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This study introduces a method to directly measure stress fields in solid
electrolytes—along-standing challenge in battery research—using the principle of
photoelasticity. In the study, the first direct measurements of stress around lithium
dendrites within a garnet electrolyte are presented. The findings align with
theoretical predictions for stress fields of internally pressurized cracks in elastic
media. The innovative experimental platform holds promise for illuminating
diverse chemo-mechanical failures in solid-state batteries, heralding a new era in
contactless battery diagnostics.
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Operando measurements of dendrite-induced stresses
in ceramic electrolytes using photoelasticity

Christos E. Athanasiou,’-?¢’* Cole D. Fincher,*¢* Colin Gilgenbach,® Huajian Gao,"*>

W. Craig Carter,® Yet-Ming Chiang,>* and Brian W. Sheldon'-*

SUMMARY

Fundamental understanding of stress buildup in solid-state batte-
ries is elusive due to the challenges in observing electro-chemo-
mechanical phenomena inside solid electrolytes. In this work, we
address this problem by developing a method to directly measure
stresses within solid-state electrolytes. As a proof-of-concept, we
provide the first direct measurements of the stress fields generated
around the lithium metal dendrites in a model garnet electrolyte,
Lig75LaszZrq 75Tag 25012, and show that these are consistent with
the predictions for an internally loaded crack in an elastic solid.
The measurements are based on employing the principle of photo-
elasticity to probe the stress fields during operando electrochemical
cycling in a plan-view cell. This new experimental methodology pro-
vides a means to access chemo-mechanical events in solid-state bat-
teries and has the potential to provide insight into a variety of
chemo-mechanical failure modes.

INTRODUCTION

Solid-state batteries can potentially provide increased energy density and safety. ' How-
ever, their performance and durability is often limited by stress-induced chemo-mechan-
ical failure.”” Recent work on all-solid-state composite cathodes has shown that stress
buildup and subsequent cracking of cathode and electrolytes play a major role in cell fail-
ure.’®"* On the anode side, where a metal electrode provides the highest energy den-
sities, an array of studies have hypothesized that plating-induced stress can fracture
otherwise-stable solid electrolytes,’> " based largely upon the dendrite morphology
and/or low fracture of toughness solid electrolytes. Thus, directly probing the stress
fields inside a battery during cycling can provide critically important information
about dendrite growth and a variety of other chemo-mechanical phenomena. However,
because these phenomena occur within solid-state cells and involve brittle materials,
direct observations are extremely challenging with commonly used research techniques.

To directly investigate chemo-mechanical processes, we develop a method based
on the use of photoelasticity to image stress fields in a solid electrolyte. The obser-
vations reported were collected during Li plating through a model solid electrolyte,
Li.75LazZry 75Tag 25012 (LLZTO). By conducting photoelastic observations in a plan-
view cell, the stress field was examined in the vicinity of a dendrite. Our observations
reveal strong agreement between the observed stress field and the predictions of
linear elastic fracture mechanics.

More broadly, this study demonstrates that photoelasticity is capable of providing
operando stress measurements during the cycling of solid-state batteries and can
provide a platform to characterize a wide range of chemo-mechanical phenomena.

PROGRESS AND POTENTIAL
Chemo-mechanical phenomena
impact the cyclability of solid-
state batteries. While
conventional Li-ion cells require
constant ionic contact between
active components, the rigid
nature of solid-solid interfaces
presents new challenges for
maintaining mechanical contact.
The loss of mechanical contact at
interfaces leads to cell failure.
Both cathodes and anodes
undergo stress during cycling,
potentially fracturing the solid
electrolyte. In addition, dendrite
growth induces stresses within the
electrolyte, affecting degradation
and cell lifespan. Despite their
importance, no direct stress
measurements inside solid
electrolytes during cycling have
been made due to experimental
challenges. To overcome this, a
photoelasticity-based platform
was created, allowing stress
analysis near chemo-mechanical
events and aiding in studying
battery material failures at varied
scales.
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RESULTS AND DISCUSSION

