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InterfacialDebondingFrom aSandwichedElagomerLayer

(Bikramijit Mukherjee)
ABSTRACT

The problem of a thin elastomeric layer confined between two stiff adherends arises
in numerous applications such as microelectronics,-inspired adhesion and the
manufacture of soft biomedical products. A coomrequirement is that the debonding of
the elastomeric layer from the adherends be controlled to avoid undesirable failure modes.
This level of control may necessitate understanding the collective role of the interfacial
adhesion, material properties, p@eometries, and loading conditions on the debonding.
Analytical and numerical approaches using the finite element method and a cohesive zone
model (CZM) for the interfacial debonding are used in this dissertation to delineate the role
of the aforementicned parameters on the initiation and propagation of debonding for both
rigid and norrigid adherends.

Extensively studied in the dissertation is the debonding of a-igéimite relatively
stiffer adherend from an elastomer layer with its other sufffecéy bonded to a rigid base.
The adherend is pulled upwards by applying normal displacements either on its entire
unbonded surface or on the edge of its part overhanging from the elastomer layer. The
adherend and the elastomeric layer materials are aslstorbe linear elastic, homogeneous
and isotropic and the elastomer is assumed to be incompressible. Viscoelasticity of the
elastomer is considered in the first part of the work. Plane strain deformations of the system
with a bilinear tractiorseparation(TS) relation in the CZM are analyzed. Two non
dimensional numbers, one related to the layer confinement and the other to the interfacial TS
parameters, are found to determine if debonding initiates at interior points in addition to at
corner points on # adherend/elastomer interface, and if adhessidauced instability is
exhibited. This work is extended to axisymmetric problems in which debonding can take
place at both interfaces. Motivated by an industrial demolding problem, numerical
experiments areonducted to derive insights into preferential debonding at one of the two
interfaces, including for curved adherends. Results reported herein should help engineers
design an elastomer layer sandwiched between two adherends for achieving desired failure
characteristics.
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1 Introduction

Understanding the mechanics of interfacial debonding of an elastomeric layer
sandwiched between two adherends is of widespread interest due to its relevance in science
and tehnology. The research presented in this dissertation was essentially initiated by the
need to identify key factors governing a soft ophthalmic lens demolding prtless
However, the reported outcomes are envisioned to be useful in contexts of a number of other
applications. Examples include dbiigty of sealantf?], ensuring integrity of the elastomer
interlayer in laminated safety glasgés restricting potential delamination in flighip
packaging4], ease of ink release in transfer printing procg¢ssés engineering antifouling
such as of barnacles to sHiplls [8, 9], and in the rapidly growing field of bimspired
adhesior{10, 11]. Dictated by the application, interfacial debonding of a sandwiched layer is
to be either preveat or facilitated under stress. For example, a sealant should be designed so
that the nucleation of new debonds and growth ofegisting interfacial flaws are prevented.

On the other hand, release applications, such as successful demolding duriagrieasdn

or the release of an ink layer from a substrate in a transfer printing gijcensist be
engineered to facilitate damaffee debonding from an interface. Tunable adhesion may be
pivotal to the success of applications such as Gewured adhesivg§s?], which are
designed to have a high resistance to debonding in shear but istanes in the normal
direction. Regardless of the varying applicatgpecific requirements, the common
underlying need is to achieve control of the interfacial debonding. This motivates the need to
understand the collective role of the geometric, mdtexial interfacial adhesion parameters

on the mechanics of debonding.

Previous researclpil3-20] on debonding of a sandwiched elastomeric interlayer
suggestghat even in the presence of an external debond, debonding may nucleate over the
interior of the interface/bondline to relieve the imposed lateral constraint when the interlayer
thickness is small enough relative to a characteristic length scale. Relsaarshown that
locations of the nucleation sitd48] and the average spacing beeémemultiple internal
debondg19] could be predicted for smooth interfaces as functiongofrgetric lengths. This
suggests the importance of capturing, in a mechanistic analysis, debond initiation regardless

of the presence of pexisting defects.

The traditional linear elastic fracture mechanics (LEFM) approach for analyzing

debonding is baskon the premise that a pegisting debond/crack begins to grow under



applied stress when the change in the potential energy per unit growth of crack area, termed
as the energy release rate (ERR), exceeds a critical f2dlueThis critical value is known as

the fracture energy. The imsity of singular stress fields that may occur near-mdterial

crack tip[22-25] can be related to the ERR to assess the resistance to debonding. Besides
being ursuitable for capturing debond nucleation at a defee interface, the LEFM
approach is not amenable to a strict continuum mechanics analysis since the latter cannot
accommodate the creation of two points from one point as necessitated by
debonding/cradgkg. A maximum stress (strength) criterion seems to be helpful at first sight
but is not sufficient because it (i) may predict spurious results when stresses are singular, (ii)
does not correctly account for experimentally measured energy required tto tareanew
surfaces, and (i) cannot predict experimentally observed daetestiependence of the
measured global results such as the failure [@dd 26]. A cohesive zone model (CZM)
approach, introduced conceptually bygdale [27]and Barenblatt [28]and later coupled

with a finite element analysis of concrete fractureHdierborg et al. [29] helps to bridge the

gap between the LEFM and the strengésed approach by circumventing limitations of
each. A CZM approach can model evolution of damage and debamtiogingat a stressed
interface. This is achieved by prescribiagpriori a relation between the surface traction
vector and the displacement jump vector (separation) between two adjoining interfacial
points conceived to be connected by Zerayth springs. Such a relation is commonly known

as a tractiorseparation (TP relationship. Enforcing a TS relation makes the approach
amenable to a continuum analysis and suppresses traction singularities via the prescribed
peak tractions. One motivation of using a TS relation is to lump the collective influence of
smallscale dssipative processes which contribute to the interfacial damage accumulation
leading to debonding. The shape of a TS relation, in particular, the prescribed critical
separation values can be tailofgif] to capture these mechanisms occurring over various
length scales. The CZM approach has been successfully used to simulate a large range of
interfacial as well as bulk fracture problef3d-39]. Recognizing its ease of use in studying
adhesive debonding of elastomers, a CZM with a bilinear TS relation has been used

throughout this dissertation.

This dissertation is writte in manuscripformat and consists of four papers (one
published article, one in review, one ready for submission and one in preparation for
submission for publication in peegviewed journals), included here as Chaptets Brief
outlines of each ohiese four bapters are listed below.



Chapter 2

This chapter analyzes the wkhown wavy/undulatory debondirig0] phenomenon
that occurs when an elastomerayér, sandwiched between two stiff adherends, debonds
from one adherend. A schematic sketch of the phenomenon is showguie 1.1. We
advance the reported understanding of the prolletn 20, 40-43] by employing a TS
relation for the elastomer/adherend interface. The prolddirst analyzed for a sermfinite
elastomer layer debonding from a rigid adherend. A combination of stability analysis of
linear equations governing plane strain deformations of the system and the finite element
method (FEM) leads to the conclusiorattithe competition between interfacial softening
(captured by CZM) and the elastic deformation of the film triggers a wavy debonding
process. A nowdimensional parameter in terms of the CZM parameters and the viscoelastic
properties, and its lower limit @afound to provide a necessary condition for wavy debonding
to occur. We have augmented the concept further, at least qualitatively, in the context of
fingerlike debonding phenomendd] by analyzingthreedimensional deformations and
progressive debonding that occurs in a peel test involving a flexible adherend. However, it is
found that whether or not fingerlike debonding occurs depends also on the rigidity of the
plate dictated by the modulus arnickness of the elastomer layer. The outcome of this work
is hoped to be of value from a materials design perspective as well as in view of modeling

debonding process of elastomeric materials.

This work has recently appeared in theernational Journal ® Adhesion and

Adhesives(doi:10.1016/j.ijadhadh.2015.12.006
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Figurel.1l: A schematic sketch of the wavy debonding phenomenon studied in
Chapter2
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Chapter 3

Motivated by the finding irChapter2 that whether or not a fingerlike debonding
ensues during peeling of a flexible plate is dictated by both the interfacial adhesion and the
rigidity of the pate for an elastomer layer of given modulus and thickness, this chapter
investigates the role of the coupling between the geometric and material parameters, and the
interfacial adhesion on debonding characteristics of an elastomeric layer when an
overhangng flexible plate is pulled off from it. The deformations are approximated as plane
strain, and the FEM is used to solve for the deformations. Our computed results reveal the
collective effects of the two nesimensional variables: the confinement paremewhich
was also identified by previous investigatf?s, 44, 45], and the adhesion parameter found
from the work reported irfChapter2. The roles played by these two parameters on the
interfacial debonding mechanisms and on the maximum load in theliggldcement history
are delineated through numerical experimeRssults reported here advance our current
understanding of the peeling phenomenaray help in developing predictive models for
complex manufacturing processes involving separation of confined elastomers; Etyeu
light on the global behavior such as the jmiflforce as a function of geometric confinement
and interfacial adhesion and its transition from a stredgthinated regime to a fracture
energy dominated regime, and may help in determining the fié@npéers for the interface
between an elastomer layer and a stiff adherend

Results of several additional numerical experiments in which the elastomer can
debond from both adherends provide insights into controlling of adhesive debonding in order
to improve process vyield in industrial fabrication of soft elastomeric products such as

ophthalmic lenses. This is investigated in greater detail in Chapter

Chapter 4

An outcome of the numerical experiments conducted in Chépter that for
interlayers that are not sufficiently confined, damage initiates at the edge of the interface,
forms a process zone (cohesive zone (CZ)), and then propagates with a CZ at its front upon
continued loading. This debondimgechanism is investigated in this chapter using the CZM
and a semanalytical method built on the approacheslaflard [46] who analyzed bending
of a flexible plate resting on an elastongefoundation andShatak et al. [47who later
extended Dillardés work by wusing arenghEoFM app

the work of adhesion. The key outcome of the present work is-@lin@nsional parameter



in terms of the plate flexibility, the modulus and thickness of the elastomeric layer and the TS
parameters, which is shown to govern the interfacial pee$sstlistribution, debond length

and the reaction force under a chosen normalization scheme. It is also shown thatdfie pull
force transitions from a strengttominated regime (LEFM invalid) to a fracture energy

dominated regime (LEFM valid) as the vahfethis parameter gradually increases.
Chapter 5

The research work reported in Chagies closely related to an industrial demolding
process used to fabricate an ophthalmic lens. A key processing step during the fabsication
the separation of an elastomeric (organogel) layer sandwiched between two flexible molds.
The demolding process involves prying open the flexible raskembly by a displacement
controlled loading and is engineered for interfacial separation to ocefergntially from
one desired mold interface. With the use of molds made of the same material in a practical
manufacturing line, the demolding process runs the risk of causing debonding from the wrong
interface and/or both interfaces, resulting in anterseparation process that can damage the
product. Motivated by the suspicion that edge peeling could be biased towards one interface
by increasing the amount of opening shear towards the edge of that interface, the primary
goals of this chapter are taidly the roles of (i) the relative flexibilities of the two molds, (ii)
the curvature when the interlayer is in the shape of a portion of a hemisphere, and (iii)
preheating the assembly differentially prior to mechanical loading in causing debonding to
occu preferentially at a desired interface. We use the FEM to analyze axisymmetric
deformations of a simple configuration consisting of an elastomeric layer of uniform
thickness with its two surfaces adhered to two overhanging flexible molds that are subjecte
to normal displacements near the edges of the overhangs. Results of numerical experiments
suggest that (i) debonding occurs preferentially from the edge of the interface between the
elastomer and the more flexible mold; however, internal debonding nsaye end grow on
the other interface when the molds are rigid enough depending on the modulus and the
thickness of the elastomeric layer, (ii) for a curved assembly, edge debonding is inherently
biased, for the considered normal loading conditions, tanteeface corresponding with the
inner surface of the interlayer and (iii) preferential debonding can be engineered by
preheating the assembly differentially; however, a differential large enough dictated by the
absolute level of heating may cause interdabonding. Sensitivities of the predicted
debonding mechanisms to prescribed biases in the TS parameters are assessed. The outcomes



of this work may be useful in engineering similar demolding processes to achieve a desired

separation process.
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Abstract

Wavy or undulatory debonding is often observed when a confined/sandwiched
elastomeric layer is pulled off from a stiff adherend. Here we analyze this debonding
phenomenon using a cohesive zone model (CZM)sing stability analysis of linear
equations governing plane strain qustsitic deformations of an elastomer, we find (i) a-non
dimensional number relating the elastomer layer thicknkss, t he | ong ter m

modulus, E, , of theinterlayer material, the peak tractiof, in the CZM bilinear traction

separation (TS) relation, and the fracture enefgy,of the interface between the adherend

and the elastomer layer, and (ii) the criticalue of this number that provides a necessary
condition for undulations to occur during debonding. For the elastomer modeled as a linear
viscoelastic material with the shear modulus given by a Prony series andralegtendent
bilinear TS relation ithe CZM, the stability analysis predicts that a necessary condition for a

wavy solution is thatTczh/GCEn exceedd.15. This is confirmed by numerically solving

governing equations by the finite element method (FEMjstly, we use the FEM to study
three dimensional deformations of the peeling (induced by an edge displacement) of a
flexible plate from a thin elastomeric layer perfectly bonded to a rigid substrate. These
simulations predict progressive debonding witfingerlike front for sufficiently confined
interlayers when the TS parameters qualitatively satisfy the constraint found from the

stability analysis of the plane strain problem.

