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Abstract

The formation of damage, which results from the large volume expansion of the active sites during electrochemical cycling, in rechargeable
Li-batteries, is modelled from a fracture mechanics viewpoint to facilitate the selection of the most effective electrode materials and configu-
rations. The present study is a first step towards examining stable cracking in such high-energy storage devices, by considering three different
configurations at the nanoscale, which are currently at an experimental stage. As a result, stability diagrams concerning crack growth are
constructed and compared for the following cases: (a) the electrodes are thin films, (b) the Li-insertion sites in the anode are nanofibre-like
inclusions, (c) the active sites in both electrodes are spherical.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction stress-induced inside the electrodes was modelled by treating
them as thin films that consisted of disc-shaped Li-ion active
Due to the small Li-intercalation of carbon, which is used sites embedded in an inert glass or ceramic makig.(1).
as a base material for negative electrodes in rechargeable Li-This study is afirst step towards modelling the mostimportant
batteries, extensive research is being performed, for over twoeffect that this cycling deformation process has: cracking. As
decades in order to find alternative anode materials. This re-was shown in experimental evidence provided by Aifantis and
search has suggested that some of the best candidates are $tackney[1] (Fig. 2), continuous electrochemical cycling on
and Si, due to their high capacity (990 and 4000 mAR)g a single crystal of LiMaO4 resulted in multiple fractures on
These materials, however, have not been used commerciallyits surface, producing nanocrystafsd. 2). Itis believed that
because of their large volume expansion upon Li-insertion continuous cycling would have the same effect on Lyi@p
(during the charge/discharge cycle), which results in crum- ifitwere the active site of the cathode; the individual nanopar-
bling and severe cracking of the electrode after continuousticles, however, produced by fracture, would no longer be in
electrochemical cyclin§l5]. It is therefore anticipated that electrical contact with the remainder of the electrode. As a
modelling fracture in these high-energy storage devices will result the material that fractures loses electrical contact with
provide further insight towards the behavior of these mate- the electrode and becomes unable to respond to the applied
rial systems, and allow for the selection of other appropriate voltage required for charging or controlling the discharge of
materials. the battery; hence the electrode becomes unsuitable for fur-
A first attempt to model the mechanical response of Li- ther usd1,2].
batteries, from a purely elastic point of view, during an elec-  Moreover, the fracture of individual particles increases

trochemical cycle was done by Aifantis and Hack{idy The the surface area available to chemical attack by the corro-
sive agents of the battery (HF and residuall that are
* Corresponding author. Tel./fax: +30 2310 995921. believed to attack the surfaces of the active matétialin
E-mail addressk.aifantis@damtp.cam.ac.uk (K.E. Aifantis). fact, it is reasonable to expect that the chemical instability
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Fig. 1. Idealized geometry of the electrode: Li-insertion particles (shaded)
embedded in a glass (blank) matrix. A unit cell is defined by a circle of radius
b surrounding a circular particle of radias

of the active particle surfaces may interact with the mechan-
ical stress to enhance the structural instability of the material
component under consideration (stress corrosion cracking).
Many battery developers have taken the approach of using Fig. 3. Radial cracking configuration assumed for the unit cell.
large patrticle sizes in order to reduce the surface area avail-
able to chemical attack. However, this will accentuate the

problem associated with stress concentrations at the surface

of the particles. An alternative method that can be used is  SiNCe experimentEl] have shown that significant dam-
to develop a composite material in which nanoscale elec- age results from continuous electrochemical cycling it can be

trochemically active material is encased in large particles as_sumed that the fracture layer surrounding ea_ch active site
of a chemically inert matri3]. This method not only re- (Fig. 2 h_as undergone severe fracture, such thatit can support
duces the surface area of the active material available toNlY radial stresses. The damage zone can thus, be modelled
chemical attack, but also minimizes the gradients in con- by a sufficient number of radial cracks that initiate at the ac-
centration responsible for fracture, since the active material iVe Particle/matrix interface, as shownfig. 3. It should be

component of the composite has a nanometre length scalenoted tha andb denote the radii of the active Li-insertion
Therefore, throughout the present work, both electrodes areSit€ and surrounding matrix, respectively. The pressure the
taken to consist of Li-active sites (with a nanometre diam- Li-ions induce into the active site is taken to be uniform, and

