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H I G H L I G H T S  

• A framework is developed to model the fracture of NMC811 secondary particles. 
• Fragmentation is predicted in the absence of Li concentration gradients. 
• Volumetric expansion of the secondary particles upon cracking is predicted. 
• The dynamic nature of the cracking event during delithiation is emphasised. 
• Predictions are in agreement with observations.  
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A B S T R A C T   

Secondary particles comprising a large number of nickel-rich single crystal primary particles are extensively used 
as storage particles in cathodes of lithium-ion batteries. It is well-established that crack formation in secondary 
particles is an important degradation mode that contributes to decline in battery performance. Recent X-ray 
tomographic observations suggest that, at very low C-rates, concentration gradients of lithium within an 
NMC811 secondary particle are negligible yet cracking still occurs. Additionally, during delithiation the primary 
particles shrink yet a volumetric expansion of the secondary particle occurs. These observations are explained by 
a numerical model of distributed cracking due to the extreme anisotropy of lithiation strain of primary particles. 
The incompatible deformation from grain to grain induces large self-stresses even in the absence of spatial 
gradients in the lithium concentration. The stress state is sufficient to drive a dynamic catastrophic fracture 
event, and the associated kinetic energy acquired by the primary particles moves them apart (akin to an 
explosive event) with the carbon and binder domain surrounding each secondary particle restricting the outward 
motion of the primary particles. It is predicted that a volume expansion of the secondary particles on the order of 
20 % accompanies cracking, in agreement with recently reported observations.   

1. Introduction 

Rapid advances in Lithium-Ion Battery (LIB) technology include 
next-generation cathodes that comprise layered, Nickel-rich Manganese 
Cobalt (NMC) materials. Compared to the more traditional Lithium 
Cobalt Oxide (LCO), nickel-rich NMC (LiNipMnqCorO2, where p+ q+
r = 1, p ≥ 0.5) contains less of the rare and expensive element cobalt. 
The alloy LiNi0.8Mn0.1Co0.1O2 (known as NMC811) is one such candi

date due to its high specific energy storage capacity [1]. Polycrystalline 
agglomerates (termed secondary particles) of single crystals (termed 
primary particles) are commonly used for Li storage in order to achieve a 
high volume fraction of active material in the cathode. However, it is 
well established that secondary particles of NMC (and of LCO) crack 
upon cell cycling: cracking of secondary particles can reduce perfor
mance by (i) reducing electrical connection between particles and the 
conductive architecture in the electrode matrix, and (ii) oxygen release 
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at fresh surface leading to electrolyte oxidation. Thus, the interplay 
between mechanics and electrochemistry in stress generation within 
secondary particles and their associated cracking has been extensively 
investigated; see recent reviews [2–4]. 

The majority of models [3], which were developed for traditional 
cathode materials such as LixMn2O4 and LiCoO2, assume an isotropic 
response of the storage particles. The generation of stress and associated 
cracking in these models can be understood as follows. At a finite 
charging rate, the lithiation/delithiation causes a non-uniform volume 
change of the material within the particle which results in generation of 
self-stress, analogous to the stresses induced by non-uniform thermal 
strain [5,6]. For example, Purkayastha and McMeeking [7,8] carried out 
simulations on the stress state generated in spherical secondary particles 
when intercalated at a constant rate of extraction from the surface. They 
developed maps of the stress level generated as a function of extraction 
rate, particle size and material properties and showed that the level of 
stress generated is high when extraction is rapid, the particle is large, 
solid-state diffusion is slow, a large molar volume of lithium is extracted, 
the elastic modulus is high, and the lithium storage capacity is large. The 
above studies address lithiation/delithiation of a storage particle 
without explicit consideration of the presence of cracks. Woodford et al. 
[9] derived a fracture mechanics failure criterion for individual elec
trode particles by calculating the stress intensity factor along the front of 
a thumbnail-shaped surface crack. They produced a map that shows 
regimes of failure depending upon charge and discharge rate, particle 
size, and fracture toughness of the secondary particle. The propensity for 
fracture increases with increasing charging rate, particle size and 
decreasing fracture toughness. Subsequently, they extended these ideas 
to single- and polycrystals [10] and to phase transforming materials 
[11]. 

While above mentioned studies have been successful in modelling 
the cracking of LixMn2O4 and LiCoO2, the important differences are 
being reported in the mechanisms and conditions under which NMC 
secondary particles fracture. Kondarkov et al. [12] reported that 
NMC811 secondary particles undergo large and irreversible size changes 
(without quantifying them) during the first cycle at a charging rate of C/
10. Li et al. [13] used nano-tomography to observe the cracking of 
NMC811 secondary particles upon delithiation at C/ 5 and reported the 
porosity generation in the range 12% to 24% in the fully delithiated 
secondary particle. More direct and quantitative observations of the 
same phenomenon have been recently reported by Parks et al. [14] for 
delithiation at C/50. Specifically, they reported that NMC811 secondary 
particles of diameter in the range 10 μm to 18 μm extensively crack when 
delithiated at C/50 and this cracking is accompanied by a ∼ 20% 
volumetric expansion of the secondary particles; see Fig. 1. Thus, the 
models discussed above which require Li spatial gradients to initiate 
cracking are unable to predict cracking of NMC secondary particles that 
occurs at low C-rates. An even more surprising observation is that 
cracking of NMC811 upon delithiation is accompanied by volume 
expansion [12–14]. To understand this, recall that the lithiation strains 
of NMC811 single crystals are highly anisotropic and vary non-linearly 
with the lithium occupancy [15,16]. Briefly, upon delithiation the 
strains along the a and b directions (the a − b plane is the basal plane of 
the NMC crystal) are equal and decrease monotonically with decreasing 
lithium occupancy while the c direction strain initially increases with 
decreasing lithium occupancy and then decreases. However, the volu
metric strain of the NMC811 single crystal decreases monotonically 
upon delithiation and the single crystal has approximately a 6 % lower 
volume upon complete delithiation compared to its fully lithiated state. 
Given that each NMC811 primary particle shrinks upon delithiation, it is 
surprising that the secondary particle expands upon cracking during 
delithiation. 