Keywords Fingerlike instability, wavy or undulatory debond front, cohesivaezanodel

(CZM), elastomeric interlayer, debonding
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List of symbols

Symbols Meaning

A Hamaker constant for van der Waals interaction

B Left CauchyGreen tensor

d Distance betweean elastic film and an approaching contactor

d Damage variable

D Bending rigidity of the flexible plate

E Youngds modulus of the el astomeric

h Thickness of the elastomeric interlayer

i =J-1

K Slope of the rising part of the straight line in the bilinear traeseparation law

k Wavenumber oftte X - dependent part of the perturbation to the stream functio
and the hydrostatic pressure.

m Ratio of the modulus of the spring in the spraashpot link to the longme
modulus for the 2erm Prony sries

P Hydrostatic pressure not related to strains for incompressible materials

R Reaction force on the rigid adherend

T Normal traction at the interface

t Time

u,v,w Displacement components aloxg, Yy and z directions, respectively

XYz Axes of the rectangular Cartesian coordinatéesgsvhen the indekof the system
X has values 1, 2 and 3, respectively
Magnitude of the slope of the falling part of the straight line portion of the bilin
tractionseparation relation

D Applied vertical displacement to the upper adherend

ad Displacement jump at the interface, also called the contact opening

/ Dominant wavelength of debonding undulation

m Shear modulus of the elastomeric interlayer

Y Stream function introduced to define displacement componérsd W

w Growth rate of a perturbation

a, ,a, Material constants in the constitutive equation used to model finite strain
viscoelasticity

a Shift factor relating the relaxation time at temperafute that at the refrence
temperature

C , G, Constants in the Williamd.andelFerry (WLF) equation foi&;

E,(=3m,) Lo ng term Y o u nlgngrermead modulus) of the Ascoelastic
material

E,(=3m) I_n stantaneous ¥ iostantanéoss snear anadulusyof the3
viscoelastic material

F Deformation gradient

Gc Fracture energy

W Relaxation function normalized by the instantaneous modulus of the viscoela:
material

K =K,
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K, i Initial slopes in the TS relatis for the debonding moded andlll

Ksoftening :Tcz / Gc

Kelastic = ED /h

|finger Length of a finger

pnh Non-homogeneous perturbatiom the hydrostatic pressure

T, Peak value of the normal traction at the interface

X Axes of the rectangular Cartesian coordinate system

a, Critical displacement jump when damagéiates

d. Displacement jump at the initiation of debonding/separation

e Components of the infinitesimal strain tensor

m Shear modulus of th& term in the generalized Maxwetiodel used to define the
relaxation function of the viscoelastic model.

m Relaxation function for the elastomeric interlayer when modeled as a linear
viscoelastic material

S, Components of the stress tenso

. Characteristic relaxation time of tittelement of the generalized Maxwell mode

I

f, The lower limit off for debonding instability

f, The value off beyond which region Il sets in

y nh Non-homogeneous perturbation of the stream function

A Area of the interlayer initially bonded to the rigid adherend

p z-dependent part of the hydrostatic pressure perturbation
T Temperature
-fR Reference temperature

Partial derivative (with respect t§ ) operator

Distance along th& axis normalized by the half width of the rigid adherend

Contact @ening normalized by,
Z - dependent part of the stream function perturbation

M
HX
X
D Rate of the applied vertical displacement to the upper adherend
d
Vv
w The growth rate/ normalized by/f,
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2.1 Introduction

Systems consisting of a soft elastic or viscoelastic layer confined between two
stiff substrates occur in numerous industrial applications. One examplanisfacturing of
bio-implants, which may involve mechanically demalgla soft polymer layer sandwiched
between two relatively stiff moldgl]. A frequently observed gmomenon is the occurrence
of contact undulations when a stiff layer is separated from the soft layer under tensile
tractions. Classical examples include the formation of ripples when a contactor approaches an
elastic film bonded to a fixed bag24] , and wavy debonds in pejé] and probe tack tests
[6-8]. Experimentally, the characteristic spacinf, between two adjacent undulation

peaks has been foulfd, 9] to scale linearly( o 3- 4h) with the thickness$ of the confined

interlayer while being independent of the interfacial adhesion properties. Thesliab#gity
analyses and energy argumefits-13] have been used to show that undulations result from

the competition between the strain energy of the systengaasia stabilizing influence, and

the energy associated with the interfacial forces (such as van der Waals forces) acting as a

destabilizing influence. These approaches give a threshold value of the interaction energy for

the onset of instability. For emwle, it was showfil10, 14] that the conditionGp%2 i—E is
necessary for the onset of contact instabilities when a rigid contacgyadually brought

close to an elastic film of thicknessa n d Y o u n gB,svhere Adisuthe eféective
Hamaker constant for van der Waals interactions dnthe gap between the contactor and

the film at the onset of instabilities. Other examples inc[ud¢ morphological changes in

an elastic film caused by an applied electric field. Combined experimental and linear stability
approaches have helped identify a threshold value of the effective voltage as a function of the

film stiffness.

As debonding ensues at the interface betvegeadhesive and an adherend, multiple
nonlinear processes such as cavitation and fibrillation may occur at the debonding site. These
involve different length scales and contribute to the overall energy dissipation during the
creation of the two new sudas. In a cohesive zone model (CZMJ, 17], the collective
influences of these smadcale mechanisms are lumped together into a tras@paration
(TS) relation. In this approach the adjoining niei on the two sides of an interface are
conceived to be connected by a spring of zero length that begins softening with extension

(separation) after reaching a critical extension and subsequently breaks upon reaching a larger
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limiting value of the extenen. In a typical TS relation, it is assumed that the energy
associated with the softening process is irrecoverable, i.e., upon unloading from extension
between the critical and the limiting values, the spring stiffness remains constant at the
reduced valueAt the limiting extension value, the area under the TS curve equals the critical

fracture energy @,) of the interface whose value is generally derived from the test data.

Works cited above addressing the interplay between theldésng contact interaction, and
the stabilizing elastic deformations of a film and the concomitant debonding instability
suggest that the threshold for undulatory separation can be modeled by a TS rélatien.
al. [18] illustrated this in the event of debonding between two blocks made of the same

material.

In order to understand the mechanics of the peeling and demolding processes,
researchers have eft relied on numerical simulations. Since the use of the CZM coupled
with the finite element method (FEM) Wyillerborg et al. [19] to study fracture problems
significant progress has been made in modeling interfacial debonding/delamination of a
polymer interlayef20-23]. However, there has bedémited researchs, 24, 25] on capturing
progresw/e interfacial debonding undulations using the CZM. The formation of debonding
undulations (such as fingering in a peeling problem) adds to the complexity of the mechanics
of the demolding process. The development of a tool for capturing such phen@mena i
important for delineating the debonding process and improving our understanding of the
associated mechanics. The focus of our work is to identify the role of the TS, the material and

the geometric parameters in causing undulatory debonding.

The rest ofthe paper isorganized as follows: In Sectiagh2, we present a linear
stability analysis of plane strain deformations of an elastomeric layer debonding from a rigid
adherend pulled vertically outward. We finchan-dimensional parameter in terms of the TS
and the elastic film parameters that must exceed a critical value for debonding to exhibit an
undulatory morphology. In Sectich3, we analyze the twdimensional(2D) problem by
the FEM to provide details of the debonding evolution and confirm the necessary condition
derived by the linear stability analysis. In Sectibd, we use the FEM to analyze a practical
problem,namely 3D deformations when a flexible plate is peeled off a confined elastomeric
layer bonded to a rigid substrate. This necessitates introducing anothdmamsional
parameter in terms of the plate bending stiffness and elastomer properties. ®l&tecorr
results of this problem with our learnings from Secti@n8 and 2.3. Conclusions are
summarized in Sectioh.5.
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2.2 Analytical approach
2.2.1 Problem fornulation

Applied displacement, A

1 ;
Rigid adherend
p Coheswe Zone
v — Ty , X
nterlayer
" o o

atlonaryrlgldadheren 1xe ase
|
| |
L

Figure2-1: Schematic sketch of the problem studied. The width W (normal to the page, not shown) is
large enough to justify studying plane strain deformations inziptane.

We investigate thenitiation of wavy debonding using a CZM when a rigid smooth
adherend bonded to the upper surface of an elastomeric layer is pulled upwards while its
lower surface stays perfectly bonded to the rigid support. Our analysis is essentially similar to
those ofShenoy and Sharma [18hd Huang et al. [14Wwho used a linear stability approach
to study instabilities in an elastic layer triggered by van der Waals forces when a rigid probe
is brought near the layer. However, we use a TS relation to simulate debonding between the
elastomeric layer and the upper rigid adherend. The configuration studied is schematically
shown inFigure 2-1. The perfect bonding between the lower stationary rigid adherend and
the elastomer layer is modeled by constraining to d&placements of points on the bottom
surface of the interlayer. We assume that the interlayer material is isotropic, incompressible,
homogeneous and linear elastic/viscoelastic. The problem is first analyzed for a linear elastic
interlayer, and subsegqutly for a viscoelastic layer. For the assumed form of the solution
using the separation of variables with evolution in time represented by a sine (or cosine)
function, the constitutive relation for a linear viscoelastic material reduces to that oéra line

elastic material with the shear modulus depending upon a solution variable.

2.2.1.1Linear elastic material

The constitutive equation for an incompressible, homogeneous and isotropic linear

elastic material isS; =- pgj; +2mg, wheres; is the stress tensot | andk correspond to
X,y, and z, respectively), €; the strain tensofor infinitesimal deformations,p the

14



hydrostatic pressure not related to strains, amdthe shear modulus of the interlayer

material. Recalling the straiisplacement relat|0@1 _%%+ “ul 9, the incomprssibility
g 1% 2

constraint,&, + £ + ,€ &, and assuming zero body force and negligible inertial effects the

equilibrium equations“i: 0 (repeated indexis summed ovex, y, ard z) reduce to the
i

foll owing Nawvierds equations
WP _ Ay pug
ral @
02 2 ~
HP _ ‘;‘H%"g
374 C (VAN

Here and below we denote the displacement corapts U, and U, as U andW,

respectively. Perfect bond with the fixed lower rigid adherend is incorporated by séiting
andW equalto zero at the lower interface of the interlayer. For thin confined infinitely wide
incompressible films under tension, the shear stress over the central region is negligible, e.g.,

seelindsey et al. [26] Thus, boundary conditions are:

Fixed base u(x,-h) =w(x.-h)=0

£ (x0)= - p(x0)+2(x0)=T(o)

Surface tractions

Is,,(x0) = nE (x0)+ 2 (x 0)8=0

G HX Wz

(2-2)

The interfacial normal tractior is related tahe displacement jump’= D W(X,O)

by the TS relation thatharacterizes the interface between the interlayer and the upper

adherend. HerdD is the vertical displacement of the upper rigid adherend. We have tacitly

. L
assumed that the region of interest is far removed from the éd@eyz and boundary

conditions at these edges, not specified in(E¢), do not affect deformations in the interior.
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22111 Description of cohesive zone behavior at the interface

We consider a bilinear TS edlon [27] for the interface, illustrated iRigure 2-2,
and given byEg. (2-3). That is, the traction first increases linearly with the displacement
jump,commonly termed the contact opening/separation, over the region OA. Point A denotes
initiation of damage/softening beyond which the traction decreases affinely with aasecre
in the contact opening (line AB). Should unloading occur at point M, the traction follows the

path MO. Subsequent reloading occurs along the path OMB.

?Kd (¢ de¢ Yy

1 (2-3)
Ta’:l T - )d at
() 7 AN LA

t 0 @ ¢ 9

Point B sgnifies complete separation at a point on the interface. The energy release

rate at debonding (i.e., the fracture energy) equals the area of the triangle OAB. That is,

c 2 cHf (2_4)

, B
0 p §f >0

Figure2-2: A bilinear tractiorseparation relation

A complete description of the bilinear TS relation involves specifying the initiaé slop

K, the peak tractiorT, and the fracture enery. In general, the value d must be large
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enough to not significantly alter the effective stiffness of the system and priexen

penetration under compression. A very large valu&aan make the system matrices ill

conditioned when the problem is analyzed by the FEM. Whjlean be obtained directly

from test datg28, 29|, finding values of parameterd, and d., is difficult. An indirect

method, frequently employd@2, 3], is to iteratively find values of these parameters which,
when used in numerical simulations, can predict reasonable well the experimental load
displacement traces. Recently, the digital image correldtidh and the interferometry

technique$32] have been used to measure the TS parameters.

2.2.1.1.2 Homogeneousolution

We note that the homogenoeous solutien=0,w =0,p eonstar satisfies
equilibrium equation$2-1) and boundary condition&-2) forT(d) = P. The corresponding
stresses ares,, =S, =S, =- P andS,, =0. The pressur@, found from Egs. (2a) and

(3a) is given by Eq.(2-5). This homogeneous solution implies that pulling the upper
adherend upwards will stretch the fictitious CZ springs while the interlayer will not deform.

- KD (0¢D¢d,)
(2-5)

(@,-0) (@ ¢ped,)

(d, ¢D)

2.2.1.1.3 Non-homogeneous solution
We now explore the possibility of a ntwomogeneous solution of the boundary
value problem defined by Eq&2-1)i (2-3). For the deformation to identically satisfy the

incompressibility constraint, we write displacements in terms of a stream furctias

WY e

Lz X (2-6)
where y is a twice continuously differentiable function of and z. In order to find
necessary conditions for the instability of the homogeneous soliior constant and

p = constan(defined by Eq(2-5)), we perturb it by adding to it theon-homogeneous field:
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p"(x 2)=¢€*1 ¥ and ¥y "(x,2)= €* /(3. Here the superscriphh stands for non

homogeneous, =+/- 1, and k represents the wavenumber of the perturbationThe
perturbed form, when substituted into equilibrium equatibh), yields the following system

of ordinary differential equations (ODES).

