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The separator is a critical component to the durability and safety of a battery. In a Li-ion battery, the
dimensional change of the electrodes due to Li insertion/removal and the thermal expansion mismatch
between components may induce stresses in the separator. Currently, there is no method to evaluate
the stress inside a battery. This paper presents a finite element based multi-scale approach for the stress
analysis of the separator in a battery cell. In this approach, the stress and deformation due to Li intercala-
tion in electrode particles and separators is computed with a meso-scale representative volume element

®

olymer separator
ntercalation stress
i-ion battery
imensional change
ulti-physics modeling
ulti-scale

(RVE) battery cell sub-model coupled to a 1D macroscopic battery in the multi-physics code COMSOL .
A LiC6/LiPF6/LiyMn2O4 battery cell is analyzed. As the first step, only the effect of dimensional change
due to Li insertion/removal is considered. The simulation results revealed that the stress in the separator
vary in phase with the battery cycles. Its state and magnitude depended upon the Young’s modulus of
the separator, electrode particle size, packing, and the pressure of the cell. The results also suggested
that the net cyclic dimensional variation of the battery cell accompanied with Li insertion/removal can
be controlled by battery design.
. Introduction

To further improve the performance of the separator remains
ne of the major challenges for large-scale Li-ion batteries used in
igh energy applications transport [1–3]. The separator is a porous
embrane that prevents physical contact between the positive

nd negative electrodes while enabling ionic transport [1,2]. Three
ommon types of separators are polymeric membranes, nonwo-
en mats, and ceramic enhanced membranes. Currently, polymeric
embranes are used predominantly due to their low cost and rela-

ive thinness. A thin separator will facilitate the ionic transport and
rovide higher energy and power densities [1]. At the same time,

t must possess sufficient mechanical properties to withstand the
tresses in abuse loading and to resist penetration by fine particles
nd dendrites. The integrity of the separator is vital to the perfor-
ance and stability of Li-ion batteries. A short circuit due to poor

eparator performance can lead to a thermal event resulting in a

educed battery reliability and durability [4,5].

It is well recognized that stress can have a significant impact on
he performance of the separator. In a Li-ion battery, in the absence
f mechanical loading, two types of non-mechanical stresses can
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arise. These are the intercalation stress [6–9] and the thermal
stress. So far, the investigations on intercalation stresses have been
focused on the stresses inside an electrode particle and the fracture
of the particle itself [6–12]. Its effects on other components in the
battery have not been examined. In literature, the sources of heat
generation [13–17] and heat transfer [14,18–23] have been inves-
tigated for Li-ion batteries. Nevertheless, there are no published
results about thermal stresses.

In a Li-ion battery, the separator is sandwiched between two
electrodes. During the charge and discharge cycles, the active parti-
cles expand in one electrode and contract in another. At the present
time, besides measuring the response of a battery pack in the
through thickness direction, there is no method to evaluate the
stress in a separator inside a battery with ongoing electrochemi-
cal reactions. Furthermore, the stress measured on a battery pack
provides an average global stress in the thickness direction. At the
local level, the stress state and its amplitude are unknown. The elec-
trodes used in state-of-the-art Li-ion batteries are composites of
electrode active particles, conductive particles, binders, and other
additives. The surfaces of the electrodes are rough at the micro-

scopic scale. The local stresses may depart significantly from the
global stress measured at the surface.

To evaluate the stress in the separator in a battery, the deforma-
tion of both electrodes and their interactions must be considered.
For this purpose, a multi-scale model for a Li-ion battery cell with
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he inclusion of the multi-physics related to the two types of non-
echanical stresses and the battery electrochemical kinetics is

nder development. To begin with, a multi-scale model is devel-
ped for a LiC6/LiPF6/LiyMn2O4 battery cell based on an existing
D Li-ion battery model in COMSOL® [24]. This strategy eliminates
he effort of building a new battery model and allows us to focus
n the task of stress analysis.

The work on a prototype 2D multi-scale model with the inclu-
ion of intercalation stress has been completed. This paper presents
he modeling approach for the multi-scale model and the results
f preliminary numerical investigations using the 2D model. The
xtension of the model with heat generation and thermal stress is
till ongoing [25] and will be presented separately.

. Previous work on the analysis of intercalation stress

Intercalation stress involves multi-physics. In the published lit-
rature, the analysis of intercalation stress has been carried out
or a single electrode particle using a variety of techniques. Chris-
ensen and Newman [7,8] considered the intercalation stress inside
spherical particle with electrochemical reactions. For a spheri-

al shaped particle, the problem was reduced to one dimensional
1D) and described by a set of 20 equations. These coupled equa-
ions were solved by using a finite difference method. Another
olution method is a multi-scale approach. In this approach, the
ifferential equations of the multi-physics problem are divided

nto two sets. The first set consists of the equations associ-
ted with the electrochemical kinetics of the battery. The second
et consists of the diffusion equation and constitutive equations
etween stress and strain. This approach allows different physi-
al phenomena to be represented by models at different scales.
olmon et al. [26] developed a multi-scale model that consid-
rs the electrochemical–mechanical interaction when embedding
atteries into a structural composite. In the model, the battery
inetics was analyzed by a 1D battery model based on that
f Doyle et al. [27,28]. The Li+ flux from the 1D model was
apped to a 3D model of a particle in a deformable matrix

ccording to its depth in the electrode. The stresses in the com-
osite electrode were then evaluated using a micromechanics
odel [29] based on the Mori–Tanaka (M–T) effective-field theory

30].
Alternatively, the analysis of intercalation stresses in particles

an be conducted by applying a prescribed Li+ flux at the parti-
le boundary without a battery model [6,9,11,31]. Zhang et al. [9]
nvestigated the intercalation stress for a single active particle using
detailed 3D finite element (FE) model with this approach. Cheng
nd Verbrugge provided a 1D analytical solution for intercalation
tresses in nano-sized particles with the consideration of surface
ension and surface modulus [6]. The analytical solution has been
xtended to consider the cyclic stress inside the particle under a
redefined periodic potential boundary condition [31].

