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Instability of a supersaturated solid solution
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Microstructures produced by conventional nucleation
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Microstructures produced by spinodal decomposition
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Coupled-diffusive-displacive phase transformation

corresponding transformation strain

Distortion at the cubic>tetragonal transformation
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Pseudospinodal decomposition
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Microstructural evolution: instability—> growth—>pattern formation
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Nonlinear mechanical phenomena in layered structures

Stopak, et I.

, Science,208 (1980)

Undulations

TGO -

;

Cc
TBC |
=l
-,i .

A.G. Evans, et al., .
Prog. Mater. Sci. 46,505(2001)



Nonlinear buckles in film/substrate systems

Euler Buckling

-’ﬁ-

—2
L/\%%
mm) @ & residual compression w{mm

) I

Elasticenergy

i

substrate

ridge crack

€ interface property
€ mechanical property of the substrate

wrinkling-induced buckle folding

crease  wrinkling delamination delamination |
(a) (b)

' SOTETE ST o soft elastic substrate hard Substrate
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€4 Homogeneous wrinkling at the onset

— \2/3
1(3E
E,=—| =
4\ E, Allen 1969

Groenewolld 2001

Z.Y. Huang et al., 2005
J.Z. Song, et al., 2009
Audoly, IMPS, 2009

€ \Wrinkling-induced delamination

wrinkling induced delamination

(3-4v)r, ) M\/\m

E , =& + )
d ; £ » ; # » : # . : g
W w 8(1 — VS ) ILIS €5n ,flf’ softgiastnc su@fratg . 1
H. Mei et al., Mech. Mater., 43,627(2011)

® Buckle-delamination
ﬂl(h)EE i S
Opp="_|T . z
B0\ p) TP " %
J. W. Hutchinson and Z. Suo, Adv. Appl. Mech. 29, 63 (1992).
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Nonlinear buckling morphology of the film

Mei et al. (2007)
complex wrinkling=>coexisting wrinkles and buckle-delamination

Thouless et al. (1993) = |
Vella etal. (2009) Buckle-delamination pattern: Abdallah et al. (2006)

straight blister->telephone cord->network-like telephone cord buckles




Microstructural evolution in film/substrate systems

Zhao F.et al,

thin solid films(2
Faulhaber S.et al,

JMPS(2006)

debonding )¢

(d)

Marthelot J. et al,

H __L_ PRL(2014)

dde
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Problems

O Complex wrinkling patterns

O Transition from wrinkling to buckle-delamination

O Buckle-delamination patterns
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Phase field modeling of crack, buckle and delamination

Ftot — Fvsﬁlm _I_Fbﬁlm _I_Fsub _I_F

Int

_z Lo [N ey, No=r[C o)y ()i ()] on=f7 oo

A = i) N [ R | 7S

’ |
F __jM uldEdS,, d.*m@

i J ]
i LOLO (IA Jan, +I )dAa)dxﬂxz’ Compliant Substrate
! } Displacement jump across
Cohesive zone potential the interface
A= u]f — U,

Flet — gt (”f1Ai’¢)
Y. Ni, A.K.Soh, Acta Mater.,(2014)



Cohesive zone potential

M.J. van den Bosch et al Engineering Fracture Mechanics 73 (2006) 1220-1234

40

30

120
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Phase field modeling of crack, buckle and delamination

0 OoF"™ s
g:—r 54/ ‘ DAZé/_(NaIBé/,a)’,B +T3 :O!

» Modeling the buckling process

O\, OF™
L=T T -T"=0.
~ Y mm) [ —1

» Modeling the delamination process

aua 5 Ftot

=TS =N, , =iV,| C° g(r)(e, (r)-25,(r)) |=T:

afoy

» Modeling the in-plane equilibrium
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Phase field microelasticity for crack tip field

&’k
2z’

% [ Cour (&, (r) =25 (7)) (8 (r) =5 (r))d’r = %IMB(G)W & (k)& (k)

(Mura 1987; Khachaturyan, 1983, book)

systems with systems with
the inhomogneous moduli homogneous moduli  Cjx
C(r),;(r) distributed €° (r)

I Jpp—

Eshelby equivalency

IV, € 9(r)(es (r) =5, (1) | =T =054V, | € (s, (r)= &5, (r)) | =0
Finding the effective eigenstrain ¢ () determined by the above equation

8627 _ 7 1
or ey, (r,1)

