
1 
 

Influence of Biaxial Stress on Lithium Dendrite Nucleation and Growth 
in Solid Electrolytes 

Siyuan Song, Akshay Pakhare, Lucas Caretta, Brian W. Sheldon, Kyung-Suk Kim, Pradeep R. 
Guduru* 

School of Engineering, Brown University, Providence, RI, 02906 

Corresponding Author: *pradeep_guduru@brown.edu 

Summary 

Short circuits caused by lithium dendrite penetration remain a critical challenge in all solid-state 

batteries. The influence of mechanical boundary conditions on dendrite nucleation and propagation 

remains an important area of interest, with significant implications for failure mitigation and 

battery performance. Here we present an experimental study using direct optical visualization to 

observe how dendrites nucleate and propagate in a solid electrolyte (LLZTO) under externally 

applied in-plane equi-biaxial stress. Our setup uses nearly square, plate-shaped electrolyte samples 

with two lithium electrodes on the same face, which creates mainly in-plane lithium flux parallel 

to the plate surfaces while equi-biaxial stress is applied during electrochemical cycling. The results 

demonstrate that in-plane equi-biaxial tension favors a plane-normal dendrite-growth mode, 

whereas in-plane equi-biaxial compression promotes a planar dendrite-growth mode. Regarding 

nucleation, over the investigated stress range of −50 to +10 MPa, both compressive and tensile 

stresses reduce the threshold current density (TCD), somewhat counterintuitively. The observed 

stress-dependent dendrite mode selection can be interpreted in terms of two competing 

mechanisms: modification of the crack-tip driving force due to the stress state and the tendency of 

the dendrite to deflect toward the free surface depending on the sign of applied stress. Together, 

the stress-controlled dendrite mode selection and the stress vs. TCD map reveal insights into how 

in-plane stress influences dendrite nucleation and propagation, providing mechanistic guidance for 

rational design of more stable solid-state electrolytes. 
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Introduction 

Initiation and evolution of lithium (Li) dendrites remains a challenge in practical 

applications of solid electrolytes [1]. Of particular interest here is the coupling between mechanical 

stress in the electrolyte, dendrite nucleation threshold, and dendrite propagation pathways [2-6]. 

In this work, we experimentally impose an in-plane equi-biaxial stress field on a solid electrolyte 

(SE) to investigate its influence on dendrite nucleation and propagation. Based on the observations 

under different stress states, we attempt to infer the underlying mechanisms of dendrite 

development and evaluate the potential of the strategy of employing in-plane biaxial stress states 

for dendrite control and mitigation.  

Dendrite nucleation and propagation involves coupled electro–chemo–mechanical 

processes [7], in which stress and crack formation are key observables of the mechanical response. 

Dendrite structures are characterized by fracture-like regions occupied by lithium filaments [8, 9]. 

Electrochemical accumulation of lithium in crack-like defects is constrained by the elasticity of 

the SE, leading to pressure buildup in the range of 100–1000 MPa as inferred from micro cantilever 

bending [4, 10]. The high stress fields around the crack tip were verified by DIC [11] and 

photoelastic measurements [12, 13]. Based on this picture, dendrite growth has often been 

interpreted as an internal pressure driven crack-opening process [6, 14]. Various strategies have 

been proposed to regulate dendrite behavior, including applying uniaxial stress to influence 

propagation pathways [15], increasing lithium temperature to reduce internal pressure buildup [16], 

induce biaxial compressive stress [17] and imposing thermal gradients [18] to introduce additional 

compressive stress fields. 

Although the conceptual model of an internal pressure-driven crack opening process 

appears qualitatively consistent, several unresolved issues limit its applicability to more complex 

stress states. A primary challenge is the unknown pressure distribution within the dendrite. 

Resolving it requires an understanding of the local multi-physics coupling between ionic flow and 

localized pressure at both the Li-SE interface and the Li-SE-void triple junction, alongside lithium 

metal transport within the confined crack space. For the ionic flow, it is generally assumed that the 

internal dendrite pressure modifies the flow according to stress-coupled Butler–Volmer kinetics 

[14], however, to the best of the authors' knowledge, it lacks robust experimental validation. As 

for the lithium metal transport, both plastic flow [19] and rigid-body models have been proposed 

[14]. Nevertheless, these assumptions remain to be verified through quantitatively calibrated 
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controlled experiments, especially considering the potential spatial lag between the dendrite tip 

and the lithium filament front. From the crack-opening perspective, both lithium plating and grain-

boundary degradation [20, 21] have been proposed as contributing mechanisms [22], yet their 

relative contributions in different growth states lack a systematic understanding for reliable 

prediction. In addition, although a dependence of the critical stress intensity factor on the global 

current density has been observed [13], the underlying mechanism remains unresolved. From a 

morphological perspective, experiments reveal rich, multi-branched architectures [3, 6, 23], 

whereas idealized models often describe dendrites as a simple crack-like defect [7, 19, 24]. The 

emergence of complex dendrite morphologies and how the dendrites transition between different 

growth modes require further insights, multiscale modeling and statistical descriptions. 

Considering these unresolved issues, the influence of more general stress states requires 

further investigation. From an experimental perspective, there is a paucity of well-controlled 

studies that systematically probe the effect of in-plane equi-biaxial stress, which provides a simple 

and well-defined mechanical states on the SE. Existing experimental efforts have largely focused 

either on stacking pressure [2, 24-26] to modify interfacial contact [27], or on uniaxial stress [15] 

to provide preliminary insights into rerouting of out-of-plane dendrite growth. A recent study 

introduced a biaxial compressive stress of 330 MPa to delay the onset of short circuiting [17]. Ion 

implantation and ion-exchange approaches have been employed to introduce compressive residual 

stresses ranging from several hundred megapascals to several gigapascals in near-surface layers of 

solid electrolytes [28-33]. For example, Morris et al. [28] reported an increase in the average 

critical current density (CCD) from 0.30 to 0.95 mA/cm² following Ag⁺/Li⁺ ion exchange, while 

Thomas et al. [29] observed an increase in the current density at which soft breakdown occurred 

from 0.5 to 1.0 mA/cm² following F-ion implantation. However, these values depend strongly on 

the experimental conditions and testing protocols, with other studies reporting CCD values as low 

as 0.15 mA/cm² for untreated LLZTO [34]. Shot peening has also been used to modify the surface 

stress state and roughness; however, it has not fully prevented nucleation or short-circuiting [35, 

36]. Most existing studies have not clearly isolated biaxial stress as the sole variable, leaving 

unresolved whether it directly affects nucleation, as opposed to merely delaying short-circuiting, 

and how stress regulates in situ dendrite pattern evolution. Uniaxial stress tends to bias dendrite 

propagation along the loading direction and therefore does not fully suppress out-of-plane growth 

from a purely mechanical perspective. In contrast, in-plane equi-biaxial stress can more uniformly 
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constrain crack opening in all in-plane directions, making it conceptually more promising for 

regulating dendrite behavior [17]. In addition, in-plane equi-biaxial stress states commonly arise 

in thin structures, such as the thin-film SE fabricated by laser deposition or the thin-sheet SE within 

a layered configuration. Under these conditions, equi-biaxial stresses can be induced by thermal 

expansion mismatch or by global substrate bending. Understanding the effect of in-plane equi-

biaxial stress is therefore valuable for evaluating the stability and performance of SEs. 

