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Anush Rajesh Matty
Department of Industrial and Materials Science
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Chalmers University of Technology

Abstract
As the global adoption of electric vehicle (EV) technology accelerates, the demand
for safe, sustainable, and reliable battery technologies has increased. Currently,
lithium-ion batteries offer the most promising option due to their high energy den-
sity and long cycle life. However, a significant concern with lithium-ion batteries is
their tendency to swell during operation. This swelling is not just a cosmetic issue;
it can seriously impact the battery’s efficiency and safety. When battery cells swell,
they may experience a reduction in energy storage capacity, which affects the overall
performance of the vehicle. Additionally, this expansion can lead to mechanical fail-
ures or even pose fire hazards if not properly managed. Since the effects of swelling
are long term in nature, physically testing the batteries can be both expensive and
time consuming. Therefore, there is a need to develop virtual testing models to ana-
lyze the mechanical response of battery cells while considering the effects of swelling.

This study builds on the previous work and research done in the Battery Structural
& Thermal Simulation department at Volvo Cars and aims to develop a method-
ology for predicting the mechanical response of battery cells by integrating the ef-
fects of state of charge induced swelling using a coupled electrochemical-mechanical
simulation. A multiscale modeling approach is utilized to analyze the battery at
micro, meso, and macro scale levels. At the microscale, the mechanical response to
particle-level expansion is examined, and an effective swelling coefficient is deter-
mined through virtual tests. This effective swelling coefficient is then scaled up to
the mesoscale, where coupled electrochemical and mechanical simulations are con-
ducted to assess the impact of lithium insertion on the expansion at the electrode
level. Finally, this effective expansion is further upscaled to capture the volume
changes occurring at the cell level. The developed methodology in this work can be
further utilized to analyze the pack or module level swelling.

A key limitation of the developed framework is that it only accounts for swelling
induced by change in the state of charge. Consequently, additional work is needed
to enhance the model by incorporating swelling caused by lithium plating, degra-
dation of the solid electrolyte interphase (SEI) layer, and gas generation. These
factors have a significant impact on the cell’s long-term response and require further
investigation.

Keywords: Finite Element Analysis, Lithium-ion batteries, State of Charge, Swelling,
Multiscale model, Multiphysics simulation.
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1
Introduction

1.1 Background
The rise of electric vehicles (EVs) has profoundly transformed the automotive in-
dustry, reshaping consumer expectations and market dynamics. As demand for EVs
continues to increase, the necessity for efficient, safe, and sustainable energy storage
solutions has become increasingly important. Among various energy storage tech-
nologies, lithium-ion batteries have emerged as the leading choice, due to their (i)
high energy density, which facilitates longer driving ranges, (ii) extended cycle life
for improved longevity and reliability, and (iii) low self-discharge rate, which helps
minimize energy loss when the vehicle is inactive. However, the widespread adoption
of lithium-ion batteries has brought new challenges, particularly in ensuring their
safety and mechanical integrity under both operational and abuse conditions.

Several advanced modelling techniques and previous research has provided valuable
insights into simulating and predicting the behavior of lithium-ion batteries under
conditions of mechanical, thermal and electrical abuse. For instance, investigations
conducted by Sahraei et al. [1] have examined the deformation patterns and failure
sequences of the microstructural components within battery cells subjected to di-
verse mechanical loading conditions. Spotnitz et al. [2] have simulated the impact
of thermal abuse showing how the overcharge conditions and localized heating can
cause internal short circuits and potentially trigger thermal runaway. Zhang et al.
[3] investigated the consequences of high C-rate charging, highlighting how lithium
plating and instability of the solid electrolyte interphase (SEI) layer contribute to
performance degradation and heightened safety risks .Various such works in litera-
ture are available that focus on analyzing the responses of batteries under diverse
conditions.

Nevertheless, it is essential to acknowledge that the response of the batteries to
external loads evolves over time due to the state of charge (SOC) induced material
property changes and aging. In addition to this, electrode swelling due to interca-
lation, lithium plating, SEI layer degradation, and gas generation can significantly
affect the structural integrity of the cell. Electrode swelling is particularly challeng-
ing as it impacts pack-level integration, thermal management, and overall cell design.
Therefore, to accurately predict battery behavior under operational or abuse condi-
tions, it is essential to incorporate these evolving material properties and swelling
effects into modeling frameworks. This report focuses on developing a methodology
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1. Introduction

for predicting the mechanical response of the battery at the cell level, considering
the swelling effects induced by change in the SOC.

1.2 Aim and approach
The main objective of this thesis project is to develop a methodology to predict the
mechanical response of the batteries at cell level by incorporating the state of charge
induced swelling. The developed model can then be used to understand the effect of
the cell level swelling on the module and battery pack level. The aim of this thesis
mainly includes the following:

• To investigate available computational models to predict the mechanical re-
sponse of the cell and calibrate the material model parameters for the quasi-
static case.

• To explore finite element representations for different battery cell designs and
configuration.

• To study the electro-chemical model to simulate the change in SOC and ana-
lyze the effect of SOC on the mechanical response of the cell.

• To perform sensitivity analysis of model parameters through available cell/-
material data.

• Validate the simulation result with available experimental data.

1.3 Scope and limitations
The scope and limitations of this thesis work are listed below without any specific
order:

• This thesis work builds upon the previous related work [4], [5] and [6] con-
ducted in the department.

• The developed methodology in this work only considers the swelling induced
by lithium intercalation and deintercalation. Other effects that causes swelling
like lithium plating, SEI layer degradation, gas generation and temperature
are neglected.

• Change in the stiffness of the electrodes due to the lithium intercalation has
not been considered.

• The electrochemical-mechanical simulation in 3DEXPERIENCE uses two way
coupling. But in this work, the effect of swelling on the electrochemical re-
sponse is not studied.

• Failure of the components due to swelling effects is not considered in the study.
• The thermal effects induced during lithiation and delithiation and their effect

on the swelling is not studied.
• Characterizing the mechanical response of the microstructure of the electrodes

were limited to a homogenized matrix and active particles. Porosity, conduc-
tive additives and electrolyte are not explicitly modelled.

• Only the galvanostatic charging case is considered throughout the work. Gal-
vanostatic discharge or potentiostatic cases are not considered.

2



2
Theory

2.1 Battery overview
Batteries are electrochemical devices that generate electrical energy through redox
reactions. Certain types of batteries can reverse this process, converting electri-
cal energy back into chemical energy; these are known as secondary cells, while
non-rechargeable batteries are referred to as primary cells. The ability to recharge
secondary cells offers numerous advantages, extending their use in commercial appli-
cations such as electric vehicles. The rechargeability of a battery primarily depends
on its cell chemistry, which plays a crucial role in determining the energy density,
safety, and reliability of the cell. Among the various available chemistry options,
lithium-ion (Li-ion) batteries are the most viable due to their high energy density,
long cycle life, and reliability. Commercially available batteries come in various
sizes and form factors, as shown in Figure 2.1. For electric vehicle applications,
form factors are carefully selected based on required energy density and packaging
constraints. To achieve the necessary power and voltage, cells are typically arranged
in series and parallel within a module, and multiple modules are combined to form
a battery pack.

(a) (b) (c)

Figure 2.1: Schematic illustration showing different battery form factors (a) pris-
matic cell (b) cylindrical cell (c) pouch cell, reprint from [6].

2.1.1 Components present in Li-ion batteries
Li-ion batteries typically contain two electrodes: a positive electrode (cathode) and a
negative electrode (anode). These electrodes are composed of active particles coated
onto current collectors. Various binders are used to ensure that the active particles

3



2. Theory

adhere properly to the current collectors, while additives are included to enhance
electrical conductivity. To prevent physical contact between the two electrodes,
which can lead to an internal short circuit, separators are commonly employed to
maintain their distance from each other [4]. The electrodes are immersed in an elec-
trolytic solution, which facilitates the flow of Li-ions between them. The thickness
of the positive and negative electrodes is typically in the range of 100-200 µm, with
metal foils contributing up to 10-15 µm , and the separator is about 10-25 µm [7].
Currently, lithium iron phosphate (LFP) and lithium nickel manganese cobalt ox-
ides (NMC) are widely used as positive electrode active materials, with aluminum
serving as the positive current collector. Graphite is commonly used for the neg-
ative electrode active material, with copper as the negative current collector, and
polypropylene (PP) and polyethylene (PE) are used for the separator.

Typically, battery cells contain multiple layers of electrodes and separator stacked
on top of each other, a configuration often referred to as "jelly-rolls". These layers
can be arranged in various ways, as shown in Figure 2.2.

(a) (b)

(c) (d)

Figure 2.2: Figures illustrating various jelly-roll configuration (a) prismatic wind-
ing (b) cylindrical winding (c) Z-stacking (d) Single sheet stacking created using
Layered Product Design app in 3DEXPERIENCE.

2.1.2 Working principle of Li-ion battery
Figure 2.3 depicts the charging phase of the Li-ion batteries. During charging,
the Li-ions are extracted from the positive electrode (cathode) and enter into the
electrolyte through a reaction process that can be written as

Li-Θ ↔ Li+ + e− + Θ

4



2. Theory

Where, Li-Θ represents lithium in the positive electrode. Due to the applied current,
the reaction takes place leaving behind the Li-ions in the electrolyte Li+, electron
e− and vacancy in the positive electrode Θ [8]. These Li-ions in the electrolyte pass
through the separator and intercalate at the negative electrode (anode). It is im-
portant to note that the separator is ionically conductive but electrically insulated
[4]. Consequently, electrons migrate via the current collectors. During the discharge
phase, the flow of of Li-ions is reversed i.e. Li-ions migrate from the negative elec-
trode to the positive electrode. It should be noted that the Li-ions in the battery
domain can exist in both the solid electrode phase and in the electrolyte phase.

Figure 2.3: Schematic diagram depicting the charging process in Li-ion batteries,
reprint from [8].

2.1.3 State of charge induced effects
The fundamental working mechanism of Li-ion batteries is based on the interca-
lation and deintercalation of Li-ions into and out of the active electrode materials.
The amount of intercalated Li-ions is commonly quantified using a parameter known
as the SOC. The SOC is a critical indicator that reflects the amount of usable en-
ergy remaining in the battery, typically expressed as a percentage of the cell’s total
capacity. An increase in SOC corresponds to a higher degree of lithiation at the
negative electrode, whereas a decrease indicates delithiation.

This cyclic lithiation and delithiation process causes volumetric changes in the ac-
tive materials, commonly referred to as intercalation-induced swelling. While this
swelling is generally reversible during normal charge-discharge cycles, repeated cy-
cling over time can lead to mechanical degradation, including particle cracking,
electrode delamination, and structural fracture [1]. These mechanical changes can
compromise both the performance and safety of the cell. Due to the cyclic swelling,
the response of the battery to the external load is not linear in nature but has the
cyclic behavior as depicted in Figure 2.4.
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2. Theory

Figure 2.4: Evolution of swelling force with respect to time.

The swelling mechanisms in lithium-ion batteries can be broadly classified into re-
versible and irreversible swelling [6]. Reversible swelling is directly associated with
lithium intercalation into the electrode matrix and typically contracts back upon
discharge. In contrast, irreversible swelling arises from side reactions such as the
growth of the SEI layer, gas evolution, and electrolyte decomposition, which are
especially prominent under high-temperature conditions, overcharging, or aging [2].
These irreversible phenomena can lead to a progressive increase in internal pressure,
potentially deforming the battery casing and leading to pack-level complications
such as mechanical interference, loss of contact, and decreased safety margins.

Apart from the swelling of the active particles, the intercalation process also influ-
ences the material properties of the electrodes such as strength and stiffness. Par-
ticularly, these effects are observed for the negative electrode materials. The Figure
2.5 depicts the change in the stiffness of various electrode material as a function of
Li-ion concentration as reported by Qi et al. [9].

6



2. Theory

Figure 2.5: Evolution of the normalized elastic modulus as a function of lithium
concentration for various electrode materials. The x-axis represents the lithium
concentration, defined as y = x

1+x
, where x is the stoichiometric coefficient in LixM

and M denotes the host material. The y-axis shows the averaged elastic modulus
at a given lithium concentration x, normalized by the modulus of the fully delithi-
ated phase (Lix1M). This captures the elastic property evolution of the material
as it undergoes lithiation from x1 to x2, which may involve phase transformations.
Reprinted from [9].

As illustrated in Figure 2.5, lithium insertion does not universally lead to material
stiffening; in some cases, it actually causes softening. Additionally, many electrode
materials exhibit a ductile-to-brittle transition as a result of lithium intercalation.
This behavior can be predicted using the Pugh criterion, which states that a mate-
rial is likely to behave in a brittle manner if the ratio of its bulk modulus to shear
modulus (B/G) is less than 1.75, and in a ductile manner if the ratio exceeds 1.75
[9]. The changes in mechanical properties associated with lithium insertion can be
effectively calculated through density functional theory (DFT) methods, as demon-
strated in [9].

2.1.4 Quantification of state of charge induced effects
To measure and quantify the swelling of lithium-ion batteries, tests like free-swelling,
ball-indenter constrained swelling, and plate-constrained swelling are commonly
used. The typical setups for these tests are shown in Figure 2.6.
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2. Theory

Figure 2.6: Swelling test rigs for (a) free swelling, (b) ball constrained swelling,
(c) plate constrained swelling, reprint from [10].

In a free-swelling test, the battery is charged and discharged without any external
mechanical constraints while placed on the test rig. A sensor placed on the rig tracks
the thickness change. This gives a clear view of how the battery naturally expands
during cycling.

However, in real application, batteries are usually housed in packs where components
like compression pads and support structures (e.g, battery modules or pack trays)
apply mechanical constraints. To simulate these effects, constrained swelling tests
such as the ball-indenter and plate-constrained setups are used. The ball-indenter
test focuses on how localized pressure affects swelling, while the plate-constrained
test applies a more uniform constraint, similar to what batteries experience inside a
tightly packed module. Through swelling experiments Cao et al. [10] analyzed how
lithium-ion battery deformation and internal stress evolve during charging, under
both free and constrained conditions. One of their key findings was that the nega-
tive electrode’s swelling behavior is highly dependent on the SOC, especially around
SOC 0.29, which marks a phase transition in the graphite structure. They also found
that mechanical boundary conditions such as preload force, fixture stiffness, and sur-
face contact area strongly influence the measured swelling force and internal stress
distribution. Their results highlight that swelling is not only a material driven phe-
nomenon but is also highly sensitive to how the battery is mounted and constrained.

In addition to mechanical tests, techniques such as Scanning Electron Microscopy
(SEM) and X-ray Computed Tomography (CT) are widely used to measure swelling
and structural changes at the electrode level.

Beyond experimental approaches, Finite Element (FE) modeling has become a valu-
able tool for simulating and predicting battery swelling behavior. Various modeling
strategies have been proposed in the literature, with the choice of method typi-
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2. Theory

cally governed by a trade-off between modeling accuracy, computational cost, and
the availability of experimental data. A common and computationally efficient ap-
proach involves approximating swelling behavior as an equivalent thermal expansion
phenomenon. For instance, the study conducted by Gilaki and Sahraei [11] incor-
porated volumetric changes by measuring the electrode expansion through physical
testing, such as CT scans, and modeling this expansion using a thermal analogy.
Although the actual expansion is driven by changes in the state of charge (SOC),
it was represented in the model as a pseudo thermal expansion. In this analogy, a
fictitious temperature rise corresponding to an increase in SOC was adopted, and
the expansion is governed by a thermal like coefficient α. The thermal coefficient α
was defined as:

α = 1
h

· ∆h
∆SOC (2.1)

Where, h is the initial thickness of the electrode stack, ∆h is the measured thickness
change during charging, and ∆SOC is the change in state of charge.

This pseudo-thermal expansion is applied in the FE model to induce volume change
of the electrodes. While thermal analogy models offer a convenient and computa-
tionally efficient method for simulating battery swelling, their primary limitation
lies in the lack of physical fidelity. These models simplify swelling as a thermally
induced expansion, which does not fully capture the SOC dependent and electro-
chemically coupled nature of real intercalation induced strain.

To account for the electrochemical influences in simulating swelling phenomena, re-
cent research has increasingly focused on physics-based modeling approaches, where
swelling is directly linked to the lithium-ion concentration distribution within the
electrodes. These models incorporate the coupling between Li-ion concentration and
mechanical deformation, allowing for a more accurate representation of intercalation-
induced swelling. For instance Wang et al. [12] developed an electrochemical-
mechanical coupled multi-scale modeling method to predict the full-field stress dis-
tribution in commercial lithium-ion pouch cells during operation. By combining a
mesoscale electrochemical model for a single battery unit with a macroscale mechan-
ical model for the entire cell, and applying a real-time data mapping technique, the
method was validated against experimental surface pressure measurements. Various
such literature are available that have focused on modelling swelling behavior using
physics based modeling approach.

However, a gap in the existing literature is the lack of a comprehensive methodology
that accounts for the influence of binders on active particle swelling and the sub-
sequent upscaling of this effect to predict cell-level volume changes. The primary
focus of this work is to address and bridge this research gap.

Unlike swelling tests, which are typically non-destructive, quantifying the effect of
SOC on the mechanical properties of battery materials requires destructive testing,
such as uniaxial or sometimes biaxial loading experiments. These tests are essential
for characterizing how electrode materials respond to mechanical stress at different
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2. Theory

levels of lithium insertion. However, due to safety risks especially at high SOC,
where fully lithiated electrodes can be chemically unstable and prone to thermal or
mechanical failure, testing at or near 100% SOC is often not feasible.

Several studies have therefore focused on characterizing the mechanical response of
electrode materials at lower SOC levels. For example, Wang et al. [13] investigated
the mechanical behavior of both negative and positive electrodes extracted from
commercial 18650 NCA/graphite lithium-ion cells, with a particular emphasis on
the influence of SOC. The experimental characterization was conducted along both
the axial direction of the jellyroll and the rolling direction of the electrode layers.
Their results showed that the negative electrode’s stiffness and strength increased
significantly with SOC, as illustrated in Figure 2.7, while the positive electrode ex-
hibited almost no noticeable SOC dependency. At low SOC, the negative electrode
displayed typical elastic-plastic behavior, but as SOC increased, the material became
stiffer and more brittle, with a clear transition to elastic-brittle behavior observed
beyond SOC 0.3. Due to safety concerns, the authors limited their mechanical test-
ing to SOC values below 0.3.