eter) embedded periodically in an inert, with respect to Li, 'S S€t equal tg, while the pressure at the outer boundary
matrix. of the unit cell is taken to be. It should be noted that this
Consideration of the above electrode configuration along configuration is valid upon maximum Li-insertion, therefore,
with fabrication methods that are in the experimental stage 4 dénotes the maximum expansion of the active sites in the
allows the mechanical modelling for the following three absence of the matrix. Finally, the radii of the radial cracks
cases: (a) the active sites are disc-shaped platelets andhat form as aresult of the continuous charge/discharge cycle

hence the electrodes take the form of thin films; (b) the ac- &€ @ssumed to be equal and their lengthisa. Since the
tive sites of the anode are fibre-like inclusions (long cylin- d@mage region defined by their length- a may be viewed

2. Modelling the electrode damage zone

ders): (c) the active sites in both the anode and cathode aré®S Supporting only radial stresseg ) all the other stress
spherical.

components vanishof = o9 =0) inside this zone. This ap-
proach is, in fact, similar to that adopted by Dempsey et al.
[4] in addressing a similar problem in ice mechanics.

3. Thin film electrodes

LiMn,O4
(undamaged) In hope of increasing process efficiency and optimizing
storage capacity (i.e. Li-intercalation in the negative elec-
trode) significant efforts have been made to prepare anodes
that are comprised from thin layers. With this fabrication
method it is believed that it will be possible to exceed the
electrochemical capacity of bulk anode materials by increas-
Fig. 2. Schematical representation of fracture zone in a single crystal INg the amount of Li-insertion sites in the thin film. This has

LiMn 204 due to nanocrack formation (damaged surface layer). been successfully performed for anodes comprising of tin
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composite oxide (TCAp] (it should be noted that the active As was mentioned previously, the stress inside the active
site is the Sn, while the oxide acts as the inert matrix). An site is uniform, hencé\ is zero [this also follows from the
additional feature of this configuration is that it contributes mathematics, since A/(®)s undefined] and Eq$4) and(5)

to the miniaturization of such devices since the thickness of reduce to

these films can be 1 nm.

The main advantage, however, from the mechanics point® = @ = 2Cs; ®6)
of view, is that this thin film configuration makes it feasible to 2Cs(1 — vg)r
model the electrodes assuming a state of plane stress; thus, th& = Es ’ @
Li-active sites are treated as disc-shaped platelets, embedded .
inside the Sn.

in the inert ceramic or glass matrix. Since the same config-
uration (and, hence, electromechanical mechanism) may be , . . ,
assumed for both the anode and cathode, the subsequent anagl’-'z' _S_tress expressions in active site and boundary
ysis is valid for both electrodes with the only difference being conditions

the Li-insertion site; for example, LiMi©O4 may be used in
the cathode, and Sn in the anode; the matrix will be taken to
be soda glass, according[ts].

According to the discussion, pertaining Eg. 3, the
stresses at the interfacesata andr =b are given by

_ _ or@)=—p.  ob)=—q. (8)
3.1. General displacement and stress expressions for o ) o
elasticity in polar coordinates Cpmblnatlon now of E((6) and the first expressionin Eq.
(8) gives
The stress and displacement expressions in the undamyc, — _ ), 9)

aged active site and matrix can be modelled by using isotropic _ _ o
linear elasticity in polar coordinates. The unit cellunder con- ~ Therefore, the stress and displacement expressions inside