The crack paths in most secondary particles are complicated similar 
to the cracking patterns shown in Fig. 1 for NMC811. Given these 
complexities, there have been efforts to eliminate or reduce the influ
ence of the finite element mesh used in computations that predict 

cracking patterns. For example, Zhu et al. [17] used an extended finite 
element method known as XFEM, Sun et al. [18] and Li et al. [13] used a 
cohesive zone approach, Allen et al. [19] used a 3D continuum level 
damage model to study effects of particle architectures, and Klinsmann 
et al. [20] and Parks et al. [14] exploited the phase field fracture method 
to permit greater versatility of potential crack path. While these studies 
model a single particle, there exist studies that construct a (mesoscale) 
model of electrode containing multiple particles [21,22]. None of these 
studies address the expansion of the secondary particles during the 
cracking which is the main goal of the present study. 

Here, we present a theoretical framework for cracking and volu
metric expansion of NMC811 secondary particles. We restrict consid
eration to the case of low C-rate where spatial gradients of lithium 
concentration are absent. While we recognise that these low C-rates 
unlikely to be of practical interest [23], they represent the simplest and 
cleanest way to understand the volume expansion of the secondary 
particles as recognised in recent experimental studies [12–14]: this is the 
primary aim of this study. We explicitly model the polycrystalline as
sembly of the single crystal primary particles that form the secondary 
particle with intergranular fracture modelled by cohesive zones. The 
dynamic nature of the cracking event is emphasised. Volumetric 
expansion of the secondary particles upon cracking is traced to the 
phenomenon of dynamic cracking. 

2. Materials and methods 

We develop a framework to model the fracture of secondary particles 
within a composite cathode. The focus is on fracture at low C-rates 
where the Li concentration within the secondary particle is spatially 
uniform. In this limit, the mechanical and electrochemical effects are 
decoupled which simplifies the model including removing the need to 
explicitly consider the solid-electrolyte interface (SEI). Consider a 
spherical secondary particle of radius RP comprising randomly shaped 
and oriented single crystal grains (primary particles), with faces 
comprising approximately flat facets: the grains are all approximately of 
the same size with a leading dimension d (Fig. 2a). We assume that the 
pristine secondary particle is free of both porosity and cracks in the 
initial sintered state and comprises fully lithiated primary particles that 
are all well-bonded. This ideal case provides a limit on the fracture 

Fig. 1. Cracking of NMC811 secondary particles delithiated at C/50; repro
duced in part and in schematic form from Ref. [14]. A tomographic slice 
through the mid-section of an approximately spherical NMC811 secondary 
particle reveals cracking due to delithiation. X-ray tomographic reconstructions 
show slices through the fractured particle in split rendering; cracks detected by 
the tomography are coloured red. There is a substantial number of additional 
cracks below the resolution of the tomography. The fractured particle has 
expanded by ∼ 20% from its initial pristine state. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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performance of the secondary particle. The secondary particles are 
embedded within the cathode matrix of porous polymer binder through 
which the liquid electrolyte permeates and carbon particles to conduct 
electrons to the current collector. We shall refer to this porous mixture 
(Fig. 2b) as the carbon and binder domain (CBD). 

The composite cathode comprises a volume fraction fP of the sec
ondary particles and fV of voids (filled with liquid electrolyte) so that a 
fraction [1 − (fP +fV)] is occupied by the polymer binder material and 
carbon while the porous CBD occupies a volume fraction (1 − fP). The 
cathode is therefore a particulate composite (Fig. 2b), and to analyse the 
fracture response of the secondary particles, we resort to analyses 
extensively used to model the mechanical behaviour of particulate 
composites. Hashin’s composite sphere model [24] is particularly suited 
to model a high-volume fraction particulate composite akin to the 
cathode. In this model, the representative volume element (RVE) is a 
composite sphere comprising an inner core of the spherical secondary 
particle of radius RP and an outer concentric shell of radius R = RP/ f1/3

P 
that represents the CBD (Fig. 2c). The assembly of such composite 
spheres is space filling as it is assumed that there is a distribution of RVE 
sizes but with each RVE satisfying fP = (RP/R)3 (Fig. 2b). In order to 
make contact with recent experimental observations [14], we shall focus 

on a composite cathode comprising NMC811 secondary particles that 
are delithaited at C/50; consequently, spatial Li gradients are absent 
within each secondary particle. 

2.1. Model for the secondary particle 

The secondary particle with radius RP comprises N single crystal 
NMC811 grains with random shapes and orientations (Fig. 2a). This 
polycrystalline secondary particle was constructed in Neper [25] with 
the N primary grains generated via a Poisson-Voronoi tessellation and 
the spherical surface of the secondary particle was discretised by 48 
planes. A regularisation step was applied whereby slightly non-planar 
internal grain facets were permitted to ensure that no grains have 
faces with edges of length < 0.02RP. This ensured that all primary grains 
had realistic shapes and it also helped improve the quality of the finite 
element (FE) mesh used in the calculations. A characteristic grain size 
can then be defined as follows. Given a grain has a volume Vg, its size is 
characterized by the diameter of sphere of equal volume, i.e., a char
acteristic grain size follows dg = 2[3Vg/(4π)]1/3. Equivalently, the 
average grain size within the secondary particle is denoted by d and 
specified by 2RP/N1/3. 

Fig. 2. (a) Rendering of the spherical secondary particle of radius RP used in the numerical calculations. The particle comprises N randomly oriented and shaped 
single crystal primary particles of average size d. The primary grains are coloured to differentiate them and the crystallographic axes (a, b, c) are labelled on selected 
grains to indicate their orientation. (b) The cathode comprising randomly distributed secondary particles within the CBD. The cathode is modelled via the composite 
sphere model [24] and the RVE indicated by dashed lines. (c) Sketch of the spherical RVE used in the analysis with the imposed boundary conditions. The global 
Cartesian co-ordinate system is also shown. Sketches of (d) the intergranular cohesive zone model (see Appendix A) and (e) the uniaxial behaviour of the CBD (see 
Appendix B). 
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The intergranular bonding between the grains was modelled using a 
mixed-mode cohesive zone formulation (see Fig. 2d with additional 
details of the formulation provided in Appendix A). The cohesive zone is 
such that the mode II and mode III toughness are both equal to the mode 
I toughness. Intergranular bonding is characterised by two parameters: 
the cohesive strength Tmax and the intergranular fracture energy Gwf. In 
keeping with the known brittle nature of the fracture of the NMC sec
ondary particle, we choose these parameters so that fracture is governed 
by Gwf such that Tmax only serves as a numerical regularisation param
eter as explained in Section 2.4. After fracture, interactions between the 
single crystal grains are modelled via a contact analysis wherein inter
penetration of the grains is prevented and sliding between the grains is 
governed by a Coulomb friction relation with a friction co-efficient μ. 
Calculations are reported for three random realisations of the secondary 
particle to illustrate the effect of statistical variability associated with 
the distributions of the primary grain orientations within the secondary 
particle. 

