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A New Three-Dimensional Microstructure-Resolved Model
to Assess Mechanical Stress in Solid-State Battery
Electrodes
Siwar Ben Hadj Ali, Mohammed Alabdali, Virginie Viallet, Vincent Seznec,
and Alejandro A. Franco*

In all-solid-state batteries (ASSBs), the mechanical stress generated
during electrode (de)lithiation plays a critical role in determining
the cell longevity because of the induced degradation mecha-
nisms. This stress originates from local volume fluctuations in
the active electrode materials, such as nickel-rich LiNixMnyCozO2,
which are intrinsically coupled to spatial variations in lithium-ion
concentration during electrochemical cycling. Herein, a novel
ASSB model that considers electrochemistry and solid mechanics
in a one-way coupled manner is presented. The model spatially
resolves 3D-microstructure of an ASSB half-cell generated from
wet manufacturing process simulations and is based on linear con-
tinuum mechanics. The coupling of electrochemistry and solid

mechanics is incorporated via lithiation-dependent volumetric
changes of the active material and the microstructural changes
due to deformed geometries affecting the particles percolation
paths. Furthermore, it is shown that the overall volume change
of the half-cell is dependent on the C-rate and on the applied stack
pressure. Finally, the findings demonstrate that solid-mechanical
effects and their interplay with electrochemical phenomena signif-
icantly impact the evolution of interfacial surface area and the total
pore volume. These factors are crucial for ensuring accurate
computational predictions, underscoring the necessity of incorpo-
rating such interactions in battery modeling approaches.

1. Introduction

Lithium-ion batteries (LIBs) play a pivotal role in various energy
storage applications, ranging from stationary storage systems to
electric and hybrid vehicles. However, the energy density and
fast-charging capability of conventional LIBs are approaching
fundamental physical limits.[1] In response, all-solid-state batteries
(ASSBs) have emerged as a promising next-generation technology,
offering higher energy and power densities while simultaneously

addressing critical safety concerns associated with liquid electro-
lytes, such as thermal runaway and pressure build-up.[2,3] Despite
these advantages, several technological challenges remain that hin-
der the widespread commercialization of ASSBs.

One of the key challenges arises from the intrinsic solid-state
nature of all components in ASSBs. The active material (AM) under-
goes volume changes during (de)lithiation, which results in strong
interactions between electrochemical andmechanical processes in
the absence of liquid-phase buffering.[4,5–6] These interactions
introduce mechanical stresses, interfacial degradation, and contact
losses, all of which can severely impact electrochemical perfor-
mance. As a result, single-field investigations, focusing solely on
electrochemistry or solid mechanics, are not sufficient to capture
the full complexity of these systems (Figure 1).[7]

A growing number of ex situ,[8] in situ,[9] and in-operando[10]

experimental studies have aimed to elucidate the interplay between
electrochemistry and solid mechanics in ASSBs. Given that many of
the critical physical phenomena in ASSBs are not directly observ-
able, researchers employ a combination of advanced characteriza-
tion techniques.[11,12–13] However, these experimental methods are
often expensive, time-consuming, or inaccessible to a large portion
of the research community. Furthermore, even with state-of-the-art
characterization tools, critical open questions remain regarding the
mechanistic coupling of electrochemistry and mechanics.

To address these limitations, numerical simulations are increas-
ingly recognized as powerful tools for investigating the complex
interplay of mechano-electrochemical phenomena in ASSBs. Yet,
due to the high complexity of these interactions, many existing
computational approaches rely on simplifications, either by
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reducing the scope of physical interactions considered or by
employing idealized geometries. Consequently, many models fail
to provide reliable predictions or quantitative insights into the
underlying physical processes.

Recent studies have proposed microstructure-resolved models
that describe electrochemical processes in ASSB but these often
neglect solid mechanics.[14–16] Others incorporate both electro-
chemistry and solid mechanics but rely on linear elasticity
assumptions,[17–24,25] whichmay not be valid for materials that expe-
rience volume changes exceeding several hundred percent during
full lithiation.[26,27] Additionally, some studies adopt advanced
modeling frameworks but are constrained to simplified
geometries,[28–30,31] such as 1D configurations,[32] 2D representa-
tions,[33,34] or single-particle analyses,[35–37] thereby overlooking
crucial local heterogeneities in current density, lithium concentra-
tion, and mechanical stress distributions. However, 3D mesoscale
simulations of ASSB composite electrodes based on realistic
microstructures derived from manufacturing process modeling
and incorporating coupled electrochemical-mechanical behavior,
remain unavailable. To the best of our knowledge, our work pre-
sented in this article represents the first attempt. A few related
efforts can be found in the literature, including a study employing
the Discrete Element Method (DEM) for silicon-based systems,[38] a
phase-field modeling approach restricted to 2D-domains,[39] and
another DEM-based study by our group that focused on analyzing
mechanical stresses after electrochemical cycling (Table 1).[40]

In this study, we present a novel computational
framework that provides a comprehensive analysis of the

electrochemical–mechanical coupling in ASSBs. Specifically, we
develop a 3D finite element model based on a linear continuum
mechanics formulation. This model uniquely integrates a calen-
dered microstructure generated from wet manufacturing process
simulations, enabling the resolution of local physical phenomena
without spatial homogenization. Importantly, the model employs a
one-way coupling approach, where electrochemistry drives
mechanical deformations, while the mechanical field does not
influence the electrochemical behavior.