%z " dz 9
2 dA 5 di 2-7
imkoy 9 42y 2dP @7
C dZ2 - az
The ODES2-7) have the solution
p(z)=cosh kg A +ikmsinf k¥ A -imsinf Kz A
(2-8)

g(-kzcosh(kz) -sinff k3) A & 2cosh Kz kesirth kg ,A

7 (2)= g2k msinh(kz) A+ k mzsint{ k)zzkf\
m

where constantsA,...,A, of integration are determined from the boundary conditions

Recalling that D is not perturbedy = DW(X,O) = iRd%410). In terms of the non

homogeneous-dependent term$oundary condition&2-2) become:

Fixed base y(- h)= %(‘ h)=0 (2-9a,b)

! The assumed perturbatidn the form of separation of variablesth the complex -dependent term,
implies a sinusoidal variation indirection of wavenumberk . Any perturbatiorcan be considered for finding
necessary conditions. However, finding sufficient conditions is more challenging.
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' ~ 9 ,
En(0)+2kY (0) +a g0 o e
T A dz
op face g
| 2,7
P G2 (0)+k% (0) =0
where
£-K 0w @ (2-10)
T
a= £ (g ¢ dc)
i d- d d f
{0 @ ¢ o

We assume thaty is increased monotonically during the debonding process. Two
constants in solutioli2-8) are evaluated from boundary conditioj@s9a,b). Enforcing the
remaining boundary conditior{&-9a,) we obtain the eigenvalue probléG}{ A ={0} that

has a nostrivial solution if and only ifdet[C]= 0. This gives the following equation fdr of

which we seek real roots.

f(hiy- 21 =0

m (2-11)

2hk(1+ e ) +862"™ (hk)?
e"™ - 4hke™ - 1

TS parameters through their dependence dpothe interlayerthicknessh, and the shear

wheref (hk) = Roots of Eq(2-11) depend upon values of the

modulus, m, of the interlayer material. The functiohversusk, plotted inFigure2-3, has

the minimum value 6.22. Thus E@-11) has real roots only if"—h2 6.22 and a is positive.
m

Eqg. (2-10) implies that the sepaiah, d, must have values greater thgnand at most equal

to d, .
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For ah >6.22, one real root of Eq2-11) is less than 2.12 and the etlgreater than
m

2.12. The perturbed solution can be expressed as a linear combination of these two solutions.

It is possible that the two perturbations will grow at different rates.

8.0

7.5

f 7.0

6.5

2.12

hk

Figure2-3: The plot d functionf (hk). The implication is that a sinusoidal solution with wavenumber
k is possible wherh/ rf 6.22. Note thaf is a positive valued function bk,

2.2.1.2Linear viscoelastic material

For a linear viscoelagtiinterlayer we assume the following constitutive relation.

(2= pxzdg oS Bl

o ¢& + I (2-12)

Here€, (x,zt)=0 for t¢0, t is the present value of time ang, is the relaxation

nooLt
function expressed as Prony seri@s], m(t)= m Q4 @/ . Here Mandl; denote,

i=1

respectively, the shear modulus and the relaxation time. For discussion later, the dependence

of Z; upon the tempetare’ T is included; i.e.£,(T)= T )a , where the thermal shift

2 We introduce the tilde ©) notation to distinguish temperature from traction but use the
conventional notatiora,. for the thermal shift factor.
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factor a, is given by the WiliamdandetFerry (WLF) equation:

B Cl(:li- -i-:E{EF)
Cz +T - TREF

log,,(a;) = , c,andc,are constants, and is the reference temperature

[33]. The tempetare is assumed to be uniform in the interlayer and stay constant during its
deformations. Furthermore, for simplicity, we assume that the TS parameters are independent
of the temperature and the loading rate.

22121 Homogeneous solution:
We note that the triel solution u=0,w =0,p eonstarsatisfies governing
equations for a viscoelastic layer provided that values of the TS parameters are independent

of the rate of increase 8, D.

2.2.1.2.2 Nonhomogeneous solution

We add to homogeneous fields the perturbgtidtx z)=¢&*f 2 ¢ and

y™(x,zt)= €*( 2 &. The real part ofw gives the growth rate of perturbations. The

perturbation will grow (decay) if the real part of is positive (negative). Although
perturbations are timdependent, we ignore inertia forces in equations of motion because the
time of interest is much larger than that taken by an elastic wave to travel through the

interlayer thicknesssee Appendix A). Substitution of the perturbed field into Eg12)

gives
S, =- pd. +2re,
1) 1) 1) (2_13)

_ Nomwa : N~ : , .

wherem= 4 —————. EQ. (2-13) is the constitutive equation of the linear elastic
ia L+ wia

material with shear modulu®. Foronet er m Pr ony seri eissl,andwe. , Ze

- mw . : . :
setf, = I, M= m m where W= W& . Replacing/m by 7 in Eq.(2-11) and solving

the resulting equation fot/, we get

W= ——7F——
mf+f-f (2-14)
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m

ah
where we have seft :E and m= E We call 7 the CZM control parameter; it equals

the ratio of the interfacial softening stiffness relative to the effective-tlomg stiffness
(modulus to thickness ratio) of the interlayer and signifies the potential importance of the
former relative tohe latter. Eq(2-10) implies thata equals the magnitude of the slope of
line AB (softening stiffness) ifigure2-2.

2.2.2 Results and discussion
We recall that théunction f given after Eq(2-11) is positivevalued (seé-igure
2-3), m>0 for a viscoelastic elastomer, anfd>0 sincea, h and /7] are positive. Then

for the growth ratei to be real and positive, the following inequalities must hold since the
numerator and the deminator of the expression on the right hand side of(=d4) cannot

be simultaneously negative.

f<f f
<f {m 3 219

Eq. (2-14) and inequalities(2-15) suggest that the fastest growing wavelength

corresponds to the minimum value fofhk) which is ndependent of values assigned to the

df
CZM parameters and the interlayer material. Either by setg'?ﬁh% =0 or from Figure2-3,

we gethk=212, f(hk)= 6.22. We callvalues of variables fok = 2.12h critical and
denote them by a subscript Thus /_=(2 gk) =2.9én, and for this value ofhk,

d’f

W > (0. Between two critical valued,

icl

©6.22 and f,, ° 6.22(1 +m), the growth rate

wof perturbations is positive for all wavenumbers lying between root$ (dsik):f , as
shown in Figure 2-4a in which we have plotted the gmth rate as a function of the

wavenumber for values of in the rangd/y, ). Thus the interaction parametér must
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exceed the threshold, for a spatial sinusidal perturbation to grow. Beyond thper

critical value, f

1 hc2

of 7 the growth rate becomes negative for wavenumbers lying between

the two roots of (hk):L, as illustrated irFigure 2-4b in which we have plotted the

m+1

growth rate as a function of wavenumber for & £ . Contours in the wave numbér
plane of the normalized growth raterof perturbationdor m=3 and a, =1 are shown in

Figure 2-5. For values of £ in regionl (f < [), perturbations will not grow and the
adherend will snap off thimterlayer when the debonding criterion is satisfied. In regjign

f < f<_j), perturbations will grow with growth rate depending upon the wavenkmber
For a given value off the undulatio will consist of infinitely many wavenumbers with

positive growth rates, and the resulting displacement will not be a pure sine curve. In order
to delineate this, we need to find amplitudes of perturbations which is beyond the scope of
the linear analysi The numerical solution of the problem by the FEM report&kation2.3
provides details of the debond nucleation and evolution. It is possible that the wavelength
with the maximum growth rate will detern@nthe minimum spacing between adjacent
undulations as stipulated Bi/right and Ockendon [34in their study of abatic shear

bands.

It can be noted frorrigure 2-4a that the range of wavenumbers with positive growth

rate increases as a function©f, with the wavenumb&:12 /h having the fastest growth rate

that is independent 6f. The growth rate as a function of the wavenumber plottédguare
2-4b illustrates an example of the behavior wher £, , i.e.,region labeledlIl in Figure

2-5. While the wavelengtfl . =2.96h is no longer expected in this region, two wavelengths

2
with infinite growth rate will be close té, =h—ph, andh% h where /1, and/, are roots of
1 2

f(h)=—".

For an elastic interlayer/p- 0 orm- O, we get /- [ which implies that
f- f. Thus the right hand side of Hue, we( 1 4)

obtaini/- 0. As depicted irFigure 2-6, the regionI{) with positive growh rates collapses
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gradually with decreasing to that for a linear elastic interlayer. In regibbh it is possible

that the resulting debond nucleation wavelength will deperfd.on

The growth termem at the mset of softening in the CZM TS relation (i.e., point A in
_ T

W-
Figure2-2) can be written a® B Ata given value of , a higher value of the pulling

rate Bimplies a smaller amplitude of the sinusoidal oscillation that follows the onset of
softening. Thus wavy debonding may not be experimentally discernible for very high pulling

speeds. Since lowering the temperature implies increasing the effectiveiosldixae [ a,

), lowering temperature for fixe@will have similar effect as increasingp. This suggests

the timetemperature equivalence of wavy debonding behavior and agrees with the
experimental findings ofLakrout et al. [35] Since the normalized growth rat&increases

from zero to infinity as is varied from f to (m+1)f for fixedhk, therefore, at a giveid

and operating temperature,can be increased to achieve physically discernible wavy

debonding.

2]

1

A=x8.1h Ax12h

1001

S L i hk

-

&
>
«®

-50}

-0-4" -100%

(a) (b)

Figure2-4: For m = 3, the dimensionless growth rate versus the dimensionless wave number (a) for
different values, labelled in the figure, 6fin [f, £,)and (5 forf(=41.25 >£. Results in Fig. (a)
imply that larger the value of , faster is the growth rate and wider is the range of the growing

wavenumbers. However, the fastest growth rate always corresponds to the waareraimb
wavelengti2.9éh. Results in Fig. (b) show that for two indicated wavenumbers perturbations grow
infinitely fast while for wavenumbers lying between them they decay due to their negative growth

rates.
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Figure 2-5: Contours in the wavenumbeét plane of the normalized growth ratéof perturbations

for m=3. Values ofware indicated on the contours. These plots impdy #hsinusoidal perturbation

of wavenumbemk will decay in regions andlll and grow in regiol.
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Figure 2-6: Effect of m: (a) elastic limit with two possible wavenumbers, ffiree regions fom=1,
and (c) three regions with a wider regibifior m=5.

Recalling thatf :a_h , a= T, p,(when g ¢ dc¢ )and K>3, the condition
m

f

f> f %.22gives the following requiremefor the wavy debonding to ensue.

K >4.15K (2-16)

softening elastic

Tz
Here K ==

softening ™ G
c

is a measure of the slope of the softening portion ofbttieear TS

relation ancKemtiC:%,whereEu =3m,isthelongt er m Youngbés modul us o

material. The quantityK,.;. can be thought of as the lotgrm stiffness of the interlayer.
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. ; E
On the other hand, f> fc2 leads td<softening> 4.15K InSelastic, where K nselastic = ?O and

E0:3(/72+/7])is the instantaneous YoungoOs@m@ddul us

suggests thatof a wavy debonding to ensue, the stiffness (uhifsan?) of the interface

during the softening regime must exceed the effective-lerg stiffness of the interlayer by

at least a factor of 4.15. Thus the TS parameters must satisfy this constrainvdoy a
debonding. If the softening stiffness (divided by 4.15) lies between thetdomgand the
instantaneous stiffness of the elastomeric layer, the dominant wavelength is expected to be

independent of the CZM parameters.

Equation(2-16) provides an interpretation of the debonding instability in terms of the
CZM parameters. It stems from the interfacial traction decreasing with an increase in the
interfacial separation, similar to what previous researcfigis14] stated in terms of the
distancedependent van der Waals forces acting at the interface that trigger instability when a
rigid adherend appexhes an elastic film. Our results imply that the elastomeric layer
thickness and the interfacial adhesion can be selected to either avoid or produce wavy
debonding. Similarly, given the TS relation and values of parameters of the interlayer

material, onean discern if the necessary condition for undulations to occur is satisfied.

One needs to analyze the nonlinear problem to study the evolution of debonding. In
the following section, we use the FEM to analyze plane strain deformations of the interlayer
material with the bilinear TS relation and furthermore ascertain (i) the validity q2ELp),
and (ii) the effect off on the spacing between the adjacent debonding undulations.
Advantages ofthe FE work over the analytical work include no specific form of
perturbations, using the finite size specimen, considering boundary conditions at specimen
edges, not assumingpaiori the deformation field, and the capability to simulate material and

geametric nonlinearities.

2.3 Debonding of elastomeric layer from a rigid adherend by the
FEM
2.3.1 Approach

The problem studied in Section 2 is now analyzed by the FEM usingtheercial

software ABAQUS/Standard. To be consistent with the assumption made innS2d¢hat
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the system is infinitely wide in th& direction, we use a large/ h ratio®>. The FE mesh and

the prescribed boundary conditions are showrimgure 2-7. Five 4node plane strain
elements with hybrid formulation (CPE4H) are placed through the thickness of the interlayer.
In order to characterize well the spacing between adjacent undulations, 20 elements are
placed over the expected characteristic length olittteilation spacing, i.e. h3Results for

three different FE meshes are included in Appendix C. A uniform vertical displacement,
w =D, is applied at the rate of 1 mm/s on the top surface of the rigid adherend while its
lower smooth (fictionless) surface is bonded to the top surface of the interlayer via the CZM
interaction and the bilinear TS relatiofB6] with modeindependent values of TS
parameters The bottom surface of the interlayer is held stationary. The remaining bounding
surfaces of the interlayer are as&ahto be traction free. To alleviate numerical instabilities,
the fADamage Stabilizationd option in ABAQU!
parameter was gradually reduced t6® Hhd further decrease in this value was found not to
affect the compute results. The interlayer material is modeled either as linear elastic or

linear viscoelastic with one term in the Prony series. For the linear viscoelastic material,

unless otherwise mentioned, values assigned to the material parameteis ar£0 ° sand

K. oo
m = 3. Numerical experiments are conducted by varying the paramei?iﬁmg using

elastic

several combinations of values of the interlayer modutgsyr /73, thicknes,h, and cohesive

zone parameterd(, T, andG_>.

® Dimensions of the elastomeric layer used in most of our FE simulations are

L =23mm, h =0.25mn. The size of the rigid adherend is taken t@Benm3 10 mn.
* We assume that, =K, =« ,T, =T, =T, andG, =G, =G, where subscripts signify modes of
separation; sef@6]for details on a mixed mode bilinear TS relation.

