111
cathode) [10] and -1.9 % (LCO cathode) [3] that were obtained from dilatometric experiments are used.

Experiments showed expansion only of the electrode perpendicular to the electrode thickness, hence
dilation of the material is simulated orthotropic [36]. The binder material (usually polyvinylidene
fluoride PVdF) of the electrodes and the separator materials (usually polyethylene PE or polypropylene
PP) show visco-elastic behavior when stressed [37,38]. Owing to the only few available datasets and
for the sake of simplicity of the model, material strain is simulated linear elastic in this work. The
consequences for the results of this simplification is discussed in detail in the discussion section. The
material parameters used for the polymeric materials can be found in the supplementary material
(Table S.7).
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2.3. Cell models

To investigate commonly available cell types, four different mechanical models are simulated (Fig. 2).
Mechanical dimensions of the cell models can be found in the supplementary material for better
readability of the article (Table S.1 — Table S.6).

=
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Fig. 2 (2 column) Illlustration (not true to scale) of an 18650-cell cross section model a), longitudinal cross-section models of an 18650-cell
b), pouch-type cell c) and hardcase-type cell d) with symmetry borders (black dashed lines). The red dot-dashed arrows mark the layer
counting direction. The blue dashed arrows mark the position on the layer used in the longitudinal cross-section modeling with the center
position marked.

First, a quarter cross-sectional model of an 18650-cell is simulated (Fig. 2a), which allows a reduction
of nodes owing to its radial symmetry. The outer casing of the cell and the winding mandrel in the
center are composed of stainless steel. The electrode stack consists of repetitive layers of copper
current collectors, anode layers, separators, cathode layers, aluminum current collectors, cathode
layers, separators and anode layers. The outmost layer is modeled as a copper current collector layer
as often found in commercial cells. Since especially cylindrical cells come in a variety of cell material
variants, not only the mechanical effects from different cathode materials (LCO vs. NMC) but also the
behavior of different separator materials (PP vs. PE separator) is simulated. Additionally, the effect of
two different common electrode configurations (high Energy (hE) configuration with high electrode
loading and high Power (hP) configuration with less electrode loading for better performance at high

currents) is investigated. Finally, the effect of the cell diameter (18650 vs. 21700 cell) is surveyed.

To simulate effects near the edge of the cell casing or e.g. due to anode overlap, longitudinal section
models of either an 18650 cell (Fig. 2b), a pouch-type cell (Fig. 2c) and a hardcase-type cell (Fig. 2d) are
conducted. Just like with the cross-section model, a rotational symmetry axis is used to reduce the
number of nodes and hence computing time and memory usage.

The outer shell of the simulated pouch-type cell consists of a three-layer laminate of PE/Aluminum/PE
in this work. To simulate the stiffening of the cell during vacuum sealing in production, a preload of
95 kPa is applied to the outer shell before the virtual charging of the cell.

The casing of the simulated hardcase-type cell consists of aluminum. The dimensions of the cell are
like those in the cells used in mild-hybrid vehicles (HEV). Owing to the flat-wound structure of the
electrode stack, a hollow part forms in the center of the cell. Since this can lead to layer detachment
during the modeled charging step, which is adverse for model convergence, the area is filled virtually
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with a soft HT800 (Rogers Bisco) silicon foam material. Owing to the comparably low stiffness of the
foam material compared with other cell materials, results should only be distorted marginally.

Due to the large number of nodes of the layer resolved model, the mesh size must be carefully chosen
to limit computing time and memory usage. A preliminary convergence study of the cross-section of
an 18650-model showed satisfying convergence results when one element per layer (relating to layer
thickness) is used (Figure S.4). For the longitudinal model, a sectioned mesh with finer mesh size must
be used to get a good convergence in areas of high stress/strain, e.g. near the cathode layer edge and
the separator. A convergence study showed suitable convergence for ten elements per layer (relating
to layer thickness) (Figure S.5). For the remaining model areas five elements per layer are used to
reduce computing time and memory usage.

