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Les plus grands produits de lÕarchitecture sont moins des ìuvres individu-
elles que des ìuvres sociales, plut™t lÕenfantement des peuples en travail que
le jet des hommes de gŽnie.

Victor HUGO
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0.1 Introduction

Currently the even more competitive car making Þeld is at a watershed in
its history. Whether it is with the new kind of powertrains (full electric, hy-
brid...) or with the use of new materials, innovation and development sound
as it is necessary for a car builder to stay on track. In this framework, bonding
used as an assembly technology has been more and more present in the au-
tomotive world. More speciÞcally, car manufacturers such as Renault, have
been advised to use Pressure Sensitive Adhesives (PSA) designed for auto-
motive application. In general, one can Þnd them in domains going from
microelectronics to biomedical as they represent an adhesive solventless so-
lution. However, introducing such complex materials in a mass production-
oriented system is not the easiest task to achieve. That is why the company
offered to Þnance a doctorate research program based on this topic. Hence,
the work described in the following thesis was initially motivated by one
purpose: gaining qualitative and quantitative knowledge around the foam
PSA behavior. In order to address such a generic industrial objective, we
organized the study around the triptych product-process-material. This ap-
proach enabled us to dive quickly into a more fundamental research on the
PSA behavior itself but keeping in mind the industrial application.

The Þrst chapter consists of contextualizing the usage of PSA in the au-
tomotive industry. In spite of its small size compared to the rest of the car,
we observe that PSA materials are one of the cornerstones of the future high
tech automotive world. In the same chapter, we review the latest scientiÞc
breakthroughs regarding application process and classic PSA. Thus we can
build a strong and relevant problematic for the doctorate thesis.

The second chapter is entirely dedicated to the characterization of the PSA
for high bonding applications. At the beginning of this study, the partner
company gave us a totally unknown material subjected to trade secret pro-
tection. That is why the research starts by developing and adapting mea-
surement techniques to deÞne the internal structure and the main behavior
of the material of interest. The results are even more attractive since they
supplement researches on materials for deep water equipment.

The third chapter focuses on dissipative mechanisms identiÞcation. Then
we build a phenomelogical model to describe the performance of an adhesive
joint made with the foam PSA. The model is called Equivalent Fibril Model.
We apply it to 90 ! -peel test. We then explain quantitatively our model us-
ing non linear rheology. A second model, called Transposition Model, links
results from different loading conditions (peel test and ßat ended probe tack
test). That is the Þrst time that such models are presented for the very speciÞc
foam PSA.

The fourth chapter exhibits the link existing between adherence perfor-
mances and foam PSA debonding region shape. The morphology of the foam
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PSA during the debonding and the adherence energy level associated col-
lapse on a master curve (morphology vs adherence). The results are found
in triggering the peeling velocity, the interfacial adhesion between adhesives
and substrates and the damage of the foam PSA.

The last chapter sums up the scientiÞc conclusions of the study and gath-
ers the takeaway messages. It also provides the reader with perspectives and
supplementary works which should be done to enrich the research on this
topic.
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Chapter 1

Foam Pressure Sensitive Adhesives
in the automotive Þeld

1.1 Why mastering PSA use in the automotive in-
dustry?

Mastering PSA use in the automotive industry can seem a bit out of the scope
of an automobile manufacturer top one priority. We could think that such
a question should remain in the tape supplier perimeter and that only its
speciÞcations should interest the car builder. Nothing is less fair and we
describe why.

1.1.1 Economic and strategic interests

Renault Group is part of one of the largest world car manufacturer, the Re-
nault Nissan Mitsubishi Alliance. Thanks to their factories across the world,
from Tanger in Morocco to Moscow in Russia, the Alliance produces more
than 10.6 million vehicles per year (2017 Þgures)[42]. In order to reach such a
number at the lowest cost, all the production lines in factories are organized
around the same systematic organization.

On the schematic of the Þgure 1.1, we observe that the car is assembled
following a deÞned sequence which decreases as much as possible timeouts.
Firstly, the body of the car is fabricated, chemically treated and painted. The
surface treatment is called cataphoresis. It consists of depositing a layer to
protect the body of the car from corrosion. The painting protocol is orga-
nized in three steps. The surface of the body of the car, initially chemically
treated, is covered by a layer of paint primer. The vehicle is then baked and
another layer is deposited, that is the base coat containing the pigments giv-
ing the color. This base coat is then reinforced by a top coat which is designed
to protect the base coat. It is also worth noticing that this top coat is more and
more designed to exhibit the lowest surface tension possible to prevent dust
and dirt from attaching to the car. The Þnal structure of the surface of the
car is described on the graph of the Þgure 1.15. After its construction and
painting, the body of the car is blended with the powertrain (assembled on
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is gaining momentum: customization. According to the English Oxford Liv-
ing Dictionaries, customization is the action of modifying something to suit
a particular individual or task. When customers buy a new car, they want
it to be unique. To be able to deliver a unique vehicle to a single customer
over millions, car manufacturers have integrated customization in their car
fabrication processes. Thanks to the use of PSA, they can attach small parts
as aesthetics beams or emblems on a car without troubling all the production
line. The system is very straightforward and reasonably time consuming.
On a normal workstation, there is a box with optional parts that operators
can bond or not depending on the car customer will. On a production line,
each operator has a certain amount of time dedicated to operations so car
manufacturer has to plan bonding operations which match with the initial
task timing. PSA allow them to do so. Thus, there is no delay in the pro-
duction between two different cars. Thanks to these small aesthetics items,
differences between vehicles can seem minor regarding the complexity of a
modern car but putting an emblem or a chromed beam can change all the aes-
thetics and convinces the customer to buy a vehicle. Hence, customization
is essential for the sales strategy of the car manufacturer. Thanks to PSA so-
lutions, the cost of such a marketing differentiation remains well controlled.

Another meaningful advantage of using PSA is to contribute to the weight
reduction of a new car. The fact of subsidizing the classic assembly tools as
clips, screws etc... allows manufacturers to get rid of heavy elements com-
pared to PSA. "When bonding solutions will be generalized on all structural
and non-structural parts of a vehicle, kilos will be saved", Renault produc-
tion expert said. With such a weight decrease, it is obvious that car fuel or
electric energy consumption will also greatly decrease. From this point of
view, it turns out that PSA make the car greener which is of prime interest
for both economic and strategic automakers interests.

Even if PSA are relevant solutions to address many challenges of the mod-
ern automotive world, it remains some factors to consider, especially in the
framework of a doctoral research. They are all due to the fact that the topic re-
gards mass production in workshop environment. It means that production
imperatives will be likely to alter the performance of PSA. More precisely, the
industrial process is driven by the production line which can cause default in
the bonding formation, the atmosphere can be polluted by dust and/or wax
which can contaminate the substrate onto which a PSA is supposed to ad-
here. In addition, the shape of substrate is induced by aesthetics rules which
can differ from scientiÞc requirements to get optimal bonding performances.
These materials have obviously been designed in labs and have been tested
to meet industrial speciÞcations. The goal of the research is then neither to
question the chemical formulation of the PSA nor to contest their structure.
The objective is to understand how the PSA work and how industrial imper-
atives can inßuence their behavior.
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FIGURE 1.2: Letters debonding on the trunk of a car

1.1.2 Industrial need in such a PhD research

The interests for the car manufacturer of using PSA is now clear. Diving
deeper into the study, one question pops up: what happens during PSA
failure? In other terms, can we understand PSA failure? More than being
selective when choosing PSA commercial references, giving comprehensive
answers to those questions would lead to the Grail for industrial compa-
nies. Indeed, industrialists would like to predict PSA failure. Prediction is
a very tough and intriguing point when talking about adhesives. There are
a large number of critical factors driving PSA performance. According to an
automaker point of view, PSA failure must be understood for two reasons:
brand identity conservation and safety. The latter regards PSA use in the
framework of autonomous vehicles.

Brand identity protection

In appendix A, we observe that PSA are widely used to assembly letters and
company emblems on cars. Even though not vital for vehicles well function-
ing, these small parts must stay in place for all the service life. They account
for the identity of the car. A debonding can lead to a catastrophic appeal
decrease for a car brand. It suffers from a low quality image which affects
irretrievably the future sales.

On the Þgure 1.2, the initial name of the car was "SCENIC". This loss
generates a bad image for the brand Renault which is the car producer. If
the debonding occurs in the guarantee period, the debonding of one single
letter will doubly impact the automaker since it will have to pay to recall the
vehicle and Þx it. More importantly, if a default of bonding process is high-
lighted when a single car is recalled, then the company has to recall all the
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vehicles produced by the same production line. Such a situation can quickly
cost millions of euros. Whether it is for protecting the brand image or saving
millions in recalls, PSA failure must be understood by car manufacturers to
prevent them from occurring.

Safety

With the increase in automation in cars due to the growing popularity of au-
tonomous vehicles, more and more sensors and cameras are being used in
cars. Most of them are carried by parts which themselves are attached to the
body of the car or on bumpers. For the reasons mentioned above, car mak-
ers make such demanding assemblies using PSA. It is easy to understand
that sensors must remain correctly attached to the car. A loss of one of them
would result in a catastrophic accident, potentially causing death. Without
sensors or cameras the autonomous car would be blind, with no driver in-
board. That is why PSA failure must be vitally understood to be able to,
once again, reduce the risk of debonding. In this case, it is no longer only
commercial or Þnancial issues car makers can face but major safety threat for
customers.

1.2 When industrial interests meet academic research:
state of the art of the research on PSA

When talking about PSA, one can often confuse them with glues. However,
as we will detailed in this section, PSA and glues are fundamentally differ-
ent. Firstly, in the bonding process, glues establish strong chemical bonds
with the substrate whereas PSA substrates interfacial adhesion levels are
most time driven by molecular adhesion. Secondly, the performance of glues
mainly comes from the strength of the chemical bonds they establish with
substrates. In the case of PSA, performance comes from their ability to dissi-
pate energy. These differences make glues and PSA two distinctive classes of
materials.

Inside the PSA family, it is now of interest to differentiate classic PSA
which do not require external treatments other than an applicative pres-
sure and the so called hotmelt PSA. The latter require curing process when
bonded to a substrate. This curing is needed to remove solvent, favor cross
linking... PSA studied in the framework of this PhD thesis are solventless,
classic PSA. Here, we focus on the most widely used PSA adhesives which
are acrylics polymer based PSA [9]. Their high resistance to oxidation, and
therefore aging, undoubtedly justiÞes such popularity [ 85]. Foam PSA, al-
though very thick ( $ mm thickness size), are included in this denomination.
For this reason, we reviewed in the following subsections the relevant part
of the literature regarding classic PSA. We Þrst look at the bonding forma-
tion and then, focus on the debonding process. In the whole thesis, we call
foam PSAor automotive PSAor automotive foam PSAthe thick tape given by
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the company (similar to commercial reference GT6012 from 3M). We call thin
PSA or thin Þlms PSAthe classic ofÞce tapes commonly assimilated to PSA
denomination.

1.2.1 The bonding formation

The key point to study adhesion phenomena is the notion of length scales.
Generally, one can distinguish three domains: the nano-world where every-
thing sticks naturally and spontaneously, the transition scale ( $ µm) where
no obvious adhesion or detachment occur, and the macroscopic engineering
world where spontaneous adhesion is not common to encounter ( $ mm). In
that case, the use of bonding solutions like PSA is required. For those ma-
terials, the objective of the contact formation stage is to come very close to
the substrate surface (less than 5nm [57]) to establish interactions. Between
PSA and substrates, the early stages of the interfacial strength is driven by
molecular adhesion (van der Waals forces) [17]. In the long term, interfacial
adhesion increases which is due to the dynamic and uncross linked nature
of PSA [1]. For example, the adhesion for a polar PSA increases according to
the dynamic of the polar groups in the material bulk which have to reach the
interface to establish polar interactions (see next subsection). In a nutshell,
whether it is in the short or the long term, PSA interfacial adhesion is Þrstly
piloted at the molecular scale.

Molecular adhesion occurs at a very small range (less than 5nm [57],
smaller than the classic short range interactions such as electrostatic forces.
Hence, an intimate contact between PSA surface and substrate is of prime
interest to establish good interfacial interactions and favor bonding strength.

However with PSA, it is also possible to engender stronger interactions
between the PSA and the substrate by depositing an adhesion promoter. Ad-
hesion promoter is designed to chemically react with the substrate by form-
ing chemical bonds with it. In that case, we are no longer in the case of
molecular adhesion but strong chemical interactions. Excepted for some ex-
treme cases (see Chapter 3 and Chapter 4), we will mostly not use adhesion
promoter in the frame work of this research.

According to the literature [ 18, 37, 4, 5, 38], the question of the bonding
formation for a PSA can be seen as a coupling of two parameters: one is
extrinsic, the substrate surface state and the other is intrinsic, the rheology of
the PSA.

Where does molecular adhesion come from?

When talking about PSA adhesion, we know that a close and intimate contact
between the adhesive and the substrate, around 5nm is sufÞcient to establish
adhesion [57]. However, to go further in the study, it is worth understanding
whence this interfacial adhesion comes from.
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Whether it is in the bonding process (see Þg 1.4) or during the debond-
ing (see Þg 1.7), the interface plays a major role. The interfacial adhesion
is regarded as the core of many models of debonding energy description
[60, 30]. As previously said, the interactions implied in PSA adhesion are
mostly weak. When talking about weak adhesion, one can quote the Keesom
interaction (between molecules with permanent dipole), the Debye interac-
tion (between a molecule with a permanent dipole and a molecule with an
induced dipole), the London or dispersive interaction (between molecules
which together induce a dipole) and the donor-acceptor interaction [ 32] also
called acid-base interaction (takes place when hydrogen atom is shared be-
tween two molecules which creates a hydrogen bond).

Theoretically, one should be able to evaluate the ability of an adhesive to
establish these kind of weak bonds by studying surface free energies of the
substrate AND the adhesive [ 61, 60]. At the Þrst order, a contact between a
PSA and a surface is established if the interfacial surface free energy is lower
than the surface free energies of the PSA and the substrate taken separetely.
In condensed matter (solid or liquid), the atoms and molecules in the bulk
remain together because of strong bonds existing among them. However,
at the extreme surface, the atoms of the Þnal layer have less neighbors so
that they have an excess of energy (bonding energy being negative). This
energy excess is called surface energy. This surface energy corresponds to
the total amount of energy, E0

sur f ace, (or enthalpy) consumed by the creation
of a new surface. Rigorously, it differs from the surface free energy, $ (or free
enthalpy) which describes the amount of the energy available to react within
a potential interface [ 15]. The link between the surface energy and the surface
free energy is made with the energy used in the disorder of the elements of
the material, Ssur f aceÐ called entropy Ð which can be written as the following
relationship:

$0 = E0
sur f ace" T.S0

sur f ace (1.1)

or

$ = E0
sur f ace" T.

d$
dT

(1.2)

According to the equation above, the surface energy and the surface free
energy are only equal at the absolute zero [15]. The difference between sur-
face energy and surface free energy is often neglected by industrialists which
prefer to talk about surface free energy using the name surface energy even
if it is, theoretically, nonsense according to the explanation above.

