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ABSTRACT

Ice and wet snow accretion on outdoor structures is a severe challenge for cold climate
countries. A variety of de-icing and anti-icing techniques have been developed so far to
counter this problem. Passive approaches such as anti-icing or icephobic coatings that inhibit

or retard ice accumulation on the surfaces are gaining in popularity.

Metal corrosion should also be taken into account as metallic substrates are subject to
corrosion problems when placed in humid or aggressive environments. Development of any
ice-releasing coatings on aluminum structures, as they must be durable enough, is therefore

closely related to anti-corrosive protection of that metal.

Accordingly, series of experiments have been carried out to combine reduced ice
adhesion and improved corrosion resistance on flat AA2024 substrates via thin films of
single and double layer alkyl-terminated SAMs coatings. More precisely, alkyl-terminated
aluminum substrates were prepared by depositing layer(s) of 18C-SAMs on BTSE-grafted
AA2024 or mirror-polished AA2024 surfaces. This alloy is among the most widely used
aluminum alloys in transportation systems (including aircraft), the military, etc. The stability
of the coatings in an aggressive environment, their overall ice-repellent performance as well

as their corrosion resistance was systematically studied.

The stability of one-layer and two-layer coatings in different media was tested by
means of CA measurements, demonstrating gradual loss of the hydrophobic property after
~1100-h-long immersion in water, associated by decrease in water CA. Surface corrosion
was observed in all cases, except that the double-layer coating system provided improved

anti-corrosive protection.

All single layer coatings showed initial shear stress of ice detachment values of ~1.68
to 2 times lower than as-received aluminum surfaces and about ~1.22 to 1.5 times lower than
those observed on mirror-polished surfaces. These values gradually increased after as many
as 5 to 9 successive icing/de-icing cycles, implying a certain amount of decay of the coatings.

The double-layer coating system initially showed shear stress of ice detachment values about



~2 times lower than as-received aluminum surfaces and ~1.5 times lower than those observed
on mirror-polished aluminum surfaces as references. These values gradually increased after

as many as 9 successive icing/de-icing cycles.

In addition, the hydrophobic property of coated surfaces was investigated after the
icing/de-icing cycle to study their stability after ice releasing, showing therein a decrease in
CA values. As a result, the ice-releasing performance of coated samples was found to be

time-dependent.

The electrochemical studies demonstrated that the corrosion potential of samples
covered by single layer hydrophobic coatings increased slightly while their corrosion current
density decreased as compared to bare substrate. However, the corrosion potential of samples
covered by double-layer hydrophobic coatings increased significantly, and their corrosion
current density decreased by 4 orders of magnitude as compared to those on the uncoated
samples. These results showed that the used under layer on AA2024 provides particularly
enhanced corrosion resistance which would be an excellent approach to improve the anti-
corrosive performance of metallic surfaces for outdoor application instead of current-in-use
toxic chromate-based coatings. In addition, the electrochemical impedance spectroscopy
survey showed a higher phase angle and thus a lower ionic permeation for the double layer
coating system, leading to a better insulating property of that coating. These evidences
confirm that the BTSE/18C-SAMs behaves close to an ideal capacitor compared to 18C-
SAMs alone, as a leaky capacitor. On the other hand, based on results obtained from total
impedance vs. frequency, the impedance values are higher for double layer coating compared

to single coating, indicating thereby a more packed film with fewer defects.

Finally, this research work revealed the feasibility of preparing coatings combining

reduced adhesion of ice to aluminum surfaces and protection against corrosion.



RESUME

L’accumulation de glace et de neige mouillée sur les structures est un probléme
important pour les pays a climat froid. Pour contrer ce probleme, différentes techniques de
dégivrage et d'antigivrage ont été développées. De nouvelles méthodes, plus efficaces,
consistant en la création de revétements antigivre ou glaciophobes pour inhiber ou retarder

I'accumulation de glace gagnent en popularité.

La corrosion des surfaces metalliques devrait également étre prise en compte parce
que les substrats métalliques sont soumis a un environnement humide et agressif. Le
développement de tout revétement glaciophobe sur des surfaces d’aluminium est donc

étroitement lié a la protection anticorrosive du métal.

