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Abstract: The transient and thermo-electric finite element analysis (FEA) of a 2D lithium-on (Li-ion) battery is

presented. The process of recharging and discharging of thin film

lithium-ion (LiFePO,) battery in the presence of

a transversal crack is numerically investigated. During this process significant temperature load influences the be-

havior of the battery and thermal fields can affect the way crack propagates into the thin film media. The simula-

tions infer about relationship between temperature and electric field and their effect on crack propagation. A Li-ion

battery model suitable for this investigation is implemented in the multi-physics software package by COMSOL

Inc. ., and it is extended to include the thermal and electrical effects. Results and discussion are accompanied with

pertinent conclusions.
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1 Introduction

During cyclic charge and discharge process in
a lithium-ion battery, lithium ions diffuse from
one electrode to the other. This reaction deforms
the electrodes and may cause the electrodes to
crack. Several investigators have analyzed various
rigorous models for lithium-ion batteries based on
the porous electrode theory coupled with concen-
tration solution theory and modified Ohm' s

[" " There have been several important ad-

law
vances in these lithium-ion battery models in re-
cent years, particularly in thearea of thermal
modeling™ and capacity fade mechanism model-
ing'™. The governing equations in these models
are nonlinear, coupled, and multidimensional
partial differential equations to be solved simulta-
neously in time along with some highly nonlinear
algebraic expressions for transport and kinetic pa-
rameters. Rigorous lithium-ion battery models

need anywhere from several seconds to minutes to
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simulate a discharge process and solution depends
on numerical schemes adopted, computer power,
and solver used, etc. This computational difficul-
ty in using rigorous battery models is due to the
large number of equations that result from finite
difference reformulation of battery models.

This paper simulates the crack propagation in
a lithium-ion LiFePO, battery cathode due to
thermal and electric effects. An existing COM-
SOL Multiphysics® lithium-ion battery model is
extended here by adding an energy balance and
the temperature dependence of properties of the
battery. This thermal model is developed based on
the two-dimensional model and a thermal and
electrically coupled model. In the model presen-
ted here, the diffusion coefficient of Li-ions in the
solid phase and electrolyte, the reaction rate con-
stants of the electrochemical reactions, the open
circuit potentials, and the thermal conductivity of

the binary electrolyte depend on temperature.
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2 Mathematical Model Implemented
in COMSOL

A schematic of a lithium ion battery is shown
in Fig. 1. Let the piece-wise plane or half-infinity
plate concern to right rectangular Cartesian coor-
dinates Oxy and consist of half-planes. Top half-
plane is cathode (1), bottom half-plane is anode

(2), and they are connected with separator (3).
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Fig. 1 2D schematic of battery model showing crack of

length & on the cathode

It is also assumed that a crack is present on
the cathode side. The energy balance inside the
cell fields is defined as in Refs. [1,5]

pc,,%:vw/\Vqu &,

where the local source term is given by
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where C, is volume averaged specific heat capacity
(J/(kg K)), p the density (kg/m’). ¢ the local
potential with respect to Li/Li" (V), and 1 and 2
indicate the matrix and solution phases, respec-
tively; kp is the diffusion conductivity of the elec-
trolyte (A/m), A the concentration in solution
phase (mol/m?®), the thermal conductivity (W/
(m + K)), and a the specific area of an electrode
(m™"). The first three terms arise from Ohm's
heating in the solid and solution phases. The last
term is the heat generated due to charge transfer
at the electrode/electrolyte interfaces. This in-
volves a reversible part, proportional to d¢; /3T
and an irreversible part, proportional toz; . Neg-
lecting the heat generated due to charge transfer
reactions at the interfaces, the heat generation re-

duces to

q:6V¢1 'v¢1+kv¢2’v¢z+ku'vlnfg'
Vg, +ajiy; j=n.p (3)
Herein the surface over-potential, »; . is de-

fined as

7]1‘:951*932*93]’@[*6%13/4 j:n,P 4

J

where ¢ is the conductivity of the matrix phase
(S/m), n the negative electrode, p the positive
electrode, and ref indicates the reference state.
The last term on the RHS denotes the loss due to
a resistive film formed over the electrode parti-
cles. The value of the resistance of this film is not
known and, therefore, it is used as an adjustable
parameter. The equilibrium potentials ¢; . are
known to vary strongly with state of charge
(SOC) and are expressed as functions of §; ,
where

g, =S iy 5)

max

Lj
and ¢, is the solid phase concentration (mol/m?®).
Expressions obtained from fitting the experimen-
tal data are used to represent the variation of
O;.er. The last term in Eq. (4) is included in order
to correct for film resistances at the electrode/e-
lectrolyte interfaces.

