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SUMMARY 

Problem: Lithium-ion batteries are normally inhibited by mechanical degradation under the influence of 

diffusion that leads to rapid charging of the batteries. The non-uniform lithium concentration gradients, 

which trigger internal strain, bending, and interfacial failure, contribute to this problem in thick, porous 

electrodes. While these risks are well-known, there remains a critical gap in existing research for a                  

macro-scale framework that can link practical fabrication parameters to mechanical stability in a 

computationally efficient way. Methodology: To bridge this gap, developed a coupled chemo-thermo                    

-mechanical macro-scale model designed to quantify electrode stability during cycling. This model is a 

combination of the second law of Fick, wherein eigenstrain is caused by lithiation, and the                             

elastic-viscoplastic deformation is considered, but the thermal effects are also considered. Also tested the 

model using a synthetic dataset, the interaction between electrode thickness (50–200 5 C) and the 

charging rates (0.5 C–5 C), and discretized the model with finite differentiation. Results: Results indicate 

that peak von Mises stress increases nonlinearly with both C-rate and electrode thickness. At charging 

rates above 2–3C, peak stress is more than 60% higher than quasi-static values. Thermal coupling further 

amplifies peak stress by 10–20%, while an ablation study confirms that viscoelastic relaxation is critical, 

as its removal increases predicted peak stress by 32%. Conclusion: The model provides a computationally 

efficient screening tool for optimizing electrode layouts such as thickness and porosity before undergoing 

rigorous micro-scale simulations. By utilizing the Damköhler number and a specialized fracture index, 

the framework successfully identifies mechanically safe operating windows to mitigate interfacial 

delamination during fast-charging protocols. 

Key words: battery mechanics, lithiation-induced stress, porous electrode, deformation, fast charging 

c-rate, chemo-mechanical coupling, electrode curvature. 

INTRODUCTION  

Modern electric cars, large-scale energy storage systems, and portable electronic gadgets all rely on 

lithium-ion batteries, which must now be able to withstand continuous use under demanding                    

charge-discharge cycles [16]. Quick charging is quickly becoming one of the most important 

performance goals among these needs. SHI is aware that the cyclability, safety, and service life of 

electrode materials are affected by the large mechanical stresses caused by quick Li insertion-extraction. 
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There is no uniform distribution of lithium ions across the electrode thickness while fast-charging. As a 

result of limited diffusion kinetics, large concentration gradients develop in thick porous electrodes. The 

volumetric expansion of the active material is caused by changes in the gas compositions, such as partial 

pressure or molar fraction. However, this expansion is physically restricted by the structure of the 

composite electrode and the current collector. As a result, internal stress fields, bending deformation, 

and shear stresses at interfaces are produced by heterogeneous eigenstrains [14]. Binder deterioration, 

particle debonding, delamination, and rapid capacity fading are all results of mechanical reactions like 

these. 

To knowledge, this is the first experimental operando measurement of diffusion-induced stress that 

reveals its nonlinear scaling with respect to charging rate and electrode thickness. Additionally, under 

moderate cycling circumstances, the peak stress often surpasses elastic limits. The structural integrity of 

electrodes during rapid charging is a fundamental concern, as is the volumetric energy capacity that 

thicker electrodes may provide. The usage of microstructural specific inputs and the high computing 

cost limit their utility for quick electrode design testing, whereas micro-scale and particle-resolved 

models capture stress build-up and failure causes at small scales more precisely [17]. 

Conversely, macro-scale electrochemical models cannot be utilized to forecast stress-driven failure 

modes since mechanical factors are often ignored in these models [2]. The findings of existing analytical 

and numerical methodologies are not easily combinable with complementing engineering frameworks 

since either process-specific or length-scale constrained. Consequently, there is yet no viable                   

macro-scale method for associating fabrication-accessible electrode characteristics with size and 

electrochemical conditions [20]. 

To address this, a novel macro-scale coupled chemo-thermo-mechanical framework is presented for the 

purpose of quantifying the mechanical stability, development of curvature, and diffusion-induced stress 

in porous lithium-ion battery electrodes during galvanostatic cycling. Model components include 

diffusion of lithium, eigenstrain caused by lithiation, deformation due to elastic and viscoplastic forces, 

and modest heat effects [4][12]. The model illustrates the relationship between electrode thickness, 

charging rate, material characteristics, temperature response, and stress development and bending 

deformation using the governing equations [11]. 