In this study, we conduct experiments under well-controlled in-plane equi-biaxial stress to 

investigate its influence on dendrite development in Li₆.₆La₃Zr₁.₆Ta₀.₄O₁₂ (LLZTO) electrolytes, 

which serves as a model system. In contrast to the practical scenario where thin disk-shaped 

electrolytes have electrodes on opposite faces and dendrites propagate through the thickness, our 

model configuration involves deposition of both electrodes on the same face of electrolyte 

specimens. Consequently, Li flux is predominantly in an in-plane direction and dendrites grow in 

in-plane directions. On the other hand, such a configuration allows capture of dendrite growth and 

growth mode selection by in situ optical imaging, while dendrite nucleation threshold current 

densities are obtained from electrochemical measurements. A corresponding map is generated 

across a range of stress states, including both compression and tension. These results fill an 

important gap in the study of stress effects on the SE response. In particular, a distinct dendrite 

growth mode, namely, a planar dendrite is seen to be promoted under in-plane equi-biaxial 

compressive stress states, which has received much less attention compared to normal crack-like 

dendrites. The findings could provide guidance for developing stress-based strategies for dendrite 

regulation.  
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Results 

Detailed procedures for electrolyte preparation, electrode deposition, residual-stress 

generation, electrochemical testing, and imaging are provided in the Methods section. In the 

current study, we focus primarily on dendrite growth morphology and the corresponding threshold 

current density (TCD), defined as the current density at which dendrite nucleation first becomes 

detectable, at different in-plane equi-biaxial stress values. Figure 1 presents representative optical 

images of the dendrite morphologies developed in LLZTO specimens under different stress states. 

In stress-free samples (Figure 1(a)), dendrites exhibit a mixture of narrow branch-like and wide 

leaf-like morphologies. The narrow branch-like dendrites correspond to plane-normal crack-like 

features, with their crack planes approximately perpendicular to the traction-free top surface, 

whereas the wide leaf-like dendrites correspond to fracture planes approximately parallel to the 

top surface. Although these two morphologies are globally intermixed, they remain locally 

distinguishable, resembling the separation between branches and leaves in a tree. A representative 

boundary between the two morphologies is marked by the white arrow in the sub-image. Under 

equi-biaxial tension, dendrite growth is dominated by narrow branch-like features (Figure 1(b)), 

while the wide leaf-like mode is largely suppressed. In contrast, equi-biaxial compression 

promotes the wide leaf-like morphology (Figure 1(c)). The narrow branch-like dendrites are still 

present in some specimens, but they are less developed. These observations suggest that the narrow 

branch-like and wide leaf-like mode, highlighted in Figure 1(b) and (c) respectively, can be 

regarded as two canonical growth modes underlying the mixed morphologies observed in all 

experiments. The stress-induced preferential selection of these two growth modes is a main insight 

from the present study. Building on this basic summary, additional details are presented in the 

following subsections.  
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Figure 1. Representative dendrite morphologies in LLZTO SE after electrochemical testing. The 
imaging system looks directly down at the specimen top surface while it is illuminated at a 45o 
angle. Lithium-ion flux was directed from the Li (+) electrode at the bottom to the Li (−) electrode 
as indicated by the white arrows. (a) Generic dendrite patterns in a stress-free LLZTO sample. (b) 
Branch-type plane-normal dendrites observed under in-plane equi-biaxial tensile stress. (c) Leaf-
type planar dendrites observed under in-plane equi-biaxial compressive stress. Note that the stress-
free specimen contains dendrites of both types.  
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Stress affects dendrite morphology 

Figure 2 compares in-situ evolution of lithium dendrites in LLZTO in three representative 

specimens during electrochemical testing under the current profile described in Methods. Each 

column corresponds to a different stress state in the SE: compressive, stress-free and tensile. The 

figures in each column represent three stages of dendrite evolution: pristine, during development, 

and fully developed. Each image presents a contrast-enhanced differential image, with the 

corresponding original optical image shown in the lower-left corner. All images share the same 

scale bar, which is displayed in Figure 2(a1).  

Within the differential images, red indicates an increase in brightness, whereas blue 

indicates a decrease in brightness. These intensity variations primarily arise from changes in light 

reflection and transmission caused by lithium dendrites within the LLZTO electrolyte. Under equi-

biaxial compression (Figure 2(a1–a3)), wide leaf-like dendrites become the dominant morphology. 

The enhanced red contrast arises from stronger light reflection of lithium relative to the dark epoxy 

background in regions where lithium is absent. These dendrites exhibit extensive lateral spreading. 

Owing to their preferential in-plane growth (in a plane predominantly parallel to the stress-free top 

surface), we refer to this morphology as planar dendrites. In contrast, under equi-biaxial tensile 

stress (Figure 2(c1–c3)) narrow branch-like dendrites dominate. These dendrites appear as slender 

filaments from the top while extending into the specimen on planes predominantly perpendicular 

to the top surface. As such, they correspond to the traditional plane- normal crack-like picture of 

dendrites, and we refer to them as plane-normal dendrites. For the nominally stress-free samples 

(Figure 2(b1–b3)), both morphologies are observed simultaneously, including wide planar 

dendrites and narrow plane-normal dendrites. 

The dominant dendrites propagate toward the Li (+) electrode and eventually bridge the 

electrolyte causing electrical shorts. The location where a dendrite first becomes optically visible 

outside the Li (−) electrode area is defined as the optical nucleation point, and the corresponding 

current density is defined as the optical threshold current density (O-TCD). We allow for the 

possibility that a dendrite could nucleate earlier under the Li (−) electrode area where it would not 

be visible. With that caveat, the O-TCD values serve as a quantitative criterion for evaluating the 

critical condition for dendrite initiation. For the three representative samples shown in Figure 2, 

the O-TCD was 0.40 mA cm⁻² under in-plane equi-biaxial compression, 1.26 mA cm⁻² under the 
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nominally stress-free condition, and 0.50 mA cm⁻² under in-plane equi-biaxial tension. A more 

complete map based on all experiments will be presented in a later section (i.e., Figure 5). Thus, 

the state of stress influences not only the dendrite mode selection, but also the TCD at which 

dendrite nucleates. Surprisingly, both tension and compression appear to decrease O-TCD 

compared to that of a stress-free specimen. 

