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This study focuses on comprehensive empirical and mechanistic understanding of the
mechanical behavior of adhesibended assemidybonded with pressure sensitive
adhesives (P&s). PSAs are capable of vderge deformationThe stressstrain and
creep behavior of suchonded assemidyare complex due to constant competition
between cavitation dynamics in the bulk and at interfaces; and fibrillation and nonlinear
visco-plastic behavior of the PSA material. The behavior is further altered by the
presence of flexible or semid carrier layers because they alter the stress field within
the bonded assemblgnd also provide additional interfaces for sequertlity
nucleation ad growth.These mechanisms are known to result in multiple phases and
transitions in their séssstrain and creep curveBhe number of transitions depends on
the presence (or absence) of carrier layers and the severity of the secondary transitions

depenls on the flexural compliance of the carrier layers). The effective mechanical

response of the PSBonded assemblig therefore affected by this complex set of



events during slow deformation process, including the final stage when the PSA starts
to debondrom the substrate and/or carrier layer. This morphological evolution of the
PSA depends on the adhesive material propeniesded assemblgonfiguration
(bonded assemblyaspect ratio and presence/absence of carrier layers), bonding
substrate surface guerties (surface energy, roughness and presence of contaminants),
carrier layer properties (surface energy, surface roughness and flexural rigidity) and
loading conditions (loading ratetress level and temperatur@&his study consists of
experimentatiomnd mechanistic modeling.

In the experimental study, bonded PSA test specimens were fabricated for selected
PSA/substrate combinations, after detailed parametric study to gain insights into the
influences of the lamination conditions (bonding pressuredipg time, bonding
pressure, posture and aging protocols). Thieonded assemblyperformance
parameters of interest for this parametric study include: (i) tensile strength, ductility
and creep resistance; (ii) peak stress and peak strain; and (iii) number of transitions and
severity of transitions. These specimens were subjectecethamical tests on a
dynamic mechanical analyzer (DMA) to measure ststggn response and creep
response for different loading conditions.

In the modeling phase, mechanistic models are developed to provide fundamental
insights about the dominant defortioa mechanisms in PSA bded assemblies This

has the added advantage of reducing the enormous amount of physical testing that
engineers would need to conduct to empirically characterize everysti®Arate

combination of interest over all the loading ddions of interest The predictive

mechani stic model S based on enhancement



proposed in the literature for simulating the str&sain and creep behavior of the
PSA/substrate at different loadingpnditions. This radel acts asa virtual test,
predicting the mechanical response of a PSAlbdrassemlylby explicitly accounting
for the PSAs {lasticamaterial prepeerties, \cavisy dymamics in the bulk
and at the interfaces, fibrillation dynamics, and otstem configurations such as
bonding substrate surface properties and carrier layer properties. This model is shown
to be able to predict the strestsain and creep behavior of PSA ded assemblies
under a broad range of operating conditions, afteperoalibration by a few corner
cases of physical tests. The predictive model can become a virtual testing method that
for reattime prognostic health management (PHM) for PSAdedrassemblies.

Test equipment includes a commercially available Dynamic Kigachl Analysis
(DMA), to conduct the constant speed strsfsain test and constant force uniaxial
creep test on the sample of selected PSAdbedrassemblies at selected loading
conditions. An observation fixture is also designed for studying the moxgpbalo
evolution of PSA layer by video recording the cavitation and debonding at the PSA
substrate interface during tensile deformation of a PSAldmassembly.

Complexity in the study includes: (i) structural change of PSA system due to cavitation
and fibrillation; (ii) sequential cavitation and fibrillation due to additional interface
introduced by carrier layer; (iiDonded assemblyarameter (material, configuration,
surface roughness any surface energy); (iv) nonlineadegiendent plastic matati
properties of bulk PSA; and (v) implementation of new material model into commercial

FEA tools.
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Chapter 1. Introduction

PSAs are widely used in industry as bonding media becauleioéase of design,
affordability, low processing temperature (room temperature), environmentally
friendly bonding and revork procedures, and uniform thickness and gap filling
properties, but the debonding process of a PSAldibassembly is an intradile issue
in soft material with highly confined geometry. First, PSAs are highly deformable.
Under some loading conditions, ductility of some PSAs that are able to cavitate and
fibrillate during the debonding process can be more than 15 times theiradtiesive
thickness. Second, stressain and creep response of highly ductile PSA bonded
assemblies contain prominent transition behavior under suitable loading conditions.
This unique behavior is due to the competition between the mechanism of cayitati
fibrillation, and interfacial slippage which can cause sudden changes in the apparent
stiffness of the PSA layer during the debonding process (Chun et al., 2007; Ozel et al.,
2005). Third, the mechanical responses of a PSA bonded assembly are highly
dependent on the surface conditions, such as surface free energy and surface roughness,
of the bonding substrate which it bonds to. Accordingly, a proper constitutive model
for a PSA bonded assembly should always include the effects of substrate surface
condtions.

One example of the PSAs application is bonding the liquid crystal display (LCD)
panel and polarizing film in the monitor assembly (Shon et al., 2003; Chun et al., 2007;
Lin et al., 2015). The deformation and degradation of the PSA layer cantlcaeske
of the polarizing film to shrink and misalign with the edge of LCD cell, then resulting

in light leakage (backlight bleed). Light leakage causes uneven brightness of the screen



and is considered as a major failure mode of LCD module. Anothecatipti of PSA
is to bond a heat sink to a power component for heat dissipation. Deformation and
degradation of the PSA layer also leads to a decrement in the heat dissipation rate from
the power component to the heat sink, reducing the performance obligsystem
(Eveloy et al., 2004). Understanding the mechanical behavior, failure modes and
mechanisms of PSA bonded assembly are the keys to comprehend the lifetime and the
reliability of PSA bonded assembiy a product under complex loading conditions
during their life cycle.

The mechanical performancesRBA bonded assembliase mainly characterized
by the industry standard test, such as peel, shear and tack (Sun et al., 2013), but these
widely recognized test methods are not able to fully desamdsghanical performance
of the PSA bonded assembily field applications. This can be the case of probe tack
test; such test describes the str&tsain performance of RSA bonded assemblyith
shortterm bonding process (short contact time and nolpmsting aging). Despite, in
most of applications, the PSA bonded assemblies have been stored for a certain period
before they are use in the field. Therefore, the tackiness metric is enough to describe
the performance of theSA bonded assemblyith shortterm bonding process, such
as the quick note and medical tape, but not the best metric for evaluatasg¢mebly
strength of th®SA bonded assembliedth long-term bonding and storage, i.e. product
with selfstorage in warehouse. The uniaxial test megiredented in this dissertation
study provides an opportunity to comprehend the mechanical performance of PSA are

bonded assemblies from another perspective.



1.1 Background and motivation

With the increase of PSA popularity and application in the electramgesiry, the
concerns in mechanical performance and reliability of PSA bonded assemblies
increased. PSAs normally show superior performance in the shear direction. However,
they are more vulnerable to loading in the tensile direction. Many studies hasedoc
on the tack, shear and peel performance of PSAs, but limited attention has been paid to
the evaluation and prediction of uniaxial stregin and longerm creep performance
of PSA bonded assemblies. Due to the complexity of debonding mechani®8# of
bonded assembly, three major factors are required for mechanical characterization of
PSA bonded assembly. First, identifying loading conditions based on the operating
conditions that a product is expected to experience throughout their lifecyclexdSeco
the PSA configurations. PSAs are available in various configurations; some systems
have sandwich structure with adhesive layer on both sides of a carrier layer; while some
are available as a singlayered adhesive without a carrier film. Third, theface
properties of the bonding substrate. Substrates with different surface free energy and
surface roughness can significantly influence the mechanical performariR8Aof
bonded assemblie$he mechanical performance oP&A bonded assemblill also
beinfluenced by the bonding conditions (Nakamura et al., 2012; Sun et al. 2013), that
are bonding pressure, bonding temperature, bonding time andgahg aging time.

The primary motivation of this dissertation is to facilitate a durability of assessme
of PSA bonded assemblies that experienceobplane loadings due to the degradation
and warpage of the bonding substrate during field application. In a broader sense, a

thorough understanding of the strsgsin and creep behavior of PSA bonded



asserblies. Then based on the empirical finding to develop a mechanistic model for
stressstrain and creep response of PSA bonded assembly. Such understanding and
mechanistic model is useful to: i) guide product design for choosing suitable
combination of PSArd substrates and minimizing the premature delamination of PSA

bonded assemblies; ii) become a virtual testing method to supplement physical testing;

and (iii) become a virtual tool for reime prognostic health management (PHM). By
continuously recalibrating this model by using redime in-situ data, such as strain,

|l oading stress and temperature, the tune 06

of such adhesivassemblyn real time.

1.2 Problem statement

Preliminary studies indicate that the mechanical responses of PSA bonded
assemblies are complex and unique with multiple phases. Interaction of cavitation,
fibrillation and interfacial slippage mechanisms during the debonding process can
result in multitransition and muliphase uniaxial stresgtrain and creep response, as
shown inFig. 1 and Fig. 2. The unique multiphase mechanical response is only
observed in the assemblies bonded with highly ductile PSA systems. Assemblies
bonded with less ductile PSAs delaminates soon after it reaches maxiressrirsthe

stressstrain test, as shown in green linéFig. 1.
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Additional phases and transitions in the st&sain and creep curves of the selected
doublelayered PSA system are caused by sequential cawitatid fibrillation in the

different layer of PSA in the multilayered PSA system when there is carrier layer
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presented (Yamaguchi et al., 2012). For different combinations of PSA systems and
bonding substrates, these transitions can cause an overallirepfienits tensile
strength or significant decrement in its creep resistance. The stress relaxation and
transition of PSAsd® materi al properties
the conventionatonstitutivemodels that are useddescribehe mechanical behaviors
of polymeric materials. Debonding mechanisms mentioned above are also highly
dependent on the bonding substrate surface conditions (surface roughness and surface
free energy). Every time, a new combination of PSA and substraise, the
mechanical response of the assembdéyn change dramatically. Therefore, when
characterizing the mechanical behavior of PSA bonded assemblies, the PSA/substrate
combination should always be treated as a single entity. A proper constitutive model
for PSA bonded assemblies must include the effects of substrate surface properties.
Consequently, the complexity of the mechanical behaviors of PSA bonded assemblies
and the lack of modeling techniques on the corresponding mechanical response
motivate the widy of developing a predictive mechanics model. This model aims to
predict the unique behaviors of the stregain and creep responses of the PSA bonded
assemblies. The model prediction can be used as constitutive models to describe the
mechanical behaor of different PSA and substrate combinations under various
loading conditions.

An insightful investigation is needed to understand the mechanical response of
bonded assemblies with different PSA and substrate combinations. The following

aspects of the ethanical characterization need further investigation



1 The influence of bonding conditions (bonding pressure, temperature, contact
time and posbonding aging time) on mechanical performance of PSA bonded
assemblies

1 Effects of loading and environmental clitions on the stresstrain and creep
response and potential failure modes of PSA bonded assemblies

1T Effects of PSAsd6 configuration and subs
strain and creep response and potential failure modes of PSA bonded assembli

T Effects of PSAs6é configuration and subs
modes of PSA bonded assemblies

1 Effects of carrier layer (doublayered PSA only) on the stressain and creep
response of PSA bonded assemblies

1 Effects of carrier laye(doublelayered PSA only) on the failure modes of PSA

bonded assemblies

1.3 Literature review

Investigation on the PSA systems (singlgered PSA and PSA on either side of a
carrier layer) are getting more focus as their popularity isgiasting in electronics
manufacturing. Based on tHecuses on thdonding performance of PSA bonded

assemblythese studieareclassified into the following categories:

1.3.1 Debonding mechanisms BSA bonded assembly

Zosel (Zosel, 1985) first studied the morphological change of PSA during the
debonding process of the pretaek test. The real time observation on the bonding

interface clearly shows formation of cavities and fibrillary structure due to the



excessive defoation in the adhesive layer. Formation and evolution of those
structural are highly dependent on the PSA entanglement network. Change of the PSA
structure shows significant effects on their mechanical performance (Zosel, 1989;
Zosel, 1991). When PSA catt against an imperfect surface (as most bonding surface)
leaves small air pockets where the adhesive not at contact with substrate. These pockets
can be the seed of a localized deformation when a tensile stress is applied to the
adhesive layer, leading either the propagation of interfacial cracks or to the growth

of cavities in the bulk that eventually evolve to a complex fibrillar structure (Zosel,
1998; Chikina and Gay, 2000; Gay 2002)

Lakrout and Creton study the morphological evolution of adhdsyes by directly
observing the bonding interface through a probe tack apparatus. Their investigations
indicated that formation of cavity first appeared at the interface between the adhesive
and the probe after the initial homogeneous. Formation of caistdue to the growth
of hydrostatic stress ima highly geometric confined adhesive layer. Expansion of
cavities release the hydrostatic stress in the adhesive, which results in reduction in the
tension during the probe tack test. As the nominal straimic ases, t he o&6wal |l 6
between cavities were being stretched in the direction normal to the bonding interface.
Their experiments were conducted with a custierign optical setup, which allows
simultaneous acquisition of nominal stressain curveand deformation of the
adhesive film from underneath the transparent substrate, on the MTS hydraulic testing
machine. The tests results show that the ssta behavior in the probe tack test was

directly related to cavitation. The debonding procedsP®A in the probe tack test



abides by the following manner (corresponding pictures of different stages of

debonding process are showrHg. 3) (Lakrout al et., 1999; Creton al et., 2000):

Homogeneous deformation of the adhesive layer. In this phase, the force increases
rapidly with displacement and no visible cavities.

Nucleation and rapidly growth of cavity at the interface between adhesive and the
probe. The cavitation first happens in the region which was last brought into
contact with the probe during the bonding stage and then relatively homogeneous
over the whole bonding interface;

Cavities grow slowly and occupy most of the interfacial area. [€hgth of this

phase is highly sensitive to the PSA material and the conditions of bonding
substrate. I n Cretonbés study, sl owl vy
debonding time. But for some other materials, which will be discussed later, it lasts
shorter;

Growth of the cavities normal to the film and formation of a fibrillary structure.
Thereis not obviously structural change of the PSA layer during this phase (similar
to Phase iii). But the thickness of adhesive wall of the cellular structuoeniesc
thinner.

Air penetrates the voids and the walls between the cells are broken forming
isolated fibrils which eventually debond from the probe (adhesive failure) or break

(cohesive failure). During this stage, nominal stress decreases slowly to zero.

In the rest of the paper, Phase i is simply called as homogeneous deformation, Phase ii

is called as cavitation, Phase iv is called fibrillation and Phase v is called interfacial

delamination (interfacial slippage). Cavitation and expansion of cavitiessoccthe



early stage of the debonding process and accompanied by material softening;
fibrillation dominates the late stage of the debonding process and accompanied by
strain hardening (Creton et al., 2011); interfacial delamination (interfacial slippage)

determines the effective bonding area thorough the entire debonding process.
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. . . (ii) Nucleation of cavities in
(1) Uniform deformation of the film the bonding interface
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(iif) Lateral expansion of (iv) Growth of the cavities (normal to the
cavities (parallel to the film) film) and formation of fibrillary structure

(v) Fracture of fibrils by creep or debonding
of the foot of the fibril from the probe

Fig. 3. Different stages of adhesive layer during debonding process (Lakrout al et.,

1999)
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According to the equilibrium of bubble dynamics (Brennen, 1995), the rapid initial
expansion of cavities (right after cavitation process) induces additional hydrostatic
stress in the bulk of adhesive layer (medium around the cavities). As the sizeie§cavit
increases, the rate of cavity increment decreases, the induced hydrostatic stress will
reach its maximum value and then start to release due to the loss of geometric
confinement. Compared to the total debonding procedure, the change of hydrostatic
stress of the PSA around the cavities lasts for a relatively short period of debonding
time and lead to the corresponding fluctuation in the total separation stress during
debonding process. Therefore, there are multiple phases in thesstagssurve. Two
kinds of cavity shown irrig. 4: i) a more interfacial mechanism where cavities grow
as cracks, mainly along the interface; ii) a bulk mechanism vdastiges grow mainly
grow in the direction parallel to the tensile direction, and form cigars (Deplace et al.,

2009b)
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Fig. 4. Cavities grow from defects to hemisphere local and the macroscopic stress
field becomes much flatter promoting the nucleation of cavities randomly distributed

along the surface (Deplace et al., 2009b)

