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Ceramic solid electrolytes based on LLZO (Li7La3Zr2O12) are promising candidates for all-solid-state

batteries due to their high ionic conductivity and good apparent stability vs. lithium metal, however they

are prone to mechanical failure. Lithium metal intrusions, alongside cell stack pressure, transition

polycrystalline solid electrolyte grains into a compressed state that promotes crack propagation and

fracture. This work examines the mechanical response of Al-substituted LLZO to compressive forces by

measuring ultimate strength under pillar compression with a flat punch tip. Failure modes characterized

by in situ scanning electron microscopy show diverse splitting patterns arising from internal porosity,

grain boundaries, and slip planes. Large correlated variations in compressive strength (0.93–2.63 GPa)

and Young's modulus (72.1–150.97 GPa) are observed across microscale regions of the solid electrolyte.

Molecular dynamics simulations of LLZO with different porosities describe the variation of compressive

strength and Young's modulus, and enable a microscale porosity model to be fit accounting for Young's

modulus reduction across the solid electrolyte. Overall, the results indicate the importance of microscale

mechanical testing of ceramic solid electrolytes to identify preferential sites for mechanical degradation

and Li intrusion, and ensure the robust design of all-solid-state lithium metal batteries.

Introduction
Lithium lanthanum zirconium oxide (LLZO) is a garnet ceramic
solid electrolyte (SE) with great promise for use in all-solid-state
lithiummetal batteries. Its advantages include enabling the use
of a lithium metal anode with a high theoretical specic
capacity (3860 mA h g−1), and improved safety in the absence of
ammable electrolytes.1 In an all-solid-state battery, the SE is
subject to myriad compressive and tensile stresses (Fig. 1a).
Although LLZO is a ceramic material with a large Young's
modulus (∼150 GPa) and high hardness (∼6–11 GPa), it is prone
to failure from short-circuiting due to dendrite propagation
through the SE.2 Prior research has shown the susceptibility of
ceramic SEs to lithium metal penetration via inter- and intra-
granular mechanisms.3,4 Many studies have investigated the
propensity for lithium metal to nucleate at voids within the SE,5

producing tensile stresses that induce SE failure by mode I
crack propagation6 (Fig. 1b). In addition to tensile stresses,

LLZO polycrystalline grains may also transition into
a compressed state during lithium intrusion into the SE, with
stress concentrations large enough to initiate crack propagation
parallel to the direction of compressive loading7 (Fig. 1c).
Increasing cell stack pressure has been shown to allow better
cycling of solid-state batteries by improving contact between the
electrodes and the SE.8,9 The introduction of cell stack pressure
is another probable cause of SE failure in compression (Fig. 1d).

The plausibility that large compressive stresses exist within
the SE during cycling offers the need to further study the
mechanical response of LLZO under compression. Instru-
mented indentation testing of LLZO to-date has been limited to
reports of bulk sample Young's modulus, hardness, and frac-
ture toughness10 (ESI Table S1†11–14). LLZO is a brittle material
with low deformability and a tendency to fracture under
compressive loading. Compressive strength is a material prop-
erty that describes the stress at which a material will fail under
uniaxial compression; compressive strain describes the corre-
sponding strain at failure. Despite the importance of
compressive strength and strain for ceramic solid electrolyte
performance, to-date no reported work has attempted to dene
these properties of LLZO experimentally or computationally.

A further question requiring investigation is the extent to
which LLZOmechanical properties, including Young's modulus
and compressive strength, may vary spatially across the SE. We
hypothesize that microscale property changes arising from
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defects and/or density variations within the SE produce signif-
icant effects on the mechanical properties of LLZO. Microscale
property variations are highly applicable to battery materials, as
Li nucleation occurs on such length scales. Defects may present
in LLZO as localized porosity, pre-existing cracks, voids, impu-
rities, high-density dislocations, stacking faults, chemical
segregation, and surface aws.15,16 Such defects, specically
nanocracks, have been shown as a leading cause of lithium
intrusion into the SE.17 At the macroscale, Kim et al. showed
that changing the density of cubic LLZO results in signicant
changes in fracture toughness and hardness.14 Hu et al. also
presented the effect of relative density on the bulk properties of
Ta-doped LLZO pellets, reporting disparate mechanical prop-
erties for pellets with varying densities.18

