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Abstract. This work presents a methodology for the analytical calculation of the stress
intensity factor when the stress distribution on the crack surfaces is non-homogeneous. At first,
a polynomial function is used to express the non-homogenous stress distribution. Subsequently,
the principle of superposition of effects is applied, and the stress intensity factor is computed
by multiplying each polynomial term by its respective geometric factor. Finite element fracture
model is used to compute the geometric factor of the single polynomial grade. To explain the
method, a spherical body is considered, with central and superficial cracks. Each geometric
factor depends on a normalized geometrical parameter (the ratio between the crack length and
sphere radius). The proposed methodology is applied to determine the stress intensity factor in
the case of a crack driving force caused by diffusive fields, such as the concentration gradient
in particles of electrodes active material in lithium-ion batteries. The methodology allows to
speed up the fracture computation, then it is used to give electrode design guidelines to limit
the fracture likeliness and mechanical degradation in lithium-ion batteries, as well as it is the
basis for the development of algorithms assessing the capacity loss and the remaining useful life
of lithium-ion batteries in real-time.

1. Introduction

Fracture is one of the most common failure modes in several engineering applications. Indeed,
cracks propagation and fatigue phenomena occur well below the yield strength of the material
and may lead to the failure of the component.

It is known that cracks initiate and propagate from geometrical discontinuities in structures
under loading, such as micro-defects, edges, holes, and notches, acting as strain and stress
raisers [1, 2]. However, the crack propagation size and the propagation rate depend on the
geometry of the discontinuity and on the loading condition.

Different parameters can be used to assess the level of fracture, such as the energy release
rate G, the J-integral, or the stress intensity factor (SIF) [3, 4]. Among these, the SIF is a well-
known parameter assessing the singularity of the stress field near the crack region, according
to linear elastic fracture mechanics (LEFM) [5]. Fracture criteria describing crack propagation
and material failure are usually expressed as a function of SIF both for brittle [3] and fatigue
fracture [6]. For this reason, the accurate evaluation of SIF is of great importance.

Several analytical expressions for the SIF are available in the literature [7, 8, 9, 10]. However,
finite element method (FEM) is often preferred, despite the ease of analytical computation,
because analytical solutions are only applicable to a limited number of standard cases.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



52° Conference on Engineering Mechanical Design and Stress Analysis (AIAS 2023) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1306 (2024) 012009 doi:10.1088/1757-899X/1306/1/012009

In recent times, the fracture mechanics theory has been extended to fields beyond purely
structural applications, such as the field of micro electro-mechanical systems [11, 12, 13] and
lithium-ion batteries (LIBs) [14, 15, 16].

Nowadays, LIBs technology is experiencing rapid growth, driven by the decarbonization

challenge and the spread of LIBs in new fields like automotive, and stationary energy storage
[17, 18, 19, 20, 21, 22].
It is demonstrated that mechanical fracture is among the main causes of aging and performance
decay in LIBs [23]. As a result, fracture in LIBs is receiving significant attention from the
scientific community, especially with the aim of developing LIBs with long life cycles and high
performance.

The basic working principle of lithium-ion batteries is the movement of electrons in the

external circuit (current flow), balanced by the movement of lithium ions between electrodes
of opposite polarity and the insertion in their structure, driven by electrochemical reactions.
The electrodes are composite materials, among other components, the most important material
is the active material where electrochemical reactions take place. The active material is a
particulate matter, so when lithium ions get into the electrode, they intercalate into these
particles, occupying the interstices in the crystalline structure of the active material. Since
lithium ions are much smaller than active material particles (=~ 10 gm in radius) they diffuse
within the active material particles. Then, lithium concentration distribution within the particles
is inhomogeneous, being higher in the particle core with respect to the surface during lithium
extraction, and the opposite during insertion.
The intercalation of lithium-ions in the crystalline structure of the electrodes causes the local
deformation of the material, proportional to the concentration of lithium-ions. Then, strain
mismatch arises in the particles due to the inhomogeneous swelling caused by the inhomogeneous
distribution of lithium concentration. This differential strain results in the so-called diffusion-
induced stress (DIS), leading to crack propagation in electrode microstructure ultimately
[24, 25, 26, 27, 28, 29, 30]. Finally, crack propagation causes the capacity fade and impedance
rise in LIBs because it hinders the passage of lithium -ions due to the isolation of some portions
of active material, and it triggers undesired side reactions on newly created crack surfaces (solid
electrolyte interface growth), consuming lithium ions [15, 16].

Fracture problem in LIBs is usually solved numerically with FEM in the literature because
of two reasons: firstly, a coupling exists between the mechanical and electrochemical domains
which makes the problem multi-physics, secondly, stress distribution on the crack surfaces is non-
homogeneous and no analytical solutions are available for SIF computation. However, numerical
computation with FEM is often time-consuming, then it is unsuitable for integration into a
damage model for real-time scenarios.

Two methodologies are reported to compute SIF in case of an arbitrary stress distribution
over the crack surface, the weight factor method [3, 15] and the Green’s function method [31].
The weight function method is particularly difficult to implement. Green’s function method is
easier to handle, but it still requires solving integrals. For this reason, a more easy and analytical
way to compute SIF is pursued, on the basis of geometric factors.