Operando stress measurements via photoelasticity

Photoelasticity measurements rely on stress-induced anisotropy in a material.>'~*’
More specifically, applied stress creates an anisotropy in the dielectric permittivity, re-
sulting in varying propagation velocities of optical waves polarized along two mutually
orthogonal principal directions. This effect makes it possible to determine the differ-
ence in maximum principal stresses (g1 — o72) in a material by measuring optical re-
tardance and applying the stress-optic law.*' By applying this method to a solid elec-
trolyte (LLZTO) during lithium plating, our experiments show that it is possible to
directly map stresses in the vicinity of a stationary or propagating lithium metal
dendrite. To perform photoelasticity measurements operando, we combined the
experimental configurations developed in our prior work.””-** A lithium metal elec-
trode is adhered to the electrolyte, as shown in Figure 1B. Two tungsten probes
are positioned, one on the lithium metal electrode and one directly in contact with
the thinly polished disk of LLZTO.?” The lithium dendrites then form through the
thickness of the electrolyte. In Figures 1D-1F, this type of dendrite is propagating
in the x-y plane. The propagation of the dendrite is then tracked with an optical
microscope fitted with a commercial system to measure optical retardance, which
is then used to calculate the stress state (more information in the experimental

procedures).*®

The experiments, performed in transmission, are facilitated by the use of LLZTO
specimens thinned to the point of translucency.”” The measurements give
through-thickness-averaged retardance (i.e., along the z axis in Figure 1C). This
method makes it possible to image the stress distribution (within the spatial resolu-
tion of the microscope), and thus it provides a direct map of the stress field in the
vicinity of a lithium filament. These operando experiments, performed while
applying a fixed current, give a series of retardance images at different times (Video
S1). An example of a false color map of the difference in maximum principal stresses
in the vicinity of a dendrite in a 90 pm thick LLZTO disk is shown in Figure 1F. The
stress distribution observed here is in qualitative agreement with photoelasticity
measurements obtained in the vicinity of crack tips during fracture.?”~** This result
confirms that pressure buildup inside of the Li metal-filled filaments produces signif-
icant stresses in the solid electrolyte.

The ability to conduct operando photoelasticity measurements provides valuable in-
formation about changes that occur during electrochemical cycling. Recent work
shows that a variety of dendrite morphologies occur in experiments with this type
of configuration (i.e., in-plane propagation of dendrites over several millimeters or
more, through a thin LLTZO sheet).?” This includes dendrites that are “leafier”
(i.e., more diffuse) than the one shown in Figure 1C, along with branching events
thatlead to the propagation of multiple dendrites in close proximity. Itis challenging
to interpret images of these complex morphologies, and thus an isolated dendrite
was selected to demonstrate the new photoelasticity method. The observations re-
ported here were thus obtained under conditions where this isolated dendrite
dominates. The experiment shown in Figure 1 was selected from several separate
experiments with different LLZTO pieces. Dendrite formation occurred in all the ex-
periments, and similar optical retardance patterns and magnitudes were observed.
Results for the most isolated dendrite in these experiments is presented here,
because it provides detailed quantitative analyses. The filament seen in Figure 2 is
the same dendrite imaged in Figure 1C, but subsequent to continued plating at
2
(

a constant current density of 0.3 mA/cm? (applied current normalized by the elec-

trode/electrolyte interfacial area). The images in Figure 2 show that the retardance
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Figure 1. Probing stress operando via photoelasticity

(A-C) Schematic of the experimental setup and the photoelastic principle allowing for measuring
the stress field around a metal dendrite—where the stress represents the difference in in-plane
maximum principal stresses (61 — ). Metal electrodes adhered to the surface of a thin LLZTO
electrolyte and are polarized to produce in-plane metal growth.

(B) A birefringence microscope measures the corresponding operando stress field (see inset)
during dendrite growth.

(C) Post-mortem optical micrograph of a plan-view cell.

(D) Polarized light image of the red area shown in (C).

(E and F) Grayscale and false color maps of the difference in principal stresses at the tip of a
progressing dendrite. The color bars correspond to the stress levels calculated from the measured
retardance maps.

distribution around the dendrite moves as the dendrite propagates with a velocity of
~1 um/s. This clearly demonstrates that the corresponding stress field moves with
the dendrite tip.

