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Abstract: Dendrite growth and crack propagation are two major hurdles on the road towards the 

large-scale commercialization of lithium metal all-solid-state batteries (ASSBs). Due to the highly 

multiphysics coupled nature of the underlying dendrite growth mechanism, its understanding has 

been difficult and limited. Herein, for the first time, we establish an electrochemical-mechanical 

model directly coupling dendrite growth and crack propagation from a physics-based perspective 

at the cell level. Results reveal that overpotential-driven stress propels a crack to penetrate through 

the solid electrolyte, creating vacancies for dendrite growth, leading to the short circuit of the 

battery. Thus, the high lithiation/charging rate and low conductivity of electrolytes can accelerate 

the electrochemical failure of the battery. We further discover that Young’s modulus LLZO
E  of the 

electrolyte has competing contributions to the fracture and dendrite growth; specifically, when 

LLZO
E =40~100 GPa, the short circuit will be triggered early. A larger toughness value hinders the 

crack propagation and mitigates the Li dendrite growth. The developed multiphysics model 

provides an in-depth understanding of the coupling of crack propagation and dendrite growth 

within ASSBs and an insightful mechanistic design guidance map for robust and safe ASSB cells. 

 

Keywords: All-solid-state battery, Dendrite growth, Crack propagation, Short circuit, 

Electrochemical-mechanical model 

 

  



3 

 

1 Introduction 

The wide spread of lithium-ion batteries has witnessed considerable safety issues 

caused by various abusive loadings,[1] creating an urgent demand for next-generation 

batteries with high safety performance and high energy density.[2] Compared with 

conventional organic and flammable liquid electrolytes, solid electrolytes (SEs) possess a 

nonflammable nature and the ability to improve battery energy density significantly.[3] As 

such, all-solid-state batteries (ASSBs) are regarded as one of the most promising candidates 

to satisfy the increasingly stringent safety- and energy-density requirements.[4] Although 

the ion conductivity of SEs has greatly improved to be comparable to the liquid 

electrolytes,[5] lithium dendrite growth and crack propagation in SEs remain two major 

safety issues. The corresponding short-circuit failures and poor cyclability problems are 

the two main obstacles that hinder the wide commercialization of ASSBs.[4, 6] 

Lithium dendrites and cracks in SEs are reported to initiate at the lithium electrode/SE 

interface,[7] mainly within the initial defects, such as open pores, voids, cracks, and grain 

boundaries.[6d, 8] Above the critical current density, the driving force is strong enough for 

Li dendrite growth to oppose the mechanical resistive force.[6d] Generally, the dendrite 

growth drives cracks to propagate within SEs, and the newly formed crack provides the 

vacant space for dendrites to grow further.[7b] Such synergic evolution behavior eventually 

causes a short circuit of the battery.[7b, 9] 

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

the dendritic and interfacial issues, mainly with respect to three aspects, i.e., 1) advanced 
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structure design of the electrode or current collector to accommodate the newly grown Li 

dendrite and release the stress;[10] 2) interfacial modification to improve the solid-solid 

contact property between the electrode and SE;[11] and 3) improvement of SE 

electrochemical/mechanical properties to suppress dendrite growth and improve battery 

performance.[12] From the mechanical perspective, stacking pressure is found to 

significantly influence dendrite growth, crack propagation, and interface stability[8b, 13] 

such that the concept of applying residual compressive stress in SEs is introduced to 

prevent dendrite penetration.[14] Although the performance of ASSBs has been greatly 

enhanced, inevitable dendrite growth still occurs during charging/discharging,[9] and the 

critical current density and cyclability performance need to be improved as well.[11c, 15] 

An experimental investigation is regarded as the most straightforward methodology to 

understand the underlying mechanism of dendritic and interfacial issues. Various in-situ 

and ex-situ experimental characterizations have discovered that the interfacial defect 

initiated dendrite growth and crack propagation.[16] In-situ scanning electron microscopy 