This work provides a general analytical methodology for calculating the SIF resulting from
any arbitrary stress profile on the surfaces of the crack. This methodology is effective for
accurately and rapidly assessing the fracture level in LIBs electrodes. First, a polynomial
function is employed to approximate the arbitrary stress profile. Then, the SIF is calculated by
applying the principle of superposition of effects, involving a summation of products between
each term of the polynomial stress function and their corresponding geometric factors. Geometric
factors for spheres with cracks at both the center and the surface are obtained from a FEM model.
Subsequently, the SIF in graphite particles of LIBs electrodes is computed using these geometric
factors. The analytical results are validated against the results of the multi-physics FEM fracture
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model. Finally, the methodology is used to assess the SIF and the fracture likeliness as a function
of different electrode design solutions, at different current rates.

The article is organized as follows. Section 2.1 provides the main Equations solving the
mechanics of LIBs. The fundamentals of LEFM theory with special regard to multi-physics
applications are provided in Section 2.2. Section 2.3 describes the analytical methodology for SIF
computation due to arbitrary stress profile on the surfaces of the crack. The geometric factors for
spheres with cracks located at the center and on the surface are provided in 3.1 and the results of
the application of the analytical procedure to the case of graphite particles in LIBs are discussed
in Section 3.2. Section 3.3 reports the influence of electrode design parameters on fracture in
LIBs and Section 3.4 describes the correlation between mechanical and electrochemical (capacity
loss) damage.

2. Material and methods

2.1. Mechanics of lithium ion batteries

Active material particles of LIB electrodes undergo mechanical stress and strain due to lithium
diffusion during battery operation. The problem is multi-physics because it involves computing
the chemical concentration of lithium ions to get the stress.

The main equations of the electrochemical-mechanical model and their boundary conditions
are reported in Table 1. The following assumptions are considered: the active material particle
is spherical, the material is linear elastic, homogeneous, and isotropic [32]. Then, equations are
written as a function of the radial coordinate (1) thanks to the hypothesis of axisymmetry.

The chemical field is governed by the mass transfer equation (Equation 1), which describes
the variation of lithium concentration ¢ due to lithium diffusion, in analogy to the heat transfer
equation.

Stress-strain equations, i.e. constitutive (Equation 3), congruence (Equation 4), and equilibrium
(Equation 5) equations, govern the mechanical field caused by the inhomogeneous lithium
concentration, in analogy with the thermal-mechanical problem.

The constitutive equation shows that the total strain has two contributions, namely the
elastic strain contribution (first term on the right-hand side of Equation 3) and the chemical
strain contribution depending on the concentration ¢ (second term on the right-hand side of

Q(c—c
(3 R))

Equation 3). It is pointed out that chemical strain ( , is equivalent to a thermal strain,

where % is replaced by the thermal expansion coefficient o and the concentration c is replaced

by temperature 1" [26, 28, 33].

Once the diffusive problem (Equation 7) is solved and the lithium concentration c is got,
the mechanical field is solved in turn. The equilibrium equation is written as a function of
the displacement u using the constitutive (Equation 3) and congruence (Equation 4) equations.
Then, the resulting equation is integrated twice and the displacement u (Equation 8) is got
using the boundary conditions in Equation 6. The displacement w is replaced in the congruence
equation (Equation 4) to compute radial and hoop strains, then, the constitutive equation
(Equation 3) is used to obtain radial (Equation 9) and hoop stress (Equation 10).
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Chemical equations

Mass conservation % = 7%% (7“2%) (1)
gl =0 for t > 0
r=0
Boundary condi- (2)
tions % = Jfyz fort>0
r=R
Mechanical equations
Constitutive er =% lop —2vo ]+ L(c—cr) ec=+[(1—v)oc—vo]+L(c—cr) (3)
Congruence Ep = ‘g%f Ec =7 (4)
Equilibrium 88”[ +2 (UT — Uc) =0 (5)
Boundary condi- u =0 % =0 (6)
. r=0 r=R
tions
Solutions
2
Concentration e(rt) =co + % [37 + %(1:2) - 13—0 — 2% Yoy <S;\§(Si‘;;6(g) e)‘%Tﬂ (7)
Displacement u(r) = 3(1szy) [(1 + 1/)%2 Jo (e = cr)r?dr +2(1 — 2v) 53 fOR(c — cg)r? dr] (8)

Radial stress

Hoop stress

or(r) = %% [ng fOR(c —cg)r? dr — %3 Jo (c— cr)r? dr}

oe(r) = %% []:?3 fOR(c —cg)r? dr + %3 Jo (e = cr)r*dr — (c— CR)]

(10)

Table 1. Electrochemical-mechanical model equations [26].

In previous authors’ work [26] it was shown that lithium transport is affected by DIS through
the gradient of hydrostatic stress, which depends on the lithium concentration in turn. In this
case, lithium transport is governed by Equation 11, which fully couples mechanical and chemical

fields.

dc _ D9
ot r2or

(

280

r29¢ _ 7’29(6_ CR) 80’h
or

R,T

o

(11)

)

Where D is the diffusion coefficient, cg is the reference concentration, o, = %2”‘ is the
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hydrostatic stress, R, is the gas constant, and 7' is the temperature.

Equation 11 can be rewritten in the same form as the heat transfer equation and the solutions
reported in Equation 7-10 can be employed. Then, an equivalent diffusion coefficient depending
on lithium concentration substitutes the physical diffusion coefficient D in Equation 1, according
to Equation 12 [26].

Dego(c) = D [1 + kp(c — cr)] (12)

Where k,,, = gRgiilEu) is the coefficient for the mechanical-chemical coupling, v is the Poisson

ratio, and F is the Young modulus.

2.2. Fracture mechanics theory for multi-physics problems
Pre-existent defects in electrode microstructure mainly propagate due to mode-I caused by
tensile hoop stress, despite the numerous fracture mechanisms reported in the literature
according to the specific active material [15, 32, 33].

