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H I G H L I G H T S

• A chemo-mechano-damage model to

predict core-shell behaviour is pre-

sented.

• Phase field is used to model electrode

particle cracking and core-shell debond-

ing.

• The interplay between damage and

electrochemical battery performance is 

quantified.

• The sensitivity of cracking mechanisms

to geometry and material parameters is 

demonstrated.

• Calculations reveal good design prac-

tices for core-shell electrode particles.
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A B S T R A C T

Core-shell electrode particles are a promising morphology control strategy for high-performance lithium-ion bat-

teries. However, experimental observations reveal that these structures remain prone to mechanical failure, with 

shell fractures and core-shell debonding occurring after a single charge. In this work, we present a novel, com-

prehensive computational framework to predict and gain insight into the failure of core-shell morphologies and 

the associated degradation in battery performance. The fully coupled chemo-mechano-damage model presented 

captures the interplay between mechanical damage and electrochemical behaviours, enabling the quantification 

of particle cracking and capacity fade. Both bulk material fracture and interface debonding are captured by util-

ising the phase field method. We quantify the severity of particle cracking and capacity loss through case studies 

on a representative core-shell system (NMC811@NMC532). The results bring valuable insights into cracking pat-

terns, underlying mechanisms, and their impact on capacity loss. Surface cracks are found to initiate when a 

significantly higher lithium concentration accumulates in the core compared to the shell. Interfacial debonding 

is shown to arise from localised hoop stresses near the core-shell interface, due to greater shell expansion. This 

debonding develops rapidly, impedes lithium-ion transport, and can lead to more than 10 % capacity loss af-

ter a single discharge. Furthermore, larger particles may experience crack branching driven by extensive tensile 

zones, potentially fragmenting the entire particle. The framework developed can not only bring new insight into
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the degradation mechanisms of core-shell particles but also be used to design electrode materials with improved 

performance and extended lifetime.

1. Introduction

Electrode particle cracking is one of the main causes of lithium-ion 

battery degradation [1,2]. This leads to loss of active material [3] and 

increases the exposed surface area, accelerating the growth of solid– 

electrolyte and cathode-electrolyte interphases, resulting in capacity 

fade and impedance rise. Particle cracking often arises from mechan-

ical stress induced by expansion and shrinkage of the active material 

during lithium intercalation and deintercalation [4], with pre-existing 

cracks commonly introduced during the fabrication process, particu-

larly during calendering [5,6]. To mitigate particle cracking, several 

microstructure-control approaches have been proposed, including core-

shell [7–10], concentration-gradient [11–13], single-crystal [14–16], 

and radially aligned [17,18] particles. In this work, we focus on the 

core-shell particle architecture, which is a popular and cost-effective ap-

proach. Core-shell particles typically consist of a high specific capacity 

but chemically reactive material core with a more stable, yet lower spe-

cific capacity shell. This structure reduces the exposure of the core to the 

electrolyte, creating a more stable chemical environment. Moreover, the 

shell can restrict active material volume changes, thereby minimising 

cracking. However, experiments have shown that core-shell structures 

are still susceptible to mechanical failure, with shell fracture and core-

shell debonding being observed after just a single charge at low currents 

(e.g., C/3) [19].

To better understand mechanical degradation, research efforts have 

examined particle cracking mechanisms. Advanced imaging techniques, 

including X-ray computed tomography (XCT) and scanning electron mi-

croscopy (SEM), have been employed to visualise cracking patterns in 

electrode particles [6,20]. Continuum modelling methods have been 

used to investigate diffusion-induced stress profiles and predict crack 

growth. Furthermore, advanced modelling approaches such as the phase 

field method, which is a variational formulation of Griffith’s fracture 

theory [21,22], enable the prediction of complex cracking patterns in 

arbitrary geometries. For instance, Miehe et al. [23] proposed a phase 

field modelling framework for chemo-mechanical induced fracture in 

both 2D and 3D electrode particle systems. Similarly, Klinsmann et al. 

[24,25] investigated the effects of particle size, initial crack size, and 

charging rate on the cracking behaviours of LiMn 2 

O 4 

particles. Boyce 

and co-workers [26,27] combined chemo-mechanical phase field frac-

ture modelling with XCT imaging, gaining insight at both the particle 

and electrode levels. Ai et al. [28] incorporated fatigue degradation into 

the phase field model to predict particle cracking. Additionally, they 

have applied the model to 3D particle geometries scanned by XCT, pro-

viding insights into the cracking behaviours of realistic microstructures. 

However, the application of phase field method to core-shell particles 

remains limited [29,30]. Moreover, the electrochemical consequences 

of particle cracking, such as capacity fade and impedance rise [31,32], 

have not been addressed yet in the context of core-shell structures, 

despite their widespread adoption in state-of-the-art cathode design. 

This is an area where modelling insight is strongly needed due to the 

challenges associated with the simultaneous experimental assessment of 

mechanical degradation and electrochemical performance at the particle 

level.

In this work, we propose a fully coupled chemo-mechano-damage 

framework to unravel cracking and capacity fade in core-shell electrode 

particles. We establish a link between particle cracking and capacity 

degradation, offering a new approach to understanding electrochemical 

degradation at the particle level. Bulk material fracture and interfacial 

debonding are simultaneously addressed by using a novel, phase field-

based numerical strategy. Model predictions are validated against ex-

perimental observations of particle cracking. Subsequently, case studies

on a high-nickel core–shell system are conducted to investigate crack-

ing mechanisms and assess the influence of key design and operating 

parameters. The findings provide valuable guidance for designing more 

durable electrode particles to mitigate mechanical damage and minimise 

capacity degradation.

2. Methods

We proceed to describe our theory, which includes the coupling be-

tween lithium-ion diffusion and mechanical stress (Section 2.1), the 

description of phase field fracture (Section 2.2), a diffuse representa-

tion of the interface to model debonding (Section 2.3), and the interplay 

between mechanical damage and diffusion (Section 2.4). Finally, we 

outline the boundary conditions used for the intercalation process. The 

multiphysics framework is schematically illustrated in Fig. 1.