(SEM) observed that the deposited Li grows along the grain boundaries and causes cracks 

in a Li2S-P2S2 SE.[17] In a polycrystalline Li6.25Al0.25La3Zr2O12 SE, Li dendrite 

preferentially grows in the grain boundaries.[18] With the aid of focused ion beam (FIB)-

SEM, it was discovered that the interfacial contact loss caused by cathode volume 

expansion resulted in battery capacity fade during cycling,[6c] providing a possible reason 

for the poor cyclability of ASSBs. By using operando optical microscopy, multiple dendrite 

morphologies were revealed to penetrate the Li7La3Zr2O12(LLZO) SE, i.e., straight, 
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branching, spalling, and diffuse modes.[9] With the help of an atomic force microscope 

(AFM), Li whisker growth-induced mechanical stress under specific applied voltage was 

quantitatively measured.[19] Interestingly, Li dendrites were also observed to grow only 

along the crack area, using X-ray computed tomography (CT).[7b] 

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

Li dendrite growth and crack propagation within SEs, and thus provide an initial 

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

mechanisms requires rigorous physics-based modeling work. Dendrite initiation and 

growth rate in ceramic SEs were theoretically explored by bridging the dendrite growth 

with the electrochemical potential.[20] The electrochemical-mechanical model studied the 

effect of bending of SE on cell potential and lithiation capacity.[21] 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.[8a, 22] By direct 

numerical simulation of restructured SE microstructure, the effective SE properties were 

obtained, and the effects of operating conditions, including temperature and external 

pressure, were parametrically studied.[23] The stack pressure and SE electrochemical 

properties were found able to influence the interfacial deposition and mechanical 

stability.[13a] 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.[8b] These numerical models provide an in-

depth understanding of the dendritic and interfacial issues, mainly at the grain level. 
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However, currently available modeling work is not built in a fully electrochemical-

mechanical coupled fashion, and, moreover, the model cannot describe the cell-level 

behavior, and thus is incapable of providing insights for cell design and evaluation.  

To this end, by considering the battery model, mechanical model, phase-field model, 

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

mechanical model for the first time, 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 next-

generation ASSBs. 

2  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. 
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To couple the four models described above, the following coupling strategy is adopted 

(Figure 1) with all parameters given (Table 1). During charging, the battery model outputs 

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

SE.[10c, 16, 19, 24] Then the mechanical model outputs the stress ( )-induced strain energy 

density ( mechf ) 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 SE

E   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 1. Multiphysics coupling strategy for battery model, mechanical model, phase-field model, and 

short-circuit model. 
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The promising inorganic solid electrolyte LLZO with high conductivity, high Young’s 

modulus, and wide electrochemical stability window[25] 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 (Figure 2), 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, according to previous literature,[26] 

and the right boundary of the cathode is fixed (Figure 2). 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 (Figure S1a in the Supporting Information)). The absence of 

interfacial defect can suppress the dendrite initiation/formation, and makes the battery 

electrochemical performance better (Figure S1b), 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 
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dimension is much smaller (<10%) than the solid electrolyte, and is at the same magnitude 

of the crack width reported in the literature.[7b] 

 

Figure 2. Schematics of the established model including geometry, boundary condition, and defect area. 

 

3 Results and discussion 

3.1 Representative results 

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

simulation (Figure S2 in Supporting Information) 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. Figure 3 summarizes the 

dendrite growth process using the battery model, mechanical model, phase-field model, 

and short-circuit model. According to the battery model, the battery voltage increases 
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during the charging process until 423.8 s, at which point the dendrite leads to the short 

circuit and the voltage drops (Figure 3a).  

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

existing defect surface affects the interfacial chemical reaction,[16] leading to Li plating 

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

conductivity SE
   (Equation 6), the electrolyte potential l

   changes accordingly 

(Equation 4) and affects the current density within the SE (Figure 3d and Figure S3 in the 

Supporting Information). 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
   (Figure 3c) 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 (Figure 3b) (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 Figures 3b and c.  
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However, once the dendrite grows to reach the cathode side, the phase-field variable 

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 (Figure 3d), causing the abrupt voltage drop, i.e., the 

short circuit (Video 1) (short-circuit model). 

