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/ Mixed-mode interface identification from movie only

e Interface delamination in micro-electronics / microsystems / microstructures:
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/ Mixed-mode interface identification from movie only TU/

e Interface delamination in micro-electronics / microsystems / microstructures:
e Challenging: interface behavior can only indirectly be measured through effect on adherent layers
e Only Microscopic images: NO force measurement (!) + restricted field of view
e physical Boundary Conditions not in view =» how to apply accurate local BC to mechanical model ?

e Clean single-mode delamination test not possible =» large change of mode mixity during test
=>» opportunity!: identification of mixed-mode CZ model from single mixed-mode test
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e Cohesive Zone (CZ)
e Smith-Ferrante traction-separation law
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/ Digital image correlation

Brightness conservation:

r() =fG) —gx+u) =~
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[ Local DIC vs. Global DIC

e Choice of Regularization?

subset based (‘local DIC")
arm TR s g
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/ Global DIC: choice of shape functions

Examples of 2D (continuous) basis functions for Global DIC

Chebyshev polynomials FEM-type linear 2D B-Spline basis functions
wij = Ta(¢) ® To(x) 0 =Ta(Q) @ T(x) Shape funCtIOI‘IS

Quadratic, p = 2 Cubic, p=3
Linear, p =1 :

efnagey,
X ‘ :)\i;, Neggers et al., Exp. Mech. 47, 717 (2014); Negger et al., JNME 105, 243-260 (2015) T U/ TEgcnr'm]ische Universiteit
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e Degrees of freedom A;:
o Material parameters
e Boundary conditions
o Geometry

IDIC
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/ Integrated DIC: physically motivated model for u(x, A;) TU/

Experiment: Kinematic description:
e image series of DCB test /\ e e.g. analytical model
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/ Integrated DIC: physically motivated model for u(x, A;) TU/

Experiment: Kinematic description:
e image series of DCB test /\ e €.g. FEM model of DCB test

Roux et al. 1JF(2006), Rethore et al. EJCS(2009); 1JSS(2013); Neggers et al. INME(2015) T U/e Technische Universiteit
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/ Comparison: FEMU vs. IDIC

(2) FEMU: L;;06; = k;

Experiment (1—) DIC: ]\/[ij5)\j = b o measured simulated
t "'x':: ence
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\v no
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/ Mixed-mode interface identification from movie only TU /

e Interface delamination in micro-electronics / microsystems / microstructures:
e Challenging: interface behavior can only indirectly be measured through effect on adherent layers
e Only Microscopic images: NO force measurement (!) + restricted field of view
e physical Boundary Conditions not in view =» how to apply accurate local BC to mechanical model ?
e Clean single-mode delamination test not possible =» large change of mode mixity during test
=>» opportunity!: identification of mixed-mode CZ model from single mixed-mode test, from movie only
e Model system:
e Bi-layer specimen with single
interface
e “Miniature Mixed-Mode

bl
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/ Virtual experiments TU/ e

e Interface delamination in micro-electronics / microsystems / microstructures:

Uy MMMB
mode selector v |

y e Model system:
Lx e Bi-layer specimen with single
I interface
e “Miniature Mixed-Mode

O G PN e | Bending setup” under in-situ
?g e

5 optical microscopy
Ea e Virtual simulation of MMMB

£

Virtual experiments

Kolluri et al. IJF (2009); Kolluri et al. J.Phys.D (2010); Kolluri et al. IJF (2013) T U/ Technische Universiteit
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/ Mode I: Local Boundary Conditions

~, IDIC ROI

_ subregions DIC

¢ prescribed nodes
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(a) residual (b) displacement error
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Real experiments

Experimental results

/ Mode I:
(c) initial guess map
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/ Mixed-mode: Local Boundary conditions

™™™ microscopic field of view
- oem d
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e.g.: simulation of mode-mixity: { = 0.6 (~70°) (10x deformations)
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/ Mixed-mode: Virtual Experiments

Virtual experiments

’’’’’

»” N
- - - I/
Different mode-mixity: ¢ = 0.0,0.2,0.4,0.5,p.6,0.7,0.75
\\N _f,’
— mode angle
— traction
a) £ =0.2 b) ¢ =0.5 c) £=0.7
100 ( § . 1 100 (E --------- ——— 1 100 ( ) ffffffffffffff —1
N PZ 5 _ PZ
o Y 8 = 8 7
g 2 3 = -
2 50 0 >§ 5 50/ u.sé 2 50| ‘0'5~§
: g 9 2 5 2
Q be! 5 b [ H
0 . A 0 0 0 0 .
19 21 23 25 27 29 31 33 19 & 33 19 21 23 2t 27 29 31 33
z [mm)] z [mm)] z [mm]
e.g.: simulation of m| G . kL= 0.6 (~70°) (10x deformations)
c,t

o Sensitivity fields: G., oc | =

Ge,n

e (eigen valug decomposition of Hessian matrix)

=> identification o sing micrographs only ?
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/ Mixed-mode: Virtual Experiments