sideration suggests an axially symmetric problems € 0); the active site are given by
thus, the non-zero stress components and displacements are _ _
Zer0 hol . _ p(L—vg)r
found by considering the equilibrium relation Oor =09 = —P, Ur = B (10)
dor + }(Ur —0p) =0, 1) Since the state under maximum Li-insertion is being ex-
ar r amined, the initial stress-free configuration of the active site
which in combination with the Airy stress function, Hooke’s is taken to be that which it would assume upon reaching
law and strain compatibility6] gives its maximum expansion in the absence of any constraints
imposed by the surrounding matrix. Since the configuration
oy = éz + B(1+ 2log r) + 2C, is radially symmetric, this maximum stress-free volumetric
r expansion of the Sn corresponds to an increase of its ra-
A dius, denoted bw; therefore, the initial radius of this par-
%=t B(3+2Inr) +2C, 2) ticle is taken to t))Ae =a+ A. The surrounding matrix, thi)ch
is present under the given confined configuration, opposes
the aforementioned free expansion by pushing back the ac-
u, = 1 [_M +2(1—v)Brlog r — B(1+v) tive site by a distancé; therefore, the final radius of the
E Snisr=a+ A —§, and the total displacement of the outer
AB surface of the Sn particle ata+ A is uy = —§. Combina-
+2C(A = )], ug = f’e’ ©) tion of this condition with the second expression in Ef)
gives

where ¢, 0) denote polar coordinatesf(v) denote the
Young’s modulus and Poisson’s ratio, and the constahts ( p(1—vs)(a+ A)

; ; ufa+A)=-8=—-—-—>— "~
B, C) are to be determined from appropriate boundary con- Es
ditions.

Since the displacemenj should be single-valued, it fol-
lows that the constar vanishes and, thus, the appropriate
expressions for the relevant stress and displacement compo
nents simplify to

11)

Now the displacement at the active site/matrix interface
needs to be formulated. The initial stress-free configura-
tion of the matrix annulus is taken to be that at which
no Li-ions have diffused inside the active sites, so the ini-
tial inner radius of the glass is=a. As the inner sur-
face of the glass annulus and the outer surface of the Sn
particle are in contact, it follows from the above para-
graph that once the Sn reaches its maximum expansion
U, = 1 [_M +2c(1— U)r} . (5) the matrix pushes back a distang&eThus, the final inner

E r radius of the glass is=a+ A —§, and the displacement

A A
0r=5+2C,  op=-—+2C, (4)
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condition for the glass at the Sn/glass interface q) is
Ur = A — 8. Combining this boundary condition with Ed.1)
gives

 pL—v(at 4)
Es ’

uf@)=A-86=4 (12)

3.3. Stress/displacement expressions in the matrix

case, it is modified to plane stre¢8]( p. 103), as

o R (= v/ + vg)
”+(’)__{ " (b?/0%) — 1

2ug
A+ (- vg) /(L + vg)
1 1— (02/b?)

for p <r <b,

(18)

_The corresponding stress and displacement expressions;,vhereug = Eg/[2(1 + vg)] is the shear modulus of the un-
within the damage region are determined by following an cracked glass matrix and.(r) denotes the corresponding

analysis similar to that done by Dempsey ef4ll. This dam-

displacement in this region.

age zone is modelled as a system of radial cracks, such that Thus, by setting = p in Eq.(18), the following expression
a uniaxial state of stress is assumed to exist within it, i.e. for u,(p) is obtained

oy =09 =0. Thus, the equilibrium relation given in E.)
reduces to

do; 1o k
_r+_r:0:>0r(r):_’
dr r r
wherek is an integration constant. Given thaf(a) = — p, it
follows thatk=— pa. Furthermore, Hooke’s law gives

for a <r <p, (13)

E du, du, —pa
0, = —_— =
! 9 ar dr Egr

- _§ In() +u*,  for a<r<op, (14)

g

where an expression for the constantcan be found by
setting the displacement;(p), right in front of the crack

tip (i.e. just inside the uncracked region) equal to a constant

u:+(p) and then substituting back into Ed.4)

u(p) = us(p) = uy(p) = —Z—‘; In(p) + u* = u*

= 2% 1n(o) + 1y (p),

Eq (15)

then insertion of Eq(15) in Eq. (14) concludes that inside
the cracked region the radial displacement is given by
fora<r<p.

ur () = 2210 (2) + o). (16)

Egq

p[bz(p* + psvg — 2q) — Pzp*(vg —1)]
2u(vg + 1) — p?) '

Now, insertion of Eq(19) in Eq. (16) gives a second ex-
pression for the displacementrat a

_ pa P b2 — Chp
wlo) = - {m (;) e R ] B

whereC=qb/pa. The displacement at=b can also be de-
duced from Eq(18) as

ut(p) = (19)