As mentioned earlier, this surface free energy has to be taken account
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when one wants to study adhesion problems. Many researchers have been
focused on its measurement. For the liquids, works during the 70Õs and 80Õs
[48] led to efÞcient methods: Du Nouy setup, Wilhemy setup [ 2] or the well-
known in industry, the pendant drop method [ 3]. Nonetheless, it is necessary
to keep in mind the fact that in PSA adhesion problems there is no liquid. An
easy way to measure this free energy would be to use the melt solid (so a
liquid) [ 29] and extrapolate the results using relevant parameters. Harding
[45] did the calculations with silica at 25 ! C. This protocol is difÞcult to use
with foam PSA because of their complex chemistry.

Like for the liquids with the surface tension measurements and calcu-
lations, many methods have been developed to determine the surface free
energy of a solid. However, on the contrary to the liquids, results obtained
for the solids are strongly dependent of the method used [ 15]. For example,
according to the literature, the polyethylene has a surface free energy be-
tween 24mJ.m" 2 [76] and 55mJ.m" 2 [67], the PTFE has a surface free energy
between 18mJ.m" 2 [86] and 34 mJ.m" 2 [67]. And within the same method,
CarrŽ [11] showed that the value was likely to vary, between 41 and 49mJ.m " 2

with PMMA for instance. For these reasons, one must be careful with the
method used when determining the surface free energy of solid. Regarding
substrate, it is much easier to carry out such measurements. Pendant drop
method [ 3] or sessile drop method are well adapted. They are used for mea-
suring the polar and dispersive components of the surface free energy of a
solid (substrate) utilizing polar and dispersive liquids. In this conÞguration,
a single drop is deposited on the substrate and the spread of the drop is
recorded to measure the angle %(Þgure 1.3).

FIGURE 1.3: YoungÕs angle

%is not a constant angle and it is necessary for experimenters to deÞne
clearly their measurements: advancing angle, receeding angle, angle after X
seconds of stabilization. . .

These methods have been used in automotive industry. As it was likely,
all top coats used exhibit a surface free energy between 40 and 45mJ.m" 2. In
such a conÞguration (see Þgure1.3), one can recall the YoungÕs equation [84]:

$ l .cos%= $s " $sl (1.3)
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Because cos is decreasing on [0 ;- /2], the spreading of the liquid is ob-
tained for $ l < $s " $sl which means that the spreading coefÞcient S =
$s " ($sl + $ l ) [16] is positive. Fowkes in 1967 [33] proposed to decompose
the surface free energy by a sum of energies of different origins:

$ total
i = $d

i + $p
i + $AB

i (1.4)

where d stands for Dispersive, p for Polar and AB for Acid-Base.

Because of the contribution of each interaction within an interface, they
can be added [33].

Dispersive interactions

In the cases of two non-miscible liquids or a non-polar liquid with any
solid or a non-polar solid with any liquid, Fowkes [ 33] proposed that the

inßuence of one phase on the other is equal to: $1 "
!

$d
1.$d

2 (resp. for

the other phase: $2 "
!

$d
1.$d

2). So the interfacial energy is given by $12 =

$1 + $2 " 2
!

$d
1.$d

2 hence the DuprŽ energy [28], which describes the link be-
tween the adhesion energy and the surface free energies of the two materials
assembled, is:

Wadh = $1 + $2 " $12 = 2
!

$d
1.$d

2 (1.5)

To recall [15, 17], most of the early stage interactions occurring in the
bonding process of a PSA comes from the dispersive forces. For acrylate
based PSA, the long term is driven by polar interactions (presented later on)
[10]. According to Benedek et al. [10], "Acrylate-based PSA are highly polar
and the polar groups are initially oriented into the bulk adhesive and away
from the surface because of the presence of a silicone-coated liner (highly non
polar)". Hence, when that kind of PSA is deposited onto a substrate, it will
Þrst establish dispersive bonds as depicted in this part and then, as time goes
by, polar group will rotate towards the interface substrate adhesive and es-
tablish polar bonds which will explain performance which is observed some
time after the bonding process.

Polar interactions

One just saw that by considering only the dispersive interactions occur-
ring within an interface, it was possible to link adhesion energy and surface
free energy of the two materials. However, most adhesives have a total sur-
face free energy larger than the only contribution of the dispersive interac-
tions. Historically, the Þrst guess was that excess of energy comes from a
polar contribution [ 50]:
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$ i = $d
i + $p

i (1.6)

Based on the equation (1.5), Owens [50] wrote this expression of the ad-

hesion energy: Wp
adh = 2

!
$p

1.$p
2 which gives the following expression of the

adhesion energy:

Wadh = Wp
adh+ Wd

adh = 2
!

$p
1.$p

2 + 2
!

$d
1.$d

2 (1.7)

From this expression, we deÞne the polar and dispersive contribution.
Hence, it is theoretically straightforward to determine the surface free en-
ergy of any solid. If one measures the contact angle of a purely dispersive
liquid on a solid, the equation (1.4) combined with the equation (1.5) will
give directly the dispersive component of the surface free energy $d. Then,
the equation (1.7) allows to calculate the polar component $p, in using an-
other polar liquid such as deionized water [ 50].

However, it is worth noticing that this approach does not allow to de-
scribe which kind of interactions take place behind the term ÒpolarÓ. For
Fowkes [33], the non dispersive forces come from the acid base interactions
generating hydrogen bonds. Strictly speaking, polar interactions coming
from the establishment of Keesom or Debye bonds are negligible when talk-
ing about the adhesion of a polymer on another. But never in the literature,
we observed a strict model or even measurements linking precisely the polar
component of the surface tension and the interfacial adhesion of an acrylate
based PSA. We can only quote works [8, 61, 60] who showed a link between
the overall surface tension and the adhesive joint performance but never a
predictive law.

AB interactions

Acid-base interactions describe mainly two mechanisms: an exchange of
proton (Broensted acid) or an exchange of an electron pair (Lewis acid). In
both cases the base is the same but the acid is a proton donor (Broensted)
or an electron pair acceptor (Lewis). Drago [ 27] showed that the hydrogen
bonds come from Lewis interactions. To evaluate quantitatively such a force,
two approaches have been proposed: the Þrst one by Drago [27] valid at the
so-called ÒDrago scaleÓ and adapted by Fowkes to the interface solid-liquid
[32]; the second one by Gutmann [44]. For a purely polymeric interface, the
acid base interactions will be very close to the monomers constituting the
two polymers. However, in the framework of this study, we will not con-
sider speciÞcally the AB intercations but assume that, if such interactions
take place, they are included in the polar contribution.
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In a nutshell, interactions occurring at the interface when bonding a PSA
onto a substrate are mostly dispersive when talking about instantaneous ad-
hesion (tack response). In the speciÞc case of highly polar acrylate based
adhesives, dispersive interactions are gradually overcome by the polar inter-
actions which become more and more dominant in the long term behavior.
That is why, no clear evidence of a model predicting quantitatively adhe-
sion performances thanks to substrate surface energy was found. The only
information one can get from such a surface measurement is a hint on the
ability of a PSA to potentially attach well on a substrate. For example, if one
takes SBR (purely dispersive material with no polar group within) to attach
a weakly dispersive and highly polar part, it is straightforward to predict a
bad quality assembly. To conclude on this part, a reasonable hypothesis we
can make is that the interfacial adhesion of foam PSA (acrylate based PSA)
is mainly due to weak interfacial interactions. When talking about molec-
ular adhesion, we are considering weak interactions (a few tens of mJ.m " 2

[57, 58]). In the frame work of this research, we use surface energy measure-
ment to evaluate the quality of the surface treatments we use to trigger the
interfacial adhesion level (see Chapter 2).

Interfacial interactions are formed during the bonding process. The latter
can be described by the schematic from Þgure 1.4. The PSA is Þrst pressed
onto a substrate to deform it and adapt to the surface roughness (center im-
age 1.4). This deformation induces internal stresses occurring at the neigh-
borhood of the surface in the PSA. Elastic energy is thus stored within the
bulk of the material. To prevent the material from spontaneously debonding
when the pressure is removed (spontaneous debonding due to the immediate
release of the elastic energy [40, 34, 73]), the pressure must be applied during
a sufÞcient time to allow the material to reach its viscous regime. Such a con-
dition is controlled by the tape rheological behavior depicted below. Once,
most of the internal energy has been dissipated, the pressure is removed and
the adhesive joint is formed (right image on Þg 1.4).

FIGURE 1.4: PSA bonding process

Role of the rheology in the contact formation

The rheology is often the hard point when studying PSA. For long times, re-
searches on PSA in the automotive Þeld where led by mechanical engineers
who were not familiar with the science of rheology. In the contact forma-
tion perspective, rheology refers to the stage abusively called in the industry
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wetting of the adhesive. Works [18, 10] carried out until recently unveiled the
fundamental inßuence of the rheology on the PSA ability to bond onto a sub-
strate. In Þgure 1.4, we have seen that dissipation is crucial to allow the PSA
to correctly "wet" the substrate surface. Hence, it becomes logical that glass
transition temperature (Tg) is key. Tg will drive the dissipative regime and
therefore the PSA applicability domains. Also, to be a good adhesive, PSA
must be soft enough to adapt to substrate surface roughness (so exhibiting
a low elastic modulus) but stiff enough to resist to debonding (so exhibiting
a high elastic modulus). These two antagonist conditions are met thanks to
the polymeric structure on Þg 1.5. As a reminder "soft" means that materials
have a low shear modulus relative to their bulk modulus and where elastic
restoring forces are mainly of entropic origin [ 18].

FIGURE 1.5: PSA chains structure [18]. PSA polymer chains are
entangled (energy dissipation) and weakly crosslinked (energy

storage).

PSA materials are both entangled to dissipate energy and crosslinked to
prevent ßowing at the macro scale from occurring (weak crosslinking). This
structure will store strain energy elastically when deforming during the pres-
sure application time to the surface (see Þg 1.4). If the material was fully
elastic, this energy should not exceed the reversible DuprŽ work of adhesion.
In this scenario, the amount of energy stored within the material would de-
pend on the roughness of the substrate surface. To couple roughness and
material behavior would therefore be of primary when wanting to predict
performances of an adhesive joint. However, this coupling is very difÞcult
and hardly takes into account all the diversity of surfaces encountered in the
automotive industry [ 20, 34, 47, 72]. What is more, to be efÞcient the PSA
material must not be only elastic. As seen previously, this stored energy is
naturally a driving force to spontaneously debond the PSA from its substrate
[40, 34, 72]. Hence, a real PSA is no longer only elastic but exhibits a high
viscoelastic behavior. According to Creton et al. [ 18], this viscoelasticity will
allow to dissipate most of the stored elastic energy. Thus, performance of
the adhesive joint strongly depends on the history of the material. In other
terms, the pressure applied during a speciÞc time at a certain temperature
to bond a PSA will inßuence the whole resistance of the adhesive joint. This
energy dissipation will thus reduce the risk of spontaneous debonding by
dissipating the residual energy stored because of the local deformation of the
PSA to accommodate substrate roughness. Thanks to this local deformation,
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the material will form an intimate contact between the adhesive and the sub-
strate. This intimate contact (less than 5nm [57]) will engender the expected
adhesion of the PSA material with the substrate.

Rheology is the key driver of a good adhesive material. The question
which logically follows is: can we provide the industrialists and PSA users
with quantitative criteria to guarantee a good interfacial adhesion formation?
An empirical answer has been given by a scientist from 3M company called
Dalhquist [ 21]. He presented in his article three criteria.

- Glass transition temperature well below the usage temperature (chains
must be mobile)

- Low shear modulus (10 - 100kPa) when tested at a characteristic fre-
quency of 1Hz (strain energy to conform to even rough surfaces)

- Elastic character at low frequency or long times (preventing the creep)

The big advantage of such criteria is that they are easily applied on PSA
rheological data. For example, on the Þgure 1.6, we Þnd two graphs present-
ing PSA rheometer measurements (µÕ (elastic behavior) andµÓ (dissipative
behavior)) for a small strain shear loading.

FIGURE 1.6: Rheology of the thin PSA scotch 600 3M (ofÞce
tape) [78] at 1Hz

In applying the criteria, we can say here that the application tempera-
ture domain should be ideally higher than 15 ! C. Tg (-25! ) being measured
as the inßexion point of the µÕ curve, 15! would allow to respect the Þrst
criterion. For this temperature domain, we verify that shear modulus meets
the 10-100kPa. Eventually, at low frequency (so at high temperatures in the
hypothesis of TTS) we can observe on theµÓ curve that the dissipative pa-
rameter is very low. According to Dahlquist, ofÞce tapes are supposed to
adhere to most kind of substrates.

In this part, we saw that the rheology of the PSA materials plays a signif-
icant role in the contact formation. Temperature and frequency conditions
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during bonding process pilot PSA surface "wettability". The latter being
driven by the chemical formulation, PSA adhesive behavior can then be trig-
gered by modifying the chemistry to cope with a dedicated system. If rheo-
logical behavior is satisfying, molecular adhesion is likely to occur which is
the base for adhesive joint performance.

1.2.2 The debonding stage

Debonding a PSA can be deÞned by the breakage of the interface between the
substrate surface and the adhesive itself. This stage is represented on Þgure
1.7.

FIGURE 1.7: PSA Debonding process

One can Þrstly assume that the adhesive is optimally bonded to a sub-
strate (Þrst drawing from Þg 1.7). Then, PSA material is loaded to break the
interface (second image). Being soft (see the deÞnition above [18]), the PSA
material deforms a lot. During the deformation, PSA dissipates a lot of en-
ergy. More the PSA are loaded, more energy is dissipated. This amount of
dissipated energy cannot then reach the interface to break it. As a result, one
has to provide more and more energy to debond the tape from the substrate
which increases adherence level. At some point the energy provided is so
large that even with strong deformation the adhesive can no longer dissipate
energy and so the interface breaks (called "adhesive failure case", in the third
image). The failure can also occur in the bulk (called "cohesive failure case")
if the material internal bonds are not strong enough to undergo bulk stresses.

