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Abstract Solid-state-batteries (SSBs) present a
promising technology for next-generation batteries
due to their superior properties including increased
energy density, wider electrochemical window and
safer electrolyte design. Commercialization of SSBs,
however, will depend on the resolution of a number of
critical chemical and mechanical stability issues. The
resolution of these issues will in turn depend heavily
on our ability to accurately model these systems such
that appropriate material selection, microstructure
design, and operational parameters may be deter-
mined. In this article we review the current state-of-the
art modeling tools with a focus on chemo-mechanics.
Some of the key chemo-mechanical problems in SSBs
involve dendrite growth through the solid-state elec-
trolyte (SSE), interphase formation at the anode/SSE
interface, and damage/decohesion of the various
phases in the solid-state composite cathode. These
mechanical processes in turn lead to capacity fade,
impedance increase, and short-circuit of the battery,
ultimately compromising safety and reliability. The
article is divided into the three natural components of
an all-solid-state architecture. First, modeling efforts
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pertaining to Li-metal anodes and dendrite initiation
and growth mechanisms are reviewed, making the
transition from traditional liquid electrolyte anodes to
next generation all-solid-state anodes. Second, chemo-
mechanics modeling of the SSE is reviewed with a
particular focus on the formation of a thermodynam-
ically unstable interphase layer at the anode/SSE
interface. Finally, we conclude with a review of
chemo-mechanics modeling efforts for solid-state
composite cathodes. For each of these critical areas
in a SSB we conclude by highlighting the key open
areas for future research as it pertains to modeling the
chemo-mechanical behavior of these systems.
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1 Introduction

Solid-state-batteries (SSBs) present a promising tech-
nology for next-generation batteries. In recent years,
commercialization of SSBs has attracted significant
research attention driven by their promise of superior
performance compared to conventional Lithium-ion
batteries (LIBs). Transition to SSBs has significant
advantages including enhanced current density, faster
charging time, wider electrochemical window, and
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improved safety. Contrary to conventional LIBs which
make use of graphite intercalation anodes, incorpora-
tion of Li metal anode enables for a 10-time increase in
volumetric capacity, leading to a significant improve-
ment in energy density (3860mAh g~!) [1-3]. Owing
to their wider electrochemical window (0-5V), SSBs
also enable for coupling of Li metal anode with high-
voltage cathode materials as demonstrated by several
recent studies [4-6]. From a safety perspective,
replacement of toxic and flammable organic elec-
trolytes with highly conductive (>10"3 Scm™),
mechanically superior inorganic solid-state elec-
trolytes (SSEs) can alleviate concerns associated with
failure of batteries due to short-circuit or ignition
[7-9]. A particularly attractive SSB architecture with
high energy density features a lithium metal anode, a
composite solid-state cathode and an inorganic SSE
separating the electrodes. Figure 1 highlights these
three particular areas of interest in an all-solid-state
architecture as well as the mechanical modeling issues
which must be addressed in order to understand and
commercialize these systems.

Traditionally, SSEs are categorized into two
groups, pertaining to organic solid polymers and
inorganic solids (oxide or sulfide based). Among other
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Fig. 1 Architecture of an all-solid-state battery composed of
Li-Metal anode, solid-state electrolyte separator and composite
cathode. Highlighted under each of these three main compo-
nents are some of the key mechanics phenomena affecting the
electrochemical performance of these systems
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properties, successful integration of SSEs in SSBs
requires meeting particular chemical standards,
including negligible electronic conductivity, high
ionic conductivity, good electrochemical compatibil-
ity as well as several mechanical standards including
appropriate stiffness and fracture toughness to pre-
serve mechanical integrity. While liquid electrolytes
traditionally have a higher ionic conductivity and
allow for excellent wetting of electrode surface,
comparable ionic conductivity values have been
achieved for several ceramic SSEs as reported in
multiple studies [10-15]. Resolution of sluggish ionic
conductivity, while a major improvement in research
efforts to integrate SSEs in next-generation battery
designs, addresses one of the multiple challenges
hindering commercialization of SSBs.

Research efforts have recently shifted towards
developing a comprehensive, multi-physics under-
standing of the complex nature of the solid-solid
interfaces, as critical challenges associated with
electrochemical and mechanical stability of SSEs
exist there [16]. Among these issues, dendrite growth
constitutes one of the most intricate challenges in
SSBs, resorting to the interplay of both mechanical
and chemical forces. Lithium dendrite infiltration
through SSEs eventually leading to short-circuit of
battery has been vastly reported for a multitude of
representative SSEs [17-21]. Contrary to dendrite
growth processes in liquid electrolyte systems, growth
in SSBs depends on a fundamentally different mech-
anism hypothesized to be centered on morphology of
SSE surface. Internal defects (pores, surface cracks
and grain boundaries), inherent to the microstructural
composition of inorganic SSEs serve as sites for non-
uniform redistribution and infiltration of Li metal
leading to potential dendrite growth. From a mechan-
ics perspective, the process of Li dendrite growth
depends on microstructural mechanical features
including density of surface imperfections, defect-
size distribution, local stress-state and viscoplastic
deformation of the Li metal. This complex problem
thus requires a comprehensive chemo-mechanical
theoretical/computational framework [22].

Unwanted electrochemical reactions between the
Li-metal anode and SSEs during cyclic charge/
discharge of the battery can produce compounds
which lead to the formation of a nonhomogeneous
interphase layer of low ionic conductivity. This in turn
can significantly limit ion transfer kinetics and
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increase interfacial resistance as reported in several
representative SSEs [5, 23-26]. Simultaneously, for-
mation of nonhomogeneous interphase regions is
accompanied by volumetric expansion, which in the
context of densely packed all-solid-state architectures
can induce high stresses resulting in fracture and
degradation of the SSE [27].

Composite cathodes, as illustrated in Fig. 1, also
present another area where mechanics plays a critical
role. Composite cathodes in SSBs rely on a densely
packed architecture of active material, surrounded by
a conductive SSE to support ionic transport, in
addition to complementary additives for electronic
conduction. The active material undergoes volumetric
expansion/contraction during insertion/extraction of
ionic species, which, due to the confined nature of the
all-solid-state architecture, can lead to generation of
high stresses. Batteries employing liquid electrolytes
isolate volumetric strains at the active particle level,
given the incapacitation of liquid electrolytes to
transfer stresses. As aresult, in current battery designs,
any morphological changes of the active particles do
not tend to translate to interfacial delamination at the
electrode-electrolyte interface, which continues to
support ion transfer. The confined nature of the
solid-state electrode allows for transmission of
stresses through the stiff solid framework resulting
in a complex coupled chemo-mechanical behavior
which is prone to damage through failure of the active
particles, the SSE itself, or delamination of the
interface between the two [28, 29].

To overcome the aforementioned mechanical chal-
lenges we require an understanding of the interplay of
chemo-mechanical phenomena at cell constituents.
The objective of this review article is to provide a
comprehensive overview of the present theoretical and
computational frameworks relevant to the study of
electro-chemo-mechanical phenomena in SSBs. How-
ever, certain aspects of chemo-mechanical modeling
in SSBs (ex. interphase formation, dendrite growth)
require a formal treatment, which extends beyond the
realm of continuum mechanics. Therefore, where
necessary, our review invokes additional modeling
frameworks including both molecular dynamics (MD)
and first-principles calculations. While not continuum
in nature, the aforementioned computational frame-
works give valuable insights for study of instabilities
in SSBs in addition to helping establish a much

necessary framework for material characterization, be
it for active electrode particles or SSEs.

Further, design of SSBs is inherently a multiscale
and multiphysics problem by nature. A complete
framework for modeling SSBs requires integration of
models beyond continuum-level. From an optimiza-
tion perspective, both continuum and first-principles
models are integral components in development of
hierarchical, data science frameworks. Here, first-
principle calculations provide the necessary material
properties, while continuum level frameworks solve
the coupled chemo-mechanics problem. Optimal
design of SSBs involves optimization of both material
and geometry simultaneously, which in turn calls for
an integrated use of both frameworks.

Significant efforts have been invested towards
reviewing the chemo-mechanical behavior of SSBs
in a series of past works from both an experimental and
computational standpoint. Early review works [30, 31]
focused exclusively on prospects of SSBs and assess-
ment of potential SSE candidates with high ionic
conductivity. However, no extensive connection to
interface instabilities present in SSBs was made from a
modeling perspective. Lewis et al. [32] studied
interfaces in SSBs from an experimental standpoint.
A special focus of their review centered on the
potential of employing advanced characterization
techniques ( eg. tomographic imaging, spectroscopy)
aside from conventional in-situ characterization meth-
ods to study interfaces in SSBs. A review of existing
characterization techniques for study of SSBs as it
applies to interphase formation and anode/cathode-
SSE interface was also presented in the work of Xu
et al. [33]. In-situ operando techniques were reviewed
and potential use of non-destructive characterization
techniques for future studies of interfaces were
proposed. A design perspective on better engineering
of interfaces in SSBs was introduced in the work of
Shen et al. [34]. However, the scope of the review was
only concerned with instabilities at the anode/SSE
interface and issues associated with damage in com-
posite cathodes were omitted. A departure from a
purely experimental treatment of issues in SSBs
towards a combined effort on reviewing of both
experimental and theoretical/computational efforts is
presented in the work of Wang et al. [35]. Here, major
computational efforts in study of electrode-SSE inter-
face are summarized. However, no insight is provided
on limitations of current frameworks and potential
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areas for improvement in future modeling efforts for
study of SSBs. The review covers current modeling
efforts on dendrite growth and damage of active
particles and SSEs, but no connection from a modeling
perspective is made to the phenomena of interphase
formation and associated chemo-mechanical issues. A
review on joint efforts, both experimental and theo-
retical in studying of SSBs is also presented in the
work of Zhang et al. [36]. This review focuses
primarily on mechanical damage in SSBs as it pertains
to active particles, SSEs and dendrite growth. Model-
ing efforts reviewed in this work are limited to a select
few and no identification of major limitations of
current employed models is made from a theoretical
perspective. Zhao et al. [37] focused their review on
the transfer of already established chemo-mechanical
frameworks in LIBs to model the behavior of SSBs.
The scope of our review paper intends to provide a
comprehensive analysis of current computational
framework for modeling the chemo-mechanical
behavior of SSBs as it pertains to all its components
including Li-metal anodes, SSEs and composite
cathodes. In summarizing current modeling efforts,
the focus of this work is to not merely showcase
current efforts at the forefront of modeling of issues in
SSBs. Here special attention is paid to identifying key
assumptions/limitations upon which current modeling
framework builds. In doing so, future research avenues
for computational efforts in multi-physics modeling of
SSBs are identified. Additionally, the authors propose
available modeling tools from study of phenomena
which share similarities with aforementioned issues in
SSBs and can serve as starting points in the develop-
ment of future modeling frameworks for addressing
instabilities in SSBs. This paper is organized follow-
ing the natural design of a SSB as shown in Fig. 1. We
review the relevant chemo-mechanical phenomena
and modeling for Li-Metal anodes and dendrite
growth in Sect. 2, for solid-state electrolytes and
electrode/SSE interfaces in Sect. 3, and for active
materials and composite cathodes in Sect. 4.

