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b Réseau sur le Stockage Electrochimique de l’Energie (RS2E), Hub de l’Energie, FR CNRS 3459, 15 rue Baudelocque, 80039 Amiens, France 
c Pritzker School of Molecular Engineering, University of Chicago, Chicago, IL 60637, USA 
d ALISTORE-European Research Institute, Hub de l’Energie, FR CNRS 3104, 15 rue Baudelocque, 80039 Amiens, France 
e Department of NanoEngineering, University of California San Diego, La Jolla, CA 92093, USA 
f Institut Universitaire de France, 103 boulevard Saint Michel, Paris 75005, France   

A R T I C L E  I N F O   

Keywords: 
Solid-state batteries 
Isostatic compression 
Discrete element method 

A B S T R A C T   

Solid-state batteries (SSBs) often fall behind conventional lithium-ion batteries (LIBs) in performance. Electro-
chemical cycling protocols, in particular under isostatic compression, present ample opportunities for 
improvement to mitigate issues like contact loss and aging among numerous other challenges. This study in-
troduces a novel Discrete Element Method (DEM) workflow to assess the effectiveness of uniaxial and isostatic 
compression as proceeding electrode preparation on the conductivity and structural integrity of SSBs. Isostatic 
compression achieves conductivity levels comparable to uniaxial compression with significantly reduced pres-
sure requirements. In contrast, uniaxial compression at elevated loads, while resulting in higher conductivity, 
subjects the particles to significant stress, increasing the risk of cracking and deformation of the SSB materials. 
This study shows the impact of mechanical stress during different stages of electrochemical cycling on the mi-
crostructure’s integrity to provide valuable insights into electrochemistry-mechanics couplings, which can be 
challenging to evaluate experimentally.   

1. Introduction 

The advent of Lithium-ion batteries (LIBs) has been pivotal in revo-
lutionizing modern society, transforming electrochemical energy stor-
age and playing a crucial role in electric automotive applications [1]. 
However, the escalating global decarbonization push necessitates a 
next-generation battery surpassing the energy densities and power 
performances of current LIBs to diminish reliance on fossil fuels [2]. 

In response to this imperative, solid-state batteries (SSBs) have 
emerged as promising alternatives due to their potential for heightened 
energy density and improved safety features [3]. Yet, their performance 
lags behind conventional LIBs, largely due to the intricate structural and 
electro-chemical transformations within the SSB environment [4,5], 
These mechanisms, absent in liquid electrolyte systems, underscore the 
critical need to comprehend the dynamics at solid/solid interfaces for 
advancing SSBs [6–11], such as chemo-mechanical reactions and active 

material (AM) cracking, along with other phenomena taking place at the 
microscopic scale. Many of these phenomena are coupled with the 
intricate interplay between electrochemical processes and material 
mechanics lying at the heart of SSB enhancement [11–13]. Stress evo-
lution and void occurrence at the interface particularly underscore the 
chemo-mechanical effects that are expected to be more pronounced in 
SSBs due to their configuration [6,11–13]. 

The manufacturing process significantly influences the chemo- 
mechanical compatibility, dictating the battery cell’s final perfor-
mance. A study by Shi et al. [14], engaging experiments with Discrete 
Element Method (DEM) modeling, highlights the role of cathode particle 
size ratios in influencing SSB capacity, elucidating the impact of particle 
size distribution (PSD) on electrochemical performance. They defined 
“cathode utilization” as the ratio of the volume of accessible AM parti-
cles in contact with solid electrolyte (SE) network, to the total volume of 
AM particles (Vactive

AM /VAM) and assessed it in comparison to “λ”, where λ 
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is a function of the ratio of the particle size of cathode AM to the particle 
size of the SE (λ = DAM/DSE). Therefore, large AM particle sizes, in their 
case, can significantly enhance the capacity of the SSB, since a higher 
AM loading is enabled by the high ratio of the AM to SE particle size. 
This prior study has illustrated the role of the PSD of discrete materials 
on the electrochemical performance, but there are still a number of 
pressing questions to be answered. In particular, the interplay between 
stress distribution and structural changes within SSBs during cycling. 
The impact of the compaction on the final microstructure within SSB 
composite cathodes has been experimentally shown in literature [15, 
16]. This, in turn, affects the internal resistance, the frequency of un-
desirable (electro)chemical reactions and capacity fading [4]. The latter, 
primarily induced by contact loss due to volume changes during cycling, 
remains a critical hurdle [6,17]. Addressing these challenges necessi-
tates a focus on materials pretreatment, solid/solid interfaces, and 
processing techniques [8]. 