Paradoxical performances of the PSA

The previous explanation on energy dissipation associated to PSA deforma-
tion highlights one speciÞcity of the PSA. Adhesive performance of such a
material are paradoxical. Indeed, as mentioned in the graph of Kendal [ 57]
(see Þgure1.8), we see that if PSA adhesive performances were only due to
the interfacial interactions, the overall fracture energy that a PSA could reach
would be around a few tens of mJ.m " 2. This energy level corresponds to the
energy needed to break weak bonds (see molecular adhesion above). How-
ever, on the Þgure of Kendall [ 57] we observe that much larger (resp. smaller)
fracture energies are measured. This performance increase (resp. decrease)
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is due to the fact that energy is dissipated in the bulk of the material (resp.
the substrate surface is altered). That accounts for all the paradox of the PSA
behavior. The interfacial adhesion is relatively weak but, thanks to intrin-
sic properties of the material, the overall adherence is much higher. In the
same way, when substrate surface is altered, the interfacial adhesion can-
not set properly and the bulk dissipative mechanisms cannot be activated
so the overall adherence is even lower than the theoretical adhesion [10].
When using PSA, the most important thing is to ensure that the conditions
for activating the internal dissipative mechanisms are met. This is one of the
main objectives of this PhD: to understand how dissipative mechanisms act
in foam PSA to promote their appearance.

FIGURE 1.8: Adherence length scales: beyond molecular adhe-
sion [57]

As we can imagine, the interest of car makers is primarily in better know-
ing how to enhance energy dissipation through dissipative mechanisms ac-
tivation. In the trade literature, we did not Þnd any previous works which
were done on these mechanisms in foam PSA. The only ones which have
been extensively studied concerned thin and conÞned PSA materials (thin
PSA).

The other case, when PSA adhesive performances are limitied by a sub-
strate surface alteration, is also of interest, especially in order to understand
the activation criteria of enhancing phenomena. This point is critical for the
car manufacturers which have to design relevant assembly processes to pre-
vent such catastrophic situations from happening. Laying the foundations
for such a relevant assembly process is another objective of the PhD program.

Enhancing adhesive performances: how PSA dissipate energy?

When PSA are well bonded to a substrate, when the contact formation is
made according to the speciÞcations detailed in part 1.2.1, the adhesion reaches
an optimum. That is the necessary condition for the internal dissipative
mechanisms to activate and to grow. Without a good adhesion, without a
good contact formation, one cannot expect the PSA to be efÞcient [18, 15, 10,
59]. As previously said, we observed that PSA dissipative mechanisms have
been extremely well studied in the literature for the thin PSA (around 100
µm-thick) [ 51, 38, 10, 18]. Globally, researchers have divided the study into
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two stages. First, the initiation of the debonding (initiation of the crack) and
then, the debonding front propagation (propagation of the crack).

Initiation of the debonding

Interfacial rupture is the easiest to understand when evoking the initia-
tion of the adhesive debonding. This is the rupture which takes place be-
tween the adhesive and the substrate. When an adhesive is bonded to a
surface, the contact at the interface is never perfect. Some air bubbles are
conÞned between asperities or other ßaws [18].

To quantify them, non-destructive tests are proposed in the literature [ 68,
69, 63]. The main interest for those tests is that they are applicable in an in-
dustrial mass production system. One technology is particularly interesting
to describe the interface: multi-emitters multi-receptors tests. They are based
on the SVD (Single Value Decomposition) method [ 68]. Another interesting
way to do so is the method presented by Lefebvre et al. [ 63]. Although inter-
esting, those techniques are not a panacea and the interface characterization
remains still today a hot topic for researchers.

Because of the imperfect interface, when the polymer is submitted to a
loading as tension, this condition generates a negative hydrostatic stress on
those bubbles [36, 17]. The hydrostatic pressure value is strongly dependent
on the conÞnement. The latter is especially high when the adhesive is geo-
metrically conÞned between two rigid subtrates. As a reminder, we consider
geometrical conÞnement when sample lateral dimensions are not at least ten
times higher than the material thickness. In such conditions, these air bub-
bles tend to grow as cavities. Once a cavity is generated at the interface be-
tween the adhesive and the substrate, it grows and develops as presented in
Þgure 1.9[39]. On this schematic 1.9, one can see that cavities have a common
origin, but the development can take two paths. When interfacial adhesion
is not very high, debonding can be described by the lateral growth of cavities
which progressively leads to a global debonding of the polymer (upper case).
In case of high adhesion and high material toughness, cavities will tend to
grow vertically. The walls between cavities become thinner and thinner until
the creation of elongated polymer parts which are called Þbrils (Þbrillation
or Þngering process) [62]. The overall work of debonding can thus become
very high. Polymeric PSA being highly viscoelastic, energy dissipated in the
Þbrils depends on their strain rate and the material temperature [ 13, 7]. In
the relevant regime, adherence energy can easily reach some thousands of
kJ.m" 2.



1.2. When industrial interests meet academic research: state of the art of the
research on PSA

19

FIGURE 1.9: Cavity growth under uniaxial tension conditions
[18]

These speciÞc conÞgurations can be recreated in lab using the ßat ended
probe tack test (further details are provided in Chapter 2). The ßat ended
probe tack test, as depicted in Þgure 2.15, allows to obtain the curve from
the Þgure 1.10. On this curve, we distinguish direct views of the debonding
interface between the adhesive and the substrate.

FIGURE 1.10: Tack results for thin PSA using the instrumented
ßat ended probe tack setup from the SIMM lab [ 18]
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The curve shows clearly the different stages of the debonding crack initia-
tion. Firstly, there is the cavitation phenomenon which appears according to
Þgure 1.10. Then, there is the cavities growth leading to Þbrillation process.
The thin PSA is then totally fribrillated and the debonding occurs when the
single and independent Þbrils detach from the substrate. The overall inter-
face rupture is often brutal (end of the curve on the Þgure 1.10).

Propagation of the debonding front

Once the debonding is initiated, the crack front has to propagate. During
this stage the evolution of the debonding is easier studied regarding a steady
state regime. A relevant solicitation in this case is the peel test. As presented
in the Chapter 2, peeling can engender both cohesive or adhesive failures.
The latter has been mostly encountered when studying the debonding prop-
agation of thin PSA [ 15, 78, 77, 54, 55].

Peeling can be realized at different peeling velocities and from differ-
ent angles. The PSA being soft materials, it is required to use a backing.
The choice of the backing is of Þrst interest. It must be stiff to prevent the
debonded part of the adhesive from deforming in tension. But, it must also
be elastic enough to bend without plasticizing excessively. By nature, the
backing layer conÞnes the adhesive from a fracture mechanics point of view
(detail in the fracture mechanics subsection). The idea to keep in mind is that
the adherence energy depends on the choice of the backing.

FIGURE 1.11: Peel test modeling [78]

From peel tests, extended researches were carried out regarding the bulk
Þbrillation process [ 78, 77, 8, 13]. When ßat ended probe tack test points
out the creation of the Þbrils from cavities nucleation, peeling focuses on
mechanisms development. Thanks to instrumented peel test setups like the
one presented in Chapter 2, phenomenological models have been enriched
by in situ measurements [78, 77]. Recently, such tests have even provided
quantitative non linear rheological explanations of those models [ 13].

Fracture mechanics

In terms of fracture mechanics theories, classic LEFM and NLFM theories
still remain feasible under one condition: the substrate must be considered as
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inÞnitely stiffer than the adhesive tape. A good approximation is to consider
Esubstrate> 100Eadhesive[18].

In the interfacial case, reversible DuprŽ interfacial work of adhesion [ 28]
is written as:

w = $adhesive+ $substrate" $ inter f ace (1.8)

It deÞnes the lowest thermodynamic fracture energy an interface can ex-
hibit. This approach is purely elastic. If the PSA were fully elastic materials,
adherence would be then equal to w.

Pioneering the domain of fracture mechanics, GrifÞth [ 41] associated the
creation of a new crack to the conversion of mechanical energy into the purely
elastic DuprŽ work of adhesion [ 18]. Hence, he introduced the strain energy
release rate where:

G =
. Uw

. A
"

. Uel

. A
(1.9)

This formulation set the bases for the Þrst approach of fracture mechan-
ics: the singularity based model. This model is developed under LEFM con-
ditions. It stands that all the non linear mechanisms happen in a very small
region at the vicinity of the crack whereas all the material bulk remains linear
elastic (SSY condition). In such conÞguration, singularity induces a singular
stress Þeld diverging with the inverse square root of the distance r from the
crack tip:

&(r) $
K

&
r

(1.10)

where K depends on the sample loading (K $
&

EG).
Here, the crack propagation (so the debonding for adhesive material cases)

is driven by the stress intensity factor which is a material property ( Kc $
&

E!
with ! the adherence energy). If K > Kc, there is propagation. At the equilib-
rium, G = ! .

As mentioned above, the performances are paradoxical [57]. Taking into
account these dissipative mechanisms, the closest model developed was the
one of Maugis et al. [65]. The amount of dissipated energy is there repre-
sented by an intrinsic function ' so that no other energy losses occur outside
' . In those conditions, G becomes:

G = w(1 + ' (at .v)) (1.11)

where at is a temperature parameter and v the limit propagation velocity.

This relationship remains valid if the elastically deformed volume in the
bulk can be clearly separated from the length scales of the dissipative pro-
cesses. However, in most modern PSA, energy is dissipated by mechanisms
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appearing in small regions BUT developed in PSA bulk [ 78]. In that case,
Maugis et al. [65] approach is not the most relevant.

In order to couple these bulk dissipative phenomena with fracture me-
chanics theories detailed above, Creton et al. [18] proposed a multiscale ap-
proach represented on Þgure 1.12.

FIGURE 1.12: Schematic of a propagating crack in a soft mate-
rial [ 18]

The bulk dissipative mechanisms such as Þbrillation are now seen through
the bulk dissipated energy ! and the non linear interfacial phenomena are
seen through a ! local. The transition between these two zones remains poorly
explained [18, 22]. In this approach the physical value which drives the crack
propagation is the elasto adhesive length, LEA = !

E. When ( %, the radius of
curvature of the crack tip, reaches LEA value, the crack (debonding front for
adherence) propagates. It is worth noting that LEA is an intrinsic parameter.
The schematic of the Þgure1.12highlights also a relevant point. Developing
dissipative mechanisms in the bulk, PSA can have a theoretical dissipation
region size (in red on Þgure 1.12) larger than the sample thickness. In such sit-
uation, the material cannot dissipate as much energy as it could theoretically
do. The material is "mechanically conÞned". Taking into account such bulk
dissipation region, peeling models have been based on phenomenological
approaches. The Þrst one has been proposed by Kaelble [51, 52, 56, 53, 54]. It
assumes that the interface of bonding can be divided in regions of equal size
which have the same linear elastic behavior (see Þgure 1.13). The conÞne-
ment effect is neglected as well as cavitation. This is a purely elastic model.
This has been then improved by using non linear elastic springs.
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FIGURE 1.13: First Kaelble model

This Þrst approach has been the groundwork for its adaptation to vis-
coelastic materials taking into account for the Þrst time the tape rheological
behavior [37] in the 70Õs. All the description and the length scales remained
the same. Moving further, an extended model was recently provided by Vil-
ley [78, 77] where, more than the only rheology, actual physical dissipative
mechanisms are taken into account.

FIGURE 1.14: KaelbleÕs length scales [51, 52]

In this conÞguration, some assumptions have been made. The debonding
region is deÞned by the Kaelble zone. In a peel test, the latter deÞnes the
region where the stretch energy and the bending energy of the backing is
progressively transferred to the adhesive tape. According to KaelbleÕs model
[51, 52], two characteristic lengths can be extracted. The Þrst one is ) #. It
determines the length of the Þrst zone where the stretch energy of the backing
induces a shear of the adhesive tape. Calculations based on loading energies
give:

) # $

"
Eahb

µ
(1.12)
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The second characteristic length) * describes the length of the zone where
the bending of the backing loads the adhesive tape with a progressive cleav-
age loading. It is worth noticing that the following pattern accounts for a
peeling at any angle (not too small [ 51, 52]). As well as for ) #, calculations
based on loading energies result in:

) * $ 4

"
EIa

Ybbacking
(1.13)

However, the deÞnitions of Kaelble zone are questionable when it comes
to describing the behavior of a material with high cavitation and Þbrillation
processes. In such conditions, Kaelble zone is extended thanks to theLdr, the
length of the dissipative region (or debonding region). The comprehension
of those geometrical lengths is given by the schematic of Þgure 1.11.

We saw in this part how PSA can dissipate energy. With a sufÞcient inter-
facial adhesion coming from molecular adhesion (see 1.2.1), the PSA highly
deforms when loaded during the debonding stage. This load engenders
the creation of cavities, cavitation process. They occur mostly at the inter-
face with the substrate. Because materials depicted in the literature are thin
(around 100 µm thick) only very few cases of bulk origins cavitation were
reported. Those cavities, if the material is tough enough, form Þbrils, also
called Þbrillation process. These Þbrils, single and independent, are then
loaded in uniaxial tension where their ability to dissipate energy is driven by
the viscoelastic behavior of the polymer they are made of.

To visualize the importance of dissipative mechanisms, we can recall the
example of chewing gum. Chewing gum adheres easily even if its bonds
are weak. Its strong adhesion comes from its high viscous behaviour which
can dissipate most of the energy given by the plastic deformation due to the
attempted removal. In this case, the molecular adhesion is not huge but the
macroscopic dissipation mechanisms amplify it enormously.

Many attempts to model the behavior of thin PSA in peeling conditions
were reported and the most relevant seem to be the ones derived from the
foundation-based approach of Kaelble. The lattest version described by Vil-
ley et al. [78] gives a relevant starting point to study the behavior of the foam
PSA.

The limits of PSA usage: when the substrate surface is altered

On the contrary to the previous situation, we saw that the PSA overall adher-
ence can also be lower than the theoretical interfacial bonding performances
one can expect from molecular adhesion. This situation is encountered when
this molecular adhesion does not take place between the adhesive and the
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substrate surface. According to the trade literature, there are mainly two fac-
tors which can lead to that kind of poor interfacial adhesion [ 59, 15]: surface
contamination and surface geometry .

In the Þrst case, contamination affects dramatically the molecular adhe-
sion in reducing it. If the molecular afÞnity of the surface is important, con-
tamination can cause repulsion of the molecules likely to lead to a "weak"
failure of the adhesive joint. Contamination is deÞned by the second law of
the theory of adhesion proposed by Kendall [ 57]: "Contaminants can be ei-

ther solid particles or ßuids (water, grease, air. . . )." They have three origins:

1) Environment during bonding of the adhesive (workshop atmospheres
with dusts, grease, human perspiration, air. . . ). In the automotive industry it
is mostly the presence of dust and wax clouds which can be troublesome.

2) Primary preparation of surfaces of the substrate (paintings, varnish,
demolding agents. . . ) [46]. The composition of the substrate surface of a
painted car is multilayered (see the Þgure 1.15).

