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Abstract

In this paper, we report a new development of battery-thermal-structure-interaction (BTSI) based on previously developed
electrochemical Lithium-Ion models: i) a single insertion lithium metal model, and ii) a dual insertion composite model. In 10 cells of
a lithium ion battery stack, each cell consists of Graphite(LiCs) anode/Separator/high performance layered LMO(LiMn;Oy4) or
NCM(LiNi;3Co13Mni30;) cathode, which has been strongly proposed as a candidate for automotive batteries because of its high
capacity, thermal stability, and low volume change rate (cycle performance). For the thermal-mechanical analysis, each layer in a cell
and outside case are modeled corresponding to their material properties. Then, a rigid ball impacts center top position of the cell stack
in order to investigate the thermal and mechanical responses of a lithium ion battery stack. To see the cell responses in different state
of charge (SOC), we selected the first 20 second of the discharging processes. The results show that after the ball impact the cell stack,
then the mechanical deformation started and 6 seconds after the ball compressed, a strong hot spot developed inside cell stack and the
temperature increased exponentially over the melting point of the lithium, 453K. Although we demonstrated a simple impact problem
to show how to simulate the electrochemical-thermal-mechanical problem, the current solver can be used to solve more practical
problems such as a cellular phone drop test, notebook battery impacting test, and even deformation test of the scaled-up electric
vehicle(EV) battery pack.

Introduction

The research and technology of lithium-ion batteries (LIB) has grown extensively since Sony first introduced it
on the market in 1991. Such a technology nowadays becomes a stand power source in a broad range of
indispensable life equipment including cellphones, laptop computers, and electric vehicles (EV). The most
comparative advantages of LIB from the conventional batteries include [1]: 1) efficient rate and high power
discharge capability, ii) distinguished specific energy and its energy density, iii) stable operation with a wide
range of temperature, iv) small discharge rate and long life cycle, and so on. Such excellent features now make it
possible to replace EV batteries gradually. For example, the Nissan Leaf and most of Tesla Motors’s models are
widely known commercialized EVs that contain LIBs. Generally, the battery pack in EV are made up of thousands
of cells so that it can be possible to accelerate the car from 0 to 60 miles per hour within a few seconds.
Furthermore, comparatively long range driving can also be possible with increasing power density of LIB.
Although LIB has many excellent features and it has been proven that LIBs are safe enough to the commercial
EV, as more energy is stored, more possible dangers for the safety arise. One of the most dangerous and extreme
issues with LIB safety is the possibility of thermal runaway [2]. In fact, accidents due to battery malfunctions
have been reported. For example, a Tesla model S caught fire started in battery after the EV hit metal debris on a
highway [3]. Therefore, it is inevitable that more improvement in the area of the thermal safety is required [2]. In
addition, the demand for improvement from thermal degradation in high temperature situations is undeniably
required [1].

Chen and Evans [4,5] extended thermal modeling of lithium/polymer battery model to electric vehicle (EV)
application using a scaled-up 2D and 3D heat condition model for the serially connected unit cells and parallel
connected cell stacks. Without directly calculate the heat generations from LIB models, they used the theoretical
capacity equations which fitted by using empirical parameters for discharge and charge processes. The main
messages from their simulation shown that the thermal management may not be serious for batteries under low

June 10-11, 2020 1



16™ International LS-DYNAZ® Users Conference CESE

discharge rate, but in the case of high discharge rate, the temperature will be remarkably increased if the thickness
of a cell stack exceed a certain threshold value.

The important attempt at predicting the thermal behavior of the lithium/polymer battery using 1D LIB model was
made by Carolyn R. Pals and John Newman [6] who conducted simulations of two different models: a single cell,
and a cell stack. In a single cell model, they examined that how cell performance varies with operating temperature
for both adiabatic and isothermal discharge. It was shown that cells operating at lower temperature have a lower
cell potential and reach their cutoff potential sooner, and at a lower value of active material utilization than cells
operating at a higher temperature due to variation with temperature of the salt diffusion coefficient and the ionic
conductivity. Using the cell stack model, they demonstrated how the temperature varies in a cell stack depending
on thickness and heat transfer conditions and concluded that heat was generated at lower rates in higher
temperature areas of the stack , and at higher rates in lower temperature areas of the stack, with such nonuniform
heat generation rate make the temperature profiles in the cell stack flatten.

