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The  stress  in  a separator  is  mainly  caused  by  the  lithium  diffusion  induced  deformation  in the  electrodes
and  thermal  expansion  differential  between  the  battery  components.  To  compute  the  lithium  concen-
tration  distribution  and  temperature  change  during  battery  operation,  multi-physics  models  have  been
developed  previously.  In this  work,  a macro-scale  model  for a pouch  cell  was  developed  and  coupled
with  the  multi-physics  models.  In  this  model,  the  porous  battery  components  were  treated  as  homog-
enized  media  and represented  with  the  effective  properties  estimated  using  the  rule of mixtures.  The
eparator
ithium-ion battery
ntercalation stress
hermal stress

stress  analysis  showed  that  the  maximum  stress  in the  separator  always  emerged  at  the  area  around  the
inner  corner  of  the separator  where  it wrapped  around  the edge  of  an anode  and  when  the  lithium-ion
battery  was  fully  charged.  Numerical  simulations  were  also  conducted  to investigate  the  influences  of
some design  adjustable  parameters,  including  the  effective  friction,  electrode  particle  radii  and  thickness
of the  separator,  on  the stresses  in the separator.  The  results  provided  the  reference  conditions  for  the
improvement  of  separator  materials  and  the design  of  lithium-ion  batteries.
. Introduction

Lithium-ion batteries offer high specific energy, high energy
ensity and low self-discharge rate, and thus have been widely
sed in consumer electronics. Lithium-ion technology is also the
rimary choice in the current electric vehicles (EVs), hybrid vehi-
les (HEVs), and plug-in hybrid vehicles (PHEVs). Nevertheless,
ignificant material and processing technological barriers still exist,
ainly in cost, performance, abuse tolerance, and durability. These

ssues, especially those related to abuse tolerance, become more
evere as the cell sizes increase in order to meet the power require-
ent for vehicle propulsion [1].  Short circuits due to separator

ailure, battery over-charge and over-discharge, and high temper-
ture can lead to a thermal event [2].  To prevent separator failure,
ne must fully understand the functionality of a separator and its
orking environment in a battery.

In a lithium-ion battery, in addition to the stresses introduced
n cell assembly process and the mechanical load on the battery
ack, the separator is subjected to the stresses induced by the

ntercalation deformation of the electrodes and thermal expansion
ifferential between the battery components. There is no method

o measure the stresses in the separator in situ in a battery.

The objective of this research is to develop a numerical model
or the stress analysis of the separator in a realistic battery cell.

∗ Corresponding author. Tel.: +1 517 884 1606; fax: +1 517 884 1601.
E-mail address: xinran@msu.edu (X. Xiao).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.05.026
© 2011 Elsevier B.V. All rights reserved.

To compute the stresses from various sources, all relevant physical
phenomena have to be included. The current work is based on bat-
tery kinetics [3,4], intercalation stress [5–14] and thermal [15–18]
models that have been developed in the past.

Newman and his co-workers have developed a series of mod-
els for lithium-ion batteries. Today, most of the modeling works
on the kinetics of lithium-ion batteries are based on a 1D model
presented by Doyle et al. [3,4]. In this model, each porous electrode
was treated as a pseudo homogeneous mixture of the solid active
material and the electrolyte. The model predictions were in good
agreement with the experimental results.

In recent years, with the discoveries of new, high capacity elec-
trode materials, the intercalation induced stresses in the electrode
particles has become a hot topic. Christensen and Newman stud-
ied the stress generated inside the LiyMn2O4 [5] and carbon [6]
electrodes. Zhang et al. [7] considered the stress effect on lithium
diffusion and the stress distribution inside one single electrode
particle using numerical simulation. Cheng and Verbrugge com-
pared the stress evolution process under the galvanostatic and
potentiostatic operation [8],  and studied the effects of surface
tension and modulus on the diffusion induced stress within spher-
ical nano-particles [9]. Verbrugge and Cheng [10] also examined
the stress in spherical particles under periodic potential excita-
tions. Renganathan et al. [11] considered the stress arising due

to the phase transformation in their model. Golmon et al. [12]
presented a multi-scale finite element approach to study the
electrochemical–mechanical interaction phenomena at macro-,
meso-, and micro-scales.

dx.doi.org/10.1016/j.jpowsour.2011.05.026
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xinran@msu.edu
dx.doi.org/10.1016/j.jpowsour.2011.05.026
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Fig. 1. Schematic of a pouch cell [20].

Although most of the stress analysis was limited to one single
article, 2D models have appeared in literature. Garcia et al. [13]
eveloped a 2D model to study the effects of size and size dis-
ribution of the cathode particles. This model, however, did not
onsider the real contact between different battery components
nd the real boundary conditions. Xiao et al. [14] developed a
ulti-physics, multi-scale model of a lithium-ion battery cell using

OMSOL, which considered the reaction kinetics, lithium diffusion,
nd diffusion induced stress. However, the contact algorithm in the
ulti-physics code was not robust enough and a continuous mesh

ad to be used across the components. The stress calculated by this
pproach may  only represent the condition in the center of a cell.