The position of the dendrite tip can be observed from the polarized optical micro-
graphs (to within the resolution limit of the microscope). The full length of the
dendrite is nominally 7 mm based upon Figure 1C, and the advance of the tip
from the first to the fourth snapshot is approximately 1.5 mm (Figure 2). For the re-
sults in Figure 2, this tip coincides with the maximum retardance intensity. From Fig-
ure 2, it can be seen that the tip visible in the polarized light and the retardance
images appear coincident.

Analysis

Photoelasticity experiments typically employ the type of configuration used here,
with optical transmission through a thin sheet. The optical retardance is then
described by:*>~%’
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Figure 2. Operando photoelastic maps
(A-D) Operando polarized light micrographs (first row) and the measurements of the difference in

principal stresses (61 — 02, second and third row) recorded during dendrite growth at nominally 0.3
mA/cm?. Images depict the region boxed within Figure 1A. Each column corresponds to different
snapshots in time. The time interval between the images is ~3 s while the dendrite propagates with
a velocity of ~1 pm/s. The scale bar is T mm.

— 2
R=Ctlo —as = 2Ct (%) +12, (Equation 1)

where xand y are the in-plane directions, o, and g, are normal stresses, and 7,y is the
shear stress. This is based on a plane-stress interpretation that assumes that 6, = 0 (i.e.,
the out-of-plane stress). The maximum and minimum principal stresses are then o7 and
o2, and tis the thickness of the electrolyte. The stress-optic constant, C, quantifies the
stress-induced birefringence in a given material describing the impact that stress has
on the refractive index (see Figure S3). C was not previously known for any kind of solid
electrolyte. The configuration used to measure C for LLZTO is shown in Figure 3. In this
setup, a known concentrated load was applied on either end of a slender beam on which
the LLZTO specimen was firmly attached. The stress-optic coefficient was then evaluated
with a strain gauge that was mounted next to the specimen. This approach was cali-
brated with a quartz glass, and then employed to obtain a value of C = 0.90 x 102
for the LLZTO. Secondary effects that could play a role in these measurements were
assessed with finite elementanalysis, and complicating effects such as the mismatch be-
tween the Poisson ratios of the two materials were shown to have a minimal effect. More
information on the calibration is provided in the experimental procedures. Furthermore,
variation in the difference in principal stresses across the LLZTO pellet was found to be
minimal (Figure S3). After obtaining C, the retardance measurements were then used to
obtain the difference in principal stresses with Equation 1.

In principle, the quantitative interpretation of photoelasticity measurements can be
compared directly with predicted stress fields for an internally pressurized flaw. This
has been done in classical mechanics studies with externally loaded cracks, where
the results of photoelasticity experiments are qualitatively similar to the patterns
in Figures 1 and 2.72** It is thus logical to use this type of treatment as an idealized
analysis of stresses that are associated with the Li-filled dendrites.

For an idealized straight Griffith crack where a constant internal pressure, p,, exerts a

normal force on the crack faces, the following result has been obtained for plane stress:>®
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Figure 3. Determining the stress-optic constant of the electrolyte

(A) Calibration setup used in determining the stress-optic constant, C, describing the impact of
stress on the refractive index for LLZTO. A known load was applied on each end of a slender beam.
The beam had a 1 mm diameter through-thickness hole in the center. A 12.7 mm diameter, 0.3 mm
thick LLZTO specimen was bonded to the beam, concentric with the hole. A strain gauge was
mounted next to the specimen. The retardance signal and the strain were assessed with and
without load to determine the stress-optic coefficient.

(B and C) Finite element analysis showing the displacement U, in the slender beam and the o1 — a2
stress distribution in the LLZTO disk (inset). A homogeneous stress state is present at the central
part of the LLZTO disk, which is used for the measurements.