 

Figure 2. Differential optical images showing the evolution of lithium dendrite morphologies in 

three representative LLZTO samples. From left to right, the three columns correspond to 

compressive, stress-free and tensile stress states respectively. The three figures down each column 

show progression of dendrites in each specimen from the pristine state to full shorting. Each 

differential optical image also shows the corresponding original optical image in the lower-left 

corner. The scale bar and electrode/electrolyte labels in panel (a1) apply to all images. Time stamps 

are indicated in the upper-left corner of each panel.  

To reveal the sub-surface morphology of the planar and plane-normal dendrites, FIB–SEM 

characterization was performed, as shown in Figure 3. Two representative observation regions 
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were selected: one containing a planar dendrite and the other containing a plane-normal dendrite. 

Before FIB–SEM characterization, the lithium electrode was gently removed with a tissue paper 

to expose the underlying dendrite nucleation region. The FIB-SEM images were acquired at a 45° 

viewing angle, resulting in a relative scale-bar ratio of approximately 1.4 between the vertical and 

horizontal directions. Figures 3(a1–a5) reveal the subsurface orientation of a planar dendrite. The 

observation region is marked by the red dashed box in Figure 3(a1). This region appears bright in 

optical imaging due to high reflectivity of the subsurface lithium. At the free surface (Figure 3(a2)), 

no distinguishable features can be identified beyond the intrinsic surface roughness of LLZTO. 

This is because, unlike visible light imaging, the electron beam cannot penetrate the electrolyte to 

reveal the buried lithium dendrites. The absence of obvious surface deformation or cracking 

indicates that planar dendrites remain largely buried beneath the free surface, except where they 

intersect with the free surface. To reveal the subsurface morphology, three FIB cross-sections were 

prepared near the edges of the region of interest, as indicated in Figure 3(a2). The corresponding 

cross-sectional images are shown in Figures 3(a3–a5), which show cracks that extend from the 

free surface into the bulk at a shallow angle and/or meander to become approximately parallel to 

the free surface (Figure 3(a3)). The small variations in dendrite inclination among the three cross-

sections are likely attributable to the combined effects of free-surface-induced deflection and local 

microstructural heterogeneity. 

Figures 3(b1–b5) show the internal orientation of a plane-normal dendrite. The 

corresponding optical observation region is marked by the red dashed box in Figure 3(b1). Unlike 

the planar dendrites, which do not exhibit any surface features in the SEM images, the plane-

normal dendrite is accompanied by a pronounced zigzag surface crack pattern. FIB cross sections 

were imaged at three locations along the dendrite as shown in Figures 3(b2–b5). In contrast to the 

planar dendrites, the dendrite plane extends into the bulk at approximately normal to the free 

surface. The crack plane meandering seen in the images suggests that the plane-normal dendrites, 

even if they nucleate at a non-normal angle near the free surface, evolve to approach a nearly 

perpendicular plane.  
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Figure 3. FIB–SEM characterization of the planar and plane-normal dendrites in LLZTO. (a1–a5) 

Planar dendrite: (a1) Optical image of the specimen showing a planar dendrite. (a2) SEM image 

showing three FIB cross-section locations. The area imaged corresponds to the area indicated in 

(a1). (a3–a5) Magnified views of the three corresponding FIB cross-sections showing the dendrite 

plane orientation to be at shallow angles to the top surface except where the dendrites meet the top 

surface. (b1–b5) Plane-normal dendrite: (b1) Optical image of the specimen containing a plane-

normal dendrite. (b2) SEM image showing three FIB cross-section locations. (b3–b5) Magnified 

views of the corresponding cross-sections. The sub-surface dendrite plane is nominally normal to 

the free surface. These observations are highly repeatable across all samples and reveal the 

generality of stress-dependent dendrite mode selection between the planar and the plane-normal 

dendrite morphologies. The vertical and horizontal scale bars have a ratio of 1.4 due to the inclined 

viewing angle. 

Electrochemical Response 

The electrochemical response of the three representative samples shown in Figure 2 are presented 

in Figure 4. Figures 4(a), (b), (c) correspond to compressive, stress-free and tensile stress cases. A 
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stepwise galvanostatic current was applied as described in Methods. Initially, the cell voltage 𝐸(𝑡) 

evolves smoothly during each galvanostatic interval. In Figure 4(a), at 𝑡 = 𝑡! = 312	s, a sharp 

voltage drop is observed, marking the onset of an electrochemically driven instability. A second 

abrupt transition at 𝑡" = 460	s	collapses the voltage to near zero signaling a short-circuit. For the 

optical signal discussed in Figure 2, the first optically observable dendrite appears at 

approximately t = 322 s. This sequence of an initial abrupt voltage drop, followed by the 

appearance of a dendrite in optical imaging a few seconds later occurs in all specimens. Hence, we 

identify the first abrupt voltage drop with nucleation of a dendrite under the Li (−) electrode area. 

The short time delay between the voltage drops and the first appearance of a dendrite in optical 

imaging can be attributed to the dendrite propagation time to the edge of the Li (−) electrode area 

where it becomes visible. Consequently, the electrically measured threshold current density (E-

TCD) corresponding to the initial sharp drop is always less than or equal to the optically measured 

threshold current density (O-TCD). Similar transitions are observed in Figures 4(b) and (c) for the 

stress-free and the tensile stress specimens. Of particular interest here is the influence of stress on 

the critical conditions for dendrite nucleation. The measured values of E-TCD and O-TCD were 

extracted for all 18 samples that spanned six equi-biaxial stress values and are shown in Figure 5 

as a function of the equi-biaxial stress magnitude. Also shown are the standard deviation values 

that capture the scatter.  

 
Figure 4. Electrochemical response during stepwise galvanostatic loading in three representative 
experiments: (a) in-plane equi-biaxial compression, (b) stress-free, and (c) in-plane equi-biaxial 
tension. The imposed current density (right axis, blue line) and measured voltage (left axis, red 
line) are plotted on the same time base. Current is applied in progressively increasing steps with a 
fixed hold time of 30 s at each level. The voltage response in each experiment exhibits three 
characteristic stages: smooth evolution during each constant current hold; a sudden partial voltage 
drop associated with dendrite nucleation (at 𝑡!); and a final voltage drop to approximately zero 
upon full short circuit (at 𝑡" ). These characteristic voltage features provide consistent 
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electrochemical signatures for identifying dendrite nucleation and the eventual full short circuit 
across all stress states.  

 

Both E-TCD and O-TCD values follow each other closely and exhibit the same stress 

dependence. They have a maximum value in the stress-free condition and decrease under both 

compression and tension. However, the rate of reduction is more precipitous under tensile stress. 

