
Journal of The Electrochemical
Society

     

OPEN ACCESS

Electrochemical Thermal-Mechanical Modelling of Stress Inhomogeneity
in Lithium-Ion Pouch Cells
To cite this article: Weilong Ai et al 2020 J. Electrochem. Soc. 167 013512

 

View the article online for updates and enhancements.

This content was downloaded from IP address 129.187.254.46 on 14/02/2020 at 11:44

https://doi.org/10.1149/2.0122001JES


Journal of The Electrochemical Society, 2020 167 013512

Electrochemical Thermal-Mechanical Modelling of Stress
Inhomogeneity in Lithium-Ion Pouch Cells
Weilong Ai, 1,2 Ludwig Kraft, 3,∗ Johannes Sturm, 3 Andreas Jossen, 3

and Billy Wu 1,2,z

1Dyson School of Design Engineering, Imperial College London, United Kingdom
2The Faraday Institution, Quad One, Harwell Science and Innovation Campus, Didcot, United Kingdom
3Institute for Electrical Energy Storage Technology, Technical University of Munich (TUM), Munich, Germany

Whilst extensive research has been conducted on the effects of temperature in lithium-ion batteries, mechanical effects have not
received as much attention despite their importance. In this work, the stress response in electrode particles is investigated through
a pseudo-2D model with mechanically coupled diffusion physics. This model can predict the voltage, temperature and thickness
change for a lithium cobalt oxide-graphite pouch cell agreeing well with experimental results. Simulations show that the stress level
is overestimated by up to 50% using the standard pseudo-2D model (without stress enhanced diffusion), and stresses can accelerate
the diffusion in solid phases and increase the discharge cell capacity by 5.4%. The evolution of stresses inside electrode particles
and the stress inhomogeneity through the battery electrode have been illustrated. The stress level is determined by the gradients of
lithium concentration, and large stresses are generated at the electrode-separator interface when high C-rates are applied, e.g. fast
charging. The results can explain the experimental results of particle fragmentation close to the separator and provide novel insights
to understand the local aging behaviors of battery cells and to inform improved battery control algorithms for longer lifetimes.
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Lithium-ion batteries with high energy densities are desired to
meet the increasing demands for energy storage in electronic devices
and electric vehicles. However, electrode materials typically suffer
from large volumetric changes during cycling and subsequently large
stresses.1 Silicon, for instance, has a typical volume change of up
to 300% during intercalation2–4 and graphite has a volume expan-
sion of approximately 10%.5 The resulting stresses can cause surface
and intergranular cracking, leading to pulverisation of electrode parti-
cles and creation of new surfaces for the formation and growth of the
solid-electrolyte interphase (SEI) layer.6–8 Consequently, this leads to
capacity and power fade. These mechanical degradation mechanisms
have been found to be strongly coupled with chemical degradation and
have great influence on the cycle lifetime of lithium-ion batteries.9–11

Therefore, it is important to incorporate mechanical effects into elec-
trochemical models of lithium-ion batteries in order to develop ad-
vanced battery control algorithms.

Numerous studies have investigated the coupled electrochemi-
cal and mechanical behaviors of lithium-ion batteries from particle
to cell level, as shown in reviews by McDowell et al.12 and Zhao
et al.13 Notable works include a mathematical model based on trans-
port and elasticity for volume expansion and stress generation in elec-
trode particles developed by Christensen and Newman14,15 and a nu-
merical model for intercalation induced stress proposed by Zhang et
al.,16 where a stress field is generated due to the displacement of host
atoms caused by the intercalation of lithium-ions. The stress field adds
pressure to the crystal structure of the host material, affects the electro-
chemical potential energy gradient (the driving force of diffusion) and
accelerates the solid-state diffusion of ions in the electrode material.17

The magnitude of stresses in the electrode particles increases with
the reaction current density and is affected by battery parameters in-
cluding particle size and elastic properties, diffusion coefficient and
lithium partial molar volume, with maps demonstrating their relation-
ship shown by Purkayastha et al.18 Large stresses in electrode particles
can lead to crack initiation and propagation during lithium-ion inser-
tion and extraction.19 The stress level in spherical electrode particles
can be minimised by choosing the right charging strategy between
potentiostatic and galvanostatic conditions,20 or using optimal charg-
ing profiles.21 The mechanical model for electrode particles is based
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on assumptions such as ideally spherical geometry, isotropic prop-
erties and free of traction at the surface, but the practical situations
inside battery cells are more complex. A computational model was
constructed from realistic microstructures of electrode particles in the
literature,22,23 results of which show a strong inhomogeneity in lithium
concentration distribution under high C-rates and large stresses in the
concave regions of electrode materials. Surface tension and stress can
also significantly affect the magnitude and distribution of stresses in
electrode particles with small sizes,24 and the tendency of particle
cracking caused by tensile stresses can be reduced by decreasing the
particle radius.2 Furthermore, the volume change of active materials
can affect the porosity of electrodes and result in large stresses and ad-
ditional ionic transport resistance, which can lead to premature failure
of batteries.25

