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Resumo

A produgdo de residuos poluentes ou nocivos, assim como o consumo exagerado
de plasticos, sao nos dias de hoje grandes problemas que em muito comprometem a
sustentabilidade ambiental. A este respeito, materiais com funcionalidades especiais que
possam durar mais tempo sao as grandes exigéncias da industria atual. Em particular, o
controlo da molhabilidade da superficie dos materiais, bem como o seu comportamento
tribologico, tém recebido grande atengao devido as suas potenciais aplicagoes em sistemas
auto-lubrificantes, resistentes a corrosao, em sistemas auto-limpantes, anti-embaciamento
ou anti-incrustantes. Nesse sentido, a abordagem usada para controlar a molhabilidade da
superficie dos materiais a um determinado liquido geralmente depende da alteragao da
sua rugosidade e/ou quimica superficial usando métodos de texturizagao/estruturagao de
superficie, que podem ser usados isoladamente, ou combinados com a deposicao de
revestimentos.

Neste trabalho, a alteragao da rugosidade da superficie foi induzida em substratos
de uma liga de aluminio (Al6016-T4) através do processo de anodizagao, e posteriormente
as superficies texturadas/estruturadas foram quimicamente modificadas através da
deposicao de revestimentos de base WS,-C dopados com fluor (F), por pulverizagao
catddica reativa (Ar/CF,).

A anodizacao de Al realizada em configuragao a um passo levou a formagao de
uma superficie em forma de concavidades com um didmetro pequeno (SD) de cerca de
31 nm (quando se usa H,SO, como eletrdlito), e com um diametro maior (LD) de cerca
de 223 nm (quando se usa H;PO4como eletrdlito). A superficie LD foi a que demonstrou
ter maior hidrofobicidade. A anodizagao a dois passos permitiu obter camadas de 6xido
de Al poroso mais espesso, com diferentes diametros de poro (~30 e ~250 nm), contudo
todas apresentaram um comportamento de superficie superhidrofilico e superoleofilico.
Os revestimentos WS-CF para promover a modificagio quimica das superficies
anodizadas foram primeiramente desenvolvidos e caracterizados em substratos de ago
polido. Observou-se que, até um determinado fluxo de CF,, o F foi incorporado nos
revestimentos (maximo de 9,5 at. %) e contribuiu tanto para o aumento da dureza como
para o aumento da energia de superficie (SFE) e hidrofilicidade dos revestimentos. A
reducao do coeficiente de atrito encontrada (coeficiente de atrito de 0,016 quando
testado a 200 °C sem lubrificagao) foi atribuida ao aumento da distincia interplanar

provocada pela inser¢ao de F na estrutura do WS,.



Posteriormente, a espessura dos revestimentos WS-CF foi ajustada de modo a
que quando depositados sobre as superficies anodizadas com forma de concavidades
pudessem replicar a sua rugosidade. E assim, revestimentos com cerca de 200 nm foram
também previamente caracterizados sobre substratos de ago, e confirmaram em grande
parte o desempenho que ja tinha sido verificado para os respetivos filmes espessos. No
entanto, a analise estrutural mostrou os planos basais como sendo a orientagao
preferencial, facto este devido as caracteristicas de crescimento inicial tipico deste tipo
de filmes; e os revestimentos dopados com F mostraram um ligeiro aumento do angulo
de contacto relativamente ao 6leo, facto este nao observado nos revestimentos espessos.

No final, as estruturas hibridas (designadas como LD+WS2 e LD+WS-CF5)
obtidas pela deposicao dos revestimentos finos (200 nm) WS-CF sobre as superficies de
Al anodizadas em forma de concavidade (de tamanho maior) foram avaliadas em termos
do comportamento de atrito e de grau de molhabilidade. Os testes tribologicos realizados
a temperatura ambiente sem lubrificagao indicaram que as superficies rugosas revestidas
apresentaram valores de coeficiente de atrito mais baixos; enquanto, nos ensaios
realizados em condig¢oes lubrificadas com PAO-8, os valores foram mais elevados que nas
superficies anodizadas nao revestidas. Estas diferengas estao relacionadas com a
rugosidade e com as propriedades mecanicas das superficies em contacto, bem como com
a sua energia de superficie na fase inicial do contacto. Relativamente ao comportamento
de molhabilidade das superficies hibridas, verificou-se que, em geral, tanto a quimica como
a rugosidade do revestimento contribuiram para esse comportamento. Sendo assim, o
comportamento hidrofébico/oleofilico da superficie LD+WS2 pode ser util para sistemas
auto-limpantes ou processos de separagao agua-oleo, enquanto, o comportamento
hidrofilico/oleofilico (LD+WS-CF5) pode ter um papel importante em processos de

impressao ou aplicagoes em microfluidica.

PALAVRAS-CHAVE: ligas de aluminio, molhabilidade da superficie, processo de

anodizagao, revestimentos WS,, dopagem com fluor, pulverizagao catodica, tribologia.



Abstract

Nowadays, the production of pollutant or harmful residues and plastic
consumption are big issues compromising environmental sustainability. In this regard,
materials with special functionality that can withstand longer lifetimes are more demanding
over the current industrial entities. Namely, the surface wettability control of materials as
well as their friction performance has received special research attention due to their
potential applications on self-lubricating, corrosion resistance, and self-cleaning, anti-
fogging or anti-fouling purposes. According to this, the approach used to control the
wettability of materials’ surface to a particular liquid usually relies on the surface roughness
and chemistry modification by surface texturing/structuring methods, which can be used
isolated or further combined with the deposition of coatings.

In this study, the surface roughness modification was induced on aluminum alloy
(Al6016-T4) substrates through anodization and those textured/structured surfaces were
thereafter chemically changed by deposition with F-alloyed WS,-C based coatings by
reactive (Ar/CF,;) magnetron sputtering method.

The Al anodization carried out in one-step configuration led to dimple-shaped
surfaces with a small diameter (SD) of around 31 nm (when using H,SO, electrolyte), and
with larger diameters (LD) of around 223 nm (when using H;PO, electrolyte). LD surface
made it possible to reach the more hydrophobic surface. Despite this, the two-step
anodization allowed thicker porous Al oxide layers to be achieved, with different pore
sizes (~30 nm or ~250 nm), but all showing a superhydrophilic and superoleophilic surface
behaviour. WS-CF coatings to promote the chemical modification of the bottom anodized
surfaces were firstly developed and characterized on polished steel substrates. It was
possible to observe that, until a certain CF,flow rate, F was incorporated in the coatings
(maximum of 9.5 at. %) and contributed to the increase of their hardness as well as their
surface energy (SFE) and hydrophilicity. The encountered friction decrease at room
temperature (friction coefficient of 0.016 when tested at 200 °C without lubrication) was
attributed to the higher interplanar distance due to F insertion in the WS, structure.

Thereafter, the thicknesses of WS-CF coatings were adjusted in order to be
deposited over the dimple-shaped anodized surfaces and replicate their bottom
roughness. Coatings of around 200 nm were also previously characterized over steel
substrates, and fairly confirmed the performance reached for the respective thick coatings.

However, the structural analysis showed the basal planes as preferential orientation due

v



to initial growth features typical for these based-coatings; and the F-doped coatings
showed a slight oil contact angle increase, which was not observed for thick coatings.

In the end, hybrid structures (named as LD+WS2 and LD+WS-CF5) created by
depositing thin (200 nm) WS-CF coatings over dimple-shaped anodized Al surfaces were
evaluated in terms of friction performance and wettability behaviour. Tribological tests
performed at room conditions without lubrication indicated that coated roughened
surfaces had lower friction values, while for tests conducted in lubricated conditions with
PAO-8 oil, the coated anodized surfaces had higher friction values than the non-coated
ones. This feature was related with the roughness and mechanical properties of the
contacting surfaces, being the surface free energy also important in the initial contact. In
regard to the wettability behaviour of the hybrid surfaces, it was verified overall, that both
the coating chemistry and surface roughness have effect on it. And further, the
hydrophobic/oleophilic behaviour of LD+WS2 surface can have also potential for self-
cleaning or oil-water separation purposes, whereas the hydrophilic/oleophilic behaviour

of LD+WS-CF5 surface can have potential role on printing or microfluidic applications.

KEYWORDS: aluminum alloys, surface wettability, anodization process, WS, coatings,

fluorine doping, magnetron sputtering, tribology.
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Development of hybrid surface treatments for controlling wettability and improving tribological performance

INTRODUCTION

The current technological and industrial development is more and more
demanding for materials with outstanding properties that can yield better performance,
sometimes with multifunctional abilities. In this sense, materials and surface engineering
work together to achieve the best solutions for high performance components, focusing
on cost-effective and eco-friendly production processes without losing the end product
durability and functionality.

Tailoring the materials or their surface properties (e.g. electrical, mechanical,
chemical, tribological, wetting, optical, etc) is the issue for any application. Particularly, the
control of surface wettability, from superhydrophilic to superhydrophobic surfaces
potentiates: |) self-cleaning properties for windshields of automobiles, optical devices,
medical devices (sterility by detaching the bacteria from the instrument surface), window
glasses and solar panels; 2) anti-icing properties (e. g. protection of aerofoils, power
transmission lines, pipes of air conditioners and refrigerators, radar or telecommunication
antennas); 3) anti-corrosion; 4) hydrodynamic drag reduction; 5) anti-fogging and
paintings; 6) liquid-repellent textiles; 7) anti-fouling and oil-water separation purposes for
maritime and oil industries.

Particularly, the mechanical components’ assemblage in the automobile industry
requires constant devices’ lubrication. The lubricant must be applied efficiently in order
to avoid not only breakdown production on the assembly line due to maintenance and
cleaning operations, but also to avoid the lubricant waste since it is hazardous to the
environment and human health. So, the development of lubricative tools with self-cleaning
characteristics addressing the homogeneous lubricant distribution would be welcome.
Although, the surface must keep suitable mechanical resistance in order to reduce friction,
and thus, the resultant wear due to the repetitive lubrication actions. Another important
field is the production of grids/meshes or membranes for oil-water separation in the
maritime industry when oil spills happen, or for water desalination or ionic separation in
biological processes. These are applications where special surface wettability has to be
tuned.

The surface wettability of metals generally encompasses the previous surface
texturing/structuring (roughening) created by laser technology or anodization processes.
Subsequently, these surfaces can be modified with polymeric low-energy coating

application, which are commonly dotted with fluoralkilsilane radicals. Although, those
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coatings often involve complex chemical reactions on their production and does not

encourage its use when the application requires high mechanical solicitation.

Work Motivation

The use of metallic components has a huge impact in the world economy,
particularly in the automotive and oil industries. For example, a big amount of mechanical
components have to be previously lubricated daily before the final assemblage. In spite of
the metallic lubricative tools with different shapes and in constant sliding movement,
alternative solutions are needed to tune the surface wettability and friction in order to
reduce or avoid the permanent grease lubrication. Another issue is the development of
metallic meshes for oil-water separation processes as mentioned before. Thus, there is an
urgent need to control water or oil surface repellence that can lead to reduced use of
environmentally harmful lubricants. Simultaneously, it is desired to improve the
mechanical performance of the metallic surfaces, decreasing the friction and the wear
when in sliding contact.

The current surface modification methods mostly used to modify the surface
properties of metals are the deposition of CVD or PVD coatings, laser texturing and
anodization. The purpose of this study was to combine two methods addressing surfaces
with different water or oil wettability, ensuring good mechanical and tribological

performance.

Main Objectives

The overall aim of the present study is to combine different processing methods
to modify Al alloy surfaces in order to get different wettability behaviour in regard to
water and/or oils (hydro-oleo/philic-phobic character), which can be used in different
applications. The methodology followed the existing expertise in the two host Institutions
involved, the Universities of Minho and Coimbra. In the first, a surface treatment
consisting on structuring/texturing by the anodization method was developed whereas, in
the latter, the deposition of thin solid coatings/films produced by reactive magnetron
sputtering technique allowed for the optimization of the intrinsic surface properties of an

Al alloy surface (Al6016-T4). The partial objectives of the investigation were, therefore:
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I- To understand the effect of the anodization parameters, such as the electrolyte
and its concentration, the potential, the temperature and running time, on the
pore size, geometry and its distribution over the anodic layer;

2- To correlate the achieved morphology/topography with the Al alloy surface
wettability, namely on the hydro-oleo/philic-phobic behaviour;

3- To deposit WS,-C based coatings with fluorine incorporation, in order to
control the hydro-oleo/phobic-phillic characteristics, without compromising
the mechanical resistance and self-lubricant properties of WS,-C;

4- To understand the fluorine doping effect on the chemical composition,
morphology, structure and tribological performance of the WS,-C based
coatings as a function of the sputtering deposition conditions;

5- To gather the best results achieved in both the physico-chemical surface
treatments under anodization and the optimized fluorine-doped WS,-C based
coatings and combine them to optimize the final performance regarding the
hydro-oleo/phobic-phillic surface behaviours and the tribological performance

(hybrid system);

Thesis Outline

Apart from this introduction, this thesis is mainly based on a compilation of four
scientific papers, three of them published in relevant journals of this research area and
another that has only been submitted. Before their presentation, a state of the art in
regard to: a) the surface wettability control and physico-chemical structured surfaces
found in Nature and applications of hydro/oleo — phobic/phillic surface properties; b) the
most used techniques to mimic/develop the structures presented in Nature, particularly,
the anodization process as a micro/nano structuring method to control the surface
roughness in Al-alloys and c) the low energy coatings deposited by magnetron sputtering
technique with particular emphasis on the transition metal dichalcogenides materials and
on the fluorine doping, is addressed in Chapter I. Chapter 2 also describes the parameters
controlled on the processing methods, anodization and magnetron sputtering, as well as
the characterization techniques used for the surface and coatings’ analysis. Chapter 3
presents the results on the anodization of the Al alloy surfaces. The development of the
fluorine-doped WS,-C by reactive magnetron sputtering is focused in Chapter 4, as well

as their thickness optimization. The combination of the dimple-shaped anodized Al
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surfaces with thin WS-CF films created hybrid-like structures which were evaluated in
terms of wettability behaviour as well as in terms of tribological performance in dry and
lubricated conditions, is depicted in Chapter 5. And the main conclusions of the whole
work, and some future perspectives are presented in Chapter 6, before the Appendix

section.
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CHAPTER |

State of the Art

In this part of the thesis it is described an overview about the processing methods to
reach different surface wettability behaviours in regard to water and oil. Furthermore, a
summary about the Al anodization process to create different topographies in regard to
surface wettability was followed. And in the end, there is the state of the art in relation
to magnetron sputtered coatings deposited for increasing mechanical resistance and
manage the surface wettability, with emphasis on the fluorine-doping of TMD-based
materials.



Development of hybrid surface treatments for controlling wettability and improving tribological performance

Simone Rodrigues Chapter | | 6



Development of hybrid surface treatments for controlling wettability and improving tribological performance

|1 Wettability

Wettability is a surface property that characterizes the degree of a liquid interaction
with a solid surface. And, the level of liquid adhesion (affinity) to the surface is dependent

on the surface roughness/topography and chemical composition [1-3].

