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A model experiment

Interfacial crack

=
In plane /ﬁ%//ﬂ
i =

Schmittbuhl and Malgay (97)

.
— =

N pl ne/' :‘ y@iﬂ C_,J_
& A

Propagation of an elastic line through a disordered interface

Bouchaud et al (93)

Schmittbuhl, Roux,Vilotte and Malgy (95)

. Quasi-static limit

. Linear elastic material, weakly heterogeneous

using long-range elastic kernel of Gao & Rice (89)
- Non-Local approach !
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Interfacial crack

in plane

G

A model experiment

©

,/) &‘—‘—“

= _‘mm_‘ ,h Co

Propagation of an elastic line through a disordered landscape

Bouchaud et al (93)

\ortex lines in superconductors,
Ertas and Kardar (92),
Contact lines of liquid menisci on rough substrates,
Ertas and Kardar (94), Rolley (98)
Crack propagation in solids,
Schmittbuhl, Roux et al. (95), Ramanathan et al. (97)
Magnetic domain wall in disordered ferromagnets,
Zapperi, Durin et al (98)

S. Santucci, “Complexity in Mechanics”
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BUT : disagreement between predictions and experimental measurements

C”exp~ 0.5-0.6 * ¢l~0.35/0.38,
Schmittbuhl and Malgy(97), Delaplace et al (99) Schmittbuhl, Roux et al. (95), Rosso et al (02)

> Long-standing controversy

“Elastic line” model VS “‘Damage coalescence” model
. > (1~0.6
(¢}
“ A o ® e 5]
h \»-\. /\:\/\./

= Hansen and Schmittbuhl, (03)

Bonamy, Santucci, Ponson (08)
Laurson, Santucci, Zapperi (10)

Goal : Clarify the apparent disagreement and controversy

Morphology of interfacial cracks
Avalanche Dynamics of interfacial cracks

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 4



Experimental setup @

Sample preparation

14 cm 12 cm

> 2 plexiglas plates

32cm 34 cm

205°C

30 min

(PMMA)

annealing

>
\ <

* Transparent block
— direct observation

Key points

* Heterogeneities, toughness fluctuations

— rough crack front —
burst dynamics

S. Santucci, “Complexity in Mechanics”

KITP, 20-24 Oct. 2014



Experimental setup

Optical and mechanical set-up
A press imposes a normal displacement

Vol SV SN A S A I A A P _y
;«% - creep conditions
. constant low speed ~ um/s :

—  Crack front propagating in quasi-mode | in the
annealing plane of the 2 sandblasted plates

( : :
Optical tracking
high speed & high resolution camera

< *high frame rate vs the average crack velocity

Acoustic tracking
2 microphones, Wide Band (100 kHz-1 MHz)

\ «Sampling rate : 1 MHz

0.03 ym.s1< (V> <300 ym.s1?
0.5 um < pixel size: a < 10 ym

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014



{7 Interfacial crack fronts morphology

Crack at rest > Multi - High resolution description

Sand-blasting

with glass beads
@ ~ 50 um

1 picture;  x6.5; pixelsize ~3.9 um ~ 4000 pixels

-assembling pictures for a crack at rest-
assembling 3 pictures;  x 12.5; pixel size ~2 pm ~ 8000 pixels > <20 fronts >
assembling 7 pictures;  x25; pixel size ~1 pm ~ 16 000 pixels for each set
assembling 11 pictures; x50; pixel size ~0.48 um; ~ 25000 pixels

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 7
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E T AT T T 3
fl —— 1um A - q
| o 2um Ah=h(z+6) — h(x)
rl—e— 3.5um q q
107°¢ 7 um
fl —&— 14um
f 27.5 um
o u
— L 53 um
8 103.5 um
105 201.5 um
& F| ——392.5um
~ 764.5 um
. 1489 um
fc'_'\ 107H —— 2900 ym
g [| — 5648 um
~ | . _ 2
| y = exp(-Xx°)
— 6|
o 10
N
<
<
=~
[n
10 ¢

