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A B S T R A C T

Minimizing interfacial failure in the composite cathode remains a crucial challenge to unravel the full potential
of all solid-state batteries (ASSBs). Polymer-based ASSBs offer promising means of minimizing those damage
effects due to their high ductility. However, multicomponent polymers such as block copolymers (BCPs)
are needed to meet requirements for both ionic conductivity and mechanical resistance. This study aims to
provide a new insight into the combined effects of block copolymer composition (soft-to-hard phase ratio) and
interfacial strength on the coupled diffusion-mechanics response of an ASSB cathode, achieved by proposing
a non-linear computational micromechanics approach. The approach combines a pressure-dependent diffusion
process, interfacial gap-dependent diffusivity, and advanced elasto-viscoplastic constitutive model for a BCP,
and it is implemented numerically within a non-linear finite element framework. Two cathode design concepts
are explored here, with and without the BCP coating. Results from these case studies suggest that there is a
strong interplay between the interface strength (between active particles and the BCP matrix), the BCP material
composition, and the interfacial diffusivity. It is found that interfacial damage can be minimized by increasing
both the interfacial strength and the amount of the soft component in the BCP system. If the diffusivity across
the interface is damage-dependent, the latter is reduced when the BCP is predominantly made of the hard
phase. Ultimately, a simple sensitivity analysis reveals that interfacial strength plays a vital role in minimizing
interfacial damage, while the coating thickness is the least influential design parameter.
1. Introduction

Over the last few years, ASSBs lithium metal batteries have been
widely investigated as an alternative to state-of-the art Li-ion batteries,
due to their high specific energy storage and densities, long cycling
lifespans, low-discharge rates, and increased safety [1–5]. However,
due to their solid-state nature, the ASSBs are more prone to mechanical
degradation than their aqueous electrolyte-based battery counterparts.
In fact, deformations arising from the volumetric expansion of the cath-
ode active material, and externally applied pressure cannot be easily
accommodated within geometrical constraints of ASSBs. As a result,
mechanical failure can occur within the bulk and at various interfaces
(e.g. active material/electrolyte interface) in the form of voids and
cracks that may disrupt both the electrochemical performance and
structural integrity of the battery [6–9]. These effects are of particular
importance to ASSBs with rigid/brittle components such as ceramic
electrolytes that may suffer from cracks, delaminations or debondings
during battery operation [4–9].
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Therefore, there has been an increasing interest in using alter-
native materials and design concepts for ASSBs to minimize those
damage phenomena. They include applying more ductile solid elec-
trolyte components such as polymers. Although solid-state polymer
electrolytes offer excellent processability light weight, and good resis-
tance to fracture, they suffer from low ionic conductivity (especially at
lower temperatures) [4]. To address that challenge researchers have
looked into developing polymer–ceramic composite electrolytes that
combine benefits of both material systems [10,11]. Another viable
route is to develop future damage-resistant materials for ASSBs in
the form of (di-)block copolymers (BCPs) where one component pro-
vides sufficient mechanical resilience while the other controls the ionic
conductivity [12,13]. Such a multicomponent material approach can
offer promising means to mitigate effects of volumetric changes, espe-
cially when combined with relevant battery design concepts including
polymer-based coating of active materials [14,15].
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However, the main challenges related to the full exploitation of
BCPs in ASSBs are related to their large design parameter space that
ultimately requires better understanding of the relationship between
their morphology and performance within ASSBs. Hence, a system-
atic study of those relations is of key importance to provide some
design principles of those materials for ASSBs. Clearly, a systematic
experimental investigation of those relationships poses the well-known
challenges i.e. resources and time required. The advanced materials
modelling can offer a significant assistance and therefore can help to
provide new insights into the damage behaviour of ASSBs using BCP
materials.

In comparison with more traditional Li-ion batteries where a sig-
nificant amount of research on damage was carried out (see for ex-
ample [16–18]), modelling of ASSBs, and in particular of their dam-
age behaviour, has attracted less attention. Among such models, it
is worthwhile highlighting some examples of models (both analytical
and computational) attempting to provide insights into damage be-
haviour at interfaces around active particles and solid electrolytes at the
microscale [19–23]. In particular, a one-dimensional (1D) analytical
linear elastic model was proposed in [19] to capture the interfacial
mechanical damage between an active particle and solid electrolyte.
In [20], a gradient enhanced damage model was developed to predict
damage during Li-ion battery cycling based on particle size and spacing.
Moreover, a phase-field electro-chemo-mechanical model approach was
recently proposed in [21] to predict the void evolution at the Li-
electrolyte interface in ASSBs. Electro-chemo-mechanical approaches
were proposed at the macroscopic and microscopic ASSB levels under
the assumption of linear elasticity [22–24]. The majority of those
works have focussed on inorganic and rigid electrolytes, modelled as
linear elastic solids. However, to investigate accurately the effects of
polymeric components on the mechanical response of the ASSB, their
non-linear and time-dependent nature must be captured by a relevant
elasto-viscoplastic constitutive model. Furthermore, in the context of
BCPs, the relationship between their material composition (e.g. compo-
nent ratio) and macroscopic mechanical response must be additionally
accounted for within their constitutive model to fully unveil their
effects on the mechanical response of a polymer-based ASSB.

The aim of this work is to provide a new insight into the use of
BCPs in ASSB cathodes (either as matrices or coatings) by exploring a
complex interplay between their non-linear response, interfacial dam-
age and Li-ion transport at the microscale of a model cathode. This
is achieved by developing a 3D non-linear computational diffusion-
mechanics approach that significantly extends our earlier work [25].
The main contribution here is related to the description of the non-
linear constitutive response of a BCP by adopting the concept of the
composite inclusion [26] to incorporate morphological features of a
model di-block copolymer such as soft-to-hard component ratio. The
modelling approach is then applied to two design case studies for a
BCP-based cathode to study the effects of the soft-to-hard component
ratio, interfacial strength and interfacial diffusivity on the magnitude of
the interfacial damage, and their implications on the Li mass transport.
The proposed approach is complemented with a simple sensitivity
analysis to reveal the most crucial cathode design parameters that affect
interfacial damage in ASSBs.

The paper starts with the detailed description of two design case
studies and related modelling assumptions. It is then followed by the
formulation of the diffusion-mechanics problem that contains a detailed
description of the BCP constitutive model in terms of the composite
inclusion concept. Standard tensor notation is employed here to de-
scribe the details of the model. Results of the simulations for two design
case studies are complemented by a simple gradient-based sensitivity
2

analysis of the model design parameters.
2. Background and main assumptions

A typical ASSB is made of a positive electrode (cathode), and a
negative electrode (anode), separated by a solid-state electrolyte (SE),
and current collectors (CC) attached to the external sides of both
electrodes (see Fig. 1(a)).

Active particles (AP) reside in the cathode layer made of a material
depending on the design concept adopted here (see below). During
charge/discharge (lithiation/delithiation) cycles, the volume of the APs
change cyclically and can lead to the debonding and the subsequent
disruption of ionic conductivity upon formation of an interfacial gap.
Hence, the battery material design should aim at minimizing the inter-
facial gap (or ideally avoiding it at all) by a careful combination of the
matrix material surrounding the particles, and also the adhesion of the
AP/matrix interface.

Two conceptual material configurations for a ASSB battery, which
for brevity are called 𝐷𝑒𝑠𝑖𝑔𝑛𝑠, are studied in the context of the use of
BCP material system. In particular, 𝐷𝑒𝑠𝑖𝑔𝑛 𝐼 (Fig. 1(b)) exploits the
use of BCP as the matrix material spanning the battery across from the
current collector right to the anode — hence, the cathode particles are
assumed to be embedded within the BCP matrix, which is assumed here
to be seamlessly connected with the solid electrolyte layer. From the
manufacturing point this design may be achieved via an extrusion pro-
cess traditionally used for thermoplastic polymers – then, the extruded
layers of the solid electrolyte and cathode particle-reinforced BCP layer
can be thermally bonded under pressure taking advantage of the same
kind of polymer – the latter can also help to achieve a good connection
at the interface between the solid electrolyte and cathode layers. 3D
printing processes can also be considered to achieve this design. The
𝐷𝑒𝑠𝑖𝑔𝑛 𝐼 concept has the advantage of avoiding an imperfect interface
between the cathode and solid electrolyte (especially in the case of
ceramics-based solid electrolyte).