Wettability in natural systems

The engineered methodologies used to modify the roughness and chemistry of
surfaces, in order to control wettability, usually get inspiration from textures, structures
and morphologies of particular plants and animals found in Nature [4-7]. For example,
superhydrophobicity is found in the surface of the well-known Lotus leaves (Nelumbo
nucifera specie) [8], which present water contact angles above 150° ultra-low adhesion
and remarkable self-cleaning properties; then, for achieving this behaviour, their unique
dual micro-nano scale structure will be required in order to allow the rainfall to remove
dust and particles easily, as shown in Figure |.| (a). Regarding superoleophobicity, the

sharks’ skin is superhydrophilic presenting an underwater oleophobic character (Figure

1.1 (b)).

Clean shark skin
(Mako, Isurus oxyrinchus)

Figure 1.1 Structures of natural systems: (a) superhydrophobicity of Lotus Leaf [6]; (b)
superoleophobicity in shark’s skin [14]; (c) in spherical bronchosomes on Leafhoppers [9], (d)
and on (d) springtails [I1].

Leafhoppers are also reported as natural systems presenting superoleophobic
properties (Figure I.l (c)) [9]. These insects have structured spherical particles covered
with a hollow core (200-700 nm in diameter) in a honeycomb shape which presented re-
entrant curvatures containing polar proteins on their composition responsible for the
superoleophobicity. Despite the superoleophobicity, those structures are also able to

repel water. Springtails (Collembola specie) have also been studied due their micro-nano
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structures on the cuticle that showed superoleophobic and superhydrophobic behaviour
(Figure 1.1 (d)) [10-13]. Their cuticle has a binary structure composed of three different
layers, one inner layer made of a lamellar chitin skeleton with numerous pore channels,
an epicuticular layer made of structural proteins such glycine, tyrosine and serine and, the
topmost envelope, composed of lipids such as hydrocarbon acids and esters, steroids and

terpenes.

Liquid interaction with solid surfaces

A simple qualitative method used to define the relative surface wettability relies on
contact angle (CA) measurements. These measurements depend on the liquid surface
tension, solid surface energy and their interaction. Figure 1.2 (a)-(c) schematically
represents the three proposed wettability models that explain the liquid interaction with
a solid substrate. According to the Young’s wettability model [14], when a solid surface is
perfectly smooth and chemically homogeneous, the measured contact angle (CA) (0) of a
liquid on a surface depends on the solid-vapour, solid-liquid and liquid-vapour surface
tensions (see Figure |.3), respectively represented as ysv, ysL and yLv in the equation

below, known as Young’s equation:

cos @ = Ysv=Ysi) (Equation 1.1)
YLV
Cassie-Baxter
Wenzel
Young

T = ! = ¢

Solid suface Solid suface
Flat surface Microstructure Hierarchical structure

(@) (b) (9

Figure 1.2 Schematic diagrams of the different wetting models: (a) Young's model; (b) Wenzel
model and (c) Cassie-Baxter model. (Adapted from [15])

Liquid

TeL Yo

TR

Solid Surface

Figure 1.3 Representation of the physical interaction of a liquid droplet with a solid surface
according to the Young model.
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Thus, if the contact angle is below 90°, the solid surface is referred to as
hydrophilic surface and if it is higher than 90° the surface becomes hydrophobic. In terms
of surface energy, in a hydrophilic domain, the forces associated with the interaction of
water with the surface (adhesive forces) are greater than the cohesive forces associated
with the bulk liquid water. In a hydrophobic state, the cohesive forces between water
molecules are larger than the adhesive forces to the surface. In the hydrophilic domain,
when the CA is lower than 30°, the forces of interaction between water and the surface
nearly equal the cohesive forces of bulk water and water does not cleanly drain from the
surface. In the same way, when the CA is below 10°, the water spreads over the surface
and the surface is often designed as superhydrophilic. For a hydrophobic behaviour, the
water forms droplets on the surface and, if the contact angle is higher than 150° the
surface is termed as superhydrophobic. Regarding to superhydrophobic surfaces, the
water adhesion level on the surface is often determined by dynamic contact angle
measurements. In this methodology, a water droplet is made to roll down over a tilted
surface and the angle formed at the front end of droplet motion is known as advancing
angle and its back angle is known as the receding angle [16]. The difference between these
two angles gives the contact angle hysteresis (CAH) value under the sliding angle.

When a surface is rough and chemically heterogeneous, the contact angle
measurement is more complex. According to this, there are two models which explain
the contact angle measurements, the Wenzel model [17, 18] and the Cassie-Baxter model
[19], represented as (b) and (c), respectively, in Figure 1.2 above. In the Wenzel state, the
water droplet can fill the rough surface structure and, as the roughness of a hydrophobic
surface is increased turns it hydrophobic and the roughness increase on an hydrophilic
surface still turns it with a hydrophilic character. So, the contact angle (6,,) appears

changed according to the equation:

cosB,, = rcos0, (Equation 1.2)

where 6,, is the Wenzel contact angle, © is the apparent contact angle when considering
an ideal smooth surface and 7 is the surface roughness factor. The roughness factor (1) is
dimensionless and is defined as the ratio of the real/actual solid surface area to the
apparent projected area of a rough surface [20]. Above a certain roughness factor, the
Wenzel state transits to the Cassie-Baxter model. Indeed, when dealing with dual scale

(micro-nano) surface structure, the thermodynamically stable Wenzel model is not
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satisfactory. The Cassie-Baxter, as metastable model, proposed that the liquid droplet sits
on the top asperities. Due to that dual scale surface structure the air is supposed to be
trapped in the rough structure underneath the liquid. As a result, the liquid and solid
interface area is minimized and the water and air interface is maximized which gives a high

water contact angle.

Surface free energy (SFE)

For complete understanding of both the physical interaction and adhesion
properties of liquids with surfaces, contact angle measurements are thus important values
for the determination of their surface free energy. It is commonly defined as the excess
of energy at the surface of a material free to interact with the exterior, comparatively to
the bulk surface. And, it is a result of intermolecular interactions at the interface which
include non-polar (e.g van der Waals forces, London dispersive forces, Debye inductive
forces) and polar contributions (e.g hydrogen bonding, dipole-dipole interactions). Then,
taking into account the thermodynamic balance at the three phase contact of solid-liquid-
vapour, Young described it in Equation |.| above, considering an ideal smooth surface.
The SFE of a solid surface is described by using the contact angle (8), the liquid surface
tension (YLy) and the interfacial tension between solid-liquid (ys,). © and yy can be easily
obtained but yg;, cannot be measured directly which makes the SFE determination tricky.
In order to solve the equation, many methods were developed to determine the SFE,
having on their basis the equation of the work of adhesion from the thermodynamic
equilibrium between interfaces (Wsy, = v, + Yy, — ¥5.) and the Young equation. Then,

all SFE formulations have on their basis the known Young-Dupré equation achieved for

the work of adhesion [21-23]:
Wst, = v,y (1 + cosB). (Equation 1.3)

All methods use different assumptions in relation to the relationship of the interfacial
phase interactions and on the way of calculation [23].

The SFE calculation by the Van Oss-Chaudhury-Good method [24] considers the
Ygy divided into two components. One includes long-range interactions (called Lifshitz-
van der Waals component - y*W), and other includes the acid-base interactions, defined
as Lewis interactions (yAB) and based on electron-donor (*) and electron-acceptor ()

interactions or other polar interactions. And, they got the following relationship:
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_ 05 _ 0.5 .
WA + (7)) + (e 7h,) =05y, (1 + cos6). (Equation 1.4)

This equation arrives at a system with three independent linear equations for calculation
of three unknown surface tension entities (7%/, y;V and y,). That determination is
achieved by measuring the contact angles formed with the solid surface using at least three
different liquids with known properties (one polar and two non-polar). Notice that some
values of the coefficients appearing in the equation system are tabled for several liquids
[25]. This method has been widely used to determine the SFE of polymeric materials,
enabling to give good information about the surface properties and better understanding
on the interfacial acid-base interactions. However, it commonly brings many controversies
due to its sensitivity to very small variations in the CA values or in the liquid properties,
which can distort the solution or lead to inconsistences and wrong interpretation, being
this method sometimes not appropriate for unequivocally analysis.

Furthermore, there are other approaches for determination of the SFE of a solid
surface through CA measurements when using only two testing liquids. OWRK, Wu and
Owens-Wendt are three methods that take similar assumptions using the Fowkes
principle [26-28], differing among them only in the way of calculation of SFE of a solid
surface [23, 29, 30]. The Fowkes formulation considers that the SFE of a solid (and the
liquid surface tension) is a sum of independent components associated with the specific
polar (P) and non-polar (D) interactions. But later on, Owens and Wendt developed a
new definition about the polar component firstly defined by Fowkes and combining with

the Young equation it reached to the known OWRK equation written as:

VB [Fohy =057, (1 + coso), (Equation 1.5

where there are two unknowns, 7€V and ;/S)V, that can be easily obtained with the known
non-polar and polar components of two testing liquids (e.g water, glycerol or formamide
as polar ones and diiodomethane or a-bromonaphthalene as non-polar ones). This is the
most frequently used model in the literature for SFE calculation, once it is mentioned as
a suitable method for broad range of different materials. Despite that, a less accurate but
more appropriate for surfaces with low surface energy, the Wu method also accepted the
Owens-Wendt definition for the polar component of SFE, but instead of using a geometric
mean, his method used the harmonic one, which combined with the Young equation led

to the following relationship:
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v v Yoviiv | _ nw(1+cos8) .
Bop + rare sl YRR (Equation 1.6)

Besides all this, Zisman method determines the called critical SFE without taking
into account the polar and non-polar components of the solid surface. It though considers
the critical SFE as the liquid surface tension being in contact with the solid for which the
contact angle is zero. In practice, it relies on the plotting of the cosine of contact angle (y
axis) in function of the liquid surface tension (x axis), and the critical SFE corresponds to
the x value where the line equation crosses y axis in cos(6) = |. For better accuracy,
more than two testing liquids are required, although this method is cited as not being
commonly applied, giving incorrect or negative values, mainly because of insufficient

theoretical justification and time-consuming investigation procedures.

|.2 Surface wettability control: processes

Metallic surfaces (e.g. steels, Al alloys, Ti) are intensively used in tooling,
oil/maritime, automotive, aerospace and biomedical industries, reason why their surface
treatment has attracted intense research to avoid waxes, oils, foulants, bacteria or other
organic adhesion or corrosion effects. So, industrial community is often widely seeking for
surface functionalities such as self-cleaning, anti-fouling, anti-fogging, anti-icing, self-
lubricating, etc. The production of these multifunctional materials usually embraces the
development of textures and/or coatings, which can address omniphobic (hydrophobic
and oleophobic), hydrophobic/oleophilic or hydrophilic/oleophobic and hydrophilic-
oleophilic behaviours [31, 32]. Therefore, either the creation of textured surfaces with
controlled roughness at micro and/or nano scales or/and the deposition of coatings with
intrinsic surface wettability characteristics suitable for water or oil contact have been
studied [33-36]. It is also important that the processing methods ensure the surface
robustness, which means that the surface must withstand high pressures contributing for
a long term wetting and mechanical stability. In the next subsections, an overview on the
reported studies about the manufacturing processes used for different surface wettability

behaviours will be presented.

|.2.1 Hydrophobic and oleophobic (omniphobic) surfaces

A broad research on hydrophobic and/or oleophobic treatments encompasses the

production of polymeric-based coatings which could be applicable on diverse substrates
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(mostly glass or silicon), for self-cleaning, anti-icing, or anti-fouling for medical and
transport applications. Oleophobic character is also necessary for anti-smudge
applications for example on mobiles and touchscreens where it is desired to avoid the
fingerprints. Some of these coatings were composed by cellulosic fibres, deposited by
electrospinning, which could be later incorporated with SiO, or TiO, nanoparticles (NPs),
which in turn were modified by fluoroalkylsilane (FAS) coatings [37-39]. This multistep
approach allowed to produce a flexible coating. Sol-gel technique was also used to
produce omniphobic organic-inorganic hybrid coating materials through complex chemical
reactions with fluorine-based polymers, e.g. bifunctionalizing SiO, micro and nanospheres
when polymerizing fluorine content polymers [40]. Electrospinning technique was used to
deposit rice-shaped TiO, nano/mesostructures well-adhered on glass substrates and a
post-processing salinization procedure promoted the omniphobicity of the surface [41].
However, these deposition methods were rarely applied on bulk metallic substrates.
Moreover, the effectiveness and performance of these coatings under a tribological assay
was understandably not demonstrated and they have poor mechanical durability.

Dip-coating processes have been applied to fabrics to produce oleophobic surfaces
[42, 43]. Normally, the surfaces are coated with polymeric materials containing fluorine
radicals which with posterior thermal annealing allow to tune the solid surface energy of
the coated surface. The re-entrant textures of the initial fabrics were also revealed to be
important to the switchable oleophobicity. Silicon substrates with silane treatments are
also reported as showing superoleophobicity behaviour. Conducting polymers have also
been electrodeposited with monomers having two fluorine radicals in order to achieve
superoleophobicity [44]. A spray casting process was applied to a nanoparticle-polymer
suspension in which the ZnO nanoparticles were functionalized with perfluoracrylic
polymer emulsion and superoleophobic coatings were applied to different substrates
without additional surface treatment.

Regarding metallic substrates, combination of chemical treatments consisting of
anodization and fluorination was applied to aluminum plate substrates to create micro-
and nano-scale structures [45]. Omniphobic behaviour was achieved if specific
morphological features were produced. The good adhesion and suitable hardness of the
modified layer proved the good mechanical endurance of the surface.

Laser technology was also widely used for texturing or structuring of metallic

surfaces, not only for wettability control but also for enhancing the tribological behaviour.
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By creating dimples or grooves, lubricant reservoirs are produced, helping to keep friction
at low values for longer times [46-48]. Femtosecond or nanosecond laser technology has
been applied on silicon and brass substrates [49]; platinum and titanium [50]; stainless
steel [51, 52] and aluminum [53]; where micro-nanostructures were successfully created
allowing to achieve a superhydrophobic behaviour. A different approach, using laser
texturing added to FAS modification, was applied to CoCrMo alloys to increase their
hydrophobicity and improve the biotribological performance [54].

Superoleophobic behaviour of titanium surfaces were also created using a
combination of anodization with laser technology [55]. The laser technology promoted
the micro-texturing on the Ti surfaces while the anodization rendered a TiO, nanotube
array formation. After this first step, the hydrophobic surface was post-processed under
UV radiation and thermal annealing allowing a switchable oil wettability. Two-step
anodization of Ti foils also allowed to fabricate omniphobic surfaces, by controlling the
morphology of the TiO, nanotube surface [56]. Anodized Al alloy surfaces were modified

with lauric acid to reach a superhydrophobic surface [57].

|.2.2 Hydrophilic-oleophobic vs. hydrophobic-oleophilic surfaces

The surface tension of oils and organic compounds is much lower than that of
water and so, this is the reason why oil contact angles (OCA) are always lower than the
water ones (WCA) for the same solid surface [58]. So, the creation of a superoleophobic
surface relies on the creation of a solid surface with a surface energy lower than that of
the oil surface tension [59]. Therefore, hydrophilic-oleophobic surfaces should not be
expected. However, a few recent studies already showed surprising results of this
hydrophilic-oleophobic peculiar dual behaviour, in the preparation of membranes for oil-
water separation at oil and maritime industries [60]. Indeed, it was verified an
improvement of the separation efficiency of those membranes (once oleophilic separators
or absorbent materials can quickly become fouled by oil needing cleaning or replacement).
Under this application, polymeric substrates were coated with a monolayer of cationic
amphiphilic fluoropolymers and, significantly higher hexadecane contact angle than WCA
was found [61]. In another study, a nanometer-thick perfluorinated amphiphilic polymer
with a polyethylene glycol (PEG) headgroup was covalently bonded to an isocyanate-
modified silica surface and, again, the hexadecane CA was significantly higher than the

water contact angle (WCA) [62]. Both these studies proposed that the amphiphilic
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polymer molecule takes a conformation obliging that the perfluorinated segments stay on
the very top of the monolayer surface repelling hexadecane, which results in a higher CA.
They also speculated that water molecules, attracted to the subsurface with high surface
tension, penetrate the perfluorinated layer, resulting in a lower WCA. Other authors
developed a nanometer-thick amphiphilic perfluorpolyether polymer with two different
endgroups (polar hydroxyl and nonpolar CF; endgroups) that was dip-coated on Si wafers,
being more wettable to water than to oil, although it demonstrated that the hexadecane
CA significantly decreases (from 54° to 20°) after 3 days [63].

