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1- Introduction \J‘,t |

Context :

Why silicon material ? D
High specific capacity (4200 mAh/g) , reasonable price, abundance in nature.

'
~

150 nm

Cc

No Fracture

Surface Cracking & Fracture

Disadvantages: very important swelling during the charge/discharge of Lithium

(lithiation) which can lead to the degradation of the electrode. Q

Si Li,5Si,

Mitigation:

A 4

* Decreasing the size of the silicon particles to the nanoscale (20 - 200 nm).

e Use of a coating to limit the expansion of the silicon particles (buffer). Diameter

Liu et al. 2012
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Context :

Why silicon material ? D
High specific capacity (4200 mAh/g) , reasonable price, abundance in nature.

'
~

150 nm

Cc

No Fracture

Surface Cracking & Fracture

Disadvantages: very important swelling during the charge/discharge of Lithium

(lithiation) which can lead to the degradation of the electrode. Q

Mitigation: I LI1SS|4

A 4

* Decreasing the size of the silicon particles to the nanoscale (20 - 200 nm). Di
e Use of a coating to limit the expansion of the silicon particles (buffer). iameter

Liu et al. 2012

Objectives of this work:

« Understanding and modeling of the mechanical effects of lithiation of a silicon particle. \/
- Validation of the model with experimental measurements (example: XRD measurement). %

«  Study by simulation of technological solutions : coating, microparticles. %
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1- Introduction \J\j\: \

Experimental observations: lithiation of a free silicon particle

(Matthew T. McDow
Lett. 2013, 13, 2, 758

(S.Huang et al., Acta
Materialia 61 (2013)

* Formation of an amorphization front between the two phases (1 nm).

e Formation of two phases during lithiation: a lithium rich shell (Li,Si) and
a pure silicon core (pristine) : 3.75 Li + ¢-Si = Li; ,:Si

* Fracture of the particle periphery.
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Context:

Battery

Charge Discharge

-~ Load/Charger

/- Electrc\flyte \

Anode Cathode
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1- Introduction

Inclusion Si

MA

Li
i
Assumptions: @

e Spherical geometry for inclusion.

 Mechanical - diffusion coupling (similar to
a thermomechanical problem).

* Soft matrix/electrolyte : no effect on the
mechanics of the particle.

* Isotropic lithiation of the particle.
Consequence:

e Problem reduces to 1D.




2- Modeling of a free silicon particle \J‘/\ (
AN

Mechanical problem :

* 1D Mechanical-diffusion problem (spherical geometry): differential swelling driven by Lithium concentration.
» Displacement field solution is radial : wu(r,t) = u(r,t) e,

 Boundaries conditions: 7, (r9.t) = 0 u(0,t) =0 r,

Ou(r,t)
ar

u(r.t)

e Strain components (compatibility): €,., = €0 — €hpp —

do,, 2
e Equilibrium: o + - 0, — 0] =0
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2- Modeling of a free silicon particle

Mechanical problem :

* 1D Mechanical-diffusion problem (spherical geometry): differential swelling driven by Lithium concentration.
» Displacement field solution is radial : wu(r,t) = u(r,t) e,

 Boundaries conditions: 7, (r9.t) = 0 u(0,t) =0

. - du(rt t
e Strain components (compatibility): €,, = ué:} €0 — €hpp — u(r.t)

do,, 2
e Equilibrium: I + - [Gm- — Jae] =0

Ingredients for the core/shell mechanical model :

e Chemical deformation (Zhang et al. 2007) : gc('?‘, t) =13 5(7’: t) £

* Elastic properties depend linearly on lithium concentration. Pristine silicon: E, = 160 GPa, v =0.25, Lithiated silicon (Li; ,:Si): E = 40 GPa, v=0.22 (Shenoy et al.