For the 𝐷𝑒𝑠𝑖𝑔𝑛 𝐼𝐼 concept (Fig. 1(c)), the APs in the cathode are
coated by a BCP layer of a certain finite thickness. The coated particles
are then assumed to be embedded in a ceramic matrix of the cathode
layer that is adjacent to the ceramic solid electrolyte layer. The main
advantage of this design is expected to result from a deformable BCP
coating that can minimize the effects of volumetric expansion of APs.
In both cases, the focus here is on the interface between APs and BCP
matrix (𝐷𝑒𝑠𝑖𝑔𝑛 𝐼), and APs and BCP coating (𝐷𝑒𝑠𝑖𝑔𝑛 𝐼𝐼).

For computational convenience a highly complex cathode
microstructure consisting of irregularly shaped NMC APs (see e.g. [27–
29]) is idealized with a regular arrangement of spherical particles
within the cathode. Moreover, it is assumed that the negative electrode
is made of a monolithic Li-metal that is a promising material candidate
for the anode [30,31]. Hence, as the focus here is on exploring interfa-
cial damage processes occurring in the cathode, and that it is relatively
stiff (mechanically) compared to our material components (especially
BCP), it has been replaced by relevant mechanical constraints (see
Section 3.3).

3. Formulation of the problem

3.1. Governing equations for the bulk components

Electrochemical processes occurring in ASSBs during their cycling
lead to transport of ions and electrons, and deformations within a typ-
ical ASSB cathode. Here, we neglect electrical fields, and focus specif-
ically on the coupling between diffusion of Li-ions and mechanical
stresses. In particular, Li-ion concentration-driven volumetric changes
(expansion and contraction) of APs lead to mechanical stresses due to
various geometrical constraints within the battery. In turn, stresses can
affect Li-ion transport through the constitutive equation (i.e. pressure-
dependent diffusion flux) and interfacial damage (i.e. gap-dependent

interfacial diffusivity) — both will be discussed in subsequent sections.
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Fig. 1. Schematic representation of a typical layered ASSB — overall view; and two proposed Designs I and II.
The stress- and mass-balance equations are used here as two govern-
ing equations that need to be satisfied within each battery component,
as follows:

∇ ⋅ 𝛔 = 0 (1)

𝜕𝑐
𝜕𝑡

= −∇ ⋅ 𝐣 (2)

where 𝛔 is the Cauchy stress tensor, 𝐣 stands for the mass flux and 𝑐
indicates the Li molar concentration.

Eqs. (1)–(2) are complemented in the usual way by relevant consti-
tutive laws that govern the material response, AP/BCP interface con-
ditions (traction–separation law; interfacial diffusivity), and boundary
conditions.

3.1.1. Elasto-viscoplastic constitutive model for a block copolymer (BCP)
matrix

The mechanical response of a typical thermoplastic polymer is com-
plex, and in general it is time- and temperature-dependent, and should
be described with an elasto-viscoplastic constitutive model in the finite-
strain framework. An additional complexity related to a thermoplastic
BCP arises from its complex morphology that should also be reflected
in the constitutive model. Here it is assumed that the BCP morphology
consists of two phases, hard (H) and soft (S), which results in lamellar
building blocks (‘grains’ or ‘inclusions’) where each of them has a
certain orientation (see Fig. 2(a)) — however, ultimately they are all
assumed to be randomly oriented giving rise to the initially isotropic
mechanical response. Each ‘grain’ is approximated here as a two-layer
unit cell known as the composite inclusion (see Fig. 2(b)).

It is noteworthy to mention that the lamellar morphology is only
a convenient approximation here to a range of possible morpholo-
gies BCPs can take on, depending on a range of variables including
soft-to-hard phase ratio, 𝑓S

0 , or thermodynamic compatibility between
phases. For example, BCP morphologies can vary from a ‘body centre
cubic’ (BCC) to the ‘inverted’ BCC morphology, where the lamellar
morphology typically occurs for 𝑓S

0 between 0.38 and 0.6 [32].
The composite inclusion model [26] is adopted here to predict

the mechanical response of the BCP with a morphology composed of
lamellae-like inclusions of different orientations.

3.1.2. Composite inclusion model for the BCP
The original composite inclusion model (CIM) has been developed

to capture the elasto-viscoplastic behaviour of semi-crystalline poly-
mers [26]. The response of those systems was represented through an
aggregate of two-phase inclusions consisting of anisotropic crystalline
and amorphous phases. Here, we adopt the CIM to capture an aggregate
composed of two different elasto-viscoplastic phases where both are
assumed to be amorphous. Hence, each composite inclusion consists of
a ‘hard’ (H) and ‘soft’ (S) elasto-viscoplastic layer which are mechan-
ically coupled with each other (see Fig. 2(b)). As finite deformations
3

are considered here, the current volume fraction (i.e. in the deformed
configuration) of the respective phase 𝛼 depends on the initial volume
fraction 𝑓 𝛼

0 :

𝑓 𝛼 =
𝑓 𝛼
0 𝐽

𝛼

𝑓S
0 𝐽

S + (1 − 𝑓S
0 )𝐽

H
; 𝛼 = S,H (3)

where 𝐽 𝛼 = det (𝐅𝛼) stands for the volume ratio of each phase, and 𝐅𝛼

denotes the total deformation gradient (second-order tensor) of each
phase.

The inclusion-averaged deformation gradient, 𝐅I, and the inclusion-
averaged Cauchy stress (second-order tensor), 𝛔I, are calculated by the
volume-weighted average of the deformation gradient of soft and hard
phases as:

𝐅I = 𝑓S
0 𝐅S + (1 − 𝑓S

0 )𝐅
H (4)

𝛔I = 𝑓S𝛔S + (1 − 𝑓S)𝛔H (5)

The kinematical coupling between the hard and soft phases is
maintained by enforcing compatibility on the deformation gradients:

𝐅S ⋅ 𝐱I0 = 𝐅H ⋅ 𝐱I0 = 𝐅I ⋅ 𝐱I0 (6)

where 𝐱I0 stands for an arbitrary vector in the plane of the interface.
Furthermore, the following continuity of tractions at the interface is
assumed as:

𝛔S ⋅ 𝐧I = 𝛔H ⋅ 𝐧I = 𝛔I ⋅ 𝐧I (7)

where, 𝐧I is the unit normal to the interface in the current configura-
tion.

