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Based on the experimental observation, pouch cells can withstand severe deformation during fully confined in-plane compression
with flat punches without any risks of a short circuit. During the deformation, the structuralbehavior is characterized by regular
kinks, buckles, and shear bands. This study aims to provide a modeling approach for the in-plane compression on lithium-ion
pouch batteries in a fully confined case with a flat punch. To capture the right mechanism of buckling while maintaining a
satisfactory computational efficiency, two approaches are proposed: a homogenized model with imperfections and an enhanced
homogenized model with equivalent layers of metal foils. The first approach introduces periodic geometrical imperfections with a
wavelength as observed in the experiments. The second one creates a model in between the homogenized model and detailed model
with equivalent properties of coating materials and metal foils. It is concluded that the introduction of imperfections could not
correctly capture the folding mechanism, while with the latter hybrid approach, it is possible to capture the right progressive folding
pattern of the battery cells during the in-plane compression test. Different potential approaches of the simulation model are
investigated for obtaining a better agreement of the prediction and the measured experimental load-displacement response.
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The increasing need for mobility is in direct conflict with the
global challenges of finite fossil fuels and the advancing climate
change. Therefore, battery electric vehicles (EV) have been pursued
by many countries worldwide due to its advantages in reducing the
dependency on oil as well as in its clean emission to the environment
if batteries are charged with electricity from renewable sources.
Increasing the energy density of lithium-ion batteries is essential for
increasing the range and thus sustainably establishing the electro-
mobility. There are three established form factors of cells on the
market: pouch, cylindrical, and prismatic. The pouch cell is perhaps
the most promising in terms of increasing the energy density because
of its compact design. However, with respect to the safety of electric
vehicles, the low mechanical resistance and a possible expansion due
to aging caused by gas development are its disadvantages. They get
even more significant considering the fact that the battery packs may
undergo large plastic deformation during EV crash accidents.'

To guarantee the mechanical safety of the battery cells, especially
in various accidents for electric vehicles, different types of mechan-
ical abuse tests have been designed and conducted. Most of these
tests cause out-of-plane deformation of the pouch cells, such as the
hemispherical and cylindrical indentation tests, uniaxial uncon-
strained and partially/fully confined compression tests, and three-
point bending tests.> One of the probably most known tests is the
nail penetration test. In order to make it comparable, many
parameters are fixed during the test. The nail must consist of steel,
have a diameter of 3 mm, and be orientated perpendicular to cell
electrodes. The penetration itself should go through the cell and with
a minimum speed of 8 cm/second. This type of mechanical loads can
cause one of the most critical accident scenarios and has, therefore,
been widely used as a standard test for the study of thermal
runaway.

Extensive out-of-plane tests and simulations have been per-
formed, but significantly fewer in-plane tests have been conducted.
Especially few tests were conducted on real commercial batteries
with applications in the automotive industry. Up to now, among the
vast mechanical abuse tests performed in the literature, only less
than ten studies focusing on the in-plane compression®''~'® but with
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small pouch cells were performed. However, pouch cells are
oftentimes forced to be compressed in the in-plane direction in
various crash tests, as in most cases they are stacked parallel in
modules and placed vertically to the ground. Therefore, the in-depth
understanding of automotive and cell manufacturers regarding the
mechanical deformation of lithium-ion pouch cells during in-plane
compression is focused in this study.

The motivation behind testing the mechanical property of the
batteries is on one hand to understand the mechanical behavior and
how it leads to a battery failure and on the other hand to create and
validate computational battery models. The pouch battery cells
consist of a complex assembly of alternating active material coated
current collectors and separator layers as well as the cell enclosure
(pouch). With the development of experimental data of all the
components of a lithium-ion battery and their interaction with one
another, it is possible to develop a very detailed finite element model
with all properties. There have already been developed detailed
models for various battery cells.'""'*~?' These models are especially
helpful when investigating the deformation behavior of the cell
structure as well as how and where short circuits happen.”
However, this method requires a significant amount of computa-
tional resources, as the detailed models of an EV battery cell could
have millions of elements with a proper resolution of the layers and
deformation. This is a challenge of such models to be applied to
large pouch cells for both out-of-plane and in-plane deformation.