> As an example, values of the parameters for the simulation Withening/ K etasic=4-15 are:

elastic™

h=0.25mmm =02MPa,m 3,fa 1 K 18 N/mim_ T 0.4 MPandG, =0.1606N /m.
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Applied displacement, A

Rigid adherend COheS“{e zone
interaction

Interlayer

Figure 2-7: Details of the FE mesh and boundary conditions. Appérd tractions in directions of
the unconstrained displacement components are not shown.
2.3.2 Results andliscussion

Wavy debonding is predicted , as showrrigure 2-8, at sufficiently large values of
Ksoftenine. The critical Kg,penin, Values plotted inFigure 2-9 versus the elastic stiffness of

the interlayer agree with those given By. (2-16). The prettted debonding nucleates
periodically along thex-direction implying long debonding channels along theirgction
because of the plane strain assumption. However, in probe tack[Tgsésmd contact
experiments[2] , debond is found to nucleate periodically along both xhand tre y-
directions. Motivated by the work éfuang et al. [14yve speculate that the conditifor the

onset of wavy debonding remains unchanged for 3D deformations of the interlayer. The
simulated ébonding evolution, in general, consists of the nucleation of interfacial cavities at

a characteristic spacing, expansion of cavities and lateralgatpa of each cavity until the

® The inhomogeneity in the distribution of interfadiactiors, singular at the cornef87-40] triggered
by the freeedges of the elastomer layand the adjoining tractiefree portion of the adheretittely acts as the
perturbation to the homogeneous solutimerathe central region. If horizontal displacensamitthe free edges
of the interlayerare constrainedthen theundulatory debonding is not predicted/e have not attempted to
capture the correct order of singularity at the corners. However, our kelf§srase insensitive to further
refinement of the FE mesh.
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adherend separates from the elastomeric layer as cavities coalesce. Such debonding behavior
in probe tack tests has been reported.dyrout et al. [7] Two examples of the evolution of

wavy contact opening are shown fkigure 2-10 for £ =8.25 andf = 41.25. The discrete

Fourier transform method (available in the software MATHEMATIQAL]) is used to
extract the dominant wavelength of the debond nucleation. Results are ploEeplire

2-11 for a range off values for an elastic interlaygh- 0), and two viscoelastic
interlayers withm = 3 and 25 The dominant wavelength is close to &hd independent of
f when £ lies in regionll. This agrees with the value derived from the above analytical

work and experimental findings 8fénch and Herminghaus [2fFor both the elastic and the

viscoelasticlayers, the wavelength to thickness ratio fonear regionlll is found to be
larger and dependent oh than that whery¥ is near regiorll. It is noteworthy that at the
larger f value, shapes of the nucleated cavities change before they coalesce as was computed

by Sarkar et al. 24]. Our numerical experiments suggest that the response becomes more

meshdependent ag is increased (see Appendix C).

Previous studief?, 9] suggesting that the characteristic wawgjth is independent of

the adhesion seem to contradict at first sight our results for large valuesFeadr typical
experimental [5, 29 values of m=10°, G, =0.04-0.2J /Inf, m =0.2 -2MPa, and
h=40 -400m, we getT.>2.5m in the proximity of f = £. Such large values of the

critical traction imply probable onset of cohesive debonding mechanisms such as bulk

cavitation[42] that occurs when(- p) 22.5m . This suggests that thé values for test

conditions[2, 9] that exhibited pure interfacial separation were well belgwand, therefore,

the dominant wavelength was indeed independent of the adhesion.

Results depicted iRigure 2-9 for the interlayer material modeled as fti¢ookean do
not exhibit any significant difference in the threshold softening stiffness because strains
induced in the elastomer layer when softening ensues are negligible forgieddue oK

used

Resultssummarized inTable 2-1 indicate that wavy debonding was not predicted

when either= 100 mm/s or a higher value of the relaxation tita@e was used for a given

value of 7 . However, a lower value dfa, or a higher value of at B= 100 mm/s resulted
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in wavy debondingThese results qualitatively ciimm the timetemperature equivalence
discussed at the end of Sectibi.

o (x,t):L ~A()

Figure 2-8: Deformed and undeformed configurations when a wavy debonding is predigtthe
model. The FE mesh is shown only on the undeformed configuration. The gap between the adherend

and the interlayer is due to the displacement jump at the interface. Debond occurs only when this
jump exceeds its prescribed limiting value.

12 Analytical
©  FEA (Hookean)

(O  FEA (neo-Hookean)

—_
(e

3
Ksoftenmg’ N/mm
o

4 ]
[
2
0 1 1 TR T PR I TN SN TN T Y O N N N |
0 0.5 1 1.5 2 25 3
3
Kelastic’ N/mm

Figure 2-9: The map illustrating that the quantify’ /G, must exceed approximatel.15, /h for a
wavy debond to ensue. This plot was generatednfe8, =10°s,andD =mmn/ s.
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Figure 2-10: Evolution of the contact opening fom=3 and (a) f:8.25(g§ < f<cz)i and (b)

f=4125(f> f). Vaiables in the plot ared= d , andx=2x/L. The deformation shown is

multiplied by 5 for ease in visualizatioRlots correspond to the central portion of the interface of
nontdimensional length 1. Deformed configurations are for thefagerportion of nomimensional
length 0.66.
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------ Possible modes at m—» 0 (analytical) = Fastest modes at m=3 (analytical)
= == Fastest modes at m=25 (analytical) 8 FEA(m—0)
15 o FEA (m=3) o0 FEA (m=25)

Figure 2-11: Effect of f on the dominant wavelength (normalized by thickness) of the debonding
undulation

Table2-1: Qualitative evidence of the tirlemperature equivalenae predictions from the model

D 441m
f D (mm/s) ta. (1) Debonding
7 1 10
7 100 10
7 1 1000
7 100 0.1

28 100 10




2.4 Analysis of 3D deformations for peeling of a flexible plate off a
soft elastomeric ger by the FEM
2.4.1 Approach

Results presented in the preceding two sections imply that values of parameters in the
TS relation for the interface between an elastomeric layer and the rigid substrate, the applied
pulling rate and the characteristic relaxationet determine whether or not a wavy debond
will occur. In order to delineate fingering instabilify, 5, 9] for a deformable upper

adherend, we study progressive crack propagation in the configuration of

Figure 2-12 that resemles the test set up often used to characenmerfacial
adhesion and/or study mechanics of interfacial separ@fio9, 43]. Major differences
between this problem and those studied above include bending and stretching deformations of
the upper adherend that may induce interfacial failure in all three modes whereas only mode |

failure was dominant ithe problems analyzed in Sections 2 and 3.

We model the plate/adherend and the interlayer of dimensions, respectively,

20mm?3 30 mm31 mr and 20mm?3 25 mm3 h mr. Deformations of the interlayer may be

large but those of the adherend plate assumed to be infinitesimal. Furthermore, inertial
effects are neglected. We use values of the material parameters givenrby [43] who
experimentally observed fingerlike debonding during the pgeadina glassy polymer plate

from a hydrogel interlayer in a wedge test. The plate material is modeled as homogeneous

and isotropic Hookeah,wi 2h 1Y &GPmg asn dmdPdu Isso,n

However, we also compute resufor different values ofE,,,.. The material for hydrogel

interlayer is modeled as isotropic, homogeneous and incompressible with the constitutive
relation(2-17) (e.g., se&imo [44) implemented in ABAQU$36].

‘ o S ~
s(t)= pl &B aB? de’aengae— Ig t = I(t ) de (2-17)
Here a, and a, are material constds, B the left CauchyGreen tensorg, the normalized
relaxation modulus expressed as Prony s@g@)zm‘—((;))g, deVA) = A- %tr(A)l , tr(A)
G MeB)=

= sum of the diagonal elements of the ma#iwhen its components are written with respect
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to an orthonormal basis = the identity matrix,s,” the instantaneous deviatoric Cauchy
stress, andF,(t-S) the deformation gradient atnie (t- s)with respect to the

_X(t-s)
Lx(t)

of a material pointBased on experimental results], the instantaneous elastic response is

configuration at time(t) , defined asF; (t- S) with X giving the current position

assumed to be nddookean, i.e.,a,= 0, and a, = twice the constant shear modulus of the

interlayer material. The Prony series parameters determined experimddtliat the

reference temperature of 45°C are listed @ae B 1. The WLF constants at the reference

temperaturélfREF = 45°C are @=4.57°C and g142.2°C.

We assume a méd-mode bilinear TS relatiof86] with modeindependent values of

the initial slope K =10° MPa/mm), the peak tractionT, =0.04 MPa), and the fracture

energy G, =0.2J /nt ). The value of the damage stabilization parameter for alleviating

numertal instabilities was gradually reduced to*i0ntil a further decrease in this value did

not affect computed results.
The boundary conditions and the FE mesh are shown in

Figure 2-12. The three displacemenbmponents of points on the lower face of the
interlayer are set equal to zero to simulate its perfect bonding to the stationary rigid adherend.
The same vertical di spl acement e is applied

Tractions on the ber bounding surfaces and tangential tractions on the right edge are null.

The eightnode brick elements (C3D8R) with reduced integration and the default
hourglass control option have been used for the cover plate. Hybrid elements (C3D8RH)
have been eployed for the incompressible interlayer. The interlayer region is discretized
into 5 (thickness) x 150 (width) x 100 (length) uniform FE mesh. This FE mesh is reasonably
fine as the characteristic spacing between adjacent undulations is expgcted be

/°3nh -4h <=Imnr for the smallest interlayer thickness used in the studyorder to

"For the 3D simulations, the overall energy balance applied to the ABAQUS output gaesepahcy
of about 20%.Additional numerical experiments revealed that this was due to our th&irtgfait value of the
hourglass controlThe use ofselective reduced integraticor other hourglass contraptiors satisfied the
energy balance within 1% error btriggered unphysicaloscillationsat the contact surfacdhe physically
meaningful results comyed with the default hour glass control and their agreement with the literature results
obtained by other methods provide credence to results reported here.
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demonstrate the effect of the CZM parameters on the debonding characteristics, we have not
obtained a fully converged solution by successively refining the FE mesh since qualitative

features of progressive debonding remained independerd 68mesh.

Flexible plate

Cohesive zone
interaction

Figure 2-122 The FE mesh and boundary conditions with zero tractions along unconstrained
displacement components not exhibited

2.4.2 Results and discussion

In general, the debond front is eithergiamlike or straight as illustrated gure2-13.
An example of the evolution of the fingerlike debonding process is showigyime 2-14 in

which we have plotted contouo$ the contact opening” at three different times for a plate

of bending rigidity D:Ep""‘te—hplateB =21Nm (U = Poi ssohgs the plate o
’ 12(1- v*) e ’

thickness) and an interlayerf ¢hickness 250 7m. Computed values ofd> d; are

represented in red color. As experimentally obsefzed], the development of fingers is
preceded by the nucleation of debonds spaced at approximately the same distance as that
between the fingers that will ensue. Decaying plate dispt@nt, undulatory debonding, and
lateral propagation of debonds give rise to what resembles fingers at the debond front.
Progressive debonding was also simulated for a platevitt2.1 Nmand interlayers

thicknesses 250m, 500 /mim , 600 /7/M and 750MM. The spacing between the adjacent

fingers, computed using the discrete Fourier transform method (using MATHEMATICA
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[41]), versus the interlayer thickness is plotted-igure 2-15a. We note that the computed
spacing increases with an increase in the interlayer thickness and reasonably agrees with
experimental findings oshatak and Cludhury [9]who reported the approximate relation:

/ © 4h. We note that for the highest thickness (780) simulated, fingerlike debonding

was not predicted. However, debonding exhibited a fingerlike front \ahglate of higher

flexural rigidity (7.5Nm), consistent with the requirement of a threshold lateral confinement
(D/n’n3)l/3, expressed as the ratio of the two length sca(&s/ )" and h [9, 12.
Simulations conducted for different valuesmand a constant interlayer thickness (280)

revealed that the length of the fingers increased monotonically withutirtity (D / n)”38

which represents the characteristic stress decay distance for a flexible plate bonded to an
elastomeric foundatiop6]. The linear fit to the computed values depicte@igure2-15b is
close to thabbtained byGhatak and Chaudhury [96r a different materials system. We
believe that this quantitative agreerh@nthe finger amplitudes is coincidental because the
softening zone length (in thedjrection) should also depend on the interfacial adhesion as
discussed later. We found that the dominant frequency of undulation is relatively insensitive
to the plateigidity, consistent with findings df].

In order to demonstrate qualitatively the concept that the CZM parameters for
confined interlayers determine whether or not contact separation resultingeinsiont is
wavy, additional simulations were conducted by varying the TS parameters and the operating
temperature by keeping the thickness of the interlayer, the plate rigidity and the pulling rate
constant. The key parameters used in these simulationthamésults are summarized in
Table 2-2 . For T,= 0.04 MPa, setting the temperature equat3@ C results in larger
relaxation times following the WLF equation, and a fingerlike debond front was not
predided. Similarly, a fingerlike front was not predicted wher 0.004 MPa was used for
the operating temperature of 55°C.

Our computed results suggest that the debonding behavior during peeling a flexible

plate off an elastomeric layeonstrained to a rigid base is dictated by both the lateral

8 The shear modulus of the interlayer at tinle and temperature'F was estimated as
t

e T)° ma§=m +& me .
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confinement(D//7’113)1/3 and the adhesion parametdi’h/ EG,. A detailed analysis

probing their collective role in the debonding evolution will be undertakerfuture work.

Debonded
- Bonded
(a) (b)

Figure2-13: Two main types of debond front predicted by the simulations: debond front (a) with or
(b) without fingerlike undulationdn these images, the bonded and the debonded regjiershown

by plotting the damage variablg, = %’IC; defined for the region corresponding to segment

AB of the TS relation (for segment OAl =0). The value ofd equals 1 over the debonded icey
(represented by red color) and varies from 0 to 1 over the region which is yet to debond (represented
by blue color).Whether or not undulation is exhibited at the debond front depends on the plate
bending rigidity, the viscoelastic properties and tthiekness of the interlayer, temperature, pulling

rate and values of the TS parameters.
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Figure 2-14: Contour plots of contact opening at three values of the applied displacement when the
plate rigidity D =2INm and the interlayer thickness: 250»m. For easy visualization, deformations

are exaggerated by a factor of 10 and by a factor of 12 for thesmoisn AA illustrating wavy

debonding.
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Figure2-15: Dependence of the (a) dominant wavelength
thickness,h, and (b) the fingers length,,.., on the length scal¢D/ )" whenh=250/m. As

shown in (a)fingerlike debonding is not predicted whdh=2.1Nmand h=750m7m. However, a

larger value ofD causes fingerlike debonding. The linear fit of the data points shown in (b) agrees

with the linear it of experimental results @éhatak and Chaudhury [9,,... =0.2(D /m)"° -0.1€. The

1/3

intercepts are not important since undulatory debond fronts do not occondibvalues ofD/ m) .
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Table2-2: Effect of the TS parameters (for plate rigidity = Rl interlayer thickness = 25@m,

and pulling rate = 1 mm/s), which evindeat wavy undulations vanish when the interfacial softening
is increased relative to the interlayer stiffness (lower effective stiffness at a higher temperature due to
viscoelasticity).

