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ABSTRACT 

CHUNHAO YUAN. Mechanical Instability of the Interfaces in Solid-State Batteries 

(Under the direction of DR. JUN XU) 

All-solid-state batteries (ASSBs) are considered promising candidates for next-

generation batteries due to their excellent safety performance guaranteed by inorganic solid 

electrolytes (SEs) with the non-flammability nature, as well as the greatly increased energy 

density enabled by the adoption of lithium metal anode. Unlike conventional lithium-ion 

batteries (LIBs) using liquid electrolytes, all the components within the ASSBs system, 

including the composite cathode, lithium anode, and solid electrolyte, are solid-state. Solid-

solid interfacial contacts within ASSBs, such as the dendrite-electrolyte interface and 

electrode-electrolyte interface, are the origin of interfacial instability issues. The interfacial 

instability problems mainly exhibit in the form of lithium dendrite growth-induced short 

circuits and interfacial debonding failure inside composite cathode, which are the major 

hurdles on the road towards the large-scale commercialization of ASSBs. Experimental 

characterizations are limited by the coupling of the solid nature of SE (vision overlap), and 

ultrasmall length scale. Therefore, versatile and physics-based models to describe the 

electrochemical behaviors of the ASSBs are in pressing need.  

Herein, considering the highly multiphysics nature of ASSB behaviors, fully coupled 

electrochemo-mechanics models at different scales are developed to investigate the 

underlying mechanism of dendrite growth and interfacial failure. From the energy 

conservation perspective, the electrochemical-mechanical phase-field model at the 
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electrolyte scale is firstly established to explore the dendrite growth behavior in 

polycrystalline SE. The newly formed crack and the grain boundary are found to be the 

preferential dendrite growth paths, and stacking pressure affects the driving force for both 

dendrite growth and crack propagation. Next, the cell-scale multiphysics modeling 

framework integrating the battery model, mechanical model, phase-field model, and short-

circuit model is developed to study the entire process from battery charging to dendrite 

growth and to the final short circuit. The governing effects from various dominant factors 

are comprehensively discussed. Further on, inspired by the “brick-and-mortar” structure, 

the strategy of inserting heterogeneous blocks into SEs is proposed to mitigate dendrite 

penetration-induced short circuit risk, and the overall dendrite mitigation mechanism map 

is given. Finally, the three-dimensional fully coupled electrochemical-mechanical model is 

developed to investigate the interfacial failure phenomena, taking into account the 

electrochemical reaction kinetics, Li diffusion within the particle, mechanical deformation, 

and interfacial debonding. The randomly distributed LiNi1/3Co1/3Mn1/3O2 primary particles 

result in the anisotropic Li diffusion and volume variation inside the secondary particle, 

leading to significant nonuniformity of the Li concentration, strain, and stress distributions. 

This also serves as a root cause for the internal cracks or particle pulverization. The particle 

volume shrinkage under the constraint of the surrounding SE triggers the interfacial 

debonding with increased interfacial impedance to degrade cell capacity. This study 

explores the dendritic issue and mechanical instability inside ASSBs from the multiphysics 
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perspective at different scales, obtaining an in-depth understanding of the electrochemical-

mechanical coupling nature as well as providing insightful mechanistic design guidance 

maps for robust and safe ASSB cells.  
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NOMENCLATURE 

Nomenclature 

sc  Site density of Li metal 
 

Li  
Partial molar volume of Li 

metal 

n  Number of electrons involved 

in electrode reaction for Li 

 
LiE  Young’s modulus of Li metal 

Liσ  Conductivity in Li 
 

Liν  Poisson’s ratio of Li metal 

ξ

σL  Interface mobility of Li 
 

Liρ  Density of Li metal 

ξ

ηL  Reaction constant of Li 
 

0c  
electrolyte bulk Li-ion 

concentration 

LiW  Barrier height of Li 
 

SEσ  
Conductivity in solid 

electrolyte 

ξκ  Gradient coefficient of Li 
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  Interface mobility of LLZO 

LiD  Li-ion diffusivity in Li 
 

W
 Barrier height of LLZO 

  Gradient coefficient of solid 

electrolyte 

 
  Anisotropy strength 

SED  
Li-ion diffusivity in solid 

electrolyte 

 
  

Crystallographic symmetry 
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Partial molar volume of solid 

electrolyte 
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SEE  
Young’s modulus of LLZO 

grain 

 
F  Faraday’s constant 

SEν  Poisson’s ratio of grain 
 

R  Gas constant 

SEρ  Density of solid electrolyte 
 

T  Temperature 

GBE  
Young’s modulus of grain 

boundary 

 
crW  Barrier height for crack 

cr

σL  Interface mobility for crack 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

With the merits of relatively high energy density and good cyclability performance, 

lithium-ion batteries (LIBs) are widely used in portable electronic devices, smartphones, 

and electric vehicles (EVs) 1, 2. Under the rapid development of the EVs’ market and the 

huge demand for electronic products, new requirements have been put forward for current 

LIBs, including improvement of the energy density to increase the EVs’ mileage and a 

guarantee of battery safety to avoid the mechanical/electrical/thermal abuse-caused fire or 

explosive accidents 3-6. In this context, all-solid-state batteries (ASSBs) are proposed as 

promising next-generation batteries to address the thorny energy density and safety issues 

of current LIBs 7-9. On the one hand, the use of Li metal with low mass density and high 

specific capacity (3860 mAh/g, ten times higher than that of conventional graphite anode 

372 mAh/g) as the anode can greatly improve the battery energy density 10-13; on the other 

hand, the solid electrolytes (SEs) have the nature of non-flammability and a wide stable 

electrochemical window which can solve the safety issues from the root 14-18. Nevertheless, 

different from the liquid electrolyte-based LIBs, all components of ASSBs are solid-state, 

including the lithium anode, SE, and the composite cathode, and the interfacial instability 

between adjacent components (i.e., Li-SE, dendrite-SE, cathode particle-SE in Fig. 1 9) 

causes the poor cyclability and performance degradation of ASSBs 19-22, which needs 

urgent investigation from both experiment and modeling. Due to the solid nature of all 
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components, state-of-the-art experimental characterization is insufficient to provide direct 

in-situ observation of buried interfacial evolution. To complement this, numerical 

simulation is a powerful tool that enables a more in-depth understanding of the underlying 

mechanism 23-25. Moreover, further understanding of the interfacial instability mechanism 

directs the improvement and safety design of ASSBs. 

 
Figure 1 Summary of the interfacial issues in all-solid-state batteries 9. 

 

1.2 Literature review 

1.2.1 Solid electrolyte 

Solid electrolytes are considered to resolve the safety issues of ASSBs due to the 

intrinsic nature of non-flammability and high-temperature stability. There are mainly two 

types of SEs, i.e., inorganic ceramic electrolytes (ICEs), and solid polymer electrolytes 

(SPEs) 12, 26-28. ICEs are ceramic materials that can transport Li-ions during charging and 

discharging, including oxides, sulfides, and nitrides, which usually have high Young’s 

modulus and better ionic conductivity. SPEs are mixtures of polymers and Li salts with 
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good flexibility but low Young’s modulus and poor ionic conductivity. In addition to the 

ICEs and SPEs, another candidate is the mixture of the two (i.e., composite electrolytes) to 

combine the advantages of ICEs and SPEs 28-31. With research effort in the past decades, 

the ionic conductivity of ICE-type solid electrolytes has now reached or even surpassed the 

level compared to their liquid-based counterpart 10. Thus, it is no longer the limiting factor 

of SEs. As such, ICEs are considered promising solid electrolytes. 

Among the ICEs, L7La3Zr2O12 (LLZO) electrolyte with a high Young’s modulus, a 

practical ionic conductivity, and a wide electrochemical stability window is considered one 

of the most promising applicable SEs. The higher relative density of LLZO results in a 

lower fracture toughness and larger ionic conductivity 32. This finding allows modulating 

the SE property by controlling fabrication pressure to modify the relative density or by 

combining SEs with different properties. Since a solid electrolyte is a single-ion conductor, 

there is no Li-ion concentration gradient within the electrolyte, which is the main reason 

for the dendrite growth in the liquid LIBs 10, 33. In addition, previous theoretical work has 

shown that a solid electrolyte with a shear modulus two times higher than that of the 

polymer-based separator enables dendrite suppression 34. With the aid of advanced 

characterization techniques (e.g., scanning electron microscope (SEM), transmission 

electron microscopy (TEM) and synchrotron X-ray computed tomography (CT)), it is 

found that the dendrite still grows within the SE with an ultra-high modulus (e.g.,~150 GPa 

for LLZO). This evidence clearly demonstrates that there should be other governing factors 
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for dendrite growth besides the modulus. Further investigation and improvement for SEs 

are needed to pave the path of commercialized ASSBs 26-29, 35-37. 

1.2.2 Dendrite initiation and growth 

During the Li plating process, Li ions from the solid electrolytes are reduced at the 

interface between the lithium anode and electrolyte to deposit as Li atoms at the anode side. 

The deposited lithium is uniform without any disturbance, and the Li anode surface is 

smooth. Due to some specific inhomogeneities, the dendritic shape of lithium may occur, 

i.e., the dendrite nucleation/initiation (Fig. 2(a)). Efforts from both theoretical analysis and 

experimental characterization have been endeavored to explore the mechanism 38-45.  

There are two possible mechanisms to explain the dendrite initiation position in 

ASSBs: 1) initiation at the Li-SE interface 46-51 (Fig. 2(b)); 2) initiation inside the SE 44, 48, 

52, 53 (Fig. 2(c)). Firstly, there are inevitable nonuniform contact and interfacial defects at 

the Li-SE solid-to-solid interface, such as grain boundary, voids, cracks, impurities and 

pores 10, 14, 49, 54-57. Due to the existence of these defects, the local current density will vary 

with the interface geometry 58, which will eventually result in localized current density-

induced inhomogeneous Li plating. The protruding plated lithium will enhance the 

surrounding electric potential and further accelerates the dendrite nucleation 10. Most 

crystalline ICEs exist in polycrystalline form composed of grains and grain boundaries 49. 

The low ionic conductivity of the grain boundary is supposed to be the reason for 

preferential dendrite initiation and growth along grain boundary 59. Secondly, inside the 



5 

 

 
 

SEs, there are also some defects, such as voids and pores 10, and grain boundaries, 

especially for polycrystalline SEs. According to DFT calculation, the trapped excess 

surface electrons inside the grain boundary of SEs can directly reduce Li-ions to lithium 

dendrite 53. The dendrite formation inside SEs is also reported to be caused by reduced 

local electric bandgap 52. According to the dendrite initiation position, there are also two 

routes for dendrite to penetrate the cell and trigger the short circuit: 1) dendrite initiates at 

the Li-SE interfacial defect, then grows and penetrates the SEs, finally reaches the other 

electrode to trigger short circuit; and 2) dendrite formation occurs at different positions 

inside the SEs, then the isolated dendrites are interconnected to serve as the electron 

transport path to short circuit the battery. 

 
Figure 2 Dendrite initiation behavior in ASSBs: (a) schematic illustration of dendrite 

initiation; (b) dendrite initiation at the Li-electrolyte interface 54-58; (c) dendrite formation 

inside electrolytes 52, 53. 
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Plenty of research discovered that, for one specific electrolyte, dendrite penetration-

caused short circuit always occurs above a certain current density (i.e., the critical current 

density (CCD)). Most reported CCD is lower than 1 mA/cm2 12, 60, while the practical 

current density for batteries is above 2 mA/cm2 14. To fully understand the dendrite growth 

behavior within ASSBs is extremely urgent to develop a resilient solid electrolyte system, 

and finally to address the short-circuit problem. There are mainly three reported dendrite 

growth tracks in SEs: 1) along grain boundary 54, 2) along pore network 61, 62, and 3) 

coupled behavior with crack propagation 50. As mentioned above, the grain boundary 

provides the position for dendrite initiation, and dendrite also preferably grows along the 

grain boundary in the polycrystalline electrolyte (Fig. 3(a)). Possible reasons are the high 

ionic resistivity, different composition, and low shear modulus compared to the grains, 

among which the large resistivity mainly affects the electrochemical overpotent ial/current 

density. Small modulus demonstrates the soft nature of grain boundary from the perspective 

of mechanics 58, 63, 64. The sintering temperature during fabrication was found to determine 

the porosity and ionic conductivity of LLZO electrolyte 61. Though high temperature can 

reduce the porosity and improve the conductivity, the size of grains and pores also increases. 

Even worse, the interconnected micropore network inside the electrolyte observed by 

synchrotron X-ray tomography becomes the path for dendrite growth, as shown in Fig. 3(b) 

61. In addition to the preferable dendrite growth path of grain boundary and micropores, the 

dendrite growth itself can generate mechanical stress to drive the crack propagation within 
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SEs 65. By applying the in-situ X-ray CT 50, 66, 67, the dendrite growth-induced crack was 

observed with the cycling of ASSBs, as shown in Fig. 3(c). Since the electrolyte is brittle 

with relatively small fracture toughness, the dendrite-caused stress can drive the crack to 

propagate. Moreover, the newly formed crack provides further preferable space for 

dendrite to grow. The battery's internal resistance also increases due to crack formation, 

and electrochemical performance degrades. 

 
Figure 3 Dendrite growth behavior in ASSBs: (a) intergranular dendrite penetration 54, 63; 

(b) dendrite growth along interconnected micropores inside electrolyte 61; (c) dendrite 

growth coupled with crack propagation 50, 65, 66. 

 

The above state-of-the-art experimental results directly demonstrate the phenomena 

of Li dendrite initiation and growth within SEs, and thus provide an initial understanding 

of the coupling behaviors. However, a more theoretical understanding of the mechanisms 

requires rigorous physics-based modeling work 13, 23. Dendrite initiation and growth rate in 

ceramic SEs were theoretically explored by bridging the dendrite growth with the 

electrochemical potential 68, 69. The electrochemical-mechanical model studied the effect 
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of bending of SE on cell potential and lithiation capacity 70. The concurrent Li dendrite 

growth and SEI growth modeled by the moving mesh method showed the effect of current 

density and SEI properties on dendrite growth in lithium metal batteries 71. The two-step 

computational model studied the fracture and mechanical stress-induced current in grain 

boundaries 72. The coupled phase-field model showed that excess surface electrons 

significantly affect the initiation positions of Li dendrites within the grain boundaries of 

polycrystalline LLZO SE 48, 53. By direct numerical simulation of restructured SE 

microstructure, the effective SE properties were obtained, and the effects of operating 

conditions (temperature and external pressure), were parametrically studied 47. The stack 

pressure and SE electrochemical properties could influence the interfacial deposition and 

mechanical stability 73. By adopting large-scale molecular dynamics simulations, the Li 

metal plating and striping mechanisms are investigated from an atomistic perspective, and 

the defect effect is also included 46, 74. The interaction mechanism of crack propagation and 

dendrite growth under stacking pressures and the interfacial defect was further explored by 

the one-way coupled electrochemical-mechanical phase-field model 49. These numerical 

models provide an in-depth understanding of the dendritic and interfacial issues, mainly at 

the grain level. However, currently available modeling work is not built in a fully 

electrochemical-mechanical coupled fashion. 

1.2.3 Mechanical property of lithium 

In the past decades, most of the focus on lithium has been on its electrochemical 
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property, while dendrite initiation and growth in ASSBs is highly mechanics-

electrochemistry coupled behavior where the lithium mechanical property may greatly 

affect. The mechanical property of lithium is significantly determined by its length scale, 

reported by recent research 75-80. Herein three length scales are distinguished, i.e. bulk 

lithium (>10 μm), microscale lithium (1-10 μm), and nanoscale lithium (<1 μm). Firstly, 

for bulk lithium, Young’s modulus ELi and yield strength are about 7.8 GPa and 0.8 MPa, 

respectively 77. By adopting tensile testing in inert gas environments with the digital  image 

correlation, the effects of strain rate and temperature on the mechanical response of lithium 

metal were thoroughly investigated. The stain hardening phenomenon only occurred at a 

high strain rate and low temperature 67. The room-temperature tensile and compression 

experiment results demonstrated the completely different mechanical behavior of lithium 

81, which may greatly influence the lithium mechanical response in ASSBs where the creep 

effect is more important during long-time cycling. Secondly, the microscale lithium pillars 

of diameters from 1 to 10 μm under nanomechanical experiment showed different stiffness 

and yield strength (>10 MPa), and stronger mechanical response with larger modulus and 

higher strength was observed for smaller pillars 79. The crystallographic orientation also 

influences mechanical property of lithium, and ELi =21 GPA along <111> direction 79. 

Thirdly, the nanoscale growing/grown lithium whiskers showed higher yield strength (15 

to 250 MPa), investigated by the atomic force microscopy (AFM)-environment TEM 

equipment 80. The mechanical property of lithium is greatly size-dependent, which should 
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be further coupled in the multiphysics model to understand its effect on dendrite initiation 

and growth behavior. 

 

Figure 4 Mechanical strength of lithium at different length scale 77. 

 

1.2.4 Composite electrode particle expansion 

The composite electrode of ASSBs is composed of active particles (APs) and solid 

electrolytes where APs are embedded into SEs 82. During the battery charging and 

discharging, the insertion/extraction of Li-ions in APs causes particle volume 

expansion/shrinkage. As mentioned above, Young’s modulus of SEs is usually above 10 

GPa, or even 150 GPa for LLZO electrolyte, which serves as a strong constraint of particle 

volume variation. On the one hand, under the constraint of SE, particle expansion will 

cause large stress for both particle and SE, possibly inducing the particle pulverization and 

SE crack. On the other hand, the particle shrinkage may cause the debonding of particles 
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and SE, increasing the interfacial resistance. As such, particle expansion and shrinkage 

have the risk of increasing internal resistance, resulting in performance degradation 83. 

Both experimental characterization and numerical simulation have been conducted to 

investigate the particle volume variation-induced problems in the composite electrode. By 

assembling a composite cathode consisting of NCM-811 and β-Li3PS4 into ASSBs and 

performing the charging-discharging experiment, the interfacial debonding and interphase 

layer formation between APs and SEs were found to cause the interfacial resistance 

increase, finally leading to the irreversible capacity loss 83 (Fig. 5(a)). After cycling, the 

contact loss between NCM APs and SEs was observed. The interfacial resistance greatly 

increased, causing the battery discharge capacity to fade 22. The mechanical damage 

initiation and evolution of the composite electrode in ASSBs induced by intercalation 

expansion was studied by a coupled electro-chemo-mechanical model using the cohesive 

zone method. Results show that fracture was prevented when the active particle’s 

expansion was below 7.5% 25 (Fig. 5(b)). The mesoscale simulation of interconnected 

particles in SEs demonstrated the inside stress distribution, revealing that smaller particles 

could improve rate performance and avoid interfacial failure. However, the effect of 

interfacial failure on battery degradation is not reflected in those numerical models, and 

further investigation of the coupling behavior of particle-SE interfacial instability and 

battery degradation should be considered. 



12 

 

 
 

 

Figure 5 Particle volume variation issues in composite electrode: (a) experimental 

characterization 83; (b) numerical simulation 25. 

 

1.2.5 Optimization methodology 

Plenty of pioneering efforts from the perspective of material science have addressed 

the dendritic and interfacial issues, mainly concerning three aspects (Fig. 6(a-c)), i.e., 1) 

advanced structure design of the electrode or current collector to accommodate the newly 

grown Li dendrite and release the stress 45, 84-86; 2) interfacial modification to improve the 

solid-solid contact property between the electrode and SE 31, 87-90; and 3) improvement of 

SE electrochemical/mechanical properties to suppress dendrite growth and improve battery 

performance 30, 91-96. From the mechanical perspective, stacking pressure is found to 

influence dendrite growth significantly, crack propagation, and interface stability49, 73, 97-100 

(Fig. 6(d)) such that the concept of applying residual compressive stress in SEs is 

introduced to prevent dendrite penetration 101. Although the performance of ASSBs has 

been dramatically enhanced, inevitable dendrite growth still occurs during 

charging/discharging 41, and the critical current density and cyclability performance need 
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to be improved as well 31, 60. Novel designs to mitigate dendrite growth and improve 

interfacial stability are urgently needed. 

 

Figure 6 Optimization methodology for interfacial instability: (a) interphase material 87; (b) 

electrolyte improvement 55; (c) electrode structure design 86; (d) mechanical stack pressure 
97. 

 

1.3 Challenges and motivation 

The dendrite growth and interfacial instability issues inside ASSBs have been 

extensively investigated by various in-situ and ex-situ experimental characterizations, and 

there are also reported models only considering either Li dendrite growth or crack 

propagation at a time, not built in a fully electrochemical-mechanical coupled fashion. 

However, the absence of understanding of the electrochemical-mechanical coupling 

mechanism for the fatal dendritic issue and interfacial instability problem poses challenges 

to accurately describing the performance degradation of ASSBs. Due to the highly 

multiphysics-coupled nature, the Li dendrite growth and crack propagation are strongly 
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coupled, and the mechanical interfacial debonding is originally caused by the 

electrochemical reaction. Therefore, I developed the fully coupled electrochemical-

mechanical modeling framework at both electrolyte scale and cell scale to investigate the 

dendrite growth behavior and its influence on cell performance. The mechanical instability 

issue inside the composite is caused by the particle volume variation. Furthermore, the 

dendrite mitigation strategy is also proposed to reduce lithium penetration-induced short 

circuit risk. 

1.4 Chapter arrangement 

Chapter 2 presents the electrochemical-mechanical phase-field model at the 

electrolyte scale, describing the coupled dendrite growth and crack propagation behaviors. 

Chapter 3 develops the cell-scale fully coupled electrochemical-mechanical modeling 

framework to comprehensively study the governing effects of various factors on dendrite 

penetration-induced short circuits. Chapter 4 proposes the dendrite mitigation strategy by 

inserting heterogeneous blocks into the electrolyte and evaluates the dendrite-caused short 

circuit risk under different scenarios. Chapter 5 focuses on the interfacial instability and 

mechanical damage occurring inside the composite cathode of ASSBs, based on the 

established three-dimensional fully coupled multiphysics model. Chapter 6 summarizes the 

conclusions of this dissertation. 
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CHAPTER 2 COUPLED DENDRITE GROWTH AND CRACK PROPAGATION AT 

ELECTROLYTE SCALE 

In this chapter, the electrochemical-mechanical phase-field model at electrolyte scale 

is developed to investigate the underlying mechanism of the coupled behaviors of the Li 

dendrite growth and crack propagation. Due to the high conductivity, high elastic modulus, 

and stability against Li metal, the promising polycrystalline L7La3Zr2O12 (LLZO) is 

targeted as the solid electrolyte in the study. The effects of pre-defect patterns, including 

defect length, angle, and shape, as well as stacking pressure on the crack propagation and 

dendrite growth behaviors, are comprehensively investigated to give out insightful 

understanding of the dendritic issue in ASSBs. 