Figure 2.7: Tensile stress strain curve at various SOC for a) Negative electrode
along the axial direction of the jellyroll, b) Negative electrode along the rolling
direction of the jellyroll, c) Positive electrode along the axial direction of the jellyroll
and d) Positive electrode along the rolling direction of the jellyroll, reprinted from
[13].
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2.2 Fully coupled electrochemical mechanical prob-
lem

As depicted above, the lithiation and delithiation processes are governed by elec-
trochemical reactions that, in turn, induce significant mechanical and structural
changes within the battery electrodes. This results in a strong coupling between
electrochemical behavior and mechanical responses. For instance, the intercalation
of lithium into the graphite negative electrode causes volume expansion, leading to
stress generation, microcracking, and particle isolation. These mechanical changes
can further influence ionic transport, electronic conductivity, and reaction kinetics,
creating a two-way feedback loop between the mechanical and electrochemical fields
[14].

In addition to electrochemical and mechanical coupling, temperature also plays a
critical role in battery behavior. Elevated temperatures can accelerate reaction rates,
diffusion processes, and side reactions such as SEI formation. Conversely, mechan-
ical degradation, such as particle cracking, can increase internal resistance, leading
to localized heating. This introduces thermal field, a third coupling field. Fully cou-
pled electro-chemo-thermo-mechanical models provide a comprehensive framework
to capture these interactions. However, in the present work, thermal effects are
neglected to reduce complexity and focus is solely on the coupled electrochemical
and mechanical interactions.

2.2.1 Electrochemical model
To model the electrochemical behavior itself, several approaches exist depending on
the desired fidelity and computational cost:

• Empirical models: Based on fitting experimental data, these are computa-
tionally efficient but lack predictive power outside calibrated conditions. For
example Equivalent Circuit Models (ECMs).

• Physics-based models: Such as the Doyle-Fuller-Newman (DFN) model,
which describe lithium-ion transport, reaction kinetics, and potential distri-
bution across electrodes and electrolyte using partial differential equations
(PDEs).

• Reduced-order models: These simplify the DFN model using approxima-
tions (e.g., Single Particle Model (SPM)) to maintain computational efficiency
while retaining physical interpretability.

2.2.2 Doyle-Fuller-Newman model
The Doyle-Fuller-Newman (DFN) model is an electrochemical modeling framework
rooted in porous electrode theory [15]. This model effectively captures the working
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mechanism of lithium-ion batteries through a set of PDEs.

The DFN model incorporates mass and charge conservation laws, which are solved
across two primary phases: the electrode phase and the electrolyte phase. One of
the key features of the DFN model is its multiscale formulation. At the macroscopic
level, the equations are solved separately for positive and negative electrodes by
assuming a homogenized porous medium, while at the microscale, additional equa-
tions account for lithium-ion diffusion within individual active material particles in
each electrodes.

There are several versions of the DFN model, with the Pseudo-2D (P2D) model be-
ing one of the most commonly used due to its relatively low computational cost. The
P2D model simplifies the more complex DFN framework by reducing the problem’s
dimensionality. Specifically, it assumes the electrodes can be modeled in one dimen-
sion (1D), typically along the thickness direction (out-of-plane), while neglecting
variations in the in-plane direction (across the electrode surface). While this simpli-
fication reduces complexity, it introduces limitations, particularly when accounting
for spatial variations and non-uniformities within the electrode, which can affect the
battery’s performance.

Recently, a study by Kulathu et al. [16] expanded the P2D model to address this
limitation by incorporating the in-plane variations of the electrochemical processes.
Their work accounts for the complex geometric details of the electrode previously
neglected in the original P2D formulation. By including these in-plane variations,
their extended model offers a more accurate representation of the electrochemical
behavior within the electrodes, capturing the non-uniform distribution of lithium-
ion concentration, current density, and other key factors across the electrode surface.
This modified version of the P2D model, referred to as the Pseudo-4D (P4D) model,
provides improved simulations of battery performance, especially in cases where in-
plane effects are significant.

The core principles and governing equations of the DFN model can be divided into
the following five components:

1. Movement of the Li-ions between the electrode and electrolyte phase.
2. Lithium-ion transport(diffusion and migration) within the electrolyte phase.
3. Electron conduction through the electrode phase.
4. Lithium-ion diffusion inside the microscale active material particles.
5. Coupling between the microscale and macroscale (continuum) domains.

.

A detailed description of the terms used in these equations along with the units is
provided in the Appendix A. The governing equations described in this section un-
less otherwise specified, all fields are assumed to be the functions of spatial location
and time. The theoretical framework described in this section is based on the work
by Kulathu et al. [16].
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It has to be noted here that in the formulation proposed by Kulathu et al. [16],
additional physics like pore-mechanics and surface interactions between the differ-
ent battery components are also considered. But these physics are neglected in this
thesis work. Therefore, mathematical treatment for these physics are not presented
in this manuscript.

2.2.2.1 Movement of the Li-ions between the electrode and electrolyte
phase.

During the charging and discharging processes of a battery, electrochemical reac-
tions i.e. intercalation and de-intercalation processes take place at the electrode-
electrolyte interface, where Li-ions transfer between the electrode and the electrolyte.
This ion intercalation at the electrode-electrolyte interface is governed by the Butler-
Volmer equation, which essentially describes the rate at which the ions are extracted
or added during charging and discharging. The equation is divided into two parts,
each representing the reactions at the negative and positive electrode. These reac-
tions are mainly influenced by the overpotential (η), which is the additional voltage
required to drive the reaction beyond its equilibrium state. The Butler-Volmer cur-
rent density is given by the equation,

IBV = I0

[
exp

(
αa(Fη − σmΩ)

RT

)
− exp

(
−αc(Fη − σmΩ)

RT

)]
(2.2)

Where, I0 represents the exchange current density, η denotes the overpotential, and
αa and αc are the anodic and cathodic charge transfer coefficients, respectively. F
is Faraday’s constant, R is the universal gas constant, T is the temperature, σm

represents the hydrostatic stress, and Ω is the partial molar volume.

For a coupled problem, electrochemical and mechanical models are formulated in
such a way that certain variables evolve during the simulation. One such term in
Equation 2.2 is σmΩ, this term accounts for the mechanical stress that influences
the electrochemical response. The mean stress σm can be calculated as,

σm = σxx + σyy + σzz

3 (2.3)

Where, σxx, σyy and σzz are the stresses in the principal directions.

The overpotential η can be computed using the equation,

η = ϕs − ϕe − Eocp −RSEIIBV (2.4)

Where, ϕs and ϕe represent the solid and electrolyte potentials, respectively, and
Eocp is the open-circuit potential. Additionally, RSEI refers to the resistance of the
solid-electrolyte interface (SEI). In this work, RSEI is ignored by treating RSEI = 0
for simplicity.
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The exchange current density I0 represents the baseline reactivity when there is no
overpotential. It can be can be written as,

I0 = kFcαa
e cαc

s (cs,max − cs)αa (2.5)

Where, k is the rate constant for anode and cathode materials given as k = kcka, ce

is the Li-ion concentration in the electrolyte phase, cs is the Li-ion concentration in
the particle surface and cs,max is the maximum Li-ion concentration in the solid.

2.2.2.2 Li-ion diffusion in electrolyte phase

The Li-ions mainly transport via the electrolyte phase. The evolution of the Li-ions
over the time in the electrolyte has to be balanced by the net ion flux and reactions
occurring at electrode-electrolyte interface. This is ensured by the mass balanced
equation, whose strong form is represented as,

∂(νece)
∂t

= −Je · ∇ + asIBV

F
(2.6)

Where, ce is the Li-ion concentration in the electrolyte phase, νe is the electrolyte
volume fraction, as is the active surface area, Je is the Li-ion flux and IBV is the
Butler-Volmer current density.

The movement of the ions in the electrolyte phase is governed by the Nernst-Plank
equation, that accounts for both the diffusion and migration caused by the con-
centration gradients and and electric fields respectively. Due to the microstructure
complexity of the electrodes, flow of the Li-ions are hindered. Therefore, the Brugge-
man’s corrections are also applied on the Nernst-plank equation to modify the bulk
diffusivity into an effective diffusivity. The Nernst-Plank equation acts as a consti-
tutive law to the equation 2.6.

The Nernst-Plank equation accounting for the Bruggeman’s corrections is given as,

Je = −Deff
e · ∇ce + t+

F
Ie + νeceVe (2.7)

Where, Deff
e is the effective ion diffusivity, t+ is transference number, Ve is the flow

velocity of the electrolyte.

The effective diffusivity Deff
e is computed as,

Deff
e = ν(1+α)

e De (2.8)

Where, α is the Bruggeman’s coefficient, De is the ionic diffusivity of the electrolyte.
The above equation describes the isotropic effective diffusivity. The formulation can
also be extended to anisotropic diffusivity case.

As the Li-ions migrate through the electrolyte, they generate the ionic current,
therefore, in addition to the conservation of the mass, the charge conservation has
to be applied. The conservation of the charge in the strong form is given by,
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Ie · ∇ = asIBV (2.9)

Where, Ie is the ionic current density. It has to be noted again here that the active
surface area evolves for the coupled problem due to the intercalation related volu-
metric changes.

The ionic current density in the electrolyte is governed by the modified form of Ohm’s
law. To account for the microstructural complexities, the Bruggeman’s corrections
are also used in the modified Ohm’s law and equation is given as,

Ie = −κeff
e ∇ϕe + 2κeff

e

RT

F

(
1 + d ln f±

d ln ce

)
(1 − t+)∇ ln ce (2.10)

Where, κeff
e is the effective ionic conductivity and d ln f±

d ln ce
is the molar activity coeffi-

cient. The above equation acts as a constitutive relation to equation 2.9.

The effective ionic conductivity can be computed as,

κeff
e = ν(1+α)

e κe (2.11)

Where, κe is the ionic conductivity in the electrolyte phase and α is the Bruggeman’s
exponent. The above equation describes the case of isotropic conductivity.

2.2.2.3 Electron conduction in the electrode phase

During the charging and discharging cycles of a Li-ion battery, electrochemical reac-
tions take place at the electrode–electrolyte interface. While Li-ions move through
the electrolyte phase to facilitate these reactions, the corresponding electrons are
required to flow through the external circuit via electrode to complete the redox
reactions. Overall, there has to be a conservation of electrons in the solid phase.
The solid phase can be categorized into the active material phase and the metallic
current collector phase. The conservation of the electrons in the active material
phase is given in the strong form as,

Is · ∇ = −asIBV (2.12)

Where, Is represents the current density in the solid phase.

The transport of the electrons within the solid phase of the electrode is described by
Ohm’s law, which establishes a linear relationship between the current density and
the electric potential gradient. In porous battery electrodes, however, the transport
of electrons is affected by the microstructural characteristics of the material, partic-
ularly the porosity and tortuosity. These structural features hinder direct electron
paths, effectively reducing the bulk electrical conductivity of the solid material. To
account for these effects, the Bruggeman correction is applied, which modifies the
bulk conductivity to yield an effective electrical conductivity.
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Ohm’s law in porous electrodes, incorporating the Bruggeman correction, serves as
a constitutive relation to equation 2.12 and is expressed as,

Is = −κeff
s ∇ϕs (2.13)

Here, Is is the solid-phase current density, ϕs is the solid-phase electric potential, and
κeff

s is the effective electrical conductivity. The effective conductivity is computed
using the Bruggeman relation as:

κeff
s = ν(1+α)

s κs (2.14)

In the above equation, κs represents the intrinsic (bulk) electrical conductivity of
the solid material, νs is the volume fraction of the solid phase, and α is the Brugge-
man exponent. This formulation can also be extended to incorporate anisotropic
conductivity.
The conservation of the electrons in the metallic current collector is given in the
strong form as,

Is · ∇ = 0 (2.15)

And the movement of the electrons is given by the Ohm’s law as,

Is = −κs∇ϕs (2.16)

Where, κs is the electrical conductivity of the metallic current collector. This equa-
tion serves as a constitutive law for the equation 2.15.

2.2.2.4 Diffusion of lithium in the microscale

One of the fundamental assumptions of the Doyle-Fuller-Newman (DFN) model is
that the active particles within the battery are spherical in shape. This assump-
tion simplifies the mathematical modeling of the electrode’s behavior. Additionally,
it is assumed that all these particles maintain electrical contact with each other,
ensuring efficient electron transport. Importantly, the model assumes there is no
inter-particle diffusion, meaning Li-ions do not move between particles but only
within each particle.

The ion balance within these spherical particles is governed by Fick’s second law
of diffusion. This law describes how Li-ions diffuse through the particle over time.
In the context of the DFN model, this can be expressed in spherical coordinates,
where where r represents the radial coordinate from the center of the particle, and
cs denotes the Li-ion concentration within the particle. The strong form of Fick’s
second law in spherical coordinates is given by,

∂cs

∂t
+ 1
r2

∂

∂r
(r2js) = 0 (2.17)

Where js depicts the constitutive relation which can be expressed as,

16



2. Theory

js = −Dp(cs)
∂cs

∂r
(2.18)

Here, Dp is the diffusion coefficient of Li-ions in the solid phase. The strong form
in Equation 2.17 is solved with the constitutive relation in Equation 2.18 using the
following boundary conditions,

∂cs

∂r
= 0 at r = 0 (2.19)

js = IBV

F
at r = Rp (2.20)

At the boundary r = Rp, each particle interacts with macroscopic fields through the
Butler-Volmer lithiation current density. This essentially represents the variation in
the Li-ion concentration in the particle is goverened by the Butler-Volmer current
density (IBV ).

2.2.2.5 Coupling between the microscale and continuum scale.

As depicted before, the DFN model solves the variables ϕs, ϕe and ce at the macroscale
level and cs at microscale level and coupling between these two scales are done via
reaction kinetics i.e. through the Butler-Volmer current density IBV as depicted in
equation 2.20.

2.2.2.6 Swelling of the active particles

The intercalation of Li-ions into the active particles of an electrode leads to an in-
crease in the particle volume, a phenomenon commonly known as particle swelling.
This expansion of the particles not only influences the overall geometry of the elec-
trode but also significantly alters its mechanical and electrochemical properties. As
the active particles swell, the internal stresses within the electrode material change,
which can lead to mechanical degradation, reduced structural integrity, or even fail-
ure over time. The swelling of the particles also impacts the electrochemical behavior
of the electrode, including reaction rates, ion transport, and electrolyte distribution.
The changes in particle volume lead to alterations in the porosity of the material,
which in turn affects the available pathways for ion migration, potentially limiting
ion transport and influencing the efficiency of the electrochemical reactions.

In the modeling framework proposed by Kulathu et al.[16], the swelling behavior is
captured by defining a reference configuration for the active material, corresponding
to the fully deintercalated state of the negative electrode, where the lithium con-
centration is zero and fully lithiated state for the positive electrode. This reference
state serves as a baseline for the geometry and material properties of the electrode.
As the intercalation or deintercalation process progresses, the geometry of the elec-
trode evolves accordingly. The properties of the material are updated in real time
to reflect the changes in particle volume, and these updates are mapped from the
reference configuration.
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Several key geometric and material quantities are defined relative to this reference
configuration. These quantities include the solid volume fraction, binder volume
fraction, electrolyte volume fraction, and particle volume fractions. The initial state
of these quantities in the reference configuration are expressed as follows:

ν0
s =

V 0
p

Vel
(2.21)

Where ν0
s is the solid reference volume fraction, V 0

p represents the reference volume
of the active particles, and Vel is the total volume of the element (or unit cell) in the
model. Similarly, for the binder,

ν0
b = V 0

b

Vel
(2.22)

Here, ν0
b is the binder reference volume fraction, and V 0

b represents the reference vol-
ume of the binder material within the electrode. The sum of these volume fractions
should add up as follows,

ν0
e = 1 − ν0

s − ν0
b (2.23)

In the equation 2.23, ν0
e denotes the electrolyte volume fraction, assuming the elec-

trode is fully saturated. The electrolyte volume fraction is calculated by subtracting
the solid and binder volume fractions from 1.

The particle volume ratio can be computed by using the reference volume of the
active particles and the total volume of the element as,

ν0
p =

V 0
p

ν0
sVel

(2.24)

Here, ν0
p represents the particle volume ratio.

The above equation can be rearranged to relate the reference volume of the active
particles to the total volume of the element as,

V 0
p = ν0

pν
0
sVel (2.25)

The particle swelling is tracked relative to the initial (deintercalated) state by in-
troducing a swelling factor θp for the particle, defined as the ratio of the particle
volume at any given time to the initial particle volume:

θp = Vp

V 0
p

= Ω∆cavg
s,p (2.26)

Where, Ω is the swelling coefficient and cavg
s,p is the average Li-ion concentration in

the solid particle.

The surface area of the active particles are also affected due to swelling. This is
given as,
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∆as = 2
3asΩ∆cavg

s,p (2.27)

Now considering the combined effect of the active particle and the binder as one
homogenized phase, the total volume change will be

Jg = θpνp + ν0
b

1 + ν0
b

(2.28)

The average stretch of the particle and the binder mixture often referred to as the
"skeleton" can be represented as

λ̄p
r = (Jg) 1

3 (2.29)

Now the skeleton stretch can be related to the radial swelling stretch of the particle
through power law as

λi = (λ̄p
r)si (2.30)

Where, λi is skeleton stretches, where, i corresponds to the three principal directions
i.e. i=1,2 and 3. si is the power law coefficient that can be calibrated for a given
particle-binder system.

With the principle radial stretch, the eigen strain due to the swelling can be com-
puted in each principal direction as

εeig
i = log λi (2.31)

The total volumetric strain due to swelling can be computed by adding the eigen
strains in directions as

εch
v =

3∑
i=1

εeig
i (2.32)

It’s important to note that the stiffness properties of the binders are not taken into
account when calculating the eigenstrains in the formulations mentioned above. The
stiffness of the binder plays a crucial role in determining the effective swelling, as a
stiff binder can suppress the swelling of the active particles, which affects the overall
effective swelling behavior.

2.2.3 Mechanical model
The mechanical response of each electrode in the battery is governed by the mo-
mentum balance equation.