Each NMC811 primary grain within the secondary particle is 
modelled as a transversely isotropic single crystal with the plane of 
isotropy coinciding with the basal plane of the NMC crystal. Following 
[26], the five elastic constants are assumed to be independent of Li 
content. Using Cartesian tensor notation and the fixed global Cartesian 
co-ordinate system indicated in Fig. 2c, the Cauchy stress σij is related to 
the elastic strain εEL

ij via σij = CijklεEL
kl where Cijkl is the fourth order elastic 

modulus tensor. The total strain εij of each crystal is the symmetric part 
of the gradient of the displacement field ui such that εij ≡ (ui,j + uj,i)/ 2. 
The total strain is additively decomposed into the elastic strain and the 
lattice strain εθ

ij due to the intercalation of the Li ions into the NMC811 
unit cell, giving εij = εEL

ij + εθ
ij. Let (a, b, c) denote an orthogonal crystal 

co-ordinate system (c.f. Fig. 2a) where the ab-plane is the basal plane of 
the NMC crystal and the c-axis is perpendicular to this basal plane. Then, 
the lithiation strain in the crystallographic basis (a, b, c) is 

εθ =

⎡

⎢
⎢
⎣

εθ
a(θ) 0 0
0 εθ

b(θ) 0
0 0 εθ

c(θ)

⎤

⎥
⎥
⎦, (1)  

where εθ
a, εθ

b and εθ
c are the lattice strain components along the a, b and c 

axes, respectively, that are functions of the occupancy 0 ≤ θ ≤ 1 of the 
available Li sites within the NMC unit cell. These lithiation strains have 
been measured by X-ray diffraction and by other methods [15,16]. The 
stress state within the polycrystalline assembly of randomly oriented 
grains is fully described by their elastic law involving the lithiation 
strains as well as the intergranular interactions parameterised via the 
cohesive zone framework, with due account of equilibrium and 
compatibility. Hard contact between grains with Columbic friction 
governs the interactions between the fractured grains. 

2.2. Model for the CBD 

The RVE comprises a secondary particle and a concentric shell of 
CBD (Fig. 2c). Recall that the CBD is a mixture of porous binder and 
carbon, with liquid electrolyte able to percolate through the inter- 
connected porosity of the binder. However, our focus here is to model 
the fracture of the secondary particles and thus to simplify the numerical 
description of the CBD we homogenise the three phases of the CBD. We 
model the porous CBD as a crushable foam with a zero plastic Poisson’s 
ratio using the Deshpande-Fleck [27,28] foam constitutive model that is 
detailed in Appendix B. Briefly the isotropic CBD is parametrised by an 
initial elastic region described by a Young’s modulus ECBD and Poisson’s 
ratio νCBD while the plastic behaviour is characterised by a uniaxial 
crushing strength YCBD and a uniaxial densification strain εD

CBD at which 
the crushing is arrested (Fig. 2e). The true compressive densification 
strain is related to the porosity ρV = fV/(1 − fP) of the CBD via εD

CBD =

0.8ρV [29]. 

2.3. Imposed loading and boundary conditions 

We impose overall cathode boundary conditions on the RVE and 
therefore fix all displacements on the outer radius R of the composite 
sphere (Fig. 2c). This is equivalent to an upper bound analysis in the 
context of the Hashin composite sphere model [24] and give a lower 
bound on the expansion of the secondary particle. Delithiation of the 
cathode at a C/50 rate is imposed. This rate is sufficiently slow 
compared to the time-scale for the diffusion of Li within the secondary 
particle thus it is reasonable to assume that the Li occupancy fraction θ 
within the secondary particle is spatially uniform. In the calculations, we 
thus specify θ as a function of time (with θ being spatially uniform within 
the entire secondary particle) such that θ = 1 at time t = 0 (the pristine 
secondary particle is fully lithiated) and θ = 0.1 at the end of delithia
tion at time te. No other mechanical or other type loads are imposed on 
the RVE. The differential lithiation strain from one primary particle to 
the next generates significant deformation and stress within the sec
ondary particle. 

2.4. Material properties 

The five independent elastic constants of the transversely isotropic 
NMC811 single crystal are most conveniently specified in the crystal
lographic basis (a,b,c). These are taken from Ref. [30] and are listed in 
Table 1 in terms of the Young’s modulus Ea in the ab-plane, the Young’s 
modulus Ec along the c-axis, the shear modulus Gac in the ac-plane and 
the two Poisson’s ratios νab ≡ − εEL

b /εEL
a and νac ≡ − εEL

c /εEL
a , where εEL

x is 
the direct elastic strain in the x crystallographic direction. Given the 
orientation of a primary particle with respect to the global co-ordinate 
system, these five constants can be used to construct the fourth order 
elastic tensor Cijkl of each primary particle. 

Consistent with measurements [31], the intergranular fracture en
ergy Gwf was in general taken to be 2 Jm− 2. However, recognising the 
uncertainty in the measurements, we also report a parametric study over 
the range 0 ≤ Gwf ≤ 5 Jm− 2. Recall that intergranular fracture was 
modelled via a cohesive zone model of strength Tmax. This introduces a 
fracture length scale l ≡ EGwf/T2

max with E a representative Young’s 
modulus of the primary particles, here taken as the average Young’s 
modulus over all crystallographic orientations. The existence of this 
length scale carries significance as follows. For l ≫d fracture will occur 
in a diffuse manner with a damage zone that spreads over numerous 
grains such that fracture is primarily set by the cohesive strength Tmax. 
On the other hand, for l ≪d the cohesive zone model reduces to tradi
tional linear elastic fracture mechanics (LEFM) with Gwf being the only 
relevant material parameter characterising the fracture process. For a 
well-sintered secondary particle, Tmax ≈ 10 GPa is on the order of the 
theoretical strength, and so l ≈ 4 nm. Given that the size of NMC811 
primary particles is on the order of ∼ 300 nm [32], it is clear that 
l /d≪1. This strongly suggests that fracture of the secondary particle is 
governed by LEFM. Thus, failure/fracture of the secondary particle is 
expected to be dictated by Gwf with Tmax serving as a numerical regu
larisation parameter in the context of the cohesive zone model. All 
calculations reported here use Tmax = 7.5 GPa. This strength should not 

Table 1 
The elastic constants for the transversely isotropic 
NMC811 single crystal [30].  

