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A B S T R A C T

Lithium-nickel-manganese-cobalt-oxides (NMC) embedded in solid-electrolytes are being extensively applied
as composite cathodes to match the high energy density of metallic anodes. During charge/discharge, the
cathode composite often degrades through the evolution of micro-cracks within the grains, along the grain
boundaries, and delamination at the particle-electrolyte interface. Experimental evidence has shown that
regulating the morphology of grains and their crystallographic orientations is an effective way to relieve the
volume-expansion-induced stresses and cracks, consequently stabilizing the electrochemical performance of the
electrode. However, the interplay among the crystal orientation, grain morphology, and chemo-mechanical
behavior has not been holistically studied. In that context, a thermodynamically consistent computational
framework is developed to understand the role of microstructural modulation on the chemo-mechanical
interactions of a polycrystalline NMC secondary particle embedded in a sulfide-based solid electrolyte. A
phase-field fracture variable is employed to consider the initiation and propagation of cracks. A set of diffused
phase-field parameters is adopted to define the transition of chemo-mechanical properties between the grains,
grain boundaries, electrolyte, and particle-electrolyte interfaces. This modeling framework is implemented in
the open-source finite element package MOOSE to solve three state variables: concentration, displacement, and
phase-field damage parameter. A systematic parametric study is performed to explore the effects of aspect ratio,
the crystal orientation of grains, and the interfacial fracture energy through the chemo-mechanical analysis of
the composite electrode. The findings of this study offer predictive insights for designing solid-state batteries
that provide stable performance with reduced fracture evolution.
. Introduction

All-solid-state batteries (ASSBs) with lithium metal anode have
ade tremendous advancement as a promising solution to the future

f e-mobility due to their higher energy density and safety [1]. Sulfide-
ased solid electrolytes are among the most optimistic candidates
ecause of their high ionic conductivity, cost competitiveness of their
onstituting elements, and possessing mechanical properties, allow-
ng composite electrode preparation at room temperature [2]. These
olid-electrolytes in combination with nickel-rich (LiNixCoyMn1-x-yO2)
athode materials have achieved high initial capacities in many lab
emonstrations [3–6]. Nevertheless, Ni-rich cathodes, when integrated
ith sulfide-based solid electrolytes, suffer rapid capacity fade, which
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can be attributed to the electro-chemical–mechanical degradation of
the composite cathode [7]. Following that, the mechanistic understand-
ing of various degradation mechanisms is the key to stable performance
and long lifespan of ASSBs.

Lithium-nickel-manganese-cobalt-oxides, typically known as NMC
cathode, can deliver a high reversible capacity of above 200 mAh/g
with a high working voltage range of 3 V 4.3 V (vs. Li+/Li) [8].
Attempts have been made to improve the discharge capacity and to
reduce the manufacturing cost of batteries by replacing expensive
cobalt (Co) with nickel (Ni) [9,10]. Nonetheless, the increase in Ni
content within these cathode materials causes capacity degradation and
thermal runaway issues, which are required to be overcome before their
vailable online 24 April 2024
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utilization in practical scenarios [11–13]. Recent experimental results
showed that these limitations are largely influenced by the microstruc-
tural characteristics of cathode materials, i.e., aggregated spherical
secondary particles composed of randomly oriented primary particles
or grains [13–15]. On the one hand, the randomly oriented grains
induce tortuous and prolonged lithium-ion transport pathways through
the secondary particles due to grain boundaries and inconsistent crys-
tallographic orientation [16,17]. On the other hand, the multiple phase
transition during the insertion and extraction of chemical species orig-
inates from non-uniform expansion and contraction of lattice parame-
ters, especially when the parameter 𝑥 in LiNixCoyMnzO2 is > 0.8 [13,
18]. Such an anisotropic volume change in Ni-rich oxide cathode mate-
rials could result in considerable micro-strains at the grain boundaries
of randomly oriented primary particles [8]. Subsequently, micro-cracks
nucleate and propagate within the cathode material, which are further
responsible for the pulverization of secondary particles [19,20]. For
solid-state batteries, the cracking of NMC particles and their debonding
from solid electrolytes are more prominent than in liquid electrolytes
due to volume change during charge/discharge cycles [21,22]. These
fracture mechanisms are experimentally identified as one of the pri-
mary reasons for the rapid capacity degradation of NMC cathodes [23–
25]. To enhance their energy density without compromising the cyclic
stability, the chemical composition of NMC cathodes is modified using
various doping elements (i.e., Al, Ti, B, Zr, Nb, W, and Mo) [26–29].
Numerous surface coating techniques are also performed to suppress
the formation of a cathode electrolyte interphase (CEI) layer on the par-
ticle surface, prolonging cycle life [30,31]. Both coating and ion-doping
of NMC cathodes showed a marginal effect on enhancing the cyclic
stability desired for future energy storage applications [32]. Another
technique, called microstructural modulation, has emerged as a promis-
ing tool to improve cyclic stability in the presence of highly anisotropic
diffusion pathways and lattice expansion/contraction of NMC cathode
materials. Various researchers have proposed using radially-aligned
elongated grains in radial crystal orientations. They found that the
capacity retention of radially-aligned grains is higher than the conven-
tional cathode materials over prolonged charge/discharge cycles [8,
17,33–35]. Nevertheless, the underlying interplay between the mi-
crostructural modulation and fracture mechanisms remains unclarified.
Therefore, the present work is dedicated to filling this gap with a spe-
cific case of a polycrystalline NMC particle embedded in a sulfide-based
solid electrolyte.