As for the thermal behavior of a lithium-ion battery, although
everal studies have addressed the issue of heat generation inside
ithium-ion batteries, most works were conducted to describe the
eat generation, temperature change, or their influence on certain
lectrochemical properties [15–18].  Few researches have consid-
red the thermally induced stress. As an extension of Xiao’s work,
u et al. [19] introduced thermal stress in a 2D lithium-ion battery
odel. The results showed that, for the separator, the influence of

he thermal stress was as significant as that of the lithium diffusion
nduced stress.

This paper presents a stress analysis for a separator in a pouch
ithium-ion battery cell. A pouch cell is manufactured by stacking
p layers of electrodes and separator films as showed schemati-
ally in Fig. 1 [20]. In this work, the pouch cell was  represented
y a macro-scale 2D plane strain model. The stress analysis was
erformed using a structural analysis package ANSYS.

Limited by the availability of the data and understanding on the
ulti-physics processes in lithium-ion batteries, at this stage of the
ork, all materials were assumed to be linear elastic and isotropic,

ll the material properties were considered to be independent of
ithium concentration and temperature.

. Separator

.1. About separators

In a battery, the separators are sandwiched between positive
nd negative electrodes and then spirally packed together in cylin-
rical or folded back and forth in prismatic configurations. The
ores of the separators are filled with some ionically conductive

iquid electrolyte [21]. Separators are intended to prevent elec-
ronic contact and enable ionic transport between the positive and
egative electrodes. In order to accomplish these functions, separa-
ors must be chemically and electrochemically stable towards the
lectrolyte and electrodes and mechanically strong to withstand
he high tension during the battery assembly and cyclic stresses in
harge–discharge cycles during its life time [21–24].

The battery separators can be broadly divided into three cate-
ories: porous polymer membranes, non-woven fabric mats, and
norganic composite membranes [21]. They are featured by the
hinness, high porosity, and excellent thermal stability, respec-
ively. Among them, the porous polyolefin membranes have been
ost widely used in liquid electrolyte batteries due to their com-
rehensive advantages in performance and cost [1,23,24].

Porous polymeric separators have been developed from sim-
le porous films to complex multilayer structures in order to meet
rces 196 (2011) 8129– 8139

the increasing demands of high-energy batteries. The thin layers
(<30 �m)  are made of polyethylene (PE), polypropylene (PP), or
laminates of these two. PE and PP are low cost polyolefin mate-
rials, which offer excellent chemical stability and good mechanical
properties [21].

2.2. Stress sources in separators

Besides the residual stress induced in the cell assembly pro-
cess and mechanical load on the battery pack, additional stresses
may arise in the separator during charge–discharge operation. Two
sources of stresses have been identified [14], one is due to the defor-
mation of the electrodes and the other is due to thermal expansion
differential between components.

For a typical LiyMn2O4 cathode and a carbon anode, the chemical
reactions for cell charging are shown as [25]:

Anode:

xLi+ + C6 + xe− → LixC6

Cathode:

LiyMn2O4 → xLi+ + xe− + Liy−xMn2O4

This moving mechanism is primarily based on the diffusion pro-
cesses: deliver lithium ions to the surface of the cathode, transfer
to and diffuse in the electrolyte through the separator, and then
transfer to and diffuse into the anode [2].  The discharging process
proceeds in the opposite direction. The intercalation and deinter-
calation processes result in volume changes in the active electrode
materials, and thus the entire electrode. In a tightly packed battery,
the fluctuations in the electrode sizes cause the separator to deform
and hence stresses.

The heat generation accompanied with electrochemical reac-
tions in a battery can be significant. The environmental
temperature also fluctuates. The difference in the expansion rates
of different battery components induces thermal stress in the sep-
arator.

3. Modeling methods

3.1. Depiction of multiphysical phenomena

The phenomena occurring inside a lithium-ion battery can be
generally classified into three groups: electrochemical, thermal,
and mechanical phenomena. Each group is described by a different
set of equations. Since they are strongly related to each other, they
will be investigated as coupled phenomena in order to accurately
and systematically analyze the stresses.

The electrochemical reactions serve as the foundation for all
these analysis. Detailed mathematical models have already been
established by Doyle et al. [3,4]. In the current study, the analysis of
electrochemical phenomena was  built upon these well established
mathematical models.

According to Wu et al. [19], the thermal stress imposed on the
separator due to the self-heating of the battery is substantial. To
understand the stress behavior of a lithium-ion battery, the self-
heating of the battery must be considered.

The general heat transfer equation is given by [17]:

�iCp i
∂T

∂t
= ∇ · (�i ∇T) + qi (1)

where from left to right, the terms denote heat accumulation, heat

conduction, and heat generation. i = a or c, where a represents anode
and c represents cathode.