FIGURE 1.15: Painting layers in automotive Þeld [ 81]

The Þnal varnish is tailored to exhibit a low surface tension (around 45-
50dyn.cm" 1) to avoid dust and mud aggregates to stick to the car. For the
same purpose the polar contribution of the varnishes is thus reduced. The
afÞnity to acrylate based PSA is then reduced.

3) Secondary preparation substrates surfaces (solvents. . . ). In the automo-
tive domain, in order to remove potential contaminants from the substrate,
car makers use solvent-soaked wipers. In his PhD, Horgnies [46] showed
that the choice of the cleaning solvent is critical for the adhesive joint perfor-
mances.

Contamination reported before consists of the settlement of molecular
layers of contaminants disturbing the establishment of the intermolecular
interactions (schematic a) or even causing breakage of the chemical bonds
(schematic b).
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FIGURE 1.16: Screening effect of contaminants

In the second case, substrate surface geometry can decrease the molecular
adhesion in two situations. First of all, because of the local roughness of the
substrate. Roughness is one of the most inßuential parameter acting on the
molecular adhesion energy. It can be useful for both improving and reduc-
ing the adhesion. Under this angle it appears to be paradoxical. In fact, in
order to understand the roughness-related mechanisms, one must take into
account the stiffness of the adhesive plus the actual roughness of the sub-
strate surface [57]. If roughness is high, the adhesive has to be soft enough
to accommodate and spread the most on the contact zone. On the contrary,
if the surface is relatively smooth, the adhesive must be stiffer. These results
have been established by Fuller and Tabor in 1975 [34]. The difÞculty to take
into account roughness when studying adhesion problems is its randomness.
Johnson [49] proposed a statistical method to model all the asperities. Imple-
menting this computer model, Fuller and Tabor found out that roughness
and elastic modulus (i.e. stiffness) evolutions are equivalent [ 34]. Physically,
roughness can be deÞned by being an obstacle for the wetting of the adhesive
to the substrate surface in the case of elastic material. However, when the ad-
hesive material is highly viscoelastic, this roughness can enhance interfacial
adhesion by maximizing the surface contact. Adhesion enhancement and
decrease are then piloted by the couple material viscoelasticity and substrate
roughness.

Another situation where substrate surface geometry can decrease interfa-
cial adhesion is encountered when substrate and bonded part have a differ-
ent curvature. Such a difference leads to increase residual stresses within the
PSA. On the Þgure1.17, we can observe the problem more clearly.

On the photograph, we see that the difference of curvatures of the two
materials (beam and body of the car) loads the PSA on the edges (in blue
circles). Hence the latter is bonded while being mechanically loaded. Even
if the contact is correctly made, locally the material undergoes mechanical
stresses and is likely to debond after the application pressure removal.

Since the 60Õs with Kaelble [51], PSA materials have never stopped be-
ing an intriguing topic for researchers. Most researches have been carried
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FIGURE 1.17: Curved adhesive joint application

out focusing on the thin and conÞned PSA. For such materials, the literature
provides us with qualitative and quantitative tools to understand their be-
havior. The main idea to keep in mind is that adherence problems are multi
scales. For the bonding stage, one highlighted the role of the rheology on the
contact formation. That allows the material to create an intimate and stress-
less contact with a substrate. Such a close contact is a prerequisite for the
establishment of molecular adhesion which is the keystone of the adhesive
performance. Regarding the PSA debonding, researchers understood that
thanks to energy dissipative mechanisms such as cavitation or Þbrillation,
it is possible to enhance PSA adhesive joint performances. Researchers built
models to explain the material behavior. These models come from two differ-
ent ways. The Þrst ones derive from the "foundation-based approach". They
seem to take well into account the dissipative mechanisms, essential for the
foam PSA. The second ones derive from the "singularity-based approach" but
they do not seem to be so relevant when large strain Þbrillation occurs. The
last point evoked in the literature brings to light PSA usage limits. Although
it improves adhesion, the surface chemistry of the substrate can also signif-
icantly reduce the performance of adhesive joints. To explain this, surface
contamination and mechanisms related to geometry were mentioned.

1.3 PhD problematic deÞnition

Besides the scientiÞc research objective, the doctorate program presented in
this thesis has another challenge. It must also address industrial questions.
The Þrst question that both industrial and lab have is to characterize the ma-
terial itself. What is the structure of such a material? As we said previously,
the material studied here is a commercial product so with an unknown char-
acterization. What is more, its characterization is not trivial. It is a soft, thick,
and sticky material. Dedicated methods and tools have to be designed.

Regarding the literature, the second question which pops up concerns
the rheological behavior of the foam PSA we study. From a scientiÞc point
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of view, carrying out rheological tests is interesting for both experimental
protocol design and measurements. Does the particular material structure
impact the rheological behavior in small strain regime? From an industrialist
point of view, carrying out such tests could allow them to approach their
bonding process from a rheological point of view. This was never done in
most automotive companies.

The third point emphasizes the debonding stage. For a scientiÞc purpose,
it is very exciting to unveil the physics behind the energy dissipation. How
energy is dissipated in the foam PSA? Do the dissipative mechanisms fol-
low the same rules as for thin PSA? Previous researches never looked at the
impact of bulk structure in the dissipative phenomena appearance. How
do they affect the material behavior and especially, adhesive joint perfor-
mance? Is adherence energy still enhanced in the same proportion by dis-
sipative mechanisms? Does the substrate surface state impact mechanisms
activation? For the car maker involved in this doctorate program, the goal
of this third point is to open the black box of foam PSA debonding. Before
this work, a bonded assembly failure was explained by the simple sentence:
"The assembly breaks.". It is obvious that such an accident report is not suf-
Þcient to implement sustainable solutions to prevent deÞciency from occur-
ring again, especially in systematic processes. Thus, in the following thesis
we explain in a mass production oriented language what happens when the
PSA debonds. We offer solutions to rethink the way bonding is made in fac-
tories, the way assemblies are designed.

The last question regards modeling. In the literature, we found numer-
ous descriptions of the main mechanisms implied in the energy dissipation.
Could they be applied to foam PSA? From a mechanical point of view, per-
forming fracture mechanics in such a material is a real challenge. Moving
from crack tip singularity to large strain dissipative models, the foam PSA
debonding behavior is a perfect system to Þnd links between those two ap-
proaches. Hence, one the PhD objective will be to formulate phenomeno-
logical models coping with the foam PSA particularities? As we saw in the
above contextualization, this research aims at becoming more quantitative
regarding the design of PSA bonded assemblies. Thanks to the work which
is presented in the following thesis, the ultimate goal is to lay the foundations
to move to a more predictive approach of adherence.

The latter points highlight the strong industrial need for developing knowl-
edge around foam PSA. The literature review pointed out the missing ele-
ments in the scientiÞc community. According to what has been said before,
the key problem concerns the way foam PSA dissipate energy. That is based
on this point that new phenomenological models will be built. Hence, the
common goal of predicting bonding failure shared between researchers and
industrialists would be fulÞlled. To open the black box of the foam PSA, we
then focus on the following problematic: Dissipative mechanisms during the
debonding of high performance foam pressure sensitive adhesives for automotive.
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Chapter 2

Foam PSA for high bonding
performance

PSA for high bonding performance are a very exclusive class of adhesives.
They mainly differ from the others by their large thickness (around 1 to 3
millimeter-thick). At the beginning of the doctoral research, the PhD partner
company came with a roll of this speciÞc tape adhesive. The Þrst question
we asked ourselves was: what is inside this material? Hence, the PhD re-
search starts by developing a strategy to characterize the material itself. As
we further describe such material has a very unpredictable and intriguing
architecture when thinking about an adhesive. Once we identify the material
structure, we establish a strategy based on the dedicated literature to study
all the debonding stages, from crack initiation and propagation to Þnal de-
tachment.

2.1 Material characterization

In order to characterize the material, we Þrst unveil the material structure
thanks to optical microscopy, SEM and microtomography X. Then, we focus
on the rheological behavior of the tape. Beyond knowing the foam PSA rhe-
ology, the goal is also to compare foam PSA with thin PSA (both with a sim-
ilar chemical composition) extensively studied in the literature [ 24, 10, 83].
Eventually, we concentrate on the large strain behavior of the tape. This
characterization is relevant because the foam PSA is supposed to deform a
lot during the debonding. Such large deformation sollicitates non linear rhe-
ology which pilots energy dissipation and so adherence energy [ 13]. Thanks
to the results of this characterization we then provide the main features to
implement in potential FEM calculations.

All the experiments presented afterwards are carried out either in the Soft
Matter Sciences and Engineering Lab, SIMM of ESPCI school in Paris or in
the Renault Technocenter in Guyancourt.
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2.1.1 Structure identiÞcation

Optical Microscopy

The Þrst characterization experiment is a straightforward optical observa-
tion. We observed PSA morphology from its surface. With a magniÞcation
x200, we can see the presence of many spherical bubbles (Þg2.2). The max-
imal size is around 100 micrometers diameter. Although the PSA is made
of acrylate monomers, the color is grey. After making a short benchmark,
we found out that PSA colors are purely for aesthetics (colors of the exter-
nal parts of the car) and marketing (brand differentiation among suppliers).
Color is given to the material thanks to the presence of black carbon particles
(less than 10% volumic) and Titanium Dioxide TiO 2 (less than 10% volumic).
It is worth noticing that such low concentrations, less than 10%, should not
affect the mechanical behavior of the tape [26].

FIGURE 2.1: Microscopic observations of the foam PSA surface
(area in green). The unstretched tape (a on Þg2.2) is observed
with the red liner to prevent potential damages due to liner
debonding from occurring. The stretched sample (b on Þg 2.2)

is observed without the red liner to be easily deformed.

Scanning Electron Microscopy

In order to conÞrm the nature of the "bubbles" observed with the limited
range optical devices, we use for more accuracy the FEG SEM technology.
The machine is the Magellan FEI ThermoÞsher with a vacuum chamber of
10" 5mbars, a voltage in the range of 0 - 30kV.
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FIGURE 2.3: SEM observations of the unstressed material

FIGURE 2.4: SEM section observations of the "liquidly nitro-
genely" cut material.

Typical use of that kind of beads in other domains (bumpers forming, rein-
forced polymers... [6]) hinted that they could received a surface treatment
during material production. With our EDX device we checked that no such
treatment was made. That means also that no interfacial adhesion triggering
(between spheres and matrix) is made at the scale of the beads.

Even if we performed SEM on as many sections as we could, this type of
observations remains too local to generalize results. That is why we move to
another characterizing technology which is the micro tomography X.

Micro Tomography

Micro tomography X is a technology where internal structure of materials
can be observed in a non-destructive way. X-rays are emitted and then pass
trough the sample of interest before reaching a detector. The Þnal result is
an assembly of all the images reconstructed based on this receptor while the
sample is spinning. Eventually, we obtain a 3D image of the object structure
we are studying. Technology principle is illustrated on Þg 2.7.
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FIGURE 2.5: Microspheres wall thickness measurement

FIGURE 2.6: X ray tomography principle

The machine used in this PhD work is the microtomograph located in Re-
nault technocentre in Guyancourt. The biggest challenge to overcome in such
test is the low materials densities. The density of the hollow spheres is very
close to the air as well as the polymer one. Hence, the emission parameters
must be adapted to trigger the X-rays beam (nb: it would have been much better
to work on a synchroton with a phase contrast). The image presented on Þgure
2.7 shows a slack taken during one emission period. From all the slacks we
got we reconstructed the full structure of the sample.

Based on these measurements, we post-treat images to get a quantitative
idea of the PSA structure. There is 37% percent in volume of hollow glass
microspheres and their size are continuously spread over the range [10µm to
100µm]. Such glass microspheres are largely used in industries going from
pharmaceutical companies to defense domain. They are most of the time
Þlled with inert gas such as nitrogen [ 75].

Structure of the foam PSA

According to results obtained with these three characterizing techniques, op-
tical microscopy, SEM and microtomography X, we can describe the struc-
ture of foam PSA as follow. It is a composite material where the matrix is
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FIGURE 2.7: Slack obtain from tomographic experiment. The
croped part on the right edge corresponds to image post pro-

cessing correction

the acrylate-PSA itself (fully incompressible) and where there are two types
of Þllers. At the nanoscale, there are black carbons and TiO2 particles which
have no effect and the mechanical behavior. At the mesoscale (around µm
scale), there are hollow glass microspheres. On the contrary to the previous
ones, these Þllers are likely to strongly affect on the tape behavior. This effect
will be of major interest in the framework of this research.

Discovering such a peculiar structure made us think about the structure
of another class of materials, the syntactic foams . An extensive review was
provided by Ruckebusch [ 75]. He showed the relevance of using such archi-
tectures to resist to high pressure applications. Syntactic foams are indeed
widely used for deep water devices where external pressure is gargantuan.
The latest hollow glass microspheres can generally undergo "external pres-
sures exceeding 2000 bars", Ruckebusch said [75]. Drown in resins or elas-
tomers, they account for materials lightness and resistance. At this point
of the structure identiÞcation, we were glad to Þnd that such an interesting
architecture was also used in other domains. However, all these syntactic
foams applications motivated industrial and academic researchers to study
the material in compression and not in tension which is the case when study-
ing debonding [ 14].

We saw in the state of the art review (in part 1.2) that PSA polymers
like acrylates are entangled and crosslinked exhibiting a ÒsoftÓ behavior [10].
Such a behavior differs a lot from the mostly elastic elastomers used in classic
syntactic foams [14, 43]. To check if this architecture affects the incompress-
ibility of the matrix, we use a simpliÞed model of automotive tape structure.
From a general point of view, we evaluate the compressibility of an foam PSA
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in its unstressed initial state represented in the schematic of the Þgure 2.8.

FIGURE 2.8: SimpliÞed model of foam PSA structure

We Þrst assume the presence of one single hollow glass microsphere hav-
ing the average diameter of the spheres in the real material. We then assume
the material loaded in compression. Hence, calculations give the following
PoissonÕs ratio for the pseudo syntactic foam.

+f oam =
1
2

"
1

6(1 " #s)
Ef oam

Esphere
[
3
2

(1 + +sphere)#s " 2(1 " 2+sphere)] (2.1)

We consider here that #s is the shape parameter of glass microspheres. For
ai the internal radius and be the external radius of the sphere in the simpliÞed
model (Þgure 2.8), we have: #s = ( ai

be
)3, shape parameter with ai = 48 µm and

be = 51 µm (average size of the spheres).

Numerical result gives a PoissonÕs ratio of 0.4998 which highlights that
taking unstressed foam PSA as being incompressible is a reasonable hypoth-
esis. As it stands, the structure we have in mind to represent the foam PSA is
presented in the Þgure 2.9.

