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Definitions

This dissertation contains a number of definitions which are covered in this section. The sources and
choice of terminology are explained throughout this document.

Adherence

Adhesion

Adhesion test
Adhesive (noun)

Adhesive failure

Cohesive failure

Epoxide

Epoxy

Glue

Initiation

Interface

Interphase

Mixed failure

Difficulty in separating two bodies adhesively (i.e. with adhesive failure, see definition be-
low). It should be noted that in the English-speaking world, the term “adherence” is not in
widespread use: for example, articles dating from before 2000 tend to refer to “mechanical
adhesion” or “practical adhesion”.

Any phenomenon of attraction between two bodies involving only electronic or magnetic
interactions.

Mechanical test involving adhesive failure.
Product that forms a bond when pressure is applied (pressure-sensitive adhesive or PSA).

Interfacial failure when the adhesive or paint residue present on the substrate is less than
the roughness of said substrate following mechanical testing: in this dissertation, for indus-
trial rolled sheet metal, the failure will be considered interfacial when the adhesive or paint
residue on the substrate is less than 100 nm.

A failure of one of the materials.

Epoxide is basically a chemical group made up of 2 carbon atoms and one oxygen atom
that form a three-atom ring: this group is also called “oxirane”. By extension, epoxide is a
molecule containing one or more epoxide groups.

The term epoxide is often shortened to “epoxy”. In this dissertation, “epoxy”, the shortened
form of the term “epoxide”, will be reserved for the polymer, which will thus no longer have
epoxide groups. This term will therefore be equivalent to the word “polyepoxy”.

A substance capable of bonding two substrates. There is no distinction to be made between
the terms “glue” and “adhesive” in terms of their function, but they are used in the context
of different linguistic registers. The former is relatively less highbrow and intended for the
general public, while the latter is a technical term preferred by scientists and formulators of
high-tech adhesives to distinguish them from standard adhesives.

Appearance of the first critical (measurable) defect. Also referred to using the term “onset
crack”.

(Zero-thickness) surface between two media.

(Non-zero-thickness) volume between two media. The properties of the interphase are thus
different to those of each medium. The interphase can also display a gradient of properties.

A failure of the adhesive and cohesive areas.



6 DEFINITIONS

Polyepoxy Polymer made from monomers of which at least some have epoxide groups. After polymeri-
sation, the polyepoxy no longer has epoxide groups.

Propagation Stage following initiation of a crack.

Resin Viscous substance containing prepolymers with reactive groups that, following chemical re-
action, convert into a thermosetting polymer.

Structural adhesive Adhesive with a high level of cohesion and adhesion, used to help transfer forces in an as-
sembly. The strength of the assembly is often noted as being greater than 20 MPa, although
this value has no real meaning without an associated standard.
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8 FOREWORD

I wish to begin this dissertation with a foreword that is intended to be a brief and informal
curriculum vitae. I am not going to start this curriculum vitae at school. This was, however, where
two dreams first began to coexist. The first was that of an airline pilot, someone who had the
pleasure of getting to spend almost every day in the aeroplanes that gave us the means to travel and
dream... The second was that of a researcher, as Pierre-Gilles de Gennes had just won the Nobel
Prize for discovering “that methods developed for studying order phenomena in simple systems
can be generalised to more complex forms of matter, in particular to liquid crystals and polymers”.
He was often in the media at that time and his interest in education and the popularisation of
science made him very popular with the general public. Pierre-Gilles de Gennes was a physicist
who specialised in soft matter and one of the areas he worked on was wetting phenomena. The
idea of studying why “water wets” seemed both ridiculous and exciting. Was finding out why water
wets really a job? So, whether I was to become a pilot or researcher, and to keep all of these options
open, following my baccalauréat scientifique I undertook two years of preparatory classes for the
grandes écoles in Bourg en Bresse. My first dream, to become an airline pilot, had to be put to one
side after sitting the ENAC (French National School of Aviation) entrance exam, but research was
still an option and was even more important to me.

After sitting the entrance exams following my preparatory classes, I was able to study for a de-
gree in physical sciences at Claude Bernard Lyon I University. To fulfil my dream of becoming a
researcher, I continued along this path and completed my studies in Lyon with a master’s degree
in physical chemistry, followed by a DEA (Diplome d’études approfondies) in “polymers and com-
posite materials”, and finally a PhD, which I defended at INSA Lyon (National Institute of Applied
Sciences) in 2005. For this PhD, I specialised in materials, and examined the topic of bonding (ad-
hesion), one of the theories of which is wetting. I really got to grips with research in 2001, when I
was doing an internship at the company Allevard Rejna Autosuspensions as part of my degree. I
completed this internship at a Joint Research Unit (UMR 5223) directed by Odile Tadjoa and Alain
Roche, and worked on the development of a chip-resistant coating formula. Alain Roche was a
great character and a defining figure of this turning point. Working in research was possible and I
discovered the site of the first laboratory I would work at: the Institut des Matériaux Macromolécu-
laires (Institute of Macromolecular Materials). It was therefore only natural that I would remain at
this great laboratory when Alain Roche suggested that I work on the “Chemistry of metal/epoxy-
amine interphases” during my Master of Advanced Studies (2001-2002), with a view to applying
for a research grant from the Ministry of Higher Education and Research.

I'wrote a thesis entitled “Physico-chemical characterisation of epoxy-amine/metal oxide or hy-
droxide interphases and their constituents” between 2002 and 2005. It was during this thesis that I
was able to become acquainted with the “adhesion community”, at the twelfth edition of Journées
d’étude sur 'ADHésion (Figure 21). Valérie Nassiet, Marie-Geneviéve Barthés-Labrousse, Eric
Papon, Robert Adams, Costantino Creton, Jacques Schultz and all the active members of the
French (and European) adhesion society, not to mention part of the French Vacuum Society, were
in attendance. Alain Roche did warn me when he said, “this is a very friendly community...I’ll
never leave”. During my thesis, I also had the opportunity to spend two months in Australia, at
the laboratories of Professors Graeme Georges and Andrew Whittaker (Brisbane). The interdisci-
plinary nature of adhesion sciences and the interest of collaborations became clear. After defend-
ing my thesis in October 2005, a six-month study as a research engineer for DGTec (“Development
of nanocomposite materials through the introduction of inorganic nanoparticles into a polymer
matrix”) led to an 18-month post-doctorate in Germany. I had the opportunity to work with Wulff
Possart (Lehrstuhl Adhédsion und Interphasen in Polymeren, Saarland University, Germany) on the
topic “Epoxy matrix nanocomposite materials: a new approach based on dielectric spectroscopy”.

I personal photos and photos from the SFV.
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Figure 2: JADH 2003 (french adhesion days), in Oléron: (a) General overview, (b) Pierre-Gilles de Gennes,
(c) Bob Adams, (d) Valérie Nassiet, (e) Hamidou Haidara and Eric Papon, (f) Alain Roche.
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During this post-doctorate, I met Jan Kriiger, a specialist in Brillouin spectroscopy and a mem-
ber of the Materials Science Research Laboratory at the Jean Lamour Institute in Nancy. Our col-
laborations were fruitful, and my passion for interdisciplinary scientific studies ever stronger, so I
continued my research into polymer materials, working between the Materials Science Research
Laboratory and the Structure and Reactivity of Complex Molecular Systems Laboratory, under the
direction of Yves Fort and Didier Rouxel. This study on piezoelectric nanocomposites (synthe-
sis, characterisation, applications) was relatively brief (5 months), as I passed the maitre de con-
férences competitive examination that would allow me to carry out my research work at CIRIMAT
(Interuniversity Material Research and Engineering Centre) and teach at ENSIACET (French Na-
tional School of Chemical and Technological Engineers, a Toulouse INP school) in November 2007,
on the subject of “surface properties of polymers and composites”.

And so I arrived in Toulouse on 1 February 2008, where I began working with Alain Lamure,
among others, on issues such as surfaces, reactions at interfaces, interphase formation and mea-
suring adhesion. These research topics can also be linked to the fields of bonding in a broad sense.
Comprising three chapters followed by a conclusion, this document will review the research that I
have undertaken since 2002, then outline proposals for my future research projects.

* History and current context of bonding;
* From adhesive function to elementary reactions;

* Research project.
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History and current context of bonding

Contents
1.1 From prehistorytothemodernday .............0ciiiitienennn 12
1.2 National, European and internationalcontext . . . . . .. ... ...t 14
1.3 Interdisciplinarity . ... ... ...ttt ittt ittt eeenerennees 15
1.4 Adhesion and adherence: definitions . ................ . .00 17
1.5 Theoriesofadhesion . . ... ... ...ttt ittt eennronnsos 18
1.6 Conclusion . . . . o v vt it i ittt ettt ettt et sttt 20
{ToPoLOGIST | [NORMAL PERSON | — PHILOSOPHER |— —] CHEMIST
IDK, DOES TO ANSWER THAT 0% IN THE
Q; THE OPENING | | QUESTION, CONSDER | | caereie
ONE. COUNT AS ANOTHER: IF WE DRILL ALONE
A HOLE? A HOLE IN THE SIDE,
HOW MANY \ HOW MANY HOLES
HOLES ARE ARE THERE NOWJ?

THERE IN A \
COFFEE CUP? g% %
xkcd

Ll

creative
c

ons

11




12 CHAPTER 1. HISTORY AND CURRENT CONTEXT OF BONDING

1.1 From prehistory to the modern day

This document focuses on the concept of “bonding”, a term which will cover two distinct config-
urations: bonded assemblies and coated substrates. These systems are in fact similar in the cases
that will be discussed (chemistry of adhesives and paints, reactions at interfaces and interphase
formation, adhesion). The only difference is the minimum number of interfaces: two in the case
of bonded assemblies and just one for coated systems (Figure 1.1). An adhesive is thus a substance
capable of bonding two substrates, while a coating is a substance covering a substrate. According
to Encyclopédie Universalis [2021] an adhesive is a product that forms a bond when pressure is
applied. I will endeavour to follow this terminology, but the words “glue” and “adhesive” com-
monly refer to the same thing: there is no distinction to be made between the terms “glue” and
“adhesive” in terms of their function, but they are used in the context of different linguistic regis-
ters. The former is relatively less highbrow and intended for the general public, while the latter is a
technical term preferred by formulators of high-tech adhesives to distinguish them from standard
adhesives, and by scientists.

I

I 1
Glued assembly Coated substrate
> 2 interfaces > 1 interface

Figure 1.1: Similarity between a bonded assembly and a coated substrate.

Whilst not all adhesives are polymers (there are ceramic adhesives such as cement, plaster,
etc.), the majority are: the history of adhesion is therefore directly linked to that of natural and
subsequently synthetic polymers. In light of the discovery of tools made using plant gum (South
Africa), it is generally accepted that natural materials were first used as glues 70-80,000 years ago.
Following the discovery in Italy of tar used to fix stones in place (Figure 1.2) this estimate has re-
cently been pushed back as far as 200,000 years ago. There are reports of natural glues (pine resin,
animal gelatins, etc.) being used for other purposes throughout prehistory (Fay [2021]). The Map-
pae Clavicula, a collection of recipes for making craft materials, including several glue recipes, was
written in the Middle Ages. The modern adhesive era began with the industrial-scale manufacture
of glue in Holland in 1690, followed by the first patent in England in 1754. The synthesis of arti-
ficial polymers led to a proliferation of adhesive formulations and applications, with epoxy resins
and cyanoacrylate glues being patented and industrialised. The international adhesion research
community formed in the second half of the 20th century, with the first journal in the field, The
Journal of Adhesion, being published in 1969. In France, the first research day on the Contribution
of Surface Studies to Adhesion Problems was held on 19 April 1983 in Paris: this gave rise to JADH
(Journées d’étude sur '’ADHésion), which is now held every second year, alternating with the Euro-
pean Adhesion Conference (EURADH). The first ever international congress on adhesion (WCARP
or “World Congress on Adhesion and Related Phenomena”) took place in Garmish-Partenkirchen
(Germany) in 1998 and is now held every four years.
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(a) P. Mazza et al. A new Palaeolithic discovery: tar-hafted stone tools in a European Mid-Pleistocene bone-bearing bed. Journal of Archaeological Science. 2006, 33 (9): 1310.
(b) L. Wadley Compound-Adhesive Manufacture as a Behavioral Proxy for Complex Cognition in the Middle Stone Age. Current Anthropology. 2010, 51 (s1): S111.

(c) O. Bar-Yosef et al. Early Neolithic organic remains from Nahal Hemar Cave, National Geographic Research, 1989, 5 (2): 176.

(d) S. Falder S et al. Following in the footsteps of the pharaohs, British Journal of Plastic Surgery, 2003, 56(2): 196.

(e) C.S. Smith et al. Mappae Clavicula: A little key to the world of medieval techniques, Transactions of the American Philosophical Society, 1974, 64(4).

(f) R.H. Bogue, The Chemistry and Technology of Gelatin and Glue, McGraw-Hill Book Company, Inc., New York. 1922, pp. 3.

(g) British Patent, Number 691, to Peter Zomer, May 23, 1754.

(h) S.R. Hartshorn, Structural Adhesives: Chemistry and Technology, Plenum, New York, 1986.

(i) M.Dancourt, Dédale et Icare : Métamorphoses d'un mythe CNRS editions, 2002.

* JADH : Joumées d'étude sur 'ADHésion, i.e. French adhesion days
* WCARP : World Congress on Adhesion and Related Phenomena

Figure 1.2: History of bonding and studies on adhesion.



14 CHAPTER 1. HISTORY AND CURRENT CONTEXT OF BONDING

1.2 National, European and international context

It is in this global context that research into adhesion has developed. There are currently three
major journals that focus exclusively on adhesion, and three more minor ones (with no impact
factor):

o> International Journal of Adhesion and Adhesives
First publication: 1980
Editors in Chief in 2022: James Broughton, Steve Shaw
Publisher: Elsevier BV
Journal Metrics (2022): 3.4 (Impact Factor), 0.8 (SCImago Journal Rank)

¢ The Journal of Adhesion
First publication: 1969
Editors in Chief in 2022: Lucas EM. da Silva
Publisher: Taylor & Francis
Journal Metrics (2022): 2.2 (Impact Factor), 0.5 (SCImago Journal Rank)

& Journal of Adhesion Science and Technology
First publication: 1987
Editors in Chief in 2022: J. M. Martin-Martinez
Publisher: Taylor & Francis
Journal Metrics (2022): 2.3 (Impact Factor), 0.4 (SCImago Journal Rank)

¢ Reviews of Adhesion and Adhesives
First publication: 2013
Editorial committee without editor-in-chief
Publisher: Scrivener Publishing
Journal Metrics (2022): 0.3 (SCImago Journal Rank)

*> Adhesion Adhesives + Sealants
First publication: 2009
Editors in Chief in 2022: Hubert Pelc
Publisher: Springer Fachmedien Wiesbaden
No metrics: journal aimed more at the industrial than academic world

& Applied Adhesion Science
First publication: 2013
Editors in Chief in 2022: Silvio de Barros
Publisher: Springer International Publishing AG
Journal Metrics (2021): 0.3 (SCImago Journal Rank)
Open access journal associated with the Brazilian Society of Adhesion and Adhesives. No
longer published since December 31, 2021.

