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Brittle fracture in thin films

Geyer & Nemat-Nasser (1JSS 1982)
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Brittle fracture

Bourdin & Maurini (in preparation)

E(u, K) = /Q\K %A(e(u) —01) - (e(u) — 1) + GH"Y(K)

approximated by

£,(u,0) = /Q %(1 ~ 0)2A(e(u) — 01) - (e(u) — 01) + /Q (694(1 + e|v(y|2>
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Thermal shock on a cylinder

Bourdin & Maurini (in preparation)
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Thermal shock on a cylinder

Bourdin & Maurini (in preparation)
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Thermal cracks

Goehring, Mahadevan & Morris (PNAS 2009)
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Thermal cracks

Goehring, Mahadevan & Morris (PNAS 2009)
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Cracks in thin films

Kramer et al. (MSE 2008)

CMAS
penetration
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Cracks in thin films

Wu et al. (ASS 2011)

(a)

Channel cracks

Segmented coating
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Cracks in thin films

Tsui, McKerrow & Vlassak (JMR 2005)

Channel crack

Low-k dielectric

Copper (0SG)

interconnect line /

o~
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Delamination

Reis (PNAS 2009) Airwolf Aerospace
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Delamination & Fracture

Ledn Baldelli et al. (in preparation)
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Delamination & Fracture

Ledn Baldelli et al. (in preparation)
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Delamination & Fracture

Ledn Baldelli et al. (in preparation)
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Delamination & Fracture

Ledn Baldelli, Bourdin, Marigo & Maurini (CMT 2012)

T A
(Transverse fracture) (Debonding)
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Delamination & Fracture

Ledn Baldelli, Bourdin, Maurini
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Delamination & Fracture
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Linear plate theory (e.g. Ciarlet vol. II)

>

Q. =wx (0,6) C R3

ve = (V§,v5,v§) € HY(Q: x (0,¢))
2

v

1 €11 €12 €13
2
> 2/ 2u €1 €22 €23 + )\(eaa + ‘933)
e €31 €32 €33
> v§(x1,X2,€X3) = €U§(X1,X27X3)

ng(xla X2, 5X3) = 52”3(X13X27X3)

v

2
r—tim = /Q Aj’;ﬂ‘c_‘oéa(u)eﬁﬂ(u) + 2pten(u)ens(u),

en3(u) = e33(u) = 0.
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Dimension reduction

v

Le Dret & Raoult, JMPA '95: nonlinear membrane model
Fonseca & Francfort, JRAM '98: 3D-2D in optimal design

v

v

Bhattacharya & James, JMPS '99: martensitic thin films

v

Braides, Fonseca & Francfort, IUMJ '00: inhomogeneous thin films

v

Mora & Scardia, JDE '12: covergence of equilibria of physical plates
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Brittle thin films

Braides & Fonseca (AMP 2001),
Bouchitté, Fonseca, Leoni & Mascarenhas (ARMA 2002):

» Q. =wx (0,€), u € GSBV,(Q;R3),

> :/ w (Vau 1V3u> +/ 0, (uJr —u ", v,(u), 11/3(u)> d#H?
Q € Ju €

» 1) symmetric, positively 1-homogeneous, Lipschitz, linear at infinity

> |F|P < W(F) < C(1+ |F|P), continuous

-converges to

/ QW(Vau) +/ RI(ut —u,vy(u))dH!
w JuNw
u € SBV,(QR?) : V3u=0,v3(u) = 0.
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Brittle thin films

» Giacomini CVPDE ’'05:
Ambrosio-Tortorelli for the quasistatic evolution

» Babadjian CVPDE '06:
Convergence of the quasistatic evolutions

Delamination and fracture of thin films D.Henao & J.-F.Babadjian, B.Bourdin, A.Le6n, C.Maurini



Variational delamination

Bhattacharya, Fonseca & Francfort (ARMA 2002):

» Q. =wx (—es,eh), u e WHP(QH;R3) N WLP(Q—; R3),

> / W+<Vau iV3u) +/ w- (Vau ngu) +£“*1/ |[u]|”
Q+ - w

» L|F|P— C < W(F) < C(1+|F|P), continuous

M-converges to [ hQW" + sQW ™ (small debonding with small energy,
independent oscillations in each layer; in the limit u is continuous and
independent of x3).
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Cohesive interfacial energy [ |[u]|”

Ansini AA '04: nonlinear Neumann sieve

Ansini, Babadjian & Zeppieri M3AS '07: multiscale Neumann
sieve

» Ansini-Braides JMPA '02, AAP '01; Attouch-Picard RSMUPT
'87: Conca JMPA 1985, 1987; Damlamian RDMUPT '85; Del
Vecchio AMPA '87; Murat '85; Sanchez-Palencia '80, '81, '85

Roubitek, Scardia, Zanini CMT '09: [ kz[u]? dH"*
rC

Freddi, Paroni, Roubitek & Zanini ZAMM '11:
transverse fracture as a form of delamination
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1D delamination and debonding

Ledn Baldelli, Bourdin, Marigo & Maurini CMT ’'12:

1u’x— 2dx 1ux2x 1
[ 3000 =0t [ Suto? s 4 (o)

20

Total Energy
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1D delamination and debonding

Ledn Baldelli, Bourdin, Marigo & Maurini CMT '12:
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1D delamination and debo

Ledén Baldelli, Bourdin, Marigo & Maurini CMT ’12
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Multi-layer asymptotic analysis

» Q=wx(0,1), ¥ =wx (-1,0); w CR?

» Vanishing Young’'s modulus in the bonding layer

() in Q
(Ao pe) = {62()\’,,1/) in Q

> Rescaled energies

2

e €12 e tes
_ —1_ 2
el e e tess + Meaa + € e33)
e ey e lepn e %ess

2
£€11 €€ €13
g€ gexn €13
-1
€31 €32 & "€33

» ue H(QUQ), u(,—1) =0

Jw.2) =3 [ 2

Je(u, Q) = %/ 2u + Meaa + ¢ tess)’
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Multi-layer asymptotic analysis

> Energies:
—1 2
1 €11 €12 g "€13
Jo(u,Q) = 5/2u e1 en & les + Meaa +e tes3)?
e lesy e ley; e %es3
2
1 €€11 €12 €13
Jo(u, Q) = 5/ 2u || cen cex  e3 + Meaa + e tes)?
o -1

€31 €32 £ "€33

» uc H(QUQ'), u(,—1) =0, then
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Multi-layer asymptotic analysis

> Energies:
_ 2
) e e & les
Jo(u,Q) = 5/ 2 e1 en & les + Meaa +e tes3)?
@ e leyr ele; e %ess
2
1 €€11 €12 €13
Jo(u, Q) = 5/ 2| cen eex ers + Meaa + e tes)?

€31 €3 € “e33
» uc H(QUQ'), u(,—1) =0, then

» Theorem
Je(u, Q) + J-(u, Q) T-converges to

/ )\'u e e@B + 2‘16 ge B IU// / Upu
(76 (o3 [e3 aHo
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Delamination and fracture

Foru e SBV(QUQ UQ";R3), u=w a.e. in Q”, define

]-'E(u):/Q(|V’u—Ao|2+5_2|83u|2) dx+/Ql (2IV"ul2 + |O5ul?) dx

[ (e 2e)

Theorem
F. converges to

/ |V'qu0|2dx’+/ lu — w2 dx’
w {lu—w|<1}

+HY (L) + H2({|Ju — w| > 1}),

R B COPATANIES

for u € SBV(w,R3) and méx,, ||ua|/1~ < M.
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