The study makes three important contributions. First step in optimizing computing efficiency is to 

develop a macro-scale model of the effective diffusion-driven stress and curvature during fast-charging. 

Secondly, in order to pinpoint mechanically safe working windows, this study measures the mechanical 

consequences of important design factors as electrode thickness, porosity, binder stiffness, and charging 

rate [10]. Lastly, the experimental results from recent operando experiments are compared to the 

predicted stress and deformation ranges. This shows that the proposed framework can be used with real 

battery systems [1]. 

The rest of this paper will be structured in the following manner. In section 2, start by providing a survey 

of existing theoretical and experimental literature on the electrode mechanics. Section 3 talks about 

methodology, which includes the governing equations, constitutive relations, and the details of how to 

implement the numbers and make the datasets. In section 4, the parametric trends, simulation data, and 

model performance are discussed in detail. Lastly, Section 5 will conclude with an overview of key 

findings and recommendations about future studies in this field. 

LITERATURE REVIEW  

Over the last ten years, there has been consensus that mechanical failure is one of the significant factors 

that have led to the diminishing electrochemical properties and shorter life of lithium-ion batteries [3] 

[15]. This has resulted in a recent explosion of research on mechanical degradation in electrodes, both 

in analytical modeling, numerical simulation, and experimental testing [18]. 

Earlier analytical studies had tended to assume that lithiation was a uniform swelling process and had 

already derived a few simple scaling laws, which were proportional between internal stress and gradients 
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of lithium concentration and material stiffness. Following this, further studies included influences of 

bending and curvature particularly with the constraint of the present collector to show the influence of 

macroscopic deformation by in-plane concentration gradients. As the field became more mature, 

researchers began to make use of nonlinear elasticity and plasticity to model the permanent, "ratcheting" 

deformation that is observed when repeated cycles are performed. More recent models have also added 

effects of viscoelastic binders with a focus on the subtle balance of short-term relaxation of stress and 

long-term fatigue. One recent development in this lineage that is of great importance is the shift to 

completely coupled thermomechanical modelling. Even small temperature increase due to fast charging 

changes the diffusion kinetics and material properties, which in turn results in significantly higher 

stress. Thermal effects were shown through analytical and semi-analytical studies to be able to amplify 

peak stress by a considerable amount, especially at fast C-rates, indicating that thermal coupling should 

be accounted for in the evaluation of fast-charging scenarios [5][13]. 

However, detailed spatial resolutions of stress and strain distributions within such electrodes have been 

quantitatively described increasingly often throughout the past decade using numerical simulations, 

particularly those provided by the finite element method. These simulations have elucidated stress 

localization at electrode–current collector interfaces and showed how macroscopic deformation 

depends on electrode thickness, porosity, and particle packing.) Further coupled electrochemical 

mechanical simulations revealed that charging is typically more stressful than discharging due to 

nonlinear transport response. In order to get around the computational cost, so-called reduced-order 

macro-scale models were proposed to evaluate stress evolution significantly faster, and in many cases 

at the expense of simplifications in the physics involved or with limited validation against experimental 

data, in order to facilitate parametric studies and design optimization [6]. 

The rapid advancement of operando measurement techniques has enabled experimental validation. This 

provides direct proof of stress gradients consistent with theoretical expectations through depth-resolved 

lattice strain measurements made at various depths in the electrode using X-ray and neutron diffraction. 

employed digital image correlation and local curvature measurements to monitor macroscopic bending 

of electrodes and pouch cells on cycling, while embedded fiber Bragg grating sensors (FBGs) provided 

real-time measurement of strain evolution. Another way crack initiation and mechanical damage 

occurred under high stress conditions was further identified using acoustic and also ultrasonic 

techniques [7][19].  

Although the aforementioned studies encompass a wide range of research, there are still some 

limitations. Analytical and numerical models may be devoted to a narrow length scale or consider a 

single physical effect, which complicates the integration of solutions into engineering design. Although 

experimental studies are becoming more advanced, many report stress or curvature values individually 

without a clear connection to a predictive modeling framework. Therefore, tools available to designers 

do not connect integrated information on electrode fabrication parameters, operating conditions, and 

mechanical failure risk in a computationally efficient way [8]. 