Besides the aforementioned experimental efforts, several computa-
tional studies have been performed to evaluate the grain boundary frac-
ture within polycrystalline cathode subjected to lithiation/delithiation
[20,36–40]. These studies are restricted to the discrete inter-element-
based cohesive zone model (CZM), which requires the crack path to
be known a priori. A phase-field fracture model is a reliable tool to
capture the arbitrary crack propagation within the heterogeneous cath-
ode materials [41–43]. Many studies have successfully simulated crack
nucleation and propagation within simplified electrode particles using
phase-field fracture theory [44–47]. In a polycrystalline cathode, the
factors responsible for the crack formation are material composition,
shape and size of the primary and secondary particles, morphological
and crystal orientation of grains, rate, and depth of charge/discharge,
and a number of electrochemical cycles [13,24,48–54]. Although part
of these factors has been studied numerically [55–58], a comprehensive
understanding of combined multiple failure mechanisms, i.e., inter-
granular, intra-granular, and particle–matrix interface fractures, has
not been reported. In a recent study, Singh et al. 2022 [59] de-
veloped a thermodynamically consistent chemo-mechanical model to
simulate the inter- and intra-granular fracture of the polycrystalline
material matrix. They have simulated the nucleation and propagation of
fracture for different grain sizes, matrix modulus, and charge rate con-
ditions. By closely following the model developed by [59], the present
2

work primarily focuses on alleviating the impact of chemo-mechanical
degradation by modifying the morphology and microstructure of ac-
tive material particles. The main objective of the present article is
to understand the role of microstructural modulation on the chemo-
mechanical behavior of a polycrystalline cathode particle embedded
in the solid electrolyte. In this regard, the simulations were performed
with the anisotropic transport properties of lithium-ions in addition to
the anisotropic expansion of grains. Furthermore, the rate-dependent
phase-field fracture was implemented to accommodate the fast charg-
ing conditions. We also utilized the stress-spectral decomposition of
strain energy to accurately avoid the evolution of phase-field fracture
because of the generation of compressive stresses within anisotropic
polycrystalline material. Finally, with the developed FE framework, we
addressed the influence of crystallographic direction, the aspect ratio of
grains, and interface fracture energy on the attendant fracture behavior
for NMC-polycrystalline particles embedded in a sulfide-based solid
electrolyte during the deintercalation process.

2. Inspirations from experimental observations

The research problem to be studied stems from our experimental
observations [60]. Fig. 1(a) and (b) show the electron backscatter
diffraction (EBSD) images of cross-sectioned NMC532 and NMC811
particles, respectively, alongside the r-orientation (i.e., the angle be-
tween radial direction and 𝑐-axis of NMC [15]) of the grains relative
to the radial direction of the particle and the distribution of such.
In the authors’ recent publication [60], the NMC811 particle, a new
generation of cathode materials, was shown to have more radially
oriented grains than the NMC532 particle. The NMC532 and NMC811
particles underwent similar magnitudes of cracking (e.g. Fig. 1(c)), but
the NMC811 particles were observed to maintain higher performance
than the NMC532 particles. This was attributed to the more favorable
orientation of the grains in the NMC811 particles. It should be noted
that this is not a strict comparison because the chemical composition of
the two materials is different. However, the material-level mechanical
properties of NMC532 and NMC811 are close. We, therefore, can still
attribute the stable performance of NMC811 to its microstructural
modulation at the particle level. Furthermore, the previous work was
conducted in a liquid electrolyte where cracks are expected to be
infiltrated with the electrolyte and maintain or improve ion access to
the particles. We acquired an X-ray nano-computed tomography (CT)
image (Fig. 1(d)) of NMC particles in solid electrolyte and observed
that certain regions of the interfacial contact between the particle and
solid electrolyte can become detached following repeated cycling and
morphological evolution of the NMC during operation. Additionally,
unlike in liquid electrolyte cells, in solid electrolyte systems, the elec-
trolyte will not infiltrate the cracks, which will exacerbate the effects
of particle cracking. Therefore, we use this information to explore the
cause and consequences of particle cracking in solid electrolyte systems
and how to design particles with appropriate grain morphology that are
preferable for reduced performance loss and long-life operation.

3. Chemo-mechanical model of heterogeneous electrode materials

A set of thermodynamic systems is utilized to explore the chemo-
mechanical interactions by modulating the grains’ morphology and
crystallographic orientation for a polycrystalline cathode particle em-
bedded in a solid-electrolyte. A schematic illustration of all-solid-state
batteries consisting of two electrodes, a solid-electrolyte, and two cur-
rent collectors is depicted in Fig. 2(a). We are particularly interested
in the chemo-mechanical behavior of a polycrystalline cathode particle
embedded in a solid-electrolyte as shown in Fig. 2(b). Accordingly,
the present study only considers the solid electrolyte as a constraint
to the deformation of the polycrystalline particle. For future studies, a
thermodynamic consistent model will be developed for the solid-state
battery, including the electric potentials, concentrations, mechanics,
and fracture for the solid-electrolyte and electrode materials. A brief
description of the kinematics and governing equations is provided
below. For more detailed derivation, one can refer to an article by Singh

and Pal, 2022 [59].
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Fig. 1. EBSD inverse pole figure (IPF) maps of polycrystalline (a) NMC-532 and (b) NMC-811 with histograms illustrate the measure of crystal orientation of grains (reproduced
from [60]) (c) SEM image showing several intergranular fractures within NMC811 particle (d) Slice view from X-ray computed tomography image depicting the delamination of
argyrodite solid electrolyte from NMC811 particle.
Fig. 2. (a) A Schematic representation of an all-solid-state battery system with multiple components, and (b) Zoomed view of a polycrystalline cathode particle embedded in a
solid-state electrolyte. (c) Experimentally obtained images through Electron Back Scattering Diffraction (EBSD) technique for grain interior of different NMC particles [61,62].
3.1. Kinematics and field variables