The hydrophilic-oleophobic behaviour already developed for oil-water membrane
preparation normally englobes a metallic mesh as a substrate that, in turn, can be coated
with for example, zeolite films [64] or nanoparticle suspensions, containing fluorinated
groups in their surface [65]. Switchable superhydrophobicity-superhydrophilicity and
underwater superoleophobicity was obtained in stainless steel mesh films coated with
ZnO nanorod array, which exhibited highly controlled separation efficiency for oil-water
mixtures [66]. Copper mesh films modified with fluorinated radicals were also prepared
[67]. More works are reported taking into account the hydrophilicity and underwater
oleophobicity [68, 69]. The more recent work reported on this dual hydrophilic-
oleophobic character for oil-water separation was produced in a single step, using a
stainless steel mesh (0.16 mm wire diameter, 0.20 mm square holes), that was dip-coated
with a copolymer fluorosurfactant complex solution [60]. In three different types of maleic
anhydride copolymers aligned fluorinated alkyl chains were induced toward the air-solid
interface, which retrieve a low surface energy characteristic and cause hydrophilicity in
the near-surface region. Maximum OCA achieved was 80°. Similar study on this opposite
surface concept was conducted using PVDF (polyvinylidene fluoride) as a matrix polymer
to produce a hydrophilic-oleophobic membrane to resist to various organic and biofouling
for potential water and wastewater treatment applications or reduce the microorganism
attachment [70, 71].

The particular hydrophilic-oleophobic behaviour is usually achieved through the
use of a fluorosurfactant [32]. As shown in Figure 1.4, it contains an inner high surface
tension polar head group (A) and an outer low surface tension tail group (repels oils) (B)
using electrostatic interactions with surface. Hydrophobic-oleophilic surfaces were

developed on aluminum plates using fluoropolymer-based treatments for anti-icing goals
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when a water non-sticking behaviour is desired such as in severe winters of certain

geographical regions [72].

Fluorosurfactant
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Figure 1.4 A representation of the "layer-by-layer" (LbL) composite coating (4 layers -
fluorosurfactant) developed to achieve different water and oil surface repellence over a cationic
polymer substrate [20] (Adapted from).

|.2.3 Hydrophilic-oleophilic surfaces

In the hydrophilic domain, the forces associated to the interaction of water with
the surface (adhesive forces) are greater than the cohesive forces of the bulk liquid water.
An anodized aluminum sheet alloy (AA1001) initially hydrophilic, turned into hydrophobic
with time at air exposure. Afterwards, that surface was laser textured for printing
applications to achieve a superhydrophilic behaviour presenting water contact angle below
10°, although it became again hydrophobic after 4-5 h time exposure to air [73].

Other authors [74], simply irradiated TiO,-coated surfaces with UV light
promoting photocatalytic oxidation and the surface became more hydrophilic. This type
of wettability can be used in self-cleaning surfaces in outdoors exposed to rainfall, exterior
tiles or other building materials like glasses and aluminum structures. Further, the photo-
induced highly hydrophilic state can have anti-fogging function on eyeglasses or side-view
mirrors in cars (as observed in Figure 1.5), since a thin layer of water is formed on the

surface preventing fogging as water droplets.
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Superhydrophilic surfaces were also developed for microfluidics application [75],
using silica nanoparticles onto a patterned microchannels prepared by a LbL method which

can contribute for blood plasma separation.

Figure 1.5 The representation of anti-fogging effect (right image) on car side-view mirror TiO,
coated. (From [74])

|.3 Anodization process of Al surfaces

Due to simplicity, reliability, high controllability and low operation cost,
anodization is an old powerful method for large-scale production [76]. Anodization
process commonly uses a chemical attack to alter the surface of metallic materials which
occurs by applying an electric current through two electrodes immersed in an electrolyte
bath (typically acid or alkaline solution). The positive electrode (anode) holds the working
sample to be treated that is intentionally distanced from the negative electrode (the
cathode), this negative one usually made of platinum, graphite or stainless steel. The result
of this electrochemical process is the creation of a protective anodic oxide layer, compact
or porous, over the metallic surface (Al, Ti, Si, Ta, steels, etc).

Aluminum anodization allows the formation of aluminum oxide layers, also called
“alumite”. In the process, hydrogen evolves from the cathode whereas the alumina
growth-dissolution occurs in the anode, both electrodes immersed in an electrolytic
solution. The chemical attack can be performed in acid, neutral or alkaline solutions,
although the last two are referred as creating a flat, non-porous, insulating compact
aluminum oxide film. Only one study [77] reports on the comparison of phosphoric acid
(H;PO,) to sodium hydroxide (NaOH) to create nanoporous Al,O;. Regarding NaOH
performance, the disordered nanopores increased in size with pH, although alkaline
solution revealed to be less effective than the acid in breaking down the oxide film; this is
the reason why small pores were created. Indeed, acid solutions are widely reported to
create porous anodic Al oxides with particular electronic, magnetic, optical and
mechanical properties. Particularly, nanoporous anodic aluminum oxides (AAO) produced

by anodization have found a huge range of industrial applications [78-80], such as catalysis
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[81, 82], drug delivery [83], biosensing [84], template synthesis [78, 85], molecular and
ion separation [86], corrosion resistance [87], surface colouring [88], tribological [89] and
so forth.

In the literature, not only pure aluminum foils or sheets are anodized but also its
alloys (e.g. AA1050, AA2024, AA5083, AA5754, AA60I I, AA6061 and AA7075) have also
been studied. For the latter, the process is trickier [90, 91]. In Al alloy anodization, the
presence of alloying elements in either solid solution or second phases (precipitates,
intermetallic compounds of various shapes, sizes and compositions) cause modifications
in the anodic porous film growth. In fact, there exists a non-uniform flow of ionic current
through the barrier film due to the different ionic resistivity of the different metal ions
and the intermetallics such as Si, Mg, etc [92, 93].

The combination of surface chemistry and different topographies of the Al anodic
layers has started to have special interest, not only from the mechanical resistance’ point
of view but also for surface wettability control of the final surface, despite their intrinsic
hydrophilicity. The study of wetting properties of aluminum anodic oxide (AAQO) surfaces
is limited and most of the research is focused on their surface chemistry modification by
using low surface energy materials (fluorine-silane treatments) [94]. However, the control
of pore dimension itself can retrieve special wettability behaviour. On porous AAO, the
contact angle is known to increase monotonically with pore diameter [95], at least up to
a threshold value of porosity [57]. The anodization parameters such as temperature,
applied voltage, electrolyte (acid) and its concentration have an important effect on the
pore diameter and on the interpore distance. The most used acid solutions to create
porous AAO are sulphuric acid (H,SO,), oxalic acid (H,C,O,) and phosphoric acid
(HsPO,) [96-98]. Usually, the pore ordering is enhanced by using a two-step anodization
approach, in which the first anodization creates the pore template for the second
anodization, after removing the anodic oxide layer formed in the first anodization. The
anodic voltage has a major effect on both pore diameter and interpore distance [99]. The
increase on the temperature can improve the anodic layer growth rate although creating
disordered porous anodic alumina [100]. The current efficiency decreases with increasing
temperatures due to the higher dissolution in the pore wall. Furthermore, the increase
on the electrolyte concentration promotes a pore size increase.

Self-ordered pores with diameter below 100 nm are attainable with H,SO,

operating at range voltages 10-30 V or with H,C,0O, operating at 40-60 V. If the potentials
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are increased, no ordered pores are formed. Then, H;PO, electrolyte permits anodizing
at higher voltages (120-195 V) without excessive current flow and heat evolution [101],
and further, as said before, higher potentials lead to the formation of porous anodic films
with a large pore diameter near 500 nm [102-104]. Even if the pore size obtained with
H;PO, is larger than with H,C,O,, its growth rate is reported to be slower [I105].
Regarding to interpore distance, it increases linearly with H;PO, voltage, reaching a
possible maximum of 420 nm in 10 wt.% of H;PO, at 160 V. Some authors [57] used a
H;PO;, solution at 0 °C temperature with 10 wt.%, 5 wt.% and | wt.% acid concentration
at 160, 175 and 195V, respectively, to anodize an aluminum surface alloy (1050 foil) and
have created some hydrophobic surfaces. In their two-step anodization method,
structurally disordered AAO layers were produced with an average pore diameter of 140-
190 nm and an interpore distance of 405 nm. After the pore widening process, pore size
around 300 nm was achieved with a maximum WCA of 128°; for higher pore size the
WCA starts decreasing. Furthermore, up to 6 pm of oxide layer thickness, the structure
goes from slightly hydrophilic to moderately hydrophobic; for higher thickness, the WCA
drops from 110° to 70°. A silane post-treatment was also applied and a WCA of 146° was

reached (superhydrophobicity).

|.4 PVD coatings and wettability

As already mentioned above, the state of the art about wettability control mostly
relies on using low energy coatings which involve functionalized fluoroalkyl modification
(FAS) or silanization of NP oxides, such as TiO, and SiO,, over a solid surface by complex
chemical methods. This kind of coatings is not mechanically resistant and can hardly cover
the surface uniformly to reduce the surface energy. So, even hybrid patterns with macro-
micro- nano- porosity can be created onto metallic materials for wettability control;
sometimes those structures are not suitable for a particular application requiring a good
tribological performance. Then, the methodology would pass through the use of high
strength films, which could tailor both the mechanical resistance and the surface energy,
deposited by PVD or CVD processes [106, 107]. For example, associated with low surface
energy, excellent mechanical properties were also achieved with Cr,O; coating deposited
by magnetron sputtering at high temperatures, but no oleophobic characteristics were

observed [108].
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|.4.1 Fluorine doping of PVD coatings

Regarding PVD techniques, magnetron sputtering is one of the most used to grow
films industrially, with low substrate temperature, over large areas, with high deposition
rates and without the need of post-deposition treatments. Although fluorine (F) doping
has been quite used to enhance the optical, electrical and mechanical properties of
materials, F-doped coatings deposited by PVD processing methods and their respective
surface wettability behaviour has rarely been examined so far.

Metallic surfaces are often coated with diamond-like carbon (DLC) coatings due
to their outstanding properties such as high hardness, high wear resistance, inertness,
smoothness, corrosion resistance, low friction and intrinsic hydrophobic character. DLCs
can then be doped with different elements, such as oxygen (O) or nitrogen (N), when a
hydrophilic behaviour is required; or with fluorine (F) or silicon (Si) when a more
hydrophobic surface is envisaged [109-113]. For example, when DLCs are modified with
F, surface energies as low as 21 m)/m? can be reached. Moreover, the friction coefficient
of DLC coatings decreased with increasing WCA, i.e. when they become hydrophobic,
even at very high sliding speed [| 14]. DLCs-F were also deposited on silicon substrates
(film thicknesses ~0.3-1.9 um) from a graphite target with a CH,/CF, gas mixture by rf
reactive sputtering [|15]. The mechanical properties of these DLC-F films, such as
hardness (H) and elastic modulus (E), did not change much when the CF, concentration
was varied from 0 up to 50/60 vol. %, when using lower total pressures.

DC reactive magnetron sputtering was used to deposit F-doped tin oxide films on
glass and quartz substrates with a Sn target under Ar-O,/CF, gas mixture [I16]. A
maximum fluorine content of 8 at. % was reached; for low F concentrations (up to 3.4 at.
%) both the charge carrier concentration and the mobility increased. ZnO films doped
with F (FZO films) were rf sputtered deposited on glass substrates using a Ar/CF, gas
mixture and a ZnO target to study the optical and electrical properties [| 1 7]. The increase
of the CF, flow rate increased the F content in the ZnO films but the growth deposition
rate decreased. For the same CF, flow rate (0.8 vol. %), the fluorine content was lower
(1.72 at. %) in the films produced at 150 °C than at room temperature (7.36 at. %).

Fluorine doping has also been tried by reactive high power impulse magnetron
sputtering (HiPIMS) using a pure graphite target. CF, films were deposited on silicon
substrates at | 10 °C under an Ar/CF, gas mixture with CF, partial pressure varying from

0 up to 110 mPa [118]. HiPIMS has the advantage to increase the ion flux/atom ionization
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in the plasma that increases the film density [I19]. The increase of CF, partial pressure
led to higher F contents in the CF, film reaching a maximum value of 35 at. % at 80 mPa
CF, partial pressure. Figure 1.6 presents the influence of the fluorine content on the
mechanical properties (a) and on the deposition rate (b) as the CF, partial pressure is
increased. Fluorine contents below 23 at. % give rise to amorphous films, while above 26
at. % the films have a polymeric-like structure based on C-F bonds.

CF, films have also been deposited by HiPIMS on silicon substrates with different
reactive atmospheres (Ar/CF, or Ar/C,Fg) using a graphite target [120]. Generally, the
increase of the fluorine content decreased the hardness of the films. In the Ar/CF,
mixture, CF** and F* radicals are formed in the plasma which revealed to be useful to
control the film surface wettability, especially when it is sputtered at high temperatures.
Then, superhydrophobic CF, films deposited on silicon surfaces with substrate
temperature (Ts) of 430 °C and high CF, partial pressure, reached a WCA above 150°.
When the F content exceeds 29 at. %, the CF, films superhydrophobicity could be

achieved but with a polymeric structure with hardness values below | GPa.
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Figure 1.6 Mechanical properties, hardness and elastic modulus (a) and deposition rate (b) of CFy
films as a function of fluorine content. (From [101])

The fluorine insertion has been used to increase the friction properties of a-C
films deposited by PECVD method [121]. The C-F bonds in a-C films form negatively
charged surfaces which caused an electrostatic repulsion between sliding surfaces creating
low adhesion and very low friction. The F-doping has been also used to control the
refractive index of MgF, for photovoltaic applications and the fluorine depletion and
magnesium oxidation allows a strong optical absorption [122]. In another study, CdS-F
films were deposited by magnetron sputtering and the presence of F reduced the coating
growth rate, increased the bandgap and reduced the refraction [123]. Apart from

increased optical transparency, fluorine doped tin oxide (FTO) coatings deposited on glass
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substrates by pulsed DC magnetron sputtering [124] in an environmentally friend way (no
fluorine gas was used), showed an optimum F content of 5.3 at. % for highly decreasing
the electrical resistivity.