2.4. Modeling effects in a battery module and mechanical cell improvement

In laboratory aging test setups, single cells are often tested without mechanical constraints. Owing to
additional mechanical loads e.g. vibration in applications like an electric car, pouch-type and prismatic
hardcase-type cells are bundled to cell modules and braced by a rigid module construction. This stiff
module construction obstructs the outward dilation of the cells during charging and aging. As a result,
the internal stresses and strains increase owing to the counterforce of module bracing [19,39]
compared with an unbraced cell. To investigate this scenario, virtual ideal module bracing is applied to
the simulated cell by predefining the outer casing as fixed.

Additionally, as an approach to moderate the assumingly increasing stresses and strains because of
the module construction, braced cells with a HT-800 silicon foam layer are simulated instead of some
outermost cathode/separator/anode layers to allow a certain amount of electrode dilation. In case of
the prismatic hardcase-type cell, the void in the center is filled with the foam as well. The separator
and the foam materials are simulated via an Ogden-foam model (parameters in supplementary
material Table S.7). Tab. 1 shows an overview of the simulations conducted for this work.

Tab. 1 (2 column) Overview of simulated cell types.

Variant 1

Variant 2

Variant 3

Variant 4

Cross-sectional
simulations
(cylindrical cell)

Longitudinal-cross-
sectional simulations
(all high Energy (hE)
configuration)

high Energy (hE) vs. high
Power (hP) electrode
configuration

18650-type cell

Pouch-type cell
(unconstrained)

Hardcase-type HEV cell
(unconstrained)

Stacked hardcase-type
HEV cell (unconstrained)

PE vs. PP Separator
(high Energy (hE)
configuration)

Pouch-type cell
(constrained)

Hardcase-type HEV cell
(constrained)

Stacked hardcase-type
HEV cell (constrained)

NMC vs. LCO cathode
(high Energy (hE)
configuration)

Pouch-type cell
(constrained with
elastomer layer)
Hardcase-type HEV cell
(constrained with
elastomer layer)

Stacked hardcase-type
HEV cell (constrained with
elastomer layer)

18650 vs. 21700 format
(high Energy (hE)
configuration)
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3. Results and Discussion

3.1. Effects of electrode material variation and cell sizing of cylindrical cells

A cylindrical cross-section model allows for the investigation of the variation of material characteristics
with tolerable computational effort owing to the comparably small number of simulation nodes.

First, the differences of the behavior of a cell with a high-energy (hE) configuration (high electrode
loading for high energy density) and a cell with high-power (hP) configuration (thin electrode loading
for low internal resistance) are investigated (Fig. 3a-c). Layer number zero denotes the innermost layer
of the cell next to the mandrel. Owing to the similar outer diameter of the cell, but the thinner
electrode loading, the high-power cell contains a higher number of layers. The final strains after
charging of the cell in the separator layers for high-energy configuration (Fig. 3a) show an average layer
compression of 8.5 % with an increase of ionic resistance of 26 % for the inner layers and 20 % for the
outer separator layers. The separator layers of the high-power cell show an average compression of
7.5 % with an increase of ionic resistance of 19 % for the inner layers and 15 % for the outer separator
layers. For the anode layers (Fig. 3b), the virtual charging of the cell results in an average compression
of 3% with an average ionic resistance increase of 26 % (hE) and an average compression of 2.8 %,
with an average ionic resistance increase of 21 % (hP). For the cathode layers, (Fig. 3c) the virtual
charging of the cell results in an average compression of 3.5 % with an average ionic resistance increase
of 10 % (hE) and an average compression of 3 % with an average ionic resistance increase of 9 % (hP).

When exchanging the PE-separator used before with a stiffer PP-separator (both hE-configuration),
the average compression of the separator layers (Fig. 3d) decreases to 1.5% and the compression
spread also decreases. The increase of ionic resistance for the PP-separator is not calculated, because
no ionic resistance data is available for this separator material. Owing to the stiffer PP-separator, the
average compression of the anode layers increases to 3.8 % with an average ionic resistance increase
of 48 % (Fig. 3e) and for the cathode layers (Fig. 3f), the simulated charging of the cell results in an
average compression of 4.8 % with an average ionic resistance increase of 16 %.