(20)

u(b) = 24 {2’”’_—0;2 T C(d+ vg)} . 1)

3.4. Stability index formulation

The question of cracking in rechargeable Li-batteries may
now be addressed by considering the hoop stregsj(st

outside the damage zone. This is so because, for the present

configuration,oy may be thought of as being the opening
tensile stress responsible for crack stability and growth. Using
familiar concepts from linear elastic fracture mechanics for
radial symmetry9] the energy release ratg, can be defined

as a function of crack length for this configuration as

G(p) = L 62(p™),

Eor (22)

wheren is the number of radial cracks, ang(p*) can be

The uncracked region lies between the crack tip bound- deduced fronj4] as

ary (r = p) and the glass/glass interfage=(), and it can be

treated as a hollow disc that is subject to an internal pressures,(p*) = 24 { 1+ (o/b){(p/b) — 2€] } _
p« and an external pressuyéexerted from the neighbouring
unit cell). The internal pressure is equal to that present at the

interface with the fractured region (i.e.rat p) and it can be
found by direct substitution in E¢13), i.e.
pa

Px = _Ur(p) = —.
0

17

(23)

b | (o/b)L— (p/b)?]

Now, following [4] the stability index is defined as
(o bdG
Gdo’

It can be seen that the energy release rate depends on
the material parameter&(v), the geometric parameters, (

(24)

The displacement solution for a plane strain configuration b), the number of crackg, as well as on the internal and
(i.e. a hollow cylinder) that is subjected to an internal and external pressurgsandg. The internal pressure can be found

external pressure, is given by Westergddaidfor the present

by equating Egqs(20) and(12) and solving forp, while the
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external pressurg need not be defined explicitly as long as 3.5.3. Case 3: self-equilibrated loading
C is. Below are solutions for three different outer boundary  The final case to be considered is that of “self-equilibrated

conditions. loading”, according to which the force2|b) that is exerted
on the glass annulus by the surrounding unit cell is equal to
3.5. Three different outer boundary conditions that exerted onto it by the Li-insertion siter{@a). Therefore,
C=1, and solving for the internal pressure as before, the
3.5.1. Case 1: clamped outer boundary energy release rat&g, for this case is found to be
The first case, which is considered, corresponds to the 2.2 /1 2
common “manufacturing consistent” configuration accord- () = TP3d (l’) , (30)
ing to which the battery system is tightly constrained by nEgp \b+p

the outer casing and, therefore, the displacement at the, 4 e
glass/glass interface is zero. Thug(b) =0 and in view of

Eq.(21), one can solve fo€ to obtain p3 = A{i [In (B) + o b 1- vg)]
Eq a b+p
c- 2 (25) )
(1 — vg)b? + (1 + vg)p?’ G }_ (31)
Then inserting Eq(25) in Eqg.(20), and setting the result- r
ing expression equal to EEL2), the internal pressure can be
explicitly calculated as a function of the geometric and ma- 3.6. Stable crack growth in negative electrode
terial parameters. Finally, combination of £82) with Eq.
(23) y|e|ds the energy release rate for this C@ﬁ7as Fina”y, the Stablllty indeXK, can be Computed for each
5 case, via Eq(24), by letting the radii & and b) and the
mp2a? | (1 — vg)b? — (1 + vg)p? material parameterstg, Eg, vs, vg) be (100 and 1000 nm)
Gi(p) = nEqp | (1= vg)b2 + (L + vg)p2 [ (26) and (41, 75GPa, 0.33, 0.25)0], respectively, while the
9 9 9 misfit parameterA for these geometric parameters has been
where found to be 145 nnfi1]. (It should be noted that need not
; 2(1— v)b? be quantified since is independent of the number of radial
pi=alZ | (f) + 9 cracks that form.) Now a stability diagram can be constructed
Eg a/ " (1—vg)b? + (1+ vg)p? by plotting « with respect tq (Fig. 4). Stable crack growth
1 is examined with the energy release r&@ebeing exactly
} (a+ A)} matched by the resistance to fracti®eAn additional nec-
—(1—-vg) |+ . 27) o . ) .
r essary condition is that the rate of increase, with change in

crack length, of5 be less than or equal to the rate of increase
It should be noted that in E¢27), as well as in the ex-  of R Quasibrittle materials require the stability indesxto

pressions to follow, we definE = Es/(1 — vs). be negative for stable crack growth; it follows that the more
negative the value of, the more stable the crack growth
3.5.2. Case 2: traction free outer boundary becomes, since the difference between final and inGial