Later on, Song and Evans [7] improved their thermal model for lithium polymer batteries by using
electrochemical-thermal modeling. Based on the author’s knowledge, this is the first mathematical approach that
the electrochemical phenomena is coupled simultaneously with 2D heat conduction. By using Doyle’s [8, 9] 1D
a single insertion model, they compared to their results to the experimental data for various cell voltages as a
function of discharge capacity. Although their results showed some discrepancies, they concluded that their
results are in reasonable agreement with the experimental data.

However, there is no model existing for the treatment of the electrochemical-thermal-mechanical (ECTM)
phenomena simultaneously. In the present paper, we report the recent development of an ECTM coupled LIB
model in LS-DYNA. At a given time step, the heat generation is determined in each structural element that is
considered as a 1D electrochemical cell (inside the battery). Based on such heat generations, the thermal solver
computes the temperature of cell elements in a 3D computational domain with the electrochemical parameters of
each cell. Finally, the thermal solver communicates with mechanical solver by exchanging thermal properties and
works done by mechanical solver, which the mechanical properties of the LIB are required and are taken into
account, including Yong’s modules, stress, and Poisson’s ratio[ 10]. When coupled this way, the mechanical solver
transfers its deformation coordinates to the electrochemical LIB solver. It should be noted that the present model
is based on the thermodynamics, kinetics, and concentrated solution transport theories in pores of composite
electrodes and is intended to assist users in tackling problems ranging from the fundamental battery cell physics
to very complex situations such as EV crush models. To this end, we have designed detailed keywords for the
electrodes, electrolytes, transport material properties, and even thermal-mechanical couplings for such
applications

Modeling of the Lithium Ion Battery

A full understanding of the multi-physics involved in LIB models is necessary for correct simulation of these
models. This includes material transport, thermodynamics, and kinetics in the porous electrode. Porous media are
normally used with concentrated electrolytes. Such a theory was first pioneered by Newman and Tiedman [11].
In their porous electrode theory, the properties determining the battery performance were averaged over a small
volume in all dimensions of the electrode without specifying the exact positions, shapes of all electrode particles,
and the exact pores in each electrode. Thus, the porous electrode is considered as the superposition of all materials
coexisting in the active insertion material, filler, and electrolyte at every point of the geometry. In what follows,
we will first review and construct the transport model equations based on the concentrated solution theory, the
potential equations with thermodynamics, equations for electrochemical kinetics and the current balance, and
then, the energy balance equations including heat generation in a single cell and scaled-up energy equation.
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Transport

The driving force acts on species 7, and causes it to move with respect to the surrounding fluid. This is determined
by the difference of the electrochemical potential multiplied by species concentration, which is in turn given as
the Stefan-Maxwell multicomponent diffusion equation [12,13]:

cVu, :ZKii<Vj —V,.)ZRTZﬁ(V/ —Vl.)
i 7 oDy (1)
where L; is the electrochemical potential of species 7, Kj; are friction coefficients, and v; is the velocity of species
i. With the selection of a reference velocity, which is chosen for the solvent, these equations can be inverted to
yield flux equations for the anion and cation in a binary electrolyte,

eV, =K, (vo=v,)+K,_(v.-V,) (2a)

cVu =K, (vy=v_)+K,_(v.-v_) (2b)
since the flux density of species i is given by

N, —cv, 3)

and the current density in an electrolyte solution given by
i=FY zN,

“4)
Then, the equation can be rearranged as,
.0
N, =cv, = —&cv% 4 b +c,v,
VRTc, z F (Sa)
D . 0
N =cv_ = —uche + Ll +cv,
VRTc, z F (Sb)

where c=c fv, =c [v., v = v+t v, and pe = vipt vou= 1’ + vRTIn(y=m), with m = c/coMy. The diffusion

coefficient of electrolyte and the transference number with respect to the solvent are related to the diffusion

coefficients by

Do D, D, (z+ - zf)

z,D,, —z.D,_ , (6)
and
t0=1-¢° =D
z, Dy, —z D, (7)