When exchanging the NMC-cathode used before with an LCO-cathode (both hE-configuration) the
average compression of the separator layers (Fig. 3g) increases to 11 % owing to the additionally
expanding cathode during the simulated charging of the cell. The average increase of ionic resistance
for the separator layers increases to 38 %. The average compression of the anode layers increases to
3.4 % with an average ionic resistance increase of 25 % (Fig. 3h), and for the cathode layers, the virtual
charging of the cell results in an average compression of 4 % (Fig. 3i). Owing to non-available data, the
ionic resistance increase for the LCO cathode was not calculated.
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Fig. 3 (2 column) Calculated layer strains and ionic resistance increases after simulated charging step with the cross-sectional model of an 18650-cell. Each column represents a whole cell (anode/separator/cathode part):
a-c) Comparison of a high Energy (hE) vs. high Power (hP) configuration; d-f) effects of two different separator materials (PP vs. PE in high Energy electrode configuration); g-i) effects of two different cathode materials
(NMC vs. LCO in high Energy electrode configuration); j-I) comparison of an 18650 and an 21700 cell (in high Energy (hE) electrode configuration).
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When comparing an 18650 cell with an 21700 cell (both hE-configuration), similar results in terms of
layer compression and increase of ionic resistance emerge (Fig. 3j-1) despite the higher number of
layers in the 21700 cell (50 vs. 42) and the increased cell diameter. Compared with the 18650 cell, one
can observe a widening of the constant compression plateau in the middle of the jellyroll and the
pressure distribution in the outer layers. For an overview of the results see Tab. 2.

Tab. 2 (2 column) Simulation results overview of electrode material variation and cell size of cylindrical cells.

Average layer Separator Anode Cathode Average increased ionic Separator Anode Cathode
compression in % resistance in %

high Energy cell (hE) 8.5% 3.0% 35% high Energy cell (hE) +25% +26% +10%
18650 size 18650 size

w/ PE separator, w/ PE separator,

NMC cathode NMC cathode

high Power cell (hP) 7.5% 2.8% 3.0% high Power cell (hP) +18% +21% +9%
18650 size 18650 size

w/ PE separator, w/ PE separator,

NMC cathode NMC cathode

high Energy cell (hE) 1.5% 3.8% 4.8% high Energy cell (hE) no data +48% +16%
18650 size 18650 size available

w/ PP separator, w/ PP separator,

NMC cathode NMC cathode

high Energy cell (hE) 11% 34% 4.0% high Energy cell (hE) +38% +25%  nodata
18650 size 18650 size available
w/ PE separator, w/ PE separator,

LCO cathode LCO cathode

high Energy cell (hE) 8.5% 3.0% 35% high Energy cell (hE) +25% +26% +10%
21700 size 21700 size

w/ PE separator, w/ PE separator,

NMC cathode NMC cathode

In terms of layer compression amplitude and incline of ionic resistivity, the high-power cell shows
advantages for the anode, cathode and the separator (for the simulated configuration). This is driven
mainly by the fact, that the percentage of active material is lower compared with the high-energy cell,
hence less dilation of the electrodes in total. To increase the energy density in high-power cells and
decrease the ionic resistivity of the cell from a mechanical position, the use of thinner separators is
possible. The usage of a stiffer separator material like PP is favorable in terms of separator compression
behavior, but not in terms of cost of the compression and therefore the increase of ionic resistance of
the anode and cathode layers. The soft anode layer especially sees almost double the increase in ionic
resistance in this scenario. For cell manufacturing or when solid electrolytes are used in the future, this
must be considered e.g. by manufacturing electrodes with a higher porosity to maintain the same ionic
resistivity compared to a softer separator material. When a cathode material like LCO is used that adds
further expansion during cell charging, extra strain is added during charging and therefore the ionic
resistance of all active layers of the cell increases significantly. A similar scenario is the usage of anode
materials with higher expansion like silicon blended graphite anodes. The results of the simulation of
18650 and 21700 cells with the identical electrode formulation are comparable in terms of maximum
layer strain and inhomogeneity.

