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/ Mixed-mode interface identification from movie only

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

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

¶Challenging: interface behavior can only indirectly be measured through effect on adherent layers

¶Only Microscopic images: NO force measurement(!) + restrictedfield of view

¶physical Boundary Conditions not in view Č howto applyaccurate local BC to mechanicalmodel ?

¶Clean single-mode delaminationtest notpossibleČ large change of mode mixity duringtest

Č opportunity!: identification of mixed-mode CZ model from single mixed-mode test, from movie only
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/ Digital image correlation
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Brightnessconservation:

Č Minimization of theresidualóaveragedô over a regionof interest ɱ:

Č minimizationproblemis ill -posed!

Č óregularizationô alwaysnecessaryin DIC
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Č Minimization of theresidualóaveragedô over a regionof interest ɱ:

f g

1 large subset ('global DIC ')

¶Choiceof Regularization?

subset based('local DIC ')

/ Local DIC vs. Global DIC

one large ósubsetô

matching of entireimage

Č Needed: analyticaldescriptionof complex deformationsin complete Field of View

ό ‗ὼώ ‗ὼώ+‗ὼώ+é

e.g.: polynomialbasis:

Degrees of FreedomShape Functions

subset matching

όὼ ό• ὼȟ‗

Peters et al. OptEng(1982); Sutton et al. IVC(1983),IVC(1986); Chuet al. ExpMechόмфурύΤΧChenget al. ExpMech(2002); Sun et al. AppOpt(2005); Besnardet al. ExpMechόнллсύΤ Χ

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

Chebyshev polynomials FEM-type linear 

shape functions
2D B-Spline basis functions

Neggers et al., Exp. Mech. 47, 717 (2014); Negger et al.,  IJNME 105, 243ς260 (2015) 

/ Global DIC: choice of shape functions
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Experiment:

¶image series of DCB test

Kinematic description:

¶e.g. FEM model of DCB test
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Roux et al. IJF(2006), Rethoreet al.EJCS(2009); IJSS(2013);Neggers et al. IJNME(2015)

¶Degreesof freedom‗:

¶Material parameters

¶Boundaryconditions

¶Geometry

¶é.

/ Integrated DIC: physically motivated model forόὼȟ‗



TU/eTU e

MecamatDays ï13/6/ô23 ïj.p.m.hoefnagels@tue.nl ïwww.tue.nl/hoefnagels-group 

Experiment:

¶image series of DCB test

Kinematic description:

¶e.g. analytical model

f

gn

gm

( ), , ix tu u l=

/ Integrated DIC: physically motivated model forόὼȟ‗ TU/eTU e

IDIC

Blaysat, et al., Int.J.Solids.Struct. (2015) 

Roux et al. IJF(2006), Rethoreet al.EJCS(2009); IJSS(2013);Neggers et al. IJNME(2015)
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Experiment:

¶image series of DCB test

Kinematic description:

¶e.g. FEM model of DCB test

f

gn

gm

( ), , ix tu u l=

/ Integrated DIC: physically motivated model forόὼȟ‗ TU/eTU e

IDIC

Roux et al. IJF(2006), Rethoreet al.EJCS(2009); IJSS(2013);Neggers et al. IJNME(2015)
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¶IDIC = one-step approach:

(1) direct parameter identification

by matching theimages

/ Comparison: FEMU vs. IDIC 

Kavanaghet al.IJSS(1971); Collins et al.AIAA(1974); Mottersheadet al.JSV(1993); é

¶FEMU = two-stepapproach:

(1) DIC yieldsdisplacement or strainmaps: 

(2) par. identificationby matching these maps

Roux et al.IJF(2006), Rethoreet al.EJCS(2009); IJSS(2013);Neggers et al.IJNME(2015); Neggers et al. IJSS(20165); . . .  

Ruybalid et al., IJNME (2015)Ruybalid et al., IJNME (2015) Č Hild & Roux, IJSS (2020)
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/ Mixed-mode interface identification from movie only

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

¶Challenging: interface behavior can only indirectly be measured through effect on adherent layers

¶Only Microscopic images: NO force measurement(!) + restrictedfield of view

¶physical Boundary Conditions not in view Č howto applyaccurate local BC to mechanicalmodel ?

¶Clean single-mode delaminationtest notpossibleČ large change of mode mixity duringtest

Č opportunity!: identification of mixed-mode CZ model from single mixed-mode test, from movie only 

¶Model system: 

¶Bi-layer specimen with single 

interface 

¶ñMiniature Mixed-Mode 

Bending setupò under in-situ 

optical microscopy

Kolluriet al. IJF (2009); Kolluriet al. J.Phys.D(2010); Kolluriet al. IJF (2013) 
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/ Virtual experiments

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

Kolluriet al. IJF (2009); Kolluriet al. J.Phys.D(2010); Kolluriet al. IJF (2013) 

¶Model system: 

¶Bi-layer specimen with single 

interface 

¶ñMiniature Mixed-Mode 

Bending setupò under in-situ 

optical microscopy

¶Virtual simulation of MMMB

Virtual experiments
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/ Mode I: Local Boundary Conditions