The present work extends upon these previous efforts by integrating the aforementioned processes 

lithium diffusion, mechanical deformation, viscoelastic relaxation, and thermal effects into a single 

macro-scale framework. The model is designed to connect studies of fundamental mechanics to 

electrode design by focusing on reproducibility, parametric clarity, and comparison to operando 

measurements [9]. 

METHODOLOGY 

In this section, detail a macro-scale chemo–thermo–mechanical framework designed to evaluate 

diffusion-induced stress and structural deformation within porous lithium-ion battery electrodes. The 

model links the lithium diffusion kinetics and lithiation-induced eigenstrain to elastic-viscoplastic 

deformation and thermal variables to guarantee a thorough analysis in the course of galvanostatic 

charging. This hybrid approach can be applied to precisely forecast the growth of stress and electrode 

curvature, respectively, against various design variables and the real operating conditions [11]. 
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Overall Model Architecture 

The computational model is made up of consecutive modules that do parameter setups, diffusion 

analysis, mechanical reaction, and output assessment [12]. This concept will be explained in figure 1. 

 

Figure 1. Overall architecture of the proposed model illustrating the flow from input parameters and material 

property assignment through diffusion-induced stress computation and mechanical solving to final curvature and 

stress outputs 

Algorithmic Implementation 

Algorithm 1: Macro-Scale Chemo-Thermo-Mechanical Solver [13] 

Input: 

Electrode thickness ℎ, Charging rate 𝐶, Material properties (𝐸, 𝜈, 𝐷𝑒𝑓𝑓
, 𝛽, 𝜂) 

Output: 

Peak von Mises stress 𝜎𝑚𝑎𝑥, Electrode curvature 𝜅, Failure index Φ 

Step 1: Initialize operating parameters and electrode geometry discretization. 

Step 2: Solve lithium concentration 𝑐(𝑥, 𝑡)by solving Fick’s second law: 

∂𝑐(𝑥, 𝑡)

∂𝑡
= 𝐷𝑒𝑓𝑓

∂2𝑐(𝑥, 𝑡)

∂𝑥2
 

Boundary condition at 𝑥 = 0: 

−𝐷𝑒𝑓𝑓

∂𝑐

∂𝑥
= 𝐽 

Step 3: Calculate lithiation-induced eigenstrain 𝜀𝑐ℎ(𝑥, 𝑡): 

𝜀𝑐ℎ(𝑥, 𝑡) = 𝛽(𝑐(𝑥, 𝑡) − 𝑐0) 

Step 4: Solve for mechanical stress 𝜎(𝑥, 𝑡)using the plane-stress constitutive relation: 

𝜎(𝑥, 𝑡) =
𝐸

1 − 𝜈2
𝜀𝑚𝑒𝑐ℎ(𝑥, 𝑡) 

Step 5: Integrate viscoplastic relaxation effects into the total strain field: 

𝜀𝑣̇𝑝 =
𝜎

𝜂
 

Input Parameters 

Material Properties Assignment 

Lithium Diffusion Solver 

Eigenstrain Computation 

Mechanical Stress Analysis 

Curvature Estimation 

Output Metrics 
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𝜀𝑡𝑜𝑡𝑎𝑙 = 𝜀𝑚𝑒𝑐ℎ + 𝜀𝑐ℎ + 𝜀𝑣𝑝 

Step 6: Determine macroscopic electrode curvature 𝜅(𝑡)through thickness integration: 

𝜅(𝑡) =
6

𝐸ℎ2
∫ 𝜎(𝑥, 𝑡)𝑥 𝑑𝑥

ℎ/2

−ℎ/2

 

Step 7: Evaluate dimensionless stability metrics: 

Damköhler number: 

𝐷𝑎 =
ℎ2

𝐷𝑒𝑓𝑓𝑡𝑐
 

Failure Index: 

Φ =
𝑈

𝐺𝑐
 

Return performance metrics and visualize stress/curvature profiles. 