2 Lithium metal anode
Use of inorganic SSEs with improved chemo-me-
chanical properties has the potential to alleviate failure

of the cell due to short-circuit driven by dendrite
growth or ignition as may be encountered in liquid
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electrolytes. However, as discussed briefly in the
introduction and elaborated in past studies, successful
design and operation of SSBs is hampered by several
challenges [30-32, 34, 35, 38, 39]. One major obstacle
is tied to unstable deposition of Li at the Li anode/SSE
interface, which can lead to the onset of dendrite
formation and growth. Dendrite protrusions can initi-
ate at perturbations of the interface or microstructural
heterogeneities and subsequently grow through the
SSE under continuous cycling, leading to short-circuit
of the battery. It is critical thus to understand the
mechanisms of Li plating/stripping, uneven deposition
under non-uniform interface kinetics, and propagation
of Li dendrites through the SSE. This section provides
a review of the modeling efforts which have been
developed to capture the mechanisms for dendrite
initiation and growth. We begin by reviewing the
research done in this area as it pertains to Li dendrite
growth in liquid electrolyte systems as it is critical to
understanding current research in SSBs.

2.1 Modeling of dendrite growth in liquid-
electrolyte systems

One of the first models of dendrite growth was
proposed by Barton and Bockris [40], who investi-
gated electrolytic growth of spherical silver deposi-
tions in silver-nitrate electrolytes. Their formulation
constitutes one of the early works in a series of efforts
which model dendrite growth under pure diffusion
control, disregarding the effect of migration in trans-
port of ionic species. A first latent stage prior to
dendrite growth is envisioned, during which protru-
sions emerging from the electrode surface were
chemically controlled by the characteristic diffusion
layer of the substrate. Having penetrated the diffusion
layer, dendrite growth followed, as marked by a
transition from linear to spherical diffusion at the tip.
Additionally, surface tension forces were incorporated
to regulate kinetics at the tip. This first proposed
theoretical framework made use of linear kinetics
(hence applicable to small overpotentials) and did not
account for variations in concentration and potential
near the vicinity of the dendrite tip during growth.
Diggle et al. [41], improved this model by accounting
for non-linear Tafel interface kinetics (higher overpo-
tentials but below limiting current) to calculate the
growth rate of zinc dendrites in alkaline zincate
solutions as a function of overpotential, concentration
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and temperature. Successive thinning of the dendrite
tip enabled for spherical diffusion to dominate prop-
agation, confirming the previous findings by Barton
and Bockris [40].

In contrast to the aforementioned theories assuming
diffusion-limited ionic transport, migration-limited
mass transfer formulations of dendrite growth
emerged with the work of Chazalviel [42] and later
Brissot et al. [43]. These formulations investigated
metallic electrodepositions in a high electric field (~
10 V), commensurate with cell currents above the
limiting current density, a domain in which elec-
troneutrality is invalid. The mechanism for dendrite
initiation was stipulated to be a direct outcome of
anion depletion in the vicinity of the electrode leading
to a build up of space charge. This theoretical
formulation also helped the development of dendrite
growth modeling, however it is of limited use in the
study of rechargeable batteries owing to their much
lower current densities, as pointed out by Monroe and
Newman [44].

An important technique in assessing the stability of
electrodepositions, theoretical linear stability analysis
emerged following the work of Mullins and Sekerka
[45, 46]. Morphological stability of a spherical particle
under linear diffusion control was investigated upon
application of an initial harmonic perturbation. Result-
ing deformation was then modeled as a linear super-
position of spherical harmonics and time dependence
of expansion coefficients was assessed under the
interplay of both concentration gradient and surface
tension to judge stability. While initially specialized
for spherical morphologies, the methodology was
subsequently extended to non-spherical geometries. In
doing so, assumption of an isotropic interface was
employed, thus disregarding any crystallographic
factors. Following Mullins and Sekerka, Aogaki and
Makino [47] extended previous efforts and modeled
the stability of electrode systems under diffusion-
control non-steady depositions. Representing interfa-
cial deformation as superposition of a series of two-
dimensional waves, deposition growth and particle
size were investigated as a function of variations in
current density, bulk concentration and temperature.
Theoretical predictions were subsequently compared
against SEM crystal photographs [48]. Subsequent
early contributions in study of stability of metal
electrodepositions followed the work of Barkey et al.

[49], Pritzker and Fahidy [50] and Sundstrom and
Bark [51].

Following the first observation of dendrite growth
in lithium-polymer systems [52], a general framework
describing dendrite growth in a parallel-electrode
lithium-polymer cell during galvanostatic charging
was proposed by Monroe and Newman [44]. A major
improvement in their formulation centered on addition
of well-defined thermodynamic points to capture the
variations in concentration and potential ahead of the
dendrite tip. Additionally, the assumption of a well-
supported electrolyte was invalidated when solving for
the transient concentration and potential profiles in the
electrolyte. Henceforth, both diffusion and migration
ion transfer mechanisms were incorporated in the
formulation. Their findings concluded that dendrites
accelerated across the cell at all conditions, with cell
shortening occurring at current densities above 75% of
the limiting current. A few limitations of this model
are the assumption of a single emerging dendrite and
unvarying transport properties. To address the afore-
mentioned limitations, a simplified diffusion-reaction
mathematical model for dendritic growth with con-
centration dependent diffusion coefficient following
Stewart and Newman [53] was later proposed by
Akolkar [54]. This formulation was further extended
in a later work to incorporate the effect of temperature
variations on Li-ion transport [55]. An Arrhenius-type
temperature dependence of the diffusion coefficient
was adopted. Given an operating current density, a
critical temperature was evaluated below which den-
drite formation proceeded in an unrestrained fashion.
Noteworthy research efforts at this time also include
the work of Ely and Garcia [56], who adopted a
thermodynamic framework to devise a five-stage
mechanism of dendrite initiation and early growth
for reaction-rate limited systems undergoing hetero-
geneous depositions. A critical thermodynamic and
kinetic radius was identified for growth of electrode-
positions, below which emerging protrusions merely
diffused in the electrolyte. Aside from theoretical
efforts centered on understanding the mechanisms for
dendrite initiation and growth in liquid electrolyte
systems, modeling efforts with an emphasis on
morphological evolution of dendrites have also been
developed. Phase field models were extensively
adopted for such purpose to different levels of
complexity [57-62].
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A common feature of all aforementioned theoret-
ical frameworks is that they relied on surface tension
as being the only mechanism to counter amplification
of surface roughness. As a result, mechanical contri-
butions were not accounted for in modeling of
electrodeposition kinetics at interface [63].

2.2 Modeling of dendrite growth in solid-state
batteries

Modeling dendrite growth in SSBs requires a com-
prehensive understanding of the interplay of mechan-
ics and electrodeposition kinetics. First modeling
efforts in this area related to incorporating the role
of mechanics on interfacial kinetics, without applica-
tion to any particular problem. A seminal contribution
in this area is the work of Monroe and Newman [63].
An extended electrodeposition framework which
incorporated the effects of external pressure, elastic
deformation and viscous stresses was proposed.
Thermodynamic phases for proper description of the
interface were accordingly introduced. Starting with
balance of momentum and accounting for equilibrium
conditions across the electrode-electrolyte interface, a
relationship for the electrochemical potential differ-
ence (4u,-) induced by local deformations in terms of
surface tension (7)), pressure (4p), deviatoric (41,) and
viscous (47,) stress differences across the interface
was developed,

o0 V“/ + Vﬁ/l o o B
Ap” =— <MT<‘>A4+ {ZVIC—’_en : [en : (A‘L'Z,/

uf Vi = Vi s
+A’L';:’ )}} + Q,Z—Jr)(Ap%a +Ap ’

(1)

Here (o, f') represent undeformed states of electrode
and electrolyte while (, ) represent the roughened
electrode surface and its neighbouring electrolyte.

Additionally, X is the mean curvature of the
roughened surface, Vs, Vy+ are the molar volumes
of reacting metal in electrode and cation in electrolyte,
z" is the cation valence, while e, is the unit normal
vector at the electrode-electrolyte interface.

In the limiting case where mechanical contributions
are neglected, their work correctly predicted the
earlier model proposed by Barton and Bockris [40],
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in which surface kinetics are solely regulated by
surface tension,

At = —pViK (2)

Accounting for this, the impact of elastic deformation
on deposition kinetics was assessed through a modi-
fied Butler-Volmer equation of the following form:

. . 1 —o,)Ap,- o Fng
SRR IECHTA [N CLA

aCFnS
(%))

where F is the Faraday constant, T is temperature, R is
the universal gas constant, iy s is the exchange current
density pertaining to an undeformed configuration, o,
o, are anodic and cathodic charge transfer coefficients
and 7, is the surface overpotential.

A more general framework for coupling mechanics
to Butler-Volmer kinetics was developed by Ganser
et al. [64]. In this work, the mechanical component of
stress influencing the interfacial reaction need not be
the hydrostatic stress but rather a measure of resolved
stress in the direction of interfacial growth. Emergence
of a theoretical framework to model the role of
mechanics on electrodeposition kinetics created an
avenue for further modeling efforts of dendrite growth
in SSBs.

