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Evaluation of Crack Propagation in Silicon Anode using
Cohesive Zone Model during Two-phase Lithiation

Yong-Woo Kim' and Tong-Seok Han'""

Department of Civil and Environmental Engineering, Yonsei University, Seoul, 03722, Korea

Abstract

In this research, crack propagation in a silicon anode during two-phase lithiation was evaluated using a cohesive zone model. The
phase transition from crystalline silicon to lithiated silicon causes compressive yielding due to the high volume expansion rate. Li-ion
diffuses from the surface of the silicon to its core, and the complex deformation mechanisms during lithiation cause tensile hoop
stress along the surface. The Park-Paulino-Roesler (PPR) potential-based cohesive zone model that guarantees consistent energy
dissipation in mixed-mode fracture was adopted to simulate edge crack propagation. It was confirmed that the edge crack
propagation characteristics during lithiation from the FEM simulation results coincided with the real experimental results. Crack
turning observed from real experiments could also be predicted by evaluating the angles of maximum tensile stress directions.

Keywords : silicon anode, crack propagation, cohesive zone model, two-phase lithiation, PPR model
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Table 1 Material properties of crystalline silicon and 1A, 8 la)\"
lithiated silicon M=\ gt Tlaow
t n
Material Property Value | Unit | Reference
. Wortman &
Elastic modulus 185 GPa Fvans 1965 047];\1’ A, Az"L:- WA wkekal A ukgke] Bl A E el
Cr;slzjilrilne Yield strength 7 GPa Leez()elt4al,, W ¢, g5 BE 12 BE ] 319 oux]S et
T o Wortman & a, fE AELE el Wy, g, 6= HAZ "
R Evans 1965| W] Ao} Be)Agelt). g, o, I, I;E SeluiA), H2
Elastic modulus 35 GPa Hzftzk;%rlglet 99 A, o, B, 7] Al Ugk <2 Yehfoizitt.
Fully N { + »¥ Macaulay barcketo =2 o}g} 21} o] AAakdT},
lithiated | Yield strength 1| Gpa |Scthuraman T E
silicon et al., 2010 o 0
. , . Lee et al., = z < 2
Poisson’s ratio 0.22 2014 {xr {1; (z >0) @)
A8 o) B ee) el o] Fe cos Bt I WAL SANE 2AAS Bl et
0] o 2= o) o A7l 7lo] W3
GFE AR A8s FRRE B el gue) A BE T SR A 2ol REn,
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AUTY dele Aol 95 $ae) F= 2= ehigls . AVIn 1A
o] BaaH) e} 820 thiolme F 22 Aol 14, 4)- 2 n(l— T’f) (%+ T‘) @
F40lA "ol Aels 710 R Yehhglon, o714 24% o ’ t
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Fig. 4 PPR potential-based cohesive zone model of
fully lithiated silicon

Table 2 Fracture properties of crystalline silicon and
lithiated silicon

Material Property Value | Unit Reference
Mode I fracture Hauch et al.
1 .
energy 6 N/m 1999
Mode Hfracture 3 N/m "
Crystalline energy
silicon Normal cohesive Lee et al.
P ,
strength 7 GPa 2014
Tangential "
. P
cohesive strength 3.5 GPa
Mode I fracture Pharr et al.,
energy 6.9 N/m 2013
H - .
Fully Mode I fracture 345 | N/m N
energy
lithiated -
s Normal cohesive Sethuraman
silicon 1 GPa
strength et al., 2010
Tangential *
. P
cohesive strength 0.5 GPa

*Values of mode I fracture energies and tangential
cohesive strengths are assumed as half of mode I fracture
energies and normal cohesive strengths.

Tf(c.A,,4) (6)
=(1—f(e)T(A,A)+fle)T™(A,,4,)
A7, fle)=——2 o] o= 2)F ol& FES LERRY
max 0

300 EEMAMTREIESE =2F H32H H55(2019.10)

A= vl | wgh 4
B2 ¢,=0, cpa =4.40°]TH

max

B =B A8 fate Al AZE 09 ABAQUS
(2015 version)& AH&aF o PPR X84 78 2 <
ABAQUS AH&A} MEERI(UEL)S ARSI
g AgdEs 2dds] Y8l Fig. 59 2ol A
200nm¢ 73 8499 By 24a7S At
Jol = 53,5647 ==} 530, 38709] 41 A%
, 2] 182709] Ay a4t AREEIQIT)

YR D o> o
ooy ol
o, T o

>,
)
otk -
O
N

:
[}

BAAZACRE Fig. 59} Zo] H$Z w9 ulg ol
Lot 9 wEd x| FHE A&ttt 2.13¢0A
A48 vle} Zo| Fig. 29} 22 2ol 7= Z29d /3PS
Begolgste] wEoldl o] 7] TR ZRIUAS 7oA
FEH WHE A o7 283819 2lgole G4k YERIT
A2 E4L Table 13 Table 29 #o] AR&319] o™
R 09 33 oquz|g A Are RE 19 33
AU el gl Frel wto g shgsligith. XA 39
AR FEh7] flste] A 9] {2 99 a4 37

oA A AEE 102 2 AT

(¢) Boundary
condition

(a) Structured mesh (b) Whole mesh
near the edge
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inserted along the red line.
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Fig. 6 Edge crack propagation in circular silicon models.
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Fig. 7 Edge crack propagation in elliptic silicon models.
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