2010).
Eo[l —¢&(r, )] + Esc(r,t)

1 + 1/0[]_ — 5(? f)] + Vg é(?’, f))
Eo[l —c(r,t)] + Esc(r,t)
1 =2 ([l —c(rt)] +vsc(rt))

p(r,t) = ;(

1
r(r.t) = 3
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2- Modeling of a free silicon particle \J\/\ (
7N\

Ingredients for the core/shell mechanical model :

e Inelasticity: viscoplastic deformation using Norton's Law (Huang et al. 2013, Seck et al. 2018)

X7 P 8w —_— " cno 5 %2_'_1 .
g p(?" t) = 32(?" t) %(O—) ’LU(O') — LO_‘FY]_ (g) a gq U-EE}' — ||I'3§ : E/Q r
m - 0

I
Q

front

LiysSi
e Lithiation front : logistic function (Huang et al. 2013).

front

c(t,7) : 1
C\TL,.T) = i
" [1 4 QemBr=re)]V/e

« | Si Liz ;5S1

04}

0.2F

T =r/ro
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2- Modeling of a free silicon particle \J‘/\ (
AN

Semi-analytical small strain model

e Extension of the model of (Seck et al. 2018). Main differences :
O Materials properties dependent on space and time (phase change and lithiation front movement).

0 The interface between the two phases is given as a continuum function (logistic) with a finite thickness. r,

Commissariat a I'énergie atomique et aux énergies alternatives



2- Modeling of a free silicon particle \J\/\ (
7 N\

Semi-analytical small strain model

e Extension of the model of (Seck et al. 2018). Main differences :
O Materials properties dependent on space and time (phase change and lithiation front movement).

0 The interface between the two phases is given as a continuum function (logistic) with a finite thickness. r,

Formulation :

 Totalstrainrate: £(r,t) =£°(r,t) +£°(r.t) +&

|Im

(r,t)

e Constitutive law :

5, (. om(r )R (r 1) o7 :_é_’-:__l L Ow | : 1, i
g(?,’t): (im(?t) ( t) ( t)l ( t)l).[ :( 1t) _l_@() (0): MD 3(?‘,t) (1)

elastic chemical
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2- Modeling of a free silicon particle \J\/\ (
AN

Formulation:

rad (V. .
* Time derivation of compatibility: Ew(?" t) — 599(?" t) 3 8?" (T) (2) Vi(r,t) = a(r,t)

IIS>-..

e Deviatoric part of the constitutive law : (érr 566)

2 0 0

d=10 -1 0

- - Ow 0 0 -1
(JS - JS}UJ) d—3og .u e _

210 247

e Combining (2) and (3) we obtain: 0s+o0g (6#(
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2- Modeling of a free silicon particle \J‘/\ (
AN

Formulation:
rad (V. 5 .
* Time derivation of compatibility: Ew(?" t) — 599(?" t) = L] (2) Vi(r,t) = a(r,t)
38?" T 2 0 0
d= (0 ~1 0 )
. é’g O'S[L . Jw 0 0 -1
. iatori ituti . (6, —Epp)d = — — ——)d—30s—d 3
Deviatoric part of the constitutive law :  ( 00)d = (QP’J 2}“2) Os5x & (3) Os = Ogg— Oom
. (r,t 9, .
« Combining (2) and (3) we obtain: 05+ og | 6u(r, (?‘ o) — fur.?) = —2u(r,t) |r — (4)
(r,t) “or \r
Final :
Sty (. 1) )" (1) Final system
w\r = RrAT = l
\ — | ) 1 96 (r, t ,t m ! d T
i) = 20 oy = TS — Oi(r, 1) OR(r.1) OF (r,)
gy gy 3r u(r,t 9 " Ok(r,t 27 - 9 AF
A =2 s ) = _ 6
A ) 5, t) + S Alr, ) T +2T3]0 D) (@ t) a0 da 4 g P (1) = 5y oD 0.0
F( z‘):/ R(a,t)e (e, t) 2= do
0

* Using the (6), when 7 — 0 — og(0,t) =0

* One obtain a system of two nonlinear equations (instead of a single equation as in Seck et al. 2018).

 GuilhermeDALEVEDO  1tseptember2022 R IR
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2- Modeling of a free silicon particle \J\/\ (
AN

Solutions:

The proposed method is more robust than that proposed in Huang et al. 2013 :
A) uniform elastic properties :

1
Ts(7r, t “t)\ ™ —r d (3 [".
os(r f) + £ (US(T' )) = (—3/ (. t) x” d;z:) (7)
oy TV oy 3noy Or \ r Jq
* No use of a "shooting" type method used to find the velocity field that

_ 20y n= 3r+4p respects the boundary condition.
£0 18k p

e Single integro-differential equation.