Consider 𝛺 ⊂ 𝑅𝑛dim (𝑛𝑑𝑖𝑚 = 1, 2, 3) the arbitrary reference domain
representing the chemo-mechanical system at time 𝑡 with 𝑛dim being
the space dimension. The external boundary of domain 𝛺 is defined
as 𝜕𝛺 ⊂ 𝑅𝑛dim−1 with 𝒏 being the outward unit normal. Let 𝒙 de-
scribe the spatial coordinates for the material points of solid within
𝛺. Subsequently, 𝑐(𝒙, 𝑡) is the scalar field for the concentration of
chemical species per unit volume, and 𝒖(𝒙, 𝑡) is the displacement vector
defined as the kinematic descriptor for diffusion-induced deformation.
To accommodate the initiation and propagation of the crack, a regu-
larized scalar parameter 𝑑(𝒙, 𝑡) ∶ 𝛺 ⊂ 𝑅𝑛dim is adopted, which has a
unit value on the fractured surface 𝛤d and vanishes away from it. In
general, the NMC-based cathode materials undergo smaller volume ex-
pansion/contraction of approximately 3.5% during insertion/extraction
of lithium-ions [63]. Upon considering small strain deformation theory,
the total strain tensor is additively decomposed into elastic 𝜺𝑒 and
chemical part 𝜺𝑐 , as follows.

𝜺 = 1
2
(𝒖 + 𝒖𝑇 ) = 𝜺e + 𝜺c,

𝜺c = (𝑐 − 𝑐0) 𝜷, 𝜷 = 𝛽𝑖𝑗𝒆𝑖 ⊗ 𝒆𝑗 ,
(1)

in which 𝑐0 is the initial or reference concentration within the host
material, and 𝜷 is the dilatational expansion tensor denoted as 𝛽𝑖𝑗 = 0
if 𝑖 ≠ 𝑗, and 𝛽 ≠ 0 if 𝑖 = 𝑗.
3

𝑖𝑗
3.2. Total Helmholtz free energy

Within the chemo-mechanical-damage framework, the Helmholtz
free energy density can be taken as a function of concentration, elastic
strain, and phase field parameter such that 𝛹 (𝑐, 𝜺e, 𝑑,∇𝑑). Accordingly,
the total energy contributions are divided into chemical part 𝛹c, elastic
part 𝛹e and fracture part 𝛹f as

𝛹 (𝑐, 𝜺e, 𝑑,∇𝑑) = 𝛹c(𝑐) + 𝛹e(𝜺e, 𝑐, 𝑑) + 𝛹f (𝑑,∇𝑑). (2)

(A). 𝛹c(𝑐) is the non-uniform distribution of the concentration field
with both entropic and energetic contributions as

𝛹c(𝑐) = 𝑅𝑇 𝑐max[𝑐 ln 𝑐 + (1 − 𝑐) ln(1 − 𝑐) + 𝜒𝑐(1 − 𝑐)], (3)

with chemical potential defined as the derivative of chemical free
energy, such that

𝜇 =
𝜕𝛹c
𝜕𝑐

= 𝑅𝑇 𝑐max

[

𝜒 (1 − 2𝑐) + ln 𝑐
1 − 𝑐

]

(4)

in which 𝜒 is the Flory–Huggins binary interaction parameter which
defines the miscibility gap between the two components or phases, 𝑅
defines the gas constant, 𝑇 denotes the reference temperature, 𝑐max is
the maximum solubility limit of the host lattice and 𝑐 = 𝑐∕𝑐max is the
normalized concentration.
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Fig. 3. Flow chart for the microstructure and mesh generation of a polycrystalline particle embedded in the matrix.
(B). 𝛹f is the dissipated fracture energy and is approximated as

𝛹f (𝑑,∇𝑑) = ∫𝛺
c

[

1
2𝑙d

𝑑2 +
𝑙d
2
∇2𝑑

]

𝑑𝑉 , (5)

where c is the critical Griffith-type energy release rate for the frac-
ture, and 𝑙d is the regularization parameter that describes the actual
thickness of the diffused crack. The phase field fracture approach
resembles the traditional continuum damage models in which the scalar
damage field may be rendered as the phase field parameter 𝑑. The loss
of stiffness related to the mechanical degradation of the material is
defined as a function of 𝑑. It is accomplished through monotonically
decreasing energetic function 𝑔(𝑑) ∈ [0, 1] that relates the stored bulk
energy per unit volume to the strain energy density of the unbroken
solid while satisfying the following properties [43]

𝑔′(𝑑) < 0 and 𝑔(0) = 1, 𝑔(1) = 0, 𝑔′(1) = 0. (6)

(C). 𝛹e is the strain energy density. To avoid the propagation of cracks
during the compression loading, we have divided the elastic energy
density into tensile 𝛹+

e and compressive parts 𝛹−
e , such that

𝛹e =
[

(1 − 𝑑)2(1 − 𝑘) + 𝑘
] 1
2
𝜎+ ∶ 𝜺e +

1
2
𝜎− ∶ 𝜺e, (7)

where a numerical constant 𝑘 > 0 is chosen to be as small as possible
to ensure positive definiteness after the material is fully broken. The
projection tensors are defined to separate the compressive and tensile
parts of the stresses such that.