The simulation results only show the effect of a single charge of a virtual cell. Effects from cell aging,
especially irreversible anode dilation [2], are not examined in this investigation. To investigate
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transient effects, nonelastic behavior of the binder and separator material should be simulated in the
future as a next step. Nevertheless, macroscopic effects on cell level can be estimated from transient
material behavior itself without numerical simulation. Owing to the visco-elastic nature of the binder
and separator materials [37,38], the maximum amount of stress will decrease progressively at the
expense of layer strain. Since anode hardening due to increased SEI formation over time [34], the soft
separator will be the most strained material in the cell. The simulation results presented here thus
show an attenuated scenario in terms of layer strain and ionic resistance increase. Layer strain and
ionic resistance, especially of the separator layers, will be significantly increased in aged cells.

For evaluation of different material pairings (anode/separator/cathode), the usage of a simplified
cross-section model allows for a comparable fast screening for mechanically driven effects on material
level. Since the electrode and separator layers are simulated not as a spiral but as closed rings in the
quarter cell model, the stiff current collector layers shield expansion of the inner active material layers
to some extent. In a real cell, the strain of the inner layers should be lower than depicted in the results.
especially when there is no mandrel present in the cell and relative electrode movement is possible
[40].

Since the cross-sectional model cannot reproduce effects like e.g. stiff casing corners, for the following
investigations of longitudinal cross-section models (high-energy electrode configuration with a NMC-
cathode and a PE-separator) are used. When looking at the results of the longitudinal cross-section
model of the 18650 cell (Fig. 4a), one can observe an increase of layer compression, especially near
the casing edges of the cell, with peaks of over 9 % compression before the compression drops to zero
for the separator parts without contact to electrodes (overlap regions). The peaks are caused by the
overhang of the anode over the cathode layers at the position of the edge of the cathode layer where
the separator layer is compressed owing to electrode dilation.

To verify the usability of the longitudinal cross-section model, the values of the layer compression of
both approaches (Fig. 4d) are compared for the midsection of the cell (x-position zero denotes the
location of the horizontal symmetry axis of the jellyroll at 50 % cell height). The calculated values for
layer compression of both models show good comparability with a maximum deviation of less than
0.5 %.
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Fig. 4 (2 column): a-c) Strain in a longitudinal cross-section model of an 18650 cell. d) Deviation calculation between the radial cross-section
simulation and the longitudinal cross-section simulation at position zero (50 % cell height).

When investigating cells on a more macroscopic level, the usage of longitudinal cross-section models
is imperative because of border effects like rigid casing edges that cause inhomogeneous counter
stress during electrode dilation. The results of the longitudinal simulation show high gradients in
separator strain in the anode overlap region. From a purely mechanical point of view, this is
disadvantageous, but it is necessary from an electrochemical point of view to avoid deficient covering
of the anode and the hereby caused lithium plating [41].

3.2. Effects due to module bracing for different cell formats

Since the increase of ionic resistance scales almost linearly with material strain, only the layer strain is
shown for better clarity of the figures in the following.

When looking at the results of a virtual charge step of an unconstrained pouch cell (Fig. 5a), one can
observe a low layer compression of only 1 % for most areas of the cell. Peaks in layer compression can
only be observed near the edge of the cell, and especially in the outer electrode stack area.
Additionally, next to the peaks in inward direction of the cell, an area of reduced layer compression
can be found mainly in the outer layers. In a constrained cell (Fig. 5b), compression of the separator
layers rises to around 9 % and 3 % for the anode and cathode layers, respectively. Compared with the
unconstrained cell, the compression of the layers is more homogeneous. As with the 18650 cell,
distinctive peaks due to the anode overlap can be found in the pouch-type cell as well. The partly
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higher compression values of the inner cathode layers are simulation artifacts due to contact
chattering.

When only a few electrode layers of the braced cell are exchanged with a silicon foam layer with a
thickness of 470 um (corresponds to twice the cell dilation at free expansion) and the length of the
cathode layers is added (see supplementary material Figure S.1) to allow electrode dilation, a uniform
and low compression (< 1 %) scenario can be observed even though the cell is constrained (Fig. 5c).
Owing to the comparably low stiffness of the foam material, the compression of the electrode and
separator layers is nearly zero, but low compression is maintained in the charged cell.
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Fig. 5 (2 column): a) Final layer strain of an unconstrained pouch-type cell, b) a constrained pouch-type cell and c) a constrained pouch-type
cell with a foam layer to allow electrode expansion despite the constrained cell.