This work reports the rst compressive strength measure-
ment of Al-substituted LLZO and investigates microscale spatial
variations in mechanical properties of LLZO SE using instru-
mented indentation testing. Microscale pillars were milled via
focused ion beam (FIB) milling at various locations across a SE
pellet and compressed until failure using a at punch (Fig. 1e
and f). Failure modes of the ceramic pillars are shown to be axial
splitting, top surface splitting, shearing, and complete failure
across/through grain boundaries due to crack propagation,
where all failure modes result in cracking parallel to the
compressive force (Fig. 1c and d). The results show a surprising
degree of correlated variation in Young's modulus and
compressive strength across the SE—variations that to-date
have remained undetected or unreported through macroscale
property testing alone. Attributing such variations to specic
process-structure causes is an important but challenging
endeavor. In this work, we attempt a preliminary explanation of
the observed process variations by: (1) tting a linear model
relating Young's modulus and compressive strength across all
measurements, and (2) conducting molecular dynamics (MD)
simulations of LLZO with voids (porosity) representing localized
defects in the pillars. The results indicate the importance of
compressive strength as a mechanical property of interest for

LLZO and the importance of characterizing mechanical prop-
erties of SEs at the microscale.

Methods
LLZO preparation

LLZO solid electrolyte pellets were prepared with purchased Al-
substituted LLZO powder (Li6.25Al0.25La3Zr2O12) from Ampcera
having an average grain size of 500 nm. This material is cubic at
room temperature.19 Al-substituted LLZO powder was mixed
with 5 wt% MgO nanopowder (50 nm) and 5 wt% Li2CO3. MgO
nanopowder was used to suppress abnormal grain growth
during sintering.20,21 Li2CO3 was used to offset lithium loss
during sintering. Mixed powder (0.5 g) was put into a die and
pressed with 150 MPa of force for 30 s. Aer removal from the
die, green pellets were placed in a tube furnace and heated to
1200 °C for 4 hours under Ar atmosphere. Fully prepared pellets
had a diameter of 14.9 mm and a thickness of 0.74 mm. X-ray
diffraction (XRD) was completed with a Bruker D2 Phaser to
conrm cubic phase stability 24 hours aer sintering. Relative
density was estimated by measuring the volume and weight of
a pellet. Samples were stored in an LC Technology glovebox
(H2O, O2 <0.1 ppm) to reduce oxidation and surface contami-
nation. Ionic conductivity of an LLZO pellet of known area was
measured aer coating both sides of the pellet with gold. Gold
sputtering was done at 30 mA for 120 s. Electrochemical
impedance spectroscopy (EIS) was conducted using point
contacts on each side of the pellet with a Bio-Logic VSP-300
potentiostat over a frequency range of 0.1 Hz to 7 MHz. Ionic
conductivity was determined from the intercept of the high-
frequency semi-circle with the x-axis (Table S2†). Symmetric
cells were assembled with the LLZO pellet to report cycling
performance and critical current density. Symmetric cells were
assembled with gold-coated LLZO pellets. Lithium metal was
then melted on the pellets at 200 °C in an Ar-lled glovebox.
Cells were assembled in a 2032 coin cell case pressed with an
MSE PRO hydraulic manual crimper.

Fig. 1 Solid electrolye stress states and failure modes in all-solid-state lithium metal batteries. (a) Conceptual illustration of tensile (st,Li)and
compressive (Li: sc,Li; stack: sc,stack) stresses within the SE. Initial defects (red solid lines) propagate as a result of these stresses (red dashed lines).
(b–d) Magnified views of regions indicated in (a). (b) LLZO failure in tension arises due to Li intrusion and may be intra- or intergranular. (c and d)
This study investigates LLZO in compression. Compressive failure in ceramics arises from intra- or intergranular crack propagation in a direction
parallel to the applied stress. (e and f) Pillar compression using a flat punch provides a controlledmeans of investigating compressive stress states
in LLZO. While the compressive strength of LLZO changes with defect density (represented by large and small values of applied load, F), we
observe a constant failure strain 3Y = d/H.
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Instrumented indentation testing