Monroe and Newman applied their framework [63]
to study stability of Li-solid polymer electrolyte
interfaces [65]. A linear elastic theory was employed
to assess how variation in electrolyte properties
modeled as a linear elastic material affected roughness
at the interface. Small amplitude periodic displace-
ments were applied at the interface, and analytical
solutions for displacement distribution were after-
wards computed by solving for a steady-state equation
of motion with proper boundary conditions. Compres-
sive stress, deviatoric stress, and surface tension at the
interface were subsequently calculated and the con-
tribution of each component to stability of the
interface was assessed. While promoting interface
stability at all conditions, surface tension was demon-
strated to have a much smaller impact to electrode
stability compared to deviatoric and hydrostatic
stresses acting along the interface. A destabilizing
effect, increasing with an increase in shear modulus of
the electrolyte was found for deviatoric stresses. In

(3)
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contrast, compressive stresses had a stabilizing effect
with increase in shear modulus of the solid polymer
electrolyte. Monroe and Newman’s critical finding is
that a region of stability for dendrite growth preven-
tion existed, granted the shear modulus of solid
polymer electrolyte is at least twice larger than that
of Li-metal. Their findings, assessing the contribution
of each factor to interfacial stability parameter are
shown in Fig. 2a. Here, a state of Ay <0, whith Au - a
stability parameter, represents stable electrodeposition
and helps in turn mitigate surface roughening. In
principle, these findings provided great promise for the
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Fig. 2 Microstructural aspects of dendrite growth in SSBs.
a Variation in contribution to interfacial stability of surface
tension, deformation forces and compressive forces as a
function of shear modulus of the solid polymer electrolyte.
Reproduced with permission from [65]. b Interconnected pores
in the vicinity of grain boundaries, providing pathways for
dendrite growth in dense SSEs. Reproduced with permission
from [17]. ¢ Calculated elastic constant from MD simulations
performed on a LLZO electrolyte as a function of position

use of solid electrolytes as a mechanical barrier for
preventing dendrite growth. However, several exper-
imental observations have shown that inorganic SSEs
still suffered from dendrite growth—despite satisfying
the condition of having a shear modulus at least twice
larger than that of Li-metal—leading to cell short-
circuiting [17-21].

An alternative mechanism for initiation and prop-
agation of dendrites through SSEs was proposed by
Porz et al. [21], following their study of four SSEs
subjected to different surface defect densities and
internal microstructures. Contrary to the findings of
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normal to the grain boundary planes. A 50% reduction in elastic
constant is obtained at the grain boundary relative to the bulk
SSE. Reproduced with permission from [66]. d Phase-field
simulation results on the effect of trapped excess electrons on
Li-electrodeposition illustrating morphological differences
between an ideal excess electron-free electrolyte configuration,
and a real electrolyte configuration with trapped excess
electrons at the grain boundaries. Reproduced with permission
from [67]
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Monroe and Newman, their observations suggested
that Li infiltration through the SSE was independent of
the shear modulus of the electrolyte and proceeded
through a different mechanism than protrusions in
liquid electrolytes. Surface morphology, particularly
defect size and density were identified as the main
factors for Li metal to plate in pre-existing imperfec-
tions which then drove crack propagation and dendrite
growth through the SSE. A representative illustration
of propagation of dendrites through surface imperfec-
tions in dense garnet-type SSEs is shown in Fig. 2b
reproduced from the work of Ren et al. [17].
Following their experimental observations, Porz
et al. [21] developed a simplified one-dimensional,
chemo-mechanical formulation to model the stress
build up at the crack tip as a function of Li-plating
overpotential A® through the relationship

F
00,max = — W A¢7 (4)

where F is the Faradey constant and Vﬁf is the molar
volume of Lithium. Critical stresses at the tip for crack
advancement through the SSE were evaluated as a
function of defect size following a linear elastic
fracture mechanics framework. This in turn enabled
studying the variation in required overpotential for
crack propagation with defect size. However, no
formal treatment of the role of mechanics on elec-
trodeposition kinetics is presented in this work.

More recently, Klinsmann et al. have modeled
advancement of a lithiated crack adjacent to a Li metal
negative electrode [68] with a more complete contin-
uum-mechanics framework. Conditions under which
pressure build up inside the crack due to Li plating can
either promote unstable crack propagation or hinder it
by blocking lithium insertion were explored. The
critical pressure required for fracture propagation was
subsequently translated to an equivalent surface
overpotential regime in which safe operation of the
battery is ensured, as described by the following
relationship

| <n. = (5)
Here 7, defines the critical magnitude of the surface
overpotential, K¢ is the fracture toughness of the solid
electrolyte, a is the initial crack size and Q,, is the
molar volume of metal.
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The role of microstructural features in promoting
uneven Li deposition and subsequent metal penetra-
tion through SSEs was also studied by Yu and Siegel
[66]. They postulated that nanoscale softening of the
SSE in the vicinity of grain boundaries provided a
mechanism for preferential plating of Li, thus leading
to dendrite growth. An important novelty of their work
was accounting for heterogeneities at the SSE
microstructure. Molecular dynamics simulations were
performed on a representative LLZO electrolyte on
two low-energy tilt and twist grain boundaries to
measure the elastic properties in both the bulk of the
electrolyte and near the grain boundaries. A 50%
reduction in elastic modulus was observed locally at
the grain boundaries as compared to the bulk. Repre-
sentative data of the variation in elastic constants in
the bulk and near the grain boundaries generated from
MD simulations is shown in Fig. 2c. Tian et. [67]
adopted a multiscale framework coupling density
functional theory (DFT) with a phase-field model to
investigate Li dendrite initiation and growth inside
SSEs with microstructural and internal imperfections.
DFT calculations were employed on four representa-
tive SSEs to evaluate the density of electronic surface
states along with distribution of excess electrons in
internal defects present in SSEs. As postulated in their
earlier work, existence of electronic surface states
served as a trapping mechanism for excess electrons,
thus enabling the nucleation of Li metal depositions at
surface defects [69]. Concentrations of surface excess
electrons obtained from DFT results were then incor-
porated in a phase-field model to study morphology of
dendrite evolution. Representative results from their
work are shown in Fig. 2d. An increased intergranular
dendrite growth rate and penetration depth was
observed due to an increased electrochemical driving
force from excess surface electrons. Additionally, the
presence of trapped excess electrons in SSE defects
leads to an increased probability of isolated nucle-
ation. Their findings demonstrated a dominant effect
of internal microstructural imperfections and their
electronic conducting properties (band gap, distribu-
tion of excess electrons) on dendrite growth as
opposed to shear modulus and fracture energy in the
bulk of the SSE.

Parallel to these efforts, studies have been per-
formed on the role of mechanics on electrodeposition
kinetics. Earlier linear perturbation analysis in a Li-
solid polymer electrolyte by Monroe and Newman
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[65] was followed by a series of works, which
employed a similar technique to study stability of
electrodepositions at an interface. Barai et al. [70]
considered an analogous morphological domain for
dendrite initiation as Monroe and Newman, but
revised the initial configuration of Li metal to be
stress free, removing externally applied tractions at
interface. This enabled for modeling of early dendrite
growth behavior from a relaxed state. A small-strain
finite element procedure was adopted to solve the
mechanical equilibrium equation with a compressive
distributed load on the electrolyte’s side applied as a
boundary condition. This allowed for more accurate
modeling of the compressive stresses induced in both
electrode and electrolyte by new phases of Li depo-
sition. In contrast to the classical finding of Monroe
and Newman, Barai et al. determined that an initial
relaxed state of Li prevented dendrite growth at low
current densities regardless of the shear modulus of the
electrolyte. They proposed current distribution in the
electrolyte as a dominant factor for dendrite growth. A
comparison of the stability window with variation in
shear modulus of solid electrolyte for both pre-stressed
and relaxed initial Li states is shown in Fig. 3a. A
more detailed framework of growth of electrode/SSE
interface in the presence of an elastic prestress was
formulated by Natsiavas et al. [73]. Interfacial growth
was mathematically modeled under the interplay of
numerous processes including the kinetics of ionic
transport at both SSE and interface region, elastic
stress due to built-in prestress and volumetric changes
in SSE, and electro-mechanical interactions captured
by Maxwell stress. A linear stability analysis was
employed, specialized for planar growth in a Li-
LiPON system and conditions for stable electrodepo-
sition were studied as a function of stress state, elastic
modulus, deposition kinetics and interfacial energy.
The presence of prestress was determined to have a
stabilizing effect on the electrode-electrolyte inter-
face, enabling for a wider window of stable perturba-
tion wavenumbers (k) as compared to a state of no
prestress. This is schematically illustrated in Fig. 3d
produced from [73]. Simulations employing a finite
difference scheme also confirmed the advantageous
effect of prestress on stability of electrodeposition
growth, as demonstrated by significant reduction in
amplitude of an initial perturbation upon application
of a prestress, see Fig. 3e.

Ahmad and Viswanathan later postulated a general
stability criteria for electrodeposition at isotropic
solid-solid interfaces [71]. A major contribution of
their work was extending the previous formulation by
Monroe and Newman to account for the effect of
density changes of Li metal on the stability of
electrodeposition at the interface. Their work special-
ized the earlier theory of Monroe and Newman [63]
(refer to Eq. (1) for variable definitions)

1
e = O Vi) (K e (- )

1 / /
+272 (VM — VM:+) (Apx.zx + Apﬁ/} )

(6)

and introduced an extra parameter, the volume ratio
VMZ+
Vu

changes of Li in the electrode versus the SSE. The
stabilizing or destabilizing nature of the hydrostatic
term was investigated as a function of the aforemen-
tioned parameter. Following this, a density-driven
stability mechanism was postulated, in which case Li
in solid electrolyte is more densely packed than Li in
metal electrode. This provided an extension to the
earlier work of Monroe and Newman [65] specialized
for solid-polymer electrolytes in which hydrostatic
pressure has a dominant effect over density changes on
stability of electrodepositions. The interplay of both
mechanisms for interfacial stability was investigated
and a two-parameter stability plot including shear
modulus ratio and molar volume ratio was generated.
Two stability regimes were identified including a
pressure dominated regime at high molar volume ratio
(v>1), and a density-driven regime at low molar
volume ratio (v<1), see Fig. 3b. Resistance to den-
drite growth of representative SSEs was assessed
based on their position in the stability diagram.
Contrary to most previous studies, given that conven-
tional inorganic SSEs have a low molar volume, softer
SSEs were determined to be better at stabilizing
dendrite growth. However all linear stability analyses
studied at this point in time resorted to simplification
of an isotropic elastic interface. Ahmad and Viswa-
nathan extended their previous study to account for
material anisotropy and assess its contribution to
stability of electrodeposition at solid-solid interfaces
[72]. A continuum mechanics framework was devel-
oped to solve for two-dimensional problems in

v= ) to formally account for the effect of density
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Fig. 3 Effect of mechanics on stability of electrodeposition
kinetics. a Effective current density at the peak over the valley
of dendritic protrusions plotted as a function of shear modulus of
the solid electrolyte for both an initial relaxed Li-metal and a
pre-stressed Li-metal. At low-current densities, an initially
relaxed Li-metal is found to prevent dendrite growth irrespec-
tive of the effective shear ratio. Reproduced with permission
from [70]. b Stability diagram for an isotropic Li anode/SSE
interface with two regions of stable electrodepositions shaded in
green. At low molar volumes (bottom-left) there is a density-