2. 3D-Resolved Microstructure Generation

This study involves an electrodemicrostructure that was previously
generated and reported[41] and further analyzed electrochemically
in our own recent publication.[16] The wet (solvent-based) fabrica-
tion of NMC-based composite electrodes was conducted experi-
mentally, and based on the experimental characterization of the
associated slurries and the resulting porous composites, a predic-
tive computational model was constructed to simulate the 3D
slurry-based manufacturing process of ASSB electrodes.[41,42] This
was achieved using coarse-grained molecular dynamics (CGMD)
simulations implemented in the LAMMPS software package.[43]

The simulated wet manufacturing process consists of three key
stages: slurry preparation, drying, and calendering (Figure 2).
The model incorporates a microstructure of AM, Li6PS5Cl as solid
electrolyte (SE), and carbon-binder-solvent domains with a weight
formulation of AM:SE:CBD= 69:27.55:3.45, AM particle size of

Figure 1. Possible mechanical phenomena at the contact area between the AM and SE or CBD in ASSB composite positive electrodes.
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10 μm and ≈12% porosity, however, it does not explicitly differen-
tiate between the carbon and binder components. The CGMD
methodology employs force fields that capture interparticle inter-
actions and mechanical behavior, which were calibrated to match
experimental observations.

During the transition from slurry to the dried electrode, the
carbon-binder-solvent domains shrink to represent solvent evap-
oration and leading to the formation of the carbon-binder
domain (CBD). The calendering process is modeled by applying
a uniform downward displacement to the top boundary, com-
pressing the electrode while the bottom surface remains fixed.
Further details regarding the simulation of the slurry and drying
steps can be found in our earlier works.[44,45] Subsequently, we
developed an electrochemical model[16] that solves charge trans-
port and interfacial kinetics equations for electrode microstruc-
tures predicted from the wet manufacturing process. This

model captures how increased calendering degree, correspond-
ing to the reduction in electrode thickness from the calendering
process, reduces lithium concentration gradients, reaction over-
potentials, and ionic bottlenecks within the NMC cathode.
However, mechanical effects were not considered in that model,
particularly the lithiation-induced volume expansion of NMC811
particles, which limits the model’s physical fidelity.

To address this limitation, the present work, illustrated in
Figure 2, extends our pre-existing electrochemical framework[16]

by incorporating the lithiation-dependent volumetric expansion
of NMC811 during a single discharge, thereby enabling coupled
electrochemical–mechanical analysis. This approach allows us to
investigate the evolution of mechanical stresses arising from vol-
ume changes during the lithiation in an NMC cathode of ASSB
half-cell. Specifically, we focus on a microstructure with 20% cal-
endering degree

Figure 2. Our simulation workflow of ASSBs composite cathodes: from the wet manufacturing process (slurry to calendered electrode) followed by the
half-cell mechano-electrochemistry assessment.

Table 1. Comparative overview of some state of the art physics-based modeling studies on battery electrodes.

Study Numerical
method

System Dimension Plasticity Origin of the
microstructure

Carbon and binder
explicit presence

Irregular
particle shape

This study FEM Solid-state lithium ion battery 3D No Manufacturing simulation
of composite cathode

Yes Yes

[18] Phase-field Lithium-ion battery 3D Yes X-ray computed tomography
(CT) imaging

Yes Yes

[25] Phase-field Sodium-ion battery 1D/2D No Single idealised particle No No

[69] FEM Solid-state lithium ion battery 3D Yes Homogeneous electrode No No

[64] FEMþ phase- field Solid-state lithium ion
battery

2D Yes Scanning-electron-microscopy
(SEM)

No Yes

[38] DEM Solid-State-lithium
ion Silicon-based

3D Yes Stochasticall-y-generated Yes No

[39] Phase-field Solid-State-lithium
ion Silicon-based

2D Yes SEM No Yes
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3. Simulation Outline

3.1. From Discrete to Continuum Modeling

A specific postprocessing step, involving voxelization, performed
on the CGMD simulation data was developed to transform the
particles from spherical to irregular shapes in our continuum
model implemented by using the Finite Element Method
(FEM). During this step, overlaps between CBD and AM or
between CBD and SE are handled based on adjusting the volume
calculations by reducing the volume attributed to the CBD and
adding this reduced volume to the AM or SE, respectively. This
adjustment implicitly considers the porosity of the CBD by reduc-
ing its presence in overlapping regions, as one knows that CBD
can be porous.[46] Moreover, it reflects the spatial redistribution
of material, leading to the transformation of the initially spherical
particles into more realistic, irregular shapes for AM, SE, and CBD
phases, thus enhancing the experimental relevance of the elec-
trochemical model. The use of a meshing technique constitutes
the second step for the importation of the electrode microstruc-
tures generated from the CGMD modeling workflow into our 4D-
resolved mechano-electrochemical simulator. The voxelization
and mesh generation were carried out with our in house soft-
ware INNOV,[47,48] which is used to voxelize and reconstruct mul-
tiphase volumetric meshes for FEM calculations.