From porous electrode theory, a differential material balance can be averaged over the volume of the pores in an
element of the electrode, and the surface integrals can be introduced by means of the divergence theorem and the

final mass balance for species i [14]:

¢ % VN +a, ®)

ot

where c¢; is an average over the volume of the solution in the pores, ji, is an average over the interfacial area
between the matrix and the pore solution, and »; is an average over a cross section through the electrode, cutting
matrix and pore. It should note that three different averages are applied to derive the mass transport, Eq.(8) in
porous media.
The diffusion coefficient of the salt which is the property commonly measured for a binary electrolyte can be
related to the diffusion coefficient of the electrolyte by,

D= DC—T(I +%]

@\ 4 ©)

where y. is the mean molal activity coefficient and m is the molality. The gradient of chemical potential can be
expressed in terms of the gradient of concentration:
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D e vy, —p[1-41% )y,
¢ dlnc

(10)
Using the above relation, the flux of species i can be expressed as,
N =—v, (1— dlnc“jDVc+ﬁ+civ0
Inc zF (1 1)
Detailed derivation of Eq. (10) (or from Eq. (5) to Eq. (11)) can be found in Appendix A[15]. Finally, by inserting
equation (11) into equation (8), the mass transfer equation in porous media can be derived as,
Vo (iyt?
£%+V-(CVO):V~ gD[l—dlncoj Ve- (:2) +aj,
ot dlnc Z+V+F (12)
Convection in the electrolyte is usually negligible and z+v+ is 1 for most salts used in LIBs. The boundary
condition on the salt concentration at a lithium foil electrode (a single insertion model) is found by setting the
anion flux to zero:
ox =0 FD (13)
At the boundary between the positive electrode and current collector, the flux of ions is equal to zero, and all of

the current is carried by electrons, so the salt concentration and the current density of electrolytes is set to zero:
Ve=0andi, =0, at x=XL (14)

For the dual insertion model, the boundary conditions on negative electrode and current collector are analogous
to those of the positive case. The porous solid phase in most LIBs contains particles which can be modeled as
spheres. If volume changes in the solid are negligible, the mass balance reduces to,

86‘5 _LE(DSVZ %]

o ror or (15a)
with the boundary conditions,

ge =0, and —DS@ =J,-

orl,_, orl._x ! (15b)

and initial condition,

¢, (t=0.r)=c; (15¢)
The second boundary condition is constructed by relating the pore wall flux across the interface with the rate of
transport of lithium ions into the solid phase. Under the diffusion process, the superficial area per unit volume of

the porous electrode is related to the particle radius:
3(1-¢)

R (16)

Potential
In LIB model, the gradient of the potential in the solution is to be defined with respect to a lithium reference
electrode in solution [14]:

VO, =—i—2+ﬂ(1—tf)-(l+mjv1nc

k F dlnc (17)

The second term on the righthand side accounts for concentration overpotential. In porous media, the conductivity
is corrected by the Bruggeman relation, x=¢' k. where x. is the conductivity of the bulk electrolyte. Since only
potential differences, and not absolute potentials, are measurable, the potential in the solution has an arbitrary
datum as a boundary condition. Here, we set @2 =0 at the positive electrode-current collector interface.