A local–global interaction law must be formulated in order to relate
the volume-averaged deformation of each composite inclusion to the
overall deformation applied to an aggregate of inclusions. For this we
employ the Taylor’s interaction model used in polycrystal plasticity [33,
34]. In this model, we assume that the inclusion-averaged deformation
gradient for each composite inclusion is equal to the total applied
deformation gradient of the entire aggregate:

𝐅I
𝑖 = 𝐅̄ (8)

From Eqs. (6)–(8), one can construct the following systems of
equations for each inclusion in the system as:

⎧

⎪

⎨

⎪

⎩

𝐅S ⋅ 𝐱I0 = 𝐅H ⋅ 𝐱I0 = 𝐅I ⋅ 𝐱I0
𝛔S ⋅ 𝐧I = 𝛔H ⋅ 𝐧I = 𝛔I ⋅ 𝐧I

𝐅I
𝑖 = 𝐅̄

(9)

By solving Eq. (9), one is able to find the deformation gradient
in each phase, 𝐅𝛼 . Then, one can compute the Cauchy stress 𝛔𝛼 in
each phase of the inclusion via constitutive relations introduced below.
Accordingly, the total stress field in each inclusion is obtained by



International Journal of Mechanical Sciences xxx (xxxx) xxxS. Bazazzadeh et al.
Fig. 2. Constitutive model of a block copolymer (BCP): (a) Lamellar morphology as an aggregate of randomly oriented composite inclusions (b) two-phase composite inclusion (c)
1D rheological representation of an elasto-viscoplastic behaviour of each phase 𝛼 in the BCP.
Eq. (5) and the total Cauchy stress tensor of the aggregate 𝝈̄ can be
calculated by the global volume-averaging as:
𝑁
∑

𝑖=1
𝑓 I
𝑖 𝛔

I
𝑖 = 𝝈̄ (10)

in which, 𝑁 stands for the total number of inclusions. According to the
Taylor’s assumption, the current volume fraction of each inclusion 𝑓 I

𝑖
remains constant and it is equal to its initial value as:

𝑓 I
𝑖 = 𝑓 I

0𝑖
= 1

𝑁
(11)

The composite inclusion model requires the definition of con-
stitutive models governing the mechanical response of each (soft,
hard) elasto-viscoplastic phase. Here we exploit a two-process elasto-
viscoplastic model for each where polymer resistance to deformation
results from two sources: (1) inter-atomic bond potentials that can relax
through diffusive molecular motions and (2) conformational entropy. A
1D representation of the model is shown in Fig. 2(c). Hence, the total
Cauchy stress is split into its deviatoric and volumetric parts in each
component of the composite inclusion (soft/hard), and it is given by:

𝛔𝛼 = 𝛔𝑑 + 𝛔𝑣 = 𝛔𝑑𝑏 + 𝛔𝑑𝑐 + 𝛔𝑣, 𝛼 = H,S (12)

where, 𝛔𝑑𝑏 and 𝛔𝑑𝑐 are the bond-stretching and conformational com-
ponents of the deviatoric part of Cauchy stress [35] as depicted in
Fig. 2(c); and 𝛔𝑣 stands for the volumetric stress tensor which assumes
purely elastic volumetric response. Following [36,37], relevant stress
components in Eq. (12) are given by:

𝛔𝑑𝑏 = 𝐺𝑏 𝐽
−1
𝑒 𝐁̄𝑑

𝑒 (13)

𝛔𝑑𝑐 = 𝐺𝑐 𝐽
−1
𝑒 𝐁̄𝑑 (14)

𝛔𝑣 = 𝐾 (1 − 𝐽−1
𝑒 ) 𝐈 (15)

where, 𝐺𝑏, 𝐺𝑐 , 𝐾 and 𝐈 are the shear, strain hardening, bulk moduli,
and the second-order identity tensor respectively. Furthermore, 𝐁̄𝑑

𝑒 and
𝐁̄𝑑 are the isochoric elastic and total left Cauchy–Green tensor given
by:

𝐁̄𝑑
𝑒 = (𝐽𝑒)

− 2
3 𝐅𝑒 ⋅ 𝐅𝑇

𝑒 (16)

𝐁̄𝑑 = (𝐽 )−
2
3 𝐅 ⋅ 𝐅𝑇 (17)

where, 𝐅 and 𝐅𝑒 stand for the total and elastic deformation gradient
tensors, respectively; 𝐽 = det(𝐅) and 𝐽𝑒 = det(𝐅𝑒) represent the total
and elastic volume ratios, respectively.
4

Note that in order to account for viscoplastic deformations, the total
deformation gradient 𝐅 in Eq. (17), can be multiplicatively decomposed
into the elastic 𝐅𝑒 and plastic 𝐅𝑝 deformation gradients as:

𝐅 = 𝐅𝑒 ⋅ 𝐅𝑝 (18)

Moreover, the rate dependence of non-linear deformations is de-
scribed by the plastic part of the deformation rate tensor as:

𝐷𝑝 =
𝛔𝑑𝑏
2𝜂

(19)

where, 𝜂 represents the viscosity given by Eyring’s relationship [37]:

𝜂 = 𝐴𝜏0
(𝜏𝑒𝑞∕𝜏0)

sinh (𝜏𝑒𝑞∕𝜏0)
(20)

where, 𝐴 and 𝜏0 are Eyrings’s material parameters, respectively. In
Eq. (20), 𝜏𝑒𝑞 is the equivalent deviatoric stress and it is defined as:

𝜏𝑒𝑞 =
√

1
2
tr(𝛔𝑑𝑏 ⋅ 𝛔𝑑𝑏 ) (21)

Note that the plastic deformation is assumed to be isochoric and
det (𝐅𝑝) = 1, and above equations are given under the assumption of
plastic spin-free deformations, i.e. 𝐖𝑝 = 𝟎 (and thus 𝐽 = 𝐽𝑒).

3.1.3. Mechanical behaviour of other bulk components in the battery
Here it is assumed that the mechanical response of active particles

(APs) and the current collector (CC) is linear elastic, isotropic and
time-independent. The SE layer is assumed to follow a linear elastic
behaviour to represent a typical ceramic SE in 𝐷𝑒𝑠𝑖𝑔𝑛 𝐼𝐼 , while its
behaviour is assumed to be elasto-viscoplastic (BCP) in 𝐷𝑒𝑠𝑖𝑔𝑛 𝐼 .

3.1.4. Constitutive law for Li-ion transport (diffusion)
Pressure-dependent Fick’s 1st law [38] is used here to model the

transport of Li-ions in active particles (APs), and it is given by:

𝐣 = −𝐷∇𝑐 +
3 𝛽𝑖𝑠𝑜𝐷
𝑅𝑇

𝑐∇𝜎ℎ (22)

where, 𝐷, 𝑅 and 𝑇 are the diffusion constant, universal gas constant
and temperature, respectively; 𝛽𝑖𝑠𝑜 denotes the chemical expansion
coefficient in the chemo-mechanical coupling via the Vegard’s law (see
below Section 3.2); ∇𝜎ℎ is the gradient of the hydrostatic pressure that
arises in active particles (APs) of the cathode.

For completeness, it must be mentioned that the diffusion law
applied to the other battery components (i.e. solid electrolyte, cathode
matrix and coating, and current collector) is assumed to be pressure-
independent. This is due to the fact that the deformation caused
by lithiation/delithiation in the active particles (APs) is higher com-
pared to these components, resulting in smaller stresses and negligible
pressure-dependent effects on their diffusion behaviour.
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Fig. 3. Constitutive representation of AP/BCP matrix (or AP/BCP coating) interface: (a) mechanical response — traction–separation law with loading–unloading paths; (b) interfacial
diffusivity — gap-independent (constant) and gap-dependent (linear) diffusivity.
3.2. Constitutive representation of interfaces

Two interfaces are present in the model: (1) AP/BCP matrix (Design
I) or AP/BCP coating (Design II), and (2) cathode/current collector.
The latter is assumed to have an infinite strength (so called ‘perfect’
mechanical bonding) and thus no damage is considered for that in-
terface in this work. As a result, the diffusivity across the interface
(2) is not affected by any interfacial damage. Both mechanical and
non-mechanical response of the interface (1) is described in the two
subsequent subsections.

3.2.1. Mechanical response of the AP/BCP matrix (or AP/BCP coating)
interface

The mechanical response at the interface is assumed to be governed
by the traction–separation (T–S) law relating the interfacial opening
displacement 𝜒 to the traction 𝑡 via the universal binding law [39]
given by:

𝑡 = 𝑡0
𝜒
𝜒0

exp
(

1 −
𝜒
𝜒0

)

(23)

where 𝑡0 stands for the interface strength and 𝜒0 corresponds to the gap
at damage initiation (see Fig. 3(a)). Moreover, a linear unloading to the
origin is assumed to follow:

𝑡 =
𝑡max
𝜒max

𝜒 (24)

where 𝜒max denotes the maximum opening that has been achieved
during previous loading and 𝑡max is the corresponding cohesive traction.