Virtual experiments
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=>» identification of mixed-mode CZ model from a single mixed-mode test using micrographs only !
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/ Mixed-mode: Virtual Experiments

Virtual experiments
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=>» identification of mixed-mode CZ model from a single mixed-mode test using micrographs only !
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/ Mixed-mode: Real Experiments

Real experiments
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=> identification of mixed-mode CZ model from a single mixed-mode test using micrographs only ?
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/ Mixed-mode: Real Experiments

Real experiments
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/ Mixed-mode: Real Experiments

Real experiments
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/ IDIC: Mixed-mode interface identification from movie only TU/E
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/ IDIC: Mixed-mode interface identification from movie only TU/

e Challenge 1: Local BC optimized, in virtual experiments Virtual experiments
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/ IDIC: Mixed-mode interface identification from movie only TU/

e Challenge 1: Local BC optimized, in virtual experiments
e Challenge 2: Loading conditions optimized for maximum parameter sensitivity:

(a) residual at initial guess
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[ IDIC: Mixed-mode interface identification from movie only TU/

e Challenge 1: Local BC optimized, in virtual experiments
e Challenge 2: Loading conditions optimized for maximum parameter sensitivity:

Real experiments

Eigen value

decomposition of
Hessian matrix:

M = QDQT
mG..r + | + |
s, [

Ruybalid, Hoefnagels, v.d. Sluis, Geers, Eng.Fract.Mech. (2020)
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(a) residual at initial guess
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e Challenge 1: Local BC optimized, in virtual experiments
e Challenge 2: Loading conditions optimized for maximum parameter sensitivity:

/ IDIC: Mixed-mode interface identification from movie only TU/

Real experiments
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/ Integrated Digital Image correlation (IDIC)

Neggers et al.,

f(x) ~ god(x,a)
Jnt. J. Sol. Struct.

v(ak) = %L [f(i) —god(x. ﬂk)]z dx (2016)

_ o [ My ... My; ... My, |
One-step linearization: : ; : -
Jw M S — b " M= | My ... Mij ... My, .andMij=8I.(ak)
Vi € [Ln], Fi(aopt) — 8_ (aopt) =0 co0a = with 1 . . a;
’ | M1 ... My .. My |
ak 1 = a* 4 8a, b = [b1.bs.....ba)", and b; = —T;(a)

Vi e[l,n], Ty(a*™!)=0= I;(a") + %(ak)éa =0

| i|gos] o
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=£ -

i e (Ll b == [ g,(ea) Gl rxa)dx
X
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/ Integrated Digital Image correlation (IDIC)

The three cohesive zone parameters of interest are identified by integrated digital image correlation (IDIC) [22,31,33]. For the
problem addressed here, the residual difference between a reference image of the undeformed material configuration and images of Ruyb alid
the deformed material configurations is minimized, using the displacement fields from the finite element simulations: !

Hoefnagels, v.d.

V= [ f 300G 0 - o &1 00 d¥ar, 3) Sluis, Geers,

Eng.Fract.Mech.
(2020)

where f and g are the scalar intensity fields of the reference configuration at time t, and the deformed configurations at time ¢,

respectively. Furthermore, the symbol © denotes a function composition. Image g is a function of the mapping function 5’ that maps
the pixel position vector X in image f to the pixel position vector in image g [27] by:

3(? t, 6,-] =X + T;’[?c’, t 6,-],
(4)

using the displacement field E’[?. t, 6; | from the finite element simulation, incorporating the cohesive zone model of [Eq. (1)] with

its model parameters 6; = [8,, 8,,...,8,]" (where n is the total number of unknown parameters). Using the Gauss—Newton method, the
square image residual of [Eq. (3)] is minimized for all pixels in the space domain Q and the time domain 7 by optimizing the model
parameters in an iterative fashion:

v
— =y,
36; (5)

yielding a linear system of equations:
J‘rf['j 5% = b[', (6)

where the correlation matrix M and the right-hand side b; are:

Y (i) e [1,»],@-:[ j; F’,',.(Tc’, ( e.-]‘(_;’(}’, ¢ s[-Ju'(?‘ 1) — god (¥, £, 6))dxX dt, -

V(:‘,j)e[l, nf, My = [ j‘;ﬁ’[? :,s,-]f;’[}’,:.e;]?;’[?, :.e;]ﬁ}(?, :, sj)d?d:,

The gradient E is here taken to be the spatial gradient of the reference image f, but different choices are possible [27]. Furthermore,

(8)

N
H, represent the kinematic sensitivities of the simulated displacement fields h (?, I, 6;] with respect to each parameter &;:

an [}’ t, ej]

a6;

—_
X

=l

LG =

()

which are here calculated by a forward finite difference approach that requires the model response for a parameter set and the . . o
perturbed model responses for each perturbed parameter. In practice, this means that n + 1 simulations must be run for each iteration LF:'CLIF']]ISChe Universiteit
of the IDIC routine. Although other optimization schemes are possible, as explored in [17], the Gauss-Newton method provides a UII'II.IiVE?SVI:f; of Technology
good balance between accuracy and robustness [27].
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