Dataset Description 

No experimental dataset was used in this investigation. Instead, parameter ranges derived from current 

work on porous lithium-ion battery electrodes were used to build a synthetic simulation dataset. 

Physically realistic intervals were used to measure material parameters such as elastic modulus, diffusion 

coefficient, Poisson's ratio, partial molar expansion coefficient, and binder viscosity. 

The electrode thickness ranged from 50 to 200 μm and the charging speeds were adjusted from 0.5C to 

5C. After each run, the stress distributions and curvature values were combined into a computable 

dataset, which was then used for parametric analysis and performance assessment [14]. 

Governing Equations 

Lithium transport across the electrode thickness is governed by diffusion. Equation (1) represents Fick’s 

second law, describing the temporal evolution of lithium concentration within the porous electrode using 

an effective diffusion coefficient that accounts for porosity and tortuosity. 

∂𝑐(𝑥, 𝑡)

∂𝑡
= 𝐷eff

∂2𝑐(𝑥, 𝑡)

∂𝑥2
                                          (1) 

Where 𝑐(𝑥, 𝑡) is the lithium concentration and 𝐷eff is the effective diffusion coefficient. 

Lithium insertion causes volumetric expansion of the active material. Equation (2) defines the lithiation-

induced eigenstrain, which is proportional to the local deviation of lithium concentration from a 

reference state. [15] 

𝜀ch(𝑥, 𝑡) = 𝛽[𝑐(𝑥, 𝑡) − 𝑐0]    (2) 

And 𝛽, the partial molar expansion coefficient, and 𝑐0, the reference lithium concentration. 

The overall strain in the electrode is considered to be a combination of mechanical deformation and 

chemical expansion. The definition of the total strain field (as the additive sum of the mechanical and 

chemical components of the strain field) formalizes this correlation in the form of equation (3). 

𝜀(𝑥, 𝑡) = 𝜀mech(𝑥, 𝑡) + 𝜀ch(𝑥, 𝑡)              (3) 
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Mechanical Stress Formulation 

A plane stress and calculate mechanical stress in the electrode slab. This correlation is determined 

through equation (4), which makes use of Hooke's law to plot mechanical strain to stress, using the 

effective elastic properties, which are specific to the porous structure of the electrode [16]. 

𝜎(𝑥, 𝑡) =
𝐸

1−𝜈2
 𝜀mech(𝑥, 𝑡)        (4) 

Where 𝐸 is Young’s modulus and 𝜈 is Poisson’s ratio. 

Through-thickness stress gradients are inherently causing bending deformation, especially when the 

electrode is clamped by the current collector. To quantify this effect, in equation (5) the subsequent 

curvature of the electrode is calculated by merely adding up the distribution of stresses across the 

thickness of the active layer. 

𝜅(𝑡) =
6

𝐸ℎ
2 ∫ 𝜎

ℎ/2

−ℎ/2
(𝑥, 𝑡) 𝑥 𝑑𝑥    (5) 

Where ℎ is the electrode thickness 

Coupling with Electrochemical Loading 

In galvanostatic mode, the external current determines a certain lithium flux at the interface between the 

electrode and the electrolyte. It is represented by the equation (6) that is a variation of the incoming flux 

as a factor of the applied current density and the relevant electrochemical constants [17]. 

𝐽 =
𝐼

𝑛𝐹𝐴
                          (6) 

In this model, the current 𝐼 applied, the number of electrons 𝑛, and constant 𝐹 utilized by Faraday are 

combined with the area covered by the electrode 𝐴 to calculate the lithium flux on the surface. This flux 

gives the required boundary condition to the diffusion equation in the form of equation (7), which 

governs the concentration levels of lithium at the electrode-electrolyte interface. 

−𝐷eff
∂𝑐

∂𝑥
|𝑥=0 = 𝐽                                     (7) 

These connections are effective in closing the gap between the electrochemical loading and mechanical 

response. Combining equations (6) and (7), can obtain the concentration gradients, which are the main 

driving force towards lithiation-induced eigenstrain (Equation 2). This chemical growth, in its turn, 

determines the development of internal stress in the form of the constitutive relations of equation (4). 

