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Abstract

Mechanical fracture is commonly regarded as one of key ingredients affecting the reliability of Li-
ion battery electrode. In order to avoid the rapid mechanical collapse of electrode, attempts have
been made to work on obtaining the accurate critical fracture condition for electrode particle with
initial cracks under diffusion-induced stress produced in Li-ion intercalation and deintercalation
process. However, considering the integrated fracture process on pristine particle, it is crucial to
assess crack initiation phase in fracture analysis so as to obtain the comprehensive failure margins of
three-dimensional primary particle. This paper evaluates the diffusion induced stress for NCM
primary particle morphology under lithiation-delithiation condition, where the coevolving process of
diffusion and stress generation is implemented with both diffusion driven approach and chemical
potential driven approach by developing finite element subroutines. Based on the coupled diffusion-
stress analyses, crack onset and growth of ternary cathode particle are studied by using ABAQUS
extended finite element method (XFEM) with appropriate mesh density and verified by experimental
observation. The integrated crack initiation and fracture margins with various current densities and
particle dimensions are plotted. The innovative equations to acquire critical particle dimension for
crack initiation and fracture under applied electrochemical load are established, which are significant
for evaluating particle status. Associating the critical failure diagram with the size distribution of
particles in NCM electrode samples, the failure proportion is presented for electrode in microscale.
The impact of diffusion on active material property is also investigated comprehensively in stress
evolution and fracture analysis.

Keywords: Li-ion battery electrode, diffusion induced stress, crack initiation, crack propagation,
critical margins

1. Introduction

As one of the most pivotal parts of Lithium-ion battery, electrode has driven many researchers to
study and improve its operation efficiency and durability so as to fulfil the increasing usage demands
from electric vehicles, portable electronic devices, etc. [1, 2, 3, 4]. Compared with traditional
transition metal oxide cathode like LiCoO,, ternary LiNixCoyMn,0, (NCM) has better electrochemical
performance and relatively low material cost, which make it extensively used and researched in
recent years as the rechargeable battery cathode [5, 6, 7]. On account of different synthesis
approaches, there exists two categories of NCM microcosmic morphologies. One is spheroidal
secondary particle structure composed of densely packed primary particles, and the other one is
separated primary particle morphology with varying spheroid configuration [8]. In comparison with
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secondary particle structure, the primary particle NCM electrode exhibits relatively better
mechanical stability under various measurement conditions, as the intergranular decohesion and
fracture phenomenon between grains will result in serious mechanical degradation of secondary
particles structure under electrochemical operation condition [9, 10]. However, the intragranular
fracture behaviour is still a major factor affecting the mechanical stability and commercialization of
NCM primary particle electrode [11].

During the process of Li-ion intercalating into and deintercalating from electrode particle, the
inhomogeneous distribution of Li-ion concentration from kinetic limitation, together with solid state
diffusion of Li-ions will generate evident diffusion induced stress (DIS) inside electrode particles,
which further leads to fracture happened on particles and decline in the capacity of batteries [12,
13]. On the studying of stress arising from boron and phosphorus diffusing into silicon wafer, Prussin
creatively calculated this type of stress by analogy to thermal stress [14]. Li [15] derived a series of
analytical solutions for diffusion-induced stress in spherical, cylindrical, and thin plate structures.
Christensen and Newman rose up a mathematical model to calculate concentration and stress
profiles for the spherical electrode particle within lithiation and delithiation process, and further
investigated the factors affecting the maximum stress, including charge rate, particle size and
diffusivity [16]. Cheng and Verbrugge [17] have studied the development of diffusion-induced stress
in spherical particles under potentiostatic and galvanostatic conditions by deriving analytical
expressions. Korsunsky and co-workers [18] have established an expression for Li-ion concentration
in a function of time and coordinate, and derived a closed form formulae for DIS in spherical particle.
This work provides an efficient and effective basis for assessing the DIS caused damage of Li-ion
battery components. Zhang and co-workers [19] systematically researched the intercalation-induced
stress for LiMn,0, electrode particles via finite difference method and finite element approach. The
kinetic bidirectional effect between diffusion and mechanical stress has been investigated by Zhang
[20] taking silicon as an example. Kalnaus and co-workers [21] investigated the diffusion-induced
stress and fracture behaviour of Si particles during lithiation process, and verified the calculation
results by acoustic emission test. Cui et al. [22] developed a stress-dependent chemical potential for
solids under finite strain deformation and applied it to calculate the diffusion induced stress of
silicon particle within lithiation-dilithiaion course with the consideration of both elastic and elastic-
plastic conditions. A diffusion model with dimensionless equations is developed by Purkayastha et al.
[23] and the influence of dimensionless current, maximum lithiation strain and partial molar volume
on stress for spherical particles is clarified. For NCM ternary material, Wu et al. have employed the
finite element method to analyse lithium intercalation stress on NCM three dimensional structures
under various electrochemical conditions [24]. These research works present various numerical
approaches to evaluate the DIS within spherical particle from different perspectives. Experimentally,
multi-beam optical stress sensor [25], laser beam position detector [26], fiber optic sensor [27], etc.
have all been used to determine the development of DIS in electrode material.