These journals are inseparable from the conferences mentioned in the previous section and
from the scientific societies associated with the field.
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There are membership societies in several countries in Europe and throughout the rest of the
world:

France SFA (SFV) Société Francaise de I’Adhésion
United Kingdom SAA Society for Adhesion and Adhesives
Germany DECHEMA DECHEMA Section Adhesive Technology
Spain Sociedad de Adhesion
Portugal APAA Portuguese Adhesion Society
Netherlands BvM De bond voor materialenkennis
United States of America AS Adhesion Society
Brazil ABAA Brazilian Society of Adhesion and Adhesives
Other States of America Grupo Iberoamericano de Adhesion
China BAS Bejing Adhesion Society
Japan Adhesion Society of Japan
South Korea Society of Adhesion & Interface Korea

In France, the French Adhesion Society (Société Frangaise de '’Adhésion [SFA]) is a division of
the Société Francaise du Vide (French Vacuum Society) and was founded by Jacques Schultz in
1992. It is currently chaired by Julien Jumel and I have been its secretary since 2021.

1.3 Interdisciplinarity

The skills represented in adhesion science are manifold, reflecting the diversity of disciplines (Fig-
ure 1.3). Researchers in the field of adhesion often have a background in materials science.

Figure 1.3: Adhesion, a multidisciplinary science, taken from Petrie [2007].
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This multidisciplinary approach means that adhesion problematics can be tackled from dif-
ferent angles: chemical, physical and mechanical, as illustrated in the Encyclopédie Universalis
[2021] mind map on bonding (Figure 1.4). For example, focusing on amine-metal bonds allows for
different angles of approach. In the following chapter, I will present these bonds from the perspec-
tive of a polymerist, which I am myself, and I find nearly no common bibliographical references
to the work of Charlier [2003], who entitled her HDR dissertation “La liaison organique-métal,
pourquoi, comment?” (“The organic-metal bond, why, how?”). Her complementary understand-
ing of the study of amine-metal bonds is that of a surface chemistry specialist and microscopist.

It is the juxtaposition of these different perspectives that reflects the complex phenomena dis-
cussed in this document. The science of adhesion thus coexists within these different disciplines,
with there sometimes being some difficulty in choosing the vocabulary specific to each discipline.

Matter (physics) - fhe) L
Solid state @) QU e
" Surface Interfaces "
Wetting Q (Phenomenon) QAdsorpnon
Energy - QMemaIIocene
Overview Catalysts
Thermodynamics Q Energy - Gluing Macromolecules Q Gels
basic notion (physics)
Giulio Natta Q Chemical bonds -
Q ) Hydrogen bond
: Polymers Chemical bonds - .
Hermann Staudinger Q ly Weak biochemical bonds QChemlcaI Bonds -

Bonding and Classification

Figure 1.4: Bonding mind map, taken from Encyclopédie Universalis [2021].
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Figure 1.5: Adhesion, adherence and failure.
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1.4 Adhesion and adherence: definitions

The basic definitions are more complex than they appear: Petit, J. A. [1992] and Brown [1995] were
among the first researchers to distinguish between the terms adhesion and adherence. It should
be noted that in the English-speaking world, the term “adherence” is not in widespread use: for
example, articles dating from before 2000 tend to refer to “mechanical adhesion” or “practical ad-
hesion” (Good [1976]). Brown [1995] highlights the confusion between these two terms and pro-
poses that the term adherence include, but not be limited to, adhesion: an “adhesion failure” is
reduced to a failure at the substrate/coating or adhesive interface, while an “adherence failure”
includes both adhesive and cohesive failures.

The field of engineering differs from the field of research by not clearly differentiating between
adhesion and adherence. In standard NF-EN 923 [2016] “Adhesives — Terms and definitions”, no
distinction is necessarily made between the two terms. In the research field, according to Darque-
Ceretti and Felder [2003], adhesion is defined as any phenomenon of attraction between two bod-
ies involving only electromagnetic interactions. Attractions due to gravitational or nuclear forces
are not included in this definition. Adherence, on the other hand, expresses the difficulty in sepa-
rating two bodies.

In deviation from Brown [1995]’s definition, throughout the remainder of this document, we
will only consider adherence to be the difficulty in separating two adhesive bodies, leading to
an adhesive failure: this detail is not included in the definition offered by Darque-Ceretti and
Felder [2003], nor that of Cognard [2000] (adhesion is the set of interactions occurring at the point
of contact between the solid and the adhesive, and adherence is the result of an attempt to sep-
arate them), but it is widely accepted within the community of physical chemists working in the
field of adhesion. Adherence can therefore be quantified by measuring force, stress or energy. Fi-
nally, in a test involving an assembly as a whole, failure force, failure stress or failure energy will be
the broadest terms: they will refer to mechanical tests of assemblies or multi-materials involving
adhesive or cohesive failure (Figure 1.5).

These definitions are particularly important during mechanical tests carried out on bonded
assemblies, in order to identify exactly what is being measured (an interface property in the case of
adherence, or an overall assembly property in the case of a structural test). While the definition of
an interface (the surface separating two media) seems straightforward, the definition of interfacial
failure is less straightforward in practice. ISO 10365 [2022] standard, which describes the main
failure surfaces, states that “an adhesion failure is a rupture of an adhesive bond in which the
separation appears visually to be at the adhesive/adherend interface” and on the following pages
that “examination of the surface using a suitable instrument may enable the different types of
failure pattern to be better distinguished”.

In this dissertation, the failure will be considered interfacial (and therefore “adhesive”) when
the adhesive or paint residue present on the substrate following mechanical testing is less than
100 nm for the substrates studied with a roughness of this order of magnitude. This value is not
arbitrary: it corresponds to the detection limits of current equipment (u-FTIR, p-Raman, mechan-
ical profilometer, etc.). Of course, more advanced equipment such as XPS permits resolutions of
less than 100 nm, but this value corresponds most crucially to the lower limit of the “classic” rough-
ness of industrial surfaces.

The definitions of adhesion are in fact derived from the “fundamental relation of adhesion”,
described by Dupré and Dupré [1869] which is defined by the (reversible) energy of adhesion [in
J.m™?]:

Wadnesion = (Ys + YL) — YsL (1.1

in the case of two elements S and L, with surface energies of ys and yy, respectively, and pos-
sessing an interfacial energy ys;..
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Furthermore, in the case of cohesive failure, W = W ,p05i0n = 2Ys-

These definitions will give rise to one of the theories of adhesion: the thermodynamic theory.
Adherence, however, will depend on adhesion, but also on many factors described in the other
theories of adhesion.

1.5 Theories of adhesion

If we were to look only at the first definition of adhesion, as defined by Athanase and Paul Dupré
(Eqg. 1.1), adhesion would be governed solely by thermodynamics. This hypothesis is just one of
the theories of adhesion. There are in fact are eight theories, which are described briefly in Ta-
ble 1.1. As with any form of classification, this is not the only one out there. Friedrich [2018] (pp.
14) , for example, prefers to separate theories of adhesion into three families: physical, chemical
and mechanical adhesion. It is to these families that the theories set out below belong (sometimes
appearing in more than one family, such as the chemical theory found in the “chemistry category”,
when the bonds formed are covalent and “physical” during acid-base interactions). It should be
noted that while the first five theories of adhesion (white background in Table 1.1) do indeed con-
cern adhesion (interactions that occur when two bodies come into contact with each other), the
last three theories (grey background in Table 1.1) oncern adhesive cohesion (which may have an
impact on the measurement of adherence), not interfacial phenomena.

Table 1.1: Theories of adhesion.

l Theory Authors Year Reference(s) Application(s)
Chemical bonding S. Buchan & 1946 initially presented in the case of an
W.D. Rae Buchan and Rae [1946] elastomer on bronze
Electrostatic B.V.Deryagin& 1948 ) proposed in the case of surface of
N.A. Krotova Egﬁggm and  Krotova  gyide Jayers with ionic character)
Mechanical inter- | J.W. McBain & 1925 in this theory, roughness has a pre-
lock D.G. Hopkins McBain — and  Hopkins  ,,nderant role
[1925]
Adsorption, wetting | L.H. Sharpe & 1963 = thermodynamic theory: adhe-
H. Schonhorn Sharpe and Schonhorn  giop ig attributed to Van der Waals
[1963] type forces and hydrogen bonds
Diffusion S.S. Voyutskii & 1963 theory initially intended for “self-
VL. Vakula Voyutskii  and  Vakula  ,4hesion”
[1963]
Weak-boundary- J.J. Bikerman 1961 the interfacial forces would always
layer Bikerman [1961] be stronger than the cohesive force
of a of the numerous layers mak-
ing up the assembly: the rupture
will therefore always take place in
the layer with the weakest cohe-
sive force
Rheological AN. Gent, 1969 taking into account energy dis-
R.P. Petrich, & Gentetal. [1969); Gentand  gination phenomena during me-
J. Schultz Schultz [1972] chanical tests (case of elastomers)
Molecular dissipa- | GJ. Lake & 1967 taking into account the entropy
tion A.G. Thomas Lake etal. [1967) variation linked to the orientation
of chains during separation sub-
strates

These theories are described to some extent in reference works: Cognard [2005, 2006]; Comyn

[2006]; da Silva et al. [2011]; Darque-Ceretti and Felder [2003]; Ebnesajjad and Ebnesajjad [2014];
Houwink and Salomon [1965, 1967]; Lee [1991]; Monternot et al. [1978]; Petrie [2007]; Skeist [1990];
Villenave [2005] : they may appear to be a juxtaposition of interpretations, useless in the case of
applied sciences, yet they are directly linked to the different strategies for improving the strength
of bonded assemblies in the world of industry (Figure 1.6).
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For example, the primary function of sandblasting is to increase roughness in order to improve
adherence: this treatment is therefore used when adhesion seems to be governed by mechanical
theory, but also takes into account the weak boundary layer theory by removing weak or contam-
inated surface layers. Finally, it should be noted that theories of adhesion are sometimes con-
tradictory, even if they often coincide. For example, Gutowski [1999] discussed the possible links
between chemical theory, rheological theory and interdiffusion theory.
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Figure 1.6: Theories of adhesion and improving the strength of bonded assemblies in relation to theories of
adhesion.

Thus, as Cognard [2000]points out with a touch of irony, “beliefs around adhesion are based
on 7 commandments (based on theories of adhesion)”. Each theory has its own area of validity
and limitations, but it is always worth bearing all of them in mind when trying to understand a
system as a whole. Subsequently, the theories used most frequently in my research, which is often
linked to the formation of interphases, will be the chemical theory, the diffusion theory and the
mechanical interlocking theory: in fact, interphases in epoxide-amine/metal systems form as the
result of a reaction between amino monomers and metal surfaces whereby chelates are formed
(chemical theory). These chelates then desorb and diffuse within the monomer mixture, until the
mixture vitrifies, pulling metal ions several tens or even hundreds of microns from the surface (dif-
fusion theory). The adherence measured following these reactions by studying the failure surface
will then be directly linked to the roughness of the substrate (mechanical interlocking theory).
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1.6 Conclusion

According to Cognard [2002] and Carlac’h and Hemery [2002], the French market for adhesives
alone accounted for some 400,000 tonnes per year in the 2000s. This is just some of the 8.8 million
tonnes produced worldwide in 2000, 3.7

According to Petrie [2005], epoxide-based adhesives are the second most widely used adhe-
sives after polyurethane-based ones. It is this family of adhesives that will be specifically studied
in the review set out in the next chapter.
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The central focus of my research is the substrate/coating or adhesive interface, and the pri-
mary function that we will seek to measure at this interface is adherence. In this chapter, I will
therefore start with the desired property of the adhesive (i.e. adherence), discussing in particular
adherence tests and the three-point bending test. The presented observations will then be com-
pared with the modelling problematics developed in partnership with specialist researchers in the
field. In the bonded assemblies studied, the material serving as the link between two substrates
will be an epoxide-amine adhesive: the second section of this chapter will therefore be devoted
to the chemistry of these very widely used adhesives. Finally, the last part of this chapter will be
devoted to the formation of interphases (non-zero-thickness interfaces) and the changes in the
epoxide-amine network described above when it forms in contact with a metal surface.

2.1 Mechanics of bonded assemblies

There are many mechanical tests designed to characterise the strength of bonded assemblies:
most are standardised, and a search for the keyword “adhesive” on the ISO standards database
returns more than 900 results. Fracture mechanics is the core of knowledge on which most tests
of the mechanical properties of a bonded joint are based, resulting in the determination of frac-
ture energy: this is the case, for example, with cleavage tests (DCB - double cantilever beam — or
TDCB - tapered double cantilever beam —, ISO standard 25217, and the wedge test, ISO standard
15107), but also peel tests under certain conditions (ISO standards 8510 and 11339). As stated in
Chapter 1, here I am working on the assumption that only tests which result in adhesive failure
are adherence tests, as this can only be verified after studying the failure surface. By default, these
tests are therefore fracture mechanics tests applied to bonded assemblies. It should also be noted
that many of the tests are crack growth tests (e.g. peel, DCB — double cantilever beam).

2.1.1 Three-point bending test and measuring adherence

Tests designed to measure adherence are often “technological” (close to use): this is the case with
the single-lap shear test (ISO standard 4587, NF EN 2243-1) and the pull-off test (ASTM standard D
4541, I1SO standard 4624 & ISO standard 16276-1). These tests, which are widely used in industry,
are crack initiation tests in the case of rigid adhesives (Figure 2.1).

¥ (a) (b) Tt (c)

= N 2 s

Adhesive Cohesive Adhesive||Cohesive Adhesive Cohesive

Figure 2.1: Diagrams of three-point bending (a), single-lap shear (b) and pull-off (c) tests, adapted
from Genty et al. [2017].
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Central
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Figure 2.2: Principle of the three-point bending test: (a) diagram with dimensions of a three-point bend-
ing test sample (moulded adhesive block on substrate), (b) diagram of a test sample loaded in three-point
bending, prior to failure initiation, (c) typical Force-Deflection curve of a test sample subjected to three-
point bending.
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Figure 2.3: Scatter analysis of three-point bending results, taken from Sauvage [2016].

Although they are relatively easy to carry out, interpreting the results is a far less straightfor-
ward matter, but they have been studied extensively, notably in the case of single-lap joints (da
Silva et al. [2009a,b]), particularly in order to qualify the interfaces. It was in this context that a
specific three-point bending test configuration was proposed by Roche et al. [1982]: the test was
standardised from 1997 onwards (ISO 14679 [1997]; NEF-EN 1966 [2009]), and extensively described
and discussed during this period (de Gouvello [1987]; Roche et al. [1994, 1987, 1982]). Itis currently
used on a relatively limited basis outside of the work I undertake at CIRIMAT (Belei et al. [2022];
Cotton et al. [2001]; Divin-Mariotti [2019]; Jensen et al. [2000]; Lapena and Lopes [2023]; Tomasetti
et al. [2000]).

The principle is simple: load a single interface (substrate/adhesive or paint) and cause an ad-
hesive failure by creating a concentration of stress by making a tensioning platform (fFigure 2.2
(a and b)). A characteristic Force-Deflection curve resulting from the three-point bending test is
shown in Figure 2.2 (c).

The first part of the curve (O to @) shows a force proportional to the deflection: the entire
test sample is loaded and characterised by its overall rigidity (equal to the gradient of this first
part of the curve). The weak scatter of this gradient is therefore characteristic of the mastery of
test sample manufacture. Jean-Baptiste Sauvage also showed this scatter in a schematic graph
(Figure 2.3, Sauvage [2016]). In a batch of test samples, plotting the force at the point of failure as
a function of deflection at the point of failure makes it possible to distinguish between the scatter
linked to adherence and that linked to the geometry of the test samples (mainly variations in the
dimensions of the blocks).
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Figure 2.4: Initiation curves and possible failure propagation for test samples loaded in three-point bending.