anisotropic linear elasticity in terms of a crystallo-
graphic orientation-dependent elastic tensor. Similar
to the case of an isotropic interface, two stability
domains were identified for an anisotropic electrode-
isotropic electrolyte interface combination. However,
in the latter, critical shear modulus curves contouring
regions of stability varied depending on the crystal-
lographic orientation of Li-metal, see Fig. 3c.
Recently, McMeeking et al. [74] performed a linear
perturbation analysis to investigate surface roughen-
ing of metal electrodes during plating. Their study
employed an interfacial morphology consisting of a
sinusoidal (amplitude of the peaks negligible to
wavelength) stress-free electrode profile and a flat,
undeformed electrolyte configuration. Bonding of the
electrode to the electrolyte and successive plating
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controlled stability regime, while at high molar volumes (top-
right) there is pressure-controlled stability regime. Reproduced
with permission from [71]. ¢ Stability diagram for anisotropic Li
anode-isotropic electrolyte system, demonstrating the variabil-
ity in stability regions with crystallographic orientation of Li-
metal. Reproduced with permission from [72]. d Effect of
prestress on stability window of critical wavenumber of initial
perturbation compared against a system with no prestress.
e Stabilization of an initial perturbation upon application of a
prestress. Reproduced with permission from [73]

leads to the emergence of locally non-uniform
stresses, however an average vanishing stress at the
interface is maintained in the absence of external
tractions. An Airy stress function was employed to
derive the stress distribution at the interface, and
results were incorporated in the theory of Ganser et al.
[64] specialized for a single ion conducting solid
electrolyte to capture the effect of mechanics on
electrodeposition kinetics. Their findings also contra-
dict the original model by Monroe and Newman,
demonstrating that long wavelength protrusions (L)
always amplify regardless of the stiffness of the SSE,
as predicted by the following stability criterion
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where G¢, ve, Gy, vy denote the shear modulus and
Poisson’s ratio of electrolyte and electrode, €2, is the
metal molar volume, I is the current density, i, is a
reference exchange current density, p is resistivity of

electrolyte and 0% is an influence coefficient which
captures the effect of electrode energy state on redox
reaction energy barrier. Similar conclusions for
amplification of surface roughness irrespective of the
stiffness of the SSE were derived provided the current
density (I) is sufficiently large.

A common critical feature of all of the aforemen-
tioned modeling efforts is that they rely on an elastic
interface. The Li metal anode behaves plastically (and
viscoplastically) and has a low homologous temper-
ature. Its plastic response has been the recent focus of a
number of experimental investigations [76-81].
Development of a theoretical framework to incorpo-
rate the effect of plastic deformation on electrodepo-
sition kinetics and dendrite growth spurred a new
avenue in computational research efforts. Early con-
tributions towards this goal emerged with the work of
Ferrese and Newman [82]. Mechanical deformation of
a Li-metal anode adjacent to a stiff solid-polymer
electrolyte was studied under a framework of elastic-
plastic deformation. An isotropic-hardening J, plas-
ticity model was adopted utilizing the experimental
stress-strain data of Li metal by Schultz [81]. How-
ever, viscoplastic effects were neglected. Similarly,
Barai et al. [83] developed a computational framework
coupling mechanics, charge balance and mass con-
servation equations to model stress evolution in both
Li metal and polymer solid electrolytes. A nonlinear
hardening law was adopted to account for plastic
deformation. Plastic flow of Li metal was found to
promote stable deposition at interface, as evidenced by
a reduction in depth of penetration of dendrite
protrusions as shown in Fig. 4a. This in turn enabled
slower electrodeposition kinetics at the tip relative to
the base of dendritic outgrowths. The effect of
variation in yield strength of solid polymer elec-
trolytes on dendrite growth was assessed. Barai et al.
showed that increasing the yield strength in solid

polymer electrolytes promoted stability of dendrite
protrusions even at shear modulus two orders of
magnitude lower than that of Li metal. The effect of
increasing the yield strength on the stability of
electrodeposition is shown in Fig. 4b. Recently,
Narayan and Anand [22] investigated dendrite growth
through the use of a large deformation isotropic
elastic-viscoplastic framework calibrated to the
microindentation experiments of Wang and Cheng
[76]. Figure 4c shows load versus indentation pre-
dicted by the calibrated model (solid lines) versus the
experimental measurements (dashed lines) at various
indentation rates. Their formulation builds upon a
simple-power law to describe the effective plastic
shear strain-rate é of the form

1

& =e <g); (8)

with flow resistance (S) evolving according to the
following relationship

S = (H0<1 —Si)>a’ (9)

Here ¢, denotes a reference strain rate, m is a strain
rate sensitity parameter, ¢ is an equivalent tensile
stress, while {Hy, S;,a} are strain hardening param-
eters with S; defining a saturation flow strength. One
major assumption employed here resorted to neglect-
ing dependence of saturation flow strength on loading
rate.

Two representative case studies of interest for
modeling of SSBs were investigated including flat-
tening of an asperity in Li metal due to compressive
loading from the bounding SSE, and infiltration of Li
metal into an imperfection on the surface of the SSE.
Equivalent plastic strain and stress contours for the
case of a pre-existing imperfection at the Li anode-
SSE interface undergoing compression from the
confining SSE are shown in Fig. 4d. Anand and
Narayan recently revisited their formulation [84]
following the experiments of LePage et al. [78] who
provided stress strain data on polycrystalline Li foils.
Here, earlier assumption of a constant saturation flow
strength [refer to Eq. (9)] was modified to account for
the experimentally observed strain hardening behavior
of Li metal at high loading rates,
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Fig. 4 Plastic modeling of Li metal and its role in dendrite
growth. a Variation in amplitude of dendritic protrusions with
shear modulus of solid electrolyte. For high shear modulus
electrolytes, plastic deformation has a stabilizing effect,
assisting in diminishing the height of dendritic protrusions.
b Effect of increasing the yield strength of solid electrolyte on
stability of electrodeposition, captured through the variation in
ratio of current density at the peak over the valley of dendritic
protrusions as a function shear modulus of electrolyte.

&

S, =5 (10)

Aexp(— %)
where S; denotes a saturation flow strength at a
particular strain rate, S* and n are strain hardening
parameters, Q is an activation energy, A is a pre-
exponential factor, R is the gas constant and T is
temperature. To validate their theory, simulations of
inhomogeneous tension and compression experiments
were conducted and compared against experimental
results by Masias et al. [79], demonstrating consistent
results.
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Reproduced with permission from [75]. ¢ Comparison between
numerically simulated load vs. indentation depth and experi-
mental results by Wang and Cheng at different loading rates.
d Simulation domain for modeling lithium infiltration in a pre-
existing crack at the anode/SSE interface. Contour plots of
equivalent plastic strain and induced stress due to compression
of the SSE onto the Li anode. Reproduced with permission from
[22]

2.3 Summary on modeling Li metal anodes
and dendrite growth

As reviewed above, understanding Li metal anodes
and the process of dendrite formation and growth is
critical in enabling the design of an all-solid-state
architecture which suppresses dendrite growth. We list
here a few key areas of research the authors feel are of
pressing relevance:

— At present, modeling efforts on dendrite growth
have resorted to a linear elastic, isotropic interface,
with modeling efforts which capture viscoplastic
deformation of Li metal and effect of plastic flow
on electrodeposition kinetics still at their infancy.



Meccanica

An experimentally validated constitutive theory
for Li metal is required for modeling the manner in
which stresses develop near the dendrite growth
region and subsequently how these couple to the
kinetics of growth.

— While several theoretical studies on the interplay
of chemistry and mechanics on electrodeposition
kinetics of Li metal have been proposed, from a
modeling perspective, a fully coupled chemo-
mechanical theory for modeling of dendrite initi-
ation and growth within the solid-state electrolyte
is still missing.

— Development of a microstructure-resolved
description of the process of dendrite growth
through the SSE microstructure is also lacking
and necessary. In particular, this model should
include considerations for the presence of SSE
defects, cracks, and grain boundaries which can
serve as nucleation and growth sites for Li
dendrites.

3 Solid state electrolytes

As overviewed in Sect. 1 and also discussed within the
context of Li-metal anodes in Sect 2, solid-state
electrolytes (SSEs) are a critical component in
enabling all-solid-state battery architectures. Pre-
sented here is a review of the literature addressing
mechanics (and chemo-mechanics) phenomena in
SSEs with a particular focus on phenomena associated
with the formation and development of the interphase
between the Li-metal anode and the electrolyte. As
will become evident in this section, research as it
pertains to mechanics of SSEs is in its infancy.

The interphase which forms at the anode/SSE
interface is thermodynamically unstable, causing the
SSE itself to go under oxidation and reduction during
charge and discharge [5, 6, 26, 85, 86]. Figure 5a,
shows the formation of this interphase due to chemical
reactions. To summarize the current research in SSE
behavior we divide this section into: (1) research
addressing interphase formation and associated
mechanical effects, (2) mechanical properties and
failure of the SSE itself, and (3) delamination and
damage of the interface.

3.1 Interphase induced stress and fracture

As presented in the work of Lewis et al. [32], the
unwanted interphase has to be ionically conductive but
electronically insulating for the battery to operate
without failure, as an electronically conductive inter-
phase allows for uncontrolled reaction of the pristine
SSE and hence unstable growth of this undesirable
mixed phase. In practical applications, electronically
insulating interphases form, however the low ionic
conductivity of the new mixture leads to high resis-
tance of the cell, proving to be a challenging aspect of
SSBs realization [24-26]. In addition to the undesir-
able low ionic conductivity of the interphase, there are
critical mechanical issues accompanying its forma-
tion, particularly the volume expansion associated
with the reaction that causes the new phase. Occurring
in the confined all-solid-state architecture, this volume
expansion introduces internal stresses, leading to
possible fracture and degradation. Tippens et al. [87]
showed the formation of  cracks in
Li; 4Alg4Ge; 6(PO4); (LAGP) solid electrolyte using
X-ray tomography, interestingly arguing that it is the
presence of these cracks and the subsequent loss of
contact that cause high impedance in the battery
operation, and not the transport properties of the
interphase itself. From a modeling perspective, the
same team also studied the stress distribution in the
aforementioned solid state cell using the chemo-
mechanics continuum theory of Di Leo et al. [88]. The
finite element model and contours of reaction coordi-
nate are shown in Fig. 5b which by design agree well
with the experimental observation shown in Fig. 5a.
From Tippens et al. [87], Fig. 5d illustrates the
evolution of a three-dimensional fracture network as
the interphase forms during cell operation, along with
a proportional increase in impedance depicted in
Fig. Se. It should be noted, however, that the model
used to simulate the interphase formation and evolu-
tion relied on an ad-hoc description of the interphase
where its position was determined a-priori rather than
evolved according to the chemo-mechanical physics
of the system. At present, capturing the phenomena of
interphase formation and evolution remains one of the
challenges for SSE realization from a modeling
perspective. Other continuum formulations in
chemo-mechanics of solid interphases, such as the
one by Rejovitzky et al. [89], are more suited for
modeling of growth of solid interphase in
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Fig. 5 Mechanical effects of reaction induced interphase
growth. a Interphase formation at the interface of Li anode
and LAGP SSE. b Finite element model of the swollen
interphase showing contours of reaction coordinate. ¢ Stress
distribution in the cell, leading to both radial and circumferential
cracks. d Network of extensive crack propagation in the SSE.
e Direct correlation between extent of crack propagation and

conventional LIBs, as opposed to structural and phase
changes associated with interphase formation at the
anode-electrolyte interface in SSBs; treatment of
growth models in LIBs are fundamentally different
from a reaction model relevant to SSBs. There are,
however, models in the mechanics community from
which useful formulations for interphase growth can
be drawn as they describe physical phenomena that
share similarities with interface reactions in SSBs.
Particularly, the research conducted on modeling
oxidation in thermal barrier coatings [90-94], and on
modeling hydrogen assisted cracking in metals
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Reproduced with permission from [98]. g Delamination of a
SSE interface resulting in poor contact. Reproduced with
permission from [99]