LLZO SE was prepared for mechanical property characterization
by dry polishing the top surface until an average surface
roughness (Ra) of ∼10 nm was achieved. Surface roughness was
measured using scanning probe microscopy with a Bruker
Hysitron TI Premier nanoindenter. Pillars were milled into the
top surface of the LLZO SE using a four-step concentric ring
milling process with an FEI Helios Nanolab 650 dual beam FIB
and scanning electronmicroscope (SEM). First, a volume for the
punch to travel into the surface was created by milling a 30 mm
outer diameter ring (inner diameter 12 mm) using a beam
voltage of 30 keV and a current of 21 nA. Next, the pillar was
rened with two more millings at 2.5 nA and 0.79 nA. Lastly, the
pillar was milled at a current of 80 pA to minimize the taper
angle. Pillars were visually inspected to ensure no surface arti-
facts or additional porosity were introduced during the milling
process. Pillars were compressed with a 20 mm diameter at
punch tip using a Bruker Hysitron PI89 SEM Picoindenter stage
loaded into an FEI Quanta 600F SEM. Pillars were located and
indented using in situ SEM imaging. Loading rates from 100 mN
s−1 to 3500 mN s−1 were applied. Load-controlled indentation to
pillar failure is a well-established method to determine the
compressive strength of ceramics with instrumented indenta-
tion testing.22–24 The loading/unloading curve was translated
into an engineering stress–strain curve given the starting pillar
diameter (measured at half the height of the pillar) and the
pillar height. Pillar densication was neglected when calcu-
lating stress. Pillar compression experiments were performed
on three LLZO pellets, with two testing sites located on each
pellet. Testing sites were located at least 5 mm apart. At least
four pillars were milled at each testing site, avoiding obvious
surface porosity. During milling, transfer, and imaging,
a number of pillars were compromised and could not be tested.
Between one and four pillars were successfully tested to failure
at each site.

Nanoindentation was completed using a Bruker Hysitron TI
Premier nanoindenter to determine the Young's modulus and
hardness of the LLZO pellet with a Berkovich tip. Tip calibration
was completed periodically using a standard Si sample.
Indentation allows for the reduced modulus to be calculated
from the slope of the unloading curve and the tip area, which is
derived from the tip function. The reduced modulus is the
modulus measured taking into account the interaction of the
tip and substrate on the response. Hardness was calculated
from the maximum load applied and the tip area. Young's
modulus for the SE was calculated knowing the reduced
modulus, the Young's modulus of the indenter tip, and the
Poisson's ratio of the tip and LLZO.25 Nanoindentation results
were averaged from more than 20 indentations across three
different areas.

Molecular dynamics simulations

MD simulations of Al0.25Li6.25La3Zr2O12 were conducted in
LAMMPS26 using the Buckingham-Coulomb interatomic
potential with details provided in the ESI (Table S3).† The initial
cubic LLZO crystalline structure consisted of a 188-atom unit

cell obtained from quantum mechanical relaxation using
VASP.27–30 Subsequently, the unit cell was replicated in a 10× 10
× 10 arrangement, resulting in a structure containing 188 000
atoms. This structure was then equilibrated at 300 K and zero
pressure with an NPT ensemble for 15 ps using LAMMPS. To
study the effect of porosity on LLZO mechanical response,
spherical voids of varying sizes were introduced into the relaxed
LLZO model. Stoichiometry and electrical charge neutrality
were maintained when removing atoms. Void-containing
models were equilibrated at 300 K and zero pressure in the
NPT ensemble for 10 ps to achieve stable congurations. Void
volumes determined from these stable congurations were
used to calculate porosity. All models were periodic in x, y, and z
directions. The resulting structures were subjected to uniaxial
loading until failure. A timestep of 1 fs and a strain rate of 109

s−1 were applied to all simulations. Nine models, with porosity
ranging from 0 to 42.18%, were built and tested. OVITO was
used for visualization and post-simulation analysis.31