The peak of the curve (Figure 2.2, @ : Fg, dg) corresponds to the appearance of the first defect
of critical size, which can be described as the apparent initiation of failure: acoustic emission
tests have also shown that “minor” defects appear before this critical point (Devos et al. [2001];
Rives [1999]). Nevertheless, it is the breaking force (Fg) that will be considered representative of
adherence for a given substrate (thickness, Young’s modulus).

This test is therefore particularly sensitive to surface treatments and to phenomena present at
the interfaces, such as the formation of interphases, which I will present further on in this disser-
tation. Failure initiation is followed by defect propagation (opening of the crack), which can be
stable (Figure 2.2, @), unstable, or may occur in jolts (Figure 2.4). Failure propagation by jolts can
also be described as unstable semi-brittle. In the final section, the Force-Deflection curve of the
complete sample ® joins up with that of solely the substrate loaded in three-point bending ®: at
this point, the block is completely detached or no longer acts as a support. Thus, in addition to
the breaking force Fr characteristic of the failure initiation, it may be interesting to note the type
of propagation, as shown in Figure 2.4: these three types of propagation can be observed during a
failure in the elastic or plastic domains of the test sample. The study of crack propagation draws
us one step closer to fracture mechanics and was part of Thiago Birro’s thesis project.

Failure initiation is characterised by the maximum force recorded on the Force-Deflection
curve: it must then be checked to establish whether this can be linked to adherence by exam-
ining the failure surface and verifying that initiation occurred at the substrate/coating interface.
This interface can theoretically be defined as a surface of physical or chemical bonds (strong or
weak depending on the envisaged theory of adhesion) between the metal and coating. Figure 2.5
shows diagrams of samples after testing and examples of failure surfaces. This analysis applies
to coated substrates (painted sheets onto which the supports are moulded) as well as to adhesives
moulded directly onto their substrate: the failure surface clearly differentiates the zones of fracture
initiation and propagation (Figure 2.5, diagrams (b) and (d) — micrograph (f) ).

Failure initiation is deemed adhesive when it occurs at the substrate/coating or substrate/adhesive
interface: on a metallic substrate, this interface can be easily identified with the naked eye by ob-
serving the metallic lustre. Figure 2.5 (g) shows a bright, almost circular characteristic initiation:
it should therefore be checked to establish whether this metallic lustre actually corresponds to an
adhesive failure. Figures 2.6 and 2.7 show scanning electron microscopy (SEM) images of crack ini-
tiation and propagation in coated bronze samples 3 after three-point bending testing. The images
shown were taken by Claudie Josse at the Raimond Castaing microcharacterisation centre.
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Figure 2.5: Three-point bending test samples and failure surfaces following adherence testing: coated sub-
strate onto which a supporting block is moulded (a) — (c) after testing, adhesive directly moulded onto its
substrate (b) — (d) after testing, and sample of DGEBA-TETA adhesive on 2024 aluminium alloy following
three-point bending testing shown in a macroscopic photo (e), microscopic photo (f) and mechanical pro-
filometer image (g), adapted from Genty [2018].
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Figure 2.6: SEM images (secondary electrons on the left and backscattered electrons on the right) of silane-
coated (or (3-mercaptopropyl)trimethoxylsilane) Cu-6Sn bronze substrate (CW452K), unaged, following
failure during the three-point bending test, adapted from Aufray et al. [2019].

The micrographs in Figure 2.6 clearly show an oblong failure initiation zone, followed by a wide
failure propagation zone typical of an unstable stick-slip regime: this failure propagation surface
can be linked to the propagation observed on the Force-Deflection curve during bending. It is
typically observed in brittle polymers in volume (Zhang and Spinks [1997]). We would expect to
see a jolting failure on the Force-Deflection curve, but this was not the case in this sample: the
fracture was unstable (macroscopically, the jolts were likely present, but too fast to be detected).

It is interesting to see in this same figure that the backscattered electron mode image (chemi-
cal contrast) clearly shows a variation in contrast at the point of failure initiation, suggesting that
this initiation occurs as close as possible to the metal/coating interface. Figure 2.7 confirms this
hypothesis: a SEM analysis combined with a focused ion probe (FIB) was used in the failure initi-
ation zone to observe a cross-section of the three-point bending sample following the test and in
the failure initiation zone. The FIB cross- section clearly shows the bronze alloy grains, the 3.6 pm-
thick Incralac® coating (dark layer to the right of the failure initiation zone), and the remains of
the supporting block in the same area. In the failure initiation zone itself, a thin residual layer of
Incralac coating can be seen: it was measured at several points and its thickness is around 50 nm.
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Figure 2.7: SEM images and localised FIB cross-section of a Cu-6Sn bronze substrate (CW452K) coated with
Incralac® after 28 days of ageing by means of immersion in a synthetic acid rain solution, and after failure
during the three-point bending test, adapted from Aufray et al. [2019].

Failure initiation therefore does not always occur at the metal (or metal oxide)/coating bond as
discussed in the previous chapter, but the thickness of this residual layer of coating is the same as
the roughness of the substrate: the failure is therefore considered to be adhesive with an adhesive
residue < 100 nm, in accordance with the definition given above. It also allows not only the chem-
ical theory of adhesion, but also the mechanical theory, to be taken into account. Examination of
macrographs of a large number of samples shows that the larger the failure initiation zone (round
or oblong), the lower the breaking force (Birro et al. [2021]; Sauvage [2016]).

The two borderline cases also seem logical: when adherence is very weak, the breaking force
measured during three-point bending will be low and the initiation and propagation of the failure
underneath the block will not be discernible. Conversely, if adherence is greater than the cohesion
of the coating or adhesive, the failure initiation during the three-point bending test will not occur
at the substrate/coating interface, but within the coating or adhesive. One can then study the
intermediate cases by plotting the breaking forces of a large number of samples as a function of
the failure initiation area (Figures 2.8 and 2.9).
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Figure 2.8: Breaking force of a DGEBA-DETA adhesive applied to aluminium alloy 2024 (thickness 1.08 mm)
after various surface treatments, as a function of the failure initiation area, taken from Birro [2021]; Birro
etal. [2021].
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Figure 2.9: Breaking force of a DGEBA-DETA adhesive applied to aluminium alloy 2024 after various surface
treatments, as a function of the failure initiation area, using a logarithmic scale, taken from Birro [2021];
Birro et al. [2021].

Simply observing the failure initiation could then allow adherence to be assessed without the
use of other equipment. Experience has shown that when using metallic substrates, studying the
failure surface by eye (or under a binocular magnifier), by observing the substrate’s metallic lustre,
is a very reliable way of identifying the initiation of an adhesive failure. EDX mapping, XPS, me-
chanical profilometers and infrared microscopes do not provide any more reliable information:
these techniques are either too sensitive and “see” the few tens of nanometres of coating present
in the roughness of the substrate, or they are not sensitive enough and cannot differentiate be-
tween failure initiation (and the circles or ovals associated with this initiation) and propagation.
To go a step further, only FIB-SEM and some interferometric microscopes can be used to charac-
terise the residual layers of coating following a three-point bending test.
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The three-point bending test is a failure initiation and propagation test, but only the initia-
tion has really been studied and explored thus far. This initiation can be located on the sample
and is almost always adhesive: the reliability of the test and its effectiveness must now be as-
sessed (Genty [2018]; Genty et al. [2017]). The three-point bending test was therefore compared
with two other standardised adherence tests: the shear test in a single-lap joint (Standard NF-EN
2243-1[2006]), and the pull-off or bonded stud test (Standard ASTMD 4541-17 [2017]).These three
tests are shown in Figure 2.1. All three tests allow the forces or resistances specific to the fail-
ure initiation to be measured. Firstly, a DGEBA-TETA on 2024-T3 aluminium alloy model system
was chosen: the model is representative of industrial adhesives (DGEBA and TETA are the main
components of many epoxy adhesives) and allows for total control over the chemistry involved. A
statistical study was then carried out on 108 samples per adhesion test, divided into 9 combina-
tions of surface treatment and application of adhesion primer (Figures 2.10, 2.11 and 2.12). The
three adherence tests show the same trends and classify the surface treatment and primer com-
binations in the same way. Nevertheless, the ratio of the breaking force of the best system to that
of the worst varies significantly from one test to another: the pull-off test in particular is not very
discriminating, as this ratio is around 2 to 5 for the three-point bending and shear tests. The exper-
imental curves and failure surfaces show brittle failures. A Weibull analysis allowed the reliability
of the adherence tests to be studied by comparing the Weibull moduli (Table 2.1), considering
that the initiation of these failures is governed by the presence of a critical defect at the interface
(Bergman [1984]). It can then be seen that three-point bending generally has the highest Weibull
modulus. Furthermore, analysis of the values in this table shows that an effective surface treat-
ment (e.g. HNOs + Sol — gel) not only increases the force at the point of failure (i.e. adherence),
but also increases the Weibull modulus (i.e. reduces the scatter of the results, and therefore in-
creases the reliability of the treatment). This result was confirmed during the series of tests set out
in Table 2.2.In this study, the surface treatment (confidential) increased adherence by more than
25% (93 to 119 N), but also reduced the standard deviation of the series of measurements from 15
to 5%.

To explain the reliability of the three-point bending test with respect to the other adherence
tests, a principal component analysis (PCA) was carried out on the 9 systems mentioned above
(Genty et al. [2017]). The principal components calculated for each adherence test show, for this
DGEBA-TETA on 2024 aluminium alloy system, a strong correlation between the single-lap shear
and three-point bending tests, both of which are highly decorrelated from the pull-off test (bonded
stud): a principal component would then be adherence (linked to the first two tests), while the
pull-off test would mainly measure the cohesion of the adhesive. These statistical results and the
associated conclusion are supported by the study of the failure surfaces: adhesive for the three-
point bending and single-lap joint tests, and mixed (i.e. indeterminately adhesive or cohesive) for
the pull-off test.
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Figure 2.10: Adherence measured during the pull-
off test: Al 2024 substrate, DGEBA-TETA adhesive,
and a combination of 3 primers and 3 surface treat-
ments. Most failures are mixed, adhesive or cohe-
sive depending on the zone, taken from Genty et al.
[2017].

Figure 2.11: Adherence measured during the single-
lap joint test: Al 2024 substrate, DGEBA-TETA ad-
hesive, and a combination of 3 primers and 3 sur-
face treatments. All failures are interfacial (adhe-
sive), taken from Genty et al. [2017].

Figure 2.12: Adherence measured during the three-
point bending test: Al 2024 substrate, DGEBA-TETA
adhesive, and a combination of 3 primers and 3 sur-
face treatments. All failures are interfacial (adhe-
sive), taken from Genty et al. [2017].
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Table 2.1: Weibull moduli for the 9 surface treatment and primer conditions, for the 3 adherence tests stud-
ied (Al 2024 substrate, DGEBA-TETA adhesive), taken from Genty et al. [2017].

Surface treatment HCI Abrasion Degreasing/HNO3
Primer @ Cr-primer sol-gel | @ Cr-primer sol-gel | @ Cr-primer
Pull-off 4.0 6.5 8.6 5.9 5.8 5.6 7.4 8.4

SLJ 44 5.5 8.8 6.0 5.9 6.9 2.3 4.9
Three-Point Bending | 4.4 5.8 114 | 84 9.4 9.5 4.1 6.7

Table 2.2: Influence of surface treatment on adherence measured using the three-point bending test (aver-
ages over 8 samples, ISO standard 14679), confidential substrate/surface treatment, araldite adhesive.

Without surface treatment | Optimised surface treatment
Breaking Force [N] 93 119
Standard deviation [N] 14 6

A final study of the reliability of the adherence tests was carried out using the same proto-
col and the same primer/surface treatment pairs, but replacing the DGEBA-TETA adhesive model
with a commercial epoxy adhesive (Hysol EA 9334), which is known as a “structural” adhesive
(i.e. an adhesive that aids the transfer of forces and helps to make the assembly stronger by pro-
viding a high level of cohesion and adherence, and therefore ensure an assembly strength gen-
erally greater than 20 MPa, although this value has no real meaning without an associated stan-
dard). Figures 2.13, 2.14 and 2.15 show the results obtained during the three adherence tests for
a Hysol EA 9334 adhesive/Al 2024 alloy substrate system. Comparing these results with the previ-
ous breaking forces measured using a model system (Figures 2.10, 2.11 and 2.12),shows that they
are much higher, in line with the “structural” nature of the commercial adhesive, as mentioned by
the manufacturer. If one compares the three adherence tests, only the three-point bending test
shows adhesive failure initiation. The pull-off test does not allow for any distinction to be made
between the levels of effectiveness of the surface treatments and assesses the cohesion of the ad-
hesive, with identical breaking forces regardless of the primer/surface treatment pair. Finally, the
shear test is not very discriminating, despite all failure surfaces being cohesive. In conclusion, the
pull-off test remains a method of choice for examining a large number of substrate/surface treat-
ment/adhesive systems due to how simple it is to carry out, but it is not very discriminating. The
shear test offers a good compromise and provides a relatively discriminating means of classifying
adherence for non-critical systems. Its main advantage is that it is widely used and there is there-
fore a large database of results. Lastly, the three-point bending test is the most discriminating and
reliable for measuring adherence, but this measurement is relative, as it depends in particular on
the thickness and rigidity of the substrate used.



Figure 2.13: Adherence measured during the pull-
off test: Al 2024 substrate, Hysol EA 9334 adhesive,
and a combination of 3 primers and 3 surface treat-
ments. All failures are cohesive (in the adhesive).

Figure 2.14: Adherence measured during the single-
lap joint test: Al 2024 substrate, Hysol EA 9334 ad-
hesive, and a combination of 3 primers and 3 sur-
face treatments. All failures are cohesive (in the ad-
hesive).

Figure 2.15: Adherence measured during the three-
point bending test: Al 2024 substrate, Hysol EA 9334
adhesive, and a combination of 3 primers and 3 sur-
face treatments. All failures are interfacial (adhe-
sive).
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2.1.2 Analytical assessment of adherence

Assessing “intrinsic” adherence, i.e. independent of the substrate’s thickness or modulus, is be-
coming a critical issue. In this section, the results of several macroscopic adhesive failure criteria
will be presented using analytical resolution methods. In 1994, Roche et al. [1994] proposed calcu-
lating the area W below the Force-Deflection curve of the three-point bending sample according
to ISO standard 14679 (Figure 2.16)and identifying this parameter W as the failure initiation en-
ergy. At this point, it should be noted that ISO standard 14679 three-point bending samples are
multi-materials comprising two bending objects. In these studies, Roche et al. [1994] present the
forces and deflections at break (Fj and dj, Figure 2.16), the slope of the curve (F/d = Fj/d} in this
case, as the failure occurs in the elastic deformation zone of the substrate), and the difference at
failure between the area of the curve of the sample and that of the substrate alone (dotted line ®)
using the following equation:
(Fp —Fy) - dp

W= - 2.1

The substrate thickness varies between 0.8 and 3.2 mm, the force and deflection at failure vary
between 125 N +6% and 1378 N +6% and between 0.52 mm +10% and 0.56 mm +12% respec-
tively. Finally, the W parameter varies between 26 mJ +15% and 47 mJ +8%. It was expected
that the breaking force would be highly dependent on the substrate thickness (as would the over-
all rigidity of the sample F/d). The article by Roche et al. [1994] indicates that the deflection at
failure dj, and the parameter W are almost independent of the substrate thickness. It seems that
this conclusion needs to be moderated, particularly for the parameter W , which almost doubles.
Furthermore, the thickness of the block (as shown in Figure 2.2 (a))was modulated from 2.4 mm to
5.6 mm, leading to non-monotonic breaking forces of 163 N £15% to 140 N +15% (passing through
amaximum of 176 N £7% and a minimum of 130 N +£16%), breaking deflections of 1,87 mm +36%
to 0,43 mm +17%, and W parameters of 156 mJ +53% to 29 mJ +29%. This second series of tests
clearly shows that no failure parameter is truly independent of block thickness, even though the
breaking force is the parameter that is least affected.

