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AMIT CHETRY
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Abstract
The increasing demand for sustainable energy solutions has propelled the develop-
ment of electric vehicles (EVs) and the need for high-performance, reliable batteries.
This study focuses on the material modelling of lithium-ion battery cells to enhance
their safety and performance under mechanical loads. Initially, a linear elastic model
was employed as a preliminary approach to develop the modelling strategy. Sub-
sequently, hyperelastic modelling was explored but revealed a stiffer response than
observed in real-world conditions, making it unreliable for capturing the complex
behaviour of the battery’s electrode materials. Consequently, a crushable foam
material model was implemented, providing a more accurate representation of the
electrodes’ response to mechanical loads. Through a multi-scale homogenization
process, this study effectively links the mechanical response at the microstructural
level to the overall behaviour of the battery cell, providing insights into stress and
strain distributions within individual battery components. This approach paves the
way for improved modelling strategies in the future that can predict failure sce-
narios, such as short circuits, thereby contributing to the design of safer and more
reliable EV batteries. Limitations of the study include its focus on quasi-static load-
ing conditions and the exclusion of electrochemical and thermal effects, suggesting
areas for future research.

Keywords: Electric vehicles (EVs), Lithium-ion batteries, Finite Element Method
(FEM), Hyperelastic model, and Crushable foam model.
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1
Introduction

The global increase in population and their demands have pushed the energy sector
to rely on fossil fuels predominantly. One sector which has been signi�cantly a�ected
by this is the automotive sector. To move away from this dependency, electric vehi-
cles (EVs) are being developed. EVs produce relatively very low pollution compared
to internal combustion engine vehicles, therefore contributing towards sustainable
transportation. To increase the e�ciency and performance of EVs, di�erent strate-
gies to design high-energy density batteries and to extract the best performance out
of them are being developed. However, what comes with this advancement is the
increased risk of potential battery failure scenarios during a crash.

Electric vehicles are exposed to di�erent types of mechanical forces during opera-
tion. Battery systems designed to sustain mechanical loads associated with such
conditions are being developed to ensure safe and reliable battery structures while
minimising the potential risk of short circuits or malfunction.

To ensure the safety and reliability of the EV battery packs, battery cells are tested
under di�erent conditions e.g., indentation, tension, compression, residual stress
due to swelling etc. To capture the mechanical response of the batteries under such
conditions, it is important to understand the interplay between the microstructure
and the constituent properties. In this study, constituent-level modelling strategies
to capture the cell's response to quasi-static loading have been developed.

1.1 Background

In EVs, the stack of cells is presented in the form of modules and battery packs.
The deformation of the single cell is highly in�uenced by its neighbouring cells. The
batteries form a cushion foundation for each other during accidental loads in the
event of a crash [1]. Therefore it is very important to understand the behaviour of
the battery during such events. The main parts of the battery cell are electrodes,
separators, and current collectors (as seen in Figure 1.1).

1



1. Introduction

Figure 1.1: Illustration of the micro-structure of the active particles and di�erent
components of a prismatic graphite-lithium ion phosphate (LFP) battery cell and its
stacking in the form of jellyroll, which is a multilayer stacking of electrodes, current
collectors and separators, adapted from [2].

1.1.1 Material properties of battery components

The material properties of the battery components di�er from each other. The
current collectors have an in�uential role in the in-plane tension of the cathode and
anode layers, compared to the adhesion of the coating's particles to the metallic
layer or the cohesion between those particles [1]. The metallic current collectors
exhibit ductility, therefore plastic �ow is seen in tensile tests [1], shown in Figure
1.2.

Figure 1.2: Material response of the anode (left) and cathode (right) under ten-
sion, showing the di�erence in failure strength and displacement because of di�erent
current collectors (copper for anode and aluminium for cathode) attached, adapted
from [1].