1.3.2 Effects of bonding conditions on mechanical performandeS#H bonded

assembly

A proper bonding temperature is necessary to ensure the PSA has enough flow
capacity. Thus, the adhesive can make it easier to create a bond with the substrate when
it is first brought into intimate contact with the adherent on a molecular scale (Vakula
and Pritykin, 1991). Zosel studied the relationship between the fracture energy and the
contact time through a probe tack test. The value of the adhesive fracture energy
increasd by an order of magnitude as the contact time increased from 0.02 to 100 s.
His study also concluded that the fibrillation is incompletely developed within a short
contact time (Zosel, 1992). Typically, PSA mechanical performance, such as strength,
ductility and fracture energy increase proportionally to the applied stress and contact
time, when the values of bonding conditions are at a relatively low level. However,
assemblystrength, ductility and fracture energy are saturated as the applied stress and
contact time reach a critical level in the probe tack test (Creton and Leibler, 1996).
Nakamura studied the effects of contact time and temperature on mechanical
performance of three model adhesives by probe tack test. At room temperature, the
tackiness ineased as the contact time increased for most of model adhesives. The
temperature dependence of tackiness shows peak tack value above room temperature
and dependent of different model adhesive on temperature are various (Nakamura et

al., 2011).
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1.3.3 Effects ofloading conditions oPSA bonded assembliess me c hani c al

performance

In a peel test of PSA, the adherend energy increases with the peel angle and this
dependence is separable from the peeling velocity dependencey (®tilal., 2015).
Lakrout et alstudied the effects of temperature and separation rate on the maximum
stress and adhesion energy alone with the probe tack tests. Their experimental results
demonstrate that the physics of rate dependent mechanical behavior of PSA is believed
to be the viscoetdic loss occurring in the adhesive layer (Lakrout al et., 1999).
Moreover, they also concluded that the effects of temperature on the adhesive layer is
more complicated, which includes the effects on the kinetics of bonding and debonding
process. Accordm to their investigations, the nominal strsgs®in curve can be
classified into five different categories based on the trends séeg. & These stress
strain curves are related to the different combinations of separation rate and loading
temperature. The Type | curve occurs at high temperature and low debonding rate
condition; the Type Il curve occurs at intermediate temperature and lowdieg rate;
the Type Ill curve occurs at low to intermediate debonding rates and high temperatures;
the Type IV curve occurs at high debonding rate (except at very low temperature); and
the Type V curves are observed at low temperature and high deboatdsg The
corresponding shape of cavities at the bonding interface of five types curve are shown
in Fig. 6. To ensure the bonding stress relaxes enatihesive and better conforms to
the topographic irregularities of the substrate surface, bonding is designed to be a very
low strain rate process at small deformation while debonding by peeling is typically a

high rate process. $ Ineestigation studies pttee rfdilureo f
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mechanisms of PSA bonded assembly and the failure locus is believed to be related to
the separation rate and loading temperature (Laketutl, 1999). The same
phenomenon was found by Fujita et al. (Fujita et al. 1988heir study of how the
miscibility affects the peel strength of natural rubbased PSA by 180° peel test. As

the pulling rate increased, the failure mode of all tested PSA samples with different
tackifier content changed from cohesive failure torfatgal, slipstick and glassy
failure. Poh and Khan carried out a systematic investigation on the effect of test rate on
the loop tack, peel strength, and shear strength of natural rubberdE BRI ENR50)

based PSA. They found that at low testing rates rubbetbased adhesives response

is predominantly viscous and cohesive failure occurs. The cohesive failure is mainly
due to the weaker internal strength rather than the bonded strength between adhesive
and adherent at low separation speed, and thesaahfails within its bulk. However,

under higher testing loading, the response becomes predominantly elastic because its
elastic components become significant and results in adhesion failure. Their study also
showed that PSA sample strengths increasditeamechanical response changed from

more viscous to more elastic (Poh and Khan, 2011).
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Fig. 6. Image of bonding interface of late bonding stage: (A) Type | curve; (B) Type

[l curve; (C) Type Il and Type IV curves; (D) Type V curve (Lakrout al et., 1999)

The temperature of PSAs field applications is usually above their glass transition
region, in vhere, the PSAs can exhibit the maximum adhesion energy. In this
temperature range, the intermolecular interactions determine the mechanical behavior
of PSA (Lamanna and Basile, 2013). Creton and Leibler studied the temperature
dependent of PSA tackinesss Aemperature increases frofg (glass transition
temperaturejo 60 °C, the adhesion energy of PSA with shemnn contact time is first
increases, then decreases. Meanwhile, the adhesion energy of PSA witarfong
contact time decreases monotonicallygton and Leibler, 1996). Lai et al. investigated
the effect of humidity and temperature on the adhesive strength of the PSA (Flexbond
150) with Mylar film. Their study shows that the adhesive strength decreases
significantly with an increase in the termgeire in general. However, the sample
preparation conditions, e.g., bonding pressure and contact time, are important in
determining the humidity effects (Lai et al., 1985). A PSA durability study conducted
by Sohn also indicates that the life timeR8Abonded assemblietecreased by one
order of magnitude, after the samples were exposed to a high humidity field (Shon,
2003). Investigationson the effects of environmental conditions on PB@#nded
assemblyalso indicates that the swelling process of mogstato the adhesive makes
the failure site transition from the adhesive layer to the adhesive/adherent interface.
Temizet al.evaluated the durability of structural adhesives at very harsh environmental
conditions. They exposed the samples to 100% RIditons and 3.5% NaCl solution

for 90 days (marine application). All specimens lost their bonding strength significantly
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after the longeerm exposure test and the SEM images of the fracture surface indicated

the failure mode changed from cohesive failoradhesive failuréTemizet al, 2009.

1.3.4 Effects of configuration on mechanical behavior of RffAded assemkdy

In order to accommodate different applications and designs, PSA systems have their
own configurations, including different area geometries and laminated structures. The
differences for each kind of PSA system affects their mechanical performance in
variousways. For example, for singlayered PSA system, under the same interfacial
bonding quality, increases the PSA film aspect ratio (ratio of shortest edge to edge
distance to thickness of adhesive layer) leads to significantly increase tHeoR&#d
asserbly performance, such as peel strength, and tackiness (Kaelble, 1992). The reason
behind that is as the thickness of the adhesive decreases;plamendeformation
increases dramatically due to its thin fil
enhances the accumulation of hydrostatic stress in the bulk of the adhesive layer. Thus,
increasing the resistance of adhesive layer to the mechanical loads. However, as the
PSA systemdés configuration belayeraePSA mor e ¢
system, he mechanical behaviors BEA bonded assembliase also affected by the
interaction between each lamina in the system, such as flex of carrier layer and the
interaction between the carrier layer and adhesive layer.

Yamaguchi investigated the debondingygess of doublkayered adhesive tape
with an inner film as its carrier layer. In their investigation, the PSA tape is bonded
with two glass substrates and the deformation of each adhesive layer is video recorded
during separation (Yamaguchi al et., 2Q1@nlike the singldayered PSA, which

shows only one peak in its forcksplacement curve, the forcksplacement curve of
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the PSA with a carrier layer presents a secondary peak, shoWwiy.if7(a). By
comparing the forceisplacement curve and the video of debonding process of PSA
system, the secondary peak of this fedtsplacement curve is caused by the
progressive cavitation and fibrillation in botdhesives layer due to the additional
interface introduced by the carrier layer shown irfFig. 7(b). Fig. 8 shows the effects

of loading rate and carrier film thickness on the feadtslacement curve, at the lower

test rate, an increase in the thickness of the carrier layer leads to a dectieasegree

of the second transition; at the higher loading rate, this trend becomes less obviously,
but the secondary transition is noticeable in all the fdisplacement curves presented

in Fig. 8.

19



(a)

40
30
&
£ 0 (ili) Gy v)
10
o L L
0 0.5 1 1.5 2 25 3
(b) Machine displacement [mm]
(i)x =0.53 mm . (iv) x =1.75 mm

(i) x =0.88 mm 2 mm

A e Vo

— L Y U

mm

(V) x=2.23 mm Inner film

ii x=123

T

TSR SE R

Fig. 7. (a) Typical forcedisplacement curve of PSA system with thin carrier layer. (b)
Snapshots for displacement values corresponding to the letter in (a). The carrier layer

is at the boundary between two col¢yamaguchi et al., 2008)

(a) (b)
50 —TEEG 50 : .
Ppiim =S50 um Pfim = S0 L M e
100pm —— \ 100pm ——
40 | 250 pm o | 40 2600m — |

0 05 1 1.5 2 25 3 0 05 1 15 2 25 3
Machine displacement [mm] Machine displacement [mm]

Fig.8 Force di spl acement curves at two separ af

= 100 & m/ sdoublelayeredRSA systams with different carrier layer

thicknesqYamaguchi et al., 2010)

20



1.3.5 Effects of substrate surface propertied8A bonded assemblies me c hani c al

performance

The wettability of PSA on the bonding substrate is affected both by the rheology
propertes of the PSA itself and the surface properties of the bonding substrate. Creton
and Leibler studied the relation between the roughness of the substrate surface and
tackiness of the PSA. Since the substrate surface is never perfect smooth, for a specific
PSA under same bonding conditions, the actual surface area of substrate is proportional
to the number of asperities, and the actual contact area is inversely proportional to the
applied pressure (Creton and Leibler, 1998). However, considering the flow
chamcteristic of the PSA, the longer contact time, the more relaxed the adhesive (time
dependent elastic modulus decreases, then reach a plateau region as the stress applied
time increases). This manner is also reflected in the effects of after bondingimging
Normally, longer past bonding aging time (storage conditions) lets PSA relaxed more
and creates a better contact with the adherent. Therefore, they believed the bonding
energy or force, measured from tack test, was directly proportional to theaaetual
contact when the other debonding conditions are kept constant and the variation in
contact area does not affect the debonding mechanism. Investigations on the effects of
substrate properties are also focusing on how the surface energy affectttaidity.

Chiche et al. studied how to control the adhesion of soft PSA on a statdessurface

by controlling the surface roughness. To compare the effects of the roughness, five
probes with different roughness have been used. Their test reslittsted that the
surface roughness has dual effects on the performance of PSA. Large surface roughness

can (1) decrease the stress level at the beginning of the debonding process, due to the
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earlier cavitation process (Chiche et al., 2000). Sté&\mmtan et al. compared the
fracture toughness of PSA bonded with two different thickness Melinex backing tape
through a numerical method. Their study showed that the facture toughness of 90°
peeling test increased by around 10% as the thickness of the baaghénontreased

from 0.34 to 0.76 mm (SteverFountain et. al., 2002Toyama et al. investigated the
relationship between the surface energy of adherends and PSA adhesion. The
difference between surface energy of PSA and adherend has significant effext on th
adhesion. Optimal bonding strength achieves when the surface energy of adherend is
slightly higher (20% to 30%) than the PSA surface energy (Toyama et al., 1973). Sohn
and Yang studied the adhesion and peel strength between PSA and seven different
polymeric films, whose surface energy varies from 35 to 72 m®ohn and Yang,

2003). For creating different value surface energies to fill the band gap some surface
treatment methods, such as Corona treatment (Sun et al., 1999), were introduced to
modifyt he surface energy of some polymeric fi
showing that the peel strength is proportional to the film surface energy under different
peel rates. Besides that, the peel performance of the samples with higher surface energy
are found to be more dependent on the peel rate. Kowalski et al. conducted similar
study on understanding the role of surface energy on bonding performance. Their
investigation found that increased the surface energy from 20.5 to 42.9incigased

the tackiness by about 30000%, but a higher surface energy, 65 nmiJheduces the
adhesion (Kowalski and Czech, 2013). Onéheflatest studies by Kowalski indicates

that increasing the surface roughness of bonding substrate could either enhance or

decreasethe tack performance depending on the thickness and the crosslinker
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concentration of the PS&Kowalski and Czech, 2015They concluded that the tack

of PSA decreases as the substrate surface roughness and PSA crosslinker degree both
increases. Chiche d@l., investigated the tack performance of PSA bonded with
stainless probe with five surface roughness. Their study indicated that the rougher
surface results in deeper groove that can i) increase the size of air trapped during the
contact stage; ii) altahe stress distribution near the surface in such a way that more
spots are under residual tension stress. The amplitude of roughness plays an important

role in the interfacial cavitation between PSA and substrate (Chiche et. al., 2000).

1.3.6 Modeling mechanicalesponse of the PSBonded assemldy

The complicated mechanical behavior of PSAs motivates researchers to extend the
investigations from the experimental perspective to the modeling perspective for
systematic studying of the debonding dynamics of th& $§8tems. Mohammed et al.
(Mohammed et al., 2014) used the cohesive zone in finite element model (FEM) for
studying the interfacial peeling of PSA. In their study the adhesive has been defined as
a viscoelastic material and its interfacial propertiesrepeesented by a cohesive zone.
The material and interfacial properties for the FEM were measured directly from the
probe tack test and calculated analytically from the peel and relaxation experiments.
Crosby et al. estimates the adhesive performance AfBBSusing a linear elastic
fracture mechanics approach (Crosby et al., 1999). In their model, the evolution of
radius of contact area of viscoelastic materials is defined by Hui et al. (Hui et al. 1998)
with a modified Johnson, Kendall and Roberts (JKRyet (Johnson et al. 1971).

Debonding mechanism ¢1SA bonded assembly includes cavitation, fibrillation,

and interfacial slippage. Instead of studying the debonding mecharsed
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assemblly, some scholar chose to understand effects of each mechanighe o
performance of PSAonded assembbeparately. For example, in order to understand

the effects of dense cavities on PSA, scholars started with understanding the dynamics
of a single bubble in a different medium, such as a viscous medium (Brenngjy, 199
elastic medium (Gent al et., 1958; Williams al et., 1965; Lin and Hui, 2004), or
viscoelastic medium (Street, 1968; Everitt, 2003). The fundamental knowledge from
the bubble dynamics has been applied to interpret the growth kinetic of cavities in PSA.
Katerina et al., investigated the inception and deformation of single bubble placed in
the filament through a finite element calculation. Both Newtonian and viscoelastic fluid
were applied as material property for the filament (Katerina et al., 20049nGeedl.,
correlated the occurrence of cavitation to the deformation of adhesive based on the
degree of hydrostatic stress in the adhesive layer (Creton et al., 2000). Their study
demonstrated that if the tensile test is under displacement control ticavitacurs

when the hydrostatic stress reaches a critical value. Yamaguchi et al., combined the
different mechanism that affect the mechanical response of the PSA bonded assemblies

and developed a O6bl ock 6 -strmaim desponsefad PSAs i mul at

bonded assemblies (Yamaguchi et al. 2006) .
proposed by Yamaguchi and the enhanced 066D
Yamaguchi 6s model is named as classic 6bl o

the adhesive layer has been divided into several smaller blocks. Each block represents
a small portion of the bulk PSA. The gap between two neighboring blocks represents a
cavity. During the debonding process, each block experiences the tensile stseds cau

by wuniaxi al | oad and transverse stress cau
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modeling process, Yamaguchi assumed that each block has the geometric freedom to
deform individually. The shape of each block is discriminated by a parabolic paramet

which is related to the stretch ratios and the spatial coordinate of each block. Their
simulation results show that the classic
transitions followed by the plateau region and also able to see the effectsatfratp

of adhesive, substrate surface properties, adhesive material properties and loading
conditions on the stresdrain behavior, but the limits of these models are also obvious,

such as lack of cavitation criterion, oversimplified model configunatiosufficient

control over the interfacial friction and improper constitutive model for bulk adhesive.
Moreover, In the classic Obl oekisiinthedel , tF
model, so cavitation initiation mechanics is not included. As sltiethere is

inadequate control over the threshold stress value for cavitation to occur. Thus, the
primary transition in the classic 6blocko
the substrate surface properties and loading rate. Lately, Yamagjuadhi proposed

another simple model that can describe the debonding process of soft adhesive in probe

tack test. The theoretical results, such as cavity diameter, peak stress, strain at peak
stress, maximum strain and adhesive energy are in quantigaeement with the
experiments, but the full stresgrain curves generated by the model only agreed with

limitedempirical results (Yamaguchi et al., 2018)

1.4 Research gaps an®bjectivities

Past studies focused more on the mechanical performance oflaygjed PSA
systems. However, resources on the configuration of ddayézed PSA system and

the uniaxial creep behavior are limited. Additionally, the complex ssteas and
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creep respase of single and doublayered PSA bonded assemblies cannot be
adequately described by the conventional constitutive models. Therefore, the research
gaps for this topic are summarized as:

Research gaps in experimental investigations:

i) Stress strain behavior: lack of empirical investigations on the uniaxial tensile
performance oPSA bonded assemblyith longterm postbonding aging;

i) Creep behavior: lack of literatures on the uniaxial tensile creep performance of
PSA systems;

iii) Effects ofmacrevoid (air trapped) at the bonding interface on the s&sin
and creep performance of P®Anded assembdyare not fully understood;

iv) Effects of carrier layer in the doubleyered PSA system on the stras®in and
creep behavior are not fullynderstood.

Research gaps in mechanistic modeling of PSA bonded assembly:

i) Theclassicstresst r ai n 0bl ockdé model has no contr
and interfacial cavities.

i) The classic stresst r ai n O0bl ocké mod el has i nsuf
interfacial interaction, e.g. interfacial cavity growth and interfacial slippage
between the adhesive and substrate.

iii) There is no mechanistic model for uniaxial creep behavior of siagéged PSA
bonded assembly.

iv) There is no mechanistic model availldbr uniaxial stresstrain and creep
behavior of doubldayered PSA bonded assembly.

The objective of this dissertation study consists of two parts and listed as below:

26



Experimental investigations to understand influence of key fabrication and loading

conditions on the unigue response of rigid to rigid substrate bonded by PSA:

)

ii)

Vi)

tensile stresstrain test on single and doubégered PSA bonded assemblies
with extended post bonding aging time

creep test on single and douldgered PSA bonded assemblieshvaxtended
postbonding aging time

effect of substrate surface properties (surface free energy and surface
roughness) on stressrain and creep behavior of PSA bonded assemblies
effects of carrier layer (doublayered PSA) on the stresfain and creep
response of PSA bonded assemblies

relationship between the size of initial interfacial maeooads (due to air
trapped) and bond strength

relationship between the size of micro (due to surface roughness) defects and

the bond strength

Predictivemechanistic model for virtual testing and prognostic health management of

PSA bonded assemblies:

)

proper constitutive model for bulk PSA

cavitation criterion of bulk and interfacial cavity

cavity growth criterion of interfacial cavity

nornrmonotonic dependén the bonding substrate surface properties

develop mechanistic model to capture the uniaxial creep deformation of

singlelayered PSA bonded assemblies
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vi) develop new model configuration for capturing the additional transition and
phases in the stressran and creep responses of doulalgered PSA bonded
assemblies

vii) develop new model algorithm for capturing the effects of carrier layer on the

stressstrain and creep response of dodblgered PSAonded assembly
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Chapter 2. Approache®f Dissertation

Experiment:

Bonding condition
* stress level
* temperature
* contact time
* post-bonding aging

Empirical results

s Stress-strain test:
Substrate * Loading rate

T * Temperature
Single-layered PSAs: Creep test:
Bonding substrates:  PSA thickness + Stress level
* substrate material * PSA materials * Temperature
* roughness Double-layered PSAs:
* carrier thicknesses
Modeling:
Mechanistic model:
* single layered and double-layered  * effect of carrier layer
* stress-strain and creep response * interfacial cavitation criterion
+ effect of roughness * bulk/interfacial cavitation
* strain hardening * bulk/interfacial cavity growth

Fig. 9. Approaches fomechanical characterization of PSA bonded assembly

Fig. 9 shows theapproacksfor this dissertation studghat consist oftwo phases.
Phase | focuses on the empirical investigation on different kinds of PSA syStehs.
focuses include effect dbading conditions (loading stress, strain and temperature),
effects of PSA material, effects of substrate surface properties (surface free energy and
surface roughness), and effects of PSA configuration (aspect ratio of adhesive layer
and flexural rigidiy of carrier layer)Phase Il focuses on developingpeedictive
mechanistianodel to evaluate the mechanical behavior of PSAs/substrate at different
operating conditions. This model can perform virtual tests on the PSA, waich
generate stresstrain anccreep constitutive model for single and dodlalgered PSA
systemsThe empirical results generated from Phaaeelused as fundamental basics

for developingand calibratinghe mechanistic model in Phase II.
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Three kinds of PSA systems with differemnfigurations and three kinds of bonding
substrates will be investigated in this dissertation study:

PSA configuration 1: singlayered PSA with adhesive layer onfiyvo adhesive
thickness)Fig. 10 (a).