𝝈+ = 𝐏+𝝈0,

𝝈− = 𝐏−𝝈0,
(8)

where the projection tensors are defined as 𝐏+ = 𝜕𝝈+∕𝜕𝝈0 and 𝐏− =
𝐈 − 𝐏+. A linear elastic material response is considered, such that the
stress tensor of the unbroken material is

𝝈0 = 𝐂 (𝜃) ∶ 𝜺e, (9)

where 𝐂 (𝜃) is the orientation-dependent fourth-order elasticity ten-
sor, with as much symmetry as desired. To take into account the
crystallographic direction of individual grains within the polycrys-
talline cathode, the orientation-dependent elastic stiffness tensor can
be represented as [64]

𝐂 (𝜃) = 𝐐(𝜃)𝐂g 𝐐(𝜃)T, (10)

where 𝐂g is the elastic tensor in the grain coordinate system, and 𝐐 is
the transformation matrix in Voigt’s notation.

3.3. Governing equations

In the absence of any chemical reaction, the governing equations
for the chemical equilibrium, along with the initial and boundary
4

conditions, are summarized as follows:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜕𝑐
𝜕𝑡

+ ∇ ⋅ 𝑱 = 0 ∀𝒙 ∈ 𝛺,

𝑐 = 𝑐p on 𝛤c,

𝑱 ⋅ 𝒏 = 𝐽p on 𝛤J,

𝑐(𝒙, 0) = 𝑐0(𝒙) ∀𝒙 ∈ 𝛺,

(11)

in which 𝑱 is the diffusional flux through the cathode and can be
defined as

𝑱 = −𝐌∇𝜇 = −𝐌
[

𝑅𝑇
(

1
𝑐 (1 − 𝑐)

− 2𝜒
)

∇𝑐

]

. (12)

where 𝐌 is the concentration, damage, and orientation-dependent
anisotropic mobility tensor for the insertion of lithium species as

𝐌(𝑐, 𝑑, 𝜃) = (1 − 𝑑)2𝑐(1 − 𝑐) 𝐃
𝑅𝑇

, (13)

in which D is the orientation-dependent diffusion tensor for individual
grains of the polycrystalline cathode material described as

𝐃 = 𝐐(𝜃)𝐃g𝐐(𝜃)T, (14)

with 𝑫g defines the diffusivity tensor in the grain coordinates for the
anisotropic transport of lithium ions.

Upon neglecting the inertial and body forces, the mechanical equi-
librium equation, together with boundary conditions, is defined as

⎧

⎪

⎨

⎪

⎩

∇ ⋅ 𝝈 = 𝟎 ∀𝒙 ∈ 𝛺,

𝒖 = 𝒖p on 𝛤u,

𝝈 ⋅ 𝒏 = 𝒕p on 𝛤t .

(15)

Finally, the governing equation for the rate-dependent phase field
fracture [43] is derived by taking the functional derivative of total
free energy as �̇� = −𝐿𝛿𝛹∕𝛿𝑑 and expressed along with the boundary
conditions as follows.
⎧

⎪

⎨

⎪

⎩

�̇� = −𝐿

[

c
[

𝑑
𝑙d

− 𝑙d∇2𝑑
]

− 2(1 − 𝑑)

]

∀𝒙 ∈ 𝛺,

∇𝑑 ⋅ 𝒏 = 0 on 𝜕𝛺,

(16)

where 𝐿 is the mobility parameter associated with the phase field
fracture, and  is the history variable for avoiding crack healing
during the evolution of phase-field fracture. More specifically, a history
variable  is defined as the maximum energy density over the time
interval 𝜏 = [0, 𝑡] with 𝑡 denoting the current time step and expressed
as

 = max
𝜏∈[0,𝑡]

{

𝛹+
e
}

. (17)

3.4. Diffused interface model

To handle the discontinuities in the material properties of interfaces
and the bulk, a set of auxiliary field variables 𝜂1(𝒙) and 𝜂2(𝒙) for
grain boundaries and particle/solid-electrolyte interface, respectively
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Fig. 4. (a) Polycrystalline particle embedded in solid-electrolyte subjected to constant flux boundary condition over the surface of the particle. All four corners of the domain are
fixed, and periodic boundary conditions are enforced on all four sides of the domain. (b) Distribution of aspect ratio and morphological crystal orientation for individual grains.
(c) Distribution of diffused interface parameters illustrating the grain boundaries 𝜂1 and particle/solid-electrolyte interface 𝜂2. (d) Anisotropic expansion coefficient for NMC811
upon lithium deintercalation [66]. The transverse and normal coefficients of expansion coefficients 𝛽t and 𝛽n are assumed as one-third of the ratio of normalized change in length
over a change in concentration in the range of interest. (e) Equilibrium potential of the NMC cathode [67].
are introduced. The strong form of the interface phase field model,
along with the boundary conditions, can be specified as
⎧

⎪

⎨

⎪

⎩

𝜂𝑘 − 𝑙2𝑘∇
2𝜂𝑘 = 0 in 𝛺,

𝜂𝑘(0) = 1 on 𝛤𝑘,
∇𝜂𝑘 ⋅ 𝒏 = 0 in 𝜕𝛺.