The heat generation in a lithium-ion battery was  considered
based on the framework derived by Bernadi et al. [15] based on
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he energy balance of the battery system. There are mainly four
ources [17,19],  which can be written as

i = sa ijn i(�1 − �2 − Ui) + sa ijn iT
∂Ui

∂T
+

∑
k

�Havg
k

rk

+
∫ ∑

r

∑
s

(H̄rs − Havg
rs )

∂crs

∂t
dv (2)

here sa i is the specific surface area (m2 m−3) and jn i is the current
ensity (A m−2). In Eq. (2),  the first term is the irreversible resistive
eat, representing the deviation of the cell potential from its equi-

ibrium value; the second term is the reversible entropy heat; the
hird term is the chemical side reaction heat; and the fourth term
s the heat of mixing due to the generation and relaxation of con-
entration gradients. As revealed in Ref. [18], the heat of mixing
s relatively small compared to entropic and resistive heat, thus it
an be neglected. In this study, a binary electrolyte is assumed and
ide reactions and phase change effects are neglected. The energy
alance equation reduced to

iCp i
∂T

∂t
= ∇ · (�i∇T) + sa ijn i(�1 − �2 − Ui) + sa ijn iT

∂Ui

∂T
(3)

Experimental results of ∂U/∂T for LiMn2O4 [26] and LiC6 [27,28]
re used in this study.

For mechanical phenomena, a linear elastic behavior was
ssumed and Young’s modulus was treated as a constant in this
ork. Besides the mechanical (elastic) strain, the thermal strain

19] and diffusion induced strain also arise in lithium-ion batteries
7,14]. The constitutive relationship can be written as

ij = εme
ij + εei T

ij + εei c
ij = 1

E
((1 + �)	ij − �	kkıij) + ˛ij �Tıij

+ 1
3

�c˝ıij (4)

here εij is the strain component, E is Young’s modulus, v is the
oisson’s ratio, 	ij is the stress component, ıij is the Kronecker delta,
ij is thermal expansion coefficient, �T  is the temperature change
rom the reference value, �c  is the concentration change of diffu-
ion species from the reference value, and  ̋ is the partial molar
olume.  ̋ has a unit of m3 mol−1, which is the volume expansion
er mole of insertion species in the host material.  ̋ can be treated

ig. 2. Schematic of multi-physics coupling methods used in this work. The pseudo 2D ba
odel was  used to couple the macro-scale 2D model with the pseudo 2D models. Both th
rces 196 (2011) 8129– 8139 8131

as a coefficient analogous to the thermal expansion coefficient. For
isotropic volume expansion [16]:

 ̋ = 3ε

�ycmax
(5)

where ε is the intercalation induced strain along the major axis of
the material, �y  is the change of the number of lithium atoms, and
cmax is the stoichiometric maximum concentration.

3.2. Multi-physics coupling

There are mainly two  sources of stress in a separator associ-
ated with the operation of the battery: lithium diffusion induced
stress and thermal stress. The lithium and temperature distribu-
tions, therefore, are needed in stress analysis. This was  realized by
a set of models as illustrated in Fig. 2.

Fig. 2 shows three models: a pseudo 2D battery model at the top
panel; a macro-scale 2D model at bottom to the left and a 1D cross
section model to the right. The final stress analysis was performed
in the macro-scale 2D model and the other two models worked as
assistant models.

The pseudo 2D battery model consists of a 1D porous electrode
model and a 2D spherical particle model. This model is available
in COMSOL 3.5a [29], which was  built upon the model developed
by Doyle et al. [3,4]. The 1D porous electrode model considers the
electronic current balance, ionic charge balance, material balance,
and electrochemical interface kinetics, while the 2D spherical par-
ticle model provides the lithium concentration distribution in the
active particles for the 1D porous electrode model.

A previous study by Xiao et al. [14] has showed that the stress
inside the separator changed little while lithium concentration pro-
files inside the electrode relaxed during a 1000s open circuit period
in a charge–discharge cycle. In other words, the redistribution of
lithium ions inside the electrodes had negligible effect on the stress
inside the separator. Based on this finding, to simplify the model,
lithium ions inside each particle were assumed to be evenly dis-
tributed. As the result, the lithium concentration profile only varied
along the thickness direction of the electrodes.
The distribution of lithium ions in the thickness direction was
obtained by projecting the distribution of the 2D spherical particle
model onto the 1D cross section model. Each point of the 1D cross
section model represents an averaged value of lithium concentra-

ttery models were used to simulate electrochemical reactions. The 1D cross section
ermal and stress analysis were performed in the macro-scale 2D model.
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For all other sides, an adiabatic boundary condition was applied
because of the symmetric conditions. Inside the lithium-ion bat-
tery, heat can be conducted freely from one component to another;
132 D. Shi et al. / Journal of Pow

ion in a sphere particle of radius R derived from the 2D spherical
article model. The average lithium concentration inside a particle,
ave, was calculated by

ave = 1
(4/3)
R3

∫ R

0

4
r2c1dr = 3
R3

∫ R

0

r2c1dr (6)

In the 2D spherical particle model, a normalized radius distance
as used such that y = r/R, y ∈ [0, 1], the equation can be rewritten

s

eff i = 3

∫ 1

0

c1y2dy (7)

here ceff i is the average concentration of lithium in the ith elec-
rode particle in the 1D cross section model, c1 is the concentration
f lithium along the radius in the 2D spherical particle model. The
hrough thickness distribution of lithium concentration at each
lectrode obtained from Eq. (7) was then projected to the macro-
cale 2D model.