It is worth noting that while the spherical particle hypothe-
sis has been widely used to investigate electrochemical behav-
ior due to its computational simplicity, it is inherently limited in
representing realistic electrode microstructures. The 3D-
resolved microstructure model adopted here allows for the
inclusion of irregular particle geometries, polydispersity, and
anisotropic connectivity of both solid and pore phases.
These features are critical in governing localized ionic trans-
port, current distribution, and mechanical stress concentra-
tions, none of which can be adequately captured by
idealized spherical approximations. Therefore, although more
computationally intensive, the 3D framework provides a more
accurate description of the electrode’s multiphysics behavior
and enables direct links between manufacturing-induced mor-
phology and performance.

3.2. Coupling of the Solid Mechanics and Electrochemical
Fields

The mesh was then imported into COMSOL Multiphysics soft-
ware to build the 4D-resolved model for electrochemical and
mechanical simulations. In this work, a half-cell model is built,
which uses the 3D-resolved microstructure described in
Section 2 as the cathode, SE as separator, Li metal as the anode,
and Al as cathode current collector (CC). Then, a single discharge
is simulated, which corresponds to the lithiation of the AM. All
the calculations were performed in the Matrics platform
(Université de Picardie Jules Verne)[49] using one node with
500 GB of RAM and 1 processor (Intel Xeon CPU E5�2680 v4
@ 2.40 GHz, 28 cores).

3.2.1. Governing Equations

The diffusion of lithium inside the AM phase was assumed to fol-
low the Fick’s law[50]

∂c
∂t

þ ∇ ⋅ J ¼ 0 (1)

where c is the lithium molar concentration within the AM, t is the
lithiation time, and J is the lithium flux inside the AM. The flux J is
defined as a function of chemo-mechanical potential as[51]

J ¼ � D
RT

c∇μ (2)

where D is the lithium diffusion coefficient inside the AM; R is the
universal gas constant; T is the absolute temperature, and μ is the
stress-dependent chemical potential, which can be defined by
the hydrostatic stress (σh) as

[51]

μ ¼ μ0 þ RT lnX � Ωσh (3)

where μ0 is the reference state potential, X is the molar fraction,
and Ω is the partial molar volume. The third term on the left-hand
side of Equation (3) results from the fully stress–concentration
coupling. As we mentioned earlier, our study is focused on cou-
pling concentration to strain/stress not the other way around,
thus without stress–concentration coupling, the chemo-mechan-
ical potential above reduces to[52]

μ ¼ μ0 þ RT ln X (4)

Combining Equations (2) and (3) the partial differential equa-
tion above reduces to[52]

∂c
∂t

� D∇2c ¼ 0 (5)

This intentional simplification allows us to isolate and analyze
the mechanical response to electrochemical processes in a con-
trolled and computationally tractable manner. While it neglects
mechanisms such as stress-assisted lithium transport and its
impact on kinetics, it provides valuable insight into stress evolu-
tion driven by intercalation and microstructural features. This
mechanical foundational understanding at the mesoscale consti-
tutes the basis for the development of more complete fully cou-
pled models in our future work.

The diffusion-induced stress in the AM was solved by the fol-
lowing partial differential equation for mechanical equilibrium[53]

∇ ⋅ σ þ Fb ¼ 0 (6)

where σ is the Cauchy stress tensor and Fb is the body force. In
this work, no body force was assumed, so Fb = 0.

The NMC811 material is considered to undergo a relatively
modest volume expansion (≈7%), and in the composite electrode
environment, the surrounding carbon binder along with porosity
and microstructural heterogeneity help limit effective strain lev-
els.[54,55] As a result, the majority of the AM is expected to remain
within the elastic regime.[18,56] Moreover, this assumption is
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widely adopted in battery modeling studies, even for materials
with much larger expansions like Silicon,[57–60] as it enables anal-
ysis of stress evolution while keeping the computational cost
manageable.