−σ · ∇ = 0 (2.33)

To govern the mechanical response, it is essential to establish a constitutive law that
captures the relationship between stress and strain. For simplicity, we will assume
a linear elastic response, mathematically, this relationship can be expressed as:
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σ = E : εel (2.34)

where σ represents the stress, E is the fourth order elastic stiffness tensor, and εel

denotes the elastic strain. The total strain components can be decomposed into
the elastic strain caused by the mechanical constraints and the volumetric strain
induced by the lithiation induced swelling as

ε = εel + εch
v (2.35)

Now substituting the above equation into the equation 2.34 and rearranging for εel,
the equation can be written as

σ = E : (ε − εch
v ) (2.36)

The volumetric strain induced due to lithiation εch
v is computed using the equation

2.32.

2.2.4 Thermal Model
Although thermal effects are not considered in this study, the governing equations
are presented here for the sake of completeness. The formulations provided are based
on the work by Kulathu et al. [16].

The temperature distribution within the battery is governed by the transient heat
equation, which ensures the conservation of internal thermal energy across the sys-
tem. This equation accounts for the contributions from both the solid and electrolyte
phases. The strong form of the thermal balance equation is expressed as:

ρsνs
dUs

dt
+ ρeνe

dUe

dt
+ ρeνeVe · ∇Ue = −∇ · f +Q (2.37)

Where, ρs denotes the mass density in the solid phase, ρe denotes the mass density
in the electrolyte phase, Us is the internal energy in the solid phase, and Ue is the
internal energy in the electrolyte phase. The term Q represents a volumetric heat
source or sink, accounting for heat generation or absorption within the battery.

The heat flux f is defined by Fourier’s law and acts as a constitutive law for the
equation 2.37, which is given as :

f = −Keff∇T (2.38)

Here, Keff is the effective thermal conductivity and is calculated using the rule of
mixtures as:

Keff = νsKs + νeKe (2.39)

Where, Ks is the thermal conductivity in the solid phase and Ke is the thermal
conductivity in the electrolyte phase.
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In this formulation, the thermal contribution of the binder phase is neglected. Addi-
tionally, it is assumed that both the electrolyte velocity and the temperature gradient
within the electrolyte are sufficiently small, allowing the convective term to be con-
sidered negligible. The model also assumes local thermal equilibrium, meaning the
solid and electrolyte phases are at the same temperature, and thus no inter-phase
heat exchange is considered during lithiation or delithiation.

2.3 Mechanical material modeling of battery com-
ponents

Batteries are complex, heterogeneous, and anisotropic materials. The microstruc-
tural intricacies of lithium-ion batteries are illustrated in Figure 2.8, highlighting
the geometric and material diversity present at the cell level.

Figure 2.8: Microstructural complexities in lithium-ion batteries, reprinted from
[17]

Given this inherent complexity, a simple linear elastic constitutive model is insuffi-
cient to accurately represent the mechanical response of battery components under
operational or accidental loading conditions. Previous studies have shown that when
individual battery layers are modeled explicitly, material models such as hyperelas-
tic, mat-modified honeycomb, and crushable foam are well suited for electrodes
and separators. For current collectors, linear elastic or elastic-plastic models with
isotropic hardening are typically employed. Alternatively, if the battery is repre-
sented as a homogenized medium, suitable models include crushable foam, mat-
modified honeycomb, orthotropic linear elastic, or elastic piecewise-linear plastic
formulations [18].

Explicitly modeling each layer enables the identification of localized failure points
and damage mechanisms, but this approach demands significant computational re-
sources and extensive experimental data for material calibration. On the other
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hand, using a homogenized representation greatly reduces computational effort, but
it may not capture the onset or progression of failure at the layer level. The deci-
sion between these two approaches depends largely on the objectives of the study
and the level of accuracy required. A promising alternative is to apply multiscale
modeling techniques, which strike a balance between computational efficiency and
predictive accuracy by bridging detailed microstructural behavior with the macro-
scopic response.

In this study, a multiscale modeling approach is adopted, incorporating micro-,
meso-, and macro-scale levels. The framework is described in more detail in subsec-
tion 2.3.3. At the mesoscale level, the individual layers within the battery structure
are modeled explicitly. The material models for these layers are selected based on
their characteristic behavior; the electrodes and separators are represented using a
crushable foam material model, while the current collectors are modeled using an
elastic-plastic with isotropic hardening model.

2.3.1 Constitutive models
Constitutive models are mathematical descriptions that characterize how materi-
als respond to external loads. Their primary purpose is to define the relationship
between stress and strain. Various types of constitutive models exist to represent
different material characteristics. For example, elastic models describe materials
that return to their original shape after deformation, plastic models capture perma-
nent deformation beyond the elastic limit, and viscoelastic or viscoplastic models
account for time-dependent or rate-dependent behaviors.

For materials exhibiting a linear elastic response, the relationship between stress
and strain is governed by Hooke’s law, which can be expressed as:

σ = E : ε (2.40)

where σ is the stress tensor, ε is the strain tensor, and E is the fourth-order elasticity
tensor. This linear relationship assumes that the material behavior is reversible and
that the stress is proportional to strain within the elastic limit.
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2.3.1.1 Elastic-plastic with isotropic hardening material model

Figure 2.9: Prototype model for elastic-hardening-plastic model, reprint from [19].

The current collectors can be modelled with an elastic-plastic material model with
isotropic hardening. A prototype model, as depicted in Figure 2.9, can be used
to better understand the mean stress-independent metallic materials. When the
material is subjected to an external stress σdev, it begins to deform. Initially, this
deformation is elastic and reversible until the applied stress reaches the initial yield
stress. This elastic behavior is represented by a spring with stiffness G in the
prototype model. Once the applied stress exceeds the yield point σy, the deformation
becomes inelastic and irreversible. This plastic behavior is depicted by the slider in
the prototype model. Due to the hardening effect, additional stress is required to
further deform the material beyond the yield point. In the prototype model, this
is shown as an additional spring with stiffness H attached in parallel to the slider.
The inelastic deformation is considered shear-dominated. When the stress σdev is
released, unloading occurs, and the energy released corresponds to the stored elastic
energy, which is represented by the free energy density. The stored free energy is
written as:

ψ = ψdev[iedev] + ψv[εv] + ψmic[k] (2.41)

Where,
ψv = 1

2Kε2
v, ψdev = 1

22G(iedev)2, ψmic = 1
2Hk2

Here, K is the elastic bulk modulus, G is the elastic shear modulus, k is the hardening
variable, H is the hardening modulus, and iedev is the strain invariant defined as:

(iedev)2 = εe
dev : εe

dev

The elastic deviatoric strain is:

εe
dev = εdev − εp

dev

The volumetric strain is:
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εv = 1 : ε

Differentiating Eq. (2.41) with respect to εe
dev, εv, and k, we get:

σdev = ∂ψdev

∂εe
dev

= 2Gεe
dev

σm = ∂ψv

∂εv

= Kεv

κ = ∂ψmic

∂k
= −Hk

The total stress tensor is:

σ = σdev + σmI (2.42)

Where I is the identity tensor.

The dissipation rate D is:

D = σ : ε̇ − ψ̇ = σdev : ε̇p
dev + κk̇ ≥ 0 (2.43)

The yield function is defined as:

Φ = σe − (σy + κ) (2.44)

Where the effective Von-Mises stress σe is:

σe =
√

3
2 |σdev| =

√
3
√
J2

And the second invariant J2 of the deviatoric stress is:

J2 = 1
2 |σdev|2
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Figure 2.10: Flow and hardening rules for hardening plasticity models, reprint
from [19].

As shown in the Figure 2.10, the plastic flow direction is normal to the yield surface.
The evolution equations for the internal variables are:

ε̇p
dev = λ

∂Φ
∂σdev

= λf (2.45)

k̇ = λ
∂Φ
∂κ

= −λ (2.46)

Where λ is the plastic multiplier, subject to the Kuhn-Tucker conditions:

Φ = 0, λ ≥ 0, Φλ = 0

The gradient of the yield function is:

f = ∂Φ
∂σdev

= 3σdev

2σe

(2.47)

The constitutive equations are:

σ̇ = E : ε̇ − λE : f (2.48)

κ̇ = Hλ (2.49)

To determine the plastic multiplier λ, use the consistency condition Φ̇ = 0:

Φ̇ = ∂Φ
∂σ

· σ̇ + ∂Φ
∂κ

· κ̇ = 0

Substituting the expressions gives:

f : E : ε̇ − (f : E : f + H)λ = 0

Solving for λ:
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λ = 1
h

f : E : ε̇ > 0 (2.50)

Where h = f : E : f + H > 0

2.3.1.2 Crushable foam material model

The material response of electrodes and separators can be modeled using a crushable
foam material model. There are two types of hardening models available with this
approach: volumetric hardening and isotropic hardening. The isotropic hardening
model assumes that the material exhibits the same behavior under both tensile and
compressive loading conditions. In contrast, the volumetric hardening model con-
siders different responses for tension and compression. For the crushable foam, the
tensile loading capacity is small compared to the compressive loading capacity.

For battery electrodes and separators, the tensile strength is lower compared to their
compressive strength. Therefore, a volumetric hardening model is appropriate for
simulating these materials. The typical stress-strain response of the crushable foam
material model is illustrated in Figure 2.11.

Figure 2.11: Typical stress-strain response of crushable foam material model
reprint from [20].

Figure 2.12: Flow and hardening rule of crushable foam material model[8].
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The behaviour in the elastic regime can be modelled with linear elasticity. Which
is given as

σ = E : εel (2.51)

Where E is the fourth order stiffness tensor and εel is the second order elastic strain
tensor.

The movement from the elastic regime to the plastic regime is governed by yield
surface. Unlike the metals where the evolution of the yield surface is only governed
by the deviatoric stress, for crushable foam material, the mean stress also controls
the yield surface. Figure 2.12 depicts the yield surface on a p-q plane where p axis
represents the mean stress (hydrostatic pressure) and q represents the deviatoric
stress (Von-mises equivalent stress). That is

p = −1
3σ : I (2.52)

Where σ is the second order stress tensor, I is the identity tensor.

q =
√

3
2σdev : σdev (2.53)

Where σdev is the deviatoric stress tensor.

The shape of the yield surface is controlled by a shape factor α. Which can be
computed as

α = 3k√
(3kt + k)(3 − k)

(2.54)

k = σo
c

po
c

(2.55)

kt = pt

po
c

(2.56)

Where, σo
c is the initial yield stress in uniaxial compression, po

c is the initial yield
strength in hydrostatic compression and pt is the yield strength in hydrostatic ten-
sion. The magnitude of the hydrostatic tension strength pt remains constant through
the plastic deformation, whereas hydrostatic compression strength pc evolves due to
the compaction induced increase in the density. The yield surface for the volumetric
hardening model is given as

ϕ =
√
q2 + α2

(
p− pc − pt

2

)2
− α

pc + pt

2 = 0 (2.57)

The yield surface is the Mises circle in the deviatoric stress plane.

The hardening rule governs the evolution of the yield surface during plastic defor-
mation. For crushable foam materials, the yield surface evolves with compaction,
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which results in an increase in density and changes the strength in hydrostatic com-
pression pc. The evolution of the yield surface can be described by the following
equation, which relates the change in pc to the volumetric compacting plastic strain
εpl

vol:

pc(εpl
vol) =

σc(εpl
axial)

[
σc(εpl

axial)
(

1
α2 + 1

9

)]
pt + σc(εpl

axial)
3

In this equation, εpl
axial is equal to εpl

vol under uniaxial compression, assuming a zero
plastic Poisson’s ratio. The equation describes how the hydrostatic compression
strength pc evolves as a function of the axial plastic strain and the compaction-
induced changes in density.

The evolution of plastic strain is determined by the flow rule, which is given by:

ε̇pl = σ : ε̇pl

G

∂G

∂σ

where G is the flow potential, which is defined as:

G =
√
q2 + 9

2p
2

This expression defines the direction of the plastic flow. The evolution of the flow
potential in the p-q plane is shown in Figure 2.12.

2.3.2 Material calibration
Material models are mathematical equations that describe the relationship between
stress and strain in a material. To implement the material model in simulations,
several parameters are required, including Young’s modulus, Poisson’s ratio, yield
stress, and plastic strains. These parameters are typically calibrated using experi-
mental test curves. In other words, the typical stress-strain response from the ma-
terial model is compared to the stress-strain response obtained from experiments.
Using either a manual approach or optimization methods, the error between the two
curves is minimized as much as possible. A typical workflow involved in calibrating
a material model is depicted in Figure 2.13.
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Figure 2.13: Flow chart illustrating the typical workflow used in the material
calibration.

2.3.2.1 Optimization algorithms and error measures

The core idea of the optimization algorithm is to minimize the objective function
which is expressed as the difference between the simulated and experimental val-
ues. For simplicity considering the objective function as the least square type, the
objective function can be mathematically be expresses as,

F (π) = min(1
2

N∑
i=1

[si(π, u(π)) − s̄i]2) (2.58)

Where, si is the simulated response, s̄i is the test response, N is the number of test
data sets to be matched, u is the state variable that contains all the variables needed
to describe the state in the test sample and π contains the design parameter that is
to be tuned.

If we introduce a parameter domain P where,

P = π ∈ Rm, πi,min ≤ πi ≤ πi,max , i = 1, 2, 3...,m

Then, π is the solution to the minimization problem

π = arg[minF (π∗)] (2.59)

If we assume the function F is smooth, the necessary condition for the solution is

dF

dπi

≥ 0 if πi = πi,min

dF

dπi

= 0 if πi,min < πi < πi,max

dF

dπi

≤ 0 if πi = πi,max
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If the above conditions are satisfied, then the solution of π corresponds to the local
minimum of F.

The optimization methods in general can be broadly classified into the Non-gradient
based methods and gradient based methods.

Non-gradient based algorithms find the optimal solution by exploring the solution
space using heuristic or probabilistic methods, rather than relying on gradient infor-
mation. These methods are simple to implement however they suffer from conver-
gence issues. These methods are used when the objective function F is not smooth
and is noisy. Gradient based methods uses the derivative of the objective function to
find the optimal solution. These methods are effective when the objective function
is smooth and continuous.

To measure the difference between the test data and the response curves, the error
measures are used. There are many types of error measures that are available and in
the broad sense can be classified into the normalized and unnormalized error mea-
sures. The selected error measure is used to construct the objective function which
will be minimized using the optimization algorithm mentioned above.

The normalized error measures utilize the mean values from the data set. Common
examples of these measures include the Coefficient of Determination (R2), Mean
Absolute Error, and Root Mean Square Error. In contrast, unnormalized errors rely
on individual test values to assess the error, with Relative Square Error being an
example of this category. Unnormalized error estimators are useful when the test
curve being matched exhibits significant variations in magnitude, and when it is
important to achieve a good match for the low-magnitude part of the response.

2.3.3 Multiscale modelling and homogenization
The complexity of the battery’s microstructure is illustrated in Figure 2.8. In sim-
ulations, it is often necessary to consider these microstructures to derive the overall
response at the cell level, particularly when deriving the effective material properties
of the jelly-roll. However, modeling the microstructural details at cell level can be
computationally expensive and cumbersome. To address this, multiscale modeling
approaches can be employed. Instead of modeling the entire microstructural details
throughout the model, a Representative Volume Element (RVE), a small section
of the continuum model is analyzed in detail. The effective response of this RVE,
incorporating the microstructure, is then upscaled to the macroscale level using ho-
mogenization techniques.
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Figure 2.14: Multiscale modelling of Li-ion batteries.

Figure 2.14 illustrates a multiscale modeling strategy that involves three different
levels. At the microscale level, the microstructural details are explicitly modelled
which, including porosity, binders, active particles, and conducting additives. At the
mesoscale level, the stack is modelled that includes the positive current collector,
the positive electrode active material, the separator, the negative electrode current
collector, and the negative electrode active material, all of which are modeled as
individual layers. Finally, at the macroscale level, the model is represented as a
homogenized entity. The transition between these scales is achieved using homoge-
nization techniques. The lower two scales are modelled via RVE’s. Since RVE is a
part of the continuum domain, their response should represent the overall response
of the continuum domain. To model that response without introducing artificial
stresses, the boundary conditions are to be chosen wisely. It has been shown in
various literature that when RVE is modelled, to avoid artificial stresses, periodic
boundary conditions are often a viable option.

2.3.3.1 Periodic boundary conditions

To maintain the periodicity of the RVE, Periodic boundary conditions (PBC) are
essential. The main idea in using PBC is to constrain the nodes on the opposite
faces to move identically when defomed using kinematic constraints.
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Figure 2.15: 2D Representative Volume Element.

Consider the 2D Representative Volume Element (RVE) illustrated in Figure 2.15.
The RVE domain, denoted by Ω, is divided into four boundaries: left ΩL, right ΩR,
top ΩT , and bottom ΩB. Each boundary contains two types of nodes: vertex nodes
at the corners and edge nodes along the sides.

For the left boundary ΩL, nodes N1 and N4 are vertex nodes, while NA, NC , and NE

are edge nodes. The corresponding nodes on the right boundary ΩR are N2 and N3
as vertex nodes, and NB, ND, and NF as edge nodes. Similar node classifications
apply to the top ΩT and bottom ΩB boundaries.

Let ε̄ be the macroscopic strain applied to the RVE, with ε̄xx and ε̄yy denoting its
components along the principal X and Y axes, respectively.

To enforce periodic boundary conditions (PBCs), opposite boundaries are con-
strained kinematically. For the boundaries ΩL and ΩR, the strain-controlled PBCs
in the x-direction are expressed as follows:

Vertex nodes:

UN2 − UN1 = ε̄xx · (XN2 −XN1) (2.60)
UN3 − UN4 = ε̄xx · (XN3 −XN4) (2.61)

Edge nodes:

UNB − UNA = ε̄xx · (XNB −XNA) (2.62)
UND − UNC = ε̄xx · (XND −XNC) (2.63)
UNF − UNE = ε̄xx · (XNF −XNE) (2.64)

Here, Ui denotes the displacement vector of node i, and Xi is the coordinate of node
i along the x-axis.
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Similar equations are used to apply the constraints in the y-direction:

Vertex nodes:

UN2 − UN1 = ε̄yy · (YN2 − YN1) (2.65)

UN3 − UN4 = ε̄yy · (YN3 − YN4) (2.66)

Edge nodes:

UNB − UNA = ε̄yy · (YNB − YNA) (2.67)

UND − UNC = ε̄yy · (YND − YNC) (2.68)

UNF − UNE = ε̄yy · (YNF − YNE) (2.69)

Where, Yi is the coordinate of node i along the y-axis.