2.1 Methodology 

We randomly generate with multi grain boundaries in the area of 500 μm*500 μm 

including lithium anode and polycrystalline solid-state electrolyte as our simulation sample 

to demonstrate the generality of the coupled model (Fig. 7) 49. There should be inevitable 

defects, such as voids, cracks, and impurities at the Li/SE interface, which lead to the 

initiation and growth of dendrite. As such, we fabricate a defect at the anode/SE interface 

in the model to investigate the defect effect on the crack propagation and dendrite growth 

behaviors. The angle θ  between the horizontal line and the defect axis is used to describe 

the position (Fig. 7). 
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Figure 7 Schematics of the established model. The anode and cathode are on the left and 

right sides, respectively. A preset defect is embedded within one grain near the Li/SE 

interface. Uniformly distributed pressure is applied on the anode side to mimic the stacking 

pressure, while a fixed boundary is set on the cathode side. 

The total free energy F of the system in this study is expressed as follows 53, 102, 103: 

( ) ( ) ( ) ( ), , , , , , , , dVlocal g cr i grad g cr elec i mech g crF f c f f c f = +    + +
          

 
(1) 

where ( ), , ,local g cr if c    is local energy density, ( ), ,grad g crf       is gradient 

energy density, ( ),elec if c   is electrostatic energy density, ( ), ,mech g crf    is mechanical 

strain energy density,   is the phase-field order parameter for Li dendrite where 0 =  

and 1 =  represent no dendrite and pure dendrite regions respectively, g  is the phase-

field order parameter for g-th grain (g=1, 2,…, N), 
cr  is the phase-field order parameter 

for a crack where 0cr =  is for the fully broken region and 1cr =  is for the intact region, 

ic   is the set of normalized Li-ion concentration, represented by 

 0 0= / , / /i s e ec c c c c c c c c c+ += = =，  ( sc  is the site density of Li metal, 0c  is the bulk 

concentration in the solid electrolyte) (note that here Li-ion is the only cation that transfers 
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within the solid electrolyte),   is the electrical potential. As for local energy density, it is 

represented by the following equation 53, 102: 

( ) 0 0, , , ( , ) ln
crlocal g cr i g i i ii i i

f c f c RT c c c f


= + + +      
 

(2) 

where ( ) ( )
2

2 2 2 2 2 2

0 1 1 11 1
2 2

N N N N

g g g p q p p q g g

C D
f A B= =  == − + − +  +       , the values of 

the coefficients are 1, 3A B C D= = = = , and 2 2( ) (1 )
cr cr cr cr cr crf W f W= = −     is the free 

energy density of crack order parameter. The gradient energy is expressed as follows:  

( ) ( ) ( )
22 2

1 1

1 1 1
+

2 2 2 2

N N N

grad g g GB p q p p q cr cr

C
f        = = =  +  −     

 
(3) 

where ( )0 1 cos   = +  , 
  , 

GB   and 
cr   are the gradient coefficients for 

dendrite, grain, grain boundary and crack, respectively. The anisotropy is considered for 

the dendrite gradient coefficient by introducing the anisotropy strength   , 

crystallographic symmetry mode  , and the angle   between normal vectors. 

In this study, we only consider the crack propagation behavior within one grain where 

the defect is located to obtain more efficient computational results while maintaining the 

universality of the study. The mechanical energy density is calculated differently for crack 

propagation region (i.e., the only grain with pre-defect) and no crack region, since the 

coupling of the elastic field and crack order parameter should be considered, shown in the 

following equation 102: 

( )
( )( )

elastic

elastic c c

for non-crack region
, ,

+ for crack region
mech g cr

cr

W
f

g W W W
  




= 

−
 (4) 

where 
1 1

( , , )
2 2

elastic ij ij ijkm g cr ij kmW C   = =   is the elastic strain energy density, 

( , , )ijkm g crC     is the stiffness of materials, ij   and 
km   are the strains, 

cW   is the 
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threshold value for strain energy density, the function ( ) 3= (4 3 )cr c rr cg   −  is related to 

crack propagation. The crack tends to propagate when 
elasticW   is greater than 

cW  ; 

otherwise, the intact status is favored. Here the crack region represents the only grain with 

defect, and the non-crack region is the rest area. 

The material properties in the diffusion interphase region, including electrochemical 

and mechanical properties, such as conductivity, diffusivity, and stiffness, vary with the 

evolution of the phases. Thus the interphase properties are a function of the order parameter. 

As for ( , , )ijkm g crC   , it varies with dendrite evolution and follows the expression below 

for different regions: 

Li Grain

1

Li Grain GB

1

Grain Li

( ) ( )
for Li/grain            

( , , )= ( ) ( ) +(1 ( ))  for grain boundary  

 for crack region      ( ) +(1 ( ))

N

ijkl n ijkln

N

ijkl g cr ijkl n ijkl ijkln

cr ijkl cr ijkl

h C h C

C h C h C h C

h C h C

 

 

 

   

=

=

 +



+ −


−




  (5) 

where 
Li

ijklC  , 
Grain

ijklC   and 
GB

ijklC   are the stiffnesses of lithium dendrite, grain, and grain 

boundary, respectively. The crack region means the only grain with the preset defect. Here 

all the materials are assumed to be isotropic; thus, Young’s modulus is used for the stiffness 

value. The function 3 2( )= (10 15 6 )h − +     is used for the interpolation of the stiffness 

of the interphase between two phases. 

Then the governing equation for the phase evolution is derived from the total energy 

through the variational method, which follows the form of Cahn-Hillard equation or 

Ginzburg-Landau equation based on whether the order parameter is locally conserved or 

non-conserved 104. Here in this model, N+2 non-conserved order parameters are considered, 
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including    for dendrite, 
g  for N grains ( )1, 2, ...,g N=  , and 

cr   for crack. The 

following equation considering both mechanical and electrochemical driving forces, is 

used to describe the dynamic evolution of lithium dendrite 53: 

( )
( ) ( )

20 mech

e

+

1
exp exp

ξ

σ ξ

ξ

η

f fξ
L κ ξ

t ξ ξ

α nFη α nFη
L h ξ c c

RT RT
+

   
= − −  

   

    − − 
− −    

     

 

(6) 

where the last term is in the form of Butler-Volmer equation accounting for electrochemical 

reactions, ξ

σL  is interface mobility coefficient of lithium, ξ

ηL  is the reaction of constant, 

α  is a symmetric factor, n  is the number of electrons involved in electrode reaction for 

Li, F is Faraday constant, R is gas constant, T is temperature, 0.1 /Li hη σ F= − −  is 

activation overpotential where -0.1V is commonly applied overpotential referring to 

previous literature 53, 105 and /Li hσ F−  considers the effect of back stress from LLZO 

on overpotential. As for the order parameter in the N grains, the driving force is from the 

mechanical part, and the governing equation is derived from the variation of energy:  
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where L


  is the interface mobility coefficient. The governing equation for crack 

propagation is also derived from the form of the Ginzburg-Landau equation driven by 

mechanical force, as shown in the following: 
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where crL  is the interface mobility. It should be noted that the governing equation for 

crack is only applied within the grain with defect, as mentioned above. 

Since the stacking pressure effect is considered in this study, the solid mechanics 

model is also introduced in the framework to describe the mechanical behavior of the solid-

state battery under pressure, the geometry of which includes all the domains shown in Fig. 

8 (i.e., anode and solid electrolyte). The governing equation of the mechanical model 

follows Newton’s second law: 

( )
2

2 X

u
L V

F S F
t




=  +
  

(9) 

where u  is displacement field,   is the material density, 
L

F  is deformation gradient, 

S is the Piola-Kirchhoff stress tensor, X  is material coordinate, and 
V

F  is body force. 

The mechanical model calculates the stress, strain, and displacement fields, then outputs 

the elastic strain energy density to Eqs. (6)-(8). 

As for material transportation in the solid electrolyte, Li-ion is considered the only 

diffusion species in the solid electrolyte. The diffusion process is mainly described by 

Fick’s second law while considering other influencing factors:  

e
e

0

effeff
eff sD cc D c ξ

D c nF φ c σ
t RT RT c t

+ +
+ +

  
=  +  −  − 

    

(10) 

where the first two terms are in the form of classic Nernst-Plank equation, the third term 

describes the effect from mechanical stress, and the last term is for electrochemical reaction 

induced consumption of Li-ion at the interface, 
effD   and e   are effective diffusivity 
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coefficient and partial molar volume, respectively, both of which also depend on the 

evolution of phases: 

Li SE

Li SE

( ) (1 ( ))        for non-crack region
=

(1 ( )) ( ) for crack region

eff

cr cr

D h D h
D

D h D h

 

 

+ −


− +
 (11) 

Li SE= ( ) (1 ( ))*e h ξ h ξ  + −   (12) 

where LiD  and SED  are the diffusivity for Li metal and solid electrolyte, respectively, 

Li  and SE  are the partial molar volume for Li metal and solid electrolyte, respectively.  

The Poisson equation is used to describe the electrostatic potential distribution: 

eff

s

ξ
σ φ nFc

t


   =    

(13) 

where the term on the right is the charge source induced by the electrochemical reaction, 

effσ  is the effective conductivity as a function of phase evolution:  

Li SE

Li SE

( ) (1 ( ))        for non-crack region
=

(1 ( )) ( ) for crack region

eff

cr cr

h h

h h

   


   

+ −


− +
 (14) 

where Liσ  and SEσ  are the conductivities for Li metal and solid electrolyte, respectively.  

As for the boundary conditions, the left side is anode where the stacking pressure is 

applied, and the right side is cathode which is neglected in this model and fixed. Dirichlet 

boundaries 1 =  , =0c+   and =0 V   are used for the left boundary, and =1c+   and 

=0.1V  are used for the right boundary. As for the initial conditions, different variables 

have different initial values in different regions:    1, , ... ..., = 1, 0, ...0...,0g N      for 

lithium anode region,    1, , ... ..., = 0, 0, ...1...,0g N      for the g-th grain region, 

   1, , ... ..., = 0, 0, ...0...,0g N      for all the grain boundary region, 
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   1, , ... ..., , = 1, 0, ...0...,0, 0g N cr      for the pre-defected region which is fulfilled by 

lithium,    1, , ... ..., , = 0,1, ...0...,0,1g N cr       for the only grain where the crack 

propagation governing equation is applied. 

All the parameters used in the model are summarized in Table 1. The modeling 

framework elaborated above is implemented in the COMSOL Multiphysics platform using 

the workstation with 128 GB memory and 32 CPUs at 3.50 GHz. 

The above-proposed modeling framework for LLZO (solid ceramic electrolyte, SCE) 

can also be used for solid polymer electrolytes (SPEs) after modifying some parts of the 

model. Firstly, there is no grain or grain boundary in SPEs; then the electrolyte geometry 

can be modeled as one homogenized domain. Secondly, the energy terms (Eqs. (1-3)), the 

stiffness expression (Eq. (5)), governing equation (Eq. (7)) related to grains are not required 

any more, which will be much more computationally efficient compared with 

polycrystalline SCEs. Besides, SCEs are single-ion conductors in which only Li ions move 

to transport ions, while there are Li-ions and other anions migrating in SPEs. Thus the 

iteration number for Li is reduced significantly when modeling SPEs. 

Table 1 Summary of material properties and simulation parameters 

Parameter Symbol Value References 

Site density of Li metal sc  7.64e4 mol/m3 53, 103 

Number of electrons involved in 

electrode reaction for Li 
n  1 53, 103 

Conductivity in Li Liσ  1.1e7 S/m 72, 106 

Interface mobility of Li 
ξ

σL  2.5e-6 m3/J/s 53, 103 
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Reaction constant of Li 
ξ

ηL  0.2 s-1 estimated 

Barrier height of Li LiW  1.18e6 J/m3 53 

Gradient coefficient of Li ξκ  3.68e-6 J/m 53 

Li-ion diffusivity in Li LiD  7.5e-13 m2/s 103 

Partial molar volume of Li metal Li  1.3e-5 m3/mol 7, 72 

Young’s modulus of Li metal LiE  4.9 GPa 53 

Poisson’s ratio of Li metal Liν  0.362 53 

Density of Li metal Liρ  534 kg/m3 73 

LLZO bulk Li-ion concentration 0c  4.22e4 mol/m3 53 

Conductivity in LLZO SEσ  4.43e-2 S/m 92 

Interface mobility of LLZO L
  1.5e-8 m3/J/s 53 

Barrier height of LLZO W
 2.05e6 J/m3 53 

Gradient coefficient of LLZO   6.38e-6 J/m 53 

Li-ion diffusivity in LLZO SED  1e-12 m2/s 53 

Partial molar volume of LLZO SE  0 m3/mol 72 

Young’s modulus of LLZO grain SEE  150 GPa 7, 53, 73 

Poisson’s ratio of grain SEν  0.257 53 

Density of LLZO SEρ  4606 kg/m3 107 

Young’s modulus of grain 

boundary 
GBE  7.5 GPa 72 

Anisotropy strength   0.03 53 



24 

 

 
 

Crystallographic symmetry 

mode 
  4 53, 106 

Symmetric factor   0.5 53, 103 

Faraday’s constant F   96485 C/mol ---- 

Gas constant R  8.314 J/mol/K ---- 

Temperature T  298 K ---- 

Barrier height for crack crW  2.05e6 J/m3 From LLZO 

Gradient coefficient for crack crκ  6.38e-6 J/m From LLZO 

Interface mobility for crack 
cr

σL  1.5e-6 m3/J/s From LLZO 

Fracture threshold energy 

density of the solid-state 

electrolyte 

cW  6.66 J/m2 72 

2.2 Representative computational results 

A representative case with a rectangular preset crack in the angle =30θ  and with the 

applied stacking pressure 50 MPa serves will be illustrated here. The length and width of 

the pre-defined crack are L=60 μm and W=10 μm, respectively. 

The pre-defect region is assumed to be fully filled with lithium at t=0 s (Fig. 8a). 

Lithium dendrite grows within the grain boundary region and cracked region driven by 

both electrochemical and mechanical factors in Eq. (6). The mechanical driving force 

comes from the strain energy density induced by the applied stacking pressure, and the 

electrochemical driving force arises from the negative overpotential for the electrochemical 

reaction. In the meantime, the Li-ion concentration and electrostatic potential both evolve 

with lithium dendrite growth. From the comparison of Figs. 8a and 8b at each time point, 
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we can observe that Li-ion concentration decreases in the region where dendrite grows 

because Li-ion is continuously consumed during the formation of lithium, expressed in the 

last term of Eq. (10). The blue region ( =0c+ ) and red region ( =1c+ ) in Fig. 8b represent 

the dendrite and solid electrolyte, respectively. The interfaces between the two regions is 

the transition area ( 0 <1c+  ). There are two aspects to be clarified for the Li-ion 

concentration gradient within the transition area. On one hand, the concentration evolution 

in this study is governed by the phase-field method, which describes the microstructure 

evolution by using phase-field variables that are continuous across the interfacial region 

104. Due to the inherent calculation principle, the gradient of the variable inevitably exists 

at the interfacial region. Thus there is a Li-ion concentration gradient between the pure 

dendrite and electrolyte. On the other hand, the concentration gradient region lies only 

within/near the area where the electrolyte is affected by the crack and dendrite, and the 

unaffected electrolyte area keeps a constant concentration (i.e. =1c+ ). Please note that the 

dimension of the area with a relatively large concentration gradient is only about 30 μm 

(=0.03 mm), much smaller compared with the commonly used LLZO electrolyte pellet 

thickness ~1 mm and diameter ~10 mm 69. As such, from the macroscale view of the overall 

electrolyte sample, the concentration gradient area is tiny and trivial. Since the effective 

conductivity effσ  is always changing with the dendrite evolution, effσ  switches to Liσ  

from SEσ  when there is full of the dendrite (Eq. (14)). The value of Liσ  is much greater 

than SEσ , and the anode potential is set as 0 V, then the potential of the newly grown 
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dendrite region becomes close to the anode potential (Fig. 8c). 

To investigate the influence of pre-defect postion, we change the pre-defect position 

closer to the grain boundary (Fig. 8e), and the results show that the crack initiated from the 

grain boundary region propagates to the grain region. It demonstrates that the pre-defect 

region significantly affects the initiation point of crack. If the pre-defect is prone to occur 

within the vincinity of the grain boundary region, then the crack will initiate from the grain 

boundary and propagate to grains. One step further, we consider the crack propagation in 

adjacent grains and grain boundary region as well (Fig. 8f). The crack propagates from the 

pre-defect area within the original grain where the pre-defect is located (Fig. 8f, t=0~100s), 

to the grain boundary and adjacent grain (t=150~200s). Before the crack propagates outside 

of the original grain, the crack propagation behavior is the same in Figs. 8d and 8f, which 

indicates the interaction of adjacent grains affects little. Once the crack propagates into the 

grain boundary and other grains, the crack propagation speed in the original grain will be 

lower, as the crack finds other paths (paths require lower energy) to grow. However, the 

difference of crack propagation within the original grain in Figs. 8d and 8f is small, 

demonstrating that the crack propagation behavior in the grain in Fig. 8d is representative. 

Therefore, to obtain more efficient computational results while maintain the generality of 

the study, the crack propagation is considered only in one grain in this study. 
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Figure 8 Typical simulation results with rectangular pre-defect with θ=30° under 50 MPa 

pressure: (a) Li dendrite growth  , (b) dimensionless Li-ion concentration evolution c
+ , 

(c) potential field evolution  , and (d) crack area propagation 
cr
  when pre-defect is 

located at the center of grain edge; (e) crack area propagation 
cr
  when pre-defect is close 

to grain boundary; (f) crack area propagation 
cr
  when crack propagation is considered 

in two grains and grain boundary region. 
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The stacking pressure 50 MPa is applied at the left boundary, which causes 

mechanical damage to the solid electrolyte. The crack gradually propagates from the initial 

rectangular defect (t=0 s) to nearly the full grain region (t=200 s) (Fig. 8d). Compared with 

the primitive solid electrolyte, the cracked region is much easier for dendrite to grow due 

to the changed properties, including the reduced Young’s modulus and increased 

conductivity (Eqs. (5) and (14)). The major reasons are: (a) the cracked area is much softer, 

so it is much less resistant to dendrite growth than SE, and (b) area with increased electronic 

conductivity is easier for electron transportation, thus speeds up the formation of lithium 

dendrite. Lithium dendrite grows and fulfills the cracked region, demonstrating that lithium 

growth speed is large enough to grow into the newly cracked region (Figs. 8a and 8d). The 

newly grown dendrite is mainly within the cracked area (Fig. 8a), while the dendrite in the 

grain boundary is much farther, thus increasing the risk of a short circuit. 

2.3 Discussion 

In the following sessions, length L, angle θ , and shape of the defect, and different 

stacking pressures P are parametrically studied. 

2.3.1 Geometric information of the initial defect 

2.3.1.1 Length effect 

The rectangular shape is selected, and the width and angle of the initial defect are fixed 

as W=10 μm and =30θ , respectively. L=10, 20, 30, and 40 μm, are chosen here. Note that 

the same stacking pressure 50 MPa is applied for all the cases in this session. We obviously 
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observe that longer initial defects lead to more cracks and Li dendrite, especially within the 

grain (Fig. 9a). Note that in polycrystal materials, Li dendrite grows along the grain 

boundary and cracked surfaces. We quantitatively compute the newly developed dendrite 

area for the whole domain (WD) and the grain boundary (GB) region, respectively. The 

dendrite area in the GB region remains almost the same, i.e., about 96 04 10. −  μm2 at 200 

s with various L values (Fig. 9b). It clearly indicates that the fundamental driving force for 

dendrite growth in GB is not affected by the initial defect length in the grain. The dendrite 

area in WD increases from 96 25 10. −  μm2 to 910 0 10. −  μm2 with L increases from 10 

μm to 40 μm at t=200 s (Fig. 9b). The increase of dendrite area with the initial defect is 

mainly attributed to the increased area in the cracked region such that more void/weak 

interface is available for the dendrite to grow (Fig. 9c). Furthermore, the normalized crack 

area S is calculated by 
Total Initial/S S S= , where InitialS  is the initial defected area and TotalS  

is the total cracked area. S values at t=200 s for L=10, 20, 30 and 40 μm are 2.27, 3.15, 

6.16 and 11.47 respectively. It is clearly envisioned that the dendrite area increases with 

the normalized crack area indicating a fact that dendrite growth is facilitated by the 

increasing crack area (Figs. 9a and 9c). Mitigating the cracks within the grains can be 

regarded as a positive and effective way to hinder the growth of dendrite. 

In general, Emax becomes larger with L, especially when L>20 μm. There are 

fluctuations for the Emax curves due to the fact that the surrounding continuum structure is 

changing during crack propagation (Fig. 9d). Eave shows a more smooth increasing trend 
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with L. With larger L, the average energy density in the pre-defected region Eave_pd is 

smaller at the initial stage. Because there is more room in the longer defect away from the 

left side where the stacking pressure is applied (Fig. 9e). Since the crack propagates faster 

with larger L, i.e., more severe change of the structure and more Li dendrite, gradually all 

pre-defected area fully bears the pressure, resulting in larger time-gradient of Eave_pd. On 

the contrary, there is less crack propagation with small L values (i.e., 10 and 20 μm), and 

the structure changes little, causing a flat Eave_pd profile. The average energy density in the 

crack propagation region Eave_pr increases with L (Fig. 9f), providing stronger force to drive 

cracks. 
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Figure 9 Effect of initial defect size on dendrite growth and crack propagation behavior: (a) 

Li dendrite growth of different pre-defect lengths at 200 s, i.e., 10, 20, 30 and 40 μm; (b) 

newly grown Li dendrite area in whole domain (WD) and grain boundary (GB); (c) 

evolution of normalized crack area S; (d) average value Eave and maximum value Emax of 

strain energy density in the crack area; (e) average strain energy density in pre-defect area 

Eave_pd; and (f) average strain energy density in crack propagation area Eave_pr. 

 

2.3.1.2 Angle effect 

Since the initial defects have random orientations   , and it influences the crack 

propagation and thus leads to different dendrite growth scenarios. In this session, we 

parametrically examine cases with 0 = , 15 , 30 , 45 , 60 , 75  and 90 , while the 

initial defect is a rectangular shape with fixed L=60 μm and W=10 μm without the size 
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effect. Note that the dendrite growth in the grain boundary region is the same for the cases 

with different defect angles because neither the mechanical strain energy density nor the 

electrochemical driving forces are determined by the position angles. 