Even if the AM undergoes volume expansion with lithium
insertion but the contribution of the deformation of SE and
the CBD, as response to the AM expansion, to the whole electrode
thickness change is non-negligible thus AM, SE, and CBD phases
are treated as linear elastic materials. For elastic deformations
during the charging/discharging process, the stress–strain rela-
tionship is governed by Hook’s law as[61]

σ ¼ C : εe (7)

where C is the elasticity tensor, and εe is the elastic strain. The
total strain caused by the elastic and intercalation-induced defor-
mations is given as[61]

εt ¼ εe þ εint ¼
1
2

∇uð ÞT þ ∇uð Þð Þ (8)

where εe and εint are the total and intercalation-induced strains,
and u denotes the displacement field. Thus, the elastic strain is
calculated by subtracting the intercalation-induced strain from
the total strain as[51]

εe ¼ εt � εint (9)

The intercalation-induced strain, which arises from lithium
concentration changes during cycling, is formulated analogously
to thermal strain in thermoelasticity[62,63] and is given by

εe ¼
1
3
ΔcΩ I (10)

where Δc is the concentration difference between the current
and the initial state, and I is the identity matrix, andΩ is the partial
molar volume of Lithium.

To calculate the concentration-dependent partial molar vol-
ume, the volume change data during the lithiation process of
NMC811 were obtained from ref. [6], and it is shown in
Figure 3b. The volumetric strain λ due to the volume change
caused by the lithiation was calculated as

λ ¼ ΔV
V0

þ 1

� �1
3 � 1 ¼ Vx¼x � Vx¼xmax

Vx¼xmax

þ 1

� �1
3 � 1 (11)

where ΔV is the volume change that is calculated as the lith-
iation states increase. The Vx¼x is current, and Vx¼xmax

is the initial

(with minimum lithium content) unit cell volume. Based on this
strain value, the partial molar volume Ω is given by

Ω ¼ 3 � λ

x � xmaxð Þ � Ctotal

(12)

3.2.2. Boundary and Initial Conditions

At the start of the simulation, it was assumed that minimum lith-
ium concentrations cmin were homogeneously distributed
throughout the NMC active particles as

c ¼ cmin at t ¼ 0 (13)

Figure 3a shows the boundary conditions and constraints
given to the half-cell. Fixed support (u= θ0) for x, y, and z axes
was applied at the external surface of the cathode CC. The green
rectangles indicate fixed walls constraints, which were used to
imitate the casing in actual ASSB implementation that may sup-
press the electrode expansion. An external pressure was applied
at the external surface of the Li metal to keep the ASSB half-cell to
mimic pressure applied by experimental casing.

The present study focuses on the mechanical evolution of the
cathode under a half-cell configuration, which serves as a model
system to decouple and systematically investigate the effect of
cathode AM expansion without additional complexity introduced
by full-cell interactions. Thus, we only focus on the effects of the
expansion of the NMC811 phase on the displacements of the rest
of electrode components. The separator and the CC were consid-
ered as rigid body domains, assuming that the effect of the defor-
mation of the electrode induced by the expansion of NMC811 on
both domains was negligible. Treating the SE as a rigid, nonde-
formable domain allows us to focus computational resources on
the mechanical response within the active and composite phases,

Figure 3. a) Simulated ASSB half-cell boundary conditions; b) predefined volume expansion field applied on the AM phase (NMC811). Figure produced with
data from Ref. [6].
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which are the main contributors to stress evolution in this con-
figuration. The mechanical contribution of the SE will be
addressed in our future work, where we plan to implement a fully
coupled mechano-electrochemical model capable of capturing
bidirectional interactions, including stress-assisted transport
and the mechanical contribution of the SE phase. For simplicity,
we proposed that other material properties, such as Young’s
modulus and diffusion coefficient of the AM, were independent
of the lithium-ion concentrations. Other material properties and
simulation parameters used in this work are listed in Table S1 and
S2, Supporting Information.

The developed modeling framework is transferable and can
be extended to other cathode chemistries and cell configurations
by parametrizing the model accordingly.

4. Results and Discussions

4.1. Electrochemical Performance

To investigate the impact of mechanical constraints and material
swelling on the electrochemical performance, FEM simulations
were performed in COMSOL Multiphysics within a voltage win-
dow of 2.6–4.2 V versus Liþ/Li. Three C-rates (C/5, C/10, and C/
20) were evaluated under three modeling conditions: (i) no vol-
ume change, where lithiation-induced expansion of NMC811 was
neglected and the electrochemical framework previously
reported by group[37] was applied; (ii) volume expansion with
9 MPa, incorporating the intrinsic volume change of NMC811
under the moderate stack pressure of 9 MPa; and (iii) volume
change with 68 MPa, using the same expansion model under
a high stack pressure of 68 MPa.

We selected to work with these two representative stack pres-
sure values: 9 and 68MPa, which were provided by our industrial
research collaborators as typical operating bounds used in cur-
rent R&D practice for ASSBs.

As shown in Figure 4, the overall differences in discharge volt-
age and capacity across the three scenarios are relatively small.
This limited variation can be attributed to the one-way coupling
approach adopted in this work, wherein electrochemical processes
drive mechanical deformations, but the resultingmechanical stress
and strain fields do not feed back into the electrochemical behav-
ior. Consequently, while mechanical effects are pronounced in
terms of stress evolution, their influence on the predicted electro-
chemical response remains minimal.

