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ABSTRACT

Silicon (Si)-based anodes, where Si serves as the active material, have garnered significant attention due to
their potential to achieve high electric capacity in lithium-ion batteries (LIBs). A key challenge with Si-based
anodes is their susceptibility to create in-plane cracks caused by stresses from the manufacturing process
and cyclic charging, which ultimately shortens battery life and reduces the overall electrochemical capacity.
To address this issue, a refined microstructural design of the active material layer is in pressing need to
enhance both the performance and longevity of LIBs. We successfully applied the Oyane failure criterion,
which models ductile failure under stress triaxiality, to simulate crack initiation and propagation in the binder
matrix containing Si particles in the finite element modeling. Given the non-linear plastic deformation of the
binder, this criterion was formulated based on cumulative strain increments. The computational results of
microcrack formation within the active material layer under uniaxial tension were then validated by the experi-
mental observations. Furthermore, we developed several models with varied particle arrangements, compar-
ing each simulated crack path to actual microstructural images obtained via scanning electron microscopy.
The findings confirm the accuracy of the model, underlying its promising application in optimizing the
microstructure of Si-based anodes for enhanced LIB performance and durability.
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1 Introduction

Lithium-ion batteries (LIBs) have become the corner-
stone of energy storage for modern applications,
spanning portable electronics, electric vehicles, and
large-scale energy storage systems! . The global
demand for higher energy density and improved
battery performance has driven extensive research
into alternative electrode materials. In this pursuit,
silicon (Si)-based anodes are highly promising due to
Si’s high theoretical specific capacity (3579 mAh/g),
which significantly exceeds that of traditional

graphite anodes (372 mAh/g)"**. However, the incor-
poration of Si as an anode material has introduced
new mechanical and electrochemical challenges,
primarily associated with its volumetric expansion
(up to 300%) and the resultant mechanical stresses.
These factors often lead to cracking and subsequent
degradation of the anode, reducing the capacity
retention and cycling life of the battery!*”.

This volumetric expansion generates substantial
internal stresses that exceed the fracture strength of
both Si particles and the surrounding binder matrix,
leading to crack formation and propagation within
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the anode**”). Repeated lithiation and delithiation
cycles exacerbate these stresses, causing progressive
mechanical degradation and the formation of micro-
cracks, which impede the effective transport of
lithium ions and electrons, thereby diminishing the
anode’s structural integrity and electrochemical
performance!®"?. To address these issues, a detailed
understanding of the crack initiation and propaga-
tion mechanisms in Si-based anodes is essential for
developing robust, high-performance LIBs.

Experimental studies using techniques such as
scanning electron microscopy (SEM) and transmis-
sion electron microscopy have provided valuable
insights into the microstructural evolution of Si
anodes during cycling, revealing patterns of crack
formation, particle fracture, and binder
debonding!>14. However, these experiments are often
limited by spatial and temporal resolution
constraints, making it challenging to capture real-
time crack propagation at the microscale”. Conse-
quently, computational modeling has emerged as a
powerful tool for investigating the mechanical behav-
ior of Si-based anodes, enabling detailed analysis of
stress distributions, crack patterns, and failure modes
under various cycling conditions"*'9. The finite
element method (FEM) has been particularly effec-
tive for simulating the interaction between Si parti-
cles and the binder matrix, providing insights into
stress concentration, crack initiation, and propaga-
tion"”. Notably, simulations incorporating cohesive
zone models and damage mechanics have demon-
strated how stress concentration around Si particles
leads to localized cracking within the binder matrix,
ultimately ~ contributing to  overall anode
degradation!7-"],

While FEM provides a foundational framework for
understanding the mechanical behavior of Si-based
anodes, accurately modeling crack patterns requires
incorporating realistic damage criteria that can
capture the complexities of ductile fracture within
the binder. The Oyane criterion, a commonly used
damage model, accounts for ductile failure due to
stress triaxiality, making it well-suited for materials
that undergo significant plastic deformation®!. This
criterion has been applied in various studies to simu-
late ductile fracture in composite materials, and its
application to Si-based anodes offers potential for
simulating crack initiation and propagation with
high accuracy. By integrating the Oyane failure crite-
rion into FEM, we can account for stress triaxiality-
driven void nucleation and growth, providing a more
accurate representation of microcrack formation and
evolution in the Si-binder matrix under tensile and
cyclic loading conditions.