11 BN 03 0002+ [ (Ch (€ = Cop 0 Cly =€ ) 6 = )

Y.U. Wang et al., JAP, 92,1351 (2002) Y. Ni and Y.M. Chiang JMPS, 55,517 (20%)67)



Crack tip field in a freestanding film without buckle

K, (21(—1)0059—005£ +K, (2K+3)sing+sin£
2 2 2 2

SR
i 2B 27 g (2K+1)sin€—sin§ - K (2“’f_3)cosg+cosﬁ
1 2 2 I 2 2

£ T
K = _
1) (1+6) V2 (1| o-e =11} o—r)
E T
K = | _
T (+x) V2 (1o =10 o)

A. Tablel 2003 Int J Numer Meth Engng
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Stress-intensity factor fitted by crack-tip field

Representative Finite Element Model
u-:l/i [agc] % {3-D Model with SOLIDSS and S0LI045)
z 2
2b
W.’ |_,"‘
"'G‘ ry F Y
Problem Sketch Representative Finite Element Model
{2-D Model with PLANES2)

a=1.0MPa

treteeteeteeteeteeeeeesst

r'y

I6m

h 4

SRR

K, /kPa(m)"?

—&— Target
—&— Computed

1 L 1 2 J
200 300 400

Grid Number

—il— Computed
—@— Exact solution

|
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4 R L
80

1
120
Grid number

A. Tablel 2003 Int J Numer Meth Engng
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Test of crack growth and deflection

crack growth

E. Wu 1967 J Appl Mech
2 2
I<lc Kllc

D, Broek 1986 Springer

K,

6, =2tan”'
4K

| =

11 Il

2
K =
[K—I +8 for K” >0 ."ﬁ\ao
Crack Crack grewth ang

+ |

4K, K

11 I

2
6’():21331]7 K'] +I [KI +8J fOI‘AK”<O




Test of crack growth and deflection

™ —

(!- —

Infinite plate

Theory

Simulation

0 =2tan '[—£+l

4r 4

2|

Theoretical

Computational

No. tjo

4, /deg G, /deg
1 0.1 11.203 11.202
2 0.2 21.089 21.0875
3 0.3 29.103 29.101
4 0.4 35537 353572
) 0.5 40.208 40.206
6 0.6 44.004 44.003
7 0.7 47.022 47.0204
8 0.8 49.460 49 4587

sin@, +(3cos6, —l)cotﬁ=0, p#0

B =rn/4 == g =-531301

6,

=-53.1301

A, Tablel 2003 Int J Numer Meth Engng
G. Sih 1974 Int J Fracture
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Test of crack growth and deflection
Side 2 o Side 1 W

t=0
¢ i . U(w)

6 sec (f) 290 sec

D

(a)

i (b) -30sec (c)-10sec (d)-2sec
: =
= LW ~2
interaction

preinteraction

M. Fender 2010 Phys Rev Lett

mm ‘ o
. . )

Our simulation




Test of postbuckling profile of a stressed freestanding film

H
}\V
®

0.41+ =—m=— opposite budding
—e— same budding

0.40 ~

0.39 1

0.38 -

L.Qiao, L.H.He, Y.Ni, IJSS(2013)




Interface debonding

Z
free edgeal lhf
Ef Vi

Freund et al, (2003)

oA, =1, 5L,a:1,2
ot “ O\

[2

Our simulation

1.04
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Debonding profile around a crack

o
e 2L = +
e o
o { o g (o (g oo
NO DECOHESION LIMITED DECOHESION EXTENSIVE DECOHESION
a=0 aax aa L

Jessen et al, IJF(1990)

—

Debonding increases
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Diffusion-controlled Wrinkles

Conventional wrinkling patterns
under homogeneous compression

Y. Ni, L.H.He, Q.H. Liu,
Phys. Rev. E, 84,051604(2011)

wt% EGDMA
Experimental observation

Guvendiren M., S. Yang, J.A. Burdick, .
Adv. Func. Mater., 19,3038(2009)



gradient wrinkling

U/U,

0.86 ; W
\
\ _
\ - — - E/ E=1500
\ ——E/ E=300 M «—>
0.84- \\ b L
\ | yw=AUL w
- \ — 7 ~BAU
| VA —_—
\ — AU ~ AU (4, 4,)
A N - y
0.80 ; =¥ '-;‘ = é L =—“-_
3 4 6 ) ¢
A/2mh AU
1/2 C
L~(Dn)* >L, = a=E;|E
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L/h