T = Oy\°. 5~ | C ;
< 5 ) +Ty=Po /g, Sine (Equation 2)

where ris the radial distance from the crack tip at an orientation defined by the trans-
formed angular variable ¢, and c is the crack length, which is taken here to be the
dendrite length.*® Inserting the stresses from Equation 2 in Equation 1, produces
a spatial distribution of optical retardance that matches the experimental observa-
tions. This is clearly seen in the similarity between the results in Figure 4B and
both measured and calculated photoelasticity results for well-defined cracks.*”~**
Based on this comparison, we conclude that the observed retardance corresponds
to a compressive stress field in the LLZTO that is produced by pressure inside of
the lithium filament.

To provide a quantitative comparison between the experimental results and Equa-
tion 2, better resolution is obtained by considering the orientation with the
maximum R intensity (i.e., where the signal-to-noise ratio is the highest). Data
for the retardance along this maximal orientation radiating from the tip (roughly
normal to the dendrite path) were extracted for the image in Figure 2. These
data were used to find the best numerical fit to Equation 2 in the parameter
pov/c. This analysis demonstrates that meaningful quantitative comparisons are
possible with the type of data that are reported here. The fit corresponds to an
average value of p,v/c = 0.78 MPa m'2. Similar fits to the other images in
Figures 2B-2D give average values of p,y/c = 0.75, 0.79, and 0.88 MPa m'"?
respectively. This consistency shows that the functional form of Equation 2 pro-
vides a reasonable interpretation of the experimental measurements (more infor-
mation is given in the supplemental information).

DISCUSSION

In principle, operando measurements of the optical retardance can be used to
monitor the large mechanical stresses that accompany dendrite propagation. The
central idea here is that plating-induced pressure in the Li can drive dendritic
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Figure 4. Principal stress profile around the tip of the through-thickness dendrite

(A) Map of the difference in principal stresses (g1 — 03) in the electrolyte material around the
dendrite. The direction of propagation of the dendrite (depicted as a dotted illustration) is
indicated by the white arrow.

(B) Difference in principal stresses (g1 — a2) measured across the line at the tip of the dendrite. The

line is perpendicular (90°) to the growth direction. Stress states up to nearly 150 MPa are measured.

—1/2

The stress values follow the distance scaling expected for a crack in a brittle solid.*®

(Cand D) Scanning electron microscope (SEM) images demonstrating the through-thickness nature
of the dendritic propagation. The image was taken post-mortem by cleaving an electrolyte and
imaging while mounted on a 45° stub. The arrow in (A) shows the dendritic filament where it
intersects the top face of the ceramic electrolyte. The dark material beneath the ceramic is carbon
adhesive used for mounting the sample in the SEM stage.

growth."*7*% Photoelastic imaging of the stress field near the dendrite clearly pro-
vides direct information about this. Our previous work demonstrated that externally
applied stresses alter dendrite propagation in LLZTO.?” However, direct measure-
ments of the stress fields in the vicinity of dendrites have not been reported previ-
ously. Imaging of the stress field near the dendrite while plating clearly indicates
that substantial pressure buildup occurs in the Li metal. A quantitative interpretation
that is based on the analysis presented above must consider several aspects of the
experimental configuration that deviate from the assumptions that lead to Equa-
tion 2. In particular, the actual dendrites that are shown in Figures 1 and 2 are not
as well defined as the idealized crack geometries that are typically used to obtain
the standard stress intensity factor, K, expressions.?” Key aspects of these Li-filled
dendrites that must be considered when applying Equation 2 include the following.

e This form is based on a 2D interpretation that effectively assumes that the in-
plane stresses are uniform through the thickness of the electrolyte (i.e., there
are no variations in the z direction). To apply this directly to the experiments,
there should be minimal relaxation of lithium at the top and bottom surfaces.
This is supported by SEM images that show that there is minimal flow of metal
out of the filament at these surfaces (e.g., in Figure 4). The presence of multiple
dendritic events closely spaced to one another complicates stress quantifica-
tion due to superposition of the stress fields that are generated in different
locations. For this reason, the primary results reported here (Figures 1 and 2)
were obtained from an experiment where the dendrite was reasonably far
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away from other dendrites. However, this configuration still deviates from the
idealized crack geometry that is used to obtain Equation 2.