Interfacial crack fronts morphology
Statistical distribution of the height fluctuations P(Ah)

[Ah(3) - (Ah)] / (20°)'"2

2 # scaling regimes

> 5 : L 5= ey o—(BR)2 /252 ¢
%) 0 Gaussian distribution P(AR) ~ 67CG(AR/6) ~ & o x 6
C+ ~0.35 In agreement with elastic line model
0 <O Non-Gaussian distribution with large tails €  multi-scaling behavior
¢ ~0.6 In agreement with coalescence model

Santucci et al, EPL (10)
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Interfacial crack fronts morphology

Multi-scaling analysis h(x) Ah = h(z 4 6) — h(e)
(Coll.: A. Hansen)
| l—o—1
« Structure functions | >
ky1/k '
Ci(6) = (|h(z +9) — h(z)[")z
* Normalized Structure Functions by a Gaussian Statistics
N _ Ck.((S) G k+1 1/’C Set of “Universal numbers”
Ok‘ (5) T RkG Rk’ T \/§ (r (T)/ﬁ) independent of o and &

Structure Functions Ratios Ry (8) = 8;%

Gaussian statistics 2 /5,2
: : : _ e~ (Am)*/20° = 5 2
with a self-affine scaling ~ P(AR) = =~ ;0% o 5%

Santucci et al, EPL (10)

. L _ exple: Brownian motion C=1/2
S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014



Interfacial crack fronts morphology

Scaling behavior the structure functions C,/R,®

T
1.8F ,% ]
> Z
1.6 ar _
. -
% 1.41 ) e . r .
— / —
s CII = 0.57 . _
[e} 2 - + -
o 1k A i C" =0.38 — |
/\o //‘gi(_ : =l
O 08F /&a | k=5 ]
=~ 157 . k=4
Z x ’ |
O =5 = : k=3
~ 0.6 ’f" N - L]
2 =y 7 * =2
8 oa4f ’ £ 6"~ 35um s I
B X : ® C)(s<35um)
0.2 : = = =fit:g=0.57 []
o ¥ A i = C)(6>35um) ]
’ i fit: ¢, *=0.38
-0.2 Y | | | L | | I I |
-0.5 0 0.5 1 15 2 25 3 35

Iogm( 6/60) ;60 =1 um
For 6 < 6* Fanning of the structure functions C,/R,° :
— Non-Gaussian statistics

— Non-unique roughness exponent : multiscaling C (k)
Santucci et al, EPL (10)
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Interfacial crack fronts morphology

Scaling behavior the structure functions C,/R,®

T
1.8F ,% ]
> Z
1.6 ar _
. -
% 1.41 ) e . r .
— / —
s CII = 0.57 . _
[e} 2 - + -
o 1k A i C" =0.38 — |
/\o //‘gi(_ : =l
O 08F /&a | k=5 ]
=~ 157 . k=4
Z x ’ |
O =5 = : k=3
~ 0.6 ’f" N - L]
2 =y 7 * =2
8 oa4f ’ £ 6"~ 35um s I
B X : ® C)(s<35um)
0.2 : = = =fit:g=0.57 []
o ¥ A i = C)(6>35um) ]
’ i fit: ¢, *=0.38
-0.2 Y | | | L | | I I |
-0.5 0 0.5 1 15 2 25 3 35

Iogm( 6/60) ;60 =1 um
For 6 >6* Collapse of the structure functions C,/R,° :
— underlying distribution Gaussian

— extraction of a unique roughness { exponent : (}(} ~0.38
Santucci et al, EPL (10)

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 11



Interfacial crack fronts morphology

What controls the cross-over length scale 6 ?
Effect of the disorder and material heterogeneities

I . .
25) ‘ Blasting with # glass beads
|
| @ ~ 300 uym
I
il ’ @ ~ 100/200 um
=)
"o @ ~ 50 um
© 15 ]
o° —=— 0 ~300 um
S . —&— 3 ~200 um
\.é ?; ~0. 38 ‘ —&— @ ~50 um
2 - = =0(3)=0355
0.5 _
00 0.5 | ‘ 3‘5 ;1 45

