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BACKGROUND

Battery Crash Safety

Fire/explosion Cell-phone battery Large-scale energy
after car crash explosion after penetration storage system safety

* Mechanical ——
abusive loading DO )= Internal short circuit L Thermal runaway L Explosion/fire (e
« Liplating Voltage recovery Discharge only Silent thermal runaway Explosion/fire
« Lidendrite
« Particle crack

(Liu, et al. Energy Storage Materials, 2020)




Atomic Scale Particle Scale Component Scale  Cell Scale Pack Scale

1 1 1 I | '

1x10710~1x 1078 1x1077~1x 1073 1X107%~1x 1072 1x107%2~1x 1071 1x1071~1 x 100

Unit: m




Atomic Scale
|

1x10710~1 x 1078

Unit: m
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AN INTERESTING QUESTION

Li diffusion mechanism in Si/C system

Two representative Si/C mixing modes

. O
® S

®C
® Li

Mixture mode Core-shell mode

1. Li diffusion in Si first or C first?
2. How the composite configuration affects diffusion? mmp DFT simulation
3. How the C material affects Li diffusion in Si?




Method

DFT simulation

Si/C with various C layer thicknesses

- 14 A

}4/&

IO...O‘O 11 A e 11 A . L 11 A
900 : :
O

9.0 0 O] O 9.0 O

Si/C(2) Si/C(3) SiIC(4) Core-shell mode

AIMD simulation:
1200 K, 0.01 eV/A, 104 eV

(Gao, et al. ACS Applied Material & Interfaces, 2021)

Bottom fixed
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Discussion

Diffusivity analysis

Core-shell mode Mixed mode
600
Bulk c-Si —
300 e si/C(2) — §:§§§§§
= SIIC(3) — SiIC(4)
—_ ~ 400t /
"< 200} = inear f
8 8 linear fit
= linear fit =
1001 200}
0 0 - - - :
0 15 30 45 60
Time, t (ps) Time, t (ps)
Type Bulk c-Si Si/C (2) Si/C (3) Si/C (4)
Mixture mode 7.75e-5 2.097e-4 2.028e-4 2.003e-4
Core-shell mode \ 1.545e-4 1.953e-4 1.435e-4

(Gao, et al. ACS Applied Material & Interfaces, 2021)

A thicker C layer slightly decreases the Li
diffusivity in Si

The overall Li diffusivity in mixture mode is
almost same

Li diffusivity in core-shell mode highly
depends on the C layer atomic structure

Li diffusivity in core-shell mode is
commonly lower than in mixture mode




Particle Scale

L ese————

1x107~1x1073

Unit: m
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SI/C COMPOSITE ANODE PARTICLE

&

SEM images of Si/C composite anode

P TP |

4
i3
100pm JSM-7800 7/27/2017 8/4/2017

Si/C composite anode Si/C composite particle Si/C core-shell structure (Si@C)
Micro-scale Nano-scale

Si/C composite anode shows a complex multiscale structure property
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PART I: CONTACT BEHAVIOR

Modeling: Si-C core-shell particles

FEM model settings « (Governing equations
Symmetry axis
y ¥ COMSOL
| » Mechanical model module
: —g! ¢4 gF .
Total true strain  €; = &; T &; T &;
Si-C Governing equation Partial differential
interface R equation
Constant 5;. =In(l+ac)/3 : Lithiation induced strain _
Li flux is related to state of Li,Siy, LijsSi;— @=2.75 e
a is related to state of Li,Siy, Liy5Si;— a=2. T
c-C i & [(1 ) S ]/ E : Elastic strain
interface B s & Y%y TV Structural
B C Based on Hooke’s law mechanics

dggj.’ :&S;" - Plastic strain increment

A Vertical constraint

Generalized form, S§ is deviatoric stress

(Gao, et al. Energy Storage Materials, 2019)

{

Electrochemical model

Diffusion equation

E(c)= Eo + E(El _Eo)

o, (€)=0c,+¢(c,-0))