Based on the distribution of concentration and diffusion induced stress via performing the
coupled electrochemical-mechanical investigation, it is more critical to explore the fracture
behaviour of electrode particle so as to avoid life attenuation. Wolfenstine took the lead in
concluding that the decreasing of particle size is beneficial for avoiding the occurrence of
microcracks in electrode particle from the point of view of energy [28]. Aifantis [29] employed
fracture mechanics to establish the stability diagrams considering crack growth for various
microstructures of electrode material so as to seek for the most effective material configurations.
Resorting to the linear elastic fracture mechanics, Hu and co-workers [30] employed critical energy
release rate to decide the critical size of particle containing initial cracklike flaws so as to avert
further cracking. In another work of this research group [31], by associating diffusion kinetics with
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fracture mechanics, they established a fracture map according to non-dimensionalized discharge
rate and elastic energy as the criterion for particle fracture. Yang [32] regarded the fracture as a
pseudoreversible procedure and calculated the average size of fragments generated within lithiation
process of spherical particle from energy viewpoint. Cheng and Verbrugge [33] worked out the
analytical solution for total elastic energy in spherical particle caused by diffusion-induced stress. By
further combining with Hasselman crack propagation model, they defined crack propagation criteria
for spherical electrode. With the investigation on the growth of a pre-existing dominant flaw in
single-particle electrode, Woodford [34] came up with the “electrochemical shock” map, which is
plotted to relate the critical fracture C-rate with particle size under galvanostatic charging condition.
Klinsmann and co-workers [35, 36] also developed a coupled model considering Li-ion diffusion,
diffusion-induced stress and crack growth with the help of phase field method. The established
model is applied to research the intragranular crack propagation and fracture of particles during
lithiaiton-delithiation process. By applying the cohesive zone model in finite element analysis,
Grantab [37] investigated the location and orientation dependent crack propagation behaviour in
two-dimensional graphite particle model with pre-existing defects. Zhu et al. [38] employed the
extended finite element method (XFEM) to study the effects of current density, particle size and
particle aspect ratio on initial defect propagation in the LiMn;0,; cathode. The aforementioned
investigations have employed different principles to study and avoid the fracture phenomenon of
electrode material with pre-existing crack. While for pristinely primary electrode particle, the
integrated fracture process include crack initiation, propagation and final fracture phase. Electrode
material in different cracking status affects the electrochemical performance of battery to varying
degrees. In addition, crack initiation and fracture generally follow different critical electrochemical
excitation conditions. Therefore, it is significant that the fracture analysis of electrode particles is
ought to assess the integrated crack initiation, evolution and fracture process. And the integrated
critical failure boundary is required to be established so as to estimate the particle damage status
under certain electrochemical load. In addition, the non-uniform particle size in micrometer scale
decides the fact that the particles’ dimension greater than the critical size will fracture under certain
electrochemical load, while the rest particles remain stable. Hence, there is a need to associate the
calculated critical particle dimension with the distribution of particle size in experimental samples.

In this present study, considering the complexity of subsequent cracking assessment, employing
the analytical solutions of DIS to research the cracking of primary particle is not easily accessible.
Hence, based on the finite element method, this work implements the diffusion driven approach and
chemical potential driven approach to perform the coupled diffusion-stress analysis of NCM cathode
particle via developing finite element user subroutines, which are for incorporating the coevolving
process between diffusion and stress generation during intercalaction-deintercalaction condition.
The calculation result difference between these two approaches is discussed. Based on the coupled
diffusion-stress analysis, we apply ABAQUS XFEM to study the crack initiation, propagation and
fracture of primary particle. Besides, critical crack initiation and fracture boundaries are established
to avert the mechanical collapse of electrode. The equations to acquire critical particle dimension for
crack onset and fracture under the applied electrochemical loads are fitted. The fracture proportion
is proposed for battery electrode by associating the critical failure diagram with the size distribution
of micro particles.



2. Computational Methods

Considering the stress induced fracture of cathode particles under coupled electrochemical-
mechanical condition, essentially, the research emphasis can be classified as solving a coupled
boundary value problem that is the coupled diffusion-mechanics issue, and conducting subsequent
fracture evaluation. In this section, we provide the detailed formulas and methodologies for studying
the diffusion process, mechanics simulation, fracture assessment in sequence, and further
summarize the adopted material properties.

2.1. The first boundary value problem — diffusion equation

As for a heat conduction process, it obeys energy conservation law as listed below

at
pCs 5= +Vg=0 (1)

Where p, cg, t, @ denote density, specific heat, temperature and internal heat source respectively,
and 7 is defined as time here. The symbol g in the equation represents the heat flux, which describes
the flow of energy per unit of area per unit of time.