2D and 3D battery models have also been developed [12,32].
arcia et al. [12] developed a 2D battery model for a LiC6/LiyMn2O4
ell and implemented it in the Object Oriented Finite (OOF) Ele-
ent program. The model considered the intercalation stress in

he composite cathode consisting of LiyMn2O4 particles in the
atrix of an electrolyte. The electrolyte was assumed to be a com-

liant gel with negligible resistance to deformation. With a low
olume fraction of active particles in the model, this treatment
imited the effect of intercalation stress to individual particles.
ang and Sastry [32] developed a 3D meso-scale battery model
or the prediction of the electrochemical performance of the Li-ion
attery utilizing the Nernst–Planck equation in COMSOL®, a multi-
hysics FE package. The stress was not included in the meso-scale
odel.
Fig. 1. Schematic of the multi-scale model showing the physical phenomena con-
sidered in each sub-model and their coupling relationships.

3. A multi-scale model for a battery cell

A major difficulty in modeling the stress due to Li intercalation at
the battery cell level is the multi-scale, multi-physics nature of the
problem. A separator is sandwiched between two electrodes. In the
thickness direction, a basic cell ranges between 150 and 300 �m.
The intercalation stress occurs at the level of individual active par-
ticles which have an average size of 5–20 �m. On the other hand,
in a planer (pouch) cells used in large-scale battery, the in-plane
dimension of a single cell is in the range of 20–30 cm. The aspect
ratio for a single planer cell is at the order of 103.

To overcome the difficulty of the large aspect ratio of a
planer cell, a representative volume element (RVE) approach was
employed together with a multi-scale approach. RVE by defini-
tion is the smallest material volume element of a heterogeneous
material for which the effective constitutive representation is a
sufficiently accurate model to represent the mean constitutive
response of the material [33]. In this work, the concept of RVE is
applied in a slightly different sense. RVE is the smallest volume of a
battery cell that represents the mechanical and physical response at
the center region of a planar cell. Ideally, a RVE model should be suf-
ficient to reveal the response of individual components in a battery.

Fig. 1 presents the schematics of the multi-scale model and the
physics considered at each scale. In this model, the equations of
the multi-physics problem were divided into three sets and solved
by three sub-models at three different scales. The battery electro-
chemical kinetics was solved by a 1D macroscopic battery model
based on that of Doyle et al. [27,28]. The Li diffusion in the active
particles and the interaction between the particle diffusion and
battery kinetics were solved using a microscopic sub-model for
spherical particles in the electrode. The stress analysis was carried
out at the level of a basic battery cell using a RVE. Compared to
the other two sub-models, the RVE sub-model is at a meso-scale.
It allows the investigation of mechanical responses of individual
components in a battery environment.

The sub-models for the first two scales have been reported in
literature and available in COMSOL® [24] for a LiC6/LiPF6/LiyMn2O4
battery cell. The current three-scale model is built upon the battery
model in COMSOL. For the sake of completeness, a brief description
of the first two sub-models and their coupling are provided in the
following text, in addition to the discussion of RVE sub-model.

3.1. Battery sub-model
An 1D battery model has been developed by Doyle et al. [27,28].
The model considers an electrochemical system consisting of a neg-
ative electrode, a separator, and a positive electrode. The electrodes
and separator are porous and saturated with a liquid electrolyte.
The porous solid together with the electrolyte is modeled as a
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omogenized composite medium. The volume fraction of the elec-
rolyte equals the porosity. The contribution of the electrolyte
hase in Li+ transport is considered by introducing a porosity
arameter in the governing equation, as to be discussed in this sec-
ion. The Li transport in active particles is considered by a separated

odel to be discussed in Section 3.2.
In the COMSOL 1D battery model, the solid phase is denoted as

hase 1 and the electrolyte phase is denoted as phase 2. The vari-
bles and parameters that appear in both phases are distinguished
y a subscript 1 or 2.

In the electrolyte phase (phase 2), Li+ is transported through two
echanisms: diffusion and migration. Considering a small volume

n electrolyte, the governing equation for material conservation is
btained as

dc2

dt
= ∇ · (Deff

2 ∇c2) − 1
F

i2 · ∇t+ + Sajn(1 − t+) (1)

here c2 is the Li+ concentration, Deff
2 is the effective diffusivity,

is the porosity (volume fraction of the electrolyte), F is the Fara-
ay’s constant, i2 is the current density in the electrolyte, t+ is the
ransport number representing the percentage of the current in the
lectrolyte carried by Li+, Sa is the specific surface area of the elec-
rode, and jn is the charge transfer current density at the interface
nd

· i2 − FSajn = 0 (2)

q. (1) states that the change in Li+ concentration is the net result
f Li+ diffusion (1st term), Li+ migration in an electrical field (2nd
erm), and the concentration change induced by the Li+ that leaves
r enters the electrolyte through the interface with the active par-
icles (3rd term). The 3rd term vanishes for a volume that is not
djacent to an active particle.

For ionic charge balance, the governing equation is given as

·
(

−keff
2 ∇�2 + 2RTkeff

2
F

(
1 + ∂ln f

∂ln c2

)
(1 − t+)∇(ln c2)

)
= Sajn

(3)

ere R denotes the gas constant, T denotes the temperature, keff
2

s the effective ionic conductivity, �2 is the ionic potential, and f
s the ionic activity coefficient. Eq. (3) is derived for an electrolyte
f a binary salt. It can be considered as a modified Ohm’s law. The
st term in the bracket is equivalent to that for a solid conductor.
he 2nd term accounts for the effect of Li+ ion concentration on the
onic current [26].