By applying Ohm's law for charge transport
in the solid and solution phases, and after modifi-
cation to account for concentrated solutions, the
governing equations for potential distributions in

the two phases are expressed as

Ve (Vg — ] =0 (62)
VAR (O‘CﬁVgé1)+v . (kD M VInCz)+]:O
(6b)

where J is local volumetric transfer current densi-
ty due to charge transfer (A/m’), and the effec-
tive conductivities are given by Bruggeman's cor-
relation

BT =keb™  j=n,s.p 7
and
o =gelmE J=n.p (8)
where s is the separator, and the diffusion con-
ductivity kp is given by

_ 2RTRT(t7—1) slnf
- F [1 - Hlncz}

Assuming constant values for transference num-

kp (€D)

ber solution phase diffusivity, the differential

term vanishes from Eq. (9). The effective diffu-
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sivity is given by Bruggeman's correlation""

s =D, b

as

J=n.8:p aom

3 Initial and Boundary Conditions

Uniform initial conditions were used for T,

¢; and ¢, at

t=0,T=T" for x,y=0
t=0,c,,;,=cl,; for x,y=0 1D
t=0,c, =cy for 2,y =0

Flux boundary conditions are applied for the
dependent variables at all boundaries, except the
current collector/tab interfaces. For tempera-
ture, the flux is equated to the heat lost to the
surroundings using Newton' s law of cooling,
while for the potentials and solution phase con-
centration, the respective fluxes are equated to
zero. The expressions are

2L —ner—m0

I

dm

D
dm am

(12)

dc,

o=
where m denotes the outward normal to the
boundary. At the interfaces between the positive
electrode/separator and separator/negative elec-
trode, the concentration of the binary electrolyte
and its flux are continuous, i. e.
Cola =1y =y =1,

.=, +1) =c,.,=U,+1)"
The boundary condition for ¢; changes at the

13

tab/current collector interfaces. On the copper
current collector/tab interface, ¢, is arbitrarily set
to 0, while on the aluminum current collector/tab
interface, the matrix phase current density is e-
quated to the applied current density, i. e.

eff dJ 1
J

=l J=Nsp QEY)

Im

For diffusion inside the electrode particles at

e
y=0. TE=0 j=np
dy
) ] (15)
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At all interfaces, all fluxes on the left of the

interfaces are equated to those on the right™ to

maintain continuity of fluxes at the interfaces be-
tween the different regions with the following ex-

ceptions at

peff I 4 et dlne, | _
dy |+ P dy |+
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where "Cu, n" is the interface cupper current col-
lector-negative electrode, while "p, Al” is the in-
terface positive electrode-aluminum current col-

lector.

4 Analysis Procedures

The following geometry is considered: the
cathode length is 15 X 10°° m, the separator
length is 5X10 ° m, and the anode length is 10X
10° m. The width /is 10 * m. A crack along the
y-axis is simulated on the cathode side. Acrack
length ratio is defined as a, =b/c, where b is crack
length, a is cathode material thickness. During
the numerical simulations value is varied with
steps of 0. 1. The range of the voltage is chosen
from LiFePO, battery specification, where mini-
mum value is recommended at 2. 2 V, maximum
at 4.2 V, and nominal at 3.2 V. For this reason
simulations are carried out between 4. 0 V and
2.4 V. At the same time, temperature field is
applied, including room temperature (25 °C),
200 °C, and 400 °C, within the range of tempera-
tures occurring during charging and dischar-
ging!™. Simulation parameters are presented in
Table 1.