En conséquence, une série d’expériences a été menée dans le but de réduire 1’adhésion
de la glace et d’améliorer la résistance a la corrosion des substrats plats d’alliage AA2024 par
I’utilisation des revétements minces SAMs terminés en alkyle disposés en une couche ou une
double-couche. Plus précisement, ces revétements terminés en alkyle ont été préparés par
dép6t de couche(s) de 18C-SAMs sur un film BTSE greffé a ’alliage AA2024 ou sur une
surface polie miroir de ce dernier. Cet alliage est parmi les alliages d’aluminium les plus
largement utilisés dans les systéemes de transport, y compris les aéronefs, dans l'industrie de
I'énergie électrique, etc. La stabilité des revétements dans des environnements agressifs, leur
performance glaciophobe ainsi que leur influence sur la résistance a la corrosion de
I’aluminium ont été systématiquement étudiées. La stabilité des revétements en une ou deux
couches dans différents milieu a été testée au moyen de mesures d’angle de contact (AC), ce
qui a permis de démontrer une perte progressive de la propriété hydrophobe aprés ~ 1100 h
d’immersion dans I'eau, associée a la diminution de AC. Une corrosion de la surface a été
observée dans tous les cas, sauf que le systeme de revétement a double couche a permis
d'améliorer la protection contre la corrosion. Tous les revétements a couche unique ont
démontré initialement une valeur de cisaillement de détachement de glace environ 1,68 a 2
fois plus faible que les surfaces d’aluminium telles que regue et environ 1,22 a 1,5 fois plus
faible que celle observée sur des surfaces polies miroir. Ces valeurs ont progressivement

augmenté apres 5 a 9 cycles successifs de givrage/dégivrage démontrant une certaine
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dégradation des revétements. Le systeme de revétement a double couche a initialement
démontré une valeur de détachement en cisaillement de la glace environ 2 fois plus faible que
les surfaces d’aluminium telles que regues et environ 1,5 fois inférieure a celle observée sur
les surfaces polies miroir de I’aluminium comme référence. Ces valeurs ont augmenté

progressivement apres neuf cycles successifs de givrage/dégivrage.

En outre, la propriété hydrophobe des surfaces revétues a été étudiée aprés chaque
cycle de givrage/dégivrage pour évaluer leur stabilité aprés la libération de la glace, ce qui a
montré une diminution des valeurs d’AC. Par conséquent, la performance de libération de

glace des échantillons revétus s’est révélée étre dépendante du temps écoulé.

Les études électrochimiques ont montré que le potentiel de corrosion des échantillons
avec une couche de revétement hydrophobe augmente légérement tandis que leur densité de
courant de corrosion diminue par rapport au substrat non protégé. Cependant, le potentiel de
corrosion des revétements hydrophobes a double couche a augmenté de maniére significative
et leur densité de courant de corrosion a diminué de quatre ordres de grandeur par rapport a
celle des échantillons non revétus. Ces résultats ont montré que la sous-couche utilisée sur
1I’AA2024 fournit notamment une résistance supérieure a la corrosion qui serait une meilleure
approche pour améliorer les performances anticorrosives des surfaces métalliques pour des
applications extérieures que celle des revétements toxiques a base de chromate en utilisation
courante. La spectroscopie d'impédance électrochimique (SIE) a permis de mesurer des
angles de phase élevés démontrant une perméation ionique inférieure pour le systeme de
revétement a double couche, ce qui conduit a de meilleures propriétés isolantes. Ces
observations confirment que le revétement a double couche BTSE/18C-SAMs se comporte
presque comme un condensateur idéal par rapport au revétement simple 18C-SAMs qui se
comporte comme un condensateur qui fuit. D'autre part, considérant les résultats obtenus
pour I’impédance totale en fonction de la fréquence, I’impédance s’est avérée plus élevee pour
le double revétement que pour le revétement simple, indiquant un film plus étanche avec

moins de défauts.

En conclusion, ce travail de recherche a montré qu’il était possible de développer des
revétements combinant a la fois une adhérence réduite de la glace et une protection contre la

corrosion pour des surfaces d’aluminium.
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CHAPTER |
INTRODUCTION