At cell level, current research works are mainly focused on the
electrochemical behaviors of batteries,26–30 while studies on mechani-
cally coupled battery models are more limited. Notable efforts toward
mechanical coupling include Christensen,31 who applied diffusion-
induced stress generation into a porous electrode model for a lithium-
ion battery with the results showing that the mechanical effects have
a limited influence on the galvanostatic voltage response of discharge
for low C-rates but are important for the stress response. Here, large
stresses were found near the electrode-separator interface leading to
local particle fragmentation,31 however, coupled thermal effects were
not investigated. Later, thermal effects were introduced into the cell
model by Fu et al.,32 who modelled the thickness change of a pouch
cell by considering thermal expansion and volume swelling by lithium
intercalation. A lithium concentration dependent volume change in
graphite particles was used by Rieger et al.33 to achieve a nonlinear
volume expansion with respect to the state of charge, showing good
agreement with experimental results. The effects of different anode
parameters including porosity and tortuosity on stresses and capacity
fade have also been discussed in the literature,34,35 where anodes with
smaller porosities and larger tortuosities show a significant reduction
in discharge capacity and larger peak stresses. The hydrostatic stress in
electrode particles also has a great influence on the overpotential with
a difference of around 20%, according to the multiscale modelling ac-
tivities by Wu and Lu,36 and the interaction between electrode particles
can lead to large stresses in the binders.

Mechanically coupled battery models can also help to understand
the local behaviors of large format lithium-ion batteries. For instance,
tab placement has a large impact on the heterogeneity of temperature,
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displacement and stress, thus leading to uneven aging behavior as
shown by Rieger et al.37 For pouch cells under fast charging, a
fraction of particles (around 35%) close to the separator was found to
be fractured as observed from the cross-sectional scanning electron
microscopy images of a laptop battery cell.31 However, the phenom-
ena of stress inhomogeneity in lithium-ion batteries and their effects
on battery performance need further elaboration. Properties including
current density, particle size, solid phase diffusivity and partial molar
volume have been shown in Christensen and Newman15,31 to have
great influence on the peak stress in batteries, while less attention was
made on the stress distribution inside electrodes for different C-rates,
as well as the thickness change of cells. Fu et al.32 studied the stress
distribution in batteries under different C-rates for power cells and
found the impact of stress coupled diffusion on discharge capacity
is negligible, but the situation differs for energy cells which have
thicker cathodes and are more likely to have stress inhomogeneity.
In this work, a pseudo-2D (P2D) battery cell model has been used to
study the distributions of stresses in electrode particles and along the
cross-section of battery cells. A mechanical model has been incorpo-
rated into the electrochemical model, which can give predictions of
voltage, temperature, thickness change and stress distribution, and a
lumped thermal model is used to describe the bulk temperature. The
evolution of stresses in electrode particles under cycling has been
calculated at different locations, which can provide an illustration of
stress inhomogeneity in battery electrodes. The relationship between
the magnitude of stress and C-rates has been studied. The numerical
results present a discussion on stress inhomogeneity in battery cells,
which is one main reason of the local aging behaviors of batteries.

Electrochemical Model

A variety of simulation models have been developed in the past38,39

describing different length scales and different physics in lithium-ion
batteries. For electrical-thermal state estimation in battery manage-
ment systems, equivalent circuit models (ECM)40,41 appear to be fast,
accurate and favourable to parameterise, which have been used to sim-
ulate global battery states such as cell voltage and temperature in an
embedded system. However, those models have difficulties in captur-
ing electrochemical phenomena inside cells, e.g. charge transfer and
lithium-ion diffusion. In contrast, the electrochemical models from
Newman and co-workers14,42,43 can provide a detailed description of
the physical processes occurring inside the cell. These models have a
range of different levels of complexity including 3D,44 2D,45 pseudo-
2D (P2D)26,46 and single particle model,47 with selection based on
the required accuracy. 2D/3D models can consider the cell geometries
and the effect on battery performance but come at high computational
expense. The single particle model uses only one spherical particle
to represent each electrode which results in fast computation. Yet it
does not capture lithium-ion concentration gradients across the cell
which is problematic when high C-rates are applied, however efforts
of increasing the accuracy have been made by combining this with
a polynomial profile for lithium-ion concentrations and potentials in
the electrolyte.48 The P2D model uses a set of spherical particles in
the two electrodes to ensure accurate prediction of the concentration
gradients and is employed in this work to study the stress distribution
in electrode particles and across the battery thickness.

Pseudo-2D model.—A schematic of the P2D model is shown in
Figure 1, which includes a single layer of cathode, separator and anode
with thickness Lp, Lsep and Ln respectively, L = Lp + Lsep + Ln. The
entire cell is represented by this 1D structure, while the other spatial di-
rections are assumed homogeneous. The current collectors are consid-
ered to have no potential drop due to their high electrical conductivity.
The phase potentials φe and φs are governed by two charge conserva-
tion equations, and the lithium concentrations ce and cs are governed
by two species conservation equations, where the subscripts “s” and
“e” represent the electrode and electrolyte phase, respectively. The
four equations are coupled by the Butler-Volmer equation, which de-
fines the reaction current density at the interface between the electrode

Figure 1. Schematic configuration of the pseudo-2D model for a battery cell.