PSA configuration 2: doublayered PSAthree carrier layer thicknes$)ig. 10 (b).
Carriermaterials: polyolefin foam and PET film.

Bonding substrates: Aluminum, glass and glass coated with black mask.

Release Liner

PSA —=

(a) Schematic of singldayered PSA (with release liner)

PSA

1

™~ PSA

Carrier
—_—
layer

(b) Schematic of doublayered PSA (without release liner)
Fig. 10. Schematic ofelected®SAsystens
2.1 Mechanical testing on PSA bonded assemblies
The task in this phase inales: tensile stresgrain andcreep tests with different

selected loading conditions, real timesitu observation of the bonding interface
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during the debonding process, ptett analysis of the failure modes, astdtistically
significant analysis of the testsd dat a.
2.1.1 Design of test setup

The configuration of the test coupon is showirigs1l. It is PSA bonded with two
rigid flat substrates(simply called as PSA bonded assembly in the rest of this
dissertation). Ishape tabs are designed for fitting the DMA grip. Also, the bonding
substrate arechanged based on the purpo$stady in different phasd-or example,
in order to obtain the optical access onto bonding interface, tiad Bluminum
substrate will be replaced by a flat transparent subgtatbe optical observationas
shown inFig. 12. All test coupon prepared by following the protocol developed earlier
in this dissertation studyletailed bonding parameters selection and bonding processes
are discussed in Appendix Different subgtate materials ansurface preparatioare
usedto investigate the effects of surface energy and surface roughness on the

mechanical behaviors of PSA bonded assembilies.

Aluminum

PSA

Aluminum

Fig. 11. Specimerconfigurationfor uniaxialstressstrainand creep testing
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Aluminum

PSA
Glass

Fig. 12. Specimen architecture for-gitu observation

As shown inFig. 13 andFig. 14, there are two different test setups for this study.
The one shown ifrig. 13 is for uniaxial stresstrain and creep tests; the otoeeis
for the optical real timén-situ observation. The test setup tensilestressstrain and
creep test isery straight forward. Test coupanentioned aboves directly mounted
on the DMA by grippingts two endsThe deformation process of the PSA system is

also recorded by a video camera from the side.

Specimen

Substrate

PSA bond line n——

Substrate
DMA

grips
Fig. 13. Test setup for stresstrain tensile and creep test
Fig. 14 is the test setup for optical observation; the white block with open square
window on the top and extended arm on the bottom is designed to work as an
observation station. Similar to-fab albminum substrateyhen testingthe extended

arm of the blocksetup isgripped by the DMAlower arm The configuration of test
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coupon for real time observation is differdram those for uniaxial tensilests. In
order to obtain the optical access toltbading interface, one side of the PSA is bonded
with a thin flat transparerglasssubstrate as shown irFig. 12. Area of the glass
substrate is larger than the amdapen window on the top of the block setup. Therefore,
when the sample being pulled from the side bonded withalil@inum T-tab, the
transparenglasssubstrate on thather side is mechanicallgcked by the open window
due to the difference in areBuring the real time observation,4&degreemirror
system issecured inside the block setup for providing a horizontal view of the pndin
interface. To better compare the real time morphological evolution of the bonding

interface and the stressrain behavior, a microscopic video camera system is used for

recording the debonding process throughdthelegreemirror system

45 degree
optical setup

Fig. 14. Optical setup for real timi-situ reakttime observation
2.1.2 Stressstrain behavior of singiayered PSA
In this part, the stresstrain behavia of singlelayered FBA systems are

investigatedPSAbonded assembfyarameters include the thickness of adhesive layer,
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substrate surface roughness and substrate surface free energy (substrate material).
Tensile esting parameters including tleeparation rate and loading temperature.
Supplementary tests are required teasure the surface free energy of selected
substrates.
2.1.3 Creep response of singl@yered PSA
In this part, the uniaxial creep performasaé singlelayered PSA systesnare
investigated. The PSBonded assembjyarameters including the thickness of adbesi
layer, substrate surface roughness and surface free energy. The testing parameters
including the loading stress and loading temperature.
2.1.4 Stressstrain and creep response of dotlblgered PSA
In this part, thestressstrain and creep performanagsdauble-layered PSA syem
are evaluated. ThaloublelayeredPSA bonded assemblgarameters including the
thickness of carrier laygsurface free energyand surface substrate roughneBse
testing parameters including the loading sttegsl, rate andermperature.
2.1.5 Opticalln-situ observation of the bonding interface during debonding process
For singlelayered PSA systerma real time In-situ optical observatioron the
bonding interface during the debonding processonduced for understanding the
deformation in the bulk of the adhesive layer and at the interface between the adhesive
and substrate.
For doublelayered PSA system, a real tirresitu optical observation on the side
of the PSA bonded assemblies during the deimgngrocess is conducted for

understanding the deformation of the adhesive layer and flex of the carrier layer.
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2.1.6 Failure analysis in PSA bonding interface after debonding process
In this part, the bnding interface of the delaminatidfail) sample is investigated
to understand the effects of combinations of PSA/substrate, substrate surface
properties, and loading conditions on the failure mode of PSA bonded assembilies.
Therefore, to correlate the bonding performance to the faitode
2.2 Modeling the debonding process of PSAondedassemblies
Predictive mechanical model for the stredain and creep behavs of PSA
bonding assemblies are carried out in this part of study. The fasked on the classic
0 bl oc k Modelmglapdroach is a simplified 2D approximation, as shoviAign
15. In theclassicdlocko model, each block represents the bulk adhesive angbihe
between two neighboring blocks represent the cg¥igmaguchi et al. (2006)he
substrate is treated as rigid body, since its modulus is much larger tHatSbe 6 s
modulus In the model representation, the blocks are visually separated by dummy
cavity (gapbetween two neighboriniglocks). However, they initially connect closely
with each other by the internal pressure te
provides the geometric freedom for the cavitation and fibrillation during the delgondin
process of PSAonded assemhlyrhe predictive mechanistic model is based on the
mechanisms of cavitation, fibrillation and interfacial plip g e . The <c¢classic
modelhas some intrinsic limitations that are discussed in this paper and improvements

are proposed to overcome these limitations.
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Actual deformation

Model representation

Fig. 15. Deformation of adhesive layer during the debonding process (top); schematic
of 2D block model (bottom)
Fig. 16 shows the numbering of each adhesive block and the ciiutyber of
blocks and cavitiesarepseet i n t he c | @gepriesentsdGhe pressuked mo d e
in the region between bloclandi-1, Pcav,iis the pressure of cavity between bloekd
i-1, Ris the characteristic size of cavity between blioakdi-1. It is important to note
that in the model representation, two neighboring blocksalvays separated by a
cavity. However,this is just the simplified schematic to represent the adtitzl
debondingstatus shown irFig. 17. The discrete model configuration can provide

geometric freedom for modeling the debonding process.
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P, P, Ps Py P; Py

Pcav,l Pcav,z PCCW.I'—Z Pcav,i—l

Fig. 16 Block numbering and model componemRsis the pressure in the region
between the block1 andi. Pcav,iis the internal pressure of the cavi®yis the

character size of the cavity.

Bulk

adhesive Cavity

Fig. 17. Realistic schematicafavi ty i n the &édblockd model

The coordinate system to describe the block motion and deformation is shown
Fig. 18and the relation between material coordinate and spatial coordinate is describing

in Equations 1) and @).
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[ 0 S H<

Fig. 18. Material and spatial coordinate system to describe the block motion and
deformation. A point at the internal coordinatg (s transformed in the point (x, z) in
the block._ is the elongation ratio, (X, Z) are the coordinates of the center of gravity,
anday is the coordinate of the central position of the surface. C is the parameter
characterizing the parabola (Yamaguchi et al., 2006).

w ® ©. % P pPE 1)

@ o_- ¢ @
where0 is the parameter characterizing the parabola.

Based on Egs1j and @) and by expressing - with ofto the velocity at the

material point is given by

o] a p
& P PST0 ¢ 3)
b Za @

The velocity gradient tensor for the thin film adhesive is calculated as:

—a

v G_

&)
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Given the velocity gradient, for Newton fluids, the stress is given by
, -0n0o (6)
where—is the viscosityO 10 no
In the current problem (tensile model), the relevant stress componepts aral,,

that are defined in the following equations

C— I
.t ot = ote=
— - (7)
foor 22 ol
o W W5 0_ ®

Fig. 19 shows the force balance of blocind the corresponding equation is written

as

0 0 0_ g, 9)

e
5 IO [‘J

The block slips at the interface if the shear fqrceas large enough. L&b be thex-

coordinate of the middle point of the interface betwi€dslock and of the adherend.

The slip velocity is proportional to the stress at the inter face
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‘O, (11)

where’ is thefriction coefficient at the bonding interface.

X
Pi o Pi+1
Xsi
Ogj MX si

Fig. 19. Force balance acting on the blackis the mass center of the block atg

is the xcoordinate of the center point of the interface of PSA and bonding substrate

I n the classic 6blockd model |, the size of

the distance of material poiGt and® and thecurrentwidth of the block.

‘Y O_® ®

@
— (12)

Considering the effedf surface tension, hypeaiasticity, and viscosity the cavity

expansion is written as

Y v —

Y . q
T— Y

oY Y
C Y Y (13

where—is the viscosity of adhesivi,is the surface tensioty, is the initial size for
thei cavity andG is the modulus of the bulk adhesive.
Thereforethe time evolution of the system can be determined by the equation

given above. The-zomponent deviatoric stressdstermined by

C— C—
= “O =
” TH T” _ T _ (14)
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Given, , the interfacial shear stress can be obtained by the following set of
equations:

(1) The force balance equatiy. @)

(2) The cavity expansion equati@y. (1L3)

(3) The rheological constitutive equati&u. )

(4) The interfaciaklippageequationEq. (L1)

The numerical algorithms for the classic
| START |
!
‘ Set Initial values ‘
Loop A 4 ﬁ(n+l) = j'(”) +2At
‘Time evolution of 4, R, | RUHD — RO | p) A
Time evolution of cavity pressure
P =0 (cavity)
PUD = RAR® /R }(air bubble)
!
ITime evolution of o, o™ ="+ AL
v
Calculation of Pressure P, _
(see APPENDIX) oV ="+ " VAL
l (n+1) __ ~(n) S(n+l)
‘Time evolution of o, C,, X, ‘ G =a" G N
X-(FH—I) :X(ﬂ) +X,-(H+I)AI

i i

‘ Calculation of Debonding stress G| (M _ o +p - p"

tol,z

| END |

Fig.20Numer i cal algorithm of <c¢classic 6bl ockd

Considering theatmosphere pressurg,component of deviatoric stress and the

hydrostatic stressiside each blogkhe total debonding stress is calculated by

~ ~

S O U (15

where8 stands fothe average over all blocks.
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It is importanttonotet hat t he Ocl assi cO effectidkeel does di
loading surface area between blatiess component and the atmosphere pressure
2.2.1 Stressstrainmechanistic model

The classi® b | onodel@@sdiscussedbeforg is improved in this part of study by
adding cavitation criterion (for bulk and interfacial cavityjdeng interfacial cavity

growthcriterion, andapplyingproper material constitutive for bulk adhesive.

Effect of substrate

surface free energy
and roughness

Cavitation
criterion (bulk
and interfacial)

Constitutive
model for buck

Interfacial cavity
growth criterion

Fig. 21. Approaches oénhanced the classicsindleay er ed o6bl ockd model

Constitutive moddbr bulk PSA

Stressstrain behaviors of PSA systems are highly nonlinearly dependent (strain
level does not linearly increase as steain ratancreases)Properconstitutive model
need to beselected for the bulk adhesive of the mechanistic model

Cavitation criterion

In this part, ariterion of onsebf the cavitations chosen and applied to control the

initiation of cavi t at Cawittesaiestill preflseedeccintides si ¢ 0Db
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adhesive layer. However, a critical stress value is used to control when these cavities
start to deform.

Interfacial cavity growth criterion

The growth of interfacial cavity consists by lateral and vertical growth in the bulk
adhesive and latal growth at the bonding interface. Growth in the bulk is simply
governed byeg. (13) In here, the shape of the cavity is ignored. The lateral expansion
at the bonding interface will expose new surface, both for adhesive and substrate. The
receding ofcontact front is controlled by the fibril detachment criterion proposed by
GlassmakefGlassmaker et al., 20Q7As shown inFig. 22, the horizontal drce to
shorten the fibril foot can be related to the vertical force in the fibril body by the

conservation of energy in the debonding system.
T V

o (x) +— — g(x + dx) Overt

T(x) \ --d--

WA TR

Fig. 22. 2D schematic of PSA fibril during debonding. is the deviatoric stress
along vertical (loading) direction in the fibril,is the converted stress along the fibril
foot in horizontal directioriGlassmaker et al., 2007)
2.2.2 Creep behavior of singlayered PSAonded assemhly
A creep model is developedy bmodified the enhandeé bl ock 6 model

debonding mechanisms of theeepmodelare that same as the mechanisms of the
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stressstrain model that areavitation,fibrillation, and interfacial slippageHowever,

somemodifications, as listed iRig. 21, need to be addressed.

Different
loading history

Creep constitutive
model for the bulk

Cavitation
criterion for creep

Fig. 23. Approaches of develop a predictive model for creep response of-single
layered PSAonded assembly

Stress component in creep model

During the creep test, the total applied force is controlled. But thatdeei and
volumetric stresschange over timeCreep deformation is mainly driven by the
deviatoric stressHence as the stresshange over time due to tlo®mpetition of
cavmtation and fibrillation, the creep ratdso changed.

Constitutive model for bulk PSA

In order to extendhie model capacity for capturing the creep response of PSA
bonded assemblies, some modifications needetimplemented due to the different
loading histories of stresstrain and creep tests. The evolution of a creep model is
highly dependent on the history of the stress components. Therefore, to obtain the full

history of the deformation process, theialistress ramyup processnust be included
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in the creep modeBased on the different loading historfgetalgorithm of the creep
model isalso different to the strestrain model. The algorithm of the creep model
consists of displacemenbntrolled patr (stress ramyup) and forcecontrolled part
(creep).

Cavitation criterion

The stress level in creep deformation is lower than in ssteas testing under
specific range of strain rate. However, plenty of cavities are still observed during the
long-termcreep deformation process. Therefore, in the creep model, the critical stress
criterion is no longer suitable for cavity initiation. In the current stage, a strain criterion
is assigned for the creep model to control when the cavity starts initiate ortinhe
initial defects start growth. The value of the strain for creep cavitation criterion is
observed from the experimental results.

Cavity growth criterion

In creep deformationdue to the huge differences in the deformation chtthe
adhesivethere are two deformation regions. One is the slow deform@geon, which
in the bulk adhesivein the far-field from of cavites and the other is the quick
deformation region, which the nearfield of the cavites especially when the cavity
is in the early growth stage. When the cavity size is large enough, the deformation rate
is similar for these two fiekl Therefore,rate dependent material properties are
requiredto assign for the adhesive in the different fields. In the current study, differen

relaxation times are assigned for the close field and the far field adhesive.
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2.2.3 Stressstrain and creep behaviors of doutdgered PSAonded assemhbly
The mechanistic models for strestsain and creep response of dotlblgered PSA
bonded assembly areevkloped by modified singlayered stresstrain and creep
model. The debonding mechanisms of the creep model are that same as the mechanisms
of the stresstrain model that are cavitation, fibrillation, and interfacial slippage.

However, some modificains listed inFig. 24 need to be addressed.

Model Sequential cavitation

and fibrillation

A L
Additional
boundary conditions

Fig. 24. Approaches of develop a predictive modeldtressstrain and creep

response of doubleyeredPSA bonded assembly

Model configuration

In order to modeling the doubleay er ed PSA system. Two Obl o

togethey each Obl ockéo mo d e | rept €hésealiotvs o n e
independent cavitation and fibrillation in eachbédck system. For simplification, the
carrier layer is treated as a flexural rigid elem@&hte geometric constraints provided

by the carrier layer are presented by some simple stalctomectorsuch as spring

system.Schematic of doublayered model configuration is shownkig. 25.
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Fig. 25. Schematic of doublayered model configuration

Seqguential cavitation and fibrillation

In order to obtain sequential cavitation process, two different defect density are
assigned for each &éblocko | ayer. Therefor
region cancavitate faster than the other regemd the spring connecter, as shown in
Fig. 25allows different degree of deformation of local adhesB@ the model enables
to capture the additional transition in the stigfsain and creep curve.

Additional boundary conditions

Presence of carrier layer introduce additional boundary conditions to the adhesive
layers. Since the carrier layer can flex during the deformation process, the deformation
of the adhesive layer on both sides of the carrier layer must follow the local flex of

carrier layer.
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Chapter 3. StressStrain Response oAssemblies Bonded witlingle-

Layered PSA

3.1 Abstract

The challenges of modeling the deformation of structures containing pressure
sensitive adhesive (PSAjonded assemkdyincludes the dependence of the PSA
def ormati on mechanism on (a) PSA adhesi ve j
surface properties, such as surface energy and surface roughness. These parameters
have significant and unique effects on the meclanésponse of theonded assembhly

Thischapter igart | oftwo-part series on the mechanical response of siagkred
pressure sensitive adhesive (PS#9nded assemidy where a mechanisimased
predictive model, supported by empirical observatiomprésented for modeling the
uniaxial tensile stresstrain behavior of a singlayered PSAbonded assemhlyrhe
underlying model is based on multiple mechanisms: (i) cavity nucleation and growth
in bulk adhesive material of the PSA system, as well dseanterfaces between the
PSA and the substrate; (ii) fibrillation of the adhesive layer and (iii) interfacial slippage
between the adhesive and the bonding substrate. This study is motivated by the fact
that the resulting nonlinear stresisain responsés quite complex and unlike the
conventional polymer constitutive modatsirrently aailable in commercial FEA
tools. Additionally, the current mechanistic models inlitezatureare insufficient to
make reasonable predictions of the stssain resposes of PSAonded assemldy
because: (i) they fail to correctly model the combinations of bulk and interfacial
cavitation; and (ii) fail to correctly model the nonlinear viscoelastic strain hardening

due to fibrillation. The proposed model is an improvenmrer theclassico b | oc k 6
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model that has been proposed by Yamaguchi andlockers for singldayered PSA
(Yamaguchi et al., 2006). This proposeddel can be used as a virtual testing tool to
generate stresstrain curved for constitutive models of P8&nded assembdywhen
using commercial Finite Element Analysis (FEA) tools, such as ABAQUS or ANSYS,
for assessing the deformation of structures containing siagéeed PSAbonded

assemblg under different loading conditions.