[95-97] might provide a potential starting point for
building more specific models of interface reactions in
SSBs. These models are particularly useful given the
framework for oxidation/corrosion phenomena build
upon similar governing equations, in that species
balance law obeys a diffusion reaction equation of the
form

¢ =mV?u—R (11)

where {c,m, u} denote concentration, mobility and
chemical potential. Here, R defines the species con-
sumption rate, specific to the type of chemical
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reaction, be it oxidation, SSE interphase formation,
etc.

A major difference in these existing formulations to
modeling phenomena in SSBs is in the distinct
chemical driving forces controlling each reaction.
Hence, enhancing current frameworks with models
specific to reaction kinetics of interphase formation in
SSEs presents an appealing avenue for future efforts.

To capture the bulk mechanical behavior of SSEs,
Ganser et al. [100] proposed a thermodynamically
consistent theory of transport in a host material using a
Helmholtz energy formulation which accounts for
species transport, elastic deformation and electrostat-
ics. They extended the concentrated solution theory of
Newman and Thomas-Alyea [101] to incorporate the
effects of mechanics, and then specialized their
formulation to the case of binary electrolytes. Effect
of deformation and mechanical stresses on reaction
kinetics and ionic transport were assessed upon
solving the coupled problem. Part of their study also
focused on capturing the role of interfacial morpho-
logical change on concentration profile and its poten-
tial association with dendrite formation. A similar
thermodynamically consistent treatment is also pre-
sented in the work of Bucci et al. [102] who modeled
ionic transport in crystal lattices. Noteworthy to
mention here is also the analytical work of Grazioli
et al. [103] on solid polymer electrolytes that
addressed the effects of mechanics.

The aforementioned models provide a foundation
for modeling ionic transport in solids, however, these
works, including those by the authors, neglect the
fundamental physics of interphase formation and
growth, that is the reaction induced structural phase
transformations and the associated coupling to
mechanical deformation and stress. It is the reaction
induced mechanical effects of the newly formed
interphase, and its associated chemical and structural
phase changes, which cause mechanical degradation
in the SSE [87]. A diffusion deformation reaction
theory capable of accommodating chemically induced
phase transformation is currently lacking in the
mechanics literature and is a potential avenue for
potential future research.

In addition to interphase formation induced stresses
in SSEs and their effect on driving forces for diffusion
and reaction, a critical mechanism for SSE failure is
the formation and propagation of cracks. At present,
the authors could not identify an existing model in the

literature for fracture in SSEs. However, there are a
number of studies dedicated to modeling of crack
propagation in electrode particles, which can be
adopted as a starting point for addressing chemo-
mechanics of SSEs in the presence of cracks. The
literature on modeling fracture of ceramics might also
serve as a relevant foundation for the development of
modeling techniques specific to SSEs [104—112].
Although the physical mechanisms governing crack
formation in SSEs are likely to differ from that of
active particles, in which diffusion and reaction
induced stresses govern, the methods developed for
active particles should serve as a suitable starting point
for modeling crack formation in SSEs.

Phase-field damage models have been developed
for damage in active particles. These models can
incorporate the crack degradation parameter as an
additional internal variable to the chemical variable
set, taking into account both its initiation and propa-
gation. Particularly, Miehe et al. [98] presented a finite
strain chemo-elasticity theory coupled with phase field
modeling to investigate fracture in Li-ion electrode
particles. Their regularized crack model uses a prin-
cipal stress criterion for failure surface, and a degra-
dation function to “damage” both the stored energy
and the mobility of species across the crack faces.
They also regularized reaction kinetics at the fracture
surfaces, replacing it a with a source term in the
conservation equations. Using FEM to solve the
resulting partial differential equations, they demon-
strated the versatility of the phase field method in
simulating crack propagation in chemo-mechanics
problems. Figure 5f shows a representative three-
dimensional simulation of fracture in a coupled
chemo-mechanics framework. Zhang et al. [113]
extended these works to model diffusion induced
plasticity and fracture in both amorphous and crys-
talline silicone (Si) electrodes using a similar varia-
tional based phase field damage model. Employing an
efficient time integration scheme, they successfully
simulated fracture of Si nano-particles and nano-
pillars and investigated how energy release rate
affected the electrode damage behavior. A similar
work on effects of fracture propagation on mechanics
and subsequently on Li concentration and phase
separation in polycrystalline particles of LiCoO, was
conducted by Yamakawa et al. [114], in which they
estimated the effect of grain size and crystal orienta-
tion on the extent of fracture. In Anand et al. [97] the
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Table 1 Compounds
studied in Deng et al. [116]

using DFT to obtain the
elasticity tensor

Compound Family
LiTi,(PO4)3, NaZr2(POy)3 NASICON
Li; POy Phosphate
Li]/zLal/zTiO3, Li]/gLaS/gTiO3 Perovskite
Li7La32r2012 (LIZO), Li5La3M2012 Garnet

L13OC1, Li3OB1’, Na3OC1, Na3OBr
Li3PS4, LimGCPlez (LGPS), Li7P3S“, Na3PS4

Antiperovskite
Thiophosphate

authors developed an alternative thermodynamics
based damage model, in contrast to the aforemen-
tioned variational based phase-field approaches.
Available phase-field models for treatment of
chemo-mechanical fracture in LIBs are transferable
to address the reaction induced crack propagation in
SSE. Damage evolution in current phase-field models
is governed by an equation of the form

H=(1—-dH-[d- PV (12)

where {7,d,1} denote the viscous regularization
parameter, the damage variable and the characteristic
length scale. Here H defines the damage driving force
which depends on the underlying material and chem-
istry of interest. Both stress and energy based criteria
have been used in the literature to formulate 7, and
may include elastic, inelastic, or chemo-mechanical
coupling terms. Damage evolution in SSEs can be
captured by a form similar to Eq. (12) provided the
constitutive framework for damage driving force is
specialized to account for effect of reaction in addition
to capturing the specific fracture behavior of the SSE
material.

3.2 Mechanical characteristics of solid-state
electrolytes

In the process of developing an understanding of the
mechanical behavior of SSEs, it is necessary to
understand and model the mechanical behavior and
properties of the SSE itself, as the elastic, plastic and
fracture properties of the electrolyte will determine
how it responds to dendrite growth, induced stresses
due to interphase formation, crack propagation and
other relevant mechanical issues [115]. For instance, a
ductile electrolyte is more desirable for accommodat-
ing deformation and maintaining contact with the
lithium anode during battery operation, while a high
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fracture toughness and high stiffness one is better at
resisting lithium dendrite growth [116].

As the scope of this review is concerned with
modeling, here we summarize the reported mechanical
properties for a range of SSEs, all of which are
obtained from first-principle calculations. The results
of these Ab-initio estimations can be used as inputs to
continuum models to optimize SSE designs, poten-
tially in a hierarchical multi-scale, multi-physics
paradigm. Deng et al. [116] used density functional
theory (DFT) with projected augmented wave method
[117] for ions interaction, to obtain a complete
description of the elasticity tensor for the compounds
shown in Table 1. They reported the following
hierarchy of elastic moduli: thiophosphate < antiper-
ovskite < phosphate <NASICON < garnet < per-
ovskite. It was also determined that Na counterparts of
the studied SSEs had smaller Young moduli compared
to the aforementioned Li compounds. From a
microstructural standpoint, it was determined that
tetragonal structures exhibited a higher elastic mod-
ulus compared to cubic ones among garnet based
SSEs. Regarding brittle vs ductile behavior, the DFT
calculations revealed thiophosphates as the most
ductile, with oxides being the most brittle compounds.
It should be noted, however, that the employed metric
in assessing ductile vs brittle behavior resided solely
on simple shear over bulk ratio or Pugh’s number
[118], and not on a complete stress strain constitutive
curve.

Wu et al. [119] adopted a similar technique for
characterization of antiperovskite Li3OCI material.
Upon calculation of three elastic constants of the cubic
material, it was determined that Li3;OCl is softer than
LLTO and LIZO, but harder than LGPS. They also
calculated a Pugh’s ratio of 1.35, indicating its
brittleness. As mentioned in their work, this inherent
brittleness makes this material susceptible to inter-
phase induced fracture during cell operation and can
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severely limit its potential integration in SSBs as a
practical SSE. Their reported value of 0.22 for
Poisson’s ratio is also typical of ionic crystals [120].
In a similar fashion, Wang et al. [121] studied LGPS
along with LiyP,S; and LizP;S;;, which unlike the
tetragonal structure of the LGPS, have triclinic
formations. They reported that LGPS has higher
elastic constants compared to the two aforementioned
LISICON compounds. They also calculated a Pugh’s
number of 2.12 for LGPS, indicating its relative
ductile nature. A detailed study on two f§ and 7 phases
of LizPS, was performed by Yang et al. [122],
demonstrating that the )y phase is a stiffer material
than its f counterpart. Both materials also showed
relative ductility, characterized by Pugh’s ratio of 2.26
and 2.89 for y and f phases, respectively. Similarly,
compounds of Metal Borohydrides M,BgH;o (with M
being the place holder for different ions of Li, Na, K)
were studied in the work of Chen and Hong [123].
Their study illustrated the Li compound to be stronger
that the sodium and potassium counterpart, observing
adecrease in stiffness as the ion becomes larger. While
referred works resort purely to material properties
obtained by first-principle calculations, experimental
efforts have also invested in characterizing properties
of SSEs. A review of such efforts has been provided in
tabulated form by Wang et al. [35] and Zhang et al.
[36] and are not replicated for conciseness in this
review.