Elastic constant Value 

Ea 204 GPa 
Ec 163 GPa 
Gac 59 GPa 
νab 0.34 
νac 0.21  
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be viewed as the theoretical grain boundary strength but rather the 
strength accounting for grain boundary defects such as impurities and 
micro-voids. This choice of parameters implies that, in these large-scale 
numerical calculations, we capture the energy release rates (that drive 
fracture) averaged over a grain boundary accurately but do not expect to 
capture the singular fields at the grain boundary junctions. This suffices 
to model the fracture of the secondary particle as fracture is expected to 
be propagation rather than initiation governed. The secondary particles 
are self-equilibrated and hence each grain boundary comprises a 
mixture of tensile and compressive tractions. Thus, just initiating a crack 
is insufficient to drive fracture of a grain boundary as the crack will be 
arrested by the compressive tractions. 

Finally, we specify the lithiation strain εθ. For NMC811 single crys
tals, the lattice parameters lθa = lθb and lθc have been measured via X-ray 
diffraction [16] along the three crystallographic directions. In the initial 
state, the secondary particle is taken to be stress-free and fully lithiated. 
The lattice parameters at an occupancy of θ = 1 are the reference values 
and εθ vanishes at this value of occupancy. Consequently, the 

components of εθ are given by 

εθ
a =

lθ
a − lθ=1

a

lθ=1
a

, εθ
a = εθ

b, εθ
c =

lθ
c − lθ=1

c

lθ=1
c

. (2) 

A polynomial regression is used to obtain the functional dependence 
of εθ upon θ from the measurements in Ref. [16] and this fit is shown in 
Fig. 3a. Whereas εθ

a = εθ
b varies monotonically with θ, the lithiation 

strain along the c-axis has a peak value at an occupancy of θ ≈ 0.33. In 
addition, the dependence of volumetric strain εθ

a + εθ
b + εθ

c upon θ is 
included in Fig. 3a: the volumetric strain decreases monotonically upon 
delithiation, and upon full delithiation the single crystals have ~6 % 
lower volume compared to their fully lithiated state. A consequence of 
this volumetric reduction is that the density of NMC811 is nearly in
dependent of the state of lithiation ranging from θ = 1 to 0.1. The 
density of the NMC811 was thus assumed to be constant and equal to 
4780 kg m− 3. 

The CBD is modelled as a crushable plastic foam of modulus ECBD =

300 MPa, Poisson’s ratio νCBD = 0.3 and strength YCBD = 4 MPa. Direct 

Fig. 3. (a) The lithiation strains εθ
a = εθ

b and εθ
c along the a, b and c axes, respectively, of primary NMC811 particles as a function of the Li occupancy θ. The curves are 

fits through X-ray diffraction measurements reported in Märker et al. [16]. The corresponding volumetric strain εθ
a + εθ

b + εθ
c is included to illustrate that the primary 

particles monotonically shrink upon delithiation. Predictions of (b) overall volumetric strain εVOL and (c) porosity of the secondary particle as a function of θ starting 
from θ = 1 for the case with Gwf = 2 Jm− 2. We show predictions for three random realisations of the secondary particle. The response is divided into three regimes as 
marked. The measurements of volumetric strain for the secondary particles [14] and individual primary particles [16] (that is, εθ

a + εθ
b + εθ

c) are included in (b). The 
measurement of the average porosity within the cracked secondary particle from Li et al. [13] is included in (c). 
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measurements of the effective properties of the CBD are not available so 
we inferred these values as follows using established ideas [29] on the 
mechanical properties of porous solids. Taking typical values for a 
cathode of fP = 55% and fV = 30%, it follows that the porosity of the 
CBD is ρV ≡ fV/(1 − fP) = 0.67. Then, the values ECBD and YCBD follow 
from established relations [29] such that ECBD = EM(1 − ρV)

2 and 
YCBD = 0.27YM(1 − ρV)

1.5 where EM = 2.8 GPa and YM = 60 MPa are 
the modulus and strength, respectively of the PVDF/carbon mixture 
material in the absence of porosity. The density of the CBD was assumed 
to be 590 kg m− 3. 

2.5. Finite element calculations and size of the RVE 

All calculations were performed in a dynamic finite element (FE) 
setting using the Explicit version of the commercial FE package ABA
QUS. Since the delithiation process is slow, no dynamic effects are 
anticipated. However, we shall show that the secondary particle frag
ments dynamically on the scale of the primary particles. Thus, the cal
culations were performed in a dynamic setting. While experiments are 
performed at a C/50 rate, performing explicit dynamic calculations of 
50 h duration is unrealistic. Instead, we selected a simulation time te 

such that dynamic effects are negligible prior to the initiation of cata
strophic fracture of the secondary particle (i.e., the kinetic energy was 
less than 0.1 % of the strain energy of the RVE). Thus, te has no direct 
influence on the calculations as the spatially uniform Li concentration 
associated with the C/50 rate is directly imposed in our calculations. 

We consider a representative spherical secondary particle of radius 
RP = 7.15 μm. While there is a large distribution of secondary particle 
sizes in the cathode (consistent with the composite sphere model), the X- 
ray tomographic observations reported in Ref. [14] focussed on particles 
of radii 5.1 μm to 8.9 μm and hence we have chosen a radius of ∼ 7 μm 
for our RVE analysis. The size and cost of the computation scales with 
the number of grains within the secondary particle. In order to keep this 
computational cost at a manageable level,1 we chose to model N = 400 
grains within the secondary particle consistent with the numerical 
model in Parks et al. [14]. This choice implies an average grain size of 
d ≈ 1.9 μm and, for the secondary particle shown in Fig. 2a, the grain 
sizes in the range 0.6 μm < dg < 2.8 μm. These grains are inevitably 
larger than the in real NMC811 secondary particles. However, with the 
fracture length scale l ≈ 4 nm, these large grain sizes (i) imply that l /
d≪1 and we remain in the LEFM governed fracture regime, and thus (ii) 
do not affect the key predictions related to the volume expansion. 