3.2 Introduction

SinglelayeredPSA system has the simplest configuration amount all PSA systems.
They only have one layer of adhesive, no carrier lagea, noadditional interfaces.
The adhesive layer only interacts with the bonding substrates during the debonding
processGay and Leiter investigated the uniaxial debonding of sintfgered PSA
and proposed that the stress maximum of elastic PSA depends on its elasticity and size
of initial defects between adhesive and bonding subgt&stg and Leibler, 1999)
Creton investigated thadividual contributions from bulk and bonding interface to the
debonding stres&Creton et al., 2001)The critical energy release rate has significant
effects on whether the adhesive properties are controlled by bulk or by the interface
between PSA andubstrate. Sosson investigated the shear failure mechanism of PSA
and found that interfacial slippage can play a significant role in viscoelastic adhesion
under both tensile and shear load{®gpsson et al., 2005)Mohammed used a FEA
model to numericallpredict peel force and the result showed good agreement with the
experimentally measured peel force over the range of the peel angles considered
(Mohammed et al., 2016Kowalski and Czecmeasurd the peel performance of PSA

bonded with different matet®and reported that the tack performance increases as the
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surface energy of polymeric substrates increase from 20.5 to 42.9 (dmalski and
Czech, 2015)Glassmaker investigated the elongation of soft viscoelastic fibril and
proposed a mechanical madleat can estimate the actual contacting footprint of the
viscoelastic fibril on the bonding substrate. Evolution of the footprint is sensitive to the
interfacial shear stress and fails via a sliding mechalGlassmaker et al., 2008)
Yamaguchi and hisoworkers used a 3D imaging process to investigate the cavity
expansion in the bulk and bonding interface of a BP8Aded assembignd proposed
a block model that can capture some characteristic features in thesgtagssurve of
singlelayered PSA bamed assembly based on the mechanisms of cavity initiation,
cavity growth, fibrillation, and interfaci
mechanical model that can capture the primary transition followed by a plateau region
in the forcedisplacementurve of tack test. However, due to the simplification of the
geometric representation of bulk cavities and interfacial cavities in the modeling
methodology, this model has insufficient control over transition initiation,
delamination, and shows almost siwain hardening past the transition in its stress
strain prediction, which are not consistent with experimental results. The limitations of
the model prediction are due to: (i) no proper cavitation criterion in the mqutel
existing cavities start ewdhg at the first step of iteration; (ii) inaccurate material
model for bulk PSAT strain hardening cannot be captured properly; and (iii)
insufficient control over the interfacial interaction and interfacial cavitation between
bulk PSA and substrate.

Thecommon adhesion experiments such as peel, shear, and tack have been widely

studied on PSA film. However, the literature regarding the sgteas performance of
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PSAbonded assembdyafter shelf storage is limited. Moderate post bonding aging at
room temprature can improve the adhesion between the adhesive and bonding
substrate (better wetting). And therefore, can change the-stragsbehavior, such as
strain hardening before delamination, which is not common in the results from tack
tess.

This chaper consistsof empirical and modeling sections. In the experimental
section, the effects of bonding and loading conditions on the mechanical behavior of
PSA bonded assemblies are studied. Then parametric experiments are conducted, to
understand the effectd substrate surface condition (roughness and material) on the
stressstrain response of such adhesive bonded sample. The purpose of the empirical
study is to explore the importance of different material and geometric properties on the
mechanical responseThis helps identify which parameters need to be included in the
mechanistic model. In the modeling part, a generalized predictive mechanistic model
is presented for a singlayered PSA. This model predicts the characteristic features
of the stress sdin curves due to effects of PSA and substrate properties. Subsequently,
parametric model predictions are presented, describing the effects of surface conditions
on the stresstrain responseThe creep response of sindggered PSAbonded

assemblgis presented ithe Chapter 2

3.3 Uniaxial tensile experiment

Tensile stresstrain test is performed at room temperature on a commercial PSA.
The test sample is shown kig. 26. The adhesive tape (7mm x 7 mm) is placed in
between two Tshaped tabs as a bonding media. The surface condition of the tab

(material and roughness) and the thickness of PSA tape are varied, to examine the
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effects of each parameter. The PSA bonded assembly is loaded in tension using the
Dynamic Mechanical Analyzer (DMA). The di s|
This analyzer gives access to the relationship between pulling for@@ and

displacemenD (m), from which we can estimate the average stréssnd the

engineering strain,() associated with the deformation of the adhesive. For
simplification, engineering stress and engineering strain are used oigbgstation

The true stress and &strain are significantly different, since excessive cavitation and

fibrillation results in large changes in the true cresstion and large nonlinear axial

deformation. Each result presented in this study is the average value of five replicates.

Load

-

Substrate

Single-layered PSA

Substrate

&

Load

Fig. 26. Schematic of test sample: sindggered PSA bonded between two rigid
substrates.

In order to verify the occurrence of cavitation and fibrillation in this selected PSA,
a real time ipsitu observation is conducted on th&erface of PSA bonded with glass
substrate by the use of a customized 45° mirror setup, as €aolym Fig. 12. When
using the mirror setup, on@e of thebonded assemblig replaced by a transparent

glass slide.
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3.3.1 Cavitation and fibrillation

Cavitationand growth of cavities has been observed during the test and is believed
to occur due to excessive stresses near the bonding surface. Thisiak toruke
mechanical performance of the PSA:situ observation of the debonding process,
reveals some differences in the PSA surface before and after debonding, and provides
some evidence for those processes in this F®A27is the bonding surface of a new
sample. In order to ensure there is not any damage on the bonding surface, this picture
is taken right after the protective cover has been remé&ig®8is the bonding surface
of the sample after delamination. By comparing these two pictures, the delamination
process can be seen to increase the rouglofi¢lss bonding surface and result in-pit
like defects, which is suspected cause by the expansion of cavities, on the bonding
surface. During the tensile test, the volume of the PSA layer is preserved. Therefore,
there is excessive elongation of the adhesayer, with more than 1500% strain to
failure, resulting in large permanent deformation inside the bulk of the adhesive.
Although the adhesive is stress free after delamination, the permanent deformation

cannot be fully recovered and is manifested atikgtdefects.

53



Fig. 28. Surface of PSA delaminated from bonding substrate

Noticeable change in instantaneous stiffness of the adhesive material system is
detected undersuitable loading rate. This phenomenon is attributed to the
microstructural change in the adhesive layer during the debonding process. As shown
in a side view irfFig. 29, a fibrillar structure, consisting of fibrils separated by prolate

spheroidal cavities, is typically found during excessive deformation in the adhesive

54



layer. The material has lost its statlyilsoon after the initiation of cavitation and
therefore lost its ability to sustain such level of force. The dropping in the stress value
means that the stress is relaxing, and it relaxes faster than the stress accumulated from
the loading procesdhis results in nofconvex relaxation behavior, evidenced as a
drop in the stress strain curve. This drop in the engineering stress implies that the
softening relaxation mechanism (cavitation) is outpacing the combined effects of the

loading rate and the hamiag rate (fibrillation).

Fig. 29. highly cavitated and fibrillated adhesive layer during uniaxial deformation

process.

3.3.2 Effects of loading rate

The stressstrain curve is found to be strongly Aptonotonic at the loading rate
(displacement rate) used in this study. shewn inFig. 30, the stength of the non
monotonicity isloadingrate dependent. The underlying cause for thismonotonic
ratedependent deformation behavior of the PBé&nded assemblys a constant
interplay between softening due d¢avitation anchardening due to fibrill&n. At a

certain point the stress level resumes its rise, implying that the combination of the
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loading rate and the hardening rate due to increasing rates of fibrillation is now
outpacing the continuing softening (cavitation) rate. This hardening dubiiltation

occurs because polymer chains in the PSA fibrils reorient and stretch along the loading
direction. When the backbone of the polymer chain becomes parallel to the loading
direction, the polymer molecule is pulled taut, thus resulting in steathening. Such
distinct behavior is only for adhesives that are capable of cavitation and fibrillation

when proper loading conditions are applied.
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Fig. 30. Loading rate dependent stsestrain behavior of PSAonded assemldy

(missing part of yellow plot is due to the limitation of tester frame).

3.3.3 Effect of bonding conditions

Because the bond characteristics change with every adhesive and substrate
combination, we need a repeatable baseline specimen to compare resultgunlyhis s
The bonding conditions of the baseline specimen were parametrically studied to
establish a bonding process that results in a robust specimen in a reasonable period of
bonding time.Fig. 31 shows that podbonding thermal aging only shows noticeable
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effects when proper pressure is applied. This particular PSA and substrate combination
arefound to achieve its full bonding strength when bonded@a dt room temperature
under pressure. Higher bonding time or bonding temperature are not found to increase
the bonding strength any further, as showhig 32 andFig. 33. Bonding contact time

and bonding temperature are selected based on guidance from the manufacturer.
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Fig. 31. Effects of bonding pressure and post bonding aging time on the bond strength

of PSAbonded assemlsy
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Fig. 33. Effects of bonding temperature (RT and 50°C) on the bond strength of PSA
bonded assemkdy(30 psi bonding pressure and 24 hrs post bonding age).
The presented results are only valid for tRSA and substrateombination The

bonding and preparation processes described here become the protocol used for the rest
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of the study.More details about the optimal bonding conditions are presented in

Appendk Al.

3.3.4 Effect of surface roughness

The surface roughness of the substrate shows complexaonatonic effects on the
stressstrain behavior of PSA bonded assemblieg. 34 shows the test result of PSA
bonded to substrates of three different surface roughness valE@9AR400A, and
3300A). The peak strength for themary transition does not show any degradation as
Ra increases from 20A to 400A, but then drops 25% asnBreases to 3300A;
suggesting that size distributions of initial interfacial mieoads (and resulting cavity
nucleation rates) are not strongffeated until the Rbecomes significantly large. The
strength values beyond the primary transition show strongmarotonic behavior,
strongly increasing asafcreases from 20A to 400A, but then dropping back to the
original values as Rncreases toB0A. This normonotonic behavior suggests that
there are competing mechanisms: (i) strengthening due to higher effective bonding
surface area as surface roughness increases; and (ii) softening due to higher defect size
as surface roughness increasese 3tnengthening effect appears to dominate for 20A

< Ra< 400A, while the softening appears to dominate for 400A < 3800A.
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Fig. 34. Stressstrain response of smooth glass (blugz@®A), matt glass (red,
Ra=310A), and rouglglass (orange, R3300A)

Fig. 35(a) and (b) shows the surface topography of smooth and matt glass obtained
through atomic force microscopy (AFM)uBace topography of very rough glass is
not obtained due to the limited range of the AFM approach. As the surface roughness
increases, the effective geometric bonding area increases. However, if the substrate is
too rough, the pits on the surface can Itesuinitial voids between the adhesive and
the substrate as the adhesive is not able to fully penetrate the valleys. The size of the
initial defects depends on the surface profile of the bonding substrate, such as
wavelength of the roughness and the agerheight of the profile. These initial defects
will decrease the bonrstrength, as they require less stress to initiate their growth
procesgGay and Leibler, 1999As discussed above, this conclusion is supported by
the nonmonotonic test results fig. 34. Based on the AFM measurement, Schematic
idealization of interfacial bonding condition between PSA and substrate is shown in

Fig. 36. The meaning of each symbol will be discussed in the simulation section.
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Fig. 36. schematic idealization of interfacial bonding condition between PSA and

substrate.

The same test has been repeated with an aluminum substrate but with only three
different roughness levels, to understandnbgativeeffects of surface roughness. As
shown inFig. 37, as the average roughness of the bonding substrate increases from 215
A to 715A to 3100A, the stress during the deformation process and the degree of strain
hardening both decrease dramaticallhe initial defects at the bonding interface
produced by the rougher substrate are larger than those produced by the smoother
substrate. This is verified by the additional graphic evidences of delamination interface
(PSA side) shown ifig. 38. The smoother surface produces smaller and denser initial

interfacial defects, while the rougher surface produces larger and sparser initial
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interfacial defed. However, under same loading conditions, the number of cavitatable
defects in the PSBonded assemblyonded with smoother substrate are less than those
in thebonded assemblyonded with rougher substrate, due to the higher stress barrier
requires forte smaller defect size. Therefore, on the final delamination interface, the
smoother surface produces larger but sparser voids because each cavitatable defect in

this bonding system has larger mean free path than the system with rougher surface.
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Fig. 37. Effect of roughness on stresgain behavior of aluminum substrate with
three different roughness (blue line=R70A; red line, R=715A; orange line,

R-=3100A)
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Fig. 38. Delamination interface of PSBonded (a) with median rough substrate (large
mean free path), (b) with rough substrate (small mean free path)

Both testandicate that surface topography of the substrate plays an important role
in the formation and growth of cavities in the P®Anded asembly during the
debonding process. It determines the density, size, and distribution of the initial
interfacial defects. It is important to note tRais not sufficient for characterizing the
effect of surface topography on the adhesion strength. The same average roughness
associated with differerf® and characteristic wavelength may give different results
due to different prexisting defect size, astsematically shown ifrig. 39 (a) and (b)
(Donoso et al., 2007 The depth of adhesive can penetrate the groove highly depends
on the shape of the lumas pointed by the arrow Fig. 39, due to the surface tension
of the adhesive. When the wavelength is too small, the adhesive material is bHyd to f
penetrate the groove and results in a larger cavity at the bonding interface aed small
effective bonding area. Therefore, the roughness can have both positive and negative
effects on the bond strength. There are currently no empirical results rifgrnthis

hypothesis yet, but the simulation comparisons are presented in the simulation section.
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Fig. 39. schematic of effects of wavelength on the size of initial defect

3.3.5 Effect of substratsurface free energy

In this phase, PSA bonded with different substrate materials are tested. Selected
substrates include clear glass, aluminum (with and without adhesion promoting
coatings), and coated glass. To isolate the effect of substrate material, the aluminum
and coated lgss substrates were ground to the same roughness. The clear glass
substrate surface was unmodified and remained sm&ah20 A). Fig. 40 clearly
shows that even though the roughness of aluminumRad3000 A is much larger
than that of the glass taBR4e 20 A), the debonding stress of PS#+-aluminumbonded
assemblys still higher than that of a PSénglassbonded assemhl{Comparing the
result of the aluminum tab to the coated glass tab, which have the same roughness, the
peak stress differs by about 35%, the final stress differs by about 100%, and the

ductility differs by about 35%. Quantitative dependence of P®%ded assembly

64



performance on the substrate surface energy is not clearly understood yet, but a
comparative study on the roles of surface energy on the tack performance of PSA is
reported inliterature (Kowalski eal., 2013) According to literature and empirical
studies, the effects of substrate surface energy are significant and necessary to be
considered in the predictive model.
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Fig. 40. Effect of bonding substrate material

3.4 Predictive mechanistic model

A 2D coordinate system to describe the main unit block deformation and
translational motion is shown Iig. 41. The deformed geortry of the block during
the |l oading process is assumed to be parabc

to the spatial positiorx( 2 after deformatioras described by tifeowing equations

W w _Ep P& (16)

(17)
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where® is the location of center of mass of blacKiis the maximum deformation of
blocki at the center of theonded assembly ¢ =W andHo are the initial width and

height of block and is the stretch ratio.
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Fig4l.Coor di nate description of block moti on
the material coordinate and coordinate (X, z) is the spatial coordinate

Most of the PSAs that are capable of cavitation and fibrillation can deform more
than 1000% of their original shape. Therefore, Green strain is used to account for the

large strains. The Green strain tensor for this 2D problem is defined as:

P P rc‘id)
o & . ¢ O_
16, 00
"o=(*’ 5 ® = P (18)

wheredd "O-is the vertical axis in the block. Differedtvalues are selected for the
stress components. T@® or— T@® is used for both (deviatoric stress iZ
direction) and, (shear stress), since the interest region is at the interface between
PSA block and substrate shownFig. 42. The velocity grdient which was defined

byEg.7) i n t he enbdelsssawdaefidetd dso c k 0
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The force balance of theth block in the x direction is shown Fig. 42 and can be
written as:
0 0 O_ ¢ ®O® (20)
whereb is the ratio of current contact length to the initial contact length. Details of
parameteb arediscussed in the section of interfacial cavity growth criterion in this
paper.
We assume a constitutive relation for the shear stress, in terms of the sliding distance

of blocki:
” ;) (21
where," is the friction coefficient at the interface. According to litera(t@walski et

al., 2013)and experimental results, the friction coefficidepends is the function of

differences between the substrate surface free epergyand adhesive surfadece

‘e Qg s (22
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The initial voids in the bulk of the
model by the gaps between the blocks) are assumed to grow in accordance with the

growthequationas Eq. 23). Details for this equation was discussed in Chapter 2.

Y v —

Y . q
T— Y

0 YQ Y
¢V ¥ Ty 23

For interfacial cavities, there are two expansion modes. One is expansion into the
bulk adhesive; this process is simply described by Equ&a@n The othemproduces
new surfacen thebonded assemblgystem due to the partial interfacial delamination
Growth of interfacial cavity decreastége actual contact area (or contact length in the
2D model). The latter mode describes teeeding of contact area between PSA and
substrateCompared to growth of the bulk cavity, the growth of the interfacial cavity
consumes more energy. Dimensionless rati® the parameter to identify the actual
contact length between the block and substrate. This dimensionless ratio directly relates

to the growth rate of interfacial cavities.

Osi UXi
Fig. 42. Force balance oth block.0 is the pressure in the cavity region between

blocki-1 andi.
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I n this study, this classical o0 dirdino ¢ k
hardening of bulk PSA material, cavitation initiation criterion in the bulk of the PSA,
effects of substrate surface energy on the initiation and growth of interfacial cavities,

and effects of surface roughness ongxisting distributed interfacianicro-voids.