The second outer boundary condition was formulated by increases. In this paper, it will be assumed that stable crack
considering the “natural” condition, according to which the growth (slow crack propagation) is feasible only i nega-
pressure that is induced on the glass by the active site fadedive. As the stability index increases, crack growth becomes
with increasing distance and hence the outer pressure (at the
glass/glass interface) is zero. Therefaye,0 (which implies
thatC=0), and thus, Eq$20)and(12) can be used as before
to determine the internal pressure, for this cgseThen by
using Egs(22)and(23)the energy release rate,, is readily
calculated as

30

20 Case 1

S

stability index x
(=]

2
ﬂpgaz b? + 102 Case 3
GoAp)=—"—V 3 —3{( - (28) 10 :
nEg,O bs — 1% “\Y
where -20
2 Y
a P b . :
p2 =A{E_[|n (;)"'sz_pz _(1_09)} 2% 107 4x107 6x107 §x 107 1% 107
9 distance o (in metres)
(a+4)) 1
+ T (29) Fig. 4. Stable crack growth in negative electrode for thin film (plane stress)
configuration.
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more and more unstable. Once gtaxis is crossed, unstable 30

crack growth ensues (catastrophic failure is approached very " Case |

rapidly), hence the-intercept indicates the critical distance
to which a crack can propagate stably (the stable critical
crack length is found by subtracting theintercept from
the inclusion radiug). It should be noted that in the case
that an asymptote is featured in the stability diagram (as in
Fig. 4), the crack will close shut well before the asymptote,
p-axis intercept, is reached. In this case, the energy release
rate is decreasing with crack growth; at the asymp@&te0.
In particular, it can be seen froffig. 4 that for Case 2, the
corresponding critical stable crack length is rather small, 2x107 4x107 6x107 8x 107 %107
since thep-axis is crossed gt =450 nm, while for Case 1 distance p (in metres)
(C>1)an asymptote is attainedax 755_ nm,’ which !mplles Fig. 5. Stable crack growth in negative electrode with nanofibre-like active
that the crack will close shut before this distance is reached. j,ciysions (plane strain).
Finally, for Case 3, the stability diagram suggests that stable
crack growth takes place until the outer radius 5. Spherical active sites

It can, thus be concluded that the “manufacturing consis-
tent” case is more desirable since the cracks are pinched shut as was mentioned in the introduction the third case that

once their critical stable length is approached. shall be examined is that according to which the electrodes
are comprised of spherical active sites embedded in a matrix.
Studies concerning this electrode configuration are being per-
4. Fibre-like active sites formed for nanocomposite SnfT4], Sn—Fe—(15] as well
as for TCQ[1] anodes. In all these systems the Sn acts as the
Another fabrication method that is being employed to in- gctive material.
crease the Li-intercalation in the anode is that according to  The quantities considered are the same as in thdgg i,
which the active sites take the form of fibres, whose dimen- pyt since we are in three dimensions now the stress and dis-
sions are in the sub-micron scale. Experimental observationsplacement relations change accordingly to
showed that this method proved to be succesful in the case

stability index «

where the active material was silicghl] or carbon[12], oy = 2_C 2 1+v D:
since this allowed a higher metal content to enter the Li- r3 1-2v
insertion site. Other anode materials which are still in the ex- C 1+
perimental stage are Li-capacity templated anodes consisting’® = %¢¢ = ~ 3+ 21 — 2 D;
of about 100 nm Sngnanofibreq1,13]. 2(1+ v) c
To analyse the behaviour of the aforementioned anodes,;, = (__ + Dr) , (33)
their configuration is taken to be that of long cylindrical ac- E 2r?

tive site inclusions embedded in an inert matrix, and thus, \ynile all other stressofg, 019, 049) and displacement
conditions of plane strain can be used. The plane stress analu¢) components vanish due to symmetry.