Ty
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2- Modeling of a free silicon particle \J\/\ (
7 N\

Solutions:

The proposed method is more robust than that proposed in Huang et al. 2013 :
A) Uniform elastic properties :

1
e ~ m —r "
75(r,1) - £ (US(TJ)) -9 (3/ £(x.t) 2 d;z:) (7)
oy TV oy 3noy or \r? J,
* No use of a "shooting" type method used to find the velocity field that
_ 20yn _ 3r+4p respects the boundary condition.
—  fo0 = 18k

e Single integro-differential equation.

Ty

B) Complete problem with variation of elastic properties:

e Application of the finite difference method and backward Euler scheme : Spatial domain discretized in N points (i=1,2 ... N) and
the time domain in M points (k=1,2... M)

 Integration computed using the trapezoidal rule. ak = [fﬁ,"f q'jr,fv]l
* We obtain a nonlinear intégro-differential system written in the vector form (solved in Matlab) : &k _ [{}i: f}ﬁr r

gk-i-l(’ak-l-l + g (@k-i-l) + J' (@k) —0|@®

0 t — 0 B
Initial condition GS( ? ) — (10(} — U
u(0,t) =0
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3- Results for a free silicon particle \]\’ \ (

7N
Geometrical parameters: * Lithiation front positions : 1 Position 1
( — P0sition 2
. L . . Position 3
* Particle of nanometric size is considered (diameter 20 nm) i
e Lithiation front size : 1 nm (Liu et al. 2012)
* Linear evolution of the lithiation front 06F <—
Front
= .
moving
0.4
02
| ) )
" y |
0 0.2 0.4 0.6 0.8 1

riro
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3- Results for a free silicon particle \]"\ (
7 N\

Geometrical parameters:

e Lithiation front positions : 1 ——— sl [==——Position 1
| — POsition 2
. ... . . ( ( . Position 3
* Particle of nanometric size is considered (diameter 20 nm) i
e Lithiation front size : 1 nm (Liu et al. 2012)
e Linear evolution of the lithiation front .
Front
" | moving
A - Comparison with Huang et al. 2013 (uniform elastic properties): 0.4 ,~
Viscoplastic properties (quasi-plastic behaviour) Elastic properties : Expansion : N =300 i
oy =0.05E, m=001 £,=0001s"! Ey=160GPa B =026 M =100 ?' J J
vy = 0.3 100% volume increase 0 /
Stresses for lithiation front at positions 1 et 2 : 0 02 04 06 03 1
position 1 position 2 rlry
0.06 T T T T T T T T — 0.06
front ol front:
0.04 - .
pristine i pristine | * Results in good agreement with Huang et
al. 2013
0.02
]
LA % - | * Pristine phase in homogeneous hydrostatic
E state.
004
0.02 1 . . o o 2
- | * Tension to compression in the pristine.
0o * H -0.08 i 1 ¢ Yielding in the shell
uang-2013 *  Huang-2013 g ’
-0.06 ] : ' ' ' : ; L {HD 0.|‘| 9.2 D.Ia 074 D.IE u.lﬁ ol.? ﬂ.la 079 1

0 01 0.2 0.3 04 05 06 0.7 08 09 1

Commissariat a I'énergie atomique et aux énergies alternatives



3- Results for a free silicon particle \J ‘,t

B - More realistic estimation of internal stresses :

Viscoelastic properties (quasi-plastic behaviour) Elastic properties : Expansion . N =300
oy =0.05E; m=0.01 €0=0.001 s7' Ey =160GPa 1y = 0.3  3=06 M =100
EC = (.25 EO Ve = 0.24 300% volume increase
Stresses for lithiation front at position 2 :
Stresses with uniform elastic properties Stresses with variation of elastic properties
0.06 | | 0.06 | | | |
front -
0.04 004 L
0.02 | 0.02 - * Decrease of hydrostatic stress
pristine ' pristine in the pristine phase
Or .

o : o Or  Similar stresses in the
- -0.02+t : § — periphery of the particle
E[] E[]

: -0.02 |

-0.04 + : 1
: -0.04 |

-0.06 E —O'eq i
H — (T

-0.08 - : \J 00| | -0.06 -
- — (T
- I

-01 1 1 1 1 -0.08 1 1 | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
r/r /70
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3- Results for a free silicon particle \]\’\ (