In the solid phase of the composite electrode, the charge balance
beys Ohm’s law:

· (−k1∇�1) = i1 (4)

here �1 is the electronic potential of the solid phase and k1
enotes the electronic conductivity. i1 is the current density in the
olid phase and

· i1 + FSajn = 0 (5)

.2. Electrode sub-model

At the surface of the active particle, Li+ becomes Li through a
eduction reaction. In the active particles, Li moves through diffu-

ion. For a spherical particle, the diffusion equation reduces to 1D
ith the spherical coordinate:

dc1

dt
+ 1

r2

∂

∂r

(
−r2D1

∂c1

∂r

)
= 0 (6)
rces 195 (2010) 7649–7660 7651

3.3. Coupling between the battery and electrode sub-models

The Li+ flux N0 at the particle boundary in the electrode sub-
model is related to the local current density in the electrolyte phase
in the battery sub-model through

N0 = −jn
F

(7)

The amplitude of jn is determined by the interface reaction kinetics
with the Butler–Volmer expression:

jn = i0

{
exp
(

�F

RT

)
− exp

(
(−�)F

RT

)}
(8)

where � is the local surface overpotential, which is defined as

� = �1 − �2 − Eref (c1,surf ) (9)

and i0 denotes the exchange current density and is determined by

i0 = k0

√
c2(c1,max − c1,surf )c1,surf (10)

In Eqs. (9) and (10), Eref is the electrode particle’s equilibrium poten-
tial, k0 is the reaction rate constant, c1,surf is the Li concentration at
the surface of the particle, and c1,max is the maximum achievable Li
concentration in the particle.

3.4. RVE model

To carry out stress analysis at the level of a battery cell, a RVE
sub-model was added to the existing battery and electrode sub-
models, as illustrated in Fig. 2. The RVE sub-model presented in
Fig. 2c is a prototype quarter-sized 2D model.

The multi-physics phenomena considered in the RVE sub-model
include the diffusion of Li inside the electrode particles and the
stress due to Li intercalation as well as mechanical loading. To
reduce the modeling effort and allow active particles of different
sizes and shapes to be considered, the diffusion process in the RVE
sub-model had one-way coupling with the 1D battery sub-model.
In this way, even if the volume fraction of the active particles of a
certain shape and packing pattern cannot be realized accurately in
the RVE sub-model, it would not affect the battery kinetics in the
1D battery sub-model.

The Li+ flux N0 computed in the 1D battery sub-model was
mapped to individual particles in the RVE by direct projection. The
N0 in the RVE model, therefore, varies only in the through thickness
direction as in the 1D battery.

For an isotropic material, the constitutive relationship for the
strain εme due to the mechanical stress is given as [34]:

εme
ij = 1

E
((1 + �)�ij − ��kkıij) (11)

where �ij represents the stress components, E is Young’s modulus,
� is Poisson’s ratio of the material, and ıij is the Dirac delta function.
In this work, E and � were treated as constants. The variation of the
elastic constants with temperature and Li concentration was not
considered.

The total strain is the summation of the mechanical strain and
two types of eigenstrains such that

εij = εme
ij + εei T

ij + εei c
ij (12)

It should be noted that, during charge–discharge cycling, chemical
reactions such as electrode decomposition and electrolyte reduc-
tion may generate gas [35] which in turn will cause a gradual
increase in the volume of a Li-ion battery. This gradual degradation

phenomenon is not considered in this work.

The temperature variation induced eigenstrain εei T in an
isotropic material is given by [34]

εei T
ij = ˛ij �T ıij (13)
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Fig. 2. Illustration of the multi-scale modeling approach. The electrochemical per-
formance of the battery is evaluated with an existing 1D Li-ion battery model in
COMSOL® which consists of two sub-models: (a) battery and (b) electrode. The
s
m

w
t

c

ε

w
a

other parameters in the multi-scale model were kept the same as
in the original 1D battery model unless otherwise specified in the

T
P

tress analysis for the components in a cell is performed concurrently using (c) a
eso-scale RVE sub-model.

here �T is the temperature variation and ˛ij is the coefficient of
hermal expansion.

The diffusion induced eigenstrain εei c in an isotropic material is
onsidered through a diffusion/thermal analogy such that [6,36]:

ei c
ij = 1

3
�c ˝ıij (14)
here �c is the change in the concentration of the diffusion species
nd ˝ is the partial molar volume of the solute in the host material.

able 1
arameters in the COMSOL® 1D battery model [24] and in the multi-scale model with a q

Parameter Unit 1D battery m

LiyC6 negative particle radius �m 12.5
LiyMn2O4 positive particle radius �m 8
Negative electrode thickness �m 100
Positive electrode thickness �m 183
Separator thickness �m 56
SOC in LiyC6 Discharged 0.271
SOC in LiyC6 Charged 0.563
SOC in LiyMn2O4 Discharged 0.472
SOC in LiyMn2O4 Charged 0.170

a All other parameters in the multi-scale model were kept the same as those in the orig
rces 195 (2010) 7649–7660

The partial molar volume can be calculated using the following
equation [9]:

˝ = 3ε

�y Cmax
(15)

where ε is the strain caused by intercalation expansion along the
major axis of the material, �y refers to the change in the number of
lithium atoms that occurs during the charge and discharge cycles,
and Cmax is the stoichiometric maximum concentration.

The FE model of the RVE sub-model is in the Cartesian coordi-
nate. The diffusion equation for an isotropic solid in the Cartesian
coordinate is given by

∂c

∂t
= D(∇2c) (16)

In the RVE sub-model, the diffusion equation was solved for the
active particles in both electrodes. The stress analysis included all
phases. In the current model, stress enhance diffusion [7–9] was
neglected.

