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h i g h l i g h t s

• Primary particle lattice strain due
to Li+ causes secondary particle
cracking with charge cycling.

• Coupled electro-chemical-
mechanical model reveals pro-
gressive polycrystal aggregate
cracking.

• Discrete element method with cohe-
sive crackmodelling captures charge
rate effects.
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a b s t r a c t

The loss of connectivity within battery electrodes due to mechanical failure by decohesion
and fracture between primary grains that form spheroidal secondary particles is one of the
principal mechanisms responsible for the widely observed and reported capacity fading.
In this study we focus our attention on the elucidation, via combined analytical and
numerical modeling, of the coupled electrochemical and mechanical processes that occur

∗ Corresponding author. Tel.: +44 18652 73043; fax: +44 18652 73010.
E-mail address: alexander.korsunsky@eng.ox.ac.uk (A.M. Korsunsky).

1 Current address: University of Texas, Austin, USA.

http://dx.doi.org/10.1016/j.eml.2016.03.018
2352-4316/© 2016 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.eml.2016.03.018
http://www.elsevier.com/locate/eml
http://www.elsevier.com/locate/eml
mailto:alexander.korsunsky@eng.ox.ac.uk
http://dx.doi.org/10.1016/j.eml.2016.03.018


2 G. Sun et al. / Extreme Mechanics Letters ( ) –

Keywords:
Li-ion battery cathode
Degradation
Capacity fading
Electrochemical–mechanical model
Fragmentation
Fracture

during lithiation and delithiation. We run sequential diffusion and deformation analyses
of polycrystalline aggregate, formulate conditions for crack initiation at the interfaces
between primary particles, and obtain predictions for the distributed damage within
the secondary particle. The discrete element method with cohesive crack modeling is
employed as the simulation tool. The conclusions that can be drawn from the analysis can
be summarized as follows: (1) anisotropic expansion of primary particle crystallites due to
Li+ ion diffusion causes cracks to form at the interfaces and grain boundarieswhen stresses
reach the cohesive strength limit; (2) Li+ ion concentration and its gradients have influence
on crack formation, distribution and density, with high charging and steep gradients
promoting rupture; (3) anisotropic particle expansion/contraction promotes interfacial
fracture; (4) new crack appear and existing cracks extend under cyclic charging conditions.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that the loss of continuity and conduc-
tivitywithin battery electrodes caused bymicro-scale frac-
ture is one of themajor causes for the degradation in Li-ion
batteries [1–3]. Specific effects include the loss of electrical
contact, isolation of active materials from the conductive
matrix, and increased cell internal resistance [4]. Fracture
also increases the exposure of active materials to the elec-
trolyte, accelerating irreversible side reactions such as the
formation of the solid–electrolyte interface, and leading to
capacity fading [4].

The crack formation and damage evolution within
secondary particles in battery electrodes have been
addressed in many studies. Damage within the active
material particles can be seen in the form of voiding,
cracking and ultimate fragmentation [5]. Based on the
energy release rate, the effects of particle size and charging
rate on fracturing in an electrode particle were studied
by Zhao et al. [6], who also predicted the critical fracture
conditions.Woodford et al. constructed amap showing the
safe parameter regimes against fracture, which depended
on the C-rate (that describes the normalized charging rate
of a cell and has units of h−1), particle size and fracture
toughness of the material [7]. Bhandakkar et al. calculated
the critical electrode size to avoid crack nucleation in
a cylindrical electrode particle [8]. Zhu et al. evaluated
the effects of current density, particle size and particle
aspect ratio on crack initiation bymeans of eXtended Finite
Element Method XFEM [9]. These studies have revealed
the critical conditions that determine whether a crack will
grow or not [4]. Furthermore, Grantab et al. investigated
the progressive propagation of a crack during cycling in a
graphite particle [10] or in a silicon nanowire [11].

Local fractures have been experimentally observed in
several cathode materials for Li-ion batteries [2,5,12–14].
An obvious cause of fracture in batterymaterials is high lo-
cal micro-scale stress [9] that may arise during fabrication
that usually involves compression to control the porosity of
the cathode [15–18], or which may result from cell cycling
throughout the life of a Li-ion battery due to the intercala-
tion of lithium ions, as well as the phase transition within
active materials [9].