The thermal analysis was performed on the macro-scale 2D
odel using COMSOL. As presented in Eq. (3),  in addition to the

ithium ion concentration, some other variables such as current
ensity and potential are needed for the calculation of heat gener-
tion. These variables were directly projected from the 1D porous
lectrode model.

Inputting the above extracted distributions into the macro-scale
D model, the stress analysis of the battery could be performed
ubsequently.

. Macro-scale model

As introduced before, each cell is composed of parallel layers of
ifferent components. The stress in the middle part of the pouch
attery may  converge to a stable value, but the stress at the bat-
ery edges can vary greatly depending upon the separator wrapping

ethod and the actual geometry of the edges of the electrodes.
There are two ways to wrap the separator around the electrodes

uring assembly: wrap around the anode and/or wrap around
he cathode. In this work, all the transported lithium ions were
ssumed to come from the cathode. Under this condition, in one
harge–discharge cycle, deformation induced by lithium diffusion
auses the cathode to shrink and then expand back to its original
imensions. The deformation of the anode proceeds in an opposite
anner. Therefore, only the separator wrapped around the anode

s expected to experience high strain and stress fluctuations. The
hermal expansion under these conditions would reduce the stress
nd strain regardless of the wrapping method. In order to deter-
ine the maximum stress imposed on the separator, only the case

f wrapping the separator around an anode was considered.
The shape of the electrode edge may  change according to differ-

nt assembly methods. For the model in this research, the separator
as assumed to wrap tightly around the anode and the transition

rea (edge) was considered to be annulus. The maximum stress
ields from this model can be considered as the lower bound when
ompared to other possible conditions.

.1. Model depiction

The macro-scale 2D model is shown in Fig. 3. The model is regu-
arly shaped with smooth surfaces. A Cu/LiyC6/PP/LiyMn2O4/Al cell
as been selected in this research. The components from the bot-
om to the top are anode current collector (Cu), anode, separator,

athode 1, cathode current collector (Al), and cathode 2. The sepa-
ator is wrapped around the anode and assembled tightly with the
node and cathode. It is important to note that a 1.5 cell model was
uilt in this study instead of a full cell. If a full cell were modeled,
Fig. 3. Schematic of the structure of the model.

one layer of cathode and one layer of collector would form an asym-
metric beam which tends to bend under diffusion induced stress in
the cathode layer so to separate away from the separator. In most
cases, since the collector is coated with cathode layers on both sides,
the bending forces will always be counteracted by each other. To
represent this common situation, one needs to add another cath-
ode layer into the full cell model, and therefore a 1.5 cell model was
formed. The collector for the anode is coated at both sides as well.
This was  represented by a symmetrical boundary condition at the
lower surface of the current collector in the model.

Fig. 4 presents the schematic of the mechanical boundary con-
ditions of the macro-scale 2D model. There are two groups of
boundaries in this model: external and internal. To set the boundary
conditions, one needs to consider the production process of battery
cells. At the beginning of the production process, a cathode paste is
spread on an Al foil (cathode current collector) and an anode paste
is spread on a Cu foil (anode current collector), and therefore the
electrodes and their corresponding collectors are always bonded
together. These bonded components are then wrapped sequen-
tially with separators [30]. Relative slip can occur on the interfaces
between a separator and its adjacent electrodes. Due to this produc-
tion process, for the internal boundaries, a contact relationship was
assigned at the boundaries between the separator and electrodes
in the model; and the boundaries between the electrodes and the
corresponding current collectors were modeled as continuous. For
the external boundaries, the prismatic pouch cells have a flexible,
foil-type case. Distributed normal pressure was assigned to the top
boundary. The default value for this pressure was  10 psi. A sym-
metric displacement boundary condition was  assigned to the left
and bottom boundaries. The rest of the external boundaries were
free boundaries.

As to the thermal boundary conditions, a convective boundary
condition with a coefficient of H = 5 W m−2 K−1, corresponding to
the case in air, was assigned to the right and up side boundaries.
Fig. 4. Schematic of mechanical boundary conditions for the real 2D model.
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herefore, free conductive boundary conditions were applied for all
he inner boundaries.