Periodic boundary conditions are also enforced on the top ΩT and bottom ΩB bound-
aries. The constraints along the x-axis are given by:

UNH − UNG = ε̄xx · (XNH −XNG) (2.70)

UNJ − UNI = ε̄xx · (XNJ −XNI) (2.71)

UNL − UNK = ε̄xx · (XNL −XNK) (2.72)

And the constraints along the y-axis are:

UNH − UNG = ε̄yy · (YNH − YNG) (2.73)

UNJ − UNI = ε̄yy · (YNJ − YNI) (2.74)

UNL − UNK = ε̄yy · (YNL − YNK) (2.75)

The PBC can also be enforced through a dummy node placed outside the RVE do-
main. This dummy node can enter the kinematic equations, allowing the external
strain to be applied indirectly through this node rather than directly to nodes within
the RVE.

For a 3D RVE, PBC enforcement requires creating nodesets for face, edge, and vertex
nodes. Constraints must be applied between corresponding nodes on opposite faces,
edges, and vertices. Careful attention must be given to edge and vertex constraints
to avoid over-constraining the RVE.
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3.1 Modeling framework overview
The methodology followed in this work includes a multi-scale approach. Figure 3.1
shows the incorporated methodology framework.

Figure 3.1: Incorporated methodology framework.

The core objective of this work is to upscale active particle-level volume changes in
order to simulate cell-level expansion. This is achieved through a multiscale model-
ing approach that begins at the microscale, where the effective swelling coefficient
of each electrode is computed. At this scale, the influence of the surrounding matrix
on overall swelling behaviour of the electrode is considered.

The computed effective swelling coefficient is then upscaled to the mesoscale. Here,
it is incorporated into the material card of the electrodes by tabulating it as a
function of the average lithium-ion concentration. To capture the volume changes
induced by lithium-ion intercalation, a coupled electrochemical-mechanical simula-
tion is performed at the mesoscale.

The resulting effective volume change is subsequently upscaled to the macroscale
using a finite element homogenization technique. This hierarchical approach enables
the integration of microstructural effects on the active particle swelling into the
continuum-scale model without incurring significant computational cost. A detailed
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description of the modeling framework and implementation at each scale is provided
in the following sections.

3.2 Microscale modeling: particle level response
Figure 2.8 illustrates the complex microstructure of battery electrodes. Due to these
inherent complexities, the volumetric expansion of active material inclusions is con-
strained by the surrounding microstructural components, such as binder, conduc-
tive additives, and electrolyte. This constraint leads to the development of internal
stresses and strains, and as a result, the effective expansion of the electrode dif-
fers from the intrinsic expansion of the active particles. To accurately characterize
this behavior, it is essential to determine the effective swelling coefficients of the
electrodes while accounting for these microstructural features. However, directly
modeling the full microstructure is computationally expensive. To address this, a
RVE is employed to capture the essential features of the microstructure in a com-
putationally efficient manner.

3.2.1 Geometry and finite element model
The microscale RVEs are constructed using the Part Design Essentials app in Das-
sault 3DEXPERIENCE. Each RVE consists of two distinct phases: a homogenized
matrix and multiple inclusions. Two separate RVEs are created—one for the positive
electrode and one for the negative electrode. Both model follows a similar model-
ing approach. The matrix phase is modeled as a homogenized medium consisting
of binders, conducting additives and electrolytes. The inclusions represent active
material particles and are modeled as spherical particles with uniform diameter to
facilitate easier computer aided design (CAD) generation and meshing.

(a) (b)

Figure 3.2: Figures illustrating the CAD model of (a) inclusions (b) matrix.
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Figures 3.2a and 3.2b illustrate the CAD representations of the generated inclusions
and the matrix, respectively. It is important to note that, to achieve higher volume
fractions of inclusions, spherical particles of varying diameters must be introduced
rather than using uniform sizes. This approach enables more efficient packing and
better represents the actual microstructural heterogeneity.

The achieved volume fraction of the inclusions, νp, can be computed using the
following formula:

νp = N × Vs

Vc

(3.1)

Where, νp is the volume fraction of the inclusions, N is the number of inclusions, Vs

is the volume of the inclusions and Vc is the volume of the composite.

The spatial distribution of the inclusions within the RVE is generated using the
Random Sequential Addition (RSA) algorithm. This algorithm allows for the ran-
dom placement of spherical particles within the matrix domain while ensuring that
they do not overlap. The RSA method iteratively inserts one particle at a time
into the RVE domain by randomly selecting coordinates and checking for overlaps
with previously placed particles. If an overlap is detected, the insertion is rejected
and a new random position is tried. This process continues until the desired num-
ber of inclusions is successfully placed, resulting in a non-overlapping, randomized
microstructure that closely mimics the stochastic nature of particle distributions in
real electrode materials.

Both the inclusions and the matrix are discretized using C3D4 tetrahedral elements.
The meshing process is carried out sequentially to ensure compatibility at the inter-
face between the two phases. First, the matrix is meshed independently. Then, the
inclusions are meshed using the matrix mesh as a reference, allowing for the gener-
ation of condensed nodes at the matrix–inclusion interface. This approach ensures
node-to-node connectivity between the two phases, effectively eliminating the need
to define an explicit contact modelling. Figure 3.3 illustrates the resulting finite
element mesh of the microscale RVE model.
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Figure 3.3: Finite element model of the microscale RVE.

3.2.2 Constitutive model
Two types of constitutive models are considered at the microscale. Initially, a linear
elastic material model is employed for simplicity. This formulation is then extended
to incorporate a nonlinear material model, allowing for a more realistic representa-
tion of the mechanical behavior.

3.2.2.1 Linear material model

A linear elastic material model is chosen for both the matrix and inclusions of
positive and negative electrodes. The matrix material is porous in nature and is
relatively soft compared to that of the inclusions. Although a linear elastic material
does not capture the response of the matrix, to simplify the study, the linear elastic
material model is chosen. In the negative electrode, graphite is chosen as the active
material, thus the inclusions are modelled using graphite material properties. Table
3.1 summarizes the elastic properties of the graphite.

Property Magnitude
Young’s modulus 32 GPA

Poisson’s ratio 0.32

Table 3.1: Graphite material properties from [9].

For the positive electrode, the inclusions are modeled using LiMn2O4, a commonly
used positive electrode active material. The material properties of LiMn2O4, used
to define the linear elastic behavior of the inclusions, are summarized in Table 3.2.

Property Magnitude
Young’s modulus 190 GPa

Poisson’s ratio 0.22

Table 3.2: LiMn2O4 material properties from [9].
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For both positive and negative electrodes, the same matrix material properties are
assumed. Table 3.3 shows the assumed linear elastic properties for the matrix.

Parameters Magnitude
Young’s modulus (GPa) 0.72

Poisson’s ratio 0.01

Table 3.3: Assumed elastic properties of the matrix.

3.2.2.2 Non-linear material model

In both the negative and positive electrodes, the active material particles are repre-
sented as linear elastic inclusions, using the material properties listed in Tables 3.1
and 3.2, respectively. These inclusions capture the relatively stiff mechanical behav-
ior of the active materials. In contrast, the surrounding matrix is modeled using
a crushable foam material model. This material model captures the nonlinear and
highly compressible behavior of the matrix.

The key material properties assigned to the matrix phase in the simulations are
presented in Table 3.4. Additionally, the hardening behavior, which dictates the
material’s plastic response under compressive loading, is depicted in Figure 3.4.

Property Magnitude
Young’s modulus 0.72 GPa

Poisson’s ratio 0.01
Compression stress ratio 2.99

Yield stress ratio 0.1

Table 3.4: Assumed matrix material properties.

Figure 3.4: Matrix hardening curve.

3.2.3 Boundary condition
Since the RVE is part of a continuum model, its response must accurately reflect
the macroscopic behavior without introducing artificial stresses. PBCs are the most
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commonly used method to achieve this.

Implementation in 3DEXPERIENCE:

In 3DEXPERIENCE, PBCs can be implemented in two steps.

In the first step, a Representative Volume Element abstraction shape must be created
using the Structural Model Creation app. This process involves selecting opposing
faces of the RVE, defining the master and slave faces, and specifying the overall
RVE volume. This abstraction allows for the enforcement of surface-based periodic
boundary constraints.

In the second step, strain-controlled PBCs are applied using the Far Field Condi-
tion feature within the Boundary Condition Toolbox in the Mechanical Scenario
Creation app. In this step, uniform strains are specified along the Cartesian coor-
dinate directions to simulate the macroscopic deformation modes. To prevent rigid
body motion when the macroscopic strain is applied, a node intersecting the three
master faces must be pinned.

3.2.4 Load cases
The primary objective at the microscale level is to characterize the effective swelling
coefficient of the electrode. In other words, the aim is to capture the effective swelling
and shrinking behavior of the electrode resulting from the volumetric changes of
the active material particles. To achieve this, two load cases are analyzed. The
first load case is used to characterize the homogenized mechanical response of the
microscale RVE. The second load case focuses on extracting the effective response of
the RVE due to the swelling of the inclusions. Using these load cases, mathematical
formulations for characterizing the effective swelling coefficients are developed and
analyzed for both linear and non-linear material response scenarios. More details
on the Load cases and strategy for computing the effective swelling coefficient is
presented in the following Subsections.

3.2.4.1 Load case 1: To characterize a homogenized response of the RVE

To characterize a effective response of both positive and negative electrode RVE,
a strain controlled PBC is applied with a macroscopic strain of 10% along the six
loading directions i.e three principal and three shear directions as shown in the
Figure 3.5 and 3.6. Where, the black arrows depicts the applied macroscopic strain
direction. It should be noted that for the sake of brevity, only the tensile loading
cases are represented in the Figures. The obtained response from the virtual testings
are utilized to calibrate the homogenized material model.
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(a) (b) (c)

Figure 3.5: Figures illustrating the applied strain controlled PBC to characterize
the response in a) X principal direction, b) Y principal direction, c) Z principal
direction.

(a) (b) (c)

Figure 3.6: Figures illustrating the applied strain controlled PBC to characterize
the response in a) XY shear direction, b) XZ shear direction, c) YZ shear direction.

3.2.4.2 Load case 2: To characterize effective response of the RVE due
to the swelling of the inclusion

In the second load case, a battery charging scenario is assumed, wherein, lithium
ions are extracted from the positive electrode and intercalated into the negative
electrode. This intercalation and deintercalation process induces volumetric changes
in the active material inclusions. However, since these inclusions are embedded
within a surrounding matrix, their free expansion or contraction is mechanically
constrained. This constraint leads to the development of internal stresses within the
RVE. To capture the effective mechanical response of the RVE due to the volumetric
changes of the inclusions, periodic boundary conditions are applied without imposing
any macroscopic strain. Instead, a strain field corresponding to the swelling and
shrinking of the inclusions arising from lithiation and delithiation is introduced. The
resulting effective response of the RVE, assuming a linear elastic material behavior
can also be represented by Equation

σ̄o = Ē : (ε̄ − ε̄ch
v ) (3.2)

Where, ε̄ch
v represent the effective volumetric strain in the inclusions due to lithi-

ation and delithiation, ε̄ represents the response due to the imposed macroscopic
strain, Ē represents the effective stiffness of the microscale RVE and σ̄o represents
the effective stress response due to the mechanical constraints and the volumetric
change due to lithiation and delithiation.
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Since, no macroscopic strain is applied in this case i.e. ε̄ = 0, the equation simplifies
to:

σ̄o = Ē : (−ε̄ch
v ) (3.3)

Implementation strategy used in 3DEXPERIENCE:

Since 3DEXPERIENCE does not allow direct implementation of strain fields as
loads, an alternative approach is adopted. In this method, the swelling coefficient
of the inclusions is determined using the imposed volumetric strain and the change
in lithium-ion concentration within the inclusions, as given by:

Ω =
ε̄ch

vi

∆cavg
s,p

(3.4)

where εch
vi

is the imposed volumetric strain in the inclusions without considering the
effect of the surrounding matrix, Ω is the swelling coefficient of the inclusions, and
∆ ¯cavg

s,p is the change in the average lithium-ion concentration in the solid particles.

It is important to note that the swelling coefficient, Ω, as defined in Equation 3.4,
serves as a deformation scale factor for the inclusions, capturing the stress-free vol-
umetric changes induced by variations in lithium-ion concentration. However, this
formulation does not consider the constraints exerted by the surrounding matrix on
the swelling of the inclusions.

Using the formulation shown in the equation 3.4, for the negative electrode, using
the initial lithium ion concentration of 0 mol/m3 and the maximum lithium ion
concentration of 31,920 mol/m3 from [16], the swelling coefficient Ω can be calcu-
lated by considering a 10% volumetric expansion of the graphite, which is reported
in [9]. This results in the swelling coefficient of 3.1 ×10−6 m3/mol. In the 3DEX-
PERIENCE platform, this coefficient is implemented by defining it as the thermal
expansion coefficient in the material card of the inclusions, using the Material Def-
inition app. The lithium-ion concentration profile over time is specified as a tabu-
lated dataset and applied through the Predefined field to drive the swelling behavior.

A similar approach is taken for the positive electrode inclusions. The initial lithium
ion concentration is taken as 0 mol/m3 and the maximum lithium ion concentration
is taken as 48,580 mol/m3 from [16]. It has to be noted that for the charging cycle,
the positive electrode starts with the maximum lithium ions and due to the delithi-
ation, looses the ions and reaches a minimum value at the end of the charging cycle.
In this case, the initial lithium ion concentration is assumed to be the minimum
value. A volume contraction of 6.8% as reported in [9] for LiMn2O4 is adopted. The
volume change of 6.8% corresponds to the swelling coefficient of 1.4 ×10−6 m3/mol.
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3.3 Up-scaling to mesoscale: Effective swelling
coefficient determination

3.3.0.1 Case 1: Linear elastic constitutive model

With the boundary conditions and the first load case, the effective material re-
sponse of the RVE to an applied macroscopic strain can be computed. Under the
assumption of linear elasticity, the effective response in strong form is given by:

σ̄ = Ē : ε̄ (3.5)

Where, σ̄ is the overall stress tensor resulting from the applied macroscopic strain
ε̄, and Ē is the effective stiffness tensor of the RVE, capturing contributions from
both the matrix and inclusions.

This formulation can be extended to incorporate the swelling of the inclusions due
to lithiation. The swelling induces a volumetric strain proportional to the change in
lithium concentration, thus the relation can be expressed as:

σ̄ = Ē :
(
ε̄ − Ωel∆cavg

s,p

)
(3.6)

Here, Ωel is the effective swelling coefficient of the RVE due to the swelling of the
inclusions and ∆cavg

s,p is the average change in Li-ion concentration within the inclu-
sions.

Next, considering the second load case, where the effective response of the RVE due
to swelling of the inclusions is computed without having any macroscopic strains
(ε̄ = 0). This in the strong form can be represented as:

σ̄ = σ̄o

(
∆cavg

s,p

)
(3.7)

Where, σ̄o

(
∆cavg

s,p

)
represent the overall stress response due to change in the average

Li-ion concentration ∆cavg
s,p .

By combining Eqs. (3.6) and (3.7), and assuming no applied macroscopic strain,
the effective swelling coefficient can be expressed at a fully lithiated or delithiated
state, where the lithium-ion concentration change is normalized (∆cavg

s,p = 1) using
the respective maximum and minimum values as:

Ωel = −Ē−1 : σ̄o (1) (3.8)

It should be noted that in the above equation (∆cavg
s,p = 1) corresponds to both

the fully lithiated and fully delithiated states, as the concentration change has been
normalized with respect to the maximum and minimum values for each case, respec-
tively.
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The solution to equation 3.8 represent the effective swelling coefficient of the elec-
trodes for a charging scenario. This method of computing effective swelling coeffi-
cient considers the effect of stiffness of the matrix material in deriving the overall
volume change of the inclusions and thus the overall volume change of the electrode.

3.3.0.2 Case 2: Non-linear constitutive model

Similar to the linear elastic case, the first loading condition is used to characterize
the effective mechanical response of the RVE. However, in this case, the stress–strain
relationship is nonlinear. The effective response of the RVE to an applied macro-
scopic strain can be expressed as:

σ̄ = ˆ̄σ (ε̄) (3.9)

Here, ˆ̄σ (ε̄) denotes the overall stress as a nonlinear function of the applied macro-
scopic strain.

To account for the swelling of inclusions due to changes in the average lithium-ion
concentration, the formulation is extended accordingly as:

σ̄ = ˆ̄σ
(
ε̄ − Ωel∆cavg

s,p

)
(3.10)

In the absence of any externally applied macroscopic strain, this equation simplifies
to:

σ̄ = ˆ̄σ
(
−Ωel∆cavg

s,p

)
(3.11)

This implies that if the macroscopic strain were equal in magnitude to Ωel∆cavg
s,p ,

the resulting stress would correspond to the effective response of the RVE due to
swelling alone.

In Load Case 2, the actual mechanical response of the RVE resulting from the
swelling of the inclusions is directly evaluated and is expressed in its strong form as:

σ̄ = ˆ̄σo

(
∆cavg

s,p

)
(3.12)

Where, ˆ̄σo

(
∆cavg

s,p

)
reprsent the overall stress response due to change in the average

Li-ion concentration ∆cavg
s,p .

By comparing this actual response with the effective response predicted by equa-
tion (3.11), the value of the effective swelling coefficient Ωel can be iteratively ad-
justed until the two responses closely match. This modeling strategy allows us
to bypass the mathematical complexities associated with calculating the effective
swelling coefficient for the nonlinear material response directly.
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3.4 Mesoscale modeling: Electrode-level response
The mesoscale model represents a section of the jellyroll stack and is formulated
as a RVE. At this scale, both the positive and negative electrodes are explicitly
included, thus a coupled electrochemical-mechanical simulation is setup to capture
the lithiation induced swelling and delithiation induced shrinkage of the electrodes.
The extent of electrode expansion and contraction is characterized using the effective
swelling coefficients computed from the microscale model. The primary objective at
this scale is to compute the effective volume change of the stack resulting from the
lithiation and delithiation processes.