When <45θ , the crack areas are almost the same, and the total value is high (Region 

I in Fig. 10a). The crack area decreases substantially as the angle increases when 45θ   

(Region II). The maximum Mises stress 
maxσ  of Region I (~240 MPa) is higher than that 

of Region II (~200 MPa) (Fig. 10b). The fluctuation in the curves comes from the 

continuing evolution of the phases and structures. Due to the structure evolution induced 

by crack propagation, there is an obvious drop of 
maxσ  for Region I, and the dropping time 

of the case with 30 =  is the earliest at ~t=120 s. 

We can observe that the area with larger von Mises stresses σ  (i.e., the red region) 

are larger for 0 =  and 30 = , implying stronger mechanical driving forces to push 

the crack forward and dendrite growth (Fig. 10d). Besides, σ   in the dendrite area is 

smaller than that of the solid electrolyte area because Young’s modulus of lithium is ~4.9 

GPa, at least one order of magnitude smaller than LLZO’s Young’s modulus ~150 GPa. As 

the crack propagates, the stress concentration area for 30 =  at t=115 s is located within 

the narrow vicinity (marked in Fig. 10d), and disappears soon at t=120 s. This serves as the 

responsible reason for the 
maxσ  curve dropping in Fig. 10b. 
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Figure 10 Effect of initial defect angle on dendrite growth and crack propagation behavior: 

(a) evolution of normalized crack area S; (b) maximum von Mises stress 
maxσ  in the crack 

propagation area under different pre-defect angle; (c) Li dendrite ξ  growth of different 

pre-defect angle at 200 s, i.e., 0°, 15°, 30°, 45°, 60°, 75°, and 90°; (d) von Mises stress σ  

contour plots for selected pre-defect angles, i.e., 0°, 30°, and 75°. 

 

2.3.1.3 Shape effect 

The smoothness of the defect edge varies with the shape, which potentially affects the 

crack and dendrite growth behavior. As such, four shapes are selected here, i.e., a circle 

with radius R=15.96 μm, an ellipse with semimajor axis A=25.5 μm and semiminor axis 
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B=10 μm, a triangle with base b=20 μm and height H=40 μm, and a rectangle with length 

L=40 μm and width W=10 μm. Note that these four types of initial defects share the same 

area. 

The newly developed dendrite area within the grain boundary for all four shapes are 

almost identical (Fig. 11a), about 96 04 10. −  μm2 at t=200 s, showing the independency 

of the defect shape on the driving forces for dendrite in the grain boundary. However, the 

total developed dendrite area for circular, elliptical, triangular, and rectangular defects are 

6.29 μm2, 6.69 μm2, 8.66 μm2, 10.04 μm2, respectively. This clearly demonstrates that the 

major difference in the dendrite area stems from the cracking situation. The normalized 

crack area S in Fig. 11b shows the same increasing trend as the curves for WD in Fig. 11a, 

which again supports the above explanations. The S values for models with circular, 

elliptical, triangular, and rectangular defects are 1.52, 2.49, 8.06, and 11.47, respectively. 

The newly cracked area increases little under circular and elliptical defects but rapidly 

under triangular and rectangular defects because 
maxσ  and Eave of the crack region with 

triangular and rectangular defects are larger than those of circular and elliptical defects 

(Figs. 11c-d). The fundamental reason should be attributed to the smooth edges of the circle 

and ellipse alleviate the stress concentration extent significantly. 
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Figure 11 Effect of initial defect shape on dendrite growth and crack propagation behavior: 

(a) newly grown Li dendrite area in whole domain and in grain boundary; (b) evolution of 

normalized crack area S; (c) maximum Mises stress 
maxσ  of different pre-defect shape; (d) 

Average strain energy density Eave of different pre-defect shape. 

 

2.3.2 Stacking pressure effect 

Stacking pressure provides a mechanical driving force externally to influence the 

grain cracks and Li dendrite. To eliminate the effect of the pre-defected pattern when 

studying the stacking pressure effect, we use the same rectangular defect with length L=40 

μm, width W=10 μm, and angle 0 =  for all the cases in this section. 

During charging, the lithium dendrite grows from the anode side towards the cathode 

side, and a short circuit is triggered once the dendrite reaches the cathode side. To 

quantitatively represent the possibility of the short circuit, the distance of the far thest 



36 

 

 
 

dendrite tip in the grain boundary from the anode side, X, is analyzed (Fig. 12a). Here, a 

farther dendrite represents a faster short circuit since the distance between anode and 

cathode is fixed as 500 μm. Naturally, X increases with time and stacking pressure P; 

however, if P<10 MPa, no obvious increase for X can be observed, indicating that smaller 

stacking pressure will not increase the short circuit risk. The grown dendrite areas in grain 

boundary SGB is 31 744 10.    μm2 for 0 MPa pressure case where there is only 

electrochemical driving force ( )
( ) ( )

EC e

1
= exp expξ

η

α nFη α nFη
F L h ξ c c

RT RT
+

 − −    
− −    

     
 

(the last term from Eq. (6)), is taken as the baseline case. Once the pressure is greater than 

0 MPa, an additional mechanical driving force mech
M = ξ

σ

f
F L

ξ


−


 (the second term from Eq. 

(6)) will be added. At t=200 s, compared with the baseline in 100%, SGB are 100.2%, 

101.4%, 115.36%, 175.02%, 277.82%, 344.34% and 458.24% for 5, 10, 20, 30, 40, 50 and 

60 MPa, respectively (Fig. 12b). In addition, strain-energy induced dendrite growth area 

accounts for at least 15% if P>20MPa. 

The mechanical driving force MF   and electrochemical driving force ECF   for 

dendrite growth as a function of X explicitly demonstrate that a higher mechanical driving 

force would be for the dendrite if the crack is longer (Figs. 12c and 12d). When the dendrite 

grows into the crossing region with the grain boundary at about t=90 s, substantial drops 

of MF  and ECF  can be observed (Figs. 12c and 12d). That is due to the weak interface 

for the grain boundary. MF  increases with P, which further explains the phenomenon that 
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GBS  increases with the stacking pressure. 
MF  is less than 0.001/s, about two orders of 

magnitude smaller than 
ECF   when P<10 MPa, demonstrating that mechanical driving 

force for dendrite induced by such small stacking pressure is trivial. When P= 60 MPa, 

MF  increases to ~0.15/s~0.3/s. Such value is still small compared to 
ECF ~0.6/s; however, 

it becomes a nontrivial factor. It is not safe to apply a larger stacking press on the ASSBs 

as it may lead to a severe Li dendrite situation. 

The grain boundaries are interconnected in polycrystal material, thus there are quite a 

few routes for lithium dendrite to grow. The routes for the farthest and shortest dendrites 

under 60 MPa are R1 and R2, respectively (Fig. 12e). At 200 s, X is 230 μm for R1 while 

only 101 μm for R2. MF  has a much larger value at dendrite tip (Fig. 12f) to drive dendrite 

growth. R1 has larger MF   than R2, causing faster dendrite growth in R1. The angle 

between horizontal line and grain boundary β  is larger than 30° in R1 while it is less than 

5° for R2 (R2 is almost parallel with the applied pressure direction). The tension and shear-

induced strain energy density within the vicinity of R2 is small such that the crack is 

reluctant to propagate along R2. This implies a new strategy to suppress the dendrite 

growth by creating more aligned initial defects near the Li/SE interface and voids around 

the crack tip to release the stress concentration. 
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Figure 12 Effect of stacking pressure on dendrite behavior: (a) farthest Li dendrite growth 

distance X in grain boundary; (b) newly grown dendrite area SGB in grain boundary; (c) 

mechanical contribution term FM to the dendrite growth; (d) electrochemical contribution 

term FEC to the dendrite growth; (e) dendrite growth for 60 MPa pressure; and (f) 

mechanical contribution term contour plots for 60 MPa pressure. 

 

The other focus in this section is on the crack propagation and corresponding dendrite 

growth behaviors. The normalized crack area S=1, 1.002, 1.009, 1.149, 1.832, 2.743, 5.912, 

and 11.426, for P=0, 5, 10, 20, 30, 40, 50, and 60 MPa, respectively. Similar to the Li 



39 

 

 
 

dendrite, under P=10 MPa or less, S are almost the same, which indicates that the driving 

force for crack propagation is also negligible (Fig. 13a). S increases visibly with pressure 

from the overall trend, especially when the pressure is above 20 MPa. Intuitively, the crack 

seldom propagates under P=0, 5, and 10 MPa (Fig. 13b). Crack propagation speeds up with 

larger pressure when P>20 MPa, and particularly, crack nearly occupies the whole grain 

under 60 MPa, in which case S=1, 2.854, 5.331, 8.769, and 11.426 for t=0, 50, 100, 150, 

and 200 s, respectively. With a larger newly created open surface (cracked area), more 

dendrite resides there.  

Both the average and maximum von Mises stress and energy density increase with 

stacking pressure (Figs. 13b and 13c). Both 
maxσ  and Emax curves show fluctuations due 

to the changing structure, and the dropping of 
maxσ  under 60 MPa at t=110 s is also due 

to the disappearance of the narrow vicinity, similar to Fig. 10d. When P<20 MPa, aveσ  

and Eave curves almost keep the same value all the time due to the little crack propagation 

and nearly unchanged structure. While aveσ  curves show a downward trend when P>20 

MPa, because the sharp edge between initial defect and grain becomes more smooth; thus 

the stress concentration area is reduced. Larger stress and energy density together provide 

a stronger driving force for crack propagation, thus creating more space for dendrite growth. 

From both views of dendrite growth in the grain boundary and crack propagation, the 

driving force induced by small stacking pressure blew 10 MPa is small and has a trivial 

effect in impairing the solid electrolyte. It would be beneficial to apply a stacking pressure 
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no greater than 10 MPa to improve the electrode/electrolyte interface properties of solid-

state batteries without sacrificing safety performance. 

 

Figure 13 Effect of stacking pressure on crack propagation behavior: (a) normalized crack 

area S; (b) contour plots of the crack parameter at 200 s under different pressures; (c) 

average value aveσ  and maximum value 
maxσ  of Mises stress in crack propagation area; 

and (d) average value Eave and maximum value Emax of strain energy density in crack 

propagation area for different stacking pressure. 

 

2.3.3 Fracture threshold strain effect 

The mechanical properties, especially the fracture parameters, play an essential role 

in the crack behavior of solid electrolytes. In this study, the crack propagation is described 

from the energy conservation perspective, and governed by Eq.(6) where 
elasticW  is the 
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strain energy density, 
cW  is LLZO’s fracture threshold energy density, i.e., the fracture 

energy. If 
elasticW  is greater than 

cW , crack propagation is favored. Here we only consider 

the elastic stage of LLZO, then 
cW  can be expressed as 2

c SE cW E ε=  where 
cε  is the 

fracture threshold strain. The fracture threshold strain effect (i.e., the fracture energy effect) 

is parametrically studied. The baseline 
c0ε  is 6.663e-6 calculated from the reference 

fracture threshold energy density 6.66 J/m2 72. Different threshold strain values are selected, 

i.e. 
c1ε =6.663e-5, 

c2ε =1.3326e-4, 
c3ε =2.6652e-4, 

c4ε =3.9978e-4, 
c5ε =5.3304e-4, 

c6ε

=6.663e-4, 
c7ε =6.663e-3. To eliminate the effect of other factors, the same rectangular 

defect with length L=40 μm, width W=10 μm, angle 0 = , and pressure 50 MPa are used 

for all the cases in this section. 

The crack area increases with decreasing fracture threshold strain cε  (Figs. 14a and 

14c), indicating that the fracture energy can be much more easily exceeded by the strain 

energy under smaller cε , especially when 
4

c 4 10ε −  . In other words, if cε  is large 

enough, the strain energy can hardly reach the fracture energy threshold value, then crack 

propagation is suppressed. The normalized crack area S values for ciε (i=1, 2,…, 7) are 

9.66, 9.02, 7.34, 4.18, 2.60, 1.55, 1.44 and 1, respectively (Fig. 14a). The crack maintains 

its initial area all the time for 
c7ε , which further validates that large enough cε  can 

prevent crack, providing a possible solution to the crack and dendrite problems. The crack 

propagates fast at the beginning due to the stress concentration caused by the sharp edge 

of the initial defect (Fig. 14b), then the propagation speed dS/dt gradually decreases to ~0 
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for 
c c3ε ε  because the cracked region edge becomes much smoother and 

elasticW  

gradually decreases to have no advantage over 
cW . While for 

c c3ε ε , the speed dS/dt 

maintains a high level and even increases (Fig. 14b), showing a continuous crack 

propagation tendency since 
cW  is much smaller than 

elasticW  under smaller 
cε . 

The newly grown dendrite area in the whole domain SWD increases with decreasing 

c , while in the grain boundary region SGB is almost the same for 
ciε  (i=1, 2,…, 7) (Figs. 

14d-e), demonstrating that the driving force for dendrite in grain boundary is mainly from 

the electrochemical aspect and not affected by the crack propagation within grain, and that 

the SWD difference is caused by the crack behavior. Since the cracked area provides space 

for dendrite to grow, faster crack propagation speed under smaller cε  results in larger 

grown dendrite area, which clarifies larger SWD for 
c c3ε ε . From the mechanical point of 

view, increasing cε  to a large enough value can prevent the crack propagation; however, 

from the perspective of suppressing dendrite, only dendrite growth related to crack can be 

prevented by this method, but the dendrite in grain boundary still grows, which indicates 

that dendrite suppression requires the combination of mechanical and electrochemical 

methodology. 
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Figure 14 Effect of fracture threshold strain on crack propagation and dendrite growth 

behavior: (a) evolution of normalized crack area S; (b) normalized crack area increasing 

rate dS/dt; (c) contour plots of the crack parameter at 200 s under different fracture 

threshold strains; (d) newly grown dendrite area in whole domain and in grain boundary 

region; and (e) contour plots of dendrite parameter at 200 s under different fracture 

threshold strains. 

 

2.4 Conclusions 

Lithium dendrite and electrode/electrolyte interface defect are two key issues for 

developing solid-state lithium batteries with the desired cyclability. However, the 

underlying coupling mechanisms of dendrite growth and interface defect induced crack 
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propagation under stress remain unknown. In this paper, the coupled electrochemical-

mechanical phase-field model is established for the first time to investigate the lithium 

dendrite growth and crack propagation behavior quantitatively. The lithium anode and the 

poly-crystalline LLZO solid electrolyte, as well as the pre-defect at Li/LLZO interface, are 

considered in the model. Based on the developed modeling framework, the effects of pre-

defect patterns, including defect length, angle and shape, and stacking pressure, fracture 

threshold strain, are systematically studied. The dendrite is prone to grow in the grain 

boundary and cracked regions. Results show that longer defect with a sharp edge and angle 

45θ   causes more severe crack propagation, thus larger dendrite growth area due to 

larger von Mises stress and strain energy density. The patterns of the initial defects within 

the grain play an irrelevant role in the dendrite growth within the grain boundary region 

since the crack in the grain hardly affects the mechanical status in the grain boundary. As 

for the stacking pressure effect, dendrite grows faster in grain boundary due to larger 

mechanical driving force induced by larger pressure, while the pressure has little effect on 

the electrochemical driving force. In the meantime, there is more severe crack propagation 

in grain, thus larger space for dendrite growth under higher pressure. On the other hand, 

pressure below 10 MPa has little effect on dendrite growth and crack propagation and can 

be applied to improve the electrode/electrolyte interface properties of solid-state batteries 

without sacrificing safety performance. Increasing the fracture threshold strain or fracture 

energy can suppress the crack and related dendrite growth, and the crack propagation may 
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be prevented if the fracture threshold strain is large enough. Results lay a strong foundation 

for the understanding of the electrochemical-mechanical coupled mechanism in the Li 

dendrite growth and crack propagation in solid electrolytes and provide design guidance 

for next-generation ASSBs. 
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CHAPTER 3 COUPLED DENDRITE GROWTH AND CRACK PROPAGATION AT 

CELL SCALE 

In this chapter, by integrating the battery model, mechanical model, phase-field model, 

and short-circuit model, I establish a physics-based and fully coupled electrochemical-

mechanical model, directly bridging the dendrite growth and crack propagation with 

battery charging/discharging. After validation of the developed model, the effects of 

electrochemically generated stress, charging rate, electrolyte properties (including 

conductivity, Young’s modulus, and fracture toughness) are thoroughly investigated while 

considering interfacial defects to provide insights and guidance on the design of ASSBs. 

3.1 Methods 

3.1.1 Coupling strategy 

To describe the crack propagation- and dendrite growth-induced battery short circuit 

during charging/discharging in ASSBs, we consider four models: 1) the battery model 

solves the potential and concentration evolution within the electrode and electrolyte during 

the charging/discharging process; 2) the mechanical model calculates the deformation, 

stress, and strain fields caused by the overpotential-driven dendrite growth under the 

constraint of the SE; 3) the phase-field model is used to describe the crack propagation and 

dendrite growth; and 4) the short-circuit model detects the triggering of the short circuit 

and calculates the short-circuit resistance. 

To couple the four models described above, the following coupling strategy is adopted 
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(Fig. 15) with all parameters given (Table 2) 14. During charging, the battery model outputs 

the overpotential 
−
 to the mechanical model, generating the mechanical stress in the SE 

65, 80, 85, 108. Then the mechanical model outputs the stress ( )-induced strain energy density 

(fmech) to the phase-field model to drive crack propagation. The phase-field model solves 

the evolution of crack propagation and feeds the phase-field variable    ( 1 =   for 

intact/no crack SE, 1 = −   for crack/dendrite) to other models to affect the effective 

electrolyte conductivity 
SE

   in the battery model, the Young’s modulus ESE in the 

mechanical model, and the short-circuit resistance 
short

R  in the short-circuit model. Once 

1 = −   (i.e., dendrite) is detected at the cathode/electrolyte interface, the short -circuit 

model feeds the short-circuit resistance 
short

R  to the battery model, causing the voltage 

drop. 

 

Figure 15 Multiphysics coupling strategy for battery model, mechanical model, phase-field 

model, and short-circuit model. 

 

The promising inorganic solid electrolyte LLZO with high conductivity, high Young’s 
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modulus, and wide electrochemical stability window 95 is selected in this study. To 

generalize the model to accommodate both single-crystal and polycrystalline LLZO and to 

describe crack propagation/dendrite growth from the cell level, the SE is modeled as a 

homogenized domain (Fig. 16), which also facilitates the consideration of battery models. 

Li metal and LiCoO2(LCO) are used as the anode and cathode, respectively. The left 

boundary of the electrolyte is considered as the Li anode 109, and the right boundary of the 

cathode is fixed (Fig. 16). The focus of this study is on the dendrite growth during the 

charging process without consumption of the Li anode. Then it is assumed that the 

electrode/electrolyte interfaces have perfect contact and no stacking pressure is applied. 

The thicknesses of the electrolyte and cathode are Lel and Lca, respectively, and the battery 

width is Wbat. The cell capacity is 1400 μAh/cm2. We designate the pre-defect at the Li/SE 

interface to represent the unavoidable interfacial defects, such as voids, impurities, and 

cracks (pre-defects in different dimensions cause similar crack propagation behavior (Fig. 

17(a)). The absence of interfacial defect can suppress the dendrite initiation/formation, and 

makes the battery electrochemical performance better (Fig. 17(b)), which indicates that 

elimination of the interfacial defect is an effective method for suppression of Li dendrite in 

solid electrolyte. However, currently, the interfacial defects are inevitable, then the focus 

of this study is on the influence of interfacial defect. Considering the computational 

efficiency, the pre-existing defect is rectangular with length L=100 μm and width W=50 

μm. The defect dimension is much smaller (<10%) than the solid electrolyte, and is at the 
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same magnitude of the crack width reported in the literature 66. 

 

Figure 16 Schematics of the established model including geometry, boundary condition, 

and defect area. 

 

Figure 17 Crack propagation behavior with pre-existing defect of different dimensions. (a) 

for the large defect, the length L=100 μm, width W=50 μm; for the small defect, the length 

L=40 μm, width W=15 μm; (b) the voltage response for the model without interfacial defect, 

i.e. the defect size is 0. 
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3.1.2 Modeling methodology 

The battery model calculates the electrochemical status during charging/discharging, 

including the evolution of the potential and ion concentration. The inorganic solid 

electrolyte is a single-ion conductor such that only Li ions migrate within the electrolyte to 

transport charge. Based on the precondition of electroneutrality, the Li-ion concentration is 

assumed to be uniform in the solid electrolyte. 

Since the anode is pure Li metal and no ohmic loss is considered, the anode domain 

can be neglected. The left boundary of the electrolyte is the Li/LLZO interface, where the 

charge-transfer kinetics are governed by the Butler-Volmer equation 109: 

0
exp expa c

F F
j j

RT RT

 
 

− − −

 −   
= −    

    
 (15) 

( )0 0 ref,
j j T
− −
=  (16) 

where j is the current density; 
0

j
−

 is the exchange current density at the anode/electrolyte 

interface; 
a

  and 
c

  are anodic and cathodic charge-transfer coefficients, respectively; 

F is Faraday’s constant, R is the gas constant, T=300 K is the temperature; 
0 ref,

j
−

 is the 

reference exchange current density. 
−

  is the overpotential for the electrochemical 

reaction at the Li/LLZO interface, defined in the following equation:  

ext
=

,s l
  
−

−  (17) 

where 
ext,s

   is the external electric potential for the Li anode and 
l
   is the electric 

potential in the electrolyte phase. Since the anode potential is considered as the ground 
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potential, then 
ext

0V
,s

 = . 

Within the LLZO electrolyte, the electric potential is related to the current density, 

governed by Ohm’s law: 

SE
i

l l
 = −   (18) 

where i
l  is the current density in the electrolyte and 

SE
  is the effective conductivity of 

the electrolyte. Charge conservation requires: 

0i
l

 =  (19) 

During charging of the battery, the Li dendrite will grow from anode to cathode, which 

will affect 
SE

 : 

( ) ( )( )SE LLZO Li
1h h    = + −  (20) 

where   is the phase-field parameter for crack propagation and 
LLZO

  and 
Li

  are the 

conductivities of LLZO and Li, respectively. The function ( ) 31 3 1
=

4 4 2
h   − + +  is used 

for the interpolation of material properties of the interface between the LLZO electrolyte 

and the Li dendrite 110, i.e., conductivity, Young’s modulus. 