It must be mentioned that a linear traction–separation law is as-
sumed for (uncoupled) shear modes 2 and 3, where no damage occurs.
Additionally, the stiffness of the shear modes was assumed as 𝑘𝑠 = 0.5
MPa/μm.

3.2.2. Diffusion across AP/BCP matrix (or AP/BCP coating) interface
Using the classical concept of the overpotential, a simplified phe-

nomenological Li transport model across the interface (from/into the
APs) [25], is used here as:

𝐣int ⋅ 𝐧 = 𝐷int (𝑐APint − 𝑐APref ) 𝑐
M
int (25)

where 𝐣int , 𝐧 and 𝐷int stand for the Li flux at the interface, outward
normal vector in the deformed configuration and interfacial diffusivity,
respectively (see Fig. 3(a)). Moreover, 𝑐APint and 𝑐Mint stand for the Li con-
centration at the interface on the AP and BCP matrix sides, respectively;
𝑐APref is related to the ultimate desired Li concentration at the end of the
charge/discharge process, and it is set as 𝑐APref = 𝑐AP100% and 𝑐APref = 𝑐AP0% for
the maximum charge and discharge processes, respectively. Note that
in this study, it is assumed that the battery is initially discharged and
𝑐AP0% = 𝑐APmax. In turn, some residual Li concentration 𝑐Mres is assumed to
remain in the matrix [25,27].
5

3.2.3. Coupling between diffusion and mechanics
Coupling between diffusion and mechanics occurs in APs, and it is

related to three mechanisms. The first one is based on the Vegard’s law
introduced in [16], given by:

𝜀Li = (𝑐AP0% − 𝑐AP) 𝜁 (26)

Eq. (26), accounts for the delithiation/lithiation induced by the Li
concentration in the active particles at a given time, 𝑐AP. 𝜁 stands for
the volume change tensor where 𝜁𝑖𝑗 ≠ 0 if 𝑖 = 𝑗 and 𝜁𝑖𝑗 = 0 if 𝑖 ≠ 𝑗. In
this paper, APs are assumed to be isotropic, i.e. 𝜁11 = 𝜁22 = 𝜁33 = 𝛽𝑖𝑠𝑜

(see Eq. (22)).
The second mechanism is the effect of hydrostatic pressure gradient,

∇𝜎ℎ, on the mass flux introduced in [38] see Eq. (22).
The third mechanism emerges due to the relation between the

mass flux 𝐣 across the AP/BCP matrix (AP/BCP coating) interface and
interfacial opening 𝜒 . This effect is imposed here through the interface
diffusivity 𝐷int as a function of 𝜒 . Due to the lack of experimental
evidence two idealized relations between 𝐷int and 𝜒 are considered
here (see Fig. 3(b)): (1) constant interfacial diffusivity corresponding
to no interfacial damage on 𝐷int , and (2) gap-dependent (linearly
decaying) interfacial diffusivity 𝐷int with 𝜒 until 𝜒 = 𝜒0 when 𝐷int =
0.

3.3. Boundary conditions

The boundary conditions used in subsequent non-linear finite ele-
ment (FE) simulations are shown in Fig. 4(a). They apply to both Design
I and II.

To model transport of Li-ions from/into the cathode or into/from
the anode the Li flux is applied to the top surface (i.e. top of the solid
electrolyte layer) as follows:

𝐣 ⋅ 𝐧 = 𝐷SE (𝑐SE − 𝑐SEres) (27)

where 𝐧 is the outward normal vector on the top surface in the
deformed configuration; 𝐷SE and 𝑐SE stand for the surface diffusivity
and Li-ion concentration at a given time, respectively. During the
charge process, the Li-ion transport is from the cathode to the top
boundary, and the reverse direction is true for the discharge process.
The initial Li-ion concentration 𝑐SE corresponding to time 𝑡 = 0 s is
set to the residual Li concentration, 𝑐SEres (see Section 3.2.2) — note
that the residual Li-ion concentration is assumed to be constant during
the whole charge/discharge process. Moreover, it is assumed that the
Li flux takes place only in vertical (x2) direction and therefore other
boundaries are considered to be flux free, i.e. 𝐣 ⋅ 𝐧 = 0 (see Fig. 4(a)).

As mentioned above, for computational efficiency Li-metal anode is
not modelled here, and it is replaced by relevant constraints. Vertical
degrees of freedom (𝑢2 displacements) are constrained on the top (solid
electrolyte (SE)) and bottom (current collector (CC)) surfaces, i.e. 𝑢2 =
0. Moreover, one of the corner nodes on the top surface is additionally
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Fig. 4. (a) Geometry and boundary conditions; (b) Microstructure dimensions in 𝑥2 − 𝑥3 plane.
constrained in x1 and x3 directions, i.e. 𝑢1 = 𝑢3 = 0 to avoid any rigid
body motion. Mechanical periodic boundary conditions (in terms of
displacements) are applied to lateral surfaces of the geometrical model
to mimic an in-situ characteristics of the microstructure.

4. Material properties and microstructural characteristics

Polycrystalline Lithium Nickel Manganese Cobalt Oxide
(LiNi𝑥Mn𝑦Co𝑧O2, 𝑥 + 𝑦 + 𝑧 = 1) (NMC) is assumed here as a typical
active material/particles in the cathode [40]. Based on the SEM images
in [27–29,41], the cathode can consist of nearly spherically shaped
NMC particles [27] with an average diameter of 10 μm. The volume
fraction of APs in the cathode used in this paper is set to 43.46% —
this value is connected with the assumed (idealized) regular (square)
packing of spherical APs in the cathode, particle diameter (10 μm),
interparticle distances, and cathode thickness. Note that the assumed
volume fraction of APs is much lower than the typical one (66.5%)
used in ASSB cathode [27], where nearly spherically shaped NMC
particles are typically touching each other — that enables larger
volume fractions of APs in ASSB cathodes. To account for these effects,
the current modelling approach would need to incorporate additional
interfacial interactions in terms of contact and friction — however, to
treat this efficiently from the computational point of view, particle-
based computational approaches such as Discrete Element Method
(DEM) [42,43] may be more suitable.

The NMC APs change their volume as a result of cycling with a max-
imum change of about 5% [27–29]. For simplicity, volumetric changes
of NMC APs are assumed to be isotropic. Young’s modulus of NMC
was measured in the literature by targeted and grid nanoindentation
techniques [28]. In this study, an average value of the Young’s modulus
(𝐸AP) of 130 GPa and Poisson’s ratio (𝜈AP) of 0.25 [44] are used in FE
simulations here. Stoichiometric coefficients relating 𝑥100% (100% state
of charge at 𝑡 = 0 s) and 𝑥0% (0% state of charge at 𝑡 = 𝑡𝑐) of NMC811
are taken from [27] as 0.2567 and 0.9072, respectively. Moreover,
considering the maximum Li-ion concentration 𝑐APmax as 50,483 [27], one
is able to calculate the 𝑐AP100% and 𝑐AP0% as 13 and 45.8 fmol∕m3 [25],
respectively. Note that the maximum Li-ion concentration is calculated
from the theoretical specific capacity of 276.4 mAh∕g and density of
4.95 kg∕dm3. Knowing the volume change of the APs (5%) together
with the chosen concentrations (𝑐AP0% and 𝑐AP100%), one is able to calculate
the coefficient 𝛽𝑖𝑠𝑜 as 0.0004958. In the simulations, the Li diffusion
coefficient for the AP (𝐷AP) was selected as 0.025 μm2∕s, in accordance
with the reported range of values found in the literature, which falls
between 10−14 and 10−8 cm2∕s [45,46]. Moreover, the same value for
the interface diffusivity is taken as 0.025 μm∕s (see Table 1). The
6