Mechanical parameters
related to Li* concentration c




PART I: CONTACT BEHAVIOR

Simulation: Stress analysis

« Stress evolution and distribution « Parameter definition
0.5 C charging/discharging o;: Si-C interface normal stress 15
Shell property: 100 GPa, 10 nm o.: C-C contact stress

N/m? w12 10+, =
x10* (5 - =
6 97 a e
Si 15 @ St <
S bt o
1 o 6 o - o
o w) 3 R
/ h 0.5 § 3 8 X O
S | S N S N B 5 S
-0.5 o c
E 7))

-1 2 3 . ' -10

0 1 2 3
Two contact Core-shell particle Cycle number, n 0 1 2 3

Cycle Number, n

o™ maximum Si-C interface normal stress
» Plastic contact mainly occur in first cycle 5™ maximum C-C contact stress

» Tensile stress produced in every cycle end c
R/R,=(R, +AR,.,)/ R, maximum Si radius change

(t/ty)  =(t, +At,,)/t, maximum C thickness change
(Gao, et al. Energy Storage Materials, 2019)




PART II: SI/C CORE-SHELL STRUCTURES

Modeling: Si-C core-shell particles

Nano-structure

Perfect bonded C-Si designs
= ‘ interface
) 4
S % o

Yolk-shell Dual-shell
The best one?
| [ 4 |
R Core-shell *
Core-shell structure ] S|
Hollow core-shell Multicore-shell

studied in previous slides

(Gao, et al. Nano Energy, 2021)
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PART II: SI/C CORE-SHELL STRUCTURES

Modeling: FEM model settings

Geometry and boundary Five structures

A =R/t A=R/t A =R/(t;+t)

- ol

%Mf

Struct. 1 Struct. 2
ﬁ. = tl/tz A = T/t

RVE stacking 2D simplification

Struct. 4

« Same governing equations were adopted » Each structure has three different A values

(Gao, et al. Nano Energy, 2021) Gao et al., Nano Energy, 2020
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PART IlI: SI/C CORE-SHELL STRUCTURES

Simulation: Mechanical behavior

« Stress and displacement curve « Stress distribution
t=t, t=1
6 C
~—L ithiation—s<=—Delithiation—
§ 118 E
9 ©
° 25
3 £
Q O .
= 16 & Mises stress (GPa)
I SiCore C Shell
lo o W13 Wi
0 0.38 (t,) 0 (%) 0.9 9
Nominal SOC l 0.5 l 2

» The normal stress g,, at the core-shell interface is in compressive stress status and

increases during lithiation.
> At the core-shell interface, the maximum normal stress occurs in the contact area of

two particles, and the maximum compressive stress is in the center of the C shell

(Gao, et al. Nano Energy, 2021)

 Failure modes

Plastic deformation

Shell fracture (lithiation)

Ge > T
Op == i

90

Original Fracture

Core shell debonding (de-lithiation)
Tnypy

9®

Original Fracture




PART IlI: SI/C CORE-SHELL STRUCTURES

Simulation: Failure, capacity, design

20l Fracture Debonding
s (L1899’ ] gl
£ £
Shell = 5 Core-shell
@ 10+ 0} d .
No fract af ebondin
fracture 3 ,//o TR % ;/_____Eq:%ﬁ:"_ﬂ’_tt'f’ ____________ g
o o
5r No debonding
0 A—h——h
of o
3 4 5 3 4 5
Maximum value of ¢, (104 mol/m?)
-8 Core-shell (Struct. 1) —/— Dual-shell (Struct. 3) (inner)
—o— Yolk-shell (Struct. 2) =%~ Hollow core-shell (Struct. 4)
—a— Dual-shell (Struct. 3) (outer) —#= Multicore-shell (Struct. 5)
« Capacity behavior
6
>\'1 09} 7\‘l
BRI A E™ ; B A
s 5r Actual = | & Normalized =7
§ "”é\ 4 > R =
g £ 4r S i M=
82 g 00 1E
s 4 3 7 o / :f: B
+U 3 / RS ° % E:E B
4 2t 1 E 5 gl T E
g & T E 5 1 E
3 1l A E £ Z8=
g E S M E
0 282 0.0 A E
| 1l 1 \ \% ' | 1] 1] \% \%

Nonactrycture type
(Gao, et al. Nano Energy, 2021)

Nanostructure type

Normalized capacity
considering debonding, C%

o
o

o
o))

o
N

1 Core-shell

YV Hollow core-shell

O Yolk-shell

/A Dual-shell
<> Multicore-shell

Optimal zone

Max. €
104 mol/m3

5.2

Shell fracture EER, G, (J/m?)