The potential in the porous electrode is determined from Ohm’s Law,
VO, _ i (=)

o oz (18)
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Where i; = I - i> is the current in the electrode phase and the electronic conductivity of the bulk solid is corrected
for the volume fraction of the electrode by the Bruggeman relation, 6=c (1-¢), where o is the conductivity of
the nonporous composite electrode. Note that there is only one boundary condition in each electrode region. For
galvanostatic operation, the boundary condition in the negative electrode is i> = [ at the negative electrode-
separator interface, and in the positive electrode it is i>=0 at the positive electrode-current collector interface.

Reaction Rate
The simplest type of dependence of the current density on the surface overpotential and composition
adjacent to the electrode surface is given by Butler-Volmer equation:

- [exp{aaF(CDl -0, —U)j_exp[acF(CDl -0, —U)H

RT RT

(19)

Here, n=®:-®,-U is the surface overpotential, which is a driving force for an electrochemical reaction to occur.
U is the open-circuit potential of the solid material evaluated at the surface concentration of the solid with respect
to a hypothetical lithium reference electrode in solution just outside the diffuse part of the double layer, at the
same local electrolyte concentration, and in general it is a function of solid concentration and temperature in
insertion electrodes. Note that U must be specified as a function of intercalant concentration but not as a function
of electrolyte concentration.

The magnitude and dependence of U on solid concentration vary considerably among different insertion materials.
The shape of the open-circuit potential profile has a large effect upon the simulation results, and accurate data for
this property measured with respect to a lithium reference electrode are very important, especially when one is
comparing full-cell-sandwich simulations with experimental data. The anodic and cathodic transfer coefficients,
o and o correspond to the fractions of the applied potential which favor the anodic and cathodic directions of
the overall reaction, respectively. The exchange current density, ip depends on the composition of the solution
adjacent to the electrode and the temperature of the electrode surface. The reaction mechanisms at electrode
interfaces, particularly in the presence of the solid electrolyte interphase, are not understood in great detail.
Fortunately, the rapid kinetics of electrodes used in lithium batteries reduces the importance of the exact reaction
mechanism in the battery model. In the absence of more detailed information about reaction mechanisms, Butler-
Volmer equation is a good approximation without comparable errors.

For the common polymer electrolyte, there is experimental evidence for a charge transfer process.

Li+©®, 2 Li'©,+e” (20)

6, represents a site in the polymer lattice. This corresponds to an equilibrium between occupied and unoccupied
lithium sites in the solid polymer electrolyte. In this case the exchange current density is defined as,

iy = F (k)" (k)" (€ =)™ ()" 1)
A general lithium ion insertion process is described by a charge transfer reaction,
L.i_+®_,+e_ ﬁﬂi@c (22)

Here, ©; represents a site in the solid lattice. For example, at lithium insertion in the lithium manganese oxide
spinel, the corresponding reaction is given as,
ET +M?204 +e = LIM?204 (23)

In addition, the exchange current density is given by,
iy=F (k)" (k.)™ (cs)max —c, )a“ (¢,)" (c)* (24)

Note that the exchange-current density tends to zero as the solid concentration approaches either 0 or ¢ max. and
since the reaction-rate equation is algebraic, it requires no boundary condition.
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Current Balance
The superficial current density i in the pore phase is given by,
i,=F) zN,
f (25)
By taking the divergence of the superficial current density, we have,
V-i,=F) zV-N,
f (26)

By rearranging Eq. (8) and inserting it into the above equation along with considering the electroneutrality, 2 Zzic;
= (0, we obtain the divergence of the superficial current density in the solution.