When it comes to diffusion problem, Crank has solved basic equations in [39] where mass
conservation law is satisfied:

dc v 0
axtVi= 2)

Where c represents the concentration, and J is the diffusion flux which measures the amount of
substance what will flow through a unit area during a unit time interval.

It is evident that one can make the following analogy so as to treat mass diffusion process as heat
conduction process [37]

t=c ®=0 (3)
q=J pcs=1
There are several approaches to update diffusion flux / so as to incorporate the bidirectional
influence between stress and Li distribution. An effective method is the diffusion driven process
based on classic Fick diffusion law. An alternative one stems from the chemical potential driven
process.
For diffusion driven process [20], diffusion flux can be expressed as

J=-DVc (4)
- Q9n

D—Doexp(RT) (5)
Where D is diffusivity, Dy is diffusivity at stress-free condition, () represents the partial molar
volume. oy, is hydrostatic stress and can be calculated as o, = (011 + 032 + 033)/3. The effect of
stress on diffusion is incorporated in calculating diffusivity and diffusion flux, which are updated in
real time based on the obtained hydrostatic stress at different instants. R is the gas constant, T
denotes absolute temperature. The above equations can be implemented in ABAQUS by compiling a

set of USDFLD-UMATHT subroutine to conduct diffusion driven coupled analysis.

For chemical potential driven process [19, 38], the diffusion process is driven by chemical
potential gradientVu, where the driven force F on particle can be determined by

F=-Vu (6)
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The minus sign in equation (6) represents that diffusion proceeds along the direction of
decreasing chemical potential, and u is the chemical potential which can be written as the following
formula in ideal solid

U=y +RTInX — Qoy, (7)

Where g is a constant and X is the molar fraction of lithium ion. The average diffusion velocity v
of particle is in direct proportion of driven force F

v=MF =M(-Vu) (8)

Where M is the mobility of solute. The diffusion flux in this method is then expressed as mass
concentration of diffusion solute c timing its average velocity

] = cv = cM(=Vp) (9)

By substituting equation (7) into equation (9), it is available to obtain another expression of
diffusion flux with stress effect [38], as shown in equation (10). Resorting to the expression of
chemical potential, the gradient of hydrostatic stress is embedded into calculating diffusion flux in
real time.

J ==MRT (Ve - 2270y (10)

Through developing another set of USDFLD-UMATHT subroutine, the above formulas are
accessible to be embedded in ABAQUS for performing coupled diffusion-stress analysis driven by
chemical potential gradient. The main hinderance there is how to calculate the gradient of
hydrostatic stress as it is not automatically past into UMATHT subroutine for information. In order to
figure out this issue, we adopt a pointwise least squares linear regression method which was
employed for calculating meaningful strain via obtained displacement in digital image correlation
[40]. For obtaining the gradient of hydrostatic stress at one integration point, we assume
coordinates and hydrostatic stress obey the following linear relationship within a sphere zone where
the targeted integration point acts as the centre point of this sphere.

on(x;) = ag+a;xq; + azxy; +azx;; (i=1..n) (11)

Whered,, a,,a,,a;are assumed polynomial coefficients needed to be fitted, o3, (x;) represents

the fitted value of hydrostatic stress based on the above linear relation. X;; , X,; , X5 are coordinates

of one integration and n represents all integration points within the sphere zone. Employing the
least squares linear regression to minimize the fitting error.

e; = y; — op(x;) (12-1)

Sy =X ef = Xy — (@0 + arxq; + apx; + azxs)]? (12-2)

Where y; is the true value of the hydrostatic stress at each integration point and €;is the

difference between true value and fitted value of hydrostatic stress. If we partially differentiate S,
with each polynomial coefficient and equate it to zero

as,
6a0

=0=-2%1[yi — (ap + a;xy; + axy; + azxs;)] (13-1)

25,

dar 0= =231 [xki(vi — (ap + agxy; + azxy; + azxz;))] (k=1,2,3) (13-2)



By reorganizing the equations we can obtain the following relations
Qon + ay Yiz1 X1 + g Ximq Xz + Az Xiz1 X3; = Ximq Vi (14-1)
Qo Nimg Xpi @y Dimg Xpi X1i + Qg Ximg XpiXop + Q3 Nimq XiiX3 = Ximq XkiYi (k=1, 2, 3) (14-2)

Applying the hydrostatic stress and coordinates of all integration points in sphere zone to fit
unknown polynomial coefficients, we will be accessible to calculate hydrostatic stress gradient of
targeted integration point and further incorporate diffusion induced stress effect onto Li distribution.

The diffusion boundary condition in this paper is given as the Neumann boundary condition
J=— (15)

Where i,, is the current density applied on the particles surface, F, is Faraday constant.

