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Abstract

When a battery pack is subjected to external mechanical load, i.e. as in the
case of crash, the individual cells experience significant deformations lead-
ing to the internal short circuit and possibly fire. The current investigation
looks into effects of the inactive components (i.e. cooling plates and mod-
ule protective enclosure) on deformation and failure of individual pouch cells.
Experiments on large spherical indentation of electric vehicle battery module

with and without such components have been performed. The results show
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that the presence of cooling plates overall reduces the force under out-of-plane
indentation by approximately a factor of 1.5. It was established however that
the failure in cells occurs at the same displacement of the indenter, regardless
of the presence of the inactive elements in battery module structure. This un-
derlines the necessity for formulation of the failure criterion based on critical
strain, rather than critical stress measure. The findings suggest possibility
of utilizing such battery modules in impact energy absorption scenarios, due
to reduction in force by the cooling components. X-Ray computed tomogra-
phy (XCT) has been performed on the cells as a non-destructive analysis of
internal failure and the differences of failure mode induced by introduction
of structural components are discussed.
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1. Introduction

Design of new electric vehicles (EV) with improved road performance re-
lies not only on development of novel energy storage materials with higher
energy density but on thorough investigation of safety of such vehicles, espe-
cially in response to crash. Principles of crashworthiness design applicable to
the cars with internal combustion engine should be transferable to the case
of EVs. In addition to common components for the occupant safety, which
are engineered into the vehicle design regardless of the type of drivetrain, the
energy storage components in EV require additional consideration. Methods
of protecting the EV battery pack against external impact in great extent
rely on understanding of the battery behavior under such external loading

and critical conditions necessary for internal failure leading to battery pack



fire.

Vast majority of modern EVs are powered by the rechargeable electro-
chemical cells that are based on Li-ion intercalation chemistry. In this design
Li cations are responsible for the charge transport through the liquid elec-
trolyte from one electrode to another. This ionic current is transformed into
electronic current within the electrodes through redox reactions. The elec-
trodes of opposite polarity in such cell are separated by a physical barrier,
termed separator, which has porous structure thus allowing flow of electrolyte
yet preventing contact between the electrodes. The electrolyte is a lithium
salt dissolved in organic solvents. Such composition presents inherent safety
risks due to flammability of the solvents (these are typically presented by mix-
tures of ethylene carbonate and diethyl, dimethyl or ethyl-methyl carbonates
[1]). In the event of separator failure, the electrodes can come into contact
and the charge stored in the electrodes can be released rapidly through the
internal short circuit. Depending on the amount of charge stored, i.e. battery
state of charge (SOC), such rapid release of energy can lead to the temper-
ature rise high enough to create thermal runaway and fire. It is therefore
universally accepted, that separator membrane is a critical safety compo-
nent in battery. This resulted in establishment of several testing procedures
and standards for the mechanical integrity of battery separators [2-4]. In
addition, significant amount of research has been dedicated to investigating
mechanical properties of separators either under simple uniaxial loading [5-9|
or more complex loading scenarios [10-12].

Together with the investigation of mechanics of individual cell compo-

nents [13, 14], considerable efforts have been directed towards research of



mechanical damage and failure of individual battery cells. These efforts
stemmed from the need for safety certification of commercial cells and re-
sulted in standardized procedures for drop, thermal abuse, crush, and nail
penetration tests [15, 16]. In typical mechanical abuse tests, pouch or cylin-
drical cells are subjected to indentation by a blunt rod or by penetration by
a conductive nail with sharp point [17, 18]. The results are usually presented
by load-displacement curves, voltage measurements, and post-mortem anal-
ysis of the cells. Separately, other techniques such as pinch test [19, 20],
introduction of conductive particles to separator [21, 22|, or creating local-
ized contact of electrodes [23] have been developed with the goal of creating
controllable internal short circuit in pre-defined location within the cell.

In addition to abuse tests, where the primary goal is detection of point
for internal short circuit and thermal runaway, experiments investigating
mechanical response of battery cells have been performed with the goal of
subsequent development of computational models for battery failure. In this
case the deformation of the cell is induced by applying force to indenters
of various shapes until the failure is detected by load and(or) cell potential
drop [14, 24-26] or by applying in-plane tension and constrained compression
to the cells [13, 27]. The results of indentation experiments are used as
validation for finite element analysis (FEA) utilizing constitutive models built
from the results of uniaxial tests of cells and cell components. The FEA can
be based on completely homogenized material behavior of the cell [25-28] or
it can include different components (i.e. electrodes and separator) in layer-
resolved simulations with different degree of homogenization assumptions

24, 29, 30].