4. Modeling details

4.1. FE representation for 2D RVE

To begin with, prototype quarter-sized and half-sized 2D RVE
sub-models were built for the 1D battery LiC6/LiPF6/LiyMn2O4 bat-
tery in COMSOL® [24]. Fig. 2c presents a quarter-sized 2D RVE
sub-model. From left to right, the components included were cur-
rent collector, negative electrode, separator, positive electrode,
and current collector. Their respective through thickness dimen-
sions (horizontal axis) were 12.5/25/25/48/12.5 �m. In its thickness
direction, the electrode in the quarter-sized sub-model had a
dimension that was equivalent to a quarter of the electrode in the
1D battery model in COMSOL® [24]. The thickness of the separator
was about a half of that of the 1D battery model. The active particles
in the 1D battery model in COMSOL® [24] had a radius of 12.5 �m
in the negative electrode and a radius of 8 �m in the positive elec-
trode. Keeping the same particle size, the resulted quarter-sized
RVE sub-model had one layer of particles in the negative elec-
trode and three layers of particles in the positive electrode. The
construction of the half-sized RVE followed the same rule.

In the multi-scale model, some of the parameters in the 1D
battery sub-models need to be modified with the change in bat-
tery dimension. Table 1 presents the key parameters of the original
1D battery model in COMSOL® [24] with those in the multi-scale
model with a quarter-sized and a half-sized 2D RVE sub-model. All
following text.
The FE mesh for the quarter-sized 2D RVE sub-model and the

boundary conditions for stress analysis were shown in Fig. 3. The

uarter-sized or a half-sized 2D RVE.

odel in Comsol [24] The RVE in multi-scale modela

Quarter-sized Half-sized

12.5 12.5
8 8

25 50
48 96
25 25

0.227 0.227
0.611 0.611
0.569 0.569
0.231 0.231

inal 1D battery model in Ref. [24].
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Fig. 3. (a) The FE mesh for the quarter-sized 2D RVE sub-model and (b) the bound-
ary conditions for stress analysis. A periodical boundary is assigned for the in-plane
direction (lower and upper boundaries). A fixed-free (with pressure) boundary con-
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Table 2
Material constants of the LiyMn2O4 particles.

Property Unit Value Comment

Young’s modulus, E GPa 10 [9]
Poisson’s ratio, � 0.3 [9]
Density, 	 kg m−3 4140 [28]
Diffusion
coefficient, D

m2 s−1 7.08 × 10−15 [9]

Partial molar
volume, ˝

m3 mol−1 3.5 × 10−6 [9]

Stoichiometric
maximum
concentration, Cmax

mol m−3 2.29 × 104 [28]

partial molar volume for LiyC6 in Table 3 were estimated values.
The elastic modulus of LiyC6 calculated in theoretical studies

is in the range of 28–108 GPa [37,39]. These values are high as
compared with those reported in the data sheet of graphite par-

Table 3
Material constants of the LiyC6 particles.

Property Unit Value Comment

Young’s modulus, E GPa 12 Estimated value
Poisson’s ratio, � 0.3 Estimated value
Density, 	 kg m−3 1900 [28]
Diffusion
coefficient, D

m2 s−1 3.9 × 10−14 [28]

Partial molar
volume, ˝

m3 mol−1 4.17 × 10-6 Calculated with Eq.
(15)

Stoichiometric
maximum
concentration, Cmax

mol m−3 2.64 × 104 [28]
ition is assumed for the thickness direction. The left hand side is fixed while the
ight hand side is subjected to pressure normal to the boundary. Case studies were
erformed with a pressure of 10 or 50 psi.

nalysis was carried out assuming a plane strain condition. The
isplacement field across different components was assumed to
e continuous and modeled with a continuous mesh. It should
e noted that in a battery, the active particles are in contact
ith, instead of bonded to, the separator. The relative movement

etween the separator and electrodes may happen at a local area at
icroscopic level. To take into consideration of this effect requires
contact definition between the particles and separator. It was

ossible to establish a contact relationship between the parti-
les and separator in a stand alone model. When incorporating
he RVE sub-models with contact definition in the multi-scale

odel, convergence problems arise. The problem became worsen
hen a compliant electrolyte phase was added. A continuous
esh, therefore, was adopted in the RVE sub-models in the

aper.
A periodical boundary was assigned at the lower and upper

oundaries, i.e. in the in-plane direction. A fixed-free (with pres-
ure) boundary condition was prescribed in the through thickness
irection where the left end was fixed while the right end was sub-

ected to a pressure normal to the boundary. The pressure levels
nvestigated in this work were 10 and 50 psi.

The diffusion analysis was performed for active particles only.
he Li+ flux computed by Eq. (7) according to the local current den-
ity was mapped to the surface of the particles with a multiplier
actor of 1.5. This correction factor was introduced to account for
he difference in the surface area/volume ratio for active particles
etween the sub-models. The 1D battery and electrode sub-models
ere formulated for spherical shaped particles based on spheri-

al symmetry. In the 2D RVE sub-models, the active particles were
epresented by circles. A circle in 2D actually represents a cylin-
rical shape rather than a spherical particle in 3D. The surface
rea/volume ratio is 3/R and 2/R for a sphere and a cylindrical shape
ith a radius of R, respectively. In other words, for the same value

f flux, a spherical shape will receive 1.5 times of Li+ per volume as

ompared to a cylindrical shape of the same radius. To achieve the
ame distribution of Li concentration in the active particles in 2D
VE sub-model, a multiplier of 1.5 to the flux from the 1D battery
ub-model is needed. With this correction, similar Li concentration
Isotropic volume
expansion
SOC = 0.2–0.995

6.5% [9]

profiles were obtained in the electrode and 2D RVE sub-models, as
shown in Fig. 2b and c.