Santucci et al, EPL (10)
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W

Interfacial crack fronts morphology

What controls the cross-over length scale 6 ?
Effect of the disorder and material heterogeneities

T
250
2F i
E
=
I
o
© 15f .
’t-a\o ; —&— 0 ~300 um
5 .. — & ©~200 ym
o+t
o .." ¢ ~0.38 — % 0 ~50 um
S . .
S - = =0(3)=0355
- N
05 S
) & ~300 um

1.5 2 2.5 3 35
log ] 0(6/60) ; 6O=1 um

4.5

Blasting with # glass beads
@ ~ 300 pm
@ ~ 100/200 pm
@ ~50 um

Local slope of the front

a(8)
5

0.3

Santucci et al, EPL (10)

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014
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Interfacial crack fronts morphology

What controls the cross-over length scale 6 ?
Effect of the disorder and material heterogeneities

a(d.)
Oc

Deviations to Mono-affine scaling observed
for various crack fronts and surfaces

High Local slope of the front g = > 1

Limit for elastic line model using the Kernel of
Gao & Rice assuming small deviations

Also in agreement with numerical simulations
Laurson & Zapperi (2010)

way fronts are extracted / lack of resolution

800 um
(@)

Santucci et al, PRE (07), Santucci et al, EPL (10)

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 14



Partial Conclusion

. Adetalled statistical description of the morphology of interfacial crack fronts

' O* cross-over length scale microstructure, toughness fluctuations,
' could depend on loading, sample geometry...

0>0":
* The height fluctuations follow a Gaussian statistics

« Self-affine behavior with a unique roughness exponent C * ~ 0.35

« Agreement with the predictions of elastic line model

Separation of the structure functions at small scales Multi-scaling; C,(8) ~ & &)
« Deviation to a Gaussian statistics

e Cy0)~0% with{ ~0.6

« Agreement with the prediction of a coalescence model

Santucci et al, PRE (07), Santucci et al, EPL (10)

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 15



Interfacial crack fronts dynamics

Forced expt. acquisition rate :1000 fps
(V> ~ 30 ym.st expt~10s
resolution : 3.5 pm

Complex dvnamlcs

* large scale : stable slow crack propagation

* locally : pinning < heterogeneities, toughness fluctuations
— rough crack front
— avalanches
large velocity and size fluctuations

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 16



{1/ Analysis procedure

Image analyS|S Raw image — front extraction

04 08 12 16 2 28 3.2

Walting time matrix M « front dynamics
M,
waiting time matrix obtained by adding fronts F;

M= F, .5t

OONOO
OO oOoONO
oMol i o)
OO OoOPRr
ORFrOPrOo
OONOO

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 17



Results

* local front velocity field Creep expts

(V) =1 um.s?
the darker parts the longer waiting times

wt (s)

1.25 \ —

1 600

=
Eorsy” v
> Phixto) NN AT i 0 el B i 800
25y’ S RFARIRPGT T
: ‘ ‘ ‘ ‘ | — 1000
1 2 3 4 5 6
X (mm)
M—V:
: a a pixel size
local front velocity VvV — ot time delay between 2 pictures

| | w.ot SN -
|mage recordlng so fast W element in Waltlng time matrix

— no holes in M
Santucci et al, (06), Malgy et al, PRL (06)

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 18
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Results

* local front velocity distribution

|

10 _ g 0;‘[':‘.‘. A.
B 4

Distribution independent of

10 ng:gspinningi Depinning loading regime : creep or forced
_of * .
10 0.03 um.s1< (V) <300 ym.st
2107 10”

v> (v): P ((g—>) N (ﬁ) e

107 os

_6i ] +1=2.6 = 0.
1078 at+t1=26+0.15

_7: Y :

_2 -1 0 1 2 3
10 10 10 10 10 10
v/{v)
Santucci et al, (06), Malgy et al, PRL (06), Tallakstad et al, PRE (11)
S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 19
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1 U(Xi, t)