FIGURE 2.9: foam PSA architecture: syntactic foam

To sum up, we have a syntactic incompressible foam made with a acry-
late based polymeric matrix and hollow glass microspheres having a size
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spread continuously within the range [10 µm to 100µm]. In a Þrst approxima-
tion (justiÞed by the following rheological characterization), we consider the
acrylate based polymeric matrix very close to thin PSA presented in the bibli-
ography (see part 1.2). Following this point, it is very interesting to carry out
measurements to see how this peculiar architecture impact or not rheological
behavior of the foam PSA. It is also of prime interest from an industrialist
point of view to check if the Dahlquist criteria remain valid for this type of
material [ 21].

2.1.2 Rheological characterization

To perform rheological measurements, we used the Anton Paar Rheome-
ter Physica MCR 501. This rheometer allows measurements in small strains
shear loading. The geometry chosen was a contact plan. The key with that
kind of material is to take into account the high material viscoelasticity [ 66].
At low temperatures (around -40 ! C which is well below the glass transition
temperature ' " 25! C), the material behaves like a brittle material. During
exploratory tests, we observed a thickness decrease of 17% corresponding to
0.2mm (as a reminder the initial thickness of the material is 1.2mm). On the
contrary, for high temperatures (above 50 ! ), the material swells signiÞcantly
(0.15mm, 13% of the initial thickness). This behavior change is very trouble-
some because it also increases the risk of slipping of the PSA between the
two contact planes. We solved this geometry change problem by applying
a vertical axial force of 1.1N ( ' 22Pa). This force was high enough to pre-
vent slipping from occurring and low enough not to compress excessively
the PSA.

According to this classic protocol [ 66], we performed rheological mea-
surements depicted in the Þgure 2.10.

Based on these results, a TTS (time temperature superposition) is made
by determining aT shift parameters thanks to a WLF law. The reference tem-
perature is 21! C. Those shift parameters will be also used in the part 3.3. To
take into account classic limitations of WLF transposition, the shift is made
between Tg -10! and Tg + 80! C.

Rheological results 2.10 and 2.11 highlight the large dissipative domain
which is in good accordance with the bibliography on PSA [ 24, 10, 15, 18].
In the case of the foam PSA, the glass transition regime is very wide (width
of the tan! bell on Þg 2.10. By convention, we then measure the Tg as the
midpoint of this regime which corresponds to the inßexion point of the G#

curve. According to the graphics presented above, Tg ' -25! C. On the tem-
perature measurements, we observe that the optimal minimum application
temperature according to Dahlquist [ 21] (Tg + 40! C) is 15! which is exactly
the lowest application temperature in automotive factories. The second crite-
rion for Dahlquist is that the PSA material must exhibit an elastic-like behav-
ior for very small frequencies. This condition is required to prevent tape from
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FIGURE 2.10: Foam PSA rheological behavior in small strain
regime. The test is carried out by soliciting the material in shear
from -60! C to +130! C. At every 3 ! C a frequency sweep is car-
ried out between 10" 1Hz and 101Hz. G# and tan ! = G##

G# are
plotted on the graph with respect to temperature.

creeping. On the Þg 2.11, we observe that this condition is met. G# is clearly
larger than G##for frequencies below 1Hz. At 1Hz we also distinguish that G#

is equal to 400kPa which is $ 100kPa, the last Dahlquist condition. This high
value, compare to thin PSA, can be explain by the high thickness of the ma-
terial. To prevent a so soft material from creeping, crosslinking level might
be higher which increases G#. Hence, we can say that foam PSA, even being
much thicker than any other thin PSA, are likely to spontaneously bond to
any substrates. It is important to note here that the high material thickness
do not seem to affect the linear small strain regime studied with this test.

Moreover, it is worth noticing that the tan ! which is the ratio between
the ability of the material to dissipate energy by molecular mechanisms ( GÓ)
over the ability of the material to store energy under elastic form ( G#) is very
high (up to 0.5) in a certain frequency range [1Hz,10 3Hz]. A so large value re-
inforces the idea of the great ability of foam PSA to dissipate a large amount
of energy. According to what we said in part 1.2. bonding effectiveness is
directly related to linear rheology [ 21, 10, 24, 15, 18]. It is then not surpris-
ing that we observe the same rheological characteristic with foam PSA. Their
high thickness (10 times thicker than classic thin PSA) and particular struc-
ture (syntactic foam) does not affect this linear small strain rheological be-
havior. In Chapter 3, we will go further in the study of foam PSA rheology
by focusing on the relationship likely to exist between non linear rheology
and adhesive performance.

In an application oriented mindset, the optimal frequency range for the
contact formation is then deÞned by the high value of tan ! . Given by the
graph from the Þgure 2.11, this range is [1Hz to 103Hz]. In small strain
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FIGURE 2.11: Foam PSA rheological behavior in low shear level
regime, frequency dependency of the master curve [23]

regime corresponding to the conditions met during bonding process, if we
use the Cox-Merz principle [ 80] ( ú" $ , $ 1

t ), 1Hz $ 1s can be assimilated to a
manual bonding process (pressure applied by the Þngers of operators during
approximately 1s). Following the same principle, 10 2Hz would correspond
to a pressure application of 10ms which is the condition met by robotic ap-
plications of PSA. These frequencies belong directly to the optimal bonding
frequency. Even more, 102Hz is the frequency corresponding to the maxi-
mum reached by tan ! . We can deduce that it refers to the situation where
the tape is the most able to dissipate energy. Interestingly, the Þrst remark we
can make is that robotic industrial processes are then much likelier to obtain
a good interfacial adhesion. Based on this conclusion it is worth noting that
a short accident survey in the partner company showed that 100% of the last
parts debondings happened on manual PSA applications.

These measurements show very interesting results. We Þrst observe that
foam PSA behave according to the Dalhquist criteria for spontaneous adhe-
sion. We can thus reasonably think that bonding process and so, interfacial
adhesion, is driven by the same parameters than for classic thin PSA. The par-
ticular structure of foam PSA (its high thickness and the presence of beads)
does not change the linear small strain rheology of the tape compared to the
one observed with classic acrylate thin samples. Like for thin PSA [ 35], from
a rheological point of view, contact formation for foam PSA is then supposed
to occur in the same manner. After the contact formation, we lay the empha-
sis on the Þrst step towards the debonding process of foam PSA: studying
their non linear behavior.



2.1. Material characterization 39

2.1.3 Tensile test behavior

When talking about material characterization, the most common test per-
formed is the uniaxial tensile test. The setup used is the classic Instron 5980
placed in an oven for temperature controlled tests (see Þgure 2.12). This ma-
chine is equipped with an optical extensometer and tests have been carried
out using sensors of 10N and 100N capacity.

FIGURE 2.12: Tensile tests setup: Instron machine ref 5980

In order to characterize the large strain behavior of the PSA material, we
started by performing tensions until rupture for different strain rates at 23 ! C.
The geometry of the testing samples is the classic "dumbbell" shape.

On the graph 2.13, we observe that strains at rupture are very high for
all the strain rates. We also observe that strain rates have a major inßuence
on the material behavior. That is in good accordance with the literature [ 10,
18] where we can Þnd that such a material is likely to be highly viscoelastic
in a non linear regime to dissipate energy (see PSA deÞnition part 1.2). In
addition, we distinguish hardening phenomenon which occurs at the end
of the loading. This hardening is rate-dependent. Such a phenomenon has
been evoked in recent articles [13, 77] to explain the Þbril detachment from a
substrate. We come back on this point later in the thesis.

To complement the characterization of foam tape dissipative behavior, we
carry out cyclic tension tests. In order to have an idea of the maximal strain
before a potential damage, we performe loading unloading cycles with an
increasing maximum strain. It starts at 50% of deformation. After each cy-
cle, the material has 15 minutes to relax before the re-loading sequence. The
strain rate is arbitrary chosen at 0.05s" 1. This choice is motivated by a larger
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FIGURE 2.13: Tensile tests foam PSA responses

hardening effect at higher strain rates. In doing so, the objective is to re-
duce its inßuence on the tape behavior. As previously said, tension tests are
widely used when taking about material characterization. The interest of this
test here consists of soliciting in a large strain tension regime a syntactic foam
structure. In general, the literature reports uniaxial loading quasi uniquely
in compression [14]. This is motivated by the industry where most of the re-
searches on syntactic foam are conducted for deepwater applications, oil and
gas, estate building... [75]). The results obtained with such cyclic loadings
are presented in the graph of the Þgure 2.14.

On the graph 2.14we can see that when considering the three Þrst cycles
(in blue on the graph), loading paths are roughly the same. However, from
the fourth cycle to the end (in brown on the graph) loading paths are lower
and lower. This means that the material becomes softer and softer with the
number of cycles increase. Such a behavior is very similar to damage ob-
served generally with "Mullins effect". However, this explanation is quite
surprising since the black carbons concentration is too low to have a signif-
icant inßuence on the mechanical behavior of the tape [26]. Due to the par-
ticular structure of foam PSA, we thought that the presence of hollow glass
microspheres could then plays a role in this softening effect. This hypothesis
will be conÞrmed in Chapter 3.

The experiments depicted above allow us to deÞne clearly the architec-
ture of the material. The foam PSA have a syntactic foam architecture com-
posed mainly by a matrix (made of a soft acrylate polymeric material) and
hollow glass microspheres (size distribution belonging to [10 µm, 100µm]. In
volume the percentage of those beads is of approximately 40%. In its un-
stressed state, a reasonable approximation is to consider the foam PSA as an
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FIGURE 2.14: Cyclic tests exhibiting softening effect

incompressible material. Characterization of the tape rheology leads us to
assume that the same parameters as for thin PSA (pressure, application fre-
quency and temperature) pilot the contact formation of foam PSA. We can
also assume that the particular structure of foam PSA does not inßuence the
small strain linear rheological response of the material. When deforming
in large strain regime, foam PSA behavior exhibits large strains prior rupture
(up to 800% deformation). They are strongly rate dependent and a hardening
phenomenon occurs at high strains (more than 600% deformation). Cyclic
loading experiments revealed a softening mechanisms affecting the material
behavior at around 80 to 100% deformation. This effect is likely to related
to the presence of the hollow glass microsphere in the material bulk. This
very general characterization allows us to formulate hypotheses which lay
the foundations to the following study. We can now dive more speciÞcally
on the dissipative mechanisms characterization.

2.2 Strategy to study PSA debonding

The goal of this research is to gain a comprehensive knowledge of the dissi-
pative mechanisms occurring during the debonding of foam PSA. To achieve
that, it is of prime interest to have a relevant strategy to study the debonding
itself. The two main tests we used were the ßat ended probe tack test and
the peel test at 90! . Firstly, the ßat-ended probe tack test regards debonding
from its initiation [ 19]. The second one is the peel test at 90! [15]. When the
test is performed at a constant peeling velocity, it engenders a steady state
debonding of the adhesive. The setup used for our research differs from clas-
sic ones by the addition of an instrumentation. The latter allows to record
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direct optical observations of the bulk dissipative mechanisms taking place
during the debonding. For this reason, in the PhD framework, instrumented
peel test at 90! consists of the main test used. From an industrial point of
view, this choice is even more relevant because all bonding speciÞcations
are deÞned according to performances that PSA reached during peeling at
90! . That is another reason which shows the relevance of understanding the
mechanisms taking place within adhesives during such a test. Based on the
results we obtain from these two kinds of experiments, we then describe dis-
sipative mechanisms as activated at a very small scale ($ µm). Hence, we
present in last subsection our own particular micro scale tension setup.

2.2.1 Flat ended probe tack test

Flat ended probe tack test imposes a well-deÞned geometry of loading on
the adhesive layer but does not provide information on steady state propa-
gation [19]. The ßat punch geometry is chosen according to Creton et al. [18].
Such geometry is the most adapted for highly viscoelastic and soft adhesive
where the process zone1.12can be larger than the sample dimensions. In-
dustrially, the standard closer to the protocol used is the ASTM D2979-95,
pressure sensitive tack of adhesives using an inverted probe machine. The
setup is illustrated in Þgure 2.15.

FIGURE 2.15: Instrumented ßat ended probe tack test setup
used in the SIMM lab.

Observations of the interface during the debonding can be made thanks
to the mirror at 45 ! through the glass substrate. Alignment between the
substrate and the adhesive sample is made thanks to the three microme-
ter screws. Probe velocity, application pressure and temperature are piloted
which allows to fully controlled the contact formation process.

In this adhesion test, the PSA is bonded onto the probe (an 8-millimeter
diameter disk is glued to the probe). The probe + adhesive is approached to a
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2-millimeter thick stiff glass plate at a controlled velocity. Then, the contact is
made by applying a deÞned pressure during a certain amount of time which
allows to establish the contact (for more details see part 1.2.1). After applying
the pressure, the probe is moved back without debonding to observe a dwell
time in a quasi unstressed conÞguration. Then, the debonding occurs. The
probe + adhesive goes back at a controlled velocity to detach the PSA disk
from the glass substrate. The most important feature of that kind of test is
repeatability. When studying adhesive resistance, so many factors can play
in the debonding that having a repeatable test protocol is key. To evaluate
the repeatability of our test protocol, we performed two series of tests for
two different substrates. Both of the two series had the same bonding pro-
cess and the same debonding velocity of 102µm.s" 1. The difference was in
the interfacial adhesion level. Substrates for the Þrst series were treated to be
strongly adhesive (see part 2.3 for the substrate adhesion triggering) whereas
substrates of the the second series were treated to be weakly adhesive. On
the Þgure 2.16, we observe that in both cases the curves are superimposed.
It means that our protocol has a good repeatability for two different exper-
imental conditions (shapes of the curves are explained in detail in Chapter
3).
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FIGURE 2.16: Probe tack test result repeatability

From the ßat-ended probe tack test, the classic value extracted is the work
of debonding. It corresponds to the area under the strain-stress curve multi-
plied by the initial thickness of the PSA disk a:

Wdeb= a
# "max( ú" )

0
&(" )d" (2.2)

.
We can also extract the peak stress&max which deÞnes the maximum ef-

fort to activate the main dissipative mechanisms. The last common param-
eter used is the maximum Þbril extension of the material prior to rupture.
However, with respect to the architecture of the material of interest in this
study (foam PSA), it is not likely that such a Þbrillating process occurs. In
Chapter 3, we will conÞrm that it does not.
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As we saw, the instrumented ßat ended probe tack test used in the SIMM
lab is robust and the protocol is repeatable. Thanks to this test setup, all pa-
rameters affecting the contact formation are controlled. Hence, the adhesive
behavior can be studied from the bonding process to the Þnal detachment
from the substrate. However, ßat ended probe tack test is limited by the
geometry of the contact plan. To get more comprehensive results regarding
dissipative mechanisms it is worth moving to different debonding conditions
with the peel test at 90! .