The active particles had an initial condition of a uniform Li con-
centration. The equilibrium concentrations for particles in the two
electrodes in charged or discharged states are provided in terms of
the state of charge (SOC) in Table 1. The initial stress in the particles
with a uniform Li concentration was assumed to be zero.

4.2. Material modeling

4.2.1. Active particles
The active particles in the two electrodes were modeled with

an elastic material law. In this paper, the elastic properties of the
active particles were assumed to be constant. It has been shown
that the elastic modulus of the active particles may be a func-
tion of SOC. Using first principles density function theory, Qi et al.
[37] computed the lattice parameters and elastic properties of sev-
eral intermediate structures of Li in graphite and found that the
Young’s modulus can increase up to three-fold. The effect of a SOC
dependent elastic modulus has been evaluated for a single graphite
particle [38].

Tables 2 and 3 provide the material constants used in computing
the intercalation stress for LiyMn2O4 particles in the positive elec-
trode and LiyC6 particles in the negative electrodes, respectively.
The calculation of intercalation stress in LiyMn2O4 has been well
established [6–9]. The material constants in Table 2 were obtained
from literature. The calculation of intercalation stress in LiyC6 par-
ticle has not been reported previously. The elastic modulus and the
3.06 × 104 [41]

Isotropic volume
expansion
SOC = 0–1.0

11% Estimated value
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F discharge rate. The cycle consists of charge (0–2000 s), open circuit period (2000–3000 s),
d e (�1) histories obtained by simulations.
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Table 4
Assumed material constants for the separator.

Property Unit Value Comment

Young’s modulus (polyolefin), E MPa 200 Estimated value

F
T
p

ig. 4. (a) A battery cycle for a half-sized unit cell at a 1.03C (i = 9 A m−2) charge and
ischarge (3000–5000 s), and open circuit period (5000–6000 s). (b) The cell voltag

icles, which are in the range of 9–15 GPa [40]. This discrepancy is
ue to the imperfection and porosity in commercial grade graphite
articles. The present work concerned a battery with commer-
ially available graphite particles. A value of 12 GPa was therefore
elected.

The partial molar volume for LiyC6 was calculated using Eq. (15).
he stoichiometric maximum concentration Cmax for LiyC6 was
iven as 2.64 × 104 mol m−3 in [24,28] and 3.06 × 104 mol m−3 in
41]. From C to LiC6, �y = 1. Assuming a maximum volume change
f 11% and a Cmax = 2.64 × 104 mol m−3, the partial molar volume
or LiyC6 was estimated as

= 3ε

�y Cmax
≈ 3 × (0.11)1/3

1 × 2.64 × 104
= 4.17 × 10−6 m3 mol−1

.2.2. Separator
Separators are porous membranes. A polymeric separator may

ave anisotropic properties. In this preliminary investigation, the
eparator was considered as a homogeneous material and modeled
ith an isotropic elastic material law. Simulations were conducted

ith a set of assumed materials constants, as listed in Table 4.
majority of the investigations were carried out with two lev-

ls of Young’s modulus, E = 50 MPa, representing a typical PVDF
eparator, and E = 200 MPa, representing a typical polyolefin sep-
rator.

ig. 5. The predicted through thickness strain distribution at the end of discharge (2000 s)
he areas with a void like appearance have a strain value beyond the range and hence are
articles 1, 3 and 5 have a loose-packed pattern. The maximum strain in the separator is
Young’s modulus (PVDF), E MPa 50 Estimated value
Poisson’s ratio, � 0.35 Estimated value
Density, 	 kg m−3 900 Estimated value

4.2.3. Others
The electrolyte phase in the electrodes was represented using a

viscoelastic material model with an instantaneous shear modulus
of 0.2 MPa. This value is about an order higher than that reported
for compliant gels [42]. A very low modulus, however, tends to
lead to a convergence problem. The assumed value of 0.2 MPa was
more than two orders lower than the modulus of the separator and,
therefore, was judged as acceptable.

The current collector was assumed to be copper and represented
with an elastic material law.

4.3. Numerical experiments
Numerical experiments were conducted with a
charge–discharge cycle with an input current density equiva-
lent to a charge rate of 1C. The cycle consists of a charge (0–2000 s),
open circuit (2000–3000 s), discharge (3000–5000 s), and another
open circuit period (5000–6000 s). Fig. 4a plots the current density

under a fixed-free (10 psi) boundary condition using a quarter-sized 2D RVE model.
removed from the display. Particles 2 and 4 have a close-packed pattern whereas

found near a loose-packed particle of larger diameter.
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separator.
The local indentation of particles at the surface of the separator

has further implications. The particles in the current model have
a spherical shape. If irregular shaped particles are employed, they
X. Xiao et al. / Journal of Pow

istory for a 1C charge–discharge cycle for a half-sized cell. The his-
ory of cell voltage (the voltage of the solid phase �1) obtained by
imulations using the 1D battery sub-model is presented in Fig. 4b.

. Numerical investigations

.1. The effect of particle packing

The initial numerical investigations were conducted with a pro-
otype quarter-sized RVE sub-model. The particles in this RVE had
wo packing patterns. As shown in Fig. 5, particles 2 and 4 are in con-
act with its neighbors. This packing pattern is referred as a close-
acked pattern thereafter. On the other hand, particles 1, 3 and 5
re separated with its neighbors by a space filled with electrolyte,
hich is referred as a loose-packed pattern in the following text.

Numerical simulations revealed that the stress and strain fields
n the separator were not uniform and varied in-phase with the
harge–discharge cycle. For the charge–discharge cycle studied in
his work, a stress and strain maxima occurred at the end of the
harge period (t = 2000 s) at the surface in contact with the nega-
ive particles. At the side in contact with the positive particles, it
appened at the end of discharge (t = 5000 s). When other condi-
ions were equal, the maximum strains and stresses were found
ear particles with a larger diameter.