3.4.1 Geometry and finite element model setup
The mesoscale model of the RVE consists of five distinct layers arranged in sequence:
a negative current collector, a negative active material, a separator, a positive active
material, and a positive current collector. These layers were designed using the Part
Design Essentials app in Dassault 3DEXPERIENCE. In the model, the negative
current collector is positioned at the bottom, while the positive current collector
sits at the top. To determine the thickness of each layer, electrode and separator
samples were measured using a micrometer. Because the electrodes consist of a
metal foil substrate with an active material coating, it was challenging to measure
the thickness of the active material alone. To address this, the thickness of the metal
foil was subtracted from the total electrode thickness, yielding the thickness of the
active layer. The measured values for each component are summarized in Table 3.5.

Component Thickness (µm)
Negative current collector 11
Negative active material 88

Separator 16
Positive active material 80

Positive current collector 16

Table 3.5: Thickness of the layers in the mesoscale RVE stack.

The in-plane dimensions were set to 0.5 mm × 0.5 mm. The resulting CAD model,
constructed with these specifications, is illustrated in Figure 3.7.
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Figure 3.7: CAD model of mesoscale RVE.

The generated CAD model was subsequently meshed using QEC3D8 linear brick
elements. The meshing was done using sweep mesh technique. The negative cur-
rent collector is meshed first. From there, the mesh was progressively propagated
through each successive layer and finally to the positive current collector. This prop-
agation technique follows a condensed node approach, ensuring that the nodes at the
interface of adjacent layers are shared. By enforcing nodal continuity across inter-
faces, the need to explicitly model contact interactions between layers is eliminated.
According to guidelines outlined in the Dassault 3DEXPERIENCE manual [8], a
minimum of three elements are required along the thickness of each layer to ade-
quately capture out-of-plane stress and strain variations. For the in-plane directions,
the number of elements was determined based on the results of a mesh convergence
study. Figure 3.8 illustrates the finite element model, which was generated using a
refined mesh size of 0.008 mm.

Figure 3.8: Finite element model of mesoscale RVE.
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3.4.2 Constitutive model

3.4.2.1 Material characterization: Experimental test setup

To accurately characterize the mechanical response of each component layer of the
jelly roll, a series of uniaxial tensile and compression experiments were conducted.
As mentioned, the electrodes consist of active material coatings applied onto the
thin metallic current collectors. The response of these electrodes reflects both con-
stituents. To isolate the mechanical response of the active material, uniaxial tests
were performed on the full electrode, followed by separate testing of the bare cur-
rent collector foils. The stress strain data from the current collector was subtracted
from the complete electrode response, yielding the effective mechanical behavior of
the active material layer. For these tests, the electrodes were assumed to behave
as transversely isotropic materials, meaning their mechanical properties are consis-
tent in the in-plane directions. As such, uniaxial tests conducted in any of their
in-plane direction is sufficient for characterization. The current collectors, com-
posed of metallic foils, were also treated as isotropic materials and tested in a single
in-plane direction. The separator required a slightly different approach due to its
anisotropic nature. The uniaxial tensile tests were performed in multiple in-plane
directions to fully capture its directional mechanical properties.

The preparation of specimens for uniaxial testing must be carried out with great
care to avoid introducing edge effects, cracks, or any form of damage that could
compromise the accuracy of the results. For tensile testing, the electrodes, separa-
tors, and current collectors are cut into strip-shaped specimens with a width of 2
mm and the height of 15 mm, as illustrated in Figure 3.9a. For compression testing,
the specimens are prepared in a circular shape with the diameter 2.5 mm as shown
in Figure 3.9b. The diameter of these circular specimens must be carefully selected
to ensure proper alignment and to prevent slippage between layers during testing.

(a) (b)

Figure 3.9: Figure showing the prepared test specimens (a) for tensile test and (b)
for compression test.
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The test setup for the tensile experiment is shown in Figure 3.10a, where a Zwick
Roell Z2.5 tensile testing machine was used to perform the uniaxial tensile tests. A
displacement controlled loading method was adopted due to the thin and delicate
nature of the specimens. Loading rates of 20 mm/min and 5 mm/min were applied.
The setup for the compression test is shown in Figure 3.10b. This experiment was
carried out using an MTS universal testing machine, also employing a displacement
controlled approach. The loading rate of 2 mm/min was used to characterize the
response.

(a) (b)

Figure 3.10: Figure showing the test setup (a) for tensile test and (b) for com-
pression test.

Due to safety restrictions, the positive electrodes could not be tested under either
tensile or compressive loading. Additionally, due to time constraints, the separator
was not tested in compression. As a result, stress–strain curves from literature were
adopted for use in the simulations conducted in this study. The test curves used for
the material calibration are taken from the literature [21].

3.4.2.2 Material calibration

The stress strain curves from the literature [21] were used to calibrate the material
models for each layer. Specifically, the stress strain curves generated from the tests
served as input for fitting and adjusting the parameters of the selected constitutive
models, ensuring that the numerical simulations accurately reflect the observed me-
chanical behavior.
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Material calibration procedure followed in 3DEXPERIENCE:

Material calibration was carried out using the Material Calibration app available
in Dassault 3DEXPERIENCE. The calibration was performed in numerical mode,
which internally applies Newton iterations to minimize residuals and align the simu-
lated material response with the experimental data. This iterative approach ensures
that the material parameters are optimized to reproduce the observed mechanical
behavior as accurately as possible. For both the positive and negative current collec-
tors, an elasto-plastic material model was adopted to capture their metallic behavior
under loading. In contrast, the positive and negative active materials, along with
the separator, were modeled using a crushable foam material model to account for
their porous and nonlinear mechanical characteristics. In total, two distinct material
models were employed to represent the components of the jelly roll.

Material calibration: Elasto-plastic material model
In this material model, the calibration setup consists of two parts: the elastic region
and the plastic region. The elastic behavior is chosen as isotropic. Since only uniax-
ial test data is available, Poisson’s ratio could not be calibrated directly. Therefore,
standard Poisson’s ratio values for aluminium and copper were used for the positive
and negative current collectors, respectively. The Young’s modulus was calculated
from the slope of the elastic portion of the experimental stress strain curve and was
provided as an initial input for further optimization.

For the plastic region, the plasticity type was defined as isotropic tabular, which
allows direct input of yield stress and plastic strain data points from the experi-
ment. The number of stress strain pairs was set equal to the number of available
data points beyond the yield point in the test curve. The linear extrapolation option
was enabled, which estimates the material response beyond the defined range based
on the slope at the last data point. All plastic strain and stress data points were
included in the further optimization process.

The calibration app offers both gradient and non gradient based optimization algo-
rithms. In this study, a gradient based Broyden–Fletcher–Goldfarb–Shanno (BFGS)
algorithm was selected to minimize the error between the experimental and simu-
lated response curves. The cost function used for calibration was the relative square
error, which evaluates the difference between the curves at each data point. The
solver settings were kept at their default configuration. The optimization control
settings used is depicted in the Figure 3.11. A comparison was also made using
another gradient based method, the conjugate gradient algorithm. No significant
differences were observed in the calibrated response between the two optimization
approaches.
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Figure 3.11: Optimization setting used for material calibration.

Material calibration: Crushable foam material model
The calibration of the crushable foam model also consists of two parts: the elastic
region and the plastic (crushable) region. For the elastic portion, a similar approach
was followed as in the elasto-plastic model. The Young’s modulus was obtained from
the slope of the initial linear region of the experimental stress-strain curve. Poisson’s
ratio, which could not be directly calibrated from uniaxial tests, was assumed to be
very low, reflecting the behavior typically observed in foam-like materials.

For the plastic region, a volumetric crushable foam model was selected to capture
the nonlinear compressive behavior of the active materials and separator. As in the
elasto plastic model, the number of stress strain pairs was set equal to the number
of data points beyond the yield point in the experimental curve. The initial value
of the compression stress ratio was kept unchanged, while the hydrostatic stress
ratio was incrementally increased until the simulated tensile response approached
the tensile cutoff observed in the experimental data.

The yield stresses, plastic strains, and both the compressive and hydrostatic yield
ratios were selected as parameters for optimization. As with the previous model,
a gradient based BFGS optimization algorithm was used, with the relative square
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error serving as the cost function. This method enabled the calibrated model to
closely fit the experimental response by minimizing the error across all data points.

3.4.3 Electrochemical material description
Electrochemical material parameters are specified only for the active material and
the separator, as these components are directly involved in ion transport and elec-
trochemical reactions.

Electrochemical material definitions in 3DEXPERIENCE:

In 3DEXPERIENCE, these properties are defined using the Material Definition
app. For coupled electrochemical mechanical simulations, both electrochemical and
mechanical properties must be provided in the material card. The mechanical prop-
erties are specified by updating the calibrated parameters into the material card.
The electrochemical parameters includes defining the properties of the electrode
materials, electrolyte and the separator. Figure 3.12 depicts the required material
parameters for each of the definitions. It is important to note that although ther-
mal coupling is not considered in this study, thermal parameters such as thermal
conductivity and specific heat must still be defined. This is because the simulation
framework in 3DEXPERIENCE inherently includes thermal coupling in its formu-
lation. Failure to specify these properties will result in errors during the simulation
process. The used thermal parameters for the electrodes are tabulated in the Table
3.6.

Parameter Positive electrode Negative electrode
Thermal conductivity (W/(mK)) 5 5

Specific heat (J/K/Kg) 900 1437

Table 3.6: Thermal material parameters, adopted from [16].

50



3. Methodology

Figure 3.12: Flowchart depicting the required electrochemical material definitions.

3.4.3.1 Electrolyte properties

The electrolyte properties are assumed to be uniform across the entire battery do-
main. In other words, the same electrolyte parameters are used for the negative and
positive electrodes, as well as for the separator. In the material card, the electrolyte
properties such as conductivity, diffusivity, molar activity and transference number
are to be defined as a function of the lithium ion concentration. The electrolyte con-
ductivity of lithium hexafluorophosphate (LiPF6) electrolyte can be approximated
using the equation 3.13 [22].

κ(c, T ) = p1 (1 + (T − p2)) · c ·
(1 + p3 ·

√
c+ p4 ·

(
1 + p5 · exp

(
1000

T

)
) · c

)
(1 + c4 · p6 · exp

(
1000

T

)
))

(3.13)

Where, κ is the electrolyte conductivity in the unit ms/cm. P1 to P6 are the fitting
parameters and are given in the Table 3.7.

Constants Value
p1 (mS cm−1) 0.521

p2 (K) 228
p3 ((mol/L)−1/2) -1.06

p4 (-) 0.353
p5 (-) -0.00359

p6 ((mol/L)−4) 0.00148

Table 3.7: Fitting parameters for the equation 3.13, adapted from [22].

The diffusivity property of the electrolyte can be approximated using the equation
3.14 [22].

D±(c, T ) = p1 · exp(p2 · c) · exp
(
p3

T

)
· exp

(
p4 · c
T

)
· 10−6 (3.14)
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Where, D is the diffusion expressed in cm2/s. The fitting parameters p1 to P4 are
given in the Table 3.8.

Constants Value
p1 (cm2 s−1) 1010
p2 ((mol/L)−1) 1.01

p3 (K) -1560
p4 ((mol/L)K−1) -487

Table 3.8: Fitting parameters for the equation 3.14, adapted from [22].

The transference number can be approximated using the equation

t+(c, T ) = p1+p2 ·c+p3 ·T+p4 ·c2+p5 ·c·T+p6 ·T 2+p7 ·c3+p8 ·c2 ·T+p9 ·c·T 2 (3.15)

Where, t+ is the transference number and is dimensionless. P1 to P9 are the fitting
parameters and the optimal values are appended in the Table 3.9.

Constants Value
p1 (-) -12.8

p2 (L mol−1) -6.12
p3 (K−1) 0.0821

p4 ((L/mol)2) 0.904
p5 ((L/mol)K−1) 0.0318

p6 (K−2) -1.27 ×10−4

p7 ((L/mol)3) 0.0175
p8 ((L/mol)2K−1) -0.00312
p9 ((L/mol)K−2) -3.96 ×10−5

Table 3.9: Fitting parameters for the equation 3.15, adapted from [22].

The molar activity coefficient employed in this study is adopted from the Dassault
workshop example, "Thermal-Electrochemical-Stress Simulation of Li-ion Batteries".
Due to the proprietary nature and sensitivity of the underlying data, the specific
model parameters are not disclosed in this manuscript.

3.4.3.2 Electrode properties

The electrochemical material definitions for the electrodes have to be defined sep-
arately for both macroscale model and microscale particle. Table 3.10 depicts the
adopted macroscopic properties for the electrodes.
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Parameter Positive electrode Negative electrode
Particle volume fraction (%) 70.4 67.1

Electrolyte volume fraction (%) 29.6 32.9
Inactive volume fraction (%) 42 44.5

Bruggeman exponent 0.54 0.64
Electrical conductivity (S/m) 68 14

Table 3.10: Macroscopic electrode properties of the negative electrode from [16].

Defining the microscopic properties involves specifying the particle and layer defini-
tions as depicted in the chart in Figure 3.12.

Table 3.11 shows the adopted microscopic particle properties. It has to be noted
again here that the battery aging parameters are neglected. Only one particle type
is considered for simplicity.

Parameter Positive electrode Negative electrode
Particle radius (m) 6.49 ×105 1.37 ×105

Initial concentration (mol/m3) 44,694 670
Cathodic rate constant (m/s) 2.50 ×10−11 1.19 ×10−10

Anodic rate constant (m/s) 2.50 ×10−11 1.19 ×10−10

Cathodic transfer coefficient 0.5 0.5
Anodic transfer coefficient 0.5 0.5

Activation energy in Arrehenius for Butler-Volmer (J/mol) 43,600 54,300
Reference temperature in Arrehenius for Butler-Volmer (K) 298.15 298.15

Table 3.11: Microscopic particle properties of the negative electrode from [16].

In the DFN model, the microscopic particles are represented at each macroscopic
integration point using the 1D mesh. These mesh parameters are also defined in
the layer definition tab. As per the discussion with the representative from the
Dassault 3DEXPERIENCE, a mesh of 30 elements with equivolumetric type element
distribution is efficient. The open circuit potential (OCP) of the electrodes are
adopted from [23] and are shown in Figure 3.13. The diffusivity properties are taken
from [16] and are listed in Table 3.12. The magnitude of the diffusion as a function
of normalized concentration is taken from the Dassualt "Thermal-Electrochemical-
Stress Simulation of Li-ion Batteries" workshop example.

Parameter Positive electrode Negative electrode
Maximum particle concentration (mol/m3) 48,500 31,920

Activation energy in Arrehenius for diffusivity (J/mol) 80,600 30,300
Reference temperature in Arrehenius for diffusivity (K) 298.15 298.15

Table 3.12: Diffusion parameters for the microscale particle, adopted from [16].
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(a)

(b)

Figure 3.13: Open circuit potential vs normalized concentration (a) for negative
electrode and (b) for positive electrode adopted from [23].

The swelling coefficient of the electrodes are also defined in layer tab. The computed
effective swelling coefficient from the subsection 3.4.7 is used here. The computed
effective swelling coefficient is tabulated as a function of normalized lithium-ion
concentration and defined in the material card.

3.4.3.3 Separator properties

The separator properties such as volume fraction, Bruggeman exponent, power loss
and electrical conductivity for the simulation are taken from the Dassualt "Thermal-
Electrochemical-Stress Simulation of Li-ion Batteries" workshop example. Due to
the proprietary nature and sensitivity of the underlying data, the specific model
parameters are not disclosed in this manuscript.
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3.4.4 Mechanical boundary condition
The effective volume expansion of the stack is analyzed by considering two different
boundary conditions i.e. a periodic and a symmetry boundary conditions. Peri-
odic boundary condition allows the stack to freely deform without introducing any
mechanical constraints where as the symmetry boundary condition constraints the
inplane deformation of the stack. More details on these boundary conditions and
their implementation in 3DEXPERIENCE is presented in the following Subsections.

3.4.4.1 Periodic boundary conditions

Since the RVE is intended to represent a portion of a larger continuum, its mechan-
ical response must accurately reflect the macroscopic behavior of the full system,
without introducing artificial boundary effects. PBC are particularly well-suited
for this purpose, as they maintain displacement continuity and traction equilibrium
between opposite faces of adjacent RVEs.

Implementation in 3DEXPERIENCE:

In the context of the 3DEXPERIENCE platform, periodicity is implemented by
first constructing an RVE abstraction shape using the Structural Model Creation
app. The procedure involves selecting the opposing faces of the RVE, typically on
the electrode geometry and designating them as master and slave surfaces. These
surfaces are then linked in a way that enforces periodicity across the model. As a
result, a surface-based PBC is established, allowing the RVE to deform consistently
with its periodic neighbors under external loading conditions. Figure 3.14 depicts
the periodic boundary constraints applied to the RVE.

Figure 3.14: Periodic boundary condition applied on the mesoscale RVE.

3.4.4.2 Symmetry boundary conditions

A symmetry boundary condition is applied, wherein the side faces are constrained
such that the RVE can only deform in the thickness direction. Figure 3.15 depicts
the applied symmetry constraint. The reason for choosing this boundary condition
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stems from the fact that there is no surface irregularities considered in the plane
of the electrodes and the considered RVE is small such that there are no in-plane
variations of the key variables and the only variations occur in the out-of-plane
direction. Based on this assumption, symmetry boundary conditions are applied to
simplify the mechanical constraints while still capturing the essential out-of-plane
behavior.

Implementation in 3DEXPERIENCE:

In 3DEXPERIENCE, symmetry boundary conditions are applied by selecting the
side faces of the RVE within the Mechanical Scenario Creation app. The constraint
is enforced using the Fixed Displacement option available in the Boundary Condition
tab. Specifically, displacements along the in-plane directions i.e., the x- and y-axes
are constrained. Figure 3.15 depicts the applied symmetry constraint.

Figure 3.15: Symmetry boundary condition applied on the mesoscale RVE.