[ d, Deflection

Figure 2.16: Assessment of adhesive failure en- ' i d, Deflection

ergy according to the definition of Roche et al.

1994] Figure 2.17: Assessment of adhesive failure en-

ergy according to the definition of Sauvage et al.
[2017].

To take into account the bending of the two objects comprising the three-point bending sam-
ple (i.e. the substrate and the adhesive block), Sauvage et al. [2017] then proposed separating the
objects and adding a component to the energy W presented in Figure 2.16: the elastic deformation
energy of the block during the test Wy;,¢¢, shown in Figure 2.17.
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It should be possible to write:

W =Wguan+Whpiock 2.2)

1 48-d” Eplock Aplock " thlock” _ 1 48-d” Epiock Iptock

Wioer = = -
block =5 1213 2 3

with d = breaking deflection, Ep;ocr = block modulus, apj,.r = block width, #5;,.r = block thickness, L = span

(2.3)

length, and I3,;,.r = block second moment of area.

In this study, the breaking force was significantly dependent on the thickness of the substrate,
while the W4, energy appeared to be independent of this parameter, subject to measurement
errors. After considering these two approaches, neither seemed to meet the desired criterion: the
determination of failure initiation energy independent of the substrate’s thickness and modulus.
The approach of Roche et al. [1994] seemed acceptable from a mechanical standpoint, but the
experimental results show that the assumptions are probably incorrect: the area below the Force-
Deflection curve (W) is not independent of the thickness of the substrate used. On the other hand,
the approach of Sauvage et al. [2017]resulted in acceptable experimental outcomes, but the W,k
energy is in fact the energy required to break the interface.

Even if the energetic approach developed in these studies seems unsatisfactory, the assess-
ment favouring certain types of samples holds true. It was in fact noted that series of samples
with a considerably thick substrate (3 mm for aluminium alloy 2024, for instance) showed a strong
breaking force scatter. This can be easily explained by observing that the relative proportion of
substrate deformation energy W,,;s+rqte increases drastically as its thickness increases (the rigid-
ity of the substrate alone Fs/d, s close to the overall rigidity of the sample Fj/d}). It is therefore
recommended to use substrates that are as thin as possible while remaining within their elastic
deformation range during the three-point bending test. It should be noted that there is currently
no satisfactory analytical approach, probably because those mentioned correspond to global cri-
teria (in terms of force, stress and energy), while the failure initiation studied during three-point
bending is localised (area of 1072 to 2 mm?3).

A local approach such as calculating the elastic energy restitution rate could remove this ob-
stacle: this is the strategy adopted by Balladon [1993] in an internal IRSID report (formerly Arcelor-
Mittal), which seems to show the possibility of overcoming sample parameters by calculating G,
to obtain an intrinsic measurement of adherence. Other authors have approached the problem by
assessing G, (Bosma and Oosterbroek [1994]; Bouchet [2000]; Bouchet et al. [2001b, 2002]). How-
ever, this calculation requires two prerequisites: larger samples that allow for the application of
beam theory (among other things, the sample’s radius of curvature at the point of initiation must
be large in relation to its dimensions) and the use of digital resolution tools. Finally, an equiva-
lent approach was taken by Bosma and Oosterbroek [1994], with the test in this case being called
DCAT, which stands for “double cantilever adhesion test”: here, beam theory was respected by
using less rigid polymer substrates for samples with dimensions relatively close to those of ISO
standard 14679.

2.1.3 Modelling

Using the three-point bending test to predict the failure of a bonded assembly would therefore
require an analysis on a smaller scale than that typically used (F,,, value). Figure 2.18 provides
an overview of the mechanics applied to adherence problematics: it shows in particular the values
measured at the different levels. As the digital work was at the limit of my capabilities, a strong
partnership with the ICA’s “Assembly” axis was initiated in 2017: this is the "TACCOS* initiative,
presented in Figure 2.19. This initiative aims to investigate issues addressed by structural bond-
ing technology, relying on Chemistry and Mechanics, and to promote academic and industrial
partnerships.This collaboration allows adherence problematics to be studied in a comprehensive
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manner: from the chemistry of adhesives to the modelling of bonded assemblies, to the physi-
cal chemistry of polymers and mechanics. Our complementary competencies in these interdisci-
plinary fields have allowed us to co-supervise two theses and offer ongoing training in structural
assemblies (training at senior technician — engineer level).

* 1,2,3D:1, 2 3dimensions

* CZM: Cohesive Zone Model (model in fracture mechanics)

* VCCT: Virtual Crack Closure Technique (fracture criterion)
* G critical strain energy release rate

Figure 2.18: Overview of the mechanics applied to adherence problematics.

TACCOS Toulouse Adhesion Cohesion. Structural Adhesive Bonding
... From Chemistry to Mechanics
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Figure 2.19: Initiative: Toulouse Adhesion Cohesion, Structural Adhesive Bonding.
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Although the transition from analytical to digital resolution via semi-analytical methods is not
fundamentally linked to the change of scale, there is an indirect link. Analytical equations can only
be solved in simple cases corresponding to general criteria. Even more interestingly, it is possible
to couple the criteria: Thiago Birro’s thesis was centred around this approach (Birro et al. [2020]
and Birro [2021]). During this project, the breaking force measured during the three-point bending
test was used to determine a stress criterion, while the initiation surface was used to determine an
energy criterion: this approach couples the energy and stress criteria to determine a more reliable
failure criterion. The method used was developed based on macro-elements: it enabled failure
stresses and energies that were independent of substrate thickness to be determined (Figure 2.20).
It is therefore possible to transfer an experimental response from one system to another, which
is the first step towards predicting the initiation of failure. However, these digital tools are still
undergoing development, particularly due to the need to measure the “small circle” and therefore
its appearance. Calculations that allow the energy release rate and critical stress to be plotted,
which indicate the zone without distinguishing between failure initiation and propagation (and
which lead to stable propagation), are therefore no more than an extrapolation of the coupled
criterion calculation (Figure 2.20). These digital tools, which will eventually make it possible to
model a bonded joint, have been described in greater detail in Eric Paroissien’s Habilitation Thesis
(Paroissien [2020]).
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Figure 2.20: Variations in energy release rate (left) and critical stress (right) as a function of the critical zone
at failure initiation — calculated using a coupled criterion, taken from Birro [2021].
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As well as providing an answer to the issues of predicting the failure of bonded assemblies,
these digital tools have also brought about a better experimental understanding of the three-
point bending test and the development of increasingly reliable adherence tests. Sauvage [2016];
Sauvage et al. [2019]did indeed study the different stress tensor components at the level of the sup-
porting block. The normal stress at the interface was similar, regardless of the substrate thickness.
The other stresses or stress compositions (such as the von Mises stress) were not concentrated in
the initiation zone or had profiles that were dependent on the substrate thickness. Therefore, even
if the loading mode is mixed, mode I is predominant. This confirms the conclusions of Bouchet
[2000]; Bouchet et al. [2001b] on the standard test ISO ISO 14679 [1997], as well as those of Ben-
son [1967] who gives different examples of adherence tests in Figure 23.23 under the title “bending
peel tests” or peel tests (mode 1) during flexural loading. The three-point bending test is presented
under the title “EMPA Versuch fiir Biegeschélfestigkeit”, or literally: “bending peel test” by Swiss
laboratory EMPA. In this figure, the sample dimensions are very close to those used in standard
ISO ISO 14679 [1997].
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Figure 2.21: Optical microscopy image (a) and mapping of the normal stress ¢ at the interface modelled
by finite elements, 2D plane stresses (b), taken from Sauvage [2016] and Sauvage et al. [2019].

Furthermore, it was shown that the size of the experimentally measured crack initiation disc
was the same as that of the normal stress concentration zone measured at the level of the support-
ing block following finite element analysis of the test for equivalent loads (Figure 2.21).

Finally, Sauvage et al. [2019] howed that the slight longitudinal uncertainty in the positioning
of the sample (0.5 mm) had no significant impact on the distribution of stress at the interface.
However, it is important to take into account the fillet of the supporting block in the modelling in
order to guard against the effects linked to the geometric singularity at the level of the support,
which artificially increase the stresses obtained at the singularity. This fillet was therefore mea-
sured using optical microscopy and SEM images and incorporated into the finite element models
(Figure 2.21).

As mentioned in the introduction, measuring adherence requires knowledge of the interface
between two materials. Before presenting the polymer/metal chemical interactions and reactions
that can occur at interfaces, the following section will focus on the polymerisation reactions that
will compete with the polymer/metal reaction.
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2.2 Chemistry of epoxide-amine systems

2.2.1 Definitions, history and applications

Polyurethanes are used in the majority of structural adhesives and coatings, but polyepoxies are
also widely used, with these coming in second place (Petrie [2005]; Sonnenschein [2015]).

Epoxide-amine systems are the most commonly used systems in the presented studies. The
amines used in these studies all have a functionality strictly greater than two, meaning that the
polymers formed are thermosetting.

The word epoxide is derived from the Greek prefix “ep” meaning “on, above or around” and
“oxy”, a contracted form of “oxygen”. Epoxide is initially a chemical group comprising 2 carbon
atoms and one oxygen atom, which form a ring of three atoms: this group is also called “oxirane”.
The term epoxide is often shortened to “epoxy”. In this document, the term epoxide will be used
to described molecules with epoxide groups (monomers, oligomers also known as “resins”) while
the terms epoxy and polyepoxy will refer to the thermoset polymer. It should also be noted that
the term “resin” is defined by IUPAC [1997] as a viscous substance containing prepolymers with
reactive groups that, following chemical reaction, form a thermoset polymer. One can then speak
of “epoxy resin”, but the use of this term to refer to the final polymer is strongly discouraged by IU-
PAC [1997]; Pham and Marks [2004]. These definitions contradict the widespread definition of the
term resin, which includes “monomers that form a thermoplastic and a thermoset", but also "ther-
moplastic and thermosetting polymer”, as mentioned in standard NF-EN 923 [2016]: “this term is
used to refer to any polymer that is basic material for plastics”. As this new definition leads to con-
fusion, the IUPAC definition is widely preferred. Epoxides were first synthesised at the end of the
19th century, but it was in the 1930s that the first patent was filed by Farbenindustrie [1938] which
described the preparation of epoxide monomers derived from bisphenol A and epichlorohydrin,
which then react with amines (Mark [2003]).

These epoxide monomers were not commercialised until the 1940s, when US patents were
filed (Ciba-Geigy [1943]; DeVoe & Raynolds [1948]). The global market grew rapidly in the 1970s
and 1980s, accounting for more than one million tonnes in 2000, i.e. more than three million
tonnes of formulated products (Lee and Neville [1982]). Epoxide monomers derived from renew-
able resources are still relatively seldom used, but can form part of a more sustainable approach,
provided that the approach involves a life cycle analysis (Pascault and Williams [2010]).Finally,
most polyepoxies are thermosets, which by definition cannot be mechanically recycled. How-
ever, chemical recycling systems are currently being developed: once again, these processes must
involve life cycle analyses so that the appropriateness of these new recovery methods can be val-
idated. Polyepoxies are a class of polymers with a wide range of applications: primers, paints
and coatings, adhesives and composite matrices, in practically every area of application (elec-
tronics, packaging, energy, transport, construction, sport and leisure, etc.). This class of materials
is still undergoing extensive development and promises a wide range of current and future appli-
cations (Shundo et al. [2022]). This diversity stems from the interesting properties of thermosets
in general and polyepoxies in particular, as summarised in Table 2.3.

2.2.2 Polymerisation reaction

Polymerisation reactions are divided into several categories: in the course of his work at Du Pont
(1929-1938), Wallace Carothers divided polymerisation reactions into polyaddition and polycon-
densation reactions (Coleman and Painter [2005]), while Paul Flory classified polymerisation into
chain or step-growth reactions (Flory [1953]). Although epoxide monomers can react with many
monomers (mainly amines, anhydrides and amides), the remainder of this document will focus on
the use of amines as hardeners, which are mainly used in industry (Petrie [2005]). The polymeri-
sation reaction between epoxide groups and amine groups is a polyaddition step-growth reaction,
as described by Pascault et al. [2002] and shown in Figure 2.22.
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Table 2.3: Main characteristics of thermosets in their rubbery and glassy states, from Pascault et al. [2002].

Property Glass Rubber
Thermodynamic equilibrium No Yes
Molecular mobility Local Cooperative
Influence of crosslink density onproperies | Low High
Temperature effect on properties Arrhenius law WLF equation
Apparent activation energy < 150 kJ.mol™! > 500 kJ.mol~!
Expansion coefficient 1.5.107%t03.5.107* K | 4.107*t0 8.107* K !
Heat capacity 1to 1.6 kJ.kg™'.K™! 1.6t02.2kJ kg 1.K!
Young’s modulus 1to 5 GPa 1073 to 107! GPa
Poisson’s ratio 0.30 to 0.46 0.49 to 0.50
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Figure 2.22: Reaction mechanisms of epoxide-amine reactions.

The nitrogen pair of the primary amine reacts by means of nucleophilic attack on the least hin-
dered carbon of the epoxide ring, which will open up, resulting in the simultaneous formation of
an amino alcohol (reaction (a)): the secondary amine can then react in turn with another epoxide
group to form a tertiary amine (reaction (b)). The two reactions (a) and (b) have different rate con-
stants (ks and kg). Usually, they are complete in the forward direction (rate k), when the number
of epoxide groups is less than or equal to the number of hydrogens in the amine groups. Finally,
the reaction (c) between an alcohol and an epoxide group only occurs when there is an excess of
epoxide or by means of catalysis via hydroxyl groups (present in water, alcohols, acids, etc.). The
reactivity of amines increases as they become more nucleophilic in nature in the following order:
aliphatic amines > cycloaliphatic amines > aromatic amines. In aliphatic amines, primary and
secondary amines are equally (or almost equally) reactive. However, in aromatic amines, primary
amines are generally two to five times more reactive than secondary amines (Pascault et al. [2002]).

In the polymerisation reaction, the stoichiometric ratio is determined using:

Namino-hydrogen
r= yares (2.4)
Nepoxide

Using stoichiometry, the mass of amine added to 100 g of epoxide prepolymer (phr for Parts per
Hundred Resin) will be calculated as follows:

_ AHEW x 100

EEW
with AHEW (Amine Hydrogen Equivalent Weight) being the equivalent mass of one mole of amine hydrogen in g/eq

phr , (2.5)

and EEW (Epoxy Equivalent Weight) being the equivalent mass of one mole of epoxide group in g/egq, i.e.:

M .
EEW = ——cpoxide. 2.6)
fe
and M
AHEW = —47ne 2.7)

fa '
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with Mepoxide and Mgpmine being the molar masses of the epoxide and amine monomers respectively, in g.mol™!

and f,, fa being the functionalities of the epoxide and amine monomers.