Mitigating aging in SSBs has been explored through various cycling 
protocols, with isostatic compression emerging as a promising method. 
This approach, involving the uniform application of pressure during 
cycling, shows the potential to improve capacity retention and cycle life 
by enhancing electrode microstructure uniformity [10,18–20]. Further 
insight into aging mechanisms, particularly the cracking of AM, can be 
gleaned from 3D modeling. These models offer a deeper understanding 
of composite electrode microstructures, aiding in predicting interface 
evolution and void formation, essential for more efficient and durable 
SSBs [11,21]. 

The lack of comprehensive 3D models that address material in-
terfaces and mechanics remains a gap in current research. While some 
studies [11] focus on specific SSB systems (e.g. Polymer SSBs, sulfides, 
and garnets), the need for dynamic 3D-resolved models to capture the 
interfacial evolution between materials upon electrochemical cycling 
within composite cathodes remains unmet. In the ARTISTIC initiative, 
we have produced pioneering 3D-resolved physics-based models to 
predict how manufacturing parameters impact LIB electrode micro-
structures [22–25]. We have also demonstrated the transferability of this 
approach by simulating the wet processing of SSB cathodes [26,27]. In 
this research, we aim to address the gap in understanding the effects of 
stress distribution during (de)lithiation, which is often overlooked in 
different experimental compression approaches for SSBs. This is ach-
ieved by simulating the manufacturing of composite electrodes under 
realistic conditions, involving high uniaxial pressure followed by low 
isostatic pressure. Our approach involves developing a 3D-resolved 
computational model to assess mechanical stress distribution during 
compaction and cycling under isostatic compression. The 
state-of-the-art computational power limits a full coupling of electro-
mechanical numerical simulations with the resulting mechanical 
behavior within the microstructureon large scales. To the best of our 
knowledge, this is the first time a model that couples the compression 
approach with the particle mechanical changes during electrochemical 
cycling is proposed. 

2. Methods 

2.1. Simulation workflow 

We present in this article a computational workflow that allows 
simulating the manufacturing (following the protocol in reference [28]) 
by compressing SSB composite cathodes and characterizing their elec-
trochemical behavior during uniaxial compression and cycling under 
isostatic compression. The simulated composite cathodes consist of two 
types of materials LiNi0.5Mn0.3Co0.2O2 (NMC532) as AM and Li6PS5Cl 
(LPSCl) as SE with a composition of 73.30 wt.% and 26.7 wt.%, 
respectively, and a PSD varying from 3–10 µm and 6–13 µm, respec-
tively, shown in Fig. S1 in the Supplementary Information (SI). AM and 
SE particles’ location are stochastically generated in an initial volume, 
and then uniaxially compressed at 375 MPa to ensure a high level of 

structural compactness. The load on the microstructure is then relaxed 
to 1 atm to simulate the process of transferring to an isostatic 
compressor. Finally, the AM particles are sequentially expanded and 
contracted in order to mimic electrochemical cycling conditions under 1 
- 5 MPa of isostatic pressure applied in the three dimensions. 

All simulations are carried out using LIGGGHTS software [29] on one 
node of MatriCS platform (Université de Picardie Jules Verne) with 375 
GB of RAM and 1 processor (Intel® Xeon® Gold 6148 CPU @ 2.40 GHz, 
40 cores). The objective of each simulation step is to output a 3D 
microstructure of the electrode by solving the Newtonian equations of 
motion. At each step, the boundary conditions are kept fixed for di-
mensions perpendicular to the pressing planes. At the uniaxial 
compression, the boundary conditions are periodic for x and y lateral 
dimensions and fixed for the z dimension. Then, the boundary condi-
tions are kept without changes until the step of isostatic compression in 
the workflow (Fig. 1), which requires all boundary conditions to be 
fixed. The output microstructure of each step is used as an input for the 
next step in order for the workflow to proceed. Young Modulus, Poisson 
ratio, Friction coefficient and Restitution coefficient values of the AM 
and SE were retrieved from references [30,31] and used as Granular 
Force Field (GFF) parameters. More information about the GFF can be 
found in the SI. 