Finally, F-DLC coatings deposited in a PECVD system showed that the fluorine
doping resulted in greater suppression of platelet adhesion and activation, avoiding blood
coagulation in medical devices [125]. Also, fluorinated films were obtained by magnetron
sputtering using a PTFE target and hydrophobic surfaces were created [126]. The
production of hydrophobic surfaces are widely required not only in biomedicine to reduce
bacterial adhesion to implants, reduce clotting and fouling on cardiac stents, improve
wound healing, but also in fabrics for advanced clothes, anti-sticking paints for buildings,
in piping and boat bulls, self-cleaning windows, microfluidics and sensors, as referred

before.

|.4.2 TMDs and wettability purposes

Pure TMDs consist of vertically stacked layers held together by relatively weak van
der Waals forces and each layer is formed by covalently bonded transition metal (M) (e.g.
W, Mo or Nb) to dichalcogenide atoms (S) (e.g. S, Se or Te) arranged in a hexagonal
lattice [127], as Figure 1.7 represents. TMDs have trigged intensive research interest since
they combine excellent electronic, optical, mechanical and magnetic properties, which
make these materials potential candidates for a variety of applications [128, 129]. Although
the considerable progress on the understanding of these properties of TMDs, the
understanding of their wettability is very limited. In particular, when TMD-based surfaces
are in contact with other materials, their behaviour strongly relies on their wettability and
surface energy.

It is well-known that layered materials like TMDs preferably start their growth
with the basal planes aligned parallel to the substrate surface, and further layers added up
will form the horizontal stacked structure that contributes to surface energy minimization
[130]. Although some studies have revealed that both MoS, and WS, layers are intrinsically
mildly hydrophilic with WCA values of 70-80° [I131], they face an aging effect due to
spontaneous contamination by ambient hydrocarbons which turn them into hydrophobic.
Indeed, some works reported a WCA value of 85° for sputtered MoS, [132], value in
good agreement to that found for bulk MoS, [130]. The water wettability was studied for

mono and few-layered WS, and MoS, films deposited on Si/SiO, substrates by a CVD
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method [133]. The water contact angle increased as the number of layers increased from

one to three reaching a stable WCA of 90°. For a hydrophilic WS, sheet (WCA = 70°),
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Figure 1.7 Representation of the crystalline structure of a MS;: (a) molecular bonding (Adapted
from [134]), (b) the stratification lamellar structure (From [135]) and (c) two possible crystalline
structures (3R and 2H) (Adapted from [136].

after 7 days of aging, the WCA evolve for 83°. Likewise, MoS, films were synthesized at
increasing temperatures, where WCA values of 24° for 500 °C and 92° for 900 °C were
reached [130]. The temperature allows the diffusion of sulphur atoms through the film
creating a well-ordered structure and, that way, no high energy edge binding sites exist
for water interaction which would contribute to a hydrophobic character.

Usually, TMDs properties are tuned through the elemental chemical doping or by
substitution of either the transition metal (M) or the chalcogenide (S). Then, structural
defects are created [137] that can contribute to optimize the surface free energy,
important property for many applications, particularly for improving the tribological
performance of contacting surfaces.

Chloride (Cl) doping of WS, and MoS, has been studied to decrease the contact
electrical resistance for high performance field-effect transistors (FETs) [138], whereas Pt
nanoparticles were added to MoS, for photovoltaic applications [139]. MoS, coatings
deposited at low temperature can be useful for microfluidic applications [130]. The

sulphur substitution by oxygen in WS, or MoS, structure can be engineered to reach well-
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controlled hydrophobic-hydrophilic patterns for water drop condensation [I33].
Hydrophobic MoS, surfaces have been studied as biosensors for detection of biomolecules
(e.g. PSA-prostate specific antigen) in order to diagnose prostate cancer [140]. The
electrical properties of MoS, have also been used for environmental applications for Hg
detection for monitoring mercury levels in drinking water [141]. In [142], the authors
developed hierarchical MoS, wrinkled structures which created more hydrophilic surfaces
inducing faster hydrogen gas detachment.

In relation to WS, and MoS,, they have also been used as oil additives or as solid
lubricants in dry air or vacuum due to their excellent self-lubricant characteristics.
Magnetron sputtering is considered as one of the most effective methods for depositing
TMD-based films for tribological applications. Pure sputtered TMDs exhibit low adhesion
on standard substrate materials and high porosity. Therefore, their columnar morphology
and porous structure strongly limit their ability to act as a self-lubricant coating in humid
air or in presence of oxygen [143, 144], having the friction and wear rates increased [145].
Typically, pure TMDs have hardness below | GPa and a successful approach reported to
improve the mechanical performance of these based coatings is to deposit a composite
material combining self-lubricant materials with high strength materials, which can be
reached alloying them with Cr [146] or Ti [147]. However, even though these metal-
doped TMDs presented higher hardness, they continued to show high friction in humid
environments. Then, when desiring good adhesion to the substrates, combining low
friction with high-load bearing capacity, a new concept of coatings has been introduced
based on the alloying of TMDs with carbon (C). The idea was to gather the excellent
frictional behaviour of TMDs in vacuum and dry air with the tribological properties of the
carbon matrix [148, 149].

The research group in the host institution of this thesis has developed a pioneering
work on depositing WS,-C films on silicon and steels (100Cré and M2 steels) by
magnetron sputtering method using a carbon target with WS, pellets [150-152]. Films
with hardness values around 8 GPa were deposited, presenting friction coefficient (COF)
in humid air of about 0.07 (load ranging 5-48 N) against 100Cr6 steel balls as partners,
although no studies were followed in regard to wettability behaviour. Furthermore, when
the testing load and temperature increased, COF below 0.05 could be achieved. These
excellent tribological properties and the low friction was attributed to the formation of a

thin well-oriented tribolayer on the top of the wear track and on the counterpart surface,
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responsible for decreasing the friction. Thanks to their thickness and parallel orientation,
they are more resistant to the environmental attacks; the carbon in the sliding process is
only secondary being its main role the increase of the coating mechanical strength and,
thus, its wear resistance [153, 154]. Besides WS,-C films, the teamwork further studied
other TMD films alloyed with carbon, such as MoSe,-C and MoS,-C, synthesized on Si
wafers [144, 155, 156]. Moreover, a tribological comparative study of WS,-C and MoSe,-
C has been conducted and showed that MoSe,-C coatings depicted lower COF than WS,-
C coatings in humid atmospheres, while WS,-C presented higher hardness withstanding
tribological tests at 1000 N load without premature failure [157]. A very recent work
developed by the group engaged the production of WS, doped with N (WS,-N) [158].
Tribological tests were performed under humid air (10% RH) and dry nitrogen (<1% RH)
and the results revealed the achievement of an ultra-low friction coatings 2.3 pm thick,
with hardness of 7.7 GPa, showing COF values below 0.003 when tested in dry nitrogen.
Unfortunately, the coatings failed prematurely when tested in room conditions. Anyway,
any of these last works studied the film surface wettability concerning to water or oil,

which may be other world to explore.

|.4.3 Fluorine-doped TMDs

Fluorine (F) doping of pure TMDs has scarcely been explored, although F can have
a role in the wettability control by reducing the surface energy of the materials. Therefore,
only a couple of TMD-F studies were carried out until now. For example, the fluorine
insertion has been used to decrease the friction of WS,:CF coatings [159]. The tribological
evaluation revealed that F-doped coatings deposited by PLD showed less sensitivity to
moisture than pure WS,, at least until 50-60% of RH, depicting ultralow friction in dry air
(COF <£0.01) against stainless steel balls. The F insertion in the WS, lattice was responsible
for the interplanar basal distance increase with the consequent bonding energy decrease
which, in turn, resulted in lower friction. However, no results were available concerning
water or oil wettability behaviour. Likewise, WS, layers were deposited over a thick
fluorine mica (FM) substrate for optoelectronic applications working as a high-
performance saturable absorber for a fiber laser to operate in stable regime [160].
Another interesting work was the fluorine and nitrogen co-doping of MoS, nanosheets

prepared via a hydrothermal method for hydrogen evolution reaction (HER) applications
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[161]. The inert MoS, basal plane was activated through N and F co-doping which quite

enhanced the HER activity compared to pure Mo$S, and N-doped MoS,.

|.5 Partial Conclusions

In this chapter, it was shown that the current wettability control mainly relies on
the development of low energy polymeric-based materials with fluorine or silane
functionalized radicals or nanoparticles that can be deposited over surfaces for a wide
range of applications. The production routes of these coatings often involve many steps
and complex chemical reactions, requiring specialized reagents and equipment, usually
unsuitable for many large-scale industrial applications. Furthermore, although different
surface wettability behaviours can be reached (omniphobic, hydrophilic-oleophobic or
hydrophobic-oleophilic), the polymeric-based nature of the coatings leads to poor
mechanical resistance, which makes them less efficient for long-term mechanical contact
or/and under high contact pressures.

Another important way to control the surface wettability is through the
development of special roughness patterns on the surfaces. Anodization and laser
technology (LT) have been reported as two powerful methods for texturing or structuring
metallic surfaces, having some impact in both surface wettability and tribological
performance. However, LT could be an expensive, time-consuming process over large
areas and textures being able to only treat one component at a time. Then, even if it is
not chemically clean, anodization is a simple, reproducible, inexpensive and scalable
method for industrial application, which can be used for micro-nanostructuring of
surfaces. Especially, Al anodization has already been used in combination with polymeric
low energy coatings to create hydrophobic surfaces. However, the wettability evaluation
of structures produced by anodization of Al alloys without an additional coating still does
not exist, and no studies about the oil wettability has been followed so far. So, the water
and oil wettability evaluation of anodized Al alloy surfaces is a challenge that makes part
of the present thesis.

The aforementioned information highlighted the self-lubricating properties, good
load-bearing capacity and aged hydrophobic nature of TMD-based materials. Although
many methods have been used to deposit WS, or MoS, coatings to control the surface
energy, the wettability of F-doped TMDs has never been studied, by our knowledge,
especially when deposited by an environmental friendly magnetron sputtering method.

Then, the study of F-doping TMD coatings for tribological application is worthy, as well
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as their wettability behaviour since it can have a role in their tribological performance in
lubricated conditions. Important to note that fluorine and/or silane dopings has been
crucial to reach oleophobicity character on bulk metallic surfaces.

Hence, F-doped TMD coatings produced by magnetron sputtering is a field of
research to be pursued; these coatings are good candidates to increase the mechanical
resistance of roughened anodized Al alloy surfaces. This was this thesis’ challenge: to
create a hybrid system with tailored wettability with potential for a broad range of

applications.
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CHAPTER 2

Processing and
Characterization Methods

This section provides complementar information and description in regard to the
experimental details about the production processes used in this thesis: the anodization
and magnetron sputtering. Additionally, a short description about each characterization
technique and about the analysis procedure followed for the surface characterization of
materials are also adressed. Detailed information in regard to SEM-EDS/WDS, XRD, XPS,
AFM, contact angle measurements, 2D and 3D profilometry, Raman spectroscopy, pin-
on-disc testing, scratch testing and nanoindentation characterization techniques will be
described.



Development of hybrid surface treatments for controlling wettability and improving tribological performance

Simone Rodrigues Chapter 2 | 30



Development of hybrid surface treatments for controlling wettability and improving tribological performance

2.1 Processing Methods

Two different processing methods were combined in order to manage the surface
wettability and friction performance of Al alloy surfaces. Although the anodization
promotes changes on the surface chemistry, it was performed with the main purpose to
get different surface topographies and roughness. Further, the magnetron sputtering was
used to deposit self-lubricating WS,-based coatings doped with fluorine and carbon in
order to tune the final performance of the developed hybrid surfaces. Figure 2.1 clearly

represents the proposed work methodology.
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Figure 2.1 lllustration of the processing methods used in combination for optimization of
surfaces with controlled surface wettability and friction performance.
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2.1.1 Anodization

Anodization is an electrochemically activated process of metallic surfaces in a liquid
solution. The oxide layer being thicker than the native oxide layer, can provide higher
corrosion resistance of the metallic surfaces, for instances, against seawater environments
[78]. Particularly, aluminum anodization is a widely spread process in industry and,
depending on the anodizing conditions (mainly the electrolyte nature), a compact or
porous-type oxide layer can be formed. According to this, acid electrolytes allow to reach
porous-type topographies of anodic oxides on pure Al or Al alloy surfaces, with different
surface properties (e.g. hardness, adhesion, electrical resistivity, etc) [162], quite
interesting for several applications [80]. As mentioned before, the anodic oxide layer’s
properties are controlled by other parameters, such as the electrolyte concentration, the
applied voltage, the duration and the temperature. The electrolyte must enable the ions
(O* and OH’) migration to the metallic surface (anode) to form the anodic oxide layer,
which is potentiated by the electric field. The oxide layer thickness directly increases with
the anodization time. Likewise, if the applied voltage is increased, promoting an increase
on the current density (ionic species at the electrolyte/oxide and oxide/metal interfaces
increases), it will also increase the anodization rate and interpore distance. Besides that,
the temperature of the electrolyte is a parameter with impact in the pore diameter of
porous oxide structures. For example, the increase of H,SO, temperature from negative
values (-8 to -1 °C) to 10 °C had increased the pore diameter of ordered Al oxide pores
[163], although the increase was not that significant. The same behaviour was obtained
for H;PO, as anodizing electrolyte [164], although higher voltages have to be applied due
to different electrical properties of H;PO,in relation to H,SO,.

Commonly, the formation of well-ordered nanoporous anodic aluminum oxide
(AAO) structures is made through a two-step anodization process at low temperature in
acid solutions (such as sulphuric, phosphoric, oxalic, etc) [57, 165]. This means that there
is a first anodization that creates a disordered porous oxide layer, which it will be
submitted to a chemical etching for oxide removal. Then, a dimple-shaped Al surface is
remained underneath and works as a template for the oxide growth in the second
anodization where the pores will grow parallel and aligned. An extra etching can be
performed if pore widening is desired. Figure 2.2 shows the pores formation through the
dissolution mechanism assisted by electrical field of the anodization process in a two-step

configuration.
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Figure 2.2 Schematic diagrams illustrating the changes of an Al substrate (anode) in two-step
anodization under dissolution assisted by electrical field (E) mechanism. (Adapted from [80])
(Note: The radial behaviour of the electrical field justifies the circled shape of bottom dimples)

In this thesis, it was anodized a Mg-Si alloyed Al material (Al6016-T4) [166], which
was previously polished (Polishing | and Polishing 2 in Figure 2.3) to remove the native
oxide layer and after cleaned in three different chemical solutions. Afterwards, they were
separately used two different acid electrolytes at different potentials (H,SO,: 15 V and
H;PO,: 100 V) to anodize the Al alloy surface in one-step and two-step configurations.
Figure 2.3 resumes the three phases of this stage for anodizing conditons optimization.
The purpose was to get a set of different Al surface topographies with different surface
roughness, which would have impact on the surface wettability. In a first approach, and
considering only the optimization process, one Al sample was anodized using a unisample
anodizing system. The system was assembled through a power supply and multimeter, and
coupled to a computer for acquisition of current density over time. More details about
the experimental procedure as well as about the discussion of the obtained results can be
found in the next Chapter 3 of the thesis.