1.1 Definition of the Icing and Corrosion Problems

Atmospheric icing happens when the surfaces of exposed structures are subjected to
contact with super-cooled water drops or snow particles. Ice and wet-snow accumulation on
exposed surfaces can seriously impair the operation and integrity of outdoor civilian, industrial or
military structures, electric power lines, telecommunication networks, aircraft, transportation,
antennae, and so forth, in cold climate countries subjected to extreme weather conditions [1]. Ice
adhesion may lead to serious risks to the security of such systems as well as significant damage
or financial losses in various sectors of the economy, as was the case during the 1998 and 2007
ice storms in Canada and the U.S.A (Fig.1.1) [1-6]. The ice storm of 1998 was the worst ever to
hit Canada, based on the criteria of the amount of ice accumulation, the duration of the storm,
and the population affected [7, 8]. Each year, numerous failures due to ice or snow accumulation
are reported from Canada, the United States, Russia, Japan and elsewhere. In the specific case of
power transmission lines, ice and wet snow can cause severe trouble due to their high adherence
to both metallic and insulator surfaces resulting in cable sagging and short circuits due to static
ice overloads on cables (Fig.1.1). Transmission lines are often subjected to wind-induced
dynamic oscillations, the so called galloping. Aerodynamically unstable ice on power lines is an
important factor in initiating the occurrence of galloping while decreasing the damping rate. In
extreme cases it leads to high mechanical stress on conductors, insulating supports, cables and
towers. The galloping finally leads to collapse of structures and reduces the life time of
transmission lines. Meanwhile, when the accumulated ice suddenly drops off, extreme
mechanical tensions are generated on a conductor resulting in increase of the possibility of no

clearance between adjacent cables or cables and towers [9].



Fig.1.1. Atmospheric icing (left), flash over in iced overhead transmission lines (center)
and destroyed transmission pylon (right) caused by accumulated ice, the Quebec ice
storm 1998 [3-5].

Flashover on ice-covered insulators is a complex phenomenon which causes damage to
insulators and reduces their lifetime [4, 10-12]. The need for reliable transmission and
distribution networks in severe icing conditions, thus, highlights the importance of ice adhesion
studies. Therefore, a variety of de-icing and anti-icing techniques were developed over the last
several decades [1, 7, 8, 13-15]. Different types of ice can be classified into three basic categories:
hard rime, soft rime, and glaze [16-18]. Of most economical concern are glaze, hard rime and
wet snow. Previous studies presented the possibility of distinguishing among them by
temperature measurement [19]. Ice can be formed in dry or wet atmospheric conditions,
accumulating on insulator surfaces from freezing rain, freezing drizzles, in-cloud icing, icing fog,
wet snow or frost, and strongly adhering to any surface [3]. Prevention of ice accretion on
surfaces requires reduction of adhesion strength between ice and subjected surface. Over the past
decades, researchers have tried to improve on so-called de-icing methods such as thermal,
mechanical and chemical methods to remove the ice/snow build-ups and are currently in use.
Several research works are also underway to develop hydrophobic coatings with icephobic
properties on outdoor surface structure [20-24].

On the other hand and in connection with the subject of the present study, which deals with
reduction of ice accumulation on aluminum alloys (AAs) surfaces, it should be remembered that
corrosion is always a serious issue when it comes to using metallic substrates outdoors.

Aluminum alloys with a wide range of properties are used extensively in many industrial sectors
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due to their strength, ductility, formability, workability, etc. In view of the fact that all modern
AAs use various types of metallic additives to improve their strength and properties, this
inevitably leads to the increased susceptibility of such alloys to electrochemical corrosion.
Accordingly, while developing durable anti-icing coatings on Al surfaces, their anticorrosive
resistance should necessarily be kept in mind as an important issue regarding coating durability

and stability.

1.2 Prevention of Ice Accumulation and Corrosion

Prevention of ice build-up and adhesion has long been a technological challenge. Ice, with
its broad range from snow to glaze, can stick to everything. Hydrogen bonds, Van der Waals
forces, and non-polar covalent bonds are the main contributors in adhesion of ice to a surface
[25-28]. Currently, most de-icing techniques (so-called active de-icing, e.g. chemical,
mechanical and thermal de-icing techniques) are applied extensively without fully preventing ice
accumulation. Among these techniques one can cite freezing-point depressants for highways (salt,
chemical sprays, etc.) [29] and de-icing fluids for aircraft (ethylene and propylene glycols) [30].
Although very efficient, the main disadvantage of the de-icing methods is that they must be used
after ice build-up and thus during a period when damage can still occur on accumulated ice
structures. The other disadvantages of de-icing methods are: frequency of application, significant
negative environmental impacts (toxicity) and cost. Other methods, specifically applicable to
transmission lines, such as mechanical vibration of cables, Joule heating of the conductors [29]
and electrolysis [25], are effective but consume a considerable amount of energy and require
surveillance of the lines and on-site intervention. Moreover, mechanical de-icing can lead to
surface damage resulting in the gradual degradation of the system itself. VVarious anti-icing fluids,
e.g. ethylene glycol (EG) and propylene glycol (PG) are used to prevent ice build-up on aircraft,
however, they need frequent application in large quantities [31] making their use both time-
consuming and expensive. Furthermore, such de-icers are often toxic and environmentally unsafe