According to LEFM theory, the stress field near the crack tip is infinite and can be expressed
as a function of the SIF K, according to Equation 13 [5].
(13)

O —
ij ,727r7“c —— U( )
Where o;; is the stress tensor, . and ¢ are the polar coordinates with the origin at the crack
tip, and f;;(6) is a dimensionless shape function.
SIF can be computed as a function of a dimensionless geometric factor Y (Equation 14),
which considers both the geometry of the specimen and of the crack (size, location, and shape).

K=YoVa (14)

Where a is the crack size and o is the constant far-field stress, which is the stress unaffected

by the crack presence.
Numerous works in the literature provide various geometric factors for different cracks and body
geometries [7, 8, 34]. However, only solutions for simple cases have been developed, such as those
involving constant or linear stress on the crack surfaces (caused by tension, bending, or their
combination).

Tabulated geometric factors cannot be used when the stress distribution on crack surfaces is
non-homogeneous, such as for stress resulting from diffusive fields (thermal or chemical). Then,
SIF is usually computed using FEM from the J-integral developed by Rice [35] according to
Equation 15, when the hypotheses of LEFM hold.

vJE plane stress
=,z Dlane strain

The J-integral for a 2D fracture problem is the contour integral reported in Equation 16,
considering an arbitrary counterclockwise path I' around the crack tip (Figure 1). This contour

integral is path-independent, meaning that its value is independent of the particular choice for

the path I'.
J = / (deg L ds) (16)
r 0y

Where W = f oijde;; (Einstein notation) is the strain energy density, o;; and ¢;; are the
components of the stress and strain tensors, u is the displacement vector, t is the traction vector
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Figure 1. Scheme of the crack area, where I' is an arbitrary counterclockwise path surrounding
the crack tip, A is the area enclosed by the path I', x1, x2 are the coordinate directions and 7
is the versor normal to T.

acting on the path I' and its components are ¢; = o;;n;, n; is the versor normal to I', z1 and x2
are the coordinate directions, and ds is the element length along the path I'.

The standard form J-integral does not keep the path-independence property in case of multi-
physics fracture problems, such as thermal-mechanical [36, 37] or mechanical-diffusive fracture
problems [38, 39, 40]. The modified version of path-independent J-integral for these multi-physics
problems is reported in Equation 17.

MF
JMF:/ deg—t-a—“ds +/ oF P n (17)
r ox1 A Oxy

Where A is the area enclosed within the path T', o¥ = [011, 092, 033] is the principal stresses

vector, eMF is the strain vector caused by the multi-physics fields, i.e. the chemical (@)
or thermal field (a(T — TRr)).

The additional area integral (the second term on the right-hand side of Equation 17) is added
to the standard Rice’s expression of J-integral (the first term on the right-hand side of Equation
17) to ensure that the energy balance is satisfied and the J-integral is path-independent.

2.3. Analytical computation of SIF

The principle of superposition of effects can be exploited to analytically calculate the SIF as a
function of geometric factors even when the stress distribution on crack surfaces is arbitrary.
First, a polynomial of grade n is used to approximate the arbitrary nominal stress distribution
(the stress unaffected by the crack presence) at the location of the crack, as reported in Equation
18.

o(z)=> o' (18)
=0

Where o; are the polynomial coefficients, and x is the coordinate along the crack surface as
reported in Figure 2).

Then, Equation 18 is combined with Equation 13, and the principle of superposition of effects
is applied, resulting in the generic expression of SIF as reported in Equation 19.

n
K =) Yoa'va (19)
=0
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o(x) = oyt...+o, X"
I X -—

i

<
-

Y

Figure 2. Crack surface with polynomial stress distribution, where x is the coordinate along
the crack surface and a is the crack length.

Where Y; is the geometric factor corresponding to the i-th term of the polynomial function
approximating the stress for the specific crack configuration.

Referring to Figure 3, the procedure used in this work for the analytical computation of SIF
in active material particles with central and superficial cracks, and for the validation of the
results, is summarized below.

DIS model

7

Ll | >0 cC—>T

| oc Thermal analogy

3
CSiXi Equivalent temperature
/ l T
FEM Model
Gc
crack|
Y;
Y
Analytical SIF computation
K = Z)’}U,I'\/E
i=0
l Y
DIS DIS
K Analytical K Numerical

Figure 3. Methodology for the analytical computation of SIF, where the validation stage is
highlighted in green.
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e Geometric factor computation. The computation of each geometric factor Y; for each i-
th grade of the polynomial function approximating the stress profile is performed considering
different ratios a/R, where R is the radius of the sphere. First, a FEM model of a sphere
with cracks located at the center and the surface is built in Ansys Mechanical APDL.
Then, a pressure load equal to the single grande of the polynomial stress function (o;z?) is
applied on the nodes of the crack surface. Then, the SIF (Kf EM) is computed from the
J-integral (Equation 15) using the CINT command in Ansys. Finally, the geometric factor
Y, is computed according to Equation 20.

KFEM
Y= =L
" oainy/a

This procedure is carried out just one time, once geometric factors are computed, they can
be applied to different stress distributions and crack/body sizes.

i€{0,1,...,n} (20)

e Analytical SIF computation in case of DIS. The nominal hoop stress distribution over
the crack region is computed according to the equations of the electrochemical-mechanical
model reported in Table 1. Then, the hoop stress is fitted with a polynomial, and SIF is
computed using Equation 19, using the geometric factors computed at the beginning.

e Numerical SIF computation in case of DIS. SIF is computed using a FEM model
built in Ansys Mechanical APDL. Lithium concentration in the active material particle is
computed according to the equations of the electrochemical-mechanical model reported in
Table 1. Then, the thermal analogy [32, 33] is used to convert the concentration into an
equivalent temperature. Finally, the equivalent temperature is mapped on structural nodes
of the FEM model, and SIF is obtained from the J-integral through the CINT command
(Equation 15).

e Validation. The results of the analytical computation of SIF are compared with the ones
resulting from numerical computation with FEM.