2.2. The second boundary value problem — mechanics equation
For an elasticity issue, the equilibrium equation ignoring body forces Fj,; and the geometric

equation describing strain-displacement relation in elastomer can be given as equation 16 and 17
[19]

O-ij,i =0 (16)
1
gij = 5 (Wi + ) (17)
The stress-strain relation considering thermal effect can be determined as following

1+
Sij = (Tvaij - gakké'ij) + aAT&l] (18)

Where ¢;;, 0;j represent strain tensor and stress tensor respectively, E is elasticity modulus, v is
Poisson’s ratio, 5ij is kronecher symbol, a is thermal expansion coefficient, AT is temperature

increment. While, the constitutive equation under diffusion caused volumetric expansion situation is
accessible to be written by

1+v v QAc
&j = (Taij - Eo-kksij) +5 0y (19)

It is evident that we can make an analogy between these two constitutive equations as

alAT = % (20)

Associating the above analogous term, ABAQUS coupled thermal-stress analysis could be
converted to figure out targeted coupled diffusion-stress problem. With the consideration of a free-
standing electrode particle surrounding by bonding material, the rigidity of bonding material is far
less than electrode particle. We can assume that there is no traction at the particle surface. The
mechanical boundary condition can then be set as traction-free surface for particle in this study [19]
and expressed as

Fo = 0oxl + Tyym + 7,,n = 0 (21-1)
Fy =Tyl+om+1,n=0 (21-2)
F,=tl+1,ym+o,n=0 (21-3)



Where [, m, n are direction cosines between axis and external normal.

2.3. Fracture assessment approach

Based on coupled diffusion-stress analysis, we subsequently employ Extended Finite Element
Method (XFEM) in ABAQUS [41] to simulate the crack fracture and material damage of electrode
particle. XFEM is applied for simulating the integrated cracking failure mechanism including crack
onset and growth. As an extension of conventional finite element method, the conceptual
framework of XFEM was presented by Belytschko and Black [42]. In XFEM, the asymptotic function
near crack-tip is used to describe the stress singularity in crack tip area and the discontinuous
function is induced to represent displacement jump crossing crack surfaces. XFEM is able to
simulate crack initiation and propagation along an arbitrary path with no need to mesh for matching
the geometry of the discontinuities or remesh near the crack [43]. In addition, XFEM can produce
high precision numerical solution with sparse meshes. All these advantages make the XFEM to be an
effective approach for solving discontinuity problem.

We hereby adopt the traction-separation damage model to describe the degradation and
eventual failure of enriched elements. In this damage principle, the initial material response is
assumed to be linear before damage initiation. When the stress or strain satisfies specific damage
initiation criteria, the degradation begins accompanying with crack initiation. In our simulation, we
induce the maximum principle stress criteria as the threshold for crack initiation, where damage
occurs as the maximum principle stress exceeds material tensile strength. The following damage
accumulation and crack propagation proceed in a simultaneous way, while the bearing capacity of
enriched element declines with the crack growth. The eventual failure occurs when the critical
fracture energy required is achieved and the element is going to be completed cracked.

2.4. Material property

All material parameters involved in this simulation work are summarized in Table 1. Where the
material is assumed as isotropy due to the fact that microcosmic grains are distributed randomly.
According to the statistical analysis on the size distribution of NCM cathode samples under
micrometer scale, we simulate seven various particle diameters under a large range of current
densities. Where the current density can be obtained as C-rate multiplied capacity, then divided by
the area of electrode.

Table 1. Material properties

Property Value
Particle diameter (um) 0.5,0.7,1,2,3,4,5
Constant average Young’s modulus (GPa) 125 4
Poisson ratio 0.3 44
Maximum concentration (mol/m?) 48230 !
Diffusivity (cm?/s) 10711 145]
Partial molar volume (m3/mol) 2.1E-6 148!
Current density (A/m?) 0.01-4
Damage initiation stress (MPa) 100!
Fracture energy (J/m?) 0.11 %

3. Results and Discussion

3.1. Evaluation of diffusion induced stress

The evaluation of diffusion-induced stress works as the basis for failure analysis of electrode
material. Due to the complexity of subsequent cracking assessment, the finite element method is



employed in this work to conduct the coupled diffusion-stress analysis by developing two
subroutines, and the comparison validations of two approaches are performed. In addition, the
effects of diffusion on the DIS are discussed.

Fig 1 (a) and (b) exhibit the distribution of von Mises stress along the radius of NCM primary
particle under current density of 0.3, 1 A/m?with 125GPa Young’s modulus during lithiation and
delithiation phases respectively, where the couple effect between Li distribution and diffusion
induced stress is implemented by diffusion driven method. Fig 1 (c) leaves the contours of Li-ion
concentration at different moments within lithiation and delithiation stages, and Fig 1 (d) gives the
corresponding contours of von Mises stress evolution process.