To compensate for the high computational effort of the detailed
model, representative volume element (RVE) models are developed
for measurements of an entire cell that can be represented by a small
repeatable unit.> It has been proven to be a very efficient method in
the metal forming society to link the microstructure with various
mechanical properties, such as stresses,”* plastic anisotropy,>®?’
and damage behavior.”3? Sahraei et al.,31 Lai et al.,15 and Zhang et
al.*? used the same fundamental structure, one RVE consisting out of
one copper and aluminum foil with an active material coating on
both sides and a separator in between and at the bottom. With these
models, the deformation mechanism of the cell can be investigated
as there are much fewer elements in an RVE model than in a detailed
model and therefore the computational effort is much smaller.
However, due to the periodic boundary conditions and small strain
gradients, the use of such models is also limited. If cylindrical punch
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tests or three-point-bending tests are performed, the stress field
within the battery is inhomogeneous in different axes, which makes
it very difficult to get a good definition of the boundary conditions of
the RVE. When the boundary conditions are not defined properly,
there is a risk that the RVE shows a size effect on its mechanical
behavior, which has been studied by changing the ratio of compres-
sion and tension in two directions by Sahraei et al.®' Furthermore,
the stress—strain curve can be obtained from the RVE model.'® To
get better results the model should be calibrated separately either for
tension or for compression.*> As for the detailed model factors like
contact pressure, adhesion and friction still need to be investigated
properly.

On the contrary, homogenized models treat the entire battery cell
as a continuum medium and constitutive equations are developed to
represent the deformation behavior of the cells. Due to this
simplification, it is among all computational modeling strategies
the most efficient one and has been also applied to many mechanical
abuse tests. Two typical homogenized models are the crushable
foam model in LS—DYNA,7’9 and the Deshpande-Fleck model in
Abaqus."** Such models can predict the global force—displacement
response of various cells with good accuracy. To also enable its
prediction on the failure of battery cells, Sahraei et al.® proposed the
criterion based on the critical value of the maximum principal strain.
In a more recent study, Lian et al.** compared seven different failure
criteria for the rod indentation tests by evaluating the force—-
displacement responses as well as the failure patterns. It is concluded
that two mixed stress—strain based criteria, the Cockcroft-Latham
and Johnson—Cook, both performed the best.

The purpose of our present study is to fill the above gaps by
diving deeply into the in-plane deformation of a large-format pouch
battery cell. In this investigation, both experimental tests and
numerical simulations will be reported in two publications. Part I
describes the details of the experimental investigations, which will
be further used by the present Part II for developing a numerical
model for characterization. There is sufficient experimental evi-
dence, described in the experimental part’ that buckling is a
dominant deformation mode in pouch cells subjected to in-plane
compression. It is a characteristic deformation pattern of slender

~ Homogenized model w/ imperfection —

Homogenized model

structures. Pouch, and even more prismatic cells are not slender. So,
where is buckling coming from, and what is the mechanics of the
deformation process?

The detailed mechanical model developed by the present
investigating team'® provides the correct physical answer in terms
of the observed deformation pattern. All major components of the
jelly roll are extremely slender. They are allowed to slide with
respect to each other and delaminate in tension. The compressible
coating acts as a crushable foundation. So the system behaves as a
plate or beam on a foundation and develops local buckling,
according to classical structural mechanics. The buckling process
is controlled by structural imperfections.

However, as described before, the detailed finite element (FE)
model of cells is prohibitively expensive to run in the industrial
environment. The challenge is how to include the right physics of the
problem in a homogenized model, which has become the industry
standard for battery simulations. Two approaches are proposed here.
In the first approach, the homogenized model will be used. However,
it is obvious that the homogenized model could experience difficulty
to render these folds correctly. Therefore, the regular FE mesh in the
homogenized model is distorted by structural imperfections.*® In the
present paper, periodic geometrical imperfections are introduced
with a wavelength comparable to the cell thickness. The size of the
imperfection is considered as a parameter in the sensitivity study.
The second one is a hybrid model where a few slender members are
inserted into the homogenized model. Each insert represents several
aluminum and copper foils lumped together. These members buckle
as plates on foundations, initiating the buckling and folding process
of the entire cell. Such a model could, on the one hand, capture the
deformation physics during the tests and on the other hand, preserve
computational efficiency. Both approaches are described in the
subsequent sections of the paper.