Several models have been developed to determine
the stress generated by lithium intercalation and de-

intercalation. In order to identify key mechanisms and
relationships involved in stress generation in spherical
particles, one-dimensional models have been developed
[19,20]. Three-dimensional finite element simulations
have also been employed to model the diffusion-induced
stress in analogy with thermal stresses [21,22], and
relationships have been put forward between stresses and
parameters such as current density, voltage and particle
size. Analytical expressions have been constructed to
capture the stress evolution in spherical electrode particles
under galvanostatic or potentiostatic conditions [23–25]
in an attempt to determine which operating conditions
are ‘‘safe’’ in terms of preventing cracking in electrodes.
Stress generated in spherical particles that consider
both diffusion and phase transition can be calculated
analytically and used to predict fracture [25].

The objectives of the present work are:
(1) To model internal strains and stresses caused by Li+
diffusion within secondary particles, and predict crack
initiation at interfaces.
(2) To assess the influence of concentration gradients due
to Li+ diffusion on crack distribution.
(3) To assess the influence of crystal lattice expansion and
contraction lithiation coefficients on secondary particle
cracking, as a consequence of damage accumulation due to
Li-ion induced strain and strain gradients.
(4) To explore cracks evolution due to cyclic charging.

2. Description of material and experimental observa-
tions

Scanning Electron Microscopy (SEM) imaging of sec-
ondary particles (Fig. 1), and 3D reconstruction of their
shape using Focused Ion Beam (FIB) serial sectioning
(Fig. 2) reveal that secondary particles of active material
appear as disks in cross-section, and have spheroidal shape
overall. The constituent primary particles (Fig. 1(b)) ap-
pear as ‘‘stacks’’ of approximately hexagonal platelets, or
as crystallites with well-defined habit and facets. Within a
well-formed secondary particle (Fig. 1(c)) these are well-
bonded, without any significant gaps or cracks.

FIB-SEM serial sectioning has been used to reconstruct
the evolution of the three-dimensional structure of Li-
ion battery electrodes during extended cycling [5]. Fig. 2
provides a pseudo-3D image of the composite framework
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Fig. 1. (a) Overall lowmagnification viewof Li battery Li-richNMC cathode, showing agglomeration of spherical secondary particles. (b) Highmagnification
view of second particle periphery revealing individual primary particles in the form of ‘stacks’ of hexagonal plates, and crystallites with well-defined
facets. (c) Medium resolution imaging of the as-fabricated secondary particle (fully-discharged) prior to cycling, revealing well-bonded primary particles.
(d) Secondary particle following first charge/discharge cycle revealing the presence of peripheral cracking. (e) Secondary particle following 15th cycle
charging showing cracks closed due to lithiation-induced deformation. (f) Secondary particle after 50th cycle charging showing extensive fragmentation
and amorphisation.

of spheroidal particles of active material contained within
the polymer matrix. Damage within active material
secondary particles takes the form of voiding, cracking and
ultimate fragmentation. These observations of progressive
cracking and fragmentation serve as the basis for themodel
proposed here.

The strain and strain gradients that arise in a secondary
spheroidal particle due to Li+ ion transient diffusion are

identified as the driving force for particle fragmentation.
Fig. 1(d) shows that already upon first charge/discharge
cycle, gaps and cracks appear between primary parti-
cles. Subsequent charging and discharging takes the par-
ticle through a sequence of steps of crack nucleation and
growth, followed by closure (perhaps accompanied by ini-
tiation and cracking at other interfaces), ultimately leading
to profound fragmentation, primary particle diminution,
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Fig. 2. FIB-SEM serial sectioning reconstructions of battery cathodes, represented as a composite framework of spheroidal particles of active material (top
left image, in yellow) contained within the polymer matrix (top right, in light blue), and shown as a complete reconstruction below.

and amorphization, seen in Fig. 1(e) for a particle within
the battery cathode after 15 cycles, and in Fig. 1(f) after 50
cycles.