2.1.1. Initial microstructure generation 
To initialize the simulation workflow, a microstructure with 11,002 

particles of two types (AM and SE) and 14.96 mg/cm2 AM mass loading 
is generated by placing particles in randomly selected locations within a 
simulation box of 150 × 150 × 150 µm3. The simulations run in the NVE 
ensemble with an initial temperature of 300 K, meaning that the number 
of particles, simulation box volume and energy are conserved 
throughout the simulation workflow. This workflow is repeated with 
different initial particle arrangements achieved by changing the random 
seeds of particle localization to obtain 2 microstructures (M1 and M2) at 
each step for comparison. 

2.1.2. Uniaxial compressing 
The generated initial microstructure is then used as an input for the 

simulation of the uniaxial compression, where the boundary conditions 
of the x and y dimensions remain periodic, but the z dimension is fixed. 
However, we imitate the uniaxial compression by applying forces on the 
modeled microstructure along the z axis, as shown in Fig. 2 and in a 
supplemental video. This involves two moving planes to compress the 
microstructure with a force gradually increasing relative to the resis-
tance exerted by the microstructure until it reaches a maximum pressure 
of 375 MPa over an area of 150 × 150 µm2. The simulation runs until 
most values remain constant, i.e., the position of the plane on which the 
force is imposed, the force exerted on the plane, and the positions of the 
particles. Typically, this involves 400 µs of simulation time as we have 
already done tests with longer simulation time without noticing a sig-
nificant difference. The pressure applied by the planes is then gradually 
reduced back to ambient pressure in the same way. 

2.1.3. Isostatic compressing 
The uniaxially compressed microstructure is used in this simulation 

step as an input, shown in Fig. 3 and in a supplemental video. At this 
stage, all the boundary conditions are fixed at the dimensions of the 
simulation box. During the isostatic pressing, the microstructure was 
subjected to three different pressure values (1, 3 and 5 MPa) applied to 
the surface area of each side of the electrode to approximate isostatic 
compression. This range was chosen based on the experimental protocol 
in reference [28] with 5 MPa being the upper operational range of the 
device. Then, the size of all AM particles was expanded and contracted 
by 6 % [32,33] for five consecutive cycles to model their behavior upon 
lithiation and delithiation, respectively, occurring during the battery 
cell electrochemical cycling. In real systems, the size change of AM 
particles does not occur uniformly because of the heterogeneity in the 
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interfaces and AM active surface that lead to heterogeneous (de)lith-
iation electrochemical kinetics. As a result, when performing numerical 
electrochemical simulations using microstructures derived from our 
simulations, symmetrical charge and discharge profiles are anticipated, 
without difference in potential values since the AM particles revert to 
their original size after each step. This would be because of the homo-
geneous AM size change during the DEM simulations. However, by using 

this approach, we assume that the DEM model should be able to capture 
the effects of isostatic compression on the microstructure allowing for a 
comprehensive analysis of the resulting microstructural changes and 
stress distribution within the electrode during electrochemical cycling 
under applied pressure. Furthermore, our group is currently focused on 
developing numerical simulations that couple the electrochemical 
response with the mechanical behavior during (de)lithiation, which is a 

Fig. 1. Schematic representation of the simulation workflow based on the experimental procedure of cycling SSB composite cathodes under isostatic compressing.  

Fig. 2. Representation of the transition of M1 from the uniaxially compressed state to the relaxed state.  
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challenging task beyond the scope of this publication. 

2.1.4. Electronic conductivity and ionic geometrical tortuosity factor 
calculations 

In order to analyze the microstructural characteristics of the elec-
trode, we use physical properties and geometrical descriptors. We used 
the effective electronic conductivity σel arising from the percolated 
network of AM particles, and the geometrical tortuosity τ for ionic 
conduction along the percolated network of SE particles. The σel and τ of 
the microstructures serve as quantitative indicators for the impact of the 
compressing protocol on the electrode’s electrochemical performance. 
These parameters provide a simple means of assessing both the ionic and 
electronic properties of the simulated electrodes. 