2.1. Diffusion-induced stress: coupled model of diffusion and mechanics

The conservation of species balance gives

𝜕c
𝜕t

+ ∇ · J = 0, (1)

where t represents time, c denotes the lithium-ion concentration in the 

active material, and J is the flux of lithium ions. The chemical poten-

tial gradient drives the movement of lithium ions, with the flux being 

proportional to the gradient of chemical potential [33]:

J = –Mc∇μ, (2)

where M = D/RT is the mobility of lithium ions in the host material, 

and μ is the chemical potential. Based on thermodynamics, the chemical 

potential in an ideal solid solution can be expressed as [33,34]:

μ = μ 0 

+ RT ln(c) – Ωσ h, (3)

where μ 0 

is the reference chemical potential, R is the gas constant, T 

is the temperature, Ω is the partial molar volume of lithium ions in the 

host material, and σ h 

= tr(σ)/3 is the hydrostatic stress, with σ being

the Cauchy stress tensor. Combining Eqs. (2) and (3), the species flux 

can be expressed as

J = –D∇c + 

cDΩ 

RT 

∇σ h and J · n = J at 𝜕V s 

, (4)

where D is the diffusion coefficient, J is the flux magnitude at the 

boundary, and V s 

denotes the domain of the solid. The first term in the 

right-hand side of Eq. (4) captures the concentration gradient contribu-

tion to the flux, while the second term captures the role of mechanical

Fig. 1. Schematic representation of the multiphysics framework, showing the 

coupling among lithium-ion diffusion, strain/stress, and cracking.
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field (lattice distortion) in driving Li transport. Conversely, the con-

centration field drives volume changes, thereby establishing a two-way 

coupling between diffusion and mechanics. The constitutive relation be-

tween the Cauchy stress tensor σ 0 

of an undamaged solid and the strain 

tensor ε is given by:

σ 0 = λtr(ε – ε Li)I + 2 G(ε – ε Li 

), (5)

where λ and G are the Lamé constants, and I is the identity matrix. In 

Eq. (5), εLi 

 

is the chemical strain caused by lithium-ion insertion which

can be expressed as

ε Li = 

1
3
Ω 

{ 

c – c 0 

} 

I , (6)

where c0  

represents the initial lithium-ion concentration in a stress-free

state.

2.2. Phase field fracture formulation

According to Griffith’s theory [35], a crack will propagate when the 

potential energy released due to crack growth equals or exceeds the en-

ergy needed to create new free surfaces. For a solid with strain energy 

density ψ(ε) which is a function of the strain tensor ε, the variation in 

total energy Π resulting from an incremental change in the crack area 

dA, in the absence of external forces, is described by:

dΠ
dA

= 

dψ(ε)
dA

+ 

dW c
dA

= 0, (7)

where W  

 

is the work needed to create new crack surfaces. The last tec  rm, 

dW 

 

/dA = G , represents a material 
 

property thatc c   characterises the ma-

terial toughness, commonly known as the critical energy release rate or 

material toughness. In a variational form, Griffith’s energy balance is 

given by Ref. [36]:

Π = ∫Vs
ψ(ε) dV + ∫ Γ

G c dΓ, (8)

with Γ being the crack surface and V s 

being the domain of the solid. 

Predicting crack growth by minimising Eq. (8) is challenging due to 

the unknown nature of Γ. The variational phase field method offers 

a promising computational approach to address this numerical diffi-

culty. A scalar auxiliary variable, the phase field φ, is introduced here 

to describe cracks using a diffuse representation rather than a discrete 

discontinuity, as illustrated in Fig. 2. The phase field φ describes the 

degree of damage sustained by the material, with this varying between 

0 (intact) and 1 (fully cracked). Accordingly, the Griffith functional (8) 

can be approximated as the following:

Πl = ∫Vs

[ 

ψ(ε, φ) + G cγ(φ, l) 

] 

dV , (9)

where l is a length scale parameter that governs the width of the diffuse 

crack zone, and γ is the crack surface density function that depends on

l and φ. Eq. (9) is expressed as a volume integral and can be solved 

computationally, without the need to know the crack surface Γ a pri-

ori. Following the work by Bourdin et al. [21], which was inspired by 

Ambrosio and Tortorelli [37], we employ the so-called AT2 model and 

define γ as:

γ(φ, l) = 

1
2l
φ2 + l

2
|∇φ| 

2, (10)

The strain energy density ψ is degraded with increasing damage. 

To achieve this, we employ a degradation function g(φ). Since we only 

consider cracking induced by tensile stresses, the degradation function 

is applied solely to the tensile part of the strain energy:

ψ(ε, φ) = g(φ)ψ 

+
0 (ε) + ψ–

0 (ε), (11)

where ψ+
0 and ψ–

0 are respectively the (undamaged) tensile and com-

pressive strain energy densities, which are defined as follows based on

the volumetric-deviatoric split proposed by Amor et al. [38]:

ψ+
0 = 0.5 K 

〈 

tr 

{ 

ε – ε Li 

}〉2
+ 

+ μ 

(

εdev : ε 

dev
) 

, (12)

ψ–
0 = 0.5 K 

〈 

tr 

{ 

ε – ε Li 

}〉2
– 

, (13)

where K = λ + 2 G/3 is the bulk modulus, 〈x〉± = (x ± |

{

x|)/2
} { }

 are the 

Macaulay brackets, and ε 

dev  

 =
 

ε – ε
  

  Li – tr ε – ε Li I/3 is the devia-

toric elastic strain. The degradation function g(φ) must monotonically 

decrease and 

'satisfy the conditions g(0) = 1, g(1) = 0,  

 and g (1) = 0. The 

widely used quadratic form is adopted here:

g(φ) = (1 – φ) 

2 . (14)

Thus, the general form of the Griffith functional (9) becomes

Π l 

= ∫ V s

[ 

(1 – φ) 

2ψ+
0 (ε) + ψ–

0 (ε) + G c

(

1
2l
φ2 + l

2
|∇φ| 

2 

)] 

dV , (15)