PART Illl: MULTISCALE-MULTIPHYSICS STUDY

Modeling: Multiphysics coupling strategy

3 o
¥ s OF T

Si/lC
composite g&
anode |
EI ectro d e | Hydrostatic stress
RVE € GAAD N R 1D simplification op
¥ ® L O-—-R o .
9o gy Mioro
| 5 )
yt Z E i 0 = 0—Rc Caver
X % -| Deformation gradient
A" e + 2D ’ F I Caver
simplify K Esprf
(&

E3T
- Current depsity
Zij Lpij b

(Gao, et al. Journal of Power Sources, 2020)

@® Graphite particle c
% Si-C composite particle e . * Macro
mm C zone Eigen ‘strain change Cover scale
© LCO particle '
Si-C zone
== Current collector Cu
. . :
= Current collector Al LCO Blue: Mec_hanlcal |
#  Separator Separator Orange: Electrochemical

Governing equations

Constitutive equation in microscale

E
O-ij = 2G8ij +ﬂ“8kké‘ij _Qeff ACS Eé‘u

Li diffusion model in microscale
oc, 1 or?d,
+_
ot r* or

=0

Stress-strain model in macroscale
2ij = Cijkl (LPkI - 5k|)

eigen

Li flux model in macroscale

2RT(, dinf,

I, =—«" {VCDE——[1+ ](1—t+)VInCe}
F dInC,

Eq oc, =-V-J. + 3

ot F




PART Ill: MULTISCALE-MULTIPHYSICS STUDY

Simulation: Model validation

Full-cell voltage Electrode deformation Corresponding video
(b) (C) Base line simulation (0.5C) In-situ charging/discharging test
Test —=— Test Mises Stress (unit: 102 MPa) In optical microscope
=l —— Simulation ~ Test Aver.
. ' ol = Simulation Aver. p
< 40¢ o 05
= % 157 I
o> 3.6 o 0
© £ o
= ' = 10 o 44 | B
> 3.2 = S 4.0f 165
_ 5} ; ﬂé, 36¢ ‘ 3.§
28¢ d(d): average deformation § 3.2} ‘ %
0 50 100 50 0 05 3 5 9 = - 1. . 178
Nominal capacity (%) Position, n ' soc '

« Multiscale and Multiphysics coupling model can well predict the voltage and deformation

(Gao, et al. Journal of Power Sources, 2020)




Component Scale

O re———

1x10%~1x 1072

Unit: m
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MECHANICAL BEHAVIOR OF ELECTRODE

Experiment: Material test of battery components

« SEM images after
tensile test

Surface Cross-section

Anode Cathode

(Wang, et al. Journal of Power Sources, 2018)

Strain rate effect

Anode

Stress, ¢ (Mpa)

——5x107
—=—5x10™
——5x107
—=—1x10"

SOC effect

[EnN
a1

—=—soc=0

—=—s0c¢=0.1
—=—s0c¢=0.2
—=— 50¢=0.3

[EEN
N

©

»

Stress, ¢ (Mpa)

w

©So N AN O @

o

0 0.02 0.04 0.06

Strain, ¢

Cathode

Stress, ¢ (Mpa)

—=—5x10"
—=—5x10*
—=—5x107
—=— 1x10*

Stress, ¢ (MPa)

O 1 1
0.00 0.02 0.04 0.06

Strain, ¢

2021/6/14

Vehicle Energy & Safety Laboratory (VESL)