e To match the 2D plane stress model outlines in Equation 2, the lithium fila-
ments should run uniformly through the thickness of the LLZTO, and the
dendrite width should be much smaller than the electrolyte thickness. The frac-
ture surface in Figure 4 indicates that these geometric assumptions are roughly
consistent with the experiments. However, one notable deviation is that the
dendrite path through the electrolyte is not strictly perpendicular to the top
and bottom surfaces of the LLZTO. This may be influenced by the position of
the electrodes on the top of the sample and by nonuniformities in the material
that are discussed further below.

e Inhomogeneities in the actual LLZTO slab are inevitable, due to microstructural
features. While thickness measurements show that the former are relatively
small, the latter are an intrinsic feature of these polycrystalline materials that
may influence the dendrite path.

e A prerequisite for brittle fracture is that the small-scale yielding condition is
satisfied, i.e., only limited amount of plastic deformation takes place around
the crack front.”® Indeed, for the experiments reported here, the small-scale
yielding condition is satisfiedas r, = (1 /271')(/(,260}2,) =1nm, where r, is the pro-
cess zone size, K. is the fracture toughness of the LLZTO (~1 MPa m"? based
on literature data),”’ and o, is the effective yield strength, which is approxi-
mated ~10 GPa"?

e The pressure inside the filament may be non-uniform due to phenomena such
as current focusing at the tip and relaxation due to plastic flow near the base.
Recent work also shows evidence for dendrites that are not completely filled
with Li (e.g., with empty tips, etc.).*” With a variable pressure, p(x), Equation 1
can still be applied, with the following:**

<7UXX ; 0W>2+T§yz ly w"(z)] (Equation 3)
wherew(z) = [; p(x) G(c,x,z)dx, with G representing the Green's function for a pair
of forces of unit magnitude acting along the surface of a finite dendrite of length, c,
and the coordinate z = x+iy. Such deviations from the model assumptions may affect
the interpretation of the po+/c values that were obtained by fitting the experimental
measurements with Equation 2. The simplest approximation is obtained by taking ¢
as the measured distance from the plating electrode, which gives p,= 9-11 MPa. It
is tempting to view this as an average pressure, although based on Equation 3 this is
only strictly accurate if p(x) is constant. Instead, we believe that it is more appro-
priate to view p, as a lower bound estimate of the internal lithium pressure for
several reasons. First, Equation 3 includes contributions from the base of an isolated
dendrite. However, as noted above, stresses in the LLZTO may arise due to Li pene-
tration events in other locations, such that the dendrite being examined is not fully
isolated and the effective crack length is shorter than c. Stress relaxation from the
top and bottom edges and an empty dendrite tip would also imply that the
maximum pressure in the dendrite may exceed this estimated p, value. It is also
important to keep in mind that the dendrite lengths of several millimeters in the cur-
rent experiment are much longer than those that will occur in thinner solid electro-
lytes that are employed in solid-state batteries. Thus, with a dendrite that is two
orders of magnitude smaller (i.e., 70 pm instead of 7 mm), the same K field requires
Po ~100 MPa based on the classical scaling in Equation 4 for equivalent cell geom-
etry to that studied here.
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Itis also possible to use the photoelasticity results to evaluate the Kfield in the vicin-
ity of Li-filled dendrites. The agreement between Equation 2 and the retardance
measurements for a Li-filled dendrite show that the observed stress distribution is
consistent with the expected K, field in the vicinity of a crack. This follows directly
from the analysis that leads to Equation 2, which gives:*’

K = ¥ povc (Equation 4)

where y is a geometric factor that depends on the crack shape. For a planar crack
front, the classical value of y=1.12 \/7 gives K| = ~1.5-1.8 MPa m"/2. This is reason-
ably close to the measured fracture toughness of LLZTO,*" and is also consistent with
the value of 1.8 MPa m'/? inferred from the analysis of dendrite deflection measure-
ments in Fincher et al. (using similar LLZTO specimens).27 Furthermore, the po\/E
fitting for the moving dendrite shows that the stress intensity factor, Kj, are similar
as the crack front progresses. Our observations show that stresses that develop
during dendrite propagation are consistent with those from classical fracture
mechanics.***

Conclusions

The measurements reported here demonstrate that photoelasticity can be em-
ployed to directly quantify and visualize the stresses in LLZTO during electrochem-
ical cycling. This is a new contactless, quantitative methodology that can be used to
conduct operando investigations of stress-driven phenomena in solid electrolytes.
The results show that operando optical birefringence provides direct information
about lithium metal penetration through LLZTO.