ysis in Sectior8 can be modified for plane strain by making Again, the stress inside the spherical Sn sites does not vary

the following substitutions in Eq§1)—(31)([8], p. 103), with position and henc€s= 0. Thus, Eq(33) simplifies to
E—E =% E 1+ 2(1+ v)r
1—2 ’ S s .
r-r=—-5___ S —— De _dtur,
v o = 2 T T A= 20+ vy A A T Wi S
(32) (34)
Therefore, similarly as before a stability diagram can be con- in the active sites. o
structed for this case as shownfig. 5. According to[13], Since Eq/(8) still holds, the expressions in E(B4) can
the active sites in the anode are taken to be Sn, and the matriX€e re-written in terms of the internal presspras
issodaglass. _ _ _ (1 — 2vs) (1 —2vs)rp
As in the thin film configuration, Case 2, which corre- o0, = —p = Ds= —Tp U, = ——z
sponds to “natural” conditions allows stable crack growth un- (1+29) s (35)

til a relatively small distanceo(=500 nm). Under the “man-

ufacturing conditions”, Case 1, the crack will close once the

stable critical crack diStanQB: 710nmis approached, while The physica| reasoning Concerning the contrac-
the “self-equilibrated loading” case (Case 3), allows for sta- tion/expansion of the Sn and surrounding matrix is the
ble cracking until the outer boundary of the unit cell. same as in SectioB, but in view of the new stress and
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displacement expressions established above(Hq.takes

the form

(- 20)¢ +a)p
Es ’

while the displacement at the Sn—glass interface(E?), is

modified to

wla+ A)=—6= (36)

B (1 —2v5)(A +a)p

ufa)=A—-85=A Ee

(37)

209

Now the displacement right in front of the crack tip can
be computed by direct substitution in E¢3)

ui(p) = [Pl + vgb® + 201 - 2090

N
2Eg(b3 - 03

—~ql36°(1 - v} (45)

Similarly as before a second expression for the displace-
ment at the Sn/glass interfaae<(a) is obtained by inserting

As was already stated the cracked region supports onlyEq (45)in Eq. (42)

radial stresses; hence the force equilibrium relations, under

spherical symmetry reduce to
do, 20,

rr

-0 (38)

u(a) = L
a P

Eqg

2 _
{E S " 20(b® — p3)

3(1 — vg)(b® — Shp?) }

(46)

solution of which provides the stress inside the damage zoneyhere S=q?/(pad). The displacement at the outer glass

or(r) = - for a <r < p, (39)

r

wherek= —pa?, since the first expression in E@) implies
thato,.(a) = —p = k/r2.

boundary (=b) is also found through E¢43)

P
b) =
ul) = 25

a? { 3(1— vg)(b%p — SH3)

R + S+ vg)} . (47)

Since the other stress components inside this damage Finally, Eq.(24) for the stability index is still valid, but

zone vanish, the displacement expression can be determineih spherical coordinates the energy release rate (according to

through the relation of; with u; as

du, du, pa? pa’
onl) =By = g = gz W= ot
(40)

where the constant is found by continuity of displacements,
as in Sectior8. Thus,u,(p) is set equal to the displacement
right in front of the crack tipu.(p) to give

pa?

pa?
uy(p) =u(p) = ot uw' = ut =uy(p) — —.

9P Egp

It follows that inserting Eq(41) in Eq. (40) provides the
displacement inside the cracked region

(41)

271 1
ur(r) = 22 <_ - _> +ui(p), forasr=p, (42
Eg r 1%

while the displacement inside the uncracked glass region (i.e.
for a hollow sphere subjected to an internal and external pres-

sure) is given by Westergaalt] as

r(1+ vg) {p b3/(2r3) + (1 — 2vg)(L + vg)

Eqy

u+(r) = b3/p3_1

P22 + (1= 2vg)(1 + vg)
1 1— 03/b3 ’

p<r=<b (43)

wherep- is the pressure exertedrat p, and is found through
Eq.(39)to be

(44)

Dempsey et al9]) is defined as

_ 21— vg)pog(p*)

G(p) g (48)

where,

o) = 2L [1— 35(0/b)? +2(p/b)3} | 49)
P 2o/~ (/b))