Fig. 5 displays the distribution of x-strain component at
= 2000 s. In the RVE model, the strain in the electrolyte phase was
uch higher as compared to that in other components. To ease the

nalysis of strain in the separator, in Fig. 5, the range of the display
cale is set to ±0.05 and therefore, the areas with a higher strain
ave a void like appearance.

Fig. 5 reveals that the strain in the separator is higher in the area
djacent to a particle with a loose-packed pattern. This is evident
y comparing the strain distribution in the vicinity of particle 1
ith that of particle 2. The same trend was observed for y-strain

omponent. It was suspected that this high stress might be due to
he limitation of the prototype RVE model that a continuous mesh
s employed, instead of a contact definition, between the particles
nd the separator.

FE models with a continuous mesh between components may be
mployed to study the stress behavior of a RVE with close-packed
articles. With a sufficient number of particles, the central area of
he RVE may reveal information about the stress and strain history
n a battery cell. For this purpose, half-sized 2D RVE models were
nvestigated. The final RVE model consisted of a total 88 particles,

hich had 16 negative particles and 72 positive particles. Further
nvestigations were carried out with this RVE.

.2. Thickness variation

The dimensional change in the thickness direction of the battery
s a measurable parameter. To validate the model, the displacement
n the thickness direction was investigated.

It was observed, upon applying a surface pressure, there was an
mmediate reduction in the cell thickness. This dimensional change

as absorbed by the deformation of the separator. The amount
f deformation depended upon the elastic modulus of the sepa-
ator and the pressure at the surface of the cell. Fig. 6 presents the
isplacement field of the RVE at t = 0 s. The simulation was con-
ucted with a separator of E = 50 MPa under a pressures of 10 psi.
t t = 0 s, the volume of the active particles remained the same. The

eformation was, therefore, entirely due to the pressure. As seen

n Fig. 6, at the microscopic level, the deformation was not uniform
n the separator. The areas in contact with the particles exhibited
larger deformation. Further evidence is provided by the displace-
ent profiles obtained at the surfaces of the separator, as displayed
Fig. 6. The through thickness displacement field at t = 0 s predicted by a half-sized
2D RVE with close-packed particles. The RVE had a separator with a Young’s modulus
of E = 50 MPa under a fixed-free (10 psi) boundary condition.

in Fig. 7. It clearly shows the indentation of particles into the sepa-
rator. The indentation appeared to increase with increasing in the
size of the particle and decreasing in the Young’s modulus of the
Fig. 7. The indentations into the separator made by (a) negative particles and (b)
positive particles at t = 0 s under a pressure of 10 psi. Simulations were performed
with two levels of Young’s modulus for the separator, E = 50 and 200 MPa.
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Fig. 8. The displacement-history plots at the right hand end of the cell, predicted
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Fig. 9. The through thickness displacement at t = 0 and 2000 s (end of charge) pre-
dicted by a half-sized 2D RVE. The RVE had a separator with a Young’s modulus of

P

T
T

y a half-sized 2D RVE. Three cases were investigated: a separator with a Young’s
odulus of E = 50MPa under a pressure of P = 10 psi, under a pressure of P = 50 psi,

nd a separator with a Young’s modulus of E = 200 MPa under a pressure of 10 psi.

ay be pressed into the separator. Similar situations are when an
rregular shaped foreign particle is landed at the surface of the sepa-
ator during manufacturing or a dendrite forms at a particle surface
ear the separator. In these cases, a non-slipping interface may be
reated and a local tensile stress may arise.

The variation of the cell thickness during the charge–discharge
ycle was measured by monitoring the x-displacement at the
idpoint at the right hand end of the cell. Fig. 8 presents the

redicted displacement–time history at this point during the
harge–discharge cycle for three different conditions: a separator
f E = 50 MPa under P = 10 psi, under P = 50 psi, and a separator of
= 200 MPa under a pressure of 10 psi. For the simulated cases,

he thickness change of the cell was always negative and its value
aried with the charge–discharge cycle. The maximum reduction
appened at 2000 s. The value was about −0.4 �m for a pressure of
0 psi and −0.8 �m for a pressure of 50 psi, respectively.

The dimensional change in individual components was inves-
igated by inspecting the displacement profiles. Fig. 8 compares
he displacement profiles through the thickness of the cell at t = 0
nd 2000 s for a RVE with a separator of E = 50 MPa under two
ressures. The displacement profile at t = 0 s clearly shows that the

nitial reduction in the cell thickness was related to the pressure and
as mainly absorbed by the deformation of the separator. The pro-
les at other time intervals revealed a simultaneous deformation

n the two electrodes. During the charging period, the thickness in
he negative electrode increased while the thickness in the positive
lectrode reduced, as shown in the profile at t = 2000 s. The trend
eversed during the discharging period. The thickness of the sepa-
ator remained nearly constant during the cycle. The net change in
he cell thickness was negative.
The average strain in each component can be estimated using
he following relation:

ave = �l

l
(17)

able 5
he change of SOC in the two electrodes and the resulted average strain (%) for a half-size

Case
E(separator)/pressure

Negative electrode
SOC 0.22–0.57

Positive electrode SO
0.23–0.57

50 MPa/10 psi 1.53 −1.12
50 MPa/50 psi 1.52 −1.13
200 MPa/10 psi 1.52 −1.12
200 MPa/50 psi 1.51 −1.10
Predicted average 1.52 −1.12
Estimated for the SOC
range (Eq. (18))

1.28 −0.954
E = 50 MPa under a pressures of 10 or 50 psi. The insert displays the Li concentration
across the cell at t = 2000 s. The range of concentration in particles in the negative
electrode is (1.2–1.6) × 104 mol m−3 (SOC = 0.45–0.61). The range of concentration
in particles in the positive electrode is (5.5–7.2) × 103 mol m−3 (SOC = 0.24–0.31).

where �l is the displacement over a component of length l. �l was
measured across the cell thickness alone a line where the separator
is in contact with electrode particles both side, as shown in the
insert of Fig. 9. The computed average strains in the two electrodes,
separator and the cell at t = 2000 s are summarized in Table 5. For
the four cases investigated, the average strain is about 1.52% in the
negative electrode and −1.12% in the positive electrode.