Numerical Modeling

Overall methodology.—In the present numerical work, only the
fully confined in-plane compression tests are focused on. As shown
in the Part I study,® the tests show a clear progressive folding
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Figure 1. The concept of the two approaches in the present study to trigger buckling during the in-plane compression test simulation, Approach I: homogenized

model with imperfections and Approach II: “enhanced homogenized model.”
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pattern during deformation. This feature affects also significantly the
force—displacement response of the batteries. In the sense of
numerical simulations, the test is a proper candidate to validate the
plastic model and to examine the anisotropic deformation behavior
of the batteries. However, the folding behavior and its influence on
the force challenge the use of a homogenized model, as material
inhomogeneity is a necessity to capture the right number of the folds,
accordingly the right level of force—displacement responses.
Therefore, in addition to the completely homogenized model, in
this study, two approaches are implemented as shown in Fig. 1. The
first approach will introduce periodic geometrical imperfections into
the homogenized model with the wavelength equal to the experi-
mentally measured values. The size of imperfections will be
subjected to a sensitivity study.

In the second approach, different layers of metal foils are also
added to trigger the progressive folding during deformation. Ideally,
a detailed model with the exact number of coating materials and Al
and Cu foils as well as separators would provide the most physical
solution. However, it would require a significant amount of
computational effort due to the very thin layers of different
materials, only about 10 microns for the copper foil, resulting in
about 15 million elements in even 2D conditions, which would
beyond the calculation capability for modern computer workstations.
Therefore, in this study, the concept of a “reduced detailed model”
or “enhanced homogenized model” is introduced to on the one
hand provide the necessary and the right number of folds during
deformation and on the other hand reduce the computational effort
essentially. This concept is shown in Fig. 1. For the implementation
of the concept, the following assumptions are made:

(i) The five repeating materials of the batteries in a detailed model
(coating materials in cathode and anode, Al foil, Cu foil, and
separator) are simplified into “equivalent” coating material and
“equivalent” metal foil;

(ii) The deformation of the “equivalent” coating material follows
the Deshpande-Fleck foam model, while the “equivalent”
metal foil follows the J2 Mises plasticity model;

(iii) The volume fraction of the “equivalent” metal foil is calculated
as the sum of the fraction of Al and Cu foils and this fraction is
kept constant, while the number of the “equivalent” metal foils
is varied;

(iv) The “equivalent” metal foil is always placed at the center of the
battery and spread towards the surfaces;

(v) The hardening curve of the “equivalent” metal foil is the
equivalent one of the Al and Cu foils weighted by their relative
volume ratio (detailed calibration is given in the next section);

(vi) The hardening behavior of the “equivalent” coating material is
optimized with the obtained “equivalent” metal foil properties
and the overall deformation behavior of the battery under the
out-of-plane indentation test by a flat punch. The details are
provided in the next section.

With these assumptions, the models and their relevant material
properties can be obtained, which will be shown in the following
sections. In addition to the number of foils, another influencing
parameter is the contact between the metal foils and coating
materials. In the current study, contact is applied between the metal
and coating materials but without any friction.

Model setup.—The battery to be simulated is the 26.3 Ah large-
format pouch cell with
LiMn,04(LMO)/LiNi;/3C0;/3Mn/30,(NCM111)-graphite chem-
istry and carbonate-based liquid electrolyte by LG Chem. The
dimension of the cell is 195 mm x 150 mm x 7.5 mm and we
focus only on the fully-confined in-plane compression tests as
reported in detail in Part I paper for the experimental results. The
finite element model of the in-plane compression test is set up in
Abaqus/Explicit. The overview of the model is shown in Fig. 2. A
3D model is constructed with one symmetry along the longitudinal

direction of the battery. The two side cover steel plates are modeled
as rigid bodies without any possible degree of freedom for
translating or rotating. The flat punch and the testing ground are
also modeled as rigid bodies. The testing ground is fixed in all
degrees of freedom, while the flat punch is also fixed in the same
way except a horizontal movement (vertical direction in test) to
mimic the experiments. The battery cell is placed in the center
between the two side plates with an overall gap of 1.6 mm, 0.8 mm
for each side. For the homogenized model, the battery is in contact
with all the four rigid bodies during the test and frictionless
condition is assumed. For the enhanced homogenized model, except
for the contact to the rigid bodies, the layers also have contacts and
relative moves. The same frictionless contact is assumed between
the layers. The model is set up in a quasi-static condition to be
compared with the experimental loading. Time scaling is used to
speed up the simulation but very minimal kinetic energy is
introduced compared to the internal energy and no mass-scaling is
used in the model.