Despite advancements in FEM and damage
mechanics for Si anodes, challenges remain in accu-
rately predicting crack patterns due to the inherent

variability in Si particle size, shape, and distribution,
as well as the stochastic nature of crack propagation.
Studies have shown that small variations in particle
arrangement can lead to significantly different stress
distributions and crack paths, suggesting that a prob-
abilistic approach may be necessary for a comprehen-
sive understanding of crack formation®. Further-
more, experimental validation of computational
models remains essential, as discrepancies between
simulated and observed crack patterns highlight the
need for improved model accuracy and parameteri-
zation. High-resolution imaging techniques, such
as SEM and focused ion beam microscopy, are
invaluable for validating crack patterns and stress
distributions predicted by FEM simulations, rein-
forcing the relevance of integrated
experimental-computational studies!?**!.

In this study, we aim to develop a comprehensive
computational model of crack patterns in Si-based
anodes by employing the Oyane failure criterion
within a FEM framework. By simulating the stress
distribution and crack initiation around Si particles
under uniaxial tension, we seek to replicate observed
crack paths and validate our model against experi-
mental data from SEM imaging. Additionally, we
examine the influence of particle arrangement on
stress concentration and crack propagation, provid-
ing a detailed understanding of the structural factors
that affect the durability of Si-based anodes. Our
approach not only advances the modeling of
mechanical degradation in LIBs but also offers prac-
tical insights for optimizing the microstructure of Si-
based anodes to enhance performance and extend
battery life.

2 Experiment

2.1 Specimen

In this study, a commercially available Si-based
anode sheet was used as the primary material. The
specimen consists of a dual-layer structure with an
active material layer deposited on a 10 pum thick
copper (Cu) foil, which serves as the current collec-
tor (Fig. 1). The active material layer has a thickness
of 34 pm and is composed of pure Si particles as the
active material with average size of 0.5 pum, combined
with a binder made from poly(acrylic acid) and
styrene-butadiene rubber (PAA-SBR). This compos-
ite structure results in a complex, hierarchical
microstructure within the anode sheet, which
presents unique challenges for understanding and
modeling its mechanical properties. To isolate and
better understand the mechanical behavior of the
binder matrix itself, we also prepared a “binder sheet”
by coating the Cu foil with the binder material alone,
excluding the Si particles. This binder-only layer
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serves as a control to directly assess the mechanical
contribution of the binder without interference from
the active material.

Mechanical properties of the anode sheet, Cu
current collector, and binder layer were character-
ized through a series of experimental tests, including
uniaxial tensile testing and nanoindentation. These
tests provided essential data on the elastic and plastic
properties, hardness, and stiffness of each compo-
nent. These mechanical characterizations are critical
inputs for developing a FEM, which is discussed in
subsequent sections, to simulate the mechanical
responses of the Si-based anode under operational
stresses.

Through this approach, the study aims to provide
a detailed understanding of how each layer and mate-
rial component contributes to the overall mechanical
behavior of the anode, thereby informing improve-
ments in the design and performance of Si-based
anodes for high-energy-density batteries.

2.2 Uniaxial tension

To investigate the mechanical properties and frac-
ture behavior of the Si-based anode sheet, with a
particular focus on the active material layer (34 pm in
thickness), uniaxial tensile tests were performed on
the entire anode sheet. All tensile tests were
conducted using a universal testing machine (Auto-
graph AG-1, Shimadzu Corporation) with displace-
ment control set to 0.1 mm/min (quasi-static load-
ing). Dumbbell-shaped specimens were prepared
according to Japanese industrial standards 7137-2-A
standards. Strain was measured using a non-contact
digital image correlation device to ensure high accu-
racy in capturing deformation characteristics. The
anode sheet exhibited a higher peak load, which can
be attributed to the reinforcing effect of the Si parti-
cles in the active material layer (Fig. 2a). However,
the fracture displacement of the anode sheet was
lower than that of the Cu foil, indicating that the Si-
based anode layer is relatively brittle compared to the
Cu substrate though it exhibited certain degrees of
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plasticity. The results also suggest that when crack-
ing initiates within the active material layer, stress
concentration occurs at the interface between the
active layer and the Cu foil, accelerating the failure of
the Cu substrate itself. This interface-driven crack
propagation ultimately leads to the complete struc-
tural failure of the anode sheet. These findings offer
valuable parameters for the FEM efforts described in
subsequent sections, contributing to a more robust
understanding of the mechanical stability of Si-based
anode structures under operational conditions.