800 - _
m  simulated results

fitted formula  30/(1- ")’

6004 Hierarchical wrinkling

4004 uniform wrinkling

200+

01 02 03 04 05, 06
a255/52

rf

Y. Ni, D. Yang, L.H. He, Phys. Rev. E,86,031604(2012)
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(a)

H. Vandeparre et al,
Soft Matter, 6, 5751(2010)

e
i

X

1

(b)

Our simulated results
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H. Vandeparre et al,
Soft Matter, 6, 5751(2010)

Our simulated results
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Transition from wrinkling to buckle-delamination

—o—¢/h at t=2x10°

| —=— A/hat t'=2x10"
0.6

1.5+
| —=—a/h t=4x10"
1.0+
—o—(lh
0.5+
0. 0 .. ...o’...t‘."..‘o ..t". %00, s > '.‘ ~
-0.5+

100
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024 1 \¢ \ S | 7
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8 (d)
| —=—a/h t=2x10°
64 ——¢/h  t=2x10°
41 J%|
2_
O — |
100 200 300 400 500
x/h
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profile of straight-sided blister
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profile of straight-sided blister:

O p/u =4200 O p /u =1400
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The condition for the valid scaling laws

0 pf/uS=14O ) ufjpS=420

< 54 A _ _
=< S MJ/H =1400 @ i/ =4200
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L 4 Mo/ =0

| == [nextensibility limit:
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O | | I I I

hi? (72 A2 2
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Transition from wrinkling to buckle-delamination

Biaxial compression

1000

3.5 Me /1L
3 ﬂ_' O 4200 © 41400 |l wrinkling induced i
‘ A 420 T 140 delamination o s
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Coexisting wrinkling and buckle-delamination
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Effect of sliding on the stability of straight-sided blister

o, X .
g {ZKHCOSIJJ - |Sb, u =FA, u, =0, { =4 =0atx=1b.

7[52 . 2rx A 4b A -
u(x) = sSiNn———x, o, =—./(1+V)g,—&; +Z’ (A. Ruffini, et al.,
32b b b d Acta Mater., 2012)
A, =(g-¢:)(LI12-b), A=aA, ac[0]1] ) _7;2(/1)2
FT12\p

&, Initial compressive strain in the film
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A linear stability analysis of FvK plate equations based on the shooting method

0%6 06 _L 0 5} }:0, X Airy potential, D bending stiffness

Viy+E
d [8}52 oy* | oxoy

DV*¢ +ho Vi —hi g, ¢t =0 The FvK equations:

du, 1 3y az;() 1 fac)’
= — WV —— | —
ax  2u(l4+v) \ ay? dx2 2 \oax /)’

ity 1 a2y 32;{) 1 /ac\°
— = -V — =1 1:
dy  2u(l4+v) \ ax? dy? 2\ dy
o, N duy, —1 3%y ¢ A
dy  dx  p ax 9y 9xdy

l perturbation
B E7Z'25”21 _EA ( 2+Vx2) (é/b +§lin’Zb +Zlin)
S 7T C R

5—’”(1+ cosﬂj 0<|x|<b
2 b :

gy =
0 b<|x<L/2 Pan & Ni & He, PRE (2013)
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Critical stress changes with the changes of « and b/ L

Jli_
dE_
e 404
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Critical wavelength changes with the changes of @ and b/ L
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Simulated result: effect of interface sliding

h.,l"f_ =006 f : h,-"f_ =003
Alb=2.8 i/b=3. Alb=38

Pan K, et al, 2013, PRE
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buckle branching induced by high compression

. . | .
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Substrate compliance on the buckle-delamination growth

Hr

=5,20,40,100 Our simulation

(b) o Yu SJ, et al, 2013, Surf.Coat, Tech.

“Faou JY, et al, PRL (2012)



Formation of network-like blisters
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Microstructural evolution in film/substrate systems

!IIIM .

50pum
Zhao F.et al, \\
film/substrate

thin solid fllms(2005)

Marthelot J. et al,
PRL(2014)
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Conclusions

O A phase field modeling of combined buckling, delamination and
cracking of layered materials is developed.

O Complex wrinkling patterns compatable with experiments are
recovered.

O Transition from wrinkling to buckle-delamation can be fully tracked.

O The effects modulus ratio, interface adhesion and compression
amplitude on the buckle-delamination are discussed.
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