To determine σel of the AM network and τ of the SE network within 
the microstructures, electronic and ionic current fluxes simulations were 
performed using ConductoDict and DiffuDict modules in GeoDict [34] 
software. The simulations of the current fluxes through the composite 
electrode involves reconstructing the microstructures by discretizing 
them into voxels, which are generated based on the output micro-
structures from DEM simulations. For this, a simple Python script was 
used, selecting a voxel length of 0.5 µm. Given the nature of the DEM 
simulations, particles present some overlap. The voxels corresponding to 
a region of the overlap between SE and AM are assigned to AM due to its 
higher Young’s modulus. The current fluxes simulations are conducted 
with a potential difference of 1 V along the thickness of the electrode. 
The results of the simulations are then normalized by the bulk conduc-
tivity value of AM. 

To calculate σel, the Poisson equation is solved within the simulation 
domain by applying a 1 V potential difference between opposite sides 
along the z direction. Ohm’s law is then utilized to obtain σel. Periodic 
boundary conditions are considered for the outer lateral planes of the 
microstructures. In the simulation, it is assumed that the ionic current is 
carried by the SE, while the electronic current is carried solely by the 
AM. 

The τ values correspond to the SE, where Li+ ions are transported 
through. They are determined using the equation τ= √(η/Deff), where η 
represents the volume fraction occupied by the SE and Deff is the 
effective diffusion coefficient for Li+ within the SE conductive media. 
The calculation of Deff involves solving Fick’s first law within the SE 
domain, considering a concentration difference Δc between the outer xy 
planes. Deff is obtained from the overall diffusive flux (j) using the 
equation: Deff = − j × length /Δc. Importantly, τ is a geometric property 
and remains independent of the specific values chosen for Δc and the 
diffusion coefficient within the SE. Periodic boundary conditions are 

applied in lateral dimensions. 

3. Results and discussion 

There is a strong correlation between the strain and the ionic con-
ductivity of solid materials as suggested in the literature [35], yet the 
optimization of the cycling protocols through the analysis of stress dis-
tribution remains largely unexplored in highly conductive SEs, e.g. sul-
fides, that are pivotal for SSBs. Particularly, the optimization of internal 
stress is shown to fine-tune the material’s mechanical properties [36], 
and to modulate its thermal and electronic transport [37]. In this sec-
tion, we assess the effects of uniaxial and isostatic compression on the 
stress distribution, as well as the ionic tortuosity and electronic con-
ductivity of the SSB cathode. We intend to simulate the fabrication of the 
composite electrode in real conditions to have an understanding on the 
stress impact at each step, since the electrode is usually pressed uni-
axially at 300–500 MPa before cycling to ensure high compaction [28]. 

3.1. Uniaxial and isostatic stress distribution 

Uniaxial compression necessitates the application of high pressures 
to achieve optimal microstructural compactness, on top of the disad-
vantage of increasing the tendency of AM cracking and subsequently 
shortening the SSB cell lifespan. As illustrated in Fig. 4, the micro-
structure subjected to uniaxial compression at 375 MPa exhibits a size- 
dependent stress among the AM particles, particularly noticeable in 
lateral directions. M2 exhibits the same phenomenon as shown in Fig. S2 
and S5 in the SI. Despite the compression being applied solely along the 
z-axis, smaller AM particles endure stress exceeding 500 MPa in all di-
mensions. However, stress levels vary depending on the particle type, 
with AM particles experiencing over twice the stress compared to SE 
particles across the microstructure thickness. However, particles in the 
bottom and the top parts of the simulation box experience less stress. 
The stress in those regions is close to the pressure boundary condition 
(375 MPa), but the bulk experiences higher stress because it is under the 
pressure of both top and bottom planes. Another remark is that the stress 
exerted on the SE particles is reduced by a factor of two with respect of 
that exerted on the AM, on average, due to the deformability and the 
lower mechanical stiffness of the SE particles and the overall stress 
distribution is uniform along all axes. 

