
Battery Safety Science Webinar Series
Advancing safer energy storage through science

June 14, 2021

Multiphysics and Multiscale Modeling 

of Lithium-ion Battery Safety Issues

Host Dr. Daniel Juarez Robles

Presenter Dr. Jun Xu

Assistant Professor

Department of Mechanical Engineering & Engineering 

Science University of North Carolina at Charlotte

ϭнлнм ¦ƴŘŜǊǿǊƛǘŜǊǎ [ŀōƻǊŀǘƻǊƛŜǎ LƴŎΦ !ƭƭ ǊƛƎƘǘǎ ǊŜǎŜǊǾŜŘΦ ¦[ ŀƴŘ ǘƘŜ ¦[ ƭƻƎƻ ŀǊŜ ǘǊŀŘŜƳŀǊƪǎ ƻŦ ¦[ [[/Φ



2021/6/14 Vehicle Energy & Safety Laboratory (VESL) 2

BACKGROUND

Battery Crash Safety Battery Degradation

Fire/explosion 

after car crash

Cell-phone battery 

explosion after penetration

Large-scale energy 

storage system safety

Li-dendrite

Li-plating

Å Mechanical 

abusive loading

Å Li plating

Å Li dendrite

Å Particle crack

(Liu, et al. Energy Storage Materials, 2020)
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Particle Scale Component Scale Cell Scale Pack Scale

ρ ρπ~ ρ ρπ

Unit: m

ρ ρπ~ ρ ρπ ρ ρπ~ ρ ρπ ρ ρπ~ ρ ρπ

Atomic Scale

ρ ρπ ~ ρ ρπ
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Particle Scale Component Scale Cell Scale Pack Scale

ρ ρπ~ ρ ρπ
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ρ ρπ~ ρ ρπ ρ ρπ~ ρ ρπ ρ ρπ~ ρ ρπ

Atomic Scale
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AN INTERESTING QUESTION

Core-shell modeMixture mode

Two representative Si/C mixing modes

Si

C

Li

Li diffusion mechanism in Si/C system

1.Li diffusion in Si first or C first?

2.How the composite configuration affects diffusion?

3.How the C material affects Li diffusion in Si?

DFT simulation
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Method

DFT simulation

Si/C with various C layer thicknesses

Si/C(2) Si/C(3) Si/C(4)

Two representative Si/C configuration modes

Mixture mode

Core-shell mode

AIMD simulation: 

1200 K, 0.01 eV/Å, 10-4 eV 

14 Å14 ¡14 Å

2 Å 3 Å 4 Å

11 Å 11 Å 11 Å

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

Core-shell mode Mixed mode

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

Å A thicker C layer slightly decreases the Li 

diffusivity in Si

Å The overall Li diffusivity in mixture mode is 

almost same

Å Li diffusivity in core-shell mode highly 

depends on the C layer atomic structure

Å Li diffusivity in core-shell mode is 

commonly lower than in mixture mode

Core-shell mode

(Gao, et al. ACS Applied Material & Interfaces, 2021)
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Particle Scale Component Scale Cell ScalePack Scale

~ 

Unit: m

ρ ρπ~ ρ ρπ ρ ρπ~ ρ ρπ ρ ρπ~ ρ ρπ

Atomic Scale

ρ ρπ ~ ρ ρπ



2021/6/14 Vehicle Energy & Safety Laboratory (VESL) 9

SI/C COMPOSITE ANODE PARTICLE

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

SEM images of Si/C composite anode 

Nano-scaleMicro-scale

100nm1mm

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

Symmetry axis

Si

C

Vertical constraint

Constant 

Li flux

R

tc

Si-C 

interface

C-C 

interface

Å Governing equations

Modeling: Si-C core-shell particles

Å FEM model settings

(Gao, et al. Energy Storage Materials, 2019)
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PART I: CONTACT BEHAVIOR
Simulation: Stress analysis

ü Plastic contact mainly occur in first cycle

ü Tensile stress produced in every cycle end

Å Parameter definition 

max

ns
max

cs

0 0 max 0/ =( ) /R R R R R+D

( )0 0 max 0max
/ ( ) /t t t t t= +D

maximum C-C contact stress

maximum Si radius change

maximum Si-C interface normal stress

maximum C thickness change

Å Stress evolution and distribution 

(Gao, et al. Energy Storage Materials, 2019)
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PART II: SI/C CORE-SHELL STRUCTURES
Modeling: Si-C core-shell particles

The best one?