When cells are indented by cylindrical rods or punches with different
sizes, as in the above mentioned studies, such indentation happens against
a rigid, non-deformable surface. Such scenario does not represent well the
deformation of the cell when it is placed inside a battery module and effect
of other cells on the stresses and strains needs to be considered. Indeed, it is
hard to expect large crushing forces, as in lateral indentation of a pouch cell
resting on a rigid surface, when such cell is deformed against other pouch
cells having finite compliance. The amount of research dedicated to defor-
mation of modules and packs, as opposed to individual cells, is rather limited
to a great extent due to hazards associated with testing of such units. In a
rather detailed study [31] a FE simulation of vehicle battery pack undergoing
penetration from the sharp road debris represented by a conical indenter has
been performed. The battery pack was similar to that in Tesla S vehicles, i.e.
consisting of cylindrical cells and protected by the undercarriage armor plate.
The simulation of a global deformation of a battery pack was used to im-
pose deformation of the individual cylindrical cells. The failure criterion was
based on failure of jellyroll determined from tests on individual cells crushed
against rigid surface and the cell material was modeled using a crusheable
foam model. In addition, Xia et al [32] performed impact testing of battery
modules using drop tower. The exact sequence of events leading to mechan-
ical failure in this case is hard to restore since the tests were performed on
100% charged modules and thus resulted in fire.

Compared to abundance of data on mechanical abuse of single cells, un-
derstanding of mechanics of cells when deformed in a battery module is

largely lacking [33]. In the current investigation we report on the devel-



opment of the experimental procedure for controlled deformation of battery
pouch cells subjected to boundary conditions corresponding to those of a
module. Such setup allows for large tensile and shear strains to develop in
the cells, due to compliance of the module as opposed to testing against
rigid surface. We investigate the specifics of internal failure in cells using
X-Ray computed tomography (CT). In addition we demonstrate that alu-
minum cooling plates utilized in battery module construction reduce lateral
indentation forces, most likely due to collapse of cooling channels and due to
yielding in aluminum. This, initially unexpected result, indicates a certain

degree of impact energy absorbing capability of such battery modules.

2. Experiments

Li-ion pouch cells for the experiments were harvested from the Ford Fo-
cus EV battery pack. The battery was obtained in a completely discharged
state which followed the intent of performing experiments without fire events
that usually destroy the cells and make post-test analysis of battery structure
impossible. The sub-unit of the battery pack, i.e. battery module containing
20 cells is shown in Fig.la. The cells (Fig.1b) are 5.5 mm thick pouch cells
arranged such that a cooling plate (Fig.1c) is placed every second cell. With
this arrangement, each pouch cell has one surface in contact with the alu-
minum cooling plate. The cells and cooling plates stacked in the sequence are
enclosed by the plastic frame which has two face plates (Fig.1d) as well as 10
frames sandwiched in between these plates. The cells are 227x165 mm and
the cooling plates are 218x162 mm in area. The cooling plates (Fig.1c) have

channels for the flow of coolant and the maximum thickness of the plate is



1.3 mm while the minimum thickness (measured at the grooves) is 0.55 mm.
The plastic face plates (Fig.1d) are 240x175 mm and are 2.3 mm thick. It
should be mentioned that the cells in the module are placed under pressure,
which dictates high thickness of the plastic plates.

The essential structural components considered in the current investiga-
tion are pouch cells, cooling ”fins” and the plastic face plates of the module
case. The out-of-plane mechanical loading (perpendicular to the face plate)
of the module considered here indicates that we can exclude plastic frames as
well as tab connectors at the top of the module. Such approach allows us to
reduce amount of variables and concentrate on investigation of the response
of layered structure represented by battery cells with and without cooling
components and face plates.