For the two modeling approaches introduced above, the zoom-in
view of the FE models is shown in Figs. 3 and 4. For both cases, 3D
continuum brick elements with reduced integration points (C3D8R)
from Abaqus/Explicit are used. In the homogenized model with
imperfections, 11 pairs of periodic geometrical imperfections are
implemented, the same as the experimental observation. Two sizes
of the imperfections are considered, “small” with a size of 0.5 mm x
0.25 mm and “large” with a size of 0.5 mm X 0.5 mm.

For the enhanced homogenized model, five cases with different
numbers of the metal foils are detailed. According to the dimension
of the different components in the pouch cell described in Part I
paper and illustrated in Fig. 1, the volume fraction of the
“equivalent” metal foils is 8.15%. This fraction is kept always
constant while the layers are varied for 1, 3, 5, 7, and 15. It is noted
that layer number 15 is introduced to validate the convergence of the
force—displacement response and the folding response of the in-
plane compression. Accordingly, the thickness of each layer is
decreased. As one of the assumptions, the first layer of the metal foil
is always placed at the center of the battery and they are spread
toward the surface. Therefore, the surface layers of the battery are
always the “equivalent” coating materials. The repeating unit of the
cell is a sandwich structure with two layers of coating materials and
one layer of metal foil in the middle. Accordingly, when two
repeating units are in contact, there is also contact between the two
adjacent coating materials. The same frictionless condition is applied
here as well. A coarse mesh is applied with the edge element size of
0.5 mm.

Constitutive Models

Deshpande—Fleck foam model.—The Deshpande—Fleck model®’
is employed for the description of the homogenized deformation
behavior of the equivalent coating materials of batteries. As fracture
was not found in the experiments, the failure criterion described in
the previous study®* was not included here. The fundamental
equations of the model are briefly described below. For a more
detailed description of the model and its extension to failure
prediction, the readers are referred to the previous study from the
group.**

The Deshpande—Fleck yield function is expressed as:

_ 2
d = Jq2+a2[ppc p‘] -

+
WP TP

5 <0 (1]

2

where p. and p; (both positive) are the cut-off pressure under
hydrostatic compression and tension, respectively; ¢ is defined the
same as the von Mises equivalent stress :
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where s is the stress deviator;
« is defined by:

o = 3k 3]
NGBk + k)3 — k)

where k and k, are given as:

0
k= Zandk, = 2 [4]
L L

where 00 and p? are the initial yield stress under the uniaxial
compression and the initial pressure under hydrostatic compression.
A geometric illustration of these variables is shown in Fig. 5.

For battery cells, different from the original isotropic hardening
of the Deshpande-Fleck model, volumetric hardening law is
applied.*® It implies that during the hardening, the yield stress under
hydrostatic tension p, keeps as a constant, while the yield stress
under hydrostatic compression evolves:

p, = const;p. = p.(cy) [5]

where ¢, is the volumetric compacting plastic strain, which controls
the evolution of the yield surface in the p-g space, defined as the
“equivalent” strain in the present study:

e, = —¢b [6]

Due to the zero plastic Poisson’s ratio, ef;,, = &P holds under
uniaxial compression condition; therefore, the volumetric hardening
can be expressed by the uniaxial compression data'>-;

L), p
Uc(ngiaJ)[Uc(ggxial)(y + ;) + 71]
e (ERia)

3

p.(eh) = [7]

Pt

where o, (€8,;,)) is the yield stress under the uniaxial compression test

as a function of the absolute value of axial plastic strain.
The Deshpande-Fleck model is based on the non-associated flow
rule and the flow potential is defined as:

9
o = g+ S 8]

According to the flow rule, the plastic strain rate tensor is
calculated by:
o’
do

gp = &

[9]

where £P is the equivalent plastic strain rate, which is defined by
applying the work equivalence principle:
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Table 1. Material parameters for the homogenized model.

Young’s modulus Poisson’s ratio k k; A n

4.2 GPa 0 1 10 500 MPa 1.5

. o: P
eP = o [10]

J2 plasticity model—For the metal foils, the classic J2 Mises
plasticity model is employed. The yield function is expressed in the
following equation and in the p-q space, it is illustrated as a straight
horizontal line, as it is independent of the pressure.

®=g—oy <0 [11]

where oy is the yield stress. Besides, the metal foils follow the
plastic incompressibility and associated flow rule.