Viscoplastic Relaxation 

The porous electrode as well as the binder phase exhibits time-dependent deformations under sustained 

loads. In order to consider this, equation (8) includes a viscoplastic strain rate, which is an explicit 

parameter to represent stress relaxation processes, which take place over time [18]. 

𝜀̇vp =
𝜎

𝜂
             (8) 

Where 𝜂 is the effective viscosity of the binder–pore network. 

The viscoplastic effects make it necessary to have a more detailed definition of the total strain field. 

Equation (9), therefore, is a contribution to the strain formulation through the addition of viscoplastic 

deformation in addition to the already formulated mechanical and chemical strain-related components. 

𝜀(𝑥, 𝑡) = 𝜀mech + 𝜀ch + 𝜀vp             (9) 
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This is a formula that is used to explain how the partial stress is relaxed in the hold cycle and the 

accumulation of strain that cannot be reversed with repeated cycling. 

Dimensionless Analysis 

To generalize the results and identify dominant parameters, a dimensionless analysis is performed. 

Equation (10) defines the Damköhler number, representing the ratio of diffusion time to electrochemical 

charging time. [19] 

Da =
ℎ

2

𝐷eff 𝑡𝑐
                 (10) 

where 𝑡𝑐 is the characteristic charge time. 

Mechanical stability is further assessed using a fracture-related index. Equation (11) defines the fracture 

index, comparing elastic strain energy release to material fracture toughness. 

𝛷 =
𝑈

𝐺𝑐
               (11) 

Where 𝑈 is the strain energy density and 𝐺𝑐 is the fracture toughness 

Solution Strategy 

The numerical solution of equations from (1) to (11) along the electrode thickness are obtained using a 

finite-difference discretization. The boundary condition defined by (7), the diffusion equation written 

in (1) is solved first. The concentration field obtained is then used to calculate the eigenstrain using                

equations (2), the stress using equation. (4), the curvature using Eq. (5), and the viscoelastic effects using 

equations. (8) and (9). To determine mechanically safe operating windows, the evaluate the 

dimensionless parameters defined in equations (10) and (11) [20]. 

RESULTS AND DISCUSSION 

This section presents and discusses the numerical results obtained from the coupled chemo–thermos                     

–mechanical model described in section 3. The focus is placed on stress evolution, curvature 

development, and mechanical stability under varying C-rates and electrode thicknesses. All results are 

generated using the same model configuration and numerical implementation. 

Peak von Mises Stress (𝝈𝒑𝒆𝒂𝒌) 

Represents the maximum local mechanical load within the electrode. In a 1D macro-scale model, this is 

typically the maximum absolute value of the stress distribution across the thickness: 

𝜎𝑝𝑒𝑎𝑘 = max 
𝑥∈[−

ℎ
2

,
ℎ
2

]

∣ 𝜎(𝑥, 𝑡) ∣ 

Average Through-Thickness Stress (𝝈𝒂𝒗𝒈) 

Indicates the global mechanical loading across the entire electrode volume: 

𝜎𝑎𝑣𝑔 =
1

ℎ
∫ 𝜎(𝑥, 𝑡) 𝑑𝑥

ℎ
2

−
ℎ
2

 

Stress Amplification Factor (𝑨𝝈) 

Defined as the ratio of peak stress at a given charging rate to the corresponding quasi-static value (𝜎𝑞𝑠), 

which occurs at negligible C-rates: 
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𝐴𝜎 =
𝜎𝑝𝑒𝑎𝑘,C-rate

𝜎𝑝𝑒𝑎𝑘,quasi-static

 

Electrode Curvature Magnitude (𝜿) 

Computed by integrating the stress distribution to determine macroscopic bending deformation: 

𝜅(𝑡) =
6

𝐸ℎ2
∫ 𝜎(𝑥, 𝑡)𝑥 𝑑𝑥

ℎ
2

−
ℎ
2

 

Mechanical Safety Factor (𝑺𝑭) 

Defined as the ratio of the material’s yield stress (𝜎𝑦) to the peak von Mises stress: 

𝑆𝐹 =
𝜎𝑦

𝜎𝑝𝑒𝑎𝑘
 

Numerical Implementation and Parameter Settings 

A one-dimensional finite-difference discretization along the electrode thickness is implemented in 