Some industrial epoxides are not composed solely of monomers, but of a mixture of monomers
and dimers (or more): in the above formula, the M, x;qe molar mass is then replaced by the av-
erage molar mass M,,. Polymerisation can be monitored in several ways, classically by Fourier
transform infrared spectroscopy (FTIR) or differential scanning calorimetry (DSC). Near- or mid-
infrared spectroscopy can be used to monitor the conversion rate directly, by quantifying the epox-
ide (apIR or MIR, ¢) O amine (apir or MIR, ) groups that remain in the medium using the generic
equation:

OPIR ou MIR, e ou a(f) =1— , (2.8)

with Ae, Ae and A, being the areas of the epoxide, amine and reference peaks at the start (A% and ¢ (A?) respec-

tively.

As for DSC, according to standard NF-EN-ISO 11357-5 [2014], it allows the conversion rate a
to be monitored indirectly in isothermal mode by integrating the heat flux between the reaction
start time (¢ = 0) and time ¢ based on the equation:

1 t(dH
Opsc—isothermal (£) = A_HT[O E dt, 2.9)

with ‘fi—lf being the heat flux expressed in [W.g~!] and AHr being the total enthalpy of reaction in [J.g71].

In sweep mode (temperature gradient), the conversion rate can be determined using the equa-
tion:
AHg

(0 - N=1-——, 2.10
DSC scan( ) AHT ( )

with AHR, being the residual enthalpy of reaction at time ¢ in [W.g~!], measured as the area of the residual reaction

peak, for the heat flux curve as a function of temperature.
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Figure 2.23: Comparison of conversion rates obtained during DSC using isothermal (&; 5o thermai) and non-
isothermal (s-45,), methods for the DGEBA-TETA system, adapted from Genty [2018]
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Figure 2.24: Comparison of conversion rates obtained during DSC using isothermal (Q;sothermar) and
non-isothermal (otscqy,), methods, and during infrared spectroscopy (epoxide peak monitoring): 915 cm ™!
(apr—g) and 4530 cm ™! (anr_g)), of the DGEBA-TETA system, adapted from Genty [2018].

Using a DGEBA-TETA model system (diglycidyl ether of bisphenol A - triethylene tetramine),
based on molecules often used in industry, Figure 2.23 shows the conversion rates obtained dur-
ing DSC using the isothermal method and by sweeping at different polymerisation temperatures:
these conversion rates are identical, subject to measurement uncertainties. Figure 2.24 shows the
conversion rates obtained by integrating the epoxide peaks using Fourier transform infrared spec-
troscopy (FTIR), in mid-infrared and near-infrared, and by integrating the residual polymerisation
peak during DSC (apsc-scan),as a function of the conversion rate measured continuously by inte-
grating the DSC signal in isothermal mode (apsc—isothermal)-
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Once again, the signals converge, subject to measurement uncertainties. As part of Sébastien
Genty'’s thesis, we showed that these different polymerisation monitoring techniques were fully
comparable in the case of the DGEBA-TETA reaction. It should be noted that there is nothing
innovative about these techniques and reactive systems, but these results are still interesting and
will enable monitoring of more complex systems, such as those discussed in the next section.

2.2.3 On-demand polymerisation under infrared lamp

While adhesive formulations enable polymerisation times to be reduced through the addition of
accelerators, the aim of the CIFRE thesis project initiated in 2015 in collaboration with the com-
pany Socomore was to accelerate the epoxide-amine reaction, without modifying the formulation.
The polymerisation kinetics of the DGEBA-TETA (diglycidyl ether of bisphenol A - triethylenete-
tramine) system were studied under an infrared lamp. The aim of the project was not only to
quantify the effect of infrared radiation, but also to propose a mechanism by which the reaction
involving this radiation and the material takes place. Figures 2.25 and 2.26 illustrate the first objec-
tive. Thermal polymerisation (in an oven) serves as the reference and the non-thermal effect (i.e.
the effect of infrared radiation other than its thermal effect) is observed and shown to be greater
the higher the radiative flux, for the same polymerisation temperature.
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adapted from Genty [2018].

Figure 2.25: Conversion rate as a function of
time for the DGEBA-TETA mixture, polymerised
at 50°C in an oven and under an infrared lamp,
adapted from Genty [2018].
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Figure 2.28: Correlation between the conversion
rate due to the non-thermal effect and the radia-
tive flux, adapted from Genty et al. [2018].

The acceleration of the polymerisation reaction was therefore quantified by measuring the gel
and vitrification points at different polymerisation temperatures (Figure 2.27). The combination
of thermal (heating) and non-thermal effects (the effect of infrared radiation other than its thermal
effect) could thus be observed and quantified, showing the predominance of non-thermal effects
at low temperatures, with thermal effects being most intense at high temperatures. This was ver-
ified by measuring the conversion rate due to the non-thermal effect as a function of the radiant
flux of the infrared lamp (Figure 2.28). There is a threshold effect below which the non-thermal ef-
fect can no longer be observed and a ceiling effect which limits it. Between these two extremes, the
non-thermal effect is directly proportional to the radiant flux. Finally, the use of band-pass filters
enabled the project’s second objective to be met and for a mechanism by which light and mat-
ter interact during the polymerisation of epoxide-amine systems under infrared to be proposed.
Based on our findings, it seems that the non-thermal effect is induced by the absorption of IR ra-
diation by the epoxide groups, leading to localised excitation of the reactive group and a decrease
in the activation energy of the primary epoxide-amine reaction (reaction (a) in Figure 2.22). It was
thus shown that for a epoxide-amine model system (DGEBA-TETA), the polymerisation reaction
could be accelerated without the addition of a catalyst. This acceleration occurs through a com-
bination of two effects: a thermal effect (increase in temperature due to infrared radiation) and a
non-thermal effect, governed by the absorption of infrared radiation by the epoxide groups, thus
reducing the activation energy of the primary epoxide-amine reactions. Finally, in an indirect way,
polymerisation under an infrared lamp reduced the effect of reactions at the interfaces, favouring
the polymerisation reaction (Genty et al. [2022]).
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2.3 Approaching interphase formation

2.3.1 Reactions at the interfaces: interphase formation

Interphases have been known about and studied for many years, but the mechanisms by which
they form were not described until much more recently (Crompton [1989]). They are present
and widely studied in composite systems, which will not be discussed here, or will only be briefly
touched upon. In the bonded or painted systems that are the focus of our studies, epoxide-amine
mixtures are applied to metal surfaces and the epoxide-amine reaction described in Figure 2.22
takes place: this polymerisation reaction produces a polyepoxy thermosetting polymer. At this
stage, it must be specified that, unless an exception is made and a precise description of the mech-
anisms offered, the following terms will be used somewhat loosely: “metal” or “metal surface” will
refer to either a metal or one of its oxides or hydroxides. Furthermore, to my knowledge, very few
studies have been carried out on several metals, and none have explored the influence of metal
surface properties on the formation of epoxide-amine/metal interphases. However, the rest of
this dissertation will show that the conclusions of the projects carried out on different metal sub-
strates are in agreement. Metals or metal surfaces may therefore be pure (Cu, Sn, Cr, Ag, Fe, Al, Ni,
Ti, Zn, Mg), or alloyed (Al1050, Al5182, Al2024, TA6V, SAE 1008/1010 steel, etc.) and covered with
their native oxide/hydroxide layer.
Other reactions can take therefore place in the vicinity of the metal surface:

* The epoxide-(hydr)oxide metal reaction;
* The amine-(hydr)oxide metal reaction.

A few articles discuss interactions between epoxides or amines and metal surfaces in digi-
tal simulations (Bahlakeh et al. [2016]; Knaup et al. [2006]; Yamamoto and Tanaka [2021]). The
results presented are not always consistent with each other: for example,Bahlakeh et al. [2016]
observed interactions between amine groups and iron oxide/hydroxide surfaces as well as be-
tween epoxide groups and iron oxide/hydroxide surfaces, while Knaup et al. [2006] concluded that
the amine-aluminium oxide reaction (DETA-yAl,03) is extremely unfavourable. Yamamoto and
Tanaka [2021] attributed the greater reactivity of the amine or epoxide to the size of the molecule:
therefore, when the epoxide is smaller than the amine, it is the epoxide monomer that is predom-
inantly found at the copper/monomer mixture interface. Conversely, when the amine is smaller
than the epoxide, it is the amine monomer that is predominantly found at the copper/monomer
mixture interface. These studies are therefore particularly interesting, but must be held up against
experimental studies, as they certainly do not allow the entire complexity of these systems, such as
internal stresses and shrinkage during polymerisation, to be taken into account. There has been
little study of the epoxide-metal reaction, both in modelling (Kriiger et al. [2005]; Lee et al. [2017])
and experimental studies (De Bruyne [1956]; Kollek et al. [1985]; Nakazawa [1994]; Schmidt and
Bell [1986]) and its consequences appear to be minor. Brockmann [1987], discussed monomer-
metal reactions, stating that the interactions of hydroxyl or amine groups on metal oxides are very
favourable. Finally, De Bruyne [1956] studied the epoxide-metal reaction in the absence of amine
and explained that in its presence, this equilibrium can be modified. Here, the epoxide-metal reac-
tion is directly linked to the number of hydroxyl groups in the epoxide molecule (DGEBA) capable
of creating interactions with the polar surface groups.

Conversely, the amine (or sometimes amide)-metal reaction has been extensively studied, as for
example:

¢ inthe Polymer Materials Engineering laboratory (laboratoire d’'Ingénierie des Matériaux Polymeres
- IMPB, Lyon, France), by A.A. Roche and his co-authors (Aufray [2005]; Aufray and Roche
[20064a,b, 2007, 2008]; Benabdi [1998]; Bentadjine [2000]; Bentadjine et al. [2001]; Bouchet
[2000]; Bouchet and Roche [2002]; Bouchet et al. [1999, 20014a,b, 2002]; Coulaud [2007]; Roche
etal. [2006, 2002]; Roche and Guillemenet [1999]), mainly on titanium and aluminum alloys,
but also on several pure metals (Cu, Sn, Cr, Ag, Fe, Al, Ni, Ti, Zn, Mg);
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in the Production Engineering Laboratory (Laboratoire Génie de Production - LGP, Tarbes,
France), by V. Nassiet and her co-authors (Montois [2003]; Montois et al. [2007, 2006]), on
titanium alloy TA6V ;

in the Institute of Molecular Chemistry and Materials of Orsay (Institut de Chimie Molécu-
laire et des Matériaux d’Orsay - ICMMO, Paris, France), by M.G. Barthés-Labrousse and her
co-authors (Ballerini et al. [2007]; Barthés-Labrousse [2002, 2012]; Debontridder [2001]; Fau-
quet et al. [1994]; Marsh et al. [1996, 1998]; Mercier [2006]; Mercier and Barthés-Labrousse
[2009]; Mercier et al. [2010, 2008]), on titanium, cupper, and aluminum alloys;

in the Laboratory of Polymer Materials Marine Environment Interfaces (Laboratoire des Matéri-
aux Polymeres Interfaces Environnement Marin - MAPIEM, Toulon, France), by P. Carriére
and his co-authors (Carriere et al. [2009]; Onard et al. [2011]; Phan et al. [2016]), on BaTiO3
fillers and silicon wafers without or with surface treatments;

in the Chair of Adhesion and Interphases in Polymers (Lehrstuhl Adhdsion und Interphasen
in Polymeren - LAIP, Saarbriiken, Germany), par W. Possart and his co-authors (Bocken-
heimer et al. [2002a,b]; Meiser [2010]; Meiser et al. [2010]; Meiser and Possart [2011]; Meiser
et al. [2008]; Passlack et al. [2009]; Possart et al. [2009]; Possart [1988]; Possart et al. [1996,
2006]; Wehlack and Possart [2004]; Wehlack et al. [2007]), on several pure metals (Cu, Al, Au)
deposited by PVD on silicon wafers. In this group, Kanzow et al. [2005] also studied epoxy-
amine/metal reactions, but in a symmetrical configuration, i.e. by PVD depositing metals in
vapor phase on a polyepoxy after complete crosslinking;

in the European Research Laboratory of Sarre and Lorraine (Laboratoire Européen de Recherches
Universitaires de Sarre et Lorraine - LERUSL, between Saarbriicken, Nancy and Luxembourg,
Germany, Luxembourg, France) by J. Kriiger and his co-authors (Philipp et al. [2011]; Sanc-
tuary et al. [2009]), on Al,Os3 particles;

in the Corrosion and Protection Centre, Department of Materials (Manchester, United King-
dom), by S. Lyon, S. Gibbon, S. Morsch and their co-authors (Morsch et al. [2021, 2019, 2020,
2022, 2023]; Wand et al. [2022]), on iron oxides and hydroxides, iron alloys;

in the School of Chemistry, (Leicester Polytechnic, United Kingdom), by J. Comyn and his
co-authors (Comyn et al. [1983, 1985]), on aluminum alloys;

in the Department of MaterialsScienceand Engineering (Cincinnati, Ohio, United States of
America), by B.J. Boerio and his co-authors (Dillingham and Boerio [1987]; Hong et al. [1992]),
on aluminum alloys, iron, zinc and aluminum oxides;

in the Federal Institute for Materials Research and Testing (BAM, Berlin, Germany), by J.
Chung, M. Munz and their co-authors (Chung [2006]; Chung et al. [2005, 2007]; Munz et al.
[2005]), on cupper;

in the Research Institute in Civil and Mechanical Engineering (Institut de Recherche en Génie
Civil et Mécanique - GeM, Saint Nazaire, France), by M. Girard and her co-authors (Grangeat
[2019]; Grangeat et al. [2023, 2022, 2019]), on various steels;

in the Institute of Polymeric Materials and Testing (Linz, Austria), by G. Wallner and his co-
authors (Marchfelder et al. [2022]; Sackl et al. [2022]) on various steels;

in the Center for Polymer Interface and Molecular Adhesion Science (Fukuoka, Japan), by K.
Tanaka and his co-authors (Aoki et al. [2019]; Yamamoto et al. [2020, 2022]; Yamamoto and
Tanaka [2021]), for the study of interphases of the order of a nanometer by linking molecular
dynamics with some experimental results on copper;
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* in our laboratory, the Interuniversity Center of Materials Research and Engineering (CIRI-
MAT, Toulouse, France), in the various studies that I carried out (Drouet et al. [2021]; Fritah
et al. [2020]; Pomes-Hadda [2015]; Pomes-Hadda et al. [2015]), on copper,aluminum and
aluminum alloys;

* and by various groups more occasionally (Abrahami et al. [2016]; Bolouri et al. [1983]; De’'Neve
et al. [1998]; Geiss and Schumann [2012]; Goyanes et al. [2005]; Gutowski [1999]; Kelber and
Brow [1992]; Knorr et al. [2012]; Kriiger et al. [2005]; Langeloth et al. [2014]; Nazarov et al.
[2011]; Safavi-Ardebili et al. [1997]; Salgin et al. [2013]; Semoto et al. [2011]; Sperandio [2009];
Sperandio et al. [2010a,b]; Valega Mackenzie and Thijsse [2015]; Wapner et al. [2006]; Wielant
et al. [2007]; Zanni-deffarges and Shanahan [1994]).

Lastly, there are a few reviews summarising current knowledge about these polymer/metal inter-
phases, and specifically epoxide-amine/metal interphases (Borges et al. [2021]; Cognard [1991];
Friedrich [2018]; Grundmeier and Stratmann [2005]).