V-i,=aF) zj, =ai,
S 27)

where i, is the average transfer current density and V-i> is the transfer current per unit volume of the electrode. A

single electrode reaction can be written in symbolic form as,
ZSIM,.Z’ —ne”
k

(28)
where M; is a symbol representing the chemical formula of species i and s; is the stoichiometric coefficient of

species i. From Faraday’s law, the rate of electrochemical reaction is given by
@, =—L =- Sy
" nF nF (29)
The specific interfacial area a is the surface area of the pore walls per unit volume of the total electrode and thus,
aji,» represents the rate of transfer of the species from the solid phase to the pore solution. Note that because of
the electroneutrality, the divergence of the total current density is zero and can be expressed by,

V'i1+V‘i2:0 (30)
By rearranging Eq. (15) and inserting into Eq. (22) in above, we can obtain the potential equation in the solution.
V-i,=V-(&V®,)+V(k,VInc)=-afFj,, (31a)

where the diffusional conductivity is given by,
Kp :Kﬂ(l—tf)(l-i—MJ
F

dlnc (3 lb)
Considering Eq. (18) and by applying equation (30), the potential equation in the electrode can be expressed as,
Vi =V-(oV®,)=-V-i, = aFj,, (32)

Energy Balance

A single cell in most LIB packs used in industry currently is very thin, less than 300um, so the temperature
gradients perpendicular to the electrodes are negligible, considering only the Joule and Peltier heating. Therefore,
the heat generation in a 1D model assumes uniform temperature in an individual cell. Once the heat generation in
each cell is calculated, it can be inserted into a standard heat transfer equation for the battery geometry, to calculate
temperature changes across a tall cell or battery stack. Such models are generally concerned with temperature
gradients in two- or three-dimensions. The calculation of the heat generated by a cell and the temperature changes
in a cell stack requires an energy balance in a cell. Here, we revisit the energy balance equations in Rao and
Newman [16], which presents a form of Bernardi et al.’s energy balance. Considering a single cell and from the

first law of thermodynamics,

det :Q—IV

dt (33)
where H;o: is the sum of the enthalpy of the species, Q the rate of heat transfer with the surrounding, and 7V is the
electrical work. The average form of total enthalpy over a small volume element of the cell is given by,
dH tot d rrref
a EL;Z‘?/ <ci,./>Hi,_//

! (34)
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Here, (ci;) is the concentration of species i averaged locally over phase j, in the way that &(c;;) is a superficial
concentration. f7r refers to the average enthalpy at a reference concentration. Differentiation of the product in

the integral in the above equation:

ryref
(35 Cid iy 0 )T
(35)
Here, it can be identified the heat capacity of the system as,
C, = IZZ% (c.,)Cyldv
o (36)

and ignoring the heat of mixing by flux term, but considering only the rate of transfer of the species, aji»,

dz’[;w =C, a;l_f_‘_..‘ Zzaji,nl__]i’j'fdv
T (37)
Considering Faraday’s law,

. St .
a.]i,n - aln,]

T nF (3 8)
Then, Eq. (37) becomes
dH il of
___tot bt HV@ d
a dt ZJZZ ai, H;j v )
By introducing the reaction enthalpy change or the enthalpy potential,
d (U du
AH U —_ 1 N lLf 2 Rt Rl B U _ T !
i ZZ dT(TJ Loodar (40)
where U is the open circuit potential of reaction /.
By substituting Eq. (40) into Eq. (39), the total enthalpy change becomes,
dH dTr )
dtwt = Cp -—+ LZazMUHJdv
dU,
U -T—=|dv

Finally, 1f we insert Eq (41) into Eq. (33), we can have the energy balance relating the heat generation.

. du,
C,—-0= azn,(U T—]d s 14
dt I z d (42)

Note that we ignored here the concentration dependence of the heating, which is in general small compared to the
other heating mechanisms.

Alternatively, in contrast to the thermodynamic approach, the energy balance can be derived by a local heat
generation method. Let the left interface between the anode and current collector lie at x=0, and extend to x=x;,
the separator extend from x=x; to x=x2, and the composite cathode from x=x> to x=x3. The heat generation at an
interface consists of two contributions: reversible and irreversible.