For numerical purposes, we use g(φ) = (1 – 2
 φ)  

 +k where k is a small pos-

itive constant to avoid numerical issues when φ = 1. Next, we introduce 

a history variable field, H, to ensure irreversible growth of the phase 

+field variable. The history variable is defined as H = max , τ∈[0,t] 

ψ0 (τ)  

which tracks the maximum value of the tensile strain energy over time 

[39]. Finally, based on the constitutive formulation of the dissipation 

and the energy storage in a cracked solid, we can derive the strong form 

balance equations using the principle of virtual power. For a quasi-static 

process, the governing equations include the static equilibrium condition 

for the damaged stress σ and the evolution equation for the phase field:

∇ · σ = 0 with σ = g(φ)σ 0, (16)

G c
l 

{

φ – l2∇2φ 

} 

= 2(1 – φ)H, (17)

The boundary conditions are given as

σ · n = t and u = u at 𝜕V s, (18)

∇φ · n = 0 at 𝜕V s, (19)

where 𝜕V s 

is the boundary of the solid, n is the outward normal, t is the

external force vector, u is the displacement vector, and u denotes the 

displacement constraint.

2.3. Diffuse zone of core-shell bonding

The phase field fracture model is also capable of capturing debonding

[40]. We define G for 

 

as the critical energy release rate the interfacec,I  

between the core domain V 1 and shell domain V 2  

 

. Hereafter, wes, s,   use

the numbers 1 and 2 to respectively represent the variables in core and 

shell domains. The assumption of a sharp interface, Σ, would compli-

cate the numerical modelling of chemo-mechanical fracture. Moreover, 

experiments have demonstrated a gradual chemical composition tran-

sition across the core-shell interface [41]. To address this, we employ 

the phase field order parameter to smoothly interpolate the fracture 

energy across the core-shell interface, enabling a more accurate repre-

sentation of debonding behaviour. An interface indicator ζ transitions 

from 0 (in the bulk material, far from the interface) to 1 (at the sharp 

interface), with the width of this diffuse zone controlled by a length scale 

parameter l ζ 

:

ζ – l 

2 

ζ∇ 

2 ζ = 0 in V s, (20)

The boundary conditions are

ζ = 1 at Σ, (21)

∇ζ · n = 0 at 𝜕V s, (22)
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Fig. 2. Schematic representation of an electrode particle of volume V containings  (a) a discrete sharp crack, described by Γ  

 

and (b) a phase field crack, characterised

by the phase field order parameter φ and the regularised crack surface Γ l 

.

Fig. 3. A diffuse representation of the core-shell interface: (a) radial distribution of G c 

under 3 assumptions for Gc ,I          

 

; (b) visual representation of the variation of Gc
with the assumption Gc ,I 

= 0.1Gc ,ave 

.

And finally, we use the function (1 – ζ ) 

2 to interpolate the critical energy 

release rate across the diffuse zone:

G c 

= (1 – ζ ) 

2 Gc,i 

– G c,I 

 

+ G c,I , (23)
{ }

with i = 1, 2 representing the core and shell, respectively. The value of

G materials 

 

depends on the approach to bond the two and canc,I   be mea-

sured by mechanical experiments such as a peeling test. For core-shell 

structured cathode materials, interface bonding is achieved via coating 

techniques, including: co-precipitation coating, dry coating, sol-gel coat-

ing and chemical vapor deposition (CVD). Unfortunately, to the authors’ 

best knowledge, no data on the mechanical properties of the core-shell 

interface are available in the literature. Assumptions will be made for 

the value of Gc  

based on the bulk material properties.,I
The radial distribution of G c within a spherical core-shell particle is 

given in Fig. 3(a) for 3 scenarios: (1) good bonding, where G equalsc ,I  

 

the 

average value of the bulk materials Gc ,ave 

= (Gc ,1 

+Gc ,2 

)/2, indicating an 

intimate contact coating; (2) weak bonding, where Gc ,I 

is reduced to half

of G ; and (3)c,ave   very weak bonding, where Gc is,I  only 10 %  

 

of Gc ,ave 

.

A contour map of G c 

for scenario (3) is displayed in Fig. 3(b), suggesting 

that the core-shell interface would be more prone to cracking than bulk 

materials. Only a quarter section of the spherical particle is shown due 

to symmetry. Sun et al. demonstrated through experiments that core-

shell interface debonding, caused by structural mismatch and differences 

in volume changes between the core and shell, can lead to a sudden 

capacity drop [42,43]. The influence of interface bonding strength on 

cracking behaviour will be analysed in Section 3.

In some modelling studies that address both bulk material fracture 

and debonding, a phase field fracture model is used for the bulk ma-

terials, while a cohesive zone model is applied to predict debonding 

[44–46]. By defining a diffuse zone for the core-shell interface, we

can simultaneously solve both issues as cracking phenomena within the 

same framework. This approach requires only a single global phase field 

variable, φ, to be solved across the entire domain.

2.4. Diffusion hindered by mechanical damage

Appropriate coupling of mechanical damage with electrochemical 

behaviour is far from straightforward. For solid-state lithium-ion batter-

ies, cracking of electrode particles influences effective lithium-ion trans-

port properties due to the dynamic nature of the electrode-electrolyte 

interface [47]. The consequences of cracking in lithium-ion batteries 

with liquid electrolytes are more complex. Here, mechanical damage 

can cause internal cracks within the active material and external cracks 

that potentially expose new surfaces to the electrolyte. External cracks 

without electrolyte infiltration impede lithium-ion diffusion due to the 

loss of contact within the active material. The complexity of this process 

is compounded by factors such as the wettability of new surfaces, which 

influences the electrolyte infiltration behaviour [48,49]. If infiltration 

does occur, although it increases the active surface area, it can also 

promote transition metal (TM) dissolution and side reactions between 

the newly exposed material and the electrolyte [3,50]. Additionally, 

the low electrical conductivity of cathode materials such as lithium 

nickel manganese cobalt oxide (NMC) hinders electron flow along 

cracked surfaces that are no longer connected to the conductive matrix, 

thereby negatively impacting the overall electrochemical kinetics of a 

battery [31].

