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Abstract: Lithium-ion batteries are widely used as energy storage and dynamic power, while the capacity life of
battery is one of the key factors affecting its further application. The electrochemical-mechanical multi-field coupling
effect of the lithium-ion batteries during the cyclic charging and discharging process cause the damage accumulation
for the electrode materials, thereby deteriorates the mechanical stability of the electrode materials, leading to
multi-scale damage to the electrode materials, ultimately declining the battery life. In this study, the multi-scale failure
behavior of LiNi,Co,Mn.O, (NCM) cathode materials were summarized through our previous research, and the
experimental and simulation analysis method for studying the damage of electrode material are introduced
systematically to provide reference for selecting damage analysis methods at different scales. In addition, the failure
mechanisms of NCM cathode materials at the scale of active particles and electrode coating were studied in-depth

based on combination of experimental and simulated analysis, including electrochemical experimental of lithium-ion
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batteries, extended finite element method (XFEM), linear matching method (LMM) framework. The research work

provides important guidance for the mechanism analysis of multi-scale failure behavior and microstructure

modification of electrode materials.
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Fig. I Multi-scale damage of NCM523 after electrochemical
cycles

(a) In-particle cracks; (b) Particle breakage; (c) Large cracks in electrode
material; (d) Delamination between active material and current
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Fig. 3 Crack initiation and propagation of active particle of
diameter of 3 pm under the current density of 0.37 A/m*!"”}
(a) Lithiation process; (b) Delithiation process. The variable STATUS-
XFEM presents the status of element, and it varies 0 (non-damage
status) or 1 (completely cracked)
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small paticles



922 T AL A R R

T UL 4R, W DLIRAS RURL 7R R S0 E
WETWER 4 KPR B ZRETNER 4, 5
LI F FL AL P i 2 TR DL A 2R AR K

PG d, =0.7424i %7 ©
%J\*ﬁ%ﬁ% df = 081551;0979 (7)

32 WMEEREMEITASH

NEEF NCM W A 78 AL 22 0 R i FE A 1 )
SRR AT N, TR R T AT 6)
R By BRSNS, SR 1 2 H AR 0 A
RYIISIO0 g 7 WAL AR 2 J LA R 2R e 5y
LR, 1825 R8BI AR T 1 2 TS 3 A £ 3R LA K
SRAR I IR B i K T T E ) IR &, 13
Bix) NCM MR IR e A 200, 2l gh R fm Ok
SPAERER 8 [ SR 0L,
321 NCM EHEHNREHRR BT

FETHHOEF N AT E AR NCM i
EraERR IR S Y 80E SN, Faid
ABAQUS LMM #fifF4r#r, Al L3 E] NCM 3% 2
(22 g A gt . Bl 7 N RE TR FER I E) NCM
W 22 T8 W BR AR A W SR 1 7, Hodh A6/ A6, -
P/ py 53 A& VA — A0 0E R 78 8 AR F A R ),
A6, 1 py IR 355 70 8 L S e R 8k — 3. B
PRI A, IR 1) B P i PR 5 e W I 0 i 2 i
J2 R BRI OK, X BRI MBS S N )T
B P 2 S

O Cathode material
@ ° Liion 1, L ° ° I Delithiation
4

I
I
I
I
|
\

(®)

Kl 6 (a) b ARAE A/ BT R 7R B EI(INCM. i1t R IR E
AVSETAA L), (b SR A A AITE AL B o ARt I ) 671
Fig. 6 (a) Schematic illustration of electrode during the lithiation/
delithiation process, whereby NCM active layer being coated
on the Al current collector, and (b) boundary condition and the
load applied to electrode during the lithiation stage®”

537 %
0.7
Q ST —=—30 um
g 0.6 _/Rachetlng limit 20 pm
2 ——10 pm
E go 0.5 Racheting region
=g
2204
£%
q:;,g 0.3 FReverse plasticity region
S £ 02f — &
< o N Reverse plasticity limit
E 0.Ir Shakedown region Limit load _
4 O 1 1 1 1 1 '}
0 1 2 3 4 5 6 7

Normalized pressure, p/p,
K7 NCM EREA 10, 20 30 um FI % 8 ke i 520

Fig. 7
material with varying thickness of 10, 20 and 30 um

Shakedown and ratcheting limit curves of NCM
[20]

322 NCM E4ERKRBES F&
F:T Manson-Coffin 52 PN 3k R A5 59 5%
F7 1 2 (8] [P R R AT AR IR A
Ag
1g7§:kg@Ng+g4 (8)

Ag _ e
ﬁ¢,zﬂ%¢ﬁ&§%ﬁ,mﬁ%ﬁ%%ﬁ,4

NI 57 SEPEFREL, k P57 I R

9 T R ] ST g AR AR 9 57 A
i, AT A AT G

lgAe, = algNy +b )