B - More realistic estimation of internal stresses :

Evolution of hydrostatic strain in the pristine silicon:

With respect to stiffness : With respect to the material model :
0.01 T T T T T T T T T ﬂ_z T T : T r r r T T
o)
-
-
-
-
0.005 015k 4 i
-~
-~
”
0 - ’
o o viscoplastic
£ ‘ ” = == elastic
’
-0.005 WrEL y ]
7’
F 4
4
-0.01 _EC=EGM N Y |
\
NERE EC=EEI
-0.015 : I : : : : I I I ] | I | | | ] 1 |
0 5 10 15 20 25 30 35 40 45 50 -0.05
oF Tiabet b 0 &5 10 15 20 25 30 35 40 45 50
%o lithiation of b
o lithiation

* Overestimation of the strain in the pristine silicon when elastic

" it * The strain in the pristine silicon is always positive in the pure elastic model.
properties are uniform.

 GuilhermeDALEVEDO  1tseptember2022 R R
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3- Results for a free silicon particle \J\/\: \

C — Pushing out effect :

* Hoop stress at the outer boundary of the particle during lithiation

0.1 . , : ; : : , ; , * Compression to tension behaviour in the viscoplastic
1 tension model.
0 — — —
- L * Inthe elastic case, the hoop stress do not turns in
01t \ » -~ - tension.
[ ” . . .
02t . . * Higher stress in the elastic model.
\ ’
Tpg 03[ | / 1 e Stresses are relaxed by plasticity on the lithiation
: / Com ression front (Huang et al. 2013).
B o, 1 / _ P
| /
o05F | / viscoplastic |
| / = = eglastic
06 7
| !’
o7\, -
-ﬂ_ﬂ 1 I I 1 I 1 Il 1 I

D 10 20 30 40 50 60 70O BO 90 100
% lithiation

(S.Huang et al., Acta
~ Materialia 61 (2013)
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5 - Conclusions and perspectives \J\l\,, \

In this work we proposed :

e An original small strain model of lithiation of a silicon spherical nanoparticle with an advancing lithiation front and phase changing.

* The viscoplastic model is essential to obtain a compression in the pristine silicon and a traction in the lithiated shell.

In progress : 104

Large strain, ov=0.6 GPa
Large strain, ov=1 GPa
Large strain, ¢v=0.4 GPa
® Si-111 Tardif et al. 2017
O Si-220 Tardif et al. 2017
0 Si-311 Tardif et al. 2017

e Large strain finite element model 3t

e Comparison with experimental data of the mean strain in the pristine silicon
during its first lithiation. (EJM) — 1| =

» Study of cyclic lithiation/delithiation of silicon particle.

e Study of the effect of a carbon coating. ol
Perspectives : 3}
Study of an agglomerate of nanoparticles dispersed in a carbon matrix p . . . . . . 7
(micrometer size) - a multiscale model: 1 112 13 14 15 16 17 18 -
0 Use of mean field and full field methods via FFT calculations. l

O Analysis of the carbon matrix/inclusion interaction.

 GuilhermeDALEVEDO  1tseptember2022 IR
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Thank you for your attention!
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3- Results for a silicon particle \Jv‘ :

C - Comparison with experimental data (Tardif et al. 2017):

- Experiment technique : X-ray diffraction (XRD) sensitive to the pristine (crystalline part) of the particles.
« Particle system with two populations: large (100 nm) and small (35 nm).

« The particles are in a soft medium.

« Available data:
0 evolution of the specific capacity and potential .
0 evolution of the diffracted intensity of the pristine silicon.
O average deformation of the pristine.

Potential evolution : =
2 = i > = Cumulative
i i jii, iiiy, iv v vi vii specific
(a) 1325]|¢| capacity
(mAh/qg)

10°{ §

Current
amplitude

+148 pA <€
1071 -

E vs Li*/Li (V)

Incremental
specific

. : . : capacity

-529 +494 +1178 -1016 N (mAh/g)

SEl first lithiation Tardif et al. 2017

10—2 .