Nonetheless, a closer examination of the discharge curves
reveals that higher stack pressure (68MPa) more effectively sup-
presses the adverse effects of volume expansion, resulting in
slightly improved capacity, especially at lower C-rates (Figure 4c).
In contrast, the application of 9MPa is not always sufficient to com-
pensate for expansion-induced degradation, particularly during lith-
iation. These findings emphasize the need for a fully coupled
mechano-electrochemical model that accounts for bidirectional
interactions between electrochemical and mechanical fields to
more accurately predict the performance and degradation behavior
of ASSB cathodes.

Furthermore, Figure S1, Supporting Information, demon-
strates the influence of volume expansion on electrode geome-
try and mesh deformation across the AM, SE, and CBD phases. At

Figure 4. Calculated electrochemical performance of the ASSB half-cell at
different C-rates: a) C/5, b) C/10, and c) C/20 for different cycling
conditions.

Batteries & Supercaps 2025, 00, e202500540 (6 of 14) © 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Research Article
doi.org/10.1002/batt.202500540

 25666223, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202500540, W
iley O

nline L
ibrary on [13/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://doi.org/10.1002/batt.202500540


a discharge rate of C/10 and under 9 MPa of applied pressure,
the mesh is automatically refined by COMSOL based on the local
strain field induced by the NMC811 expansion. This dynamic
remeshing allows for accurate tracking of the evolving electrode
morphology and enables a more realistic representation of the
coupled electrochemical-mechanical behavior. These results
highlight the necessity of accounting for volume changes in
simulations of ASSB electrodes, especially when evaluating per-
formance under practical cycling conditions and pressure
constraints.

4.2. Battery Half-Cell Volume Expansion Behaviors under
Different Charging Rates

Figure 5 presents the spatial distributions of lithium concentra-
tion, out-of-plane (z-direction) displacement, and vonMises stress
within the NMC811 AM at the end of discharge for three different
C-rates (C/5, C/10, and C/20), providing a detailed view of the
mechano-electrochemical behavior under varying electrochemi-
cal conditions. At a higher C-rate of C/5, lithiation within the AM
particles is highly nonuniform. The outer shell of the particles
exhibits nearly complete lithiation, while the cores remain signif-
icantly less lithiated. This gradient in lithium concentration drives
localized volumetric expansion predominantly near the particle
surfaces, resulting in an overall displacement of approximately
0.43 μm, which corresponds to a 0.98% increase in electrode
thickness relative to its initial state. In contrast, at the slower rate
of C/20, lithium transport is more effective across the entire AM
phase. This enables a more uniform lithiation profile both within

individual particles and across the electrode thickness, resulting
in more homogeneous expansion. Under these conditions, the
total z-direction displacement reaches 1.11 μm, corresponding
to a 2.52% increase in electrode thickness.

The middle panels in Figure 5b further illustrate the displace-
ment of the SE and CBD phases indicating strong mechanical
coupling between the different phases within the composite
cathode. The right panels (Figure 5c) show the corresponding
von Mises stress distributions. At C/5, high stress concentrations
appear in the outer regions of the AM particles, where lithium
insertion and expansion are most intense. Conversely, at C/20,
the stress field is more homogeneously distributed, consistent
with the smoother lithiation and strain patterns. The complete
change in lithium concentration and Von Mises stress during
C/20 galvanostatic discharge is shown in the supplementary vid-
eos. This correlation stems from the fact that local mechanical
stress arises from lithiation-induced strain gradients. Figure S2,
Supporting Information, provides additional insight into the pres-
sure field at C/5, where peak stress values reach up to 3 GPa, pre-
dominantly at the particle surfaces.

Figure 6 expands on the temporal and quantitative aspects of
volume changes during discharge and with an applied stack pres-
sure of 9 MPa. Figure 6b shows the evolution of out-of-plane (z)
displacement of the separator which is equal to the change in
thickness of the half-cell, while Figure 6d shows the correspond-
ing cathode expansion ratio. Both metrics exhibit minimal change
at early stages of discharge (DoD< 40%), regardless of the C-rate.
This initial behavior reflects the elastic accommodation of lithium
within the layered NMC811 structure, with limited structural

Figure 5. The spatial distribution of: a) Li concentration within NMC811; b) the displacement of different components within the composite cathode and
within the global half-cell; and c) von Mises stress within the NMC811 phase for different C-rates and with an applied stack pressure of 9 MPa during
discharge.
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perturbation. As discharge progresses (DoD> 40%), the expan-
sion becomes more pronounced and increasingly dependent
on the C-rate. Interestingly, although faster cycling (e.g., C/5)
results in more rapid lithiation near particle surfaces and thus
higher local state of charge (SOC) (Figure 6a), the overall expan-
sion is smaller. This is because high C-rates hinder lithium pene-
tration into the particle cores, restricting full lithiation and
resulting in lower global volume change. On the other hand,
the C/20 case reaches the highest expansion: a total z-displace-
ment of ≈1.2 μm and a cathode expansion ratio of ≈2.25%,
reflecting nearly complete lithiation throughout the AM particles.