Assuming an isotropic volume expansion of �V, the linear
expansion of an electrode for a given SOC range can be estimated
using the following relationship:

ε = SOC · (�V)1/3 (18)

The predicted through thickness strains for electrodes are com-
pared with the linear expansion values estimated using Eq. (18) in
Table 5. The values of the predicted through thickness strains are
higher than the estimated linear strains. The additional strain in
the FE model prediction is due to the non-isotropic expansion of
the particles. In a close-packed pattern, the particles were unable
to expand in-plane and the volume change was accommodated by
deformation through the thickness at a higher rate.

The average strain in the separator varied with the elastic mod-
ulus of the separator and the pressure. The �l measured along
the line in Fig. 9 represents the average strain at its upper bound,
according to the indentation profiles in Fig. 7. The average strain
obtained by this way is about 35–120% higher when compared to
the nominal strain estimated from the elastic relation:
εnominal =
E

(19)

where P is the pressure and E is the elastic modulus of the separator.
The predicted maximum thickness variation for the RVE cell was

about 0.2%. This value seems to be low as compared to the val-

d RVE cell and its components.

C Separator Separator (estimated)
Eq. (19)

Cell total

−0.2 −0.14 −0.22
−1.2 −0.69 −0.39
−0.05 −0.035 −0.20
−0.38 −0.17 −0.20
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Fig. 10. The x-stress and x-strain distribution across a half-sized 2D RVE at t = 2000 s.

F
a

X. Xiao et al. / Journal of Pow

es obtained in an experimental study on LiC6/LiPF6/LiCoO2 battery
43]. The reported thickness variation was 7.69 �m when averaged
or a cell using natural graphite and 2.29 �m for using mesophase
arbon micro beads (MCMB). The cell thickness was 171 �m. This
ranslates into a linear strain of 4.49 and 1.34% respectively.

It should be noted the thickness variation predicted by the cur-
ent model is due to Li insertion/removal only. As mentioned in
ection 3.4, the thermal expansion due to self-heating of the bat-
ery and the volume expansion due to gas generation in the Li-ion
atteries [35] will also result in volume change. The volume varia-
ion due to Li insertion/removal and thermal expansion are cyclic
hereas the volume expansion due to gas generation increases

radually over time. Our preliminary result showed that the vol-
me expansion of the battery due to temperature rise as the result
f heat generation alone is greater than that due to Li insertion [25].

The smaller dimensional change of the battery cell in the present
tudy can also be partially attributed to a better cell design. The
aximum expansion of LiCoO2 positive electrode is in the range of

% [43] whereas the maximum volume change of LiyMn2O4 pos-
tive electrode is 6.5%. Because the volume variation of the two
lectrodes is opposite in sign, it is the difference in volume change
etween the two electrodes, instead of the absolute expansion
f one electrode, determines the volume variation of the battery
ell. From this perspective, a LiC6/LiyMn2O4 battery would have a
maller net volume variation as compared to a LiC6/LiCoO2 bat-
ery. Furthermore, in the present battery model, the thickness of
he positive electrode was about twice of the value of the negative
lectrode. On the other hand, the volume expansion of the positive
lectrode was about a half of the negative electrode. This combi-
ation further reduced the difference in volume change between
he two electrodes and thus produced a cell with a very small
et dimensional change. The result suggests that the dimensional
hange of the battery may be reduced by optimizing the thick-
ess ratio of the two electrodes in accordance with their volume
xpansion ratio.

.3. Stress analysis

The stress state and its magnitude were found to vary greatly
cross the RVE cell in both temporal and spatial senses. As an exam-
le, Fig. 10 presents the x-stress and x-strain profiles at t = 2000 s
cross the thickness of the RVE along the line in the insert in Fig. 9.
s seen, there are periodical hills and valleys in the profiles corre-

ponding to the periodical location of the particles. At 2000 s, the
harge had just stopped, a Li concentration gradient still existed in
he particles. For the negative particles, the surface Li concentra-
ion was higher than the center. This resulted in a strain gradient
n the particle. The stress gradient was opposite in sign with the

ig. 11. (a) �x , (b) �y and (c) 
xy stress components in the separator in a cell with regularl
half-sized 2D RVE with a separator with a Young’s modulus of E = 50 MPa under a pressu
The RVE had a separator with a Young’s modulus of E = 200 MPa under a pres-
sure of 10 psi. The range of SOC: SOC = 0.45–0.61 in the negative electrode, and
SOC = 0.24–0.31 in the positive electrode.

strain gradient. A maximum tensile intercalation stress of 43 MPa
was found at the center of the negative particles. The trend was
opposite in the positive particles. The center of the positive particle
had a higher Li concentration than its surface and the intercalation
stress was therefore compressive.

The normal stress components in the separator were found
predominantly compressive. As an example, Fig. 11 presents the
distributions of the normal stresses and the shear stress in the sep-
arator at t = 5000 s for E = 50 MPa under a pressure of 10 psi. High
compressive stresses can be seen in the area in contact with the
particles. The stress was higher at the side with larger diameter of
particles.