Some researchers have made initial attempts to incorporate these be-

haviours into simulations. Han et al. [31] assumed instant electrolyte 

infiltration into new cracks and the corrosion of the newly exposed 

surface, where a penalty factor was applied to the interfacial charge
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transfer kinetics. Allen et al. [51] proposed a similar approach, consider-

ing full electrolyte infiltration and a penalty factor scaling the exchange 

current density on the fractured surface. However, the values of these 

penalty factors are hypothetical, as experimental investigations of the 

electrochemical phenomena on new cracks are challenging.

For the Ni-rich layered materials examined in this work, cracks ex-

posed to the electrolyte may trigger parasitic reactions, promoting the 

formation of spinel-like and rock-salt phases that hinder diffusion [52]. 

Additionally, internal cracks obstruct diffusion due to loss of contact. 

Therefore, to account for the impact of mechanical damage on lithium-

ion transport within the solid, we apply the degradation function g(φ) 

to the diffusion coefficient, expressed as D = D 0 g(φ), where D0  

  

is the

original diffusion coefficient of lithium ions in the active material.

2.5. Boundary conditions for intercalation

The numerical experiments utilise a constant current-constant volt-

age (CC-CV) profile for the intercalation process. The CV stage is 

terminated when the average current density drops to the cut-off value, 

which is 10 % of the current density during the CC stage. We assume 

a continuous chemical potential at the core-shell interface [53], which 

establishes the following relationship between the concentration in the 

two materials at the core-shell interface [54]:

J 1(r = R) = J 2(r = R), (24)

μ 1 

(r = R) = μ 2 

(r = R), (25)

r = R : c1 = U 

–1
ref ,1

[Ω 2 

σ h,2 

– Ω 1 

σ h,1

F 

+ U ref ,2
{ 

c2 

} 

]

, (26)

Here, r is the radial position within a spherical particle. Ur ef ,1  

 

and U ref ,2 

are the open circuit potential of the core and shell. R denotes the radius 

of the core and h is the thickness of the shell. The other boundary and 

initial conditions are described as

r = 0 :
𝜕c 1
𝜕r

= 0, (27)

t = 0 : c 1 

= c 1,0 and c 2 

= c 2,0 

, (28)

r = R + h : J2(r = R + h) = J 0 

during the CC stage, (29)

The state of lithiation (SOL) of the particle is defined as

SOL =
∫ Vs

c dV

V 1 

c max,1 

+ V 2 

c max,2
, (30)

where c max,i 

(i = 1, 2) are the maximum concentrations of lithium in the 

core and shell materials. SOL = 0 % and 100 % respectively represent 

fully delithiated and fully lithiated states.

The flux J 0 during CC stage depends on the C-rate C as,

J 0 = 

V 1 

c max,1 

+ V 2 

c max,2

surface area
C

3600 s
(31)

3. Results and discussion

The coupled model described above is numerically implemented 

using the finite element method in COMSOL Multiphysics. We inves-

tigate a system consisting of a high-nickel core with a lower-nickel-

content shell, a configuration that has shown promise as a high-

performance cathode [55–57]. Specifically, a spherical core-shell par-

ticle of LiNi0 .8Mn 0 coated.1Co0 (NMC811).1O2    

    

with LiNi 0.5 

Mn0 .3 

Co0 .2 

O2 

(NMC532) is analysed.

The material properties used in the numerical model are listed in 

Table 1. Given the inherent complexity of the coupled model, constant 

material properties are used for simplicity, despite evidence from pre-

vious studies showing their dependency on lithium-ion concentration 

[54,58]. We assume the length scale for the diffuse interface to be

l ζ 

= 0.1 µm, which represents a transition zone that is much smaller 

than the shell thickness. The lithiation process starts with 10 % of the 

maximum concentration in the shell and the corresponding value in the 

core, determined by the boundary condition described in Section 2.5.

Due to the challenges associated with conducting fracture tests on 

cathode materials, we determine the phase field input parameters from 

indentation tests performed on NMC secondary particles. Sharma et al. 

[62] carried out indentation tests on NMC811 and NMC532 and inferred
0

 

MP  

 

5fracture toughnesses of Kc = 0.271 a m 

. and Kc  

.  

 = 0.296 MPa m0 5,
2respectively.   

 The value of G canc  then be estimated as Gc = (1 – ν) Kc 
2/E 

[63]. The length scale is intrinsically defined by the choices of tensile 

strength (σ 

 

) and toughness (G 

 

), with characteristicc c  the material  length 

2scale as  

 defined  lc h = (K c/σ c) and   

 

the field length  

 

phase  scale given by

l = 27l ch 

/256 [64], for the so-called AT model. The tensile strength of 

NMC materials is reported to be σ c = 184 MPa [65]. 

To reduce computational cost, the simulations are performed using 

an axisymmetric geometry, with the contour results shown through 2D 

cross-sections.

Experiments have revealed that cathode particles may have pre-

existing cracks caused by mechanical stresses during calendering, wind-

ing, or synthesis [6,66,67]. These defects can initiate particle cracking. 

In our numerical experiments, three types of initial cracks are investi-

gated: those located on the particle surface, at the core-shell interface, 

and at the centre of the core, as illustrated in Fig. 4(a)–(c). Diffuse ini-

tial cracks are employed, as depicted in Fig. 4(d) and, to facilitate crack 

visualisation, cracked regions (φ > 0.95) are removed from the contour 

plots. Initial cracks are introduced numerically by assigning a non-zero 

history field within the region corresponding to the initial crack length 

at t = 0, expressed as:

H = α 0 

exp 

( 

–100 z 

2

l 

2

) 

, (32)

12where α0 = 10  

 J/m 

3 and  

 

z denotes the distance to the initial crack

plane.

The effect of design and operating parameters on cracking be-

haviours is investigated, focusing on the core-shell system dimensions, 

C-rate, and core-shell bonding strength. The geometric parameters, illus-

trated in Fig. 4, include core size R, shell thickness h, and initial crack 

size a. The severity of cracking and capacity fade are quantified. We 

define the normalised crack volume, -a c 

, as the ratio between the fully

Table 1 

Material properties of the NMC core-shell structure.