and electrolyte. These four equations are solved by LIONSIMBA49 us-
ing the finite volume method, and the discontinuities at the interface
between the electrodes and the separator are handled by the harmonic
mean approach, details of which are given in Appendix A. The elec-
trode particles are assumed to be homogeneously distributed and per-
fectly spherical, with the number of particles np in the cathode and
nn in the anode. The domain inside the electrode particles is locally
discretised by a set of points at the particle scale, with the number of
points nrp in the cathode and nrn in the anode. The governing equa-
tions are summarised in Table I, with full details described in the
literature.42,43,46,49 For ease of demonstration, the coordinates in elec-
trodes are normalised with

x̄p = x

Lp
and x̄n = x − Lp − Lsep

Ln
[1]

Lumped thermal model.—The physicochemical material proper-
ties for battery materials have a strong temperature dependence, e.g.
the charge transfer resistance is known to have a strong correlation with
temperature, decreasing exponentially with increasing temperature.50

An Arrhenius equation26,46 is typically used to define the thermal sen-
sitivity of physicochemical material properties as

� = �ref exp

[
E�

act

R

(
1

Tref
− 1

T

)]
[2]

where T is the absolute temperature, R is the universal gas constant,
� is one property of interest (e.g. the effective solid phase diffusivity
Deff

s and the exchange current density i0), �ref is the property at the
reference temperature Tref with Tref = 298.15 K in this work and E�

act
is the activation energy with respect to �.

The heat balance of the cell33 can be stated as

ρcell cp,cell Vcell
∂T

∂t
= qtot − qconv − qrad [3]

where ρcell, cp, cell and Vcell are the density, heat capacity and volume
of the cell, respectively. qconv, qrad and qtot are the dissipated heat by
convection and radiation and the averaged heat generation in the cell
respectively. They are calculated as

qconv = hconv Acell (T − Tref ) [4]

qrad = εrad σB Acell

(
T 4 − T 4

ref

)
[5]

qtot = χ
Vcell

L

∫ L

0

[
is∇φs + ie∇φe + asF jLi

(
η + T

∂EOCV

∂T

)]
dx [6]

where hconv is the convective heat transfer coefficient, εrad is the emis-
sivity, σB is the Stefan-Boltzmann constant, as is the specific surface to
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Table I. P2D electrochemical model equations for lithium-ion batteries.26

Conservation equations Boundary conditions

Species, electrolyte phase εe
∂ce
∂t = ∂

∂x (Deff
e

∂ce
∂x ) + 1−t+

F jLi ∂ce
∂x |x=0 = ∂ce

∂x |x=L = 0

Species, solid phase ∂cs
∂t = Deff

s
r2

∂
∂r (r2 ∂cs

∂r ) ∂cs
∂r |r=0 = 0, Deff

s
∂cs
∂r |r=R = − jLi

asF

Charge, electrolyte phase ∂
∂x (κeff ∂φe

∂x ) + ∂
∂x (κeff

D
∂lnce
∂x ) + jLi = 0 ∂φe

∂x |x=0 = 0, φe|x=L = 0

Charge, solid phase ∂
∂x (σeff ∂

∂x φs ) = jLi σeff ∂φs
∂x |x=0 = σeff ∂φs

∂x |x=L = I

σeff ∂φs
∂x |x=Lp = σeff ∂φs

∂x |x=L−Ln = 0

Butler-Volmer kinetic jLi = 2asi0sinh( 0.5F
RT η), i0 = ki

√
ce(cs, max − cs, surf )cs, surf

Coefficients49 Deff
e = ε

brugg
e × 10−4 × 10

−4.43 − 54
T −229−5×10−3ce

− 0.22×10−3ce

Deff
s = Ds × e

− 5000
R ( 1

T − 1
Tref

)
, σeff = εsσ

κeff = ε
brugg
e × 10−4ce[−10.5 + 0.688 × 10−3ce + 0.494 × 10−6c2

e + (0.074 − 1.78×10−5ce − 8.86×10−10c2
e )T

+ (−6.96 × 10−5 + 2.8 × 10−8ce )T 2]2

κeff
D = 2RT

F κeff (1 − t+ )(1 + d ln f±
d ln ce

)

(1 + d ln f±
d ln ce

) = 0.601−0.24c0.5
e +0.982[1−0.0052(T −Tref )]c1.5

e
(1−t+ )

33

volume, F is the Faraday constant, EOCV is the thermodynamic equi-
librium potential, jLi is the current density and η is the overpotential
between solid and liquid phases. Acell and Vcell are the surface area
and volume of the cell, respectively. Heat generation in the current
collector foils is not included, because the heat generation from the
ohmic drop in current collectors is assumed negligible. χ is the volume
fraction of materials generating heat in the cell, e.g. χ = 0.9187.33

In this work, the Enertech lithium cobalt oxide-graphite (LCO-G)
SPB655060 pouch cells33 are used for parameterisation and validation
of the model. These cells have a low Biot number (e.g. below the range
of 0.1 in the x direction33), and thus the impact of thermal gradients
within the cell is not considered. In this work, a homogeneous temper-
ature is assumed inside the battery cells. The temperature is calculated
by the lumped thermal model, and the thermal gradients in electrode
particles are neglected.