MECHANICAL BEHAVIOR OF ELECTRODE

Modeling: Laminate theory and sandwich model Simulation: Tension and failure analysis
Simplified £=¢,,1, occurs  when 7, > failure strength
- .
&, = min{ayl,syz} D
I U, Uy (mm) Debonding
= " +278e -
~ [l
w W +0.00e0 Slip =
§ 4 _ { 1 S, Mises (MPa) Active materialfailure
—— Active material S —=—5x10™ Experiment Moo
/ —e—5%10™* Simulation | o
- +1.10€3
' =y Cufal 3002 02 06 08 10 | motr .
T : ' 0 02 04 06 08 1. +7.17¢' [, W
; In:;rface Active material Displacement. d (mm) -
w t838e® Cu foil
I
; : i U, Uy i
Active material Copper foil 15 (=10 Experimen] | B oo, ReoRding
Input © © 121 1x10" Simultion B ~ (RS
p % % = w +0.00e erface slip:--._\
Y » Y o 9r I &Mises (MPa) Active material failure
| QAN 2 @ +1.19¢2
o o 2 6 -
5 i ﬁ \ LE - "|'6.293'2
Strain, & Strain, ¢ 3 IS, Mises (MPa)  Cu failure
+8.70e1 - |
o N &
00 02 04 06 08 w +6.86e2 AN

Cu foil

(Wang, et al. Journal of Power Sources, 2018) Displace ment. d (m m)




FAILURE BEHAVIOR OF SEPARATOR

Experiment: Indentation test on anode-separator-cathode stacks

Experiment setup

=y;Yoltage

e (S

Separator
e

Cathode —{

[ ———
—

1 stack

40 mm

— 5 stacks

|

| m

(Yuan, et al. Journal of Power Sources, 2020)

Sphere indentation

15— X 1.04
LLIlITIIN
3 " 0.78
Pz ‘8 0.
< 1.0t Y
LL \"‘n’. S
< - - 10.52
8 ‘Q .
2 05 Force Voltage® ~ - ~
Test1l----Testl 10.26
—— Test2 - - - -Test2
—— Test3----Test3
0.0 0.5 1.0 1.5
Displacement, d (mm)
Cylinder compression
4 0.9
= 3: ------------- ¢ : )
Z Force R S
< |——Test1 Q=106 S
i v
Y Test 2 ol &
§ Test34 \oltage S g
2 ----Testl . 10.33
1r - Test2 i >
--Test3 = v
i
: : = 0.0
0.0 0.2 0.4 0.6 0.8

Displacement, d (mm)

Ex-situ observatlon of separator morphology

Trapsparent.

Transparen

Journal of Power Sources, 2020

Yuan et al.,

2021/6/14
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FAILURE BEHAVIOR OF SEPARATOR

Simulation: Separator deformation based short-circuit criteria

Separator
anisotropy

Stack
simulation

(Yuan, et al. Journal of Power Sources, 2020) ¢

Force, F (N)

%  Compression
Z
<
u 60t
0
o
(@] L |
230 —=— Experiment
—e— Simulation
00 03 06 09
Displacement, d (mm)
0.75} ' ' '
0.50t
—=— Experiment
0.25} —e— Simulation
DD Tension
0 3 6 9
Displacement, d (mm)
Sphere indentation
12} d=0.78 mm
g Jos
o 0.9r __ Experimel
- —— Simulatigffforce
g 0.6 |—®— Voltagg 10.6
e
0.3 104

0.9
Displacement, d (mm)

Voltage, U (V)

Force, F (N)

450 MD Tension
z
w 3.0+
g —s=— Experiment
Lclf 15+ —e— Simulation
0 3 6 9
Displacement, d (mm)
0.45¢
0.30 !
—=— Experiment
—e— Simulation
0.15
TD Tension
0 5 10 15
Displacement, d (mm)
Cylinder compression
3.2 S o 0.
52_,2.4 — Experimept force 1 0-6‘;’
I8 —— Simulatigh force -
&51.6 | —e= Voltag O.4§
o =
. E
0.8+ lo2
0.0 02 0.4 0.6 0.8

Displacement, d (mm)

Principal
strain

LE, Max. Principal

W+2.222¢-1
||

+1.232e-1

[
+2.417e-2

|
I—7.4866-2

LE, Max. Principal

W+3.093e-1
=]