[
i

Vi(1) = (v(x, 1),

 Crackling Noise

T T"” ™ T‘[H' Hr LA \[‘V [

Forced expts
(V) =200 um.s1

Time (s)

Santucci et al, ICF (09),

20

KITP, 20-24 Oct. 2014

“Complexity in Mechanics”

S. Santucci,



() Results

 Crackling Noise Viit) = (vlx, 0), =7 X0 vix, 1)

P(VV) o« (W/VW) Y o171 01<2

= Generalized Central Limit Theorem
| ¥ (1) lpha Stable Levy Distribution

¥ () 1o
a=1.7 + 0.1

10 = 107}
107 10

-4 10
10 10

|
-5 0 5 10 15 20
VI
V/ - \/| - <\/| >T . . .
- b —> Fat tail survives the upscaling

Tallakstad et al PRL (13)

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 21



Results
* Burst dynamics : spatial distribution of clusters

_ _ Creep expts
Clipped velocity map V. : (V) = 1.4 pm.st
. 1 forv>C (v) , 1 forv <& (v)
Vo = - C = : (1
0 for v < C(v) 0 forv> & (v)

C=4

Depinning Bursts Pinning Clusters

Tallakstad et al, PRE (11)

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 22



P(S) S+

10° 10

Results

P(S) o< S77exp(—5/5%)

Distributions independent of
loading regime : creep or forced

For both Pinning / Depinning

~ = 1.56 4 0.04

Extremely robust
wide range of exp. conditions

thresholds C

Tallakstad et al, PRE (11)

S. Santucci,

“Complexity in Mechanics”

KITP, 20-24 Oct. 2014



Results

Propagation of an elastic line through a disordered landscape
(Coll.: D. Bonamy, L. Ponson)

. Quasi-static limit

. Linear elastic material
and weakly heterogeneous

-  long-range elastic kernel
Gao & Rice (89)

1 of 1 Ff(z't)-f(z,t)
ZoF@{f Y+ dz'—n(z, f(z,t
Rl UL Rl arwes (2, f(z.1)
4 vV,
FEAT)=— vt =(f(D),)
0
F # constant
Retro-action process: F ~ F,
-> Self-organized criticality & -F
Bonamy et al, PRL (08) Fc

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 24



o] Results

 Bursts size distribution / comparison with simulations
(Coll.: D. Bonamy, L. Ponson / L. Laurson, S. Zapperi)

)

Propagation of an elastic line through a disordered landscape
0 Quantitative agreement !!
| size, duration & shapes of the clusters

[ v, =010
. Waiting time map 2f

—= = —

——,

40

30 L

Eﬂ.-"\—l- e eyl

1] i e e = Pt H bi-
G B "-\3

a
NN 1 IIIIIIII 1 IIIIIIII 1 IIIIIII| 1 IIIIIII|

10 102 10 10 10

Bonamy, Santucci, Ponson, PRL (08), Laurson, Santucci, Zapperi, PRE (10)
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Forced expts
(V> =200 um.s?

Time (s)

Santucci et al, ICF (09),

26
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Crackling Noise

Results

Creep expts
(V) =1 um.s?

2 03 =

g £

p—

~ 0.2 §0.05
—~

0.1f ’
V= (VI(1))
0

|kJ.I.L I
i S

1.25
hiz,
T
s
Eors
S
0.25}

s Ve

’ Y

to+ T1000Y ™

T\

| | | | | | 1 000
6

Laurson, Illa, Santucci, Tallakstad, Maloy, Alava, Nat. Comm (2013)
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Results
Crackling Noise

203 2 ]
g g

S 0.2 EE, 1
=~

01 ’
V= (V1) ek
0

10° L ‘
f - All avalanches
< data for scaling
[ vrie=1.6T£0.15 T
10 ¢
(s(T)) = ] (V(¢|T))dt o T”
0
10" ¢ -0 All avalanches 3 U
_ ---0-- Avalanches (T > 256t)
g L - |
— 10 ? P"'@G:%B:@‘DOE‘\ : E
w r | Q‘E\—%jrm ] ~ 1 7
L | Pog ] y ~ .
— | | N
10 i | scaling range | Ebm\ E
E lee — — — — — — — — — > | re) 3
L | | “a
| | kS
L (o}
107, 107} | | 5 o
C | |
F . | . | .
: 0,1 A 10
107" ! L