A detailed discussion on the strategy used to build the FEM model and mesh is not reported
here but a more comprehensive explanation is present in previous authors’ works [33, 32].

3. Results and Discussion

This section provides the results of the computation of the geometric factors for a sphere with
a crack located at the center and surface. Subsequently, the analytical computation of SIF due
to the hoop stress caused by lithium diffusion in active material particles is performed. Finally,
a comparison between the analytical and FEM model results is performed.

8.1. Geometric factor results
In this work, a polynomial stress distribution of grade 6 is considered, leading to seven geometric
factors. The geometric factors computed are general and applicable to any polynomial stress
distribution. In different scenarios, when the stress distribution can adequately be represented
by a lower-grade polynomial, higher-order geometric factors can be neglected accordingly.
Figures 4 and 5 report the geometric factors for sphere with central and superficial cracks,
respectively. The geometric factors exhibit quadratic dependency of the normalized crack length
a/R. The analytical expressions for these geometric factors are provided in Tables 2 and 3.

3.2. Comparison between analytical and numerical SIF results in case of DIS
Analytical and numerical SIF results caused by lithium diffusion in active material particles of
LIB electrodes are compared in this section.
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Figure 4. Geometric factors Y; for sphere with central crack. The black curves correspond to
the values computed with FEM and Equation 20, and the red dots correspond to the fitting
using quadratic functions (p(%)* + q(%) + 7).
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Figure 5. Geometric factors Y; for sphere with superficial crack. The black curves correspond
to the values computed with FEM and Equation 20, and the red dots correspond to the fitting
with quadratic functions (p(%)? + q(%) + 7).

Geometric factor 9] q r

Yo 1.7252  -0.6009 1.1863
Y1 1.0172  -0.3566 0.9207
Yo 0.6905 -0.2427 0.7757
Ys 0.5075 -0.1783 0.6818
Y, 0.3928 -0.1377 0.6149
Ys 0.3152 -0.1099 0.5642
Ys 0.2597 -0.0900 0.5241

Table 2. Coefficients of the quadratic function p($%)? +¢(%) 4+ for geometric factors of sphere
with central crack.
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Geometric factor P q r

Yo 1.2231 0.1864 1.0210
)%l 0.0381  0.4987 0.5692
Yo -0.2373  0.5204 0.4305
Y3 -0.1111  0.3367 0.3833
Yy -0.1440 0.3360 0.3266
Ys5 -0.2040  0.3565 0.2828
Ys -0.1500 0.3114 0.2567

Table 3. Coefficients of the quadratic function ;10(%)2 +q(%) +r for geometric factors of sphere
with superficial crack.

The equations in Section 2.1 are used to analytically solve the electrochemical-mechanical
problem, including the coupling mechanical-chemical coupling. The galvanostatic operation is
considered, corresponding to a constant flux on the particle surface (Equation 2), which depends
on the current I delivered by the battery. The case study is a graphite particle, considering the
following physical parameters: Young modulus E = 15 GPa, Poisson ratio v = 0.3, partial molar
volume © = 4.2 x 1075 m? /mol, diffusion coefficient D = 2x 1014 m? /s, maximum concentration
Crmaz = 2-9155 x 104 mol/m?, temperature T = 298 K.

Tensile hoop stress occurs at the particle centre during lithiation, vice-versa it occurs on the
surface during delithiation, then the particle with central crack is simulated during lithiation,
on the other hand, particle with superficial crack is simulated during delithiation.

Normalized current rate is considered, then the C-rate equal to 1 corresponds to the current
enables complete filling (or emptying) of the active material particle within one hour. In
addition, SOC is the percentage fraction of lithium concentration with respect to the maximum
concentration (SOC = £-).

Figures 6b,d compare SIF values computed analytically and numerically. The results obtained
with the two methodologies are in good agreement, demonstrating the validity of the proposed
analytical procedure for SIF computation due to a generic stress distribution over the crack.

SIF depends on hoop stress and crack size, according to Equation 19. The distribution of hoop

stress within the particle at 50% SOC and different C-rates is shown in Figure 6a during lithium
insertion and in Figure 6¢ during lithium extraction. As also demonstrated in previous authors’
works [26, 28, 27], higher C-rates cause higher concentration gradients within active material
particles, giving rise to higher stress. Similarly, SIF values increase with the increase of C-rate,
as shown in Figure 6b,d. Then, higher C-rate is more detrimental because it increases fracture
and accelerates LIB degradation, as confirmed by previous authors’ work [32] and experimental
measurements [41, 42].
On the other hand, as the crack length increases, the SIF increases accordingly, for the crack
length below a/R = 0.5 for the particle with central crack and a/R = 0.15 Then, the SIF
decreases as the crack length increases. This occurs because the hoop stress distribution varies
along the radial coordinate. Indeed, the positive (tension) hoop stress decreases and becomes
negative (compressive) when moving from the particle core to the surface during lithium insertion
(Figure 6a), and from the surface to the core during extraction (Figure 6¢). Then, the crack tip
of longer cracks undergoes lower hoop stress because it is closer to the less tension/compressive
region. Then, referring to Equation 19, the SIF increases with the increase in crack length as
long as the increase in crack length balances the decrease in the hoop stress.