.2. Effective material properties

The separator and electrodes are porous and filled with elec-
rolytes. In this research, all components were modeled as a
omogeneous solid medium. The material porosity was  taken into
onsideration through the use of effective properties. This study
as focused on the stress in the separator. It was  assumed that,
hen observed macroscopically, the local details of the electrodes
ould not constitute a significant influence on the stress in the

eparator. In other words, the same macroscopic behavior can be
btained with the effective properties of a homogenized medium,
s long as the equivalent macroscopic strains of the electrodes are
enerated.

.2.1. Diffusion and thermal induced expansion coefficients
A porous solid filled with electrolyte can be treated as a compos-

te of the solid material and electrolyte. In this study the electrolyte
as considered to be compressible, but its volume variation due

o Li+ concentration change was assumed to be negligible. In
lectrodes, only the active particles experienced lithium diffusion
nduced volume change. To account for this influence, an effec-
ive diffusion expansion coefficient was estimated by the rule of

ixtures similar to composite systems as [31]:

eff =
∑

i

ˇiVi =
∑

i

1
3

˝iVi (8)

here ˇeff is the effective diffusion expansion coefficient of the
omposite and ˇi and Vi are the diffusion induced expansion coef-
cient and the volume fraction of the ith phase, respectively.
eglecting the contribution of the electrolyte phase, the expression
an be reduced to

eff = ˇpVp = 1
3

˝pVp (9)

here ˇp and Vp are the diffusion induced expansion coefficient and
he volume fraction of the active particles, respectively. With this
ffective diffusion expansion coefficient, the macroscopic equiva-
ent strain of an electrode due to lithium insertion and extraction
an be obtained.

The effective thermal expansion coefficient of the electrode was
stimated in the same way, but the expansion of the electrolyte
annot be neglected. The effective thermal expansion coefficient is
efined as:

eff =
∑

i

˛iVi (10)

here ˛eff is the effective thermal expansion coefficient of the com-
osite and ˛i is the diffusion induced expansion coefficient of the

th phase.

.3. Thermal conductivities and specific heat capacities

The method used to obtain the effective thermal conductivity
nd specific heat capacity was very similar to the one for expansion

oefficients. For 1D problem, the effective thermal conductivity is

alculated by keff

∑
i

Li =
∑

i

kiLi [31], where keff is the effective

hermal conductivity of the composite, ki is the thermal conduc-
rces 196 (2011) 8129– 8139 8133

tivity of the ith phase, Li represents the length of ith component. In
a 3D space, Li is replaced by an effective length Li ≈ 3

√
Vi and hence

keff =
∑

ikiLi∑
iLi

≈
∑

iki
3
√

Vi∑
i

3
√

Vi

(11)

The effective specific heat capacities were calculated by [31]:

cp eff =
∑

icp imi∑
imi

=
∑

icp i�iVi∑
i�iVi

(12)

where cp eff is the effective specific heat capacity of the composite,
cp i is the specific heat capacity of the ith phase, mi is the mass
fraction of ith phase, and �i is the density of the ith phase.

4.3.1. Young’s modulus
Similarly, Young’s modulus of a porous electrode is different

from that of an electrode particle. The effective modulus of a com-
posite consisting of particles dispersed in a matrix was found to
fall between the following upper and lower bounds, respectively
[31,32]:

Upper bound : Eeff = EmVm + EpVp (13)

Lower bound : Eeff = EmEp

VmEp + VpEm
(14)

where Eeff is the effective Young’s modulus of the composite, and Em

and Ep are Young’s moduli of the matrix and particles, respectively.
In this work, the mass fraction of the active materials in elec-

trodes was  assumed to be 0.8 [33]. From the mass fraction and
densities of battery components, the computed volume fraction of
the active materials was 0.69 for the carbon anode and 0.53 for
the LiMn2O4 cathode. At a high particle volume fraction, the upper
bound estimation provides a closer approximation [32] and, there-
fore, the upper bound prediction described by Eq. (13) was  used to
calculate the effective Young’s modulus.

Table 1 provides a summary of the material constants reported
in the literature [4,13,14,21,29,34] and the effective values com-
puted using the rule of mixtures described in Eqs. (8)–(14) for
different battery components.

5. Simulation

5.1. Simulation conditions

The strain and stress of a separator in a Cu/LiyC6/PP/LiyMn2O4/Al
battery at the end of a charging period were investigated. The charg-
ing process consisted of two steps: charge the battery at constant
current until reaching a voltage of 4.2 V, and then hold the cell volt-
age at 4.2 V while gradually reducing the charging current until it
drops to a small percentage of the initial value, such as 3%. At this
point, the battery is considered to be fully charged [35]. The stress
free conditions were assumed to be those of the battery before the
first charge.

In normal operation conditions, the concentration of Li+ in elec-
trodes is in the range of 0.2–0.9 in terms of the state of charge
(SOC)—the ratio of local lithium concentration to stoichiometric
maximum concentration. In this work, the battery initially was at a
discharged state with a SOC = 0.2 for anode and SOC = 0.9 for cath-
ode. During charging, the SOC increases in the anode and decreases

in the cathode. The SOC distribution in an electrode is not uniform.
Fig. 5 depicts the SOC distribution for each electrode along its thick-
ness at the end of a charging period. This was obtained by charging
a battery for 3400s.
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Table 1
Material properties of different battery components used in simulations.