Parameter Symbol Core (NMC811) Shell (NMC532)

Maximum lithium concentration cmax 

351,765 mol/m [58] 349,000 mol/m  

 [59] 

Partial molar volume of lithium Ω 7.88 × 10 

–7 m 

3 /mol [60] 4.86 × 10 

–7 m3 

 /mol [60]

Diffusion coefficient D 3.26 × 10 

–14 m2
 /s [54] 2.48 × 10 

–14 m 

2 /s [61] 

Young’s modulus E 230 GPa [62] 201 GPa [62] 

Poisson’s ratio ν 0.253 [62] 0.253 [62] 

Toughness G c 0.299 N/m 0.408 N/m [62] 

Length scale l 0.23 µm 0.27 µm
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Fig. 4. Key definitions and boundary value problem. (a)–(c) schematics of three types of initial cracks in spherical core-shell particles; and (d) contour plot showing 

that a diffuse initial crack is used instead of a geometric one. In all figures, fully cracked regions (φ > 0.95) are removed for the sake of better crack visualisation.

Fig. 5. Evolution of the state of lithiation (SOL) for a cracked particle. When 

assuming that the mechanical damage impedes diffusion (D = D 0   

 

g(φ)), the
state of lithiation evolution shows a capacity fade compared to full lithiation 

without coupling between damage and diffusion (D0  

).

cracked (φ > 0.95) volume and the total volume of the particle:

-a c 

=
∫ Vs

H(φ – 0.95)dV s

V s
, (33)

where V s 

represents total volume of the particle and H is the Heaviside 

step function. Capacity degradation is assessed by observing the final 

state of lithiation at the cut-off current. Fig. 5 shows the state of lithia-

tion evolution of an NMC811@NMC532 particle with an initial surface 

crack during lithiation, with and without considering the degradation 

of diffusion. Both models predict cracking propagation; however, the 

model with D0  

 

reaches full lithiation, while the model used in this study, 

which considers the interplay between mechanical damage and diffusion

D = D0 g(φ), indicates a capacity loss. 

3.1. Validation with experimental observations

Before conducting a predictive parametric analysis, model pre-

dictions are validated against experimental findings. Quantitatively 

characterising particle cracking during electrochemical cycling remains 

challenging. Electron microscopy (EM) and X-ray imaging techniques 

have been used to study cracks in cathode particles caused by fab-

rication or operation [6,67]. However, cracking characterisation in 

cycled core–shell particles remains largely unexplored. Brandt et al.

[19] employed scanning electron microscopy (SEM) to examine a cycled 

NMC core–shell particle and observed both shell fracture and core– 

shell debonding after a single C/3 half-cycle, as shown in Fig. 6(a). 

A comparison is performed with this experimental result to validate 

the computational model described in Section 2. In their study, Brandt 

et al. [19] investigated a particle consisting of an NMC811 core and a 

concentration-gradient shell with NMC532 at the surface. NMC811 and 

NMC532 are also used in our numerical case studies, with their mate-

rial properties listed in Table 1. To represent the concentration-gradient 

shell, a linear radial interpolation of material properties is applied be-

tween NMC811 and NMC532. As no SEM image of the particle prior to 

cycling is available, an initial surface crack is assumed to originate from 

the fabrication process. Fig. 6(b) shows the simulated phase field after 

lithiation at C/3, capturing crack propagation within the shell and core– 

shell debonding, which closely resembles the cracking pattern observed 

in the SEM image in Fig. 6(a).

In the following sections, studies with three types of initial cracks are 

conducted individually. Representative cracking patterns and their im-

pact on capacity loss are analysed in detail using the example of an initial 

surface crack in Section 3.2. Similar behaviours are observed for initial 

interface cracks, which are examined in Section 3.3. Finally, the case 

with an initial centre crack, which exhibits distinct cracking patterns, is 

discussed in Section 3.4.

3.2. Cracking with an initial crack on the shell surface

Initial surface cracks can result in various cracking patterns, depend-

ing on the design and operating parameters. The representative final 

cracking patterns are illustrated in Fig. 7, where fully fractured regions 

(φ > 0.95) are removed for better crack visualisation. Three distinct 

cracking phenomena are identified: propagation (P) of the initial crack 

in the shell, initiation (I) of new surface cracks, and core-shell debonding 

(DB). The cracking patterns are combinations of these three phenom-

ena. It is observed that the initial crack propagates (P) in the shell in all 

cracking patterns, driven by particle swelling. New surface crack initia-

tion (I) and core-shell debonding (DB) may occur individually, when a 

single cracking mechanism dominates, or simultaneously. The final con-

centration field c and accessible SOL are also shown in Fig. 7. A key 

observation is that interfacial debonding (see Fig. 7(b) and (c)) impedes 

lithium-ion transport into the core, thereby resulting in a lower final 

accessible SOL compared to Fig. 7(a).

The studied parameters and the resulting final cracking patterns for 

various parameter values are presented in Table 2. The reference val-

ues are marked in bold. When analysing one parameter, the others 

remain fixed, taking their reference values. The parameters include de-

sign parameters of the core-shell system (core radius R and relative shell

thickness 

- h = h/R; see Fig. 4 for the geometric schema), an operating pa-

rameter (C-rate C), and parameters influenced by the fabrication process
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Fig. 6. Validation against experimental observations: (a) SEM image of a core-shell particle showing shell fracture and core-shell debonding after cycling, reproduced 

from Ref. [19]; (b) simulated phase field results, obtained using the same inputs as the experiment, show good visual agreement with the experimental observations.

Fig. 7. Three cracking phenomena are identified: propagation (P) of the initial crack in the shell, initiation (I) of new surface cracks, and core-shell debonding (DB). 

Three representative cracking patterns, combining these phenomena, are observed for an initial surface crack: (a) P+I; (b) P+I+DB; and (c) P+DB.