3.4.1 Constitutive equation for bulk PSA

There is no noticeable strain hardening observed in the-strags curves of most
tack tests(Tordjeman et al.200Q Brown et al, 2002 Mohammed et al., 2016
Takahashi et al., 2016)owever, signiftant strain hardening is common in the tensile
tests of the PSA bonded assembly. This difference in strain hardening between these
two test types depends not only on the adhesive material, but also on thenmiag
aging time and on the selection of blorg substrate surface properties, as shown in
Fig. 34 andFig. 40. The additional aging time in the tensile test (compared to the tack
tes) seems to help build a better bonding interface between PSA and substrate by
allowing additional adhesive flow into the miesoale pits and valleys on the substrate
surfaceThisincreases the effective bonding area and improved interfacial mechanical
locking. The stronger bonding interface allows larger stretch in the body of the adhesive
fibril before initiating delamination in the foot of the fibril. Large deformation and
strong interfacial bonding enable significant strain hardening of the PSAldiate
softening occurs due to the adhesive delaminating from the substrate.

Il n Yamaguc hi &amagbchietalk2006imeardviexwell viscoelastic

mo d e

model and hypee | ast i ¢ model are applied to the bu

model, repectively. This model predicts insignificant hardening after the first

transition in the stresstraincurve ands in direct contradiction of the stralrardening
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observedn physical tests. Considering the rate dependent sttesa response and
consicerable residual stress after long term relaxation test, a standard linear model, as
shown inFig. 43, with a small elastic element is used as the nahteonstitutive law

for the bulk adhesive in the current model.

Fig. 43. Schematic of standard linear model
In such a case, now the relevant stress componentsnd, , are obtained by the

following equations:

0 0. _ . _ o- — -0 0 24

0 0. _ ~ — "0- — 00— 25
whereO is the shear modulus of the individual sprin@, is the shear modulus of the
spring and-is the viscosity of the dashpot in the Maxwell element in the standard
linear model_ is the loading strain rate (engineering strain rate) of the PSA block, and
0 is the rate of change of the paroblic measurgméeach adhesive bloc¥iscosity
—is related to shear moduli® by — “Ot, wheret is the relaxation timeBoth
modulus’™O and"O are strain dependent, as shown in 2§) (Maeda et al., 20)1

'O OAgm (26)
where O is the initial modulus;O is the modulus in the current time steps the strain
hardening coefficient, and is the true strain of PSA fibril.
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3.4.2 Cavitation criterion

As shown inFig. 34, Fig. 37, andFig. 40, strain values of the primary peak are not
identical. Prior studies agreed that the primary instability in sgteas curve is due
to the rapid releasement of hydrostatic stress caused by the cavity initiation an
expansion processes, which are directly related to the surface conthtenfacial
energy and surface roughness) of the bonding substrate. The critical stress to initiate
the growth of an existing defect has been proposed by(Gay et al., 1999)A
simplified version of their critical stress cavitation criterion, B@),(is used for the

predictive model proposed in this study.

b- 27

As shown in theéeq. (27) the critical energy release rate, initial cavity width, and
initial cavity depth play important roles in the critical cavitation strés order to
guantitatively capture the effect of substrate surface roughness, we reduced the
complexity of the substrate surface topography by assuming the shape of grooves are
uniform on the substrate surface as shown in the schemdkig.iB5 (c). Now the

equation for initial cavity sizeY , is defined by:

T Y «
Y ®

T Y 29)

Where as shown irFig. 44, R/ is the mean roughness depXs,is the characteristic
wavelength, antl - which is a function oRzandXs - is the characteristic depth of the
PSA that penetrates into the groove urttiergiven bonding conditiomhe depthf,

that the PSA capenetrateghe groove under applied bonding pressure is a function of
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peak to peak valu¥ and the wavelengtév . In this study, for simplificationq is
linearly dependent on arctangen as shown in Eq.20). When the estimatedl is

larger than half of the wavelengH, & is equal to half oKs. A detailed study on the
dependence af on the topology of the substrate surface will be discussed in a separate
paper.

e =AOAQAI 29

wheremis a constant model parameter. When the calculated interfacial cavitation stress
is higher than the bulk cavitationress, then the cavitation initiates in the bulk
adhesive. In that case, the initial cavity si¥e, is simplythe initial bulk defect size

usedin the predictive model.

X
‘nmnﬂr S PSA

2Ri I; /

Length of substrate L

Fig. 44. Schematic idealization of interfacial bonding condition between PSA and

substrate.

I n Yamaguchi 6s conventional O0bl ockdé model
barrier for the cavity to grow when a displacement load is apffiachaguchi et al.,
2006) In other words, the cavity starts growing the moment any displacement is
applied, regardless of the magnitude of the displacement. Therefore, there is no
parameter in the model to control the strain value at which the primary peak occurs.
This is an indequacy of the model since experimental results do show differences in

the strain at the primary peak, dependindgponded assembbrchitecture and bonding
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conditions. In the current proposed predictive model, this limitation is mitigated by the
use of athreshold stress limit to initiate the growth of preexisting miarmls at the
interface or in the bulk. The instantaneous stress level around each cavity is evaluated
at each iteration, and the voids in each block are allowed to grow when the

instantaeous stress exceeds the critical stress.

3.4.3 Interfacial cavity growth criterian

Another Il imitation of the traditional &bl
direct control over the growth of cavities at bonding interface between PSA and
substrateThe only relevant parameter in the 06bI
coef fi ci g2l which poovidesErglirect and approximate control over this
interfecial cavity growth mechanism. While the literature provides some guidance over
how this surrogate parameter should explicitly depend on the substrate surface energy
,asshown in Eq(22) (Kowalskiet al., 2013)its dependence on other important surface
parameters, such as surface roughness, remains unaddressed. Furthermore, parametric
exploration reveals that this friction parameter has very limited tuning @aregete
stressstrain response d&?SA bonded assemblps shown inFig. 45, even whenu is
varied by two orders of magnitude, there is a small inadequate effect on the predicted
stressstrain curve. This does not agree with the experiments, shdvig. 40, in terms
of either the position, magnitude and span of primary transition; or the strain hardening

observed after the primary transition.
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The reason, I n part, i s because the trad
deformation of each block, as given in E(®) and (7) (and repeated below in Eqgs
(30) and B1)). Due to volume conservation, the widthand the heighl of the PSA
block are defined as:

o © (30

‘O 0} (31
wherew andO are the initial width and height of the adhesive block. This simplified
deformation field fails to capture the heglassing of the fibrils that is usually observed
during fibrillation in experiments.

I n the proposed i mpr ov enoreuniform trasssdcttoe 0O b | o c k
of the block is captured by letting the width of the fibril foot vary independently from
the width of the fibril neck at the center, as showhim 42. A similar technique has

been reported in the literature befdilmyama et al., 1973) As the fibril deforms,
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width W still follows the rule of volume conservation, but the fibril foot Iéngtolves
separately due to the interfacial constraint from the bonding substrate. The status of
fibril foot length directly affects the stress status in the bulk PSA and the ductility of

the PSAbonded assemhly Compared to t he ttheawrent i onal
model allows much lower interfacial frictional stress at comparable stretch, because of
smaller interfacial delamination at the bonding interface. This can be seen by
comparing the governing equations of thassico b | o c k 6 132 with that of E g . (

the current proposed model, EQOY.

Fig. 46. Footprint of PSA fibril on glass substrate

Evolution of the fibril foot length follows the detachment criterion proposed by
Glassmaker and his coworkers. As showRim 47, the horizontal force to shorten the
fibril foot can be related to the vertical force in the fibril body by the conservation of

energy in thelebonding systerfGlassmaker et al., 2008)

75



(a) (b)
Fig. 47. 2D schematic of PSA fibril during debonding. is the deviatoric stress
along vertical (loading) direction in the fibril,is the converted stress along the fibril
foot in horizontal direction.
Parameteb is the ratio of current contact length to the initial contexogth andcan
be estimated by applying fintgifference method in the fibril foot, as shown in Eq.
(33 (Tayama et al., 1973)

& w co
w (33

whereu is the displacement dfie edge of fibril foot, and can be calculated by

Yo cO_

(39

whereE is the modulus of bulk PSA, ; is the displacement of the fibril foot in node

j in then™ step] is the ratio of original fibril height to fibril widthQ éis the length

of each element in fibril foot: is the moduluf bulk adhesivef is the interfacial
friction coefficient, and/dis the time increment for each step. This equation is under
the assumption of rigid body motion of the fibril foot, whicheans that the

displacement of the fibril foot is independent of the position along the horizontal axis.

If the bonding interface is in perfecondition, then b=1; if the adhesive is fully
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delaminated then the width of fibril foot is equal to that offibil body (Glassmaker
et al., 2008) The initial value of parametbrcan be slightly larger than 1 if the substrate
has aslightly rough surface.

The parametds provides an additional degree of freedom to improve the interfacial
interaction between PSand substrate. Deformation is now mainly reflected in the
elongation of the fibril and the shrinkage of the fibril foot length (contact length), which
is controlled by the applied stress and apparent substrate surface free energy. The
apparent surfacede energy is the measured surface energy, which already includes
the effects of surface roughness @drittenas:

[ [ [ we+ (35
where’ ,[ and’ are interfacial tension in weknown Yong equation— is the
apparent contact angle describedd¥—+ @ @ éi(— is the Youn@ ontact

angle).

3.4.4 Total debonding force

Because the actual contact area between the PSA fibril and substraosy

identified by dimensionless ratip the debonding forcé;; can be calculated by

¢ (36)
whereb is the actual contact rati§,is the nominal area, arl stands for the average

value of all blocks. The debonding stress is then calculated by

C
C

(I)”

~ “O
” h nY

(37)
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The total stress (along loading direction) and its corresponding deviatoric component

and hydrostatic component are shown in the ssta curve irFig. 48.

3.4.5 Simulation results

Fig. 48 shows the stresstrain curve predicted for the parameter set fi@ble 1.
Parametersvith subscript * are used as reference metric for the rest of parametric
studies. As seen, the initial state of the debonding stress is dominated by its hydrostatic
part (internal pressure in the adhesive before cavitation). As the cavitation inikiates, t
hydrostatic stress is released due to the loss of geometric confinement, while the
deviatoric stress increases due to the strain hardening caused by the fibrillation process.
The total debonding stress in the final debonding state is dominated byisde
part (accumulated by elongation of fibril). The decrement of total stress in the final
stage is due to the foot delamination of PSA fibril fddATLAB code for single

layered PSA bonded assembly is presented in Appétalix
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Fig. 48. Simulation result of total debonding stress and its deviatoric (loading direction)

and hydrostatic stress component.
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Table 1: Simulation parameters for singl@yered PSA model

Parameter (unit) Value
PSA thicknesdO (m) Py p T
PSA widthaw (m) X PpTT
Separation strain rate 0.02
Relaxation time (s) 3500
Elastic modulusORO (Pa) 40, 200
Strain hardening coefficient 2.2
PSA surface energy (mJ/nt) 30
Substrate surface energy z (mJ/nf) 80
Initial cavity 'Y" (m) v pTI
Roughness wave lengéh (m) o pT
PSA penetration parameter m 60
Number ofblocks 30
Time step (s) p pTI

Fig. 49. indicates that the current model has much more versatile control over the
initiation of the primary transition. The nanonotonic effects of substrate surface

roughness on the stresgain response is also captured in the current predictive model.
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Fig. 49. Effect of substrate surface roughness, red line is the reference modeling
prediction,R; of blue line is 0.8;"; R, of blue line isR; R, of orange line isR; .

Fig. 50 shows the sensitivity of current model to the substrate surface free energy.
Increasing the surface energy of substrate leads to an increase in (a) the peak stress, (b)
ultimate tensile stragth and (c) ductility. The current model predictions are much more
sensitive than t h@®amagudhietal,h 2aPap dhb sudaceki@ée mo d e |

energy of bonding substrate.
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Fig. 50. Effects surface free energy (SFE) on the stress strain curve. SFE of red line is

¢ °; SFE of blue line ig *; SFE of orange line is@r *.

3.5 Conclusion

In this firstchapterof the twopart series, the physics behind the unique rphiéise
stressstrain response of PSA bonded assemblies have been presented. The mechanical
behavior of PSAonded assemidyalwaysdependon the combination of the PSA
material and the bondingulsstrate. Substrate surface properties, such as surface
roughness and surface energy have significant effects on the mechanisms of interfacial
cavitation and interfacial slippage of P®®nded assemhlyand therefore, on the
apparent stresstrain curveUp to certain roughness, bosttength increases due to
increase of effective bonding area and interfacial mechanical locking. Beyond this
threshold roughness, the bonding performance reduces because of large initial defects
and smaller effective projectdabnding area produced by the rough profile of the
substrate surface. The besttength and ductility of a PSBonded assemblghow
strong dependence on the substrate surface free energy.

A predictive mechanistic model is presented to capture the-strassresponses of
singel ayered PSA bonded assemblies. The pred
model and has been improved by: (i) adding cavitation and cavity growth criterions for
interfacial defects; (ii) applying suitable constitutive law folkb®SA; and (iii)
modifying the adhesive fibril foot configuration for interfacial cavity growth. The
current model includes the effects of substrate surface roughness, effects of substrate
surface energy, and effects of PSA configuration (aspect ratdtdsive layer). A

parametric exploration of the predictive model indicates that it can be tuned to fit
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different stresstrain responses, especially the strain and stress value of the primary
peak, caused by varied combinations of siigjered PSA anddnding substratd.he

model results can be used as sts#gsin constitutive model for singlayered PSA
bonded assembfgr commercial FEA tools (detailed approaches dicussed in Appendix

A8)
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Chapter 4. CreepResponse oAssemblies Bonded witBingle-Layered

PSA

4.1 Abstract

This is Part Il of a twepart series on the mechanical response of siagkred
pressure sensitive adhesive (P®ahded assemidy Part | had presented the uniaxial
tensile stresstrain response while thishapterexplores the uniaxial tensile creep
response of a singlayered pressure sensitive adhesive (P&X)ded assemhlylhis
material system exhibits a unique mydhase creep response that does not have the
classical steadgtate region due to its multipleansitions caused by the competition of
several mechanisms: (i) cavity nucleation and growth in bulk adhesive material of the
PSA system as well as at the interfaces between the PSA and the substrate; (ii)
fibrillation of the bulk adhesive and (iii) infacial mechanical locking between the
adhesive and the bonding substrate. The result is multiple strain hardening and
softening regions evidenced by multiple regions of stesdie creep, separated by
strong transitions in the creep rates, this compflexjti-phase, nonlinear creep
response cannot be described by conventional creep constitutive models commonly

used for polymers in commercial finite element codes.

First, empirical uniaxial tensile creep response curves of siagéeedPSA bonded
assembks on different substrates are presented under different stress levels and
different temperatures. Investigations in this section focus on the effects of loading
stress and substrate surface properties (roughness and material), at different

temperatures. Echanisms behind the mufihase creep response (cavitation,

83



fibrillation, and mechanical locking between adhesive and bonding substrate) are also
discussed at the end of this section. In the secondpthis chaptera mechanistic
model, which is basesh the mechanisms listed above for creep response, is presented.
This model is capable of capturing the characteristic features of the multiphase creep
response of singllyered PSA bonds and produces a quantitative estimate of the creep
response of suclPSA bonded assembliess a function of adhesive material
viscoelastic properties, free surface energy in the adhesive material, interfacial surface

energy between the adhesive and substrate, and substrate surface roughness.

4.2 Introduction

PSA bonding layeshows superior resistance to loading in shear direction (loading
on thexy-plane as shown ifig. 51. This adhesive system has been widely used in
different applications due to their: ease of design; clean and environmentally friendly
bonding and rework procedures; as well as uniform thickness and gap filling properties.
Many scholars have studied the tack, peel, shear, and shear creep properties of PSA
bonded assemblies for the past decades. Faijith studied the effects of miscibility
and viscosity on the shear creep resistance of natberbased PSA. They
concluded that the holding time, which is the required time for the PSA tape under
sheatload to completelglebondrom the adherend, tended to decrease as the tackifier
content increased (Fujita et al., 2000). Sosson et al. investigated the shear failure
mechanisms of PSA and found that for a weak elioked adhesive, failure occurs by
creep rupture while for a highly crodimked adhesive, failure is caused by fracture
(Sosson et al., 2005Kim et al. tested hot melt PSAs with different viscosities and

found that the shear creep resistance increased as the PSA viscosity increased (Kim et
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al., 2006). Hait and Barthel proposed a model for evaluating the effect of surface
roughness on adhesive bonding. Their model provides approximate analytical
expressions for the asperity response and exhibits the full viscoelastic adhesive contact
phenomenlogy such as stress relaxation inside the contact zone and creep at the
contact edge (Hait et al., 2007). Poh and Kwo investigated the effects of adhesive
(coating) thickness on shear performance of Standard Malaysian RubberH&krl)

PSA. They conclude that the shear strength increased as the adhesive thickness
increased (Poh et al., 2007). Zosel studied the correlation between the shear strength
and the mechanical properties of PSA by measuring the deformation behavior in a static
and dynamic shearge He concluded that the static shear strength and holding time
(time to failure) of the sample can be calculated from the master curve of dynamic shear
test, but the method cannbe applied to highly viscous polymer (Zosel, 1994).
Yamaguchi proposed asnpl e O0bl ockdé model that can cap
feature of a tack test curve (Yamaguchi et al., 2006). However, their model does not
have enough control over the cavitation or interfacial cavity growth and can only be
applied for the stresgrain response. The literature focuses mostly on the
understanding of shear creep performance. In contrast, the creep resistance to loading
in the out of plane loading direction (peelzafirection), as shown iRig. 51, does not

get enough attention. Compared to thel@ne directionxx, yy, andxy, loading along

the peel directionz) shows the most damage for this kind of adhefigaded
assemblystructure. In application, this kind of loading can be caused by external
multiaxial loading and initial curvature mismatch of bonding substrate. Even the

residual stress from a small geometric mismatch can pose a hazard for the performance
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of the PSA lagr in a longterm application. In summary, highly ductile lightly
crosslinked PSAs show unique miptiase tensile creep response, which is uncommon
in other polymeric (Zheng et al., 2002, Colak et al., 2@0®) metallic materials
(Mukherjee et al., 201 Mukherjee et al., 2016, Mukherjee et al. 2016). However, the
literature on the longerm tensile (peel) creep performance of R#&ded assembly
is limited.