During the lithiation and delithiation process, the magnitudes of von Mises stress are positively
related to the distance from particle centre at the most moments, where the maximum value takes
place at the surface of primary particle. The exceptional case is at the initial phase of delithiation
process, when the maximum von Mises stress happens at the interlayer of particle owing to the
geometry configuration and conversion of diffusion direction. Besides, it is obvious to observe that
higher current density will reduce the charging and discharging time, but generate greater stress
profile and steeper stress gradient along radius, which ulteriorly bring more threat to the mechanical
stability. Hence, it is significant to assess the critical current density so as to obtain the shortest
charging-discharging time and maintain mechanical stability.
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Fig 1 The evolution of von Mises stress produced by diffusion driven method for 3um diameter
particle, stress distribution along radius during (a) lithiation process (b) delithiation process under
0.3A/m?,1A/m? (c) contours of Li-ion concentration under 1A/m? at different moment (d) contours of
von Mises stress under 1A/m? at different moments

delithiation 34s

Fig 2 shows the profile of maximum principle stress under the same simulation condition with von
Mises stress. In comparison to von Mises stress, the maximum principle stress presents a negative
correlation with the increase of distance to particle core at the lithiation phase. The core of particle
always experiences the extremum of maximum principle stress, however the corresponding von
Mises stress is zero. It is caused by the fact that the spherical geometry configuration makes the core
of particle experience three same principle stress components. For the delithiation process,
maximum principle stress at the centre of particle gradually converts from tensile stress to
compressive stress owing to the variation of concentration gradient, while particle surface maintains
tensile stress status during the overall deintercalation process. Considering the fact that the
extremum of maximum principle stress in intercalation phase is greater than that of deintercalation
phase and fracture only occurs under tensile stress, we can conclude that the core of particle is the
most dangerous location under discharging-charging condition. Besides, the maximum principle
stress field is worth more thinking when employing the maximum principle stress failure criterion in
fracture analysis.
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Fig 2 The evolution of maximum principle stress produced by diffusion driven method for 3um
diameter particle, stress distribution along radius during (a) lithiation process (b) delithiation process
under 0.3A/m?%,1A/m?, (c) contours of maximum principle stress under 1A/m? at different moments

Based on the chemical potential driven principle, it is accessible to develop another set of
ABAQUS subroutine for simulating the diffusion-induced stress and further make a comparison with
the results produced from diffusion driven approach. Two sets of juxtaposition in Fig 3 exhibit the
computed maximum principle stress from diffusion driven method and chemical potential driven
method, where Fig 3 (a) shows the stress distribution along the radius of 3um diameter particle with
125GPa Young’s modulus under 0.3A/m? current density and Fig 3 (b) is for the same particle under
1A/m?. It shows that, under relatively low current density condition (0.3A/m?), two categories of
couple diffusion-stress computation methods produce the proximate results. While under high
current density level (1A/m?), the calculation results represent significant differences on the centre
of particle at the end phase of intercalation process and deintercalation process, where the
differences reach 11.8% and -13.1% respectively.

The variance of simulation results lies on different ways to define diffusion flux so as to
incorporate the bidirectional effect between diffusion and stress generation. For diffusion driven
method, couple effect is incorporated in updating the diffusivity, while for the chemical potential
driven method, the expression of chemical potential in the definition of diffusion flux implements
this reciprocal influence. With the consideration of calculation efficiency, the chemical potential
driven method costs more computing effort than the diffusion driven approach due to the
requirement of distance judgement for every integration point with current calculating integration
point at each iteration in ABAQUS subroutines. Hench, it is more efficient and also reliable to employ
the diffusion driven approach to obtain the diffusion induced stress under relatively low current
density condition.
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Fig 3 Comparison of diffusion induced stress profile generated by diffusion driven method and
chemical potential driven method for 3um diameter particle with 125GPa constant average Young’s
modulus (a) under 0.3A/m? current density (b) under 1A/m? current density

It is well known that the diffusion process will affect the material properties of active cathode.
According to the experimental results [43], there exists a significant hardening phenomenon of NCM
ternary material. The Young’s Modulus of NCM523 cathode material will decline with the Li-ion
deintercalation process owing to the decrease of bonding strength between transition metals ions
and oxygen. It is shown that the Young’s Modulus monotonically changes from 145GPa of
LiNio.sC002Mng30; to 111GPa of LigsNiosCoo2Mngs0,. Therefore, concentration dependent Young's
Modulus should be considered as a key factor affecting the generation of diffusion induced stress.
Fig 4 (a) shows the variational Young’'s Modulus for NCM523 cathode material with Li-ion
concentration based on experimental data. Where 1 on the x-axis denotes LiNigsC002Mng 302 and 0.5
on the x-axis represents LipsNiosC002Mng302. The Young’s modulus can then be expressed as a
function of concentration which is further determined by coordinates and time, E = f[c(x, t)]. For
comparison calculation, constant average Young’s modulus is still set as 125GPa during intercalation-
deintercalation course.
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Fig 4 The effect of varying Young’s modulus on maximum principle stress (a) the variation of Young's
modulus with Li concentration (b) comparison of maximum principle stress with varying Young’s
modulus and constant Young’s modulus of particle under 0.3A/m? during lithiation-delithiation
phases (c) comparison of maximum principle stress with varying Young’s modulus and constant
Young’s modulus of particle under 1A/m? during lithiation-delithiation phases