Electrical boundary conditions:
The electrical boundary condition is applied by considering a galvanostatic charg-
ing case, where in, the negative current collector is grounded and a constant cur-
rent is applied to the positive current collector. It has to be noted here that the
3DEXPERIENCE applies an insulated boundary condition when a boundary is left
unconstrained. The applied electric boundary condition is depicted in the Figure
3.16.
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Figure 3.16: Electrical boundary condition applied on the mesoscale RVE.

3.4.5 Initial condition
For the coupled simulation, the following initial conditions are required to be spec-
ified:

• Temperature (T)
• Lithium ion concentration in the electrolyte (c0

e)
• Solid electric potential (ϕ0

sa and ϕ0
sc)

• Electrolyte electric potential (ϕ0
e)

A room temperature of 298.15 K is assumed as the initial condition. Additionally,
the initial concentration of lithium ions in the electrolyte is set to 1 mol/L, based
on the reference [16].

As per the 3DEXPERIENCE guidelines, the initial electric potential of the solid
and the electrolyte is chosen such that the initial overpotential is zero. That is

η0 = ϕ0
sa + ϕ0

sc − ϕ0
e − Eocp(c0

s) (3.16)

Where, ϕ0
sa is the initial solid electric potential of the negative electrode, ϕ0

sc is the
initial solid electric potential of the positive electrode, Eocp is the open circuit po-
tential of the electrodes and c0

s is the initial lithium ion concentration in the solid
electrode.

Since, the negative current collector is grounded as mentioned in the previous sub-
section, ϕ0

sa will be zero. With this, equation 3.16 reduces to

ϕ0
e = −Eocp(c0

s) (3.17)

In the above equation, the magnitude Eocp as a function of initial lithium ion con-
centration in the negative electrode is taken by referring the open circuit potential
chart of the negative electrode. With this equation, the initial electric potential of
the electrolyte can be determined. To calculate the initial electric potential of the
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positive electrode, the solution from the equation 3.17 is substituted into the equa-
tion 3.16 keeping the initial overpotential as zero and taking the magnitude of Eocp

as a function of the initial concentration of the lithium ion in the positive electrode
by referring to the open circuit potential chart of the positive electrode. Table 3.13
summarizes the applied initial conditions to the mesoscale RVE model.

Parameter Initial value
θ 298.15 K
c0

e 1 mol/L
ϕ0

e -0.675
ϕ0

sa 0
ϕ0

sc 3.08

Table 3.13: Initial conditions applied on the mesoscale RVE.

3.4.6 Loading condition and simulation setup
Using the defined boundary conditions, initial conditions, and calibrated material
models, the simulation is set up in 3DEXPERIENCE using the coupled thermal-
electrochemical-stress procedure within the Mechanical Scenario Creation app. Two
analysis steps are configured. In the first step, all boundary and initial conditions
are applied. In the second step, a constant current of 6 × 10−6 A is applied to the
positive current collector. The applied current magnitude is determined by scaling
down the current density of the full battery cell to the surface area of the RVE. This
ensures consistency in the electrochemical loading conditions between the RVE and
the actual battery.

The current density of the full cell is given by:

J = Icell

Acell
(3.18)

Where, J is the current density, Icell is the current required for the battery to fully
charge, Acell is the electrode surface area of the battery.

The corresponding current to be applied to the RVE is:

IRVE = J · ARVE = Icell

Acell
· ARVE (3.19)

Where, IRVE is the scaled current applied on the RVE and ARVE is the surface area
of the RVE where the current is applied.

The computed current corresponds to an approximate 1 C-rate. A step control con-
dition is also implemented to terminate the simulation once the terminal voltage
reaches 4.2 V, which represents 100% state of charge (SOC). It has to be noted here
that only the constant current charging case is considered in this work.

58



3. Methodology

In both analysis steps, an unsymmetric stiffness matrix storage scheme is activated to
handle the nonlinearities and multiphysics coupling. Due to convergence challenges
often associated with coupled simulations, small time increments are used to ensure
numerical stability and convergence of the solution. Figure 3.17 illustrates the used
time steps and increments for the two analysis steps.

(a) (b)

Figure 3.17: Time increments used for (a) first analysis step, (b) second analysis
step.

3.4.7 Upscaling to macroscale: Effective volume change de-
termination

To evaluate the average volumetric strain resulting from electrochemically induced
mechanical deformation, a volume-averaged sum of the normal strain components
at all Gauss integration points is computed. This gives a representative measure of
the effective volume change in the RVE. The volume-averaged volumetric strain ϵ̄v

is calculated as:

ε̄v = 1
Vtotal

∫
V

εv dV ≈
∑n

i=1

(
ε

(i)
11 + ε

(i)
22 + ε

(i)
33

)
Vi∑n

i=1 Vi

(3.20)

Here, ε
(i)
11 , ε

(i)
22 , ε

(i)
33 are the normal strain components in the three principal directions

at Gauss point i, and Vi is the corresponding Gauss point volume.

This computed volume averaged strain is given as a prescribed load in the macroscale
model. To compute the total volume change, the volume averaged strain is then
multiplied with the initial volume of the RVE.

3.5 Macroscale modeling: Cell level response
The macroscale model represents the complete cell architecture. While the mesoscale
model explicitly captures the layered structure of electrodes and separator, modeling
the entire jellyroll at this resolution would be computationally expensive. There-
fore, at the cell level, the jellyroll is modeled as a homogenized medium to reduce
computational cost. The primary objective at this scale is to simulate the overall
cell expansion resulting from change in the state of charge, by applying the effective
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volumetric change obtained from the mesoscale model. This expansion is evaluated
under the mechanical constraint imposed by the cell casing.

3.5.1 Geometry and model setup
The macroscale model of the battery cell consists of two jellyrolls, which are modeled
as a homogenized medium, and a casing. The CAD model of the macroscale cell is
shown in Figure 3.18.

Figure 3.18: CAD model of the cell consisting of jellyroll and a casing.

The jellyrolls are inserted into the casing with a loose fit, maintaining a uniform gap
between them throughout. The jellyroll is discretized using C3D8 brick elements,
while the casing is modeled using S4 and S3 shell elements. The finite element model
of the entire cell is shown in Figure 3.19.
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Figure 3.19: Finite element model of the cell consisting of jellyroll and a casing.

3.5.2 Constitutive model
The casing of the cell is modeled using a linear elastic material model. Typically,
the cell casing is made of aluminum. The material properties of the casing are
summarized in Table 3.14.

Parameter Magnitude
Young’s Modulus 70 GPa

Poisson’s ratio 0.33

Table 3.14: Casing material properties, adopted from [4].

The jellyroll is modeled using a crushable foam material model to capture its nonlin-
ear compressive behavior under mechanical loading. In reality, the jellyroll exhibits
a transversely isotropic mechanical response due to the layered structure of elec-
trode and separator sheets. However, the crushable foam material model available
in 3DEXPERIENCE supports only isotropic elastic behavior. As a result, the elastic
response of the jellyroll is assumed to be isotropic for simulation purposes. To char-
acterize the mechanical behavior of the homogenized jellyroll under this isotropic
assumption, a virtual material characterization is performed using a mesoscale RVE.
Since isotropy is assumed, it is sufficient to characterize the response in a single di-
rection to represent the overall material behavior.

Virtual testing setup in 3DEXPERIENCE:

The mesoscale RVE is imported into the Mechanical Scenario Creation app within
3DEXPERIENCE. A static step procedure is employed for the analysis. To ensure a
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uniform and representative deformation, strain-controlled PBC’s are applied, which
help avoid the introduction of artificial stress concentrations. A uniform strain of 1%
is imposed along the out-of-plane (thickness) direction, as this is the primary direc-
tion in which the active material undergoes volumetric expansion due to lithium-ion
intercalation. The stress-strain response of the model is computed by volume aver-
aging the stress and the strain in the out of plane direction at each Gauss integration
points. The characterized material response is then calibrated using the crushable
foam material model using the Material Calibration app.

3.5.3 Boundary condition and loads
Due to the presence of the cell casing, the free expansion of the jellyroll is con-
strained, resulting in the development of internal stresses and strains within the
battery. The effective mechanical response of the jellyroll arising from both the
external constraints (such as the cell casing) and changes in the state of charge can
be described using the strong form of the momentum balance equation. Assuming
a linear elastic material response, this strong form can be written as:

¯̄σ = ¯̄E : (¯̄ε − Ω̄eff∆SOC) (3.21)
Where, ¯̄σ represents the overall stress due to the applied mechanical constraints as
well as the volumetric strains due to the change in the SOC, ¯̄ε represents the strain
due to applied mechanical constraints and Ω̄eff represents the swelling coefficient of
the homogenized jellyroll.

It should be noted that the formulation presented in the equation 3.21 describes a
linear elastic material response, whereas the material model used for the homoge-
nized jellyroll is crushable foam which is a non-linear material model. The purpose
of demonstrating the linear elastic swelling model is to show consistency with the
formulation provided in Equation 3.6, which characterizes the effective microscale
response to swelling under the assumption of linear elasticity. In this context, the
term ∆cavg

s,p in Equation 3.6 represents the change in lithium-ion concentration within
a single electrode (either positive or negative). In the corresponding macroscale for-
mulation, shown in Equation 3.21, this term is replaced by ∆SOC, which reflects
the overall change in state of charge and accounts for concentration changes in both
electrodes.

The effective response of the jellyroll considering the non-linear constitutive model
can be represented in the strong form as:

¯̄σ = ˆ̄̄σ(¯̄ε − Ω̄eff∆SOC) (3.22)

Where, ˆ̄̄σ(¯̄ε− Ω̄eff∆SOC) represents the effective stress response is a function of the
change in the SOC as well as the applied mechanical constraints.

The above formulation is consistent with the non-linear swelling model presented in
the equation 3.10. In this context, the term ∆cavg

s,p in Equation 3.10 is replaced by
the term ∆SOC to account for the concentration changes in both electrodes.
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Implementation in 3DEXPERIENCE:

In the Mechanical Scenario Creation app, a general static analysis procedure is em-
ployed at the macroscale level. The bottom face of the cell casing is fully constrained
in all degrees of freedom to provide structural support. A frictionless, penalty-based
general contact interaction is defined between the jellyroll and the casing to allow
relative motion without resistance, simulating a loosely fitted interface. Between
the two jellyrolls, a tied contact condition is applied to ensure they deform together
as a single body.

The effective volumetric strain resulting from lithium-ion intercalation, as computed
in subsection 3.4.7, is imposed on the jellyroll. Since 3DEXPERIENCE does not
provide a direct method to apply strain fields onto the model, an alternative ap-
proach is used to indirectly apply the strain. In this approach, swelling coefficient of
the homogenized jellyroll is calculated based on the imposed volumetric strain and
the change in the SOC as

Ω̄eff =
¯̄εch

v

∆SOC (3.23)

Where, ¯̄εch
v is the imposed effective volumetric strain on the jellyroll, Ω̄eff is the

effective swelling coefficient of the homogenized jellyroll, ∆SOC is the change in the
state of charge.

It is important to note that (i) the change in concentration, ∆cavg
s,p , presented in

equation 3.4 for the microscale model represents the change in lithium ions within
a single electrode, whether positive or negative. In the macroscale model, a similar
formulation is applied, as seen in equation 3.23. However, in this case, the term
∆ ¯cavg

s,p is replaced with ∆SOC. This adjustment is made to account the change in
concentration in the homogenized jellyroll. (ii) In the formulation presented above,
the term Ω̄eff characterizes the effective swelling coefficient of the homogenized jel-
lyroll without considering the effect of the cell casing on the stress-free volumetric
expansion of the jellyroll.

When the battery is fully charged, SOC will be equal to 1 and in a fully discharged
state SOC will be equal to 0. The volumetric strain will be equal to the effective
volumetric strain computed in the subsection 3.4.7. Using the equation, 3.23, the
effective swelling coefficient can be computed. This effective swelling coefficient is
adopted as the coefficient of thermal expansion in the material card of the homog-
enized jellyroll. The SOC is implemented as a tabular data ranging from 0 to 1
using the the Predefined Temperature option in the predefined field in Mechanical
Scenario Creation app. The total number of time steps in the simulation is chosen
to match the number of data points in the tabular input data, ensuring that each
time increment corresponds to a specific data point in the charging profile.
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Results and discussion

4.1 Microscale model

4.1.1 Case 1: Linear elastic constitutive model

4.1.1.1 Load case 1: Homogenized material response

Negative electrode RVE:
The material response of the microscale model was characterized by virtually testing
the Representative Volume Element (RVE) under six distinct loading conditions, as
outlined in Subsection 3.2. The resulting behavior under both principal and shear
loading directions is illustrated in Figures 4.1 and 4.2, respectively.

Figure 4.1: Response of the linear elastic RVE along normal directions.
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Figure 4.2: Response of the linear elastic RVE along shear directions.

Since a linear material model is assumed for both the matrix and the inclusions, the
responses in compression and tension, as shown in Figures 4.1 and 4.2, are identical.

In a battery cell, the electrode response is transversely isotropic due to uniform
material properties within the electrode plane and the presence of a layered structure
along the thickness direction. As the microscale RVE is extracted from a region
within this plane, it is reasonable to assume isotropy for the purpose of calibrating
the material response at the microscale level. The results from the virtual tests were
calibrated using the Material Calibration app in 3DEXPERIENCE to determine
the effective stiffness modulus of the RVE. Figure 4.3 shows the calibrated response
curve alongside the corresponding test data points. To evaluate the accuracy of the
calibration, the coefficient of determination (R2) was used as the error metric. The
resulting error between the test data and the calibrated response is summarized in
Table 4.2.
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Figure 4.3: Calibrated curve and the test data points considering the isotropic
elastic response.

Loading direction Coefficient of determination of R2
X direction 0.983
Y direction 0.993
Z direction 0.972

XY direction 0.976
XZ direction 0.99
YZ direction 0.985

Table 4.1: Error between the test data point and the calibrated curve.

Positive electrode RVE:

Similar to the negative electrode, the virtual testing is done to characterize the
response of the positive electrode considering linear elastic material model for both
LiMn2O4 inclusions and matrix. The obtained response for principal and shear
loading cases are depicted in Figure 4.4 and 4.5.
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Figure 4.4: Response of the linear elastic RVE along normal directions.

Figure 4.5: Response of the linear elastic RVE along shear directions.
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Similar to the responses characterized from the negative electrode, a tension com-
pression symmetry can be observed in this case as well. The material responses are
further calibrated to extract the homogenized material parameters. Figure 4.6 shows
the test data points and the calibrated response curve. Coefficient of determination
of R2 is also used in this case to compute the error between the fitted response and
the actual response. Table 4.2 shows the error obtained in each loading directions.

Figure 4.6: Calibrated curve and the test data points considering the isotropic
elastic response.

Loading direction Coefficient of determination of R2
X direction 0.974
Y direction 0.994
Z direction 0.978

XY direction 0.98
XZ direction 0.993
YZ direction 0.987

Table 4.2: Error between the test data point and the calibrated curve.

It should be noted that only uniaxial virtual tests were conducted in this study.
Due to the unavailability of volumetric deformation data, the Poisson’s ratio could
not be calibrated. As a result, only the effective Young’s modulus was extracted
from the calibration process. Given that the volume fraction of the inclusions is
relatively small compared to that of the matrix, the effective response of the RVE is
primarily governed by the behavior of the matrix material. Therefore, the Poisson’s
ratio of the matrix is assumed to represent the effective Poisson’s ratio of the RVE.
The calibrated material properties obtained from the simulation are summarized in
Table 4.3.
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Parameter Negative electrode Positive electrode
Young’s Modulus (GPa) 0.988 1.024

Poisson’s ratio 0.01 0.01

Table 4.3: Calibrated homogenized response of the microscale RVE.

As a validation step for the calibrated parameters, the effective elastic modulus was
also estimated analytically using the inverse rule of mixtures. Given the low volume
fraction and random distribution of the inclusions, the inverse rule of mixtures
provides a reasonably accurate approximation of the actual effective elastic response.
Using the analytical expression shown in Equation 4.1, the computed effective elastic
modulus is presented in Table 4.4.

1
Eeff

= νi

Ei

+ νm

Em

(4.1)

Where, Eeff is the effective Young’s modulus of the microscale RVE, νi is the volume
fraction of the inclusions, νm is the volume fraction of the matrix, Ei and Em are
the Young’s modulus of the inclusions and matrix respectively.

Parameter Negative electrode Positive electrode
Young’s Modulus (GPa) 1.01 1.03

Table 4.4: Analytically calculated homogenized response of the microscale RVE.

Comparing the Table 4.3 and Table 4.4, it can be concluded that the calibrated
elastic modulus closely matches with the analytical calculation.

4.1.1.2 Load case 2: Effective response due to lithiation

Swelling of negative electrode:
As discussed in Subsection 3.2, the graphite inclusions undergo volumetric expansion
while being constrained by the surrounding binder matrix. Figures 4.7a and 4.7b
present contour plots illustrating the distribution of maximum principal strain and
Von-mises stress, respectively, within the RVE as a result of the swelling of the
graphite inclusions.

69



4. Results and discussion

(a) (b)

Figure 4.7: Contour plot illustrating the a) Maximum strain distribution in the
RVE, b) Von-Mises Stress distribution in the RVE due to the swelling of the graphite
inclusions.

As mentioned earlier, the inclusions are randomly distributed within the matrix.
Consequently, some inclusions intersect the boundaries of the RVE, but the overall
arrangement is not periodic. As a result, the generated mesh does not exhibit per-
fect periodicity. When PBC are applied to not a perfect periodic mesh, interactions
between inclusions located on opposite faces of the RVE can be observed. This in-
fluence is evident in the contour plots of maximum principal strain and Von-mises
stress, as shown in Figures 4.7a and 4.7b.

Figure 4.8 illustrates the evolution of the effective stress as a function of normalized
lithium ion concentration.
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Figure 4.8: Volume averaged stress as a function of normalized Li-ion concentra-
tion.

From Figure 4.8, it can be observed that the swelling induces a compressive stress.
This behavior arises from the volumetric expansion of the inclusions, which leads to
an overall expansion of the RVE. In this context, swelling is treated as a positive
deformation, hence the strain is positive. However, due to the presence of the sur-
rounding matrix, the free expansion of the inclusions is constrained. As a result, the
matrix experiences compressive stress. Given that the volume fraction of the matrix
is significantly higher than that of the inclusions, the compressive stress contribu-
tion from the matrix dominates the overall response. Also, it can be observed that
the maximum compressive stress arises when the lithium ion concentration becomes
maximum which is as expected.