Conversely, isostatic compression offers a less disruptive alternative, 
requiring lower pressure levels to maintain comparable microstructural 
compactness and ensure a more uniform pressure application from all 
directions. Therefore, the establishment of a meticulously controlled 

Fig. 3. Representation of the transition of M1 from the relaxed state to the isostatically compressed state.  
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stress distribution becomes imperative for enhancing electrochemical 
cycling protocols, thereby optimizing the battery cell’s overall cycle life 
and preserving the health of the AM and SE structural integrity. This 
milder approach not only mitigates the risk of structural damage but also 
contributes to the sustained performance and longevity of the SSB cell. 

Fig. 5a depicts M1 following isostatic compression simulations at 5 
MPa, with the maximum applied stress nearly two orders of magnitude 
lower than uniaxial compression, while still maintaining a well- 
compacted microstructure. Fig. S6a and b depict the isostatic compres-
sion of M1 at 1 and 3 MPa, respectively, while the same information for 
M2 are shown in Fig. S4 and S7. For uniaxial compression, we observe 
average stress values of almost 400 MPa along x axis, 380 MPa along y 
axis and 700 MPa along z axis, while for isostatic compression, stress 
varies between 6 – 16 MPa along the x and y axes, and 6 – 16 MPa along 
the z axis. Notably, particles in direct contact with the planes endure 
higher stress, particularly on larger particles at the edges, gradually 
decreasing towards the core of the microstructure. 

During the discharging phase, AM particles homogeneously expand 
by 6% in diameter [32,33]. Fig. 5a also highlights increased stress on 
AM particles as their size grows, corresponding to heightened contact 
points and forces exerted on them. The lateral stress is slightly higher 
towards the edges in the x and y dimensions, which decreases towards 
the core, impacting conductivity due to interruptions along the ionic and 
electronic pathways. However, a significant shift in stress occurs during 
the charging phase when AM particles contract back to their original 
size, leading to a transfer of stress to SE particles as AM particles occupy 
less volume. This results in a more homogeneous stress distribution 

across the microstructure thickness after the charge. 
Before the AM size increases to simulate discharging, AM experi-

ences higher stress compared to SE particles due to the deformable and 
soft nature of the SE. This gap in stress levels widens with AM particle 
expansion under load in a strictly compact volume creating more stress 
points. Eventually, the stress gap decreases until both AM and SE par-
ticles are exposed to similar stress levels (Fig. 5a and b) as AM contracts 
back to its original size. Furthermore, the analysis of the average exerted 
stress as a function of particle radius reveals a clear correlation between 
particle size and stress, with smaller AM particles experiencing higher 
stress compared to larger ones. This underscores the importance of 
considering particle properties and pretreatments while manufacturing 
SSB electrodes, as they determine stress distribution magnitude on the 
microstructure. 

From Fig. 5b (as well as S8a, S8b, and S8c in the SI), it is evident that 
the average stress applied across the cross-sectional area (xy plane) of 
the microstructure exhibits considerable heterogeneity. This variation 
arises from differences in the distribution of AM within the micro-
structure, despite both configurations having identical mass loadings. 
M2 notably displays a higher degree of stress variation compared to M1, 
particularly in the lower half of the y dimension. This concentrated 
stress distribution generates more prominent ionic percolation path-
ways, thereby enhancing the overall structural Li+ diffusivity. In refer-
ence [38] from our group, Torayev et al. used tomography imaging to 
reconstruct lithium− oxygen cathode microstructures to simulate the 
electrochemical performance based on the impact of pores arrangement 
and interconnectivity. They pointed out that exact pore locations can 

Fig. 4. Average stress exerted on each dimension of M1 as a function of particles’ position in z dimension and the radius under 375 MPa uniaxial compression. The 
microstructure is presented with particles color coded according to the exerted stress on each dimension. 
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Fig. 5. a) Average stress exerted on each dimension of M1 as a function of particles’ position in z dimension and the radius under 5 MPa isostatic compression. The 
microstructure is presented with particles color coded according to the exerted stress on each dimension. b) Heatmaps of exerted stress in z dimension at the dis-
charged and charged states over the xy cross-section of M1 and M2 under 5 MPa isostatic compression. 
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imply different performances, despite of two electrodes having the same 
overall porosity. Therefore, local geometrical heterogeneities in the 
conductive medium (stress induced SE particle arrangement in our case) 
has significant impact on the electrochemical performance of such 
systems. 