Fig 4 (b) makes a comparison of maximum principle stress with concentration dependent
Young’s modulus and constant Young’s modulus under 0.3A/m? during lithiation and delithiation
phases, and Fig 4 (c) gives the comparison for maximum principle stress under 1A/m?. It can be
observed that concentration dependent Young’s modulus has an obvious impact on diffusion
induced stress evolution process. On the whole, stress evolution trends under 0.3A/m? and 1A/m?
are almost analogous. Apparently, at the initial phase of lithiaiton course and the end phase of
delithiation course, the maximum principle stress generated with constant Young’s modulus is
greater than that of concentration dependent Young’s modulus. Conversely, at the relatively deep li-
imbedding stage including the end phase of lithiation course and the initial phase of delithiation
course, maximum principle stress with varying Young’s modulus exceeds that of constant average
Young’s modulus. It is due to the fact that the maximum principle stress is in direct proportion to the
magnitude of Young’s modulus which is positively determined by Li-ion concentration. Associating
with the fact that cracking fracture is always caused by tensile stress, it can be concluded that the
changing Young’s modulus caused by Li-ion concentration variation will aggravate the fracture at the
particle centre within lithiation phase, but is beneficial for avoiding fracture at particle surface
during delithiation stage.

3.2. Fracture evaluation

3.2.1. Crack initiation

The cracking behaviour of cathode material under DIS will expose fresh surfaces of active
materials to the electrolyte and influence the stability of the battery. In addition, the cathode
material under different electrochemical loads will be in different cracking stages which affect
battery performance to varying degrees. Hence, this work conducts the integrated cracking
assessment form initiation to fracture, and studies the critical triggering conditions for various
cracking status. Based on the coupled diffusion-stress analysis, we employ ABAQUS extended Finite
Element Method (XFEM) to study the mechanical fracture mechanism of NCM primary particle.
Where the material degradation and crack initiation happen when the maximum principle stress
within enriched element reaches the damage initiation stress.

In the ideal state, the spherically symmetrical geometry model, boundary conditions and
uniform material property will generate spherically symmetrical stress field distributed like the
above stress calculation results. Associating the maximum principle stress failure criteria with the
maximum principle stress distribution of the particle shown in Fig 2, crack and damage will initiate
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from the particle centre. Nevertheless, the lack of stress concentration point around the particle
centre will lead to the result that crack cannot grow along specific direction after initiation. Fig 5 (a)
exhibits the damage distribution of 3um particle under0.2875A/m?with spherically symmetric stress
field. Where the variable STATUSXFEM presents the status of enriched element, and it varies from 0
(non-damage status) to 1 (completely cracked). It can be observed that the damage initiates at the
centre of particle, but there is no existing of crack in the centre zone. Fig 5 (b) presents the TXM
tomogram of individual NCM particle after charging at C/3 rate [47]. Where the relation between C-
rate and current density is based on the parameter characteristics of practically tested Li-ion battery.
In our experiments, the capacity of coin cell is 0.1mAh. Under this case, the corresponding current
density for C/3 is 0.294A/m?2. From TXM tomogram, it can be seen that the practical crack initiates
from the centre of particle and gradually propagates outward along specific direction. In reality, this
is due to the fact that the practical particles cannot be perfectly spherical, and the material is not
absolutely uniform. Therefore, the practical diffusion induced stress field cannot be spherically
symmetrical within the particle.

In the finite element analysis, establishing irregular geometry model, adopting non-uniform
material property, applying an additional stress disturbance can all be employed to simulate this
non-uniform stress field. In this work, for equivalently studying the crack behaviour under the non-
uniform stress field, we add a tiny stress disturbance on the model. A concentrated force, which is
far less than the diffusion induced stress, is applied to an arbitrary point on the particle surface so as
to simulate the non-perfectly spherically symmetrical stress in practice, as given in Fig 6 (a). Fig 6 (b)
shows the contour of non-uniform maximum principle stress for 3um particle under 0.2875A/m?
with considering the stress disturbance. From which we can observe that the integral stress
distribution is spherically symmetrical except the finite area around the point applied the
concentrated force. Under this circumstances, the integral stress status is not changed, but the
introduction of the tiny stress disturbance applied on the arbitrary direction makes it accessible for
crack to propagate.

STATUSXFEM
(Avg: 75%)

+4.001e-01

+3668e-01

+3.3348-0L

+3.001e-01
o

(a) (b)

Fig 5 (a) Damage distribution of 3um particle under 0.2875A/m?with spherically symmetric stress
field, (b) TXM tomogram of individual NCM particle after charging at C/3 rate to 4.5V [47]
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Fig 6 (a) Particle model with a tiny stress disturbance acting on one arbitrary point of the surface, (b)
The maximum principle stress distribution for 3um particle under 0.2875A/m? considering stress
disturbance

In addition, the appropriate mesh density is required to be defined in cracking simulations, as the
mesh sensitivity is commonly regarded as a significant factor affecting crack initiation status. Fig 7
presents the obtained critical current density on crack initiation under different mesh densities for
3um diameter particle. Obviously, the decreasing of element size is beneficial to obtain more
accurate stress field. But the calculation results show that the obtained critical current density keeps
constant when the element size is less than 0.16. From the point of view of computational efficiency,
the element size of 0.14 is set for the subsequent cracking analyses.
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Fig 7. The critical current density of crack initiation for 3um particle under different mesh densities.