The primary motive of thishapter of studis to develop a virtual testing capability
for the ceep response of the P®%nded assemhlyMore importantly, this virtual
testing model has the potential to be for #teak prognostic health management
(PHM). By continuously realibrate this model by using the real timesitu data, such
asstrain,lodi ng stress and temperature, the tune
the residual life of such adhesidended assembiy real time. In current phase, we
have empirically investigated the uniaxial creep performance ofd@8ded assembly
consistingof two rigid substrates bonded with a sintigered PSA material, under
different loading conditions. Thbonded assemblyariables include the substrate
surface material and surface roughness. Based on the empirical observations and
measurements, we thgropose a mechanistic model that can not only capture the
unique multiphase tensile creep curve but can also predict the change in creep response
due to changes in adhesive properties, such as modulus and viscosity; as well as

changes in the substrateoperties, such as surface free energy and surface roughness.
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Fig. 51. Schematic of singkayered PSA and loading direction

4.3 Uniaxial creep experiment

The test sample for this study is a uniaxial tensile test coupon to permit loading in
the peel (zz direction ifrig. 51). This specimen consists of awigid T-shaped
substrates bonded with a sindggrered PSA, as shown kig. 13. Both substrates are
mounted between tensile loading grips of a DywwamMechanical Analysis (DMA)
machine for constant stress uniaxial creep test. The size of the PSA bond line is 7x7
mm”2 with a thickness of 0.05 mm and 0.1 mm. To understand the effect of the loading
condition, different stress level, 50 andKPa, are u=d, and the testing temperature
is 70 °C. For simplification, engineering stress and engineering strain are used for the

creep plots.

4.3.1 Unique creep response

A creep result, which consists of a short primary creep region, final tertiary creep
region, andong intervening region, under test condition of 50 KPa and 70 °C is shown
in Fig. 52. Unlike in metals and traditional polymers, this creep respoase dot

demonstrate a single steady state (secondary) region. Instead, there appear to be
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multiple steadystate (secondary creep) regions, separated by sharp peaks and
transitions in the creep rates. Over 80% of the observed creep is dominated by the
intervening multiphase secondary creep region. The peak rates during the transitions
in this multiphase secondary region may have more than 6000% change. At the
applied loading condition, the transitions lasted for less 1Haourduration (~10% of

total aeep time) and accounted forore than 600% strain (about%0of total creep

strain) accumulation in the creep curve. Because the creep test results are sensitive to
the interfacial bonding quality and the hdodcontrol volumes of air pockets trapped
atthe bonding interface, the test results presented in this paper are the median values

of three replicates.
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Fig. 52. Creep test result of singlayered PSA under 50 kPa and 70 °C

These transitions in the creep curve are belidvée a result of the same underlying
physics that produced the transitions reported elsewhere in the tensilssaieste st

in Chapter 3but under different loading conditions. The multiple phases are the result
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of competition between the mechanssmof cavitation and fibrillation of the bulk
adhesive. The significant difference between the ss&am test and the creep test is

the critical stress needed for initiating the transition. Usually, the initiation of cavity
growth in stresstrain test@re associated with high stress level, which is much higher
than the creep stress used in this study. The apparent stress level in a creep test can
usually not be as higas the required threshold critical stress piedi by Gay and

Lei bl e rfarcvitymudeatiof Gay and L e Cabityieitiaitos ynde 9 9 9 )
such low stress level during creep tests is speculated to be due teassistex
acceleration of the diffusion process. The initial cavity growth is slow at the initial
stages of creep\s the size of initial defects reaches a threshold value, the force balance
around the cavity exceeds the threshold levels and the system becomes instable. Then
the cavity starts growing rapidly, resulting in the rapid increase in creep rates seen
duringthe sharp transitions.

Fig.53shows the top view of the bonding interface between PSA and the transparent
substrate, illustrating the cavitation afildrillation. In later stages of the debonding
process, a majority of the interface is filled by the interfacial cavities (air voids), which
are separated by thin webs (adhesive walls which are the ends of the fibrils). The
cavitation and cavity growth pcessleadto a decrease in the geometric confinement
of the adhesive layer and therefore decreases the stiffness of the PSA layer. In contrast,
the fibrillation process, as shown kiig. 54, leads to increase the stiffness of the PSA
layer because of nonlinear viscoelastic hardening of the fibril material along the loading
direction, because of the-ogientation of longchain molecules along the loadi

direction. Filaments around the foot of the circular boundary indicates that the cross
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section of the adhesive wall near the bonding interface is larger than thesertes
of the wall in the bodwf thefibril . The microstructural evolution in thdfzesive layer
(material softening and stiffening) results in complicated constitutive models for such

structural interconnection.

Fig. 53. Top view of the PSA/glass substrate bonding interface (from the real time
observation of stresstrain test). Filaments in the fibril foot area are highlighted by

circle.

Fig. 54. highly fibrillated adhesive layer during debongdiprocess (from the real time

observation of stresstrain test).
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Cavitation as well as growth of bulk and interfacial cavities results in thin fibrils that
can decrease the confinement, leading to a release of hydrostatic stress stored in the
adhesive lger. Since the creep deformation is a stassrolled process and the total
stress is equal to the summation of deviatoric stress and hydrostatic stress, decreasing
hydrostatic stress leads to an increase in the deviatoric stress inside the bulk PSA, as
shown inFig. 55. This results in a change in the creep rate during the creep debonding
process. The higher the relative growth rate of the cavitiesfaster the loss of
geometric confinement, the quicker the release of hydrostatic stress and the more

dramatic the change in the creep rate.
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mechanism of cavitation, cavity growth and fibrillation. Cavity initiation and growth
decreases the geometric confinewamcht of the
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4.3.2 Effect ofloading $resslevel:

Fig. 57 shows theeffect of loading stress level on the creep response of single
layered PSAThe higher stress levéblue line, 70 KPajeduces the time for cavitation

but decreases the sifjnance of the transitignras shownn Fig. 57. The drop in the
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severity of the transition is speculated to be because of quicker release of hgdrostat
stress after cavitation (higher hydrostatic stress, higher cavity growth rate). Therefore,
the average creep rate in higiness condition is twice as much as the-timess
condition. Higher stress around the cavities increases the expansion raea¥iti

but decreases the duration of the transition process.
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Fig. 56. Effects of stres$evel on creep response of sindggered PSAonded

assemblyat 70 °C
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Fig. 57. Creep test result of singlayered PSA undefO KPa and 70C

4.3.3 Effect ofbonded assemblyeometry:

The creep performance is not only influenced by the loading conditions but also
affected by the geometry of thended assemhlyor example, the creep resistance of
thebonded assembincreases as the PSA layer thickness decréB&S footprint is
controlled) Blue lineFig. 58 is the creep curve of 50 um thick PSA, whichasout
40% ofthe thickness of the specimen showrthe red line Compared to the thick
sample, it takes muclesstime (about 30%)to initiate the cavitation in a thinner
sample.Under the same footptinconfinement of thinner PSA is higher than thicker
PSA. Therefore, the accumulation of hydrostatic stress is much easier in a thin sample
thaninathick sampldue t o t he P o i(sanseamadurst of byarostaticact i on
stress level requires less def@tion due to the higher aspect ratidhe higher
hydrostatic stress causes earlier cavitatiothin PSA than in thethick PSA. After
cavitation,the higher hydrostatic stress can drive the cavities expand tdstere, the

time span for the transitian the creep curve of thin PSA is shorter than the thick one.
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Fig. 58. Creep response dhin PSA 60 pum) vs. Thick PSA (13@um) PSA under

loading conditions of 58Pa and 70 °C

4.3.4 Effect ofsubstrate surfaceondition:

The choiceof substrate affects the cavitation process and hence affects the creep
response. The key features of the substrate are the interfacial wetting (characterized by
the interfacial surface energy); andfage roughness. As an examptey. 59 shows

the effects of surface roughness on the creep ofliRBled assembliek this result,

the overall creep resistance decreases by about 65% as the swgdcess increases.

The PSA bonded with a higher surface roughness substrate reaches the primary
transition in a very short time. &is due to the highly rough surface resulting in more
initial defects and less effective bonding area. Surface roughnesen shon
monotonic effect on the strestrain behavior in the Part | of this series study. The
results presentin the current study are not enough to support the same surface
roughness effects on the creep behavior as it on the-strass behavior. Howeer,

our predictive model, presents in the next section, still indicates the creep response has
norrmonotonic dependent on the surface roughness of bonding substrate. A more
detailed empirical investigation on the relation between the substrate surfglceass

and creep response of P8Anded assemblyill be conducted in the future work.
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Fig. 59. Effect of surface roughness on the creep responses of PSA bonded with
Aluminum substrate with different roughness (blue lings/5A; red line,
R-=3100A)

Compared to stresstrain response (Huang et al., 2015; Huang e2@1.6;Huang
et al., 2017and Chapter 3 the creep test is more sensitive to the interfacial bonding
guality. When PSA is bonded with two rigid substrateana@om amount of air pockets
can be trapped at the bonding interface. The trapped air at the bonding interface reduces
the effective bonding area, as showrFig. 60, and therefore can affects the bonding
guality. The actual local stress acting at the interface depends both on the load level
and the effective bonding area. Such air pockets can lead to up to 30% variance in the

actual stress level actirag the interface of the adhesivended assemhly
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Fig. 60. Marco-voids (air trappedat the bonding interface during the bonding
process when PSA bonded with glass substrates. The dark region is the good bonding
region, where adhesive wets well to the substrate; the grey region is the poor bonding

region, where the adhesive does not \wetdubstrate, potentially due to trapped air.

4.4 Creep predictive mechanistic model

Creep deformation can be based on the
mechanisms, which are cavitation, cavity growth, fibrillation, and interfacial slippage
betweenadhesive and substrate. Competition between these mechanisms results in
different rates of released hydrostatic stress stored in the bulk PSA and change of
bonded assembbstructural stiffness, therefore resulting in a change in creep resistance.
The results of the creep tests will be simulated here, using this virtual testing model, to

verify the ability of this model to reproduce the test results observed behavior.

0bl

Themodel deformation is adopted from Yamag!

al.,, 2006). Yamagchi pr esent ed hi s -stambanhavikr®fsingied e |
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layered PSA, and we have further developed their model in the Part | of this series
studyand will modify it in this chapter for creep response.

The elongation deformation is defined by the stretch ratend the global
transverse deformation caused byCRBi ssonos
shown inFig. 61. Some of the details of this modeling approach are presented in
Chapter 2 andChapter 3 of this study and are repeated here for completeness.

Deformation of the block during thedding process is assumed to be parabolic. The

materi al point (3, 6 )X, 2nas descebed by the ehuatiosp at i al
below.
W . W, 0
w _ o P P& (39)
. P
¢ O-- ¢ (39)

where® is the location of center of mass of blagkCiis the parabolic value of block

i, Wo andHop are the initial width and height of block ahdk the stretch ratio.
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Fig. 61. Material coordinate and spatial coordination to describe the block motion and

deformation
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Most of the PSAs of interest in this study are highly ductile and capable of cavitation
and fibrillation and can deform by more than 1000% of their original shape. Therefore,

Greends strain is used to descridgra&ns.t he

The Green strain tensor for the 2D problem is defined as:

PP Téd)
o & . ¢ - O_
16, 00O
o) w 0 w _ P (40)

whereZ is the vertical axis in the block. Since we focus on the stress status near the

bonding interfae.— 1@ or— T@® is used for evaluating both (zz-component
of deviatoric stregsand, (shear stress) at the interface between PSA block and

substrate, as showniig. 62. The velocity gradient under thin film assumption is now

defined as:
o
®  _
TO g O
a _0
TO g O
W _0
o
a (41

In the current model (as in the literatduang et al., 20134uanget al., 2016;
Huang et al., 2017; Huang et al., 201 8)e width of the fibril is no longer the same as
the width of the fibril foot, due to the interfacial mechanical locking. The width of the

fibril body follows the volume conservation of an incompressible material (the bulk
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PSA is modeled as an incompsixde material) while the evolution of the contact length
between the fibril foot and substrate follows the detachment model for stretched
viscoelastic fibril proposed by Glassmaker (Glassmaker et al., 2088ails of

Glassmaker model were discussed irafter 3

b \ ]
‘ Voo /
VX Voloxy
HE 2 Vo i i
1 1
N &
1 1 i \
WO / A ," ,” “‘ “\
J f’ | \ i “|
Osi UXsi

Fig. 62. Force balance dfth block.0 is the pressure in the region between bletk
andi. b is the parameter to identify the actual contact length between the fibril foot

and bonding substrate

4.4.1 PSA material constitutive model for creep

The PSA is light crosinked and can be model by stand linear model. By combining

the standard linear model and Green Strain. The conséifativfor bulk PSA is written

as
no no ) -, -, . “O— _ —“O“O _ p (42)
o o, - - — O0-— 00— 43
Sincetheclasst bl ockd model was originstthihy propo

behavior of PSAbondedassembliesthe formulation needs some modification for
capturing the creep response, due to the different loading histories ofssteéssand
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creep tests. The evolution of creep deformation is highly dependent on the history of
the stress componentshdrefore, to obtain the full history of the deformation process,
the initial stress rampp process, shown iRig. 63, must be included in the creep
model. In Phase |, the total stress of the entire B®Aded assemblg rampeeup to
the desired stress level for creep testing. The stressupmpase is a strarontrolled
process and is finished within a very short time. Then, in Phase Il (coattm® creep
phase), the total stress accumulated at the last step of Phase | is maintained constant.
Unlike the stresstrain process, creep deformation is a stoesdrolled process. The
numericalalgorithm of the creep model is showrFig. 64.

The same standard linear constitutive model is used for the bulk PSA, both during
the initial rampup phase and also during the subsequent constant steepsphase.
The constitutive equations for each phase (displaceomritolled and stress
controlled processes) are shown in E44) and @3), respectively. Equations of stress

and strain components alomgdirection are shown.
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Fig. 63. Initial stress ramyup in creep test under different preset loading stress level.
Targeted stress levid expected to apply on thest coupomwithin the first 3 seconds

of the test.

Displacement controlled process ramping
up total force to targeted force for creep
v
Propagate total force from ramp up
process and remain the constant-force
loading conditions

l

Time evolution of hydrostatic and deviatoric
stress components of each adhesive block

2

Time evolution of creep strain

NO . . . .
Cavitation criterion

Vv Yes
Time evolution of cavity size and
cavity pressure

v
Time evolution of shear stress, position
of the block, and shape of block

Failure criterion
+Time l  Yes
End

Fig. 64. Modeling algorithm of singkdayeral creep model

” - _“O"O — p “O “O - T - “Ou (44)

0, _ 00 p 45)
Cavitation criterion

The stress level in creep testing is lower than in ss&am testing under specific
range of strain rate. However, plenty of cavities are still observed during thtelomg

creep deformation process. Therefore, in the creep model, the criticatstessn is
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no longer suitable for cavity initiation, because of the dominance of diffustuted
cavitation. To account for this difference in Chapter 3, a straged cavitation
criterion is used for the creep model. The threshold value of the $bracreep
cavitation is deduced from the experimental results.
Cavity growth criterion

In creep deformation, there are two deformation regions. One is tfieltaslow
deformation region, which is in the bulk adhesive, far from the cavity, and thether
the neatfield rapid deformation region, which is in the region near the cavity,
especially when the cavity is in the initial rapid growth stage. Therefore, we assign
different relaxation timet andt , for these two fields where supersclipepresents
relaxation time under low strain rate and superselipepresents relaxation time in
the rapid deformation region. Therefore, when the deformation rate of bulk adhesive in
the neaffiled of the expanding cavities is larger than deformation ratthefoulk
adhesive in the fdiield of the cavities, the expansion of cavities in a standard linear

viscoelastic medium isodified from the original form Eq18) and writtenby:

Y . g O v O v
w Y = Gt A A 46
Y - LV ¥ c v v T (46)

whereg’ is the surface tension of the adhesiVe,and’Y are the initial and the current

cavity radius, respectively, afi@is the modulus of the standard linear solid

When the cavity size is large enough, the growth rate of the cavity decreases. The
deformation rate of the bulk adhesive in the rfesdd of the cavities become similar

to bulk adhesive in the fdreld, the expansion of cavitiesdagfined by:
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Y — 0 = = — — 4
Y - R c 0] o, Ty h (47)

Stress component in creep model
The total stress during the stress ramping up process is

., 5 0 , 0 ® (48)

where8 stands for the average over all bloaksepresents the ratio of actual bonding

area to the area of a substrate.

In the constant stress creep process. The total stress is held constant from the last
step of stress ramp up. The deviatoric stress compgneat the bonding interface
evolves as follows:

(49)

where superscripin represents the last step of initial stress ramps up. Total stress
remains constant during the creep process. Wewehe partitioning between the
hydrostatic stress and the deviatoric stress continuously evolves, leading to the change

in the creep rate.

4.4.2 Creep response of singkayered PSA bonded assembly

Fig. 65 shows the creep curve predicted by this model, for the parameter set from
Table 1 with the constant loading stress of 50 KPa. Parameters with subscript * are
used as reference metrics for the rest of the parametric studies. As seen, during the
initial stages of deformation, there is a steady creep rate. As the cavitation initiates
(approximately at a strain of 180%), we see a transient phase where the creep strain

rate increases dramatically and reaches its peak within a very short period and then
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decreasesignificantly and quickly stabilizes at a lower value close to that in the initial
stage. The duration for this transient phase is about 10% of the total creep debonding
process, while the corresponding creep strain accumulation during this transient phas
is more than 70% of the total creep deformation. These values are consistent with the
empirical results used for model calibratiddATLAB code for the singlelayered

creep model presents éyppendix A6.