Unit Cu Anode Separatora Cathode Al Electrolyte

Electrochemical constants
Density kg m−3 8700 2223 900 4202 2700 1210
Stoichiometric maximum concentration mol m−3 2.64 × 104 [4] 2.29 × 104 [4]
Initial concentration mol  m−3 5000 20500 2000
Diffusion coefficient m2 s−1 3.9 × 10−14 7.08 × 10−15

Partial molar volume m3 mol−1 4.17 × 10−6 3.5 × 10−6

Effective partial molar volume m3 mol−1 2.88 × 10−6 1.86 × 10−6

Porosity 0.26 0.42 [21] 0.407
Active volume fraction 0.69 0.53
Thermal constants
Thermal expansion coefficient K−1 17 × 10−6 4.06 × 10−6 13.32 × 10−5 8.62 × 10−6 23.6 × 10−6 12.4 × 10−6

Effective Thermal expansion coefficient K−1 6.025 × 10−6 82.46 × 10−6 9.615 × 10−6

Specific heat capacity J kg−1 K−1 386 623 1883 672 897 1800
Effective specific heat capacity J kg−1 K−1 823 839[34]
Thermal conductivity W m−1 K−1 398 6.5 2.16 6.2 237 0.099
Effective thermal conductivity W m−1 K−1 3.81 3.28
Heat transfer coefficient of air W m−2 K−1 5
Mechanical constants
Young’s modulus GPa 117 12 0.5 10 70 1 MPa [13]
Effective Young’s modulus* GPa 8.88 5.93

0

5

o
t
s

F
d

Poisson’s ratio 0.35 

a All the none-electrolyte parts are treated as solid particles.

.2. Stress distribution in the separator
Cell models of different lengths were investigated. It was
bserved that the maximum stress always occurred at the end of
he charging period, and was located at the inner surface of the
eparator where it wrapped around the corner of the anode. Mean-

ig. 5. Final SOC along the thickness of (a) anode and (b) cathode. The x coordinate
istance denotes the y value in Fig. 3.
.3 0.35 0.3 0.34 0.25 [13]

while, a homogeneous stress field was  observed in the major part of
the separator, which was  away from the right side boundary. Fig. 6
presents the Von Mises stress distribution across the cell at the end
of charging. The Von Mises stress is defined as [36]:

	 =
√

2
2

[
(	1 − 	2)2 + (	2 − 	3)2 + (	3 − 	1)2]1/2

(15)

where 	1, 	2 and 	3 are the three principle stress components.
In general, the Von Mises stress governs the yielding and flow
behavior of an isotropic material under a three-dimensional state
of stress.

Fig. 7 presents the strain contours obtained around the edge.
When the strain was  plotted in the x and y directions, the corre-
sponding maximum values were found along the horizontal and
vertical segments of the separator near the edge. When plotted in
the 1st principle strain, the maximum value in the separator was
found at the area in contact with the edge of the anode. As shown,
the contour of the 1st principle strain of the separator followed the
shape of the edge, and this can be a potential failure area.

5.3. Thermal effect

For a battery in operation, temperature rise is an inevitable
phenomenon. The thermal stress resulted from non-uniform ther-

mal  expansion can change the stress conditions in the separator
significantly. The results showed that the temperature near the
convective boundary was relatively low due to the direct convec-
tion with air. However, the gradient of the temperature field was

Fig. 6. Von Mises stress [Pa] in the separator. The maximum stress always located in
the inner surface of the separator where it wrapped around the corner of the anode,
while homogeneous stress fields were formed in the major part of the separator.
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Fig. 7. Contours of strain [m m−1] components in the separator near the corner.

Table 2
Comparisons of strain & stress in the separator with or without thermal effects.

Average x-strain (%) Average y-strain (%) Maximum Von Mises stress (MPa) Maximum 1st principal stress (MPa)

v
o
a
t

a
x
b
s
t
i
m
d
c
c

t
t
t
e
d
r
I
s
b
d

Without thermal effect 0.729 −0.40 

With  thermal effect 0.806 0.20 

ery small over the entire cell. This is due to the fact that the rate
f heat conduction is much higher than the rate of heat generation
nd the cell is very thin. The temperature filed, therefore, can be
reated as uniform [28].

The comparisons of the models with and without thermal effects
re listed in Table 2. As expected, with the thermal effects, the total
-displacement of all battery components increased as a result of
oth mass diffusion expansion and thermal expansion. The corre-
ponding average x-strain of the separator increased from 0.729%
o 0.806%. The stress in the separator decreased dramatically after
ntroducing thermal effects into the model. As shown in Fig. 8, the

aximum Von Mises stress dropped 43% from 27.2 MPa  to 15.5 MPa
ue to the differential in thermal expansions among the battery
omponents. The results showed that, to represent the real working
onditions of a battery, thermal effects need to be included.