Calculation of the effective swelling coefficient of the negative electrode
As observed in Figure 4.8, the maximum stress is induced when the Li-ion concen-
tration reaches 1. In this case, the maximum volume-averaged stress in the negative
electrode RVE is approximately −16 MPa. The calibrated effective elastic modulus
of the negative electrode RVE, as reported in Table 4.3, is 0.988 MPa.

Now, using Equation 3.8, which defines the effective swelling coefficient for the fully
lithiated state as:

Ωel = −Ē−1 : σ̄o (1) (4.2)
The effective swelling coefficient Ωel can be determined as 0.016.
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It is important to note that if the matrix were omitted and the inclusions were
allowed to swell freely without constraints, a 10% volume expansion of inclusions
at a volume fraction of 30% would result in an overall volumetric expansion of ap-
proximately 3%. In this idealized case, the effective swelling coefficient would be
Ω = 0.03, which represents the theoretical upper bound for the selected RVE con-
figuration. However, due to the presence of the matrix, this overall expansion is
reduced to 1.6%. Therefore, it should be recognized that increasing the volume
fraction of inclusions tends to increase the swelling coefficient, while an increase in
the matrix volume fraction leads to a decrease in the swelling coefficient.

Shrinking of the positive electrode
The extraction of Li-ions decreases the volume of the LiMn2O4 inclusions. The
overall strain and the stress distribution in the RVE due to the shrinkage of the
inclusions are shown in the Figure 4.9a and 4.9b

(a) (b)

Figure 4.9: Contour plot illustrating the a) Maximum strain distribution in the
RVE, b) Von-mises Stress distribution in the RVE due to the shrinking of the
LiMn2O4 inclusions.

From the above figures, it can be observed that the maximum strain occurs near
the interface between the inclusion and the matrix. Due to the shrinkage of the
inclusion, the surrounding matrix experiences tensile stress, resulting in an overall
tensile response of the RVE. Since shrinkage is considered as a negative deformation,
the effective strain is negative.
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Figure 4.10: Volume averaged stress as a function of normalized Li-ion concentra-
tion.

From Figure 4.10, it can be seen that for positive electrode, the initial normalized
concentration starts at 1 when the charging process begins. In this study, it is as-
sumed that the 100 % Li-ions present in the positive electrode is utilized in the
electrochemical reactions to simplify the calculations. In reality, the consumption
of 100 % Li-ions might lead to structural collapse of the positive electrode.

Calculation of effective shrinking coefficient of the positive electrode
As observed in Figure 4.10, the maximum stress in the positive electrode RVE occurs
when the Li-ion concentration reaches 1. In this case, the volume-averaged stress
is approximately 13.5 MPa. The calibrated effective elastic modulus of the positive
electrode RVE, as presented in Table 4.3, is 1.024 MPa.

Now using the equation 3.8, the effective swelling coefficient can be computed at
fully delithiated state as

Ωel = −Ē1 : σ̄o (1) (4.3)
The effective swelling coefficient Ωel can be determined as 0.012.

If the matrix phase is excluded from the analysis and the inclusions are allowed to
shrink freely, the effective swelling coefficient is found to be Ωeff = 0.020, which
represents the theoretical upper bound for the current RVE configuration under
shrinkage. Comparing this value with the calculated effective swelling coefficient,
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it can be inferred that, unlike during swelling, the influence of the binder on the
overall shrinkage behavior is minimal.

4.1.2 Case 2: Non-linear constitutive model

4.1.2.1 Load case 1: Homogenized material response

Negative electrode RVE:
Similar to the linear elastic material response, the load case 1 is used to character-
ize the homogenized response of the RVE by macroscopic strain along six distinct
loading directions. The resulting response under both normal and shear loading
directions is illustrated in Figures 4.11 and 4.12, respectively.

Figure 4.11: Response of the RVE along normal directions.
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Figure 4.12: Response of the RVE along shear directions.

The characterized response curves were employed as test data to calibrate the ho-
mogenized material model. To facilitate the calibration process, the RVE was as-
sumed to exhibit isotropic behavior. Under this assumption, the response curves
in the normal and shear directions were averaged separately, yielding representa-
tive curves for each mode of deformation. Figure 4.13 illustrates the averaged test
data along with the corresponding calibrated response of the homogenized material
model. The accuracy of the calibration is determined using root square error (RSE)
as the error measure. The error between the test data and the calibrated model
response is quantified in Table 4.5. The resulting calibrated material parameters
are listed in Table 4.6 and calibrated hardening curve is shown in the Figure 4.14.
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Figure 4.13: Calibrated curve and the test data points considering the isotropic
response.

Loading direction Root square error
Tension along normal direction 0.02

Compression along normal direction 1.994
Tension along shear direction 0.082

Compression along shear direction 0.08

Table 4.5: Error between the test data point and the calibrated curve.

Parameter Magnitude
Young’s Modulus (GPa) 0.988

Poisson’s ratio 0.01
Compression stress ratio 1
Hydrostatic stress ratio 2.8

Table 4.6: Calibrated homogenized response of the negative electrode microscale
RVE.
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Figure 4.14: Calibrated hardening curve of the negative electrode.

Positive electrode RVE:

Similarly, the homogenized response for the positive electrode was also characterized.
Figure 4.15 and Figure 4.16 shows the obtained responses along the normal and shear
directions.

Figure 4.15: Response of the RVE along normal directions.
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Figure 4.16: Response of the RVE along shear directions.

Under the assumption of isotropy, the response data were averaged separately in
the normal and shear directions. Figure 4.17 illustrates the calibrated response
curve alongside the corresponding averaged test data points. RSE was also used to
measure the accuracy of the calibration. The corresponding error between the test
data and the calibrated curve is summarized in Table 4.7. The calibrated material
parameters are listed in the Table 4.8 and Figure 4.18 shows the calibrated hardening
curve.
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Figure 4.17: Calibrated curve and the test data points considering the isotropic
response.

Loading direction Root square error
Tension along normal direction 0.005

Compression along normal direction 0.085
Tension along shear direction 0.113

Compression along shear direction 0.077

Table 4.7: Error between the test data point and the calibrated curve.

Parameter Magnitude
Young’s Modulus (GPa) 0.988

Poisson’s ratio 0.01
Compression stress ratio 1
Hydrostatic stress ratio 0.5

Table 4.8: Calibrated homogenized response of the positive electrode microscale
RVE.
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Figure 4.18: Calibrated hardening curve of the positive electrode.

4.1.2.2 Load case 2: Effective response due to lithiation

Swelling of negative electrode: Due to increase in lithium-ion concentration,
the graphite inclusions undergo swelling. However, the surrounding matrix con-
strains this swelling, preventing it from occurring in a stress-free manner. As a
result, internal stresses develop and the overall RVE deforms. Figure 4.19a illus-
trates the resulting distribution of maximum principal strain within the RVE, while
Figure 4.19b shows the corresponding Von-mises stress distribution induced by the
swelling of the inclusions.

(a) (b)

Figure 4.19: Contour plot illustrating the a) Maximum strain distribution in the
RVE, b) Von-Mises Stress distribution in the RVE due to the swelling of the graphite
inclusions.

It can be observed from the contour plots that the von Mises stresses are lower, while
the maximum principal strains are higher compared to the linear elastic case. This
behavior is attributed to the lower stiffness of the crushable foam material relative
to the linear elastic model, allowing it to accommodate a greater degree of swelling.

The response of the RVE due to the change in the lithium ion concentration is
plotted in the Figure 4.20.
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Figure 4.20: Volume averaged stress as a function of normalized Li-ion concentra-
tion.

Figure 4.20 shows that the swelling of the inclusions induces compressive stress in
the matrix, similar to the behavior observed in the linear elastic case. However, in
this case, the compressive stress slightly exceeds the elastic threshold and enters the
nonlinear regime.

Calculation of effective swelling coefficient of the negative electrode
According to the strategy outlined in Subsection 3.3, the homogenized response of
the RVE is first characterized using Load Case 1 by applying a macroscopic strain
of 10%. To simulate the effect of inclusion swelling under zero applied macroscopic
strain, this external strain is removed and replaced by an imposed strain of magni-
tude Ωel∆cavg

s,p , where cavg
s,p = 1 corresponds to the fully lithiated state. The value of

Ωel is then iteratively adjusted until the predicted response matches that obtained
from Load Case 2.

Using this strategy, an effective swelling coefficient of Ωel = 0.027 was found to yield
a calibrated response from Load Case 1 that closely matches the response obtained
from Load Case 2. Figure 4.21 illustrates the comparison between the fitted and
actual response curves.
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Figure 4.21: Figure showing the actual response curve and the fitted response
curve for Ωel = 0.027.

Shrinking of positive electrode:

As the lithium-ion concentration decreases, the LiMn2O4 inclusions undergo shrink-
age. However, since these inclusions are embedded within the matrix, the surround-
ing matrix resists their contraction, resulting in the development of internal stresses.
Figure 4.22a illustrates the distribution of maximum principal strain within the RVE,
while Figure 4.22b presents the corresponding Von-mises stress distribution caused
by the shrinkage of the inclusions.

(a) (b)

Figure 4.22: Contour plot illustrating the a) Maximum strain distribution in
the RVE, b) Von-mises Stress distribution in the RVE due to the shrinking of the
LiMn2O4 inclusions.

It can be observed from the contour plots that the von Mises stresses are lower,
while the maximum principal strains are higher compared to the linear elastic case.
This behavior arises because the crushable foam material offers minimal resistance
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to the shrinkage of the inclusions.

The response of the RVE due to the change in the lithium ion concentration is
plotted in the Figure 4.23.

Figure 4.23: Volume averaged stress as a function of normalized Li-ion concentra-
tion.

Figure 4.23 shows that the shrinkage of the inclusions induces tensile stresses within
the RVE. However, the magnitude of the generated tensile stress remains below the
tensile cutoff limit. As a result, the material response remains within the linear
elastic regime.

Calculation of effective shrinking coefficient of the positive electrode
As outlined in the above negative electrode case, for calculating the effective swelling
coefficient, the homogenized response of the RVE is first characterized using Load
Case 1 by applying a macroscopic strain of 10%. To simulate the effect of inclusion
shrinking under zero applied macroscopic strain, this external strain is removed and
replaced by an imposed strain of magnitude Ωel∆cavg

s,p , where cavg
s,p = −1 corresponds

to the fully delithiated state. The value of Ωel is then iteratively adjusted until the
predicted response matches that obtained from Load Case 2.

Using this strategy, an effective swelling coefficient of Ωel = 0.00125 was found to
yield a calibrated response from Load Case 1 that closely matches the response
obtained from Load Case 2. Figure 4.24 illustrates the comparison between the
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fitted and actual response curves.

Figure 4.24: Figure showing the actual response curve and the fitted response
curve for Ωel = 0.00125.

4.1.3 Comparison between effective swelling coefficients com-
puted from linear elastic and non-linear constitutive
models

Electrode Linear Elastic Model Non-Linear Model
Negative Electrode 0.016 0.027
Positive Electrode 0.012 0.00125

Table 4.9: Comparison of effective swelling coefficients for linear elastic and non-
linear material models.

Table 4.9 compares the effective swelling coefficients computed using both linear
elastic and non-linear material models for the negative and positive electrodes.For
the negative electrode, the effective swelling coefficient obtained using the non-linear
material model is slightly higher than that from the linear elastic model. This in-
crease is attributed to the lower stiffness of the crushable foam model, which allows
for greater volumetric expansion of the inclusions, thereby resulting in a higher ef-
fective swelling response.

In contrast, for the positive electrode, the swelling coefficient obtained from the
non-linear model is lower than that of the linear elastic case. This reduction arises
because the crushable foam offers less resistance to shrinkage of the inclusions, lead-
ing to a decreased effective swelling response.
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4.2 Mesoscale model

4.2.1 Material characterization: Tested response
Negative electrodes and the separator were tested uniaxially to characterize their
response under tension. Figure 4.25a and 4.25b shows the resulting force vs dis-
placement curves for negative current collector and negative electrode and Figure
4.26a and 4.26b shows the obtained force vs displacement curve of the separator
along the 0◦ and 90◦ respectively for a loading rate of 20 mm/min.
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(a)

(b)

Figure 4.25: Force vs Displacement response of (a) negative electrode active ma-
terial and (b) negative electrode current collector.
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(a)

(b)

Figure 4.26: Force vs Displacement response of (a) separator along 0◦ and (b)
separator along 90◦.

Due to the very thin nature of the separator specimen, to effectively perform com-
pression test, more number of specimens are required. Due to time constraints in
preparing the test specimen of separators for the compression load case, only the
negative electrodes were evaluated. The resulting Force vs displacement curves for
2 mm/min loading rate for the negative electrode is shown in the Figure 4.27.
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Figure 4.27: Force vs Displacement response of the negative electrode in compres-
sion.

It has to noted here that the curve presented in the Figure 4.27 is the combined
response of the current collector and the electrode material.

4.2.2 Material calibration
The test curves used for the material calibration are adopted from the literature
[21]. As mentioned, the electrodes and separator responses are calibrated using
crushable foam material model and the current collectors were modeled as elasto-
plastic material model. The calibrated response along with the test data for each
component are shown in the Figure B.1 to Figure 4.32. The Root square error
between the calibrated and the test curve are depicted in the Table 4.10. The
calibrated material parameters are attached in Appendix B.

Layer Root square error
Negative active material 0.113

Negative current collector 0.002
Separator 0.013

Positive active material 0.223
Positive current collector 0.002

Table 4.10: Table depicting the root square error between the calibrated and the
test curves.
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Figure 4.28: Plot illustrating the test data points and the calibrated response of
the negative active material.

Figure 4.29: Plot illustrating the test data points and the calibrated response of
the negative current collector.
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Figure 4.30: Plot illustrating the test data points and the calibrated response of
the separator.

Figure 4.31: Plot illustrating the test data points and the calibrated response of
the positive active material.

90



4. Results and discussion

Figure 4.32: Plot illustrating the test data points and the calibrated response of
the positive current collector.

4.2.3 Coupled Electrochemical-mechanical simulation

4.2.3.1 Mechanical response under periodic boundary condition

As detailed in subsection 2.2.2, the key electrochemical variables like solid-phase
potential (ϕs), electrolyte potential (ϕe), electrolyte concentration (ce), and solid-
phase lithium concentration (cs) are computed using the DFN electrochemical model
implemented within the 3DEXPERIENCE platform. Utilizing the specified perodic
boundary conditions, initial conditions, and the galvanostatic load described in sub-
section 3.4, a coupled electrochemical-mechanical simulation is set up and executed.
The simulation is initialized with a solid-phase potential ϕs = 3 V, corresponding to
a state of charge (SOC) of 0, and proceeds until the terminal voltage reaches 4.1 V,
representing a fully charged state (SOC = 1). The evolution of ϕs over the course
of the simulation is illustrated in Figure 4.33.
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Figure 4.33: Evolution of ϕs for a 1C charging rate.

As discussed in subsection 3.4, the simulation begins with a specified initial concen-
tration of lithium ions in both the solid and electrolyte phases. When a constant
current is applied (galvanostatic load), lithium ions begin to deintercalate from the
positive electrode and enter the electrolyte. This causes a decrease in lithium con-
centration within the positive electrode, as shown in Figure 4.35. Correspondingly,
an increase in lithium ion concentration is observed in the electrolyte near the posi-
tive electrode, particularly close to the current collector where the current is applied,
as depicted in Figure 4.34.

Figure 4.34: Contour plot illustrating the Li-ion concentration in the electrolyte
at SOC=1.

At the negative electrode, the opposite process occurs. Lithium ions from the elec-
trolyte intercalate into the solid particles, resulting in a reduction in electrolyte-
phase lithium concentration on that side, again observable in Figure 4.34. The
lithium concentration within the negative electrode increases over time, as shown in
Figure 4.35.
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Figure 4.35: Li-ion concentration in the electrodes for 1C charging rate.

The extraction of lithium ions from the positive electrode results in volumetric
shrinkage of the electrode material, whereas the intercalation of lithium ions into
the negative electrode leads to swelling. These mechanical deformations are driven
by the intercalation and deintercalation processes occurring during cell operation.
Due to the applied periodic boundary condition, the mesoscale stack is allowed to
deform freely in both inplane and in the out of plane directions. Figure 4.36 depicts
the induced strains in the stack due to lithium intercalation and deintercalation and
Figure 4.37 illustrates the change in the dimensions of the stack along the three
principal directions.

Figure 4.36: Contour plot depicting the lithiation induced strain in the thickness
direction.

From Figure 4.36 it can be seen that the maximum strain is induced in the negative
electrode side particularly close to the seperator. This is because, the lithium ions
chooses the shortest path to intercalate. When all the potential intercalation sites
are filled close to the seperator, the intercalation progresses towards the negative
current collector.

93



4. Results and discussion

Figure 4.37: Plot illustrating the change in the dimension of the mescoscale stack
along the three principal directions.

From Figure 4.37, it can be observed that the change in the dimensions of the stack
in the principal Z direction i.e. the out of plane direction supersedes the inplane
changes. Along the plane of the electrodes, the deformation is uniform.

The resulting effective volumetric strain in the stack is plotted in the Figure 4.38.

Figure 4.38: Effective strain induced in the mesoscale RVE due to lithiation.

The volume change of the electrodes during charging is evaluated as described in
subsection 3.4. Figure 4.39 illustrates the evolution of volume in both the positive
and negative electrodes. As observed, the swelling of the negative electrode exceeds
the shrinkage of the positive electrode. Consequently, the net mechanical response

94



4. Results and discussion

of the mesoscale electrode stack during charging is an overall expansion. Figure 4.40
shows the effective expansion of the stack.

Figure 4.39: Change in the volume of the electrodes due to lithiation and delithi-
ation.

Figure 4.40: Effective change in the volume of the mesoscale stack.

4.2.3.2 Mechanical response under symmetry boundary condition

Based on the observations from Figure 4.37, it can be concluded that out-of-plane
deformations are more significant than in-plane deformations. As a result, symmetry
boundary conditions were applied to constrain the in-plane deformations, and the
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problem was re-solved under these conditions. The evolution of the solid-phase
potential, ϕs, throughout the simulation is shown in Figure 4.41.