Following an initial rapid drop, the TCD values appear to reach a nominally constant value under 

compressive stress states. At the same time, it is worth recalling from the previous section that the 

dendrite mode is different depending on the sign of the stress. From Figure 5, it can be concluded 

that, for the surface electrode configuration and the stress range investigated in this study, in-plane 

equi-biaxial stress promotes earlier dendrite initiation irrespective of the stress sign. This is a 

surprising result in view of the prevailing picture of dendrite growth. Since dendrites are generally 

depicted to be crack-like features that propagate from Li (−) electrode to Li (+) electrode, 

application of tensile stress states would be expected to promote dendrite growth, whereas 

compressive stress states would be expected to impede it. The new finding here is that the sign of 

the applied stress changes dendrite mode selection, and the threshold current density for dendrite 

nucleation in both cases is lowered compared to the stress-free state.   
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Figure 5. Threshold current densities (TCD) as a function of in-plane equi-biaxial stress, averaged 

over multiple samples. Since the principal stresses are slightly different from each other in most 

specimens, their average value is plotted on the abscissa. Black: electric TCD (E-TCD). Blue: 

optical TCD (O-TCD). For the surface electrode configuration and the stress range investigated, 

in-plane equi-biaxial stress appears to promote earlier dendrite nucleation irrespective of the stress 

sign. 

Discussion 

The observed dendrite morphologies, together with the corresponding voltage–current 

responses, lead to the following key observations for the planar electrode-electrolyte configuration 

investigated in this study: 

(1) In-plane equi-biaxial tensile stress promotes formation of plane-normal dendrites. 

(2) In-plane equi-biaxial compressive stress favors formation of planar dendrites. 

(3) Under nominally stress-free conditions, both plane-normal and planar dendrites can develop. 

(4) Within the stress range investigated (-50 MPa to 10 MPa) for the electrode-electrolyte 

configuration employed, and the electrochemical testing procedures, both in-plane equi-biaxial 

compression and tension reduce the TCD for dendrite nucleation. 

Numerous studies from recent literature have reported several aspects of dendrite 

morphologies in stress-free SEs [9, 22, 23]. However, these morphologies have largely been 

treated as distinct experimental observations, with limited mechanical interpretation of their 

underlying three-dimensional evolution. The influence of externally applied uniaxial tensile stress 

on dendrite deflection has also been experimentally demonstrated and interpreted using mixed-

mode fracture mechanics [15]. Nevertheless, these analyses are primarily restricted to two-

dimensional scenarios involving edge cracks or straight cracks embedded in an infinite body. 

However, the conditions influencing morphology selection and transition observed in the present 

study has received little attention. Here we attempt a qualitative physical interpretation of our 

observations based on a combination of a fracture criterion and crack path stability effect in the 

presence of a free surface.  

Partly building on the framework developed by Mukherjee et al. [14], the SE is treated as 

a linear elastic continuum, and a dendrite is viewed as a lithium-filled crack. The volumetric 
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growth of deposited lithium in a dendrite is constrained by the surrounding crack surfaces, 

generating an internal pressure that deforms the SE and produces stress concentration at the 

dendrite tip. Crack propagation occurs when the stress intensity factor exceeds the 

(electrochemically active) effective fracture toughness [11, 13] while lithium-ion flux from the SE 

to the lithium phase remains thermodynamically permissible. The interfacial lithium-ion flux is 

described by the stress-coupled Butler–Volmer equation [37, 38], in which the equilibrium 

overpotential increases approximately linearly with the normal lithium pressure in the limit of an 

infinitesimal interfacial flux [39]. The local overpotential is determined by the electric potential 

distribution governed by Maxwell’s equations and is directly related to the applied far-field current 

density through the electrochemical boundary conditions. Consequently, the critical lithium 

pressure required for crack propagation determines the corresponding TCD. Mukherjee et al. [14] 

considered a two-dimensional edge crack as a representative dendrite morphology, where the crack 

was assumed to propagate straight ahead in a nominally stress-free SE. While this framework 

provides valuable insights into dendrite initiation and propagation, it does not capture the complex 

dendrite morphologies observed in the present experiment. The three-dimensional dendrite 

morphologies arise from the combined effects of the initial dendrite orientation, applied stress field, 

boundary conditions, and other contributing factors. In the present study, we simplify the problem 

by considering two canonical crack-like defects that trigger and lead to dendrite growth in the SE 

near the Li (−) electrode: plane-normal and planar as illustrated in Figure 6(a1) and Figure 6(b1), 

respectively. It is also assumed that stressed grain boundaries provide sufficient electron 

conductivity for subsurface dendrite growth near the Li (−) electrode [40]. In reality, by virtue of 

the complex microstructure of the SE, one can presume the presence of a large population of micro-

defects of all orientations and a size distribution near the Li (−) electrode. However, we restrict 

attention to planar defects whose planes are parallel to the free surface, and plane-normal defects 

whose plane is normal to the free surface. 

Growth of these defects under three relevant stress states - equi-biaxial compression, stress-

free, and equi-biaxial tension - is considered while accounting for the presence of the free surface. 

Figures 6(a2–a4) illustrate the influence of in-plane equi-biaxial stress on the crack-tip stress 

intensity factor of a plane-normal dendrite. Because the crack plane is normal to the 𝑥! direction 

as shown in Figure 6(a1), the 𝜎!! component of the applied equi-biaxial stress acts normal to the 

crack plane and directly contributes to the crack-tip stress intensity factor, whereas the 𝜎"" 
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component acts parallel to the crack plane and has no contribution. Consequently, the resultant 

crack-tip stress intensity factor is determined by the combined effects of the internal lithium 

pressure, the applied 𝜎!!  stress, and the free-surface effect. Under equi-biaxial compression 

(Figure 6(a2)), the applied 𝜎!!  is compressive, reducing the crack-tip stress intensity factor. 

Therefore, a higher internal lithium pressure is required for the total stress intensity factor to reach 

the effective fracture toughness. Since the local overpotential increases with the applied current 

density, a higher threshold current density (TCD) is required to generate the increased lithium 

pressure necessary for dendrite propagation. In contrast, equi-biaxial tension (Figure 6(a4)) 

produces a positive 𝜎!! , which increases the crack-tip stress intensity and enables dendrite 

propagation at a lower internal lithium pressure, thereby reducing the TCD. So, for an initial defect 

that resembles a plane-normal crack, one would anticipate an equi-biaxial tensile stress to decrease 

TCD and an equi-biaxial compressive stress to increase it. Moreover, the initial growth direction 

of the defect need not be oriented towards the Li (+) electrode; it is controlled by the orientation 

of the initial defect that first reaches the fracture criterion.  