We conducted a detailed investigation of the free
surface around the fracture plane of the active mate-
rial layer to gain insights into its macroscopic frac-
ture morphology and the role of Si particles in frac-
ture behavior. For a comprehensive analysis, we also
examined the fracture characteristics of a binder-only
sheet without Si particles, allowing us to isolate and
compare the effects of the active material. SEM
images of the fracture surfaces illustrate clear distinc-
tions in fracture behavior between the binder layers
with and without embedded Si particles (Fig. 2b).
The fracture surface of the active material layer
containing Si particles reveals a markedly brittle frac-
ture mode (Fig. 2b). The surface appears relatively
flat and smooth, with few indications of plastic defor-
mation around the Si particles. This morphology
indicates that the Si particles disrupt the binder’s
ability to deform plastically, acting instead as stress
concentrators that localize stress and create weak
points within the matrix. When subjected to tensile
loading, these stress concentrations lead to abrupt
crack initiation at the Si/binder interfaces, resulting
in rapid crack propagation through the active layer.
The presence of Si particles, therefore, transforms the
fracture mode from ductile to brittle, as the particles
hinder the binder’s ductile flow and facilitate a lower-
energy, more catastrophic failure pathway.

In contrast, the fracture surface of the binder-only
sheet, which exhibits features characteristic of ductile
failure, including localized necking and fibrillation of
the binder matrix (Fig. 2b). These features suggest
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Figure 1 (a) Schematic cross-sectional view of the Si-based anode sheet. The hierarchical microstructure of the active material layer is
designed to balance mechanical stability and electrochemical activity, with the Cu foil providing structural support and efficient elec-
tron transport. (b) The schematic highlights the thickness, material composition, and arrangement of the different layers.
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significant plastic deformation prior to fracture, as
the binder undergoes stretching and elongation at the
fracture front. This ductile behavior indicates that the
binder alone can absorb strain energy and redis-
tribute stress effectively, enabling plastic deforma-
tion and resisting crack initiation under tensile load-
ing.

To understand the mechanics of crack initiation
and propagation around the Si particles in greater
detail, we conducted additional SEM observations at
higher magnifications, focusing on the interfaces
between the Si particles and the binder matrix. We
observed micro-cracks forming at the particle/matrix
interface, which suggests that the mismatch in
mechanical properties (e.g., elastic modulus and frac-
ture toughness) between Si and the binder promotes
stress localization (Fig. 2c). The rigid Si particles
cannot accommodate the strains imposed by the
surrounding binder under tensile stress, causing the
interface to act as a nucleation site for cracks. These
cracks propagate more easily along the Si/binder
interfaces, where the cohesive strength is compara-
tively lower, accelerating the overall fracture process
and leading to a ductile-brittle response on the
macroscopic scale.

SEM images of the active material layer surface
reveal microcrack propagation patterns, with cracks
traveling along Si particle boundaries in a character-
istic zigzag path, highlighting how Si particles act as
stress concentrators that promote microcrack initia-
tion and growth (Fig. 2c). In contrast, the binder-
only sheet shows no evidence of microcracks,
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displaying instead a ductile fracture morphology
similar to that shown previously (Fig. 2b). These
SEM images were taken near the fracture surface
after tensile testing, capturing the microcracks in the
active material layer that emerge just before the spec-
imen’s final failure. As microcracks accumulate and
coalesce, they lead to complete fracture, as observed
in the overall morphology of the fractured surface
(Figs. 2b and 2c). This progression underscores the
importance of microstructural design in LIB anodes,
where the distribution and interface quality of Si
particles within the binder matrix play a pivotal role
in governing crack initiation and propagation.

2.3 Nanoindentation

Furthermore, nanoindentation tests were performed
on both the binder matrix and Si-rich regions to
quantify their respective elastoplastic properties,
including hardness, Young’s modulus, and yield
strength. These properties are crucial for our FEM
analysis as they provide the necessary parameters to
model the differential strain accommodation
between the Si particles and the binder matrix. To
develop the FEM model, it was essential to deter-
mine the elastoplastic properties of the binder.
Nanoindentation tests were conducted using a
dynamic ultra micro hardness tester (DUH201,
Shimadzu Corporation) with a Berkovich indenter
under force control at a rate of 0.146 mN/s. The
resulting force-displacement curves for the binder
layer were recorded. Each test was repeated five
times, with the average data shown for consistency.