T TC GC

— Type of debonding front
(C) rey (5/m)

55 0.04 0.2 Fingerlike undulations
55 0.004 0.2 No fingerlike undulations
-30 0.04 0.2 No fingerlike undulations

2.5 Conclusions

We havestudied debonding of a confined elastomer layer from an adherend using the
cohesive zone model (CZM) and the bilinear tracBeparation (TS) relation for the
interaction between the elastomer layer and the adjoining adherend. The stability analysis of
the homogeneous solution (null displacements and constant hydrostatic pressure) of plane
strain deformations of the elastomer and the analysis of deformations by the finite element
method (FEM) have enabled us to conclude that a necessary condition foy/andalatory

debonding to ensue &h/G,E, >4.15, whereT, is the peak traction an@, the fracture energy

in the TS relation,h the thickness andE, the longt er m Youngos modul u

elastomeric layer modeled as linear viscoelaskits result can help design a materials
system for avoiding wavy debonding by choosing thickness of the soft adhesive and/or
altering the interfacial softening byitable surface treatment. It also serves to tailor the TS
relation parameters for simulating spatially undulatory debonding evolution. The linear
stability analysis also predicts that if undulations occur, their dominant wavelength is close to

3h, whenT?/4.15G, lies betweenE, / h and E;/ h whereE, is the instantaneous modulus of

the elastomeric layer. Analysis of the problem using the finite element method (FEM)
provides detiés of the interfacial debonding evolution and sheds light on the effects of

pulling rate and temperature.
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We have also analyzed using the FEM thdeeensional deformations of a thin
elastomeric interlayer (perfectly bonded to a rigid base) when alfepifite is peeled from
it by applying vertical displacements to points on one edge. This analysis predicts the
progressive debonding with a fingerlike front is dictated by both the lateral confinement

(D/ /7h3)1l3 and the adhesion parameté where D equals the plate bending rigidity amd

the interlayer shear modulus at the operating temperature.
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Appendix A
Using the nordimensionalizationX =x/hZ =z hU = hW w h P [

andT =t/t, wheret,, =d, / '[is thetime of interest, equations of motion become

Wu,at, @ B &%y *Uuod
e & —+ 000,

HTZ g‘-iuave '-Q P( ¢ )1} ZzH -

o 2.0 o ~

W AL, B R AW W
7 @y g o, ®00

HTZ C ‘wave '{; Z C )qj ZZH—

wheret,_.=h equals the time for an elastic wave to travel through the thickneds,

wave

EIR

the interlayer mat&al of densitys . For typical representative values
(m° 10°, w~0- £, f°4 -400C,D °mm/ <, G ° 0.04 -0.2J /nf, h® 40 -400rmand

o 2, o
r°1kg/ n), aa?_tim gzi,i +l 0 >. Thus inertia terms are negligible.

wave

However, the inertia term will potentially play a significant role for faster pulling speeds for
2,

te €

which a—t\— (is not much greater than 1.

Ctwave -

Qo
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Appendix B

Tale B 1: Values of material parameters in the Prony series at the reference temperat&i@:[6545

i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
m 411 411 4.11 4.082 3.194 0420 0.186 0.052 0.016 0.003 0.001 0.001 0.017 0.014 0.017 0.009
(MPa)

[ 10 10° 10° 107 10° 10° 10* 10° 102 10t 1 10 10° 10 10 o
i 10

(s)

Appendix C

As suggested by a reviewse include here the effect of the FE mesh on results of the
plane strain problem studied in Sectidrs. Sensitivities of the loadisplacement histories
and the spatial variations of the contact opening foeetffE mesh in the interlayer are
examined. The FE meshes 1, 2, and 3 had, respectively, 5, 5, and 8 elements through the
thickness with element widths of 0.05, 0.04 and 0.03 mm. Results plotteguire C1 and
Figure C2 for 7 =8.25 andr =41.25, respectively, are sensitive to the FE mesh at the

larger value of. A coarse mesh causes spurious oscillations abeaaen fronfrigure C2b.

However, discrete Fourier transforms of the computed contact openings for mesh 2 and mesh

3 (Figure C2-a) yield the same dominant frequenéy4.1h ).
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Figure C1: For f =8.25, sensitivity to the FE mesh of (a) the dimensionless reaction force (

P=R/T A) vs. the dimensionless displacemel,, applied at a rate of 1 mm/s whar 3, and (b)
the dimensionless interfacial contact opening wWher0.54.
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Figure C2: For F = 41.25, sensitivity to the FE mesbf (a) the dimensionless reaction force vs.

dimensionless displacement applied at a rate of 1 mm/s wher8, and (b) the dimensionless
interfacial contact opening whé&h =1.67.
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3 Effect of confinement and interfacial adhesion on peeling

of a flexible plate from an elastomeric layer

Bikramijit Mukherje€®, Romesh C. Batfand David A. Dillard,
Department of Biomedical Engineering and Mechanics, M/C 0219
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061, USA

(The material of this chapter has been submitted for pogsilbliication in a peereviewed journal)

Abstract

The finite element method and a cohesive zone model are used to analyze debonding
at an interface between an elastomeric layer and a deformable plate overhanging on one side
when a normal displacement aketkdge of the overhang is applied and deformations are
approximated as plane strain.  The collective role of the material and the geometric
parameters, and those in a bilinear tracgeparation (TS) relation on the interfacial
debonding is studied by g a cohesive zone model. The following two +thmensional
parameters are found to play critical roles: (i) the confinement paranzetedefined in
terms of the flexural rigidity of the plate, and the modulus and the thickhéss imterlayer,

and (i) the adhesion parametér, defined in terms of the TS variables, and the modulus to
thickness ratio of the interlayer. When is greater thaa_, damage idound to initiate at an
interior point on the interface and at the interface corner irrespective of the vaue of
However, whenf is greater thafi, , the debonding may become wéawydulatory. The

critical valuef., of the adhesion parameter agrees with the necessary condition found in our
previous work on debonding of an elastomeric layer from a rigid block when it is uniformly
pulled outward. Fos < @, damage/debonding initiates only from the interface corner, and
no wavy debonding ensues. The peak peeling force is found to be a monotonically increasing
function of 7/ &suggesting its potential use as a design kbeiaand as a guide for

determining the TS parameters. Results of several additional numerical experiments in which
the elastomer can debond from both adherends provide insights into designing a demolding

process for a sandwiched elastomer layer.

Keywods Elastomeric interlayer, debonding, cohesive zone model (CZM), instability

" Corresponding author riail: dillard @vt.edy Tel.:+1- 540-231-4714, Fax: +1540-231-9187
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3.1 Introduction

A soft elastomeric interlayer sandwiched between two adherends is encountered in a
wide variety of engineering applications such as manufacturing efmglants, mero-
printing processes, and modern-mspired adhesive systems. The requirement of controlling
interfacial separation of the confined interlayer in such applications necessitates
understanding collective roles of the geometric, the material, and thiéadnae adhesion
parameters on the processes of initiation and propagation of interfacial debonding of the
interlayer from the adherend(s).

It is well known that the lateral constraint imposed by the geometric confinement
plays a crucial role in the hdsion/debonding characteristics of a sandwiched interlayer. An
often studied problem in this context is the debonding of a rigid cylindrical adherend from a
deformable interlayer attached to a fixed base, shown schematicallgure 3-1a. It has
been showiil, 2] that the ratio,a/ h, of the adherend radiug) to the interlayer thickness

(h) and the compressibilityf3, 4] of the interlayer material quantify confinement and

determine the traction distribution at the interface. For small values/ bf(< ~1), the
singularity at the corner (edge) dominates the distribution of the normal traction (peel stress)
at the interface. Therefore, for axisymmetric deformations an annular crack initiates at the
edge and propagates towards the aemdewever, for larger values ai/h (> ~1) and an
incompressible interlayer, the peel stress has a peak value at the center with a small
singularitydominant region at the edge, and the debonding initiates from an interior point.
Systematic experimental investigations Webber et al. [Sand Anderson et al. [6support

these statements (or observations). Peeling of a flexible plate from an elastomeric interlayer
(Figure 3-1b) is another problem of practical interest in which the confer® has been
shown to play a major role in the debonding pro¢és¥. Even when stresses in the external
edge region become high because of the peelingnadtie interlayer confinement and the

internal debonding control the failure process. Several investigations have suggested that the
) 3 . . . .
ratio of the Iengths(Dp / n) and h , describes the geometric confinement. HBxeis the

flexural rigidity of the deformable plate, antli the shear modulus of the interlayer. Large

confinement is found to be relieved by the nucleation of debonding at a location away from
the edgd1Q].
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Figure3-1: Schematic sketches of (a) a prabek configuration, and (b) a flexible plate peeled from
a thin elastomeric layer bonded to a fixeddigase

While the geometric confinement has a significant bearing on the adhesive debonding
mechanisms of a sandwiched layer, its intricate coupling with the interfacial adhesion must
be understood to delineate the debonding process. For example, in dhelidglphase of a

probe tact testHigure 3-1a), the geometric confinementa/h, and the dimensionless
descriptor of adhesionG, / mawhere G, is the critical strain energy release rate of the

interface, collectively govern the debonding behavior. For a large valGg/afa dictated

by the degree of confinemef, 11, 12] cavities have been observed to initiate within the
bulk interlayer. For highly confined films and relativelgak interfaces, the internal adhesive
debonding often involved nucleation of multiple cavities at the interface and their eventual
coalescence into a cragkl, 13]. Even though these internal debonds were initially thought

to have initiated from local defects, the theoretical analysigldaych and Herminghayd4]
suggested that they are adhesimuced instabilities that occur when the interfacial effects
dominate over elastic deformations of the interlayer. This determines spacing between the

cavities that scales with the thickness of the interlayer. Amogmate analysis showed that

the coalescence behavior of the adjacent cavities is governéd/bsa and its large value

impedes lateral propagation of the interfacial cracks and results in fibrillatiemo( et al.
[12]). When a flexible plate is peeled from an elastomer layer (Figure 1b), the adhesion
induced instability irtiating and growing over the stressed zone results in fingerlike

debonding[10, 15]. The spacing between these fingers scales with the interlayer thickness
and their length in the péng direction Witr( D,/ /7‘)1/3. AddaBedia and Mahadevan [&hd

Ghatak [9]have proposed that the spacing between the fingers daedepend on the

interfacial adhesion. However, the coupling between the geometric confinement and the
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adhesion on debonding for this problem has not been thoroughly studied. Here we attempt to
address this coupling by numerical simulations of the peplioglem.

A frequently used technique for studying debonding employs a cohesive zone model
(CZzM) [16-18]. In a CZM the Iinteraction of adjoining points at theerfdce is
phenomenologically represented by a spring of -kemgth that softens after it has been
extended by a prescribed value (reached a peak traction) and breaks-apecpied value
of the extension (when the fracture energy criterion is matjviives prescribing-priori a
relation between the traction and the corresponding separation/displagempr(relative
displacement of two adjoining points) at the interface. For a given mode of debonding, two

parameters, namely the fracture energy)(and the peak tractionT( ) characterize

commonly used tractieeeparation (TS) relationfl6, 18, 19]. With a CZM both the
nucleation of debonding and its propagation can be simulated. The CZM bridges the gap
between the classical linear elastic fracturemeas (LEFM) and the strebssed approach

[20] of predicting failure. WhereaS,can be deduced from the tekita[21, 27], it is not

easy to estimatgalues of parameters in the TS relation for a given interface. An indirect
(bruteforce) approactf23-25] is often used to find the TS relation which, when used in
numerical simulations, predicts well the experimental doi@glacement curve. Digital image
correlation[26], interferometryf27], and molecular dynamics simulatidis$, 29 have been
used to extract values of parameters in the TS ralatio

Here we use the finite element method (FEM), the CZM and a bilinear TS relation, to
study debonding of a flexible plate from an elastomeric layer that is assumed not to debond
from a rigid base, e.g., see the configuration showhidgnire 3-1b. Mukherjee et al. [30]
have recently analyzed with the CZM and a bilinear TS relation wavy debonding during
plane strain deformations of an infinitely wide confined elastomer layer from a rigid
adherend pulled upwards using a configuration similar toghetvn inFigure 3-1a. They
found that the large peeling traction over the central region induced a damage zone (cohesive
zone) over which wavy/undulatory debondimgpsues due to competition between the
interfacid softening and the elastic deformations of the interlaferecessary condition for

homogeneous deformations of the interlayer to become unstable (undulatory
debonding/adhesieimduced instability) is that the parametef =T.?h/ EG, exceed
approximately 4.15, wher&=3mi s t he Youngdés modul uThisof t he
condition implies that for a given adhesion and interlayer material, its thickness must exceed

a critical value for amterfacial instability to occur.
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During peeling of an overhanging flexible plate from an elastomeric layer with the

displacement applied at the edge of the overhang, the bending of the plate results in a stressed
zone of characteristic Ieng(rDp / njm near the edge of the interlayer. Result&ohtak and

Chaudhury [10Jand Adda-Bedia and Mahadevan [8or peeling of a flexible plate suggest
that the interlayer thickness must be smaller than a critical value dictated by the length

(Dp/njl/3 for an undulatory debonding to ensuddis and theaforementioned condition,

h>4.156G, /T?, determine whether or ndebonding will be undulatory. This reiterates the

importance of coupling between confinement and adhesion when studying debonding in this
problem. The analysis of the peeling af overhanging beam from an elastomer layer by
using a TS relation for the interface enables us to probe this coupling.

Results of numerical experiments for studying the collective effect of confinement
and adhesion reported here advance our currentstadding of the peeling phenomenon
help in developing predictive models for complex manufacturing processes involving
separation of confined elastomeric layers, shed light on the global behavior such as the pull
off force as a function of geometric caméiment and interfacial adhesion and its transition
from a strengtldominated regime to a fractuemergy dominated regime, and may help in
determining the TS parameters for the interface between an elastomer layer and a stiff
adherend.