Table 2 

Final cracking patterns obtained for the case of an initial surface crack and every 

choice of parameters. The reference values are marked in bold. For most case 

studies, a failure model involving propagation (P) and core-shell debonding (DB) 

is observed.

Parameters P+I P+I+DB P+DB

h-  0.1, 0.125 0.15, 0.175 0.2, 0.225, 0.25, 0.275, 0.3 

R (µm) 2, 3 4, 5, 6, 7, 8 

C 0.5 1, 2, 3 

a- 0.2, 0.3, 0.4, 0.5

G 

i /c G 

ave
c 0.1, 0.5, 1

(relative defect size a- = a/h and interfacial  

 bonding strength G 

i /c G
ave).c  

As shown in Table 2, all relative initial crack sizes ( -a=0.2, 0.3, 0.4, 
and 0.5) result in the same cracking pattern. Additionally, the evolution 

of normalised crack volume ( -a c 

) over time is similar across all initial 

crack sizes. Therefore, the effects of the initial crack size will not be 

discussed in detail hereafter. The key cracking mechanisms will be anal-

ysed in Section 3.2.1, followed by the influence of various parameters 

investigated in Sections 3.2.2 and 3.2.3.

3.2.1. Cracking mechanisms of new surface cracks and interfacial 

debonding

To understand the cracking mechanisms of initiation (I) of surface 

cracks and interfacial debonding (DB), the evolution of the dimension-

less concentration -c, hydrostatic stress σ h 

, and phase field φ is shown 

in detail for exemplary thin-shell and thick-shell particles in Fig. 8. For 

both cases, the initial crack propagates (P) first in the shell, followed by 

new crack initiation for the thin shell or interfacial debonding for the 

thick shell.

For the particle with a thin shell ( 

- h = 0.1, see Fig. 8(a)), a substan-

tially larger fraction of lithium is accommodated in the core compared 

with the shell. As a result, the core undergoes pronounced expansion, 

constrained by the less expansive shell. This difference in volume change

arises from the greater lithium accumulation in the core and the rel-

atively smaller partial molar volume of the shell. The resulting strain 

mismatch generates tensile hoop stresses in the shell, with the maximum 

located at the core–shell interface. This high stress drives the formation 

of new cracks that penetrate the shell at multiple locations, as shown in 

Fig. 8(a). When damage occurs, the stress is significantly diminished as 

the degradation function g(φ) reduces the effective stiffness of the mate-

rial. These surface cracks have little impact on the concentration field, 

since they do not substantially obstruct diffusion, resulting in a rela-

tively high final SOL of 96.7 %, which is higher than the cases where 

debonding occurs.

When the shell is thicker, it accommodates more lithium ions and 

undergoes greater outward expansion, while still constraining the expan-

sion of the core. As in the case of a thin shell, the mismatch in volume 

change generates large hoop stresses in the shell, with the maximum 

being at the core–shell interface. The increased thickness results in a 

higher difference in stress levels across the thickness, which localises 

damage at the interface, triggering interfacial debonding, as shown

in Fig. 8(c) for a particle with 

-h = 0.25. Stress decreases once dam-

age occurs. Interfacial debonding hinders lithium-ion transport from 

the shell to the core, reducing the final accessible SOL to 92.8 % for
- h = 0.25.

3.2.2. Effects of core-shell interface bonding

The evolution of the normalised crack volume a- c 

for three differ-

ent interface bonding strengths is depicted in Fig. 9: both weak (G c,I 

=
0.1G and ) and good ( ) bonding scenarios arec ,ave  0.5Gc ,ave    Gc ,I 

= Gc ,ave    

  

considered. They all lead to the same cracking pattern: propagation of 

the initial crack in the shell, followed by core-shell debonding. Under 

the same loading condition (intercalation), core-shell debonding occurs 

significantly earlier for weak bonding, as indicated by the abrupt in-

crease in -a c 

shown in Fig. 9. Once debonding initiates, lithium diffusion 

into the core is abruptly blocked in the debonded region, suppressing 

further core expansion and thus limiting interfacial debonding. Over 

time, however, the shell continues to take up and diffuse lithium ions
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Fig. 8. Evolution of the dimensionless concentration c-, hydrostatic stress σ  

 

, and phase field φ, displayed forh   two shell thicknesses: (a) results for a thin shell ( h-=0.1) 

showing initial crack propagation (P)  

 followed by new crack initiation (I); (b) results for a relatively thick shell ( h-=0.25) depicting initial crack propagation (P)

followed by core-shell debonding (DB). Only half of the particle section is shown due to symmetry.
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Fig. 9. Evolution of the normalised crack volume (a-  

 

) over time under threec   

assumptions for the interface bonding: weak bondings (G c,I = 0.1G 

 

andc,ave
0.5G )c,ave  and strong bonding (G ). The sudden rise of indicatesc,I = G c,ave     

 

a- 

 c
debonding, which happens earlier for weaker bondings.

to the core through intact regions, leading to gradual expansion. This 

renewed expansion can trigger limited additional debonding, which 

appears as a slight upward shift in the a-  

 

curve. The finalc   accessible 

SOL is 74.8 %, 82.8 %, and 92.2 % for Gc 0.5,I/Gc ,ave = 0.1,   

 

and 1, 

respectively. Early debonding obstructs lithium-ion diffusion into the 

core, reducing the accessible capacity. These results align with the ex-

perimental findings of a sudden capacity drop caused by core-shell 

debonding [42,43].