Finally, Ahmad and Viswanathan [124] realized the
uncertainties associated with calculating energies
around the equilibrium state in DFT calculations,
improving the previous works by quantifying this
uncertainty. They performed the calculations on an
ensemble of energies on four compounds of
Lij0GeP,S12, NazPS,4, Lil, and Na;OCI, obtaining
probability distributions for mechanical properties
with quantified standard deviations. These probabilis-
tic results can be put into a continuum model, leading
to probabilistic design of SSBs. Also equally impor-
tant to consider and currently lacking in the DFT
literature is the mechanical properties of the reacted
interphase, as it seems natural to expect the properties
of this mixed phase to be different from the bulk
unreacted material. Future DFT simulations can shed
some light on how the properties of this structurally
crucial layer are changing during battery operation.

As appealing as these DFT results are for mechan-
ical design of SSEs, they suffer from the inherent

computational complexity and uncertainties associ-
ated with quantum mechanical calculations. It has
been shown that mechanical phenomena during bat-
tery operations heavily depend on the choice of the
SSE material. While DFT simulations can help
overcome the need for complex experimental charac-
terizations, they are still relatively time consuming
given the vast combination of potential SSE com-
pounds. A possible avenue to accelerate the mechan-
ical design of SSEs is to take advantage of data science
approaches, which by now have reached a relatively
mature state in the material science community
[125-130]. This particular approach has previously
been used for generic liquid electrolyte battery design
[131, 132], but Ahmad et al. [133] recently extended
this work by employing machine learning techniques
to scan a space of over 12000 inorganic SSE
compounds, identifying the ones that have the best
mechanical properties to suppress dendrite growth. It
should be noted, however, that their data was only
trained on structural features of the compounds and
they considered elastic properties of the SSE to be the
only dominant factor for dendrite suppression. As
reviewed in Sect. 2, the phenomena of dendrite
growth is complex and governed not just by the
choice of elastic properties of the SSE. Addressing this
phenomenon requires a continuum chemo-mechanical
model that accounts for microstructure, defects,
geometry, boundary conditions, etc. Adding the
results acquired from fully coupled chemo-mechani-
cal continuum models as features to the training space
of these data science approaches constitutes one area
for potential improvement in pursuit of robust
mechanical designs of SSBs.

3.3 Mechanical compatibility at the interface

We conclude this section with another important
mechanical problem in SSEs, namely void formation
and loss of contact at the lithium anode-SSE interface
[35, 99]. This phenomenon is depicted in Fig. 5g from
the experimental work of Han et al. [99] on improving
resistance in LLCZN garnet based SSEs. This problem
is specific to SSBs as traditional liquid electrolyte cells
maintain excellent wetting properties during opera-
tion. In SSBs, on the other hand, continuous plating
and stripping of Li, accompanied by its volume
expansion during cycling, leads to formation of voids
and partial delamination of the interface. This partial
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loss of contact slows the transport of Li ions across the
interface, significantly increasing the impedance
[99, 134]. In the authors knowledge, there seems to
have been no attempts in the literature at modeling
void formation and loss of contact at the Li anode/SSE
interface. Potential models addressing this issue
should incorporate the micro-scale mechanisms of
void formation and growth, along with the macro-
scale deformation and morphology evolution of the
interphase. Models should also aim to relate the void
formation and morphology change to impedance
increase at the interface in a coupled chemo-mechan-
ics framework.

3.4 Summary on modeling solid-state electrolytes

As reviewed above, modeling of solid-state elec-
trolytes is in its infancy. In particular modeling the
interphase which forms at the anode/SSE interface is
critical for understanding stress generation, fracture,
and delamination and there are currently no validated
models for this phenomenon. We list here a few key
areas of research the authors feel are of pressing
relevance:

— At present, capturing the phenomena of interphase
formation and evolution remains one of the
challenges for SSE realization from a modeling
perspective. A diffusion deformation reaction
theory capable of accommodating chemically
induced phase transformation is currently lacking
in the mechanics literature and needs to be
developed to address the issue of interphase
formation in SSEs.

— Damage and fracture modeling of SSEs is lacking
with no calibrated model currently available. In
particular, models should be capable of capturing
both the mechanical degradation and the electro-
chemical degradation in the form of an increase in
impedance.

— In the pursuit of robust mechanical SSEs it could
be beneficial to use fully coupled chemo-mechan-
ical continuum models as features to the training
space of new data science approaches for material
discovery.

— The process of void formation and loss of contact
at the anode/SSE remains unaddressed. A cali-
brated model for this phenomena must be devel-
oped in order to understand the relevant material
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properties, microstructural characteristics, and
operational requirements to prevent this form of
damage.

4 Composite electrodes

Solid-state composite electrodes represent another
critical component of an all-solid-state Li-Ion battery
where mechanical effects will play a crucial role, cf.
[32]. Both cathodes and anodes not composed of pure
solid Li metal will consist of a composite of active
particles surrounded by a solid-state electrolyte
matrix. During cycling, the active particles will
undergo electrochemically induced expansion and
contraction while the SSE provides an ion pathway
for Li diffusion. Developing models for these systems
requires an understanding of three critical compo-
nents: (1) the behavior of the active particles them-
selves, (2) the behavior of the solid state electrolyte,
and (3) the combined behavior of the composite. This
section will mainly focus on this third aspect of
modeling composite behavior since it is in its infancy.
Within this context, one must consider the composite
behavior from a pure chemo-mechanical perspective,
the behavior of the interfaces and possible delamina-
tion, as well as the potential for fracture/damage
within the active particles and SSE. Modeling of the
active particles will be briefly reviewed in Sect. 4.1 as
significant work has been made in this area and models
are fairly mature and predictive. The state of the art in
modeling solid-state electrolytes was reviewed in
Sect. 3 and is not considered here.

4.1 Chemo-mechanical continuum modeling
of active particles

With respect to the active particles, coupled chemo-
mechanical models have been developed for a number
of different active materials. To different degrees of
complexity and success, models have been developed
both for intercalation electrodes [135-141], where
deformations are generally elastic and on the order of
10% strain, and for conversion electrodes
[88, 142—146], where deformations are elastic-inelas-
tic in nature and chemical strains are on the order of
100% or more, including aspects of failure modes and
damage [147].
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Within the context of small deformations and
intercalation electrodes, some of the earliest works
considered isotropic elastic intercalation electrodes
and within this restriction studied the critical geomet-
rical, material, and electrochemical parameters to
prevent fracture using a linear elastic fracture mechan-
ics approach [135, 136]. For certain types of electrodes
such as Graphite and LiFePQO,, phase-segregation (i.e.
staging) occurs during lithiation and models have been
developed based largely on the Cahn—Hilliard phase-
field model to capture these phenomena, cf.
[137-139]. These models have been shown to accu-
rately predict the electrochemical performance of
these individual particles as well as the manner in
which mechanical strains can affect the morphology of
the phase-segregation [138, 148, 149] or even suppress
it entirely [137, 150]. Models have also been extended
to include large elastic deformations and Cahn—
Hilliard-type phase-segregation [141, 144, 151]. With
an accompanying finite-element implementation of
the coupled chemo-mechanics theoretical framework,
researchers have demonstrated in two and three-
dimensional simulations the manner in which lithia-
tion morphology is critically influenced by mechanical
deformation, e.g. [141, 152]. Although the aforemen-
tioned models have been developed within the context
of LIBs, they are particularly focused on the chemo-
mechanical behavior of active particles and should be
equally applicable to modeling of these active mate-
rials in the context of composite cathodes in SSBs.
There are potential chemical interface stability issues
that might have to be considered for particular active
particle/SSE combinations which might require dif-
ferent theoretical models for capturing interfacial
kinetics. However, the bulk behavior of the active
particle in a SSB composite cathode should still be
well described through the above models.

Conversion electrodes—such as Silicon which has
been extensively studied—generally undergo very
large elastic-inelastic deformations with chemical
strains on the order of hundreds of percent [153].
Continuum models have been developed for these
systems which account for large elastic-inelastic
deformations accompanied by species diffusion and
chemical strains [142—144, 146]. Closed form analyt-
ical solutions have been developed for a few simple
cases. For example, Bower et al. [155] developed
analytical solutions for the problem of an elastic-
plastic spherical particle undergoing diffusion induced

deformations with a sharp propagating phase bound-
ary. A number of studies use simplified geometries
(i.e. spherical or radially symmetric) to simplify to a
one-dimensional problem which may be solved
numerically [142, 154]. Huang et al. [154], for
example, demonstrated the manner in which stresses
develop in spherical particles undergoing large chem-
ically induced elastic-plastic deformations with or
without the presence of a sharp interface. Figure6a—c
shows results from the work of Huang et al. [154],
where (a) shows the single-phase and two-phase
configurations. Figure 6b shows the distribution of
equivalent a,, radial ¢,, and hoop a stresses across
the normalized particle radius R/A for the single-phase
simulation while Fig. 6¢ shows the same result for the
two-phase simulation. One particularly important
finding of this work is the manner in which the hoop
stress may be either tensile or compressive on the
surface due to the presence of inelastic deformations
and two-phase lithiation. This has important implica-
tions in modeling fracture of these materials.
Amorphous Silicon (a-Si) has been widely studied
in the literature for its potential as a high-capacity
anode. Bucci et al. [146] and Di Leo et al. [88] have
both calibrated continuum mechanics theories and
demonstrated an ability to predict the Voltage vs.
Charge behavior of simple a-Si electrodes coupled to
their mechanical behavior. Figure 6d, e, reproduced
from the work of Bucci et al. [146], show the evolution
of cell potential and film stress in a thin-film a-Si
electrode undergoing potentiostatic cycling. The
model developed by Bucci et al. is calibrated and
contrasted against the experimental results and
demonstrated the ability of these models to accurately
predict both stress evolution and cell performance.
Examples from Di Leo et al. [88] are shown in Fig. 6f—
i where a large-deformation elastic-plastic chemo-
mechanical theory and accompanying finite-element
simulation is used to predict the behavior of hollow
double-walled nano-tubes experimentally realized by
Wu et al. [156]. Figure 6f shows the finite-element
discretization of the geometry and (h) the resulting
prediction of voltage vs. state-of-charge (SOC) for two
different C-rates. It is important to note that no
parameters are calibrated in this prediction. An
important aspect of this and similar studies is on the
role of inelasticity as demonstrated in Fig. 6i which
shows Voltage vs. SOC for two simulations with and
without plastic deformation. (g) Shows contours of the
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Fig. 6 Representative simulations of active particles. a—c
Demonstrate a simulation using spherical symmetry considering
both single-phase and two-phase lithiation within an elastic-
plastic electrode. b Shows the distribution of equivalent o,,
radial o,, and hoop oy stresses across the normalized particle
radius R/A for the single-phase simulation while ¢ shows the
same result for the two-phase simulation. Reproduced with
permission from [153] and [154]. Evolution of d cell potential
and e thin-film stress during the potentiostatic cycling of an a-Si