The experimental setup in the current investigation is shown in Fig.2.
The setup was developed to replicate conditions the cells experience when
placed in the module; this was achieved by applying pressure to the cell
stack via sandwiching it between two aluminum plates. The top plate had an
opening to accommodate the spherical indenter. Such arrangement restricts
any warping of the cells or sliding between the cells. The loading was applied
via hardened steel sphere, 50.8 mm in diameter. The cell stack assembly was
placed in between two steel plates that were guided by four posts with linear
bearings in order to ensure their parallel positioning. It should be emphasized
that the sphere was not attached to the loading train; the load was transferred
to the sphere by the top plate, which had a circular groove machined into it
to prevent the sphere from in-plane translation. Such arrangement ensured

elimination of any tangential forces applied to the surface of the top cell,
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Figure 1: Battery module and its components used in the current investigation. (a) Battery

module; (b) Single pouch cell; (¢) Cooling plate; (d) Plastic plate - module enclosure.

which could occur due to unintended bending or torsion if the sphere was
rigidly coupled to the loading frame.

The top cell was connected to the constant current source with 1 Ohm
resistor placed in series and the potential was recorded from the cell tabs.

Since the battery pack from EV was completely discharged, application of
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Figure 2: Setup for indentation of battery cell stack. (a) Rendering showing cross-section;

(b) Photo of the setup with components identified

constant current increased the cell potential to the level (1.5 V) which al-
lowed accurate detection of voltage drop due to internal short circuit and yet
eliminated any hazards coming from catastrophic fire events when cells are
fully charged. All of the experiments were performed in ambient atmosphere
and at room temperature. The cell stack setup (Fig.2b) was placed in the

MTS Systems servo-hydraulic loading frame equipped with a 110 kN load



cell. Experiments were performed under displacement control, with constant
actuator speed of 0.127 mm/s. A pre-load of 645 N was applied to the in-
denter prior to the indentation test to ensure consistent origin in all of the
experiments. The electric potential in the top cell was recorded together
with the indenter load and displacement by the data acquisition software
(National Instruments) at sampling frequency of 10 Hz.

Analysis of fracture in the cells was performed by 3D X-Ray computed
tomography (CT). The indented cells were cut into 5 cm wide strips with the
indented area in the middle. Tapes were used to secure the layers from sep-
arating. The indented area was preserved and taken to an X-ray Computed
Tomography (XCT) system, Zeiss Versa 520 X-ray, using a tungsten source
running at 140 kV/64.4 A max (9W). Two magnifications were used, 0.4X
and 4X. The data is collected and reconstructed with Zeiss Scout and Scan

software [34] with further analysis conducted on TXM3DViewer [35].

3. Results and discussion

3.1. Force-displacement characteristics

Three different scenarios were considered in current investigation: (i)
simple stack of cells (Fig.3a), (ii) stack of cells with cooling plates inserted
every other cell (Fig.3b), and (iii) cell stack with cooling plates and with
the plastic face plate (Fig.3c). The stack contained 10 pouch cells; visual
inspection of the cells after indentation did not detect any impression left by
the indenter or change in surface appearance in the bottom 4 cells.

Simultaneous recording of the cell potential with force and displacement

allowed for precise detection of the short circuit manifested by a sharp voltage
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Figure 3: Configurations subjected to out-of-plane spherical indentation: (a) stack of cells;
(b) stack of cells with cooling plates; (c) stack of cells with cooling plates and plastic face
plate.

drop. The loading was terminated after such voltage drop was detected. This
is illustrated in Fig.4a, where the results from indentation of a cell stack are
shown with short circuit indicated by the potential drop. It should be noted
that there is no load drop associated with the internal short circuit; in fact
failure which induced the short circuit did not produce any noticeable changes
in stiffness of the cell stack. This observation contradicts previous reports
on indentation of single cells, where short circuit coincided with significant
load drop [17].

The results of the experiments involving all three scenarios are shown in
Fig.4b. Each test was performed twice; higher amount of replications was
constrained by availability of the battery modules. The experiments on 10-
cell stacks are shown with black circular markers and lines, while the experi-
ments involving cooling plates have red square markers and experiments with
additional plastic cover plate are represented by blue diamonds. It can be

noticed that introduction of five aluminum cooling plates into the structure
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Figure 4: Results of out-of-plane spherical indentation experiments: (a) Detection of inter-
nal short circuit in the top cell of the pouch cell stack; (b) Load displacement curves from

experiments on cell stack demonstrating the effect of battery module inactive components.

reduced the force of indentation compared to the case with pouch cells only.
This can be a combined manifestation of collapse of cooling channels and
subsequent yielding in ductile aluminum sheets reducing the forces that re-
sult from compaction of particles in electrodes. This, not initially anticipated
result, indicates that the presence of cooling plates in the battery structure
can reduce energy of impact, when the loading happens perpendicular to the
face of the battery module. It can also be notices that introduction of the
plastic face plate did not change the response of the cell stack. The plastic
plate deformed permanently under indentation and no cracks were detected
in it upon inspection.