Several works in the literature compute the SIF analytically in order to avoid multi-physics
FEM simulations with high computational cost, especially when the aim is to integrate the
fracture results into a degradation model for the estimation of capacity fade during battery
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Figure 6. Results of DIS and fracture model. The graphite particle is simulated at different
C-rates and results correspond to 50% SOC. Distribution of hoop stress (a) during lithiation
and (c) during delithiation. SIF values for different a/R for particle (b) with a crack at the
center during lithiation and (d) a crack at the surface during delithiation.

operation [43, 44, 45, 46, 47]. In these works, SIF is directly computed as K = Y o+/a, making
two approximations: (a) constant far-field stress is used, neglecting that the stress distribution
on crack surfaces is not uniform; (b) the geometric factor of the plate undergoing uniaxial stress
is used (Yp = 1.124/7 [3]) instead of using the one relative to the spherical case.

Figure 7a provides an insight into the error regarding the first approximation.

The SIF for spherical particle with central crack computed with the analytical procedure
proposed in this work is compared with the SIF computed as K = Yyo+/a, where o is equal to
the stress in the uncracked particle at the crack tip location, and Y is the geometric factor for
constant stress distribution on the crack surfaces (Yj in Figure 4). The comparison demonstrates
that the non-homogeneous stress distribution less affects the SIF for shorter cracks. On the other
hand, SIF values obtained considering uniform stress distribution decrease faster as the crack
length increases, eventually reaching zero when the stress at the crack tip becomes compressive.
Figure 7b compares SIF values obtained with the analytical computation methodology proposed
in this work and the one computed with the approximation of the plate’s shape factor and
constant superficial stress, which is common in the literature. A particle with a superficial crack
is considered, and the far-field stress o is the hoop stress on the surface of the particle without
the crack. The results show a great difference between SIF values, which still increases as a/R
increases. Indeed, the decrease in SIF as the crack length increases is not observed when only
focusing on the superficial hoop stress, thereby neglecting the complete stress distribution along
the crack surfaces. Additionally, the geometric factor of the plate significantly differs from that
of the sphere.

The approximations usually made in the literature affect the accuracy of the SIF computation,
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Figure 7. Comparison between SIF values resulting from literature and obtained with the
procedure presented in this work. (a) Graphite particle with central crack during lithiation at
1C and 50% SOC, where o) is the hoop stress in the uncracked particle at the crack tip
location. (b) Graphite particle with superficial crack during delithiation at 1C and 50% SOC,
where o sup is the hoop stress on the particle surface.

and then, the results of the degradation model assessing the decay of LIB performance during
its usage. On the contrary, the analytical procedure developed in this work is as accurate as
performing multi-physics FEM fracture model simulation. The advantage is that analytical
computation is significantly faster and requires less computational resources as compared to the
FEM model (fractions of a second for the analytical computation compared to minutes/hours
for the FEM model) because it requires just a sum of products to compute the SIF. Then, the
proposed analytical methodology for SIF computation is the optimal compromise to assess the
impact of fracture on battery damage, balancing accuracy with computational cost.

8.8. Impact of fracture on the electrode design

The effect of the electrode design parameters on fracture is quantified in this section, such as
the size of the active material particles and the thickness of the electrode layers. In this way,
it is possible to give electrode design guidelines to limit fracture and mechanical degradation in
LIBs.

Electrode design parameters affect the electrochemistry of the LIB, namely the current

flowing into each elementary cell (sequence of current collectors, cathode, separator, anode),
then the lithium flux on the surface of active material particles, as well as the resulting lithium
concentration and stress distributions.
First, lithium flux on particle surfaces (J 1) is computed by solving the electrochemical model
of the entire LIB as described in previous authors’ works [32], varying the electrode design
parameters. Then, equations in Section 2.1 are solved using the computed lithium flux in the
boundary condition reported in Equation 2.

The effect of the active material particle size on the fracture behavior is reported in Figure
8. The concentration gradient within smaller particles is lower than bigger particles, then the
former are less affected by fracture because of the lower stress. However, electrodes with smaller
particles result in LIB with lower tap density and energy density. In addition, the manufacturing
cost for electrodes with smaller particles is higher. Then, a trade-off is necessary between lifespan
(which increases as active material particle size is reduced), electrochemical performance, and
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Figure 8. Influence of active material particle size on SIF during (a) charge (lithium insertion
in graphite particle) and (b) discharge (lithium extraction from graphite particle).

Figure 9 reports the influence of electrode thickness on the SIF. Thicker electrodes allow to
store greater amount of energy per unit of volume (or mass) because the number of elementary
cells connected in parallel is lower, and then the amount of inactive components, i.e. separator
and current collectors, is reduced. In this condition, considering the battery capacity and the
current delivered by the battery as constant, a lower number of elementary cells results in a
higher current flowing into each cell. This higher current results in higher lithium flux (J¢y)
on active material particles surface, then steeper concentration gradient, higher stress, and SIF.
On the other hand, thinner electrodes are generally used for high-power applications thanks to
the lower internal resistance and greater current capabilities. Furthermore, thinner electrodes
are preferred for higher C-rates than thicker electrodes because they are less affected by fracture,
as shown in Figure 9.
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Figure 9. Influence of the electrode thickness on SIF during (a) charge (lithium insertion in
graphite particle) and (b) discharge (lithium extraction from graphite particle).
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8.4. Electrochemical-mechanical damage model

Fracture of electrode microstructure is among the main causes of LIB degradation [15].