equivalent plastic strain € developed during three
half-cycles of the hollow double-walled nanotube.
Critical in the calibration of these theories is
experimental data which shows both the voltage/
charge and stress/charge behavior of the system. In
recent years substrate curvature techniques [157-160]
have been used to measure the mechanical stress in
thin films of active materials during lithiation. These
experiments provide crucial information for modelers
as they quantify both the electrochemical and mechan-
ical performance of the material. Fig. 6d, e show an
example of the cell potential and film stress which can
be measured during potentiostatic cycling of a thin-
film a-Si electrode. Experiments using substrate
curvature techniques have elucidated phenomena
including the stress-potential coupling [157], strain-
rate sensitivity [160], and fracture properties
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thin-film electrode. Reproduced with permission from [146]. f—i
Modeling of a hollow double-walled nanotube. f Shows the
finite-element discretization with h showing the resulting
simulation prediction against experimental measurements of
Voltage vs. State-of-Charge (SOC). i Shows the effect on V vs.
SOC of ignoring plastic deformation and g shows contours of
equivalent plastic strain, € after three half-cycles. Reproduced
with permission from [88]

[159, 161]. The technique however is more complex
when considering composite materials, such as the
composite solid-state electrodes under consideration,
since the stress measured is an average over the
various phases and local stress state cannot be
resolved. Researchers have recently begun investigat-
ing the use of substrate curvature techniques for
composite materials but there is at present no clear
route for how these experiments will aid in the
calibration and validation of composite electrode
models [162-164]. It must also be noted that it is
possible to inform aspects of the continuum mechanics
models through molecular dynamics or first-principles
[165-169]. Zhao et al. [165] for example performed
first-principle studies based on density functional
theory to elucidate the manner in which lithium
insertion in Silicon leads to a decreased stiffness,
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strength, and a brittle-to-ductile transition. Sharma
and co-workers have developed techniques based on
enhancing molecular dynamics with autonomous
basin climbing, kinetic Monte Carlo, and transition
state theory to gain insight into the diffusivity of Li in
a-Si [167], its inelastic response [168, 169]. Contin-
uum chemo-mechanics models for active materials are
relatively mature and a number of theoretical frame-
works and numerical techniques have been developed,
calibrated, and validated which may serve as the
foundation for the more pressing work of understand-
ing all-solid-state composite cathodes.

4.2 Modeling of composite cathodes

Composite electrodes, both anodes and cathodes, are
critical in the function of any Li-lon battery. As
reviewed in Sect. 4.1 above, the lithiation/delithiation
of active particles can cause significant deformations.
Beyond the generation of stresses within the particles,
these deformations can lead to significant particle-to-
particle interactions as well as interactions with the
surrounding matrix. In a solid-state electrode, in
contrast to a liquid electrolyte electrode, these inter-
actions are enhanced as the high stiffness of the
electrodes leads to further confinement of the particles.
Stresses exerted on the SSE can lead to a loss in
electrochemical performance through damage/frac-
ture of the SSE or delamination of the active particles
from the SSE resulting in a loss of ionic conductivity,
e.g. [170, 171]. Further, it is possible that all-solid-
state composite electrodes will exhibit longer-range
effects than liquid electrolyte systems where particle-
to-particle mechanical interactions are enhanced due
to the presence of the stiff electrolyte matrix, e.g.
[172].

Building on the theoretical frameworks developed
for single active particles as reviewed in Sect. 4.1, the
first progression towards modeling full battery behav-
ior has been to consider half- or full-cell models with
solid electrodes e.g. [151, 173]. Bower et al. [151]
developed a half-cell continuum chemo-mechanics
model including an accounting for mechanical defor-
mation and stress on the anode, cathode, electrostatic
field and electrochemical reaction. Figure 7a shows a
schematic of the model under consideration, which
was applied to modeling a one-dimensional thin-film
half-cell. The potential vs. time and capacity time
plots are derived from the full-cell behavior and show

good agreement with experiments also published in
their work. These chemo-mechanical continuum mod-
els introduce important aspects of the role of mechan-
ics on interfacial electrochemistry but are still limited
to solid electrodes.

An enhancement to these types of full-cell models
which accounts for the composite nature of the
electrodes has been developed around porous elec-
trode theory, e.g. [176—179]. In such frameworks, the
electrodes are treated as a homogenized porous
medium. Renganathan et al. [176] developed a full-
cell model with porous electrode theory used for both
electrodes. In this work the authors enhance traditional
porous electrode theory to account for stress effects on
diffusion. Christensen [177] performs a similar anal-
ysis including the role of fracture by assuming some
degree of pre-existing fractures in the electrode.
Significant efforts have been developed in the theory
of porous electrodes by Bazant and co-workers. In
Ferguson et al. [178], porous electrode theory is
developed with a detailed Cahn-Hilliard model to
account for phase-separation in active particles. The
role of strain is introduced in the chemical potential by
considering variations of the local concentration from
its volume averaged quantity. Through this analysis
the authors were able to demonstrate the importance of
mechanics in suppression of phase-separation and
promotion of homogeneous filling. Porous electrode
theory has the distinct advantage of producing a
computationally efficient solution while still main-
taining a fairly rich description of the porous nature of
the microstructure. However, as with any homoge-
nization technique, it is impossible to retain all details
of the behavior at the microstructure and one loses for
example an understanding of stress distribution at the
active particle scale and the manner in which damage
might occur either through active particle failure,
matrix failure, or interface delamination.

An alternative approach is to fully-discretize the
microstructure or a representative volume thereof, e.g.
[174, 175, 180]. Garcia et al. [174] developed a two-
dimensional finite element description of a detailed
composite cathode microstructure with cylindrical
particles coupled to a simplified model for the
separator and anode behavior. Mechanical deforma-
tion was captured through the use of isotropic elastic
active particles with chemically-induced strains. Fig-
ure 7b shows an example result using their simulation
tool for an electrode with graded porosity. Using this
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Fig. 7 Representative simulations of traditional electrode
architectures. a Shows a schematic of a continuum chemo-
mechanics representation of a half-cell Li-Ion system with the
accompanying predictions for potential and capacity vs. time.
Reproduced with permission from [151]. b Results of a 2D
numerical simulation of a composite cathode microstructure
with a liquid electrolyte. The bottom three images in (b) show

tool researchers studied the role of particle size and
distribution on electrochemical and mechanical per-
formance. More recently, Xu et al. [175] performed
three-dimensional finite element simulations to
numerically resolve the  microstructure  of
LiNi,Mn,Co,0, (NMC) composite cathodes. Syn-
chrotron X-ray tomography was used to inform the
microstructural modeling and to validate model pre-
dictions. Here, the composite cathodes modeled used a
homogenized matrix consisting of the electrolyte and
the carbon-binder matrix while active particles were
fully resolved. Although modeling a traditional liquid
electrolyte material, a small stiffness (4GPa) is
attributed to the homogenized matrix. Damage was
modeled both in the active NMS particles through
cohesive zone modeling, and at the particle interfaces
by penalizing interfacial resistance as a function of the
normal displacement of the interface. Figure 7c shows
an example result of their numerical model where the
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contours of normalized concentration, voltage, and hydrostatic
stress. Reproduced with permission from [174]. ¢ Results of a
3D numerical simulation of a composite NMC cathode informed
by X-Ray tomography. The first two contours are of normalized
concentration at varying charging voltages while the second two
contours show equivalent stress at the same charging conditions.
Reproduced with permission from [175]

first two results show contours of normalized concen-
tration at two different voltages during charging as
well as a quiver plot of flux. The third and fourth
results in Fig. 7c show contours of equivalent stress at
the same charging conditions. Using this detailed
simulation tool, the authors quantified the manner in
which mechanical damage influences battery perfor-
mance. For example they quantified the manner in
which electrochemical impedance is affected by
interfacial debonding. Using experimentally relevant
microstructures is critical and recent trends, as
demonstrated in Xu et al. [175], have seen the use of
X-Ray tomography to develop experimentally accu-
rate simulation domains. This of course adds compu-
tational and experimental cost. Recently, Hofmann
et al. [180] performed numerical simulations similar to
those referenced above but importantly provided a
comparison on the use of synthetically generated
microstructures  vs.  experimentally  “exact”
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descriptions. In this approach one still needs to
understand the key experimental descriptors of the
microstructure such as a particle size and shape
distributions, but need not simulate the exact exper-
imental microstructure.

The aforementioned research efforts focused on
LIBs, and although the results are not directly
applicable as the higher stiffness of the SSE is a
critical component, they have served to pave the way
for current models developed specifically for all-solid-
state-batteries and solid-state composite cathodes in
particular. Specifically, models for LIBs using a fully-
discretized microstructure contain suitable models for
the behavior of active particles and an existing
framework for constituve modeling of the matrix (be
it liquid or SSE) and an accounting for potential
damage through delamination using cohesive ele-
ments. With the development of proper chemo-
mechanical constitutive theories for the SSE material
and the active particle/SSE interfaces, these works can
serve as a starting point for modeling composite
cathodes in SSBs. From a purely electrochemical
perspective Mykhaylov et al. [184] considered an all-
solid-state construction with the use of porous elec-
trode theory, without consideration for mechanical
deformation and stress, and achieved closed-form or
semi-closed form solutions for the performance of the
system. Bielefeld et al. [185] used a three-dimensional
description of the composite cathode microstructure to
investigate its percolation characteristics.