It should be pointed out that they were the wettability measurements with the
SEM images that guided all the anodization optimization process, allowing to choose two
surfaces to be coated with WS-CF coatings for the final hybrid structures. The study and
characterization of those hybrid surfaces is appended in Chapter 5. In that section, there
is also information about the new anodizing cell system for scale-up sample production,

which allowed to anodize a maximum of 3 Al pieces at once.
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Figure 2.3 Resume of the three phases of Al alloy surface anodization for wettability
optimization.

2.1.2 Magnetron Sputtering

Magnetron sputtering as a PYD method is widely used in industry and is based on
the application of a magnetic field normal to an electric field between the cathode (target)
and the anode (substrate holder) in an inert and high vacuum environment. In the
generated plasma, electrons and non-reactive charged species (e.g. Ar’, Ne® or He") are
accelerated, being energetic enough to hit or bombard the target. Those collisions and
momentum transference to the target promote the ejection or sputtering of atoms from
it, which in turn will travel through the created plasma and will condense in the substrate.
Then, the atoms undergo nucleation and coalescence phenomenon’s leading to the coating
growth.

A semi-industrial DC closed field unbalanced magnetron sputtering machine (TEER
Coating Ltd.) provided with four cathodes water-cooled was used for the deposition and
optimization of fluorine-carbon doped WS, coatings (see Figure 2.4). The cylindrical

deposition chamber (~275 dm’ volume capacity) made of stainless steel can hold four
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targets (380x175x10 mm? size each) vertically aligned and oppositely pair-paralleled with
a substrate holder placed in the centre at 30 cm facing the rectangular targets and put
under rotation (20 rpm) (see Chapter 4 for details about the interior of PVD chamber).
In this work, two WS, targets, one Cr target (when adhesion interlayer was added), were
used with DC power supplies. Furthermore, there is a rotating shutter that allows the
independent cleaning steps of the targets and substrates, avoiding contamination events.
Important to notice that, as the substrate holder is not water-cooled; even without bias
application during the deposition, the substrate bombardment by secondary electrons and
other particles can cause re-sputtering events leading to substrate temperature increase,

reaching ~120-130 °C.

Figure 2.4 Magnetron sputtering equipment used in this work for deposition of WS-CF coatings.

The vacuum system consists in two vacuum pumps, one rotatory pump
(EDWARDS E2M80, 80 m*/h) that ensures the primary vacuum, and one diffusion pump
(EDWARDS DiffStak 160/200, 1500 I/s) responsible for the high vacuum. In the initial
stage, the rotatory pump allows to reach a primary vacuum in the range of 10" Pa, which
is enough to ensure the assistance to the diffusion pump in the deposition process itself.

The diffusion pump allows to reach a base vacuum pressure in the range of 10 Pa. The
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vacuum level is controlled inside the vacuum chamber through the use of two different
pressure sensors. It is used a Barocel pressure sensor from Edwards to measure when
pressure ranges from 0.01 to 100 Pa, while a wide range gauge (WRG-S-NW25 from
Edwards) was used for low pressure recording (until 10® Pa). The substrate polarization
was ensured by a DC Pinnacle Plus power supply and the cathodes were activated by a

six exit MDX Pinnacle power supply which enables a maximum of 6000 W each.

Deposition procedure in a reactive mode

The development of the WS-CF coatings by magnetron sputtering relied on the
use of two WS, targets, using an Ar/CF, gas mixture, in which some remarks should be
taken into account in regard to the extremely reactive CF, gas. In this sense, it was of
great importance to get very good level of base vacuum pressure and ensure the vacuum
chamber has been properly thermally degassed. Because, F species can easily react with
the adsorbed oxygen in the sputtering chamber, forming volatile species that are
evacuated, and so, F is no longer available to be deposited in the coating. Moreover, F
species can even be able to etch the metallic chamber walls, leading to possible oxygen
detachment which will also be free to be bonded in the growing coating. WS, targets
present high porosity which their proper sputter cleaning in an Ar discharge (with 35
mL/min of flow rate) prior to deposition is highly mandatory, in order to get rid of oxygen
contaminations. Table | resumes some parameters about the etching steps before

deposition.

Table | Parameters used for etching before the sputtering deposition using an Ar flow rate of 35

sccm.
Power (W) Pressure (Pa) Substrate Bias (V) Duration (min)
WS, — Target | and2 | 1000 (each) -600 10
Cr Target 2000 3.7x10! -600 10
Substrate - -600 10

Before the coatings deposition, it was evaluated the voltage target evolution with
the reactive gas (CF,) partial pressure. Taking into account that the working pressure was
kept constant, the Ar flow rate was decreased as the CF, flow rate was increased. It was
verified that above 20 sccm of CF, flow rate, the vacuum system started to become very
instable and the total pressure starts to increase.

Two sets of WS-CF coatings were deposited by reactive magnetron sputtering.

The first set of thicker WS-CF coatings were deposited according to the depositing
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conditions presented on Table 2. A second set of coatings (WS2, WS-CF2 and WS-CF5),

based on the results achieved on the first set were deposited with lower thickness (~200

nm) on steel substrates (Chapter 4). Likewise, two thin coatings (WS2 and WS-CF5)

demonstrated to be suitable to be deposited on the optimized textured Al alloy surfaces

produced by anodization (Chapter 5).

Table 2 Thick WS-CF coatings deposited for |h at a constant pressure of 4x10-! Pa.

Ar CF,
Coating Flow rate Partial pressure Flow rate Partial pressure
Designation (sccm) (Pa) (sccm) (Pa)

Ws2 50 4x 10! -

WS-CF2 50 3.80x 10! 2 2.0x 102
WS-CF5 50 3.70 x 10! 5 3.0x 102
WS-CF7.5 48 3.65x 10! 7.5 3.5x 102
WS-CFI0 46 3.55x 10! 10 4.5 x 102
WS-CFI15 40 345x 10! 15 5.5x 1072

2.2 Characterization tools

The anodized Al surfaces, the thick and thin WS-CF deposited coatings and, the

combination of dimple-shaped anodized surfaces with the thin WS-CF coatings in hybrid

structures, were analysed at different level through some surface characterization

techniques. Table 3 summarizes the evaluated properties and the used correspondent

Table 3 Characterization techniques used for surface properties’ evaluation.

Surface property

Characterization tool

Top-view Morphology
Cross-section Morphology

Scanning Electron Microscopy (SEM)

Chemical Composition
Chemical Bonding

Energy dispersive spectroscopy (EDS)
Woavelength dispersive spectroscopy (WDS)
X-ray photoelectron spectroscopy (XPS)

Structure and phase
composition

X-ray diffraction (XRD)
Raman spectroscopy

Surface Topography

Atomic force microscopy (AFM)

Surface wettability

Sessile drop method - Contact angle (CA)

Surface Roughness

2D profilometry

Hardness and Elastic Modulus

Nanoindentation

Adhesion

Scratch testing
Optical Microscopy

Friction
Tribological performance

Pin-on-disc testing
Optical microscopy
2D and 3D profilometry
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techniques. The chapter will focus on the base working principle of the technique and on

informative experimental details.

2.2.1 Scanning Electron Microscopy

This characterization technique is widely used in surface engineering applications
both in industry and academia. An electron beam generated by a heated metallic filament
(e.g W), will pass through an electromagnetic lens system in the vertical column of the
microscope. The electron beam is focused and aligned toward the sample surface (see
Figure 2.5). The incidence of the electron beam over the surface will cause interactions
such as elastic interactions with the atomic electrons and elastic collisions with the atomic
nucleus. The result can be the ejection of secondary electrons (SE) from the sample,
meaning that the elastic interaction with the electrons in the material promotes electronic
transitions from higher energy levels, with consequent X-ray emission. If electrons are
from deeper energy levels, the SE emission is weak and the collected signal fairly comes
from the top surface layer giving only information about both morphology and topography.
Likewise, the elastic collisions of the electron beam with the atomic nucleus contributes
to the emission of backscattered electrons, which is influenced by the atomic number (Z)
of the material in analysis. This latter emission can be important to get deep information

about the atomic contrast.

Electron gun

Electron beam

Anode

Focused
electron
beam

..

10 A Auger electrons

Magnetic Lens 50 - 500 A secondary

electrons

Backscattered
electrons

Scanning Coils

Secondary

Backscattered 7y
/s, Electrons

Electrons

Sample holder ——> R <

Figure 2.5 Schematic draw of the alignment and collimation processes of the electron beam
through the vertical column in a SEM apparatus, until reaching the sample surface. (From [167])
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SEM observation was extensively carried out in regard to anodic surface layer
analysis. Before observation, the anodized Al surfaces were sputtered coated with a thin
layer (5 nm) of Au-Pd (80/20) to improve sample conductivity and avoid charging effects.
The anodic surface layer was characterized by a field emission SEM system (FEI Nova
200/Pegasus X4M) operating at 5 kV of acceleration voltage in SE mode, where top-view
images of 200K and 100K magnification were recorded. Furthermore, the anodized Al
samples were manually bended in order to expose their cross-section to get information
about the oxide growth morphology and oxide thickness. Magnifications of 15K, 20K or
50K were recorded at 5 kV and with ~5 mm working distance (WD).

Both thick and thin WS-CF coatings were deposited on Si substrates for top-view
and cross-section morphology assessment with a different SEM equipment (ZEISS Merlin
— Field Emission Gun, High Resolution with Charge Compensation). The film thickness
was also recorded by direct measurement of each SEM image obtained. Cross-sections
images of 20K magnification were obtained with 2 kV while top-view images of 50K
magnification were obtained at 4 kV. Moreover, after the tribological testing, the wear
tracks of the thick WS-CF coatings deposited on M2 steel were also observed by SEM
using 10 kV at low magnifications.

A first trial on the cross-section morphology analysis of thick WS-CF coatings
deposited on porous anodized Al surfaces has also been done using a dual beam focused
ion beam (FIB)-SEM system (Zeiss Auriga CrossBeam Workstation) operating at 30

kV/100pA for 30 min of sample milling.
Energy dispersive X-ray spectroscopy

Usually, the SEM equipment is able to identity the elemental composition from the
sample through X-ray photons emitted from the surface after interaction with the
electron beam. Characteristic X-rays are emitted whenever outer-shell electrons fill a
vacancy in the inner shell of an atom, releasing X-rays in a pattern that is “characteristic”
to each element. Qualitative analysis involves the identification of the lines in the spectrum.
The relative intensity of an X-ray line is approximately proportional to the mass
concentration of the element concerned. X-ray intensities are measured by an EDS

detector.

This EDS method has been used to confirm the chemical composition of the

anodized Al surfaces (using 5 keV) as well as to analyse the chemical composition of the
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wear tracks (using 10 keV) after the tribological testing of thick WS-CF coatings. Figure
2.6 shows two EDS spectra obtained for a polished Al alloy surface (a) and for a porous
Al oxide obtained by anodization (b), this latter showing evidence of electrolyte ions (SO,*

) incorporation in the grown oxide [168].
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Figure 2.6 Example of an EDS spectrum obtained for: (a) a mirror-polished Al alloy and (b) a
porous Al oxide obtained by a two-step anodization using H,SOy4 as electrolyte.

Wavelength dispersive X-ray spectroscopy

Unlike EDS, the WDS can give a quantitative elemental analysis by sorting the X-
rays based on each single wavelength at a time, and not producing a simultaneous
spectrum of all energies or wavelengths. This means that this technique can be more time-
consuming, but due to the higher spectral resolution and enhanced quantitative potential
of the spectrometers, the problems of peak overlap, common for EDS, will be fewer. The
WDS quantification usually requires standard reference materials, preferentially in
concentrations similar to the materials to evaluate. And, the composition of the unknown
sample is determined by comparing the intensities obtained for that sample with those
from the standard. A special feature of WDS is also related with the much better
performance that can be obtained for the analysis of light elements (e.g Be, B, C, N, O
and F).

WDS methodology has then been used to get the elemental composition of the
developed thick WS-CF coatings deposited on Si substrates, which has also been used
later as well to confirm that quantification in the thin coatings deposited without
interlayer. A WDS system (Oxford Instruments) coupled in the SEM equipment (Zeiss
Merlin) was used at 10 kV acceleration voltage at 5 mm WD and 35° take off angle. The
standard reference materials used for quantification were Cr K, for Cr, FeS; K, for S, W

My for W, BaF, K, for F, SiO, Ky for O and C K, for C.
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2.2.2 X-ray photoelectron spectroscopy

This surface characterization method is commonly used for identification of
chemical elements (quantification too) and estimation of its chemical bonding state in a
studied specimen. As Figure 2.7 illustrates, the incidence of monoenergetic X-rays on a
surface in vacuum induces the electron excitation with consequent ejection of
photoelectrons from the surface, which in turn, their kinetic energy will be collected and
analysed (through the energy analyser). Then, the detector will measure the balance
between the specific kinetic energy (E,) of those emitted electrons with the energy of the
X-ray source (hv). This relation is described in terms of the binding energy (Es) of the
atomic orbital from where the electrons were generated, and in terms of the work

function (¢) of the analysed surface, as expressed in the Equation 2.1:
Ex =hv— Eg — ¢. (Equation 2.1)

The electrons on a specific orbital in a specific atom have their characteristic
binding energy (Eg), and it is the evaluation of the energy of the photoelectrons that allows
the identification of specific atoms in a material, as well as their chemical and bonding
state. However, XPS analysis is unfortunately limited to 10 nm thickness below the
surface, since due to collisions there are high energy losses of the photoelectrons coming

from deeper layers.
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Figure 2.7 Schematic representation of the XPS signal acquisition. (Adapted from [169])
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The chemical bonding of W, S and F elements in the thick WS-CF coatings was
depicted by XPS analysis. It was used a Kratos AXIS Ultra HAS with a VISION software
for data acquisition with vacuum base pressure 10”7 Pa. The analysis was carried out with
a monochromatic Al Ky X-ray radiation source (hv = 1486.7 eV), operating at |5 kV (90
W), in FAT mode (Fixed Analyzer Transmission), with a pass energy of 40 eV for regions
ROI and 80 eV for survey. And, the photoelectrons were collected with a take-off angle
of 45° from the horizontal plane of sample surface. Data acquisition has been followed
with a pressure lower than 10 Pa using a charge neutralisation system.

Additionally, an Ar® ion etching step of 20 min duration (3 x 3 mm? area, 2.2 kV
acceleration tension, 70 nA of emission current) was performed to remove the top layer
surface contamination. These conditions took into consideration the literature
information in regard to etching of VWS-based coatings [170, 171]. This erosion step was
not followed for pure WS, coating (WS2) due to possible huge vacuum chamber
contamination.

The curve fitting of the XPS data was carried out with the CasaXPS software,
considering the respective atomic relative sensitive factors and using a common Shirley
background. However, the electrical charge effect was corrected by the reference of the

oxygen peak at 531.0 eV [172], once our coatings have carbon on their composition.

2.2.3 X-ray diffraction

The crystalline nature of materials is often evaluated through the X-ray diffraction
(XRD). When an energetic monochromatic X-ray beam bombards a crystalline materia
(the atoms in a crystal are arranged in a periodic array with long-range order) with a
certain angle of incidence (8), a diffracted beam propagates only along constructive
interference directions at specific angles - diffraction. Indeed, the constructive interference
of the emitted beam occurs if the path difference (2d sin 8), which is dependent of the
distance (d) between crystal planes, is a multiple (n) of the X-ray beam wavelength (1), as
Figure 2.8 represents. The data about the collected energy are then drawn in a
diffractogramm (example in Figure 2.9) which plots the X-ray intensity on the y-axis versus

the angle 26 on the x-axis.
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Figure 2.8 Schematic representation of the diffraction of a crystalline material. (From [173])

It was studied the crystal structure of the thick porous Al oxides produced by

anodization using a XRD system Bruker D8 Discover, operating at 40 kV and 40 mA with
a Cu radiation (AKqy= 0.1540600 nm) and (AK4=0.1544339 nm) equipped with a

collimator. The acquisition was performed in glancing angle configuration (5°) with step

size 0.02° and |s per step.