There has been a consensus on how to describe the amine-metal reaction and the formation
of epoxide-amine/metal interphases for a number of years now: this process can be divided into
six stages (Aufray [2005]).

1. Amine chemisorption:
Amines exhibit two types of interaction with metal surfaces (oxidised/hydroxidised), which
have been extensively studied by XPS (Arita et al. [2002]; Barthés-Labrousse [2002, 2012];
Debontridder [2001]; Kishi [1988]; Kishi and Ikeda [1980]; Marsh et al. [1996]; Mercier [2006];
Mercier et al. [2008]):

e The lone pair of the amine nitrogen atoms is a Lewis base, which reacts with the empty
orbital of metal atoms. This Lewis acid-base reaction is the source of the complexation
of amines with metal atoms/ions;

* Amino hydrogens can act as Bronsted acids on hydroxides bonded to metal atoms.

These interactions have also been studied by grazing-angle reflectance FTIR (Aufray [2005];
Bentadjine [2000]), FTIR emission (Aufray [2005]) and UV spectroscopy (Bentadjine [2000]).

2. Formation of an amine-metal surface complex with release of water:

Most epoxide-amine systems involve multifunctional amines (diamines, triamines, etc.) with
three or more amino hydrogens. Liquid-state NMR has been used to show that in the case of

diamines, the two lone pairs of the two nitrogens complex the metal atoms, resulting in the

formation of a surface complex (Bentadjine et al. [2001]). More recently, we have been able

to extend this outcome to triamines by working on chelates (i.e. after desorption). By using

theoretical calculations and applying DFT (density functional theory), it was suggested that

DETA complexing with aluminium became a tridentate complex (the three amines being

bonded to aluminium), as shown in Figure 2.29 (Drouet et al. [2021]). This was also con-

firmed by comparing theoretical and experimental Raman spectra.

3. Desorption and diffusion of amine-metal chelates:

The complexes that form desorb and diffuse in the liquid medium when permitted by its
low viscosity or diffusion. This has been demonstrated by measuring metal ions in IPDA
following contact with titanium (Bentadjine [2000]; Bentadjine et al. [2001]; Roche et al.
[2002]) and then generalised for other amines and metals (Aufray [2005]; Aufray and Roche
[2008]). In addition, steric exclusion chromatography confirmed the presence of new enti-
ties in the amine IPDA (isophorone diamine) following contact with titanium (Bentadjine
[2000]; Roche et al. [2002]), and transmission FTIR spectroscopy demonstrated the pres-
ence of new chemical bonds in various amines following contact with metal surfaces (Aufray
[2005]; Aufray and Roche [2006b]; Bentadjine [2000]; Roche et al. [2002]).
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Figure 2.29: DETA reaction on a hydroxidised aluminium surface and creation of a tridentate chelate.

4. Dissolution of hydroxide, metal oxide or even metal layers:
Following amine-metal chelate desorption and diffusion, new amine molecules can there-
fore chemisorb on the surface to create new surface complexes that are ready to desorb. It
is thanks to this continuous process that metal ion concentrations could be measured in
modified amines (i.e. left in contact with a metal surface for three hours) using inductively
coupled plasma (ICP) spectrometry, as they become non-negligible.

5. Crystallisation in the case of certain amines:

Of the large number of amines tested, only IPDA was found to crystallise following the for-
mation of amine-metal complexes (Aufray [2005]; Aufray and Roche [2007, 2008]; Bentadjine
[2000]; Roche et al. [2006, 2002]). These crystals were analysed by X-ray diffraction (XRD),
leading to the finding that water and carbon dioxide were present in the crystal structure
(Aufray [2005]; Aufray and Roche [2007]). These will play a crucial role in modifying the me-
chanical properties of the adhesive in the vicinity of the interface, as will be explained in
section 2.3.2.

6. Competition with polymerisation results in the formation of two distinct networks:

The five stages described above have been clarified during analyses carried out when amines
alone come in contact with a metal surface; they also take place, of course, when a mixture
of epoxide and amine monomers comes into contact with a metal surface. In this second
case, the epoxide-amine polymerisation reaction also takes place and competes with the
amine-metal interaction, as the amine molecules can react with both the metal surface and
the epoxide monomers. This competition limits diffusion of the complexes from the point
at which the epoxide-amine mixture becomes viscous. This means that a low temperature
(ambient temperature, a few degrees above the initial temperature of the polymerisation
peak observed during DSC) will favour the amine-metal reaction until the epoxide-amine
system vitrifies, while a high polymerisation temperature will result in almost immediate vit-
rification of the system, limiting the thickness of the interphase, as has been demonstrated
(Aufray [2005]; Aufray and Roche [2007]; Montois [2003]; Montois et al. [2007, 2006]).

This amine-metal reaction has been observed on many pure metals covered with their native
oxide/hydroxide layer (Cu, Sn, Cr, Ag, Fe, Al, Ni, Ti, Zn, Mg - Aufray [2005]; Aufray and Roche
[2008]) and alloys covered with their native oxide/hydroxide layer (Al 1050, Al5182, Al 2024, TA6V,
SAE 1008/1010 steel, etc.). It should be noted that it has also been observed on pure metallic gold
(Aufray [2005]; Aufray and Roche [2008]).
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Finally, these reactions have been observed when using numerous amines, including IPDA,
DETA, TETA, EDA, propanediamine, butanediamine, pentanediamine, etc.

Although amine-metal reactions have been the subject of discussion for more than 30 years
and extensively studied over the last 20, they have been studied indirectly. With the exception
of certain infrared analyses (grazing-angle, emission), the experiments conducted prior to 2018
are all post-mortem experiments: amines, with or without epoxide monomers, are brought into
contact with metal surfaces. These “modified” surfaces or amines are then analysed. Since 2018,
micro-calorimetry, in our case combined with mixing cells, has allowed us to monitor and quan-
tify amine-metal interactions in situ. It should be noted that while mixing micro-calorimetry is
relatively well known in the field of characterisation of inorganic materials, it is less well known
in the field of characterisation of polymers. Figure 2.30 shows, for example, that only 60 publica-
tions since 1974 include the term “mixing calorimetry”, with none of these explicitly relating to the
field of polymer materials, whilst more than 160,000 publications use the term “calorimetry”, with
nearly 20
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Figure 2.30: Breakdown of publications between 1975 and 2023 that include the terms “mixing calorimetry”
and “calorimetry” by scientific field, according to the Web o f Science™ website.

Micro-calorimetry can be compared to the well-known DSC: like DSC, the micro-calorimeter
has two cells, a reference cell, which is often empty, and a measurement cell. As with DSC, micro-
calorimetry is used to quantify the variation in enthalpy between the two cells over time, during
temperature sweeps or isothermal experiments: micro-calorimetry is more commonly used dur-
ingisothermal experiments, whereas DSC is very commonly used during temperature sweeps. The
biggest difference lies in the measurement of heat flux: while DSC has only one (or two) thermo-
couples per cell, each micro-calorimeter cell is surrounded by numerous thermocouples: in the
case of the C80 (Setaram), 9 thermo-elements, each comprising 38 thermocouples, encircle each
measurement well. This allows the smallest heat flux to be quantified (< 100 mJ, but we will con-
sider our enthalpy measurements as significantly quantifiable for energies of > 1 J): this type of
sensor is often called a “Calvet-type 3D sensor”, and the micro-calorimeter a “3D calorimeter”. In
our studies, we used two-compartment cells allowing in sifu monitoring of mixtures, which rep-
resents a major advance in the study of epoxide-amine/metal interphases. The compartments of
the sample cell could hold various metal powders in the lower compartment of the cell and each
of the epoxide (DGEBA) and amine (DETA) monomers in the upper compartment. The reactions
observed corresponded to all of steps @ to @ described above, i.e.:

1. Chemisorption of the amine;

2. Formation of an amine-metal surface complex;

w

. Desorption and diffusion of amine-metal chelates;

4. Dissolution of hydroxide, metal oxide or even metal layers.
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The measured enthalpy of the reaction between 1.5 mL of DGEBA and 300 mg of pure boehmite
aluminium powder is + 2360 + 1000 mJ. An interaction can therefore be quantified, but it is not
thermodynamically favourable because it is endothermic. Figure 2.31 shows the enthalpies of the
reactions of different masses of oxidised (Al — ox) or hydroxidised (Al — boeh) aluminium with the
amine DETA. Hydroxidation was achieved by immersing aluminium powder in boiling water for
one hour, resulting in the formation of boehmite.
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Figure 2.31: Enthalpies of the reactions of different masses of pure, oxidised or hydroxidised (boehmite)
aluminium with 1.5 mL of the amine DETA, at 40°C, adapted from Fritah et al. [2020].

The linearity of the experimental points validates our protocol (diffusion of the species is not
linked to any limitation of the reaction) as well as the hypothesis regarding DETA in excess with
respect to the aluminium powders. It is also clear that, unlike the DGEBA — Alppenmire reaction
which was endothermic, the DETA - oxidised or hydroxidised Al reactions are significantly exother-
mic (AHg a; = —6.4+0.5k].g"}, equivalent to —0.21 £0.2 kJ].m 2 and AHg o; = 9.0+ 0.1 kJ.g "}, i.e.
equivalent to —0.3 + 0.01 kJ.m~2 for oxidised and hydroxidised aluminium powders respectively):
it is therefore these reactions that we will mainly study hereafter (Fritah et al. [2020]). These ini-
tial results highlight the importance of the surface hydroxide content, which favours amine-metal
reactions, and are consistent with Barthés-Labrousse [2012], but contradict Wielant et al. [2007],
who concluded that the number of amine or amide molecules absorbed is independent of the
hydroxylation rate, without any explanation, as the techniques used are similar (XPS); only the
amines differ.

We have therefore confirmed that when an epoxide-amine mixture is deposited on a metal
surface, it is indeed the amine that mainly reacts with the metal surface, which is consistent
with the experimental observations of the authors cited above as well as with the DFT calcu-
lations of Knaup et al. [2006] showing that the amine-metal reaction was exothermic and the
epoxide-metal reaction was endothermic. Nevertheless, even if the DGEBA-AI reaction is not
favourable from an enthalpy point of view, it does exist and its enthalpy can be quantified us-
ing mixing calorimetry. Other metal powders are currently being analysed, but these values can
already be compared with oxidised copper and gold: AHgc, =~ —37.8 + 6.7 kJ.m~2 (Fritah et al.
[2020]) and AHga, = —11.2+ 0.5 J.m™2. It can therefore be seen that copper is particularly re-
active towards amines, which was expected, as we know about the strong complexing power of
copper-containing ions, but also that gold is significantly reactive, which is not consistent with
the inert power usually attributed to it, but which confirms indirect observations of the DETA-gold
reaction (Aufray and Roche [2008]). Finally, one should bear in mind that the energies measured
correspond to the first four stages of the process described, which include the dissolution of the
first hydroxide or metal oxide layers, thus multiplying the “surface” metal atoms. Whatever their
nature, these reactions are not insignificant and result in fundamental changes to the polymer
networks discussed in the previous section.
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2.3.2 Influence of interphases on the properties of adhesive joints and coatings

Section 2.3.1 described the interactions between amines and metal surfaces, which lead to the
formation of surface complexes and subsequently chelates, which diffuse within the monomer
mixture. The amine groups that have reacted with the metal surfaces and remain in interaction
with the metal atoms in the chelates are no longer available to polymerise with the epoxide groups:
the functionality of the amine molecules therefore decreases. Figure 2.32 shows the glass transi-
tion temperature (Tg) of DGEBA-DETA and DGEBA-modified DETA (or DGEBA-DETA*) systems
as a function of the stoichiometric ratio used in the mixture (i.e. a/e = Namino—nydrogen! Nepoxide)-
Note here that modified DETA is DETA that has been sandwiched between two metal surfaces
for 3h and then recovered using a PTFE spatula. While the glass transition temperature curve
for DGEBA-(pure) DETA volumes as a function of the a/e ratio shows an expected maximum for
ale =1, this maximum shifts to a/e = 1.2 for the DGEBA-modified DETA system: the reduced func-
tionality of the amine molecules that have reacted with a metal surface is therefore confirmed.
Additionally, for a/e ratios of < 1.2, the glass transition temperatures of the DGEBA-DETA systems
are higher than those of the DGEBA-modified DETA systems, indicating the formation of new, less
cross-linked networks when the amine comes into contact with a metal surface.
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There is therefore competition between the epoxide-amine polymerisation reaction and the
amine-metal reaction resulting in the formation of the interphase. To monitor this competition,
the glass transition temperature of a 100 pm film was measured as a function of liquid/solid con-
tact time at ambient temperature prior to being placed in the oven at the maximum polymerisa-
tion temperature, resulting in very rapid vitrification of the epoxide-amine system, thus impeding
the formation of the interphase (Figure 2.33). A decrease in the glass transition temperature can be
observed as the liquid/solid contact time at ambient temperature before being placed in the oven
increases, indicating an increase in the quantity of amino hydrogens involved in the amine-metal
reaction and not available for the polymerisation reaction. Based on the two detailed examples,
one can conclude that the glass transition temperature becomes the marker of interphase forma-
tion: the lower the glass transition temperature compared with that of a volume, the greater the
interphase. To define the scale of the interphase, we must examine its “intensity” (i.e. the percent-
age of amino hydrogens not available for polymerisation in a given volume) and its “extent” (i.e.
the variation in amino hydrogens not available in the thickness of a coating). To do this, the glass
transition temperature was measured as a function of the thickness of DGEBA-DETA coatings on
an Al 1050 alloy substrate (Figure 2.34).
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The glass transition temperature increases with the thickness of DGEBA-DETA coatings until
it reaches that of a volume for films of 300 um or more in thickness: this is the thickness of the
interphase. This thickness was also verified by monitoring the amine and epoxide groups using
near-infrared spectroscopy (Aufray and Roche [2006a, 2007]; Bentadjine et al. [2001]). Finally, we
were able to track the formation of the interphase over time by measuring the thickness of this
interphase using near-infrared spectroscopy as a function of liquid/solid contact time at ambi-
ent temperature prior to polymerisation of DGEBA-DETA coatings on an Al 1050 alloy substrate
(Figure 2.35). Determining this thickness remains a complex task, and there is a certain degree of
variability, but an increase in the thickness of the interphase can be observed when liquid/solid
contact time at ambient temperature prior to polymerisation increases, thus allowing one to con-
clude that the increase in the “scale of the interphase” resulted in an increase in its extent and
intensity: this contradicts the research of Goyanes et al. [2005] , which will be discussed in the
following section.
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Figure 2.34: Variation in the glass transition tem-
perature as a function of the thickness of DGEBA-
DETA coatings on an Al 1050 alloy substrate,
adapted from Aufray [2005].

Figure 2.35: Variation in the thickness of the
interphase as a function of liquid/solid contact
time at ambient temperature prior to polymeri-
sation of DGEBA-DETA coatings on Al 1050 alloy

substrates, adapted from Aufray [2005].