Mechanical Model

A stress model for a single electrode particle has been proposed
by Christensen and Newman,14,15 based on theories of transport and
elasticity in diffusion. Alternatively, an intercalation-induced stress
model has been developed by Zhang et al.16 for electrode particles
and has been used in the SPM for battery modelling.51 Here, this
model is applied to a P2D model to study the stress inhomogeneity
in battery cells. The solutions of stress distribution and displacement
in electrode particles are briefly introduced below, while details are
referred to Zhang et al.16 The mechanical governing equations for an
ideal spherical particle, with a radius Ri, are summarised in Table II.
The parameters E and v are Young’s modulus and Poisson’s ratio,
respectively. εr , εθ, σr and σθ are strains and stresses in radial and
tangential directions respectively, with r and θ denoting two spherical
coordinates originated at the particle centre. Here strain is coupled
with lithium concentration using an analogical law to thermal strain,16

where � is the partial molar volume of solute and c̄ = c − c0 with c0

being the reference concentration.

The analytical solution of stresses and displacement is presented
by Zhang et al.16 as

σr (r) = 2�E

3 (1 − v)

(
1

R3
i

∫ Ri

0
c̄r2dr − 1

r3

∫ r

0
c̄r2dr

)
[7]

σθ (r) = �E

3 (1 − v)

(
2

R3
i

∫ Ri

0
c̄r2dr + 1

r3

∫ r

0
c̄r2dr − c̄

)
[8]

u (r) = �

3

1 + v

1 − v

1

r2

∫ r

0
c̄r2dr + 2�

3

1 − 2v

1 − v

r

R3
i

∫ Ri

0
c̄r2dr [9]

The radius change of particles after lithium intercalation or extraction
can be estimated by defining r = Ri in Equation 9

dRi = u (Ri ) = �Ri

3

3

R3
i

∫ Ri

0
c̄r2dr = �Ri

3
c̄avg [10]

where c̄avg is the average concentration of intercalated lithium in the
electrode particle.

This solution indicates the relationship between lithium concen-
tration, volume change and stress with the below assumptions:

• the volume change of electrode particles is determined by the
average concentration of intercalated lithium.

• the magnitude of stresses is determined by the inhomogeneity
level of lithium concentration.

Stress coupled diffusion.—The mechanical model highlights the
role of lithium concentration gradients as a driving force for stresses
in electrode particles. However, it is also important to consider that
the stresses also affect the intercalation process and concentration
distribution within electrode particles.51 Zhang et al.16 introduced
the mechanical strain energy to the electrochemical potential for a
solid solute and modified the species diffusion equation in electrode

Table II. Mechanical governing equations for spherical electrode particles.

Equilibrium of stresses dσr
dr + 2

r (σr − σθ ) = 0
Boundary conditions dσr

dr |r=0 = 0 , σr |r=Ri = 0
Constitutive equation εr = 1

E (σr − 2vσθ ) + �
3 c̄, εθ = 1

E [σθ − v(σr + σθ )] + �
3 c̄

Compatibility condition εr = du
dr , εθ = u

r
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particles to

dc

dt
= D

[
d2c

dr2
+ 2

r

dc

dr
+ θM

(
dc

dr

)2

+ θMc̄

(
d2c

dr2
+ 2

r

dc

dr

)]
[11]

where θM = �

RT
2�E

9(1−v) . The boundary conditions for electrode particles
in Table II are thus changed to

∂c

∂r

∣∣∣∣
r=0

= 0, (1 + θMc̄) Deff
s

∂c

∂r

∣∣∣∣
r=R

= − jLi

asF
[12]

When θM = 0, there are no mechanical effects on the diffusion of
species in electrodes and Equation 11 returns to the standard equation
in the Newman’s model in Table I; otherwise the physics of stress
coupled diffusion is enabled.

Thickness change.—The thickness change of a battery consists
of two contributions: thermal expansion and expansion due to lithium
(de)intercalation. Since a lumped thermal model is used, the thick-
ness change by thermal expansion is determined by using the average
temperature

dLth = αcell (T − Tref ) [13]

where the thermal expansion coefficient is a constant with αcell =
1.1 μm/K.33 The thickness change by lithium intercalation originates
from the change of crystal structure and lattice spacing of active ma-
terials. Considering the thickness of the anode and cathode layers
is much smaller than the length and width of the cell, the thickness
change is estimated by the volume change33 as

dL

L
≈ εs

dV

V
[14]

where εs is the volume fraction of the active materials. Since the P2D
model is based on spherical particles, the volume change is estimated
using Equation 10 as

dVi

Vi
=

4
3 π(Ri + dRi )

3 − 4
3 π(Ri )

3

4
3 πRi

3 ≈ 3dRi

Ri
= � ci,avg [15]

Substituting Equation 15 to Equation 14, the thickness change by
lithium intercalation is

dLint = n ·
np+nn∑

i=1

dLi = n ·
np+nn∑

i=1

εs � ci,avgLi [16]

where Li is the thickness of the layer fraction represented by the par-
ticle, and n is the number of anode and cathode layers in the pouch
cell. The thickness change of the cell in total is

dL = dLth + dLint = αcell (T − T0 ) + n ·
np+nn∑

i=1

εs � ci,avgLi [17]