The role of the metallic current collector is not signi�cant in axial compression tests
compared with tension. The polymer binder Polyvinylidene �uoride (PVDF) used
to bind the electrode particles (lithium iron phosphate (LFP) for the cathode and

2



1. Introduction

graphite for the anode) is highly porous. Therefore, at the beginning of a com-
pression test, the distance between the active particles is reduced while pores are
compressed. The �nal failure occurs when the porous polymer-electrolyte system is
fully compacted and cracks are formed [1].

The separator, which is usually made of Polypropylene (PP) or polyethylene (PE),
however, typically shows in-plane anisotropy in the material direction (MD) versus
the transverse direction (TD) (see Figure 1.3) due to their fabrication process [1].
Therefore, it is important to understand the material properties of the constituents
and individual layers to develop a reliable material model or failure criteria.

Figure 1.3: Material response of the separator in manufacturing direction (left)
and transverse direction (right), showing anisotropy because of the porous structure,
adapted from [1].

1.1.2 Mechanical material modelling of battery cell

The most widely implemented modelling strategies for predicting the mechanical re-
sponse of the jellyroll are the crushable foam and honeycomb material models. For
example, Greve et al. considered the jellyroll as isotropic by considering the defor-
mation of the electrodes together with the separator as an integrated and continuous
system. However, the in�uence of frictional slip between the layers and the in�u-
ence of the potential foil separation (gaping) is neglected [3]. Xu et al. developed
a modelling strategy to continue this work where they implemented the �ow rule
for the uniaxial compression and an anisotropic model for the three-point bending
condition [4]. However, they assumed the material to be transversely isotropic to
simplify the model.

Further, Gupta et al. modelled the cell considering the stacking of active layers,
current collectors, and the separators as a multi-layer composite and implemented
mechanical homogenisation using the 3D laminate theory [5]. They considered the
swelling e�ect as a factor in their model. This approach is very pivotal and promis-
ing, however, what is lacking in this model is the constituent level consideration.
The authors have assumed the material properties of the individual layers. The pos-
sibility of measuring and predicting these properties is considered one of the most
important gaps in the current research in this �eld.

3



1. Introduction

In this study, FEM models are prepared based on Representative Volume Elements
(RVEs) of the microstructure of the active layers and the separator as illustrated
in Figure 1.4. The RVE study at the nanoscale, where the individual constituents
are modelled, is used to extract homogenised material properties of di�erent layers
to the RVE of the stack. Similarly, the homogenised properties of the stack will be
implemented as an input to the �nal jellyroll model. This will make the model more
robust and reliable. Therefore, addressing the previously mentioned gap.

Figure 1.4: Model description of the implementation of an RVE of the micro-
structure of the active material and its further implementation in the RVE of the
stack. Finally, the homogenised material properties will be used to model the re-
sponse of the jellyroll.

1.2 Aims and approach

The thesis' aims are to develop a material model to capture the mechanical response
of batteries at the cell level and its validation under mechanical loading conditions.
The thesis' utmost priority is to increase the safety and reliability of EV cars by
developing more reliable modelling design tools. The scope of this thesis includes
the following:

1. Homogenisation of the material properties from the nanoscale to the macroscale.

2. Literature survey to �nd the required material data for the electrodes, sepa-
rator, and current collectors.

3. Characterise the material properties by upscaling the e�ective properties of
di�erent components at various scales.

4. Develop a multiscale modelling strategy of the battery as a material indepen-
dent of form factor, chemistry or design.

5. De�ne test plans for future model validation and veri�cation.
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1.3 Limitations

The developed material model is based on the homogenised response of the battery
cell obtained from the characterization and discretization of the constituents within
the jellyroll. The study is limited to the quasi-static response of single Li-ion bat-
teries. This thesis does not study the module level and the pack level mechanical
response. The study of other factors such as crash tests and short circuit prediction
is also outside this project's scope.

Furthermore, the operation of Li-ion batteries themselves involves a lot of com-
plexity, ranging from nanoscale to macroscale as well as di�erent phenomena like
electrical, thermal, and mechanical couplings. The multi-physics involved are not
considered. The liquid electrolyte is also not explicitly modelled and the charge-
discharge cycles are not evaluated in terms of the voltage-current response. However,
these topics can be the potential future scope of the project.
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