Table 2: Simulation parameters

Parameter (unit) Value

PSA thicknes&O (m) pE p T
PSA widthw (m) X pT
Stress level (Pa) 50000
Relaxation timgs) 3000
Elastic modulusORO (Pa) 35, 250
Strain hardening coefficient 1.2
PSA surface energy (mJ/nf) 0.03
Substrate surface energy (mJ/n?) 0.06
Initial cavity 'Y* (m) & pTm
Roughness wavelength (m) L PTI
PSA penetration parameter m 80
Number of blocks 30
Time step (s) TP

Fig. 65 shows the prediction of creep response of stiggtered PSA bonded

assembly under a loading stress ofKda. In this model, due to the use of rate
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dependent viscosity, the viscosity arouth@ cavities is 100 times lower than the

viscosity in the rest of the bulk area.
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Fig. 65. Model prediction of creep response of PSA bonded assembly based on the

parameter oifable2

4.4.3 Deformation and history of stress component

The corresponding history of relevant stress components is shdvig. 86. The
loading force is the average fdield force applied on the bonding substrate and is
maintained constant during the entire creep deformation. The hydrostatic part of the
stress field dommates over the deviatoric part during the initial stage of the creep
deformation due to the high geometric confinement. However, it starts decreasing as
the stresses start relaxing due to cavitation initiation. By the end of the transition phase,
more tha 90% of the hydrostatic stress has been released. In contrastpthponent
of deviatoric stress starts to increase as the cavitation initiates and the rate of increase

slows down towards the end of the transition phase (shown by the shaded réggon in
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66). There is a noticeable increase in fmponent of deviatoric stress in the final
stage of the creep response. The increment irtoenpaent of deviatoric part is due

to the initiation of partial delamination between PSA fibril and bonding substrate. The
delamination process decreases the actual length of the PSA fibril foot, thus increasing

the actual stress acting in the adhesive fibril.

Deviatoric stress

Load
Hydrostatic
Stress
0
Transition
0 1 2 3 4 5

Time (hours)
Fig. 66. History plot of zcomponent of the deviatoric stress tensor and hydrostatic

stress in the foot area of PSA fibril

4.4.4 Effects of loading stress level

The creep stress is introduced by the-catetrolled stresstrain process. The stress
rampup process is automatically terminated by the algorithm astdle€forcereaches
the preset level for each creep test. This process is shokig.i5, and affects the
methods that are used to apply the external load or boundary conlligjod7 shows
the effects of loading stress level on creep model prediction. The transition under the

high-stress level shifts to the end of the creep deformation. Which means that the
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plateau region between the primary transition and the tertiary @depes as the stress

level increases.
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Fig. 67. Effects ofloading stress levan creep model prediction

4.4.5 Effect of adhesive modulus and viscosity

Different PSA materials have different modulus and viscosities. The mechanistic
model is sensitive tbothsets of adhesive material propertiesy. 68 clearly indicates
that the creep curves for different viscosities of the adhesive exhibit different degrees
of transition and different total creep strain histories for a given stress. Increases in the
shear modulus of the adhesive leads to decreaseetbrmation during the transition
process in the creep response. The lower the modulus, the softer the material, the more

significant the strain you are expecting within the transition.
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Fig. 68. Effects of adhesive modulus on creep model prediction

Figu69s hows how the creep curve depends on
Vi scosi thg adhegie matdrial. The time span for the primary transition
decreases and the peak value of the creep rate during the primary transition increases
wi th the | moeasmafswetenarfodulds Eisccontrolledrhe decrease in
the time span ibecause the cavities in media with low relaxation time (low viscosity)
expands faster than the cavities in media with high relaxation time (high viscosity).

Thus, the transition can finish within a shorter period.
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Fig. 69. Effects of PSA stress relaxation time on creep model prediction

4.4.6 Effect of substrate surface roughness

In Chapter 3, nomonotonic dependent of stressain response on the bonding
substrate surface roughness is discussed and included in the mechanistic model with
simplified model for capturing the effects of surface topology on the effective bonding
areaand initial defect size. Up to a moderate level of roughness, surface roughness
helps to increase the effective bonding area. Beyond a critical level of roughness,
surface roughness can affect the size of initial interfacial defects ¢(woas) (Huang
et al. 2018). Simulation resultsFig. 70, show that creep resistance of PSA bonded
assemblies has a nomonotonic effect on the substrate surface roughness. Up to a
moderate level of roughness, surface roughness helps to increasedp resistance.

The nonmonotonic effect is due to larger effective bonding area and better interfacial
mechanical locking. However, beyond a critical value, interfacial roughness can reduce

the creep resistance by affecting the size of initial rmicids at the bonding interface.
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Fig. 70. Effect of substratesurface roughness on creep model prediction

4.4.7 Effect of substrate surface free energy

Simulation results, as shown fig. 71, indicate that substrate surface free energy
shows positive effects on the creep resistance. The adhesive wets better on the surface
of substrates with higher surface energy, therefore isitrg#he adhesion strength and
interfacial mechanical locking and decreasing the chance of premature fibril foot

delamination during the deformation process.
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45 Conclusion

Multiphase creep response is observed when rigid substrates are bonded with highly
ductile singlelayered PSA. The transitions in the creep curve are the result of
competition letween mechanisms of softening due to cavitation and stiffening due to
fibrillation during the debonding process. The interplay of these mechanisms is highly
dependent on the adhesive properties and surface properties of the bonding substrate.

A predictive mechanistic model, which is based on mechanisms of cavitation, the
growth of cavities, fibrillation and interfacial mechanical locking, is presented to
capture the tensile creep response of sitaylered PSA/substrationded assemblies
The predictive madel shares a similar modeling technique with the ss&as model
presented in Chapter 3 but uses a different algorithm due to the differences in the
loading history. The proposed creep model is capable of reproducing the unique

response of uniaxial eep of singldayered PSA bonded with rigid substrates.
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Moreover, it is able to provide insights about the effects of PSA properties (modulus
and viscosity) and substrate surface properties (surface free energy and roughness), on
the creep response of PSAbstratebonded assemhlyarametric studies using the
predictive model are carried out to demonstrate the tunability and sensitivity of the
creep model to different material and model parameters and the loading stress level as
well. The model results cdre used as creep constitutive model for shiayered PSA

bonded assembfgr commercial FEA tools (detailed approaches dicussed in Appendix

A8)
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Chapter 5. StressStrain andCreepResponse oAssemblies Bonded with

DoubleLayered PSA

5.1 Abstract

The mechanical behavior, i.e. stretisain and creep response, of adhebweded
assembliesontaining doubldayered pressure sensitive adhesive (PSA) is investigated
in this chapter, using a combination of experiments and mechanistic modeling. PSAs
uswally come in two laminated configurations: sindggdgered PSA (only a layer of
adhesive) and doublayered (two adhesive layers on both sides of a thin carrier layer).
Both configurations are widely used for packaging consumer electronic products
becaus@ermanent bonds can be easily formed at room temperature, thereby avoiding
thermal damage to the electronics during assenililgse devices are expected to
experience complex hygthhermoemechanical loading conditions during their life
cycle, so a thoroughnderstanding of the mechanical behavior of PSA is necessary. In
this study we focus on the response to external mechanical loading only. Mechanical
behavior of singldayered PSAonded assemblidgs been presented by the Chapter
3 and Chapted and authors elsewhere in the literature (presents in in Chapter 1). This
chapterfocuses on the mechanical behavior of adhebmweded assembliessing
doublelayered PSA.

Compared to the singlayered PSAonded assemblgoublelayered PSAonded
assermlies show more complex mechanical behavior, such as multiple transitions in
their stressstrain and creep curves. The severity of the secondary transition can
increase with the thickness of the carrier layer. The reason for these secondary

transitions ishypothesized to be due to nonuniform sequential cavitation of the
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adhesive at each interface (interfaces with substrates and with carrier layer). This
nonuniformity may be influenced by (i) anomalies in the local surface wettability of
the bonding substt@ and carrier layer; (ii) variations in the flexural rigidity of the
carrier layer due to variations in the thickness; and (iii) variations in the transverse
constraint on the adhesive layer caused by variations in tpkane stiffness of the
carrier lajer. The effect of flexural rigidity of the carrier layer is experimentally
investigated, and a simplified mechanistic model based on thef-plane constraint

from the carrier layer is developed. The resulting displacement histories exhibited
multiple transitions, which resulted in the transitions in the stsérggn and creep

behavior.

5.2 Introduction

Doublelayered PSA systems, as shownHg. 72, are used as widely as single
layered PSA systems. In particular, the consumer ra@l&ctronics industry uses a
large number of PSAonded assembliéar the construction of componentiieto the
ease of design, affordability, low processing temperature, and additional structural
support from carrier layerThe presence of carrier layers can provide additional
structural support or can act as a cushion for the assembly depending on wieét kind
carrier layer is used.

PSAs are usually very soft, compliant, highly dissipative polymers, such as acrylics,
butyl rubber, natural rubber, nitriles, etc. The carrier layer usually consists of a
relatively stiff polyethylene terephthalate (PET) sheetaorelatively compliant
polyurethane (PU) foam. Normally the P88nded assembliefhiow superior strength

in shear direction but are more vulnerable to loading along the tensile (peel) direction.
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In field applications, multiaxial stress states in the agbdsayer due to mechanical
and thermal loading can result in critical deformation along its tensile direction. This
study focuses on the mechanical response (short term-stir@issresponse and long
term creep response) to uniaxial tensile stresseg #tenpeel direction.

Experiments (uniaxial tensile tests) of P®Anded assemblieshow significant
differences in the stresdrain and creep behaviors between shiayered and double
layered PSA system$he main difference is that additional transitions in the stress
strain and creep response are observed in ddayeed PSAonded assemblieShe
additional transitions are believed to be due to staggered bimodal interfacial cavitation
of the PSA adhége at different interfaces (interfaces with the substrate layers and
interfaces with the carrier layer). However, there is very limited literature on this unique
multi-phase mechanical response of dodblered PSAbonded assembligs.e.
multiple trangiions in stresstrain and creep curves. Yamaguchi et al. indicated that
the additional transition in the foraksplacement curve during a tack test is caused by
the bimodal forcalisplacement curves of the two adhesive layers and the bending of
the innerfilm (Yamaguchi et al., 2008)hey reported that this muithodal force
displacement behavior segments the PSA system into multiple asymmetric domains
and that this phenomenon is very sensitive to the flexural rigidity of the carrier layer.
Yamaguchi eta | . have al so proposed +dayeedPpl e O6bl o
system, but do not attempt the modeling of double layered htBlded assemblies
Furthermore, their singlyered PSA model lacks some of the detailed physics needed
to explain the fulhonlinear forcedisplacement curve of a PS%®nded assemblys

we have discussed elsewhare€hapter 3
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Fig. 72. Schematic of doublayered PSAsystemand interested loading direction

The previous chapterpresent how the bonding conditions, substrate surface
properties, and adhesive material properties can affect the-str@ss and creep
behaviors of singkayered PSAbonded assemblie$Ve also presented an advanced
version of the singk ayered dmbdetk t hat i s able to ¢
characteristic features in the corresponding PSA/substrate assemblies.

The purpose of this paper is first to extend the study to ddapeed PSAonded
assembliesby investigating the underlying physics ofetldebonding process of
doublelayered PSAbonded assemblie8Ve experimentally investigate the effects of
carrier layer thickness and discuss the different failure sites. Then, the underlying
physics is incorporated i nthlyudfdrthesmglev anced ¢
layered PSA system) such that it captures the empirically observed additional
transitions in the stresdrain and creep response of dodblgered PSAbonded
assembliesAs discussed above, this unique mphiase stresstrain behwgior is
hypothesized to be due to nonuniform sequential cavitation in the bulk adhesive and at
each interface (with substrates or with carrier layer). This nonuniformity may be
influenced by: (i) anomalies in the local surface wettability of the bondibgtsate

and carrier layer; (ii) variations in the flexural rigidity of the carrier layer due to
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different thickness of carrier layer; and (iii) variations in the lateral constraint on the
adhesive layer caused by the differerdpiane stiffness of the oder layer. The
proposed doublt ayered Obl ockdé model is able to
characteristic features of the strasssain and creep curves of douldgered PSA

bonded assembliegcluding a primary transition, a secondary transitiom, stnain

hardening before and after the secondary transition. The modeled PSA behavior is
based on the oudf-plane constraint provided by the carrier layer and nonuniform
interfacial bonding strength at the interfaces with the carrier layer and subElmate.

effect of the iAplane constraints (caused by the carrier layer) on the PSA stress field

and on the resulting cavitation is deferred to future work.

5.3 Experiment

In this study, the configuration of the tensile test coupon is two aluminum substrates
bonced together with a doublayered PSA system, as shown Rig. 73. Three
different carrier layer thicknesses are tested, 30, 80 and 130 um, with a constant PSA
thickness of 50 pum on both sides of carrier lajidrerefore the total thickness of the
doublelayered PSA systems used in this study a
Thebonded assemblyas a square footprint of 7 mm x 7 mm. The adhesive material
and substrate material are controlled parameters in this chapter of study.

Uniaxial tensile testare conducted on a commercial Dynamic Mechanical Analyzer
(DMA). The loading rate in the displacememntrolled stresstrain test is 0.02 mm/s
at room temperature. The loading condition of the siteagrolled creep test is 50 KPa
at 70 °C.Such debonidg conditions were proved to show the most pronounced effects

of cavitation and fibrillation on thstressstrain and creep responses of selesiegle
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layeredPSA systemsvith the same adhesive mateiimlthe investigations in Chapter

3 and Chapted. The controlled lamination conditisifior preparing the test samples is
room temperature, 45 psi bonding pressure, 45 s bonding time, and 72 Hosnubsy

aging at room temperature. The bonding conditions are determined by followed the
protocol proposedn Appendix Al. A commercial adhesion promoter is used to
improve the wettability of the bonding surfaces of the aluminum substrates. For the

stressstrain test, five replicates are used; for creep test, three replicates are used.

I
Double-layered
PSA system

T-shaped
aluminum tab

Fig. 73. Doublelayered PSA system bonded with aluminum tabs

Previous studies in this dissertation and literafdirecussed in literature review in
Chapter 2)ndicated that there are more transitions in the ss&as curves of dable-
layered PSAbonded assembliethan of singldayered PSAbonded assemblies
Preliminary experiments in the present study also indicated the same for creep
response. The additional transition (sequential cavitation and fibrillation) is due to the

addtional bonding interface and mechanical constraints introduced by the carrier layer.
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In this study, we focus on varying the flexural rigidity of carrier layer and thickness of
the PSA layerso understand the effect on the strefimin and creep responsePSA
bonded assemblies. The flexural rigidity of the carrier layer increases nonlinearly with
its thickness when the material properties are held con3tameffects of carrier layer
surface properties, e.g. surface free energy and surface roughhhéssagidressed in

the future work.

5.3.1 Stressstrainbehaviorof doublelayered PSA

Fig. 74 shows an average strestsain curve with standard deviation, for the peak
stresses during the primary and secondary transitions. The blue line is for PSA system
with 130t m carrier layer andhe amber line is for PSA system with gth carrier
layer. The engineering strain value is estimated based on the PSA thickness, excluding
carrier layer thickness. In other words, the assumption here is that the extension of the
carrier layer in the loadg direction is insignificant, compared to that in the PSA layers.
As the carrier |l ayero6s thick-strais®espansecr eas e s
increases, which is clearly shown by the standard deviation.

Fig. 75shows the variability of the secondary transition of the B&#ded assembly
with the thick carrier layer (130 pm). At the loading rate investigated here, the stress
drops during th transition ranges from a nearly unobservable drop (red line) to about
a 40% drop (green line). In contrast, the variability of the secondary transition of the
PSA with the thin carrier layer (30 um) is much smaller. This difference is caused by
the lowerflexural rigidity of the thinner carrier layer, which helps the carrier layer to
deform and buckle locally, this reducing the effect of the global asymmetric

deformation field seen for the thick carrier layer dudath the noruniform initial
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defects (ntro-void) distribution andhe nonuniform nonwetted aregmacraevoid)
distribution at the bonding interface between PSA and substrate, as sheign7i,

when PSA bonded to transparent glass substrate. In practicevo#atsare formed
during the bonding process due to random amounts of air trapped at the interface. This
is very common whea thin layer of PSA is bonded with two rigid substrates. Besides
that, the roughness pattern (which influences the initial defect distribution) of the two
bonding substrates will not be identical and the adhesion strength of PSA/carrier
interface could belifferent as well. Thus, the stress distribution in the two adhesive
layers will not be the same and also the stress distribution will b&miérm even

within each adhesive layer.
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Fig. 74. Effect of carrier layer thicknesses the stresstrain performance of PSA

bonded assemblarrier thickness: 30 vs.130 um)
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Macro void

(b)

Fig. 76. Initial macro void at the bonding interface between PSA and glass substrate:
(a) at the corner region; (b) at the center region

A thick carrier layer is not be able to flex sufficiently to accommodate the
nonuniform stress distribution caused by the ndoum cavitation rates in the two
adhesive layers on either side of the carrier layer. When testing daybted PSA
with different carrier layer thickness, three cases are observed.
Case |: When the carrier layer is thick and the initial voids areumi§ distributed
over thebonded assemblffpotprint, cavitation occurs simultaneously over the entire
footprint sequentially on both sides of the carrier layer, as showig.ii7.
Case II: When the carrier layer is thick, but the initial void distributions are nonuniform
(for example, with macreoid at one side of the bonding interface, as showign76
(a)) the resulting nonuniformity in the stress and deformation distribution could tilt the
thick carrier layer, as shown kig. 78. In this example, the cavitation process initiates

at one end of the bonding interface and propagates to the other.
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Case lll: When the carrier layer is thin, it can flex enough to wrinkle due to transverse
Poison shrinkage of the PSA. This generates local variations in the stress field that
dilutes the effect of any global asymmetries in the stress fields, that may be caused by
nonuniform cavitation rates. As showrFig. 79, significant wrinkling of carrier layer,
highlighted by dotted line, is caused by the4mbentical stress in the upper and bottom
layer of PSA. These local variations in the stress field obscure the effects of global
asymmetry, if any.

The first caseasults in the most severe secondary transition in the-stireés curve
(green line irFig. 75) because each layer of adhesive cavitates sequgnttieisecond
case results in a less noticeable or-noticeablesecondary transition (red line kig.
75). The third case generates more consigtessstrain curve with mild secondary
transition, as shown in orange lineRiy. 74, because the thinner carrier layer shows
weaker effects on the stressain response of doublayered PSAonded assemhly
Besides, the initial defect distribution is hard to control, since it can be caused by both
the roughness pattern of the bondingstrate and the size and location of the macro
void at the interface between PSA and rigid substrate produced during the lamination
process. Therefore, the magnitude of the secondary transition inste@ascurves is
influenced by both the initial de€t distribution and the flexural rigidity of the carrier
layer.

