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Abstract: In the automotive and working vehicle industry, lithium-ion batteries are a
strategic component affecting the design, cost, and performance of vehicles. The electro-
chemical processes which allow the battery to deliver or store electrical energy involve
the interaction of lithium ions with the electrode microstructure, causing the mechanical
deformation of the electrode. The deformation of the electrode microstructure has two
effects: mechanical degradation and the resulting overall performance decay of the battery,
and macroscopic battery deformation. In this work, macroscopic battery deformation
originating at the atomic scale is investigated with a multi-physics homogenized model in
two steps: first, the composite electrode is modeled with a representative volume element;
secondly, the battery is modeled by homogenizing the contribution of the hundreds of
composite electrode layers. Then, the impact of the deformation of the single battery on the
whole battery module is numerically investigated. The deformation of the single battery
computed with the model is validated with experimental measurements quantifying the
macroscopic battery deformation during operation. Then, different design solutions for the
battery module are investigated to optimize its energetic and volumetric efficiency while
maintaining safe levels of battery module deformation.

Keywords: lithium-ion battery; battery deformation; battery module; multiscale model;
homogenization

1. Introduction

The ecological transition we are experiencing in recent years is causing the fast growth
of electric-powered vehicles, with the aim of reducing the environmental impact throughout
the entire cycle life of the product. The transition is not only restricted to passenger vehicles
but extends also to working vehicles, which can significantly reduce their environmental
impact [1,2] as well as representing a technological advancement in the field [3]. Lithium-
ion batteries (LIBs) are currently the most commonly used energy storage systems for
electric or hybrid vehicles, even if their field of application is much broader.

LIBs consist of numerous stacked electrode foils, encased in a hard or soft shell,
depending on the format of the battery. The electrode is a composite material created by
mixing micrometric active material particles with conductive agents and binders, forming
a slurry that is spread over the current collector, dried, and pressed to achieve the required
porosity before being filled with the electrolyte.
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During battery operation, lithium ions are inserted into and extracted from the active
material of the electrodes, enabling the flow of current through the external circuit. These interca-
lation reactions cause the volume deformation of the microstructure of the active material, with
its crystalline structure changing in volume in response to the amount of lithium intercalated.
As a result, the micrometric particles expand or contract, leading to the swelling or shrinkage
of the entire electrode layer and consequently the whole battery [4,5]. The outer metallic case
provides stiffness, reducing the extent of the macroscopic volume change.

Typically, LIBs swell during charging due to the larger expansion of the negative elec-
trode compared to the contraction of the positive. Conversely, the battery shrinks during
discharge. This volume change has significant implications in the design of battery packs, as
the arrangement of the batteries in the module should allow for these deformations, as well as
the irreversible deformation that occurs with aging, to avoid excessive stress in the pack.

The intercalation process and the correlated volume change also cause stress in the
electrode microstructure [6-9], leading to crack propagation [10-16], and electrode degra-
dation [17-21].

In recent years, increased attention has been paid to the mechanical behavior of LIBs

during operation, with several methods developed to measure volume change: laser
sensors [22,23], dial indicators [24,25], load cells [26,27], optic fibers (both embedded
and external) [28-30], strain gauges [31,32], digital image correlation [33], piezoelectric
sensors [34], internal pressure sensors [35,36], and eddy current devices [37]. Some studies
have analyzed thickness change curves, showing their dependence on current rates and
hysteresis between charge and discharge cycles [38—40].
From a modeling perspective, a few multi-physics models have been proposed to study LIB
volume changes at the battery scale under various conditions [23-25,41], some of which
are based on the homogenization approach [42,43]. Nevertheless, there are currently no
studies analyzing the structural behavior of the battery pack when subjected to charging
and discharging that take into account deformation originating at the atomic scale due to
intercalation phenomena and the arrangement of the batteries in the pack.