Validation and Analysis

A study on voltage and stress responses of batteries has been car-
ried out under various C-rates using the P2D model. The model is
based on the open-source LIONSIMBA platform,49 with a modified
algorithm for diffusion in electrode phases to consider the influence
of mechanical effects. Parameters are based on the Enertech LCO-
G SPB655060 pouch cell33,52 and are presented in Table III unless
stated otherwise. Curves of open circuit voltage (OCV) and entropy
for LCO and graphite are taken from literature.33 For validation of
the model, the sensitivity of discretisation was tested by changing the
number of electrode particles in the battery cross section and the num-
ber of points inside electrode particles. Then the simulation results
by the proposed model were compared with the experimental results
by Rieger et al.33 After validation, the mechanical effects on battery
performance are discussed, where the stress profiles in electrode parti-
cles were obtained under different C-rates of discharge and cycling. In
Subsections 4.3−4.5 for the stress analysis, the cell temperature was
maintained at the ambient temperature Tref to eliminate the thermal ef-
fects on stresses. The stress distribution over the battery cross-section
was calculated under different C-rates of discharging, which showed
the stress inhomogeneity in battery cells for high C-rates.

Test of discretisation.—In LIONSIMBA,49 the finite volume
method and the finite difference method are used to discretise the
spatial domain over the battery cross-section and inside electrode par-
ticles respectively. The accuracy of calculation results is dependent
on the quality of the discretisation, and for high C-rates of currents, a

Table III. Parameters for Enertech LCO-G SPB655060 pouch cell.33,56

Parameter Cathode (LiCoO2) Separator Anode (LiC6)

Thickness t (μm) 68 25 76.5
Particle radius Ri (μm) 3 5
Active material fraction εs 0.62 0.61
Porosity εe 0.32 0.5 0.33
Bruggeman’s coefficient brugg 1.83 1.5 2.914
Maximum concentration cs, max (mol m−3) 49943 29700
Stoichiometric coefficients (fully charged) 0.435 0.84
Stoichiometric coefficients (fully discharged) 0.9651 0.0065
Solid diffusivity Ds (m2 s−1) 5.387 × 10−15 3.9 × 10−14

Solid conductivity σ (S m−1) 10 100
Young’s modulus E (GPa) 375 1557

Poisson’s ratio 0.258 0.357

Partial molar volume (cm3 mol−1) −0.728 3.157

Parameter for the whole cell
Transference number t+ 0.38
Cell size (mm) 51 × 47 × 6.4
Cell density ρcell (g cm−3) 2.47
Cell heat capacity cp, cell(J kg−1 K−1) 1080.2
Heat transfer coefficient hconv (W m−2 K−1) 35
Thermal expansion coefficient αcell (μm K−1) 1.1
Emissivity εrad 0.95
Number of layers n 34
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Figure 2. Sensitivity of the discretisation in the P2D model: (a) changing the number of points nrp inside electrode particles; (b) changing the number of volumes
np in the cross-section of the cell.

large number of volumes and points are required to capture the gradi-
ents in concentration and potential. Here a study on the sensitivity of
element/point number has been carried out, including two cases in the
discretisation: fixing the number of volumes np = 50 and changing
the number of points nrp; and changing np and fixing nrp = 21. In both
cases, the numbers of volumes and points in the cathode are the same
as the in anode, i.e. np = nn and nrp = nrn. The results in Figure 2
show that the accuracy can be ensured by using nrp = nrn = 21 and
np = nn = 50. The responses of voltage for batteries under different
C-rates below 5 C have also been tested, but no significant difference
is observed. Here the 1 C current density is 29.2 A/m2 for the Enertech
pouch cells.

Model validation.—The responses of voltage, temperature and
thickness change for the Enertech pouch cell under different discharge
C-rates have been calculated and compared with the experimental re-
sults from Rieger et al.,33 as shown in Figure 3. The simulation results
have been validated for discharge rates up to 2 C, because the cell
is designed by the manufacturer to operate in a restricted window:
maximum charging rate 1 C and maximum discharging rate 2 C.33,52

Experiments beyond these restrictions will cause irreparable damage
to the cell, so battery cycling for higher C-rates have not been tested
in experiments but explored by simulation using the proposed model.
Here the temperature rise in Figure 3b is the average temperature of the
cell, which is calculated with the lumped thermal model (0D), related
to the ambient temperature Tref . A constant thermal expansion coef-
ficient is defined in the simulation, so the thermal expansion curves
show similar trends with the temperature curves. The thickness change
of the cell is nonlinear with respect to the state of charge in Figure 3c,
because a nonlinear volume change in graphite from literature33 was
used, details of which are included in Appendix B. The thermal ex-
pansion is calculated using Equation 13. By subtracting the values of
thickness change in Figure 3c and thermal expansion in Figure 3d,
the thickness change caused by intercalation of lithium-ions can be
obtained and is shown to be ten times larger than that of thermal ex-
pansion.