 

Figure 3. 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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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 LLZO

K   on crack 

propagation/dendrite growth in the SE and the electrochemical response of the battery. 

3.2 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 (Figure 4a). Without the stress effect (i.e., Equation 18 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 Figure 4b. When the overpotential-driven stress is 

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 (Figure 4a).  

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 (Figure 4b), 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 Equation 6. Since the electrical 
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conductivity in the Li dendrite ( 71 1 10
Li

 = .  S/m) is several orders of magnitude higher 

than the ionic conductivity of the LLZO electrolyte ( 24 43 10
LLZO

 −= .  S/m), the dendrite 

growth significantly increases the effective electrolyte conductivity (Figure 4c). Moreover, 

SE
  significantly influences the current density distribution within the SE because the 

current density tends to concentrate at the high SE
  region (Figure 4c), leading to an 

obvious voltage discrepancy (Figure 4b). 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 (Figure S4a in the Supporting Information). 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. 

The −  -driven stress mainly distributes close to the dendrite/electrolyte interface, 

especially at the dendrite tip (Figure S4b in the Supporting Information). According to 

Equation 18, 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 (Figure 4d). Such large internal stress causes the strain energy density 

of 108 N/m2 (Figure S4c in the Supporting Information), 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 



14 

 

interface in the block shape, mainly due to the free mechanical boundary condition for the 

left boundary and the relatively smaller xx
  (Figure S4d in the Supporting Information). 

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
  (Figure 4d), and the stress component 

yy
  is larger than xx

  (Figure S4d in the 

Supporting Information), which can elucidate the faster crack propagation speed in the 

transverse direction than in the lateral direction. 
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Figure 4. 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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3.3 Governing effect from the charging rate 

Since the current applied to the battery is determined by the charging rate (C-rate) and 

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 (Figure 5a). 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 (Figure 

5b). 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 Figure 5c) 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 (Figure 5c). 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 (Figure S5a in the Supporting 

Information). The fundamental reason for the larger stress is the larger electrochemical 
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overpotential −  at a higher C-rate; −  almost remains the same for each C-rate (Figure 

S5b in the Supporting Information). The distribution of electrolyte potential l
   for 

different C-rates at t=200 s (Figure 5d) shows that a large C-rate significantly increases 

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 (Figure 5e), 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. 
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Figure 5. 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. 

 

3.4 Governing effect from the electrolyte conductivity 

Improving the electrolyte conductivity is one of the major means of improving the 

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 
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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
  (Figure 6a), 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 

(Figure 6a). The x-axis crack propagation is dominant, and the crack morphology is similar 

at different LLZO
  values (Figure 6b). 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, 

respectively (Figure S6a in the Supporting Information). 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
   (Figure S6b in the Supporting 

Information), resulting in the correspondingly greater strain energy density. The evolution 
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of the phase-field parameter    is driven by the elastic strain energy (Equation 28-30). 

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 Figures 6c-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 Figures 6c-d). An abrupt change of −  between Region 2 and Region 3 

can be clearly observed in Figure 6c. 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 Figure 

6d, 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 

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. 
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Figure 6. 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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3.5 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 Figure7a, 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 (Figure 7b); 

tshort is directly related to the transverse dendrite growth. For LLZO
E ≥100 GPa, the farthest 

dendrite 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 (Figure 7c), which may 

explain its longer tshort. The low speed at the final stage for 50 GPa is caused by the 

relatively high fracture energy (Figure 7d). 