For a planar defect (Figure 6(b1)), the primary role of the in-plane equi-biaxial stress is 

different. Rather than directly modifying the crack-tip stress intensity factor, it governs the stability 

of crack path [41, 42], i.e., the tendency of the dendrite to propagate in its plane vs. deflect toward 

the free surface. Analysis of crack stability from fracture mechanics literature [41, 42] shows that 

equi-biaxial compressive stress (Figure 6(b2)) stabilizes crack propagation in its plane of 

propagation; alternatively, crack deflection away from the current propagation plane is suppressed, 

making continued planar propagation kinetically favorable. Further, in addition to contributing to 

dendrite path stability, the compressive stress could also contribute to “delamination buckling” of 

the planar dendrite once it reaches a critical in-plane dimension [43], which contributes to the 

crack-opening stress intensity factor and thus decreases the critical lithium pressure for satisfying 

the fracture criterion, and thus the TCD. Thus, compressive stress not only enables initially planar 

defects near the Li (−) electrode to propagate in their planes but can also contribute to the stress 

intensity factor and lowering of TCD. Moreover, increasing the compressive stress lowers the 

expected TCD. Under in-plane equi-biaxial tension (Figure 6(b4)), planar propagation becomes 

unstable. Because tensile stress favors crack planes oriented perpendicular to the loading direction, 

a planar dendrite front is driven to deflect toward the free surface. Consequently, a planar dendrite 
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may evolve into a bowl-shaped crack that meets and terminates at the free surface [23]. Under 

stress-free conditions (Figure 6(b3)), a planar defect is influenced by the configurational force 

associated with the nearby free surface. This image force drives the planar dendrite to deflect 

toward the free surface [44], which can also be viewed as loss of crack path stability. This effect 

becomes stronger as the dendrite is closer to the free surface and weaker as the distance increases. 

Thus, planar growth becomes viable if the initial defect is sufficiently far away from the free 

surface.  

To summarize, depending on the initial defect population, both dendrite modes are viable. 

Compressive stress makes it harder for plane-normal defects to grow but stabilize planar defects 

and enables their growth towards the Li (+) electrode. Through a postulated delamination-buckling 

mechanism [43], compressive stress can decrease the TCD. Tensile stress promotes growth of 

plane-normal defects and lowers the TCD for their nucleation and growth. In addition, tensile 

stress destabilizes planar defects, deflects them towards the free surface and terminates them there 

as bowl shaped cracks. Under stress-free conditions, a plane-normal defect can propagate due to 

the internal Li pressure, and a planar defect can propagate towards the Li (+) electrode if it is 

sufficiently away from the free surface. Thus, this simplified picture provides a framework for 

understanding how the sign of stress promotes a different dendrite mode and also offers a 

qualitative explanation for why the TCD decreases with stress magnitude in both directions. 

Although beyond the scope of this paper, this framework can be extended computationally to 

incorporate more complex boundary conditions and initial defect morphologies.  
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Figure 6. Schematic illustration of the effect of in-plane equi-biaxial stress on crack driving force 

and stability of crack propagation direction in the SE. Here, a dendrite is treated as a crack 

nucleating from an initial plane-normal or planar defect. (a1) Plane-normal dendrite; (b1) planar 

dendrite. (a2) -(a4) illustrate the influence of equi-biaxial stress on the driving force on a plane-

normal defect. (b2)-(b4) illustrate the influence of equi-biaxial stress on stability of planar crack 

growth.  

It should be emphasized that dendrite growth is ultimately governed by lithium deposition, 

which is controlled by the local electric field distribution and the resulting internal lithium pressure. 

Regions with a higher electric field promote faster lithium deposition, thereby providing a greater 

driving force for dendrite propagation. In the present cell configuration, both the Li (−) electrode 

and Li (+) electrode are located on the same side of the LLZTO electrolyte. Consequently, when 

a planar dendrite propagates toward the Li (+) electrode, the remaining distance to the Li (+) 

electrode is progressively reduced, leading to local electric-field enhancement at the dendrite tip. 

The increased lithium deposition rate enables continued propagation under equi-biaxial 

compression. As such, this mechanism is expected to depend on the electrode configuration. If the 

Li (−) electrode and Li (+) electrode are located on opposite sides of a compressively stressed SE, 

the planar mode can propagate only along planes parallel to the faces, and the electric-field 

enhancement at the dendrite tip would be weaker. Under such conditions, planar dendrites may no 
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longer propagate efficiently toward the Li (+) electrode and may instead self-terminate at the 

specimen periphery before forming a short circuit. In this case, dendrite propagation towards the 

Li (+) electrode would likely be in the form of plane-normal dendrites. Consequently, in-plane 

equi-biaxial compressive stress would be expected to result in a higher TCD in a practical solid 

electrode configuration with electrodes on opposite faces, which was seen in a recent study of Cui 

et al. [17]. Ion implantation has also been employed to induce compressive surface stresses and 

thereby suppress dendrite initiation [28, 29]. 

In conclusion, this work investigates the influence of in-plane equi-biaxial stress on 

dendrite nucleation and propagation in solid electrolytes. In-plane biaxial stress is introduced via 

thermal residual stress. Electrochemical measurements provide the voltage response under 

stepwise current loading, from which dendrite nucleation can be identified. In situ optical imaging, 

based on intensity contrast, enables direct observation of dendrite evolution. First appearance of a 

dendrite in optical imaging correlates well with the corresponding voltage drop signature. Two 

distinct dendrite morphologies, namely plane-normal and planar, are identified from optical 

imaging, which are further validated through SEM characterization. Experimentation under 

different stress states reveals that in-plane biaxial tension favors the plane-normal mode, whereas 

biaxial compression favors the planar mode. Both modes can appear together in a stress-free state. 

The measured threshold current density for dendrite nucleation decreases under both tensile and 

compressive stress states relative to the stress-free state. 

Qualitatively, the stress-controlled mode selection between plane-normal and planar 

dendrites can be explained by assuming the presence of a population of initially plane-normal and 

planar micro-defects under the Li (−) electrode area and considering how the biaxial stress state in 

the solid electrolytes contributes to their propagation criteria. Tensile stress promotes plane-normal 

dendrite growth and decreases the corresponding TCD, whereas compressive stress has the 

opposite effect. While the state of stress does not directly influence the driving force for planar 

dendrite growth, it strongly influences the stability of its propagation direction. Compressive stress 

allows planar dendrites to grow along their plane, while tensile stress destabilizes and deflects 

them towards the free surface. Moreover, compressive stress can contribute to crack tip driving 

force through a delamination-buckling mechanism, thus lowering the TCD. Taken together, this 

qualitative picture explains stress-controlled dendrite mode selection as well as the reduction in 
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TCD for both compressive and tensile stress states. By extending this argument to a sandwich cell 

configuration with electrodes on either side of the SE, it is reasonable to hypothesize that through-

thickness dendrites in such a cell would be plane-normal in character and their TCD would increase 

with compressive stress. In contrast, planar dendrites would be forced to propagate in planes that 

are approximately parallel to the faces and may self-terminate at the cell edges. Overall, the 

findings of this study can help arrive at strategies to mitigate dendrite growth in solid electrolytes.   
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Methods 

Specimen Preparation 

Commercial LLZTO specimens (Li₆.₆La₃Zr₁.₆Ta₀.₄O₁₂, Toshima Inc.; 50 × 50 × 1 mm) were 

sectioned into approximately 5.8 × 5.8 mm pieces through thermal scoring followed by mechanical 

cutting with a diamond blade. Samples were then polished manually using silicon carbide 

sandpapers with progressively finer grit size (240–5000) until the thickness reached ~0.2 mm. The 

polished LLZTO pellets were transferred into an argon-filled glovebox for subsequent processing. 