Mechanical effects on diffusion.—The effects of stresses on
the diffusion in solid phases and the voltage response during dis-
charge have also been studied. Two cases of models without and
with mechanical effects are considered, by setting θM = 0 and
θM = �

RT
2�E

9(1−v) respectively. Different C-rates have been considered
ranging from 0.5 to 5 C, where the rates from 3 to 5 C are above
the maximum rate recommended by the manufacturer. The results in

Figures 4a–4b show that mechanical effects make limited contribu-
tion to the diffusion and the voltage response for batteries under low
C-rates up to 2 C, while mechanical effects become more important
for higher C-rates. This is because high C-rates cause large reaction
current density variations in the electrode leading to lithium concen-
tration gradients in the solid phase, which then result in large stresses
at the electrode particle surfaces. Here, the stress field increases the
accessible capacity by up to 5.4% when discharged at 5 C as shown in
Figure 4b due to stresses accelerating the lithium diffusion inside elec-
trode particles, Figures 4c–4d.

The distribution of the maximum stress in electrode particles across
the battery section is displayed in Figure 5, which shows that the mag-
nitude of stresses in electrode particles increases with the C-rate. The
distribution of the maximum tangential stress distribution is almost
homogeneous for a 2 C discharge, while large stresses are found close
to the separator for a 5 C discharge, in both cathode and anode par-
ticles. This figure also shows the original model of diffusion in solid
phases without considering the mechanical effects will overestimate
the maximum stress level by up to 50%, which is because mechanical
stresses accelerate the lithium diffusion in solid phases and reduce the
concentration gradients in the modified model as shown in Figure 4c.
In contrast, there is little difference in the voltage responses between
‘with mechanical effects’ and ‘without mechanical effects’ at 2 C and
below, because the surface lithium concentrations between those two
models have little difference in Figure 4c, which results in similar OCV
values and voltage profiles. The peak stress is close to the separator
in Figure 5 because for high C-rates, electrode particles close to the
separator have high reaction current densities, leading to large stresses
at this region, while reaction current densities at the current collector
sides are smaller. As the particles near the electrode-separator inter-
face get increasingly depleted/saturated during discharge, the peak
reaction current density propagates deeper into the electrode to cause
the stress peaks observed in Figure 5 at approximately x̄p = 0.8 and
x̄n = 0.4 during the 5 C discharge.

Stress evolution across battery electrode.—The stresses in the
electrode particles have a strong dependence on the lithium concen-
tration gradients, as shown in the theoretical model in Section 0. The
impact of cycling on the cell behavior has been explored in Figure 6,
where lithium concentration distributions and tangential stress distri-
butions at the specific time steps (marked in Figure 6) are presented
in Figure 7 and Figure 8, respectively. Electrode particles at three dif-
ferent locations (close to the current collector, middle point and close
to the separator) are plotted out in both cathode and anode, while
the other particles are omitted in Figure 7 and Figure 8. A constant
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Figure 3. Validation of the model with experimental data from Rieger et al.:33 (a) voltage; (b) temperature rise; (c) thickness change of the cell; (d) thermal
expansion calculated using Equation 13.

current density of 58.4 A/m2 (2 C) was applied as shown in Figure 6a,
and the current direction was reversed to switch between charging
and discharging when the voltage reached the operating voltage win-
dow limits (between 3 and 4.2 V) in Figure 6b. No degradation was
included, so only six cycles were considered.

When the cell starts to discharge from time step a to b, electrode
particles close to the separator experience large tangential stress at
the surface in Figures 6c–6d. During this time, lithium-ions travel
from the anode to the cathode, leading to large lithium concentration
gradients in Figure 7b and large stresses in Figure 8b close to the
separator. This can be ascribed to the higher reaction current density
in these locations caused by the shorter diffusion distance between
the anode and cathode particles. As the particles close to the separa-
tor charge/discharge faster, (de)intercalation becomes less favourable
(Figure 7c) and the peak reaction current density then moves deeper
into the electrode at time step c resulting in the stresses close to the
separator decrease in Figures 6c–6d. Subsequently, a peak stress wave
propagates deeper into the electrode toward the current collectors as
can be seen in Figures 8c–8d. By point d in Figure 7, the reaction
current density in particles close to the electrode-separator interface
has reached its lowest point and lithium concentration gradients have
had time to be equalised, resulting in the observed reduction in stress
at the end of discharge.

The charging stage is carried out after the cell voltage reaches the
cutoff level at the time step d, and lithium-ions are extracted from
the cathode and move to the anode, changing the concentration gra-

dient, as shown in Figure 7e. Large compressive tangential stresses
are detected close to the separator between time steps d and e in
Figures 6c–6d and Figure 8e, due to ease of (de)intercalation and large
concentration gradients from the depleted anode and saturated cath-
ode particles at the electrode-separator interface in Figure 7e. When
the charging stage terminates at the time step f, lithium concentration
gradients in the electrode particles close to the separator reach a mini-
mum value in Figure 7f, leading to small stresses in Figure 8f. This is
again due to the propagation of the reaction current density deeper into
the electrode during charge caused by depletion/saturation of lithium
in the cathode/anode at the particles close to the electrode-separator
interface.