Table 1 Parameter values used in the model

Parameter Value

Module of elasticity E/MPa 120—2 000
Poisson’s ratio 0.3
Diffusion coeff. in a phase/(m?* « s™') 7.08X10°"
Anode heat transfer coeff. /(W ¢« (m*K) 1) 1.0
Cathode heat transfer coeff. /
(W (m*K)™ 1)

Equilibrium cell voltage/V

10

2.4—4.0

Temperature/K 298.15—673. 15
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The fundamental equations presented in Sec-
tion 2 are implemented in COMSOL. The mathe-
matical model described in Section 2 is a multi-
scale model. We developed several geometries
using this software: geometry which consists of
three sequentially connected lines to represent the
positive electrode, the separator, and the negative
electrode, respectively. The concentration of Li-
ions in the solid phase is solved in the 2D geome-
try. The concentration of Li-ions on the top
boundary in the 2D geometry is projected by using
" boundary extrusion coupling variables”. The
thermal behavior of the Li-ion battery during
pulse discharge is also simulated in COMSOL
Multiphysics®. Each computation required 6—
7 h on computer with CPU i5 and RAM 4 GB.
Complete mesh consists of 2 370 elements and

22 900 DOF. The battery is discharged for 3 000
s until the cell voltage dropped to 2.4 V.

5 Results and Discussions

The thermal effect on the cell voltage is
shown in Figs. 2—4. Fig. 2 shows cell voltage for
a singledischarge process from 4.0 V to 2.4 V
under different crack lengths at room tempera-

ture, while Figs. 3—4 show cell voltage for a sin-
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Fig. 2 Cell voltage for a single discharge process under

different crack lengths at room temperature
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Fig. 3 Cell voltage for a single discharge process under

different crack lengths at 200 °C
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Fig. 4 Cell voltage for a single discharge process under

different crack lengths at 400 °C

gle discharge process under different crack
lengths at 200 °C and 400 °C, respectively. The
voltages are same and the difference between
graphs is very small for very small crack lengths.
When the crack length is in the range the temper-
ature does not influence the electric potential.
However, when the crack length increases (a, >
0.4), the temperature has a more significant in-
fluence on the electric potential, the higher the
temperature, the higher the effect on the electric
potential.

Figs. 5—6 show the temperature distribution
due to the charging and discharging process. In
particular, Fig. 5 shows the temperature on the
cell surface during a charging process from 2.4 V
to 3.2 V with different crack lengths in the range
a,=0.1

ture are present if the crack length is small (a, <<

0. 6. Only small variations in tempera-

0.4), while much larger increase is evident for
larger cracks. Fig. 6 shows the temperature of the
cell surface during a charge process from 3.4 V to
3.8 V and the cathode is damaged with different
crack lengths as in Fig. 5.

Similarly to what is presented in Fig. 5, only
small variations in temperature are present if the
crack length is small (for this charging case a, <<

0.3) , while much larger increase is evident for
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Fig. 5 Cell surface temperature during charging process

from2.4 Vto3.2V
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Fig. 6 Cell surface temperature during charging process

from 3.4 V10 3.8V

larger cracks. Fig.7 shows an example of salt
concentration profiles of the solid polymer elec-
trolyte separator at the interface with the cathode
and anode which, in the case reported in this fig-
ure, correspond to the end of a single discharge
process (2.4 V) with the presence of a crack with
length a, =0. 6. Room temperature is considered
in the simulation. The salt concentration is a func-
tion of time and crack length, temperature, volt-
age and the evolution during the process of char-
ging and discharging can be monitored to evaluate

salt distribution in the presence of a crack and its

propagation.
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Fig. 7 Electrolyte salt concentration
6 Conclusions

The fundamental equations to account for the
thermal and electric influences on crack propaga-
tion in a thin film lithium-ion cathode have been
implemented in COMSOL Multiphysics® ver. 4.3

on an existing Li-Ion battery model. The thermal
behavior of a lithium ion battery during discharge
process can be predicted by using the developed
model. There is a direct dependency between the
cathode crack length and the voltage, and between
the temperature distribution and the voltage.
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