2.2.2 Instrumented peel test at 90 !

Peel test is ideal for focusing on steady state debonding front propagation
but it loads the adhesive in a more complex geometry [ 18] than the probe
tack test. The pull force is applied on the backing layer and the latter loads
the adhesive subsequently. The backing choice is determinant when per-
forming a peel test. The latter must be stiff enough to prevent the part of the
tape which has been debonded from the substrate from deforming. Such a
deformation would affect the peel force measured. The goal of a peel test is
indeed to load exclusively the dissipative region around the debonding (see
the yellow square on the schematic of Þgure 2.17).

FIGURE 2.17: Foam PSA with an aluminum backing foil peeled
at 90! from a glass substrate. Image recorded thanks to the in-

strumentation of the peel test setup 2.18.

In the frame work of this project, we chose a 127-micrometer thick an-
odised aluminum foil. This choice was made to stay in accordance with
industrial imperative where standards are based on the use of that speciÞc
reference (Lawrence& Frederick). The backing choice inßuences dramatically
adherence energy measured. From characterizing uniaxial tension tests, we
evaluated that adhesive had a Young modulus of E= 350kPa at 0.05s" 1. The
backing has a Young modulus of E = 72GPa. It is then largely much stiffer
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than the adhesive (around 100 times more) and thin enough to bend easily.
When peel samples (adhesive + backing) are bent during peeling at 90! en-
ergy dissipation is related to the sample bending. However, due to the large
thickness of the adhesive, the sample bending could be no longer driven by
the bending of the backing but also being dependent on the adhesive. We
have ruled out this case thanks to a bending equivalent moment determina-
tion (seeB). This contribution is low enough to validate the use of this speciÞc
backing foil.

The big advantage of the setup we built in the SIMM Lab of the ESPCI
is to be equipped with a camera. This camera is placed on the edge of the
sample to record images of the debonding region (see the picture 2.18). In the
following chapters we will observe that this tool allows to visualize directly
the dissipative mechanisms occurring at the macro scale ($ mm size).

FIGURE 2.18: Instrumented peel test setup

From the peel test, the classic value measured is the forceF. It corre-
sponds to the force applied to propagate the debonding at a constant peeling
velocity. In a steady state regime, this force is close to be constant (see the
Þgure 2.19). On peel tests measurements, we visualize a plateau force from
which we can calculate the fracture energy ! which derives, for a 90 ! peeling,
from the following relationship:

! =
F
b

(2.3)

where b is the width of the adhesive sample.

As presented in part 1.2.2, like substrate (glass) is inÞnitely stiffer than
adhesive (foam PSA), this energy can be assimilated to the adherence en-
ergy, ! . As a reminder, we call adhesion energy the local interfacial energy
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(surface) and adherence energy the resistance energy which is obtained after
contribution of the bulk mechanisms (surface + bulk).
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FIGURE 2.19: Example of the peel test plateau force measure-
ment for the foam PSA peeled at 1 mm/s.

In a nutshell, the instrumented peel test setup used in the SIMM lab is a
relevant tool to study the dissipative mechanisms occurring in the debond-
ing region of foam PSA. In Chapters 3 and 4, we will focus on effects of in-
terfacial adhesion triggering and peeling velocity change. As we said before,
dissipative mechanisms study required to go at a very small scale ( µm) to un-
derstand how they are activated. To do so, we designed our own test setup.

2.2.3 Tensile tests

The last test to study dissipative mechanisms occurring during debonding
is the widely used tensile test. In part 1.2, we saw that adherence problems
must be studied with a multi scale approach. For this purpose, we Þrst car-
ried out tensile tests at the macro scale ($ mm) as presented in part 2.1.3. In
these normal test conditions, observations are limited to the optical range.
To overcome this limitation and go at a much lower scale, we designed our
own in situ SEM tensile test setup. Designing such a device implies to cope
with SEM vacuum chamber imperatives (high conÞnement, vacuum condi-
tions 10" 5mbars, short range displacements control). This technical solution
is presented on the two photographs of the Þgure 2.20.

Using a piezo actuator we managed to reduce dramatically the setup size.
For example, the height of the actuator is only 15mm. As we can see on the
photographs 2.20, the adhesive sample is directly pulled over a distance of
26mm under the electron beam (SEM column) of the microscope. As we will
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FIGURE 2.20: Micro tension test setup. The piezoelectric ac-
tuator is piloted in displacement and velocity. The connect-
ing wires (on the right of the image) are connected to the con-
troller through a ßange adapted to SEM chamber conditions.

The ßange was part of the setup design.

present in Chapter 3, this setup allow us to study bulk dissipative mecha-
nisms which had never been observed before. This tool is speciÞcally rele-
vant for studying multiscales materials.

2.3 Substrate surface preparation

2.3.1 Surface treatment for repeatable adhesion tests

When performing adhesion tests like probe tack or peeling, a recurring issue
is the repeatability of the results. The big advantage of this doctoral project
is that we use only commercial tape references. So samples behavior does
not differ from each other. Hence, the key point is the substrate surface state
pre preparation [ 74]. In the automotive industry, Horgnies et al. [ 46] showed
that the substrate surface state is never the same. When the color of the car
changes, interfacial adhesion can also change [46]. To overcome this ma-
jor problem, the strategy was to use controlled substrates where the surface
chemistry is fully controlled. To achieve that, we deÞne a glass cleaning pro-
cess and we then describe a simple way to trigger adhesion level.

How to make repeatable surfaces for adhesion tests?

Based on one of our research objectives on visualizing dissipative mecha-
nisms, we decided to use glass substrates because of the possibility to visual-
ize the tape behavior through them. The developed cleaning process is based
on a slight surface abrasion. The glass slide is Þrst wiped with a tissue pre-
soaked with a Cerium Oxide CeO 2 solution. In the solution CeO 2 particles
have the size of 200nm and a volumic concentration of 15% which allows to
abrade slightly the glass surface during the wiping. This abrasion removes
all the contaminants which might be attached. It also exposes all the OH sites
which favors molecular adhesion with the adhesive. Then the wiped slide is
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cleaned with acetone and dried with nitrogen gas ßow to remove this excess
of particle.

Results obtained with the peel test at 90! illustrate the robustness of this
preparation protocol. The three plateaus depicted in Þgure 2.21show a good
repeatability of the peel test with this preparation. Such a result is very
promising because peeling is a very complex loading. Between two debond-
ings with the same experimental parameters, tape samples behavior can eas-
ily differ. In our work, we succeeded in guaranteeing a high enough control
of our substrate surface chemistry to obtain such a result. The latter is even
more relevant when considering the Chapter 4 where we study the morphol-
ogy of the debonding region during the peel test at 90 ! .
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FIGURE 2.21: Peeling plateau force repeatability. The three tests
are carried out for a peeling velocity of 1mm.s " 1

Adhesion level triggering method

Once we succeeded in having a repeatable process, we found means to
trigger easily the substrate adhesion level. The most efÞcient way we found
in the literature is silanization. For the sake of simplicity, we chose a liq-
uid silanization process developed in the SIMM lab. The silane solution is
deposited onto the substrate after the treatment presented before.

The Þrst step of the protocol is to prepare an acidic solution to contain the
silane.

Solution1 = IPA(130g) + H2O(14.5g) + HCl (0.36g)12M (2.4)

The second step deals with the mix between silane solution and solution
1. This mix is quickly made in a fume hood to prevent silane from oxidizing.
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FIGURE 2.22: Silanization protocol

DepositingSolution= Solution1(10g) + Silane(0.33g) (2.5)

Once the depositing solution is homogeneous (after roughly 30 min of
stirring), the solution is deposited onto the substrate surface thanks to a pre-
soaked wiper. The excess of solution is removed with optical wipers prevent-
ing dust from contaminating the surface.

The Þnal step is to heat the substrate (110! C during 30 min) to remove
water from the surface.

We used three different silanes to get three different adhesion levels. Per-
ßuorosilane for very weak adhesion, Octyltriethoxysilane for weak adhesion
and (3-aminopropyl)triethoxysilane for higher adhesion. These treatments
worked as well as we expected according to Þgure 2.23which presents the
peeling measurements made with these three samples for an arbitrary chosen
debonding velocity.

Triggering molecular adhesion is a very complex task which is consider-
ably facilitated by the use of silanes. Depositing a thin molecular layer with a
controlled chemistry aiming at increasing or enhancing interfacial adhesion
is achieved by using a robust protocol. The described technique in this sec-
tion presents many advantages. First of all, it is applicable to glass substrate
(relevant to observe phenomena). Secondly, the silane is deposited through
a liquid solution which decreases largely the process complexity. Eventually,
according to the silane choice, this treatment covers a wide range of adhesion
(see Þg2.23).
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FIGURE 2.23: Silanization effect observed with peel tests. The
three silanes used exhibit very different adhesion levels. On the
Þgure, the plateau force corresponding to aminosilane shows
instabilities. They are due to a bad quality of the silane. For
high adhesion tests performed in Chapter 3, we used a commer-
cial solution of aminosilane designed speciÞcally by the tape

supplier.

2.4 Conclusion

Chapter 2 lays the groundwork for identifying dissipative mechanisms oc-
curring during the debonding of foam PSA. We started by characterizing
the structure of the adhesive material. Using classic characterization tech-
niques like optical microscopy, SEM, EDX measurements and microtomog-
raphy X, we pointed out the particular structure of our samples. Foam PSA
have a syntactic foam structure. They essentially consist of two components:
a polymeric matrix (60% of the total volume) and hollow glass microspheres
(40% of the total volume). We saw that it was reasonable to consider this
structure as incompressible in the unstressed state. We continued the char-
acterization by investigating its rheological behavior. We performed classic
small strain shear cyclic loadings to determine its rheological parameters. We
then comÞrmed that its behavior meets the Dahlquist criteria which deÞne
the rheological properties for good adhesive performance. Results showed
that it is reasonable to consider that contact formation of foam PSA and thin
Þlms PSA are driven by the same parameters. Based on the storage modu-
lus G# and dissipative modulus G##evolution with respect to the frequency
(master curve built thanks to a TTS WLF law), a straightforward approach
to point out the differences existing between a manual and a robotic tape
application is highlighted. For the foam PSA of this research, we showed
that robotic application is the most recommended to dope energy dissipation
process during the bonding stage. When studying adherence, large strain
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regime is of prime interest. To characterize foam PSA behavior in this do-
main, we carried out classic uniaxial tension tests. We observed that such
materials exhibit large deformations prior to rupture. They are strongly rate
dependent and for high strains, hardening is likely to take place. The lat-
ter is more and more signiÞcant when strain rate increases. Thanks to cyclic
loading tests, we brought to light a damage effect similar to MullinÕs effect.
However, EDX measurements revealed that the percentage of black carbons
(and other nanoparticles) is not important enough to inßuence the overall
material behavior. For this reason the plausible cause we evoked to explain
this damage effect is the presence of the hollow glass microspheres. This lead
will be investigated in Chapter 3.

After characterizing our samples with classic techniques, we established
our strategy to study PSA debonding. Studying adherence problems requires
to take substrate as well as tape into consideration. The two chosen adher-
ence tests are the ßat ended probe tack test and the peel test. Both of the used
setups are instrumented. This instrumentation differs from classic tack and
peel tests where the only information provided is the needed force to detach.
In the framework of this PhD, we are able, thanks to our image recording sys-
tems, to directly visualize phenomena occurring next to the debonding front.
In other terms, we are able to observe dissipative mechanisms development.
Such tools are critical in the pursuit of our research problematic: Dissipative
mechanisms during the debonding of high performance foam pressure sensitive ad-
hesives for automotive. As we will see in Chapter 3, activation and early stage
development of these mechanisms take place at very small scale ($ µm).
This scale is beyond the maximum optical resolution. That is why we had
to develop and build a system to go at a lower scale. To achieve to do such
a challenging observation, we designed our own SEM in situ tensile setup
piezoelectrically actuated. This setup differs from classic tensile tests by its
vacuum chamber compatibility and its minimalist size. Eventually, we de-
Þned our surface treatment protocols to obtain repeatable substrate surface
chemistry exhibiting controlled interfacial adhesion levels. Such a condition
is a prerequisite to get quantitative results with adherence tests like the one
presented above. Based on our material characterization and on the hypothe-
ses formulated regarding foam PSA bonding process, we can now go further
into dissipative mechanisms identiÞcation by answering the question: How
do foam PSA dissipate energy?
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Chapter 3

How do foam PSA dissipate
energy?

In the pioneering works of Kaelble [ 56] and Gent [37], and thanks to more re-
cent articles [25, 82] we saw that performance of an adhesive joint made with
thin PSA comes from the PSA ability to deform and to dissipate energy. The
objective is now to extend the research to the foam PSA. How do they dissi-
pate energy? How is energy dissipation affected by the particular syntactic
foam structure? Decreasing? Enhanced? To answer these questions, we will
Þrst carry out adherence tests using our two instrumented setups described
in Chapter 2. Thanks to the instrumentation, the objective is to identify the
development of dissipative mechanisms within the debonding region dur-
ing debonding. Secondly, we will perform micro tensions to quantify the
role of the microspheres in the overall adherence. Based on the identiÞcation
of these mechanisms, we will integrate all these results in a phenomelogical
model regarding the energy dissipation in the 90 ! peel test. Then, a rheolog-
ical model gives a relevant explanation of how most of the energy is dissi-
pated. Chapter 3 presents the Þrst hints of how peeling results of the foam
PSA can be transpose to the ßat ended probe tack test.

3.1 IdentiÞcation of the dissipative mechanisms

The identiÞcation of the dissipative mechanisms is made in two steps: Þrstly
at the macro scale (around 1mm size objects) and secondly at the micro scale
(around 1µm). The macro scale is met with the instrumented tack and peel
setups whereas the micro scale is reached with the SEM in situ tensile test.

3.1.1 At the macro scale

Flat ended probe tack test

As mentioned in part 2.2.1, we start by performing this test to observe the
early stage of the interfacial phenomena. Before going directly to the obser-
vation of mechanisms, we Þrst compare foam PSA behavior with thin Þlms
PSA. For thin PSA, typical results are presented in the Þg 3.1.
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FIGURE 3.1: Typical probe tack results for thin PSA [ 64].
The Þgure shows the strain stress curve from the start of the
debonding process to the Þnal detachment of the thin PSA.
These experiments are carried out with the same instrumented
ßat ended probe tack test setup. Thanks to the camera we can
observe interfacial debonding reported on the images (a) to (e).

