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(d) Comparison of the stress components obtained from simulation
and Hertz theory on the mid-axis of semicircle and semiplane, SIM solid

line represents the simulation results and ANA dashed line represents

the Hertz theory solution
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(c) Distribution of von Mises stress when contact occurs after the lithiation
of electrode particles. The concentration of electrode particles on both

sides(Particle 1) is 2.95x10° mol/m®, and concentration of the particle

on the center(Particle 2) is 1.95%10° mol/m’
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Fig. 3 Simulations of contact between electrode particles under lithiation
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(b) Contact between electrode particles under lithiation.
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Fig. 4 Simulations of contact between electrode particles with irregular shape under lithiation

Bl 3 82 | BAT 6 AR T ARG K 26 AH B 4% i
File. XFa—ANEEk, HABaR&tskE
TEJ LAt DhA ) ) B AR OR8], iR s L
O AR M(0,0), T(0,004h v=0, (0.1,0)4b R »
Tl 5y & v,=0, 43l T BRI F fi% s . 4]
QR RGN K 28 9 35 To A B - (LI 3a), B[R] 38

B, NI TFIREAE, RREK, BEE
KBS, PR N (L 3b)e 3 S EL AR R A
b, WPELF] 2.95%10° mol/m’. WUABEH, Rijj4y
AT ZIUSFRYE . ST RN AR, KN R R A,
A B 1Bl S5 0 T 5 NI B T 2 T ) ik

M 3 AR R A FER, Wil 3¢ FOR,



« 1862 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(7): 1856-1864

2025 4F

T 187 77 2 AN SR PR o 55830 O A T 9 798 00 H
R UKL B S AL, 79 0] AN RO 34 B Ik 3 2.95%
10° mol/m’, # [ FL B SO 24 1.95%10° mol/m”.
A R TR R A b PE STE YA R VA LsEi))
FEIMAE, FHRERG. K, 2Bk
SURL A T AR AL IS B K von Mises B 77, i 3d Bt
Ro ATLAE Y, SARALIURL (AL 1) 5k 8 )
BOKAR, 1 5 AL B Bk CIoRL 2) IR B T [FIRE )
R FT, PG IR 22, SR (R b (A k.
1M EL, 5 B TSURL IR 8277 i 28 O A 3 3 A E 2 S
A F AR RTORE ik 1) e KL FE 2 B

MR A BR R AR SE AL JeiE R, N
JIEBLANFE 4 FT7R o #0500 AS KU e 3 A2 Bl AL AE ik
1. il 4b FioR, B O HBIENIRN ), X
S BT A 0 T BRI B R R BT
NEJy A, AH R LA AT o X T AN R 4 5 1)
HLAR SR, NS TR, RHES
Wil BE THT B2 A i, X PRI RN . FE, W]
DAL 2, 2 ik B [ 47 RSP 10 2 T 940 4 422 Al A
kTN, EB TNy, WH, 35T
I 99 2 0 SR T B AR ON, BT ARy OR, M
KA

SRR E AR AR, EARRIURE 52 B8 R RN B A 7 1

R, HA—EReE RE, Xt RE, 2T
TAHERBRL, WE 4c fion. HEKMNIMESE 4b
HH B 0] R AR R 5 B T 8 i 7 A V) N (AR . (E
&, WK 4d Fiow, Bk shRT R TROE B
TER, JUHRAERZIK B8 )5 W BN, e KR a) B
BN 13 A

TEf G, HEHAT T AT R AN I F AR Uk £ 14
i B4 BB, 40P 5 BT o 3 T B S ik R 40 02
(WK 5a), i T 3 MERL(LE 5b), HEEAIZ
V) AR LAk 5 R )40 AT, Wil Se s . BRLIE]
A ELAE 7 35 K A A5 0K A0 32 5 98 S L A B I8 Ak
LMk S T MO B2 i Ak, 5 WSR2 1 B
EN GO Sl ANANE Lo s -8 1 I I S| I B TR A T
FEMUMR 7E B o P Sd i 7 A (0 B AR R £ K von
Mises [ 7] 4B Bl FTURE P9 3004 FE IR A8 A0 il 28 . S50k
I KN B A AR P (R Iz i o, 93 s by
TZATORE 55 2 (0 R AH B Ak (T ) %1 R i — B
W], T 3 ANURLE A BLVE R, SBU0RE PN 38 )
TR, AFERE SRR IR R . 7E
Hertz B3, B it 5ok B 5Y0RIE T
FENVRPE Sl A, a5 BEIG N, S0RE IR 1) 2
EATIEASE St Bt iy N 5 WA %= O N1 o VA 1 ]
G I RN JMEA K.
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(c) Von Mises stress after lithiation
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(d) Profile of maximum von Mises stress for the electrode particle on the right side
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Fig. 5 Contact analysis upon lithiation based on actual electrode particle morphology
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Chemo-mechanical Contact Analysis of Electrode Active Particles