For this secondary particle, we employed 250 × 103 continuum el
ements (C3D4 notation in ABAQUS) in the primary grains and the CBD. 
A further 37 × 103 cohesive elements (COH3D6 notation in ABAQUS) 
modelled the bonding between primary grains. The average continuum 
element size was approximately 0.4 μm. 

3. Predictions of cracking upon delithiation 

We proceed to present our numerical predictions in two steps. First, 
overall predictions are reported to make contact with observations and 
illustrate the fidelity of the approach. Second, the simulations are 
interrogated to extract physical insights into the cracking mechanisms 
that ultimately give rise to secondary particle expansion despite the fact 
that primary particles shrink upon delithiation. Unless otherwise spec
ified, all calculations are presented for the reference parameters of 
fracture energy Gwf = 2 Jm− 2 and a cathode of particle volume fraction 
fP = 55% and porosity fV = 30%. The Coulomb friction co-efficient 
between the fractured grains was taken to be μ = 0.2: spot calcula
tions over the range 0.1 ≤ μ ≤ 0.3 were conducted to confirm that the 

primary observables reported here are insensitive to the choice of fric
tion co-efficient within this range. 

3.1. Predictions of main observations 

The main observation in experiments [14] is the volume of second
ary particle and we first report predictions of this observable to make 
direct contact with measurements. Define the volume V(θ) of the sec
ondary particle at a given Li occupancy θ as the volume inside the cir
cumscribing surface of the secondary particle. With the initial volume of 
the secondary particle defined as VP = V(θ = 1), the predicted volu
metric strain is defined by εVOL(θ) = V(θ)/VP − 1. The predicted evo
lution of εVOL(θ) is included in Fig. 3b for three random realisations of 
the secondary particle and in all cases can be divided into three distinct 
regimes as marked in Fig. 3b:  

• Regime I (0.45 < θ ≤ 1): the volumetric strain of the secondary 
particle follows that of the primary particles (included in Fig. 3b) 
indicating negligible intergranular fracture. However, the orienta
tion mismatch between the primary particles combined with the 
highly anisotropic elastic and lithiation properties implies that there 
is significant build-up of stress within the secondary particles as seen 
in Fig. 4 for the reference particle case marked in Fig. 3b. In Fig. 4, we 
include distributions of the von-Mises stress and principal stress 
σmax ≡ σ1 where the three principal stresses are ordered as 
|σ1|> |σ2

⃒
⃒> |σ3

⃒
⃒.  

• Regime II (θ ≈ 0.45): at θ ≈ 0.45, comminution of the secondary 
particle occurs, and is accompanied by a sudden increase in volume 
of the particle. We shall subsequently show that comminution is a 
dynamic fracture event with the primary particles acquiring kinetic 
energy. The primary particles separate due to this dynamic event, 
thereby opening intergranular cracks and giving rise to expansion of 
the secondary particle.  

• Regime III (θ < 0.45): after the catastrophic fracture event, nearly all 
primary particles are decoupled from each other and the stresses 
within the secondary particle are now negligible (Fig. 4). Continued 
delithiation results in the primary particles straining independently 
and not interacting with each other. The small volume reduction of 
the secondary particle seen in Fig. 3b in Regime III is due to the 
volumetric shrinkage of each primary particle during delithiation. 
Various sections through the secondary particle after complete 
delithiation (i.e., θ = 0.1) are shown in Fig. 5 (for the reference case 
marked in Fig. 3b) where the cracks and the separation between the 
primary grains (shaded black) are clearly observed. 

These predictions agree with experiments [14] in two critical as
pects: (i) fragmentation of the secondary particles is predicted in the 
absence of Li concentration gradients within the secondary particle and 
(ii) the cracking/fragmentation of the secondary particle results in an 
increase in volume of the secondary particle of ranging from 14 % to 19 
% (Fig. 3b) for the three random realisations consistent with measure
ments reported in Parks et al. [14] that are included as an error bar in 
Fig. 3b. The predictions in Fig. 3b are used to calculate the porosity of 
the secondary particle and included in Fig. 3c as a function of the lithium 
occupancy θ. Li et al. [13] measured the porosity as a consequence of 
cracking of NMC811 secondary particle upon delithiation at a rate C/5. 
The measured porosity averaged over the entire particle is included in 
Fig. 3c and is again in good agreement with the predictions. 

The fidelity of our model is further confirmed by noting that it also 
predicts the influence of the grain structure within the secondary par
ticles. The fragmented cracking pattern seen in Fig. 5 is mainly a 
consequence of the random orientation of grains. Observations reported 
in Kim et al. [33] suggest that when a-axis of all the grains are radially 
aligned within the secondary particle, fragmentation is inhibited and 
delithiation is accompanied by the appearance of a few long 

1 We ran our computations on a 32-core node and each cracking simulation of 
the secondary particle with 400 grains required ~140 h of wall-clock time. 
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intergranular cracks. We performed additional simulations (Supple
mentary Fig. S1) for a secondary particle with a-axis of all the grains 
aligned along the radius of the spherical secondary particle (and b- and 
c-axes aligned randomly in the circumferential directions). Consistent 
with observations [33], our analysis predicts the absence of fragmen
tation and the appearance of a few dominant intergranular cracks 
(Supplementary Fig. S1). The fidelity of the predictions, as shown in 
Fig. 3 and also in Supplementary Fig. S1, implies that we can now use the 
simulations to interrogate the mechanisms of cracking. 

3.2. The mechanism of dynamic fracture of the secondary particle 

The main new insight reported above is that the expansion of the 
secondary particle is a consequence of dynamic fragmentation. We now 
investigate this in more detail by interrogating the transfer of mechan
ical energies during delithiation. All results are reported for the refer
ence realisation of the secondary particle marked in Fig. 3b and c. The 
following five energies are involved: (i) the strain energy WS of the RVE 
which primarily includes the elastic energy of the secondary particle but 
also comprises a small contribution from the elastic energy of the CBD; 
(ii) fracture energy WΓ of the grain boundaries between the primary 

Fig. 4. Predictions of the evolution of (a) von-Mises stress and (b) principal stress σmax within the secondary particle upon delithiation from θ = 1 for the choice 
Gwf = 2 Jm− 2 and the reference realisation of the secondary particle marked in Fig. 3b and c. Results are shown at four levels of lithiation θ: θ = 0.6 corresponds to 
regime I; θ = 0.45 and θ = 0.44 in the vicinity of regime II, and θ = 0.1 in regime III such that the particle has fractured and is nearly stress-free. The images of the 
secondary particle are shown with approximately a 1/8th section of the particle removed to visualise the interior of the secondary particle. 