block copolymer is assumed to consist of poly(ethylene oxide) (PEO)
and polycarbonate (PC) denoted here as a soft and hard BCP material
component, respectively. Young’s modulus and Poisson’s ratio of the
PEO are taken from [25] while other model parameters (𝐴, 𝜏0, 𝐺𝐶 ) are
assumed as presented in Table 1. For the PC component, mechanical
and viscosity parameters were adopted from [36], and are summarized
in Table 1. The effective value of the Li diffusion coefficient (𝐷M) for
the BCP is assumed to be equal to 3 μm2∕s. The SE layer in Design II
is assumed to be a ceramic argyrodite (Li6PS5Cl), a popular candidate
for ASSBs [47] — its mechanical behaviour is modelled here as linear
elastic and isotropic, with the Young’s modulus 𝐸C = 22.1 GPa [47]
and Poisson’s ratio, 𝜈AP = 0.37 [48]. Moreover, the AP coating is
made of the same BCP used in 𝐷𝑒𝑠𝑖𝑔𝑛𝐼 . Corresponding mechanical
and transport properties are in Table 1. The current collector (CC) is
assumed to be linear elastic and isotropic, and defined by two elastic
constants (see Table 1). The value of Young’s modulus assumed here is
between the value of aluminium (70 GPa) and stainless steel (190 GPa),
two candidate materials for current collectors for cathodes in Li-ion
batteries [49]. The current collector is only included here to account
for its mechanical effects – no Li-ion transport is modelled through the
collector – thus, the diffusion constant is assumed to be 0 μm2∕s (see
Table 1). Moreover, the diffusivity coefficient for the SE is assumed to
be 3 μm2∕s, while the residual Li-ion concentration is assumed to be 43
fmol∕μm3.

Furthermore, the corresponding dimensions of the cathode mi-
crostructure are shown in Fig. 4(b).

5. Numerical implementation of the model

Implementation of the model was carried out with user-defined
subroutines in ABAQUS. Due to the similarities between the diffusion
and heat transfer equations, coupling of the mass diffusion and me-
chanics is carried out via a fully-coupled thermo-mechanical analysis
capability of ABAQUS. To include the effect of the hydrostatic pressure
on the Fick’s law defined by Eq. (22) in Section 3.1.4, a user-defined
subroutine UMATHT was used. The composite inclusion constitutive
model (Taylor’s assumption) for the block copolymer (see Section 3.1.2)
was implemented using a UMAT subroutine. Moreover, the gradient of
the hydrostatic pressure needed in the UMATHT subroutine was passed
from the UMAT subroutine using a UEXTERNALDB user subroutine as
depicted in Fig. 5. Additionally, the equations governing the interfacial
behaviour between APs and BCP (see Section 3.2) are implemented
using a UINTER user subroutine and through surface-to-surface contact
(‘‘master’’/‘‘slave’’ approach) [25]. Mechanical periodic conditions are
incorporated as linear multiple constrains via the command *Equa-
tion. The entire solution procedure with ABAQUS is summarized as a
flowchart in Fig. 5.
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Fig. 5. Flowchart of the non-linear finite element solution procedure with relevant user subroutines for ABAQUS.
Table 1
Parameter set for the simulations.

Symbol Description Value Reference

𝑑AP Diameter 10 μm [27–29]
𝐽𝑉 Volume change 5% [27–29]
𝑡ℎ Coating thickness 0.2 μm Assumed
𝐸AP Young’s modulus 130 GPa [28,29]
𝜈AP Poisson’s ratio 0.25 [44]
𝐷AP Li diffusion coefficient 0.025 μm2∕s [46,47]
𝑐AP100% Li concentration at 100% 13 fmol∕μm3 [27]

𝑐AP0% Li concentration at 0% 45.8 fmol∕μm3 [27]

𝐸C Young’s modulus 22.1 GPa [48]
𝜈C Poisson’s ratio 0.37 [48]
𝑐Cres Residual Li concentration 43 fmol∕μm3 Assumed
𝐷C Li diffusion coefficient 3 μm2∕s Assumed

𝐸CC Young’s modulus 130 GPa [47,49]
𝜈CC Poisson’s ratio 0.25 Assumed
𝐷CC Li diffusion coefficient 0 μm2∕s Assumed

𝐸H Young’s modulus 800 MPa [36]
𝜈H Poisson’s ratio 0.41 [36]
𝐴H Eyring’s material constant 2 × 1023 s [36]
𝜏H0 Eyring’s material constant 0.7 MPa [36]
𝐺H

𝑐 Strain hardening modulus 26.0 MPa [36]

𝐸S Young’s modulus 100 MPa [25]
𝜈S Poisson’s ratio 0.24 [50]
𝐴S Eyring’s material constant 4657 s Fitted
𝜏S0 Eyring’s material constant 0.38 MPa Fitted
𝐺S

𝑐 Strain hardening modulus 5.04 MPa Fitted

𝐷M Li diffusion coefficient 3 μm2∕s [51]
𝑁 Number of inclusions 5 Assumed

𝐷b Boundary diffusivity 3 μm2∕s Assumed
𝑡0 Maximum interfacial 0.25, 2.5, 40.0 MPa Assumed
𝜒0 Reference opening 0.04 μm Assumed
𝐷0

int Initial interfacial diffusivity 0.025 μm∕s Assumed

6. Results and discussion

6.1. Elasto-viscoplastic behaviour of the block copolymer matrix

Single-element simulations of block copolymer subject to uniaxial
extension were carried to examine (1) the effects of the number of
the inclusions, and subsequently (2) the effects of soft-to-hard phase
ratio on BCP true stress–strain curves. All simulations were carried at
the strain rates of 6.6 × 10−4 s−1. The soft component volume fraction
of 𝑓S

0 = 0.5 is used, and the average true stress–strain curves out
of five simulations for a given number of inclusions are plotted in
Fig. 6 with standard error bars. In each simulation, the orientation of
the inclusions is chosen randomly. As expected, as the number of the
7

Fig. 6. The effect of the number of inclusions on stress–strain curves for the BCP
system with the soft volume content 𝑓 S

0 = 0.5.

Fig. 7. Single finite element simulations of the stress–strain curves for the BPC system
at different soft-to-hard phase ratios (composite model with five inclusions).

inclusions is increased the error-bars are smaller as the overall inclusion
orientation approaches a truly random orientation. There is a price to
pay for increased accuracy in terms of the computational time which
increases 4-fold for the composite inclusion model with 20 inclusions
compared with the model with 5 inclusions. Therefore, for convenience,
the composite inclusion model with five inclusions is used to simulate
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Fig. 8. Design I : (a) Average Li concentration for constant interfacial diffusivity 𝐷int and (b) Average Interfacial opening displacement; interfacial strength 𝑡0 = 40 MPa.
Fig. 9. Design I : Vertical displacement at 100% SOC for 𝑡0 = 40.0 MPa with (a)
𝑓 S
0 = 0.0 (b) 𝑓 S

0 = 0.5 (c) 𝑓 S
0 = 1.0 under constant diffusivity condition at the interface

(displacements are magnified with a scale factor equal to 15).

the mechanical response of the block copolymer within the battery
model.

Single-element is simulated with the composite inclusion model
(with five inclusions) for different block copolymer volume fractions
under uniaxial extension. The stress–strain curves (Fig. 7) show that the
system is relaxed quickly from the pure ‘hard phase’ just with the 0.2
increase in 𝑓S

0 , where also a much weaker strain hardening is observed
within the simulated range of true strains — this suggests that the
soft phase has a strong effect on the mechanical response in this block
copolymer model. The change in the behaviour becomes more gradual
with the further increase in 𝑓S

0 , and it is clearly dominated by the ‘soft
phase’. These initial findings are expected to impact significantly the
response of the battery containing the BCP system.

It is noteworthy to mention that our version of the composite
inclusion model for the BCP was verified against the upper bound. Our
model’s predictions fall within the expected range, as determined by
the upper bound. Moreover, our model recovers exactly the elastovis-
coplastic response of pure polymer constituents involved in the system,
i.e. at 𝑓S

0 = 0.0 and 1.0.