LONG Yongyi, ZHAO Ying
(School of Aerospace Engineering and Applied Mechanics, Tongji University, Shanghai 200092, China)

Extended Abstract

Introduction In lithium-ion batteries, electrode active particles are used to store and release lithium ions. The insertion and
extraction of lithium ions are accompanied by a local deformation of the electrode active material, which can lead to mechanical
degradation. Studies on the chemo-mechanical behavior of electrode particles can favor to improve the capacity and cycle life of
batteries. Silicon has a super high capacity as an anode and is considered as a promising electrode material. However, its excessively
high volume change rate hinders the further development of silicon electrodes. Two main reasons lead to mechanical failure of silicon
electrode particles, i.e., the non-uniform volume change due to Li-ion concentration gradient, and the contact between particles upon
lithium insertion induced volume expansion. Contacts between elastic deformable parts with simple morphologies are investigated
based on the Hertz theory, which mainly analyzes contacts via calculating the contact area and indentation depth. Simulations of
solids are mainly based on the Lagrangian description, which requires to create multiple systems and inter-system connections that are
computationally complex. A phase-field model is developed with Eulerian description that can conveniently identify and distinguish
the inside and outside of an object by the value of a variable “order parameter”. In addition, some examples for calculation the contact
between electrode particles with different morphologies are also calculated to explore the ability of the proposed method.

Methods The calculation model is based on 3 equations, i.e., the equilibrium equation, Cahn-Hilliard equation and the reference
map equation. After splitting the Cahn-Hilliard equation into two parts, 4 variables v, ¢, 1, £ need to be calculated. The constitutive
law is calculated through & and contact force is calculated through the ¢ of the contact bodies. Deformation gradient is decomposed
into elastic part and lithium-intercalation-induced part. The elastic part is constructed on neo-Hookean theory, and
lithium-intercalation-induced part is calculated through the concentration of Li. Elastic constants are also functions of the
concentration as Si and Li both contribute to it. 4 PDEs are generated, including the Cahn-Hilliard equation, the equilibrium equation
and the evolution equation of & After applying boundary conditions, the PDEs are transformed to weak forms. The simulations are
performed by the finite element method.

Results and discussion A simple elastic contact problem is simulated to verify the feasibility and accuracy of the method. The
result is compared with the Hertz theory. The lithiation of electrode particles is then simulated. The electrode particles are initialized
as cylinders with regular and irregular profiles. The figure of von Mises stress shows that the contact between particles with regular
profile is equivalent to the contact between a nanowire and rigid plane. And particles show different behaviors when they start
lithiation at different durations. Particles with irregular circle profile shows a higher stress when the contact with rigid plane while the
stress is lower when contacting with other particles. That is because particles rotate when the irregular profiles contact, which releases
part of the stress and expands the contact area. To exclude the effects of rotation, considering that friction and binder can impede
rotation, an example of 1/4 electrode particles is simulated. Particle rotation has a significant effect on stress relief, especially in the
final stages of expansion, where the maximum stress can be reduced by approximately 1/3. Finally, simulations are performed with a
reference to the actual electrode particle morphology. The internal stress in the particles becomes stable at a certain point and no
longer increases significantly with deeper lithiation.

Conclusions The simulation modeling of the contact between solids was implemented based on the phase-field method, and its
feasibility and accuracy were verified through a simple example. Subsequently, the simulations of the contact problem of the lithiation
of electrode particles were carried out to investigate the deformation and stress state of electrode particles with different shapes when
the contact occurs to show the region where mechanical degradation might occur. The simulation of electrode particles’ lithiation
showed different behaviors when the profile changed. This was because particles with irregular profile rotate when contacts occured
so that concave surface and convex surface coupled. However, smaller contact area resulted in higher stress when concave surface
contacted with rigid plane. The final simulations were performed with a reference to the morphology of the electrode particles in the
real situation. These simulations could provide a reference for the study of the lithiation behavior of electrode particles in Li-ion
batteries, showing the possible sites of mechanical damage or fracture of the electrode particles when they squeezed against each
other, which in turn could be expected to contribute to the optimal design of Li-ion batteries in the future.

Keywords lithium-ion battery; electrode particle; solid contact; Eulerian description; phase-field method