—g=i(T1+n) (43)

where I1 is Peltier coefficient and 7 is the overpotential between the electrode and electrolyte. Detailed derivation
of the interface heat generation can be found in Appendix B [15]. The reversible heat, iII is the sum of the
corresponding anode and cathode for a whole reaction. So, if the temperature is the same for the anode and the

cathode, this reversible heat generation rate is reduced to the usual thermodynamic heat effect, i.e. the entropy
change rate for the cell, 7dS/dt.
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The irreversible heat generation rate due to electrochemical reaction at the composite anode and cathode are,
—q! = r' ai n, dx

a

(44a)

—n [ .

q = | aindx (44b)
The Joule heating rate due to ohmic losses in solid and electrolyte is —i-v® . Let the subscript 1 be for the solid
and 2 for the electrolyte. The heat generation in an electrolyte is rather complicated when there is a concentration
gradient. However, we ignore the thermal effect of any concentration gradient in the electrolyte again. So, the
heat generation in the separator is directly linked to the potential difference in the electrolyte between the two
faces of the separator.

~q) =iAD,, AD =D, (xl)_q)Z (x,)

(45)
In the porous electrodes, the heat generation rate in the electrolyte and active matrix are,
-4, = J.Xl E_il 2, —1 42, jdx
% dx dx (46a)
-q! = sz (_il 2, —1 42, j”'x
n dx dx (46b)
Therefore, total irreversible heat generation is given by combining all equations.
% d® dd
—q=iND_+| |ain —i—L—i 2 \dx
q s J.)"o [ »177a 1 dx 2 dx )d
+.r3 (“inm _il d(bl _iz d(bz }x
% dx dx (47)
Now, by applying integration by parts,
—G=i[ @, (%)=, (x)]+i®| —i®,| —id, |, i, |
+JX'(ain77a +ﬂ-c131 +&-®2)dx++r(ainnc +ﬂ-CI)1 +&-®2jdx
% dx dx % dx dx (48)

Here, we used the current boundary conditions for each interface. For example, i1=i and =0 at x=xo. It is assumed
that the reference potential at x=xo is equal to zero, ®1(xo)=0 and thus, the cell potential is V=®;(x3). In addition,
consider the relation between the normal flux and the divergence of the current as,
C di, di
ai, =—==——

"dx dx (49)
Then, the total heat generation becomes,

= r’ ai, (17, - ®, +®2)dx+r] ai, (17, —®, +®, )dx—iV
Since,

n,=0,-®,-U, ,and 57, =0, - D, -U,
and adding the reversible term into the integral, the final form of the heat generation can be expressed as,

~g="ai, v, -19% o+ [ ai, U -1 g iy
dT dr (51)

Note that the above equation is the same as Eq. (42) if we add inside terms of integration except the unsteady
term.

For the scaled-up battery geometry, one can use a standard heat transfer equation to calculate temperature changes
across a cell stack or battery pack.

%(pcpT)+v.(vr)=v-(/1VT)+q

(50)

(52)
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LIB Models

In the previous sections, we described or derived all equations needed for LIB models. It is noted that the mass
transports equations are partial differential equations, both the potential equations and the current equation are
ordinary differential equations, and the reaction rate, the Butler-Volmer model is an algebraic equation. In case
of not needing to explicitly calculate ji, and i>, the two equations may be combined into one equation.

1) 6 equation model: The first full electrochemical model which was first presented by Doyle, Fuller, and Newman
[8,9] can be completed using Eq. (12), (15), (17), (18), (19), and (29) for the 6 unknown variables: ¢, ¢, @, Dy,
i2, and .

To describe the electrochemical performance of the cell, the coupled governing equations must be solved
simultaneously. It is important to note that since the Butler-Volmer equation makes the system nonlinear, the
equation involving it as a source term must be linearized to ensure the convergence.

i1) 4 equation model: Equation (12), (15), (31), and (32) can constitute a complete set of model equations for the
first 4 unknown variables in the previous model. After solving all equations either coupled or sequentially, the
superficial current density is determined in terms of either potential gradient in the electrode (or electrolyte) phase
or the interfacial transfer current density. However, Eq. (31) and (32) must be carefully solved since the source
term, Butler-Volmer equation, is strongly nonlinear, indicating that it should be well treated with linearization
process before solving the implicit iteration for them.