B an bR EM. R A LT IR
TR R] . N N HERRARE 5 57 % i, W]
P LA A AR PRI 52 %3 B I B AR 5 iy il 2
AT NCM A2 HoAth 78 5 i 4% 3 8 10 A& 1, I
BE5 SLIG IR IR A B T IN EE
323 NCM EHEEEFME THIEIAEEITA

8 T AR B 45 SR AN S0 N X 4 SR R X R
A LAt — B 0 FUAE SE B B AL 2 R 25 1 R ) NCM
RINF. Fan, EEHN 20 pm ) NCM iEHETE
1C AR ATF A 19.15 MPa 18 € & 71 F FIE A28 1
TR 7 8 S (1, 1). AR, B T
L1, DAL B X, 7E1% L0 REAELE IR 55 LA
Aisetifi. B8 (a) NEERME I T NCM #4
TRHFR 2 P A Y B RO N AR 2 I e, RS
AR TE SRS JA I B B AR (4 A .
IR A Bl fe KABL N 0.146, LT rhles TR
NI KN 1.68x107°, A7 T14%%. XRIEHK
L 2 T o R B L R 5 RN, T e T 2R A N AR A
R, ERMMAIAGRIBEEAT N Rk, RauE
AN e 2 BER A A IR TR = P, T 2 2R AR
TERER G R IN R, 38052 1LY T Y



8 B %, % SETRODSINERE T IS R R 923
Ty Fatigue at top centre 73 BT RT LAAS B AR AREAS R RUBE R (192 8 RS T 57,

@ = g0
+1708x1071
+1/5421071
+1375%1071
+1208x1071
+10421071
+8.748x10°2

9.98x10°2

Ratcheting strain

(Avg: 75%)
+2.442x102
+2.236x1072
+2.031x102
+1.826x102
+1.621x1072
+1.416x1072
+1.211x1072
+1.006x102
+8.010x1073
+5.959x1073
+3.909x1073
+1.858x1072
—1.926x10™*

Racheting at top edge
1.68x1072

6.64x10-

(b)

Before cycle After cycle

K8 (a)E A 20 um B NCM 3G M EAE 8 A1, 1) TR
e 57 22 i L AR S R AE 2 5 (b) 78 B LA A S 36 i () A S
% J5 (47)NCM 1F #% Ji8 120)

Fig. 8 (a) Contour map of plastic strain range and ratcheting
strain of NCM active layer of 20 pm thickness for load point
(1,1) and (b) picture of NCM cathode before (left) and after
(right) cyclic charging-discharging test?®”

PEIAVERS £

Tl P 78 T R S 6 S PR, 00 3 R AL )
(K 8(b)), BIVEMEJR 5 WA AR B 17 T K A
IERRIE AL, X5HUESra R — 2

4 g

BT ABAQUS HUEMI, 456 HALZIEIA5L
IGER, JFR TS P NCM MRHEA R R B
TR R RAT N TR o B XA ] e o SR AR
5] AT T2 05 v, SRR 451

1) NCM iE PR RSO O A R, 4
R I SRR RE, A RURL TR . R 1Y) B 0 R
SRS N B0 ) VR = N (¢ b 1A
AT W R IR, W 2 Ok AR s ROBE I 2R AT ()
R R R EGHEEZ 5 EFUE IR . H, NCM
W O AR AENE 57 IR T = AR R, LG A AEAE
HRE L T B AR SRS

)3T BN 1R & 7 i & ABAQUS XFEM
AT AT IS PO RSO AR R VR, AT R LI A
ROy RIA G LTV B0E SN 135 0L &K LMM

TR 57 75 i FE 23 A7 1 A 28 14 2R RO LB
S ik

[1] HENDRICKS C, WILLIARD N, MATHEW S, et al. A failure
modes, mechanisms, and effects analysis (FMMEA) of lithium-ion
batteries. Journal of Power Sources, 2015, 297: 113-120.

[2] XU R, YANG Y, YIN F, et al. Heterogeneous damage in Li-ion
batteries: experimental analysis and theoretical modeling. Journal
of the Mechanics and Physics of Solids, 2019, 129: 160-183.

[3] WANG Y N, LI H, WANG Z K, et al. Progress on failure mecha-
nism of lithium ion battery caused by diffusion induced stress.
Journal of Inorganic Materials, 2020, 35(10): 1071-1087.

[4] RYU H H, NAMKOONG B, KIM, J H, et al. Capacity fading
mechanisms in Ni-rich single-crystal NCM cathodes. ACS Energy
Letters, 2021, 6(8): 2726-2734.