The rest of the pa is organized as follows. We describe in Section 2 the problem
studied, outline in Section 3 the numerical approach used to solve the problem, and present
and discuss in Sectioh4 results obtained by the FEM that relate thamage growth and
debonding to the confinement and the interfacial adhesion. The findings are summarized in
Section3.5. The appendices include mesh refinement studies, computed energy balance for
one example problem, and vis of some thredimensional (D) problems that support

conclusions drawn from the analysis eDZoroblems.
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3.2 Formulation of the problem

Z(x3)
lexible pl _Tt_
Flexible plate
A B .
h
0, 0 /’4
a Interface CZM Rigid base
. Infinitely strong interface
Free
region

Figure3-2: Schematic sketch of the problem studied.

A scheméc sketch of the problem studied is shownFigure 3-2. The domain of
interest consists of an elastomeric layer sandwiched between a deformable plate and a fixed
rigid base. It is assumed that debonding occurs only at theaicednetween the plate and the
interlayer. Neglecting body and inertia foregquations of motion in the rectangular

Cartesian coordinate axes ¥, Z or x,x,, x,) are

ﬁ =0 ’ D
HX;

whereS; is the stress tensor and a repeated index implies summation over the range of values

of the index. The plate and the interlayer materials are assumed to be homogeneous,
isotropic and ldokeart®, and the elastomer layer is also assumed to be incompressible.

Constitutive equations are

Flexible plate: 2 (3-2)
sij :ﬂ & ijd"2 p iﬁ,
- 2,)

° Since the time of interest is much larger than the time taken for dit el@ve to traverse thelastomethickness several times,

inertia termsare neglecteéh the equations of motion.

® The maximum computed strain, except possibly at points near the edges where singularities may occur, in our simulations is 6%
Thus it isreasonable to assume the interlayer material to be linear elastic.
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Interlayer: s, = Ppg 2 (3-3)

Here mand v, ar e, respectivel vy, the shear mo
flexible plate, /7ithe shear modulus of the elastomer interlayeithe unknown hydrostatic

pressure in the elastomer layer arising due to the incompressibility conswathe

Kronecker delta, andeg, the strain tensor for infinitesimal deformatoondefined as
_1a MY i i i
g, _E% +T<l , Whereu, is the displacement component along #eaxis.
cH

The system is assumed to be very wide inytdéection so that a plane strain state of

deformation prevaifs in thexz (or XX -) plane, i.e.,u, =0 and the deformation is uniform

along they-direction. All displacement components at points on the lower surface of the

interlayer are assumed to be zero to simulatdabmnding at its interface with the rigid base.
A monotonically increasing vertical peeling displacemént,s applied at the tip point, A, of

the flexible plate. These displacement boundary conditions are written as

Lower surfae u=u =5 (3-4)

(z=0)of the interlayer:

Point A: u =d, (3-5)

The remaining bounding regionisat include the overhang AB (of lendth) of the
plate are assumed to be tractioee, i.e.,

T=s,n 9 (3-6)

where n;(=d;;) denotes thé™ component of the unit outward normal at a point on the

bounding surface.

1 As will be shown later, a plane strafeformation cannot accurately predict details of debonding after interfacial
instability hasset in. A threedimensional analysis iseededor finding thesaletails.

In linear elasticity one should apply displacements on a surface of finite area. Thus our applying vertical displacement
at points on the edge of the lower surface of the flexible plate is an approximation. In the nwsukriical of the problem, one can
easily satisfy this boundary condition.
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The interaction at the interface between the plate and the interlayer is modelled by a
TS relation that relates interfacial tractions to the displacement jumps. Follblsingjs [31]
we assume that the interface fails in motfe The bilinear TS relation, used herein, is given
by Eq.(2-3) andplotted inFigure3-3.

éKd (0¢ ac y

1 (3-7)
By q - c ot @)

I

} o @ ¢

That is, the normal tractiof, , first increases linearly with the dispiement jump¢g/
, commonly termed the contact opening/separation, over the region OE. Point E, with

and d= (denotes the initiation of damage/softening beyond which the traction decreases

affinely with an increase in the contact opening (line EF). Should unloading occur at point R,
the traction follows the path RO. Subsequent reloading occurs along the path ORF. Point F
signifies complete separation at a point on the interface. The emdegge rate at debonding

(i.e., the fracture energy) equals the area of the triangle OEF. That is,

Cc

G =1T.d,
2 (3-8)

In general, thevalue of the initial slope&K, must be sufficiently largE33] to minimize

the artificial compliance introduced into the system and to avoid-peteetration under
compression. A very large value &f can make the system matricesctinditioned when

the problem is analyzed by the FEM.

A damage variabld) =

d o ~
f gj; G 08;' 2¢, is used to quantify the extent of
- C =

damage at an interfacial point; The variation@fvith d is illustrated inFigure3-3. The

damagdirst rapidly increases im' and then very slowly approaches the ultimate value of 1.

2 This assumption implies that in the TS relation for mixeade damage (se¢ibbitt and Sorensen [3Pthe peak traction and the
fracture energy for modeg damage are muchrger than those for modedamage. This is a reasonable assumption since the global
loading is modd dominant.
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Figure 3-3: Bilinear tractionseparation relation between the interfacial normal tractiornttaump
(contactopening) in the interface normal displacement. Also included is a plot of the variation of the
damage variable as a function of the contguning.

Equations(3-1)-(2-4) define the bundary value problem (BVP) analyzed in this
work. The possibility of debonding at priori unknown points on the interface makes the

BVP challenging.

3.3 Numerical Solution of the Problem

3.3.1 Approach

The commercial FE software ABAQUS/Standard32] is used to numerically
analyze the BVP by enlgying 4-node square/rectangular elements in the FE mesh shown in
Figure 3-4. In the ABAQUS terminology we use CPE4 (plane straippiht integration)
elements for the plate and the CPE4H (H stands for hybridulation appropriate for
incompressible materials in which both displacements and the pressure are taken as
unknowns) elements for the interlayer. Sensitivities of the computed peel stress distributions

and the loadlisplacement variations to the FE mesh @ported in Appendix A. The vertical

3 The computed results satisfied energy balance within 8% discrepancy between the external work and the sum of the strain energ
the dissipatia due to interfacial damage, and the dissipation due to viscous regularization (Appendix B).
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displacementd, of point A in Figure3-4 is gradually increased. A surfabased cohesive
contact interaction[32] is used for the interface between the flexible plate and the
intedayer®. We have not captured a converged value of the order of singliiti8f] at the
initial debond tip X =0). However, key findigs reported herein are found to be insensitive

to refining further the FE mesh (see Appendix Aj.order to alleviate numerical instabilities

and associated convergence di f fi ciscous e s , t
regularization)in ABAQUS isused. The value of the stabilization parameter was chosen to
be 10; using a lower value was found not to affect the computed results but significantly
increase the computation time.
Adherend . :
TS relation for the interface
© Traction-free
&
g o
£ 2
3 g
a 3
A 3
o a
Traction-free
Anplied Elastomeric
pplic . , . , ,
. interlayer Y v U
displacement y - : - -
L X
|‘ aO
Figure3-4: The FE msh and the boundary conditions on the region whose glaaie deformations
are analyzed
3.4 Results and discussion
3.4.1 Chace of Parameters
The problem
being studied has h (D /,7)1’3 a, d, ,GmT2 the
) . \ ) p ) jl ) (o3 C
followin five .
g Materl?aﬁ and geometry CZM .
independent length scale$™
In ABAQUS terminology a nodéo-surface discretizatiors usedwitht he pl ate surface defined as the
interl ayer s unfaee¢seeHiatstt atdiSerenges [BIndetails) VBhile computing the displacement jump at a slave
node, the displacement of the closest point on the master surface is computed by using the displacements of neighisouring node
5 In order to undestand the corner B singularitgf( Figure 3-4) oscillations in the interfacial tractions, we recall that the
Williams [37] solution is of the formOE p¥¢“l T—— 11 where r is the radial distance from point B, and
T -—— where* is the shear modulus of tllexible plate and Poi ssonds ratio of the interl

interesthere  t™®H @ T@H T p 1, we get s
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The flexural rigidity of the platd), , is given by D, = E*/12(1 /%) whereE, is

Youngds modul us ou Pbhes pn @d the pazitieeknesa The

1/3
geometric mean of the first two Iength#h(Dp/ n') , quantifies the characteriststress

decay distance[22, 38] from the edge, and their ratioa=(Dp/ /Inf’)m, signifies

confinemen{9] of the interlayer. The ratio dfand the CK1 length scaleG /m/ T.? yields the

parametef =T.’h/G_E (note that E=3mfor the incompressible elastomer layer) that

determines the onset of contact instabif8] during plane strain deformations of the
elastomer layer sandwiched between two rigid blocks and oidebtark pulled away from it
and the other kept stationary. FollowiAdda-Bedia and Mahadevan [8khatak [9] Vilmin

et al. [15], we calla the confinement parameter, and followikigikherjee et al. [30f the

CZM/adhesion parameter.

In terms of nordimensional variables theterfacial traction is written as

T=TT(a £ R XA >

whereT, stands for either the normal,() or the tangential tractionl() at the interface].is

the peak normal traction when damage initiat€s, ==,/ @, X=xb,A=gb and

1/6

b=(12 mb,*) "

3.4.2 Analysis of interfacial tractionsith no damage allowed at the interface

In this subsection, we report interfacial tractions as a function of the confinement

when the flexible plate is peeled away from the interlayer but no separation is allowed to

occur at the interface. Results are pomed for constantertical displacement/, =1 m, at

1/3
different values of the confinement parameter, varied by choosing Iengtr(st / na and

h such thab™ =1mm. A very large value is assigned Tp so that damage does not initiate
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for d, =1 mand the FE mesh us€dUnless otherwise specified, we agt 2.83mmand the

length of the plate 0 mm.
The distributions (nodal values) @f (peel stress) andl, areplotted inFigure3-5 as

functiors of the distancex measured fnm the corner point B. With an increaseain the

peel stress, in addition to the large value exhibited at corner B, has a local maximum
(secondary/internal peak) where the tangential stress is nearly zero. However, for low
confinemat (e.g.a@ = 3), this local maximum is not exhibited, though evidence of a shoulder
remains. The computed distribution of the interfacial peel stress is compareglia 3-6

with that fromapr oxi mat e Oémechanics of materi al sdé s
approximate solution ofShatak et al. [22]captures qudatively the interfacial normal
traction distribution for low values of . The solution ofShatak et al. [39]who enforced a
boundary condition of zero peel stress at point B, captures the location of the secondary peak
for confined interlayersGhatak et al. [22assumed that the peel stress had a local maximum

at point B. As shown byAddaBedia and Mahadevan [8ihe edge singularity must be

considered to capture details of the interfacial tractions.

The nondimensional distancehs , from point B where the local maximum iR,
occurs for sufficiently confined interlayers, is computed for a range of valuasaotlp ,
and plotted inFigure 3-7 as a function ofa . It can be sen thatbs becomes relatively
insensitive to the confinement level for large valuea ofFor the experimental sap of
Ghatak et al. [39Fa >15, our prediction of this distance lies between the experimentally

measured,bp° 1.1, and the approximate theoretical predictiany© 0.74 [39. The

assumptiorbs © constan leads to the relatiorh” (E, / E)lle(t)llz( ", which is similar to

i 12
the characteristic lag distandg,y 1o, (Ep/ E) ()“()“f ound from Vol kers

lag analysig40]. This correlation is understandable in that the internal peak in the peel stress
occurs because shear stresses at the interface transfer loatleinttagtomer interlayer
through shear lag but in a decreasing traction field; e.g., see the analysis of a beam on an

elastic foundation (Border equatiofi3g]).

® One example is m=5MPa, h 0.67mm, t Emm E 2115GPay 037T,=1oMPa andk, =i¢Nn/mni. For hese valuesof
parametersthe damage does not initiate when elements of dimens@@L25nm3 0.012%nn and 0.1mm3 0.1Imn are used
to discretizethe interlayer and the flexible plate, respectively.
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Singular —o=3
traction — =4
0.008 / _ 0.008

Internal peak

0.001 3
0.0005

x(mm)
-0.0005°4
-0.001 3
-0.0015 3
-0.002 3
-0.0025
-0.003 3

Figure 3-5: (a) A schematic sketch of the deformed shape of the specimen; the computed (b)
interfacial normal tractionT,) and (c) the interfacial tangential tractiom, ) as functions of the

distance X from the corner point Bor different levels of confinementz (m7=5MPa). Note that

these results correspond to a very high value of the interfacial strength to prevent debonding at the
interface
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Present study (FEM), a=3
D Ghatak et al. (2005), o=3
......... Ghatak et al. (2004), o=3

0.01
Present study (FEM), =5
. - - - Ghatak et al. (2005), 0=5
- N, e Ghatak et al. (2004), 0=5
0 1 N .ot == x(mm)
9 6 8
1 \\ -
-0.01 -

Figure 3-6: Comparison of present results with those from the literatura & and a =5(for
m=5MPa). Note that these results correspdo a very high value of the interfacial strength to

prevent debonding at the interface.

For a =8 , the variation withx of the computed hydrostatic pressupeplotted in

Figure3-5a reveals that the nmal traction on the interface essentially equals the hydrostatic

pressure. Thus the shear stresgs, , in the elastomer layer is much smaller than the normal

stressess . ands,,, as abo evinced by results plottedfigure3-5a

zz)

61



12 r Experiments of Ghatak et al. (2004)

FEM —¢
0.8

Theory of Ghatak et al. (2004)

0.6 f

04 f
- No internal peak
0.2 -V
O [ P 1 1 11 1 1 1 1 1 1 P | 1 1 P 1 1 P 1 ] a
0 20 40 60 80 100

Figure3-7: Nonrdimensional location of the internal peak as a function of the confindevehtNote
that these results correspond to a very high value of the interfacial strength to prevent debonding at
the interface.