6.2. Cathode behaviour at the microscale — design case studies

Two design case studies were considered here to investigate the
combined effects of the non-linear BCP behaviour and interface strength
8

on the cathode response. The simulations were carried out for a single
charge–discharge cycle, with the half-cycle time interval 𝑡𝑐 = 720 s
(equal for both the charge and discharge process). In particular, the
cycle involves de-lithiation of APs (Li diffusing out of the particles), and
subsequent volumetric changes (particle shrinkage) during the charge
phase. This is then followed by lithiation of APs (Li diffusing into
the particles) and thus particle expansion during the discharge phase.
Volumetric expansion of APs here is associated with the maximum
volumetric change of NMC material equal to 5%

6.2.1. Design case I
6.2.1.1. Effect of the block copolymer material composition. Fig. 8 shows
two plots: (1) average Li-ion concentration in APs and (2) average
interfacial opening (𝜒Avg), both as a function of the volume fraction
of the soft phase 𝑓S

0 . Here, a relatively high interfacial strength was as-
sumed 𝑡0 = 40 MPa (for further justification see the subsequent section),
and constant (i.e. gap-independent) interfacial diffusivity 𝐷int = 0.025
μm2∕s.

The average Li concentration in APs (averaged volumetrically over
all three APs) (Fig. 8(a) decreases rapidly from the initial value of
45.8 fmol∕m3, and then it levels off reaching 13 fmol∕m3. That is then
followed by the increase in the average concentration in APs upon the
discharge phase. As the interfacial diffusivity is assumed to be constant
in this case, all Li can be extracted from the APs during the charge
process and thus the average Li concentration in the APs is independent
of 𝑓S

0 (see Fig. 8(a)).
Then, the plot of the average interfacial gap (averaged over the

circumference of every AP, and then over all 3 particles) reflects the
above trend and shows initially a rapid increase of the gap (when APs
shrink), and then the levelling off as it approaches the end of charge
phase — the gap is then reduced upon the discharging phase when APs
increase in size, reducing the gap to zero.

The average interfacial opening is found to decrease with the in-
crease in the soft phase. The maximum average opening (corresponding
to the end of charge phase, or 100% state of charge (SOC)) of 0.024 μm
is found for the BCP with 𝑓S

0 = 0.0, while it is only 0.0006 μm for
𝑓S
0 = 1.0. The latter is comparable with the ionic radius of Li, while

it is still a little larger than the Li atomic radius (∼0.155 nm) and
the expected Li-ion jump (∼0.25 nm [52]). Hence, if the interfacial
diffusivity was dependent on the interfacial gap, it could be expected
that even such a small interfacial opening predicted here (∼0.6 nm)
may form a sufficient barrier to disrupt transport of Li-ions across the
AP/BCP interface. Then, the maximum average interfacial opening for
other values of 𝑓S

0 of 0.2, 0.4, 0.5, 0.6 and 0.8 were found to be 0.0091,
0.0061, 0.005, 0.004 μm and 0.0019 μm, respectively.

To visualize the effect of 𝑓S
0 on the shape of the interfacial gap,

contour plots of displacements in the vertical direction (𝑥2) are shown
in Fig. 9 at the end of the charge process (t = 720 s; 100% SOC).
The shape of the gap is found to be the most non-uniform along the
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Fig. 10. Design I : Angular variation of the interfacial gap [μm] as a function of time for different BCP compositions (a) 𝑓 S
0 = 0.0 (b) 𝑓 S

0 = 0.5 (c) 𝑓 S
0 = 1.0; 𝑡0 = 40.0 MPa constant

interfacial diffusivity.
interface for 𝑓S
0 — that non-uniformity decreases with the increase 𝑓S

0 .
To investigate it more closely, distribution of the gap along the interface
of the middle AP within the angular range from 𝜃 = 0◦ to 180◦ was
plotted as a function of time in Fig. 10. For the system 𝑓S

0 = 0.0, the
largest gap initially appears at 𝜃 around 90◦, and then for interface
regions around 𝜃 = 0◦ and 180◦. From around t = 8 s the angular extent
of those localized domains becomes nearly constant until the end of
charging process (𝑡 = 720 s). For the other two systems 𝑓S

0 = 0.5 and
1.0, the zone with the largest gap occurs mainly around 𝜃 = 90◦, with
the softest system having the least non-uniform gap distribution. Hence
for this cathode design (Design I), the softest BCP matrix would be the
most efficient in terms of minimizing interfacial damage, and enabling
Li transport paths across the AP/BCP interface.

6.2.1.2. Effect of the interfacial strength. The effect of interfacial
strength and its interplay with the non-linear BCP behaviour is de-
scribed here. The values of strength for the AP/BCP interface were
selected in reference to the stress in BCP (𝜎𝛼𝜒0 , where 𝛼 = H or S) at
the BCP displacement that corresponds to the displacement (gap) at
interface when damage is initiated i.e 𝜒 = 𝜒0. For that purpose, three
different values of interfacial strength were considered to fall into three
distinct regimes of BCP behaviour as follows:

⎧

⎪

⎨

⎪

⎩

𝑡0 = 0.25 MPa ∶ 𝑡0 < 𝜎S𝜒0 < 𝜎H𝜒0
𝑡0 = 2.5 MPa ∶ 𝜎S𝜒0 < 𝑡0 < 𝜎H𝜒0
𝑡0 = 40.0 MPa ∶ 𝜎H𝜒0 < 𝜎S𝜒0 < 𝑡0

(28)

where, 𝜎S𝜒0 and 𝜎H𝜒0 is the uniaxial component of the Cauchy stress in the
soft (𝑓S

0 = 1.0) and hard (𝑓S
0 = 0.0) materials that corresponds to the

damage-initiating opening displacement the interface, respectively. For
further explanation of how the 𝜎S,H𝜒0 was calculated see the Appendix.

It is noteworthy to mention that some of the above values of 𝑡0
fall into the range of interfacial strength reported in [12], where the
strength of the interface between aluminium and block copolymer
(PEO-PC) layers were studied using a macroscopic peel test. The values
of interfacial strength reported there vary between 2.625 MPa and
10.25 MPa for BCP ratios 𝑓S

0 from 0.74 to 0.3, respectively.
Fig. 11 shows the average interfacial opening as a function of time

for different 𝑡0, and 𝑓S
0 while constant interfacial diffusivity is assumed

0.025 μm2∕s.
In general, it was found that the increase in 𝑡0 reduced the average

interfacial gap — however, the level of that reduction depends on 𝑓S
0 .

Specifically, for 𝑓S
0 = 0.0 as the interfacial strength increases from 0.25

MPa to 40 MPa, the average gap at the end of the charge process (at
𝑡 = 720 s) is reduced by around 75% from 0.08 to 0.024 μm. Then, for
𝑓S
0 = 1.0 it is reduced by around 99% from 0.069 μm to 0.0006 μm. For

𝑓S
0 = 0.5 the average interfacial opening (at 𝑡 = 720 s) is reduced by

around 94% from 0.079 μm to 0.005 μm.
9

Hence, the minimization of the interfacial gap requires both 𝑓S
0

and interfacial strength to increase — effectively, a larger interfacial
strength (stronger bond) leads to a larger non-linear deformation of the
softer BCP material, so the material follows more easily a shrinking AP.
However, it is noteworthy to mention that in all the cases studied here
the predicted interfacial gap is still larger than a possible jump distance
for a Li-ion (∼0.25 nm) — hence, either an even larger interfacial
strength or a much softer BCP may be needed here to reduce the
interfacial gap, and allow Li-ions to travel across the interface.

6.2.1.3. Effect of the gap-dependent interfacial diffusivity. Constant inter-
facial diffusivity was assumed above, whereas in general the transport
of Li-ions across the interface can be gap-dependent — thus, the effect
of interfacial diffusivity that decreases linearly with the interfacial
opening, from 𝐷int = 𝐷0

int at 𝜒 = 0 to 𝐷int = 0 at 𝜒 = 𝜒0, was
studied here. The intermediate value of the interface strength of 𝑡0 =
2.5 MPa was selected here to ensure the corresponding interfacial
opening 𝜒0 can be reached to initiate damage to capture the effects
of gap-dependent diffusivity.