3.2. Electronic conductivity and ionic geometrical tortuosity factor 
calculations 

Isostatic pressing at low pressures demonstrates the potential to 
achieve conductivity levels comparable to those attained through uni-
axial pressing at nearly twice the order of magnitude. This presents a 
promising avenue for processing SSB cathodes, particularly when 
considering that uniaxial processes typically demand pressing pressures 
of up to 500 MPa. Fig. 6a and b show the evolution of σel and τ, 
respectively, from the uniaxial pressing step to the charge of the fifth 

cycle under isostatic compression. The pressure applied by the isostatic 
compression ranges from 1 MPa to 5 MPa (Fig. 6) whereas each of the 
two different microstructures is represented with a different marker 
shape. The σel is normalized by the electronic conductivity of the AM 
(σAM) to demonstrate the influence of particle arrangement. Similarly, 
Deff is normalized by the diffusion coefficient for Li+ ions within bulk SE 
(DSE) in Fig. S9 in the SI. Since the same resulting microstructures (M1 
and M2) from the preceding uniaxial compressing and relaxation steps 
are used as initial step to be compressed by 1, 3 and 5 MPa isostatically, 
their corresponding data points are superposed because they exhibit the 
same σel, τ and Deff values in Fig. 6 and S9. 

Uniaxial compression at 375 MPa leads to microstructure compac-
tion, resulting in reduced thickness and increased contact points be-
tween particles, thus yielding higher σel values compared to subsequent 
steps. However, a significant decrease is observed upon relaxation, fol-
lowed by partial recovery during isostatic compression. As AM particles 

Fig. 6. a) Electrodes’ σel evolution normalized by the conductivity of the AM (σAM) of the microstructures resulting from different isostatic compressions. b) 
Electrodes’ τ evolution for the microstructures resulting from different isostatic compressions. The x axis represents the microstructures resulting from different steps 
in the modeling workflow where Di and Ci refer to the discharging and charging for the ith time under isostatic compression. The green markers in the legend are 
aimed to differentiate the two microstructures and are not used for data representation. 
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expand, increasing in volume, σel rises and then declines upon returning 
to their original size during the isostatic step. Nevertheless, the σel 
exhibit a monotonic increase with increasing isostatic pressure. It should 
be noted that we are not accounting for the change of electronic con-
ductivity of AM in its lithiated and delithiated states, therefore our 
resulting values can be attributed to changes in geometry only. Despite 
yielding more compact microstructures with higher σel values, uniaxial 
pressing subjects AM and SE particles to stress ranges between 300 – 400 
MPa and 150 – 200 MPa, respectively, rendering AM particles suscep-
tible to cracking and SE particles to deformation. Hence, conductive 
carbon is often added to achieve elevated σel values and mitigate asso-
ciated issues [4]. 

The initial particle arrangement exhibits a noticeable impact on τ 
and Deff values, as shown in Fig. 6b and S9, albeit within the margin of 
error. Differences in τ and Deff values stem from distinct ionically 
conductive pathways resulting from varying SE particle arrangement. 
Furthermore, τ and Deff values displayed by the microstructures do not 
exhibit a monotonic dependence on the pressure of isostatic compres-
sion. As demonstrated in Fig. 6b and S9, the lowest τ and highest Deff are 
observed in a structure isostatically compressed at 1 MPa, followed by 3 
MPa and 5 MPa. The second microstructure exhibits Deff values close to 
those of uniaxial pressing and even surpasses it in the case of τ. This may 
be attributed to lower pressure allowing for easier particle rearrange-
ment; however, further investigation is needed to fully understand this 
phenomenon. 

According to a systematic examination of interlaboratory reproduc-
ibility [39], there is a significant challenge in comparing absolute 
measured ionic conductivity values reported in the literature. After 
distributing identical samples to multiple research laboratories for 
characterization, their conductivity determinations present consider-
able variability. The measured total ionic conductivity exhibited large 
ranges of up to 4.5 mS cm− 1 (1.3–5.8 mS cm− 1 for the most conductive 
sample, with a relative standard deviation ranging from 35% to 50% 
across all samples). This variation depends on the stress impact the SE 
particles arrangement and the interruptions in its conductive network. 
Thus, it is expected to have such variation in τ and Deff values between 
the two microstructures simulated (Fig. 6b and S9). Fig. 5b and Sup-
plementary Fig. S8a, b, and c collectively suggest that the augmented 
diffusivity observed in M2, as opposed to M1, may stem from stress 
variation. Specifically, regions within the cross-sectional area exhibiting 
elevated average stress along the z dimension play a role in compacting 
SE particles influencing the microstructure to have higher the overall 
diffusivity and tortuosity. 