It should be noted that the separator will begin to shrink when
he temperature is higher than 90 ◦C. In this work, the maximum
emperature was less than 60 ◦C and thus the unusual shrinkage of
he separator was not considered. Furthermore, the material prop-
rties of battery components may  vary with temperature. However,
ue to the complexity of the problem and lack of data, the mate-
ial properties were treated as constants in most of the studies.

n this work, all the numerical studies were conducted under the
ame temperature, thus, the influence of the thermal effect can
e avoided when the effects of design adjustable parameters were
iscussed.

Fig. 8. Von Mises stress [Pa] in the separator (a) without and (b) 
27.2 17.8
15.5 10.9

5.4. Effects of design adjustable parameters on stresses in the
separator

Due to the linear assumptions, the current model cannot be used
to perform failure analysis. However, it can be used to analyze the
general influence trends of some design adjustable parameters on
the stresses in the separator, and to improve the performance of
the separator accordingly.

All lithium-ion batteries undergo a similar production process.
However, there are some variations between batteries due to mate-
rial selection and the shape of the battery components. A series
of parameters were found to have a potential effect on the strain
and stress conditions of a separator. These parameters include the
porosity, interactive forces between the separator and electrodes,
pressure, thickness of the separator, and electrode particle sizes
[4,7,13]. Since these parameters can be adjusted in the design stage,
thus they are named as design adjustable parameters. They can be
generally classified into three groups: external parameters, internal
parameters and manufacturing parameters as shown in Table 3.

In this work, only one parameter in each category was  investi-
gated. They are friction, electrode particle radius, and thickness of
the separator.
5.4.1. Friction
The contact between the separator and electrodes may result in

friction and viscous resistance. In the numerical models, a contact

with considering thermal effects in the whole battery field.
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Table 3
Categories of design adjustable parameters.

Category External parameters Internal parameters Manufacturing parameters

Parameters

Friction Particle radius Thickness
Pressure
Temperature
etc.  

r
i
e
t
e
d
t

e
g
1

Fig. 9. Stresses versus effective friction coefficient.

elationship was defined and a corresponding effective friction was
ntroduced for each pair of components in contact to simulate the
ffects of these interactions. Since the separator is relatively soft,
he influence of the interactions between the separator and the
lectrodes can be significant. In this work, simulations were con-
ucted with different effective friction coefficients ranging from 0.0
o 0.4.
As shown in Fig. 9, the influence of friction was significant. Gen-
rally an increase in the effective friction coefficient resulted in a
reater maximum stress evaluated by both Von Mises stress and the
st principal stress. This can be explained by the fact that, in order

Fig. 10. Von Mises stress [Pa] in the corner under different friction conditions. Incr
Porosity Multiple separators
Diffusivity Corner shape
etc. etc.

to generate a certain degree of deformation, the separator needs to
overcome the resistance from itself as well as the surrounding com-
ponents. Since the resistance from the surrounding components
increases with friction, to generate the same amount of overall
deformation, the local deformation of the separator (where friction
occurs) will need to increase to counteract it.

The friction coefficient not only affects the magnitude, but also
the location of the maximum stress, as shown in Fig. 10.  As a higher
friction coefficient caused the maximum stress to increase, the high
stress area in the separator gradually shifted from the center to the
upside of the edge. This phenomenon can be explained by the fact
that the anode had a much larger contact area with the upper side
than the right side of the separator. When friction was introduced,
the relative displacement between the separator and the anode was
restricted. The larger contact area at the upper side of the anode
resulted in a larger friction force as compared to its right side. This
increased the magnitude of the maximum tensile stress in the sep-
arator and moved the location of stress concentration. It is also the
reason that the stress values obtained by numerical simulations
fluctuated around the trend lines in Fig. 9.

In the stable stress area in the separator away from the right
side boundary, the Von Mises stress value dropped slightly from
2.71 MPa  to 2.62 MPa  upon introducing friction. Further increases
in the value of the friction coefficient, however, had no further effect
on the Von Mises stress, as shown in Fig. 11.
From the above results, it can be concluded that friction can only
affect the separator near the edge of the electrode by shifting the
location of the maximum stress and changing its magnitude. Gener-
ally, a reduced stress concentration in a separator could be realized

eased effective friction coefficient shifted the position of the high stress area.
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Fig. 11. Von Mises stress in the stable area of the separator.

Table 4
Three pairs of particle radius.

Pair1 (r10)a (�m) Pair2 (r50) (�m) Pair3 (r90) (�m)

Anode 8.4 11.5 16
Cathode 2.45 3.35 4.65

s

b
a

5

e
l
i
r
i

r
t
T
o

f
o
c
t
c
c
p

a The definition of r10 is: the equivalent radius of 10% of the electrode particles is
maller than this value [39]. The definition of r50 and r90 can be derived similarly.

y reducing or softening the interactions between the separator
nd its surrounding electrodes.