The high magnification SEM image in Fig. 1(b) reveals
the hexagonal habit platelets of oxides that can be clearly
recognized in the small stack found to the bottom right
of image center, and viewed at an aspect nearly paral-
lel to the out-of-plane (c-axis) directions. Careful analy-
sis of images reveals that particles are often composed
of laminae ∼50 nm in thickness. This discussion sug-
gests significant anisotropy of thermal, electrochemical,
mechanical and diffusional properties of primary parti-
cles between the basal plane and c-axis. It is surmised
that their agglomerates are likely to experience signif-
icant internal strains and stresses due to electrochem-
ical processes associated with Li ion intercalation and
deintercalation. This observation is supported by the evi-
dence from in operando synchrotronX-ray diffraction stud-
ies that reveal lattice parameter changes of the order of
±1% are apparent in the majority LiMO2 (M = Ni, Co,
and/or Mn) rhomboheral phase with the R3̄m structure
[26].

The above discussion provides a conceptual basis for
continuum-based models of damage and degradation of

secondary particles induced by lithiation and delithiation
during charge cycling.

3. Modeling approach

The history of continuum mechanics knows numerous
examples of simplified models that obviate the necessity
of carrying our full 3D analysis of complex systems by
proposing a simplification, such as the reduction to amuch
more tractable 2D description that allows fast paramet-
ric analysis, establishes the causal connections between
system properties and behavior, etc. The present study is
conducted in the same spirit. We recognize that the pro-
cess of spherical secondary particle fragmentation upon
charge cycling arises as a consequence of inhomogeneous
and anisotropic expansion and shrinkage of constituent
primary particles in the context of hoop constraint. For the
purposes of the present consideration of the fundamental
relationships between problem parameters we employ a
simplified 2Dmodel inwhich the secondary particle is rep-
resented by a right circular cylinder composed of multiple
primary particles (grains) of random orientation. Two as-
pects of our approach should be made clear. (i) In reality,
the polycrystalline particles of active material (secondary
particles) have spherical shape. It is in order to provide
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Fig. 3. (a) Schematic of the model of a spherical particle, consisting of 5676 nodes, 7816 elements and 225 grains. The c-axis orientation within each grain
is indicated by arrows. (b) Relationship between the cohesive force and the displacement.

clear evidence of this fact that we wish to make use of mi-
croscopic images from our previous publications. (ii) It be-
comes apparent from these images is that in cross-section
the particles appear as circular disks, so that the appropri-
ate 2D approximation thatmight be considered suitable for
simplified modeling is cylindrical, in combination with ei-
ther plane stress or plane strain assumption.

A sequentially coupled model is employed to study
the fracture inside a secondary particle. Only the crack
initiation and propagation in the process of charging
and discharging are chosen as the focus of the present
study. Firstly, the concentration distribution of Li ions
induced by transient diffusion is computed using an
analytical approximatemodel. Secondly, the internal stress
distributionwithin the particle is computed by considering
the crystal lattice expansion and contraction due to
(de)intercalation. The interface stresses obtained from this
calculation are comparedwith the criterion for decohesion,
and boundary fracture is introduced accordingly. The
discrete element method is employed in this study to
calculate the stress–strain fields, and to model grain
boundary fracture.

3.1. Numerical simulation

For the purposes of this conceptual simulation, and to
render the model readily tractable, 2D axial symmetry is
assumed within the model (plane strain), as illustrated
in Fig. 3(a), in which 5676 nodes, 7816 elements and
225 grains are consisted. In this study, the discrete
element method [27] with the software UDEC [28]
is employed to simulate the stress field and fracture
behavior. Arrows indicate the randomly assigned c-axis
direction within polygonal primary particles created by
Voronoi tessellation. Young’s modulus of active material is
set to 280 GPa [5], and the secondary particle of diameter
2 µm is simulated.