<  Tensile loading —

Figure 2 (a) Tensile load-displacement curves for the full Si-based anode sheet and the Cu foil current collector. (b) The fracture
surfaces of Si-based anode sheet and binder sheet. (c) Four examples of SEM images of crack propagations in active material layer.
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The Oliver-Pharr method! was employed to eval-
uate the contact area of the indenter and to deter-
mine the Young’s modulus E of the binder layer,
assuming a Poisson’s ratio of 0.35 (Fig. 3). Using the
contact area from this analysis, the hardness of the
binder was calculated, providing an estimate of the
yield stress, as 29 and 30 MPa for the active material
layer and binder layer with Young’s modulus of 8.7
and 4.8 GPa, respectively. The data reveal that
Young’s modulus of the active material layer, which
contains hard Si particles, is significantly higher than
that of the binder layer alone. This increase is
attributed to the stiffening effect of the Si particles
within the binder matrix. In contrast, the yield
strength of the active material layer is comparable to
that of the binder-only layer, likely due to the fact
that yielding initiates within the binder matrix, which
has a much lower strength compared to the Si parti-
cles. These mechanical property distinctions provide
crucial input parameters for accurately simulating
the stress and deformation behavior of the anode’s
active material layer in the FEM model.

3 FEM simulation

To better predict and understand these crack forma-
tion and propagation behaviors, which are influ-
enced by the spatial alignment and bonding of Si
particles, this study established an FEM model of the
active material layer. This FEM approach enables
simulation of stress distribution and crack propaga-
tion, providing valuable insights into the impact of
particle alignment and binder properties on fracture
mechanics where such predictive capability is essen-
tial for optimizing the microstructural design of high-
energy-density LIB anodes, ultimately enhancing
their durability and performance.

Nanoindentation test

Specimen 0 0..2

3.1 Failure criteria

Since fracture behavior and failure criteria can vary
significantly depending on the material’s properties,
we first analyzed the fracture behavior and microc-
racking mechanisms within the polymer binder. The
experimental observations (Fig. 2b) reveal that the
fracture surface of the active material layer exhibits
brittle characteristics when Si particles are present,
while the binder-only layer shows a more ductile
fracture surface. This contrast in fracture behavior
underscores the need for an accurate failure criterion
that reflects the ductile nature of the binder material.

To capture this behavior in the FEM model, we
applied the Oyane failure criterion, which is effective
in representing ductile fracture mechanisms. By inte-
grating this criterion, the model is able to simulate
crack initiation and propagation within the binder,
closely mirroring the experimentally observed frac-
ture patterns.

The Oyane failure rule describes a phenomenon in
which the formation of micro void is governed by the
stress triaxiality and is expressed by the following

equation”™
[ (Z+a)de<b (1)
o

0

this equation involves two material parameters (a
and b) and stress triaxiality (mean stress o,,, equiva-
lent stress &, fracture strain & and equivalent strain
€). The left-hand side of Eq. (1) calculates the incre-
mental strain corresponding to the stress triaxiality,
thus obtaining the damage value. This variation in
damage value is referred to as the fracture index.
When the left-hand side of the fracture index exceeds
a pre-set threshold b, element deletion occurs, repre-
senting damage evolution within the model. In this
simulation, crack initiation and propagation are

loading

unloading

04 06 08
Displacement (um)

Figure 3 Schematic representation of the nanoindentation equipment (a) and testing specimens (b), highlighting the indenter geome-
try and specimen preparation process. (c) The load-displacement curve obtained during nanoindentation highlights the loading, hold-
ing, and unloading phases, which provide insights into mechanical properties such as hardness and elastic modulus.
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modeled through element deletion. The FEM mesh
size is much smaller than the Si particles, allowing for
accurate reproduction of microcrack propagation
behavior by calibrating two parameters, a and b, in
Eq. (1). These parameters are determined from
experimental results of tensile loading tests on two
specimens with different stress triaxialities. Quantita-
tive values for a and b are optimized through FEM
simulations to replicate the tensile loading behavior
of both specimens and are validated by comparison
with experimental data.

To introduce distinct stress triaxialities, we used
both dumbbell-shaped and notched specimens
(Fig. 4). FEM simulations of tensile deformation were
performed for both specimen types to generate
load-displacement curves. The FEM models were
constructed to match the exact geometries of the
experimental specimens, allowing for realistic three-
dimensional (3D) elastoplastic simulations.