At the electrolyte/cathode interface, the electrochemical reaction kinetics are given by 

the Butler-Volmer equation as well: 

0
exp expa c

F F
j j

RT RT

 
 

+ + +

 −   
= −    

    
 (21) 

( ) max

0 0 ref

ref max ref

,

c a

s, ss

s, s, s,

c cc
j j T

c c c

 

+ +

   −
=    

   −   

 (22) 

where 0
j
+  is the exchange current density at the cathode/electrolyte interface; 

0 ref,
j
+

 is 
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the reference exchange current density; 
s

c  and 
refs,

c  are the Li-ion concentration and 

reference Li-ion concentration in the solid phase of the cathode, respectively; and 
maxs,

c  

is the maximum Li-ion concentration. 
+

  is the overpotential for the electrochemical 

reaction at the LCO/LLZO interface, expressed as: 

eq
=

s l
E  

+
− −  (23) 

where 
s

  and 
l
  are the electric potentials in the cathode solid phase and the electrolyte 

phase, respectively; 
eq

E  is the equilibrium potential. 
s

  is given by Ohm’s law: 

i
s s s

 = −   (24) 

where i
s
 is the current density in the solid phase of the cathode and 

s
  is the electrical 

conductivity of the LCO cathode.  

Porous electrode theory is adopted to describe the physicochemical phenomena in 

cathode domain 111, which sets up current balance for the porous electrode matrix and the 

pore electrolyte, as well as the mass balance for the pore electrolyte and for Li ions in the 

electrode particles. Charge conservation requires: 

0i
s

 =  (25) 

The ion transport in electrolyte within cathode is neglected, and only ion intercalation 

in cathode particles is considered based on two assumptions: 1) the inorganic solid 

electrolyte is single-ion conductor in which only Li ions move to transport charge, 2) 

conservation of charge is maintained within the solid electrolyte, then the ion concentration 

in electrolyte is considered constant. Therefore, The electron transport is considered in the 
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whole cathode domain including the electrolyte and particles, governed by the Ohm’s law 

(Eqs. (18) and (24)). The diffusion of Li ions in the active particle of the cathode is 

governed by Fick’s second law: 

( )s
s s

c
D c

t


=  


 (26) 

where 
s

D  is the Li-ion intercalation diffusivity. 

Based on the above governing equations, the following boundary conditions are 

applied for the battery model. 

s

s

c j

x FD

 −
=


 at el

x L=  (27) 

0s
c

x


=


 at el ca

x L L= +  (28) 

app
i n

s
i−  =  at el ca

x L L= +  (29) 

where n is the unit outward normal vector of the cathode surface and 
app
i  is the applied 

electrode current density at the right boundary of the cathode. 

The mechanical model solves the stress and strain fields when the battery suffers 

electrochemically driven stress. In this study, only small and elastic deformations are 

considered, as LLZO has a large Young’s modulus (i.e., 150 GPa) with a good capability 

to resist deformation. The governing equation of the mechanical model follows Newton’s 

second law: 

( )
2

L ext V2
S S F

t



=  + +


u
F  (30) 
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where u is the displacement field,    is the material density, FL is the deformation 

gradient, S is the Piola-Kirchhoff stress tensor, Sext is the external stress tensor representing 

the load contribution from electrochemical overpotential-driven stress, and FV is the body 

force. The deformation gradient can be expressed as: 

L
= +F I u  (31) 

where I is the identity matrix and u is the displacement vector. 

The overpotential at the interface of the Li dendrite and the electrolyte 
−

 drives the 

dendrite growth under the constraint of the SE, determining the value of hydrostatic stress 

(i.e., the external stress tensor). For other regions except for the dendrite/electrolyte 

interface, there is no overpotential influence on the hydrostatic stress. Then, the 

relationship between 
ext

S  and 
−

 can be expressed as 65, 80, 112: 

Liext

at dendrite/electrolyte interface
=

0 for other region                        

F

S

−


−





 (32) 

where 
Li

  is the partial molar volume of Li metal. 

As the crack propagates and the dendrite grows, the Young’s modulus of the solid 

electrolyte 
SE

E  evolves as well, represented as: 

( ) ( )( )SE LLZO Li
1E h E h E = + −  (33) 

Where 
LLZO

E  and 
Li

E  are Young’s moduli of the LLZO electrolyte and the Li dendrite, 

respectively. 

As for the mechanical boundary conditions, the right boundary of the cathode is fixed: 
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0
x y

u u= =  at 
el ca

x L L= +  (34) 

The crack propagation is described by the evolution of the non-conserved phase-field 

order parameter   of the phase-field model in this study from the perspective of energy. 

1 =   and 1 = −   represent the intact electrolyte region and the cracked region, 

respectively. The phase-field method uses a diffuse interface to show the continuous phase-

field variable across the interfacial region, and 1 1−     is the transition interface 

between the intact and cracked regions. Note that it is assumed that the cracked region is 

filled with Li dendrite 49, 68, 113. The total free energy 
totalF  of the system in this study is 

expressed as follows 49, 110, 114: 

total local grad mech dF f f f V = + +   (35) 

where localf  is the local energy density, 
gradf  is the gradient energy density, and mechf  is 

the mechanical strain energy density, whose expressions are written as:  

( ) ( )
2 2

local 2

pf

= 1 1
4

f


 


− +  (36) 

( )
2

grad =
2

f


  
(37) 

( )mech

1 1
=

2 2
ij ij ijkm ij kmf C    =  

(38) 

where    is the mixing energy density, pf   is the parameter controlling the interface 

thickness, ( )ijkmC    is the stiffness (i.e., Young’s modulus SE
E   in Eq. (33)), ij   and 

km  are strain components. The relationship between   and pf  follows 114: 

pf3
=

8

E
  (25 39) 
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where E
 is the surface energy required to create the new cracked surfaces. We assume 

that all the mechanical elastic strain energy is used to drive the crack propagation and is 

transferred to the surface energy without loss. Due to the fact that each newly formed crack 

has two identical surfaces, the surface energy E  is equal to half of the fracture energy G: 

=
2

G
E

 (40) 

( )2 2

LLZO

LLZO

1
=

K
G

E

−
 (41) 

where 
LLZOK   is the fracture toughness of the LLZO electrolyte and    is LLZO’s 

Poisson’s ratio. 

The governing equation for the crack propagation follows the Allen-Cahn equation as 

110: 

2

pf
t

 
 




+  =  


u  (42) 

where   is the mobility parameter controlling the crack propagation, written as:  

2

pf
 =  (43) 

where   is the mobility tuning parameter reflecting the crack propagation speed.   is 

obtained from the total free energy through the variational method, expressed as:  

( )
2

pf2 2 mech
pf

1
f

    
 


= −  + − +


 (44) 

Since the pre-defect is designated at the Li/LLZO interface, the initial value for the 

pre-defect region is 1 = − ; for the remaining intact regions, the initial value is 1 = . 

Once the crack continuously propagates and the dendrite grows to reach the cathode 
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side, the Li anode and LCO cathode are internally connected by the dendrite, indicating a 

triggered short circuit. 

The short-circuit model is developed to probe whether the dendrite penetrates through 

the solid electrolyte (i.e., whether 1 = −  at the cathode/electrolyte interface). If the short 

circuit is detected, the short-circuit resistance 
short

R   is calculated by the following 

equation: 

( )
el

short

SE ave SE_

L
R

S 
=  (45) 

where ( )SE ave_
    is the average conductivity of the solid electrolyte automatically 

obtained from the domain probe and SSE is the cross-section area of the electrolyte. 

Table 2 Summary of material properties and simulation parameters 

Parameter Symbol Value References 

Anodic charge transfer coefficients a
  0.5 103, 109 

Cathodic charge transfer 

coefficients 
c

  0.5 103, 109 

Conductivity of LLZO LLZO
  24 43 10−. S/m 49, 92 

Conductivity of Li Li
  71 1 10. S/m 49, 72 

Conductivity of LCO cathode s
  11 13 10−. S/m 115 

Li-ion intercalation diffusivity of 

cathode 
s

D  135 10−  m2/s 116 

Faraday’s constant F 96485 C/mol 49, 72 

Gas constant R 8.314 J/mol/K 49, 72 

Temperature T 300 K 72 
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Density of LLZO LLZO
  4606 kg/m3 49 

Density of Li metal Li
  534 kg/m3 49 

Partial molar volume of Li metal Li
  5 31 3 10 m mol−.  49, 72 

Young’s modulus of Li metal Li
E  4.9 GPa 49, 53 

Young’s modulus of LLZO LLZO
E  150 GPa 49, 53 

Poisson’s ratio of LLZO   0.257 49, 53 

Parameter controlling interface 

thickness 
pf  61 10 m−  estimated 

Fracture toughness of LLZO LLZOK  0.98 MPa√m 82 

Mobility tuning parameter   ( )66 10 m s kg−   estimated 

Cross-section area of the electrolyte SSE 1 m2 calculated 

Yield stress of Li metal Y_Li
  0.4 MPa 47 

 

3.2 Results and discussion 

3.2.1 Representative results 

The charging/discharging voltage versus capacity response of the Li/SE/LCO cell 

from simulation (Fig. 60 in Appendix A) agrees well with experimental results, and the 

predicted critical current density is comparable to the reported value, demonstrating the 

validity of the electrochemical response of the model. 

With the pre-existing defect and under a 1C charging rate, the Li dendrite grows 

around the defect from the beginning of charge until the short circuit. Fig. 18 summarizes 

the dendrite growth process using the battery model, mechanical model, phase-field model, 
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and short-circuit model. According to the battery model, the battery voltage increases 

during the charging process until 423.8 s, at which point the dendrite leads to the short 

circuit and the voltage drops (Fig. 18(a)). 

During the charging process, an uneven overpotential 
−
 distribution around the pre-

existing defect surface affects the interfacial chemical reaction 65, leading to Li plating 

around this area (battery model). Since the Li dendrite affects the effective electrolyte 

conductivity 
SE

  (Eq. (20)), the electrolyte potential 
l
  changes accordingly (Eq. (18)) 

and affects the current density within the SE (Fig. 18(d) and Fig. 19). The high-conductivity 

dendrite area further facilitates the Li electrodeposition, i.e., dendrite growth, and 

accelerates the uneven overpotential 
−
 distribution (phase-field model to battery model). 

In addition, the uneven overpotential 
−
 distribution can change the von Mises stress 

Mises
  (Fig. 18(c)) and cause crack propagation due to the mechanical strain energy density. 

The cracks initially become large in random directions, then transverse mainly in the 

direction from the anode side towards the cathode side (Fig. 18(b)) (battery model to 

mechanical model). The cracks provide space for Li dendrite growth (mechanical model to 

phase-field model). In return, the Li dendrite affects the von Mises stress 
Mises

  and crack 

propagation (phase-field model to mechanical model). The strong correlation between the 

mechanical model and the phase-field model leads to a similar von Mises stress and phase-

field distribution within the SE, as shown in Fig. 18 (b-c). 

However, once the dendrite grows to reach the cathode side, the phase-field variable 
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1 = −   is detected at the LCO/LLZO interface at t=423.8 s, then the direct electron 

transportation path is built between the anode and cathode and the current density is mainly 

concentrated within the dendrite area (Fig. 18(d)), causing the abrupt voltage drop, i.e., the 

short circuit (short-circuit model). 

 

Figure 18 Representative computational results at 1C charging rate. (a) voltage response 

and detected phase-field variable   at the LCO/LLZO interface at 1C charging rate; (b) 

dendrite growth    evolution ( 1 = −   for dendrite/crack, 1 =   for intact solid 

electrolyte); (c) von Mises stress evolution Mises
 ; (d) electrolyte potential distribution and 

current density vector (the thicker and longer arrow indicates larger current density) at the 

beginning and ending time. 
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Figure 19 Representative results: electrolyte potential 
l
  distribution and current density 

vector (the arrows indicate only the current direction and distribution, not the magnitude).  

 

In the following discussion, representative simulation results are taken as the baseline, 

and the parametric study is carried out to understand the governing effects of stress, 

charging rate, Young’s modulus 
LLZO

  , and fracture toughness 
LLZOK   on crack 

propagation/dendrite growth in the SE and the electrochemical response of the battery.  

3.2.2 Governing effect from overpotential-driven stress 

During the charging process, there inevitably exists the overpotential 
−
 at the Li 

anode/electrolyte interface. The negative 
−
 will drive Li plating along the SE and the Li 

interface (Fig. 20(a)). Without the stress effect (i.e., Eq. (32) is disabled), there is no driving 

force for crack formation/propagation and dendrite growth, and thus no short circuit occurs. 

The average SE conductivity is kept constant, and the normal voltage profile during the 

charging process can be seen in Fig. 20(b). When the overpotential-driven stress is 
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considered, the stress may drive the dendrite growth and crack propagation. As long as the 

current density exists within the SE, there is a continuous driving force to the newly grown 

dendrite for further development (Fig. 20(a)).  

At the beginning of charge (0~150 s), the battery voltage responses are close to each 

other, with and without taking stress into consideration, indicating Li plating behavior. 

After that, the discrepancy in voltages gradually appears and amplifies. The baseline 

voltage is much lower (Fig. 20(b)), caused by the conductivity change in the SE as a result 

of dendrite formation. As the dendrite grows, the effective electrolyte conductivity 
SE

  

evolves following the governing law described in Eq. (20). Since the electrical conductivity 

in the Li dendrite ( 7

Li
1 1 10. =   S/m) is several orders of magnitude higher than the ionic 

conductivity of the LLZO electrolyte (
2

LLZO
4 43 10. −=   S/m), the dendrite growth 

significantly increases the effective electrolyte conductivity (Fig. 20(c)). Moreover, 
SE

  

significantly influences the current density distribution within the SE because the current 

density tends to concentrate at the high 
SE

  region (Fig. 20(c)), leading to an obvious 

voltage discrepancy (Fig. 20(b)). At t=423.8 s, if the stress effect is enabled, the battery 

voltage abruptly drops, indicating that the Li dendrite finally reaches the cathode side and 

the short circuit is triggered (Fig. 21(a)). It is important to note that the voltage response 

with dendrite growth obviously deviates from normal battery voltage behavior, which 

inspires us to propose a possible method for the detection of crack and dendrite issues by 

monitoring the voltage-time curve for real-time battery health management. 
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The −  -driven stress mainly distributes close to the dendrite/electrolyte interface, 

especially at the dendrite tip (Fig. 21(b)). According to Eq. (32), the generated stress is 

linearly related to the overpotential. Under a 1C charging rate, the stress tensor components 

( ), ,
ij

i j x y = , and 
Mises

  all reach the magnitude of GPa (Fig. 20(d)). Such large internal 

stress causes the strain energy density of 108 N/m2 (Fig. 21(c)), providing a sufficient 

driving force for crack propagation. The continuous and direct propagation of the crack 

towards the cathode side (i.e., the transverse direction) is responsible for the internal short 

circuit. In the meantime, the crack propagates laterally as well, along with the 

anode/electrolyte interface in the block shape, mainly due to the free mechanical boundary 

condition for the left boundary and the relatively smaller xx
  (Fig. 21(d)). Note that the 

Li dendrite soon fills the crack such that no break-apart of the SE is considered here. The 

stress at the dendrite tip is more concentrated, including ( ), ,
ij

i j x y =  and 
Mises

  (Fig. 

20(d)), and the stress component 
yy

  is larger than 
xx

  (Fig. 21(d)), which can elucidate 

the faster crack propagation speed in the transverse direction than in the lateral direction.  
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Figure 20 Effect of electrochemically induced stress at 1C charging rate. (a) schematics of 

the crack propagation/dendrite growth driven by the overpotential-induced stress; (b) 

voltage vs. time curves for models without and with the stress effect; (c) effective 

electrolyte conductivity SE
   and current density vector (the thicker and longer arrow 

indicates larger current density); (d) stress tensor components 
xx

 , 
yy

 , 
zz

  and von 

Mises stress Mises
  at t=200 s. 
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Figure 21 Effect of electrochemically induced stress. (a) dendrite   evolution considering 

the stress effect; (b) von Mises stress evolution Mises
  considering the stress effect; (c) 

strain energy density considering the stress effect; (d) maximum stress components 
xx

  

and 
yy

  within the solid electrolyte domain. 

 

3.2.3 Governing effect from the charging rate 

Since the current applied to the battery is determined by the charging rate (C-rate) and 
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the current density within the SE is affected as well to influence the overpotential value, 

the increased C-rate ultimately results in larger driving stress for faster crack propagation 

and dendrite growth (Fig. 22(a)). Thus, we investigate the C-rate effect on the crack and 

the electrochemical behavior considering the values of 0.1C, 0.25C, 0.5C, 1C, 1.5C, and 

2C (i.e., current density values of 140, 350, 700, 1400, 2100, 2800 μA/cm2, respectively). 

The battery overpotentials increase with increasing charging rates. For a C-rate no 

greater than 0.25C, there is no short circuit during the entire charging process. However, 

once the C-rate exceeds 0.5C, an abrupt voltage drop (i.e., short circuit) is observed (Fig. 

22(b)). The higher the charging rate, the less time it takes for a short circuit. 

The dendrite growth behavior is also closely related to the C-rate. The Li plating 

mainly grows along the anode/electrolyte interface (y-axis in Fig. 22(c)) when the C-rate ≤ 

0.25C because the left boundary is free, leading to energy-favorable crack growth. For the 

C-rate ≥ 0.5C, the dendrite grows transversely (along the x-axis) to the cathode in a more 

slender shape (Fig. 22(c)). Moreover, at the short-circuit time, the dendrite grows more in 

the y-axis at higher C-rates, since the stress tensor components ( ), ,
ij

i j x y =  and von 

Mises stress 
Mises

  increase with C-rate, and are also large enough under a high C-rate to 

drive the dendrite propagating in the y-axis (Fig. 23(a)). The fundamental reason for the 

larger stress is the larger electrochemical overpotential −  at a higher C-rate; −  almost 

remains the same for each C-rate (Fig. 23(b)). The distribution of electrolyte potential 
l
  

for different C-rates at t=200 s (Fig. 22(d)) shows that a large C-rate significantly increases 
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the 
l
  at the Li/LLZO interface, i.e., from ~0.04 V under 0.1C to ~0.25 V at 2C, which 

further validates the large overpotential induced by the high C-rate. Based on 
−
 and the 

short-circuit time tshort, we establish a safety guidance map for dendrite-induced short 

circuits (Fig. 22(e)), where the safety region indicates that no short circuit occurs during 

the whole charging process if the C-rate<0.25C and 
−
>-0.10 V. 

 

Figure 22 Effect of charging rate. (a) schematics of the charging-rate effect on dendrite 

growth; (b) voltage vs. time curves; (c) contour plots of phase-field parameter   ; (d) 

electrolyte potential 
l
   distribution at t=200 s; (e) safety guidance map based on 

overpotential − /short-circuit time tshort. 
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Figure 23 Effect of charging rate. (a) stress tensor components 
xx

 , 
yy

 , 
zz

 , and von 

Mises stress Mises
  for different C-rates at t=200 s; (b) overpotential vs. time curves during 

0~200 s. 

 

3.2.4 Governing effect from the electrolyte conductivity 

Improving the electrolyte conductivity is one of the major means of improving the 
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electrochemical behaviors of the ASSB. Here, the LLZO electrolyte conductivity 
LLZO

  

effect on the crack and the electrochemical response is explored. Based on the baseline 

model, we consider the scenarios of  22 215 10−.  S/m, 24 43 10−.  S/m, 14 43 10−.  

S/m, and 4.43 S/m. 

Since the electrolyte conductivity directly influences the internal resistance, the 

electrochemical response of the battery is expected to change. The voltage of the battery 

during charging is higher under lower 
LLZO

  (Fig. 24(a)), because a smaller 
LLZO

  leads 

to larger battery internal resistance, which indicates that under the same current density 

(1C is used for all cases here), a higher voltage will be observed. A lower 
LLZO

  

corresponds to an earlier short-circuit time, i.e., t=374.4 s, 423.8 s, 553.5 s, and 601 s for 

LLZO
  = 22 215 10−.   S/m, 24 43 10−.   S/m, 14 43 10−.   S/m, and 4.43 S/m, 

respectively (Fig. 24(a)). The x-axis crack propagation is dominant, and the crack 

morphology is similar at different 
LLZO

  values (Fig. 24(b)). The only slight difference is 

that there is a slim crack in the y-direction under small 
LLZO

  (i.e., 22 215 10−.  S/m and 

24 43 10−.  S/m). 

LLZO
  mainly influences the electrolyte potential 

l
 , which directly determines the 

overpotential −  . Since the electrolyte with smaller 
LLZO

   bears higher voltage, the 

electrolyte potential 
l
   is larger under the same applied current density, resulting in a 

higher absolute value of − , i.e., at t=360 s, − =-0.17 V, -0.162 V, -0.14 V, and -0.135 V 

for 
LLZO

  = 22 215 10−.   S/m, 
24 43 10−.   S/m, 14 43 10−.   S/m, and 4.43 S/m, 
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respectively (Fig. 25(a)). The higher 
−
 drives larger stress; moreover, both the maximum 

von Mises stress 
Mises_max

   and the average von Mises stress 
Mises_ave

   increase with 

decreasing 
LLZO

   (Fig. 25(b)), resulting in the correspondingly greater strain energy 

density. The evolution of the phase-field parameter   is driven by the elastic strain energy 

(Eqs. (42-44)). Thus, the dendrites grow faster under smaller 
LLZO

 . The above discussion 

demonstrates that increasing the electrolyte conductivity can not only improve the battery 

electrochemical performance with a reduced internal resistance, but suppress crack 

propagation as well. 

The dendrite preferentially grows laterally in the y direction under a low C-rate (<0.5C) 

and a high 
LLZO

  (> 14 43 10−.  S/m) due to the free left boundary and the smaller driving 

force; thus, no short circuit occurs (Region 1 in Fig. 24(c-d)). Increasing the C-rate or 

decreasing 
LLZO

  both give rise to greater 
−

 (absolute value of 
−
), which causes a 

stronger driving force for the crack and dendrite, resulting in an earlier short circuit 

(Regions 2-3 in Fig. 24(c-d)). An abrupt change of 
−

 between Region 2 and Region 3 

can be clearly observed in Fig. 24(c). The critical −  value at the boundary of Region 2 

and Region 3 is about 0.16 V. 
−  is greater than the critical value with C-rate>1 C and 

LLZO
 <

24 43 10−.  S/m, corresponding to the earlier short circuit scenarios. From Fig. 

24(d), there exists a specific threshold C-rate (namely, critical current density) value under 

a certain electrolyte conductivity. At 0.25C or below, there is no short circuit for 
LLZO

  

from 22 215 10−.  S/m to 4.43 S/m. Increasing 
LLZO

  can reduce 
−  and avoid a short 
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circuit for 0.5C, but if the C-rate>0.5C, 
−

 is still large (>0.1V) and the dendrite growth-

induced short circuit is only delayed but not completely prevented. By contrast, the C-rate 

is in the dominant position in terms of controlling the 
−

 and avoiding a short circuit. 

 

Figure 24 Effect of electrolyte conductivity. (a) voltage vs. time curves; (b) contour plots 

of crack parameter   at short-circuit point; coupled effect of charging rate and electrolyte 

conductivity 
LLZO

  on the (c) overpotential −  and (d) short-circuit time tshort. 
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Figure 25 Effect of electrolyte conductivity. (a) overpotential 
−
 vs. time curves during 

0~360 s; (b) maximum von Mises stress 
Mises_max

  and average von Mises stress 
Mises_ave

 . 