¶Local boundary conditions (no force correlation):

¶Capture kinematics accurately

¶ROI: sufficient unconstrained region

Ruybalid, Hoefnagels, v.d. Sluis, Geers, IJSS, 2017

optimum optimum

Virtual experiments
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/ Mode I: Experimental results

Ruybalid, Hoefnagels, v.d. Sluis, Geers, IJSS, 2017

Real experiments
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/ Mixed-mode: Local Boundary conditions

e.g.: simulation of mode-mixity: ‒ πȢφ(~70ϲ)   (10x deformations)

Virtual experiments
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e.g.: simulation of mode-mixity: ‒ πȢφ(~70ϲ)   (10x deformations)

/ Mixed-mode: Virtual Experiments

Different mode-mixity: ‚ πȢπȟπȢςȟπȢτȟπȢυȟπȢφȟπȢχȟπȢχυ

Ruybalid, Hoefnagels, v.d. Sluis, Geers, IJSS, 2018

PZ PZ PZ

¶Sensitivityfields:

¶(eigen valuedecompositionof Hessianmatrix)

Č identificationof mixed-mode CZ model from a singlemixed-mode test usingmicrographsonly?

Virtual experiments
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/ Mixed-mode: Virtual Experiments

Different mode-mixity: ‚ πȢπȟπȢςȟπȢτȟπȢυȟπȢφȟπȢχȟπȢχυ

Ruybalid, Hoefnagels, v.d. Sluis, Geers, IJSS, 2018

Č identificationof mixed-mode CZ model from a singlemixed-mode test usingmicrographsonly !

Virtual experiments
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/ Mixed-mode: Virtual Experiments

Different mode-mixity: ‚ πȢπȟπȢςȟπȢτȟπȢυȟπȢφȟπȢχȟπȢχυ

Ruybalid, Hoefnagels, v.d. Sluis, Geers, IJSS, 2018

Č identificationof mixed-mode CZ model from a singlemixed-mode test usingmicrographsonly !

Virtual experiments
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/ Mixed-mode: Real Experiments

Č identificationof mixed-mode CZ model from a singlemixed-mode test usingmicrographsonly?

`

Gc,n = 44 Ñ 4 Jm-2

Different mode-mixity: ‚ πȢπȟπȢςυȟπȢυȟπȢφσ

Real experiments
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/ Mixed-mode: Real Experiments

Different mode-mixity: ‚ πȢπȟπȢςυȟπȢυȟπȢφσ

Real experiments
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/ Mixed-mode: Real Experiments

Different mode-mixity: ‚ πȢπȟπȢςυȟπȢυȟπȢφσ

Č identificationof mixed-mode CZ model from a singlemixed-mode test usingmicrographsonly !

Ruybalid, Hoefnagels, v.d. Sluis, Geers, IJSS, 2018

Gc,n = 44 Ñ 4 Jm-2
Real experiments
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/ IDIC: Mixed-mode interface identification from movie only

2 xyz piezo 

actuators

shearingopeningtearing

¶nanometer resolution

¶multi-directional loading

¶3D force sensing

¶(not used here)

¶Novel multi-axial mechanical testing apparatus:

Ruybalid, Hoefnagels, v.d. Sluis, Geers, Exp.Mech. (2020)

¶Industrial test case:

¶Delamination in multi-layer moisture barrier for

protection of flexible OLEDs (organic light-emitting diodes)

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

¶Challenge 1: Local BC optimized, in virtual experiments Virtual experiments

Ruybalid, Hoefnagels, v.d. Sluis, Geers, Eng.Fract.Mech. (2020)

2 xyz piezo 

actuators

¶Novel multi-axial mechanical testing apparatus:

with noise!
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/ IDIC: Mixed-mode interface identification from movie only

¶Challenge 1: Local BC optimized, in virtual experiments

¶Challenge 2: Loading conditions optimized for maximum parameter sensitivity:

Virtual experiments

Eigen valuedecomposition

of Hessianmatrix:

Ruybalid, Hoefnagels, v.d. Sluis, Geers, Eng.Fract.Mech. (2020)
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/ IDIC: Mixed-mode interface identification from movie only

¶Challenge 1: Local BC optimized, in virtual experiments

¶Challenge 2: Loading conditions optimized for maximum parameter sensitivity:

Real experiments

Ruybalid, Hoefnagels, v.d. Sluis, Geers, Eng.Fract.Mech. (2020)

Eigen value

decompositionof 

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

¶Challenge 1: Local BC optimized, in virtual experiments

¶Challenge 2: Loading conditions optimized for maximum parameter sensitivity:

Č Convergence to global minimum

Č Gc,n = Gc,t ă organic layer

Real experiments

Ruybalid, Hoefnagels, v.d. Sluis, Geers, Eng.Fract.Mech. (2020)

Success : 

Identificationof themixed-mode interface behavior

of a OLED barriercoating

from a singlein-situ mixed-mode delaminationtest, 

usingthedelaminationmovie only !
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