It is important to note that these simulations were
conducted without including the failure criterion,
solely to highlight the differences in stress triaxiality
(Fig. 4). The endpoint of each curve corresponds to
the fracture displacement observed experimentally.
Results indicate a strong dependence of stress triaxi-
ality on specimen geometry. The notched specimen
exhibits higher stress triaxiality due to the biaxial
tension induced by its notched shape, resulting in a
shorter elongation at fracture in the load-displace-
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ment curve. This difference in stress and strain states
for the two specimen types is expected to yield
unique values for parameters a and b in Eq. (1)
(where a = 0 and b = 0.011), capturing the influence
of geometry-dependent stress triaxiality on fracture
behavior.

3.2 Pre-treatment for the modeling

For simplicity, a two-dimensional microstructural
model was employed instead of a full 3D model. This
choice was based on the thickness of the active mate-
rial layer (35 pm in thickness) and the dominance of
surface crack morphology since the crack pattern is
highly influenced by the microstructure, specifically
the arrangement, size, and distribution of particles.
To accurately reproduce the microstructure of the
active material layer, the FEM model was constructed
based on the particle arrangement and size derived
from SEM images of the anode sheet (Fig. 5). First,
an SEM image of the anode sheet surface was
captured, providing detailed information on particle
distribution. This image was then binarized to extract
precise particle locations and sizes, which were used
to define the FEM model’s geometry. For computa-
tional simplicity, each particle in the FEM model was
approximated as a perfect circle (or sphere in 3D).
This modeling approach enabled a realistic represen-
tation of the microstructural features, allowing us to
investigate the effects of particle arrangement on

d Dumbbell specimen

—  Exp.

0 0.2 0.4
Displacement (mm)

Figure4 Schematic of the specimen with notched shape (a) and dumbbell shape (b), and their load-displacement curves from both

experiments and FEM analysis ((c) and (d)).
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SEM image

Binarization

FEM model
(two-dimensions)

Figure 5 Step-by-step creation process of FEM modeling to replicate the microstructure in the active material layer of battery elec-

trodes.

microcrack initiation and propagation within the
active material layer.

The Oyane failure criterion was applied within the
FEM model to simulate microcrack propagation,
utilizing the mechanical properties of the binder
material, as mentioned above. To capture
microstructural effects accurately, the representative
volume element (RVE) size was set between 30 pm X
30 pum and 50 pm x 50 um, and periodic boundary
conditions were implemented on all sides to ensure
that the model reflects the continuity of the material’s
microstructure. A uniaxial tensile load was applied to
simulate the stress conditions that the material
undergoes during operation, focusing on the local-
ized crack propagation behavior under tensile stress.
The Cu foil substrate was excluded from this analysis
to isolate the crack pattern and path induced specifi-
cally by tensile loading within the binder and active
material phase. The detailed modeling not only
addresses macroscopic stress values or the critical
stress levels for crack initiation and propagation due
to the inherently local nature of the microstructural
model (Fig. 5), which represents only a fraction of the
bulk material.

3.3 Model results

The simulation results suggest that the interference
of stress concentration by the particles promotes
crack formation with a complicated path. Further-
more, the crack propagates in a zigzag manner. The
ease of stress concentration, i.e., crack initiation and
propagation, is considered to depend on factors such
as inter-particle distance, relative position of parti-
cles, and particle size. Stress concentration is more
likely to occur when the distance between particles is
close and the particle size is large for both tensile and
perpendicular to tensile directions. Such a systematic
study can be conducted using our developed FEM
model.

Three distinct crack propagation patterns were
observed experimentally, each corresponding to a
unique microstructural configuration (Fig. 6). To
match these, two RVE sizes were designated: 50 pm x

7

50 um (denoted as RVE50 for Models 1 and 2) and
30 pum x 30 pm (denoted as RVE30 for Model 3). The
results reveal a significant dependence of crack
morphology on particle arrangement, including
particle size distribution, interparticle spacing, and
binder phase thickness. These factors impact the
stress distribution within the binder and active mate-
rial, which, in turn, affects the crack initiation sites
and propagation paths.