We subsequently perform the crack initiation analysis of NCM individual particle under diffusion
induced stress field with a stress disturbance. Fig 8 (a) plots the critical current density for crack
initiation against varying particle size. Where the diffusion driven approach is applied for conducting
coupled diffusion-stress analysis and the effect of diffusion on Young’s modulus is incorporated. In
Fig 8 (a), blue diamond and light blue five-pointed star represent the permissible current density for
corresponding particle size without crack initiation, red dot and magenta pentagen indicate
superfluous current density leading to cracking. Apparently, in both cases, the permissible current
density for primary particle increases with the decline of particle size, and reducing the average size
of particles is beneficial for improving the mechanical stability for NCM electrode. Fig 8 (b), (c)
exhibit the distribution of crack and status of enriched elements for NCM single particle with
concentration-dependent Young’s modulus under no-damage current density (0.225A/m?) and
damage current density (0.2875A/m?). Under no-damage current density, the entire particle
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maintains stable status. While for the damage current density, crack initiates at the core of particle
which has been verified from TXM tomogram of NCM particle after charging in Fig 5 (b) [47].

In addition, Fig 8 (a) presents that the effect of diffusion on material mechanical property will
weaken the electrochemical bearing capacity of NCM cathode material. For a specific particle size,
the permissible current density with concentration dependent Young’s modulus is lower than that
with constant average Young’s modulus. The result is due to the combined effect of stress
generation process and maximum principle stress failure criterion. According to the evaluation of
diffusion induced stress, the extremum of tensile maximum principle stress always occurs at the end
stage of lithiation process on the particle core, when the concentration dependent Young’s modulus
has exceeded the constant average Young’s modulus on account of high Li-ion concentration. In this
case, particle core with concentration dependent Young’s modulus will experience relatively greater
tensile maximum principle stress under the same current density comparing with the particle
holding constant average Young’s modulus. Hence, for NCM ternary cathode material under a
specific maximum principle stress failure criterion, incorporating the concentration dependent
Young’s modulus will produce a relatively conservative crack initiation boundary than employing the
assumed constant average Young’s modulus, and it is crucial to incorporate this diffusion effect on
Young’s modulus so as to obtain the accurate critical condition in the following fracture analysis. In
view of particle at 3um diameter, degradation and crack will occur under relatively low current
density condition. According to comparative stress calculation analysis from the previous section, in
this case, diffusion driven approach and chemical potential driven method produce almost the same
stress field. Therefore, for improving calculation efficiency, the diffusion driven approach will be
employed to perform the coupled diffusion-stress analysis as the input condition for subsequent
fracture evaluation.
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Fig 8. (a) Crack initiation boundary for 3um diameter NCM primary particle considering
concentration-dependent Young’s modulus and constant average Young’s modulus, crack and
damage distribution with concentration-dependent Young’s modulus under (b) 0.225A/m? (c)

0.2875A/m?
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3.2.2. Crack propagation

After the maximum principle stress within enriched element exceeding the damage initiation
stress, the crack will gradually propagate in the element to the moment when the critical fracture
energy is reached and the corresponding element is exposed to complete fracture. With the
proceeding of intercalation-deintercalation process, more cohesive elements present fracture
phenomenon which results in the overall mechanical destruction of the particle. Here, we conduct
the crack propagation analysis with using 0.11J/m?as critical fracture energy [9] and figure out the
integrated failure boundary for NCM primary particle in Fig 9. In Fig 9 (a), crack initiation boundary
and particle fracture boundary divide the entire failure diagram to three zones, which are named as
fracture zone, crack propagation zone and stable zone respectively. The following equations are
fitted to acquire the corresponding particle dimension with respect to crack initiation (d;) and
fracture (dy) status under given current density.

d; = 0.7424i;°978 (crack initiation) (22-1)
dy = 0.8155i,%97° (crack fracture) (22-2)
Where i,, denotes the applied current density.