This variation in polymer cross-linking, reflected by the change in glass transition tempera-
ture, will also influence the Young’s modulus of the polymer network and of course the adherence
of this polymer to its metal substrate (Figures 2.36 and 2.37 respectively). For example, it can be
seen that the Young’s modulus of DGEBA-DETA coatings on Al 1050 alloy substrates decreases
during the formation of the interphase: as the interphase changes the stoichiometry, the dis-
tance between cross-linking nodes increases during the formation of the interphase, causing the
Young’s modulus of the network to fall. Conversely, the Young’s modulus of DGEBA-IPDA coatings
on Al 1050 alloy substrates increases during interphase formation: this is due to the formation
of IPDA(CO,,H,0)-Al crystals. These crystals then act as mechanical reinforcements, leading to
an increase in the Young’s modulus of the coatings to which they belong: these results were con-
firmed by Goyanes et al. [2005] who worked on the same system and obtained identical raw results
by measuring the glass transition and relaxation temperatures «, as well as the real part of the dy-
namic modulus under traction, as a function of the thickness of the coatings. However, another
explanation for these variabilities in the modulus and glass transition temperature is offered in
the article written by Goyanes et al. [2005]: they are due to the internal stresses created during the
amine-metal interaction. These authors compared the moduli and relaxations « of films of differ-
ent thicknesses and of thinned films: the result being that the superimposable curves are those of
films with the same initial thickness and not the same final thickness, which contradicts the pre-
viously presented conclusions regarding the gradient of properties in the interphase. The internal
stress hypothesis mentioned above makes sense and is consistent with the residual stresses also
measured by Roche et al. [2006].
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However, it contradicts the infrared spectroscopy and microscopy measurements previously
reported (Aufray and Roche [2006a, 2007]). I believe that both of these phenomena occur and that
they occur in conjunction with each other: the amine-metal interaction at the monomer/metal in-
terface followed by diffusion of the amine-metal complexes AND the creation of residual stresses
linked to reactions at the interfaces. The results of Goyanes et al. [2005] could be reproduced
to monitor the amine and epoxide groups using infrared spectroscopy and the differences in the
measurement of glass transitions, which are not discussed in the article, but described as identi-
cal to the relaxations «, could be explained by the different use of the films. Goyanes et al. [2005]
mixed the monomers for 30 minutes before they were deposited on the metal surface, resulting
in a significant advancement of the epoxide-amine reaction prior to coming into contact with the
metal surface, followed by a polymerisation cycle that favours polymerisation to the detriment of
interphase formation. We can therefore assume that the system discussed by Goyanes et al. [2005]
is equivalent to only 10 minutes of contact for the systems described in our studies (Figures 2.33
and 2.35), which in our case corresponds to an overall glass transition temperature for a 100 um
film of less than 5°C below the reference glass transition temperature of the volume and an inter-
phase thickness of around 50 pm.
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Figure 2.36: Variation in Young’s modulus as a func-
tion of liquid/solid contact time at ambient tem-
perature prior to polymerisation of DGEBA-DETA
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Figure 2.37: ariation in adherence as a function
of liquid/solid contact time at ambient tempera-
ture prior to polymerisation of DGEBA-DETA and
DGEBA-IPDA coatings on Al 1050 alloy substrate,
adapted from Aufray [2005].

Adherence decreases during interphase formation for both the DGEBA-DETA and DGEBA-
IPDA systems (Figure 2.37: this may also be linked to residual stresses, as shown by Roche et al.
[2006]. The formation of interphases in the fields of adhesion or painting might therefore appear
unfavourable, but initial performances are rarely significant in such applications: conducting a
follow-up during ageing thus becomes a matter of interest. This is shown in Figures 2.38 and 2.39.
The ageing that the samples underwent was not severe (6°C, 85% relative humidity). However, in
the two figures showing two epoxide-amine systems, the adherence of the films without an in-
terphase decreased significantly from the first days of ageing, while that of the systems with an
interphase remained constant: after 10-20 days for the DGEBA-DETA system and 50-60 days for
the DGEBA-IPDA system, the adherence of the films with an interphase became better than that
of the films without an interphase.

Although the decrease in adherence with ageing of epoxide-amine/metal systems has been
widely reported in the literature for aluminium alloy substrates and different grades of steel (Bor-
des et al. [2009]; Calvez et al. [2012]; Gonzalez Garcia et al. [2011]; Hartshorn [1986]; Kinloch et al.
[2000]; Legghe et al. [2009]; Popineau and Shanahan [2006]; Prolongo et al. [2010]; Wu et al. [2014]),and
in particular in the literature review by Borges et al. [2021], very few articles refer to the metal-
polymer interphase. In these articles about hygrothermal ageing, the interphase is generally re-
ferred to as the water penetration zone only (Kinloch et al. [2000]).
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Others mention a polymer-metal interphase, but are unable to compare ageing with and with-
out interphase formation and therefore unable to highlight its role in ageing mechanisms (Calvez
et al. [2012]; Popineau and Shanahan [2006]). In conclusion, this difference in behaviour for sys-
tems that are initially identical, but whose interphase has been encouraged or impeded, could be
explained in two ways:

¢ LInternal stresses can vary, as discussed in a general sense by Sharpe [1972] and specifi-
cally in relation to epoxide-amine/metal systems by Roche et al. [2006] and Goyanes et al.
[2005]. Other stresses associated with differential swelling during ageing are mentioned. In-
terphases are less cross-linked than the same adhesives by volume: this results in greater
potential water absorption during ageing, but for an initially more deformable adhesive.
The consequences of this differential swelling may therefore be less significant for systems
with interphases. Stresses are particularly difficult to evaluate and decorrelate, but Wu et al.
[2014] suggest differentiating between stresses under tension (due to the difference in the
coefficient of thermal expansion between the polymer and the substrate) and internal stresses
under compression (due to water swelling). In this article, which only studied samples with
interphases as determined by the systems’ stochiometry, excess epoxides favoured adher-
ence, which seems to contradict the findings presented, but further analyses would be re-
quired to confirm or refute these hypotheses.

* Amines can act as corrosion inhibitors, as already discussed by Duprat and Dabosi [1981].
More recent research often refers to “film-forming amines”, which have been widely studied
in the field of corrosion, but whose adhesion mechanisms appear to be poorly understood
(Genxian et al. [2022]; Pensini et al. [2018]).
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2.4 Conclusion

Understanding interphases is still a relatively limited subject, yet it is essential if we are to develop
a good understanding of the properties of multi-materials: coated substrates, bonded assemblies
and composite materials. The structure-property relationship of interphases has been the focus
of my research activities, with epoxide-amine/metal systems being used as model systems. Hav-
ing trained as a polymerist, most of my investigations have been based around the influence of
epoxide or amine monomers and the polymerisation cycle, but there is still research to be done to
study the influence of metal substrates. In the literature, only Hong and Tsai [2001] have compared
several metal surfaces (oxidised aluminium, zinc and iron), but did not explain their difference in
reactivity. At the CIRIMAT laboratory, we have begun to explore the influence of roughness and
crystallinity. These will be studied further, in particular thanks to the new in sifu analyses set up
at CIRIMAT and in collaboration with other laboratories. The aim will be to define the respec-
tive influences of surface parameters on amines: crystallographic structure, electronic structure,
energy and thermodynamic parameters. These issues will be addressed in particular by the ANR
AMETIST project, which is due to start at the end of 2022.
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My research project is divided into two parts: the first part is a continuation of the research dis-
cussed in this dissertation, while the second part will mark a turning point with regard to subject
area, linked to my change of team in 2021. The second part will therefore cover medium-term and
long-term projects, while the first part will mainly describe short-term and medium-term projects.

3.1 Themes in the continuity of the studies presented

As described in the first chapter, the science of adhesion is multi-disciplinary: collaboration is
therefore essential for addressing issues of adhesion. CIRIMAT's interdisciplinary adhesion/adherence
axis (HCERES five-year period 2016-2020) has helped to get the ball rolling and continuing this
progress is key. In particular, the TACCOS initiative, which was developed in partnership with the
ICA laboratory, is still active, especially in the MIAM project. Finally, close ties with the ICGM labo-
ratory as part of the Institut Carnot Chimie Balard Cirimat has enabled us to co-supervise a thesis.
This trio of laboratories also serves as the academic basis for the ANR AMETIST project, which will
begin at the end of 2022.

3.1.1 Advances in the mechanics of bonded assemblies

Since arriving at CIRIMAT in 2008, I have set up the three-point bend test in accordance with ISO
standard 14679. Its application to bonded assemblies is under development, as explained in Chap-
ter 2 of this dissertation. However, this test has a number of limitations. The stress distribution is
determined by the dimensions of the samples, the distance between supports and therefore the
associated standard. It would be interesting to be able to vary these stress distributions in order to
map adherence as a function of the loading mode. We must remember that according to ISO ISO
14679 [1997] standard, the preferred loading mode for the interface is mode I, as explained in the
previous chapter. My research project will therefore include the development of a flexural adher-
ence test. Modifying the stress distribution by switching to four-point bending, for instance, is
an initial idea. Among other things, this new configuration would allow us to obtain a constant
moment between the central supports and to load the substrate/block interface in shear. This
first element could be accompanied by modelling to determine the main loading mode in collab-
oration with the ICA as part of the TACCOS initiative. This configuration, shown in Figures 3.1
and 3.2, is used to some extent in the studies by McAdams and Pearson [2005] and Maxwell [2001]:
however, to my knowledge, the associated modelling work has not yet been carried out, nor has
the adherence measured during three-point bending been compared with that measured during
four-point bending.
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Figure 3.1: In the semiconductor field, a flip chip
loaded in 4-point bending, taken from McAdams
and Pearson [2005].

Figure 3.2: Measurement of coating adherence
by 4-point bending and acoustic emission, taken
from Maxwell [2001].
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Modification of the test could go further, as shown in Figure 3.3: this configuration could also
be the answer to the problems of CIRIMAT’s Surface Coatings and Treatments (Revétements et
Traitements de Surfaces — RTS) team in our joint projects, particularly in the context of Laura
Parvaix’s thesis (“Development of new-generation SOFC stacks and high-temperature electrolysis
(HTE) of water vapour to simultaneously optimise electrochemical performance and durability:
prototype testing on the hydrogen platform”).
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Figure 3.3: Modified 4-point bend test for measuring the adherence of thermal barriers, taken from Zhao
etal. [2010].

Finally, the shift towards the field of biomaterials should result in the introduction of new sam-
ple geometries (adapted to ceramic materials, for example) and in situ mechanical tests (for ex-
ample, in wet conditions mimicking a biological environment). These points will be expanded on
in the second part of this chapter.

3.1.2 Fatigue in the mechanics of bonded assemblies

The second line of research concerns the fatigue strength of interfaces: this is a recurring ques-
tion when I present my research to an industrial audience. The three-point bend test comes with
the disadvantages set out in the previous chapter, but its ability to characterise the interface and
therefore adherence is a major advantage. The question is whether this ability, and the possibility
to locate failure initiation, is still possible during fatigue loading. In the latter case, the mechanical
tests can be qualified using the same terminology as that used for static loading: depending on the
definition of adhesion given, a fatigue adhesion test is not possible, but there could be adherence
tests and fatigue failure tests. There are few existing bibliographies on this subject, nevertheless,
Jeandrau et al. [2015] and Wahab [2012] have written reviews on the fatigue of bonded joints. These
two articles offer an overview of uses in this field and here we find mention of the classic single-
lap joint tests, TAST (thick adherend shear test), Arcan, DCB tests, etc. The stresses applied are
fluctuating tensile stresses with a stress ratio R often between 0.1 and 0.5 (R = G"”" *).

As previously stated, all of these tests have their benefits and allow the loadlng mode and the
stage of failure studied (initiation or propagation) to be varied. However, they do not primarily
load the interface and the study of failure surfaces is rarely associated with mechanical results.
They are therefore tests of assemblies in their entirety. Shenoy et al. [2010a,b] go further in their
analysis of fatigue testing of single-lap joints by studying the stress profile using finite elements
and the failure surface. The failure path is thus clearly cohesive. These studies are essential for
predicting the service life of bonded joints and allow the adhesive (in the case of the Arcan test,
for instance) or the structure to be precisely characterised. However, there are no studies on the
influence of reactions at the interfaces on adherence during fatigue tests.
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The development of a test for characterising an interface under fatigue will address this chal-
lenge. It would then complement the studies carried out in parallel with the ICA, enabling the
extraction of quantitative data to help predict interface service life.

3.1.3 Advances in the characterisation of interphases

In the short term, the physico-chemical characterisation of interphases and reactions at interfaces
will continue as the mechanical testing of interfaces develops. This general characterisation and
the associated links with partners are shown in Figure 3.4. Two major projects in particular have
just begun. These are the ANR AMETIST project and the COCA project, which demonstrate the
interest in the subject shown by both the academic and industrial communities.
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Figure 3.4: Interphase characterisation.

The ANR-PRCE AMETIST project is based on the premise that there is still virtually no available
thermodynamic or mechanistic information on the formation of these interphases. It is therefore
crucial to develop the approaches we have set out to explore the interactions that lead to the for-
mation of interphases in situ, and thus gain a better understanding of the mechanisms involved
at the molecular level and even predict the behaviour of the final materials.

The in situ analyses will include continuing to work with the mixing calorimeter, but also
Mossbauer spectrometry (to study the local environment in the case of iron-based substrates)
and X-ray absorption spectrometry to observe the geometry and electronic conformation of the
amine-metal complexes. In the coming years, I will therefore continue to analyse the microscopic
structuring of the interphase formed by the epoxide, amine and metals.



3.2. TOWARDS NEW AREAS OF APPLICATION: BIOMATERIALS 59

The aim is to understand and ultimately improve the thermal/mechanical properties (adher-
ence) of the final multi-material parts in collaboration with the ICGM (Institut Charles Gerhardt
Montpellier) and in particular Fabrice Salles, a simulation specialist, as a follow-up to the studies
already published and those currently in progress. This will enable the study of these matters at
both the microscopic and macroscopic levels, as shown in Figure 3.4.

This future research will pursue a number of different objectives: the first will be to propose a
realistic model of the interphase by combining different experimental and theoretical techniques
and to acquire a better understanding the interactions between the different system components
based on the nature and degree of (hydr)oxidation of the metal and the nature of the amine.
Few research teams are working on multiple metal substrates and none have explained the in-
fluences of crystallographic structures, electronic structures or energy and thermodynamic pa-
rameters. As part of the AMETIST project, several pure metals (Fe, Al, Cu, Ti) and several alloys
(mainly titanium-based TA6V and steel-based AISI321) will be characterised and their reactivity
towards one or more amines will be evaluated. Of course, external parameters such as atmo-
spheric temperature and relative humidity will also be taken into account. Finally, I would like
to link macroscopic properties (and in particular adherence) to the interactions and structuring
of the interphase. This will eventually allow us to evaluate the importance of modifying adhesive
formulations by reducing the number of qualification tests: these adherence, fatigue or ageing
tests would then only be carried out on the most promising formulations. The influence of inter-
phase formation will also be taken into account throughout the assembly’s service life: the previ-
ous chapter described results showing the positive impact of interphase formation on adherence
after several months of hygrothermal ageing (6°C, 85% relative humidity), while the presence of
an interphase initially reduced adherence compared to an identical epoxide-amine/aluminium
alloy system without an interphase. At this stage, these results can then be linked to mechani-
cal modelling in connection with the collaborative work being carried out in partnership with the
ICA. The IRT-M2P COCA project aims to study and understand the mechanisms of interphase for-
mation in systems involving anodised, impregnated and sealed aluminium alloys and paints. In
this project, the initial substrates (and therefore their electronic structure) will vary little: they will
be 2000-series (copper-rich) and 7000-series (containing mainly zinc as an alloying element, but
also magnesium and copper) aluminium alloys. It is the influence of surface treatments, partic-
ularly anodising followed by impregnation and sealing stages, that will be studied. These surface
treatments will have an influence on the crystallographic structures, as well as the energy and
thermodynamic parameters: this project will therefore aim to determine the surface parameters
which have the greatest influence on the adherence of paints to these aluminium alloy substrates.
These two projects are highly complementary and should provide a better understanding of the
influence of surface parameters on adherence.