+1.360e-1

=1}
-3.725e-2

=
=-2. 105e-1

Volumetric strain criterion

0.00

<

£

© -0.75

»

Q

@ -

g -1.50 Loading Type

=] e |= Cylinder

<>3 :'_E.:. o Sphere
-2.25¢ &=-211 o 1

0 1000 2000 3000 4000

Element number

&y

=J,=¢ +e, +¢

W +6.018¢-2
||

-1.349e-1

m
-3.300e-1

|
‘»5.2516-1

W+6.587e-2
n

-5.207e-2

=
-1.700e-1
-]

=»2.880e-1

Equivalent strain, &,

LE, Mid. Principal

LE, Mid. Principal

LE, Min. Principal
B-1527e3
£l

-6.552e-1

m
-1.309e+0

H
I-1.9629+0
LE, Min. Principal

W-5.704e-4
i N

-7.061e-1

i
-1.412e+0

Lz
=—2.1 17e+0

« Equivalent strain criterion

2.25F

150

0.75

0.00
0

Loading Type] |
= Cylinder
e Sphere

1000
Element number

2000 3000 4000

b = \/%[(gl-gz F +(ee,) + (ea) |




Cell Scale

O see——

1x1072~1x101

Unit: m
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MECHANICAL BEHAVIOR OF STRUCTURE

Experiment: Mechanical test of single cell

« Test samples

=
I

* Test platform . :
p l_ @j AL (0.019 mm) L|C002 LIFEPO4

=
A\ - Instron(1-10kN)
S\ Q —

Battery Battery

[=65mm

NCA
Battery

4.4 T T T T T T T 40 T T T
—a— Discharge .
. Chargeg —a— E?<per|rr.1ent
40 1 —e— Simulation
30
= 2
D_ 36 B é
& | LL. 20
= T
32} i
S 3
3 -
Compression nperature sensor(0-1K; 28+ - 1o
00 02 04 06 08 10
soc
S 0 2000 4000 6000 8000 10000 12000 0 s . .
Time.t (s) 0 2 4 6
Displacement,s (mm
(Xu et al. Scientific Reports, 2016) p ( )

(Xu et al. Experimental Mechanics, 2018)




MECHANICAL BEHAVIOR OF STRUCTURE

Modeling: homogenized method and detailed model

Homogenized modeling

 short-circuit protection

5 Jellyroll»\i

27
TN Skin -
Elastic property: Plastic:
. 1 34
R T ) o =930e""+0.8
E’J En ES!
Ve 1 v
S o9 0 o — =
& E, E, E; o %u %n
f2l |_vs s Lo 4 4 |92 o, T,
fu|_| EBn En Es O3 _
7o o 0o o L o o™ R= -2
e G T3 O,
hilo 0 0o o L oflm
GE
1
0 o 0o 0o 0 —
GBl_

(Liu, et al. Applied Energy, 2016)
(Wang et al., Journal of Power Sources, 2019)
(Jia et al., Journal of Energy Storage, 2021)

Anode

\D/\

Q ’Ql = ‘SQ\ o

D)

Detailed modeling

mechanical property of each component:

Density Modulus Yield stress Failure strain

Steel 7.85e-9
PP/PE 1.2e-9
Cu/Active 2.27e-9
material

Al/Active  4.68e-9
material

Steel 7.85e-9
/ 6.5e3

Outer separator

Mesoscale

Macroscale

RVE modeling

| RVE Mechanical Model /x":u /o = V\(F,:S)+F,| | RVE ElectricalModel 0, _=j-j/x, j= x\‘VM

Calhode
De(ormed RVE = f(SoC)
ISC current

3-3 direction 1-1/ 2-2 direction

Anode

’ c /[\ Power density-strain relationship ¢ = /(¢)

1-3/ 2-3 direction 1-2 direction Short circuitmodel ¢ = /(2) \

Stra|n~stress relationship :
o= f(¢) Strain Power density Power density

vYray

| Cell Mechanical Model pd*u/dr* =V ((F, :S)+F, | Cell Thermal Model p( 'I,F'T [0t+Vq=0Q