Generally speaking, for such thin PSA Þlms, the debonding starts at the
interface by the cavitation of small air bubbles trapped during the bonding
process [39]. On the strain stress curve of Þgure 3.1, we observe the initial
high increase of stress which corresponds to the cavitation process. Then,
the peak stress accounts for the start of the cavities growth which leads to
Þbrilation process. The Þbrils are then elongated in uniaxial tension (see the
stress plateau of Þgure3.1). It is now relevant to compare results from Þgure
3.1 and those obtained with foam PSA for the same protocol. Results are
presented on Þgure 3.2.
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FIGURE 3.2: Flat ended probe tack results for foam PSA. Used
substrates are glass slides prepared with the protocol presented

in part 2.3.

On the graph 3.2, we see that the curves are totally different compared to
acrylate thin PSA Þlms. It does not necessarily mean that dissipative mecha-
nisms are different but it shows that the increase of thickness and the addition
of glass beads change the material dissipative behavior. To test separately
each inßuence, the most relevant protocol would be to carry out tests with
the matrix without the microspheres. However, because of the trade secret
around the project (CIFRE contract), we were not able to obtain these sam-
ples. In the following and in Chapter 4, we will see that we can Þnd astute
alternatives to move forward.

Another element which is worth mentioning when looking at Þgure 3.2is
the rate dependency of the behavior. On the three curves of the Þgure 3.2, the
effect of the velocity on the adherence is clear. For each test, interfacial ad-
hesion is supposed to be the same (same substrate surface preparation 2.3).
Hence, the adherence changes can come from two points: a rate dependent
mechanisms change in the bulk or/and an dissipative mechanisms change
at the interface. Concerning thin PSA, such a rate dependent behavior is also
observed. It comes from Þbrils which dissipate energy according to the strain
rate they undergo during the debonding process. Following this analogy, we
saw in part 2.2 that foam PSA exhibit in large strain regime a strong rate de-
pendency. This rate dependency could control internal mechanisms which
could trigger its bulk dissipation capability and therefore its adherence. The
second plausible cause explanation could come from the interfacial PSA be-
havior. That is why the emphasis is now laid on the comparison between
interfacial behaviors of thin PSA and foam PSA before the propagation of
the debonding front.

As we saw in the presentation of the test in 2.2.1, the setup used in the
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SIMM lab allows to observe optically the interface before the propagation of
the debonding front. The photographs on the Þgure 3.3 compare the inter-
faces of a thin PSA and an foam PSA at the moment where interfacial cavita-
tion reaches its peak (roughly after peak of the bell shapes on the Þgures 1.10
and 3.2).
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FIGURE 3.3: Interfacial cavitation comparison between thin
PSA [12] and foam PSA.

On the top of the Þgure 3.3, the thin PSA is entirely cavitated at the in-
terface. These cavities lead to Þbrils which strongly propagate throughout
the material thickness. In comparison with the bottom image, we notice that
the foam PSA is also cavitated but the video recording shows that this cav-
itation remains limited to the bulk. This region of cavitation is close to the
interface but not at the interface. The cavitation occurs at the boundary be-
tween the hollow glass microspheres and the matrix. All the spheres seem
to contribute to the overall cavitation. No interfacial cavitation has been ob-
served during all the experiments. As with the thin PSA, the population
and size of the cavities seem to depend on the interfacial adhesion level. In
the thin PSA case, the size of the cavities is approximately twice bigger than
the foam PSA ones. Concerning thin PSA, the size of the cavities is driven
by the toughness of the material [ 18] whereas in the case of foam PSA, vo-
lumic distribution and diameter of the sphere initiating the cavity seems to
determine its critical size. These sphere matrix decohesions in the neighbor-
ing of the interface seems to locally deconÞne the material in a region close
to the interface. This deconÞnement can plausibly decrease the hydrostatic
pressure at the interface which could explain the non occurrence of classic in-
terfacial cavitation observed in thin PSA [ 39] (air bubble trapped during the
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contact formation which grows with the hydrostatic pressure increase due to
the debonding). From a mechanical point of view, the ßat ended probe tack
test accounts for a conÞned traction test. The presence of glass microspheres
close to the interface, through nucleating cavities (thanks to sphere matrix
decohesion), seems to allow the material to deconÞne. This observation is in
good accordance with the idea stating that the thickness of the material (the
bulk) and the addition of glass beads can play a role in enhancing the dis-
sipation process. Indeed, if a local interfacial deconÞnement occurs, cavities
at the interface are unlikely to appear and, consequently, unlikely to initi-
ate a rupture. Hence, the interfacial adhesion is artiÞcially enhanced by the
presence of the hollow glass microspheres.

Beyond the only explanation that bulk mechanisms in the case of foam
PSA can reduce cavitation at the interface, it is worth highlighting the signiÞ-
cant geometrical conÞnement difference with the thin PSA case. For the same
lateral dimensions, classic PSA are much thinner than foam PSA (around 10
times thinner). For this reason, in the probe tack test, geometrical conÞne-
ment of the thin PSA samples is much larger than the foam PSA ones. This
problem has been extensively studied in the literature [ 79]. Conclusion of
those works showed that the equivalent stress can be multiply by 2 at the
center of the sample. Following the example of the literature, we conducted
FEM calculations to evaluate conÞnement effect on our sample. On the Þgure
3.4, we plot the equivalent stiffness when material is assumed to be incom-
pressible (+ = 0.4999) and slightly compressible (+ = 0.44). To simplify the
calculations, we reduce the problem to the situation prior cavitation occur-
rence and in the small strain regime. We deÞne by h the sample thickness
and by r the radial coordinate at the interface ( r = 1 represents the edge of the
sample).

FIGURE 3.4: ConÞnement inßuence on the material stiffness.
Mean foam PSA conÞnement, h/r = 0.3.

On this Þgure 3.4, we note that conÞnement is large enough to have a non-
negligible effect. As we know that a high conÞnement increases hydostatic
pressure value, it can then cause cavitation and make cavities grow. We can
reasonnably think that conÞnement could have an impact on spheres matrix
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decohesions observed near the interface in the foam PSA (see Þg3.3). Con-
Þnement can be considered as one of the activation parameters for sphere
matrix decohesions.

To sum up, ßat ended probe tack tests performed with the foam PSA ex-
hibit different results than with the thin PSA. Strain stress responses differ as
well as interfacial mechanisms. We observe that cavitation mechanism does
not appear at the interface between the substrate and the adhesive (encoun-
tered with the thin PSA) but within the bulk of the adhesive. More speciÞ-
cally, cavitation appears after the decohesion of the glass microspheres from
the matrix, in a bulk region close to the interface with the substrate. Follow-
ing this conclusion a new question pops up: if the spheres matrix decohe-
sions can occur in a small strain regime near the interface, how the whole
syntactic foam structure behaves in a large strain regime? Such conditions
are easier to study when performing the 90 ! peel test [54, 38, 78].

Peel test

As presented in part 2.2.2, the instrumented peel setup used in the frame-
work of this study is the 90 ! peel test instrumented with a side camera to
record videos from the debonding region [ 78]. The tests used here comply
with the standards of the automotive industry [ 15]. As a reminder, the dissi-
pative region is the region where one assumes that most of the energy dissi-
pation occurs. Peeling was performed at many debonding velocities and for
different controlled interfacial adhesion levels. An example of image record-
ing is reported on Þgure 2.17. From the material characterization of Chapter
2, we Þgure out that foam PSA behavior are strongly rate dependent. This
rate dependency has been observed in the ßat ended probe tack test in the
previous subsection. To evaluate the inßuence of changing peeling velocity
and thus strain rate, peelings at different velocities are carried out. Results
are presented in Þgure 3.5. Evolution of the adherence energy ! with respect
to the peeling velocity is detailed in the Þgure 3.6.

On the images from the Þg 3.5, we see that the size of this debonding
region increases with the increase of the adherence energy. Also, this ad-
herence energy increases with the debonding velocity 3.6. That means the
higher the debonding velocity, the larger the debonding region. This last ob-
servation is counter intuitive compared to ofÞce tapes (thin PSA) of Villey
et al. [78, 77, 13]. He showed that it was the inverse phenomenon occur-
ring for the thin PSA. The debonding region size (it means the Þbrils length)
decreases with the increase of the debonding velocity. These observations re-
main the same when increasing the adhesion with the substrate for the same
peeling velocity (see Þgure 3.5). In others terms, for the foam PSA the wider
the debonding region is, the more energy is dissipated. However, it is worth
mentioning that with the foam PSA, we cannot distinguish a clear Þbrillation
process at the macro scale ($ mm) like observed during thin PSA debondings
[8, 77]. Although occurring in the material bulk, energy is here dissipated
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FIGURE 3.5: Debonding region shape with respect to adher-
ence energy. On the top, the three photographs correspond to
an increase in the interfacial PSA substrate adhesion. At the
bottom, the three photographs correspond to a peeling velocity

increase.
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FIGURE 3.6: Evolution of the adhesion energy with respect to
the peeling velocity. Samples are peeled on glass substrates (see

2.3 for substrate preparation)
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through a different process. One parameter could explain this difference: the
thickness of the foam PSA. For the latter, the large thickness is primarily mo-
tivated by aesthetics of the adhesive joint, but, as literature reports [ 71], it can
have a tremendous impact on the adhesive performance.

We said previously that the debonding region of the foam PSA does not
look like the one of the thin PSA during the debonding phase. To build a
more comprehensive explanation, we perform three peel tests in three ex-
tremely different conditions. The goal is to visualize the debonding region
for one very weak, one medium and one very strong adherence energy. On
the Þgure 3.7 the three images are represented. In each case, the sample is
exactly the same, only the experimental protocols differ.
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FIGURE 3.7: Debonding region of the foam PSA with respect
to the increase of adherence energy. On the top, the image cor-
responds to a peel test at 0.1mm.s" 1 on glass (preparation see
2.3)! $ 1200J.m" 2, in the middle to a peel test at 1mm.s " 1 from
glass (preparation see 2.3)! $ 2000J.m" 2, and the test on the
bottom is a peeling at 1mm.s" 1 on an adhesion promoter which

chemically reacts with PSA ! $ 5000J.m" 2.

When we have a closer look at the debonding front, we observe that the
foam PSA tends to orientate itself along a global Þbrillation process (see
Þgure 3.7). This orientation seems to start at the interface. For low adher-
ence (upper image), this orientation process remains limited in a small zone
close to the interface. In this zone, the adhesive material is highly stretched
(zoomed view). For this conÞguration, it is reasonable to make the analogy
with the singularity based model of fracture mechanics (see part 1.2). All
the non linear large strain regime related phenomena remain concentrated
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in this small (compared to the material thickness) process zone. When ad-
herence increases (middle image), we observe that another Þbrillated region
appears in the bulk of the material. Interestingly, those mechanisms are not
directly linked to the interfacial process zone. A non deformed zone exists
between interfacial zone and bulk phenomena. The latter seem to come from
the inside and is oriented towards the same direction. Knowing that a peel
test is a backing adhesive load transfer (Kaelble zone see part 1.2), we can
assume that such an orientation direction could be driven by local uniaxial
tension conditions. However, it is worth noting that the development of bulk
mechanisms does not delete the interfacial process zone which continues to
exist. At even larger adherence, the whole bulk fully orientates itself along a
Þbrillated structure (bottom picture). Moreover, the rupture presented here
is no longer interfacial (adhesive) but cohesive. The bulk process zone be-
comes dominant which makes the analogy with the extension of the fracture
mechanics for soft matter crack description (see part 1.2 Þg1.12).

Such observations are very helpful to understand how the material dis-
sipates energy. According to the results detailed above, it seems that dissi-
pative mechanisms (cavitation) initiate Þrstly close to the interface BUT not
at the interface. It consists of sphere matrix decohesions. For low adher-
ence, their development remains limited to a small process zone at the in-
terface. They do not grow within the material thickness. As a result, not
that much energy is dissipated and the adherence performances remain lim-
ited. But, when we increase the debonding velocity and/or the interfacial
adhesion level, other mechanisms (cavitations AND internal Þbrillation) ini-
tiate within all the thickness and grow until all the material is orientated
along a Þbrillated structure. It seems that a relationship exists between the
adherence energy and the deformation of this structure (proved in Chapter
4). When the adherence is high, we measure larger strains. Another point
is worth noting here. In the debonding region of a 90 ! peel test, the adhe-
sive material is signiÞcantly loaded in tension (Kaelble zone see part 1.2). Yet
we only observe a very slight necking (see 4.1). For so large deformations,
foam PSA, which are supposed to be incompressible in an unstressed state
(see part 2.1.1 Structure identiÞcation), should exhibit a huge necking. This
remark leads us to the point that the compressibility of the material could
change during the debonding. This idea means that cavities appear within
the bulk of the material which could deconÞne the adhesive and then, reduce
the necking phenomenon. Considering that the material structure is a syn-
tactic foam architecture, it is logical to think that beads could play a role in
the compressibility change. To evaluate the relevance of this idea, we have to
go at a lower scale and see how hollow glass microspheres debond from the
matrix.
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3.1.2 At the micro scale

Micro in-situ tension

Thanks to the in-situ tensile setup described in part 2.2.3, we have the great
opportunity to access this lower scale by carrying out quasi static tensile tests
in the SEM machine for high strains. The large Þeld of view observation
resulted in the Þgure 3.8.

FIGURE 3.8: Orientation of the foam PSA bulk following inter-
nal microspheres debondings during tensile test at 300% defor-

mation.

On the Þgure 3.8, the surface images show that most of the spheres debond
from the matrix generating cavitation process. So, this phenomenon is local-
ized around the glass beads due to local debondings. The presence of those
spheres artiÞcially engenders cavitation. What is more, we observe that the
material orientates itself along the traction direction (in yellow). Although
from a surface point of view, thanks to the characterization in Chapter 2,
we can reasonably extrapolate these observations to the bulk of the material.
Due to the large number of microspheres, this phenomenon changes the ma-
trix structure completely and "heterogenize" it. The growth of the cavities
forms walls between them, which tend to lengthen and become thinner and
thinner. This mechanism can be seen as a pseudo Þbrillation of the material
(see the red arrows on images from Þg 3.8) although the Þbrils are not in-
dividual and independent as for thin PSA. These observations are in good
acccordance with the observations from the ßat ended probe tack and peel-
ing we made in 3.1.1. Based on them, these results raise new questions: how
are cavities formed?, how do they grow?, to what extent do they grow?. In
order to answer these questions, we have enlarged individual cavities.

To observe the hollow glass microspheres debonding at the surface, we
performed tensile tests for large enough deformations (around 100-150%) to
debond the matrix from the glass beads and to make them appearing at the
surface of the tape. On the Þgure3.9we depict intriguing phenomena.
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setup are only surfacic. The size depicted on Þg 3.10is related to the cavity
size but is not rigorously equal (slightly smaller).