When comparing the strain maps of the three different scenarios, differences between unconstrained
cells and constrained cells found in aging investigations [19,20] are understandable. Although the low
compression in most areas of the cell seems promising at first glance, the high compression gradients
near the edge of the cell lead to cell-internal balancing currents due to locally reduced electrode and
separator porosity [15,42]. Additionally, at the area of lower compression in the outer edge of the cell,
delamination of the electrode and separator layers can occur, which would be visible in the mechanical
model as negative compression. Since (local) layer delamination completely disrupts ionic conductivity,
lithium plating occurs predominantly in these areas. Therefore, delamination must be avoided e.g. via
constructive measures like appropriate module bracing. Under the delamination and compression
gradient avoidance aspect, a homogeneous stress/strain simulation result in a constrained cell should
be targeted. As shown in previous investigations [19,20], cell aging accelerates with increased external
pressure, which is equal to cell-internal pressure in the case of the pouch-type cell owing to a missing
rigid barrier as for cylindrical and hardcase-type cells. A low layer compression of a few ten kilopascals
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should therefore be targeted [20]. To comply with the need to fasten cells in applications like electric
cars, the presented enhanced cell with a compressible layer such as foam could be a promising
alternative. Depending on the foam layer thickness, even irreversible dilation due to cell aging can be
compensated. As investigations have shown, flexible bracing with a constant bracing force slows cell
aging significantly compared with rigidly braced cells [19]. For applications, the widely inert (except for
the presence of significant amounts of hydrofluoric acid) silicon foam can be applied cell-internal but
also cell-external owing to the flexible pouch-type foil casing. Not only is the thickness of the foam
layer important, but also the lateral dimensions. When the foam layer is sized equal to the anode
layers, a compression scenario comparable with the free expanding cell can be observed as the foam
overlaps the cathode edges (see supplementary material Fig. S.2).

As with the pouch-type cell, three scenarios are again simulated for the hardcase-type cell (Fig. 6).

free expansion constrained constrained with foam layer
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Fig. 6 (2 column): a) Final layer strain of an unconstrained hardcase-type HEV cell, b) a constrained hardcase-type HEV cell and c) a
constrained hardcase-type HEV cell with a foam layer to allow electrode expansion. The asterisks mark the outermost contacts of the
jellyroll with the cell casing before the bent sections begins.

For the unconstrained cell (Fig. 6a), one can observe low compression of around 1 % for the electrode
and separator layers independent of the layer numbers regarding the center area. Compression peaks
can be found in the curved areas of the jellyroll with a maximum 10 % compression of the separator
layers in the center layers of the jellyroll, where small winding radii occur. Compression of the
electrode layers is as high as 3 % in this area. For the outer layers, the compression peaks of the curved
electrode and separator parts decrease, because the layers can expand freely (non-existing contact
with the cell casing in this area). As with the unconstrained pouch-type cell, a section of comparable
low compression can be found next to the compression peaks. The likelihood of layer delamination or
plating due to mechanically induced balancing currents is expected to be significantly higher here. For
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the curved electrode and separator areas, the compression behavior is comparable with cylindrical
cells.

When the cell is constrained (Fig. 6b) on the long side, only a small increase in layer compression can
be observed. Only the flat mid-section with contact to the cell casing is homogenized and shows slightly
increased compression due to the counterforce of the bracing. Since the curved parts of the jellyroll
have no contact with the cell casing, no counterforce is exerted on this area by the bracing. This
explains the similar results compared with the unconstrained cell. For theoretical consideration, the
integration of a silicon foam layer with a thickness of 362 um (lateral size equal to the flat jellyroll
contact area) is integrated into the cell (Fig. 6¢) instead of the outermost anode/separator/cathode
layer and into the jellyroll void as well. No significant decrease of layer compression is observable.