= Online process (Macroscale)
i Offline process (Mesoscale)




MECHANICAL BEHAVIOR OF STRUCTURE

Simulation: various abusive loading conditions

« Simulation results by homogenized model

4 T T T

—&— Experiment
—&— Simulation

Load,F (kN)
N

Displacement,s (mm)
50 T

Simulation

40 | - m- SOC=0, ’=0.9651

- - SOC=0.1, ’=0.9752
30 | - #- SOC=0.3, ’=0.9755

| Experiment
—a— SOC=0

—e— SOC=0.1

10 - —e—SOC=0.3

Load,F (kN)

’

o

— e 1 - 4 .
0 2 4 6
Displacement,s (mm)

(Liu, et al. Applied Energy, 2016)
(Wang et al. Journal of Power Sources, 2019)

Load,F (kN)

Load,F (kN)

8

40

30

N
o

8

—a— Experiment
—e— Simulation

0 2 4 6

Displacement,s (mm)

Compression Indentation Bending

— &= V=2 m/s —4—v=2m/s —e—Vv=2m/s

—B— V=3 m/s —4—v=3 m/s —e—v=3m/s

—a—v=10 m/s—¢—v=10 m/s—e—v=10 m/s
[The previous model [13]]

- m - Compression (SOC=1 v=10m/s)

- & - Indentation (SOC=1 v=10m/s)

- @ - Bending (SOC=1 v=10m/s)

Displacement,s (mm)

Force, F (kN)

Force, F (kN)

(&)
o

IS
o

W
o

2.5

g
o

-
a

-
o

o
)

« Simulation results by detailed model

. —=— Experiment
| —e— Simulation

S, Mises

[ SNEG, (fraction = -1.0)
(Avg: 75%)
+9.000e+02

2 3 4 5 6
Displacement, d (mm)

~ |

B

—s=— Experiment
| —e— Simulation
S, Mises

SNEG, (fraction = -1.0)
r (Avg: 75%)

+9.000e+02
+6.750e+02
+4.500e+02
+2.250e+02
+0.000e+0!

2 3
Displacement, d (mm)

Force, F (kN)

Force, F (kN)

12

—
o O

| —e— Simulation
| S, Mises

- (Avg: 75%)

] +1.000e+03
i +7.500e+02 §
E +5.000e+02 |4

—s=— Experiment

SNEG, (fraction = -1.0)

+2.500e+02
+0.000e+00

2 4 6 8
Displacement, d (mm)

) ; ; ; 0 ; ; i
¥Yehide Efergy & S8fety Laborafory (RESI4 6 8 10 12 14

. —s— Experiment

T T T T T T

—e— Simulation J

S, Mises
SNEG, (fraction = -1.%)

(Avg: 75%)

+1.000e+03
+7.500e+02
+5.000e+02

+2.500e+02
+0. OCI)Oe +00

Displacement, d (mm)




MULTIPHYSICS BEHAVIOR OF LIBS

(Liu, et al. Electrochimica Acta, 2017)

Temperature

Voltage

Multiphysics modeling strategy

1D battery model Short circuit model
.Anode . g)athodg [P s Anode athode
Separator Separator
a I -:.’r N N . .
g 3_6; = —D:ﬁ,VCI +IF+ 42D _ IS E=-V¢ j= K'Sthé
2, RT (. dInF i
=kl Vg + [1+dln j(l t.)Vinc Os ="
Tm .\ 1D o,
QID ]:J (r) - ]; (r) S xq (r) — x(r)‘
Thermal model ' (o, (1) —0,(1))
d pPcH a—T+dﬁ PECEWT +V.-d g=d.Q R" =z(1-5,)

r SR o '
Or " () =T" () T () =T" (1) @ V() = v (1)