What deserves to note is that, for bulky particle (diameter over 4um), the crack initiation boundary
and fracture boundary are adjacent. It indicates that the bulky particle has brittle characteristic, and
the crystal will be fracturing rapidly once crack initiates within crystal. The underlying reason for this
phenomenon is that, the isometrical increment of current density will produce greater increment of
stress for bulky particle comparing with small particle. Fig 9 (b) exhibits the variation of maximum
principle stress against current density for different particle dimension, where the slopes of curves
show that the maximum principle stress increases faster with the increasing of current density for
bulky particle. Hence, when the crack initiates in the bulky particle, the increasing of current density
will lead to more drastic growth of maximum principle stress which further accelerates the fracture
of bulky particle.
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(a) (b)
Fig 9. (a) The Integrated fracture criteria diagram for NCM primary particle (b) the variation of
maximum principle stress with current density for various particle dimensions

It is worth noting that, as the particles’ size under micrometre scale are not uniform, there is a
part of particles that will initiate crack or fracture under a specific current density, while the rest
particles with relatively smaller dimension remain stable. Therefore, the connection between the
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calculated critical particle dimension and the distribution of particle sizes in practical experiment
samples is necessary to be established. We hereby introduce a concept of fracture proportion by
associating the critical failure diagram with statistical analysis of microscopic particle size. For the
certain electrochemical load, it is accessible to acquire the critical particle dimension for crack
initiation and fracture with using the established Eq. (22-1), (22-2). Experimentally, we employ
Imagel) software to measure and calculate the size distribution of NCM particles in the scanning
electron microscopy (SEM) image as shown in Fig 10 (a), which is captured for a randomly selected
area on NCM electrode before charging-discharging test. Fig 10 (b) plots the size distribution of NCM
particles from SEM image. It is then available to obtain the fracture proportion that how many
percentage of electrode particles initiate crack or fracture under specific current density. For
electrode under 0.5A/m? current density, 22.22% particles represent cracking behaviour, among
which 20.98% particles completely fracture.
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Size distribution of NCM
particles from SEM image

Number of particles
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(a) (b)
Fig 10 (a) Scanning electron microscopy (SEM) image for a randomly selected area on NCM electrode
before charging-discharging test, (b) size distribution of NCM particles from SEM image

Fig 11, 12 give the contours of crack initiation and evolution process for 3um particle
experiencing 0.37A/m? current density during lithiation and delithiation phases respectively. We can
observe that, for lithiation phase, crack initiates at the core of particle and gradually develops until
370s. At this moment, crack rapidly symmetrically propagates outward. Whereafter, crack slowly
develops until the end of lithiation phase. This simulation result is in according with TXM tomogram
[47], that microdefect of individual NCM particle initiates from the core of particle and propagates
outward. In addition, at this lithiation phase, the crack has not penetrated the crystal and damage
remains within the particle.

In Fig 12, two angles to observe the particle are collaterally exhibited to present the crack
propagation at the particle inside and surface during delithiation phase. From which we can see that
a new crack initiates on the particle surface at 204s, meanwhile the internal crack remains stable.
The generation of surface crack can be explained from previous stress analysis that, during
delithiation process, the maximum principle stress at outer surface zone keeps growing in tensile
stress due to the concentration gradient change caused by Li-ion flow. Afterwards, this newly
formed crack rapidly propagates at the particle surface accompanying with the extension of internal
crack. The two cracks ultimately converge leading to the penetrative fracture of the particle, and the
integral crack evolution process is so far given.
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Fig 11. The continuous process of crack initiation and propagation under 0.37A/m? current density at
lithiation phase
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Fig 12. The continuous process of crack initiation and proprogation for 3um diameter crystal under
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4. Conclusions

In this work, we have implemented the diffusion driven approach and chemical potential driven
approach by developing ABAQUS user subroutines to perform the coupled diffusion-stress analyses
of NCM primary particle, with considering the effect of diffusion on material property. Based on the

18



obtained diffusion-induced stress field, the integrated crack initiation, propagation and fracture
evaluations have been comprehensively conducted by using the ABAQUS extended finite element
method (XFEM). The critical failure diagram and semi-empirical equations have been established for
avoiding the fracture phenomenon of primary electrode particle.

The comparison calculations show that, under the researched electrochemical conditions, two
developed methods are accessible to generate almost the same diffusion-induced stress field and
the diffusion-driven approach works with less computational consumption. Crack initiation and
propagation analyses of NCM primary particle configuration are performed to avoid the rapid
collapse. The research of mesh sensitivity is conducted to define the appropriate element size for
cracking assessment. The integrated permissible diagram for crack initiation and fracture are
established for estimating the cracking stages of primary particle under certain electrochemical load.
It is worth noting that, the bulky particles (diameter over 4 um) show brittle characteristics that the
permissible electrochemical load of fracture is almost identical with that of crack initiation. The
semi-empirical equations to calculate the critical particle dimension for crack initiation and fracture
under given electrochemical loads are fitted. By combing the critical failure diagram with size
distribution of electrode particles under microscale, it is accessible to define the fracture proportion
that how many percentage of particles initiate crack or fracture under specific electrochemical
condition. From the contour plots of typical crack onset and growth procedure, we can observe that
the crack initiates at the core of particle and symmetrically propagates outward during lithiation
phase. In delithiation phase, the internal crack gradually penetrates the particle accompanying with
the formation of new surface crack. The aforementioned integrated crack evolution assessment
provides a comprehensive understanding of the failure mechanism on primary particle experiencing
diffusion induced stress.
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