Results and discussion
Material characterization

Electrochemical testing and XRD measurements were used to
conrm the SE properties of LLZO pellets undergoing
mechanical testing. The Al-substituted LLZO pellets maintained
their cubic structure aer sintering, as shown from XRD results
(Fig. 2a). The cubic phase is desired due to its higher ionic
conductivity,32–34 where ion migration pathways have shorter
distances compared to the tetragonal phase.35 The ionic
conductivity of the LLZO pellets used in this study is 0.13
mS cm−1, as calculated from EIS measurements (Fig. 2b), which
matches well with other literature values (Table S2†). Symmetric
cell electrochemical testing results (Fig. 2c) show stable charge–
discharge cycling up to a critical current density of 1.0 mA cm−2,
aer which short-circuiting occurs due to lithium intrusion

Fig. 2 LLZO pellet characterization. (a) XRD analysis of an LLZO pellet
showing cubic phase stability at room temperature (C-LLZO Ref: ICSD
(98-042-2259)). (b) EIS Nyquist plot of LLZO. (c) Cell voltage
measurements obtained from cycling an LLZO pellet in a symmetric
cell.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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through the SE. The relative density of the full pellets was
determined to be 96% given a weight and volume measurement
(4.91 g cm−3). Aer conrmation of the stable electrochemical
performance of the LLZO SE used in this study, mechanical
properties were characterized on pristine LLZO pellets.

Instrumented indentation testing

Fig. 3 illustrates the process of instrumented indentation
testing by pillar compression (Fig. 3a–d) and nanoindentation
(Fig. 3e–h). The geometry of pillar compression is shown sche-
matically in Fig. 3a. Important pillar parameters include the
pillar taper angle (q), the radius of curvature at the base (r), the
height (H), and the diameter (D0). The pillar compression
experiment proceeds as follows: (1) pillars are located using in
situ SEM imaging (Fig. 3b); (2) the at punch tip is brought into
contact with the pillar, ensuring that the pillar is centered in the
middle of the at punch tip and that the tip will not contact the
bulk LLZO; (3) the pillar is loaded to a force below the expected
fracture load, then unloaded at the same rate (Fig. 3c); (4) the
pillar is loaded and unloaded several times at varying loading
rates (mN s−1) with increasing maximum load until failure
occurs. Fig. 3d provides an example of the load–displacement
curve to failure.

Using the described FIB milling process, the achieved pillars
had measured diameters ranging from 2.5–3 mm and heights
ranging from 6–8 mm. The relatively low aspect ratios were
chosen to reduce the effects of bending during pillar compres-
sion. The resulting pillars are multi-grain, with ∼3–6 grains
present across the pillar diameter and ∼12–16 grains along the
height. Multi-grain pillars allow exploration of the effects of
defects and grain–grain interactions on the mechanical prop-
erties of the SE. The taper angle was minimized to ∼2° by
successive annular milling. “Stopping and Range of Ions in

Matter” (SRIM)36 modeling was used to quantify the extent of
gallium ion implantation during FIB milling of Al-substituted
LLZO. At 0° incident angle, gallium ions will be implanted
∼20 nm into the pillar surface; at 89° incident angle, ions will
be implanted ∼6 nm into the surface (Fig. S1†). Given the mm-
scale pillar height and diameter, ion implantation is consid-
ered a surface effect that will not signicantly impact the
measured results.37 Using themethod of pillar compression, the
largest compressive strength measured was 2.63 GPa, corre-
sponding to a Young's modulus of 150.97 GPa for the same
pillar.