Thermal runaway model Mechanical model
o*u
se: p¥=VX(PILS)+FV

QSGI HSGIW ASGI cxp

dcsgj =_Asex' exp —-E
dt R




MULTIPHYSICS BEHAVIOR OF LIBS

Tresca stress (Pa) Short circuit position

6.5 | — Changed temperature (K)-Sim . x107 ]
6| # Changed temperature (K)-Exp . g !
5.5F| — Voltage (V)-Sim . 4 0.8
5+| o Voltage (V)-Exp _ X 0.6
451 | — Load (10™4N)-Sim 1 ) 0.4
4}| ¢ Load (10™N)-Exp | | 0.2
3.5} ] — 0
3r 1 Temperature (K) Thermal runaway heat
2.5F i 1 x107
2r § 300 1
1.5F } 299 0.8
1 } 298 0.6
0.5 } 297 0.4
0 ' ' ' ' ' 296 0.2
0 50 100 150 200 250
Time.t (s) 295 S

(Liu, et al. Electrochimica Acta, 2017)




ISC EVOLUTION

Experiment: In-situ particle indentation of a cell

INSHIRON"8801"

Indentof
=3
LL
=]
@
o
-l
Temperature point <
Voltage point S
FZ Particle - 3_
% < =
. % =
= e\
. ; ‘

12 layers

(Liu and Jia et al. Journal of Materials Chemistry A, 2018)

400
—1 | © 600
300} —2 |2
= 315 400
5 400|
200+t —4 | 2
©
100} g 200y
=
50 52 54 56 58 60 50 52 54 56 58 60
Time, t (S) Time, t (S)
i Comparing force/voltage/thermal
3t
A Highly repeatable
o experiment
50 52 54 56 58 60

Time, t (S)




ISC EVOLUTION

Multiphysics model

) Prediction of mechanical, electrochemical & thermal behavior after short-circuit

2y 4o Detailed components

N

= - A exp[—2-]c..,
dt Pl 1o

9

pyzvx(FLS)-ka

Mechanical model Thermal runaway model

Deformation l Heat “Temperature

Heat model
Stress status

U7

oT
pcp(a + Utrans " VT) + V(@ +qr) = Q

Separator and current collector melting

Temperature “ Heat Temperature“ Heat

i Melting Resistance change
. A¢ ac, dc —E>*P
1 Current fceu =p— o =V (Ebve) diep = —A>P exp| R§I' Coep K% =Ky Co T
: St > so
J =K V¢ Rst = T e pos neg _ ’
K vV |t Ecell = Qs B Qh,cell _Qh,pos +Qh,so| dC _Ecc
Short circuit model otagy Battery model d—tcc =—A" exp| = fll_ Ic.. P =x P (1-Cy )+ g

9
(Liu and Jia et al. Journal of Materials Chemistry A, 2018)




ISC EVOLUTION

Computation: Internal short circuit (ISC) analysis

5
s g
400} Ja] £
= < | 40 ~ 4E
Z300f 32] ¢ L
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§ 200} 12510 g g9
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0 s 8 >
0 40 80 120 160 201
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(Liu and Jia et al. Journal of Materials Chemistry A, 2018) | t(s)
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SAFETY EVALUATION OF DEFECTIVE BATTERY (=

&2 I
T 2014

Experiment: Manufacture/test of defective battery Modeling: Mechanical & multiphysics models

Temperature Point®

 Manufacture Loading Point » » Mechanical

1 an
2 o 2mm
Forced displacement . == /

Mobile Phone Lithium- |
ion Battery :
(

Temperature

Voitage

Positive Active Material
Separator

Negative Active Material
Aluminum Collector

Indenter: d& or O

.
e Test

omgressmn - _ S (" Battery model AD e )
. Drop Testing — l? Ry(1=0) E =9 -0 iy=— —=V-(-DVe,) [+

Machine R,(1) = ﬁh.go < r;f.) L ffa ér )

n ] 2l <1
il c ‘ (Shortcircuit 5 )
: onvleclt\c)n I-= O, =I(R,+Ry)
Cameras \ Radiation R +R,

A A

\v - A A Heat sourcesl Temperagure

Bending

= INSTRON —— - g
2345 Voltage N — = Temperature field lT Heat sources
- 2 I N ess \ ("Chemical Reaction 7 )
5 : + ISC heat Discharge hegt =m H x4, exp(——2)
I Qoo =M Hx, 4, exp
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L =60mm  Data Acquisition 34970A | Symmetry axis