From the mechanical point of view, the hardcase-type cell differs significantly from the pouch-type cell
for several reasons. The hardcase-type cell has a comparably rigid casing that exerts significant
counterforce when the electrodes expand during charging. Additionally, the counterforce is
inhomogeneous owing to the prismatic shape of the casing. Hence, the counterforce of the casing is
higher near the edges of the casing. Since the compression results of all three scenarios is similar, the
main cause for inhomogeneous layer compression can be attributed to the flat-wound nature of the
jellyroll. The flat-wound structure of the jelly roll leads to mixed effects because of irregular layer
bending radii (like in a cylindrical cell) and a homogeneous layer structure (like in a pouch-type cell).
Nevertheless, the void in the center of the jellyroll has a positive effect on the layer compression in the
flat section of the jellyroll and acts as a kind of dilation buffer, even in the constrained cell. On the
contrary, the addition of a foam layer is useless in this scenario because of this built-in buffer. But
taking the irreversible dilation due to cell aging into account, the void in the middle of the jellyroll will
be consumed over time. As a result, the usage of a single foam layer should mitigate and homogenize
the pressure increase in aging hardcase-type cells as well for the flat jellyroll area.

3.3. Comparison of simulation results and localized lithium plating from post-mortem cells

Direct validation of the simulation results with real cells is hardly realizable owing to the large number
of input parameters and the transient visco-elastic behavior of the materials. Additionally, it would
need a cell-integrated spatial sensor layer, but without disturbing the cell electrochemistry which is
hardly feasible for large format cells. To check if the results are plausible, one possibility is to compare
the simulation results with localized plating in post-mortem cells. As discussed before, areas with a
high gradient in layer compression are prone to the emergence of cell-internal balancing currents that
can lead to localized lithium plating on the side of the lower material compression (i.e. higher ionic
conductivity).

For the cylindrical cell, the area of the highest compression gradient is near the cell casing and casing
edges. When compared with an opened 18650-cell after low temperature charging (Fig. 7a), an
increased amount of plating can be found in this area.
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Fig. 7 (2 column): a) Area of high strain gradient and increased localized plating in the outer windings of an 18650 cell [18]. b) Localized
lithium-plating areas in a post-mortem hardcase-type cell [33]. c) Localized lithium-plating areas in an opened pouch-type cell [32] (high
strain = red, low strain = blue).
For a hardcase-type cell with a flat wound jellyroll, vertical stripes of localized lithium plating are found
next to the curved jellyroll areas (Fig. 7b). Sticking to the hypothesis of high compression gradients as
one root cause for lithium plating, the area with a high-pressure gradient in the simulation matches
the empirically observed plating areas well. In all cell types, and especially in pouch-type cells (Fig. 7c),
the effect of the pressure gradient in the anode overlap area can also be clearly observed by lithium-
plating traces. Furthermore, comparing the results of a cell casing dilation measurement in a 94 Ah
BEV hardcase-type cell with flat-wound jellyrolls with the results of mechanical simulation, the
characteristic m-shape due to the flat-wound jellyroll (supplementary material Figure S.3) can be
clearly observed. Despite the necessary simplifications used in the simulation process, the coinciding
results proof the usability of the presented simulation method for qualitative investigations of (new)
cell concepts.

3.4. Stacked hardcase-type HEV cell with foam layer and improved strain distribution

The previous results show clear advantages for the pouch-type cell from the mechanical and therefore
electrochemical point of view. One disadvantage of the pouch-type cells is their delicate cell housing
that is vulnerable to tearing or intrusive forces. This disadvantage is not present in the hardcase-type
cells thanks to their intrinsically robust metal housing. But as shown before, the flat-wound electrode
stack leads to inhomogeneous material strain during operation. To get the best out of both worlds, a
simulation of a stacked hardcase-type HEV cell with and without a foam layer is conducted in an
unbraced and braced scenario. The lateral dimensions of the electrodes are equal to the lateral
dimensions of the flat-wound jellyroll.