The first case results in the most severe secondary transition in thess@m@ssurve
(green line irFig. 75) because each layer of adhesive cavitates sequenttlgecond
case results in a less noticeatdeondary transition (red linelig. 75). The third case

generates more consistent streain curve with mild secondary transition, as shown
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in amber line inFig. 74, because the thinner carrier layer shows weaker secondary
transition on the stresdrain response of doublayered PSAbonded assemhly
Besides, the initial defect distribution is hard to control, since it can be daydedh

the roughness pattern (mievoid) of the bonding substrate and the size and location
of the macrevoid at the interface between PSA and rigid substrate produced during the
lamination process. Therefore, the magnitude of the secondary transiitoessstrain
curves is influenced by both the initial defect distribution and the flexural rigidity of

the carrier layer.
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Fig. 77. Flat of thick carrier layer due to force balance by high flexible rigidity of

thick carrier lagr

Fig. 78. Global ilted of thick carrier layer due tasymmetricstress distribution
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Fig. 79. Wrinkling of thin carrier layered due teansverse Poisson contraction

5.3.2 Creep of doubldayered PSA

Fig. 80 shows the creep response of a select delagkred PSA system. Multiple
transitions have divided the creep curve into several phases (as ishthencolored
regions). The presence of carrier layer allows the subsequent hydrostatic stress release
in the different adhesive layer. Therefore, compared to the creep curve ofayegkd
PSA, as shown iRig. 81, additional transitions are shown in the creep curve of deuble
layered PSAbonded assemblieSimilar to the stresstrain curve, the first transition,
region Il, in the creep curve is mopronounced with a more significant change in the
slope, and the second transitidRegion 1V, is shallower. The creep rates in the
different constant creep phad$eegion | and Il are also differentn Region V, the
fibril foot starts to delaminate fro the bonding substrate and loss adhesion. The
adhesivebonded assemblyill fail when the effective fibril foot area cannot sustain
the pulling stress.

Fig. 80 shows the creep response of a select delagkred PSA system. Multiple
transitions have divided the creep curve into several phases (as shown in the colored

regions). The amber regions dhe transitions, the green regions are the intervening
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steadystate regions. The presence of the carrier layer allows the sequential cavitation
and fibrillation the different adhesive layer on either side of carrier layer. Therefore,
compared to the creaprve of a singldayered PSAbonded assemhblyas shown in

Fig. 81, additional transitions are shown in the creep curve of ddapred PSA
bonded asembliesAs seen before in the strestsain curve, the primary transition in

the creep curve (Region Il FFig. 80) is more pronounced than the sedary transition
(Region 1V in Fig. 80), with a more significant change in the slope, and a more
significant peak. The creep rates in the differemtstant creep phases (Regions | and

Il in Fig. 80) are also differentin region V, the fibril foot starts to delaminate from

the bonding substrate and lose adhesion. The adhHesided assemblyill fail when

the effective fibril foot area cannot sustain the pulling stress.
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Fig. 80 Creep responsaf doublelayered PSAonded assembly
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Fig. 81. Creep response of singleyered PSAonded assembly

Fig. 82 shows the effects of carrier layer thickness on the creep response of double
layered PSAbonded assembliedhe overall creep resistance of the PSA system
decreases as the carrier latjgckness increases. The reasons behind that are suspected
to be due to the higher cavitation rate due to higher hydrostatic stress in the PSA system
with the thicker carrier layer, caused by higher transverse resistance to Poisson
deformation. The mostgmificant feature of the better performance of PSA with the
thin carrier is the extended Phase |, which lasts about twice as long as the PSA with the
thick carrier layer, for the tested configuration. The higher hydrostatic stress causes
earlier cavitatiorin PSA with thick carrier layer than in the PSA with the thin carrier

layer. After cavitation, the rest of the phases in these two curves look similar.
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bonded assembly

5.3.3 Delamination of PSAonded assemhly

Theoretically, there are three potential failure modes for adhesive bonding system:
adhesive, cohesive, and mixgtbde. For this doublayered PSA system, the
adhesive failure mode can be found both at the interface of PSA/substrate and the
interface of BA/carrier. Different failure modes are shownFig. 83, and all three
potential failure modes are captured in sbomded assemblglesign. These faire
modes indicate that the adhesive strength (for both PSA/substrate and PSA/carrier
interfaces) and cohesive strength of the bonding system are comparable. Therefore, the
final failure mode is hypothesized to be determined by the initial defect digiriat
each bonding interface. For substrates with poorer surface conditions, adhesive failure
at PSA/substrate interface is more prevalent due to the weaker adhesion strength.

Studies of the failure mode of the douldgered PSAonded assembligsdicate that
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both interfacial (PSA/substrate and PSA/carrier) and bulk properties play a significant

role throughout the debonding process of dotdyered PSAonded assemblies

(b)
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(d)

Fig. 83. Different failure modes of doublayered PSA bonded with aluminum

substrate due to the variation of adhesion strength: (a) adhesive failure at PSA/carrier
interface; (b) adhesive failure at PSA/substrate interface; (c) mixed mode failure; (d)

cohesive fdure

5.4 Mechanistic model

For singlelayered PSA, the total elongation of thended assemblynder tensile
loading is almost the same as the elongation of the adhesive layer (stiffness of substrate
is much larger than the stiffness of PSA). For dotdyered PSAs, the total elongation
of the bonded assemblis equal to the summation of the def@tion in the two
adhesive layers. The corresponding elongation of the substrate and carrier layer are
negligible in comparison. If the elongation of the adhesive layer has local
nonuniformities (accommodate and enabled by wrinkling, flexure and tofirlge
carrier layer), the deformation field, initiation of cavitation and fibrillation in the two
adhesive layers are different. The elongation of the adhesive layer can, therefore,
become nosuniform if the carrier layer is able to accommodate and cosgterfor
this noruniformity, as shown irfrig. 79. The light amber dotted line fig. 79is the

carrier layer.
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5.4.1 Stressstrain response of doublayered PSAonded assemhly

To model the additional physics introduce
model proposed by Yamaguchi (Yamaguctalet2006and then improved by Chapter
3 and Chapter 4 of this dissertation is further modified. The carrier layer and two
adhesive layers are considerd with a segmental model configuration as sHegn in
84. Each segment in this partitioned &bl oc
cavitationand interfacial cavitationln order to be consistent with the sindggered
O0bl ockd model nohumiforrumowermentoohthe carieniayer along the
loading direction has been simplified into piegse uniform movement of connected
segments that are each capable of different movement in the loadirgf-(dane)
direction. This model approximatelyaptures (in a piecwise linear sense) the
deformation field in the loading direction due to global tilt (Case I) or global flexing
(Case ll) of the carrier layer caused by asymmeric cavitation rates discussed earlier.
However, in thin carrier layers wésa reported wrinking deformation (Case Ill) caused
by compressive Poisson stresses in the transvepdafie) direction. This transverse
Possion compression mode is not included in the current version of the segmental block
model, Thus this model is moaccurate for thick carrier layers and gradually loses
accuracy as the carrier layer becomes thinner and more flexurally compliant.

The constraint provided by the flexural rigidity of the carrier layer, for Cases | and
Il listed above is approximated Wit piecewise rigid carrier layer where, neighboring
segments are now interconnected with-afdplane linear springs of stiffne$§ as
shown inFig. 84. The stiffness K is estimated from the flexural rigidity of the carrier

layer. The displacement field of the spring (including the relative displacement of the
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carrier segments) is now coolied both by the instantaneous fofeeand F. of the
adhesive layers and the stiffnelds In the schematic, subscrigtstands for stiff
segments of the adhesive that have not yet cavitated, while sulosst@oids for the
compliant segments of the aftive after it has cavitated. The carrier layer is treated as

a piecewise rigid sheet in the current simplified segmented model because the modulus

of the PET carrier layer is much larger than the modulus of the adhesive layer.

Fig. 84. Schematic of model configuration for doudgrered PSA showing

segmented carrier layer

The o6compliantd segments are the ones t hq
have larger initial interfacial defects with higher intixfect spacing, at the bonding
interface between PSA and substrate (lower cavitation energy used in the cavitation
ci terion). Conversely, the O6stiffdé region
distribution of initial interfacial defects (higher cavitation energy used in the cavitation
criterion and better geometric constraint). Thus, during the debonding mralces
compliant regions cavitate first, resulting in a lowering of the stiffness of this region

(between primary and secondary transition). This sequential (as opposed to
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simultaneous) cavitation in the different segments of the adhesive layers is the key
reason for the multiple transitiorihe current doublayered model cannot handle the
effects of interfacial conditions between the adheisve layer and the carrier layer, such
as surface roughness and surface free energy of carrier layer. This limitaifioine
addressed in the future workl.o satisfy displacement continuity, the deformation of
the linear springK is equal to the displacement difference between the stiff and
compliant adhesive layers. Therefore, the parameters required for this isidnplif
doublelayered model are listed ifiable 3. Similar to the interface between the
adhesive layer and the substrate (in the sitaylered model)the interaction at the
interface between PSA and carrier layer is controlled by the detachment of viscoelastic
fibrils proposed by Glassmaker and his cowork@&isssmaker et al., 20Q8))o verify

the feasibility of this simplified approach, a coarse maaihg only two segments, as
shown inFig. 84, is used to model the carrier layer in this paper. A generalized version
with finer modeling methodolgg (using more segments for the carrier lagad
control on the width of the segwmidbe due
able toimprove the model accuracy logptuing more effects othe waviness of the
carrier layeron the doubldayeredPSA bonded assembhlyrhis will be discussed in
future publications.

Table 3: Simulation parameters for simplified doutdeyered model

Parameters Unit
PSA thickness m
PSA width m
Separation speed (strestsain) m/s
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The stressstrain and creep model for each adhesive region are presented in Chapter

3 and Chapter 45eometric and meachnicakbpnstraints fodoublelayered model is

Presestress level (creep) Pa
Relaxation time S

Elastic modulus Pa

PSA surface free energy mJ/n?
Friction coefficient Pa s/m
Initial cavity size (segment I) m

Initial cavity size (segment II) m

Initial length (segment I) m

Initial length (segment 11) m

Block density (segment I) number/m
Block density (segment II) number/m
Stiffness of linear spring N/m

Time step S

definedby the equations as followed:

| Eq. ©0)
| Eq. 61
0 0 0] Eq. 62
O 0 ©O Eq.(53)

The summation of the deformation of each adhesive layer should be the same as the
total deformation of the entire PSA system, as indicated by58y.The length of the
connected springtd mimic theflexural rigidity of carrier layer) is governed by the
bet ween the O6com

di fference in elongation
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indicated ly Eq. 61) . The O6compliantédé region and the
initial defect density at each bonding interface. B8) {(ndicates the equilibrium force

status of the two individual segments: the forceGtiffé region is equal to the

summation of the force i@ompliantregion and the linear springlso, the total force
applied on the PSA system is equal to the t
region.For modeling algorithm of the stresgain model, the displacement rate is the

input and total deformation of the adhesive systerhbeilupdated in the first step of

each iteration. Based on the EBO) the model will assigned a different valueifor

and for the compliant and stiff regiorespectively. Each region iterates separately

(iteration for each segment will follow the singégyered model) and generate the stress
output’Oand™Ofor the corresponding displacement input. Then the stress equilibrium

in the system is evaluated.tlfe valu€'Oin the current step is the same or very close

to the valuéO U 7, then the current iteration is determinetiémeconverge and the

model advanceto the next iteration step. However, if the difference betwé@and

"O 01 is more tharD.2%, then the moddias not yetonverge and a new set df

and| is assigned for the next trial. O O 071, 1 T ;

converrsely ifO 'O 01,] 1 ™| , wherei represerd the i trial in

current iteration step. The detailed algorithm for the dolaylered model is shown in

Fig. 85. This section only talks about the mechnics introducted be the spring. The basic

O0bl ockdé model mechanics and equations are
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v

—1 Displacement control Smt

!

Assign dand 8 by obeying
Otor=010, with bisection method |
}

Calculate F; and F, by
single-layered ‘block’ model

.

Check model convergence by No
evaluating if F; = F. + K§

Advance to the next time step

No

Delamination criterion

Terminate simulation

Fig. 85. Modeling algorithm of doubléayered stresstrain model

Fig. 86 shows the model prediction of the simplified doulalgered PSAbonded
assemblystressstrain model. Multiple transitions are predicted in the stséssn
model throughout the entire debamgl process, which corresponds to the empirical
observation inFig. 74. The stress increases rapidly in the initial stages due to the
hydrostatic stress accumulated in the highly confined geometry due to the high aspect
ratio (thickness versus length/width) of the PSA layer. The first drop of the stress value
is due to the elease of hydrostatic stress caused by cavitation initiation in the
ocompliantd region, which requires | ower el
the primary transition, the stress starts to increase again due to the hardening from
fibrillation and due to the vertical constraint provided by the spring connector. As the

hydrostatic stress accumul ates and exceeds
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the cavitation process initiates in the 0
secondary transition of the strestgain curve. Fibrillation process in the adhesive layer

on both sides of the carrier layer results in the strain hardening in the late debonding

region of the stress strain curve.

0.5
Primary transition

e

Secondary transition

/
AN

Strain hardening

e
=

&
ta

Engineering Stress (MPa)
=
o

=
—

0 2 4 6 8 10 12 14
Engineering Strain

Fig. 86. Sampe of model prediction of the simplified douHkeyered stresstrain
model

The stresstrain response of each segment is showfign 87. At the initial
debonding stage, stress in all adhesive regions increases monotonically as the strain
increases. Deformation of the PSA system is schematically shokig.i@8 (a). The
6compliantd region wil!/ first reach the c
larger initial defects. This also decreases the stiffness of thie dotiblelayered PSA
system and results in the primary transition in the ss&am curve, as shown Hig.
86. After the primary transition, thé i s pl acement di fference bet
6compliantd regions starts increasing, whi

Fig.88(b). Then due to the fibrillation process and-ot#plane constraint provided by
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the spring, the PSA system starts gaining stiffness again and picks up stress in both
adhesive layers as the deformation continues. The stretch of the spring reaches the
maximum n this phase and it is shownkng.88( ¢) . Then, the &6stiffo
its cavitation stress and starts to cavitate and releases stressrédsiselease causes

the secondary transition in the strssi®in curve. After the secondary transition, the
stiffness of the O0stiffd region decreases
0stiffé and oO6compliantd mEig838dd).snthetatear t s dec
debonding phase, both adhesive layers experience fibrillation process and result in

strain hardening in the entire system. In this phase, the displacement difference between

the oO60stiffdé and o6compl i amsshowninegd8@Ens i s bac

0.7

‘Stiff’ region

/

= = = =
X = tn =N

Engineering Stress (MPa)
(=]
o

\

‘Compliant’ region
I g

=
-

=]

0 2 4 6 ] 10 12 14
Strain

Fig.87.Stressst r ai n response ambel 6 oemplananodti € §ido

(red line) during the debonding process of doudéjered PSA systems
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Fig. 88. Schematic of simulation result of five deformation stages of ddagéred

PSA bonded assembly (for streggin deformation the dark blue represents the

6compliantd region and the | ight blue repr
deformation dark blue e pr esent s the 6stiffdéd region and
6compliantdé r egi on MHO0.ARegi¢gnd ihFigs8agd) durinde f or mat i

primary transitord2 ( cavi t ati on in écompliantdé region
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maxi mum deformation; (d) during secondary

and fibrillation H®8(fibdilatmmmmpdothegions) r egi on) ; (

5.4.2 Creep response of doudkyered PSAonded assemhly

The detailed algorithm for creep deformation under constant stress for a-double
layered PSAonded assembig shown inFig. 89. It is similar to the algorithm for the
stressstrain behavior but with different loading history. The creep model includes the
loading history from stress ramyp (displacementontrolled) to creep (stress
controlled).Since the creep phase is controlled by stress and the stress level for the
entire system is constant, based on B8), (the modeassigrs different stress values
to the o6stiffdéd and the 6compliantd regions
the relationship of Eq5(). This results in the vaéis of Oand Obeing controlled by
the elongation of the linear spring. For each step, there is one specific deflection of the
spring; , between zero and the total displacement of the PSA system of the current
step, that ensures the system satisflefour equations. The strain equilibrium status
in the system is evaluated. If the difference betweemd| 1 in the current step
is less than 1%, then the current step is determined to have converged and the model
advances to the next iteratioHowever, if the difference between and] 1 is
greater tha®.2%, the model is determined as failed to conver@®en a new value is
assigned tp for the next trial. The detailed algorithm for the douHkyered PSA

bonded assemblyreep modeis shown inFig. 89.
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Stress-strain model until
preset stress level reach

|

Stress control F,p

!
Assigned § by obeying
0 =20,—05and § < 8yt
v

Calculate F; and F, based on
F,=F.+Kdand F;p)y = F; + F.

Calculate §; and 6, by
single-layered creep model

l

Check model convergence by
evaluate if 8¢ = 6, + 5

Advance to the next time step

No

No

Delamination criterion

Output

Fig. 89. Modeling algorithm of doubkayered creep model
Fig. 90shows the model prediction of creep response of ddapéred PSA system
and corresponding creep rate. The doddyered model can reproduce the multiphase
creep response that Hasen observed in the empirical measurement, as shawg.in
80. The first increase of the creep rate is due to the stress migration from thedtydrost
part to the deviatoric part casused by cav
region. The second increase of the creep r
regi on. Due to t he r ecdvilate@ kgiopspthdegdomdary o f 0st

transition is not as significant as the primary transition.
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Fig. 90. Predictive model prediction of doubl@yered PSAonded assemblyreep
response

The corresponding history of deviatoric s
is shown inFig. 91. Before primary transition (cavitation), \datoric stresses in all
adhesive regions increase monotonically as the creep strain increases, shown in stage
(@inFig.88. However, after the primary transiti
due to higher hydrostatic stress), t he de\
dramatically due to theonstant force loading condition and the release of hydrostatic
stress caused by the cavitation process. T
decreases and thus accumul ates mor-e <creep
cavitated) region, wn asFig. 88(b). Therefore, the deviatoric stress increases
dramatically in this phase, as shown in the red blodkgn91. Meanwhile, the strain
of o6compliantdé region decreases slightly d
regions in caused by t he asgtaidnt Teewunbalgncedf t he

stiffness in two regions leads to an increasing displacement difference between the
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