/N i - L ~
| Thermal model
oT ds ||
————————— pC,—+V-(atq,)=—al:—+Q q=—kVT
——— L = p

(Jia et al. Journal of Materials Chemistry A, 2020)




SAFETY EVALUATION OF DEFECTIVE BATTERY

Simulation: Risk evaluation

« Mechanisms (defection introduction process)

Reaction area Disfunction level

a0
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= 3f i i
:g Triggering Collector
of ISC " “melting
1 1
1
(Jia et al. Journal of Materials Chemistry A, 2020) T 72 13

Time_t(s)

Voltage Change, U (mV)

Mechanical safety evaluation
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STRESS-DRIVEN SHORT-CIRCUITS

Experiment & Simulation: Mechanical behavior characterization of components

Q In-plane tension

e (Cathode

 Anode

« Separator

(Liu & Duan et al. Journal of Materials Chemistry A, 2021)
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STRESS-DRIVEN SHORT-CIRCUITS

Experiment & Simulation: Mechanical behavior characterization of components

(a)
. * _ 600/ - - - - Test N
© : : 2
O Out-of-plane loading g | smmon 3
; 20 layers ;
Cathode % 300
/ 3 150
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22 o o J
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i 02 ‘

| | 0310 0.343
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(b)

= T0EL () ®
——— Simulation . WOREURNS, .
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(Liu & Duan et al. Journal of Materials Chemistry A, 2021)
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STRESS-DRIVEN SHORT-CIRCUITS

Experiment & Simulation: Short-circuit behavior and criteria

 PEEQ based short-circuit criteria

 Short-circuit behavior @ | | .
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(Liu & Duan et al. Journal of Materials Chemistry A, 2021) 0 2 3
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Pack
Scale

1x10"1~1x10°

Unit: m
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HOMOGENIZATION OF BATTERY PACK

Modeling: homogenized methodology

RVE

Homogenized j’# r
model +p 4

RVE module compression simulation

RVE (Representative Volume
Element) module with periodic
boundary conditions

y

A

Battery pack

Stress-strain data

A 4

Equivalent model for battery pack

Inhomogeneous Inhomogeneous

structure RVE structure




HOMOGENIZATION OF BATTERY PACK

Simulation: various packing modes in small sacle

0=2r7v/3
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(Liu et al. Engineering Failure Analysis, 2018)
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THERMAL RUNAWAY PROPAGATION

Experiment: penetration caused thermal runaway (TR) Modeling: TR propagation model

Video 1, Case 1, SOC =1 Video 5, Case3, SOC =1
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(Jia et al. Journal of Energy Storage, 2020)
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OUTLOOK

Lithium-ion
battery safety
research

S

[ ]

Electro-
chemistry

(Abada et al. Journal of Power Sources, 2016)

How to model
across the
scale?

Multi-physics Interactions Across Length Scales

Electrode Scale Cell Scale

Charge balance and transport Electronic potential
Electrical network in & Current distribution

composite electrodes

Li transport in electrolyte
Li diffusion in solid phase phase

Interface physics

Particle deformation & fatigue

Structural stability

Atomic Scale

Thermodynamic properties

Heat generation and transfer
Electrolyte wetting
Pressure distribution

Particle Scale

Thermal/electrical
Inter-cell configuration
Thermal management
Safety control

System Scale

System operating

Lattice stability Conditions
Material-level Kinetic barrier Environmental condition
Control strategy

ransport properties

TR
~—c
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Contact: Prof. Jun Xu
Email: jJun.xu@uncc.edu
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UNDERWRITERS LABORATORIES®
Thank you for your time.

The following information is provided if you would like to contact the speakers.

Session host Dr. Daniel Juarez Robles
daniel.juarez-robles@ul.org

Presenter Dr. Jun Xu
jun.xu@uncc.edu

Learn more about our battery safety science research and initiatives at:

Web: ul.org/focus-areas/battery-safety
Email: NFP.BatterySafety@ul.org
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