Fig. 5. A selection of sections through the fractured secondary particle to show the predicted cracking patterns. The cracks are shaded in black, and the primary 
particles are coloured in order to differentiate them. The predictions are given for the state θ = 0.1, with the choice Gwf = 2 Jm− 2 and the reference realisation of the 
secondary particle marked in Fig. 3b and c. 

S.S. Shishvan et al.                                                                                                                                                                                                                             



Journal of Power Sources 588 (2023) 233745

8

particles; (iii) plastic dissipation WPL of the CBD; (iv) frictional dissi
pation WF between the primary particles and (v) kinetic energy WKE of 
the RVE which is predominantly the kinetic energy of primary particles. 
To simplify the presentation of these energies, we define a material 
property that represents the total fracture energy of the secondary 
particle, Wwf ≡ Gwf

∑
iA(i) where A(i) is the area of the ith facet between 

the primary particles and the summation is over all facets in the sec
ondary particle. We shall present all energies normalised by Wwf, i.e., 
WS ≡ WS/Wwf, WΓ ≡ WΓ/Wwf and so on. 

Predictions of the evolution of all five normalised energies as θ drops 
from 1 to 0.1 are shown in Fig. 6a along with the three regimes of 
response as already mentioned in the context of Fig. 3b. In regime I, all 
energies except WS are zero and WS increases with decreasing θ. This 
strain energy build-up is due to the incompatibility of lithiation strain of 
adjacent primary grains; elastic strains (and stresses) are generated to 
maintain compatibility between the grains. With increasing delithiation 
the strain energy builds-up to approximately 8Wwf, denoting that the 
strain energy in the RVE is eight times that to fracture all grain 
boundaries of the secondary particle. At this stage, there is a cata
strophic fracture event such that nearly all the grain boundaries shatter 
and all stored strain energy is released rapidly (this prediction is 
consistent with the acoustic emissions associated with fracture reported 
in the literature [34]). 

Since the stored strain energy immediately prior to comminution 
much exceeds the energy required to fracture all grain boundaries, the 
excess energy is converted to a combination of kinetic energy, frictional 
dissipation and fracture energy, see the magnified view of the cata
strophic fracture regime II in Fig. 6b where we now plot the temporal 
evolution of the energies to illustrate the dynamic nature of the fracture 
event (the plot shows that the energy is released over a period of ≈
0.1 μs). After an initial rise, the kinetic energy decreases as it is dissi
pated in fracture energy and friction (which is the dominant dissipation 
mode). Finally, there is a third much less significant dissipation mode 
labelled plastic dissipation in Fig. 6. This refers to plastic dissipation 
associated with compression of the CBD surrounding the secondary 
particle in the RVE. As the secondary particle fractures and the primary 
particles acquire kinetic energy, they are forced to move apart which 
results in dilation of the secondary particle. This dilation of the sec
ondary particle is confined by the compression of the CBD (which is 
modelled as a foam as it is porous). However, the energy dissipation in 

the CBD is relatively small with only about 6 % of the maximum strain 
energy of the secondary particle prior to fracture associated with the 
CBD compression resulting from ~20 % dilation of the secondary par
ticle. Thus, small changes in the fracture process of the secondary par
ticle associated with the precise microstructure of the secondary particle 
can cause relatively large changes in the predicted expansion (the pre
dicted expansion ranges from 14 % to 19 % over the three realisations 
analysed; see Fig. 3b). 

3.3. What sets the critical Li occupancy at which fragmentation occurs? 

When θ has dropped to a value of 0.45 the total strain energy stored 
in the secondary particle far exceeds the fracture energy. This strain 
energy is released by a dynamic fracture event. But what sets the critical Li 
occupancy fraction θ for the fracture event? In order to gain additional 
insight into this, we consider (i) the dependence of the elastic stored 
energy WS upon θ and then (ii) the dependence of energy release rate G B 

for fracture of a grain boundary upon θ. 
Consider first the sensitivity of the elastic stored energy WS upon θ 

assuming that the primary particles are rigidly and perfectly bonded to 
each other. The variation of WS is included in Fig. 7a. With decreasing θ 
starting from the θ = 1 fully lithiated state, WS first increases due to 
increasing mismatch between εθ

a = εθ
b and εθ

c (Fig. 3a). WS peaks at θ 
equal to ∼ 0.33 and then diminishes as εθ

a = εθ
b and εθ

c converge in value 
for θ < 0.33. Not all of this strain energy is available to drive fracture 
and an understanding of the energy release rate G B provides insight into 
what sets the critical θ for the fracture event. 

The secondary particle is a stochastic assembly of primary particles, 
and every grain boundary has a different value of energy release rate 
G B. We calculate average G (i)

B of the ith grain boundary with area A(i) as 
follows. For a given θ, G (i)

B (θ) is defined as 

G
(i)
B (θ)≡ −

W(i)
S (θ) − WS(θ)

A(i) , (3)  

where W(i)
S (θ) is the strain energy of the secondary particle at an Li oc

cupancy θ with only the ith grain boundary now traction-free (but 
allowed to sustain compressive contact stresses) and other grain 
boundaries remain intact. For each value of θ, we obtain a distribution of 
values of G (i)

B over all grain boundaries in the secondary particle and we 

Fig. 6. (a) Predictions of the evolution of the five normalised energies W with Li occupancy θ upon delithiation starting from θ = 1 for the case with Gwf = 2 Jm− 2. 
The three regimes of behaviour are marked. (b) A zoom-in of the plot in (a) in regime II (around θ ∼ 0.45) when the catastrophic fracture event occurs. Here, we plot 
the temporal evolution of the energies with time t̂ = 0 at θ ∼ 0.45 and increasing with decreasing θ. All results are for the reference realisation of the secondary 
particle marked in Fig. 3b and c. 
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include these predictions in Fig. 7b (for the reference secondary particle 
indicated in Fig. 3b) in the form of three curves showing the quartiles of 
the energy release rates: the lower and upper lines represent the first and 
third quartiles while the middle line is the median of the distribution of 
G