For each RVE, the microstructural arrangement
leads to distinct stress concentration zones where
microcracks preferentially initiate. In regions with
high particle density and minimal binder thickness,
stress concentration tends to localize, facilitating
crack coalescence and accelerating propagation.
Conversely, in regions with larger interparticle
distances, crack bridging within the binder is more
prominent, leading to a more tortuous crack path.
These variations in crack path morphology align
closely with SEM observations (Fig. 6), indicating the
model’s ability to predict realistic crack propagation
patterns. Additionally, by adjusting the material
parameters for the binder, we observed sensitivity in
crack growth rates, particularly in response to
changes in binder stiffness and ductility. A stiffer
binder material led to faster crack initiation due to
reduced energy dissipation, while a more ductile
binder delayed crack growth, as it absorbed greater
deformation energy. These observations underscore
the importance of optimizing binder properties to
control crack propagation in practical engineering
applications.

3.4 Model validations and discussions

We verified our FEM model by assessing the degree
of agreement between the particle configuration in
the model and that observed in SEM images. To
quantify this agreement, we evaluated the particle
arrangement using a segmented analysis (Fig. 7a).
First, each SEM image was divided into five horizon-
tal segments. For each segment, the position of each
particle was recorded based on the center coordi-
nates, allowing us to count the number of particles
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FEM results

Model 1

Model 2

Model 3

SEM observation

Figure 6 Simulation of the crack propagation in active materials for three patterns of the cracks observed from SEM images.

within each segment. In Model 1 (RVE50) (Fig. 6),
for example, each segment had a width of 10 um. The
particle ratio in each segment was then calculated as
a percentage of the total particle count within the
entire RVE size. This segmented particle distribution
was compared with that in the SEM images, provid-
ing a quantitative measure of particle arrangement
similarity between the model and experimental
observations.

These small error values indicate a high level of
consistency between the particle configurations in
the SEM images and the FEM models for all three
models (Fig. 7b). This agreement confirms that our
FEM models accurately replicate the particle arrange-
ments observed in the actual Si-based anode sheets,
supporting the model’s validity for further mechani-
cal and microstructural analyses. The strong agree-
ment between FEM model predictions and experi-
mental crack patterns demonstrates that this FEM
model can effectively capture microstructural influ-
ences on crack initiation and propagation under
tensile loading conditions.

Our FEM model successfully predicts a complex
crack pattern in the active material layer. The simula-
tion results indicate that the interaction of stress
concentrations around Si particles promotes crack

formation along an intricate, non-linear path. The
cracks propagate in a characteristic zigzag manner,
which highlights the impact of local stress fields
influenced by the microstructural arrangement of
particles. The initiation and propagation of these
cracks appear to be highly dependent on factors such
as inter-particle distance, particle positioning, and
particle size. Specifically, stress concentration is more
likely to develop when particles are closely spaced
and larger in size, increasing the likelihood of crack
formation both along the tensile direction and
perpendicular to it. This suggests that particle config-
urations with reduced spacing and larger particles
create stress hotspots, enhancing the probability of
crack initiation and irregular propagation paths.

4 Conclusion

The active material layer of the anode sheet plays a
crucial role in the overall performance and durability
of LIBs. It is well-documented that both the manu-
facturing process and repeated charge-discharge
cycles induce multiple cracks within the binder
matrix of this layer. This study presents a FEM
modeling framework to simulate microcrack initia-
tion and propagation in the active material layer of
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configuration similarity in FEM model and SEM image.

LIBs anodes, with a specific focus on Si-based active
materials. Our model captures the intricate crack
patterns arising from stress concentration around Si
particles embedded in a polymeric binder. By
constructing a microstructural model based on
experimentally observed particle distributions and
applying the Oyane failure criterion, we successfully
replicated the complex, zigzagging crack paths that
develop under uniaxial tensile loading.

The results demonstrate that crack initiation and
propagation in the active material layer are highly
sensitive to particle size, spatial arrangement, and
inter-particle distances. These insights underline the
critical role of microstructural design in managing
crack behavior within the binder matrix, directly
influencing the mechanical stability and long-term
performance of LIBs. Our model not only provides a
predictive tool for understanding failure mecha-
nisms but also offers actionable guidelines for opti-
mizing particle configuration and binder properties
to enhance anode resilience against mechanical
degradation.

This work paves the way for a systematic, design-
driven approach to anode architecture that mitigates
crack formation in high-energy-density batteries.
Our findings offer a foundation for advancing LIB
design, with the potential to drive improvements in
both cycle life and safety in next-generation energy
storage systems.
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