Figure 6c dissects the contribution of each phase to the total
volume change at C/10. The AM exhibits the highest expansion,
reaching 4.49% at ≈80% DoD, due to lithium insertion. In contrast,
the SE and CBD show insignificant volume increase (0.45% and
0.21%, respectively), primarily driven by mechanical deformation
induced by the expanding AM. These results highlight the domi-
nant role of AM in driving mechano-electrochemical changes in
the composite cathode during galvanostatic operation and con-
firm that the bulk of the deformation is governed by lithium
uptake in the NMC811 particles.

Overall, these results demonstrate a strong coupling between
electrochemical kinetics, lithium distribution, and mechanical

deformation in ASSB cathodes. The degree of heterogeneity in
both stress and strain fields is modulated by the applied C-rate,
with lower rates promoting more uniform lithiation and thus
greater total expansion. These insights are essential for optimiz-
ing mechanical stability and performance of composite electro-
des under practical cycling conditions.

4.3. Impact of External Stack Pressure on Chemo-Mechanical
Behavior during Discharge

Figure 7a illustrates the effect of external stack pressure on
electrode volume change at the end of discharge across different
C-rates. Under a low pressure of 9 MPa, the cathode exhibits pro-
nounced thickness expansion, increasing by 0.78%, 1.61%, and
2.53% for C/5, C/10, and C/20, respectively. In contrast, applying
a higher stack pressure of 68 MPa significantly suppresses this
expansion due to enhanced particle packing and improved inter-
facial contact. At C/5, the high pressure nearly eliminates macro-
scopic swelling, even resulting in a slight contraction of 0.08%,
indicating that mechanical confinement can mitigate internal
expansion forces during fast cycling. For slower rates, the expan-
sion is reduced but still present, reaching 0.74% at C/10 and
1.82% at C/20. These findings highlight the potential of optimized

Figure 6. a) The evolution of the SOC for different C-rates; b) evolution of the separator displacement for different cycling rates; c) the evolution of the vol-
ume ratio for different phases in the cathode showing that the predominant contributor in the bulk deformation of the cathode is the AM; and
d) evolution of the cathode expansion ratio for different C-rates. These results are under an applied stack pressure of 9 MPa.
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stack pressure to stabilize electrode morphology and suppress
chemo-mechanical degradation in ASSBs.

Figure 7b presents the evolution of average von Mises stress
within the NMC811 AM as a function of DoD, under both low
(9 MPa, solid lines) and high (68 MPa, dashed lines) stack pres-
sures. At all C-rates, von Mises stress increases with DoD, driven
by the accumulation of internal strain resulting from lithium inser-
tion-induced volume expansion. Higher C-rates (e.g., C/5) gener-
ate notably higher stresses than lower ones (e.g., C/20),
particularly beyond 40% DoD, due to increased lithiation gra-
dients and inhomogeneous strain development. These stress
peaks stem from the fact that lithium preferentially inserts at

the particle surfaces under fast cycling, creating internal mis-
matches and localized deformation.

The application of 68MPa stack pressure intensifies the von
Mises stress across all C-rates. This stress amplification results from
the mechanical constraint imposed by the external load, which
resists free expansion and enforces tighter mechanical coupling
among the composite phases. Although this constraint reduces
overall electrode swelling, it increases the elastic energy stored
in the AM particles, potentially elevating the risk of mechanical
failure.

These observations emphasize the dual role of stack pressure
in ASSB operation: while it promotes better interfacial

Figure 7. a) The impact of cycling stack pressure on the deformation of NMC half-cell and on the final thickness; b) the evolution of von Mises stress
within the cathode for different C-rates and for different cycling conditions; and c) transition from tensile stresses to compressive stresses with increasing
stack pressure within SE and CBD phases.
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connectivity and suppresses macroscopic deformation, it also ele-
vates internal stresses that may exacerbate particle fracture,
delamination, or other degradation mechanisms, especially dur-
ing high-rate cycling. Therefore, stack pressure must be carefully
tuned to balance electrochemical performance and mechanical
durability.

While the average von Mises stress provides an overall indi-
cator of the mechanical state of AM, it is important to note that
maximum stress values and the degree of stress heterogeneity
may play a decisive role in local fracture initiation and mechanical
degradation. These aspects highlight the importance of consid-
ering both global and localized stress metrics when assessing the
mechanical reliability of the electrode.