As summarized in the scheme reported in Figure 10, fatigue phenomena and cracks growth
occurring during battery operation lead to capacity fade because of two reasons: (a) isolation
of active material, which becomes inactive and no longer able to host lithium ions; (b) creation
of new surfaces which are exposed to the electrolyte, giving rise to side reactions such as the
formation of solid electrolyte interphase (SEI) layer. These reactions consume lithium ions,
which cannot be cycled further.

Repeated charge and discharge cycles

{

Fatigue and crack grow

(- )

Active material isolation and decrease New surfaces exposed to the electrolyte
of electronic conductivity

4%

Hindering of the passage of lithium ions SEl Growth
K I Active material Il Primary SEI I New SEI j
Capacity fade

Figure 10. Sketch of the damaging mechanisms triggered by fracture during LIB operation.

The rate of capacity fade caused by the formation of the SEI layer on the cracks surfaces
created during repeated charge/discharge cycles is computed according to Equation 21 [15].

d dA
7Q — ¢ (21)

dN dN
Where @ is the capacity, IV the number of cycles, A, is the crack surface and X is a constant
taking into account the amount of lithium ions consumed during the SEI formation reaction and

the rate of the reaction. The increase of the crack surface with the number of cycles (Cfl‘?\f) is
computed according to Equations 22a-b [15].
dA. dA. da
dN ~ “da dN (220)
da
— =CAK™ 22b
v = C (22b)

Where a is the crack length, C' and m are material coefficients and Equation 22b is the Paris’
law, correlating the increase of crack length (%) to the SIF range (AK).
Equations 21-22 show that the degradation in LIB is a multi-physics phenomenon because the
mechanical damage (the increase in crack length in Equation 22) is correlated with the chemical
damage (SEI formation and loss of lithium inventory in Equation 21).
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Since the capacity loss depends on the SIF, the analytical computation of SIF developed in
this work will significantly speed up the capacity loss computation. Then, this work is the basis
for the development of the algorithms assessing the capacity loss and the remaining useful life
of LIB during usage, which will be the focus of the future research of the authors.

4. Conclusions

A generic methodology for the analytical computation of SIF in case of arbitrary stress profile
on crack surfaces is presented in this work. The methodology can be effectively applied to assess
fracture resulting from multi-physics phenomena, such as fracture arising in active material
of LIBs electrodes due to lithium diffusion. In this case, an analytical solution for SIF is
not available in the literature because the stress distribution on the crack surface is non-
homogeneous.

Firstly, the arbitrary stress profile is expressed using a polynomial function, then the principle
of superposition of effects is applied, and SIF is computed as a summation of products between
each term of the polynomial stress function and their corresponding geometric factors. A FEM
model is built to compute the geometric factors for a sphere with a crack at the center and
surface. The expression of the geometric factors is generic and can be used for any kind of stress
profile and crack/radius geometrical sizes.

The developed methodology is applied for the analytical computation of SIF caused by diffusion
induced stress arising in graphite particles during lithium insertion and extraction. The
analytical results are compared to the numerical results, showing good agreement.

SIF due to DIS is usually computed in the literature using multi-physics FEM model, which is
time-consuming (the simulation time can range between minutes to some hours), or analytically.
In the latter case, the computation is inaccurate because the non-homogeneous stress distribution
on crack surfaces is neglected, and the geometric factor of plates is often used, which is far from
the case of spherical geometry. On the contrary, the proposed analytical computation of SIF
is as accurate as performing FEM fracture model simulations, but it is less time-consuming
because the SIF computation consists of just a sum of products, running in fractions of seconds.
The methodology is effectively applied to assess the influence of electrodes parameters on
fracture, in order to give electrode design guidelines limiting fracture and then LIB degradation.
It is observed that thinner electrodes with smaller active material particles are preferred from a
fracture mechanical point of view because they result in lower SIF values.

Finally, the developed analytical methodology can be effectively used to describe fracture in
active material particles with LIB cycling, being eventually integrated into a degradation model
for the estimation of LIB performance decay in real-time.

Nomenclature

Symbols fij Dimensionless shape function

o) i-th coefficient of polynomial stress dis- [ Current density (A/m?)
tribution (MPa) J iz Flux on the particle surface (mol/m?s)

6 Polar coordinate in crack reference K& Stress intensity factor (MPam®)
frame (—) km Mechanical coupling parameter

a Crack length (m) (m?/mol)

c Concentration (mol/m3) n; Normal versor (—)

CR Reference concentration (mol/m?) R Active material particle radius (m)

D Diffusion coefficient (m?/s) T Radial coordinate (—)

D.g, Equivalent diffusion coefficient for cou- e Polar coordinate in crack reference
pled model (m?/s) frame (—)

E Young modulus (MPa) R,  Gas constant (J/molK)

F Faraday constant (As/mol) T Temperature (K)
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t Time (s) SOC State of charge (%)
t; Traction vector (MPa)
Tr  Reference temperature (K)
u Particle level displacement (m) Greek Symbols )
w Strain energy density (J/m?) o Expansion coefficient (1/K)
1 Coordinate direction along crack exten- €CT Diffusion strain (-)

sion € Thermal strain (—)
Ta Coordinate direction perpendicular to ©c HOOP strain (=)

crack extension r g:;iﬁal strain ()
Y Geometric factor A Area enclosed in the path I'

v Poisson ratio (—)

Acronyms Q Partial molar volume (m?/mol)
DIS Diffusion induced stress Oc Hoop stress (MPa)
FEM Finite element model Oh Hydrostatic stress (MPa)
LEFM Linear elastic fracture mechanics ar Radial stress (MPa)

LIB Lithium ions battery
MF  Multi-physics field

SIF  Stress intensity factor Recursive superscripts

max Maximum

References

[1] Mingchao Liu, Yixiang Gan, Dorian AH Hanaor, Bin Liu, and Changging Chen. An improved semi-analytical
solution for stress at round-tip notches. FEngineering fracture mechanics, 149:134-143, 2015.