[S] PRUSSIN S. Generation and distribution of dislocations by solute
diffusion. Journal of Applied Physics, 1961, 32(10): 1876—1881.

[6] HUGGINS R A, NIX W D. Decrepitation model for capacity loss
during cycling of alloys in rechargeable electrochemical systems.
Ionics, 2000, 6(1): 57-63.

[7] CHRISTENSEN J, NEWMAN J. Stress generation and fracture in
lithium insertion materials. Journal of Solid State Electrochemistry,
2006, 10(5): 293-319.

[8] ZHAO K, PHARR M, VLASSAK J J, et al. Fracture of electrodes
in lithium-ion batteries caused by fast charging. Journal of Applied
Physics, 2010, 108(7): 473.

[9] TAKAMURA T, OHARA S, UEHARA M, et al. A vacuum depo-
sited Si film having a Li extraction capacity over 2000 mAh/g with
a long cycle life. Journal of Power Sources, 2004, 129(1): 96-100.

[10] ZHAO K, TRITSARIS G A, PHARR M, et al. Reactive flow in
silicon electrodes assisted by the insertion of lithium. Nano Letters,
2012, 12(8): 4397-4403.

[11] LEE Y K, SONG J, PARK J, et al. Multi-scale coupled mechanical-
electrochemical modeling for study on stress generation and its
impact on multi-layered electrodes in lithium-ion batteries. Elec-
trochimica Acta, 2021, 389: 138682.

[12] FERRARO M E, TREMBACKI B L, BRUNINI V E, et al
Electrode mesoscale as a collection of particles: coupled electro-
chemical and mechanical analysis of NMC cathodes. Journal of
the Electrochemical Society, 2020, 167(1): 013543.

[13] ABAQUS. ABAQUS/CAE user’s guide, Version 6.14. Dassault
Syst” emes Simulia Corp., Providence, RI, USA, 2014.

[14] BELYTSCHKO T, BLACK T. Elastic crack growth in finite
elements with minimal remeshing. International Journal for Nu-
merical Methods in Biomedical Engineering, 1999, 45(5): 601-620.

[15] CHEN H, PONTER A. Shakedown and limit analyses for 3-D
structures using the linear matching method. International Journal
of Pressure Vessels and Piping, 2001, 78: 443-451.

[16] CHEN H, PONTER A. A direct method on the evaluation of ratchet
limit. Journal of Pressure Vessel Technology, 2010, 132(4): 041202.

[17] ZHU X, CHEN Y, CHEN H, et al. The diffusion induced stress
and cracking behavior of primary particle for Li-ion battery electrode.
International Journal of Mechanical Sciences, 2020, 178: 105608.

[18] ZHANG J, LU B, SONG Y, et al. Diffusion induced stress in
layered Li-ion battery electrode plates. Journal of Power Sources,
2012, 209: 220-227.

[19] NADIMPALLI S P V, SETHURAMAN V A, ABRAHAM D P,
et al. Stress evolution in lithium-ion composite electrodes during
electrochemical cycling and resulting internal pressures on the cell
casing. Journal of The Electrochemical Society, 2015, 162: A2656-A2663.

[20] CHEN 'Y, LUAN W, CHEN H. Shakedown, ratcheting and fatigue
analysis of cathode coating in lithium-ion battery under steady
charging-discharging process. Journal of the Mechanics and
Physics of Solids, 2021, 150: 104366.

[21] MANSON S S. Fatigue: a complex subject-some simple appro-
ximations. Experimantal Mechanics, 1965, 5. 193-226.



924

AL M OB IR 378

HEMRETE

1995~1998 4, K VT IR 26 A i W 524, B 50 28 R ACAS AT HH 09 A R BOPE A, X AN 4 % B dEF AR AT
Fadl 37, WAL T EAEFRAARO ZERIE, LibRIESWNEIEMBLE T T ABZISL, BLERGES®R

£ FRFHEL; B RAEA

REERRBUEMBRE LR T IAT HEF, e, 3
%A oAt E b BA I L AR BT K, SR
e, AR R T AR ANET | A E, 2%
BEBABME A FILRIAE, THREMNGFZIRE,
EFEFTHAMERZRE . AR AL BRAN
25 ITAE, AR EE T, e AT
M TRR, LRTi# S FRARMmERE, F85%T BRI
BEHReh, EREBLA,

dods, RIEFREFTCLEZ_+F, EFABRA
FAIR T @MAELIAFT DDA RS, BRI R A A —

A E BRI, BWRRE, RAENHIE, F4HTH, A4
X

(R %)