Likewise, the crystallographic nature of thick and thin WS-CF coatings deposited
on glass by magnetron sputtering were also assessed. The XRD measurements were
carried out on a PANalytical X’PERT Pro MPD system that also used a Cu Ka radiation

(A= 1.54 A) (45 kV and 40 mA) in grazing angle (5° for thick coatings and 2° for thin
coatings) in 10-80° 26 range.
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Figure 2.9 Diffractogramm obtained for a mechanical grinded Al alloy surface (until sandpaper
grit size 1000) using |° of glancing angle. Peak fitting was followed as well as the peak indexation

with help of the ICCD database.

Simone Rodrigues Chapter 2 | 43



Development of hybrid surface treatments for controlling wettability and improving tribological performance

Lastly, the XRD evaluation (using 2° of glancing angle) of the hybrid surfaces (WS2
coating on a dimple anodized Al alloy surface) was also performed to verify if the coating

structure was affected by the anodized surface underneath.

2.2.4 Raman spectroscopy

Raman spectroscopy is a fast and ideally non-destructive technique widely used to
characterize the structural and electronic properties of nanomaterials through the
identification of vibrational, rotational or even low frequency modes present in the
molecules. This tool has been successfully used to characterize carbon materials such as
diamond or graphene, with a recent impact on characterizing layered materials like TMDs.
Raman spectroscopy is based on the inelastic scattering of a monochromatic light from a
Raman-active sample.

When a monochromatic light interacts with a molecule, scattering mechanisms
will be promoted. If the energy and frequency of the scattered photons are the same as
those of the incident photons, the vibrational state of the molecule is unchanged and it is
recognized as an elastic collision (Rayleigh scattering). Oppositely, if there is energy
differences between the incident and the scattered photons, the collision is called inelastic.
As a consequence, the vibrational energy of the molecule is changed and the molecule will
be in an excited state for a short time before the photon scatters inelastically. Afterwards,
the photon can be scattered with higher (Stokes lines) or lower (anti-Stokes lines) energy
than the incident photon. Then, in order to be Raman-active, the molecule must get a
change in polarization during interaction with the incident photons that has changed its
vibrational state.

Raman spectroscopy is usually provided with a standard optical microscope, an
excitation laser and monochromator, and a sensitive detector. The light beam hits the
sample and the scattered light from the sample is collected. The elastic scattered radiation
is immediately filtered out and the rest of the light collected is driven onto the detector.
The Raman spectrum is a plot of the scattering intensity as a function of the frequency
shifts (cm™), such as the one presented in Figure 2.10 for a WS, monolayer.

WS, is Raman-active and is characterized by three first-order modes, namely
LA(M) localized at 176.0 cm™'; E3; localized at 356.0 cm™, and 4, ; localized at 417.5 cm’

'. However, for higher excitation wavelengths, it is remarkable the higher intensity of the

second-order Raman peak (2LA(M)) mode localized at 352 cm™.
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Figure 2.10 Raman spectra from a single WS, monolayer and representation of its vibrational
modes when using a 488 nm laser excitation. (Adapted from [174])

Raman spectroscopy was mainly used in this work to verify the formation, or not,
of the well-ordered TMD phase (WS,) in the wear tracks after the tribological tests,
comparing its intensity in relation to the as-deposited coatings. This study was conducted
for the thick as well as for thin WS-CF coatings deposited on steel substrates. It was used
a Horiba Raman System governed by a LabSpec software to get the Raman spectra when
a green laser (A = 532 nm) was used with 99 % laser power filtering for 20 min of spectrum
acquisition time. Since, higher laser powers (or short laser wavelengths) have been
reported to increase the probability to modify the structure and chemistry of these type
of materials [175, 176], laser power was kept low to avoid build-up of carbon in the spot

(sample burning) or even sample recrystallization or oxidation.

2.2.5 Atomic force microscopy

AFM is a powerful surface characterization technique that can analyse conductive
and non-conductive surfaces in air, humid environments or liquids at a cost-effective way.
Having very good vertical resolution (atomic resolution level), AFM gives information
about the height and depth of the sample which mapping is commonly named as
topography [177]. The measurement principle is based on the displacement of a
cantilever-tip as it scans the roughness pattern of a solid surface. The distance between
the surface and the tip generates attraction or repulsive forces resulting in deformation

of the cantilever which is in turn measured by a photodetector (see Figure 2.11).
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Figure 2.11 The working principle of an AFM equipment. (From [178])

Depending on the distance between the surface and the cantilever-tip, the AFM
instrument can scan the surface in either contact mode or in tapping mode. In contact
mode, the tip is in constant contact with the surface by application of a constant force,
and this mode is more recommended to topographical analysis of smooth surfaces.
Instead, in tapping mode the tip is oscillated at a known frequency at a certain distance
from the surface and the cantilever deflection strongly depends on the attractive/repulsive
forces. In this case, this is the appropriate mode to evaluate materials with high roughness
once deformation on the asperities will be reduced. There is also the possibility of
operating in non-contact mode but this mode has low resolution and the information can
be highly influenced by surface contaminants (e.g. water droplets) which will mask the real
topography.

The surface topographies of selected anodized Al samples, as well as of the thin
WS-CF coatings deposited on glass and of the hybrid surfaces were collected. It was used
an AFM system (Bruker Innova) mounted in a table damping platform placed in a
controlled room environment. A silicon tip with nominal radius below 8 nm was used in
tapping mode in case of anodized surfaces. However, for the thin coatings roughness
measurements was used a contact mode scan. They were acquired scans of 2 x 2 pm’
size in at least two different areas of the surfaces, with a scanning rate of | Hz. Afterwards,
for depth profiles, an additional simple image processing was followed using the Gwyddion

software.
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2.2.6 Sessile drop method

Contact angle (CA) measurements are typically performed to qualitatively
measure the wetting ability of surfaces. In case of static measurements, it is often followed
the sessile drop analysis. In fact, when a liquid droplet is placed on top of a solid surface
through a syringe, a camera will capture the image of the drop profile, as Figure 2.12 (a)
shows. Then, an image analysis software uses the analysis of the solid/liquid/vapour

interfaces of a sessile drop as Figure 2.12 (b) represents.
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Figure 2.12 Representation of the contact angle measurement through the sessile drop analysis:
(2) drop profile captured by a camera and (b) the involved solid/liquid/vapour interfacial
quantities. (From [120])

Taking the information of the contact angle measurements, they help on the
surface free energy (SFE) determination for complete surface wettability evaluation.

In this work, static CA measurements using the sessile drop method were widely
conducted, as well as the surface free energy determination, once they easily give a first
screen about the surface wettability. The CAs were obtained through a DataPhysics OCA
Analysis system at a controlled room temperature (20 °C), applying a drop volume of 2
pL; at least 10 drops for statistical reliability, which were measured 2 sec after drop
deposition. In case of anodized Al surfaces, they were carried out CA measurements with
3 different liquids (ultrapure water, a-bromonaphthalene and formamide) in order to
determine the SFE using the Van Oss approach [23, 179-181].

Afterwards, the wettability of the thick and thin WS-CF coatings deposited on
glass substrates were also evaluated. However, a third different test liquid was used

(glycerol) for SFE determination, due to new laboratory regulations which forbidden
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formamide usage because of its harmful potential. Then, due to superficial characteristics,
the application of Van Oss approach for SFE determination was not valid, limiting a correct
interpretation and the SFE was then determined using the simple OWRK/Fowkes model
[29, 182, 183]. This method is often cited in the literature as giving intermediate
quantitative results when compared to van Oss and Wu approaches, but qualitative results
of all these methods are essentially the same. OWRK model was also followed for the
wettability evaluation of the hybrid surfaces that resulted from the selected anodized Al

surfaces with optimized thin WS-CF films.

2.2.7 Scratch Testing

The adhesion of the thick WS-CF coatings deposited on steel substrates was
evaluated through the scratch testing (CSEM Revetest equipment), using a Rockwell
indentor with a sphero-conical diamond stylus with tip radius of 0.2 mm (system shown
in Figure 2.13). According to the ISO EN-1071-3, the stylus was slipped at a constant
speed of |0 mm/min, loading rate of 100 N/min at a progressive load, until a maximum of
50 N.

The scratch test enables to determine failures on the coating itself (cohesive) as
well as failures at interface coating-substrate (adhesive failure). The smallest load at which
this failure appears is defined as the adhesive critical load (L.), used to quantify the adhesive
properties of coatings. An optical microscope (Leica DM4000 M LED microscope) was
used to analyse and zoom the failures presented in the scratch track, for critical load

determination through an Image/ software.

Normal Load
Indenter motion

——

Tangencial Force Diamond indentor

Coating

Substrate

Figure 2.13 lllustration of a scratch testing performed under progressive load. (Adapted from
[184])
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2.2.8 Nanoindentation

Similarly to the adhesion testing, the determination of the hardness (H) and elastic
modulus (E) was carried out on the thick WS-CF coatings. It was used a depth-sensing
indentation equipment (MicroMaterialsNano Tester) using a Berkovich diamond
pyramidal indentor. Nanoindentation allows to measure the hardness of a coating at a
very shallow depth (ideally lower than 10-15% of film thickness), minimizing the substrate
influence [185]. In order to fulfil this condition, preliminary essays were conducted with
two different loads of indentation (3 mN and 5 mN) in order to evaluate the maximum
depth indentation. Table 4 confirmed 3 mN as the most suitable load for hardness
measurements. Furthermore, the indentation tester was leaning on a vibration damping
table, and each experiment was carried out at room temperature (23 °C) using an
loading/unloading rate of 0.17 mN/s, with a holding time at the maximum load of 30
seconds, and the results are an average from |6 measurements.

Then, the hardness (H) (resistance of a material to plastic deformation) evaluation
relies on the recording of the penetration depth of the indentor (h) in function of the
applied load (F). The data analysis was automatically made by the software program of the
equipment, which already makes the corrections for the thermal drift, for the penetration
depth at initial load and the DAF correction (diamond area function). The same program

also allows to calculate the elastic modulus of each coating as well.

Table 4 The maximum depth penetration reached with 3 mN and 5 mN of indentation load
applied on the coating surfaces.

Indentation Load
3 mN 5mN
Coati Coating Max Depth Max Depth
?a |n.g Thickness Penetration % Thickness Penetration % Thickness
Designation
(um) (nm) (nm)
WS2 1.88 691 358 1123 59.7
WS-CF2 1.50 135 9.0 247 15.5
WS-CF5 1.58 137 8.6 254 15.1
WS-CF7.5 1.47 126 8.6 225 15.3
WS-CFI10 1.67 176 10.5 297 17.8
WS-CFI5 1.32 173 13.1 589 44.6
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2.2.9 Ball-on-disc testing

Tribology is a science that studies the friction and wear between two interacting
surfaces in relative motion. Different tribological tests were conducted making use of two
different rotational ball-on-disc tribometers (one homemade developed by the research
group and the other was a CSM Instruments, both shown in Figure 2.14). Table 5

summarizes the conditions used for all the performed tribological tests.

HOMEMADE CSM Instruments
(CEMMPRE, UC) (CTU, Prague)

R

;DISC

Figure 2.14 Configuration of the two ball-on-disc equipments used to perform the tribological
behaviour of the coatings.

In relation to the thick WS-CF coatings deposited on disc-shaped M2 steel
substrates (Set | in Table 5), the tribological tests were performed in air at room
temperature (RT) (23°C) and at elevated temperature (200 °C), under a relative humidity
(RH) of 35-40 %. Each sample was hold on a rotating disc (sliding radius of 7.5 mm) that
was sliding with a constant speed (v = 0.1 m/s) against a stationary 100Cr6 steel ball of 10
mm of diameter used as counterpart loaded with 20 N for 10 000 cycles (distance of 500
m). The contact pressure was determined according to the method developed by Hertz,
[186, 187] and was equal to ~700 MPa. The data acquisition system recorded the friction
coefficient (COF) and the reported COF was the average value of the whole test.
Furthermore, the samples and the balls were carefully cleaned in alcohol and dried before

each tribological test.
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Table 5 Experimental conditions used for ball-on-disc tests to evaluate the tribological behaviour
in the three cases of contact. (Note: LD is the anodized Al surface textured with large dimple)

Load v Distance .
Environment
(N) (mls) (m)
ws2
Set | Dry: RT
THICK | ws.cr2 20 500
(Chapter 4.1) | Coatings Dry: 200 °C
WS.-CF5
Set 2 WS2_200 0.1 Dry: RT
THIN 5 50
(Chapter 4.3) | Coatings | WS-CF5_200 Lubricated: RT
Set 3 HYBRID | YS2-200+LD ; s Dry: RT
(Chapter 5) Surfaces WS-CF5_200 + LD Lubricated: RT

The tribological tests of Set 2 (subchapter 4.3) and Set 3 (Chapter 5) were
followed in dry and lubricated conditions, using the tribometer from CSM Instruments,
and under the same RH as before. The lubricant used was a synthetic oil polyalphaolefin,
the PAO-Grade 8 (p = 0.8 g/cm’, kinematic viscosities calculated according to ASTM D
445: v (40 °C) = 48.5 mm?/s and v (100 °C) = 7.9 mm?/s).

All tribological tests followed for Set 2 and Set 3 used a 100Cr6 steel ball with 6
mm diameter as sliding counterpart loaded with 5 N (~700 MPa Hertzian contact
pressure). The coated mirror-polished steel substrates and the coated anodized Al
surfaces (LD) (coatings of ~200 nm thickness) were tested at a linear speed of 0.1 m/s,
whereas the number of laps carried out for Set 2 and Set 3 were equivalent to 50 m and
I5 m of sliding distance, respectively. It is known that the friction coefficient is the ratio
between the friction force and the normal force (u = F/L) [188], and the COF values
reported here were the average value of each sliding test in the steady-state regime.

After the tribological tests, the wear tracks obtained for the thick WS-CF coatings
(Set 1) as well as their respective worn ball scars were observed by SEM, and their
chemical composition was also obtained by EDS analysis. In order to calculate the wear
volume of the balls, images of the worn scars were obtained in an optical microscope.
Afterwards, Image| software was used to get many measurements of the diameters (d)
and calculate the average value. And, considering the worn ball representation in Figure
2.15, the d average value could give the worn spherical cap height (h) (Equation A in Figure
2.15), that contributed to the wear volume (V) calculation (Equation B in Figure 2.15)
according to the ASTM standards [187, 189].
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Figure 2.15 Schematic representation of a worn ball scar.

Thereafter, the specific wear rate (k) was easily obtained by the following

expression 2.3:

kpau = i (m—s-m), (Equation 2.3)

SxL N

where S is the total running distance of the ball over the disc (equal to 2mRn, with R the
sliding radius and n the number of laps), and L the applied load.