(18)

in which the interface phase field 𝜂𝑘(𝑥) can be solved once the locations
and material properties of the interface are determined. The extreme
values 𝜂𝑘 = 1 and 𝜂𝑘 = 0 signify the interface and the bulk material.
While 0 < 𝜂𝑘 < 1 describes the transition zone between the interface
and bulk whose width is controlled by interface phase-field length
scale 𝑙𝑘. To define the smooth variation of material properties within
the transition zone of grains, grain boundaries, and particle/solid-
electrolyte interface, an equivalent material property [65] is introduced
as
𝛩𝑠 (𝜂1, 𝜂2

)

=ℎ1
(

𝜂1
)

ℎ2
(

𝜂2
)

𝛩G +
[

1 − ℎ1
(

𝜂1
)]

𝛩GB

+
[

1 − ℎ2
(

𝜂2
)]

𝛩PMI,
(19)

in which 𝛩G, 𝛩GB, and 𝛩PSI are the material properties of grains,
grain boundaries, and particle/solid-electrolyte interface, respectively.
A quadratic function of ℎ𝑘 =

(

1 − 𝜂𝑘
)2 is considered to ensure that

the equivalent properties at extreme values should degenerate to the
original ones, and for the rest of the cases, the properties change
continuously and monotonously [65].

To solve the coupled set of discretized equations, the finite-element-
based open-source Multiphysics Object-Oriented Simulation Environ-
ment (MOOSE) simulation platform [68,69] is utilized.

4. Microstructure and mesh generation

To understand the role of microstructural modulation, microstruc-
tures with controlled features are generated by varying the aspect ratio,
geometrical orientation, and crystallographic orientation of grains.
These microstructures are generated by following steps mentioned in
Fig. 3: (a) packing the seed geometries within the circular domain, (b)
tessellating the seeds into polygonal grains using equidistant distance
formula, (c) identification of microstructural features by fitting grains
5

within the ellipses, and (d) structured meshing to create a quadrilateral
mesh.

5. Results and discussion

We investigated the role of microstructural modulation, i.e., the
crystallographic direction and aspect ratio of grains subjected to gal-
vanostatic charging (constant flux) conditions for spatial fracture evo-
lution (Fig. 4(a)). The distribution of aspect ratio and morphologi-
cal orientation of grains are provided in Fig. 4(b). Further, the dif-
fused interface parameters representing the grain boundaries (𝜂1) and
particle/solid-electrolyte interface (𝜂2) are illustrated in Fig. 4(c). To
simulate the realistic condition of a NMC-polycrystalline particle, the
geometric parameters such as the number and average aspect ratio of
grains is extracted from the processed Electron Backscattering Diffrac-
tion (EBSD) images shown in Fig. 2(c). As per the parameters obtained
and for simplicity, the total number of grains inside a particle and their
average aspect ratio are assumed to be 𝑁g = 83 and AR = 1.6, respec-
tively. At the beginning, the intercalation state of the cathode particle
is assumed to be 𝑥 = 0.95 in LixNiMnCoO2, and the deintercalation
process ends when the average surface concentration of the particle
becomes 𝑥 = 0.27. Further, the anisotropic expansion/contraction of
the cathode particle is considered by approximating the values pro-
vided by Lim et al. 2018 [66] as given in Fig. 4(d). The equilibrium
overpotential against the normalized surface concentration is provided
in Fig. 4(e). To better correlate with the magnitude of stresses devel-
oped in three-dimensional microstructures, we consider the 2D plain
strain approximation condition without chemical expansion in the out-
of-plane direction [70]. Various parameters required for the subsequent
simulations are shown in Table 1.

5.1. Crystal orientation

To understand the role of crystal directions on the chemo-mechanical
behavior, the crystallographic orientation of grains with normal distri-
bution having mean equal to �̄� = 00 and standard deviation varies from
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Table 1
Material parameters of NMC-polycrystalline cathode and sulfide-based solid
electrolyte.

Parameters Values

Diffusivity 𝐃g =
[

10−13 0
0 10−15

]

m2∕s [58]

Interaction parameter 𝜒 = 1
C-Rate 1C
Gas constant R = 8.314 J∕mol∕K
Temperature T = 300 K
Faraday’s constant 𝐹 = 96 485 C∕mol
Reaction coefficient 𝑘 = 1.9 × 10−9 m2.5 mol−0.5/s
Density 4870 g∕cm3

Maximum concentration 𝑐max = 51 554 mol∕m3

Elastic modulus of cathode 𝐸P = 140 GPa [71]
Poisson ratio of cathode 𝜈P = 0.3 [72]

Elastic modulus of Li2S − P2S5 solid-electrolyte 𝐸SE = 19 GPa [73]
Poisson ratio of matrix 𝜈SE = 0.34

Fracture energy G
c = 2.5 J∕m2 [66]

GB
c = PMI

c = 1 J∕m2 [38]
SE
c = 2.78 J∕m2 [74]

Length scale parameter 𝑙d = 2.75 × 10−7 m
𝑙1 = 𝑙2 = 1 × 10−7 m

𝑠𝜃 = 50 to 900 are generated as shown in Fig. 5(a). The contour plots
of the phase field fracture parameter at the end of the deintercalation
cycle for the different distribution of crystal directions are plotted in
Fig. 5(b). A significant fracture regime emerged for the radial distri-
bution of crystal orientation (𝑠𝜃 = 50). Due to the deintercalation of
chemical species in the radial direction, more circumferential or hoop
stresses are generated, which leads to the evolution of radial fracture.
The NMC-polycrystalline particle having radial crystal orientation with
𝑠𝜃 = 300 shows the combination of radial and circumferential cracks.
This is because the deviation from radial crystal orientation enhances
the tendency of both radial and circumferential stress generation. How-
ever, the density of radial fractures is higher than the circumferential
cracks. With the further increase in 𝑠𝜃 from 300 to 900, the crack density
and length decrease significantly.