This work presents a multiscale model based on the homogenized approach imple-
mented in COMSOL Multiphysics to calculate the stress and deformation in the module
with different battery arrangements. The deformation of each single battery is computed
from the intercalation-induced volume change of the active material at the atomic scale. The
reference volume element of the composite electrode is identified to model it as a homoge-
neous material and compute the overall electrode deformation. The same homogenization
approach is adopted again at the cell level (electrode, current collector, and separator) to
compute battery deformation originating from the deformation of electrodes.

The model is applied to a battery module consisting of 18 lithium iron phosphate (LFP)
batteries arranged on two rows. The gap between the batteries is considered as the design
parameter, with a low gap increasing the energy and power density of the module, but at
the same time causing higher stress because of the constrained expansion of the batteries.
An acceptable trade-off is identified with the proposed model. The numerical results
obtained from the model at battery level are validated through experimental measurements
using optical displacement sensors, measuring single-battery deformation during charging
and discharging.

2. Materials and Methods

In this section, the multi-physics model framework is explained, focusing particularly
on the mechanical model, which is summarized in Figure 1. Briefly, the physics-based
Doyle-Fuller-Newman (DFN) electrochemical model is used to compute the concentration
of lithium ions within the electrode according to the current delivered by the battery
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for a certain amount of time, given as a boundary condition. This model also gives the
resulting voltage of the battery, which is used to validate the electrochemical model with
the experimental measurements.

The concentration of lithium ions in the active material particle at the micro-scale is the
input of the mechanical model, as outlined in Figure 1, which allows for computing
the macroscopic battery deformation. Due to the numerical difficulties given by the
inhomogeneity of the components of the lithium ion battery, a two-step homogenization
approach is followed, as described in the following sections.

Microscale Mesoscale Macroscale
Input Input Input
Mean solid phase concentration inside Active material RVE volumetric Battery RVE strain
the active material particle strain
e batt
Cs,avg &y &y

: BATTERY .

Output Output Output
Particle and electrode volumetric strain Battery RVE strain Deformation of the single battery and evaluation of the stress and strain
of the entire battery module

BATTERY MODULE

12 batt
£y, & &

Figure 1. Model workflow. From the DFN electrochemical model, the averaged concentration inside
the particle allows for obtaining the particle and the electrode strain. The electrode strains are then
coupled in the battery RVE, which is composed of the two current collectors, the two active layers,
and the separator, to obtain the battery strain. Finally, the whole battery or the battery module can be
involved in the structural simulation.

2.1. Numerical Homogenization

Systems often exhibit behavior that spans multiple spatial scales, meaning that small-
scale phenomena can significantly influence large-scale behavior and vice versa. Homog-
enization is the technique used to obtain the macroscopic properties of a material or a
system from the microscopic behavior of its constituents. The advantage is the possibility
of treating a complex structure as homogeneous without neglecting its heterogeneity in the
lower scales.

Several analytical homogenization models have been proposed to investigate com-
posite materials” behavior: the simplest is the volume average method, followed by the
Voigt—Reuss model [44,45] and its upgrades, the Halpin—Tsi—Nielsen and Hashin—Rosen
models [46]. With the increasing complexity at the micro-scale, analytical methods can
be very intricate or can lead to inaccurate results. In this case, homogenized properties
should be performed numerically. One of the most common numerical homogenization
methods is finite element homogenization, which consists of extracting a representative
volume element (RVE) or a repeating unit cell (RUC) from the macroscopic system and
applying finite element analysis—with proper load cases and boundary conditions—to
obtain the desired homogenized properties. The difference between RVE and RUC stands
in the boundary conditions because the latter is characterized by periodicity and the former
is just a representative volume [47].

In structural mechanics, the objective is the computation of the homogenized stiffness
matrix from the heterogeneous RVE or RUC. This is made possible by imposing an arbitrary
strain to the representative domain and evaluating the corresponding induced stress, as
shown in Figure 2. In the most general case—a 3D anisotropic homogenization—six load
cases are needed: three normal strains and three decoupled shear strains (Equation (1)).
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Figure 2. Example of finite element analysis of the the stress induced by the six strain load cases to a
unidirectional fiber representative volume element.