Similarly, a 2D optical profilometer (Mahr Perthometer S4P) was used to get the
depth profile of the wear tracks for Set |, for at least three different zones of the wear
tracks. Then, accurate average values of the sectional areas (A) of each wear track was
obtained using the help of AxioVision software. And, the coating wear volume (V45 resulted
by multiplying the average sectional area (A) of the track by the perimeter of the wear
track (2mR). Finally, the specific wear rate for the coating (k) is again easily obtained by

the expression 2.4 below:

_ Ax2mR _ Vdisc(m_3 ) .
Kaisc = il = sk v ™) (Equation 2.4)

The same procedure was performed for the acquisition of the profiles of wear
tracks in case of coatings of Set 2 and Set 3, although a 3D profilometer (ZYGO) was
used instead. Those 3D profiles were treated in a MetroPro software and, in case the ball
hasn’t reached the substrate, it was calculated the sectional areas from 2D profiles through
AxioVision for specific wear rate calculations further on.

An important remark and challenge was to understand the friction behaviour in
lubricated regime. However, it has been reported that friction behaviour is better
correlated with a spreading parameter (SP) [182, 183, 190], at least in high lubricated
systems. This parameter takes into account the polar and non-polar components of the
surface free energy of both the solid and liquid. And, its value can be determined through

the following formula in Equation 2.5:
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SP=2 [W + \/E - }/L], (Equation 2.5)

where, ;/53 is the dispersive component of surface energy, ﬁ is the dispersive component

of liquid surface tension, y, is the total liquid surface tension, ;/SJ is the polar component

of surface energy and yf is the polar component of liquid surface tension.

The SP can tell about the affinity degree of the lubricant oils with a solid surface,
what means the possibility of the oil to create, or not, strong bonding with the surface. If
so, that feature will hinder the oil spreading over the surface with consequent impact in
the friction performance. Then, low SP values mean the oil has low affinity for the surface
and it will form a constant contact angle immediately after reaching a surface due to
adhesion-wetting behaviour, contributing to good lubrication degree inside the contact
and so, to the friction reduction. This knowledge was suggested and taken into account

to discuss the results obtained in lubricated regime in this thesis.
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CHAPTER 3

Surface Texturing by
Anodization

This chapter is focused on the roughness modification of an aluminum alloy surface
through the use of an anodization process in order to reach different water/oil wettability
behaviour. Firstly, details about the substrate pre-treatment and the anodizing conditions
will be provided. Then, the results regarding the morphology, chemical composition,
structure and wettability behaviour of the modified structures wil be presented and
discussed. This work has been conducted in the University of Minho in the Centre of
Physics of the Universities of Minho and Porto (CFUM/UP).
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Chapter overview

The first objective in this thesis was to texture the Al surface with different surface
roughness and study its impact on the water/oil surface wettability. As a starting point, it
was mainly verified over the literature that the Al anodization allowed to reach porous
oxide structures with different pore sizes, interpore distance and oxide thicknesses.
Besides the very rare reported works on the wettability evaluation of those oxide
structures, it was found that the pore diameter influenced the water surface wettability.
Likewise, just a couple of recent works have reported on wettability measurements
concerning the oil affinity of anodized Al surfaces. However, most of them focused on
pure Al surfaces and/or undergone additional fluorination treatments. Despite this, it was
possible to build up a set of anodizing conditions as well as complementary information
about surface pre-treatments that was the starting point for the developed study. The
focus would be always to reach different textures or different pore diameters in order to
reach completely different water/oil surface wettability: hydrophilic-oleophobic,
hydrophobic-oleophilic, hydrophobic-oleophobic, hydrophilic-oleophilic.

Based on the collected information, two electrolytes were selected to get ordered
porous oxide growth; the H,SO, for pores of lower size and H;PO, for pores with higher
size. During the experimental development some adjustments were considered since the
reported conditions were applied to pure or low-alloyed Al surfaces. In fact, this work
deals with a high-alloyed Al surface (Al6016-T4). SEM morphological characterization of
surfaces was highly used to optimize the anodizing conditions. Furthermore, it was studied
the oxide removal after the first anodization, using different etching times until reaching a
dimple-shaped anodized Al surfaces, which were also used for comparison. This study
results in 5 different aluminum oxide surface topographies which conducted to different
wettability behaviours against water and oil. Two of them were dimple-shaped with
different diameters (~30 and ~220 nm), and the other 3 were porous Al oxides with
different pore diameter (~30, ~200 and ~250 nm).

This part of the work including sample preparation, anodizing steps, contact angle
measurements, and the analysis and interpretation of the surface characterization results
were drawn in a scientific article which is already published in Applied Surface Science

journal (IF = 4.3).
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3.1 Introduction

Aluminum (Al) and its alloys are important industrial materials because of their
low weight, good corrosion resistance and machinability which make this material very
versatile in the automotive and aerospace industries [166, 191]. Moreover, when high
strength aluminum is required, 6000 series aluminum alloys (rich in Si and Mg) are the
most commonly used because they are easily heat treated reaching a suitable intermetallic
precipitates distribution allowing to achieve the desired mechanical properties. The
creation of special wettability behaviours on aluminum surfaces would significantly widen
their range of applications to fields such as tribology, biosensing, filtration or corrosion,
addressing particular functionalities such as anti-wear, self-cleaning, anti-fouling, anti-icing,
anti-greasing, etc [31, 192, 193].

Wettability is a surface property that characterizes the degree of liquid interaction
with a solid surface. In practice, the control of surface wettability is inspired in features
found in natural surfaces such as lotus leaves, cicada wings or water strider legs [6]. Indeed,
the production of artificial surfaces repellent to water (hydrophobic) or oils (oleophobic)
relies on various fabrication processes which are able to modify not only the surface
roughness or topography (creating micro-nano or hierarchical scales) but can also change
its surface chemistry (lowering the surface energy) as well as create re-entrant and
overhang structures [2, 3, 194-196].

Considering the roughness factor with an homogeneous surface chemistry, the
wettability of a flat solid surface was firstly described by Young’s model [14] as a surface
property represented by the liquid contact angle (CA) at the point of intersection between
the three phases of solid-liquid-vapour. That contact point is dependent on the liquid
surface tension, the surface free energy of the solid surface and their interaction.
According to this, the liquid dispensed on a flat surface will spread over the surface
minimizing the surface energy until thermodynamic equilibrium is reached.

In the other hand, when roughness is added to the flat surface the wetting
properties are amplified and that factor is described by Wenzel and Cassie-Baxter models.
In Wenzel model [17], the liquid invades the rough structures and comes fully into contact
with the solid’s surface. And, if the liquid CA on the respective flat surface is < 90°, the
roughening of that surface will enhance liquid spreading while for liquid CA > 90° that
roughness enhances surface repellence towards the liquid, both multiplied by the

magnitude of surface roughness. In the model described by Cassie-Baxter [19], 2 more
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complex rough solid surface is considered where air pockets could exist trapped between
the gaps. Then, the wettability is a function of the liquid CA on that respective flat surface
and of the solid’s fraction area in contact with the liquid on its top. In this model, if the
liquid CA of the respective flat surface is < 90°, the introduction of this complex roughness
would increase the liquid CA on that surface. The transition from Wenzel to Cassie-
Baxter occurs when the liquid CA on flat surface becomes > 90°.

The oil wets solid surfaces coated even with the lowest known surface energy
materials, showing CA < 90° while the same surface can show hydrophobic behaviour.
Indeed, oils or low surface tension liquids (< 50 mN/m) have weak cohesion forces and
they are easily overcome by the adhesion forces at the liquid-solid interface and then often
presenting CA < 90° on flat surfaces, this is the reason why it is a major challenge to
obtain oleophobic surfaces.

On this regard, surface modification gained special attention over the recent
decades due to their potential to manipulate the interaction between the liquid and the
surface in order to improve materials’ functionality. Laser technology is among the
fabrication processes used to create superhydrophobic or/and superoleophobic metallic
surfaces through micro/nanostructuring by creation of periodic dimples or grooves [50,
197, 198]. However, this methodology is costly, time-consuming, allowing to texture only
one sample at a time which makes difficult this technique for industrial implementation.
Anodization arises as an alternative method available which enables the growth (bottom-
up process) of structured metallic oxide layers (ceramic behaviour) on surfaces allowing
the modification of metallic surface wettability. In the meanwhile it can provide metallic
surfaces with high corrosion and mechanical resistances [78, 89, 199]. Furthermore,
anodization is a widely attractive electrochemical process once it is highly reproducible,
cost-effective and reliable with easy industrial scalability [200] and, further, with a highly
well-developed line of effluent treatments.

In case of aluminum anodization, there is the formation of an anodic aluminum
oxide (AAO) (Al,O3) in which the structural morphology depends on the chemical nature
of the electrolyte used in the electrochemical bath [201, 202]. Then, in neutral
electrolytes, such as borates or oxalates, compact or dense aluminum oxides are formed
besides the porous-type oxide formed when acidic electrolytes, such as sulphuric, oxalic,
phosphoric, citric, tartaric, etc, are used [77, 203]. Note that, porous aluminum oxides

have also been grown under alkaline solutions (pH =9, | | or I3), such as NaOH, although
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more anodizing time is required due to low rate of oxide dissolution [77]. Conventionally,
the production of highly ordered porous AAO is mostly performed in a two-step
anodizing configuration [168], where the voltage, temperature, duration, electrolyte
nature and concentration are the parameters to be controlled. In the first anodization,
the grown oxide yields disordered pores and a wet chemical etching (usually a phosphoric
and chromic acid solution [204, 205]) is applied for oxide removal which generates a
periodic concave pattern on the aluminum surface. This pattern is a template ready for
the second anodization that is typically conducted with the same conditions as the first
one, leading to the growth of parallel ordered pores which in turn are aligned normal to
the oxide surface plane.

Over the literature, there is a huge amount of works mainly reporting on AAO
produced by anodization for improved corrosion resistance. However, even though the
anodization produces oxides that makes the original surface intrinsically hydrophilic-like,
the number of reported studies englobing the surface wettability having AAO structures
in its composition is very limited. Depending on the conditions used, the anodization
process allows to obtain different porous surface arrangements of aluminum oxides, often
denominated as surface micro-nanostructuring, having an important role on tuning surface
wettability properties. As known, the applied voltage is an anodizing parameter that
controls the pore size diameter being its range dependent on electrolyte conductivity.
Typically, in aluminum mild anodization, sulphuric acid (H,SO,) is used at 10-25 V voltage
range allowing to achieve pore size diameters of 10-80 nm, while oxalic acid (H,C,0,) is
used at 30-60 V to get 80-150 nm pore sizes and phosphoric acid (H;POy) is used at |160-
195 V for getting pore sizes greater than 150 nm [206]. However, the wettability of
anodized Al surfaces were mainly studied regarding to water, with just few reports
referring to wettability in relation to other liquids such as oils. Al surfaces were anodized
using H;PO, electrolyte at different potentials and a pore widening process was used for
reaching intrinsic hydrophobic porous AAO with water contact angles (WCA) of 128°,
which turns into superhydrophobic (WCA >150°) by surface modification with a silane
low energy coating [57]. Hierarchical aluminum surface roughness was achieved by using
a chemical etching-anodization-pore widening process which, with further fluoralkyl
coating to reduce surface energy, demonstrated to be superoleophobic [207-209]. In
regard to water repellence, superhydrophobic Al surfaces have been engineered by

combining a pillar-on-pore hybrid nanostructure, produced under a simple one-step
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anodization process, with a hydrophobic perfluorsilane monolayer coating [94]. Other
authors showed that porous AAO changed from hydrophilic to hydrophobic by increasing
the pore diameter (260 nm) keeping the interpore distance and pore depth constant [95].

Resuming, the studies of water and oil wettability of AAO surface structures were
mostly focused on the development of superhydrophobic or/and superoleophobic surface
behaviours enhanced by the deposition of low energy coatings. However, those coatings
are polymeric-based commonly produced by complex chemical reaction routes and their
mechanical resistance under high loads will be hindered. Moreover, all the wettability
studies were performed on porous anodic aluminum oxides grown only from pure or
low-alloyed aluminum surfaces. Any wettability study regarding porous AAO obtained by
anodization of 6000 series Al alloy surfaces has never been conducted. Thus, taking into
account specific mechanical applications, such as lubrication procedures, a wear resistant
metallic surface, combined with a specific non-common wettability behaviour like
hydrophilic-oleophobic, is sometimes required which can simultaneously promote a self-
cleaning and anti-greasy behaviour. It is now challenging in this work to provide a further
insight on the water and oil wettability performance of porous aluminum oxide structures
obtained only by the anodization of a Si-Mg-rich Al alloy surface.

The aim of this work was to use the anodization process combined with a prior
polishing step in order to get different surface morphologies on a 6016-T4 Al alloy surface
which in turn could give different surface wettability behaviours. Taking this into account
and gathering all the information in the recent literature, tests were performed with two
of the most used electrolytes to produce porous aluminum oxide surfaces, H,SO, and
H;PO,. Two different approaches were conducted, one using H,SO, electrolyte, which is
known to create porous structures at low voltages giving smaller pore size (10-50 nm
range), and the other using H;PO, electrolyte which allows to operate at higher voltages
without excessive current flow and heat evolution, giving larger pore size (100-300 nm

range).

3.2 Experimental

The substrate material used was a commercial 6016 Al alloy with elemental
composition of Al-98.0 wt. %, Si—I.1 wt. %, Mg—0.9 wt. % determined by energy dispersive
spectroscopy (EDS) analysis performed at 5 kV. This alloy underwent a T4 heat treatment

(solution heat treated and naturally aged to a substantially stable condition). The Al-alloy
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sheet was 0.2 cm thick and it was cut into small pieces of 2 x 2 cm®. In order to control
the surface wettability, this work combined surface micro-texturing followed by

anodization processes.

3.2.1 Surface micro-texturing and pre-treatment

The micro-texturing of Al alloy surface was promoted by mechanical grinding
conducted in a polishing machine (RotorPol 21 model by Struers with 25 c¢cm plate
diameter) with SiC sandpapers, with increasing grit size, and diamond paste. This previous
step allowed to prepare three types of surface finishing: not polished (NP), grinding till
grit size 1000 (PI) and further mirror polishing on a cloth with diamond paste of 3 ym
size (MP). As a cleaning step prior to the anodization process, the samples were firstly
degreased in acetone (15 min) and in ethanol (15min) in ultrasonic bath (US) being rinsed
in distilled water between intermediate washing reagents. Subsequently, a chemical etching
in an 8 wt. % H;PO, + 4 wt. % CrO; acid solution was carried out for 20 min in ultrasonic
bath, this working as a surface pre-treatment responsible for the surface’s passive oxide
and impurities removal [205]. In the end, samples were always cleaned in distilled water

for 10 min in US bath too.

3.2.2 Anodization step as surface nanostructuring

Regarding the anodization process, a simple cylindrical polypropylene box was
used as electrochemical cell and the aluminum alloy samples were placed in a two-
electrode parallel arrangement exposing a circled area of around 2 cm?, using a graphite
rod as cathode, as illustrated in Figure 3.1. All the experiments were conducted in
potentiostatic mode using a DC power supply (Agilent Technologies, N5751A model,
max. 300 V-2.5 A) at constant voltage with an anode-cathode distance of 3 cm under
magnetic stirring.