Direct measurement of optical retardance provides a direct measure of the compres-
sive stresses near a dendrite. This approach provides the first direct, observation of
the stresses that occur around this type of dendrite. The stress distributions and the
corresponding stress intensity factor near the lithium dendrite tip match those ex-
pected for dendrite propagation?” and for brittle fracture. Future work could include
the reconstruction of the full stress tensor around the dendrite tip using inverse 3D
photoelasticity, which requires advancements in the experimental setup (e.g., the
capability to image the specimen from different angles and achieving higher optical
resolution) coupled with extensions in the existing computational frameworks (e.g.,
via the use of artificial intelligence)**™* for proper interpretation of the results.

In summary, the work reported here provides conclusive evidence that large internal
stresses are produced by lithium dendrites in LLZTO at the current densities studied
here. The photoelasticity-based characterization platform proposed in this study has
the potential to facilitate operando investigations of stress-related failure mecha-
nisms and phenomena, such as environmental cracking effects,*® in battery materials
across various length and timescales.

EXPERIMENTAL PROCEDURES

Resource availability
Lead contact
Prof. Christos E. Athanasiou (athanasiou@gatech.edu) will serve as lead contact.

Materials availability
This study did not generate new unique materials.

Data and code availability
All data are available upon reasonable request.

102 Matter 7, 95-106, January 3, 2024

Matter


mailto:athanasiou@gatech.edu

Matter

Photoelasticity setup, calibration, and imaging

Stress-induced birefringence was measured using a digital photoelastic system con-
sisting of an optical microscope (Olympus BX51) equipped with a liquid-crystal
universal compensator for measuring birefringence (VariLC). The Abrio software
provided all the necessary functions for calibration of the LC compensator and re-
tardance measurement acquisition.”” Further post-processing using ImageJ was
then employed for applying false color maps to each measurement, as well as extract
retardance, and, therefore, principal stress data. The pixel size for this configuration
was ~1.7 um. A background retardance value of ~2.5 nm was observed and could
be an effect of multiple parameters including from the optical setup itself, from
circular dichroism of the ceramic electrolyte, and image capturing parameters.
This is typically subtracted by the measured retardance values provided in Figures 1,
2,and 4. The same optical setup without the LC compensator was used to obtain the
images in Figure 2A. After cleaving the sample, SEM imaging was performed using
PhenomProX while the specimen was mounted on carbon tape (Figure 4C).

Cell preparation, cell assembly, and operando electrochemical plating

Cell preparation and assembly follows that from Fincher et al.”’ The polycrystalline
LLZTO was obtained from Toshima Manufacturing (Saitama, Japan) as 1T mm thick,
12.7 mm diameter pellets. LLZTO electrolytes were then mechanically polished to
the end thickness specified of ~90 pm, using oil-based 1 um diamond suspension
for the last polishing step. Immediately after polish, the electrolyte disks were trans-
ferred into an oven within an Ar-containing glovebox. After the disks were heat
treated at 500°C for 3 h, the Li metal/LLZTO interface was formed, and finally the
electrolyte disks were removed from the oven.?’ Li metal foil (Alfa Aesar, Ward
Hill, MA) was scraped with a steel spatula to produce a clean metal surface.”” This
Li was then cut into 3 mm diameter pads using a biopsy punch. The Li metal pads
were immediately adhered to the LLZTO disk, and the resulting assembly was placed
into the oven and baked at 250°C for 1 h. Note that only one Li metal electrode is
required to grow the dendrites, i.e., we directly plated and grew dendrites without
the use of Li metal as a positive electrode (Figures 1A and 1C).