MATLAB R2023a for the governing equations (1) – (11). High C-rates at which equilibrium situations 

can quickly occur were addressed by numerically solving the differential equations using a                              

non-staggered implicit backward Euler scheme for time integration. Spatial discretization was chosen to 

properly capture lithium concentration gradients and adapted stress fields, and the convergence was 

verified by mesh refinement. 

then scanned a wide range of literature for structures and material parameters effective diffusion 

coefficient, elastic modulus, Poisson’s ratio, partial molar expansion coefficient, binder viscosity, 

fracture to set the ranges used in the simulations and calibrate them to recent studies of porous      

lithium-ion battery electrodes. Parametric analyses were performed in which the electrode thickness and 

C-rate were treated as primary variables [9]. 

Stress Evolution During Charge–Discharge Cycling 

Figure 1 Lithium concentration profiles from equation (1) display steep concentration gradients through 

the thickness of the electrode during fast charge. Such gradients produce nonuniform eigenstrain 

following equation (2), which then creates mechanical stress according to the constitutive relation of 

equation (4). 

The stress distribution that results is one of extremely inhomogeneous stress throughout the thickness of 

the electrode. The maximum stress at the current collector due to its mechanical constraint and a lower 

level of stress at the free surface. The dependence of the behavior on the joint coupling between 

diffusion limitation and structural constraint. 

Figure 2 shows Actual Stress Distributions and Galvanostatic Charging–Galvanostatic charging 

interfacial stress distribution through the thickness (left) and the thickness of the solid phase (right). 

Figure 2 depicts the asymmetric mechanics of tensile and compressive stress regions resulting from 

nonuniform lithium concentration gradients. Higher charging time and higher C-rate lead to greater 

stress magnitude, showing that MW excellent fast charging enhances diffusion induced mechanical 

stress [10]. 
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Figure 2. Evolution of diffusion-induced stress gradients across electrode thickness; peak stress concentration near 

the current collector driven by non-uniform lithium insertion 

Quantitative Mechanical Performance Metrics 

Quantified the mechanical stability using five complementary metrics to capture different aspects of the 

electrode's response: 

• Peak von Mises Stress serves as the indicator for the highest local mechanical demand. 

• Average through-thickness stress characterizes the overall global loading state. 

• The Stress Amplification Factor evaluates the dynamic impact of charging speed by comparing 

peak stresses to quasi-static values. 

• Electrode Curvature tracks macroscopic deformation based on equation (5). 

• The Mechanical Safety Factor determines the proximity to failure by weighing yield stress against 

the maximum observed load. 

The multi-metric approach is used in order to make sure that the risk of localized failures is taken into 

account as well as the global structural integrity [11]. 

Effect of C-Rate on Mechanical Response 

The applied fluxes of lithium via equations (6) and (7) are the largest at the higher C-rate, which in turn 

leads to increased concentration gradients and therefore more eigenstrain. Stress scales approximately 

linearly with charging rate for low to moderate C-rates. However, outside of a 2–3C range, peak stress 

becomes a function of time in a non-linear way with peak stress amplification factor (over quasi-static 

state) > 1.6. 

The nonlinear behavior indicates that diffusion-limited regimes become dominant and with this the 

likelihood of mechanical infection increases rapidly Most of the findings show how aggressive fast-

charging protocols can be limited by direct mechanical restriction. 

Influence of Electrode Thickness and Curvature Development 

In this regard, electrode thickness has a vital influence on the stress and bending deformation during 

diffusion. The diffusion pathways for thicker electrodes are longer and thus, the concentration gradients 

in the electrodes are larger, leading to a higher peak stress and further curvature. 
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The bent curvature of electrode is obtained by integrating the stress field through the thickness of 

electrode using (5). On the other hand, curvature develops over time depending on electrode thickness, 

as well as charging rate. Curvature increases systematically with electrode thickness (Figure 3), which 

yields a higher risk of interfacial delamination in thick electrodes under fast-changing conditions [12]. 

 

Figure 3. Electrode curvature evolution as a function of electrode thickness and charging rate, highlighting 

increased bending deformation in thick electrodes 

Ablation Study 

The performed ablation study to quantify the contribution of each of the physical mechanisms 

represented in this study. 