For each load case, the six corresponding stress are averaged inside the domain to
obtain a single homogenized value for each component (Equation (2)). Finally, each element
of the homogenized stiffness matrix can be computed as the ratio between the averaged
stress and the imposed strain as shown in Equation (3).
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2.2. Battery Homogenization

In many fields, accurately simulating the behavior of batteries is crucial, not just for
their electrical performance but also for understanding how they respond to different
mechanical, thermal, and environmental conditions. The battery’s complex internal archi-
tecture, composed of numerous layers and nano-structured materials, presents a unique
challenge in numerical simulation as it becomes impractical and computationally expensive
to model every detail directly. This challenge can be overcome by treating the active layers
and the whole battery as homogenized material. The purpose of this work is to develop a
multiscale model to analyze the mechanical response of a battery module without explicitly
modeling its microstructure.

The composite electrodes are mainly composed by the electrolyte and active materials
particles, which can be assumed to be spherical, as proven by microscope images [23], and
other additives. Due to the particles” arrangement, a body-centred cubic (BCC) cell has
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been chosen as the RVE of the electrode layer to perform the numerical homogenization.
For an isotropic RVE, just a single normal strain load case is sufficient to extract the material
parameters thanks to the relationship between the elastic properties. The homogenized
electrode is one of the components of the RVE of the composite elementary cell, which is
a layered stack composed by the two current collectors, the separator, and the electrodes
themselves. In this case, the resulting homogenized material is transversely isotropic due
to its RVE layered structure. Finally, the entire battery is characterized by the homogenized
single-cell element and its homogenized stiffness matrix. In this way, it can be easily
managed in structural analysis. A back-calculation can be performed moving from larger
to smaller scales to compute the stress distribution at the micro-scale.

A scheme of this two-step homogenization is presented in Figure 3. The parameters
used to perform the homogenization are reported in Table 1.

Table 1. Homogenization parameters: 1, from the literature; m, measured from SEM images;
¢, calculated.

Domain Property Symbol Value Unit
Particle Young’s Modulus Ef,"t 125! [48] GPa
Particle Poisson’s ratio vt 0.3148] -
Cathode Active Layer Particle radius et 0.03™ um
Porosity e 0.608 ¢ -
Thickness gt 72m um
Particle Young’s Modulus E}" 15 [49] GPa
Particle Poisson’s ratio vf,” 0.3 1 [49] -
Anode Active Layer Particle radius r‘;," 0" um
Porosity e 0.434°¢ -
Thickness tar 60 ™ wm
Young’s Modulus Ecot 70! GPa
Cathode Current Collector ~ Poisson’s ratio veat 03! -
Thickness peat 12m um
Young’s Modulus E 110/ GPa
Anode Current Collector Poisson’s ratio Vel 03! -
Thickness £an 10" pm
Young’s Modulus Esep 0.4 [50] GPa
Separator Poisson’s ratio Vsep 0.01[50] -
Thickness tsep 33 M wm

ANODE RVE

S et
9 \ I (\} ELEMENTARY CELL RVE BATTERY
p¥

CATHODE RVE

Figure 3. Two-step homogenization: the heterogeneous structure of the composite electrode is
homogenized inside the unit cell RVE. Then, the unit cell is homogenized at the battery level.
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2.3. Multiscale Model

A comprehensive multiscale model has been developed using COMSOL Multiphysics
to investigate the mechanical behavior of a battery module during charging and discharging.
The lithium-ion intercalation and deintercalation induce active material particle swelling
and shrinkage at the micro-scale. This chemical volumetric strain is proportional to the
concentration of the intercalated species inside the particle through the partial molar
volume () as shown in Equation (4) [51].

deb = Qde, 4)

The partial molar volume of graphite is influenced by the phase transitions that occur
during the lithium-ion intercalation. In fact, the graphite partial molar volume is dependent
on the anode state of lithiation x in Li,Cs and on the current intensity. On the other side,
LFP shows a constant partial molar volume [52]. Partial molar volume and the respective
lithiation-induced deformation of the crystal structure of graphite and LFP are reported in
Figure 4a and Figure 4b, respectively.