For the unbraced hardcase-type cell with the stacked electrode layers, low and homogeneous material
compression can be observed (Fig. 8a) in the center area. Moving towards the edges of the layers and
hence towards the stiff casing edges, material compression increases before it reaches its maximum
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at the anode overlap. The nonlinear increase in material compression of the separator in the outer
layers results mainly from the nonlinear elastic behavior of the separator material.

When braced, a result (Fig. 8b) comparable with the braced pouch-type cell can be observed. Again,
the compression of the separator is in the range of 9 % and 3 % for the electrodes. For the braced and
unbraced cell, the sharp drop in compression due to the anode overlap can be clearly observed. Plating
in this area should be visible as with commercial pouch-type cells.

Again, the beneficial effect of a foam layer (thickness 470 um, area equal to cathode size) to allow for
electrode expansion is clearly visible (Fig. 8c). Despite the stiff cell hardcase-type casing and bracing,
favorable homogeneous and low layer compression can be achieved.
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Fig. 8 (2 column) Final layer strain of a free stacked hardcase-type HEV cell a), b) constrained and c) a constrained stacked hardcase-type
HEV cell with a foam layer to allow electrode expansion.

If maintaining cell size, the usage of a foam layer sheet instead of electrode layers leads to a loss of
energy density. On the other hand, thinner separator layers could be used in this case since the
material does not have to cope with electrode expansion even in braced cells. The usage of thinner
separator layers would increase the cell’s energy density and decrease the internal resistance of the
cell. When calculated, the cell volume usage and therefore the energy density of the stacked HEV cell
cross sectional model with the foam layer is even higher compared with the standard flat-wound HEV
cell (Tab. 3) owing to better usage of the free volume in the cell casing corners.

Tab. 3 Calculated cell volume usage of electrode stack (equal to cell capacity) comparison of different hardcase-type HEV cell concepts for
the cross-sectional model.

Flat-wound (original)  Flat-wound with foam layer ~ Stacked electrodes Stacked electrodes with foam layer

64.6 % 59.1 % 70.5 % 65.4 %
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4. Conclusion

In this work, a layer resolved finite-element mechanical simulation to investigate spatial strain
inhomogeneities in lithium-ion-cells due to electrode dilation dependent on internal and external cell
structure was conducted. Depending on the electrode dilation characteristics during charging, the cell
casing type, as well as the separator stiffness, distinctive strain patterns and gradients could be
observed in the simulation results, which cannot be investigated by simplified homogenized
mechanical simulation models. Furthermore, external mechanical forces were found to have a
significant impact on the cell-internal layer strain amount and distribution.

Areas of high strain gradients in the simulation were found to coincide with localized lithium-plating
areas observed in post-mortem cells. Since locally strained separator areas lead to localized balancing
currents, a low and homogeneous cell layer strain found e.g. in pouch-type cells should be favorable
for cell aging compared with other cell types. When cells must be braced, e.g. in automotive
applications, additional measures like foam layers could be applied to mitigate and homogenize
elevated layer stress due to the bracing counterforces. A hypothetical stacked hardcase-type HEV cell
with a foam layer instead of some electrode layers that combines the intrinsic rigidity of a hardcase-
type cell with the homogeneous layer strain of a pouch-type cell is shown to achieve an even higher
cell volume usage compared with the classic flat-wound HEV hardcase-type cell despite the added
foam layer.

With the used purely mechanical model, a cell format dependent identification of mechanical and
therefore electrochemical weak points with reasonable simulation effort is possible for new cell
concepts. The simulation results are sensitive to material parameters and should be treated as
qualitative results. Therefore, if quantitative results are required, measurement and parameterization
of the specific cell material parameters is essential. In future work, the model could be extended with
an electrochemical coupled sub-model to simulate transient effects like cell aging. Additionally, effects
due to thermal inhomogeneities caused by mechanically induced local current density
inhomogeneities could be implemented in future models. The locally increased temperature has
impact on the spatial mechanical stiffness of the battery materials (especially the polymeric based
separator) and therefore could cause additional layer strain.
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Supplementary material

1. Layer thickness parameters

Table S.1 (2 column): Layer thickness definitions for different electrode configurations.