Nanoindentation provides a complementary measure of
Young's modulus to that obtained by pillar compression, and
the additional measure of hardness. In this work, nano-
indentation of LLZO SE pellets was done with a Berkovich tip.
The sharp tip indenter is brought to the surface of the material
and loaded into the surface until a desired load is reached, aer
which the indenter is unloaded from the surface (Fig. 3e–h). The
unloading of the indenter allows for the elastic/plastic defor-
mation of the material to be measured. Distinct from pillar
compression, no pillars are milled in the nanoindentation
experiment and the average depth of the tip displacement is
much smaller, approximately 200 nm (Fig. 3e). This shallow
displacement means that nanoindentation is not as inuenced
by defects that may be present in the LLZO SE compared to
pillar compression. Fig. 3g shows a noticeable pile-up of LLZO
aer nanoindentation. Pile-up is caused by plastic ow of
material upwards around the indenter due to strain hardening
below the tip. A pile-up correction was applied and is described
in the ESI.†38 Nanoindentation of the same LLZO pellets tested
by pillar compression provides a Young's modulus of ∼145 GPa
and a hardness of ∼11.1 GPa (Table S1†). The close agreement
between nanoindentation and pillar compression results for

Fig. 3 LLZO mechanical property measurement by micropillar compression (a–d) vs. nanoindentation (e–h). (a) Cross-sectional schematic of
pillar compression, with dimensional features of interest indicated. (b) In situ SEM image of a flat punch tip approaching a milled LLZO pillar. (c)
SEM image of milled pillar before compression. (d) Load–displacement curve of a pillar compressed to failure. (e) Cross-sectional schematic of
Berkovich tip and surface deformation after indentation. (f) In situ SEM image of a cube corner indenter touching the surface of LLZO (Berkovich
tip cannot be imaged in situwith the SEM; a cube corner indenter image is provided here as a comparable reference image for the technique). (g)
SEM image of a Berkovich tip indentation on LLZOwith pile-up present. (h) Load–displacement curve of indentation on LLZO with Berkovich tip.
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Young's modulus and hardness indicates that size-dependent
effects are unlikely for the pillar diameter used here.39

Fig. 4 provides results of pillar compression loading/
unloading experiments to failure. Load–displacement curves
for varying loading rates are provided in Fig. 4a. The load–
displacement curves of each LLZO pillar aer failure are
translated into engineering stress–strain curves given the
pillar's initial height and diameter at half height. The engi-
neering stress–strain curves are presented in Fig. 4b for all
pillars loaded until failure.

Pillar compression provides three methods with which
Young's modulus can be estimated: (1) from the average slope
of multiple unloading stress–strain curves before failure; (2)
from the linear elastic region of the pillar's stress–strain curve
when loaded until failure; and (3) using eqn (1) to account for
detailed pillar geometry, as presented in Yang et al.40 By esti-
mating the Young's modulus from averaging the unloading
curves (Method 1) it is assumed that elastic deformation of the
at punch tip is minimized. During some tests, the pillar would
fail during the rst loading, meaning the Young's modulus
could not be estimated during the unloading. Predicting
Young's modulus from the fracture curve (Method 2) is
common in mechanics testing but may suffer inaccuracies from
elastic compliance of the at punch tip itself. Eqn (1) considers
non-idealities of pillar geometry when estimating Young's
modulus, E, as:

E ¼ j

!
1þ pð1$ nÞD0

8H

"
4PH

pD0ðD0 þ 2H tanðqÞÞdt
(1)

where D0, H, and q are as dened above (Fig. 3a), dt is the pillar
displacement under applied load P, and n is Poisson's ratio. The
correction factor, j, is estimated given the pillar radius of
curvature, top diameter, and height.40

Fig. 4c plots compressive strength vs. Young's modulus for
all pillars loaded until failure. Compressive strength was
recorded when catastrophic failure of the pillar occurred.
Young's modulus was calculated using the methods described
above and the results differentiated in Fig. 4c. A discussion
comparing the results of all three methods is provided in the
ESI (Table S4),† where all three methods, statistically, estimate

the same values. The effect of loading rate on LLZO Young's
modulus and compressive strength was evaluated using the
variable loading rate data from Fig. 4a. Both properties were
determined to be independent of loading rate (Fig. S2†).