Results and Discussion

The open circuit potential which sometimes called the equilibrium potential is in general given as a function
of the amount of lithium inserted (solid concentration) and and temperature by an experimental data. Fig.1(a) and
(b) show the open circuit potential for the graphite, LiCs of the anode and LiMn,0O4 of the cathode.

Stential, [V]

(a) (b)
Figure 1 Open circuit potential curves: (a) LiCe of the anode, and (b) LiMn,O4 of the cathode.

Figure 2(a) shows the problem descriptions of the rigid ball impacting on the cell stack which consists of 10 cells
of LIBs. Each cell has the negative current collector (10 um), anode composite electrode (100 um), separator (52
um), cathode composite electrode (174 um), and positive current collector (10 um), respectively. Since the cell
stack accumulates serially, the total thickness of the cell stack measures 3.46 mm. To protect the LIB stack, the
steel case of 1mm covers the outside of the battery. Thus, overall dimension of the LIB model in present study
has 317 mm x 97 mm x 5.46 mm as shown in Fig. 2(a). It should be noted that each solver in LS-DYNA can be
assigned an independent part to solver in its own region. For example, the electrochemical battery solver can be
assigned to solve only part 1~3, which covered all battery parts, while the thermal solver solves all parts except
the rigid ball which assigned to the mechanical solver that includes the other parts. In addition, each
electrochemical cell has 220 mesh points in the current flowing direction, x-direction. Therefore, one can consider
it as a simple battery-thermal-mechanical interacting(BTMI) problem since the battery solver has its own 1D
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mesh system in each battery structural elements, and also, the thermal-mechanical solver has its own 3D mesh
system.

h Case : Part4
N 1. '

CCA[-), Cu: Part 1

10 cells = 3.46 mm
Cases =2 mm
Total thicknessr 5 446 mm

! :
-
(a) (b)
Figure 2 Schematics of the ball impact on the 10 cells of LIB and detailed set up of the problem with corresponding
to parts.

220 meshes.... Cellls: Part2

= CCP[+), AL Part 3

Figure 3(b) shows validation curves compared with well-known simulation and experiment data [17] for the
discharge capacity as a function of time calculated at different current densities from 1.75 A/m? to 35 A/m?. Doyle
and Newman [17] calculated both with/without film resistance in each case and they compared with experiment
data showing good agreement. In the present study, we only compared with no film resistance case showing good
agreement with their curves.

as ] 15
Dischargs capacity, fmAh/ord]

(a) John Newman (b) LS-DYNA model
Figure 3 Validation of discharge capacity of the LMO based LIB model.

The coupling from the electrochemical solver to the thermal and mechanical solver is not easy process. It is mostly
due to the different time scales among the solvers. Since the electric current flow is assumed to be in a steady-
state, and the reaction on the boundary between the solid electrode and the electrolyte is extremely fast, therefore,
in general, the time step in the battery solver is of the order of a second. By contrast, the mechanical time step is
based on the Courant number, which is proportion to the time step divided by the speed of sound in the media
and is of the order of the nanosecond to microsecond. To resolve the disparity of the time scales, we use a strategy
of employing different schemes in the mechanical solver. For example, before the rigid ball impact on the battery
stack, the implicit scheme of the mechanical solver was activated and after the rigid ball contacts the cell stack,
the mechanical solver is switched to the explicit scheme. It is noted that while running the implicit scheme, the
battery and thermal solver were activated with a strong numerical coupling to each other. In this way, we can
simulate and complete the three way couplings among the solvers. The mechanical properties of the LIB such as
Yong’s modulus and Poisson’s ratio was averaged with weighting factor based on length scale of each layer [17].
Figure 4 shows the snapshot at times right after the rigid ball initially contacts the LIB cell stack. As can clearly
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be seen, a hot spot develops at 6 second after the ball contacts the LIB cell stack, meaning that the temperature
inside of LIB starts to increase.