[2] Aurelio Soma, Francesca Pistorio, and Muhammad Mubasher Saleem. Study of notched mems specimen:
elasto-plastic modeling and experimental testing. Journal of Micromechanics and Microengineering,
32(2):025006, 2022.

[3] T L Anderson. Fracture Mechanics: Fumdamental and Applications. 2017.

[4] David Broek. Elementary engineering fracture mechanics. Springer Science & Business Media, 2012.

[5] G.R.Irwin. Analysis of Stresses and Strains Near the End of a Crack Traversing a Plate. Journal of Applied
Mechanics, 24(3):361-364, 06 2021.

[6] P. Paris and F. Erdogan. A Critical Analysis of Crack Propagation Laws. Journal of Basic Engineering,
85(4):528-533, 12 1963.

[7] Y. Murakami and L. M. Keer. Stress intensity factors handbook, vol. 3. Journal of Applied Mechanics,
60(4):1063-1063, 12 1993.

[8] Hiroshi Tada, Paul C. Paris, and George R. Irwin. The Stress Analysis of Cracks Handbook, Third Edition.
ASME Press, 01 2000.

[9] George C Sih. Handbook of stress-intensity factors: Stress-intensity factor solutions and formulas for
reference. Bethlehem, Pa., Lehigh University, 1973. 815 p, 1973.

[10] S Al Laham and Structural Integrity Branch. Stress intensity factor and limit load handbook, volume 3.
British Energy Generation Limited Gloucester, UK, 1998.

[11] Allyson L Hartzell, Mark G Da Silva, and Herbert R Shea. MEMS reliability. Springer Science & Business
Media, 2010.

[12] Alberto Corigliano, ALDO Ghisi, Giacomo Langfelder, A Longoni, Federico Zaraga, and A Merassi. A
microsystem for the fracture characterization of polysilicon at the micro-scale. Furopean Journal of
Mechanics-A/Solids, 30(2):127-136, 2011.

[13] Francesca Pistorio and Aurelio Soma’. Fatigue fracture mechanics in gold-based mems notched specimens:
experimental and numerical study. Journal of Micromechanics and Microengineering, 2023.

[14] Ping Li, Yibo Zhao, Yongxing Shen, and Shou-Hang Bo. Fracture behavior in battery materials. Journal
of Physics: Energy, 2(2):022002, 2020.

[15] Francesca Pistorio, Davide Clerici, Francesco Mocera, and Aurelio Soma. Review on the experimental
characterization of fracture in active material for lithium-ion batteries. Energies, 15(23):9168, 2022.

[16] Francesca Pistorio, Davide Clerici, Francesco Mocera, and Aurelio Soma. Review on the numerical modeling
of fracture in active materials for lithium ion batteries. Journal of Power Sources, 566:232875, 2023.

[17] Michel Armand, Peter Axmann, Dominic Bresser, Mark Copley, Kristina Edstrém, Christian Ekberg,
Dominique Guyomard, Bernard Lestriez, Petr Novak, Martina Petranikova, et al. Lithium-ion batteries—
current state of the art and anticipated developments. Journal of Power Sources, 479:228708, 2020.

16



52° Conference on Engineering Mechanical Design and Stress Analysis (AIAS 2023) IOP Publishing

IOP Conf. Series: Materials Science and Engineering 1306 (2024) 012009 doi:10.1088/1757-899X/1306/1/012009

18]
19]
20]
21]
22]

[23]

[24]

[25]

[26]
[27]
28]
[29]

[30]

31]

[32]

[33]

[34]
[35]
[36]
[37]
[38]

[39]

[40]
[41]

[42]

[43]

Francesco Mocera, Aurelio Soma, Salvatore Martelli, and Valerio Martini. Trends and future perspective of
electrification in agricultural tractor-implement applications. Energies, 16(18):6601, 2023.

Francesco Mocera, Valerio Martini, and Aurelio Soma. Comparative analysis of hybrid electric architectures
for specialized agricultural tractors. Energies, 15(5):1944, 2022.

Francesco Mocera and Aurelio Soma. Analysis of a parallel hybrid electric tractor for agricultural
applications. Energies, 13(12):3055, 2020.

Francesco Mocera, Elena Vergori, and Aurelio Soma. Battery performance analysis for working vehicle
applications. [EEE Transactions on Industry Applications, 56(1):644-653, 2019.

Aurelio Soma. Trends and hybridization factor for heavy-duty working vehicles. Hybrid Electric Vehicles,
pages 3-32, 2017.

Jorn M Reniers, Grietus Mulder, and David A Howey. Review and performance comparison of
mechanical-chemical degradation models for lithium-ion batteries. Journal of The Electrochemical Society,
166(14):A3189-A3200, 2019.

Rutooj Deshpande, Yang-Tse Cheng, and Mark W Verbrugge. Modeling diffusion-induced stress in nanowire
electrode structures. Journal of Power Sources, 195(15):5081-5088, 2010.