Simulation results for the average Li concentration and the corre-
sponding average interfacial gap for different values of 𝑓S

0 are shown
in Fig. 12. The maximum average opening is in the range from 0.014
to 0.048 μm (see Fig. 12(b)) for three different values of 𝑓S

0 , compared
with 0.012–0.077 μm for the case with constant diffusivity (see Fig. 11)
— hence, the average interfacial opening is reduced for the gap-
dependent interfacial diffusivity as less Li-ions can be extracted from
the APs during the charging process (see Fig. 11).

However, a somewhat unusual trend for the interfacial gap is found
here (Fig. 12) - i.e. despite the average concentration of Li in APs
suggesting a reduction in the average gap with the increase of the soft
BCP component (𝑓S

0 ), the largest average gap was actually predicted
at the end of charge for the BCP system with 𝑓S

0 = 0.5. To investigate
this more closely the interfacial gap was extracted at three points (1,
2, and 3) along the interface that corresponded to angular positions
of 𝜃 = 0◦, 45◦ and 90◦, respectively — see Fig. 13. It was found that
when 𝑓S

0 = 0.5, the amplitude of the interfacial gap at the point 3, is
excessively high, contributing significantly to the average opening gap
(in Fig. 12(b)). However, at the other points, such as 2, the interfacial
gap reaches the critical opening 𝜒0 = 0.04 μm (where the interfacial
diffusivity becomes zero) later than in the case with 𝑓S

0 = 0.0.
It is noteworthy to mention that the average interfacial opening

for 𝑓S
0 = 1.0, after reaching its maximum value at 𝑡 = 70.5 s, slightly

decreases as a result of mechanical (stress) relaxation due to the viscous
nature of polymers (captured here by our elastoviscoplastic constitutive
model) that increases with 𝑓S

0 i.e. it is the largest for the softest
polymer, 𝑓S

0 = 1.0. Hence, in the context of Design 1, where a greater
amount of polymer is incorporated into the system, this effect becomes
more pronounced and readily apparent. This mechanical relaxation can
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Fig. 11. Design I : Variation of the average interfacial opening displacement in time for different BCP compositions (a) 𝑓 S
0 = 0.0 (b) 𝑓 S

0 = 1.0; constant interfacial diffusivity.
Fig. 12. Design I : (a) Average Li concentration with 𝑡0 = 2.5 MPa and (b) Average Interfacial opening displacement under linear interface diffusivity condition at the interface.
manifest as changes in shape, stress distribution, or other mechanical
properties over time, which are additional considerations in the design
and performance of ASSBs based on polymer-based systems.

To visualize it further, contour plots of the interfacial diffusivity
along the interface of the middle AP from 𝜃 = 0◦ to 180◦ are shown
as a function of time in Fig. 14. The diffusivity for nearly a full range
of 𝜃 goes quickly to zero just after 𝑡 = 45 s when 𝑓S

0 = 0.0 (see
Fig. 14(a)). However, for 𝑓S

0 = 0.5, the diffusivity remains non-zero
around 𝜃 ≃ 45◦ and 𝜃 ≃ 135◦ for longer and then becomes zero (see
Fig. 14(b)). For 𝑓S

0 = 1.0 the diffusivity across the interface remains
non-zero throughout the entire charging process except for the region
around 𝜃 ≃ 90◦ (see Fig. 14(c)) where no transfer of Li takes place.
In addition, the ratio of the interfacial region with non-zero diffusivity
to the total interface domain was found to be 76%, 68%, and 0% for
𝑓S
0 = 0.0, 0.5, and 1.0, respectively, at time of 𝑡 = 186 s (i.e. when the

interfacial diffusivity at point 2 has already reached zero for the hard
material). Thus, the average amount of lithium extracted from the AP
is higher for 𝑓S

0 = 0.5 compared with 𝑓S
0 = 0.0.

It is important to highlight that it is not straightforward rule stating
that the gap size for the block copolymer with 𝑓S

0 = 0.5 should be
smaller than that for 𝑓S

0 = 0.0. This is because the magnitude of
the gap depends on the combined effect of block copolymer composi-
tion/response and non-constant (gap-dependent interfacial diffusivity).
This combination results in different shapes of the gap around the
circumference of active particles (APs). For 𝑓S

0 = 0.0, the gap is uniform
around the circumference. However, when 𝑓S

0 = 0.5, the gap becomes
uneven around the circumference, with the largest opening at the poles
of the AP — this stems from a larger deformation of a softer BCP and
reduction of Li-ion transport across the interface due to gap-dependent
interfacial diffusivity. This larger opening at the poles has a more
significant effect on the average gap size than other regions around the
10

AP.
Fig. 13. Design I : Interfacial opening displacement for point 1,2, and 3 with 𝑡0 =
2.5 MPa under linear interface diffusivity.

6.2.2. Design case II
6.2.2.1. Effect of the BCP material composition of the coating. The effects
of the soft-to-hard phase ratio 𝑓S

0 in the BCP coating on the average
concentration and average interfacial opening were studied for the
interfacial strength of 𝑡0 = 40 MPa and constant interfacial diffusivity
(𝐷int = 0.025). Only the charge process was considered here.

The average Li concentration in the APs is found to be the same
across different 𝑓S

0 (see Fig. 15(a)). Similarly to Design I, an increase
in 𝑓S

0 leads to a reduction in the opening — however, the level of
that reduction is smaller here than for the Design I. In particular, the
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Fig. 14. Design I : Angular variation of the diffusivity [μm2∕s] as a function of time for different BCP compositions (a) 𝑓 S
0 = 0.0 (b) 𝑓 S

0 = 0.5 (c) 𝑓 S
0 = 1.0; 𝑡0 = 40.0 MPa linear

interfacial diffusivity.
Fig. 15. Design II : (a) Average Li concentration for constant interfacial diffusivity 𝐷int and (b) Average Interfacial opening displacement; interfacial strength 𝑡0 = 40 MPa.
maximum average opening at the end of charge decreases by an order
of magnitude from 0.074 μm for 𝑓S

0 = 0.0 to 0.0078 μm at 𝑓S
0 = 1.0.

Average opening of Design II is also compared with a conventional
system composed of APs fully embedded within a ceramic argyrodite
matrix (Li6PS5Cl) (i.e. case without the coating). The maximum average
gap (end of charge) for the ceramic system is predicted to be 0.0774
μm, which is close to the case with the hard polymer coating (𝑓S

0 =
0.0), with the difference between the two of around 4.4%.

Hence under the imposed assumptions and from the mechanical
point of view, it is concluded that the application of the BCP coating
with a considerable amount of soft phase can significantly contribute
to the damage reduction at the AP/coating interface.

6.2.2.2. Effect of the interfacial strength. The average interfacial gap
was found to decrease with the increased interfacial strength 𝑡0 from
0.25 MPa to 40 MPa (Fig. 16). However, that decrease was found to
be dependent on the BCP material composition. Specifically, for the
coating made of the hardest BCP (𝑓S

0 = 0.0), the average gap is only
slightly reduced from 0.08 to 0.074 μm (reduction of ∼ 8%) for 𝑡0 =
0.25 MPa and 40 MPa, respectively. In contrast, the BCP system with
the softest coating experiences a substantial reduction in the average
gap, by an order of magnitude, from 0.08 to 0.0078 μm (∼ 90%). For
completeness, a reduction in the average interfacial gap from 0.08 to
0.031 μm (∼ 61%) was found for the BCP system with 𝑓S

0 = 0.5. The
above clearly demonstrates that the most effective way of reducing
interfacial damage is by combining sufficiently large interface strength
and BCP with a considerable amount of soft component.