The variation of the stress during the charge and discharge cycles
at a location of high stress near a negative particle was inspected.
Fig. 12 presents a summary of stress history plots for the normal
stresses and the Von Mises stress. The four rows correspond to four
different cases. The first three rows are for a cell under a pres-
sure of 10 psi. The separator had a Young’s modulus of E = 50 MPa,
E = 200 MPa and E = 2000 MPa, respectively. The fourth row is for
E = 2000 MPa under a pressure of 50 psi. As shown, the two normal
stresses were compressive when the Young’s modulus of the sepa-
rator is low. Increasing the Young’s modulus of the separator moved
the curve up, i.e. towards the tensile direction. For the case of a sep-

arator of E = 2000 MPa under 10 psi, the normal stress components
became tensile. Nevertheless, increasing the pressure to 50 psi was
sufficient to suppress the tensile stress in the separator, as shown in
the fourth row. The result indicates that increasing surface pressure

y close-packed particles, at t = 5000 (the end of discharge). The displayed case is for
re of 10 psi.
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history plots of the normal stress components and the Von Mises
stress in the separator predicted using these two material laws. The
result shows that stress relaxation modified the shape of the stress
history curves and reduced the amplitude of the cyclic stress. This

Table 6
Hypothetic viscoelastic parameters for the separator. ∑
ig. 12. The history plots of the normal stress components (x and y) and the Von M
odulus of E = 50 MPa under a pressure of P = 10 psi; (d–f) in a separator of E = 200 M

f E = 2000 MPa under P = 50 psi. The stress components were predominately compre
hat was sufficiently high.

ould help to prevent separator failure by suppressing the tensile
tress. It should be noted that, because of the limitation on contact
odeling in the current model, the results reported here are only

ualitative indications.

.4. Viscoelastic relaxation

Because a polymeric separator is considered in this work, the
iscoelastic relaxation of the separator cannot be neglected. To
xamine this effect, a hypothetical viscoelastic material described
y a simple linear viscoelastic material law was assumed such that

= G +
∑

G e−t/
i (20)
0

i

i

here G is shear modulus, G0 is the instantaneous and Gi is the time-
ependent components of the shear modulus, respectively, and 
i

s the characteristic relaxation time. For a direct comparison, an
stress in the separator near a negative particle. (a–c) In a separator with a Young’s
er P = 10 psi; (g–i) in a separator of E = 2000 MPa under P = 10 psi; (j–l) in a separator

when the separator had a low elastic modulus or the cell was subjected to a pressure

elastic material model was constructed with a shear modulus being
equal to the summation of the instantaneous and time-dependent
moduli in the viscoelastic law. Table 6 provides a summary of the
assumed material laws and their parameters. Fig. 13 compares the
i Elastic G = G0 Viscoelastic G = Gi e−t/
i

Gi (MPa) 
 i (s)

0 85 50 –
1 35 500
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ig. 13. The history plots of the normal stress components (x and y) and the Von
odulus of G0 = 85 MPa; (d–f) in a separator with an assumed viscoelastic property

ffect is expected to increase when the self-heating of the battery
s considered in the analysis.

It should be noted that the simulation result presented here
hould be treated as qualitative rather than quantitative at this
tage. The investigations with the 2D RVE sub-models were based
n estimated material parameters and simple material laws. The
nterface between the separator and particles was modeled with
continuous mesh instead of a contact definition. Nevertheless, a
on-slipping interface may be created when irregular shaped parti-
les, such as a foreign particle or dendrite, are present at the surface
f the separator. In this case, the results of a continuous mesh would
e more relevant.

. Summary and conclusions

A multi-scale modeling approach for the stress analysis of a basic
i-ion battery cell was proposed. In this approach, the multi-physics
quations were solved concurrently using three sub-models at
hree different scales. The battery electrochemical kinetics and the
oupling between diffusion and battery kinetics were solved by a
D macroscopic battery sub-model and a microscopic sub-model
or spherical particles based on an existing Li-ion battery model
n COMSOL®. The stress analysis at the level of a battery cell was
onducted with a meso-scale representative volume element (RVE)
ub-model of the battery cell. Based on this approach, a multi-scale
odel with the inclusion of intercalation stress was developed for
LiC6/LiPF6/LiyMn2O4 battery cell.

Numerical investigations were carried out with 2D RVE
ub-models. Simulation results provided new insights into the
eformation of battery components caused by Li insertion/removal

n a charge and discharge cycle. It was observed that the net cyclic
imensional variation of the battery cell was determined by the
ifference of the volume change of the two electrodes and this
mount may be regulated by optimizing the thickness ratio of the
wo electrodes in accordance with their volume expansion ratio.

or the LiC6/LiPF6/LiyMn2O4 battery cell analyzed, the maximum
hickness variation caused by Li insertion/removal was about 0.2%
nder a pressure of 10 psi.

Under pressure, the electrode particles made small indention
nto the separators. The local strain at the indented areas was much

[
[
[

stress in the separator near a negative particle. (a–c) In a separator with a shear
in Table 6. The cell was subjected to a pressure of 10 psi.

higher than the nominal strain of the separator. The maximum
stress in the separator was found in indented areas. The stress state
and its magnitude in the separator depended upon the particle
size, particle packing, and the boundary constraint of the battery
cell. Particles with a loose-packed pattern showed the tendency to
result in tensile stresses in the separator. With a close-packed par-
ticle pattern, under a sufficient pressure, the normal stresses in the
separator were predominately compressive. Due to the limitation
in modeling contact in the current model, the above results should
be treated as qualitative indications only.

Considering viscoelastic relaxation in the analysis resulted in
a modified stress response. For a polymeric membrane separator,
to have a reasonable estimation of the stress in separator, the vis-
coelastic relaxation of the separator material and the thermal stress
need to be included in the analysis.
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