Bucci and co-workers have done arguably the most
extensive work on modeling the chemo-mechanics of
solid-state composite cathodes without [172] and with
[182, 183, 186] the inclusion of damage modeling. In
[172], the authors focus on how constraint induced
stresses modify cell performance using both an
analytical approach and numerical finite element
simulations. Figure 8a shows analytical results for
the open-circuit potential for Silicon vs Li with
varying stiffness of the electrolyte matrix. As is clear
from the figure, increasing matrix stiffness results in
larger compressive stresses which have the effect of
shifting the open-circuit potential and reducing stor-
age capacity. A two-dimensional finite element
description of a representative microstructure (similar
to that shown in Fig. 8d) was used to investigate this
behavior further. Through this analysis, Bucci and co-
workers found that there is a critical volume ratio of
active material, Silicon to SSE at which one achieves

maximum capacity for the composite electrode, see
Fig. 8b. Below this critical number, one is under-
utilizing the available space, and above this number
one is generating excessive stresses due to particle-
particle interactions. Similar to the work of Bucci et al.
[172], existence of a critical volume fraction of active
material for cathode compositions was investigated in
the work of Al-Siraj et al. [187]. Here, a linear decay in
effective diffusivity of SSE with increase in active
particle volume fraction was determined. Above a
critical volume fraction, effective diffusivity of SSE
becomes negligible in magnitude, thus limiting per-
formance. Modeling damage in composite solid-state
cathodes is critical. Bucci et al. [182] present arguably
the first quantitative study on the role of mechanical
damage in composite all-solid-state cathodes. In this
work, cohesive zone modeling is used to capture
damage in the SSE during cycling of the composite
cathode. Figure 8d shows the simulation domain used
by the authors while (e) shows contours of normalized
concentration and hydrostatic stress with cracks
shown in black during lithiation to a state-of-charge
of 0.7. Although the active particles are expanding due
to chemically-induced strains, regions of tensile
stresses develop in the SSE resulting in the micro-
cracks shown in Fig. 8e. Critically, the authors
demonstrated that compliant SSEs are more prone to
micro-cracking. Delamination of the active particles
from the SSE was not considered in [182] and was
studied in a separate investigation by the same authors
[183]. There the interface between the active particle
and the SSE is studied through a one-dimensional
radially symmetric model with the microstructure
approximated by stacking of truncated octahedrons,
see Fig. 8f. The authors found that very compliant
electrodes and high fracture energies are required to
delay the onset of delamination. The phase-map in
Fig. 8f shows the necessary volume contraction
required to initiate delamination as a function of
SSE stiffness and fracture energy. Even at small
volume changes, delamination is expected for a broad
range of engineering relevant properties. Inelastic
deformation of the SSE was considered in this
simplified geometry and can contribute significantly
to potentially delaying the onset of delamination by
releasing energy through inelastic deformation of the
SSE. Clearly the coupled chemo-mechanical behavior
of composite cathodes is complex and there is at
present no clear understanding of the desired
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Fig. 8 Representative simulations for composite solid-state
cathodes. a Shows analytical results for the open-circuit
potential for Silicon vs Li with varying stiffness of the
electrolyte matrix. b Capacity (percent dilute vs. dense packing)
of Si in a representative two-dimensional microstructure as a
function of volume ratio of Silicon vs. SSE. The highest capacity
is achieved due to a tradeoff between packing and stress
generation. Reproduced from [172] under creative commons
license CC BY-NC-ND 4.0. ¢ Shows contours of equivalent
(von Mises) stress generated due to thermal contraction (top)
and delithiation (bottom) for a simulation performed using the
smoothed boundary method (SBM). Reproduced with

properties of SSEs for improved performance. Recent
studies suggest that compliant SSEs are beneficial to
prevent delamination while stiff SSEs are beneficial to
delay microcraking. Further, the SSE material will
also serve arole at the anode side of the cell in dendrite
suppression as reviewed in Sect. 2, and the effect of its
mechanical behavior there must also be considered.
Damage, either of the active particles, the SSE, or
the interface is critical to understanding composite
cathodes, and its investigation remains in its infancy.
Use of cohesive elements to discretize interfaces
provides one potential mechanisms for understanding
interfacial failure. This has been studied for electro-
chemical systems but outside of the context of solid-
state batteries, e.g. [143, 188, 189]. Another method
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Electrolyte Young's modulus (GPa)

Fracture energy interface (J/m?)

permission from [181]. d Simulation domain for capturing
fracture of the SSE during lithiation, note that the SSE domain is
discretized with cohesive elements to simulate fracture. e Shows
contours of normalized concentration and hydrostatic stress
with cracks shown in black during lithiation to a state-of-charge
of 0.7. Reproduced with permission from [182]. f Shows a
schematic of the one-dimensional radially symmetric model
with the microstructure approximated by stacking of truncated
octahedrons used to study delamination. The phase-map in
f shows the necessary volume contraction required to initiate
delamination as a function of SSE stiffness and fracture energy.
Reproduced with permission from [183]

which deserves attention in future investigations is the
use of phase-field continuum damage models, also
discussed briefly in Sect. 3.1 above. In this approach,
damage can initiate at any given location and proceed
in any direction without the need for a pre-defined
crack path as is the case for intrinsic cohesive zone
models. The general theory of phase-field continuum
damage models is relatively mature [190, 191], and
there have been a few recent examples of its applica-
tion mainly towards modeling damage of active
particles, e.g. [98, 113, 192—195]. It will be relevant
as a future research direction to investigate the use of
these techniques also in the context of modeling
damage of SSEs.
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Finally, we conclude by noting that direct numer-
ical simulation by finite element analysis is not
exclusively the only technique for modeling the
behavior of solid-state composite cathodes. Recently,
Hao et al. [196] developed a Kinetic Monte Carlo
(KMC) model to solve the electrochemistry formula-
tion and coupled it to a finite element solution where
each cell in the KMC corresponds to an FEA model to
account for chemically induced volume changes of the
active particles. Yu et al. [181], used smoothed
boundary method (SBM) to solve mechanical equi-
librium and compute stresses due to thermal dilatation
as well as chemically induced deformations. Figure 8c
shows representative results from Yu et al. [181] for
equivalent (von Mises) stress generated due to thermal
contraction (top) and delithiation (bottom). This study
is unique as one of the only ones currently investigat-
ing the role of stress generation due to thermal misfit
between components of the composite cathode.

4.3 Summary on modeling composite cathodes

As reviewed above, composite cathodes will play a
critical role in all-solid-state Li-Ion battery architec-
tures. Study of their coupled mechanical-chemical
behavior is in its infancy, and a number of research
avenues remain to be explored. We list here a few key
areas of research the authors feel are of pressing
relevance:

— There is a need for detailed continuum modeling of
experimentally relevant, three-dimensional solid-
state cathode microstructures. Research along this
vein has been performed for liquid electrolytes (cf.
Xu et al. [175]), but has not yet been realized for
solid-state composite cathodes. The inclusion of
damage, discussed in the third bullet point, is
critical.

— Within the context of direct simulation of exper-
imentally relevant microstructures, there is a need
for improved constitutive descriptions of the
relevant phases of the microstructure. Anisotropic
properties, thermo-mechanical behavior, inelastic
deformations all need to be rigorously accounted
for. Further, appropriate boundary conditions for
simulating these representative volume elements
have not been extensively studied.

— As elucidated by the recent work of Bucci and co-
workers [182, 183, 186], the role of damage on

performance of solid-state cathodes is critical.
There is first a need to develop simulations with the
combined effects of possible active particle failure,
SSE failure, and delamination of the two. Three-
dimensional simulations, although computation-
ally expensive, should be realized in order to get an
experimentally relevant understanding of 3D crack
formation and propagation. Within this context,
research needs to be performed to assess what are
the most promising damage modeling techniques
for each of the aforementioned phenomena.

— Finally, we began our review with a discussion of
porous electrode theory, a form of homogeniza-
tion. Once there is a solid fundamental under-
standing of the detailed microstructural behavior
of solid-state composite cathodes there is a need to
develop efficient homogenized models. These
computationally efficient models, if predictive,
can subsequently be used to explore the design
space of all-solid-state batteries and identify
promising candidates for next-generation materi-
als. There is a strong possibility that data analytics
(i.e. machine-learning) can play a role in the
development of these new homogenization tools.

5 Conclusion

The commercialization of next-generation all-solid-
state battery architectures will rely on the development
of predictive models for the various components of the
cell capable of capturing the complex interplay
between chemistry and mechanics. The shear number
of possible material combinations as well as the design
of the microstructure limit the possibility of studying
these systems from a purely experimental perspective.
Modeling techniques are required to identify key
possible candidates for materials and design at all
levels of the SSB. In this review article we have
summarized the state-of-the-art in chemo-mechanical
modeling for (1) Li-metal anodes and dendrite growth,
(2) solid-state electrolytes, and (3) composite cath-
odes. In doing so one key takeaway is that modeling of
these systems is very much at its infancy. A few key
areas have been researched extensively. Driven in
large part by the objective of improving active
materials for traditional liquid electrolyte cell designs,
there have been sustained efforts in the areas of
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modeling Li-dendrite growth through stability analy-
sis as well as in modeling the chemo-mechanical
behavior of active intercalation and reaction electrode
particles. However, as illustrated in this review, there
are significant new challenges in modeling the all-
solid-state battery architecture.

A major challenge is in modeling the solid-state
electrolyte and in particular the unstable formation and
propagation of thermodynamically interphases at the
anode/SSE boundary. This is a fully coupled problem
in that the driving force for reaction at these interfaces
is coupled to the local stress state and the stresses are
significantly influenced by the volumetric expansion
resulting from the formation of the new interphase.
Modeling SSE behavior is perhaps the least well
understood component of SSBs. A number of impor-
tant research avenues in this area are presented in
Sect. 3.4.

With respect to Li-metal anodes, significant
research has gone into predicting the onset and growth
of dendrites at the anode/SSE interface. A number of
contradicting models have been developed for condi-
tions in which dendrite growth is suppressed. How-
ever, at present, most models have been proven
inaccurate by experimental observations. There is a
critical need in this area to develop fully-coupled,
high-fidelity chemo-mechanical models for dendrite
growth problem with a detailed accounting for the role
of surface imperfections and grain boundaries on the
effect of Li dendrite growth at the anode/SSE inter-
face. Further, better constitutive models for the
behavior of Li metal itself are only now being
developed and these still require significant attention.
Future research avenues with respect to Li metal
anodes and dendrite growth are presented in Sect. 2.3.

Finally, modeling efforts were with respect to solid-
state composite cathodes. Unlike the other portions of
the battery, here significant research exists for the
behavior of the individual active particles which are
expected to be deployed in these composite materials.
A number of the main mechanical modeling chal-
lenges thus lie in understanding the damage and failure
in these materials under cycling. There is a need here
for experimentally relevant (or exact) numerical
descriptions of the composite cathode microstructure
integrated with fully-coupled chemo-mechanical
models for the individual constituents. Further, these
models should include all possible mechanisms of
damage. Through such a detailed model one can make

@ Springer

accurate predictions on what the range of SSE/active
material properties need to be in order to mitigate
damage. Further, one may study the design of the
microstructure to understand how key descriptors such
as particle and shape size distribution impact mechan-
ical degradation. Other future avenues for research,
including development of new homogenization tech-
niques, are presented in Sect. 4.3
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