Figure 4.41: Evolution of ϕs for a 1C charging rate.

The evolution of the electrochemical variables like ce and cs are shown in the Figure
4.42 and 4.43 respectively.

Figure 4.42: Contour plot illustrating the Li-ion concentration in the electrolyte
at SOC=1.
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Figure 4.43: Li-ion concentration in the electrodes for 1C charging rate.

The strain resulting from lithiation and delithiation is illustrated in Figure 4.44.
In this case, the maximum induced strain exceeds that observed under periodic
boundary conditions. This increase in strain is attributed to the additional mechan-
ical constraints imposed by the symmetry boundary conditions. The dimensional
changes of the stack during charging are also shown in the Figure 4.45. Due to the
applied constraints, the deformation in the in-plane directions is negligible.

Figure 4.44: Contour plot depicting the lithiation induced strain in the thickness
direction.
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Figure 4.45: Plot illustrating the change in the dimension of the mescoscale stack
along the three principal directions.

The effective volumetric strain induced in the stack is plotted in the Figure 4.46

Figure 4.46: Effective strain induced in the mesoscale RVE due to lithiation.

Figure 4.47 illustrates the evolution of volume in both the positive and negative
electrodes. As observed, the swelling of the negative electrode exceeds the shrinkage
of the positive electrode. Consequently, the net mechanical response of the mesoscale
electrode stack during charging is an overall expansion. Figure 4.48 shows the
effective expansion of the stack.
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Figure 4.47: Change in the volume of the electrodes due to lithiation and delithi-
ation.

Figure 4.48: Effective change in the volume of the mesoscale stack.

4.2.3.3 Swelling effects comparison between periodic and symmetry bound-
ary condition

In this study, two distinct boundary conditions were investigated to assess their
impact on the volumetric expansion of both the electrodes and the overall stack.
The resulting volumetric expansion under each condition is plotted to facilitate a
comparative analysis and to better understand their influence on the overall swelling
behavior. Figure 4.49 and 4.50 shows the positive and negative electrodes volume
expansion respectively.
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4. Results and discussion

Figure 4.49: Change in the volume of the negative electrode.

Figure 4.50: Change in the volume of the positive electrode.

From Figures 4.49 and 4.50, it is evident that the choice of boundary conditions has
minimal impact on the expansion of the negative electrode. In contrast, the positive
electrode exhibits a more pronounced response: under symmetry boundary condi-
tions, the imposed constraints lead to a greater restriction on its volume expansion
compared to the unconstrained case.

Figure 4.51 illustrate the effective volume expansion of the entire stack under both
types of boundary conditions. Notably, the overall expansion is reduced when sym-
metry boundary conditions are applied, primarily due to the additional mechanical
constraints imposed by this boundary setup.
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4. Results and discussion

Figure 4.51: Effective change in the volume of the mesoscale stack.

4.3 Macroscale model

4.3.1 Homogenized material model characterization
The homogenized material behavior was characterized by virtually testing the mesoscale
Representative Volume Element (RVE) under a macroscopic strain of 10%. The
resulting stress-strain response was subsequently used to calibrate the effective ma-
terial properties, using a crushable foam material model. Figure 4.52 illustrates
the characterized response. This characterized response is further calibrated using
crushable foam material model. The calibrated material properties are depicted in
Table 4.11 and the hardening curve is depicted in Figure 4.53 . The accuracy of
the calibration was evaluated using the Root Mean Square Error (RMSE), which
was found to be 0.003. It is important to note that the Poisson’s ratio was not
calibrated but was instead assigned a very small value, consistent with the behavior
of foam-like materials.

Figure 4.52: Characterized stress strain response along out of plane direction.
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4. Results and discussion

Parameter Magnitude
Young’s modulus (GPa) 1.9

Poisson’s ratio 0.01
Compression stress ratio 2.99
Hydrostatic stress ratio 200

Table 4.11: Calibrated material properties of a homogenized jellyroll.

Figure 4.53: Calibrated hardening curve of a homogenized jellyroll.

As described in Subsection 3.4, the crushable foam formulation available in 3DEX-
PERIENCE assumes an isotropic response in the elastic regime. Consequently, the
material response is characterized in only one principal direction. However, in a typ-
ical jelly roll configuration comprising multiple layers, the material is often assumed
to exhibit transversely isotropic behavior. In such cases, it becomes necessary to
characterize the response not only in the out-of-plane direction but also in at least
one of the in-plane directions to capture the transversely isotropic nature of the
structure.

4.3.2 Cell level swelling response
The volumetric expansion of the mesoscale stack under periodic boundary conditions
provides a more representative characterization of the jellyroll’s expansion behavior.
Consequently, the effective volumetric strain derived from this case is upscaled to
the macroscale. This effective volumetric strain ¯̄εch

v is used in the equation 3.23 to
calculate the effective swelling coefficient of the homogenized jellyroll. Since, the
change in the SOC is taken as 1, the calculated effective swelling coefficient of the
homogenized jellyroll is equal to the effective volumetric strain.

The calculated effective swelling coefficient is introduced as a pseudo thermal ex-
pansion coefficient in the material card to model the swelling of the jellyroll due to
change in the SOC. It has to be noted here that for the sake of simplicity, an isotropic
volume expansion of the jellyroll is assumed. The Von-mises stress distribution in
the homogenized jellyroll due to change in the SOC is illustrated in Figure 4.54.
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4. Results and discussion

Figure 4.54: Contour plot illustrating the Von-mises stress distribution in the
jellyroll.

The figures above show that the highest stress occurs near the junction of the two
jellyrolls, caused by the sharp curvature at their interface.

The expansion of the jellyroll is assumed to be isotropic hence the expansion of the
jellyroll along the three principal directions are identical. Figure 4.55 shows the
expansion along X principal direction.

Figure 4.55: Strain induced in the jellyroll along X principal direction.

The effective volumetric strain induced due to the swelling of the jellyroll as a
function of state of charge is shown in the Figure 4.56.
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4. Results and discussion

Figure 4.56: Effective volumetric strain induced in the jellyroll as a function of
the state of charge.

It should be noted that the CAD model of the cell casing used in this study was
constructed based on nominal dimensions. As a result, the expansion of the jellyroll
does not lead to contact with the casing. Therefore, the effective stress response of
the cell arises only due to the change in the SOC within the homogenized jellyroll.
However, in reality, the expansion of the jellyroll leads to contact with the casing
and that leads to introduction of the compressive stress on the jellyroll.
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5
Conclusion

This study presents a comprehensive multiscale modeling framework to simulate
battery swelling induced by lithium-ion intercalation. The approach begins at the
microscale, where the electrode microstructure is explicitly represented using a RVE.
Within this RVE, the expansion of active material particles due to intercalation is
simulated, and the mechanical contribution of the surrounding matrix is also ac-
counted. The influence of matrix stiffness and volume fraction on the overall swelling
behavior of the active particles is analyzed. Based on the microscale response, an ef-
fective swelling coefficient is derived for each electrode type, considering both linear
and nonlinear material models. For simplicity, certain features such as the elec-
trolyte and conductive additives are modeled as homogenized materials within the
matrix phase. However, their explicit representation remains an important direc-
tion for future work to improve model fidelity. Moreover, since swelling is a long-
term process involving electrolyte interactions, the use of more appropriate material
models such as viscoelastic or viscoplastic formulations for the matrix phase is rec-
ommended. Strategies for determining the effective swelling coefficient under these
material models require further investigation.

The effective swelling behavior derived from the microscale model is subsequently
upscaled to the mesoscale by incorporating the effective swelling coefficients as func-
tions of normalized lithium-ion concentration into the material cards of the elec-
trodes. At this level, the model captures the behavior of an electrode stack, con-
sisting of alternating layers of active materials, current collectors, and separators.
Mechanical material response for these layers were characterized by performing uni-
axial tensile and compression tests. Due to the time limitations, the physical tests
were only performed on the negative electrode and separators. Due to limited avail-
ability of experimental data, stress-strain curves from the literature were utilized to
calibrate the mechanical response of the electrodes, current collectors, and separa-
tors. At the mesoscale, both positive and negative electrodes are present. There-
fore, coupled electrochemical-mechanical simulations were conducted to evaluate the
change in stack volume as a function of change in the state of charge. Both free
and constrained mechanical boundary conditions were applied and the sensitivity
of effective volume change of the stack to external mechanical constraints were ob-
served. The volumetric strain generated due to variations in the state of charge was
then used to further upscale the expansion to the macroscale. For simplicity, the
volume expansion was assumed to be isotropic. However, to improve the fidelity of
the model, further characterization of anisotropic swelling behavior is recommended.
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5. Conclusion

At the macroscale, the simulation is extended to the cell level, focusing on the vol-
umetric expansion of the jellyroll in a prismatic cell as the state of charge evolves.
Homogenization techniques are used to characterize the jellyroll as an effective mate-
rial, eliminating the need to model each individual layer. For simplicity, the material
response of the jellyroll is assumed to be isotropic. However, it should be noted that
the actual material behavior of the jellyroll is transversely isotropic due to its layered
structure. Therefore, future work should consider the implementation of transverse
isotropy to improve model accuracy.

Through the developed methodology, the active particle level volume change can
be efficiently upscaled to simulate the cell level volume expansion. The developed
multiscale methodology enables both forward and reverse analysis. Swelling can be
tracked from the particle level up to the full cell or electrode level, and conversely,
deformations observed at the macroscopic level such as those induced by external
constraints or pack integration can be projected back to assess their impact on the
microstructure. Overall, this multiscale framework serves as a powerful tool for un-
derstanding and predicting failure mechanisms associated with swelling, including
and not limiting to particle cracking and fracture at the microscale, binder detach-
ment and electrode delamination at the mesoscale, and structural deformation or
integrity loss at the cell and pack levels.
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6
Future scope

In this section, some recommendations for future works are presented based on the
observations carried out in the work

Implementation of transversely isotropic crushable foam material and
anisotropic swelling coefficient at the cell level:

At the cell level, a homogenized material model was constructed by virtually test-
ing the mesoscale model in a single direction, under the assumption of isotropic
behavior. This simplification was necessitated by modeling limitations within the
3DEXPERIENCE platform. However, it is important to recognize that the me-
chanical response of the jellyroll structure is inherently transversely isotropic, due
to its layered architecture and directional material properties.To more accurately
capture this anisotropic behavior, future modeling strategies should aim to incor-
porate transverse isotropy into the homogenized model. One potential approach is
to decouple the in-plane and out-of-plane responses, analogous to the transversely
isotropic material formulations available in LS-DYNA. Additionally, incorporating
anisotropic swelling coefficients would further enhance the fidelity of the cell-level
response. This would allow for a more realistic representation of the jellyroll’s me-
chanical behavior, particularly under conditions involving non-uniform swelling or
directional loading.

Consideration of state of charge induced stiffness change:

As discussed in the theoretical background, the lithiation and delithiation of lithium
ions cause phase changes in the electrodes. These phase changes result in alterations
to the material properties of the electrodes. Studies, such as [9] and [12], have shown
that the lithiation process affects mechanical properties, leading to changes in stiff-
ness, shifts in yield strength, and even a transition from ductile to brittle behavior.
Therefore, to accurately predict the performance of batteries under operating con-
ditions or during a mechanical abuse, it is essential to consider changes in material
properties alongside swelling effects.

Consideration of irreversible swelling effects:

Over time, the repeated cycling of batteries can lead to several irreversible effects
that significantly impact their performance and safety. Key among these are the
growth of the SEI layer, lithium plating, and degradation of the electrolyte. These

107
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processes are not only detrimental to the battery’s efficiency but also contribute to
swelling, which can be a major safety concern. The swelling observed in batteries
due to these irreversible changes can lead to a range of serious issues, including ther-
mal runaway, separator failures, and an overall reduction in battery life. Given the
potential consequences of these swelling effects, it is essential that the methodology
developed in this study has to be extended to account for these irreversible processes.

More accurate material model formulation for the microscale model:

In this study, to access the binder’s influence on the swelling behavior of active par-
ticles, both linear and crushable foam material models are used. It is essential to
acknowledge that swelling occurs as a long-term process. Therefore, more advanced
material models, such as viscoelasticity and viscoplasticity, are required to enhance
the accuracy of the simulations regarding the binder’s impact. These models provide
a more comprehensive representation of the time-dependent properties of materials,
facilitating a deeper understanding of how binders interact with active particles over
time. By integrating the complexities associated with viscoelastic and viscoplastic
behaviors, a methodology has to be created to simulate the mechanical and thermal
responses of the binder as it deforms and evolves alongside the swelling of active
particles.

Improving the fidelity of the microscale model:

In this study, the microscale model was developed by simplifying the microstructural
complexity of the electrode. Only the binder phase and active material particles were
considered, with the binder modeled as a homogenized medium, neglecting its in-
herent porosity. Additionally, the active particles were assumed to be uniform in
size and shape, which further reduces the fidelity of the model. To enhance the
accuracy and representativeness of the microscale model, future work should focus
on incorporating more realistic microstructural features. One promising approach is
to generate a RVE directly from high-resolution CT scan data, enabling the capture
of actual particle geometries, size distributions, and binder-pore networks. This
would allow for a more faithful representation of the mechanical interactions and
failure mechanisms at the microscale. Moreover, improving the finite element for-
mulation used in the microscale simulations is essential. Higher order and reduced
integration element types or mesh refinement strategies could be employed to better
capture the mechanical response without significantly increasing computational cost.

Implementation of failure mechanisms to accurately capture the mechan-
ical response due to swelling:

In this study, failure mechanisms were not implemented to analyze the mechani-
cal response to swelling. However, the developed methodology provides a robust
framework that can be effectively applied to investigate failure phenomena across
multiple length scales. For instance, at the microscale, the model can be used to
study particle cracking induced by lithiation and the debonding of binder materials
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resulting from volumetric expansion. At the electrode scale, it can capture critical
failure modes such as the loss of electrical contact between active materials and
current collectors, as well as mechanical degradation of the separator due to uneven
swelling. At the cell level, the methodology is capable of simulating irreversible de-
formations and structural instabilities driven by cumulative swelling effects, which
can compromise the mechanical integrity and performance of the entire battery sys-
tem.

Characterizing Mechanical Properties of Electrodes and Separator

To improve the accuracy of the multiscale modeling framework presented in this the-
sis, future work should focus on experimentally characterizing the material behavior
of the electrodes and separator. Due to the time constraints and safety concerns,
the physical testings to charecterize the material response were limited to negative
electrode and separator. Therefore, this study mainly relied on material data from
existing literature, which limits the reliability in the calibrated results. For more
reliable predictions, future experiments should include standard tests such as uni-
axial tension and compression, as well as biaxial tension tests, to capture how each
material responds under different types of loading. Achieving consistent and ac-
curate results will require careful sample preparation, multiple sample tests under
same load condition, strict environmental control, and use of advanced techniques
like Digital Image Correlation (DIC) to capture strain distribution across the entire
sample. Furthermore, investigating the effects of different strain rates will support
the development of more comprehensive material models, including viscoelastic or
viscoplastic formulations, for future simulations.
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A
Appendix A: Electrochemical

definitions

This section discusses the key terms involved in the DFN model.

Exchange current Density Io: Exchange current density describes the baseline
electrochemical reactions when there is no overpotential. The higher the exchange
current density, the faster the reaction takes place. Io is typically expressed in A/m2.

Overpotential η: Overpotential describes the additional voltage required from
the open circuit voltage to drive the electrochemical reactions. For Potentiostatic
charging case, the applied voltage corresponds to the overpotential. Whereas for the
galvanostatic case, the overpotential is computed through the applied current. The
unit of overpotential is Volts (V).

Lithium ion concentration in solid cs: Lithium ion concentration in solid rep-
resents the amount of lithium ions present in the active particle and usually given
in mol/m3 .

Lithium ion concentration in electrolyte ce: Lithium ion concentration in
electrolyte represents the amount of lithium ions present in the liquid phase in the
battery domain and usually given in mol/m3 .

Transference number t+: represents the fraction of current carried by the lithium
ions in the electrolyte phase. Transference number is dimensionless.

Charge transfer coefficients of anode and cathode αa and αc: represents
how the applied voltage affects the rate of the oxidation and reduction reactions.
The charge transfer coefficients are dimensionless.

Faraday’s constant F : represents the charge of one mole of electrons. The mag-
nitude is approximately 96485 C/mol.

Universal gas constant R: represents the amount of energy associated with each
mole of gas molecules for each degree of temperature increase. The magnitude is
approximately 8.314 J/(mol·K).

Open circuit potential Eocp: represents the potential of the electrodes when no
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external current is applied. The open circuit potential is usually measured in volts
(V).
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Appendix B: Calibrated material

properties of electrodes and
separator

In this Appendix, the calibrated material hardening curves are depicted along with
the calibrated material properties.

Negative electrode active material:

Figure B.1: Calibrated hardening curve of the negative electrode.

Parameter Magnitude
Young’s modulus (GPa) 2.293

Poisson’s ratio 0.01
Compression stress ratio 2.99
Hydrostatic stress ratio 8.258

Table B.1: Calibrated properties of the negative electrode active material.

Negative current collector:
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Figure B.2: Calibrated hardening curve of the negative current collector.

Parameter Magnitude
Young’s modulus (GPa) 53.6

Poisson’s ratio 0.33

Table B.2: Calibrated properties of the negative electrode current collector.

Seperator:

Figure B.3: Calibrated hardening curve of the separator.
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Parameter Magnitude
Young’s Modulus (GPa) 0.612

Poisson’s ratio 0.01
Compression stress ratio 2.99
Hydrostatic stress ratio 190.97

Table B.3: Calibrated properties of separator.

Positive electrode active material:

Figure B.4: Calibrated hardening curve of the positive electrode active material.

Parameter Magnitude
Young’s modulus (GPa) 1.78

Poisson’s ratio 0.01
Compression stress ratio 2.99
Hydrostatic stress ratio 8.79

Table B.4: Calibrated properties of positive electrode active material.

Positive electrode current collector:
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Figure B.5: Calibrated hardening curve of the positive current collector.

Parameter Magnitude
Young’s modulus (GPa) 490.09

Poisson’s ratio 0.33

Table B.5: Calibrated properties of positive electrode active material.
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