A same-side lithium electrode configuration was used to enable simultaneous in-situ optical 

imaging and controlled biaxial loading, as shown in Figure 7(a, c). For convenience, we denote Li 

(−) as the negative electrode, corresponding to the lithium-plating side, and Li (+) as the positive 

electrode, corresponding to the lithium-stripping side. Approximately 1.5 μm thick lithium film 

electrodes were deposited by thermal evaporation. The final nominal dimensions of the specimen, 

as shown by the schematics in Figure 7(c), were: 𝑎 = 1.06 ± 0.25	mm, 𝑏 = 1.30 ± 0.19	mm, 

𝑐 = 0.97 ± 0.14	mm , 𝑑 = 2.19 ± 0.75	mm , 𝑒 = 1.90 ± 0.44	mm , 𝑓 = 1.85 ± 0.26	mm , 𝑔 =

1.94 ± 0.47	mm and ℎ##$%& = 0.22 ± 0.05	mm. Sample to sample dimensional variations were 

accounted for in the current density calculations and the finite element simulations. As discussed 

in the supplemental material, these dimensions were chosen to ensure that the entire Li (−) 

electrode area is away from the edges and is under a uniform state of stress.  

Thermal Residual Stress 

In order to induce a state of biaxial stress in an LLZTO specimen, it is bonded to a 6061 aluminum 

alloy disc (diameter 50.8 mm, thickness 1.26 mm) or a silicon wafer (edge length 50.8 mm, 

thickness 0.72 mm) substrate with a thin epoxy layer and cured at a temperature T2 as illustrated 

in Figure 7(a). Thin films of epoxy (LOCTITE STYCAST 2651 and LOCTITE Catalyst 9, 100:7 

by weight) were spin-coated (2000 RPM) on the substrates, resulting in film thicknesses of 0.05 ± 

0.01 mm on Al and 0.17 ± 0.01 mm on Si. Post curing, a residual stress (i.e., in-plane biaxial stress) 

is generated in the LLZTO specimens when they are cooled from the curing temperature T2 to the 

testing temperature T1 due to the mismatch in the coefficients of thermal expansion (CTE) between 

LLZTO and the substrate. The Al alloy’s CTE (23.6 × 10'(	K'!, [45]) is greater than that of 

LLZTO, which results in a biaxial compressive stress state. Si’s CTE (2.5 × 10'(	K'!, [46]) is 

smaller, resulting in a biaxial tensile stress state. The stress magnitude can be varied by changing 
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the curing temperature. Three independent samples were prepared for each curing condition (i.e., 

the substrate and the curing temperature). For Al substrates, the curing conditions were 30 °C (24 

h), 40 °C (16 h), 60 °C (4 h), and 80 °C (2 h). For the Si substrates, the curing conditions were 

45 °C (16 h) and 60 °C (4 h). The ambient temperature inside the glovebox T1 was maintained at 

30 °C.  

 While finite element analysis can be used to calculate the induced biaxial stress magnitude 

in each specimen, it requires LLZTO’s CTE value; the following procedure was used obtain it. A 

bonded LLZTO/epoxy/Si assembly was mounted on a closed-loop heating stage with the Si side 

facing upward and the temperature was raised gradually. Due to the CTE mismatch between the 

three materials, the Si substrate develops curvature. Since the LLZTO specimen dimensions are 

different from those of the substrate, the substrate curvature is non-uniform in general. A multi-

beam optical stress sensor (MOSS [47]) setup was used to measure the curvature of the substrate 

as a function of temperature at the center of the area where LLZTO was bonded. For a temperature 

change from 30oC to 80oC, the curvature change was seen to be linear, indicating elastic response 

of the system. The CTE of LLZTO was then obtained by modeling the experiment through finite 

element analysis (using the published CTE values of Si and epoxy) and a best fit of the model 

predictions with the measured curvature change. More details are given in the supplemental 

material. The procedure was repeated for three specimen assemblies and the average inferred CTE 

value of LLZTO was experiment was 11.3 ± 2.4 × 10'(	K'!.        

 Using the above value of the CTE of LLZTO, the biaxial stress magnitudes for all 18 

samples, spanning six curing conditions, were determined by finite-element simulations and are 

summarized in Table 1. Specimen to specimen variations in the stress state are due to differences 

in their dimensions. Although the goal was to obtain equi-biaxial stress states, note that variations 

in specimen dimensions result in minor differences in the stress magnitude along the principal 

directions. 

Table 1. In-plane biaxial stress states for the samples used in this study (𝜎!" = 0). 

Group Substrate Curing 

Temperature 

(𝜎!!, 𝜎"")  (MPa) 

for Sample-a 

(𝜎!!, 𝜎"")  (MPa) 

for Sample-b 

(𝜎!!, 𝜎"")   (MPa) 

for Sample-c 

1 Al 30 (0, 0) (0, 0) (0, 0) 
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2 Al 40 (-10.5, -9.2) (-9.9, -9.4) (-9.2, -7.4) 

3 Al 60 (-33.9, -25.7) (-26.6, -28.0) (-27.5, -23.6) 

4 Al 80 (-48.0,-58.3) (-43.5,-47.9) (-46.9, -51.1) 

5 Si 45 (3.6, 3.3) (4.7, 4.4) (4.2, 4.8) 

6 Si 60 (10.5, 9.9) (13.5, 15.0) (9.8, 8.9) 

 

Electrochemical Testing and Optical Imaging 

Electrochemical measurements were performed using a Solartron Analytical CellTest system. 

Electrical contact to the lithium pads was established with two tungsten microprobes (Figure 7(b)). 