Figure 7c shows the pressure fields within CBD and SE phases
at the end of discharge under both pressure conditions. The pres-
sure distributions exhibit a complex pattern of tensile (negative
pressure) and compressive (positive pressure) regions. These het-
erogeneities arise from the mechanical response of the CBD and
SE to the expansion of surrounding AM particles. Under tensile
stress, the CBD and SE are vulnerable to cohesion loss, potentially
leading to interfacial delamination from AM particles. Such
detachment would compromise electronic percolation (via the
CBD) or ionic conduction pathways (via the SE), impairing overall
battery half-cell or cell performance. Conversely, excessive com-
pressive stresses could cause local densification, which may hin-
der lithium transport through the compressed regions. An overall
transition from tensile to compressive stresses is observed in the
SE and CBD phases with increasing stack pressure.

Overall, these results demonstrate the importance of consid-
ering multiphase mechanical interactions when designing dura-
ble ASSB electrodes. While external pressure is necessary to
maintain structural integrity and electrochemical connectivity,
it must be optimized to minimize stress concentrations that could
accelerate mechanical degradation over time.

5. Microstructural Changes

The primary mechanical influence on electrochemical perfor-
mance has consistently been shown to arise from microstruc-
tural evolution during cycling.[64,65] Key features affected
include the interfacial surface area, porosity, tortuosity, and
the resulting electronic and ionic conductivities. It is therefore
essential in electrochemical–mechanical studies to discuss the
indirect yet dominant role of mechanics on electrochemistry via
microstructural changes at each step of cycling (Mechanics !
Microstructure ! Electrochemistry). Although this approach
does not constitute a fully coupled framework, where mechan-
ics directly enters the electrochemical equations through the
inclusion of hydrostatic stress in the chemical potential or in
the Butler–Volmer kinetics at interfaces,[66] it still captures
the crucial impact of microstructural evolution. In this section,
three microstructural descriptors are examined in detail: inter-
facial area, porosity, and the tortuosity factor of the solid elec-
trolyte phase.

5.1. Evolution of Interfacial Surface Area

As shown in Figure 8a,b, the specific interfacial areas at the AM–

SE and AM–CBD contacts evolve with both stack pressure and
DOD, relative to the reference state (no volume change).

At 20% DOD, both interfaces exhibit a substantial increase at
9 and 68 MPa, indicating that the initial volume change during
lithiation promotes compaction and densification of the AM–

SE interface regardless of the applied stack pressure.
At 40% DOD, the interfacial areas decrease at 9 MPa, reflect-

ing a loss of AM–SE and AM–CBD contact due to the larger AM
expansion. In contrast, at 68 MPa, the higher stack pressure
restores interfacial contact, mitigating this loss.

At 60% DOD, the interfaces keep increasing under 68MPa sug-
gesting that the combined effect of AM expansion and applied
stack pressure amplifies interfacial evolution through particle
deformation of the AM, SE, and CBD phases. At 9 MPa, a modest
increase is also observed relative to 40% DOD, consistent with the
stabilized AM volume change (Figure 3b) and the supporting role
of the applied pressure in maintaining interfacial contact.

Interestingly, the magnitude of change is less pronounced at
the AM–CBD interface than at the AM–SE interface. This differ-
ence may be attributed to the more compliant carbon binder
matrix, which can accommodate strain[55] and partially buffer
the mechanical effects of AM expansion. Nevertheless, both inter-
faces clearly exhibit a coupled dependence on pressure and DOD,
underlining the critical role of electrochemical–mechanical inter-
actions in dictating interfacial morphology and stability in ASSB
composite cathodes.

Finally, the 3D renderings in Figure 8c highlight the morpho-
logical evolution of the AM–SE and AM–CBD interfaces at C/10
under different stack pressures. Increasing stack pressure results
in denser, more compact interfacial geometries, consistent with
the interfacial area trends and confirming the significant contri-
bution of mechanical stress in restoring contact that would oth-
erwise be lost during lithiation.

5.2. Pore Size Distribution

Figure 9 illustrates the evolution of the cumulative pore volume
fraction as a function of mean pore diameter under three different
conditions: (i) without accounting for NMC811 expansion, (ii) with
NMC811 volume expansion under a low stack pressure of 9MPa,
and (iii) under a high stack pressure of 68MPa. At 9MPa, the
appliedmechanical constraint is insufficient to counteract the swell-
ing induced by active material expansion. As a result, small and
intermediate pores (0.2–2.6 μm) are significantly reduced and
shifted toward smaller diameters, while larger pores (3–4.6 μm)
are preserved. This evolution leads to a less uniform pore size dis-
tribution and therefore an increased microstructural heterogeneity.

In contrast, applying a higher stack pressure of 68 MPa mit-
igates the extent of expansion-induced deformation. The result-
ing cumulative curve closely resembles the no-expansion case
within the intermediate pore size range (1.8–3 μm), suggesting
the preservation of medium-sized pores. At the same time, the
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disappearance of larger pores (>3 μm) and the reduction in
smaller pore volume fractions (<=1.4 μm) point to enhanced
densification and homogenization of the pore network.