(i)
B . In addition, we include the mean of the distribution as a dashed line 

in the plot. Recall that the fracture energy is Gwf = 2 Jm− 2 and we 
observe that the median of G B, Mdn(G B) ≈ Gwf at θ ≈ 0.45; this is when 
the secondary particle catastrophically fails. The surprising result is that 
WS ≈ 8Wwf when this state is reached. We argue that this is the case 
because the secondary particle is essentially self-equilibrated such that 
there is a mixture of compressive and tensile tractions at the grain 
boundaries. The compressive tractions inhibit rather than promote 
fracture and this delays the fracture upon delithiation until θ ≈ 0.45. We 
emphasize that the use of the parameter G B to estimate fracture is 
approximate since G B is calculated by assuming only one fractured 
grain boundary with all other grain boundaries remaining intact. In 
reality, and in the full calculations reported in Fig. 3b, fractures of the 
vast majority of grain boundaries occur at θ ≈ 0.45 but nevertheless 
some fracture events occur earlier in the loading history (i.e., for θ >

0.45). These early fractures change the elastic field within the secondary 
particle, and this is not considered in the calculations of Fig. 7b. How
ever, the simplistic view of calculating G B by ignoring history depen
dence does give significant insight into what sets the Li occupancy 
fraction for catastrophic fracture: the total strain energy must build-up 
to a sufficiently large value in order for the grain boundary energy 
release rate to attain the fracture energy for the majority of grain 
boundaries. 

The above argument suggests that increasing the fracture energy to 
Gwf > 2 Jm− 2 will delay the onset of catastrophic fracture to θ < 0.45. 
Additional calculations were performed for 2 Jm− 2 < Gwf ≤ 5 Jm− 2 and 
the predictions of εVOL(θ) are given in Fig. 8 for the reference realisation 
of the secondary particle marked in Fig. 3b. The critical value of θ for the 
onset of catastrophic fracture (as parameterised by the sudden increase 
in εVOL) decreases slightly with increasing Gwf but more significantly the 
final value of εVOL after catastrophic fracture reduces with increasing 
Gwf. This is because a large fraction of the stored strain energy (that is 
independent of Gwf) goes into work of fracture leaving less energy to 
plastically compress the CBD. Additionally, for Gwf ≥ 5 Jm− 2 cata
strophic fracture of the secondary particle does not accompany full 
delithiation. This can be rationalised by observing from Fig. 7b that the 

maximum upper quartile energy release rate is ∼ 5 Jm− 2 and thus when 
Gwf ≥ 5 Jm− 2, comminution of the secondary particle is precluded. 

In summary, the dilation of the secondary particle upon fracture is 
associated with the dynamic release of strain energy that far exceeds the 
total fracture energy of all the grain boundaries. To more clearly illus
trate this, we consider the limit of a “granular” secondary particle with 
Gwf = 0, i.e., the primary particles are not bonded to each other such 
that they can slide and separate freely with respect to each other but 
cannot interpenetrate akin to a granular medium. Prediction of εVOL(θ)
for this limiting case is included in Fig. 8. As the primary particles 
delithiate and thereby volumetrically shrink (recall Fig. 3a), adjacent 

Fig. 7. (a) The variation of the normalised strain energy WS of the RVE with Li occupancy θ with grain boundary fracture precluded. (b) Predictions of the energy 
release rate G B of individual grain boundaries between primary grains in the secondary particle as a function of θ. For a given Li occupancy fraction θ, we calculate 
G B for each grain boundary in the secondary particle assuming that all other boundaries remain intact. The three quartiles and the mean of the distribution over all 
grain boundaries are shown. Results in (a) and (b) are for the reference realisation of the secondary particle marked in Fig. 3b and c. 

Fig. 8. Predictions of the evolution of the overall volumetric strain εVOL of the 
secondary particle as a function of θ upon delithiation starting from θ = 1. 
Results are shown for grain boundary fracture energies in the range 0 ≤ Gwf ≤

5 Jm− 2 and the reference realisation of the secondary particle marked in Fig. 3b 
and c. 

S.S. Shishvan et al.                                                                                                                                                                                                                             



Journal of Power Sources 588 (2023) 233745

10

primary particles deform in an incompatible manner (due to the aniso
tropic lithiation strains) and this opens cracks or gaps between the 
particles. This resembles the deformation of an over-consolidated 
granular medium where macroscopic strain is accompanied by dila
tion [35]. However, the degree of dilation in the granular limit is small 
compared to the case where dynamic fracture of the secondary particles 
occurs, as discussed above. 

4. Concluding remarks 

The cracking of LiNi0.8Mn0.1Co0.1O2 (known as NMC811) secondary 
particles within a cathode during delithiation is analysed by considering 
a representative volume element comprising a single secondary particle 
embedded within the porous carbon and binder domain. The secondary 
particle is modelled as a bonded polycrystal of single crystal primary 
particles connected to each other via cohesive surfaces that model the 
intergranular interactions and fracture. Attention is restricted to low C- 
rates such that the lithium concentration within the secondary particle is 
spatially uniform. 

We demonstrate that the anisotropic lithiation strains of the single 
crystal primary particles result in incompatible deformation between 
adjacent grains which in turn results in the generation of large elastic 
stresses and strains. The associated build-up of strain energy induces 
intergranular fracture when the grain boundary energy release rate at
tains the fracture energy. Consistent with observations, fracture can 
occur even at very low C-rates due to the anisotropic lithiation strains of 
the primary particles. The critical grain boundary energy release rates to 
fracture the bond between primary particles are attained when the total 
strain energy of the secondary particle is far greater than the total 
fracture energy of all the grain boundaries. Thus, fragmentation of the 
secondary particle is a sudden, dynamic and catastrophic event and 
occurs when the lithium occupancy is about 0.45. The consequent 
released strain energy is converted to kinetic energy of the primary 
particles which then move apart while being constrained by the sur
rounding porous carbon and binder domain. The predictions, much in 
line with observations, suggest that the secondary particle expands in 

volume by approximately 20 %. Moreover, the dynamic nature of the 
fracture is consistent with numerous observations of acoustic emissions 
that accompany the fracture of secondary particles. 