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-
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circuit behavior. The maximum/average von Mises stress increases with LLZO
E  (Figure 

S7 in the Supporting Information), while the average elastic strain energy density Eave 

increases with LLZO
E ≤50 GPa but decreases with increasing LLZO

E >50 GPa (Figure 7d), 

which reflects the trends of the driving force. The resistive force G decreases with 

increasing LLZO
E  in the whole range (Figure 7d). For LLZO

E <40 GPa, both the maximum 

and average strain energy density are much smaller (Figure S7b), and the fracture energy 

is much higher to resist any crack (Figure 7d), 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 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 (Figure 7b). 
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Figure 7. 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 . 

 

3.6 Governing effect from fracture toughness 

The fracture toughness of an LLZO electrolyte LLZO
K  represents LLZO’s capability 

to resist fracture. Based on the baseline model, different LLZO
K   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 

governing factors, i.e., the C-rate (1C), Young’s modulus (150 GPa), and pre-defect area, 

remain the same. 

LLZO
K  only affects the fracture energy. A larger LLZO

K  represents a higher resistive 

force to form a crack, resulting in a smaller crack area, which can delay the short-circuit 
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time. For instance, the short-circuit time increases from t=420.3 s to t=621.1 s when LLZO
K  

increases from 0 77MPa m
LLZO

K = .  to 1 41MPa m. , and may even prevent the short 

circuit in some extreme cases, e.g., when 1 58MPa m
LLZO

K = .  (Figures 8a and b). Since 

the crack propagation speed is faster under smaller LLZO
K , the dendrite is more prone to 

penetrate the electrolyte, resulting in an earlier short circuit. Under smaller LLZO
K  , the 

crack will also propagate laterally ( 0 77MPa m
LLZO

K = .  in Figure 8b). Straightforwardly, 

increasing LLZO
K  can effectively hinder the crack propagation and delay the short-circuit 

time; if LLZO
K  is large enough, the crack can even be prevented. 

 
Figure 8. 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. 
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Crack propagation and dendrite growth are responsible for the short circuit. To 

quantitatively unlock the mechanistic relationship among LLZO
E  , LLZO

K  , and t ( t =  

stands for no short circuit), we establish a mechanism map (Figure 8c) 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
 

 
 

_
 

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. 

3.7 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 LLZO
K  have been 

comprehensively investigated above, which provide the basic guidance for the 
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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 (Figure S1b), 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/cm2 (i.e., 1.5 C in this study, at which dendrite grows to short circuit the battery (Figure 

5)), both the 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 

(Figure 6c-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 
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considered. As indicated in Figure 7b, 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 LLZO
K . When LLZO

K  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 (Figure S8), 

such that the dendrite induced short circuit is prevented.  

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 ). 

 

4 Conclusion 

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 modulus, and fracture 
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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 LLZO
K   can suppress or even stop the crack 

propagation, significantly reducing the internal short circuit risk. 

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 (Supporting 

Information) 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 
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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. 

 

5 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:[26] 
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0
exp expa c

F F
j j

RT RT

 
 

− − −

 −   
= −    

    
 (1) 

( )0 0 ,ref
j j T
− −
=  (2) 

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: 

=
,s ext l

  
−

−  (3) 

where 
,s ext

   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 

potential, then 0V
,s ext

 = . 

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

governed by Ohm’s law: 

i
l SE l

 = −   (4) 

where i
l  is the current density in the electrolyte and SE

  is the effective conductivity of 

the electrolyte. Charge conservation requires: 

0i
l

  =  (5) 

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

will affect SE
 : 

( ) ( )( )1
SE LLZO Li

h h    = + −  (6) 
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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,[27] 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

 
 

+ + +

 −   
= −    

    
 (7) 

( )0 0 ,

c a

s,max ss
ref

s,ref s,max s,ref

c cc
j j T

c c c

 

+ +

   −
=    

   −   

 (8) 

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

0 ,ref
j
+

 is 

the reference exchange current density; s
c   and 

s,ref
c   are the Li-ion concentration and 

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

c  is 

the maximum Li-ion concentration. +   is the overpotential for the electrochemical 

reaction at the LCO/LLZO interface, expressed as: 

=
s l eq

E  
+

− −  (9) 

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

 = −   (10) 