[32, 33]. None of the above-mentioned techniques prevents ice from creating or accumulating in



the first place. Preventing ice accumulation or reducing considerably its adhesion force may be
accomplished by producing anti-icing or icephobic coatings [34-37]. Recently, several coatings
for such applications have been tested and reported [13]. Icephobic coatings must necessarily
fulfill both of the following requirements: to provide a significant reduction in ice adhesion, and
to ensure a reasonably long service-life (durability) [35]. Even though there is, as yet, no
material which completely prevents ice or snow build-up on its surface [13], however, some
coatings are believed to bring reduced adhesion or accumulation of ice. They are
environmentally friendly compared to de-icing fluids and are cheaper than active methods which
are energy-consuming and expensive to operate [2]. Icephobic coatings, indeed, inhibit ice
accumulation rather than eliminating it after its accretion. Superhydrophobic coatings with a
small value of contact angle hysteresis showed a remarkable reduction of ice adhesion strength
[38] and was developed and reported by the CIGELE research group using different techniques
[21, 22, 39-42]. The delayed water freezing on superhydrophobic surfaces is also believed to
reduce ice accumulation [39, 43]. To prepare the superhydrophobic coatings, however, there is a
common two-step process: surface roughening followed by applying a low surface energy
material. The rough structures created on the coating can be damaged and removed during
icing/de-icing tests [23, 24, 38-40, 44, 45]. The coating durability is an important feature in the
lifetime of a coating under extreme environmental conditions. Several studies reported on the
fabrication of hydrophobic coatings via different methods, however, few investigated the
durability of such coatings under simulated environmental conditions, e.g. ice-accumulation, UV
degradation and rainwater. Therefore, in this research work, the prepared coatings are immersed
in distilled and tap water as well for several hours in order to evaluate the durability of such
coatings. The UV-degradation is, in fact, a critical aging process when coatings are exposed to
atmospheric weathering conditions. Rainwater, with an average pH of 4-6, is another
environmental parameter which needs to be simulated in outdoor conditions. Meanwhile, to
compare the effect of acidic, basic and natural solutions, the prepared coatings were immersed in
various pH solutions. Reduced ice accumulation on any metallic surfaces is always accompanied
by corrosion which is a serious issue when it comes to outdoor use. Corrosion is defined by the
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breaking down of fundamental properties in a material due to chemical reactions with its
surroundings. Typically, environmental parameters such as moisture and electrolytes are capable
of penetrating through coatings to form an electrochemical galvanic cell with the anodic versus
cathodic sites, resulting in the corrosion of the Al alloy [46]. Corrosion may be observed to
concentrate locally in the form of pits or cracks on the surfaces. Different types of corrosion,
more or less visible to the naked eye, can occur on Al, e.g. galvanic corrosion, uniform corrosion,
pitting corrosion, trans-granular and inter-granular corrosion, exfoliation corrosion, filiform
corrosion and so forth each having its own characteristics and conditions [46, 47]. The use of
hexavalent chromium for surface treatment of metals has a long history. Both for environmental
reasons and worker safety concerns, however, the replacement of such coatings became a major
priority and research activities increased to develop alternative non-toxic treatment processes. In
addition to using cerium salts and zirconates, self-assembled monolayers often made from
amphiphilic hydrocarbon molecules, can be used to protect Al surfaces against corrosion [26, 48].
However, the complex surface chemistry of a metal is certain to have significant effects on the
coating process and properties of such resulting thin films [49]. Three categories of molecules
are commonly used for self-assembled monolayers; these include fatty acids with carboxylic end
groups forming electrostatic interactions with metal substrates, alkylthiols that link to the steel
substrate through iron-sulfur bonding, and alkylsilanes that react with the metal oxide from the
metal and metal alloy substrates [49]. For alkylsilanes, the metal alloy surface becomes much
more hydrophobic due to film formation, while the corrosion resistance of the substrate was
found to increase. The surface properties of metals are often affected by surface cleaning and the
treatment protocols applied. Siloxane-anchored SAMs began attracting interest as surface
modifiers since early 1980s [50]. Organofunctional silanes are hybrid organic-inorganic
compounds which can be used as coupling agents across the organic-inorganic interface [48].
Bis-silanes can be used as an efficient corrosion inhibitor because of the presence of a long alkyl
chain and cross-linking agents in their molecular structure [51, 52]. Alkanoic acid molecules
such as stearic acid can be formed as a well-ordered self-assembled layer on different metallic
substrates. As it was mentioned earlier, to date, the most successful coating used on Al is based
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on hexavalent chromium [53] which provides ideal alloy protection against pitting and filiform
corrosion [54]. Such processes were also observed in vanadate- and/or cerium-oxide- based
conversion coatings [55]. One alternative approach is to fabricate coatings by oxidizing Al with
the permanganate anion, followed by Mn (IV) deposition [55]. The corrosion characteristics of
the permanganate-based coatings are identical with those of the chromate-based system with the
exception for alloys containing high levels of Cu or Zn, as in the aircraft alloys of AA2024 and
AAT7075.