: 5
Ty =) Ilaurson, llla, Santucci, Tallakstad, Maloy, Alava, Nat. Comm (2013)
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Crackling Noise

Avalanche Statistics

Results

0.20

Vi.(t) (pm/s)
o o
> ®

©
=
S

10° 10°
10’ 10’
g

& 0 £
«n 10 Q40
& 8
Cl.| e

107"} o |

107 1072}

-3
10 - - 5
107 107 10° 10’ 10 = — '
/5 10 10 10 10
D/D*
29
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<U/TY> [ <t/ T)>max

Results

Crackling Noise / Avalanche Shape

0.4

02 ¥/

V=(V(1))

<W(t/T)> 1 <Vt T)>nax
— gqEW, v-1=0.56
— a=2,vy-1=0.74
a=0,v-1=1

0.4

0.6
tT

Average Avalanche Shape

v <[5 -3)]”
y = 1.7

" Laurson, lla, Santucci, Tallakstad, Maloy, Alava, Nat. Comm (2013)

S. Santucci,
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Summary

Propagation of an elastic crack line through a disordered landscape

A simple model with minimal ingredients :

Linear Elastic Material, weak disorder, quasi-static limit
Langevin equation with non local elastic term,

Quasi-static crack growth appears as a “self-organized” dynamic phase transition

Reproduce the Crackling dynamics

Quantitatively the scaling behavior at both local and global scales
Avalanches shape, size and duration distributions.

Malgy, Santucci, Schmittbuhl, Toussaint PRL (06),

Bonamy, Santucci, Ponson, PRL (08),

Laurson, Santucci, Zapperi, PRE (10),

Tallakstad, Toussaint, Santucci, Schmittbuhl, Mdlay, PRE (11),
Laurson, Illa, Santucci, Tallakstad, Maloy, Alava, Nat. Comm (2013)
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Interfacial depinning model

vi = 0(F;) V() = 3 ui(t)
Control the universality
class by tuning «.

L v

i hj —h; .
F; :El"g Z J _?’a A+ (i, hi) + Feat

e 23— il
a — y """"""""" x—; 0
o V2h; l FB(H — h;)
local gEW o =2 Infinite range
model. long-range elastic string mean field model.

(planar crack fronts,
contact lines,
grain boundaries).

S. Santucci, “Complexity in Mechanics” KITP, 20-24 Oct. 2014 32
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Average Avalanche Shape

T _ Fitting the avalanche shapes
gos < reproduces the values of
Y the -y-exponents.
2 t AV
A 04 _ (VHT)) T [? (1 — ?)} —
S"; 0.2 1 - p L n B

max

o
o

t/T

S
o

For localized interaction
kernels, the symmetric =——>»
function does not work.

07¥

<V(t/T)> | <V(t/T)>

&
o
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Broken Time symmetry

Space-time

avalanche activity:

Introduce an asymmetry correction:

wemyarr [& (= )] fi-a(h-1)]

l = T T T =
508 . o
A ‘f— a=0and 1:y=20,a=-001
~ — a=2:y=1.79,a=0.021
- 0.6 — a=3y=156,a=0.076
R — gEW:y=156,a=0081
\"
~
A 04
=
=
=
v 0.2
0
0

T
Asymmetry evolves with the interaction range.

S. Santucci,

“Complexity in Mechanics”

KITP, 20-24 Oct. 2014
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“Crackling Noise”

10 | | | I | | | l ' ' ' | -
—0.15
Front
velocity
5+ il
A.E. 01
(V) V(1)
(cm/s)
ot A
—0.05
‘
(A

Expt ~ 5 s, front length = 1 cm. - acquisition rate : movie : 1000 fps,
«v» ~ 200 uym.st ; resolution ~9um sound : 1 MHz — (filtered at 10 kHz)
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