Current intensity is indicated in the normalized form as “C” or “C-rate”, where 1C
corresponds to the current (Ampere) needed to completely discharge the battery from a
fully charged state in 1 h.

The lithium-ion concentration in the solid phase c; is computed with the DFN model
implemented in COMSOL Multiphysics, which completely resolves the electrochemistry
of the battery, computing the voltage of the electrode and the concentration of lithium
ions within, giving the current as a boundary condition [53-55]. The transport of lithium
ions within the active material particles of the electrode is governed by Fick’s law, as
reported in Equation (5), where the lithium flux | at the particle boundary is given by the
kinetic Equation (Butler-Volmer), depending on the overpotential (difference between the
actual potential and the equilibrium potential). A greater current leads to higher potential
unbalance and thus a higher lithium ions flux, with the ions being extracted from the
particles of the electrode of one polarity and inserted into the particles of the electrode with

the opposite polarity.
- dcs Qs doy,
=D~ &r o) ®)

The concentration of lithium ions in the electrode particles (r-coordinate) is computed

as a function of time, and considering a certain number of particles in electrode thickness
(z-coordinate) (cs = ¢s(z, 7, t)). Then, different concentration profiles result in the different
particles located in the electrode going from the current collector to the separator. Then, the
particle average concentration is extracted from different electrode points in order to obtain
more accurate deformations, since the average concentration in the particle is not constant
along the electrode thickness.

The particle deformation—expressed in Equation (4)—induces the whole electrode
strain. In the model, the representative volume element of the electrode—modeled with the
proper porosity—has been used to evaluate the mechanical strain of the electrode layers &3,.
This can be achieved by inducing particle swelling/shrinkage due to lithium concentration
as a hygroscopic phenomenon in COMSOL, and evaluating the RVE volume deformation.
Subsequently, the RVE of the unit cell has been designed to account for the deformations of
the few previously computed electrodes and to obtain the volumetric strain of the whole
battery. Due to the small thickness of the electrode layers with respect to their in-plane
dimensions, a plane-strain condition can be assumed [24,56]:

e — . e — o€
8in—plain =0 Sout—of—plune =& (6)
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Finally, the strain computed at the single-battery level is used to validate the model by
comparing the numerical thickness change during charge and discharge with the experimental
measurements at different C-rates. Secondly, once the correctness of the deformation of
the single battery has been confirmed, the whole module can be numerically simulated to
investigate its mechanical behavior in different geometrical and operational scenarios. The
mechanical properties of the single battery case and of the whole module case are reported in
Table 2 while the input of the electrochemical model can be found in the authors” work [12].

x107 6

. 0.14 _gs5xl0 0.06

g 0.12 2 —=—LFP
o 08 T o 2 0.04

A B— h 01 = & -~ L, | =
B ) L1 g & o
2 0.6 = g 1.5 g
£067 008 £ £ 002 E
5 | < z 2 z
> o 2 =
— 0.06 -= - .S
S04y S 5 0 F
= = S 0.5 =
g /i —C/20 —6—2C 0.04 = g =
s02p o K& s 43¢ T3 0 -0.02
= X g C/2 —#—Charge|10.02 £

A ) IC £

0 0 -0.5 -0.04
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Stoichiometric index Stoichiometric index
(@ (b)

Figure 4. Partial molar volume and the respective lithiation—induced deformation of the crystal
structure of (a) graphite and (b) LFP as a function of the lithium content expressed with the lithiation
index.

Table 2. Mechanical parameters.