Consequently, in this project, organic anticorrosive coatings on AA2024 surfaces have
been prepared, with due attention to the literature. Furthermore, the combination of corrosion

protection with ice repellent properties has been developed.

1.3 Originality of the Present Study

As chapter Il describes in more detail, the studies cited in the previous section were
focused on the fabrication of hydro- and/or superhydrophobic coatings in order to reduce
adhesion of ice or on fabrication of anti-corrosive coatings to reduce the corrosion rate of a
substrate. Much research has been conducted so far on characteristics, properties and
performance of anti-icing coatings. The originality of this research is that it is focused for the
first time on the preparation and study of icephobic coatings with anti-corrosive properties by a
simple and easy-to-use method as well as reasonable stability. This combination on a metallic
substrate such as Al has not yet been reported and/or systematically studied. In other words, the
purpose of this research work is the preparation of icephobic coatings with anti-corrosive
properties by using an approach other than those reported in the literature. Meanwhile,
anticorrosive performances of various coatings, more specifically those which are
environmentally friendly alternatives to the currently in-use toxic chromate-based coatings, are
considered. Since the majority of anti-corrosive coatings are not hydrophobic, but rather
hydrophilic, our selection is seriously narrowed, if icephobicity is considered too. Therefore,
another layer(s) is inevitably required to obtain hydrophobic and icephobic properties. On the
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other hand, many hydrophobic coatings on metallic or non-metallic substrates have been
introduced in the past decades. However, their anticorrosive performances are neither sufficient
nor well studied. For instance, alkylsilanes were previously proposed as potentially icephobic
coatings; however, several issues associated with such coatings remain unclear. Therefore, it

seems that improving anticorrosive performance with icephobicity is a real challenge.

A combination of both low surface energy and good anticorrosive performance on an
AA2024 metallic substrate was expected to be achieved by preparing double layer coating
systems, where each layer plays its own role. This approach, introduced for the first time, has
never been applied on any substrates so far, neither in CIGELE, nor other research groups. There
is, indeed, no literature available in this field. In addition, the fabrication of such coating systems
by the self-assembly method as well as their hydro- and icephobic properties and performance
under various outdoor conditions such as UV degradation, immersion in various pH solutions
etc., have not been studied so far. Such coatings would be a very interesting alternative system
for replacing the well-studied and toxic Cr-coatings, as they are considered as environmentally
friendly alternatives (detailed in the following chapters). The SAMs approach is advantageous for
industrial large-scale production. The experimental results obtained will help to understand and
develop large-scale production of organic icephobic coatings with anticorrosive properties for
industrial applications, e.g. the aerospace industry, offshore oil companies, etc., in order to
replace toxic chromate-coating with a cheap, simple-to-prepare and easy-to-apply technique.
Since AAs with a wide range of properties are used in many and varied sectors of the economy
or engineering structures, there are many other industries that are interested in new and

affordable coatings with improved anticorrosive performance.

1.4 Objectives and Aims of the Thesis

The present research aims to introduce, develop and systematically study new
environmentally friendly double layer coating systems (with special emphasis on flat AA2024

surfaces) that possess anticorrosive and icephobic properties together in lab-scale conditions. In
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other words, the work in this thesis investigates the feasibility of combining low surface energy
and anticorrosive performance in double layer coating systems via SAMs deposition, where each
layer plays its own role. The goals of this research work are achieved by the following sub-

objectives:

1. Studying several coatings as candidates for the top layer by applying a number of low
surface energy materials, e.g., alkylsilane-based layers (CHs- terminated group) on
AA2024 surfaces by simple immersion in their corresponding solutions (known as the
wet-chemistry technique), with different pre-/post-treatment.

2. Selecting the most efficient alkylsilane-based coating as the top layer in order to deposit
later on an under layer.

3. Systematically investigating, morphologically and compositionally, the organosilane-
based coating as a candidate for the under layer which provides reasonable density and
thus improved anti-corrosive performance.

4. Studying the ice adhesion performance on such coating systems when subjected to a
number of icing/de-