In reference [4], Bielefeld et al. conducted an evaluation of the in-
fluence of a cone-like microstructure, characterized by the arrangement 
of AM and SE particles into conic pillars in direct contact, compared with 
a microstructure featuring stochastically arranged AM and SE particles. 
Their results indicate that the cone-like microstructure demonstrated 
notably enhanced values of active interface area compared to the sto-
chastic counterpart and experimental outcomes. Our findings, in addi-
tion to Bielefeld’s, show that enhanced structural arrangements 
contribute to improved values of τ and Deff. However, achieving ad-
vancements in overall SSB performance necessitates further 
development. 

Based on these observations, we found that isostatic compression of 
electrodes involving low-pressure application yields well-compacted 
electrodes with σel and τ values comparable to larger applied pres-
sures in uniaxial mode, at less material damage. The observed trend also 
indicates that σel values increase with isostatic pressures exceeding 5 
MPa (demonstrated in Fig. S10), yet decrease when pressures fall below 
1 MPa. Nonetheless, optimal isostatic compression pressures must be 
further refined to achieve optimal τ and Deff values (the attempt to 
simply increase the isostatic pressure is not sufficient as shown in 
Fig. S10b and c), thereby promoting the formation of a less tortuous SE 
network. It is noteworthy that (pre-)processing conditions, modeled by 
the difference of microstructural arrangement between M1 and M2, 

have a substantial impact on the microstructures, necessitating their 
optimization to complement the enhancement of the SE network char-
acteristics. This theoretical result is still in agreement with the experi-
mental work published in reference [28]. Nevertheless, incorporating 
smaller AM particles in SSB composite cathode design is still recom-
mended, in the literature, to enhance mechanical stability and improve 
electrochemical performance during cycling [40–42]. 

4. Conclusion 

We present a DEM workflow that provides a comprehensive assess-
ment of stress evolution in the manufacturing process and upon the 
electrochemical cycling of SSB electrodes. Such a model is proposed to 
provide more understanding of the electrochemistry-mechanics cou-
plings that are challenging to evaluate experimentally. The influence of 
uniaxial and isostatic compression on the ionic and electronic conduc-
tivity of SSB cathodes provides a better perspective for optimizing 
cycling protocols and enhancing battery performance. 

Our results highlight the dynamic relationship between pressure, 
microstructure, and conductivity. Uniaxial compression, while effective 
in achieving structural compactness with increased conductivity, poses 
challenges such as AM cracking and reduced battery lifespan due to high 
stress levels. In contrast, isostatic compression offers a less damaging 
alternative, resulting in well compacted electrodes with comparable 
conductivity and significantly reduced stress levels. The ability to 
maintain good structural uniformity through low stress is critical for 
improving cycling protocols and preserving the health of the AM par-
ticles. Furthermore, we observed dynamic shifts in stress distribution, 
with AM particles experiencing higher stress levels during expansion 
and a subsequent transfer of stress to SE particles upon contraction 
during the discharging and charging phases. This underscores the 
importance of understanding stress dynamics throughout the battery 
cycle for optimizing performance and longevity. 

Isostatic compression is a more efficient processing route for SSB 
cathodes, eliminating the need for high-pressure conditions associated 
with uniaxial methods. Our modeling results agree with the experi-
mental findings previously reported by some us, confronting them with 
3D dynamic mechanistic insights. The ability to achieve optimal elec-
trochemical performance at lower pressures is crucial for streamlining 
production processes of SSBs and reducing their manufacturing costs in 
their transition to industry. This work emphasizes the importance of 
controlled stress distribution in enhancing the cycling performance and 
longevity of SSB cathodes. It also contributes to the ongoing efforts to 
develop more efficient and reliable solid-state battery technologies, with 
implications for a wide range of applications. 
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