Core-shell structure 

studied in previous slides

(Gao, et al. Nano Energy, 2021)



2021/6/14 Vehicle Energy & Safety Laboratory (VESL) 13

PART II: SI/C CORE-SHELL STRUCTURES
Modeling: FEM model settings

Geometry and boundary Five structures

Å Same governing equations were adopted Å Each structure has three different ‗values 

Gao et al., Nano Energy, 2020
(Gao, et al. Nano Energy, 2021)
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PART II: SI/C CORE-SHELL STRUCTURES
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Å Stress and displacement curve Å Stress distribution Å Failure modes

Shell fracture (lithiation) 

Core shell debonding (de-lithiation)

ü The normal stress ůn at the core-shell interface is in compressive stress status and 

increases during lithiation.

ü 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

Simulation: Mechanical behavior

(Gao, et al. Nano Energy, 2021)

Plastic deformation
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PART II: SI/C CORE-SHELL STRUCTURES

Å Capacity behavior

Shell 

fracture

Core-shell 

debonding

Actual Normalized

0 5 10 15 20
0.4

0.6

0.8

Gf =15.9 J/m2

N
o

rm
a

liz
e

d
 c

a
p

a
c
it
y
 

c
o

n
s
id

e
ri
n

g
 d

e
b

o
n

d
in

g
, 

C
d

n
o

m

Shell fracture EER, Gf (J/m2)

2

5.2

3.6

Max. cact

104 mol/m3

Core-shellYolk-shell Dual-shell

Hollow core-shell Multicore-shell

Ƙ

ƙ

ƚ

Ɨ

Optimal zone

Ɩ

Simulation: Failure, capacity, design

(Gao, et al. Nano Energy, 2021)
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PART III: MULTISCALE-MULTIPHYSICSSTUDY

ÅConstitutive equation in microscale
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Å Li diffusion model in microscale
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( )ij ijkl kl eigen klC dS = Y -Y

Å Li flux model in macroscale
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Modeling: Multiphysics coupling strategy

Electrode 

RVE

Governing equations

Si/C 
composite 
anode 

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

Hydrostatic stress

Current density

Deformation gradient

Eigen strain change
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PART III: MULTISCALE-MULTIPHYSICS STUDY
Simulation: Model validation

Full-cell voltage Electrode deformation

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

Corresponding video 

(Gao, et al. Journal of Power Sources, 2020)
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Particle Scale Component Scale Cell Scale Pack Scale

ρ ρπ~ ρ ρπ

Unit: m

~ ρ ρπ~ ρ ρπ ρ ρπ~ ρ ρπ

Atomic Scale

ρ ρπ ~ ρ ρπ
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MECHANICAL BEHAVIOR OF ELECTRODE
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Å SOC effect

Anode

Cathode

Å Strain rate effect

Experiment: Material test of battery components

Anode Cathode

Å SEM images after 

tensile test

(Wang, et al. Journal of Power Sources, 2018)
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MECHANICAL BEHAVIOR OF ELECTRODE

Simulation: Tension and failure analysis

I II

III

I

II

III

Modeling: Laminate theory and sandwich model

Input

(Wang, et al. Journal of Power Sources, 2018)
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FAILURE BEHAVIOR OF SEPARATOR

0.0 0.5 1.0 1.5

0.5

1.0

1.5

F
o

rc
e

, 
F

 (
k
N

)

Displacement, d (mm)

 Test 1

 Test 2

 Test 3

0.26

0.52

0.78

1.04

Voltage
 Test 1

 Test 2

 Test 3

V
o

lt
a

g
e

, 
U

 (
V

)

Force

Å Sphere indentation

Experiment: Indentation test on anode-separator-cathode stacks
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Experiment setup
Ex-situ observation of separator morphology

Cracked

Transparent

Yuan et al., Journal of Power Sources, 2020
(Yuan, et al. Journal of Power Sources, 2020)
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FAILURE BEHAVIOR OF SEPARATOR

Simulation: Separator deformation based short-circuit criteria

Separator 

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