5.1. Three different outer boundary conditions

5.1.1. Case 1: clamped outer boundary
Sinceu(b) =0 in the manufacturing consistent case, Eq.
(47)is set equal to zero arfdlis found to be

B 3(1— vg)b?p
©2(1— 2vug)bR + (1 + vg)p®
Inserting Eq(50) in Eq. (46) and then setting the result-

ing expression equal to E7), gives the internal pressure,
which can in turn be substituted in E@.8)to give

S

(50)

2
Gr = 2(1— vg)a*p? | (1— 2vg)b® — (1 + vg)p® (51)
1= nEgp? 2(1— 2vg)b® + (1 + vg)p® |
where
K [p 2(1— vg)
=Al— |- —-2(1-v
pP1 pEq La g

[sph

3(1-vg)(1—2vg)b3
2(1-2vg)b3+(1+vg) p°

-1
Lt A)} .52
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30

20 Case 1

10

stability index x
)
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Fig. 6. Stable crack growth in negative electrode with spherical Sn active
sites embedded in glass matrix.

It should be noted that in E€62) as well as in the follow-
ing relationsI"sP" = Eg/(1 — 2uvg).

5.1.2. Case 2: traction free outer boundary

For the traction free boundary condition,
orr(b)=0=9=0, hence S=0. Inserting this value of
Sin Eqg. (46) and then setting the resulting expression equal
to Eq.(37), Gy is found as

G_@—@ffb“4f2 (53)
2= 7, Egp3 B |
where
2 3
a 0 3(1—vg)b
Al = |f-20- it il
" { PEq [a A GRS
(a+ Ayt
e[ (54)

5.1.3. Case 3: self-equilibrating loading
For the case of self-equilibrated loading, ips? =qb?,
S=1 and the internal pressure is solved as before to give

G A= P?T(0+20)0 - P)° (55)
T T 2nEg® | BPAbpt+o? |
where
_ a_2 P (1—-vg) B 31— vg)p2
ps = pEg | a 2 2(b2 + bp + p?)
a+ A -1
(p—ph)} ‘ (56)
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Fig. 7. Stable crack growth in negative electrode with spherical Sn active
sites embedded in FeC matrix.

Since Sn—Fe—C composites are also under consideration,
it is of interest, to examine crack growth when the matrix is
FeC, ad15] suggests; hendeig. 7is obtained =680 nm,

600 nm and 1000 nm for Cases 1, 2 and 3).

6. Conclusions

The present study is a first attempt to predict the extent of
stable crack growth in Li-ion battery electrodes that comprise
of active/inactive nanocomposites. In particular, stability di-
agrams are obtained for anodes that consist of Tin Compos-
ite Oxide, since various nano-configurations (thin film elec-
trodes, fibre-like active sites in anode, spherical active sites)
stillin the experimental stage employ this material. As can be
seen fromFigs. 4—7 all configurations examined herein ex-
hibit similar stability behaviour when subjected to the particu-
lar boundary conditions considered. For the “manufacturing
consistent” case it is desirable to have small critical stable
crack lengths, since the stability diagrams suggest that the
smaller the critical length, the smaller the distance the crack
will propagate before being pinched shut; it should be em-
phasized that this case is the most desirable since the cracks
cannot propagate beyond a certain distance. The “natural”
boundary condition, on the other hand, is the least desirable
since it is inherently unstable. Finally, no instability was en-
countered for the “self-equilibrated loading” case; the crack
could propagate stably toward the outer boundary of the unit
cell.

It follows from the above discussion that the most desir-
able configuration of all those considered is that of spheri-
cal Sn sites embedded in a FeC matrix, having not only the
smallest critical stable crack length for the “manufacturing

The stability diagrams for all cases considered are shownconsistent” case, but also the largest critical stable length for
in Fig. 6(the active sites are again taken to be Sn, according tothe “natural” boundary condition.

[14,15] while the matrix is taken to be soda glass for consis-

A direct extension of the present work is to apply this

tency with the previous cases). It can be seen that Cases 1, 3nalysis to other material systems, such as those which use

and 3 allow for critical stable crack growth ungiE 737 nm,
560 nm and 1000 nm, respectively.

Si as the active site. Moreover, it should be emphasized that
the current analysis can allow for the determination of the
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