After cell preparation, the specimens were placed in an Ar-filled unit, which is
comprised of a Viton O-ring glued on top and bottom side to the surface of the
two glass slides (Figure S1). Tungsten probe tips were inserted into the Li metal elec-
trodes to provide an electrical connection to a VMP-3 potentiostat (Biologic, Knox-
ville, TN). Such experimental design allowed for controlled electrochemical cycling
outside the glovebox. As the glass box does not offer long-term protection, the tests
were performed within a few hours after the assembly and conducted at room
temperature.

Stress-optic calibration for LLZTO using experiments and finite element
analysis

A LLZTO disk was fixed to a cantilever bar using Loctite 401 adhesive. The adhesive
was allowed to cure for 3 h. For the experiment shown in Figure 3A, a 20 mm thick,
44 mm wide, 600 mm long acrylic bar (McMaster, Elmhurst, IL) was used (Figure S2).
A strain gauge was fixed 1 cm from the specimen. Following this, a load of 1 kg on
each side of the bar was applied as shown in Figure 3A. Two specimens were used for
the measurement and validation of the stress-optic constant: a 300 pm thick LLZTO
and a 160 pm thick quartz glass slide. To obtain the stress-optic coefficient, C, the
relationship between the retardance, R, and maximum principal stress was used as
per Equation 1. Taking the direction along the bar’s axis as the x direction with
the face of the bar in the x-y plane, we treat the sample as being in plane stress
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(6, = 0) and approximating the electrolyte disk as fixed to the bar. The bar is
approximated as rigid and possessing only axial strain measured by the strain
gauge (emeas.), giving &, = 0, &,y = 0,and exx = €meas.. This implies, from Hooke's

law, that:
= _E (Equation 6)
a1 02 = Oxx Oy = T+r Emeas. q
By combining Equation 6 with Equation 1:
R 1+ 1 R
C=——"—=— — (Equation 7)
t(UW - ‘72) E émeas t 4

For LLZTO, we take t=300 um, » = 0.25,E = 150 GPa, emeas. = 584 microstrain, and
R = 23.58 nm for symmetric 1 kg loads. This gives C of 9 x 107" Pa~" for LLZTO.
Similar loading of a glass coverslip (t = 160 um, E = 60 GPa, émeas. = 672 microstrain)
yields a C of 6.45 x 107" Pa~'. Based on this calibration we can evaluate the
maximum relative error of the retardance measurement using the standard deviation
from three measurements with known load. The relative error in retardance is <4%
resulting into a maximum error in the difference in principal stresses of ~10 MPa.

To investigate potential influence from effects such as Poisson contractions, finite
element simulations were performed in Abaqus.® The NIgeom option was enabled
during simulation. A 3D finite element analysis of the four-point bending setup of the
slender (acrylic) beam with the LLZTO pellet attached at the bottom as shown in Fig-
ure 3B. A schematic of the geometry of the simulation domain and respective dimen-
sions is presented in Figures S3 and S4, representative of the experimental setup. A
set of four discrete rigid cylindrical supports were introduced, respectively, two at
the bottom to provide support of the beam-pellet assembly, and two at the top to
replicate the loading from the experimentally applied weights. The acrylic beam
and the LLZO pallet are modeled as 3D linear-elastic deformable bodies, meshed
with 3D linear reduced-integration brick elements (C3D8R), for a total of 32,385 el-
ements. Under a linear-elastic framework, we prescribe the acrylic beam a Young’s
modulus of 4.5 GPa and Poisson ratio of 0.37, while the LLZTO pellet is modeled
with a Young's modulus of 150 GPa and Poisson ratio of 0.25.%" A hard contact inter-
action is enforced in the normal direction to prevent any interpenetration of surfaces
upon loading and a surface-to-surface tie constraint is established between the
LLZTO and the acrylic beam such that no relative sliding between the bottom surface
of the acrylic beam and the top surface of LLZTO pellet can occur. Concentrated
loads of 10 N were applied on each rigid cylindrical support on either end of the
acrylic beam, consistent with the 1 kg weights attached on the acrylic beam ends
during experiments. To prevent rigid body translation of the assembly upon loading,
the bottom cylindrical supports are restrained from both translational and rotational
motion. Similarly, cylindrical supports on top of the acrylic beam are limited to only
downward motion in response to applied loading, with the remaining translational
and rotational degrees of freedom restrained.
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