These results emphasize that volume expansion, if not prop-
erly constrained by external pressure, can significantly alter the
pore size distribution, leading to increased heterogeneity in
the microstructure. In contrast, applying sufficient compressive
stress stabilizes the pore architecture promoting improved homo-
geneity, which is expected to facilitate more uniform ion and
electron transport, thereby improving the electrochemical perfor-
mance of the cathode. This interpretation aligns with the trends
observed in Figure 8.

Furthermore, the observed microstructural trends are consis-
tent with experimental findings reported in the literature,[65,67]

where increased compressive pressure resulted in higher AM vol-
ume fractions and reduced pore volume, further supporting the
critical role of stack pressure in maintaining favorable electrode
architecture throughout cycling.

5.3. Geometric Tortuosity

In ASSBs, the absence of liquid-phase buffering makes the tortu-
osity factor a critically important parameter, alongside the intrin-
sic ionic conductivity of SE. Figure 10 reports the geometric
tortuosity (τ) of the SE phase, which quantifies the effective path-
way length for Liþ transport through the contiguous SE network.
The calculations to determine the geometric tortuosity after a sin-
gle discharge at C/10 were performed employing the DiffuDict
module of GeoDict 2024 (Math2Market),[68] using a standard
desktop computer. The no-expansion case (τ = 7.736) represents
the baseline tortuosity of the electrode microstructure, unaf-
fected by active material expansion or stack pressure. Under a
moderate stack pressure of 9 MPa (τ= 8.182), the electrode can-
not sufficiently counteract the expansion of the AM. This expan-
sion constricts SE pathways thereby increasing transport
complexity and forcing ions to follow more convoluted paths.
In contrast, at a high stack pressure of 68 MPa (τ= 7.765), the

Figure 8. a,b) Evolution of AM-SE and AM-CBD interfacial specific surface areas in function of SOC and for different cycling conditions; and c) this graph
shows the geometrical changes that occur for AM-SE and AM-CBD interfacial areas at C/10 after applying stack pressure (denser and more compact with
increasing the stack pressure).
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mechanical constraint maintains interparticle contact and pre-
serves SE continuity during lithiation. This stabilization prevents
the formation of large local gaps (Figure 9), promotes a more
homogeneous pore size distribution, and leads to denser interfa-
cial surfaces at the AM–SE boundary (Figure 8). Consequently, the
SE tortuosity remains close to the no-expansion baseline.

These results highlight the critical role of stack pressure in
governing SE network connectivity, interfacial stability, and pore
architecture, which collectively dictate the efficiency of ionic
transport in composite cathodes.

6. Conclusions and Perspectives

In this work, we have presented the first steps towards a 4D-
resolved computational modeling approach to understand the

electrochemistry-induced mechanical phenomena happening
in ASSB composite electrodes starting from an electrode micro-
structure generated from a wet manufacturing process simula-
tion using CGMD. We presented a computational workflow
incorporating the ASSB NMC electrode microstructure generated
by CGMD into an FEM simulator allowing to study how galvano-
static discharge impacts the mechanical behavior of the NMC
composite electrode, given that NMC811 suffers a ≈7% volume
expansion upon lithiation. The electrochemistry, stress, and vol-
ume expansion behavior of a NMC811 half-cell were analyzed via
this model. Then, the discharge conditions, such as the applied
stack pressure upon discharge were discussed. The results indi-
cated that the pressure constraint can change the structural
arrangement of each phase in the half-cell, while it plays a very
minor role in the electrochemical behavior. Furthermore, elec-
trode deformation is highly dependent on the C-rate, directly
influencing the overall half-cell volume change, the composite
cathode thickness, and the average Von Mises stress distribution.
Von Mises stress depicts greater accumulation of mechanical
stress over time at lower C-rates which indicates higher mechan-
ical deformation during complete lithiation.

Our model coupling electrochemistry andmechanics will help
obtaining a more precise, and spatially resolved, understanding
of the complex interplay between the electrochemical and
mechanical behavior of NMC composite cathodes, eventually
guiding the design of optimal electrode microstructures, and
potentially unlocking the next generation of ASSB. We highlight
that even if this model was designed for NMC811, it is transfer-
able to other AM chemistries.

Furthermore, in this study and as proof of concept, we
employed a one-way coupled linear framework to analyze the
interplay between electrochemical and mechanical phenomena
in ASSBs. The assumption of small deformations was justified
based on the limited volumetric expansion of the AM relative
to its particle size, allowing us to effectively model the system
within a linear elasticity framework. However, to capture more
complex mechanical behaviors such as plastic deformation, con-
tact losses, and interfacial debonding, our future work will focus
on developing a fully coupled nonlinear model that incorporates
plasticity and more advanced constitutive laws to better describe
the mechanical response of ASSB electrodes under cycling condi-
tions. Our FEM computational model serves as a versatile and
robust simulation framework designed to analyze the intricate pro-
cesses involving electrochemistry and mechanics within batteries.
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