.4.2. Particle radius
Particle radius is an important factor that researchers are inter-

sted in. It has been shown that smaller particle radii reduces the
ithium concentration gradient and lowers the hydrostatic stresses
nside the active particle [7,13].  However, the influence of particle
adii on the overall deformation of the electrode and the separator
s not known.

In this part of the study, three pairs of anode and cathode particle
adii were used to perform the analysis. These values correspond
o r10, r50, and r90 particle radius in Ref. [37–39],  as shown in
able 4. While the particle radius was altered, the volume fraction
f the active material was kept the same for both electrodes.

Fig. 12 presents the SOC through the thickness of the electrode
or both the anode and cathode at the end of a charging period
btained with different particle radii. As shown, the particle radius
ould change the average cross-section lithium concentration. For

he anode, larger anodic particle radii resulted in smaller lithium
oncentration gradients, while the cathodic particle radii could only
hange the absolute values of the concentration. Larger cathodic
article radii resulted in greater concentration gradients, while

Fig. 13. Maximum Von Mises stress in the separator at the end of a
Fig. 12. SOC along the thickness of (a) anode and (b) cathode at the end of a charging
period with different combinations of particle radii.

larger anodic particle radii reduced could the concentration gra-
dient.

Fig. 13 presents the maximum Von Mises stress of the sepa-
rator under differing particle radii. As shown, the maximum Von
Mises stress was maintained around 15.5 MPa  regardless of the par-
ticle radius. This can be explained by the fact that even though the

lithium concentration along the thickness changed with the parti-
cle radius, the overall changes in both electrodes were very small.
Taking the anode as an example, large particle radii (16 �m for the
anode and 4.65 �m for the cathode) could increase the concentra-

 charging period with different combinations of particle radii.
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Fig. 14. Von Mises stresses in the separator with different thicknesses.

ion in the area close to the collector up to 1.2%, but also decreased
he concentration in the area close to the separator by the same per-
entage. Therefore, the average concentration in the whole anode
hanged only slightly.

In conclusion, with the same volume fractions of active materi-
ls for both electrodes and under the same temperature variation,
he particle radius did not yield any noticeable effect on the max-
mum stress of the separator. It should be noted that, in reality,
maller particles are often preferred due to better rate performance
nd decreased lithium gradient induced hydrostatic stresses inside
he particles [7,13].

.4.3. Separator thickness
A thin separator is desirable in order to reduce the internal resis-

ance and improve the power and energy density of the battery [22].
owever, the abuse tolerance concern must also be addressed. The

hicker the separator is, the greater the mechanical strength and
he lower the probability of puncture penetrations. The most widely
sed thickness for the separator of lithium ion batteries ranges from
0 �m to 30 �m.

As shown in Fig. 14,  in the range of 20–30 �m,  the maximum
on Mises stress in the separator near the electrode edge increased
hile the stress in the stable stress area slightly decreased with

ncreasing the separator thickness. This suggests that a thinner sep-
rator would be subjected to a lower maximum stress during cell
peration. Nevertheless, it should be noted that thinner thickness
ould also bring in lower mechanical strength and higher proba-
ility of puncture penetrations. Thus, thinner thickness does not
ecessarily decrease the chance of failure.

Parallel to this study, the viscoelastic behavior of polymeric
eparator in a battery environment and its modeling is under
nvestigation [40]. In future work, a time, temperature dependent
onstitutive model for separator will be incorporated in the model
or stress analysis of the separator.

. Summary and conclusion

A macro-scale 2D 1.5-cell model was developed to evaluate
tresses in the separator of a pouch cell. Coupled with previ-
usly developed multi-physics models, three groups of phenomena
ccurring inside the battery cell, namely electrochemical, thermal,
nd mechanical phenomena, were considered. Lithium diffusion
nduced and thermally induced stresses in the separator were
nvestigated.

In the macro-scale 2D model, the electrodes and the separator

ere treated as homogenized media. The porous electrodes were

onsidered as composites of electrode particles in an electrolyte
atrix, and their effective properties were computed using the rule

f mixtures.

[
[

[

rces 196 (2011) 8129– 8139

It was  demonstrated that the maximum stress in the separa-
tor always emerged at the inner side of the separator where it
wrapped around the electrode edge when the lithium ion battery
was fully charged, and the rest of the separator was  in a relatively
low and stable stress state. Thermal effects were demonstrated to
be significant. The simulations revealed that although the thermal
expansion increased the average strains in the electrodes and the
separator, the local maximum stress and strain in the separator
actually decreased with rising temperature.

Three groups of design adjustable parameters were studied at
the same fully charged state. The results showed that the maxi-
mum Von Mises stress increased with increasing the thickness of
the separator and the effective frictions between the separator and
its adjacent electrodes. Under the same volume fractions of active
materials, the particle radii had a negligible effect on the stress in
the separator.
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