Strengthening the core-shell bond is crucial to prevent early-stage 

debonding. Wu et al. [41] reported that an intimate core-shell contact 

can be achieved through ball-milling and temperature control below 

100  

 

°C. Transmission electron microscopy (TEM) and etching X-ray 

photoelectron spectroscopy (XPS) have confirmed a gradual chemical 

transition zone between core and shell materials, suggesting a smooth

Gc transition where Gc int,I = Gc . erest,ave  In the   

  

of optimising the mi-

crostructural design to enhance the chemo-mechanical behaviours of the 

particle, subsequent calculations assume an optimal interfacial design 

with G .c,I 

= Gc ,ave 

3.2.3. Effects of core radius, relative shell thickness, and C-rate

As discussed in Section 3.2.1, the cracking pattern is influenced by 

the distribution of lithium ions in the core and shell, which dominates 

the volume change of the core and shell, thereby affecting the evolu-

tion of the stress field and the phase field φ. When significantly more 

lithium ions are distributed in the core than in the shell, it leads to 

new surface cracks; while when the core and shell accommodate similar 

amounts of lithium ions, core-shell debonding occurs. In intermediate 

cases, surface crack initiation and debonding occur simultaneously. To 

quantify the difference in overall state of lithiation in the core and 

shell, we define: ΔSOL = SOL core – SOL shell. The value of ΔSOL is 

  

influenced by the relative volumes of the core and shell, which are

determined by h- , as well as by the concentration gradient which is

affected by the core size R and C-rate C. The maximum ΔSOL and fi-

nal accessible SOL during lithiation under varying relative thickness h- , 
core radius R, and C-rate C, are illustrated in Fig. 10(a), (c) and (e),

respectively. When the shell is very thin (h- 

         = 0.1, 0.125), maxΔSOL ex-

ceeds 0.4, leading to initiation of surface cracks. When the shell thickens

(h- 

 =0.2 to 0.3), or the core radius increases beyond 4 µm, or C reaches

2 or 3, core-shell debonding becomes dominant, reducing the final 

accessible SOL.

The normalised crack volume ( -a c 

), shown in Fig. 10(b), (d) and 

(e), quantifies the evolution of crack initiation and propagation. For 

thick shells ( - h=0.2 to 0.3), interfacial debonding occurs rapidly, char-

acterised by the steep increases in -a c 

in Fig. 10(b). The thicker the shell 

is, the earlier debonding takes place. Once rapid debonding happens, it 

impedes diffusion and significantly reduces the chemo-mechanical load-

ing, causing a plateau in -a c 

in Fig. 10(b), which can also be observed in 

Fig. 10(d) and (f). After debonding, lithiation continues until the cut-off 

current is reached at the outer surface. The shell continues to accom-

modate and diffuse lithium ions to the core through the intact regions.

For the thickest shell ( 

- h = 0.3), the shell is able to store slightly more

lithium before reaching the cut-off condition, resulting in a modestly 

higher final capacity compared to - h = 0.2, as shown in Fig. 10(a). For

R = 4, 6, 8 µm, core-shell debonding is observed and can be charac-

terised by the rise of a- c 

in Fig. 10(d). Since the crack width, governed

by the length scale l, is relatively smaller for bigger particles, a- c 

is conse-

quently smaller for larger particles exhibiting the same cracking pattern. 

Initiation of new surface cracks is characterised by small steps in a- c 

, as 

observed for h- 

   = 0.1, 0.15, R = 2 µm, and C = 0.5. In Fig. 10(f), time is

normalised in reference to C = 1, where t 

* = t · C. For fast discharging 

rates of 2 C and 3 C, interfacial debonding takes place rapidly, blocking 

the transport of lithium ions into the core. As a result, the lithium ions 

become saturated in the shell quickly, reaching cut-off condition during 

the CV stage much faster.

Overall, particle size and C-rate, which control the concentration gra-

dient within the particle, have a greater impact on the final accessible 

SOL than the relative shell thickness. When the other parameters are

fixed, all relative shell thickness from 

- h = 0.1 to 0.3 result in more than

92 % of final SOL. However, when R exceeds 5 µm, or C is 2 or higher, 

the final SOL drops below 90 % because of core-shell debonding.

3.3. Cracking with an initial crack at the core-shell interface

For the case with an initial crack at the core-shell interface, the range 

of parameters studied and the reference values of the parameters re-

main the same as in Section 3.2, except for the choice -a = a/h = 0.6 

instead of 0.3, due to symmetry. As for the analysis of initial surface 

cracks in Section 3.2, the initial crack size has a minimal effect on 

the cracking behaviours. The same cracking phenomena are identified 

as before: propagation (P) of the initial crack in the shell, initiation 

(I) of new surface cracks, and core-shell debonding (DB). The same 

combinations of these phenomena are also observed. Additionally, a 

new cracking pattern is recognised: purely debonding, as depicted in 

Fig. 11(d).

The studied parameters and the resulting final cracking patterns for 

various parameter values are listed in Table 3. The reference values 

are indicated in bold. A particle with the reference values as param-

eters undergoes propagation within the shell, followed by interfacial 

debonding. The evolution of -c, σ h 

, and φ is illustrated in Fig. 12. At

the beginning of the lithiation process, the concentration field exhibits 

a nearly radial symmetry. The presence of the initial crack at the inter-

face introduces heterogeneity in the stress and damage fields, leading 

to the opening of a crack through the shell. The subsequent crack-

ing behaviour closely resembles that observed for an initial surface 

crack, where high stress in the shell near the interface drives debond-

ing. The effects of - h, R, and C on cracking are also consistent with

those in the cases with an initial surface crack. Notably, a new finding 

is the transition to purely interfacial debonding under specific condi-

tions, such as weak interface bonding (Gc ,I 

= 0.1Gc ,ave 

) or greater hoop 

stress induced by h 

 thicker shells ( 

-
 = 0.25, 0.3) and larger particles

(R = 6, 8 µm).
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Fig. 10. Influence of the parameters on cracking and capacity loss: maximum ΔSOL during lithiation and final accessible SOL  

 under varying (a) h- , (c) R, and (e) C,
corresponding  

 to different cracking patterns: P+I, P+I+DB, or P+DB; and the evolution of a- overc  

-
 

 

time under different values of (b) h, (d) R, and (f) C.

Fig. 11. The same cracking phenomena are identified: propagation (P) of the initial crack in the shell, initiation (I) of new surface cracks, and core-shell debonding 

(DB). Four representative cracking patterns are observed for an initial surface crack: (a) P+I; (b) P+I+DB; and (c) P+DB; and a newly observed pattern, purely 

debonding (d) DB.
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Table 3 

Final cracking patterns obtained for the case of an initial inter-

face crack and every choice of parameters. The reference values 

are marked in bold.