 

3.2.5 Governing effect from Young’s modulus 

In general, a solid electrolyte with a larger Young’s modulus is more resistive to 

deformation. The inherent nature of how an LLZO electrolyte’s Young’s modulus 
LLZO

E  

affects the crack propagation and dendrite growth will be investigated here. Based on the 

baseline model, we select different 
LLZO

E , i.e., 15 GPa, 50 GPa, 100 GPa, 150 GPa, and 

200 GPa. 

According to modeling results, the crack grows only along the Li/LLZO interface for 

a 15 GPa LLZO SE, shown in Fig. 26(a), and no short circuit is observed while the crack 

growths are along the x axis when 
LLZO

E =50 GPa or above. The short circuits are triggered 

in all these cases, and the short-circuit triggering time tshort decreases with increasing 
LLZO

E  

if 
LLZO

E <100 GPa, while tshort increases with 
LLZO

E  above 100 GPa (Fig. 26(b)); tshort is 

directly related to the transverse dendrite growth. For 
LLZO

E ≥100 GPa, the farthest dendrite 
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growth distance x is larger for smaller 
LLZO

E , while the dendrite growth speed for 50 GPa 

is much lower when approaching the fixed cathode side (Fig. 26(c)), which may explain 

its longer tshort. The low speed at the final stage for 50 GPa is caused by the relatively high 

fracture energy (Fig. 26(d)). 

The crack propagation is described from the energy perspective, and 
LLZO

E   will 

significantly influence both the driving force (the elastic strain energy) as well as the 

fracture threshold energy (the fracture energy G) in a competing way. Thus, 
LLZO

E  will 

influence the crack propagation and corresponding dendrite growth as well as the short-

circuit behavior. The maximum/average von Mises stress increases with 
LLZO

E  (Fig. 27), 

while the average elastic strain energy density Eave increases with 
LLZO

E  ≤50 GPa but 

decreases with increasing 
LLZO

E  >50 GPa (Fig. 26(d)), which reflects the trends of the 

driving force. The resistive force G decreases with increasing 
LLZO

E  in the whole range 

(Fig. 26(d)). For 
LLZO

E <40 GPa, both the maximum and average strain energy density are 

much smaller (Fig. 27(b)), and the fracture energy is much higher to resist any crack (Fig. 

26(d)), demonstrating that 
LLZO

E  <40 GPa produces lower driving force and higher 

resistance for dendrite growth/crack propagation. As a result, the dendrite induced short 

circuit is delayed or even prevented at the C-rate of 1 C (1400 μA/cm2) with 
LLZO

E <40 

GPa, namely the low short-circuit risk, which provides insight for the designing of 

inorganic solid electrolyte. For 40 GPa<
LLZO

E <100 GPa, Eave maintains at a high level, 

while G decreases dramatically. Thus, the crack propagates faster, and the short circuit risk 
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is high as well. For 
LLZO

E >100 GPa, both Eave and G decrease, and the short-circuit time 

is delayed, which is at a medium risk level (Fig. 26(b)). 

 
Figure 26 Effect of Young’s modulus. (a) voltage vs. time curves for different 

LLZO
E ; (b) 

short-circuit time for different 
LLZO

E  ; (c) farthest dendrite growth x in the transverse 

direction; (d) fracture energy G and average energy density Eave at t=250 s as a function of 

LLZO
E . 
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Figure 27 Effect of Young’s modulus. (a) maximum von Mises stress 
Mises_max

   and 

average von Mises stress 
Mises_ave

 ; (b) maximum strain energy density Emax  and average 

strain energy density Eave; (c) von Mises stress 
Mises

 , and (d) strain energy density E  at 

short-circuit time. 

 

3.2.6 Governing effect from fracture toughness 

The fracture toughness of an LLZO electrolyte 
LLZOK  represents LLZO’s capability 

to resist fracture. Based on the baseline model, different 
LLZOK   values are selected to 

study the fracture toughness effect, i.e., 0.77, 0.98, 1.24, 1.41, and 1.58 MPa√m. All other 
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governing factors, i.e., the C-rate (1C), Young’s modulus (150 GPa), and pre-defect area, 

remain the same. 

LLZOK  only affects the fracture energy. A larger 
LLZOK  represents a higher resistive 

force to form a crack, resulting in a smaller crack area, which can delay the short-circuit 

time. For instance, the short-circuit time increases from t=420.3 s to t=621.1 s when 
LLZOK  

increases from 
LLZO 0.77 MPa mK =  to 1.41MPa m , and may even prevent the short 

circuit in some extreme cases, e.g., when 
LLZO 1.58 MPa mK =  (Fig. 28(a-b)). Since the 

crack propagation speed is faster under smaller 
LLZOK  , the dendrite is more prone to 

penetrate the electrolyte, resulting in an earlier short circuit. Under smaller 
LLZOK , the 

crack will also propagate laterally ( LLZO 0.77 MPa mK =   in Fig. 28(b)). 

Straightforwardly, increasing 
LLZOK   can effectively hinder the crack propagation and 

delay the short-circuit time; if 
LLZOK  is large enough, the crack can even be prevented. 
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Figure 28 Effect of fracture toughness: (a) voltage vs. time curves; (b) short-circuit time 

tshort as a function of fracture toughness KLLZO; (c) design map based on the coupled effect 

of normalized Young’s modulus and normalized fracture toughness. 

Crack propagation and dendrite growth are responsible for the short circuit. To 

quantitatively unlock the mechanistic relationship among 
LLZO

E  , 
LLZOK  , and t ( t =

stands for no short circuit), we establish a mechanism map (Fig. 28(c)) with three regions: 

no short circuit, late short circuit, and early short circuit by using the governing variables 

of 
LLZO Li

E E  and 
1

2
LLZO Y Li el_

K L
 

 
 

. The early short circuit covers a large part of the 

domain, leaving a relatively small portion of the design space. That is why we have 

witnessed the failure of ASSBs during operation. Generally, larger 
1

2
LLZO Y Li el_

K L
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leads to higher safety performance, while 
LLZO Li

E E  needs to avoid a certain domain to 

obtain a larger design space. This straightforward relationship reveals a much boarder 

design view for the SE in terms of several key mechanical properties with enhanced and 

optimized safety and cyclability behaviors by mitigating the short-circuit behavior with the 

desired Young’s modulus and fracture toughness. 

3.2.7 Implication on engineering application 

Plenty of efforts have been attempted to address the scientific and engineering 

problem: how to realize the applicable all-solid-state battery with appropriate solid 

electrolyte and at practical current density. The governing effects of stress, charging rate, 

electrolyte conductivity 
LLZO

 , Young’s modulus 
LLZO

E , and fracture toughness 
LLZOK  

have been comprehensively investigated above, which provide the basic guidance for the 

development of solid electrolyte and battery management. Based on the findings in this 

study, we provide insights towards more robust ASSBs in engineering. 

The perfect Li/SE interface without any defect has proven to prevent the dendrite 

initiation and growth (Fig. 17(b)), implying that improvement of Li/SE interfacial property 

is an effective way to suppress dendrite. However there is inevitable interfacial defect for 

current inorganic solid electrolyte. One of the main limitations for ASSBs is the critical 

current density, above which the battery will be short-circuited due to the dendrite growth 

in solid electrolyte. To make a practical current density for ASSBs, such as 2 mA/cm 2 (i.e., 

1.5 C in this study, at which dendrite grows to short circuit the battery (Fig. 22)), both the 
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electrochemical and mechanical properties of the battery can be considered to reduce the 

driving force and increase the opposing force for dendrite growth/crack propagation. The 

driving force mainly stems from the overpotential 
−

 related strain energy density (lower 


−

 corresponds smaller driving force), and the opposing force comes from the fracture 

energy. 

At the practical current density (1.5 C), increasing 
LLZO

  from 22 215 10. −  S/m to 

4.43 S/m can reduce the 
−

 from 0.3 V to 0.16 V, while the reduced 
−

=0.16 V is still 

large enough to cause the dendrite growth- and crack propagation-induced short circuit 

(Fig. 24(c-d), tshort is increased from 263 s to 445 s), which shows that increasing 
LLZO

  

can only delay (but not completely inhibit) the occurrence of short circuit at 1.5 C. In 

addition to improve electrochemical property, the mechanical properties should also be 

considered. As indicated in Fig. 26(b), 
LLZO

E  below 40 GPa corresponds to the low-risk 

region with lower strain energy density (driving force) and higher fracture energy (resisting 

capability), conductive to suppress the dendrite growth. The computational results 

demonstrate that 
LLZO

E   within the low risk region only postpones short circuit at the 

charging rate of 1.5 C (i.e., tshort is delayed from 445 s at 150 GPa to 674 s at 40 GPa). To 

completely inhibit the dendrite growth induced short circuit, we need to consider the 

improvement of 
LLZOK . When 

LLZOK  increases from 0.98 to 1.73 MPa m , the dendrite 

growth is in block shape along y-axis rather than the long strip shape in x-axis (Fig. 29), 

such that the dendrite induced short circuit is prevented.  
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Such computation results show a promising direction towards realizing applicable 

ASSBs with inorganic solid electrolyte after modulation of electrolyte conductivity (~10 -1 

S/m), Young’s modulus (<50GPa) and fracture toughness (>1.7 MPa m ). 

 

Figure 29 Dendrite   evolution at the practical current density 2100 μA/cm2 (i.e., 1.5 C 

in this study) considering different electrolyte fracture toughness.  

 

3.3 Conclusions 

Dendrite growth- and interfacial issues-induced battery failure and poor cyclability 

are the two main problems hindering the further commercialization of ASSBs. To 

understand the dendrite growth and crack propagation behavior during battery 

charging/discharging, considering the interfacial defect, we developed a fully coupled 

electrochemical-mechanical model, including the battery model, mechanical model, phase-

field model, and short-circuit model. After validation, the effects of electrochemically 

generated stress, charging rate, electrolyte properties (including conductivity, Young’s 
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modulus, and fracture toughness) are comprehensively investigated. When the 

electrochemically driven stress is considered, there is crack propagation in the SE, and the 

battery voltage response is different. Eventually, the short circuit is triggered due to 

dendrite penetration through the SE. We have reached the following conclusions: 

• The short circuit occurs earlier with higher C-rate (i.e., C-rate exceeds 0.5C) due to the 

larger overpotential 
−

-driven crack propagation and dendrite growth. 

• The overpotential 
−

 increases with decreasing electrolyte conductivity, resulting in 

an earlier short circuit. 

• Increasing 
LLZO

   can reduce the internal resistance to improve the battery 

electrochemical performance, as well as lower the crack propagation speed (delaying 

the internal short-circuit time). 

• The Young’s modulus 
LLZO

E   affects both the competing mechanism serving as a 

driving force (strain energy density) and the resistance (fracture energy) for the crack. 

LLZO
E   within 40~100 GPa accelerates the crack propagation, causing a high short-

circuit risk. 

• A larger electrolyte fracture toughness 
LLZOK   can suppress or even stop the crack 

propagation, significantly reducing the internal short circuit risk. 

It is reported that the constitutive behavior of the Li mental would be linear elastic 

first and after it reaches a yield point, the plasticity starts, and the general profile of the 

plasticity is a plastic flow in general 117. The majority of the literature reported the yield 
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stress magnitude is in the order of 101 MPa~102 MPa with Young’s modulus from 2 

GPa~20GPa 79, 80. From our simulation, we may clearly see that when we use E=4.9 GPa, 

the stress required to drive the crack propagation in our paper can be calculated as 

LLZO 49 MPa
K

a


 
 

  65, mainly falls within the linear elastic region. Note that 

during the contact between Li dendrite and the pristine SE, our linear elastic description of 

the Li metal model may over predict the crack propagate slightly while during the Li 

dendrite growing stage, such simplification for Li dendrite has no effects on the results. 

The domains of lithium dendrite and solid electrolyte are evolving and changing in phase-

field methodology, posing great challenges and limitations in defining the complicated 

mechanical property of the moving area and the interfacial area in the phase field model. 

In the meantime, the focus of this study is on the interfacial-defect-induced dendrite growth 

during charging/discharging in cell scale, and the influence of electronic conductivity 

mainly reflected in micro-scale is not included in the current study. Future work would be 

considered to solve these limitations. The established physics-based modeling framework 

unravels the physics-based mechanisms of the crack propagation, dendrite growth, and 

electrochemical behavior of the ASSBs during charging/discharging. In the meantime, the 

mechanism map offers critical guidance for the design, evaluation, and improvement of 

next-generation robust ASSBs.  
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CHAPTER 4 MITIGATION STRATEGY OF DENDRITE GROWTH 

In this chapter, inspired by the nacre-like “brick-and-mortar” structure, I propose the 

strategy of embedding heterogeneous blocks (HBs) into the solid electrolyte to reduce the 

short-circuit risk induced by dendrite growth through taking the advantage of mechanical 

mismatch. To understand the fundamental mechanism, we assume the main body of the 

electrolyte is LLZO with high conductivity to guarantee low cell resistance, and the HBs 

are LLZO with enhanced mechanical properties. The governing factors to control the 

dendrite mitigation effect are comprehensively investigated to provide insights and 

guidance on the design of dendrite-suppression electrolytes of ASSBs. 

4.1 Methodology 

The multiphysics model used here is developed to include a) the battery model to 

describe the electrochemical phenomena; b) mechanical model to calculate the 

overpotential-induced stress    fields; c) phase-field model to solve the evolution of 

dendrite growth and crack propagation (phase-field order parameter 1 =  for intact SE 

region, 1 = −   for crack/dendrite region); and d) short-circuit model to detect the 

triggering of dendrite growth-induced short circuit. These four sub-models are inter-

connected by transferring relevant physical variables, described by the governing equations 

(Table 4 in Appendix B). More details of the modeling can be referred to Chapter 3. 

The lithium and LiCoO2 are used as the anode and cathode, respectively (Fig. 30(a))118. 

The promising LLZO solid electrolyte with high Young’s modulus ELLZO=150 GPa and 

ionic conductivity κHB=0.443 mS/cm is set as the main body of the electrolyte in this study. 
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Note that due to the high hydrostatic stress developed within the vicinity of the tip of Li 

dendrite (Fig. 36), the plasticity of Li material is not considered here. The geometry is 

simplified as a 2D plane to improve the computational efficiency (Fig. 30(b)). For the 

dendrite growth simulation (without any heterogeneous blocks) in this study, the model is 

validated in three ways: 1) the cell voltage response during charging/discharging agrees 

with the experiment results 14; 2) the predicted critical current density, i.e., threshold value 

of applied current density to drive dendrite growth is comparable to reported values14, 60, 77; 

3) the simulation morphology of dendrite penetration and its coupled crack propagation is 

similar to the observations of transverse cracking with minimal branching in the 

experiment 40, 41, 50, 66, 67. The current density adopted in this study of 1.918 mA/cm2 mimics 

current densities used in practical ASSBs. Note that the Li dendrite initiation mechanisms, 

e.g., Li plating and nucleation, are not the focus of this paper. Thus, we pre-define an initial 

defect with length 4 μm and width 2 μm to initiate dendrite growth. We also confirm that 

the initial geometry of the defect does not influence the Li dendrite growth (Figure 31). An 

HB with length LHB and width WHB=2.5 μm are selected to demonstrate the representative 

result. The electrolyte and HBs are assumed to be homogeneous without voids; thus, the 

effect of the internal void is not considered in this study. 
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Figure 30 Illustration of the strategy of adding heterogenous blocks into ASSBs: (a) 

schematic of 3-D battery structure, (b) simplified 2-D battery model. 

 
Figure 31 Effect of initial defect length on dendrite mitigation behavior:  (a) initial defect 

length 4 μm; (b) initial defect length 6 μm. 

 

4.2 Results and discussion 

4.2.1 Dendrite propagation 

The baseline case is dendrite growth from an interfacial defect at the lithium anode 

side, that grows along the x-axis. Upon reaching the cathode, the dendrite bridges the SE, 

and electron transport between the anode and cathode triggers an internal short circuit (ISC) 
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(Fig. 32). The aim of this study is to investigate possible mitigation mechanisms where this 

type of dendrite growth-induced short circuit is slowed/stopped by diverting dendrite 

propagation away from the x-axis direction. 

 

Figure 32 Baseline model: dendrite growth in solid electrolyte without HBs. (a) Voltage 

response, (b) dendrite growth behavior, (c) electrolyte potential evolution, and (d) von 

Mises stress distribution. 

 

To determine the dominant properties of HBs that are capable of blocking a dendrite, 

we conduct parametric studies of Young’s modulus EHB, ionic conductivity κHB, and 

fracture toughness KcHB. The computational results indicate that adjusting EHB from 100 to 

200 GPa or κHB from 9×10-3 to 4.43 mS/cm is incapable of mitigating dendrite growth (Fig. 

33(a-b)). However, the dendrite growth behavior (i.e., growing speed, dendrite angle, and 

length) is highly dependent on KcHB. There are a variety of possible factors that may 
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promote dendrite penetration within the solid electrolyte, such as cracks, voids, grain 

boundaries, local electronic structure, and electron segregation at surfaces and interfaces 119. 

The relative contributions of these phenomena are currently not well understood and thus 

it is difficult to incorporate all of these factors in the model in a meaningful way. Recent 

experiments provide direct evidence that dendrite growth in some inorganic solid 

electrolyte can be coupled with the crack propagation 40, 50, 66, 67, where dendrite penetration 

drives crack propagation, and the newly formed crack then provides further space for 

dendrite growth. The model employed in this study is based on this type of behavior, where 

internal pressure in the Li-filled filaments drives fracture, and crack extension provides 

space for further Li metal penetration 50, 65, 66. Herein, the lithium filaments are 

mechanically constrained by the surrounding solid electrolyte, and their continuous growth 

is then driven by electrochemical deposition that exerts pressure on the neighboring 

electrolyte. The resulting strain energy in the SE is subsequently relaxed by fracture of the 

SE which then provides more growth space. 
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Figure 33 Effects of HBs’ properties on dendrite mitigation: (a) Young’s modulus effect, 

(b) ionic conductivity effect, (c) fracture toughness effect. 

 

In the model (governing equations in Table 3), the internal stress ( )ext
S x t,   is 

calculated from the overpotential ( )x t ,  in the electrochemical model, and imposed at 
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the lithium-electrolyte interface, based on ( ) ( )ext Li
S x t F x t= − , , /  65. This relationship 

assumes that the Li filaments are highly constrained, such that full pressurization occurs 

quickly and reaches the maximum hydrostatic stress ( )ext
S x t,  that is thermodynamically 

possible for a given electrochemical driving force ( )x t ,  (i.e., the overpotential at the 

lithium-electrolyte interface). This assumption gives an upper bound on the pressure. 

Lower stresses are predicted in more detailed models that includes more realistic 

descriptions of the crack opening displacements and Li plasticity near the base of the crack. 

However, these effects are neglected here, where the focus is on dendrite growth/crack 

propagation paths in SE’s with heterogeneous mechanical properties over macroscopic 

time scales The formulation used here also overestimates the Li flux into the sides of the 

Li filament, however, this is also a secondary factor since most of the flux enters at or near 

the dendrite tip. To demonstrate this, additional simulations were conducted with variations 

in the exchange current density, the applied current density (i.e., faster interface kinetics) 

and the SE ionic conductivity values. These effects alter the Li-ion flux into the flaw, and 

in all of these cases the predicted dendrite growth is similar to the baseline case (Fig. 61 in 

Appendix C). This further justifies the effectiveness of the modeling approach in this study. 

The model defines the path for Li dendrite penetration by energy minimization. It is 

thus consistent with a crack propagation mechanism, where the resistance of the material 

to crack propagation (i.e., described here by the fracture toughness Kc) reflects its 

resistance to dendrite penetration. KcHB=0.98 MPa m0.5 is used as the baseline value, below 
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and above which a series of KcHB values (i.e., 0.78, 0.98, 1.47, 1.96) are studied (Fig. 33(c)). 

The dendrite initially grows along the x-axis through material with small value of Kc (i.e., 

low dendrite penetration resistance), but the growth direction is diverted to the y-axis by 

HB with high KcHB, i.e., KcHB=1.96 MPa m0.5. This doubling corresponds to a four fold 

increase in the fracture resistance, which is sufficient to prevent dendrite growth into the 

HB (Fig. 33(c)). The crack propagation/dendrite growth here is described by the phase-

field method which employs energy conservation, where changes in the strain energy 

density serve as the driving force. The phase-field model employs continuous property 

variations across the interface between the two regions, in contrast to the sharp interfaces 

that are considered in conventional fracture mechanics analyses of crack deflection at bi-

material interfaces 120, 121. The latter is based on the fracture resistance of the interface, 

which is not specifically defined in our case. However, the results of these two approaches 

are generally similar, with deflection induced by a relatively high fracture resistance in the 

HB layer. Note that when the dendrite deflects along the LLZO-HB interface (t=70 s, Fig. 

34), the stress components σxx and σxy correspond to mixed-mode loading (i.e., a 

combination of Mode-I in-plane tension and Mode-II in-plane shear). In the phase-field 

method, this overall effect is generally reflected in the strain energy density, i.e., the 

concentrated energy density at the dendrite tip (e.g., see t=80 s in Fig. 34).  

Furthermore, the different dendrite growth behavior and mitigation effect are less 

obvious for the HBs with different EHB and κHB compared to the fracture toughness KcHB 
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(Fig. 35). To summarize the general trend based on the above trial computational results, 

KcHB (dendrite penetration resistance) is the primary HB property that alters dendrite 

propagation, and in general, HBs with higher KcHB can be used to block dendrite growth. 

Therefore, in the following study, we define HBs with large enough fracture toughness 

KcHB=1.96 MPa m0.5
 to deflect dendrites (Fig. 33(c)), and the other material properties are 

set to be the same as those of the main-body LLZO electrolyte. 

 

Figure 34 Contour plots of strain energy density and stress tensor components when using 

high fracture toughness for a heterogeneous block. 
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Figure 35 Dendrite mitigation with HBs of different length: (a) HBs with different Young’s 

modulus, ionic conductivity and fracture toughness from main body of LLZO electrolyte; 

(b) HBs with only different fracture toughness from main body of LLZO electrolyte.  