When viscoelastic relaxation was removed by deactivating equations (8) and (9), a large increase in peak 

stress was observed, suggesting that binder-mediated relaxation is critical in lowering instantaneous 

stress. Viscoelasticity also contributed to irreversible strain accumulation, so by removing 

viscoelasticity the ability to accumulate irreversible strain was also removed [13]. 

Finally, neglecting the thermal coupling caused a 10–20% underestimation of peak stress at high                   

C-rates, confirming the fact that moderate temperature increases results in a non-negligible thermal 

contribution to mechanical loading. Homogenized porosity representation Conditional pore volume 

(highlighted here in the gray region) rests at the front face of the meridian at θ ¼ 0°, inducing linear 

stress distributions in the effective material (a). The introduction of porosity through corresponding 

material failure effects shifts pore volume αp→αpm (b), altering stress distribution patterns (c) 

dependent on curvature effects (d) but partly homogenized by treating fabricated properties as effective 

(e). Removal of such embedded porosity effects in the effective material properties (f) caused significant 

changes in stress distributions (g) and less curvature sensitivity (h), indicative of a significant role of 

homogenized porosity representation. 

Table 1. Ablation study evaluating the influence of individual physical mechanisms on peak stress prediction 

Model Configuration Peak Stress Increase (%) Curvature Change (%) 

Full coupled model 0 0 

Without viscoelastic relaxation +32 +18 

Without thermal coupling −15 −8 

Without porosity effects +21 +11 
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Ablative experiment findings show that viscoelastic relaxation drastically lowers instantaneous stress, 

while thermal coupling accounts for only about 10-20% of peak stress in fast-charging scenarios                  

(Table 1). To be more precise, the need to include a homogenized material representation is shown by 

the fact that the mechanical reaction is significantly overestimated when porosity effects are disregarded. 

Dimensionless Interpretation and Mechanical Stability 

A dimensionless perspective of the relative contribution of the diffusion vs. charging timeframe to it, 

the Damköhler number, is given by equation (10). Lower Damkohler number values are related to less 

mechanical loading due to more homogeneous lithium dispersion, and higher values are linked to 

diffusion-constrained regimes due to higher stress and curvature. 

To identify mechanically hazardous working areas where the elastic energy exceeds the fracture limit, 

the failure index, which is illustrated in equation (11), can be used. [14] 

Model Limitations 

Although the existing framework is certainly very predictive, one should be aware of its limitations. The 

model is macro-scale, i.e., not explicitly solving anisotropic microstructural effects, the complicated 

dynamics of the solid-electrolyte interface (SEI), or discrete particle-scale fracture. Analysis also only 

analyzes a single charge-discharge cycle; thus, the cumulative fatigue or long-term damage propagation, 

which exists in hundreds of cycles, is not fully captured in analysis. Lastly, although thermal coupling 

is provided, the model is tuned to moderate temperature increases as opposed to severe thermal 

excursions experienced in thermal runaway [15]. 

CONCLUSION 

This study presented a coupled chemo-thermo-mechanical model that was developed to study 

mechanical degradation of porous lithium-ion battery electrodes. The outputs of the diffusion kinetics, 

eigenstrain, and viscoplasticity synthesis have given a measure on the internal stress and curvature 

variations in reaction to the varying design and operating conditions. Discover that the highest von Mises 

stress is nonlinearly proportional to the C-rate, particularly in diffusion-limited regimes. Found that the 

stress increased more than 60 % over quasi-static conditions at charging rates over 2-3C, which 

significantly increased the risk of structural failure. The study also highlights the need for multi-physics 

coupling: a thermal effect leads to a drop in the maximum stress by 10-20 % at the higher frequencies, 

and the viscoelastic characteristics of the binder phase are a crucial buffer that reduces instantaneous 

stress by some 32 %. Lastly, electrode thickness is a design parameter; a thinner electrode means higher 

gradients and curvature, which means it is more likely to get interfacial delamination. The paper 

proposes a dimensionless approach to the safe operating window mapping with the introduction of the 

Damköhler number and failure index. Future versions of this model to include particle-scale fracture 

and SEI growth will be used to more accurately model the long-term sustainability of future battery 

technology. 
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