Parameters P+I P+I+DB P+DB DB

h-  0.1 0.15 0.2 0.25, 0.3

R (µm) 2 4 6, 8

C 0.5 1, 2, 3

G 

i /c G 

ave
c 0.5, 1 0.1

3.4. Cracking with an initial crack at the centre of the core

The final case study considered involves an initial crack located at the 

centre of the core. Despite the presence of a crack at the centre, the core 

and shell expand in an almost spherically symmetric manner. Compared 

to surface and interface cracks, the internal central crack leads to lower 

local fluctuations in concentration and generates smaller stresses. When 

examining the same combinations of parameters as in Sections 3.2 and 

3.3, almost no crack propagation or initiation is observed. Therefore, we 

further investigate cases with a higher C-rate as reference (C = 2), while

varying R from 2 to 8 µm and h- 

 from 0.1 to 0.3, with a- = a/R = 0.6 and

Gc ,I 

/Gc ,ave = 1. 
The final cracking patterns are shown in Fig. 14. Initiation (I) of 

surface cracks and core-shell debonding (DB) can be identified, as in

previous Sections 3.2 and 3.3. The central initial crack can lead to ei-

ther propagation (P) along the same radial direction or a newly observed 

phenomenon: branching (B), as illustrated in Fig. 13. Branching is when 

the crack tip bifurcates, leading to the formation of two or more crack 

paths. Crack branching can be understood as a consequence of excess en-

ergy available at the crack tip, which cannot be fully dissipated through 

a single crack propagation event [68]. It is typically associated with high 

crack tip velocities [69,70].

The influence of the geometric parameters R and h- 

 on cracking be-

haviour is illustrated in Fig. 14. The final normalised crack volume, a- c 

, 

quantifies the severity of cracking, with the boxes representing groups 

of various cracking patterns. The dots indicate cases where a- c   

 

is nearly

zero, corresponding to parameter combinations that result in no crack-

ing. Particles with R ≤ 7 µm and h- 

 ≤ 0.2 experience no cracking. Larger

particles or thicker shells generate higher stresses at the core-shell inter-

face, leading to interfacial debonding. Very large particles (R = 8 µm) 

undergo branching, as illustrated in Fig. 15. Similarly, Klinsmann et al.

Fig. 12. Evolution of -c, σ h 

, and φ within a particle with an initial interface crack, illustrating the crack propagation (P) through the shell and subsequently at the 

core-shell interface (DB). Only half of the particle section is shown due to symmetry.
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Fig. 13. The observed cracking phenomena include radial propagation (P) of the initial crack, initiation (I) of surface cracks, core-shell debonding (DB), and branching 

(B). four representative cracking patterns are identified for an initial central crack: (a) DB, (b) P+DB, (c) B+DB, and (d) B+I+DB.

Fig. 14. Visual representation of the final normalised crack volume, a- c 

, as a

function of R and h- 

 in the presence of an initial central crack. The dots indicate

no cracking. The boxes highlight the corresponding cracking patterns.

[25] predicted branching of spherical cathode particles when R ≤ 10 µm 

during lithiation under various C-rates. The branching of large particles 

can be attributed to increased crack tip velocity, driven by larger regions 

of high tensile stress that accelerate the crack tip. A smaller radius and

Fig. 15. Evolution of the phase field in a particle with R = 8 µm, - h = 0.2 undergoing branching, shown in 3D. A portion of the particle is removed to reveal the

internal structure.

a thinner shell should be chosen to mitigate mechanical degradation in 

this scenario.

4. Conclusions

We present a novel chemo-mechano-damage framework that predicts

mechanical degradation and the resulting capacity fade in electrode 

particles of lithium-ion batteries. By coupling the electrochemical be-

haviour with fracture mechanics, our model uniquely connects particle 

cracking to capacity loss which is a crucial link often overlooked. Using 

the phase field method, our model addresses both bulk material fracture

and interfacial debonding simultaneously. Through numerical case stud-

ies of NMC core-shell particles, we investigate how design and operating 

parameters influence cracking, providing insights for improving battery

durability. The main findings are

• The location of initial defects plays a dominant role. Under the same

conditions, initial surface and interface cracks are more detrimental 

than those at the centre due to higher stresses in the shell. In large 

particles (core radius R ≤ 8 µm), initial central cracks may branch 

and split the particle due to accelerated crack tip in larger tensile 

regions.

• Concentration distribution governs cracking pattern. If significantly

more lithium ions are concentrated in the core (when the shell is very 

thin or the concentration gradient is small), high hoop stresses de-

velop throughout the shell, potentially leading to new surface cracks. 

In contrast, if the lithium-ion distribution is more balanced between 

core and shell, the shell tends to expand more outward, inducing 

high hoop stresses near the core-shell interface that lead to interfacial
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debonding. Notably, interfacial debonding hinders lithium transport

in the radial direction, making it more detrimental to capacity.

• Particle size and C-rate dominate capacity loss. The final accessible

state of lithiation (SOL) is predominantly influenced by particle size 

and C-rate, which govern the concentration gradient. In the case of 

an initial surface crack, when R exceeds 5 µm or C reaches 2 or 

higher, the final SOL drops below 90 % due to core-shell debonding.

The findings also provide guidance for designing core-shell particles 

that minimise mechanical degradation and result in improved battery 

performance. For example, the results suggest that one should opti-

mise the manufacturing process to reduce initial imperfections in the 

shell. In addition, the core-shell interface has been shown to be a weak 

link; therefore, the use of advanced synthesis techniques [41] or graded 

materials [11,13,71,72] presents suitable avenues.

Further experimental and computational studies are needed to ex-

plore phenomena related to particle cracking, such as electrolyte infil-

tration and its consequences. Moreover, future research should account 

for the polycrystalline structure to gain a more comprehensive under-

standing of particle cracking. In addition, experiments have shown that 

mechanical properties deteriorate during cycling [73,74]. Therefore, 

further studies addressing the long-term performance of cathode par-

ticles could incorporate fatigue effects to capture ageing behaviours 

[28].
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