Results

Material model calibration.—For the homogenized model, the
parameter calibration procedure only involves the elastic properties
and the two shape-controlling parameters in the Deshpande—Fleck
model and the hardening curve of the cell, for which a power-law
relation of the stress and the volumetric plastic strain, c = Ae} is
employed. The calibration procedure of the plasticity parameters is
detailed in the previous study. It uses the out-of-plane indentation
tests with various punch shapes, including flat, cylindrical, and
spherical punches. The calibrated parameters are listed in Table I.
The comparison between the simulation prediction and the
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experimental results on the out-of-plane flat-punch indentation test is
shown in Fig. 6a.

For the enhanced homogenized model, there are two sets of
material parameters to be calibrated, the equivalent metal foils and
the coating materials. As the mechanical properties of the metal foils
have already been identified and reported in the previous study,
Young’s modulus and the hardening behavior can be calculated by
considering the average values weighted by the relative volume,
defined by:

Veu Val
Ecoom =— Eo+ — A g
Cu—Al VCu T VAI Cu ch T VA1 Al
Veu Val
OY. Cu_pl = ———0 + —42 & 12
Y, Cu—Al Voot Vi Y, Cu Voot Vi Y, Al [12]

where E is Young’s modulus; V is the volume, and the subscript Cu
and Al stand for the Cu and Al foils. The individual and equivalent
hardening curves for Cu and Al foils are shown in Fig. 6b.

With the parameters of the equivalent metal foils obtained, the
parameter calibration for the equivalent coating materials is con-
ducted by an inverse fitting to match the force—displacement
response of the out-of-plane flat-punch indentation tests. To save
the cost of the fitting procedure, the two parameters controlling the
yield locus are not changed and only a scaling factor of the
hardening curve is fitted. The predicted force—displacement curve
by the enhanced homogenized models reaches a very good agree-
ment with the experiments and the homogenized model by scaling
down the hardening curve to 80%, as shown in Fig. 6a. The two
hardening curves for the coating materials from homogenized model
and enhanced homogenized model are also compared in Fig. 6c.

Homogenized model.—Under the assumption of deformation
isotropy, with the calibrated material parameters from out-of-plane
tests, the in-plane compression test simulation is conducted and the
deformation history is shown in Fig. 7a. It is noted that the
deformation history is measured by the nominal strain, which is

defined by the current compression divided by the initial battery
width, 150 mm.

It is clear that the deformation of the homogenized model is quite
uniform until the compression reaches 10%, which is much longer
than the experiments. As shown in Fig. 8,the predicted force shows a
good agreement with the experiment at the first percentage of
deformation. The prediction overestimates the experiments signifi-
cantly when the buckling appears. The overshooting is attributed to
primarily lacking of precise representation of the foldings. However,
another possible reason could also be that the anisotropic behavior of
the batteries play a role in the difference between in-plane and out-
of-plane deformation.

Approach I: homogenized model with imperfection.—The
force—displacement curves of the homogenized models with small
and large imperfections are plotted together with the homogenized
model without imperfections and experimental data in Fig. 8. Both
sizes of the imperfections have only minor influences on the force
responses. The pattern is reasonable as larger imperfections result in
a more obvious reduction of the force. However, the overall response
is still far beyond the experimental data. To also investigate the
influence on the buckling effects, the deformation history of the
simulation is plotted in Fig. 7b. The large imperfections are visible at
the edges of the entire model and they do play a role during the
deformation, as the stress/strain concentrate at these locations, once
the deformation reaches a larger extent such as 5% and 10%.
However, these local perturbations did not influence the overall
buckling behavior of the entire structure. Comparing with the
deformation history of the completely homogenized model shown in
Fig. 7a, the buckling number and wavelength are very similar. What
is different is that the imperfections do cause periodic shear bands,
which are in a quite similar shape as the foldings observed in
experiments. These shear bands cause the drop of the overall force
but could not change the number of half-waves of buckling. It is
therefore concluded that introducing the geometrical imperfections
on a homogenized model could not resolve the mechanism of the
buckling during the deformation process. A more severe triggering
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Figure 7. Deformation history of the in-plane compression simulation with the homogenized model (a) and the homogenized model with large imperfections (b).
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Figure 8. Comparison of the force—displacement response between the in-
plane compression experiment and homogenized model without imperfec-
tion, with small and large imperfections.

mechanism based on the material inhomogeneity is needed for the
representation of the buckling during in-plane compression.