The results of Fig. 4 display several noteworthy features. First
and foremost is the large range of strength (0.93–2.63 GPa) and
Young's modulus (72.1–150.97 GPa) values measured. A high
degree of variability in compressive strength and Young's
modulus occurred routinely within a single test site of one
pellet, meaning that two pillars directly next to each other
would produce different mechanical properties (Fig. S3†). This
indicates that mechanical property variations between pillars
are due to structural changes of the LLZO SE across small length
scales. The second noteworthy feature is the single, strong
linear relationship between compressive strength and Young's
modulus values observed across multiple areas and multiple
pellets (Fig. 4c), with a regression model for the two variables
resulting in a signicant relationship (F1,12 = 45.85, p < 0.001).
Finally, we note that all pillars tested have nearly identical
failure strain, despite large differences in failure stress. When
comparing all stress–strain curves for the fractured pillars
(Fig. 4b), the average strain at failure is measured to be 2.2 ±

0.3%. Compressive strength tests are oen plagued with vari-
ance and uncertainty due to complex failure modes.41 In cases
where the results are highly inuenced by variations in failure
mode geometry and/or loading methods, we would expect large
differences in failure strain across tests. The fact that all
compression tests shown here have statistically the same failure
strain indicates that the observed differences in failure stress of
each pillar are likely pillar dependent, not method dependent.
Interestingly, this result also indicates that all LLZO pillars
tested here fail under approximately the same amount of
deection. Overall, these features of the results indicate that the
large variance in compressive strength observed could be due to
microscale variations between pillars, particularly defects, with
more defects reducing the stress needed to reach the failure
strain.

SEM images obtained during pillar compression provide
further insight into failure modes and crack initiation/
propagation in LLZO. LLZO used in this study shows the

Fig. 4 Pillar compression procedure and results. (a) Load–displacement graph showing standard procedure for determining the compressive
strength and rate dependency of a single FIBmilled LLZO pillar. (b) Stress–strain curves of all fractured pillars showing variable fracture stress and
a consistent failure strain across all pillars. (c) Compressive strength of fractured pillars plotted against the pillar's respective Young's modulus,
with the threemethods for estimating the Young's modulus plotted: Method 1 (averaged from unloading), Method 2 (loading to failure), Method 3
(eqn (1)).
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tendency for axial splitting, top surface splitting, shearing, and
complete failure across/through grain boundaries due to crack
propagation. Axial splitting occurs when angled slip planes
intersect at some depth of the pillar where a crack will initiate
due to increased stress concentrations at that location
(Fig. 5a).42 Top surface splitting occurs perpendicular to slip
planes, where cracks originate at the at punch tip interface and
cause parallel cracks to travel down the height of the pillar
(Fig. 5b).42 Shearing, or diagonal splitting, may be caused by
a shear plane existing within the pillar at some angle. Maximum
shear stress occurs along this plane, resulting in failure and the
release of material from the pillar.43 The observed failure modes
arise from the brittle nature of LLZO. Strong covalent bonds
prohibit plastic ow across slip planes, resulting in cracking
and chipping before catastrophic failure. SEM imaging of one
LLZO pillar before compression shows signicant microscale
porosity present below the top surface (Fig. 5c). FIB cross-
sectional analysis of another pillar aer compressive failure
shows internal porosity and cracks present (Fig. 5d). Such
defects do not arise from the FIB milling process, as shown
through SEM imaging of a straight-milled trench (Fig. S4†). In
ceramics, porosity acts as an internal defect providing a crack
launch site,44 and can be a major contributor to premature
failure in compression. During compression, almost all
cracking occurs parallel to the force applied, regardless of slip
plane orientation. Additionally, both intra- and intergranular
cracking is apparent aer pillar fracture has occurred, as shown
in Fig. S5.† The failure modes observed here present a major

risk for through-cracking and short circuiting of the SE, given
a crack-propagation-based model of lithium intrusion.45

Effective microscale porosity model

Identifying specic causes of premature failure for ceramics in
compression is notoriously difficult, as evidenced by the
multiplicity of LLZO failure modes observed in pillar
compression experiments (Fig. 5). Eqn (2) has been presented in
the literature to provide an estimate of Young's modulus
reduction as a function of material porosity, x:

E = E0e
−bx (2)

where E0 is the nonporous Young's modulus and b is an
empirical tting parameter.46 This equation, t to our experi-
mental data, provides an estimate of the effective porosity, i.e.
effective loss of LLZOmaterial strength, required to produce the
wide range of Young's modulus and compressive strength
measurements observed. In the case of microscale pillar
compression measurements, it is not possible to experimentally
measure localized LLZO porosity at each compression site.
Instead, we rely on MD simulations to predict E as a function of
effective porosity, x, and estimate an appropriate tting
parameter b. MD simulations were chosen to capture the
surface effects of nanovoids that would be le undetected by
continuum-scale computational approaches. In the absence of
the ability to effectively simulate multiple types of defects that
may be present in a single pillar, effective porosity is used to

Fig. 5 Failure modes and defects observed in LLZO pillars. (a) Axial splitting of LLZO pillar. (b) Top splitting of LLZO pillar. (c) A pristine (unloaded)
pillar showing internal porosity. (d) A pillar cross-section (FIB-milled) after compression showing the presence of internal porosity and cracks
generated from the defect. All scale bars are 1 mm.
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represent the general loss of material strength that occurs with
reduced cross-sectional area and the introduction of stress
concentrations, thus modeling general effects similar to those
caused by types of defects other than pores. In addition to
porosity, there could be other factors contributing to reduced
Young's modulus, such as grain boundaries and impurities.
However, porosity is likely dominant, especially considering the
>50% reduction in Young's modulus and compressive strength
demonstrated in Fig. 4c.

Porosity in MD simulations was represented as a spherical
void in the center of a material model periodic in x, y, and z
directions (Fig. 6a), with the void volume vs. total volume set to
match the target effective porosity. Since the models are peri-
odic in all directions, they stand for bulk material with the same
volume percentage of unconnected voids. Stress–strain curves
were generated by uniaxially compressing the simulation
volume in one direction and relaxing the other two directions to
achieve a stress-free state (Fig. 6b). From stress–strain curves,
we calculated Young's modulus (E) and compressive strength
(s) for models with porosity and normalized their values with
simulated pristine LLZO Young's modulus (E0) and compressive
strength (s0), respectively. Fitting these data to eqn (2) yields
a value for b of 1.919 as listed in Table 1.

Simulated values of normalized Young's modulus and
compressive strength can be compared with experimental
values given experimental estimates of E0 and s0. We obtain the
former from nanoindentation, a surface measurement less
sensitive to defects and voids, providing an E0 ∼ 145 GPa. This
value aligns well with the largest Young's modulus measured by
pillar compression (E0= 150.97 GPa), as well as literature values

provided in Table S1.†We take the compressive strength of this
same pillar, 2.63 GPa (the largest compressive strength
measured), to be an estimated lower bound for s0. A plot of
normalized Young's modulus vs. normalized compressive
strength shows good agreement between simulation and
experiment (Fig. 6c).

Fig. 6d plots simulation and experimental values of E/E0 vs.
effective porosity, x. Plotted simulation values were obtained
directly from MD results; plotted experimental values come
from tting measured Young's modulus values to the porosity
model (eqn (2)) using b = 1.919 and an E0 = 150.97 GPa to
determine an effective localized porosity value (x) for each value.
Plotting each pillar's effective porosity with its compressive
strength, we obtain Fig. 6e. The results of both analyses show
good agreement between computational and experimental data,
indicating that microscale porosity and other defects that may
produce effects similar to those described by eqn (2) are the
cause of the wide range of Young's modulus and compressive
strength values in LLZO.

The strength of such an analysis lies in the ability to relate
a localized LLZO effective porosity change to a predicted change
in mechanical properties. For example, our computational

Fig. 6 MD simulation results and comparison with experiment. (a) MD simulations showing representative introduced porosities of 0%, 9.7%, and
30.0%. (b) Stress–strain curves of simulated results. The gradient from dark to light blue indicates increasing porosity. (c) Normalized Young's
modulus vs. normalized compressive strength results from experiment and MD simulations. (d) Normalized Young's modulus vs. porosity, with
experimental Young's modulus values fitted to the eqn (2) porosity model. (e) Normalized compressive strength vs. porosity. The porosity is either
simulated pores (MD) or effective porosity (experimental).