Time=0.0s Time =10s

Time=35s Time=12s
Hot spot
development
Time=6.0s Time=14s
Time=8.0s Time=15%s

Figure 4 Time evolution snapshot after the ball impacted 10 cells of IB stack.

In case of a cell temperature increasing to a critical thresholding temperature like the melting point of the lithium,
453K at which stage the thermal runaway starts, and eventually a fire or explosion takes place, there is no way to
control or suppress such a temperature increase as shown in Fig. 5(a) and (c).

Cell temperature
A Nail penetration

/ Thermal runaway
(chain reactions)
453 K === e

Normal operation
293K - Time
.

=

- . !
H . L H
! Large discharge Stecdy state!

AT{(x, )= % I: gt Qry —{Joule+ Peltier ) heating

(a)
1000
- = Elemnent 1
800 — Elsment 2
g Element 3
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3 -
£ oo Blement§ |
g Start the chain reaction =,
G
= Melting point of Lithium
400 ( ~453K) 3
-
200 . -
0 5 10 15 20
Time, [s]
(b) (c)

Figure 5 Analysis of the thermal runaways: (a) conceptional estimation of thermal runaway based on joule and
Peltier heating modes, (b) individual cell elements inside battery cell stack, and (c) corresponding temperature
increasing as function of time at each element.

During the deformation by impacting force, a cell’s temperature increases due to both Joule heating and Peltier
heating, which is mostly due to an exothermal reaction initiated by the entropy changes inside of the battery cell.
Figure 5(b) shows the individual cell elements inside LIB stack to monitor the temperature changes as function
of time and Figure 5(c) shows the temperature increasing of each cell elements. As positioned in Figure 4, the
rapid increasing of the temperature starts about 6s after the ball was in contact. After that point, temperatures in
all elements increases exponentially to the thermal runaway. Although the present study is not modelling any
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chemical reaction mechanism, it is speculated that the chain reactions could be started after reaching the melting
point of the lithium metal at 453 K.

10
a 10

- = Element 1
==+ Element 2

@

Element 3
—Element 4
Element 5

Slress’%[vm]

0 5 10 15 20
Time, [s]

(a) (b)
Figure 6 Stress analysis inside battery stack induced by impacting ball: (a) individual cell elements inside cell
stack, and (b) corresponding Von Mises stress responses as a function of time at each element.

Figure 6 (a) and (b) show the individual elements of interesting and the corresponding changes of their Von Mises
stress. Similarly, although much of stress is loaded on the steel case of LIB (not shown in Figure 6), the
phenomena of battery cell stress increasing has the same trends as the temperature increasing in Fig. 5. More
detailed studies on the relation between stress and temperature could be a topic for the future research and is
beyond the scope of the present study.

Summary

In this presentation, we report a new development of the electrochemical-thermal-mechanical coupling based on
previously developed electrochemical LIB model in LS-DYNA. In 10 cells of a lithium ion battery stack, each
cell consists of Graphite(LiCs) anode/Separator/high performance layered LMO(LiMn204) cathode, which has
been strongly proposed as a candidate for automotive batteries because of its high capacity, thermal stability, and
low volume change rate (cycle performance). For the thermal-mechanical analysis, each layer in a cell and outside
cases are modeled corresponding to their material properties. Then, a rigid ball impacts the center top position of
the cell stack in order to investigate the thermal and mechanical responses of a lithium ion battery stack. To see
the cell responses inside LIB, we selected the first 20 seconds of the time period during the initial discharging
process of the battery operation. The results show that a hot spot was developed in a few seconds of deformation
and the rapid temperature increase over the melting point of the lithium was detected, where the thermal runaway
eventually takes place. In addition, with the present development of the battery-thermal-mechanical interaction,
we strongly believe that users can apply this to more complex applications such as a cellular phone deformation
and even EV battery deformation test in automotive industries.
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