Ying Zhao, Peter Stein, Yang Bai, Mamun Al-Siraj, Yangyiwei Yang, and Bai-Xiang Xu. A review on
modeling of electro-chemo-mechanics in lithium-ion batteries. Journal of Power Sources, 413:259-283,
2019.

Davide Clerici, Francesco Mocera, and Aurelio Soma. Analytical solution for coupled diffusion induced stress
model for lithium-ion battery. Energies, 13(7):1717, 2020.

Davide Clerici, Francesco Mocera, and Aurelio Soma. Shape influence of active material micro-structure on
diffusion and contact stress in lithium-ion batteries. Energies, 14(1):134, 2020.

Davide Clerici and Francesco Mocera. Micro-scale modeling of lithium-ion battery. In IOP Conference
Series: Materials Science and Engineering, volume 1038, page 012007. IOP Publishing, 2021.

Davide Clerici, Francesco Mocera, and Aurelio Soma. Experimental characterization of lithium-ion cell strain
using laser sensors. Energies, 14(19):6281, 2021.

Davide Clerici, Francesco Mocera, and Aurelio Soma. Electrochemical-mechanical multi-scale model and
validation with thickness change measurements in prismatic lithium-ion batteries. Journal of Power
Sources, 542:231735, 2022.

David John Cartwright and DP Rooke. Green’s functions in fracture mechanics. In Fracture Mechanics,
pages 91-123. Elsevier, 1979.

Francesca Pistorio, Davide Clerici, Francesco Mocera, and Aurelio Soma. Coupled electrochemical—-
mechanical model for fracture analysis in active materials of lithium ion batteries. Journal of Power
Sources, 580:233378, 2023.

D Clerici, F Mocera, and F Pistorio. Analysis of fracture behaviour in active materials for lithium ion
batteries. In IOP Conference Series: Materials Science and Engineering, volume 1214, page 012018. IOP
Publishing, 2022.

David Percy Rooke and David John Cartwright. Compendium of stress intensity factors. Procurement
Ezecutive, Ministry of Defence. H. M. S. O. 1976, 330 p(Book)., 1976.

J. R. Rice. A path independent integral and the approximate analysis of strain concentration by notches
and cracks. Journal of Applied Mechanics, 35(2):379-386, 06 1968.

S. Aoki, K. Kishimoto, and M. Sakata. Elastic-plastic analysis of crack in thermally-loaded structures.
Engineering Fracture Mechanics, 16(3):405-413, 1982.

K. Kishimoto, S. Aoki, and M. Sakata. On the path independent integral- J. Engineering Fracture Mechanics,
13(4):841-850, 1980.

Y. F. Gao and M. Zhou. Coupled mechano-diffusional driving forces for fracture in electrode materials.
Journal of Power Sources, 230:176-193, 2013.

Hamed Haftbaradaran and Jianmin Qu. A path-independent integral for fracture of solids under combined
electrochemical and mechanical loadings. Journal of the Mechanics and Physics of Solids, 71(1):1-14,
2014.

Min Zhang, Jianmin Qu, and James R. Rice. Path independent integrals in equilibrium electro-chemo-
elasticity. Journal of the Mechanics and Physics of Solids, 107:525-541, 2017.

Di Chen, Dominik Kramer, and Reiner Mdnig. Chemomechanical fatigue of limnl. 95al0. 0504 electrodes
for lithium-ion batteries. Flectrochimica Acta, 259:939-948, 2018.

Na Lin, Zhe Jia, Zhihui Wang, Hui Zhao, Guo Ai, Xiangyun Song, Ying Bai, Vincent Battaglia, Chengdong
Sun, Juan Qiao, et al. Understanding the crack formation of graphite particles in cycled commercial
lithium-ion batteries by focused ion beam-scanning electron microscopy. Journal of Power Sources,
365:235-239, 2017.

Rutooj Deshpande, Mark Verbrugge, Yang-Tse Cheng, John Wang, and Ping Liu. Battery cycle life

17



52° Conference on Engineering Mechanical Design and Stress Analysis (AIAS 2023) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1306 (2024) 012009 doi:10.1088/1757-899X/1306/1/012009

prediction with coupled chemical degradation and fatigue mechanics. Journal of the Electrochemical
Society, 159(10):A1730, 2012.

[44] Junya Shao, Junfu Li, Weizhe Yuan, Changsong Dai, Zhenbo Wang, Ming Zhao, and Michael Pecht. A novel
method of discharge capacity prediction based on simplified electrochemical model-aging mechanism for
lithium-ion batteries. Journal of Energy Storage, 61:106788, 2023.

[45] Justin Purewal, John Wang, Jason Graetz, Souren Soukiazian, Harshad Tataria, and Mark W Verbrugge.
Degradation of lithium ion batteries employing graphite negatives and nickel-cobalt-manganese oxide+
spinel manganese oxide positives: Part 2, chemical-mechanical degradation model. Journal of power
sources, 272:1154-1161, 2014.

[46] Gyuyeong Hwang, Niranjan Sitapure, Jiyoung Moon, Hyeonggeon Lee, Sungwon Hwang, and Joseph Sang-
Il Kwon. Model predictive control of lithium-ion batteries: Development of optimal charging profile
for reduced intracycle capacity fade using an enhanced single particle model (spm) with first-principled
chemical/mechanical degradation mechanisms. Chemical Engineering Journal, 435:134768, 2022.

[47] Kai Zhang, Junwu Zhou, Tian Tian, Yue Kai, Yong Li, Bailin Zheng, and Fuqgian Yang. Cycling-induced
damage of silicon-based lithium-ion batteries: Modeling and experimental validation. International
Journal of Fatigue, 172:107660, 2023.

18