Approach II: enhanced homogenized model.—All the five
enhanced homogenized models (EHM) in Fig. 3 are run with the

derived material parameters and the force—displacement curves of
them are compared with the homogenized model as well as the
experimental results in Fig. 9. Starting from the EHMwith only one
metal foil, it overpredicts the force at the very beginning. This is
attributed to the deformation of the metal foil, as the metal foil owns
much higher yield stress and initial hardening rate than the coating
material. The deformation history of the model with one metal foil is
shown in Fig. 10 for Mises stress and equivalent strain contours.
From the Mises stress plot, it is clear to see that the metal foil carries
high and immediate stresses at the very beginning of deformation.
For the equivalent strain, it is noticeable that the equivalent strain
here has different meanings for the metal foils and coating materials.
For the metal material, the equivalent strain is referred to as the
Mises equivalent plastic strain, while for coating materials it is the
plastic volumetric strain. Although different quantities are referred
to, it can still be seen that the coating materials carry more
deformation from the equivalent strain contour during the deforma-
tion. Overall, folds are formed early enough compared to the
homogenized models. Buckling is triggered by the metal foil and
then transmitted to the coating materials. Due to the loose contact
between them, the buckling of the whole structure is not so similar to
the experiments. A fewer number of folds are formed and unrealistic
deformation is also found on the left end of the battery. This is again
because the frictionless contact was applied.

When the number of the metal foils is increased, a clear decrease
in the force is present, especially at the beginning of the deforma-
tion. When the number of layers becomes five or seven, the force
shows a good agreement with the experiments up to 10 mm
compression. Afterward, the numerical simulation overestimates



Journal of The Electrochemical Society, 2020 167 090556

100
EHM
EHM w/ 15
metal foils
80
Homogenized model
EHM w/ 5
metal foils
£60 | EHM w/ 7
g metal foils
o
!
40
20
Experiment
0 1 L

0 10 20 30 40 50 60
Displacement, mm

Figure 9. Comparison of the force—displacement response between the in-
plane compression experiment and the enhanced homogenized models with
varied numbers of metal foils.

(b)

intensified and the final pattern of the folds corresponds very well to
the experiments in terms of both fold number and the wavelength. In
terms of the stress distribution, it can be seen that with more metal
layers, a slightly increased stress concentration is observed within
the folds, but the magnitude is limited. The same conclusion can be
drawn as for the force—displacement responses when the number of
metal layers reaches five, the buckling and fold formation of the
structure can be reproduced with enhanced homogenized models.

Discussion

Influence of the gap distance.—In the previous section, the gap
distance between the battery cell and the side walls were modeled
with the experimental measurement. However, it is easy to imagine
that the mechanical responses of the system are strongly dependent
on the gap distance between the battery cells and the side walls.
Therefore, in this section, a parametric study is performed by
varying the gap distances from 0.8 mm to 0.6 mm, 0.4 mm, and
0.2 mm. The enhanced homogenized model with five metal foils is
chosen for the study, as it gives converged force—displacement
response as well as the right number of folds. The force—
displacement response of the model with different gap distances is
given in Fig. 12. It is obvious that the force response increases with
the decrease of the gap distance. In addition to the absolute force

S, Mises
(Avg: 75%)
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+0.000e+00

+2.500e-02
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Figure 10. Deformation history of the in-plane compression simulation of the enhanced homogenized model with one layer of equivalent metal in the Mises

stress contour (a) and the equivalent strain contour (b).

the force by a factor of 2-3 at the end of the deformation. It is
interesting to conclude that the enhanced homogenized models with
different metal foils converge when the metals layers are above five,
which is validated by the results of a model with 15 metal layers.
The deformation history of these models is shown in Fig. 11,
together with the experimental observation at 15% and 30%
deformation. It can be seen that at 5% deformation, a general macro
buckling is formed for all the models. With the deformation, many
local buckles and folds are gradually formed. This is different from
the experimental observation, as a progressive folding pattern was
revealed in the experiments. It is expected that the sequence of the
folding formation is highly related to the friction between the battery
cells and the side walls as well as the contact between all the layers.
Although the frictionless contact makes the deformation less realistic
for the model with few metal foils, for the model with metal foils
more than three, the local folds of the layers are already well
presented by the global structure. At 15% deformation, similar to the
experimental observation, all the folds are formed for the models
with more metal layers. At 30% deformation, the folds are heavily