3.4.3 Analysis of damage growth and debonding

In the CZM, damage initiates at an interfacial point when the peel stress there just
exceeds the presbed peak traction,I.. Further increase in the applied displacem@nt
causes the peel stress at that point to follow the softening segment EF of the TS relation in
Figure 3-3. The region where softening (sometimes called damage) has occurred in the TS
relation is henceforth referred to as the esiie zone (CZ). It is conjectured that for large
values of @ the damage/softening initiation at the corner point B is accompanied by the
initiation of damage at an interior point situated at a distan@malogous to the shekay
distance) from point B due to the local peak peel stress there increasing witffhe
literature result$30, 41, 42] suggest that the pedamage response will be influenced by the
value of the parametér. In order to delineate éhcollective role ofa and 7 on the

damage/debonding behavior, we simulate progressive debonding with a gradual increase of
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d, . Unless specified otherwise, we uge =1mm, a, =2.83mm, K_=10°N /mn?, and vary

a andfr .Y

3.4.3.1Analysis of damage growth and debonding

Figure 3-8 exhibits the evolution of the peel stress #nel damage variabfewith a
monotonic increase in the applied displaceméntwhen a =3andf =0.1*°.  With
increasingd, applied at the plate edde damage initiates at the corner and forms a CZ
accompanied by a redistribution of the stress. Note that the peal atrpsint B is now
limited by the peak traction:Tn the TS bilinear relation. With continued loading, the contact

opening at point B reaches the ultimate valfjethe peel stress vanishes and the plate is

debonded there from thedastomer. The further increase dfy results in the propagation of
this debond with a CZ at its front. This edge debonding, namesdltjmelater reference, has
been studied by a seranalytical method using a CZM bylukherjee et al. [43who
extended techniques @fillard [38] and Ghatak et al. [22]Their results reveal that the CZ
size increases with an increase in the quaatity. For small values ot / 7, the CZ size
becomes vanishingly small and the edge debonding process can be analyzed by the LEFM
aproach, e.g., séehatak et al. [22]

In Figure3-9, 10 and 1lwe have plotted fof=4,5, and 50, respectively, computed
evolutions of the interfacial peel stress and the damage variable for a very high level of

confinement@ =100. Results shown ifigure 3-9 reveal that the damage initiation and the

v TheFE heighthad to be adjusteas theinterlayerthickness was modified to vary confinement and adhesion parantetersver
at least 10 elementgere placedhrough the thickness of the interlaydtectangular elements had aspect ratio less than 4:1.

8 The distribution oD (CSDMGin ABAQUS terminology) is plotted in Figs-BL in order to exhibit the damaged/debonded region.
Recalling thaD=(1 -,/ d)'l(l -l ),d @,we obtainD=0 over the bonded regiom=1 over the debonded region amd

‘O p over the CZ. HoweverD~1 over the CZon the scale used in these plots because of the following reason. Consider the
example problen, p mif#6 ThH paaff  vd O &Y pg o0 & p & &, for which we get| P&
PTTAAWEIQ @& Y p 1 a da. This yields D>0.95 for ¢ Jt . This explains whyD appears to be ~ 1 over almost the
entire CZ(s). For clarity, we have inserted in Figd.18insets showing variations dd on magnified scales. Using smaller values of

Ke while keeping other TS paraters constant gives better distributionsDobver the CZ but may introduce artificial compliance

into the system as stipulated yng et al. [33]

It has been checked that themputed resultgare stable with rgect to variations in the TS parameters. For example, for

p Tiftte  ThH paafi vd 0 &Y p& O pmOFa & ,andy 7,the maximum % changes in nodal values of
the peel stress over the internal CZ were found to be 0.02% and 4.58%Ywhe® ¢ ¢ @ @ uand p TG & wasused,
respectively.

2 Note that an infinitesimal displacement should cause a CZ to initiate at point B since linear elasticity theory implies a singular
traction at point B. However, innaFE simulationusing a CZM the value of the applied displacemeaguiredto initiate a CZ at
point Bdepends upothe FE meshused
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concomitant CZ formation over a negligibly small region at the edge are accompanied by the

damage initiating internallgt a distance 0.85 (consistent with the result shoviAigare 3-7)
from point B and spreading of a CZ due to the local peak peel stress therel, s

increased further, the internal CZ coalesces with édge CZ, and the resulting debond
propagates with one CZ at its front. This qualitatively agrees with the experimental finding
that debonds initiate internally and eventually coalesce with the edge debond and the
resulting debond front propagates on cwmtd loading[39]. However, our plane strain
analysis implies long tunnéike delond with no undulations in the eaf-plane direction.

An FE analysis of 3D deformations Wyukherjee et al. [30jndicated that the internal
debonding process became undulatory (wavy) when the softening stiffness of the TS relation
(slope of line EF inFigure 3-3) was large enough in comparison with the modulus to

thickness ratio of the elastomer layer. Recalling that the sp@dingoetween undulation

peakg 9, 14, 44] is expected to b& 3h, the size of the CZ in a plane strain analysis must be
>> 3h to capture the undulatory debonding phenomenon. Our numerical experiments reveal

that the size of this CZ decreases with an increage amd a decrease . However, as*

is increaed, if the CZ size is several times the interlayer thickness determined by the

combined values of botle and 7 , the peel stress begins to oscillate with amplitudes large

enough to cause wavy debondinga &xample of such wavy debonding is illustrated in

Figure3-10for 7 =5. Multiple debonds initiate over the CZ resulting in tracticee regions

separated by portions of the damaged interface. The averagegpatween these debonds

is approximately B, which agrees with the results of the interfacial instabjlityl4, 44]. A

comparison of our computed results f6=4 and 7 = 5suggests that the thresho/fc( g‘)

likely occurs in the range (4, 5). Thegrees with/_ © 4.15 found[30] for debonding ofan
infinitely confined elastomer interlayer from a rigid block pulled outwards; however, we have
not conducted sufficient number of simulations to extract the precise valde. ofhe
internal debonding process without wavy debogdis named typ2 and that with the
softeninginduced undulations is named tyPeNote that iff is very large, the CZ formed at

the internal peak location does not spread; instead debonding occurs and the local peel stress
vanishes as illustrated ifigure3-11. The redistributed peel stress exhibits a peak at a-shear

lag distance from this debond. Continued loading causes nucleation of a second internal
debond which, in turn, leads to a third internabaled. This debonding mechanism is named

type-4. The average spacing between the ¥pebonds is greater tham. However, the
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spacing converges td.6has 7 is increased, as evidenbfn the plots ofFigure 3-12. It is
worth mentioning here that the sensitivity of the debonding evolution to the FE mesh
increases with an increase in the value fof [30]. However, findings regarding the
mechanisms of damage/debonding remain unaffected.

Presently computedpredictions of the aforeentioned four types of damage
growth/debonding mechanisms are plotted in gh& plane inFigure 3-13. These results

suggest that there is a threshold confinen&ntabove which the peak peel stress at an

interior point begins to initiate and spread damage internally. This can be explained as
follows. The reduction in the load carrying capacity due to damage at the location of the
internal peak begins to tweigh that due to the edge peel stress when the confinement is

sufficiently large. We note that even though the peel stress has a local peak at an interior
point for confinements greater than 4, the threshold confinementdeydleyond which a
CZ forms internally lies between 8 and 9. For the edge initiated debonding mechanism that

occurs foa < @, the interfacial instability is not found to occur. Results from a semi
analytical model for such debondifd3] show that the CZ sized , normalized by the

characteristic wavelength of undulatiod ¢ 3n) , scales a(sd//)~( a’\f_)f and at

a= gandf = f, d// <1. An increase in the confinement changes the debonding initiation

mechanism and an increasefineduces the size of the CZ thate® small to accommodate

undulations that may ensue due to the softening induced instability. This qualitatively agrees
with the experimental finding abhatak and Ciudhury [10]in that the confinement must
exceed approximately 18 for the appearance of a fingerlike convoluted crack front. The
underestimation by our analysis may be due to errors introduced by the assumption of plane
strain deformations, and the laskknowledge of contact conditions between the glass cover

plates and the PDMS layer used in the experiments.
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Figure 3-8: Fora =3, f =0.1, distributions of the nedimensional normatraction (T, =T,/ T,) and

the damage variabldX) at the interface as a function of the rbmensional distanceX ) measured
from point B at increasing values of the atimensional applied dplacement D, ). The deformed

configurations, shown on the left, have been exaggerated by a factor of 5. This is an example of the
type-ldebonding mechanism shownRigure3-13. The inset included in thep figure illustrates the
TS relation used and the variation®fs a function oia(> g normalized by, . The insets included

in the third and the fourth figures illustrate the variatioan magnified scales.
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Figure 3-9: Fora =100, f =4, distributions of the nedimensional normal tractiorT, )and the
damage variablgD) at the interface as a functiai the nondimensional distanceX ) measured
from point B at increasing values of the rgimensional applied displacemer,(). The deformed

configurations, shown on the left, have been exaggerated byoa ¢d@5. This is an example of the
type-2 debonding mechanism exhibitedrigure3-13. The inset included in the top figure illustrates
the TS relation used and the variationbfas a function ofad(> g nomalized by, . The inset

included in the third figure illustrates the variatiorDobn a scale from 0.99 to 1.
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Figure 3-10. Fora =100, f =5, distributions of the nedimensional normal tractiorT, ) and the
damage variablgD) at the interface as a function of the rdimensional distancéx) measured
from point B at increasing values of the adimersional applied displacemenb(). The deformed

configurations, shown on the left, have been exaggerated by a factor of 25. This is an example of the
type-3 debonding mechanism displayedrigure3-13. Theinset included in the top figure illustrates
the TS relation used and the variationdfas a function ofad(> g normalizedbyd, . The inset

included in the third figure illustrates the variatiorDobn a scalerbm 0.99 to 1.
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Figure 3-11: Fora =100, f =5C, distributions of the nedimensional normal tractioffT,) and the
damage variabléD) at the interfae as a function of the nafimensional distanceX ) measured
from point B at increasing values of the adimensional applied displacemem,(). The deformed

configurations, shown on the left, have beerggeaated by a factor of 25. This is an example of the
type-4 debonding mechanism evincedrmure 3-13. The inset included in the top figure illustrates
the TS relation used and the variationDofs a functiorof d(> ¢ . The inset included in the third

figure illustrates the variation @ on a scale from 0.999999 to 1.
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Figure3-12: On a semlog plot, computed average spacing between the gitdebonds normalized
by the interlayer thickness as a functionfofvhen a =100, ' =Imm anda, = 2.83mir.
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Figure 3-13: Computed mechanisms of damage giddébonding in thea 7~ plane. Values of
other parameters are; =2.83mm, andb™* =1mm.

3.4.3.2Load-displacement curves

In terms of our normalization, the logdisplacement (LD) relation found using an
LEFM approach byshatak et al. [22is

5. P _ 6D,
A DPHR o (6+2A QA2 2A3)
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where the nomlimensional lengthA, of a propagating crack is found from the relation

(6+12a 40m 24
(12+46a 720 X 21 3¥)

=6.853 QZL, and P, is the reaction force at A. In
a

Figure3-14we have plotted the computd®| vs.D, from this relation as well as from our FE
analysis of the debonding problem f@r=1,3,25,and 6, f/ a1, andA, =2.83. With

increasing values of appli@],P, increases up to a peak value and then decreases. The
nonlinearities, if any, in the initial ascending portions of these curves are attributed to the
formation of the CZ near point B. For typdedge initiation) debondingf(=1,and ?), the
descending portions of the LD curves are smooth. CompBtatia givenD, for an edge

initiated debonding is significantly greater (peak load is greater by 45%) than that predicted
the LEFM approach becausd the consideration of the damage at the interface but the

presently computed peak loads for=1 and 3 differ, respectively, by less than 3.9% and

0.1% from those found using a seamalytical method coupled with a CZM and the FEM
(Mukherjee et al. [43] The other two computed LD curves plottedrigure3-14 correspond
to type4 internaldebonding (curves with similar features are obtained for-2ypad type3
internal debonding). These LD histories exhibit a-$a@th behavior which becomes more

pronounced with an increasefin The LD plots fora =100andf =250, 500, and10C, and

the corresponding deformed shapes are exhibitdéigare 3-15a. These results reveal that
values ofd, corresponding to local drops in the stwth behavior coalate well with those

for the nucleation of internal debonds. The subsequent increase of the load with the increase
in d, until the nucleation of the next debond is due to the retardation of the internal

debond(s) in the presence thie adjacent debond. This is reminiscent of the experimental
observations 0f39, 45 during the peeling of a flexible plate from an edasér layer
containing incisions. They observed trapping of nucleated debonds near the incisions. Our

results suggest that higher valueg ot a given level of confinement correspond to slower
propagation of debonding as evidendsdplots inFigure 3-150 of the nordimensionalX
coordinate of the debond tip(s) as a functiorDgffor / =250 and 1000. The approximate

growth rate of the linternal debond betweeéts nucleation f) and coalescence)(with the

2" internal debond is estimated éxq - Xp)/(( R), € A)Dp) 0.801€ for f =1000. For

f =250, the corresponding growth rate from' to ' equals approximately 0.0045. The

71



increase in resistance to debond growth with increagingagrees with the satooth
behavior becoming more pronounced with an increage. ifihe growth of one d®nd in the
presence of another adjacent internal debond controlled by the parambtes also been
reported byHill et al. [41] in their investigation of the growth of a weddaven external
crack in the presence of an internal void behind the crack tip.

In order to probe the scalingf the maximum reaction force (pull off force),
numerous numerical simulations have been conducted by vayndf. The non
dimensional maximum pubff force,P,"™, is plotted inFigure3-16 as a function off / «.

For small values of / call data collapse on the same line for types 1 through 3 debonding

and agree well with predictions of a seamalytical model of43] for type-l debonding. The

least squares fit to the data f@r/ < ~2 reveals that for typesl, 2 and 3 debonding,
P,"* (1 4 °and theconstant of proportionality depends on the -démensional initial

overhang length,. For larger values of / ¢ (> ~2), it is found that data for the edge

initiated debonding (type 1) satisfy the followindateon derived byGhatak et al. [22lising
the LEFM approach.