Further, the evolution of maximum damage value within the do-
main and volumetric average of von Mises stress generation is de-
termined and illustrated in Fig. 5(c) and (d), respectively. With the
increase 𝑠𝜃 from 50 to 900, the rate of fracture decreases with the phase
field parameter reaches 𝑑 = 1 significantly earlier for 𝑠𝜃 = 50 and
quite afterward for 𝑠𝜃 = 900. The extent of deintercalation is reduced
with the increase in 𝑠𝜃 = 50 to 900, and hence, the crack density is
considerably lowered. It should be noted that we are not considering
the stress-induced diffusion coupling; therefore, the extent of deinterca-
lation or depth of discharge is only attributed to either fracture and/or
crystal orientation. During the beginning of the simulation, the von
Mises stress is higher for the radial crystal orientation; however, the
earlier fracture evolution reduces the magnitude of stress. At the end
of the deintercalation process, the stress magnitude is highest for 𝑠𝜃
= 50 and minimum for 𝑠𝜃 = 600. Moreover, the voltage evolution for
polycrystalline particle with different crystal orientation distributions
are shown in Fig. 5(e). With the increase in the standard deviation of
crystal orientation from 𝑠𝜃 = 50 to 900, the arrival of terminal voltage
expedites. It is because the higher the crack density occurred at the
earlier phase of deintercalation, the more it will hinder the deinter-
calation; hence, reaching the terminal voltage will take longer. This
result is one of the advanced analyses estimated by our model and is
contradictory to the electrochemical analysis of liquid electrolyte-based
cells. As the liquid electrolyte penetrates the cracks of the particles,
the electrochemical performance of the particles is improved with the
increase of active surface area. This is also because the electrochemical
properties of the electrolyte such as migration, and diffusivity can be 2–
5 orders higher than those of the active material [75]. However, in this
case, the solid-electrolyte does not penetrate the cracks of the particle,
the crack becomes a factor preventing deintercalation.
6

To perform the statistical analysis, we have generated five mi-
crostructure samples having equivalent radial crystal orientation with
mean �̄� = 00 and standard deviation 𝑠𝜃 = 600. Contour plots for phase-
field fracture for the different samples having a normal distribution of
radial crystal orientation at the end of deintercalation are illustrated
in Fig. 6(a). The evolution of phase-field fracture within the cathode
particle is mainly in the circumferential direction for all the samples.
However, a few radial cracks have also emerged within the particle.
Fig. 6(b–d) illustrates the evolution of maximum phase field parameter
value, a volumetric average of von Mises stress, and voltage within the
domain. For all samples with a similar standard deviation of crystal
orientation, the volumetric average of von Mises stress and voltage
evolution within the domain is bounded within the narrow region.

5.2. Aspect ratio

One of the major parameters of microstructural modulation is the
aspect ratio of grains. As mentioned earlier, the radially oriented single
crystal primary particles provide a simple and efficient method to
enhance the performance and applicability of Ni-rich layered oxide
cathode materials [8]. Accordingly, we conducted a parametric analysis
to investigate the influence of the grain’s aspect ratio on the chemo-
mechanical behavior of NMC-polycrystalline particle embedded in the
solid-electrolyte subjected to 1C charge rate condition. Therefore, the
microstructures with varying aspect ratios (AR) from AR = 2 to 14
are generated. Further, the morphological orientation of the grains is
assumed to be in the radial direction. It is because the researchers have
pointed out that the radial morphological grains are favorable to the
transport of chemical species without inducing significant intergranular
strains; thus, they are less prone to fracture. The simulations are
performed for normal distribution of crystal orientation having mean
�̄� = 0◦ and standard deviation 𝑠𝜃 = 60◦. Fig. 7(a) illustrates the contour
plots of phase-field fracture parameters for different aspect ratios of
grains having radial crystal orientation at the end of the deintercalation
cycle. It can be seen that the fractured regime decreases by changing
the aspect ratio from AR = 2 to 14, with a maximum crack density
observed for AR = 2. It should be noted that AR = 14 signifies the
complete radial grains having minimum grain boundaries along the
radial direction. A similar pattern of minimum or negligible fracture
is also observed by Xu and co-authors [8]. They have explained that
the radially elongated grains have lesser intergranular stresses, which
helps to reduce or eliminate the occurrence of fracture within the NMC-
polycrystalline cathode. Even though the crack density is minimum for
AR = 14, some circumferential cracks and partial damage zones within
the grains or grain boundaries exist. The radial crystal orientation gen-
erates critical tensile radial stresses, resulting in circumferential cracks.
However, the partial damage zone within the grains or grain boundaries
exists as no sufficient driving force is available for further crack growth.
There is always uncertainty for such needle-like grains if the radial
cracks occur within the grains or grain boundaries, as the length scale
parameter might have a higher value in comparison to the width of the
grain. In this section, we formed polycrystal particle structures having
radially oriented single crystal primary particles with different AR, and
successfully simulated cracks occurring inside the particles. We believe
that this modeling can directly interpret the experimental results of
reduced cracks inside polycrystalline particles having radially oriented
single crystal primary particles, which have not been exactly identified,
so provides deep insight for particle design to reduce cracks.