3.2. Transient diffusion within a sphere

Consider the secondary particle of radius a initially fully
saturated to normalized concentration c1 = 1 throughout

its volume. At time zero, the concentration is reduced to
zero level c1 = 0 at its surface andmaintained at that level
afterwards. The concentration with the sphere is governed
by the transient diffusion equation:

∂c
∂t

= D∇
2c. (1)

Rana et al. [29] gave the general solution of the equation
with the method of separation of variables [30]. The
complementary solution for the case of the sphere that
is initially fully depleted of diffusant at c = 0, and
undergoes inward diffusion (discharge) caused by the
surface concentration raised to c = 1 at t = 0 is given
by [31,32]:

c(r, t) = 1 + 2
∞
n=0

(−1)n
a

πnr

× exp


−
π2n2Dt

a2


sin

πnr
a


. (2)

Throughout the process of transient diffusion the concen-
tration can be approximated well by a power law func-
tion [33] of normalized radius r/a and normalized diffu-
sion time τ = Dt/a2:

c(r, t) =

 r
a

m
=

 r
a

0.655τ−0.546

. (3)

3.3. Material properties and electrochemical–mechanical
model

Assuming elastic isotropy, the stress–strain relation in
the particle can be written as [24,34]

εij =
1
E


(1 + ν)σij − νσkkδij


+ cβij (4)

where εij are strain components, E is Young’s modulus,
ν is Poisson’s ratio, σij are stress components, δij is the
Kronecker delta, c is the Li-ion concentration and βij are
the eigenstrain terms that represents the extreme values of
anisotropic expansion and contraction of the crystal lattice
due to the complete insertion or removal of the Li-ions. In
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the present study this parameter in the crystal axes is set
to±1% (contraction of c-axis and expansion of a-axis upon
lithiation), based on the evidence obtained by synchrotron
X-ray diffraction [26].

Every primary particle within the model is identified
by the orientation of its c-axis, as shown in Fig. 3(a). To
transform the lattice expansion and contraction strains to
the global coordinate system, the tensor transformation
formula is used,

βi′j′ = βijnii′njj′ (5)

where nii′ and njj′ are directional cosines between the local
coordinate system and the global coordinate system.

3.4. Fracture model

Cracks are assumed to initiate at interfaces between
the primary particles when the corresponding stress
component normal to the interface reaches the limiting
cohesive strength of the boundary. The tension failure
of the primary interface is simulated using cohesive
crack model [35,36] suitable for the description of failure
behavior in brittle materials. In this model a rising
and falling cohesive force-opening relation is introduced
according to the schematic in Fig. 3(b); the interface is
supposed to have debonded once the cohesive force drops
to zero. The normal cohesive force fn as a function of
separation is given by:fn = k1d (d < d0)

fn = k1d0
dc − d
dc − d0

(d0 ≤ d < dc)
(6)

where k1 is the normal boundary stiffness; d is the relative
displacement (interface opening) of the boundary; d0 is
the relative separation at maximum cohesive force equal
to T0l/k1, T0 is the maximum tensile strength of the
interface between the primary particles, l is the length of
the interface in plane by assuming the crack length out of
plane is equal to 1; dc is the boundary separation at which
the cohesive force drops to zero, determined as 2GIC/T0,
where GIC is the fracture energy of Mode I crack.

3.5. Simulation scenarios

Three different simulation scenarios were considered,
as described below.
(i) One step modeling

The first modeling scenario involves the transient
diffusion solution for Li concentration c(r) at normalized
diffusion time τ = 0.03. The corresponding concentration
profile is applied directly without any interim steps.
Two further cases of lithiation expansion coefficient are
considered: the first case is bipolar, with the normal (c-
axis) βn = −0.01 and transverse (a-axis) βt = 0.01; the
second case is unipolar, βn = 0.02 and βt = 0.0.
(ii) Step-wise modeling

The secondmodeling scenario considered simulates the
attainment of the same normalised diffusion time τ =

0.03 that is however implemented in a step-wise fashion
by following the evolution of Li concentration c(r) at times.