 

4.2.2 Dendrite mitigation effect with single HB 

The risk associated with a dendrite growth-induced short-circuit can be evaluated by 

calculating the time that it takes for the dendrite to reach the cathode side, i.e., the short-

circuit risk is high if dendrite grows to the cathode side within a very short time, while the 

short-circuit risk is low if it takes a long time for dendrite to reach the cathode, and the risk 

can be reduced to zero if the dendrite is prevented from reaching the cathode ( i.e., the short-

circuit time is infinite). To understand the dendrite mitigation effect using HBs, we first 

embed a single HB and focus on the individual HB's size effect from a structural design 

perspective. Different cell lengths Lcell (i.e., 50 and 100 μm) and normalized HB length 

e=LHB/Lcell from 0.05 to 0.2 are considered. Note that adding HB (κHB=0.009 mS/cm, 

KcHB=1.96 MPa m0.5) into the LLZO electrolyte (κHB=0.443 mS/cm, KcHB=0.98 MPa m0.5) 

has little influence over the total effective electrolyte conductivity κeff, (e.g., the κeff is only 

reduced 0.49% from 0.443 to 0.4408 mS/cm when adding 10 μm long HB to 50 μm long 

electrolyte). The ionic conductivity κSE is defined individually for the main-body of the 
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electrolyte, the heterogeneous block, and the lithium metal domains. Meanwhile, κeff will 

change as the dendrite evolves.14 The electrolyte conductivity directly determines battery 

internal resistance which can then influence the electrical potential distribution according 

to the Ohm’s law in the governing equations of Table 4 in Appendix B. Furthermore, the 

electrolyte potential 
l
  distribution is similar for the electrolyte with and without HB (Fig. 

36(a)), thus demonstrating that the HB has little adverse influence on the overall 

electrochemical behavior. The potential drop over the heterogeneous block is ~0.00109 V 

(Fig. 36(a)), which is several orders of magnitude smaller than 
l
  (~0.16 V). Thus, the 

influence of the additional resistance caused by the additional block is negligible. Note that, 

a significantly lower conductivity in HB compared to the surrounding electrolyte will have 

a non-trivial impact on the local electrical potential distribution (i.e., by increasing the 

potential drop within HB domain). 

Interestingly, we discover that dendrite growth exhibits different modes when e=0.05, 

0.1, and 0.2 (Fig. 36(b)) (where Lcell=50 μm, and the corresponding HB length LHB are 2.5, 

5, 10 μm, respectively). For e=0.05 case, the dendrite first grows along the x-axis, then 

bypasses the HB, and finally approaches the cathode side along the x-axis. This has no 

effect in preventing the ISC, but it delays the ISC triggering time. For the e=0.1 case, after 

encountering the HB, the dendrite splits into two parts, i.e., the bottom dendrite branch 

diverges its direction towards the y-axis (no ISC risk anymore). The top branch bypasses 

the HB and continuously grows along the direction with an angle θ≈45° to the x-axis (Fig. 
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36(b)), greatly reducing the safety risk by prolonging the dendrite growth path. For e=0.2 

case, the two dendrite branches both divert their growth direction from the x to y-axis, 

eliminating short-circuit risk since the dendrite growth along the y-axis will not cause direct 

contact between anode and cathode. Similar results also apply to the case of Lcell=100 μm 

with the same e values (Fig. 36(c)).  

To illustrate the underlying mechanism, the stress state σij (i, j=x, y) is extracted at the 

moment when the dendrite growth first extends beyond the right side of the HB. The stress 

state here varies with e (Fig. 36(d)): (1) for e=0.05, the σyy (-2.88 GPa) at dendrite tip 

highlighted in the red dashed circle is larger and more concentrated than σxx (-1.125 GPa) 

and σxy (-1.038 GPa), which drives dendritic growth along the x-axis; (2) for e=0.1, the σxx 

(-2.6 GPa) and σxy (-1.16 GPa) are more concentrated at the dendrite tip, with promotes the 

dendrite branches along the y-axis, and the direction 45° with the x-axis, respectively; (3) 

for e=0.2, the σxx (-2.6 GPa) at both dendrite tips is larger and more concentrated than σyy 

(-1.5 GPa) and σxy (-1.12 GPa), which explains the dendrite growth preferentially along the 

y-direction. Both x- and y-axis dendrite growth can eventually damage the cell, i.e., in the 

x-axis direction it electrically short circuits the cell, and in the y-axis direction it 

mechanically splits the solid electrolyte (note that here we do not consider the possible 

growth towards z-direction). However, the SE sample is usually a cylindrical pellet and the 

thickness of SE (x direction) is at least 1-2 orders of magnitude less than its diameter (y 

direction) 18, 31, and experimental characterizations revealed that dendrite prefers to grow 



95 

 

 
 

towards the other electrode (i.e., along x direction) 40, 41, 122. As such, the focus of this study 

is to suppress the x-axis dendrite growth, but attention should also be paid to the y-axis 

dendrite growth when long-time cycling is included. 

To quantitatively evaluate the short-circuit risk R under HB with varied e, the 

normalized dendrite-growth time t0/tx is adopted, based on the dendrite tip reaching the 

distance Xd=35 μm (on the right of single HB), where t0=80 s is the baseline time without 

any HB (Fig. 32), and tx is the dendrite growth time with the HB. R here is defined to be 

linear with t0/tx, i.e., R=100% when t0/tx =1 since the dendrite growth is not delayed nor 

blocked, and R= 0 when t0/tx =0 as the dendrite is completely prevented from growing 

towards the cathode side. According to the dendrite growth mitigation effect  under different 

e values, three categories are classified based on the short-circuit risk, i.e., small e 

(0<e<0.1), medium e (0.1<e<0.18), and large e (0.18<e<1.0) (Fig.37). The single HB with 

small e has little effect in dendrite mitigation and can only elongate the dendrite growth 

path to delay the ISC time, and the ISC risk is above 80%. The single HB in medium e can 

partially change the dendrite growth direction to reduce the short-circuit risk below 70%, 

which may need further modulation in multiple HBs to realize the full mitigation effect. 

The single HB with large e can change dendrite growth direction from x to y-axis, which 

is then capable of preventing the dendrite growth-induced ISC completely. 
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Figure 36 Dendrite growth behavior with a single heterogeneous block: (a) the electrolyte 

potential l
   distribution without and with adding HB to the electrolyte (Note: the red 

arrows represent the gradient of the electrolyte potential); dendrite growth under different 

ratios e= LHB / LCell and cell length LCell: (b) LCell=50 μm, (c) LCell=100 μm; (d) Stress tensor 

component σij (i, j=x, y) distribution when the dendrite bypasses the block, with cell length 

LCell=100 μm. 
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Figure 37 Short-circuit risk and dendrite mitigation effect with a single heterogeneous 

block under various length ratios e=LHB/Lcell. 

 

4.2.3 Dendrite mitigation effect with multiple HBs in small e 

A single HB with large e can lead to full elimination of the ISC risk (i.e., the dendrite 

grows along the y-axis), while in cases with small/medium e, the HB cannot fully stop the 

dendrite growth towards the cathode. As such, we naturally speculate that multiple HBs in 

small/medium e cases may be able to block dendrite propagation. 

Two HB arrangements are considered here, i.e., aligned (A1 type) and staggered (A2 

type) (Fig. 38(a)). The two governing geometric parameters are the gap G between adjacent 

HBs in the same column and the distance D between two neighboring columns. Due to the 

synergic enhancing effect from neighboring HBs, different dendrite growth mitigation 

behaviors are observed. As for multiple small-e HBs (LHB=G=D=4 μm, Fig. 38(a)), at t=70s, 

the dendrite reaches the first-column HBs in both A1 and A2, then it changes growth 

direction to bypass HB (Fig. 38(b)). In A1, when the dendrite grows to bypass the HB in 
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the first column, it continues to grow along the x-axis, and the dendrite tip faces the gap in 

the second column (since the two columns are aligned) (t=96s, Fig. 38(b)). In this case, the 

second column plays no role in blocking the dendrite growth. In A2, since there is an offset 

distance between the neighboring columns, the dendrite tip faces the HB in the second 

column after it crawls across the first column via the gap. In this case, the dendrite growth 

direction is altered due to the HB in the second column (t=96s, Fig. 38(b)), which elongates 

the dendrite growth path. Finally, dendrites in both A1 and A2 cases grow to bypass the 

second column HBs and towards the cathode side. The dendrite in A2 is closer to the 

cathode than that in A1 case due to the extended dendrite growth path (t=120s, Fig. 38(b)), 

delaying the ISC time. In short, by properly designing the staggering space, the dendrite 

growth path can be significantly extended, and the growth angle may also be diverted away 

from the cathode side. Besides, the total effective electrolyte conductivity κeff decreases 

from 0.443 to 0.4343 mS/cm by only 1.96% when A1 or A2 is adopted, and the electrolyte 

potential is seldomly affected (Fig. 39). 

The applied current density i dictates the internal electrochemical reaction kinetics of 

the cell, which further affects the dendrite growth behavior. Here various current density 

values are selected to explore its influence, i.e., i = 0.4795, 0.959, 1.4385, and 1.918 

mA/cm2. At low current density (i ≤ 0.959 mA/cm2), dendrite growth occurs along the y-

axis without short-circuit risk (Fig. 38(c)). However, when i ≥ 0.959 mA/cm2, the dendrite 

penetrates the electrolyte and grows towards the cathode. Furthermore, the dendrite reaches 
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the right edge of the 2nd-column HB earlier with both the A1 and A2 arrangement methods 

at i=1.918 mA/cm2 than it does with the i=1.4385 mA/cm2 (Fig. 38(c)), indicating faster 

dendrite growth at higher current density. Increased current density and simultaneous 

dendrite suppression are critical requirements for ASSB commercialization, thus i=1.918 

mA/cm2 is selected in this study to explore dendrite mitigation strategies with practically 

relevant current densities. 

 
Figure 38 Dendrite mitigation with multiple heterogeneous blocks in small length ratio e: 

(a) illustration of two representative arrangement methods, (b) the dendrite growth 

behavior and mitigation effect in the two arrangement methods, (c) dendrite growth 

behavior at various applied current density. 
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Figure 39 Electrolyte potential distribution with multiple HBs in small e: baseline without 

any HB, A1 and A2 with multiple HBs (LHB=G=D=4 μm). 

 

4.2.4 Dendrite mitigation effect with multiple HBs in medium e 

Again, the HB structures are classified into two categories, the same as in the small-e 

cases (i.e., A3 and A4 for aligned and staggered lineups, respectively). In the A3 case, after 

the dendrite grows through the gaps in the first column, it continuously grows along the 

direction 45° to the x-axis. Once the dendrite meets one of the HBs in the second column, 

the growth angle further changes along the y-axis for further growth (which turns 90° 

compared to its original growth path, Fig. 40(a)). In this way, the dendrite growth-induced 

ISC can be completely prevented. On the other hand, in A4 cases, the dendrite penetrates 

through the gap in the first column and extends diagonally, then it reaches the gap in the 

second column, which provides an accessible opportunity for the growth path (Fig. 40(a)). 

In this case, ISC cannot be entirely avoided, though the dendrite growth path is extended. 

As an additional step to obtain comprehensive knowledge about the modulation of the 

HB arrangement to completely block dendrite growth, a further parametric study is carried 

out following the effective arrangement method in A3. The dominant geometric parameters 
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are: (1) the HB length L, (2) the gap G between HBs in the same column, and (3) the 

distance D between two adjacent columns. To make it more generalized, the normalized 

gap ratio G/L and distance D/L are used to quantitatively characterize the geometric 

information. Within the range of medium e, four values are selected, i.e., e=0.1, 0.12, 0.14, 

0.16. Furthermore, since the large gap and distance provide additional possible space for 

dendrite growth resulting in poor performance in mitigating dendrite (Fig. 41), the G/L and 

D/L values are limited within 1. 

Similarly, the normalized time t0/tx is adopted to evaluate the dendrite growth induced 

short-circuit risk R. Here tx is the time when dendrite grows to the right edge of the second-

column HBs in each specific arrangement, and t0 is the corresponding baseline time without 

any HB. Based on the mitigation effect of HB lineups, we classify the effects into two 

categories: Group 0 for completely preventing dendrite from growing towards the cathode 

(safe region, blue area in Fig. 40(b)), Group 1 for dendrite still growing to cause a short 

circuit (dangerous region, non-blue area in Fig. 40(b)). The region of G/L close to 0 is safe, 

which is much close to the scenario with large e. For e=0.1, the dangerous regions in Group 

1 are: Region 1 (0.1<G/L<0.4), and Region 2 (0.6<G/L<1, 0<D/L<0.6). As e increases to 

0.12, the dangerous Regions 1 and 2 are both split into two small regions, one of which 

further disappears in e=0.14. When it comes to e=0.16, only a small portion of Region 2 

(0.9<G/L<1, 0<D/L<0.3) remains and the high-risk red area (R close to 100%) nearly 

disappears, indicating a promising dendrite mitigation effect. Thus, for multiple HBs in 
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medium e, the dendrite can be completely suppressed with specific combination of gap and 

distance ratios. The overall trend discovered with larger medium e, is the larger safe Group 

0 area and the smaller high-risk red region in dangerous Group 1, thus demonstrating better 

dendrite mitigation. 

 

Figure 40 Dendrite mitigation with multiple heterogeneous blocks in medium length ratio 

e: (a) illustration of two representative arrangement methods, (b) the short-circuit risk as a 

function of distance ratio D/L, gap ratio G/L, length ratio e. 
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Figure 41 Dendrite mitigation with multiple HBs in medium e. 

 

4.2.5 Multilayer electrolyte design to mitigate dendrite 

In extreme cases, HB arrangement with gap G=0 becomes a new layer of electrolyte. 

As such, a multilayer electrolyte structure consisting of a main-body electrolyte and an 

embedded layer (EL) is formed (Fig. 42), combining the mechanical advantage from HB 

(high fracture toughness) and electrochemical advantage from baseline electrolyte (high 

conductivity). To leverage the mechanical stiffness gradient and mismatch, we assign 

different Young’s moduli to the embedded layer and the main body of the electrolyte to 

improve the overall dendrite mitigation effect of the multilayer electrolyte.  

The main-body electrolyte is LLZO with Young’s modulus 150 GPa. Here four 

different Young’s modulus EEL (i.e., 50, 100, 150 (baseline), 200 GPa) are considered to 

investigate the dendrite mitigation effect for the 10 μm thick embedded layer. Note here 
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that the energy release rate at fracture 
( )2 21

=
c

c

K
G

E

−
 describes the fracture resistance. 

To study the effect of Young’s modulus, the fracture toughness Kc of the embedded layer 

is first held constant as 0.98 MPa m0.5 which is same as the main-body electrolyte. As the 

dendrite grows into the embedded layer, the stress tensor component σyy at the dendrite tip 

is -1.436 GPa for EEL=50 GPa, smaller and less concentrated than the other cases (σyy=-

1.938, -2.39, -2.28 GPa for EEL=100, 150, 200 GPa, respectively) (Fig. 42(a)). Accordingly, 

the short-circuit time is 276, 235, 225, 234 s for EEL=50, 100, 150, and 200 GPa, 

respectively, and Gc increases with decreasing EEL, which implies that smaller Young’s 

modulus EEL=50 GPa improves dendrite mitigation. As a second case, we set the Gc of the 

embedded layer to be the same as that of the electrolyte (i.e., Gc =3.02 J/m2) and vary EEL. 

Similarly, EEL=50 GPa leads to better dendrite mitigation and can even keep the dendrite 

growth within the embedded layer (Fig. 43). Thus, EEL=50 GPa is then selected to study 

the structure effect on dendrite mitigation, and the other properties, including fracture 

toughness and ionic conductivity, are the same throughout the whole electrolyte. 

Three scenarios are then considered to study the multilayer effect on dendrite growth: 

(1) single embedded layer with thickness W=10 μm; (2) two embedded layers with both 

thickness W/2=5 μm, the gap of 5 μm; and (3) single embedded layer with thickness W/2=5 

μm (Fig. 42(b-d)). Note that once the HBs become the enhanced layer, the dendrite growth 

diversion can no longer be achieved without gaps. Thus, we observe a continuous dendrite 

growth along the initial dendrite direction (Fig. 42(b-d)). The farthest dendrite growth 
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distance Xd (from the leftmost base to the rightmost tip) is used to intuitively indicate the 

degree of dendrite mitigation since larger Xd implies earlier short circuit, and smaller Xd 

represents a better mitigation effect and lower short circuit risk. 

For all cases in Fig. 42, the dendrite initiates from the pre-defect area and grows 

towards the cathode side. At t=55 s, the dendrite reaches the left edge of the embedded 

layer in all the scenarios, then penetrates into the embedded layer and continues to grow 

along the x-axis. At t=120 s, the dendrite reaches the right edge of the embedded layer in 

Scenario 1 with Xd=35 μm, meanwhile the Xd=37.3 μm, 39.2 μm for Scenarios 2 and 3, 

respectively. Later, the dendrite penetrates through all the embedded layers and re-enters 

the main-body electrolyte as the charging process continues. At t=160 s, Xd=49.8 μm, 43.8 

μm, 57.5 μm for Scenarios 1, 2, 3, respectively, while Xd=71.8 μm for the baseline case 

without any embedded layer (Fig. 32). Finally, the dendrite reaches the cathode side, 

causing short circuits in all the scenarios, and short-circuit time tshort=276, 290, 262 s for 

Scenarios 1, 2, 3, respectively. Such results demonstrate the effectiveness of the dendrite 

growth mitigation for the multilayer. It is also clear that a thicker embedded layer can 

further slow down the dendrite growth. For the same total thickness, multiple layers with 

gaps impose more mechanical stiffness gradient transitions on the multilayer electrolyte 

design, thus leading to better dendrite mitigation. The embedded layer affects dendrite 

growth mainly by delaying growth speed within EL, thus, the EL thickness is one dominant 

factor that controls the mitigation effect. EL with different thicknesses ( i.e., 10 μm, 5 μm, 
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and 0 μm) are considered here. The dendrite grows at the same speed until it reaches the 

EL region. Then, the dendrite growth speed is reduced by the EL region and the dendrite 

penetration distance is largest for the baseline case (Fig. 44). The short circuit time is 

delayed at the thickest EL case (i.e., 10 μm), demonstrating that increasing the EL thickness 

also helps to mitigate dendrite penetration and reduces short circuit risk. 

 
Figure 42 Dendrite mitigation effect with multilayer solid electrolyte design: (a) effect of 

Young’s modulus EEL of the embedded layer, dendrite mitigation behavior of (b) embedded 

layer with width W=10 μm, (c) two embedded layers with both width W/2=5 μm, gap 5 μm, 

and (d) embedded layer with width W/2=5 μm. 



107 

 

 
 

 

Figure 43 Dednrite mitigation effect by adding the embedded layer (varying Young’s 

modulus EEL, constant fracture resistance Gc): stress tensor component σyy at 73 s, and 

dendrite growth at 112 s. 

 

 

Figure 44 Dendrite mitigation effect with multilayer solid electrolyte design considering 

different thicknesses of embedded layer: (a) T=10 μm, (b) T=5 μm, (c) baseline T=0 μm. 

 

To provide a clear overview of the dendrite-induced ISC risk, we consider the main 

governing effects from the length ratio e, along with the quantity and arrangement of HBs, 

and the Young’s modulus of the electrolyte. The resulting map in Fig. 45 for 0<e<1 (regions 

I and II) shows combined strategies that combine the advantages of HBs’ high fracture 

toughness to suppress dendrite growth and LLZO’s high ionic conductivity to maintain 

electrochemical performance. In Region I (high ISC risk), whether single or multiple HBs 

are adopted, the dendrite-induced short circuit is not prevented but only delayed by the 
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elongated growth path, for both small e (0<e<0.1) area and medium e (0.1<e<0.18) area 

using the A4 arrangement method. Nevertheless, multiple HBs in medium e through the 

specific A3 arrangement are capable of completely suppressing dendrite growth towards 

the cathode (Fig. 40), and single/multiple HBs in large e can prevent the dendrite-induced 

short circuit as well, both of which are included in Region II (zero ISC risk). At e=1 (Region 

III), the strategy becomes a multilayer electrolyte structure consisting of main-body 

electrolyte and embedded layer to mitigate dendrite growth through stiffness gradient 

design. In this case, the electrolytes have different Young’s moduli EEL compared to the 

main-body electrolyte, and their other properties are the same. Although the dendrite-

induced ISC is not completely prevented in Region III, electrolytes with smaller EEL in 

more and thicker layers show promising dendrite mitigation effects to delay the short-

circuit time significantly. 

 

Figure 45 Overview of the ISC risk as a function of length ratio e, quantity and arrangement 

of HB, and quantity and Young’s modulus of the embedded layer. 
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4.4 Conclusions 

The dendritic growth-induced ISC safety issue is one of the main problems to be 

solved for the successful implementation of ASSBs. Inspired by “brick-and-mortar” 

toughening mechanisms, we propose the strategy of adding heterogeneous blocks into SEs. 

Dendrite growth mitigation is then evaluated with an established multiphysics modeling 

framework under practical current density. The effect of adding HBs within the electrolyte 

on dendrite mitigation is then comprehensively investigated by considering the HB length, 

arrangement method, and multilayer design. Our major findings are:  

• The nominal length e of the HB dominates the dendrite mitigation effect with a 

single HB. Specifically, large e (0.18<e<1) may completely change dendrite growth 

direction and prevent short circuit, while medium e (0.1<e<0.18) can partially block 

dendrite growth, and small e (0<e<0.1) can only mitigate dendrite growth to a 

limited extent. 

• Multiple HBs with medium e, modulated by a specific arrangement method, can 

fully mitigate dendrite penetration, while multiple HBs with small e only elongate 

the dendrite growth path and delay the short-circuit time. 

• The multilayer SE structure shows promise for mitigating dendrites and delaying 

short circuits, especially when thicker and multiple embedded layers with smaller 

Young’s modulus are adopted. 

These results reveal that adding HBs with high fracture resistance is a promising 
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approach to mitigate dendrites and reduce short-circuit risk. To implement these findings, 

additional consideration of actual microstructural effects is needed. Current LLZO 

electrolyte have a Gc≈3 J/m2 with Young’s modulus 150 GPa, fracture toughness 0.985 

MPa m0.5, and Poisson’s ratio 0.257. In polycrystalline ceramics varying the grain size can 

have some effect on Gc, however, in most cases these effects are well below the 4:1 ratio 

used in the model. Differences this large can be created by varying porosity 123, but this 

might limit overall performance of the SE in other ways. In some ceramics, large increases 

in Gc are obtained with elongated whisker-like grain structures (e.g., Si3N4), and our results 

indicate that focused efforts to create these structures in SEs are potentially worthwhile. 