In the following discharging process, the concentration distribu-
tions in Figures 7g–7h are similar to the results in Figures 7b–7d.
Electrode particles close to the separator have larger stresses as shown
in Figure 8g, and when the discharging process finishes the current col-
lector sides have larger stresses, see Figure 8h. The results show that
the stress distribution is strongly inhomogeneous in the cross-section
of the cell, with the maximum stress close to the separator. Electrode
particles experience cyclic loading of tensile and compressive stresses,
which can cause fatigue crack propagation and create new surfaces for
the SEI formation, one main degradation mechanism of lithium-ion
batteries.6 Large tensile stresses are also found at the centre of the
electrode particles as presented in Figure 8e, which can lead to par-
ticle cracking from the inside.19 The degradation model caused by
stress and crack propagation is under development, and experiments
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Figure 4. The mechanical effects on the response of battery cells under different C-rates of discharging: (a) low C-rates of 0.5, 1 and 2 C; (b) high C-rates of 3, 4
and 5 C; concentration distribution inside the cathode particle at x̄p = 1 for discharging in (c) 2 C and (d) 5 C.

are planned to study electrode particle cracking for lithium-ion battery
cells under high C-rates.

The results in Figure 8 show two kinds of stress in electrode parti-
cles under discharge. For anode particles, the outer layer is under ten-
sile tangential stress, while the inner part has compressive tangential
stress. Cathode particles show the same stress condition as the anode
particles, but the trends are reversed. This is because the cathode ma-
terial LCO has a negative partial molar volume, i.e. the intercalation

of lithium-ions into the LCO leads to a decrease in its volume.53 The
reverse situation occurs to cathode and anode particles when the cell
is charged, as shown in Figures 8e–8f. The status of tangential stress
in electrode particles for charging and discharging is summarised in
Table IV.

Stress versus C-rates.—The distributions of the maximum tan-
gential stress at particle surface under different C-rates are given in

Figure 5. The distribution of the maximum tangential stress in electrode particles across the cell cross-section under 2 and 5 C discharging: (a) cathode; (b) anode.
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Figure 6. Cycling response of battery cells at 2 C: (a) currents; (b) voltage; tangential stress at the surface of (c) cathode particle at x̄p = 1 and (d) anode particle
at x̄n = 0. At the marked time steps, concentration and stress distributions in electrode particles are presented in Figure 7 and Figure 8 respectively.

Figures 9a–9b. Below 1 C, the distribution of tangential stresses is
found to be almost homogeneous in both the cathode and anode, while
for higher C-rates, large stresses are generated at particles close to the
separator in both electrodes, as shown in Figure 9b. The magnitude
of tangential stress versus C-rate at different locations is presented in
Figures 9c–9d. The tangential stresses generally increase with C-rate,
and for particles close to the separator, the relationship is highly non-
linear. In contrast, the tangential stress is maintained at particles close
to the current collectors for increasing C-rates above 3 C. The large
stresses at the separator interface can be explained by considering

that the reaction current density between cathode and anode mainly
occurs at particles close to the separator for high C-rates. In return,
this leads to high concentration gradients at these locations, while the
concentration gradients in particles at the current collectors are low.

Conclusions

A mechanically coupled P2D model has been presented to study the
stress heterogeneity in lithium-ion battery electrodes. This model can
predict the voltage, temperature and thickness changes for a pouch cell

Table IV Stress status in the cathode and anode particles.

Cathode particle (LiCoO2) Anode particle (LiC6)

Material property � < 0 � > 0

Region r = 0 r = Rp r = 0 r = Rn

Charge σθ > 0 σθ < 0 σθ > 0 σθ < 0
Discharge σθ < 0 σθ > 0 σθ < 0 σθ > 0
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Figure 7. Concentration distribution inside electrode particles at different time steps of 2 C-rate cycling: (a-h) t = 0, 600, 1200, 1742, 2400, 2954, 3600 and
4178 s respectively. The subscript i = p or n, representing the cathode or anode domain, respectively. The current collector is abbreviated as CC.

showing good agreements with experimental results, where a lumped
thermal model is used to describe thermal variations. The battery per-
formance is affected by the evolving mechanical stresses within the
electrode particles. The influence of stress-enhanced diffusion on the
discharge capacity is limited for batteries under low C-rates of cur-
rents but becomes more important for high C-rates. The diffusion of
lithium in solid phases is accelerated by introducing the mechanical
effects, otherwise the stress responses in electrode particles are over-
estimated using the solution of concentration distributions from the
standard P2D model.

A cyclic response of tensile and compressive tangential stresses
has been modelled at the particle surfaces for batteries under galvano-
static cycling, which can lead to fatigue crack growth/propagation even
though the stress level is below the fracture toughness of the material.
The magnitude of stresses nonlinearly increases with C-rates at the
electrode-separator interface and is maintained at the current collector
sides, when high C-rates of currents are applied. These results can
explain the experimental results of particle fragments found close to
the separator for batteries under fast charging. The proposed model
can be used to predict the crack propagation at electrode particles and

Figure 8. Tangential stress distribution inside electrode particles at different time steps of 2 C-rate cycling: (a-h) t = 0, 600, 1200, 1742, 2400, 2954, 3600 and
4178 s respectively. The subscript i =p or n, representing the cathode or anode domain, respectively. The current collector is abbreviated as CC.
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Figure 9. Maximum tangential stress at particle surface in electrodes at different C-rates of discharging: stress distribution in (a) cathode and (b) anode; and
maximum stress versus C-rate at different locations in (c) cathode and (d) anode.

to analyse how mechanical stresses affect the degradation and lifetime
of batteries, which will be considered in future work.
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Appendix A: Dealing with Discontinuities Between the
Electrodes and the Separator

The discontinuities at the interface between the electrodes and the separator were dealt
with in the finite volume method by using the harmonic mean approach in LIONSIMBA.49

Here, a brief description of the method is presented, details of which are referred to
Ref. 49.