values, the slope of the force increase has been raised with the
decrease of the gap distance. To also reveal the difference in
deformation behavior, the deformed battery at 20% of the in-plane
compression is shown in Fig. 13 for various gap distances. It can be
observed that the fold number is increased with the decrease of the
gap distances. The model with a gap distance of 0.8 mm shows the
correct fold number as the experiments, 11-12 folds, while the
model with a gap distance of 0.2 mm shows about 20 folds. It can
also be noticed with increasing gap distance, the deformed battery
tends to be thicker, as the entire deformation range is increased with
larger gaps. Form the deformation behavior, it is also clearly seen
that battery with smaller gaps shows higher local stresses especially
for the metal foils, which is contributing to a higher global force
response as shown in Fig. 12.

Influence of the mesh size.—In the previous section, all the
simulations were conducted using rather coarse mesh, as shown in
Fig. 14. The element size for the coarse mesh is about 0.5 mm X
0.5 mm for the coating material, while for metal foils, the height of
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Figure 11. Deformation history of the in-plane compression simulation of the enhanced homogenized model with 3, 5, 7, and 15 layers compared with the

experimental observations.

the element is restricted by the foil, so it is normally smaller than
0.5 mm, while the width of the element is 0.5 mm. This mesh was
taken as it gives reasonably good computational time. To reveal the
mesh influence on the system responses, a finer mesh is created as
shown in Fig. 14. The element for the fine mesh is featuring a size of
0.25 mm x 0.25 mm.

The force—displacement responses of the model with two
different mesh sizes are shown in Fig. 15. The fine mesh shows a
softer mechanical behavior than the coarse one, resulting also a
slightly closer prediction of the experimental results. It is worth
mentioning that the prediction is in a good agreement with the
experiments within the in-plane displacement of 15 mm. The
deformation patterns of the enhanced homogenized model with

two different mesh sizes are also shown in Fig. 16. Different from
the regular fold formation in the coarse mesh, the folds formed in the
fine mesh have a less stable pattern and also a fewer number than the
experiments. It is suggesting that finer mesh creates more flexibility
for the local deformation, which implies that the enhanced homo-
genized model with five metal foils might not reach a convergence
of the fold formation yet for the fine mesh and an improved
deformation pattern is shown for the enhanced homogenized model
with seven metal layers. Therefore, for finer mesh configuration,
models with more metal foils shall be further conducted. However, it
should be noted that the mesh control only slightly contributes to the
improvement of the prediction but will not completely bring the
force to the experimental level.
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Figure 12. Comparison of the force—displacement response between the in-
plane compression experiment and the enhanced homogenized models (5
metal foils) with different gap distances.
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Figure 15. Comparison of the force—displacement response between the in-
plane compression experiment and the enhanced homogenized models (5
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Figure 13. Deformation at 20% in-plane compression of the enhanced homogenized model (5 metal foils) with different gap distances.
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Figure 14. Zoom-in view of the enhanced homogenized model (5 metal
foils) with coarse and fine mesh.

Influence of the contact between layers.—One of the assump-
tions made in the study is that the layers of both the coating and the
metals are able to be detached from each other. The assumption is
rather creating a lower-bound condition, especially at the beginning
of the deformation. The opposite condition for the fully detached
case is the fully bonded one, i.e. all the layers are completely tied
together, and any detachment or relative displacement is not
allowed. This case is creating an upper-bound solution for the in-
plane compression problem. The force—displacement responses for
these two cases are shown in Fig. 17. As expected, the fully bonded

case shows a very high initial force due to its rigid restriction. The
force drops to a level similar to the experiments and the fully
detached case once the folds are formed at about 5 mm displace-
ment. After a short range of overlap between the two cases, the fully
bonded case has overestimated the force significantly after the
displacement of about 10 mm. The increase is in a linear form until
it reaches about 45 mm displacement, at which the two cases almost
converge.

The deformation patterns at the 27% compression of these two
cases are shown in Fig. 18. It is clear to see that the fully bonded
case shows very distinct folds, but the number of progressive folds is
fewer than the experiments and the fully detached case. The local
relative movement is fully restricted for the fully bonded cases
compared to the detached one, which is the reason for the much
higher local stress concentration, especially in the metal foils. This,
in general, is contributing to the higher global forces. However, at
the folds, the fully bonded case creates more severe deformation, as
the folds are deeper, which would cause a lower force as seen at the
very late phase of the deformation. In general, a better folding
condition can be reached by increasing the metal foils, as seen in
Fig. 9. In this sense, a model with more metal foils but still fully
detached might give a more realistic prediction for the in-plane
compression.