Domain Property Symbol Value Unit
Young’s Modulus Ebet, 70 GPa

Poisson’s ratio vbat, 0.33 -
Battery Case Thic_kness that, 0.8 mm
Width wlet, 70 mm
Height nbat, 27 mm
Length 1at, 185 mm
Young’s Modulus Emod 210 GPa

Module Case Poisson’s ratio ymod 0.3 -
Thickness gmod 12 mm

case

3. Experiment

Three commercial LFP/graphite prismatic LIB samples are subjected to electrical,
thermal, and mechanical characterization to assess their performance. The tests involve
measuring voltage, temperature, and deformation responses to various charge and dis-
charge currents. Charge rates range from C/20 to C/2, while discharge rates span from
C/20 to 3C, respecting manufacturer specifications. Each charge/discharge test is per-
formed in the state of a charge range of (SOC) 0%-100% and is repeated five times on
the same battery sample, with three different samples tested for each chemistry. Battery
deformation is monitored during operation using a dedicated testing setup, measuring
the thickness variation of the battery with laser sensors, as detailed in a previous study by
the author [38]. All tests are conducted in a thermostatic chamber at a constant ambient
temperature of 20 °C.
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4. Results
4.1. Single Battery Level

Complete charge and discharge cycles (SOC 0-100%) are simulated and compared
with experimental measurements to assess the validity of the model.

At first, the voltage response of the LIB samples to different current rates is compared to
the measurements in Figure 5.

3.8 " " " " " 3.5

g
=)

3.25

b
~

Voltage [V]
(98]
S}
Voltage [V]
w

W

2.75¢

i I R ——C/20 Model
2.8 —— /20 Model| ] ——1C Model
—— C/2 Model ——3C Model
2.6* : : : : 2.5 ! : : : =
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Capacity [Ah] Capacity [Ah]
(a) (b)

Figure 5. Model (solid lines) and experimental (crosses) comparison of the voltage profile of the
single battery during (a) discharge and (b) charge at different current rates in LFP LIBs.

The comparison between the model and the experiments shows a good agreement,

confirming the correctness of the electrochemical model, which gives the concentration of
the electrode particles that are the origin of the macroscopic mechanical deformation.
The comparison between the thickness change of the single battery occurring during charge
and discharge at different current rates computed with the model and the experimental mea-
surements is reported in Figure 6. The comparison is satisfactory as the model can correctly
replicate the macroscopic deformation of the battery measured experimentally, starting
from the concentration of lithium ions in the electrode microstructure. The dependence
on the current rate observed during discharge is modeled by defining a concentration-
dependent partial molar volume, as detailed in an author’s previous work [23]. The reason
for this behavior is the lithiation mechanisms of graphite: different lithium-graphite phases
(or stages), according to their lithium content, form when lithium ions intercalate in the
crystal structure of graphite. Stage II and Stage IIL have a lower volume than other stages
(with respect to lithium content), causing the clear reduction in thickness to increase during
charge (and vice versa during discharge), as shown in Figure 6. Stage IIL has an even lower
volume than stage II and it shows a peculiar behavior as it appears at low discharge rates
and gradually fades as the discharge rate increases, affecting the structural deformation of
the graphite crystalline structure. On the other hand, stage IIL does not appear at all during
charge [57]. This behavior leaves the thickness change curve unaffected by the current rate
during charge (Figure 6a), and causes the progressively more prominent peak, decreasing
the current rate during discharge (Figure 6b).
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0.2 : : : : 0%

-0.05 1

o
[

)
o
)

Thickness change [mm)]
S o
> =
Thickness change [mm]
&

| |——C/20 Model
—— C/20 Model — 1C Model
—— C/2 Model —3C Model

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Capacity [Ah] Capacity [Ah]
(a) (b)

Figure 6. Model (solid lines) and experimental (crosses) comparison of the thickness change profile
of the single battery during (a) discharge and (b) charge at different current rates in LFP LIBs.

4.2. Battery Module Level

A 60V battery module consisting of 18 batteries is studied from the structural point of
view, analyzing how the deformation of each single battery affects the deformation and the
stress in the module. The case of the battery module is made of structural steel plates of
1.2 mm in thickness. Two design solutions for the battery module are studied with different

battery arrangements:

1.  Batteries are packed with no gaps between each other.

2. A gap equal to 0.5 mm is left between the batteries. This gap could be also smaller, at
most equal to the half of the reversible deformation computed or measured for each
single battery (0.2 mm in this case). Nevertheless, from a constructive point of view, it
would be difficult to leave such a small gap. For this reason, 0.5 mm is chosen as a
realistic and conservative scenario.