The last volume in the cathode, the first volume in the separator and the interface
in between are depicted in Figure A1. The diffusion coefficient of the electrolyte at the
interface is obtained using the harmonic mean as shown below

D
eff,k+ 1

2
= Deff,kDeff,k+1

βDeff,k+1 + (1 − β) Deff,k
[A1]

Where β = �xp
�xp+�xs

and k is the index of volumes. The electrolyte diffusion equations in
the two volumes are respectively

εp
∂ce,k (t )

∂t
= D

eff,k+ 1
2

ce,k+1 (t ) − ce,k (t )

�xp�x̃
− D

eff,k− 1
2

ce,k (t ) − ce,k−1 (t )(
�xp

)2 + 1 − t+
F

jLi

[A2]

εs
∂ce,k+1 (t )

∂t
= D

eff,k+ 3
2

ce,k+2 (t ) − ce,k+1 (t )

(�xs )2 − D
eff,k+ 1

2

ce,k+1 (t ) − ce,k (t )

�xs�x̃
[A3]

where �x̃ = �xp+�xs
2 . The same approach is applied to the interface between the anode

and the separator and other interface conditions where needed.

Figure A1. Dealing with the interface between cathode and separator in the
electrolyte diffusion process.
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Figure B1. Volume change as a function of lithium stoichiometry in electrodes derived by X-ray diffraction measurements: (a) LCO cathode54 and (b) graphite
anode.55

Appendix B: Nonlinear Volume Change in Electrode Particles

The partial molar volume is defined as the volume change per mole of lithium in the
electrode particles. This parameter was assumed to be constant in Ref. 16 for calculating
stresses, while the partial molar volume was concentration-dependent in Ref. 33 for volume
expansion. Here, the latter is used to predict the volume change of the pouch cell. For
instance, the partial molar volume in the cathode and anode are respectively

�p (c) = �Vp (y)

(y − 1) cp,max
, �n (c) = �Vn (z)

z cn,max
[B1]

where �V is the volume change in Figure B1, and y and z are the stoichiometric coefficients
in cathode and anode respectively. The thickness in Equation 17 thus becomes

dL = αcell (T − T0 ) + n ·
[ np∑

i=1

εsLiVp (y) +
nn∑
i=1

εsLiVn (z)

]
[B2]

Constant partial molar volumes are used for calculating stresses inside electrode particles
to avoid numerical difficulties, where the values in Table III are approximately equal to
the calculations by Equation B1 with y = 0.43 and z = 0.

List of Symbols

as specific interfacial area (m−1)
ci concentration of lithium in phase i (mol m−3)
Di diffusion coefficient of ionic lithium in phase i (m2 s−1)
ki reaction rate in phase i (m s−1)
i electronic current (A)
Li thickness of domain i (m)
i0 exchange current density (A m−2)
jLi reaction current density (A m−2)
Ri particle radius in phase i (m)
R universal gas constant (8.314 J mol−1 K−1)
F Faraday constant (96485 C mol−1)
T absolute temperature (K)
t0
+ transference number of lithium-ion

Acell cell surface area (m2)
Lcell cell thickness (m)
Vcell cell volume (m3)
n number of cathode and anode layers in the pouch cell
hconv convective heat transfer coefficient (W m−2 K−1)
qconv convective heat transfer rate (W)
qrad radiation heat transfer rate (W)
qtot heat generation rate in electrodes and separator (W)
cp,cell cell heat capacity (J kg−1 K−1)
EOCV thermodynamic equilibrium potential (V)
E Young’s modulus (Pa)
ν Poisson’s ratio
brugg Bruggeman’s coefficient

Subscripts and Superscripts
p positive electrode/cathode
sep separator
n negative electrode/anode
eff effective parameter

avg average parameter
surf surface parameter
s solid phase
e electrolyte phase
CC current collector
r radial direction
θ tangential direction
ref reference
cell parameter for the pouch cell
max maximum value

Greek
φi potential of phase i (V)
κ conductivity of electrolyte (S m -1)
η electrode surface overpotential (V)
ρcell cell density (kg m−3)
αcell thermal expansion coefficient (μm K−1)
εe volume fraction of electrolyte
εs volume fraction of active material
εrad emissivity
σB Stefan-Boltzmann constant (5.6704×10−8 W m−2 K−4)
� partial molar volume (cm3 mol−1)
σ solid phase conductivity (S m−1)
σr radial stress (Pa)
σθ tangential stress (Pa)
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