The total of five computational steps are considered (τ =

0.0001, 0.001, 0.01, 0.02, 0.03).
(iii) Charging cycle

One case of charge cycling was simulated in the present
study, namely, the bipolar case (βn = −0.01, βt = 0.01)
using one-step scenario. The stages of the simulation were
(i) charge to τ = 0.03 (2) discharge to τ = 0.03 using
the configuration inherited from the previous step, and
(3) repeated charge to τ = 0.03 using the configuration
inherited from the previous step.

4. Results and discussion

The results of ‘‘one step modeling’’ for both bipolar and
unipolar cases are shown in the upper and lower rows of
Fig. 4, with the left column showing the maximum shear
strain (difference between principal strains), and the right
column showing the first principal stress.

The results of ‘‘step-wise modeling’’ are presented in
Fig. 5. Three time steps (τ = 0.0001, 0.01, 0.03) illustrate
the snapshots of the maximum shear strain andmaximum
principal stress within the secondary particle throughout
the diffusion process. In addition, the c-axis lattice direc-
tions and crack locations are also represented, as per Figure
caption.

The results of ‘‘charging cycles’’ are shown in Fig. 6.
Fig. 6(a) is the contour of maximum shear strain and
crack distribution after 1st charge, and Fig. 6(b) shows
the corresponding contour of maximum principal stress.
Fig. 6(c) represents the contour of maximum shear strain
and cracks in the discharged condition, and Fig. 6(d) is
the corresponding contour of maximum principal stress.
Finally, Fig. 6(e) shows the contour of maximum shear
strain and cracking after 2nd re-charge, and Fig. 6(f) is the
corresponding contour of maximum principal stress.

4.1. The influence of lithiation expansion coefficient on crack
formation

The two cases of the lithiation expansion coefficient
considered in the simulation turn out to have a prominent
effect on secondary particle fragmentation. The first case
corresponding to bipolar expansion/contraction, βn =

−0.01 and βt = 0.01, corresponds to the lattice shrinking
in the c-axis direction upon lithiation, but expanding in
the transverse direction (a-axis). The results are shown in
Fig. 4(a–b), and can be compared with Fig. 4(c–d) showing
the results for the unipolar assumption (βn = 0.02 and
βt = 0).

It is apparent that more cracking is observed in the first
case of bipolar expansion/contraction. The clear reason for
this is the generation of tensile stress at interfaces between
primary particles due to contraction, promoting rupture of
interfaces.

4.2. The influence of diffusion gradient on crack formation

Interface rupture occurs most readily in the region
of high concentration gradient at the periphery of the
secondary particle. For an isolated secondary particle in
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Fig. 4. Single step simulation of the consequences of diffusion at the normalised diffusion time τ = 0.03: left column, (a) and (c) maximum shear strain
distribution (proportional to the difference between principal strains); right column, (b) and (d) the most positive principal stress. Lithiation expansion
coefficients are bipolar (βn = −0.01, βt = 0.01) for (a) and (b), the upper row; and unipolar (βn = 0.02, βt = 0.0) for (c) and (d), the bottom row.

the electrolyte, the lithium concentration distribution is
isotropic with the lowest concentration gradient main-
tained at the particle core. The gradient of lithium con-
centration is large in the early stages of diffusion upon
charging and discharging. As diffusion progresses from
particle surface to its core, cracking also progresses inward.

4.3. Influence of progressive diffusion on crack formation and
distribution

The two simulation scenarios of crack initiation due
to transient diffusion further highlight the importance of
strain gradients due to lithiation for causing fragmentation.
In the first scenario (one-step simulation of transient dif-
fusion to τ = 0.03), Fig. 4, the extent of cracking is greater
than that in Fig. 5, where the step-wise process of damage
accumulation is shown for τ = 0.0001, 0.01, 0.03.