FIGURE 3.10: Bulk cavity shape evolution for a sample defor-
mation going from 400% to 500%

On the Þgure 3.10, we notice that cavity grows along the tension direc-
tion. Interestingly, we observe that cavity deforms at 60% when the sam-
ple is deformed at 100%. This gap can come from effects inside the grips
or from vacuum chamber conditions. We also note that there is no side ef-
fect or perturbation induced by neighboring spheres. When we extrapolate
these considerations to all the cavities which appear in foam PSA we can ex-
plain the observation we made at the macroscale where we saw that all the
material orientates itself when submitted to a large strain regime (for high
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adherence energy cases reported in Þg3.7). Here comes the answer for the
second question, how do internal cavities grow? They grow along a global
uniaxial tension loading direction.

At this point we can explain that cavities are formed following the debond-
ing of the glass microspheres from the matrix. Those cavities grow along
the loading direction within the thickness of the material. Due to the syn-
tactic foam structure such sphere matrix debonding can occur anywhere in
the material bulk. If we recall the peel test results of Þg 3.7, we saw that such
bulk debondings occur for sufÞciently high adherence energy ( ! > 700J.m" 2).
When the structure of the foam PSA becomes totally Þbrillated, for a sample
tensile strain higher than 500%, the walls between the cavities (see the image
Þg 3.11) become thinner and thinner.

FIGURE 3.11: Mesoscale Þbril formation process (µm scale

When the material reaches very large deformations (more than 600%), we
observe the breakage of some spheres. An image is provided on the Þgure
3.12. Important to note that we have no clear evidence that the breakage oc-
curs during the test loading (could also be due to default in the product man-
ufacturing). However, we never distinguished broken spheres for smaller de-
formations. That is why we evoke the lateral pressure exerted on the spheres
during the tension (in blue on the Þgure 3.12) as a plausible breaking cause.
The pressure is so high that it becomes critical for the spheres physical in-
tegrity which, as a result, break.
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FIGURE 3.12: Hollow glass microsphere breakage

We can sum up all the knowledge gained thanks to this micro tension by
the graph of the Þgure 3.13.

FIGURE 3.13: Bulk micro structure evolution of foam PSA dur-
ing tensile tests stopped before rupture

When foam PSA are loaded in tension, syntactic foam matrix debonds
from glass hollow microspheres. During those local debondings (microscale),
dissipative mechanisms appear locally due to matrix material local instabili-
ties. Hence, energy is dissipated through micro Þbrillation processes. These
dissipative processes can be assimilated to thin PSA cases [78]. Such local
debondings lead to a material structure change which tends to orientate it-
self along a uniaxial direction, especially true when the adherence becomes
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FIGURE 3.14: On the left, the used instrumented tension setup
(Instron 5280). On the right, the optical observations corre-
sponding to 15% deformation and 450% deformation. The
stretch is vertical. The thickness of each image is 1mm. Sphere
matrix debonding is observed when spherical shapes begin to

deform along the tension direction.

high. During this stage, cavities following the sphere matrix debondings
start to grow which step by step deconÞnes the adhesive. As the size of the
cavities (homogeneously dispersed in the bulk) increases, the foam PSA bulk
becomes more and more compressible. This process is directly related to the
material loading. Eventually, for deformations higher than 500%, when all
the structure is Þbrillated and highly stretched, some broken spheres are re-
ported. At the end, the material continues to deform until the fracture of the
sample.

From these results, one important question pops up. What is the mini-
mal strain to observe sphere matrix debonding? To answer this question, we
carried out tensile test presented in part 2.1.3, where we instrumented our
setup with high resolution optical observation devices. We then observed
microspheres in our sample during a typical tension test. Observations are
reported on Þgure 3.14.

According to our experiments, this debonding occurs at around 15% de-
formation. This value is very low which means that a relatively small strain



3.1. IdentiÞcation of the dissipative mechanisms 69

can engender sphere matrix debonding. For the use of this value of 15% in
the case of peel test and ßat ended probe tack test, it is important to bear in
mind that uniaxial tensile test conditions differ in terms of geometrical con-
Þnement. That is why 15% deformation accounts for a maximum. In the case
of peeling or tack, where the geometrical conÞnement is much higher, sphere
matrix debondings (highly dependent on hydrostatic pressure) should only
appear at lower strains.

Damage origins

According to the results we obtained from in situ tensions, we now have
leads to explain damage observed in part 2.1.3. The Þrst one regards spheres
matrix debondings. If we recall the cyclic loading graph on the Þg 2.14, we
pointed out a softening effect seeming to take place in the foam PSA for de-
formations around 80-100%. Such a behavior is somewhat reminiscent with
Mullins effect extensively encountered in the Þlled elastomers [ 26]. However,
Mullins effect is supposed to happen at the nano scale, classically when the
interface between elastomeric matrix and black carbons aggregates breaks
once and rebonds at a lower adhesion level. For the foam PSA, even if black
carbons are added to color the material, the concentration of the particles is
too small (less than 5%) to have a mechanical inßuence [26, 31]. But, thanks
to the in-situ tests results, we can see that this interfacial debonding bonding
cycle is similar to the one occurring at the interface between the hollow glass
microspheres and the polymeric matrix. When syntactic foam architecture
is deformed enough to debond the spheres form the matrix, the interface re-
formed after each cycle, during the relaxation time, would exhibit a lower
adhesion level. So, if we then reload again the adhesive, the spheres matrix
interface will break more easily and the force to provide to deform the ma-
terial will be lower. That seems to explain the measured softening effect. In
the foam PSA, an equivalent Mullins effect would explain well the observed
behavior. However, it would be Mullins effect at a length scale a thousand
times larger than in the Þlled elastomers [ 26].

If our explanation is correct, the softening effect should be easily de-
creased if we enhance the spheres matrix interfacial rebonding after the Þrst
loading. The most straightforward solution to do so is to heat the material
during its relaxation. In other terms, we stretch the material until a sufÞcient
strain to debond most interfaces but not too much to break the spheres, we
choose 450% with a strain rate of 1s" 1. After the Þrst cycle, material is relaxed
and heated at 80! C during 2 hours. According to PSA supplier, this temper-
ature is safe for the adhesive. Then the sample is cooled down at 23! C and
the second cycle until 450% is carried out. Results are presented in the Þgure
3.15.
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FIGURE 3.15: On the left, the two cycles are carried out at
imposed strain (450%) without heating stage between the two
tests. On the right, the two tests are performed at imposed

strain (450%) with heating stage after the Þrst cycle.

As we can see on the Þgure3.15, such heat treatment allows to cure the
material by dramatically decreasing the softening effect and therefore the
damage in the material bulk. In Chapter 4 we will see, thanks to this in-
duced healing protocol, how we can reuse a foam PSA without loosing per-
formance.

As it stands we can say that this source of damage has a signiÞcant impact
on the tape behavior. However, as long as the matrix itself is not fractured
(which has never been observed in our tests), this damage seems to be partly
recoverable. This potential recoverability is what differs spheres matrix in-
terfacial adhesion level changes with the other damage source found, the
breakage of the spheres.

3.2 Equivalent Fibril Model

In the previous section we identiÞed the dissipative mechanisms which take
place when foam PSA are loaded. Due to the syntactic foam structure, dis-
sipative mechanisms occur within the bulk of the material at interfaces be-
tween the spheres and the matrix. The spheres which are close to the in-
terface debond Þrst. Most probably, this local debonding is caused by con-
Þnement. Then, bulk spheres begin to debond, even in small strain regime
(about 15% deformation). Their development depends on material loadings
rate and PSA substrate interfacial adhesion levels. We understood that the
bulk cavities are generated by internal cavities nucleation which leads to Þb-
rillation processes at the scale of the sample (mm scale). As the deformation
of the foam PSA increases, internal cavities grow. Inside these larger cavities,
we observed instabilities occurring on the walls forming a micro Þbrillation
process (µm scale). When the cavities continue to grow, walls between them
become thinner and thinner which create a second bulk Þbrilation process at
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a larger scale (mm scale). These Þbrils are then elongated until the ultimate
detachment from the substrate or until a cohesive material fracture.

In the conditions where the PSA is loaded in a peel test at 90! , we present a
model which is based on the dissipative process detailed above. The relevant
part of the energy dissipation is made in Þctional equivalent Þbrils which
are aligned with the material orientation. This model is called Equivalent
Fibril Model. Energy dissipation is supposed to be piloted by the strain rate
of this equivalent Þbril where the measurement is detailed after. The model
presented is inspired by the Gent and Petrich approach [ 37] and the work of
Villey et al. [ 78, 77].

3.2.1 Hypotheses of the model

Before describing the model, we deÞne all the hypotheses needed to build
it. They all derive from one main assumption which is that most glass mi-
crospheres must be debonded from the matrix. This implies sufÞcient PSA
substrate interfacial adhesion level and debonding velocity. Relevant couple
of these two parameters gives an adherence higher than 1000J.m" 2 for our
90! peel test setup with the chosen backing layer. In practice, we take as sub-
strates the glass slides prepared according to the surface treatment protocol
described in part 2.3. For the debonding velocities, we identiÞed velocities
higher than 0.1mm.s" 1.

3.2.2 Model description

As we said, the concept behind the model is that most dissipation is made
through the extension of equivalent Þbrils. The latter are assumed to be
loaded in uniaxial tension in the debonding region. As a result, the dissi-
pative energy should be equal to the expended energy in equivalent Þbrils
until the breakage. Breakage is deÞned when the adhesive detaches from
the substrate. We assume that most energy dissipation is made through this
equivalent fribrillation process. So, the energy that has to be provided to the
adhesive material to debond, also called adherence energy! , should be close
to the energy expended in one single equivalent Þbril during the foam PSA
peeling.

During the peeling, if conÞnement effects remain limited, the adherence
energy measured should be close to the energy we should provide to the
tape in a uniaxial tension test for the same " max. Thin PSA studied by Villey
et al. [78, 77] are highly conÞned. As a consequence, Þbrils occurring in
the debonding region dissipate a 5-time smaller amount of energy than the
material does in uniaxial tension test. As foam PSA thickness is 60 times
larger than PSA from Villey et al. [ 78, 77, 13], it is reasonable to think that
this prefactor of 5 should be lower.
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FIGURE 3.17: Maximal extension of equivalent Þbrils measured
in peeling at 90!

On Þgure 3.17, " max increases with the velocity: " max $ V0,12. Once again,
this observation highlights the difference with thin PSA behavior. Chopin
et al. [13] reported for their materials: " max $ V# with # being negative.
" max evolution is consistent with the morphology study of the debonding
region shape in Chapter 4. The equivalent Þbrils strain rate is the spacing
rate between the two Þbril extremities (one on the substrate, the other on the
backing) [78].

Expended energies in tensile samples (for " max and ú" equivalent f ibril coming
from the peel tests) are now compared with the actual peel adherence ener-
gies. Results are presented in the Þgure3.18.

For adherence energies higher than 2000J.m" 2, the EFM Þts very well the
adherence energy measured during the peeling. In this domain, dissipated
energy can be assimilated to the energy expended in the uniaxial tension of
equivalent Þbrils. In those conditions, the maximal extension and the strain
rate of the equivalent Þbril pilot the dissipation. Knowing that dissipated
energy is related to adherence energy, the EFM provides us with a new way
of describing adhesive joint performance for adherence energies higher than
2000J.m" 2 (with the chosen backing). It is worth noticing here that these peel-
ing conditions correspond to industrial speciÞcations. For lower adherence,
EFM deviates. We propose an explanation for this deviation in the following
section.

3.2.3 Model limitations

EFM seems to be relevant for the adhesive peeling behavior description ex-
cept for some limitations. The Þrst one is the validity domain. As we saw
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FIGURE 3.18: EFM predictions with respect to actual adherence
energies measured with peel tests over 2 decades of debonding

velocities

the model works only for a fully Þbrillar structure where hollow glass micro-
spheres are totally debonded from the matrix. This condition eliminates the
low adherence cases (! < 2000J.m" 2) where all bulk cavities are not highly
deformed and very high adherence cases (! > ' 5000J.m" 2) where internal
fracture occurs.

The other limitation comes from the fact that Þbrils in the case of Villey
et al. [78, 77] are individual and independent. They develop as a continuum
within all the material thickness. In the foam PSA case, we saw that such bulk
Þbrillation process is totally different (see part 3.1). Large Þbrils elongated
within all the material thickness are purely made for modeling purpose. This
major difference could explain most of the deviation we observe on the Þgure
3.18.

From a general point of view, even if we highlighted its main limitations,
the EFM stands as a relevant quantitative model to describe the foam PSA
behavior for the 90 ! peel test loading conditions. The EFM shows that most
energy is dissipated in the unconÞned uniaxial extension of equivalent Þbrils.
Dissipation seems to be piloted by the strain rate of this equivalent structure.
The goal is now to explain more quantitatively those results. We base our
work on the use of the non linear rheological behavior of foam PSA.
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3.3 Non-linear rheological approach of adherence
explanation

Chopin et al. [ 13] presented a method based on the non linear rheology of
thin PSA Þbrils to explain quantitatively the work of Villey et al. [ 78, 77].
EFM results showed for an adherence energy higher than about 2000J.m" 2,
the strain rate and so the rheology of a single virtual Þbril pilots the energy
dissipation. Also, Chopin et al. [ 13] explains thin PSA adherence down to
one detail. There is a prefactor of 5 to match with experimental data. This
prefactor is explained by the extreme conÞnement of thin PSA. The idea we
had was then to adapt this work to our weakly conÞned foam PSA.

The descriptive method of Chopin et al. [ 13] is made according to a classic
linear TTS protocol extended to non-linear rheological measurements. These
measurements are provided by uniaxial tension tests at different strain rates
and temperatures. The method used is based on the possibility to collapse
tension test results (strain stress curves) on a single mastercurve for any ar-
bitrary chosen strain rate and temperature.

We started by performing tension tests for different strain rates and dif-
ferent temperatures. We observe that all strain stress curves collapse into a
master curve arbitrarily deÞned by a strain rate of 0.05s " 1 and a temperature
of 23! C. Collapsing is made thanks to a stress normalization as depicted in
the Þgure 3.19.

FIGURE 3.19: The graph on the left corresponds to the tension
test results when varying strain rates. The graph on the right
shows the normalized stress with respect to the nominal strain
of the same tests. Normalization is made using the prefactor A

From the graphs in Þgure 3.19, we obtain the rescaling parameter A plot-
ted with respect to the strain rate in the second graph from Þgure 3.19. Rescal-
ing is made without taking into account the hardening effect. The Þrst main
result is here that rescaling stress strain curves from the uniaxial tension test
























































































