Probe indentation into soft lithium was minimal and did not affect the effective negative electrode 

area or the location of dendrite nucleation sites. A unidirectional stepwise current loading protocol 

was applied. After a 30 s open-circuit period, the current was increased following a logarithmic 

progression, log!) E
*!
*"#$
F = −1.1 + 0.1𝑛, 𝑛 = 1,2, … 21 , where 𝑗+,- = 0.5	mA cm"⁄ , and the 

reference area was taken as the Li (−) electrode area. Each current step was held for ~30 s, and the 

voltage was recorded at 1 Hz. The logarithmic step protocol was selected to ensure that the cell 

assembly reaches a short-circuit before significant stripping-induced contact loss occurs at the Li 

(+) electrode (due to the limited lithium reservoir on the stripping side). 

In situ optical imaging of the cell's top surface was performed using a high-resolution camera 

(5472 × 3648 pixels, ~1 µm/pixel spatial resolution) positioned directly above the plane of the 

specimen. Illumination was provided by an LED source at a 45° angle relative to the sample 

surface normal. The oblique angle avoids parallelism with either the in-plane or out-of-plane 

features, ensuring a sufficient projected area for both orientations to maximize their optical contrast. 

Optical imaging was initiated simultaneously with the electrochemical measurements and 

continued until completion of the experiment or the occurrence of a short circuit. Images were 

acquired at 0.5 Hz throughout the electrochemical sequence, providing sufficient temporal 

resolution to resolve dendrite nucleation, front evolution, and optical–electrochemical 

synchronization.  
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Figure. 7. (a) Sample-preparation procedure; (b) a photograph of the LLZTO/epoxy/Al-substrate 

assembly mounted on the electrochemical testing stage; (c) schematic top view of the electrode 

configuration on LLZTO sample surface. 

For each acquired image, the RGB data are converted into a grayscale intensity map 𝐼(𝐱; 𝑡) ∈

[0,255]. To highlight dendrite-induced optical changes, a differential image is further defined as 

Δ𝐼(𝐱; 𝑡) = 𝐼(𝐱; 𝑡) − 𝐼(𝐱; 0). This operation suppresses static intensity variations associated with 

the initial surface morphology and illumination nonuniformity, thereby enhancing the visibility of 

dendrite evolution. For improved visualization, the contrast is enhanced using a gamma scaling: 
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𝐼V =

⎩
⎪
⎨

⎪
⎧128 + 127 [

Δ𝐼
Δ𝐼./0

\
1

, when	Δ𝐼 ≥ 0	

127 − 127 [
Δ𝐼
Δ𝐼.23

\
1

, when	Δ𝐼 < 0	
 

(1) 

where Δ𝐼./0 = maxeΔ𝐼(𝐱; 𝑡423/5)f, Δ𝐼.23 = mineΔ𝐼(𝐱; 𝑡423/5)f and 𝛾 = √7'!
"

. Using the seismic 

colormap in Matplotlib, red indicates increased brightness, blue indicates decreased brightness, 

and white corresponds to regions with negligible change. 

 

SEM/FIB imaging method 

Post-experiment characterization of the samples was performed using an FEI Helios 600 

DualBeam FIB–SEM and a Thermo Scientific Quattro S scaning electron microscopy (SEM). 

Before imaging, the vapor-deposited lithium electrode films were removed by gently wiping them 

with a piece of tissue paper. SEM imaging used a 10 kV accelerating voltage with secondary-

electron detection to maximize surface-topography contrast. For subsurface characterization, site-

specific FIB cross-sections were prepared at nucleation sites using a Ga⁺ beam for trench milling 

and final polishing. Cross-sectional SEM images were acquired immediately after milling to 

minimize beam-induced modification. 
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Document S1 

S1.1 Thermomechanical Modeling and Verification of the LLZTO/Epoxy/Substrate 
Assembly 

This supplementary note provides the thermo-mechanical analysis supporting Methods for the 

LLZTO/epoxy/substrate tri-layer structure. The thermo-mechanical behavior was analyzed using 

three-dimensional (3D) finite element analysis (FEA). Three sets of thermo-mechanical 

simulations were performed with the following objectives: 

https://datasheets.tdx.henkel.com/LOCTITE-STYCAST-2651-CAT-9-en_GL.pdf


29 
 

(i) A representative model was first established to demonstrate the existence of a nearly uniform 

equi-biaxial stress region on the top surface of the LLZTO. 

(ii) Additional simulations were performed to reproduce the curvature–temperature responses 

measured by the multi-beam optical sensor (MOSS). 

(iii) All 18 specimens were simulated reconstruct the residual stress states of each one under its 

corresponding curing conditions. 

This section focuses on the idealized model described in (i). Section S1.2 presents the MOSS 

calibration described in (ii), whereas the sample-specific simulations in (iii) are readily constructed 

using the same modeling procedure. 

 

Model Construction and Material Parameters 

A three-dimensional thermoelastic model was constructed in the general-purpose finite 

element software Abaqus using symmetry so that only one-quarter of the full assembly was 

modeled. The LLZTO, epoxy, and substrate layers were modeled as perfectly bonded linear-elastic 

solids. Temperature-dependent material properties for LLZTO, epoxy, Al, and Si were taken from 

the literature and are summarized in Table S1. Reduced-integration C3D8R elements were used 

for all layers. Each layer was discretized with five elements through its thickness, while the in-

plane mesh size in the LLZTO layer was set to 0.1 mm. Logarithmically graded meshes were 

adopted in the epoxy and substrate layers to accurately resolve the steep interfacial shear stress 

gradients. A static thermoelastic analysis was performed. Rigid-body motion was eliminated by 

constraining a single reference node, and a uniform 1 K temperature increment was applied to the 

entire assembly through a predefined temperature field. Owing to the linear thermoelastic response 

of the system, the resulting stress field can be linearly scaled to any prescribed temperature 

difference. Curvature, in-plane stress fields, and through-thickness stress gradients were extracted 

from the displacement solution. Mesh convergence was verified by confirming that both the 

curvature–temperature relationship and the in-plane stress distributions remained unchanged with 

further mesh refinement. 