Our predictions suggest that the NMC811 secondary particles, at- 
least at low C-rates, will remain intact if the intergranular fracture en
ergy exceeds about 5 Jm− 2. This provides clear guidance for processing 
routes (e.g., improved sintering and/or grain boundary engineering) in 
order to improve the degradation performance of NMC811 cathodes. 
Moreover, our model predicts that fracture occurs catastrophically at an 
Li occupancy of 0.45 with negligible change in secondary particle vol
ume above and below this occupancy. This prediction awaits experi
mental verification. Finally, our work here is restricted to low C-rates 
where spatial variations in the Li concentration vanish. While these low 
C-rates provide physical insight, the implications of the fracture mech
anisms revealed here for the more practical higher C-rates require in
vestigations in future studies. 
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Appendix A. Cohesive zone model for intergranular fracture 

The traction-separation law to model grain boundary fracture is schematically illustrated in Fig. 2d and here we summarise this model. Define the 
mode I normal traction between the grains as Tn, the mode II shear traction in the direction of crack growth as Ts and the mode III shear traction Tt. The 
corresponding normal and shear separations are denoted by δn, δs and δt, respectively. The cohesive relationship between the primary grains is defined 
in two steps: (i) the initial, undamaged traction-separation relation such that the damage variable D = 0, and (ii) a softening relation after the onset of 
damage with 0 < D ≤ 1. The traction separation relation takes the form 

Tn =

{
(1 − D)Kδn δn ≥ 0,

Kδn otherwise,

T s = (1 − D)Kδs,

T t = (1 − D)Kδt,

(A1)  

where K is a stiffness. Note that damage does not affect the normal traction when δn < 0 , i.e., compressive interactions between grains. In the un
damaged state (at the beginning of the calculation), the damage variable D = 0 and no damage develops until 

max{〈Tn〉, |Ts|, |T t|}=Tmax, (A2)  

where < > represents the Macaulay bracket so that (A2) implies that compression does not initiate damage. After the initiation of damage, the 
evolution law for D is based upon the assumption that the tractions decrease linearly with increasing separation. Define an effective separation Δ ≡

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

〈δn〉2 + (δs)
2
+ (δt)

2
√

and denote the value of this effective displacement at the initiation of damage by Δ0. The damage variable is then given by 

D=

⎧
⎪⎨

⎪⎩

Δf(Δmax − Δ0)

Δmax
(
Δf − Δ0

) Δmax ≤ Δf

1 otherwise,
(A3) 
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where Δmax is the maximum value of the effective separation Δ attained during the loading history and Δf is a material parameter that sets the value of 
Δ when complete fracture occurs, i.e., when D = 1. Thus, Δf is related to the grain boundary fracture energy and we set Δf − Δ0 ≡ 2Gwf/Tmax − Tmax/K 
so that area under the traction displacement curve equals Gwf. 

The values of Tmax and Gwf are given in Section 2.4. We choose K ≈ 200E/d where E ≈ 190 GPa is a representative Young’s modulus of the primary 
particles here taken as the average Young’s modulus over all crystallographic orientations of the primary particle and d = 1.9 μm is the average size of 
the primary particles. This choice of K ensures that the intergranular stiffness has a negligible influence on the overall moduli of the secondary particle. 

Appendix B. Compressible inelastic model for the CBD 

The porous CBD is modelled as a crushable foam using the Deshpande and Fleck [27] model. This model while originally developed for metal foams 
has been extensively applied [28] to polymer foams with a porosity similar to the CBD and in fact has been implemented in commercial FE codes such 
as ABAQUS primarily for use to model polymer foams. Write the deviatoric stress as sij ≡ σij − (σkk /3)δij where δij denotes the Kronecker delta. Then, 
the isotropic yield surface of the foam is specified in terms of the uniaxial yield strength σ0 by 

Φ≡ σ̂ − σ0 = 0. (B1)  

Here, the effective stress σ̂ is a function of the von-Mises stress q ≡
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(3/2)sijsij

√
and mean stress σm ≡ σkk/3 according to 

σ̂2 ≡
1

1 + (α/3)2

(
q2 + α2σ2

m

)2
, (B2)  

where the material parameter α is the ratio of deviatoric to hydrostatic strength. The plastic strain rate ε̇p
ij obeys an associated flow rule such that 

ε̇p
ij ≡

˙̂ε ∂Φ
∂σij

. (B3)  

The effective plastic strain rate ˙̂ε is work-conjugate to σ̂ and can be written in terms of the deviatoric plastic strain rate ε̇′
ij ≡ ε̇p

ij − δijε̇p
kk and the 

volumetric plastic strain rate ε̇m ≡ ε̇p
kk as 

˙̂ε
2
≡

[
1+(α/3)2

](

ε̇2
e +

1
α2ε̇2

m

)2

, (B4)  

where ε̇e ≡ [(2/3)ε̇′
ijε̇

′
ij]

1/2
. It remains to specify the strain hardening response. The uniaxial yield strength σ0 is a function of ε̂ and is specified to 

emulate a foam response (Fig. 2e) comprising a stress plateau followed by densification modelled by a linearly hardening response. Consequently, σ0 

as a function of ε̂ if given by 

σ0 =

{

YCBD ε̂ ≤ εD
CBDYCBD + EM

(
ε̂ − εD

CBD

)
otherwise. (B5) 

The specification of the constitutive model is completed by assuming an additive decomposition of the elastic and plastic strain rates so that the 
total strain rate is given by ε̇ij = ε̇EL

ij + ε̇p
ij. Here, we assume that the elastic strain rate ε̇EL

ij is specified by the isotropic Hooke’s law in terms of the Young’s 
modulus ECBD≪EM and Poisson ratio νCBD. 

The material parameters YCBD, εD
CBD, ECBD, νCBD and EM are provided in Section 2.4. Consistent with the usual convention for highly porous solids, 

we set α = 3/
̅̅̅
2

√
[28] such that the plastic Poisson’s ratio of the CBD is zero: this value of plastic Poisson’s ratio has been shown in numerous studies, e. 

g. Deshpande and Fleck [28], on polymer foams to be appropriate and in the absence of equivalent data for the CBD we take this as a best guess. 

Appendix C. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jpowsour.2023.233745. 
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