Fig. 7(b) depicts the evolution of maximum phase field parameter
value for polycrystalline particles having different aspect ratios of
grains. For AR = 2, the plane field fracture parameter reaches the
terminal value much earlier in comparison to AR = 4.85, 9, and 14,
which attain terminal damage values at approximately the same time.
Other than that, the rate at which the phase field parameter advances
from 0 to 1 is decreased with the increase in the aspect ratio of grains.
Fig. 7(c) illustrates the evolution of averaged von Mises stress within
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Fig. 5. (a) Contour plots illustrating the radial crystal orientation of grains having mean (�̄� = 00) and standard deviation varies from 𝑠𝜃 = 50 to 900. (b) Contour plots of phase-field
fracture parameters within the polycrystalline particle having various radial crystal orientations of grains. (c) Evolution for maximum phase field parameter value, and (d) the
volumetric average of von Mises stress field within the domain. (e) Voltage vs time plot with voltage calculated using the average surface concentration of the particle. Simulations
are performed for polycrystalline particle embedded in solid-electrolyte subjected to a deintercalation cycle at 1C C-rate condition.
the domain for various aspect ratios of grains. The average von Mises
stress for all aspect ratios of grains lies within the narrow zone with a
minimum value observed for AR = 4.85. Further, the voltage evolution
for polycrystalline particles with grains having AR = 2 to 14 are plotted
in Fig. 7(d). It shows that the higher the crack density, the higher the
hindrance to the deintercalation; hence, reaching the terminal voltage
will take longer. We have concluded that the aspect ratio of grains
and crystal orientation predominantly alter the fracture behavior of
NMC-polycrystalline particle embedded in solid-electrolyte.

5.3. Interface fracture energy

Besides the aspect ratio, tailoring the grain boundary properties
is also found to be a classical protocol for reducing or preventing
the disintegration of secondary particles. Recently, an experimental
study has been performed to infuse the solid-electrolyte through the
grain boundaries, which typically enhances the capacity retention and
voltage stability of the NMC-cathode material [76] . Accordingly, the
present section evaluates the effect of grain boundary fracture energy
on the chemo-mechanical behavior of polycrystalline particle embed-
ded in solid-electrolyte. For doing so, the polycrystalline particle having
a grains aspect ratio of AR = 4.85 is considered, and the grain bound-
ary fracture energy is varied from 0.5 to 4 Jm−2. We have assumed
that fracture energies of the particle/solid-electrolyte interface remain
constant for simplification.
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Fig. 8(a) illustrates the pictograph of phase field parameter within
the polycrystalline cathode particle having grain boundary fracture
energy varies from GBc = 0.5 to 4 Jm−2. An increase in interface
fracture energy from GBc = 0.5 to 4 Jm−2 reduces the crack density;
thus, the resistance to the crack propagation enhances, which hinders
or eliminates the appearance of fracture. This is because the higher the
interface fracture energy, the more will be the driving force required
to initiate and propagate the crack within the domain. In particular,
for GBc = 0.5 Jm−2, the maximum crack evolution can be seen in both
radial and circumferential direction. However, for GBc = 4 Jm−2, no
crack evolution occurred. Further, the maximum damage value within
the domain is plotted over the deintercalation cycle in Fig. 8(b). It can
be clearly seen that the rate at which the phase field fracture reaches its
upper terminal value, i.e., d = 1 is highest for lower interface fracture
toughness (𝐺𝑐 = 0.5 Jm−2) and decreases with the increase in interface
fracture toughness from GBc = 0.5 to 2 Jm−2. For GBc = 4 Jm−2, the
phase field parameter did not achieve its terminal value throughout
the deintercalation cycle. Zhang et al. 2019 [77] have also observed
a similar trend of a higher rate of increase in phase field fracture
parameters for smaller fracture energy, which results in multiple cracks.
Fig. 8(c) depicts the average von Mises stress within the domain. It can
be observed that the magnitude of stresses within the polycrystalline
cathode particle is enhanced with the increment in interface fracture
energy. As mentioned previously, the higher the interface fracture en-
ergy, the more resistance to the driving force of fracture. Accordingly,
the material will hold more stress before the crack initiation. Fig. 8(d)
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Fig. 6. (a) Contour plots of phase-field fracture parameters within the polycrystalline particle having radial crystal orientation of grains. (b) Evolution for maximum phase field
parameter value, and (c) the volumetric average of von Mises stress field within the domain. (d) Voltage vs time plot with voltage calculated using the average surface concentration
of the particle. For statistical analysis, all five samples have the same mean and standard deviation of radial crystal orientation, i.e., �̄� = 0 and 𝑠𝜃 = 600. Simulations are performed
for polycrystalline particle embedded in solid-electrolyte subjected to a deintercalation cycle at 1C C-rate condition.
Fig. 7. (a) Contour plots of phase-field fracture parameters within polycrystalline particle having different aspect ratios of grains. (b) Evolution for maximum phase field parameter
value, and (c) the volumetric average of von Mises stress field within the domain. (d) Voltage vs time plot with voltage calculated using the average surface concentration of the
particle. Simulations are performed for polycrystalline particle with aspect ratios varying from 2 to 14 and subjected to deintercalation at 1C C-rate condition.
shows the voltage evolution with time, which illustrates that the lesser
the interface energy, the faster it reaches the terminal voltage and
vice-versa as per the rate of fracture evolution and diffusion hindrance
caused by it. As mentioned earlier, the deintercalation can be affected
by two factors: the crystal orientation and the evolution of fracture. In
addition, the synergistic effect of crystal orientation and aspect ratio
also plays a significant role in the deintercalation process. The present
8

section concludes that the change in interface fracture energy can sig-
nificantly alter the chemo-mechanical behavior of NMC-polycrystalline
particle embedded in sulfide-based solid-electrolytes.