The points of loading history corresponding to the potential drop due
to internal short circuit are shown with large asterisks in Fig. 7?7 with the

color corresponding to a particular stack configuration. It can be inferred
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from the results in Fig.?? that the internal short circuit happens at a very
consistent displacement of the indenter, regardless of the forces involved and
configuration of the cell stack. This critical displacement is indicated as Wey
in Fig.?? and is equal to 10.76 mm. This important observation indicates
that any failure criterion for prediction of short circuit in battery cells should
be strain based rather than formulated in terms of critical load.

In order to get more insight into mechanical response of the module the
Finite Element (FE) analysis was performed of the cell stack and cell stack
with aluminum plates using LS-Dyna package [36]. The corresponding FE
meshes are shown in Fig. ba for the case of stacked cells only and in Fig. 5b
for the case of stacked cells and aluminum cooling plates. In the model, the 9
cells are represented by homogenized material having properties described by
crushable foam constitutive model (MAT 63 in Ls Dyna), while in the 10th
cell the top four electrode pairs are explicitly resolved each having properties
as described in [Table 1]. It has been previously demonstrated [29], that
explicitly resolving the top four layers in the cell was sufficient to predict the
onset of the short circuit under transverse indentation. The cooling plates
(Fig. 1c) consist of two thin aluminum sheets connected together; each sheet
has been plastically formed to contain grooves so that when the two sheets
are joined together they form channels for circulation of coolant. It should
be mentioned that the cooling plates were modeled as aluminum sheets of
thickness 0.9mm, which is the average measured thickness of the cooling
plate. Such approximation was dictated by the significantly large number of
finite elements required to resolve the details of micro-cooling channels which

would make the simulation computationally prohibitive. Plastic lamination
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of the cooling fins was not taken into account in the simulation.

The results of the simulations are shown in Fig. 5c. A generally good
agreement between simulated and measured response can be observed in the
case of the cell stack. In the case when the cooling plates are inserted every
other cell, there is an obvious discrepancy between the experimental and
simulated results. While the force of indentation decreased slightly with the
addition of aluminum sheets, it did not decrease to the degree observed in the
experiments. This additional decrease in force is most likely due to collapse
of the cooling channels in the plates, which was not included in the model.
The softening observed in the computed load-displacement response can be
attributed to yielding in the aluminum sheets sandwiched in between the
cells.

It should be noted, that the point of failure in the cell, i.e. the point
when internal short circuit occurs, is predicted in simulations based on the
critical strain in separator. This criterion was adopted from [11] where it was
established that the first principal strain at failure of polymer separators was
approximately 35%. The experiments in [11] were performed under biaxial
loading similar to the loading conditions in the current work and thus this
criterion was employed here to predict the onset of internal short circuit in
the top cell. As can be seen from Fig. 5c¢ the predicted displacements of
indenter corresponding to the short circuit correlate very well with the ex-
perimental results in which the potential drop in the top cell was consistently
registered at an average indenter travel of 10.8 mm. The results demonstrate
applicability of the strain-based criterion to predict internal short circuit due

to externally applied load.
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Component Thickness Material Model Elastic Modulus Yield Strength

mm GPa GPa
Copper 0.011 Mat-24 110 0.24
Anode 0.064 Mat-63 0.45 0.04
Separator 0.024 Mat-24 0.50 0.06
Cathode 0.080 Mat-63 0.55 0.04
Aluminium  0.018 Mat-24 70 0.24
Homogenized 3.6 Mat-63 0.50 0.04