Although the difference between the overall strain and
stress distributions is small between the two cases, the
extent of cracking is lower in the step-wise scenario. That is
to say, in the scenario of transient diffusion the distribution
of cracks initiation is extensive, but sparse. On the other
hand, in the step-wise scenario the distribution of cracks
is denser, but is more localised. The reason for this is
that crack initiation that occurs in earlier steps causes

stress concentration and subsequent crack propagation in
subsequent steps. For example, Fig. 5(e) shows a major
(labeled Crack I) that was initiated in the first step, and
propagated in subsequent steps. The fracture labeled Crack
II is freshly appeared in the final step of the simulation, and
is associated with the influence of Crack I. This highlights
the importance of capturing the damage accumulation
mechanisms in order to capture its correct evolution. Thus,
transient diffusion will result in more cracks initiated
but a ‘‘continuous’’ charging case will result in more
crack propagation. The reason for this is the difference
between crack initiation and propagation, both of which
are affected by the load path. Transient diffusion results in
steep gradients and sudden loading; whereas continuous
charging leads to cumulative loading. In the case of abrupt
loading, the region where interfacial defects experience
stress concentration is extensive. The final distribution of
stress concentration and the crack distribution are affected
by the pre-existing cracks and their propagation in the
course of cumulative loading.

Our model demonstrates the ‘‘avalanche’’ nature of
damage evolution in the active material particles due to
charge cycling: simply applying the concentration map
of Li ions obtained from the solutions of the diffusion
equation at the final charge state leads to significantly
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Fig. 5. Incremental (time-stepping) simulation of the consequences of lithiation: (a) maximum shear strain at τ = 0.0001; (b) the most positive principal
stress at τ = 0.0001; (c) maximum shear strain at τ = 0.01; (d) most positive principal stress at τ = 0.01; (e) maximum shear strain at τ = 0.03; (f)
most positive principal stress at τ = 0.03. Lithiation expansion coefficients are assumed to be (βn = −0.01, βt = 0.01). Arrows indicate the direction of
c-axis within each primary particle.

smaller damage than results froma sequence of small steps
following the evolution of Li+ ion concentration. This is
one of the fundamental results that we wish to present:
the modification of particles structure due to cracking,
even in the absence of diffusion gradients and Li+ ion pile-
ups that it creates, already couples into the mechanical
fields (stresses and strains) in a way that promotes further

particle fragmentation, accelerating the damage cascade
that leads to battery capacity fading.

4.4. The evolution of crack formation due to charge cycling

The following observations can be made on the ob-
served fragmentation. Firstly, the most significant extent
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Fig. 6. Crack evolution during charge cycling: (a) maximum shear strain and (b) most positive principal stress after initial charging; (c) maximum shear
strain, and (d) most positive principal stress after 1st discharging; (e) maximum shear strain and (f) most positive principal stress after 2nd re-charge.
Locations of progressive damage due to cycling are circled.

of cracking in terms of its depth from the particle surface
and towards its core occurs upon first charge. Subsequent
rupture due to discharge and re-charge promotes further
opening of the interfaces between primary particles that
occurs both upon discharging and re-charging, indicating
that both stages of the process are damaging. The cracks
that appeared anew during subsequent cycling are indi-
cated by the red dotted circles in Fig. 6. Pre-existing cracks

from the previous process stage undergo extension during
subsequent cycling.

These findings are consistent with the electrochem-
ical observations of Li-ion battery cycling that indicate
significant capacity loss during first cycling, followed
by the much more gradual fading during subsequent
cycling.
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5. Conclusion

In this study, crack initiation and propagation at the
interfaces between the primary particles in a secondary
particle of active material within Li-ion battery cathode
were simulated by discrete element method with the help
of cohesive crack model.

The following conclusions are drawn from the analyses
of the results:
(1) Diffusion of Li+ ions causes lattice expansion and
contraction that leads to crack formation at the interfaces
between primary particles caused by the exhaustion of
cohesive strength.
(2) The diffusion scenario considered affects the crack
distribution that arises, with the interfaces being more
easily ruptured due to the accumulation of damage from
previous steps involving high concentration gradients.
(3) The assumption of bipolar expansion/contraction of
primary particles due to lithiation leads to greater extent
of damage due to the generation of tensile stresses.
(4) Damage accumulation during subsequent cycling
manifests itself in new cracks appearing upon discharge
and re-charge, highlighting the importance of both initial
and cyclic damage.
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