6.2.2.3. Effect of the gap-dependent interfacial diffusivity. The system
with the softest coating allows for more Li to be extracted from the APs
as indicated by the average Li concentration in APs at the end of charge
— this results in a slightly greater particle contraction (Fig. 17(a)),
11
similarly to Design I (Section 6.2.1.3). All that results from the non-
uniform distribution of the interfacial gap along the interface, namely:
(1) the Li extraction is allowed to take place across those local inter-
facial domains where the gap is below a critical value at which the
interfacial diffusivity is zero, while (2) the value of average interfacial
opening is dictated by those local domains along the interface where
the opening is significant but occurring over a small interfacial domain.
As a result, the average interfacial opening in the softer system is
found to be slightly larger than in the stiffer BCP system. The range
of maximum average opening is between 0.04 and 0.042 μm for 𝑓S

0
from 0.0 to 1.0 (Fig. 17(b)). In comparison, the constant diffusivity case
yields a maximum average opening from 0.074 to 0.079 μm, as shown
in Fig. 16.

6.3. Sensitivity analysis of the average interfacial opening (Designs I and
II)

To compare the effect of different design parameters on the average
interfacial opening and determine most influential parameters, the rel-
ative sensitivity gradients [14] were determined with respect to three
design parameters 𝑃 , namely the coating thickness, volume fraction
𝑓S
0 , and interfacial strength. Specifically, the relative sensitivity of the

average opening denoted as 𝜒Avg (design function) with respect to the
design parameter 𝑃 is given by:

𝑆(𝑃 ) =
𝜕𝜒Avg

𝜕𝑃
𝑃

𝜒Avg
, where

𝜕𝜒Avg

𝜕𝑃
≅

𝛥𝜒Avg

𝛥𝑃

=
𝜒Avg(𝑃 + 𝛥𝑃 ) − 𝜒Avg(𝑃 )

𝛥𝑃

(29)

where 𝑃 was taken as the nominal (initial) value of each design param-
eter, i.e. 𝑡 = 0.2 μm, 𝑓S = 0.5 and 𝑡 = 40 MPa. A small perturbation
ℎ 0 0
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Fig. 16. Design II : Variation of the average interfacial opening displacement in time for different BCP compositions (a) 𝑓 S
0 = 0.0 (b) 𝑓 S

0 = 1.0; constant interfacial diffusivity.
Fig. 17. Design II : (a) Average Li concentration with 𝑡0 = 2.5 MPa and (b) Average Interfacial opening displacement under linear interface diffusivity condition at the interface.
Fig. 18. Evolution of sensitivity gradients of the average interfacial gap for (a) Design I and (b) Design II.
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f 1% of the nominal parameter value was used to evaluate 𝛥𝑃 . The
esults of the sensitivity study are plotted in Fig. 18 as a function of time
until the end of charge phase) for Designs I and II. For both designs,
ll the sensitivity gradients are negative throughout the entire charge
rocess, which suggests that the design function (average opening) is
educed with the increase in design parameter. In both case studies, the
ensitivity results predict the interfacial strength as the most significant
esign parameter here (given the largest absolute value of the relative
ensitivity gradient) over the course of the entire charging phase.
he volume fraction 𝑓S

0 is the least influential parameter among the
arameters studied for Design I, while the coating thickness is the least
ffective parameter among the parameters studied in Design II – only at
he very start of the process (𝑡 < 12 s), 𝑓S is to have the least influence –
12

0 A
ere the effect of the coating thickness is around 14% more influential
han the volume fraction at the beginning of the charging process.

. Conclusions

This paper provided a new insight into the role of model block
opolymer (BCPs) systems in minimizing the interfacial damage in
SSB cathodes. Two cathode design concepts with BCPs were inves-

igated computationally, i.e. (1) 𝐷𝑒𝑠𝑖𝑔𝑛 𝐼 where the cathode APs were
mbedded in a continuous phase of a BCP matrix with the vary-
ng soft-to-hard phase ratio, and (2) 𝐷𝑒𝑠𝑖𝑔𝑛 𝐼𝐼 where the cathode
Ps were coated with a thin layer of the BCP material (again with
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different soft-to-hard phase ratios) and embedded in a ceramic elec-
trolyte. For that, a computational micromechanics approach was de-
veloped within a non-linear diffusion-mechanics framework that com-
bined a finite-strain elasto-viscoplastic constitutive model for the BCP,
traction–separation law for the cathode active particle (AP)/BCP in-
terface, pressure-dependent Li transport and damage-dependent diffu-
sivity. The approach was implemented numerically using a non-linear
finite element solver and accompanied by a simple sensitivity analysis.

The ability of the BCP to accommodate volumetric changes of
the APs and minimizing their interface debonding from the BCP ma-
trix/coating was investigated computationally throughout the charge–
discharge process by using the proposed approach and a simplified 3D
geometrical representation of the cathode microstructure. The simu-
lation results showed that the interfacial opening (gap) and its shape
are strongly dependent on the chosen combination of the BCP material
composition (i.e. amount of the soft phase) and the interfacial strength
between the APs and the surrounding matrix. Different combinations of
those parameters showed that when the interface strength was chosen
to be below the stress in BCP (that corresponds to the displacement ini-
tiating damage at the interface), the interfacial opening was found to be
more uniform around all the circumference of the APs, and the volume
fraction of the soft phase has little influence on the opening. However,
when the interfacial strength was between the stress for the hard and
soft BCP, the interfacial gap and its shape were significantly affected
by the amount of soft phase in the BCP. As the material surrounding
the APs became softer the shape of the gap changed from the uniform
(around the entire particle circumference) to the non-uniform with the
maximum values gap occurring at the poles of the APs. Subsequently,
when the interfacial strength exceeded the aforementioned stress value
in the hard BCP, the interfacial gap was reduced significantly and the
maximum values gap occurred at the poles of the APs.

Furthermore, the results showed that when the interfacial diffusivity
was assumed to be gap-dependent (i.e. linearly decaying with the
increase in gap), the interfacial gap was reduced both in both design
case studies when the BCP was predominantly made of the hard phase.
Finally, a simple sensitivity analysis of the interfacial gap to the studied
design parameters, revealed that the interfacial strength would play the
most vital role in minimizing interfacial damage. On the other hand, the
coating thickness was found to have the least influence on reducing the
interfacial damage over the majority of the charge phase.

In summary, our model offers fresh insights into combined effects
of BCP elastoviscoplastic behaviour and interfacial characteristic on an
in-situ diffusion-mechanics behaviour of polymer-based ASSB cathodes
that entails certain simplifications of ASSB cathode microstructure. Fu-
ture work should account for more realistic representations of cathode
microstructure (e.g., non-spherical particle shape) to understand its
effects on Li-ion transport and stress fields.
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Appendix. Interfacial strength values — further information

Selection of the interfacial strength 𝑡0 was discussed in Sections
Section 6.2.1.2. As mentioned there, three regimes of block copolymer

Fig. A.19. Determination of interfacial strength: uniaxial stress–displacement and
S H S H
traction–separation (T–S) curves for different regimes (a) 𝑡0 < 𝜎𝜒0

< 𝜎𝜒0
(b) 𝜎𝜒0

< 𝑡0 < 𝜎𝜒0

(c) 𝜎H
𝜒0

< 𝜎S
𝜒0

< 𝑡0.
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(BCP) behaviour were considered when selecting values of the interfa-
cial strength in this work. The point of reference are the stress values
𝜎𝛼𝜒0 (where 𝛼 = H or S) corresponding to the displacements equivalent
(in value) to the interfacial opening at damage initiation 𝜒0.

To determine 𝜎𝛼𝜒0 , single-element simulations were carried out un-
der uniaxial extension to determine the stress–displacement curves as
shown in Fig. A.19 for BCPs with soft and hard components. They were
then compared with relevant traction–separation plots to choose three
different values of interface strength 𝑡0 = 0.25, 2.5 and 40 MPa, that fall
into three different regimes of BCP behaviour as described by Eq. (28)
in 6.2.1.2.
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