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

  is the electrical 

conductivity of the LCO cathode.  
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Porous electrode theory is adopted to describe the physicochemical phenomena in 

cathode domain,[28] 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

 =  (11) 

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 

whole cathode domain including the electrolyte and particles, governed by the Ohm’s law 

(Equation 4 and 10). 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


=  


 (12) 

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=  (13) 

0s
c

x


=


 at el ca

x L L= +  (14) 



34 

 

i n
s app

i−  =  at el ca
x L L= +  (15) 

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

2 L ext V
S S F

t



= + +


u
F  (16) 

where u is the displacement field,    is the material density, L
F   is the deformation 

gradient, S is the Piola-Kirchhoff stress tensor, ext
S   is the external stress tensor 

representing the load contribution from electrochemical overpotential-driven stress, and 

V
F  is the body force. The deformation gradient can be expressed as: 

= +
L

F I u  (17) 

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:[16, 19, 29] 
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at dendrite/electrolyte interface
=

0 for other region                        

Liext

F

S

−


−





 (18) 

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: 

( ) ( )( )1
SE LLZO Li

E h E h E = + −  (19) 

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: 

0
x y

u u= =  at el ca
x L L= +  (20) 

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.[8b, 20a, 30] The total free energy of the system in this study is expressed 

as follows:[8b, 27, 31] 

dtotal local grad mechF f f f V = + +   (21) 

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: 
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( ) ( )
2 2

2
= 1 1

4
local

pf

f


 


− +  (22) 

( )
2

=
2

gradf


  
(23) 

( )
1 1

=
2 2

mech ij ij ijkm ij kmf C    =  
(24) 

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

thickness, ( )ijkmC    is the stiffness (i.e., Young’s modulus SEE   in Equation 19), and  

km  are strain components. The relationship between   and 
pf  follows:[31] 

3
=

8

pfE
  (25) 

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  (26) 

( )2 21
=

LLZO

LLZO

K
G

E

−
 (27) 

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:[27] 
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2

pf
t

 
 




+  = 


u  (28) 

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

2

pf
 =  (29) 

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

2 2 1
pf mech

pf

f
    

 


= −  + − +


 (30) 

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 

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 
=

_

 (31) 

where ( )SE ave
 

_
  is the average conductivity of the solid electrolyte automatically 

obtained from the domain probe and SE
S  is the cross-section area of the electrolyte.  
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Table 1. Summary of material properties and simulation parameters 

Parameter Symbol Value References 

Anodic charge transfer coefficients a
  0.5 [26, 32] 

Cathodic charge transfer coefficients c
  0.5 [26, 32] 

Conductivity of LLZO LLZO
  4.43

210−  S/m [8b, 12b] 

Conductivity of Li Li
  1.1

710  S/m [8b, 33] 

Conductivity of LCO cathode s
  1.13

110−  S/m [34] 

Li-ion intercalation diffusivity of cathode s
D  5

1310−  m2/s [35] 

Faraday’s constant F 96485 C/mol [8b, 33] 

Gas constant R 8.314 J/mol/K [8b, 33] 

Temperature T 300 K [33] 

Density of LLZO SEρ  4606 kg/m3 [8b] 

Density of Li metal Liρ  534 kg/m3 [8b] 

Partial molar volume of Li metal Li  1.3
510−  m3/mol [8b, 33] 

Young’s modulus of Li metal LiE  4.9 GPa [8b, 22] 

Young’s modulus of LLZO LLZOE  150 GPa [8b, 22] 

Poisson’s ratio of LLZO LLZOν  0.257 [8b, 22] 

Parameter controlling interface thickness pf  1
610−  m estimated 

Fracture toughness of LLZO LLZOK  0.98 MPa√m [3a] 

Mobility tuning parameter   6
610−  ( )m s kg   estimated 
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Cross-section area of the electrolyte SE
S  1 m2 calculated 

Yield stress of Li metal _Y Li


 0.4 MPa [23] 
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