+218 +366  +613
5

=

A
v
A
L 4
A
4
A
N
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3- Results for a silicon particle \Jv‘ :

XRD measures during the lithiation of silicon (Tardif et al. 2017) : diffracted intensity (b)

Small

SE]| particles i

particles

o
B

212

c

: -
€104 lithiation Bragg reflection
1]

> 111
> delithiation ¢
7085 _ cd’@d:o:h b 220
et - relithiation

£ 0.6 - [I] 311
o

1]

v,

o

B

a

Retained aspects from Tardif et al. 2017 experiment:

| Mo . First part of lithiation : formation of the SEI. The
31 % deformation contribution from SEl is taken into
T o4 - account by imposing a radial pressure.
S o
W —5° % + Second part of lithiation is the small particles: their
_10 %’L contribution to the deformation is small because
) g their volume fraction is small (constant diffraction
o

intensity).

0 10000 20000 30000 40000 50000 60000

« Main contribution to the deformation comes from
the large particles (the third part of the lithiation).
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3- Results for a silicon particle \ J\/\ (
/N

Mean strain with respect to the yield stress Mean strain comparison : large strain and small strain

104 i
4 X T T T I I I 1 I 4 X1O T T T T T T T T

Large strain, ¢v=0.6 GPa
Large strain, oy=1 GPa
e large strain, oy=0.4 GPa

Large strain, ¢v=0.6 GPa
——— SMall strain, ¢y=0.6 GPa

2r I 21 @  Si-111 Tardif et al. 2017
o O Si-220 Tardif et al. 2017
Si-311 Tardif et al. 2017

® Si-111 Tardif et al. 2017
© Si-220 Tardif et al. 2017
0 Si-311 Tardif et al. 2017

-2
-3
_4 b T _4 1 1 1 1 1 1 1 1
1 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
4 104
t x10 ¢ K
Optimal yield stress : 0.6 GPa Small strain model overestimates the mean strain in the pristine silicon.
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3- Results for a free silicon particle \]\’\ (
7N\

e Large strain is needed because of large volume expansion (300 % expansion) : use of logarithmic strain in the finite element framework
(Miehe et al. 2002).

C - Comparison small strain and large strain:

” <1072 Large strain
Pristine Lithiated silicon
& ur Stress analysis :
Q
@ st e Similar stress in the periphery of the particle for both
front models.
'mu 1 1
0 / D e Hydrostatic stress in the pristine silicon for both models.
Stress field at 60% of lithiation Fi rg
g 1072 _ ‘Small strain | ‘ * Higher hydrostatic compression in the large strain model
| ritine | vivateasicon r"“"-"“ (this aspect will be highlighted in the comparison with
.-_.---"‘" experiment) and in the interface.
ﬁ |::I..I---------------------- ..' -‘-----_.-'--'
g . -l‘:...-ti;---'---- [ -
@ 5t .‘ : LD |:'.:'1__IrJrE1:| .
front | “*+a -
Lo .IIIII ﬁﬂﬂfEﬂ
-10 ' : ' ' ' ’ :
0 61 02 03 04 05 06 07 08 09 1
rr
/ 0
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3- Results for a free silicon particle U\l\/ \

B - Comparison of elastoplastic and elastic models : evolution of hoop stress at the outer border of the particle

08 4

U6 4

0.4F

0.2F

Ty
o5 |
=2

02 ]

-0.4 ]

-0.6 :
| elastic, |o"*|= 40 GPa

0.8 | e -
? plastic, |"H.r,| |=0.6 GPa

0 20 40 60 80 100
% lithiation
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3- Results for a free silicon particle \J ‘,t |

\

e Large strain is needed because of large volume expansion (300 %) expansion) : use of logarithmic strain in the finite element framework
(Miehe et al. 2002).

B - Comparison small strain and large strain:

e Dimensional evolution :

16 . ; ; :
Dimensional variation:
15 Log strain .
. e Small strain approach underestimates the evolution of the radius.
w—|_arge strain
14 == =5Small strain T .. . —
e Similar evolution between the two approaches at the beginning and
- at the end of the lithiation.
13 1
o
12 =
1.1 1

0 10 20 30 40 50 o0 FiL 80 90 100
% Lithiation
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4- Modeling of a composite particle (Si@C) \J\’ \/\

Composite sphere

Interests of using carbon coating :

» Potential buffer effect: limits the volume expansion of silicon.
« Avoids contact between silicon and electrolyte and limits the SEI (solid electrolyte interface).