Table 1 Porosity model (eqn (2)) fitting parameters derived from MD
simulations

E0 −b
95% Condence
interval of −b R2

Computational 136.6 1.919 (1.87–1.969) 0.9985
Experimental 150.97 1.919 — —
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model indicates an effective porosity of 10% results in a 17.5%
decrease in Young's modulus. Sandt et al. reported a similar
result for LLZO Young's modulus using ab initio simulations,
concluding that a porosity of 10% results in a 27% decrease in
Young's modulus.47 Fitting our experimental results to the
porosity model derived from MD simulations enables the large
range of experimental Young's modulus (150.97–72.1 GPa)
being accounted for by a localized (i.e. microscale) porosity
range of 0–38.5%. It is important to note that our results
consider localized variations in material strength. While
porosity values up to 38.5% are unlikely for bulk LLZO, such
material strength reductions are conceivable in localized
regions at mm scale and when other defects that contribute to
increased effective porosity are considered. It is important to
recognize limitations in porosity-based simulations in the limit
of high porosity (e.g. >25%).46 In such cases, pore geometry and
pore–pore interactions can have signicant effects on the
results. To examine the extent of pore–pore interactions in
LLZO pellets used in this work, we obtained a cross-sectional
SEM image of a polished pellet (Fig. S6†). Microscale voids
present in the cross-sectional view show well-dispersed
porosity, suggesting limited pore–pore interactions in experi-
mental LLZO samples. The nature of the porosity inclusion on
MD simulation results was briey explored, where it was
observed that one void region or multiple void regions had an
insignicant effect on the mechanical response as long as the
same porosity volume was used. In cases where high porosities
are required to account for large reductions in Young's modulus
or compressive strength, further modeling of the effects of other
types of defects (e.g. cracks, impurities, etc.) on the mechanical
response of LLZO may be needed to account for the observed
property changes.

Conclusions
Experimental measurements of LLZO compressive strength and
Young's modulus by pillar compression indicate surprising
variability in the mechanical properties of SE pellets across
micrometer length scales. Highest measured values of Young's
modulus by pillar compression agree well with literature reports
for bulk LLZO, as well as our own measurements of the same SE
pellet by nanoindentation. The results indicate that a pristine
LLZO pillar, with no defects present, has a compressive strength
of ∼2.63 GPa. As defect density increases, however, the
compressive strength of LLZO will decrease. A reduction in
compressive strength of nearly 65%, to 0.93 GPa, was observed,
with a corresponding decrease in Young's modulus from 150.97
to 72.1 GPa.

The wide range of localized mechanical properties in LLZO
may explain the non-uniform plating and stripping in LLZO-
based solid-state batteries. We presume that the least resilient
pillars correlate with preferential sites for mechanical degra-
dation or Li intrusion. Therefore, complete characterization of
LLZO SE should include pillar compression or other microscale
techniques to assess the weakest local areas in a bulk specimen.
Conventional techniques that measure average mechanical
properties are insufficient to capture the local variation that

likely dictates ultimate robustness of LLZO in a battery. An
initial theory explaining the high variance of experimentally
measured mechanical properties based on microscale varia-
tions in each pillar (i.e. defects) – represented quantitatively by
an effective porosity value – produces good agreement with
experimental data. Additionally, our experimental results reveal
a nearly constant failure strain across different areas in
different LLZO SE samples, even though their compressive
strengths varied signicantly. Larger porosity means larger
surface areas, which provide more opportunities for cracks to
initiate and further leads to fracture. Therefore, porosity
induces two deformation mechanisms within LLZO: one is the
densication process which can lead to a larger strain
compared to void-free LLZO; the other is the crack initiation
process making the failure happen earlier compared to void-
free LLZO. The competition between the two mechanisms
appears to reach a balance at a consistent value of uniaxial
strain. Future experimental and computational work would do
well to study LLZO in complex loading conditions to better
understand the consistent failure strain observed here and
simulate polycrystalline LLZO in compression with different
grain sizes. The current interatomic potential for LLZO makes
such simulations prohibitively expensive. Therefore, we leave it
to future MD simulation work to computationally elucidate the
interactions among porosities, defects, grain boundaries, and
fracture.
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