Table S1 Material Parameters in the Finite Element Simulations  

Material E (GPa) ν CTE (×10-6 K⁻¹) 
LLZTO 158.5 [48] 0.26 [48] 11.3 (Best Fit. See Note S1.2) 
Epoxy [49] 4.4  0.39 43.3 
Aluminum 6061 [45] 68.9 0.33 23.6  
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Silicon (<100>) 179 [46] 0.27 [46] 2.5 [50] 

Verification of Central Uniform Stress Region 

Figure S1 shows the LLZTO/epoxy/silicon assembly, where the dimensions are taken from a 

representative specimen used for MOSS measurement. When the substrate CTE is lower than that 

of LLZTO, an increase in temperature induces compressive stress in the LLZTO and causes the 

specimen assembly to develop a slight curvature. Across the LLZTO thickness (i.e., z-direction) 

along the symmetry centerline, stress component σ₁₁ varies from –0.63 MPa/K at the epoxy 

interface to –0.35 MPa/K at the top free surface. The in-plane stress components at the top surface 

of LLZTO (Figure S1(b)) show that a nearly uniform biaxial stress state results within a 1-mm 

radius from the sample center. Outside this central region, shear-lag effects lead to stress 

nonuniformity.  Hence, the Li (−) electrodes are deposited within the central region of uniform and 

approximately equi-biaxial stress state in all experiments. The epoxy layer experiences a biaxial 

stress magnitude of approximately 0.26 MPa/K; so, even for a 100 K thermal excursion, the 

resulting stress remains below its reported yield strength [49], confirming its elastic behavior 

during curing and cooling. 
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Figure S1. (a) Contour plot of the minimum principal stress from FEM simulation under a 1K 

temperature increase; (b) the corresponding stress distribution along the horizontal symmetry line 

(i.e. x-axis) where the dashed line indicates the approximate boundary of a central region of 

uniform and equi-biaxial stress. (c) A photograph of the multi-beam optical sensor setup. (d) 

Temperature-dependent curvature measured on the Si-side of the LLZTO/epoxy/Si specimen 

assembly. Curvature was extracted from a 2.2 mm × 2.2 mm central square region (±1.1 mm from 

the geometric center) by averaging MOSS line scans along the x- and y-directions. Data for three 

separate specimens are shown, two of which were cured at 60 °C and one at 45 °C. 
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S1.2 Experimental Measurement of the Coefficient of Thermal Expansion of LLZTO   

This Supplementary Note supports the Methods section by experimentally validating the linear 

thermo-mechanical response of the LLZTO/epoxy/Si assembly and determining the coefficient of 

thermal expansion (CTE) of LLZTO. The procedure consisted of measuring the specimen 

curvature as a function of an imposed temperature increase. A finite element analysis (FEA) of the 

specimen’s response under a temperature change was carried out. The analysis used published 

thermal and mechanical properties of the constituent materials while treating the CTE of LLZTO 

as the fitting parameter. The latter was obtained by best-fitting the computationally predicted 

curvature with the experimental measurement.  Details are provided below. 

Specimens preparation 

Three additional LLZTO/epoxy/Si specimens, separate from the 18 specimens used for 

electrochemical testing listed in Table 1, were prepared following the procedure described in 

Methods. Two assemblies were cured at T2 = 60 °C, and one was cured at T2 = 45 °C, where T1 

and T2 denote the measurement and curing temperatures, respectively, as defined in Figure 7(a). 

The curing temperatures were intentionally selected to fall within the actively controlled 

measurement temperature range (T1 = 30–80 °C), allowing the temperature difference T2 − T1 to 

take both positive and negative values. For the LLZTO/epoxy/Si assembly, the material 

combination and geometry remain fixed, so the thermally induced stress and resulting curvature 

are governed by the temperature difference relative to the curing state. This enables 

characterization of the thermomechanical response under both positive and negative curvature 

conditions. No lithium electrodes were incorporated into these specimens, as they were prepared 

exclusively for thermomechanical calibration rather than electrochemical testing. 

Substrate curvature measurement via MOSS 

The curvature change of the LLZTO/epoxy/Si specimens was measured using a commercial multi-

beam optical sensor (k-Space Multi-beam Optical Sensor) system, which is shown in Figure S1(c). 

The system projects a 2 × 2 array of parallel laser beams onto the silicon surface of the tri-layer 

and the reflected array is captured on a CCD camera. As the curvature changes in response to the 

imposed temperature change, the relative change in the beam spot spacing on the CCD camera is 
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measured, which is directly proportional to the specimen curvature change. The proportionality 

constant is obtained by measuring the relative spot spacing corresponding to a calibration mirror 

of known curvature placed in the plane of the specimen [47]. In a typical experiment, a fully cured 

LLZTO/epoxy/Si assembly was placed on a closed-loop temperature-controlled stage. The 

LLZTO side was positioned in contact with the heating plate, while the Si side faced upward to 

reflect the laser beams in the MOSS setup. The specimen temperature was varied from 30 °C to 

80°C in 5 °C increments. At each temperature, the specimen was allowed to reach thermo-

mechanical equilibrium until no further relaxation was observed in the MOSS signal. The 

corresponding curvature was recorded at each temperature. Figure S1(d) shows the data for three 

experiments, which is used for comparing the FEA analysis predictions.  

Finite element analysis 

Following the finite element modeling procedure described in Section S1.1, thermo-mechanical 

simulations were performed for all specimens. At each temperature step, the FEM-predicted 

average curvature was compared with the experimentally measured curvature. The coefficient of 

thermal expansion (CTE) of LLZTO was treated as the only unknown material parameter and 

determined by best-fitting the simulated curvature–temperature response to the experimental 

measurements.  As shown in Figure S1(d), the curvature varies linearly with temperature for all 

specimens throughout the imposed temperature range. The linear relationship confirms that the 

LLZTO, epoxy, and silicon layers remain within the linear thermoelastic regime. By fitting the 

finite element predictions to the experimental curvature–temperature responses, the coefficient of 

thermal expansion (CTE) of LLZTO was determined to be 11.3 ± 2.4	 × 10'(	K'!. This value is 

lower than the XRD-derived value of 17.1 ± 0.1 × 10'(	K'! at 50 °C [51]. The discrepancy is 

expected because XRD measures the thermal expansion of the crystalline lattice, whereas the 

present curvature-based method characterizes the effective thermoelastic response of the entire 

polycrystalline LLZTO bulk. The effective bulk response is influenced by microstructural features 

such as porosity, dopant distribution, grain-boundary content, and processing history. Therefore, 

the observed difference is likely attributable to differences in the microstructure. The fitted average 

CTE was subsequently adopted in all finite element calculations of the residual stress presented in 

this work. 
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S1.3 Dendrite Morphology for All 18 Experiments 

Final dendrite morphologies for all 18 experiments are provided in Figure S2. 

 

 

Figure S2. Stress-dependent dendrite morphologies observed in 18 independent LLZTO samples 

after electrochemical testing. The corresponding stress values are shown for each group of 

specimens. (a1–a3) 11.4 ± 2.1 MPa; (b1-b3) 4.1 ± 0.5 MPa; (c1–c3) Stress-Free; (d1–d3) −9.3 ± 

0.7 MPa; (e1–e3) −28.3 ± 1.7 MPa; (f1–f3) −49.3 ± 3.1 MPa. A single scale bar in (a1) applies to 

all subpanels. Detailed stress states are given in Table.1. Note that even under compressive stress, 

occasionally plane-normal dendrites can still nucleate and propagate when the internal lithium 

pressure overcomes the external compressive stress, but they tend to be less developed as shown 

in (d1).  