+ Carbon has good conductivity.

Modeling in small strain :

¢ Linear elastic carbon : solution of an spherical shell submitted to an internal pressure

______ 3 3
- : uc(ro, t) ron — 7T
P.(t) =3 K, (—*) _ (reo —75)
""" 7o ¢ ¢ 3 3Ke T3,
interface pressure U + Tﬂ
* Displacement field in the carbon coating
3 3 3
Pc(t) rry Pc(t) T o Carbon stiffness : E. = 10 GPa (pyrolytic carbon)
U (Ta t) — 3 3 + 4 3 3 2
3ke (Te0” —17) fe (Teo” —15) \ 7
e Continuity of conditions at the interface : O'?,,,('?"U, t) = O‘TT(?"D, t) = —Pc(t) ’lL("FD, f) = ’lLC(T’[}, f)
3K. \
Pc(te) = T K. E
¢ At the end of the lithiation (maximum pressure): 1 + Ko
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4- Modeling of a composite particle (Si@C) \J\’ \/\
y

Geometry update model (at the end of the lithiation) : Composite sphere

e Equations are written in the infinitesimal form, considering the current radius/coating thickness :

Nonlinear EDO system in function
of the normalized current silicon Nonlinear geometrical functions
radius and coating thickness
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4- Results of a composite particle (Si@C) \J\/\ !
/N

Interface pressure, maximum hoop stress at the carbon coating and dimensional evolution of the silicon and coating at the end of the lithiation (small and
geometry update model) :

w7 (FEM)
@ sssn 7 (semi-analytical)
K .é (FEM)
= | [nwus € {t:i.EHli-&.Il&]'.:'ftiEHl}
0.8 ":."“'-""F’I—"‘".""'I?‘I-‘Wﬂfl—'—'l‘l"“f“—I‘"—"I*!-“-I’"‘-l'-'l-"-'!-l-"=I'~l-"]-l!"-lf.'lrlfll
2 4 6 8 10 12 14 16 18
Dy
€()
T T T T I T T
E 6 esmugEEEw eEEEEESEEESEEEEEENEENEEEEESEEEEEEEENENEEEREES — ¢ {FEM}
§ " --_"'-.-'-' - - G
G, ——— snus P_(semi-analytical)
il c
w
S, 0, (FEM)
w saun g, (Semi-analytical)
g e

+ FEM and semi-analytical solutions in good agreement.

+ Slight variation of the maximum hoop stress with respect to particle and carbon coating dimensions.
+ Interface pressure increases for a thicker coating.

Commissariat a I'énergie atomique et aux énergies alternatives
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4- Results of a composite particle (Si@C)

Modeling ll: large strain finite element model

1.6

1.5

1.4

rl::i 1.3

1.2

1.1

Radius evolution of the silicon

E—1

sEEEEE Si@c, DO feD=2l3
~ = = SI@C, D,/ e,=10|]
— =Si@C.D,/e,=5 |

i i I I I 1

40 50 60 70 80 80 100

% Lithiation

« Slight limitation on volume expansion due to low carbon stiffness.
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O
Ey

0.04

Hoop stress at the end of the lithiation

0.03 -
0.02 |-

0.01F

-0.01 -
-0.02 -
-0.03
-0.04 ¢

-0.05 -

T DDI'BO=20
LT DD:,BG=1D
------DD."I'BG=5

0.2

‘q..
q‘;
n ds ™
E n-,..‘.
u "t.-
. -
| ]
| ]
| ]
.
Lithiated particle (Li,,.Si) ;
Carbon
coating
[ ]
1 ]
B—
Taille revétement
v
interface
i i | i | i -} - | B | -
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
F'/"‘n

The particle fully in compression; stress jump at the interface ; carbon in tension
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4- Modeling of a composite particle (Si@C) \J‘,t

Interests of using carbon coating : Potential buffer effect: limits the volume expansion of silicon ; Avoids contact between silicon and electrolyte and
limits the SEI (solid electrolyte interface) ; Carbon has good conductivity.

Hoop stress for variable E.