D max o
PA

a o6 6+12A +9A2 2A° qf
ge' 12+ 46A, +728° B68° 21" I Va
Our computed results suggest that fgret- 4 debonding the maximum ptoff force

begins to increase linearly for &~ 2, i.e.,P™" f/ ¢, although the computed data points

at different confinement levels suggest additional weak dependencea .olVe have
summarized in Table 1 the collective role of the confinement and the interfacial adhesion on
the nondimensional puloff force. For ease of interpretation, the dependence of the
dimensional force on the plate flexural rigidity, theenayer thickness, the interlayer

modulus, the peak tractiod () and the fracture energ¥() is also included. These results

suggest that the pudiff force depends ori_more strogly than on other parameters for small

values of the adhesion parameter. For small values of the confinement and large values of the

adhesion parameter, the results can be described by the LBR&:d analysis; the ptdff

force then strongly depends tre geometric and material parameters, arf@, bat does not

depend on the peak traction. For large value of the confinement and large values of the

adhesion parameter, the pull off force scales with Ttheshows weak dependence on the
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plate rigidity, and depends on the thickness and the modulus of the interlayer in a way
opposite to that for less confined interlayers and exhibits no dependence on the fracture
energy. These dependencies can potentially betosett values of the TS parameters from

the pultoff force data obtained in suitably designed experiments.
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Figure 3-14: Nondimensional load vs. nedimensional displacement f6¢f & 1. Values of other
parameters areg, =2.83mm, andb™* =1mm.
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Figure 3-15: (a) Nondimensional load versuson-dimensional tipdisplacement plots foa =100
and three values 6f Deformed shapes (exaggerated by a factor of 20) corresponding to points

Values of other parameters &re2.83mm, and
bt =1mm; (b) Plots ofX-coordinate of the debond tip as a function of the applieddimoensional

a,b,cand dare included in the right figure.
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Figure3-16: Dependence of theon-dimensional putoff force on the nomimensional numbef / ¢
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Table3-1: Effect of confinement and adhesion on the-pfiifforce

Confinement, Adhesion Classification of The non The dimensiona
a damage/debondin¢ dimensional pull pull off force,
initiation off force, P, is Pis
proportional to proportional to
0.8 7 1 1 1 3
Small Small Typel (f/ é) D3 1 B G, o ¢
p c 'c
Large Small Type-2,3
Small Large Typel 05 1111
g yp (f/ a) D,?h %G,
Large Large Type-4 rl ¢ 111
D,°m°h?T,

Small coninement is defined as one for whi@h <9; edge debonding. Small adhesion is defined as on
which 7/ a<~ 2 approximately.

3.4.3.3Limitations

Experimental findingg10, 39] and results of simulations of[3 deformationq 30, 46]

suggest that the adhesiorduced instability triggers oscillations in the aftplane (they- )

direction resulting in a fingerlike debonding front. However, the assumption of plane strain
deformations, @d hence no variation in the eot-plane direction, forces the instability to
develop in thex-direction. Instabilities in both thex- and they -directions have been
experimentally observed for very la&galues of the confinemen& (=67 ) by Ghatak et al.

[47]. A planestrain assumption, in general, fails togiot details of pattern formation during

the debonding process because the inhomogeneity in thef-plaine traction distribution

due to the presence of tractiree surfaces and anticlastic bending of the plate lead to (i)
undulatory debonding in thgdirection and (ii) multiple debonds rather than a tusikel
debond computed for plasstrain deformations. This is confirmed by comparing results of
analyzing 3D deformations with and without restraining freisplacement of points on the
lateral surfaes. Nevertheless, results presented here are useful for predicting the onset of
different types of debonding in a semfiinite geometry as a function of the confinement and
the CZM parameters. Results for a fewD3problems included in Appendix C suppor

conclusions drawn from the analysis of plane strain deformations.
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3.4.4 Debonding at both interfaces of the interlayer

Industrial fabrication of soft biamplants such as ophthalmic lenses often involves the
release of an elastomer interlayer sandwichedavdrt two molds from a desired mold
interface by mechanically prying open one of the mpid. A potential problem, when the
interfaces have identical adhesion, is the occurrence of debonding at the undesirable interface
and/or at both interfacesgsulting possibly in a bridge of the interlayer suspended between
the two molds. This renders the interlayer susceptible to tearing failure. Computed results of
some additional numerical experiments are presented that may help design potential
strategiesdr engineering a desired release mechanism.

The configuration analyzed is similar to that depictedrigure 3-4 except that the
lower adherend is also made of an isotropic and homogeneous linear elastic material and the
two adheends have the same overhang length of 2.83'nifhe edge of the upper flexible
plate is monotonically displaced upwards and the three displacement components of points on
the bottom surface of the lower plate are set equal to zero to simulate the feee@dda
schematically shown irFigure 3-17a. As the upper plate is loaded, the asymmetry of
materials, loading and boundary conditions on the two adherends causes a shearing bias at
point B in Figure 17a that results in openingtla® upper interface near point B due to
peelingshearing coupling. We recall that when the lower interface has infinite strength, the
confinement has to exceed a threshold value for debonding to initiate at an interior point due
to the peak stress thereBefore damage initiation the computed distributions of the peel
stress at the two interfaces reveal that the peel stresses are nearly identical at the two
interfaces except at points close to the corners. Due to the opening bias at point B, it is
speculagd that a lower threshold confinement level is needed for the internal debonding to
ensue at the lower interface than that at the upper interface. When the two interfaces have the
same strength, the simulation results shown in Figuredlinklicate that tére is a range of
confinement values for which internal debonding initiates at the lower interface with the edge
crack initiated at the upper interface. Bor 8 the internal debond does not nucleate at the
upper interface but nucleatand grows at the lower interface thereby causing an undesirable
bridge of the interlayer suspended between the two adherends as slogure3-17b. One
way to mitigate this is to reduce the level of confinement so thateébk peel stress at

interior points is small. The simulation results o~ 2 plotted inFigure3-17c support this.

2 4-node square elements of dimensi@nsmmx 0.1 mmand0.025mm x 0.025mmhave been used to discretize the
molds (CPE4 elements) and the interlayer (CPE4H elements), respectively.
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However, for sufficiently confined interlayers, such as that showigare3-17d fora =10,

damage may occur at interior points on both interfaces at locations of peak stresses.
Continued loading causes the lower interface CZ to become shidléledy the growh of

the CZ on the upper interface. These observations suggest that an improper level of
confinement may result in an erratic debonding process. In practical situations, however, the
choice of tailoring the confinement by tuning the mold flexibilities rbaylimited. As was
suggested H¥0], thermal preconditioning can be sed to bias debonding to a desired
interface. For example, peooling the assembly before mechanically pulling the upper mold

for @ =8 causes the internal debond to initiate and grow at the upper interface as can be seen
from the reslts exhibited inFigure 3-18. Due to the mismatch in the coefficients of thermal
expansion of the molds and the interlayer and the associated bending of the flexible upper
mold, the peel stress is compressive near the uppefaceerorner point B and tensile at the
lower interface corner point M. As a result of the opening bias at the lower interface corner,
the edge debond initiates at M and the internal debonding nucleates and grows at the upper
interface. These debonding cheteristics remain unchanged upon refining the FE mesh. A
detailed investigation of tailoring the confinement, the ratio of the elastic moduli of the two
adherends, and the thermal jonditioning to cause preferential debonding will be reported
elsewherg51].
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Figure 3-17: (a) The configuration analyzed ; snapshots (exaggerated by a factor of 100) of the
interfacial debonding for (l§ =8,(c) @ =2and (d)a =10, and the same values of the TS parameters
at both interfaces corresponding fo= 4 when vertical displacement is monotonically increased at

point A. Thetotal length of each plate in the numerical simulations is taken to barbOvalues of
other parameters are; =2.83mm, andb™* =1mm.



Pre-cooling

Mechanical loading

K A, =143

Figure3-18. Snapshots of debondayrth (exaggerated by a factor of 100) when the assembly-is pre

cooled homothermally by 2°C followed by a vertical displacement applied at point A while the
displacement components at the bottom surface of the lower mold equal TAezccoefficients of

thermal expansion are assumed to®&10° P C and 63 10* P Cfor the two molds and the
interlayer materials, respectively. The jmaoling stage is simulated by inputtimgr = 2°Cand no

thermal effects are simulated for the mechanical loading stage. These results are for a confinement
level of @ =8 and equal values of TS parameters at both interfaces corresponfingdtoValues of

other paramets are:a, =2.83mm, m=5MPa, and b™* =1mm. Both molds have identical values of
material parameters.
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3.5 Conclusions

We have studied interfacial debonding of a flexible plate from an elastomeric layer
strongly bonded to a rigid substrate by using a cohesive zone model (CZM) and analyzing
plane strain infinitesimal deformations of the linear elastic flexible plate and the elastomer
layer by using the finite element commercial software, ABAQUS/Standard.follbeing
two parameters have been found to govern the interfacial damage growth and debonding at

the interface between the soft elastomer layer and the flexible plate.

) Confinement parameter,z(Dp/ /In?)ll3 , relatingthe plate flexural riiglity,

D,, the shear modulus of the interlayer matertdl,= Y oung oBE/3)modul u

and its thicknes$) . This parameter was also shown to be importariBpio0,
19

(i) CZM/adhesion parametdr=Th/G,E, relating the peak tractiod, for
damage initiation at an interface point and the fracture erf@rggy the CZM

tractionseparation (TS) relatiorMukherjee et al. [30have elucidated the
importance of this parameter for wavy interfac@d¢bonding of a rigid

adherend from an elastomer interlayer when the adherend is pulled outward.

Results of numerical simulations have been plotted onathfe plane to identify
values ofa and 7 for four different interfacial debonding types. For confinement levels
less than a threshold val@e9) , damage at the interface between the interlayer and the
deformable plate initiates at the edge, forms a cohesive (&¥)e and leads to debonding

which propagates with a CZ at its front. When confinement exceeds the threshold value, the

damage in addition to occurring at the edge initiates at an internal interface point located at

dimensionless distancé7'l~( /)’7Dph3)_1/6 from the edge, which is proportional to the

characteristic stress decay distance (one can also think of this as-taghdiatance). For

such interlayers a wavy debonding occurs when the adhesion parameter exceeds a critical
value. However,dr large values off dictated by the confinememivo adjacent nucleated
debonds are separated by a perfectly bonded region rather than by a portion of the damaged
interface. The spacing, between the intaal debonds scales with the interlayer thickness.

The nonrdimensionalpull-off force is found to increase with the quanfity cand
depend on the debonding type.
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For an elastomeric layer sandwiched between a flexible adherendigiisabstrate
with the two interfaces having identical TS relations, it was found that for confinement not in
the appropriate range separation can occur at both interfaces resulting in an erratic release
process and leading to bridging which can rasulindesirable tearing of the interlayer.
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AppendixD

Included here are the sensitivities of the interfacial normal traction and the load
displacement plots to four FE meshes listedable D1. In Figure D1a, we have plotted the
distribution of the peel stress at the interface which is yet to damage. It is clear that the peel
stress distribution is insensitive to the FE mesh used except for the discretization close to
point B. However, the intesitial damage type is unaltered as evinced by the plot of the
contact opening shown figure D1b. Figure D1-Figure D4 show distributions of the nen
dimensional peel stress updamage initiation at the interface (a) and the-diomensional
load-displacement variations (b) for the debonding types 2, 3 and 4, respectively. As was
reported inMukherjee et al. [3Q]Jone can observe that the results are more sensitive to the

changes in the FE mesh for a large value as compared to that for small Nonetheless,

our conclusions about the type of debonding and the scaling of thefpidirce remain

unaffected on refining further the FE mesh 2.

Table D1: The FE meshes used

FE me:¢ Di mensmomfs am el Di mens mamfs

the interlay: el ement of

Me slh 0.025 1 0. 0.1 1T 0

Me s2h 0.0125 1 O. 0.1 1 0

Mes3h Height: 0.0125, w 0.1 T o0
at the farthastpe
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Me s4h 0.025 1 0. 0. 05

Results reported in this paper were obtained with FE f#esh
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0.5
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(b)

Figure D1: Fora =8, ' ZImm,g 2.83mn, sensitivity to the FE mesh of (a) distribution of the peel
stress at the interface (yet to damage) whtn=1 m, and (b) distribution of the contact opening
whenf =4,  3.634.
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Figure D2: Fora =100, f =4, ‘b 4nm, sensitivity to the FE mesh of (a)etmondimensional peel
stress distribution fdb, =0.7, and (b) the nodimensional loadlisplacement variation unti, =0.7
. This represents a tyfgedebonding as illustrated Figure3-9.
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Figure D3: Fora =100, f =5, ‘b 4nm , sensitivity to the FE mesh of (a) the adimensional peel
stress distribution fdp, =1.2, and (b) the nodimensional loadlisplacement variation unti, =.2.
This represents typg& debonding as illustrated Figure3-10.
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Figure D4: Fora =100, f =50, ‘b #nm, sensitivity to the FE mesh of (a) the adimensional peel
stress distributio forD, =0.85, and (b) the nowimensional loadlisplacement variation until
D, =0.85. This represents a tygedebonding as illustrated Figure3-11.
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AppendixE

The work done by the exterdrfarce should equal the sum of the increase in the strain
energy of the system, the energy lost due to interfacial damage/debonding, and the energy
loss due to the damage stabilization (viscous regularization) option used in ABAQUS. For
one of the problesistudied, the evolutions of these energies are plottEdyjure E1. It is

clear that the energy balance is satisfied with the maximum error of 7.3%.

Figure E1: Computed energy histories for rhek, anda =25, f =4, ‘b m, n8MPa,T 084MP:
, anda, =2.83mm. The outof-plane dimension (width) is taken to beninwhen computing the total

energy. As discussed in Sectiér, the dip in the loadispla@ment plot corresponds to the initiation
of internal debonding.

The energy dissipated due to damage dissipatiordfer4.59 m agreed well (8%

2

. | . I - Vc} 50
difference) with that@ound from the equationDE =G_a @ G B d{x o %u.
lez ¢ cG c -z

Here the integrashrepresents, foK, > 3, the area under the portion of the TS curve traced

by a point in the CZ up to the contact openingdif gand <9 and the integral is
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