Anode Current collector  Cathode Current collector
loading anode loading cathode Separator
(per side) E =113 GPa (per side) E =70 GPa

high Energy (hE)

thickness in pm 80 20 60 22 20

high Power (hP)

thickness in pm 45 25 25 30 20

Cylindrical cross-sectional cell model parameters

==

Table S.2 (2 column): Dimensional parameters cylindrical cross-sectional cell model.

Parameter Value inmm  Parameter Value in mm

X 0.2 7 9.045
X 0.35 = 1.175
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2. Cylindrical longitudinal cross-sectional cell model parameters

|
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Table S.3 (2 column): Dimensional parameters cylindrical longitudinal cross-sectional cell model.

Parameter Value inmm  Parameter Value in mm
X4 65 2 1.175
X, 1 7 9.045
X3 1 3 1

X4 5 A 0.5
Xs 2.5 Ts 0.5
Xg 3 Te 1.5
X5 0.35

Xg 1.5

Xq 0.2

X10 1

X11 2
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3. Pouch-type cell model parameters
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Table S.4 (2 column): Dimensional parameters pouch-type cell model.

Parameter Value inmm  Parameter Value in mm
X4 84 2 0.5

X, 65 7 0.5

X3 0.075

X4 1

Xs 3

Xg 0.075

X5 0.075

Xg 2
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4. Hardcase-type HEV cell model parameters

Table S.5 (2 column): Dimensional parameters hardcase-type HEV cell model.

Parameter Value inmm  Parameter Value in mm
Xy 80.5 rl 0.5

X, 12 7 1

X3 1 3 0.25

X4 1

Xs 5.5

Xg 2

5. Hardcase-type HEV stacked cell model parameters

Table S.6 (2 column): Dimensional parameters hardcase-type stacked HEV cell model.

Parameter Value inmm Parameter Value in mm

X4 80.5 2 0.5
X2 12 T 1
X3 1

X, 1.5

Xs 1

X 5.5

X 2
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6. Ogden-foam parameters for polymer materials

Table S.7 (2 column): Ogden-foam parameters for separator and silicon foam materials.

Parameter PE- PP- HT800-
Separator Separator Silicon foam

U, in Pa -500000 17500000 46000

a 15 29 17

U, in Pa -42500000 2800000 -10500

a, -1.4 -37 -2.9

ps in Pa 9800000 -875000 3650

ag -2.9 -6.2 -2.8

7. Simulation hypotheses and boundary definitions

Table S.8 (2 column): Boundary definitions for the different cell models

Contact pair Contact type Contact formulation Contact detection method
Electrode material — Collector bonded Internal Multipoint Constraint Node-to-Surface
Separator - Electrode material frictional F\l'\/cl)t’n?;I-Lagrange Node-to-Surface
Anode collector — Casing frictional Normal-Lagrange Node-to-Surface
Foam — Casing frictional Normal-Lagrange Node-to-Surface
Foam — Anode collector bonded irl\l/lt'ejrcr;?l Multipoint Constraint Node-to-Surface

Table S.9 (2 column): Simulation hypotheses for the different cell models

Model Simulation hypothesis
Cylindrical cell — cross-sectional model Plane strain
Cylindrical cell — longitudinal model axisymmetric
Pouch-type cell — longitudinal model Plane strain
Hardcase-type cell (flat-wound) — longitudinal model Plane strain
Hardcase-type cell (stacked) — longitudinal model Plane strain

8. Supplementary figures

0 0,005 0,01 (m)

0,0025 0,0075

Figure S.1 (2 column): Pouch-type cell with anode-sized foam layer between electrodes and cell casing (top side).
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Figure S.2 (2 column): Pressure increase in cathode edges owing to cathode sized foam layer.
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Figure S.3 (2 column): Simulated (HEV-cell) and measured (94 Ah BEV-cell) casing expansion with characteristic
m-shape after cell charging. A working HEV-cell was not available for measurements.
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Figure S.4 (2 column): Convergence study to determine optimal mesh size for the cross-sectional
model.
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Figure S.5 (2 column): Convergence study to determine optimal mesh size for the longitudinal
sectional model. The converging value of the node next to the cathode edge node (nonconverging
maximum value due to stress singularity) is used as strain result instead.
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