Semi-analytical solutions at the end of the lithiation : E =100 GPa ,E4=40 GPa

* Reinterpretation of experimental results of Li et al. 2016 using S0 1 A * No fracture
different properties : 45 transition a4 fracture A Fracture
. L . No zone . zone - === Small strain
O Li.etal 2016 : E.= 300 GPa and E = 3.5 GPa for the lithiated silicon fracture L Large strain
(fracture strength between 6 and 12 GPa). = 40 zone
% 35 b ‘/ E =60 GPa ,E_=40 GPa
O Literature: Eg = 40 GPa and E. in the order of few dozens of GPa for ~ o A
pyrolytic carbon (Sheikholeslami,2018). @ gl AA“ L AA
= A A
a 4
. 25
8 v
E20/ . E =30 GPa ,E,=40 GPa
2 Ve W
é 15 ¢
=
107 E_=10 GPa E_=40 GPa
ity ey S O WY §
st |e PPy Aok
0 1 1 1 1 . .
Tighter interval for the
0 5 10 15 20 fracture strength (5.2 GPa)
Do
Composite sphere €
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Interests of using carbon coating : Potential buffer effect: limits the volume expansion of silicon ; Avoids contact

between silicon and electrolyte and limits the SEI (solid electrolyte interface) ; Carbon has good conductivity.

4- Modeling of a composite particle (Si@C)

Semi-analytical solutions at the end of the lithiation :

Maximum hoop stress (GPa)

Commissariat a I'énergie atomique et aux énergies alternatives

Reinterpretation of experimental results of Li et al. 2016 using different properties :
O Li. etal 2016 : E.= 300 GPa for the carbon coating and Eg = 3.5 GPa for the lithiated silicon (fracture strength between 6 and 12 GPa).
O However according to experiments : E; = 40 GPa and Ein the order of few dozens of GPa for pyrolytic carbon (Sheikholeslami,2018).

120

100

80

60

40

20

¢ Nofracture
A Fracture

Hoop stress for variable Eg

[#1]
o

B
$)]

EC=300 GPa ,ES=40 GPa
A

B
(=]

w
w

w
o

EC=300 GPa ,ES=20 GPa
A

[a*]
o

Maximum hoop stress (GPa)
& &

-
o

A
o¥
o
..‘ EC=300 GPa ,ES=3.5 GPa
o? ik
A A
AdsSooA
* ‘ “IA | 1 1 | |
2 4 6 8 10 12 14 16 18 20 22
Dy
€n

™ \/

Composite sphere

E.=10GPa

(pyrolytic
carbon)

Hoop stress for variable E.
EC=100 GPa ,ES=40 GPa

A
¢ No fracture
o
4 Fracture i
= === 8mall strain o
-------------- Large strain -
A EC=60 GPa ,ES=40 GPa
r
* A
A"A e
A -
&
v AA““
A
# ’4' EC=30 GPa ,ES=40 GPa
¢, PREIEEED - S
¢ J‘W
‘/' C=10G S=40 G i i
EC=10 GPa ,ES=40 GPa ighter interval for the

oo E A BEARS e S 2 racture strength (5.2 GPa)
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2- Modeling of a free silicon particle \J”‘ ’

\

Extension of the problem of the composite sphere subjected to imposed free deformation (Seck et al. 2018). Materials properties dependent on space and time :

Constitutive equation :

| : | | s, = 1
Omlx,t Oml X, 1)K s(x,t s(x.t)p(x,t | ow .|
é(;]g._i) :: m( ) . ‘mz( ) I —(—) _ —( 2) ( ) :+'3§($:f),—i(0):+:£c($ f)l :
= \ Bk(z.t)  3r2(x,t) )= 2p(x. 1) 2u2(x,t) 1= do - v - 7 = |
e ___ | T T T T T chemical
elastic viscoplastic
1 Eo[l —é(z,t)] + Es e, 1) . fooy (@ 3 N
M) = 3 T+ vl — a(a. )] + vs o 1) v\ 7= %
(1) = 1 Ep[l - é(m}\, t)]+ Es E(ﬂi},t)
31 =2 ([l —c(x.t)] + vs c(x,t))
* Nonlinear system with two variables (normalized displacement and equivalent stress) Variables:
N w(r,t) k(1)
e -~ L1 £ iy~ "t): :'H'(T:'t):
106(rt)  Ji(rt) . o =1 o [0u(r,t) il r oy
— — | 3¢ | ? , 2r— = 0.
ool 20 t)cr(r, t) + 30 (cr (r, t}) a(r.t) + T B 0 o o
R L\T.T N sirt
f(rt) = co(rt) = '
e . - N oy oy
é(r t)+3_r&(_rjt)d fr,t) N 93] dh‘(r,t) (z.8) 2% (x. t)d$+2—2F (rt) 92 ()F{(T: D _o A T
2 dr 2rs Jy  Ox 2r 2r dr F(r. t):/ f(, 1) (1) 2 da
0
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Combining (5), (8), (9) and integrating by parts we obtain the equation:

w(r,t)

r

3

o (r.t) = 3k(r, 1) ;
-

9
dr——

3

k(2. t)] 2u(x, t)

/5
DaI

/ k(1) (a, t) a2 da
0

(10)

7 d
« From the equilibrium equation: os(r,t) = 2 [0 (7, 1)]

(11)
-

2- Modeling of a free silicon particle

\ J\/\: \

The second equation of the system is obtained injecting (10) in (11): the unknowns of the nonlinear system are the displacement and the signed stress

Using the following normalized variables in (4), (10) and (11), we obtain the final nonlinear integro-differential system. The unknowns are ?ET" 3
a\r.t
N w(r,t) k(1)
u(r,t) = — kR (rt) = : e Y 1 o
‘ r ’ 1 do(r,t L1 ! ad [ou(r,t
/ Y 195(rt) f‘;(’r ) 5rt) + 320 (62(r, 1)) "7 G(rt) + 2r— wrt)\ . (12)
oo ot f12(r, t) ot or
o () os () .
it = o= di(r, 1 OR(r, 1 OF (r, 1
oy oy 3r w(r, t 9 [T Ok(rt 27 - 9 OF(rt
—&(rt) + —&(r,t ’ : )zt (., t) d F(rt)———"72=0. (13)
,\ r o(rt)+ 25(?‘ ) or 2r3f0 or (@.t) 2% (2, 1) $+2r3 (r:?) 2r2  Or
F(’r,z‘):/ fo(w, t)el (e, t) 22 da
0

Using the (13), when = —+ 0 —— 0og(0,t) =0
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2- Modeling of a free silicon particle \J‘/\ (
AN

Combining (5), (8), (9) and integrating by parts we obtain the equation:

o (rt) = () D2 f el )] P 1) do— f 8o 4)e () 22 dr| - (20)

3

r 0
« From the equilibrium equation: os(r,t) = 5o oy (rt)] | (12)
)r

The second equation of the system is obtained injecting (10) in (11): the unknowns of the nonlinear system are the displacement and the signed stress

Using the following normalized variables in (4), (10) and (11), we obtain the final nonlinear integro-differential system. The unknowns are :’ET t)
a

t)

) oy 106(rt)  Ji(rt) A1 di(r,t)
t t E TR 2(r 1) a(r, )+3Eo( 2(r, t}) a(r,t) +2fr& o = 0. (12)
() = PO gy = TS0 — di(r, ) O (r, 1) OF (r,1)
oy oy . ar u(r,t 9 " Ok(r,t q - 27 - 9 OF(r,t
_ - - — = 13
,\ i a(rt)+ 5 K(r,t) 5 + 2?‘3_[ S (z,t) 2”0 (x, t) dx + QTSF (r,t) 52 By 0.(13)
F(r.t) :f fla, t)e (e, t) o da
0

« Using the (13), when 7 =+ 0 —> ag(0,1) =0

One obtain a system of two nonlinear equations (instead of a single equation as in Seck et al. 2018).
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3- Results for a free silicon particle \]\’\ (

C — Pushing out effect :

Concentration

Position of point A

05t i
==y |ogistic |
D i i i i i i i i i _j
0 0.1 02 0.3 o4 0.5 0.6 07 0.8 09 1
i
Stress
'1 T T T T T T
05 -
@ .D':E i
Ty 05t n
a
~ . a4t ¥ F=08]
‘—; -1 5 i i i i i i
/ b 0 0.1 02 0.3 0.4 0.5 0.6 0.7
\ :
Conclusions:

(S.Huang et al., Acta Materialia 61 (2013) * Stresses are relaxed by plasticity on the lithiation front (Huang et al. 2013).

¢ Tension on the periphery point (Pushing out effect).
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