In the first design solution, the reversible deformation of the batteries during charge
and discharge causes severe deformation in the case of the battery module, as reported in
Figure 7a, as well as severe stress within each battery cell, as reported in Figures 8a and 9a.
In the second design solution, the reversible deformation of the batteries during charge
and discharge is entirely accommodated by the gap left between the batteries, mitigating
the stress within the cell and eliminating the deformation of the external casing of the
battery module.

The price to be paid for this design solution is the increased size of the battery module
and the consequent decrease in its energy and power density. In fact, the volume of the
module goes from being 6,9 dm? in design solution 1 to 7,3 dm? in design solution 2, with
a modest increase of only 6% in volume, and therefore an equal percentage reduction in
energy and power density. From these considerations, it turns out that it is beneficial to
consider the reversible deformation of the batteries during operation in the design of the
battery module, as a modest increase in the battery module volume allows for mitigating
the structural issues caused by battery deformation, resulting in stress in the battery itself
and in the casing of the module.

This gap is not only beneficial from the structural point of view but it also gives benefits
from the thermal point of view, as it improves the cooling and thermal management of the
battery module.
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(2) (b)
Figure 7. Deformation of the battery module (internal of the batteries plus case of the module) in

(a) the design solution 1 and (b) the design solution 2. Thanks to the symmetry, just the top left of the
battery module is explicitly simulated.

Pa  x10° Pa x10’

3.5
0.08 0.08
6
0.18 0.18 3
5
0.16 0.16 25
0.14 m 4 0.14 m
2
0.12 0.12
3
0.1 0.1 15

(2) (b)
Figure 8. Von Mises stress in the battery module (internal of the batteries plus case of the module) in

(a) design solution 1 and (b) design solution 2. Thanks to the symmetry, just the top left of the battery
module is explicitly simulated.

Figure 9 shows the stress in the z direction in three cross-sections on the y-z plane
inside the batteries. Design solution 1 (Figure 9a) results in a more severe compressive
stress within the batteries because of the constrained expansion with respect to design
solution 2 (Figure 9b).

Nevertheless, the top and the bottom of the case of each individual battery provide
a high membrane stiffness and constrain the expansion in the z direction of the inner
electrodes near these areas, giving rise to high and localized compressive stress. On the
other hand, the case provides a flexural stiffness—lower than the membrane—to the large
surfaces of the batteries, allowing for deformation of the inner electrodes in the areas away
from the edges, and consequently lowering the stress.
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Figure 9. Stress in the z direction in the y-z plane cross section of the internal of the batteries in
(a) design solution 1 and (b) design solution 2. Thanks to the symmetry, just the top left of the battery
module is explicitly simulated.

5. Conclusions

This study presents a multiscale model based on the homogenization approach to
analyze the mechanical behavior of lithium-ion battery modules caused by intercalation-
induced deformation at the atomic scale. At first, the model is applied to single LFP
batteries, showing the ability to capture the reversible deformation occurring during charge
and discharge cycles. The model results closely matches the experimental data (deformation
and voltage), ensuring its reliability.

Then, a battery module consisting of 18 LFP cells, arranged in two rows, is studied
considering two design solutions: one with no gaps between the batteries, and another
with a 0.5 mm gap. The results shows that the design with no gap leads to significant
stress in both the batteries and the module casing, while introducing a small gap effectively
mitigated these stresses by allowing for battery expansion. This solution results in a modest
6% increase in volume and a similar decrease in energy and power density. These findings
highlight the importance of considering mechanical deformation in battery module design
to balance energy and power density with mechanical integrity. The model offers a practical
solution for improving the structural stability and longevity of LIB modules, as a small
decrease in energy and power density bring high benefits from the structural point of view.
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