Anisotropy of the coating materials.—After the attempts with
different numerical configurations, the deformation pattern of
buckling and folding is quite well predicted, while the force—-
displacement response remains overestimated. The substantial
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Figure 16. Deformation at 20% in-plane compression of the enhanced homogenized model with coarse and fine meshes.
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Figure 17. Comparison of the force—displacement response between the in-
plane compression experiment and the enhanced homogenized models (5
metal foils) with fully bonded and fully detached configurations.
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compression, as shown in Fig. 19b. It is, therefore, concluded that
the dominant factor for the overestimation of the force in the in-
plane compression test is very likely to be the anisotropy of the
coating material. The root for it should be correlated to the
deformation-induced anisotropy to the granular materials during
the production and assembly of pouch cells when pressure and
deformation are enforced in the out-of-plane direction. To better
understand and simulate this problem, the investigating team has
committed to follow-up experimental work and formulation of an
anisotropic material model for the coating materials in pouch cells.

Conclusions

From the study of the in-plane compression test of a large-size
battery cell, the following conclusions can be drawn:

*For the fully constrained uniform in-plane compression tests, no
short circuit is observed. The compression triggers the cells to
buckle and develops progressive folding, similarly as a prismatic
column under axial compression. To represent the mechanism of
buckling in the finite element model is critical for the in-plane
compression simulation.

*The completely homogenized model overpredicts the force level
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Figure 18. Deformation at 27% in-plane compression of the enhanced homogenized model (5 metal foils) with fully detached and fully bonded configurations.

overestimation of the force but with the right deformation pattern
implies that the assumption of deformation isotropy might not be
valid for the pouch cells. It is a prerequisite for a possible parameter
fitting procedure by using the out-of-plane compression tests, but not
a necessary condition for the cells.

In this section, we are focusing on the improvement of the
prediction of force—displacement response of the in-plane compres-
sion tests by introducing deformation anisotropy. However, as we
only have out-of-plane and in-plane compression data, it is not
possible to formulate and calibrate a comprehensive anisotropic
Deshpande—Fleck model, which is also beyond the scope of the
current work. Therefore, a simple inverse engineering approach is
implemented to fit the overall force—displacement response of the in-
plane compression by changing the hardening curve of the equiva-
lent coating material. After a successful agreement between the
simulation and experiments, as shown in Fig. 19a, it is seen that the
hardening behavior of the equivalent coating material in in-plane
compression needs to be significantly smaller than the out-of-plane

due to its incapability to reproduce the right number of folds.
Two approaches are developed to trigger the buckles, homo-
genized models with imperfections and enhanced homogenized
model with equivalent metal layers.

*The imperfections in the homogenized model show only minor
effects on the overall force—displacement responses compared to
the fully homogenized model. It also has limited effects on the
formations of buckles still leading fewer folds compared to the
experiments.

*The enhanced homogenized model, on the contrary, offers a good
combination of reflecting the physics and computational benefits.
With the number of metal foils over five, the correct folding
moment and fold number are predicted. It also predicts the force
level at a reasonable level at the beginning of the tests but still
overestimates the force at the latter stage of deformation.

*Based on a parametric study on the gap distance, mesh size, and
layer interaction, the choice of gap distance and the layer
interaction in the study are creating a lower-bound solution to
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Figure 19. (a) Comparison of the force—displacement response between the in-plane compression experiment and the enhanced homogenized models (7 metal
foils) with the hardening curves by out-of-plane and in-plane compression tests; (b) comparison of the hardening curves of the homogenized model, the enhanced
homogenized model calibrated by the out-of-plane and in-plane compression tests.

the problem. Finer mesh could lead to a reduction of the force
response, but its effect will be still limited and the computational
cost is too high.

*The reason responsible for the mismatch between the prediction and
the experiments is very likely to be the deformation anisotropy of
the coating materials. With an inverse engineering method, a very
good agreement of the force—displacement response between the
experiment and simulation is reached. The resultant hardening
curve for the equivalent coating materials in the in-plane
compression turned out to be significantly lower than that for
the out-of-plane compression tests. The root of it can be
correlated to the pre-deformation in the out-of-plane direction
of the lithium-ion pouch cells during the production and
assembly processes.
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