Ultimately, nanocomposites that employ second phases may provide a wider array of 

options for engineering HBs with large Gc differences 124. The mesoscale model with a 

homogenized electrolyte domain in this study focuses on the mitigation of dendrite-induced 

short circuit risk. In future work, this can be further improved with a multiscale approach 

by including the intricate polycrystalline electrolyte structure to predict the transgranular 

or intergranular dendrite penetration. 
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CHAPTER 5 ELECTROCHEMICAL-MECHANICAL COUPLING FAILURE 

MECHANISM OF COMPOSITE CATHODE 

In this chapter, I develop the three-dimensional fully coupled electrochemical-

mechanical model to obtain an in-depth understanding of the mechanical instability issues 

inside the composite cathode of ASSBs. The model considers the complicated 

heterogeneous particle structure as well as battery electrochemical kinetics, Li diffusion 

process, mechanical deformation, and interfacial debonding. The quantitative results from 

the established model give out insights into the mechanisms of interfacial debonding and 

particle bulk damage, which further result in the degradation of the cell performance. The 

governing effects from charging rates (C-rates), heterogeneous properties, interfacial 

strength, and particle position are then comprehensively investigated to provide possible 

solutions to improve the robustness of composite cathode in ASSBs. 

5.1 Methodology 

To investigate the coupled electrochemical-mechanical behavior inside composite 

cathode of ASSBs, the 3D representative region including composite cathode, LLZO 

electrolyte and lithium anode surface is selected as the target domain in this study (Fig. 46). 

The composite cathode is further composed of the LiNi1/3Co1/3Mn1/3O2 (NCM111) 

secondary particle, electrolyte-carbon black domain (ECBD). The secondary particle 

consisting of 53 primary particles ranging in size from 0.1 to 3 μm with random shapes and 

orientations is stochastically generated through Voronoi tessellation via a Python script. 
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The radius of the secondary particle is 5 μm. Since the focus of this study is on the failure 

mechanism of composite cathode, especially on the particle-related phenomena, the ECBD 

and electrolyte domain (ED) are simplified as homogenized regions with effective 

properties in the model. The cross section of the representative region is a 15 μm×15 μm 

square, and the length of the ECBD and electrolyte domain (ED) are 25 μm and 15 μm, 

respectively. The right boundary of ED is the lithium anode surface. The left boundary is 

the cathode current collector where the external charging/discharging current is applied.  

 
Figure 46 Illustration of the established 3D model consisting of composite cathode 

(NCM111 secondary particle, electrolyte-carbon black domain (ECBD)), LLZO solid 

electrolyte domain (ED), and lithium anode. 

Electrochemical reaction kinetics. The electrochemical reaction kinetics at the 

electrolyte-particle interface is described by the Butler-Volmer relationship: 

BV+ 0
exp expa c

F F
I I

RT RT

   
+ +

+

 −   
= −    
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where IBV+ is the local charge transfer current density, I0+ is the exchange current density, 

F is the Faraday’s constant, R is the gas constant, T is temperature, 
a

  and 
c

  are the 
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anodic and cathodic charge transfer coefficients, respectively; 
+

  is the overpotential 

expressed as: 

h
eq ints l

E
F

+


= − − − −


     (47) 

where 
s

  and 
l
  represent the electrical potential in the solid phase and the electrolyte 

phase, respectively; Eeq is the equilibrium potential, Ω is the partial molar volume of 

lithium in the active material, ( )h 11 22 33
3/   = + +   is the hydrostatic stress, 

int int BV
R I =   is the overpotential drop induced by the increase interfacial resistance Rint 

as a result of particle-ECBD interface debonding. The term 
h

/ F−  considers the stress 

effect on overpotential (namely, the interfacial reaction kinetics). 

Within the ECBD and ED areas, the electric current density obeys Ohm’s law, 

governed by the following equations: 

effi
l l l

 = −   (48) 

eff
i

s s s
 = −   (49) 

where the il and is are the current density in the electrolyte domain and the remaining 

electrically conductive domain, respectively; 
eff 1 5.

l l l
  =   and 

eff

s
   are the effective 

electrolyte conductivity and effective electrical conductivity, respectively; l
   is the 

electrolyte volume fraction, l
   is the solid electrolyte conductivity. Furthermore, the 

charge conservation requires: 

0i
l

 =  (50) 

0i
s

 =  (51) 
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At the electrolyte-lithium interface, the charge transfer reaction kinetics is governed 

by Butler-Volmer equation as well: 

BV- 0
exp expa c

F F
I I

RT RT

   
− −

−

 −   
= −    

    
 (52) 

eqs l
E  

−
= − −  (53) 

The following boundary conditions are applied for the electrochemical process: 

c app
i n

s
i−  =  at left boundary z=0, 0 V

s
 =  at right boundary z=40 μm, where nc is the 

unit outward normal vector of the cathode surface, and iapp is the applied current density at 

the cathode current collector. 

Diffusion process. The diffusion of Li ions into the NCM secondary particle is affected 

by both the concentration gradient and stress effect, described by the Fick’s second law of 

diffusion: 

0J
s

c

t


+ =


 (54) 

h
J

s s

c
D c

RT


 
= −  −  

 
 (55) 

where c is the bulk Li concentration in the particle, Js is the Li flux, 

14

14

20

1 10 0 0

0 1 10 0

0 0 1 10

s
D

−

−

−

 
 

=  
  

 m2/s is the diffusion coefficient which is anisotropic, 

i.e., Ds11=1×10-14, Ds22=1×10-14, Ds33=1×10-20 m2/s along [100], [010], [001] 

crystallographic orientations of the NCM primary particle, respectively.125, 126 Note that the 

crystallographic orientations of the primary particles are randomly created, and the 
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adjacent primary particles hold different directions. The Li flux for the particle is from the 

interfacial current density of the charge transfer reaction:  

BVJ n
s l

I

F

+ = −  (56) 

where the nl is the unit normal vector from the electrolyte to the particle surface. 

Mechanical deformation. The equilibrium equation of solid mechanics follows  

V
0f + =  (57) 

where the stress tensor σ is given by Hooke’s law for linear elasticity as σ =C:εel, fV is the 

body force per unit volume which equal zero here, C and εel are the constitutive tensor and 

elastic strain tensor, respectively. Furthermore, the total strain ε is related to the 

displacement field u: 

( )( )T1

2
u u =  +  (58) 

In this study, the total strain ε also follows: 

el Li
  = +  (59) 

where εLi is lithiation/delithiation-induced strain. It’s assumed that εLi is proportional to the 

normalized Li concentration cn in the particle, cn=c/cmax, where cmax is the maximum Li 

concentration at the fully lithiated state, written as:  

Li c n
c =  (60) 

where βc is the lithiation expansion coefficient which is anisotropic, expressed as: 

( )c c0
3/c=   (61) 
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where 

1 0 0

0 1 0

0 0 1



 
 

=
 
 − 

   is the coefficient matrix, βc0(c) is the intercalation-induced 

volumetric strain in NCM particle as a function of Li concentration defined by the curve in 

Fig. 47,7 and the volumetric strain is converted to linear strain in each single direction 

through multiplying by one-third. Furthermore, the lithiation-induced volume change in 

[001] orientation of the NCM particle is opposite to that of the other two orientations,125 

thus θβ11=1, θβ22=1, θβ33=-1 for [100], [010], [001] orientations, respectively. According to 

the reference,125 the absolute values of θβij (i, j=1, 2, 3) are close, which are assumed to be 

the same in this study. The symmetric mechanical boundary conditions are applied to the 

side surfaces of the cell. 

 
Figure 47 Intercalation-induced volumetric strain βc0 of NCM111 particle as a function of 

normalized concentration cn.7 

Interfacial debonding. The cohesive zone model is adopted to describe the 

debonding/separation behavior of the particle-ECBD interface. The quadratic failure 

criterion is used to predict the onset of separation:127, 128 

2 2

I II III

cI cII cIII

1
  

  

     
+ + =     
    

 (62) 
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where τ is the element traction and σc is critical stress (i.e., interfacial strength) in single 

mode with the subscripts I, II, III denoting separation Mode I (tensile mode), Mode II (shear 

mode), Mode III (tear mode), respectively. The Macaulay bracket   is defined as 

0 0

0

,

,

x
x

x x


= 


, which further implies that normal compressive stress is not assumed to 

initiate the separation. 

The mixed-mode relative displacement um quantitatively characterizes the 

displacement in the adhesive layer, defined as: 

2 2

m I II
u u u= +  (63) 

where uI and uII are the displacements in normal direction and tangential direction, 

respectively. 

The power-law mixed-mode failure criterion is selected to describe the propagation of 

the debonding process, expressed as:128 

I II

Ic IIc

1
G G

G G

 
   

+ =   
   

 (64) 

where GIc and GIIc are the critical tensile and shear energy release rates (i.e., fracture 

toughness), respectively, α is the mode mixity exponent. In this study, the interfacial 

strength σc and fracture toughness Gc are assumed to be the same for tensile in the normal 

direction and shear in the tangential direction. 
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The actual debonding gap λ between the particle surface and ECBD region is 

automatically detected by the model, which will influence the particle-ECBD interfacial 

resistance Rint by:129, 130 

( )refref

int int
1

/
R R e

 
= −  (65) 

where the ref

int
R   is the reference interfacial resistance, λref is the reference gap. The 

interfacial resistance Rint further affects the overpotential and the corresponding charge 

transfer reaction kinetics at the interface. 

The material properties and parameters are summarized in Table 3. The one-

dimensional (1D) battery model is established with NCM111 cathode, LLZO solid 

electrolyte and lithium anode (Fig. 48). The predicted charging/discharging potential 

(NCM111 vs. Li/Li+) vs. specific capacity curves by the 1D model agree well with the 

experiment results,131 which verifies the electrochemical parameters adopted in the 3D 

model in Fig. 46. Based on the validated modeling framework, further investigation into 

the electrochemical-mechanical coupling failure mechanism is carried out. 

 

Figure 48 Comparison of the charge/discharge voltage vs specific capacity curves between 

experiment and simulation. 
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Table 3 Summary of material properties and simulation parameters 

Parameter Symbol Value References 

Anodic charge transfer coefficient a
  0.5 14 

Cathodic charge transfer coefficient c
  0.5 14 

Partial molar volume of Li metal   9×10-6 m3/mol 7 

Faraday’s constant F 96485 C/mol -- 

Gas constant R 8.314 J/mol/K -- 

Temperature T 293.15 K -- 

Electrolyte volume fraction in ECBD l
  0.9 Estimated 

Solid electrolyte conductivity l
  0.08 S/m 131 

Electrical conductivity in ECBD 
eff

s
  1 S/m 132 

Li diffusivity in particle Ds 
Ds11=Ds22=1×10-14 m2/s; 

Ds33=1×10-20 m2/s 
125, 126 

Interfacial strength σc 100 MPa 130 

Fracture toughness Gc 1 J/m2 Estimated 

Young’s modulus of solid electrolyte ESE 150 GPa 49 

Young’s modulus of NCM particle ENCM 78 GPa 133 

Mode mixity exponent a 1 Estimated 

Reference interfacial resistance 
ref

int
R  2×10-3 Ω/m2 130 

Reference gap λref 10 nm 130 
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5.2 Results 

To obtain a basic understanding about the typical failure phenomena in composite 

cathode, the focus is firstly on the scenario of the cell including one NCM111 secondary 

particle in cathode domain (Fig. 46) at 1C constant-current (CC) charging and CC 

discharging scenario. The lower and upper cut-off voltages are 3 V and 4.3 V, respectively. 

The total charging and discharging times are 3103 s and 3008 s, respectively (Fig. 49(a)), 

with a Columbic efficiency (CE) of 96.94%, indicating the capacity loss caused by the 

internal impedance going on inside the cell. The focus of this study is mainly on the failure 

mechanism of composite cathode from two aspects: (a) the interfacial failure between 

cathode particle and its surrounding ECBD, and (b) the bulk damage inside cathode particle. 

As for the interfacial failure between particle and ECBD, the concern is mainly with 

the interface debonding issue. Upon charging, delithiation occurs within NCM111 particle, 

whose overall volumetric strain is negative,7 i.e., the volume of NCM111 particle shrinks 

during delithiation (Fig. 50(a)). Meanwhile, the LLZO solid electrolyte owns the Young’s 

modulus of 150 GPa, representing a strong stiffness to resist deformation. As a result, the 

interface between the particle and its surrounding ECBD begins to separate (Fig. 49(b)) 

once the onset criterion of the interfacial debonding is fulfilled (Eq. (52) in the 

Methodology part). Here the average interfacial debonding gap DG_ave and maximum gap 

DG_max are adopted to quantitatively characterize the progressive failure process at the 

particle-ECBD interface (Fig. 49(b)), the former representing the overall debonding 
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situation and the latter indicating the worst-case scenario. DG_ave and DG_max both gradually 

increase until t=2200 s to DG_ave=0.3 nm and DG_max=6.8 nm, then they rapidly increase to 

their maximum values DG_ave=14.3 nm and DG_max=55 nm at charging end (t=3103 s), 

which significantly raises the interfacial impedance, and the interfacial electrical resistance 

Rint considered in the model is exponentially related to the debonding gap (Fig. 50(b)). The 

increased Rint will cause higher charging voltage to reach the upper cur-off voltage earlier, 

resulting in smaller charging capacity acceptance of the cell. Meanwhile, higher Rint 

reduces the overpotential at particle-ECBD interface (Eq. (47)), thus, the electrochemical 

reaction kinetics is retarded. Around the charging end and discharging beginning 

(t=3100~3350 s), DG_ave and DG_max remain at a high-value plateau, because the maximum 

volumetric strain (Fig. 49(c)) and the volume change of the whole particle (Fig. 50(a)) 

reach a plateau which directly determines the corresponding debonding gap. After t=3350 

s, the lithiation induces the particle volume expansion, then the debonding gap decreases 

and the interfacial contact gradually recovers (Fig. 49(b)). The interfacial resistance exists 

and acts continuously during the CC discharging, possibly causing the capacity loss and 

the above mentioned 96.94% CE. Furthermore, at the discharging end, the debonding gap 

is not completely recovered (DG_ave=0.255 nm and DG_max=0.889 nm), which may further 

accumulate in long-time cycling to contribute to the performance degradation. 
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Figure 49 Electrochemical-mechanical coupled behavior of the composite cathode. (a) Cell 

charging/discharging voltage curve. (b) The average and maximum debonding gap at the 

particle-electrolyte interface, DG_ave and DG_max. (c) The maximum von Mises stress 

σMises_max and maximum volumetric strain εV_max (negative value due to volume shrinkage) 

of the particle during charging/discharging. (d) The von Mises stress σMises of the 3D cell 

and its cross sections at X-Y, Z-Y, Z-X planes. The contour plots of various variables at 

different times, including t=0 s (charging beginning), 1550 s (charging midpoint), 3103 s 

(charging end), 4650 s (discharging midpoint), and 6111 s (discharging end): (e) Li 

concentration in the particle c, (f) volumetric strain εV, and (g) von Mises stress σMises. 

 

The failure inside the NCM secondary particle comes down to the cracking or 

pulverization issues. The maximum von Mises stress σMises_max within the particle domain 

increases during the CC charging process from initial stress-free status to σMises_max=2.64 

GPa at t=3103 s (Fig. 49(c)), which basically is the result of the lithiation/delithiation-

induced deformation as well as the constraint from the surrounding ECBD. Such a large 
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stress is most probably to cause the cracking failure of the particle. At the charging end 

(t=3103 s), the stress is mainly concentrated around and inside the particle domain, and the 

region away from the particle remains at a low stress status, as can be seen from the 3D 

profiles of von Mises stress σMises of the whole cell (Fig. 49(d)). To take a further look at 

the phenomena occurring inside the secondary particle, three 2D cross sections are cut from 

the 3D geometry, i.e., X-Y, Z-Y, and Z-X planes. Surprisingly, σMises distributes 

nonuniformly in all the cross sections, especially at the boundaries of the primary particles 

(Fig. 49(d)). The Z-Y profiles of the dominant variables (namely, Li concentration c, 

volumetric strain εV, and von Mises stress σMises) at specific times are collected to give out 

an understanding of the overall evolution process during battery operation, including the 

charging/discharging start, middle, and end times (i.e., t=0, 1550, 3103, 4650, 6111 s). At 

the beginning, the particle is at a free-stress/strain state with uniform initial concentration 

distribution (t=0 s, Figs. 49(e-g)). During the charging process (along with delithiation of 

NCM particle), c decreases throughout the particle, simultaneously showing the overall 

trend of smaller c closer to the particle surface (t=1550 s, Fig. 49(e)), due to the fact that 

charge transfer reaction occurs at the particle-ECBD interface. However, c evolves in a 

nonuniform way, which is caused by the randomly distributed primary particles with 

different crystallographic orientations. Since both the diffusivity and expansion coefficient 

are different along [100], [010], [001] directions of the primary particles, the overall Li 

diffusion and volume change show markedly anisotropic behaviors for the secondary 
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particle, eventually resulting in the significant nonuniformity of c and εV (t=1550 s, Figs. 

49(e-f)). Though the overall volumetric strain is negative for NCM secondary particle 

during charging (i.e., secondary particle volume shrinks), the delithiation-induced strains 

are negative along [100] and [010] directions (volume contraction) while positive along 

[001] direction (volume expansion). Such mismatch of volume change further aggravates 

the nonuniformity of the strain (Fig. 49(f)). giving rise to the nonuniform stress profiles 

(Fig. 49(g)). As the charging process continues, the maximum stress and strain increase, 

and the stress/strain fields become more inhomogeneous, especially at the boundaries of 

the small primary particles (t=3103s, Figs. 49(f-g)), eventually leading to the 

experimentally observed cracks inside NCM secondary particles 125, 134, 135 because of 

weaker grain boundary connections between primary particles compared to particle bulk 

domains. During the discharging process, the lithiation leads to larger c closer to secondary 

particle surface (t=4650s and 6111s, Fig. 49(e)). The nonuniform c and the inhomogeneous 

volume change of the primary particles (expansion along [100], [010] directions, 

contraction along [001] direction) cause the nonuniformity of strain and stress distribution 

(t=4650 s and 6111 s, Figs. 49(e-f)). Interestingly, at discharging end, the Li concentration 

is not recovered to its initial state, and there are residual stress and strain within the particles, 

which may partially contribute to the above mentioned 96.94% CE and may also 

accumulate during the cycling to further degrade the cell performance. 
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In short, both interface debonding failure at the particle-ECBD interface and the 

cracking failure inside the particle are the results from electrochemistry-mechanics 

interactions, mainly from three aspects: (1) lithiation-induced volume contraction under 

the constraint by the surrounding stiff ECBD; (2) structural inhomogeneity caused by the 

randomly distributed crystallographic orientations of the primary particles with anisotropic 

Li diffusion; (3) nonuniform Li concentration and volume variation mismatch-caused 

concentrated stress around the boundaries of primary particles. The failure mechanism of 

composite cathode in ASSBs is basically understood, based on which the effects from 

various governing factors are investigated, including the charging rate, heterogeneity, 

interfacial strength, and particle position, to further dig out the dominant variables and 

provide possible improvement guidance on improvement of composite cathode. 

 

Figure 50 (a) The total volume change of the NCM111 secondary particle during the 

charging/discharging at 1C. (b) The average interfacial resistance Rint calculated from the 

average debonding gap. 
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5.3 Discussion 

5.3.1 Charging rate effect 

Achieving high charging rates (C-rates) is one of the main limiting factors for the 

commercialization of the current ASSBs, due to the severe mechanical instability and 

dendritic issues at large applied current densities. A series of C-rates are selected herein, 

i.e., 0.1C, 0.5C, 1C, 2C, to investigate the C-rate effect on the failure behavior inside 

composite cathode of ASSBs. To fairly compare the results at different time scales from 

various C-rates, the actual time t is normalized by the nominal charging time τ at each C-

rate, namely τ=36000 s, 7200 s, 3600 s, 1800 s for 0.1C, 0.5C, 1C, 2C, respectively. The 

CC charging-CC discharging scenario is discussed here, and the scenario with constant-

voltage (CV) charging is included in the supplementary materials. 

The cell at a higher C-rate shows a smaller charging/discharging capacity (Fig. 51(a)), 

which is usually attributed to the larger interfacial polarization and larger voltage drop 

caused by internal resistance, but the root cause is that the Li stored in the NCM secondary 

particle is less exchanged to anode at higher C-rates (Fig. 51(b)). With the help of the 

established model, the total amount of Li MLi is calculated by integral of the Li 

concentration c within the secondary particle domain, and MLi decreases during charging 

due to the delithiation and vice versa for discharging (Fig. 51(b)). For the secondary particle, 

the initial MLi=24.659×10-12 mol at t=0 s decreases to MLi=1.666×10-12, 2.362×10-12, 

3.203×10-12, 4.615×10-12 mol at the charging end for 0.1C, 0.5C, 1C, 2C, respectively, 
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which serves as the direct evidence that more Li remains within the NCM particle without 

participating the charge transfer reaction at a higher C-rate, thus the charging capacity is 

reduced. The concentration c that directly indicates the delithiation state determines the 

volumetric strain εV (Fig. 51(c)) and the corresponding deformation (namely, particle 

volume change, Fig. 52) where particle is in a volume shrinkage process during charging, 

resulting in increased stress σMises inside the particle (Fig. 51(d)). Note that the peak values 

of maximum εV and σMises are very close for all the C-rates, i.e., εV_max=-0.0253 and 

σMises_max=2.64 GPa, since they all reach the plateau stage. Nevertheless, the particle at high 

C-rates owns a less contracted volume (Fig. 52) due to more Li remained in the particle, 

especially at 2C case, thus the peak values of the maximum and average debonding gaps 

of particle-ECBD interface are smaller at 2C at charging end, i.e., DG_ave=13.5 nm and 

DG_max=52.5 nm, compared to DG_ave=14.3 nm and DG_max=55 nm at 1C (Figs. 51(e-f)). 

The higher C-rate appears to contribute less to the interfacial failure and bulk damage 

during charging process, evaluated by DG and σMises, respectively, whereas, the situation is 

completely reversed once the discharging process is included. During the discharging 

(lithiation of NCM particle), the Li amount MLi in the particle increases, and 

correspondingly, the other main state variables (i.e., εV, σMises, DG_ave and DG_max) gradually 

recover. However, these variables are incapable to completely recover at discharging end 

to their initial state at charging beginning (Fig. 51(b-f)). The total Li amount 

MLi=24.518×10-12, 24.058×10-12, 23.647×10-12, 22.772×10-12 mol at the discharging end 
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for 0.1C, 0.5C, 1C, 2C, respectively, are lower than the initial MLi=24.659×10-12 mol at t=0 

s, which also indicates that MLi at a higher C-rate shows a larger residual discrepancy to 

the fully recovered state (Fig. 51(b)). Consequently, at the discharging end, the maximum 

volumetric strain and von Mises stress have larger residual values at higher C-rates, i.e., 

εV_max=-0.0398×10-3, -0.835×10-3, -3.032×10-3, -5.891×10-3, and σMises_max=0.003, 0.048, 

0.166, 0.327 GPa for 0.1C, 0.5C, 1C and 2C, respectively (Fig. 51(c-d)). Possible damage 

to the bulk particle could be caused by the residual εV and σMises, especially at high C-rates 

with larger residual stress/strain, which may also be further accumulated after a long-term 

cycling and the progressive damage finally leads to the crack or pulverization of the particle. 