In addition to the fracture toughness of grain boundaries, the
particle–matrix interface can significantly alter the fracture behavior
of polycrystalline particles embedded in solid electrolytes. Mechanical
properties of the particle-SE interface can change with the type of solid
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Fig. 8. (a) Contour plots of phase-field fracture parameters within polycrystalline particle having different aspect ratios of grains. (b) Evolution for maximum phase field parameter
value, and (c) the volumetric average of von Mises stress field within the domain. (d) Voltage vs time plot with voltage calculated using the average surface concentration of the
particle. Simulations are performed for polycrystalline particle with aspect ratios varying from 2 to 14 and subjected to deintercalation at 1C C-rate condition.
electrolyte, cathode, and their interactions, such as the CEI layer. Singh
et al. (2022) [59] found that increasing the matrix’s elastic modulus
from 1 GPa to 100 GPa intensifies the crack density within the matrix.
For matrix modulus greater than 30 GPa, significant particle–matrix
interface debonding occurs. According to Park et al. 2023 [78] the
CEI layer (formed by the oxidation of organic additives) has an elastic
modulus that is similar to sulfide-based solid electrolytes (E ≤ 20
GPa). Likewise, it should not significantly affect the crack propagation
within the polycrystalline cathode particle. However, in general, the
brittle and weak interface layer can restrict the volume change of cath-
ode particles during charge/discharge, leading to particle-SE interface
debonding and an increase in crack density within the polycrystalline
cathode.

6. Conclusions

It is important to note that particle fracture will happen irrespective
of the liquid- or solid-electrolyte. However, electrolyte infiltration will
not occur in the case of solid-electrolyte, which further deteriorates the
ionic path of chemical species. Therefore, the cathode particle design
is more important for solid-electrolyte systems than liquid-electrolyte
systems. In this regard, a chemo-mechanical model of an NMC poly-
crystalline particle was developed and comprehensively investigated
the interplay among the crystal orientation, grain morphology, and
chemo-mechanical behavior, which have been difficult to characterize
experimentally and in previously developed models. Based on this com-
prehensive analysis, the brief succinct advice to cathode manufacturers
for designing more robust polycrystalline particles for solid-electrolytes
are: (1) Determining the critical crystal orientation for the synergistic
effect of the better transport path, reduced stress generation, and lower
crack density. This could already be realized by existing industrial tech-
niques in the sintering process, as already witnessed in commercialized
NMC811 products. (2) Generating elongated radial grains by increas-
ing their aspect ratio for reduced crack density. This is also already
9

manageable with some reported technologies [8]. (3) Increasing the
fracture toughness of interfaces to maintain the mechanical integrity of
particles while electrochemical cycling which prevents the disruption
of ionic pathways. One way is to infuse less stiff and high ductile
solid-electrolyte into the grain boundaries [76].

Recent studies have investigated that solid-electrolytes show rate-
dependent deformation behavior, which can significantly impact the
overall performance of solid-state batteries [79,80], and will be incor-
porated into the present framework for future studies. Experimental
quantification of stress along crack growth during chemo-mechanical
loading is extremely challenging; however, the recent research shows
promising results in probing stress along dendrite growth in solid
electrolytes [81]. Another limitation of the proposed model is the
inability to characterize chemo-mechanical behavior of grains smaller
than the length scale parameter of phase-field fracture. For considering
the small grains, one needs to refine the mesh so that the grain size
should be considerably bigger than the length scale parameter, making
the model computationally expensive. For such cases, simply reducing
the length scale parameter and mesh size may result in under-predicting
the fracture behavior. It is because, as mentioned in Appendix A.1,
the maximum strength of the material will increase with a decrease
in the length scale parameter (see Eq. (20)). As maximum strength is a
material property, a grain size limit exists for simulating polycrystalline
material with the proposed approach.
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Appendix

A.1. Discussion on the choice of length scale parameters

The present model is comprised of three length scale parameters
i.e., 𝑙d, 𝑙1, and 𝑙2 which control the width of phase-field fracture zone,
rain boundaries, and particle/solid-electrolyte interfaces, respectively.
t should be mentioned that the length scale parameter in the phase
ield model plays a critical role in the initiation and propagation of
racture [82,83]. For example, the critical stress for the nucleation of
he crack is inversely proportional to the square root of the length
cale parameter. In that context, the length scale parameter can be
etermined in two ways, i.e., either assume length scale as a numerical
arameter having value recommended to satisfy 𝑙 > 2ℎ in which ℎ

defines the characteristic element length [43], or a material parameter
whose value is a function of elastic modulus, fracture strength and
fracture toughness of material [84] as follows

𝜎 = 9
16

√

𝐸𝑐
3𝑙d

. (20)

In this study, the values of 𝑙1 and 𝑙2 are chosen to follow the 𝑙1, 𝑙2 > 2ℎ
condition. Further, the length scale parameter 𝑙d is adopted to follow
even strict conditions of 𝑙d > 4ℎ to accurately resolve the phase field
fracture zone. We have performed the mesh convergence study (not
reported here) to ensure that the fracture behavior is independent of
the mesh size.
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