3.2 Towards new areas of application: biomaterials

After twelve years of research as a member of the SURF (surface: reactivity, protection) team, I
joined the PPB (phosphates, pharmaceutics, biomaterials) team in 2021: I wanted to get better ac-
quainted with these research topics and the transition is underway. The idea is to use my expertise
in the physical chemistry of polymers, the characterisation of interphases and the measurement of
adherence for biomedical applications. I have already been able to take part in a number of “ma-
terials for health” projects from time to time, while continuing my “historical” activities. The 1986
and 1991 Chester conferences defined a biomaterial as “a material intended to interface with bio-
logical systems to evaluate, treat, augment, or replace any tissue, organ, or function of the body”
(Williams and European Society for Biomaterials [1991]). Amédée Vilamitjana and Fricain [2017]
have shown that this definition implies in particular that biomaterials are materials, whether syn-
thetic or living, that can be used for medical purposes to replace a part of or function of an organ
or tissue.
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They must meet a number of requirements:
* they must be well tolerated by the recipient;
» they must not contain toxic substances;

 they must respond to mechanical stresses to adapt to the pressures exerted by the environ-
ment.

In particular, the PPB team has been working on the synthesis, characterisation and mod-
elling of calcium phosphates such as hydroxyapatite Ca;o(PO4)s(OH), and biomimetic apatites for
anumber of years. Most of the research focuses described below will therefore combine hydroxya-
patite with another material, and I wish to study the potential interactions between hydroxyapatite
and polymers (see next section and ANR Ca-PEEK project) or metals (particularly titanium-based
alloys such as TA6V), the formation of any interphases and measure the strength of the interfaces
that form, i.e. adherence.

3.2.1 Coatings on thermoplastic materials

To get to grips with this new area of research, in 2021 I submitted the proposal for the ANR Ca-PEEK
project (Adherent biomimetic apatite coating on medical devices based on inert polyetherether-
ketone polymers: an integrated approach). The project was not accepted in 2021, but was re-
worked within the team, re-submitted by Ghislaine Bertrand, as I was busy overseeing another
project (ANR AMETIST), and accepted in 2022. PEEK (Polyetheretherketone) is a semi-crystalline
homopolymer. Its degree of crystallinity falls somewhere around 30% when injection moulded. Its
elastic modulus ranges from 3 to 4 GPa when unreinforced. Although PEEK polymers are increas-
ingly used in maxillofacial surgery (low density and cost, ease of moulding, radiotransparency),
their chemical inertness limits their osseointegration (Kurtz [2019]). In order to expand the use of
PEEK in implants (spinal fusion cages, cranial surgery), provide imuno-modularity, anti-bacterial
properties and propose the next generation of bioactive PEEK implants, the surface will be coated
with biomimetic apatite. To ensure the durability of the multi-material, the cohesion of the hy-
droxyapatite coating and its adherence to the PEEK substrate will have to be sufficiently high in
view of the target applications: minimal cohesion and adherence must not trigger any production
of pro-inflammatory debris that could accumulate locally or circulate in the human body. The
Carnot Interdisciplinary Laboratory in Burgundy (laboratoire Interdisciplinaire Carnot de Bour-
gogne — ICB) will be in charge of surface treatments and the application of coatings. For example,
sandblasting will be used to promote mechanical anchoring, as discussed in the presentation of
theories of adhesion in the first chapter of this dissertation.

The coating will then be applied by cold gas dynamic spraying. Commercial hydroxyapatite
powders will be used initially, with CIRIMAT synthesising custom biomimetic nanocrystalline
powders further down the line. These have already been deposited on TA6V alloy substrates at
high speed and near-ambient temperature (Kergourlay et al. [2016]).

A key element of the project is therefore the adherence of the coating to the PEEK substrate.
During the first part of the project, I will be responsible for quantifying this adherence as a func-
tion of the surface treatment parameters in order to evaluate their effectiveness. Developing an
understanding of the structure/property relationship will also require the physico-chemical char-
acterisation of failure surfaces to allow the phenomena at play at the PEEK/apatite interface to be
understood and to help optimise PEEK treatments and coatings.
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3.2.2 Adherence in odontology

PEEK s also used in dentistry, particularly for attaching implants, but I think this field is interesting
to explore particularly due to the multitude of interface, adherence and bonding-related issues. In
addition to generalist journals on biomaterials used in dentistry, there is a very specific journal
covering this field of adhesion in odontology:

o> The Journal of Adhesive Dentistry
First published: 2001
Editors in 2023: Roland Frankenberger and Bart Van Meerbeek
Publisher: Quintessence Publishing
Impact factor in 2022: 3.3

Of course, there are already some literature reviews on adherence in dentistry (Marshall et al.
[2010]; Ozcan et al. [2012]; von Fraunhofer and Anthony [2012]; Zhao et al. [2021])and measuring
adhesion (Kelly et al. [1989]; Mourad and Aminah [2018]; Rasmussen [1978]; Rekow et al. [2009];
Salz and Bock [2010]; S6derholm [2009]; Triani et al. [2022]), with the same differences in approach
between mechanical and physical-chemical researchers, and the same adhesion test limitations.
Noudeau [1993]’s thesis offers an interesting overview of the state of the art of the subject, from
adhesion mechanisms to adherence on various substrates (enamel, dentine, ceramics), covering
families of adhesives, biocompatibility and cytotoxicity issues and bonding protocols. Reconstruc-
tion work in dentistry is multi-faceted and wide-ranging, as are the materials and interfaces po-
tentially involved: ceramics, reconstruction composites, teeth, adhesives, etc. The adherence is-
sues associated with this diversity of materials provide interesting study opportunities. From the
outermost to the innermost layer, teeth are made up of enamel, dentin and pulp. Enamel and
dentine are essentially hydroxyapatite and collagen composites, which means that these studies
on adherence and reactions at interfaces are perfectly in line with the PPB team’s research topics.
However, the stoichiometry and crystallinity of the hydroxyapatites in enamel and dentine differ
greatly, thus increasing the number of interfaces.
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Figure 3.5: Diagram of a tooth restoration and highlighting of interfaces, adapted from Chaput and Faure
[2019].
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Taking into account the multitude of materials involved, many interfaces have been high-
lighted in a diagram of a tooth restoration (Figure 3.5) :

* filling material/matrix in the composite;
e composite/adhesive;
¢ enamel/adhesive;

¢ dentine/adhesive.

Composites used in dental restorations are generally mixtures of polymer and filling materi-
als (Ferracane [2011]). The filling materials are often ceramic, but may also come in the form of
glass, carbon, polyaramid or polyethylene fibres (Khan et al. [2015]). There are also composites
with a ceramic matrix, whose dimensions vary less over time (Canceill et al. [2017]). Polymer ma-
trices are commonly derived from methacrylate monomers that undergo radical polymerisation
via a chain polymerisation process: the monomers used in dentistry have a functionality strictly
greater than two which, following the polymerisation reaction, produces a thermosetting polymer
(Chaput and Faure [2019]; Delrieu et al. [2020]). The definition of the word “resin” used in the case
of epoxides therefore applies here: resin is indeed the mixture of viscous monomers set to become
a thermoset. There are already numerous filling material/matrix interfaces in composites, which
are ideal for adherence studies into how to optimise filling material transfer and thus the com-
posite’s mechanical properties. However, I would like to focus in particular on the bond between
this restoration composite and the tooth: this bond is achieved using an adhesive, which is ap-
plied to the tooth following a surface treatment. The adhesive/composite interface rarely poses
a problem, as the monomers involved in organic matrix adhesives and composites generally be-
long to the same family and are therefore highly chemically compatible. The critical interfaces are
therefore the adhesive/dentine and adhesive/enamel interfaces.

There are histories of the adhesives and filling composites used in dentistry, such as those
written by Van Meerbeek et al. [2020] and Mayou et al. [2018] which discuss the latest generation
of adhesives commonly referred to as “universal adhesive systems”. Bayne [2013] presents this
history in the case of filling composites, whose bonding technology is closely linked to that of
adhesives, as a summarised timeline (Figure 3.6). Other interfaces are also of interest, such as
those associated with the bonding of ceramic prostheses to TA6V titanium alloy implants. In this
case, there are two interfaces involved: TA6V/adhesive and adhesive/ceramic. Once again, the
adhesives used are based on methacrylate monomers. Whatever the applications in dentistry, the
potential interactions between adhesives and enamel, dentine, TA6V or synthetic hydroxyapatite-
type ceramics depending on pH could then be studied, in particular using mixing calorimetry. The
presence of any interphases is indeed critical, as set out in the review by Geckeler et al. [1997].

I therefore believe that combining the skills of the TACCOS initiative team and the PPB team
will allow us to deepen our understanding of phenomena at interfaces, measuring adherence and
predicting the service life of tooth restorations. The three-point bend test in particular seems
suitable for measuring adherence: it was already being used as far back as the 90s and has been
standardised in the field of dentistry (ISO 9693 [2019]; Lenz and Kessel [1998]; Lenz et al. [1995];
Probster et al. [1996]). This could be coupled with the other approaches presented in this chapter,
particularly measurements of performance under fatigue. In the case of dental applications, mea-
suring fluctuating compressive stresses would be preferable, as these are more akin to the process
of chewing. Finally, it would be interesting to conduct tests in an environment similar to saliva, so
as to take into account chemical and bacterial influences. Once again, mixing calorimetry seems
like it would be the tool of choice for characterising interactions.
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Figure 3.6: Schematic summary of the evolution of dental composite over more than 50 years. 3c: Three-
component system (etch, prime, bond). 2c: Two-component system (etch, prime/bond or etch/prime,
bond). 1c: One-component system (etch/prime/bond). LED: Light-emitting diode. PAC: Plasma arc light.
QTH: Quartz-tungsten-halogen. UV: Ultraviolet. VLC: Visible light cured, taken from Bayne [2013].

3.3 Conclusion

The skills acquired and study methodologies developed by studying epoxide-amine/metal inter-
faces and interphases will be very useful for studying new systems in the field of biomaterials. In
particular, reactions at interfaces will be studied using several in situ analyses at CIRIMAT or in
collaboration with other laboratories. The ANRs selected in 2022 reflect this transition: the first,
AMETIST, continues to focus on polymer-metal systems for aeronautical applications, but it will
allow us to make progress in terms of in situ characterisations and gain a better understanding
of the influence of metallic substrates’ properties. The second Ca-PEEK project will allow me to
apply the presented skills and characterisation methods to new systems intended for the biomed-
ical field. In particular, PEEK- (hydroxy)apatite interactions will be characterised and linked to the
adherence of apatitic coatings deposited on polymer substrates. This second ANR will be the link
to the planned studies in the biomedical field and the application of these findings to bonding in
dentistry, for instance.
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The Société Francaise de I'Adhésion (French Adhesion Society), collaborations with its mem-
bers and discussion during scientific days formed the basis of the studies carried out and pre-
sented in this dissertation. I wanted to provide a timeline of adhesion and bonding, from both a
technological and scientific perspective. Here, this history is limited to the field of polymers used
as adhesives. In particular, the class of adhesives derived from mixtures of epoxide and amine
monomers has been studied, but the concepts are of course applicable to other classes of materi-
als: this interdisciplinarity has been the common thread running through both the work already
presented and that which is still to come, collaborations with other CIRIMAT teams, particularly
as part of the interdisciplinary adhesion/adherence axis that I led between 2016 and 2020, and
academic collaborations, as part of the TACCOS initiative, for example, which I co-created in 2017
and co-led with Frédéric Lachaud and Eric Paroissien (ICA).

Bonded assemblies are comprised of several materials, and the focus of this work is the study
of interfaces. Interfaces have been described as a (zero-thickness) plane between two media, a
macroscopic concept and an idealised view of observed phenomena. In reality, and from a mi-
croscopic perspective, the boundary between two materials extends to a non-zero thickness: the
interphase. In this manuscript, the description of interphases focuses on epoxide-amine/metal
systems in the case of many metal alloys or pure metals, covered by their oxide and hydroxide
layer. To study these interphases, analyses, initially post-mortem analyses, were supplemented by
new in situ analyses, such as mixing calorimetry. Collaboration with the ICGM and Fabrice Salles
in particular allowed the interactions between amines and metal ions to be modelled. These char-
acterisations were compared with the adherence of various polyepoxies to metal surfaces in order
to assess the overall behaviour of an assembly when in use. To do this, close collaboration with the
ICA and Eric Paroissien in particular enabled the development of semi-analytical and digital meth-
ods. I have chosen to present research that follows this common theme of epoxide-amine/metal
systems and continue to study these or related systems, particularly as part of a collaboration with
the University of Linz (Austria), where Gernot Wallner works. At the same time, various projects
have allowed for work on other multi-materials to be carried out: the adherence of ice on coated
aluminium alloy substrates, polyester-melamine paints and flexible adhesives on galvanised steel
and aluminium alloy substrates respectively, polyurethane paints on PEEK-carbon fibre compos-
ites, and the adherence of hydroxyapatite coatings on titanium-based alloys. Finally, the ADEME
BOPA (Omega Biosourced Sandwich Panel for Aeronautics) project has enabled interphase anal-
ysis techniques to be applied to particularly complex systems involving natural fibres (flax fibres)
in partnership with the LCA (agro-industrial chemistry laboratory) and Antoine Rouilly in par-
ticular. This project is the link that will enable these techniques to be applied to systems con-
taining natural materials. It is primarily in the field of biomaterials that I see my future in re-
search, in carrying over the knowledge and skills acquired in the process of working on specific
epoxide-amine/aluminium systems, among others. The expertise of the PPB team and particu-
larly Christophe Drouet in the field of synthesis and characterisation of (hydroxy)apatites allows
me to envision new projects in response to odontological problematics. In this context, the in-
terfaces are numerous and their study complex. Pooling the skills acquired throughout the work
presented here, those of the PPB team in the field of materials and those of CIRIMAT in the field of
materials characterisation, should allow us to deepen our understanding of bonding mechanisms
in dentistry and even orthopaedics, and perhaps improve the reliability of products and processes.
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I would also like to expand the use of certain analysis techniques in the study of interphases,
such as Raman spectroscopy/microscopy together with Olivier Marsan (CIRIMAT) and SEM-FIB
together with Claudie Josse (Raimond Castaing Microanalysis Centre). To progress even further in
analysing spectra from vibrational spectroscopy techniques, among others, I would like to work
on modelling algorithms. Collaborations with Adrien Brochier (Université Paris Cité), followed by
Louise Travé-Massuyes (LAAS - Laboratory for Analysis and Architecture of Systems) have opened
up an exciting field of possibilities with interval analysis techniques, which I have found to be par-
ticularly well suited to the field of materials analysis and behaviour prediction. As I am particularly
passionate about open science, I would also like to get involved by sharing ideas and communi-
cating information about research tools and the ethical issues that arise when drafting a proposal:
in particular, I would like to share research that is as open as possible by promoting open-source
tools and taking the time to build ever more links between scientific fields by encouraging “slow

science”!.

lsabelle Stengers, Une autre science est possible | Manifeste pour un ralentissement des sciences, Paris, La Décou-
verte, series: “Les Empécheurs de penser en rond”, 2013, 216 p.
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