Furthermore, the particle volume at discharging end cannot be restored to its original state 

of good interfacial contact with the surrounding ECBD (Fig. 52), and the unrecovered 

interface debonding gap after the CC discharging is larger at higher C-rates, i.e., 

DG_ave=0.01, 0.052, 0.255, 0.762 nm and DG_max=0.036, 0.181, 0.889, 2.688nm for 0.1C, 

0.5C, 1C and 2C, respectively (Fig. 51(e-f)), indicating larger interfacial impedance at 

higher C-rates, which could partially contribute to the deteriorated performance at higher 

C-rates. The cell at higher C-rates shows a worse interfacial contact and larger residual 

stress/strain within bulk particle after CC charging and discharging, which may be 

alleviated by adding the CV charging step but still cannot be completely recovered (Fig. 

53). 
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Figure 51 Effect of charging rate on the electrochemical-mechanical behavior of composite 

cathode in ASSBs. (a) Cell charging/discharging voltage curves of different charging rates, 

i.e., C-rate=0.1C, 0.5C, 1C, and 2C. (b) Li amount MLi in the secondary NMC-111 particle. 

(c) Maximum volumetric strain of the particle εV_max. (d) Maximum von Mises stress for 

the particle σMises_max. (e) Maximum interfacial debonding gap DG_max. (f) Average 

interfacial debonding gap DG_ave. Note that the time t is normalized by the nominal charging 

time τ (τ=36000s, 7200s, 3600s, and 1800s for 0.1C, 0.5C, 1C and 2C, respectively). 
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Figure 52 The total volume change of the particle during the charging/discharging at 

various C-rates. 

 

 
Figure 53 Effect of charging rate on the electrochemical-mechanical behavior of composite 

cathode in ASSBs with constant-voltage (CV) charging stage taken into account. (a) Cell 

charging/discharging voltage curves of different charging rates, i.e., C-rate=0.1C, 0.5C, 1C. 

(b) Li amount MLi in the secondary NMC-111 particle. (c) Maximum von Mises stress for 

the particle σMises_max. (d) Average interfacial debonding gap DG_ave. 
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5.3.2 Heterogeneity effect 

The NCM secondary particle is the heterogeneous mixture composed of many 

randomly distributed primary particles with various size and different crystallographic 

orientations. The orientation-determined Li diffusivity and expansion coefficient of 

primary particles lead to significant heterogeneous distribution of the Li concentration, 

stress, strain within the secondary particle (Figs. 49(e-f)). In the baseline model, the 

anisotropic diffusivity Ds (Eq. (55)) and anisotropic expansion coefficient matrix θβ (Eq. 

(61)) are employed, i.e., Ds11=1×10-14, Ds22=1×10-14, Ds33=1×10-20 m2/s, and θβ11=1, θβ22=1, 

θβ33=-1 along [100], [010], [001] directions of each primary particle, respectively, which 

serves as the baseline scenario (Case 1). To further look into the heterogeneity effect, 

various cases with different Ds and Mβ are considered (Fig. 54)--Case 1: baseline scenario; 

Case 2: isotropic Ds (Dsii=1×10-14 m2/s (i=1, 2, 3)), and θβ (θβ11=θβ22=1, θβ33=-1); Case 3: 

isotropic Ds, and θβ (θβ11=θβ22=1, θβ33=-0.5); Case 4: isotropic Ds, and θβ (θβ11=θβ22=1, 

θβ33=0). Specifically, Case 1 and 2 are to explore the heterogeneity effect from diffusivity, 

and Case 2, 3 and 4 are to study the heterogeneity effect from expansion. Note that 1C C-

rate is selected for all the following discussions. 

Switching Li diffusivity Ds from the anisotropic Case 1 to isotropic Case 2, the cell 

charging/discharging time are both elongated from 3103 s/3008 s to 3185 s/3155 s (Fig. 

54(a)), due to the facts that the particle is more delithiated during charging and less Li 

remains at the charging end in Case 2, and more Li remains at the discharging end in Case 
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1 (Fig. 54(b)). The corresponding Columbic efficiency is increased from 96.94% (Case 1) 

to 99.06% (Case 2), indicating that increasing Ds and reducing the diffusive anisotropy are 

beneficial for battery performance improvement. Since the maximum volumetric strain and 

particle volume change during charging are close for Case 1 and 2 (Figs. 55(a-b)), the peak 

values of debonding gap DG_ave and stress σMises_max are also close (Figs. 54(c-d)). However, 

the Li concentration shows a much greater nonuniformity in Case 1 (Fig. 54(e)). Moreover, 

at the discharging end, the residual Li amount in the particle (ΔMLi=MLi, charging beginning－

MLi, discharging end) in anisotropic Case 1 ΔMLi=1.012×10-12 mol is larger than that of isotropic 

Case 2 ΔMLi=0.744×10-12 mol, which is caused by the slow diffusivity Ds33=1×10-20 m2/s 

in Case 1. Larger ΔMLi results in larger residual debonding gap and stress at the discharging 

end, namely, DG_ave=0.255 nm and σMises_max=0.166 GPa in Case 1, both larger than 

DG_ave=0.092 nm and σMises_max=0.069 GPa in Case 2. It implies that, smaller and 

anisotropic Ds could also impose more mechanical damage to the particle and debonding 

issue in addition to the capacity reduction. 

The lithiation/delithiation-induced deformation along [001] direction of the NCM 

primary particle is opposite to other directions, as can be reflected by θβ11=1, θβ22=1, θβ33=-

1 along [100], [010], [001] directions, respectively, which causes the deformation 

mismatch of adjacent primary particles (Fig. 49(f)) since their orientations are randomly 

generated and distributed. Such deformation mismatch further induces greater stress 

heterogeneity inside the secondary particle, and the stress mainly concentrates along the 
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boundaries of primary particles (Case 1-2, Fig. 54(f)). Case 3 and 4 take θβ33=-0.5 and 

θβ33=0, respectively, which means less opposite deformation to other two directions 

(θβ11=θβ22=1) compared to Case 2 (θβ33=-1). The deformation mismatch (i.e., volumetric 

strain heterogeneity) in Case 4 is significantly alleviated than Case 3, which is also much 

better than Case 2 (Fig. 55(d)). Subsequently, the peak values of the von Mises stress and 

the stress distribution nonuniformity both follow Case 4<Case 3<Case 2 (Figs. 54(d) and 

(f)). Furthermore, due to the more uniform stress profile and thus less stress effect on Li 

diffusion (Eq. (55)), the Li concentration profile is more uniform in Case 4 than Case 3 

and Case 2 (Fig. 54(e)). Since the deformation along [001] direction is less expanded and 

more contracted for Case 3-4 than Case 2 during the charging process, the particle volume 

at the charging end Case 4<Case 3<Case 2 (Fig. 55(b)) causes the interface debonding gap 

Case 4>Case 3>Case 2 (Fig. 54(c)). The larger interfacial resistance caused by the larger 

debonding gap results in higher voltage drop across the interface (Fig. 55(c)) and thus 

shorter charging period of Case 4 (Fig. 54(a)). To briefly summarize, the less opposite and 

less anisotropic expansion coefficient will cause more uniform concentration, strain, and 

stress profiles, thus less adverse effect from heterogeneous structure, which shows a 

promising improvement direction to control the crystallographic orientations of primary 

particles. 



134 

 

 
 

 
Figure 54 Effect of heterogeneity from diffusivity and expansion coefficient on the 

electrochemical-mechanical behavior of composite cathode in ASSBs. (a) Cell 

charging/discharging voltage curves at different diffusion and expansion cases. (b) Li 

amount MLi in the NCM111 secondary particle. (c) Average interfacial debonding gap 

DG_ave. (d) Maximum von Mises stress for the particle σMises_max. (e) Li concentration c 

profiles of the Z-Y plane in the NCM111 secondary particle, at charging end and 

discharging end. (f) von Mises stress σMises profiles of the Z-Y plane at charging end. 
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Figure 55 Effect of heterogeneity from diffusivity and expansion coefficient on the 

electrochemical-mechanical behavior of composite cathode in ASSBs. (a) Maximum 

volumetric strain of the particle εV_max. (b) Total volume change of the particle during the 

charging/discharging. (c) The average value of the voltage drop caused by the interfacial 

resistance induced by interface debonding gap. (d) The Z-Y plane contour plots of 

volumetric strain at charging end. 

 

5.3.3 Interfacial strength effect 

Interfacial modification or increasing the interfacial strength is a commonly adopted 

method to improve the interface contact between particle and surrounding electrolyte for 

better long-term cyclability performance. However, one question still remains to be 

answered: is stronger interfacial strength always beneficial for the composite cathode? 

Herein various interfacial strength σc are selected as Case 1-4, namely, σc=50, 100 

(baseline), 200, 500 MPa, and based on the reference distance of 10 nm, the corresponding 

fracture toughness Gc also varies (Gc=0.5, 1, 2, 5 J/m2, for Case 1-4, respectively). Note 

that the strength is assumed the same in normal and shear directions. 
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The cell voltage shows little difference at different interfacial strength in Case 1-4 (Fig. 

56(a)), which can be explained by their close Li amount in the particle (Fig. 57(a)). The 

interfacial strength serves as the mechanical constraint boundary condition for the 

deformation of the particle. Since stronger interfacial strength imposes a higher threshold 

value for the onset of interfacial separation/debonding, the interfacial debonding gap DG_ave 

decreases with increasing σc (Fig. 56(b)) and the DG_ave peak values are 19.9, 14.3, 1.1, 

0.027 nm for σc=50, 100, 200, 500 MPa, respectively. The similar trend also exists for 

DG_max (Fig. 57(b)). The debonding gap is nearly 0 at Case 4 with high σc=500 MPa, 

indicating that increasing the interfacial strength to a certain value can address the interface 

debonding issue. The average value of voltage drop across the interface caused by the 

interfacial resistance is larger at lower σc, but the maximum value is still small below 

0.015V (Fig. 57(a)), which can also explain the close voltage responses at Case 1-4. Since 

the higher σc constrains the volume shrinkage of the particle more strictly during charging, 

the volumetric strain εV_max gets larger to adapt to the particle contraction under the stronger 

constraint (Fig. 56(c), resulting in larger stress σMises_max (Fig. 56(d)). Both εV_max and 

σMises_max peak values increase with σc, i.e., εV_max=-26×10-3, -25.3×10-3, -33.7×10-3, -

46.2×10-3, and σMises_max=2.1, 2.64, 3.86, 9.7 GPa for σc=50, 100, 200, 500 MPa, 

respectively. σMises on the particle surface at certain points significantly increases with σc, 

as shown by the red region in Fig. 56(e), and σMises inside the particle also shows an 

increasing trend (Fig. 56(f)). The peak stress σMises_max reaches above 9GPa at σc=500 MPa, 
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which is most probably to cause mechanical damage to the particle, such as crack or 

pulverization. Based on the above discussion, it’s discovered that, increasing the interfacial 

strength inside composite cathode has competing contributions to the cell performance: 

suppressing the interface debonding to reduce interfacial impedance, and inducing high 

stress to cause possible mechanical damage to the particle. Thus, controlling the particle 

volume variation and adopting appropriate interfacial strength may be a proper way to both 

ensure interfacial contact and avoid particle damage. 

 

Figure 56 Effect of interfacial debonding strength on the electrochemical-mechanical 

behavior of composite cathode in ASSBs. (a) Cell charging/discharging voltage curves at 

different interface debonding strength, i.e., 50 MPa, 100 MPa, 200MPa, and 500MPa. (b) 

Average interfacial debonding gap DG_ave. (c) Maximum volumetric strain of the particle 

εV_max. (d) Maximum von Mises stress for the particle σMises_max. (e) Von Mises stress σMises 

profiles of the particle at charging end. (f) Von Mises stress σMises profiles of the Z-Y plane 

at charging end. 
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Figure 57 Effect of interfacial debonding strength on the electrochemical-mechanical 

behavior of composite cathode in ASSBs. (a) Li amount MLi in the NCM secondary particle 

at different interfacial strength, i.e., 50 MPa, 100 MPa, 200MPa, and 500MPa. (b) 

Maximum debonding gap at the electrolyte-particle interface DG_max. (c) The average value 

of the voltage drop caused by the interfacial resistance induced by interface debonding gap. 

 

5.3.4 Particle position effect 

The composite cathode in ASSBs contains numerous NCM secondary particles, whose 

positions are randomly distributed in x, y, z directions. Usually the active materials in the 

x-y plane are considered uniform at a fixed z value. Here the effect from particle position 

along the z direction on the electrochemical-mechanical behavior of composite cathode in 

ASSBs is investigated. Two particles are included, i.e., P1 and P2 (Fig. 58(a)). P1 is closer 

to the anode side and P2 is closer to cathode current collector, and the z-axis distance 

between P1 and P2 is 12 μm. The stress mainly concentrates around or within the particle 

domain (Fig. 58(a)). 

During charging, the movement direction of Li ions is from cathode particle to the 

anode side, and the NCM particle closer to anode side will be firstly delithiated, which can 

be evidenced by the lower Li amount in P1 at charging beginning (Fig. 59). Similarly, 

during discharging, the particle closer to anode side is more lithiated, and P1 has a larger 
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Li amount at discharging end than P2. The peak value of the maximum interfacial 

debonding gap DG_max of P1 is 26.93 nm larger than 26.66 nm of P2 (Fig. 58(b)), indicating 

that the particle closer to anode side suffers worse interface debonding issue, which implies 

that gradient design for the interfacial strength may be in need to make the particle 

interfacial durability the same through the thickness. Moreover, during the middle stage of 

the charging process (t=1200~2200 s), the maximum volumetric strain εV_max of P1 is about 

2×10-3 larger than that of P2 (Fig. 58(c)), which demonstrates more serious deformation in 

P1. Correspondingly, the maximum von Mises stress σMises_max within P1 is also larger 

during this period (Fig. 58(d)), indicating larger mechanical damage occurring in P1. The 

above results indicate the particle closer to anode side suffers more severe interfacial 

debonding and bulk damage, which should be treated with enhanced properties during 

fabrication. 
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Figure 58 Effect of particle position on the electrochemical-mechanical behavior of 

composite cathode in ASSBs. (a) Von Mises stress σMises profiles of the cell at charging end. 

(b) Maximum interfacial debonding gap DG_max. (c) Maximum volumetric strain of the 

particle εV_max. (d) Maximum von Mises stress for the particle σMises_max. 
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Figure 59 Li amount in the NCM secondary particles (P1 and P2), with zoomed-in views 

at charging beginning and discharging end. 

 

5.4 Conclusion 

The failure issues occurring inside the composite cathode of ASSBs are complicated 

multiphysics phenomena involving electrochemistry and mechanics, mainly manifested as 

particle damage and the interfacial failure. Considering the electrochemical reaction 

kinetics, Li diffusion process, mechanical deformation and interface debonding, the 3D 

electrochemical-mechanical coupled model is developed in this study to unravel the 

underlying failure mechanism. The randomly distributed NCM111 primary particles inside 

the secondary particle result in the anisotropic Li diffusion and volume variation, which 

lead to significant nonuniformity of the Li concentration, strain, and stress profiles 
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especially along the boundaries of primary particles, finally causing the internal cracks or 

pulverization of the secondary particle. The NCM particle volume shrinks during charging 

while under the constraint of the surrounding stiff ECBD domain, gradually inducing the 

interface debonding and increasing the interfacial impedance to degrade cell capacity. Cell 

at larger C-rates show a smaller charging capacity and larger residual 

stress/strain/debonding gap at discharging end, thus more likely to deteriorate the 

performance, which may be partially improved by adding CV charging step. Furthermore, 

more homogeneous Li diffusivity and less anisotropic expansion coefficient will cause 

more uniform concentration, strain and stress profiles, thus reducing adverse effect from 

heterogeneous structure. Increasing the interfacial strength between particle and ECBD can 

suppress the interface debonding but also induce high stress to cause possible mechanical 

damage to the particle, so simultaneously controlling the particle volume variation and 

adopting appropriate interfacial strength may be a proper way to both ensure interfacial 

contact and avoid particle damage. Lastly, particle closer to anode side suffers more severe 

interfacial debonding and bulk damage, which may be improved with enhanced properties 

during fabrication. Results in this study provide comprehensive understanding of the 

electrochemical-mechanical coupling failure mechanism inside composite cathode, 

shedding light on the further improvement of more robust composite cathode for ASSBs. 
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CHAPTER 6 CONCLUDING REMARKS 

In this work, we developed a systematic study of the multiphysics behavior for 

dendrite growth and mechanical instability of composite cathode in ASSBs. First, the fully 

coupled electrochemical-mechanical phase-field model at the electrolyte scale was 

developed to study the coupled dendrite growth and crack propagation behaviors in 

polycrystalline solid electrolyte. It was revealed that the newly formed crack provides 

further space for dendrite to grow and the grain boundary is the preferential path for 

dendrite growth. We found that applying stacking pressure to ASSBs can improve 

interfacial contact but also provide mechanical driving force for dendrite and crack. Then, 

the multiphysics modeling framework integrating the battery model, mechanical model, 

phase-field model and short-circuit model was established to investigate the entire process 

from battery charging to dendrite growth and to the final short circuit. The overpotential-

induced interfacial stress between dendrite and SE was found to drive the dendrite 

penetration through SE to short circuit the ASSB cell at high C-rates, and the stress status 

at the dendrite tip determines the dendrite growth direction. The governing effects from C-

rates, electrolyte conductivity, Young’s modulus, and fracture toughness were 

comprehensively discussed. Furthermore, inspired by the “brick-and-mortar” structure, the 

dendrite mitigation strategy was proposed by inserting heterogeneous blocks into solid 

electrolyte to reduce the lithium penetration-induced short circuit risk, and the overall 

mechanism map for mitigation strategy was provided. Last, the three-dimensional fully 
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coupled electrochemical-mechanical model was developed to investigate the mechanical 

instability issues inside composite cathode of ASSBs, considering the electrochemical 

reaction kinetics, Li diffusion within particle, mechanical deformation, and interfacial 

debonding. It was discovered that the NCM particle volume shrinkage under the constraint 

of the surrounding electrolyte causes the interfacial debonding with increased interfacial 

resistance to degrade the cell capacity. The randomly distributed NCM primary particles 

further result in the anisotropic Li diffusion and volume variation inside the secondary 

particle, resulting in significant nonuniformity of the Li concentration, strain, and stress 

distributions. Such inhomogeneities ultimately cause the internal cracks or particle 

pulverization. 

This work explores the dendritic issue and mechanical instability problem inside 

ASSBs from particle scale to cell scale through the multiphysics modeling approaches. The 

established electrochemical-mechanical models reflect the real physical processes from 

battery operation to dendrite growth inside solid electrolyte and particle-electrolyte 

interfacial failure, and quantitatively reveal the evolution of dominant variables including 

dendrite order parameter, concentration, potential, deformation, stress, and interfacial 

debonding gap. The results provide directions for the cell operating conditions (i.e., 

stacking pressure, C-rate), material selection (i.e., electrolyte with high fracture toughness 

and high conductivity, and active particle with minimum volume variation and 

heterogeneity), electrolyte structure design, and interfacial modification (i.e., appropriate 
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interfacial strength), to improve the dendritic issue and mechanical damage of the active 

particles in ASSBs. This work gives out an in-depth understanding of the complicated 

electrochemical-mechanical coupling mechanism as well as provides insightful 

mechanistic design guidance maps for robust and safe ASSB cells.  
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APPENDIX A: Validation of the Established Modeling Framework 

The charging/discharging process is adopted to calibrate and validate the established 

model to assure the validity of the battery model and the phase-field model. The thicknesses 

for the LLZO electrolyte and the LiCoO2 (LCO) cathode, Lel=2 mm and Lca=0.5 μm, are 

from Ref.17 To conform to the reference’s experimental setup, there is no pre-defect area at 

the Li/LLZO interface and the stress effect is excluded (i.e., Eq. (32) is disabled). Then the 

galvanostatic charging/discharging is performed under a 0.1C charging rate (3.5 μA/cm2) 

in the range of 2.5–4.2V. The charging/discharging voltage vs. capacity response from the 

simulation agrees well with experimental results (Fig. 60), demonstrating the validity of 

the electrochemical response of the model. 

 

Figure 60 Model validation: comparison of charge/discharge curves between experiment 

and simulation. 

Based on the validated parameters, a parametric study is carried out. Considering the 

computational efficiency, 20 μm is adopted as the cathode thickness. From the results of 

the governing effect from the charging rate, it can be roughly deduced that 0.25C is the 

critical C-rate and the corresponding current density is about 350 μA/cm2, which is within 
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the range of critical current density for the LLZO electrolyte reported in the literature,60 

which also demonstrates the validity of the developed model. 
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APPENDIX B: List of Governing Equations 

Table 4 Main governing equations in the modeling framework 
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APPENDIX C: Clarification of the Phase-field Modeling Approach 

Since battery is charged by constant current, so the current density is almost 

unchanged as a response to the outside constant current charging, which means the 

interface kinetics will be forced to be constant. By increasing the exchange current density 

j0 and decreasing the ionic conductivity (case 2, Fig. 61(a)), electrolyte potential φl is larger 

for smaller j0, then the overpotial is more negative and the stress is thus larger to drive the 

crack. To make faster interface kinetics, the external applied current density iappl is 

increased (case 3, Fig. 61(a)) and in this case, the dendrite grows faster also in a similar 

way, which can justify our approach. The crack length and width vs. time show the detailed 

inforamtion about the evolution process (Fig. 61(b)). Note that we didn't set any value for 

W2. We only set the initial defect (L=4 um, W=2 um) at the left boundary, and the dendrite 

then grows automatically upon charging. We found that the W2 is also related to the mesh 

size, i.e., W2 is smaller when smaller mesh is used, but their growth patterns are similar. 

Along with this, we select a suitable mesh size (0.725 um) in this study to consider the 

balance of accuracy and computational efficiency. Moreover, the Li-ion flux is added not 

only to the tip. Actually, the Li is added around the dendrite, but the dendrite tip has a more 

negative overpotential so it grows faster; meanwhile, the stress status makes the dendrite 

further grow along the x axis since the dendrite is slim and long along x axis (just like crack 

propagation). The phase-field model is developed from the perspective of energy 

conservation, and it preferentially chooses the path which has a larger energy release rate.  
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Figure 61 (a) Comparison of the dendrite growth between two cases with different 

exchange current density, electrolyte ionic conductivity, and applied current density. The 

results show that, these cases have silimar dendrite growth pattern. (b) The crack length 

and width vs. time. 
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