Table 1: Material parameters and mechanics models for each cell component

3.2. Analysis of fracture by X-Ray CT

As was mentioned before, the mechanical loading was terminated imme-
diately after the voltage drop in the top cell has been detected by the data
acquisition. Therefore the cell was preserved in the state when the inter-
nal failure allowed the first contact between electrodes of opposite polarity.
Since post-mortem disassembly of a cell could result in unavoidable tears and
shifts in the electrodes we decided to preserve the final state of the cell and
utilize non-destructive technique for analysis. The deformed portion of the
cell was carefully cut out from the rest of the cell and analyzed by 3-D X-Ray
CT, as shown schematically in Fig.6. It should be mentioned, that in all of
the experiments, the cracks observed on the the cell surface were oriented
perpendicular to the cell tabs, i.e. along z-axis in Fig. 6. This direction co-
incides with the winding direction of the cell jelly-roll and corresponds to the

machine direction (MD) in the battery polymer separator. The observations
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Figure 5: FE simulations of cells stack indentation: (a) Mesh corresponding to the cell
stack; (b) Mesh of the cell stack with aluminum plates; (¢) Comparison between the

experimental and computed load-displacement curves.

of preferential crack orientation in the current experiments align well with

the observations of battery separators failure under biaxial loading, where
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failure along machine direction has been reported [11]. This suggests that
formation of cracks in the pouch cells is, at least to some extent, influenced

by the anisotropy of mechanical properties of battery separators.

Crack

Figure 6: Schematic showing the coordinate system associated with the X-Ray CT analysis

of deformed cells

The results of X-Ray CT performed on cell stacks with three different
configurations are shown in Fig. 7. The cross-sectional plane is indicated
in each image in correspondence with the coordinate system shown in Fig.
6 and the scans for each cell are shown in three cross-sections. The cracks
revealed by the tomography are highlighted with arrows. The top row (Fig.
7(a-c)) shows cracks developed in the top cell of 10-cell stack at the instance
of the internal short circuit. The middle row, Fig. 7(d-f), corresponds to the
cell from the top of the cell stack with cooling plates. The cooling plates were
placed in the exact order as in a half-module, contacting at least one surface
of each cell. Finally, the bottom row, Fig. 7(g-i), displays cracking pattern in
the top cell from the cell stack with cooling fins which was also reinforced with
the thick plastic plate on top. Overall, all the three scenarios produce similar

failure patterns with one major crack oriented along z-axis (as evidenced in
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yz projections of Fig. 7) and two or more smaller cracks running parallel
to the main crack. This indicates that formation of cracks corresponds to
separator rupture in transverse direction (perpendicular to MD); the strength
of polymer separator in this direction is orders of magnitude lower compared
to that in MD [8]. The Xy projections in Fig. 7 reveal that cracks run
at approximately 45° with respect to the normal to the cell surface. This
indicates that while the failure in separators is most likely driven by tension,
inelastic deformation and failure in electrodes is determined by shear slip, as
has been demonstrated for bonded particulate systems [37]. It is easy to note
that in addition to one major crack (or fault line), there are often multiple
minor cracks that run in parallel (i.e. such as in Fig. 7d).

While we cannot definitively determine which crack produced the con-
tact between the electrodes that resulted in voltage drop, we assume that
the internal short circuit was produced by the largest crack. In a separate
experiment we study the propagation of failure in the two top cells of a 10-cell
stack. Voltages of these cells were monitored via separate channels during
the experiment and each cell was powered by an independent power source.
When the short circuit occurred in the first cell on the top of the stack (indi-
cated by a voltage drop), the indentation continued until voltage drop in the
second cell was also detected. The indented areas of the two top cells were
examined by X-Ray tomography and the results are shown Fig. 8. The top
row (Fig. 8 (a-c)) depicts the internal failure in top cell and the second row
(Fig. 8 (d-f)) shows cracks developed in the second from the top cell, which
also experienced short circuit. It can be seen that continuous indentation has

led to more severe cracking in the top cell. Large shifts of cracked electrodes
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Figure 7: X-Ray CT showing failure in top cell of (a-c) 10-cell stack; (d-f) 10-cell stack
with cooling plates; (g-i) 10-cell stack with cooling plates and with plastic cover plate.

can be observed in Fig. 8c. As in all previous observations, the cracks were
aligned with MD of separator in the cell and the plane of the crack was in-
clined at approximately 45° with respect to normal to the cell surface in the
indented region. Based on the observations above, the short circuit in the

cell is associated with shear slip resulting in failure of electrodes. One major
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