One-step and two-step anodizing configurations were conducted using H,SO,and
H;PO, as electrolytes. Several anodizing parameters were varied as the electrolyte
concentration (in case of H,SO,), the anodizing time (Ist and 2nd), and the durations of
intermediate (Etching 1) and final etchings.

In case of H,SO, electrolyte, all the anodizations were performed at 15 V and the
electrolyte was kept at room temperature (between |5 and 18 °C). Two different
electrolyte concentrations were studied, 0.3 M and | M. For H;PO, electrolyte, only the

0.5 M concentration was used at 100 V with initial electrolyte temperature of around 0
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°C, which was kept with ice in the outside contact with the anodizing cell. In both cases
(with H,SO, or H;PO,), after the first anodization the grown alumina layer was removed
(Etching 1) using a 8 wt. % H;PO, + 4 wt.% CrO; acid solution in a thermal bath at 60 °C.
The influence of Etching | duration was evaluated. After this etching, the samples were
washed again in US bath with distilled water for |0 min. Then, the ordered concave
pattern on the Al alloy surface followed the second anodization step, with the same
conditions as the first one, to produce a more ordered porous AAO structure. Finally, a
chemical etching (Final Etching), using a 0.5 M phosphoric acid solution kept at 30 °C in a
thermal bath, was performed in some samples to enhance pore size diameter. In the end,

the samples were washed in distilled water for 10 min in US bath again.

DC POWER
SUPPLY
L |
71
]
1
Cathode ' ’
(graphite) i
> Anode
(Al alloy surface)
>
Stirring rod

Electrolyte

Figure 3.1 Schema of the electrochemical anodizing cell used for the experiments with a
cathode-anode spacing of 3 cm.

Table 6 summarizes the conditions selected for each anodization which allowed to
produce |3 different structured Al alloy surfaces. The sample designation when using
H,SO, electrolyte in the anodization was determined according to the following
nomenclature [electrolyte nature (S)/electrolyte concentration (0.3 or | M)/anodization

steps (ONE or TWO)/time of Etching | (Etl-duration)/time of Final Etching (Et2-
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duration)]. When using 0.5 M H;PO, electrolyte it was determined according to
[electrolyte nature (P)/ anodization steps (ONE or TWO)/ time of Etching | (Etl-

duration)/time of Final Etching (Et2-duration)].

Table 6 Anodizing conditions using sulphuric acid or phosphoric acid as electrolytes and
respective duration of all steps.

Electrolyte ‘ [Electrolyte] | Potential anodlii;tion Etching | anoji;:tion E:::ci:iarlrg
$/0.3/ONE/Et0 90 min -
$/0.3/ONE/Et1-15 90 min 15 min
S/0.3/ONE/Et1-90 03 M 90 min 90 min
H:50: | /0.3 TWOIEL1-90/E€2-90 15V 90 min 90 min o ||
(30°C)
S/1/ONE/Et1-90 M 90 min 90 min
S/1/TWOIEt1-90 90 min 90 min 90 min
P/ONE/EtI-0 60 min 2
P/ONE/EtI-10 60 min 10 min
P/ONE/EtI-20 60 min 20 min
P/ONE/Et|-30 60 min 30 min
H:PO, [ p/TWOlEtI-30/E€2-0 L L e 60 min 30 min 60 min
PITWO/Et1-30/Et2-15 60 min 30 min 60 min g’o',}‘c")‘
P/TWOIEt1-30/Et2-30 60 min 30 min 60 min zgo':‘é')‘

3.2.3 Surface characterization procedure

The top-view morphology and chemical composition of the surfaces produced by
combination of microtexturing and anodization steps were characterized by a field
emission scanning electron microscope and energy-dispersive X-ray spectroscopy analysis
(SEM/EDS) (FEI Nova 200/Pegasus X4M) operating at 5 kV in secondary electron mode.
Samples were mounted on a holder with double sided conductive carbon tape and
sputtered coated (Cressington Sputter coater 208 HR) with a 5 nm thin layer of Au-Pd
(80/20). Moreover, the morphology and chemical composition of the polished surfaces
before anodization were also characterized (NP, Pl and MP). SEM micrographs
were used to analyse the diameter distribution of the surface features (dimple or pore)
using Image] software. In order to visualize the pore channel growth created by
anodization, selected patterned samples were manually bended and their cross-sections
analysed by SEM. The surface microroughness was measured by a 2D profilometer
(Perthometer S4P, Perthen). Regarding the surface wettability behaviour, static contact
angles (CA) using the sessile drop method were determined using a DataPhysics OCA
Analysis system applying liquid droplets of about 2 pL at room temperature. The liquids

used for wettability assessment were ultrapure water and a-bromonaphthalene (non-

polar liquid acting as oil) with surface tensions (;,,) of 72.8 and 44.5 mN/m, respectively.
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Further, additional contact angle measurements were conducted with formamide (y,,, of
58.2 mN/m) for the five optimized different structured surfaces in order to determine the

surface free energy using the van Oss approach based on the Young-Dupré equation [180,

181].

3.3 Results and Discussion

3.3.1 The effect of mechanical grinding on wettability

It is well-known that bare metallic surfaces exposed to the humid air environment
are subjected to fast oxidation leading to a natural oxide formation and further dust
particle and greasy contaminants’ accumulation. Mechanical grinding helps not only to
remove the natural oxide and cleaning of the surface but also for the creation of a
microtextured pattern or grooving on the aluminum alloy surface, which can influence the
wetting properties. Two Al alloy surface finishing (Pl — sandpaper till grit size 1000 and
MP — mirror-like polished) were compared with the non-polished sample (NP). Figure 3.2
a), b) and c) show the respective SEM micrographs of the polished and non-polished Al
samples. The EDS analysis of the Al alloy material studied is also depicted in Figure 3.2 d)
as well as the graph depicting the results for the static contact angles for water (WCA)
and a-bromonaphthalene (OCA) of the three tested sample surfaces in Figure 3.2 e).

The SEM micrographs show that the NP Al alloy sample presents irregular
microroughness and black blurs, resulting from the oxidation mechanism, which was
confirmed by the oxygen presence in the Al alloy surface by the EDS analysis. Pl Al alloy
sample shows aligned grooves promoted by the abrasive SiC sandpaper while the MP Al
alloy has, as expected, a smooth surface with only a few remaining scratches. This is in
accordance with the roughness measurements obtained by 2D optical profilometry which
allowed to obtain Ra average values of about 2, 0.9 and 0.1 pm for NP, PI and MP Al alloy
surfaces, respectively.

Regarding the wettability behaviour, the graph in Figure 3.2 e) compares the water
and oil (a-bromonaphthalene as the lower surface tension liquid) static CAs. The NP Al
alloy surface is slightly hydrophobic (WCA = 94 + 4°) and oleophilic (OCA =33 % |°) as
the PI surface (WCA =91 + 4° and OCA = 32 + 6°). However, the smoother surface of
the MP Al alloy surface is more hydrophilic (WCA =71 + 4°) keeping a similar oleophilic-

like (OCA = 27 * 2°) behaviour. Taking into account that solid flat alumina surface has
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Surface Polishing
Figure 3.2 SEM micrographs of the three different Al topographies studied a) NP, b) P| and c)
MP; c) the EDS analysis of the Al6016T4 alloy and d) the graphic representation of respective

static water and oil contact angles obtained.

typical water contact angle of about 85 * 3° [95], the WCA values of 94°, 91° and 71°,
respectively obtained for NP, Pl and MP surfaces, are not significantly different. This
allows to conclude that the Al alloy surface has a native oxide surface layer, which is
rapidly produced even after polishing treatment. In the literature, surface finishing Pl has
already demonstrated to achieve superhydrophobicity and superoleophobicity (CA >
150°) but only if a prior acid etching and an additional fluorine-based coating are added
[210]. In this part of the study it was noticed that the Al flat surface must be surely
hydrophilic (example of MP) and the increase of the roughness by microtexturing
(example of Pl) led to hydrophobic surface behaviour (WCA > 90°). This surface
wettability to water means a transition between Wenzel and Cassie-Baxter states.
Regarding to oil repellence, the OCA slightly increased with roughness, although
oleophobicity level was not reached in Pl and then that transition was not so evident,
keeping a Wenzel wettability state.

Due to the wettability result presented by Pl surfaces, which showed not to be
greatly influenced by the microtexturing and to be more homogeneous than NP ones, the

next surface structuring studies by anodization process were only performed on Pl
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surface treated Al alloy surfaces. It is intended to decrease the VWWCA by oxide formation
and increase the OCA by creation of re-entrant surface morphologies or overhang-like

structures which have already been mentioned to be important on reaching oleophobicity.

3.3.2 Surface structures produced by Al anodization

The anodization process is a bottom-up process that enables to alter not only the
surface chemistry of Al surfaces by producing aluminum oxides (Al,O;), but also alter the
surface roughness by producing dimple-shaped or porous structures. According to the
previous section, the polished surface Pl showed aligned abrasive grooves and good water
repellence. Furthermore, three of the five anodization conditions optimized were studied
on the three surface finishing (NP, Pl and MP), showing that P| treatment can provide
different wettability behaviour (see Figure A.l in the Appendix). Figure 3.3 shows the SEM
images of the oxide structures using 0.3 M concentration of H,SO, during 90 min of
anodization at 15 V in one-step configuration. From the top-view image (Figure 3.3 a)), it
can be observed that the pore size is very narrow comparatively to the oxide wall
thickness. The respective cross section view (Figure 3.3 b) and c)) shows the roughly
ordered porous AAO layer of around 12 pm thickness created, with an average growth
rate of about 8 pm/h (see Figure A.2 a) and b) in the Appendix).

In an attempt to create a periodic concave pattern on the Al alloy surface, the
effect of chemical etching followed by the first anodization was studied. Figure 3.4 a) and
b) present the SEM images of Al anodized samples with 0.3 M concentration of H,SO,
after removing the disordered oxide layer by a chemical etching (Etching 1) of I5 min and
90 min, respectively. As expected, an apparent concave-patterned surface with relatively
small size of concavities (around 31 * 7 nm diameter) was achieved as a result of the
periodic bottom pore shape. SEM cross-section view did not allow to clearly separate the
oxide layer confirming its very thin thickness. Besides, it seems that the |5 min of etching
did not allow to completely remove the disordered oxide layer comparatively to 90 min
etching case. Likewise, | M H,SO, was used foreseeing an increase of the concave pattern
left after 90 min etching, although no significant difference on the surface patterning in
regard to 0.3 M was observed as visualized in Figure 3.4 c). In both cases, concave-shaped

surface with the same average size diameter was achieved.
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S$/0.3/ONE/Et1-0

n

Figure 3.3 SEM morphological characterization of Al alloy surfaces anodized at 15 V with 0.3 M
H,SOy as electrolyte in |-step configuration: a) top view; b) and c) cross-sections.

Using the same conditions, a second anodization with 0.3 M H,SO,, followed by
an additional final etching carried out at 30 °C, was performed over this dimple structure
(sample S/0.3/ONE/Et1-90) in order to both promote pore formation and pore widening,
as shown in Figure 3.5 a). The duration of the etching led to an excessive pore widening
leaving some oxide walls cracked, interconnecting surrounding pores. In this context, a
second anodization using | M H,SO, was performed without conducting final etching
(sample S/1/TWO/Et1-90/Et2-0); an ordered porous structure of Al,O; was obtained, as
Figure 3.5 b) shows, with an average pore size diameter of around 29 * 6 nm. From this
first part of the study with sulphuric acid, the main conclusion was that the increase of
electrolyte concentration in the first anodization from 0.3 M to | M followed by Etching
| did not influence the size of the concavities as expected from literature for this anodizing

conditions [21 1, 212].
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| 0.3 M H,50,

100 nm

S/0.3/ONE/Etl-15 S/0.3/ONE/Et1-90

| M H,SO,

c)

100 nm

S/1/ONE/Et1-90
Figure 3.4 SEM morphology of Al surfaces anodized at |15 V with 0.3 M H,SO4 in |-step

configuration followed by chemical etching in H3PO4/CrOj; solution at 60 °C for a) |5 min and b)

90 min and the same procedure but anodized with | M H;SO4 with 90 min etching c).

Then, pointing out that surface wettability is largely dependent on surface porosity
[57], a different electrolyte which allows to work at higher potentials was selected in
order to increase the average pore size diameter. Al alloy surfaces were anodized in 0.5
M H;PO, electrolyte under 100 V at low temperature (0 °C). Figure 3.6 shows the main
SEM micrographs of sample anodized during 60 min with H;PO, electrolyte in one-step
configuration (P/ONE/Etl-0). The top-view morphology of Figure 3.6 a) shows high
porosity with a relatively broad distribution of surface pore openings. Indeed, a higher
working voltage increases the radial electric field distribution leading to enhanced radial
oxide dissolution which results in an increase of pore size. Furthermore, comparing this
high magnification SEM micrograph with the lower magnification SEM image presented in

Figure 3.6 b), it is possible to conclude that the anodization process follows the aligned
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features promoted by the polishing step, with the pores occurring preferentially inside the

grooves.

| 03 MH,S0,

050 10 150 H 250 am 150 m 450 KoV

S/1/TWO/Et|-90/Et2-0
Figure 3.5 SEM morphology of Al surfaces anodized at |5 V with H,SOy4 in 2-step config. with a)
0.3 M H,SO4/90 min final etching in 0.5 M H3PO./30 °C and with b) I M H,SO4 without final

etching. In c) there is the EDS analysis on protrusion feature.

First Anodization

P/ONE/Et1-0

Figure 3.6 SEM morphological characterization of Al alloy surfaces anodized at 100 V with 0.5 M

H3POy4 in |-step configuration for 60 min. In a) it is showed the top view of anodized sample; b)
obtained at low magnification and, in c) a sectional view of that anodize
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This fact had also been noticed when anodizing with H,SO, electrolyte. In Figure
3.6 c), the cross-section analysis showed that the pore channels are not vertically aligned.
This is a consequence of an unsteady-state anodization in which the oxide dissolution
reaction is promoted instead of the formation; then, the anodization process does not
occur and branched pores are generated from the primary aligned pores [164, 213].

In case of H,SO, anodization, the chemical etching had influence in the surface
topography; so, its effect and duration on the bottom surface topography were studied
again when using H;PO, electrolyte.

After etching for 10 min, 20 min and 30 min in H;PO.,/CrO; solution at 60°C
(Figure 3.7 a), b) and c), respectively), once again the top view of the etched samples
reveals very shallow pores approaching a dimple-like structure. Despite the broad size
distribution, the remaining thin oxide layer, after the chemical etching, formed large
concavities of about 223 + 46 nm average size diameter. With increasing etching time, the
remaining oxide layer apparently gives to P/ONE/Etl-30 sample a more mechanical
consistent aspect (compare Figure 3.7 d) and e)).

Additionally, a two-step anodization procedure was performed on sample surface
P/ONE/Et|-30 (Figure 3.8 a)) during 60 min. The poor ordered structure observed after
the second anodization (P/TWO/Et|-30/Et2-0) still showed large pore openings (Figure
3.8 b)) with non-circular geometry and broad size distribution (205 + 55 nm) with global
dimensions of oxide wall thicknesses in the range of 130-180 nm. Note that the Al alloy
of the 6000 series (rich in Si and Mg elements) can have intermetallic precipitates in its
constitution which make these surfaces remarkably interesting to be studied from the
electrochemical point of view [214]. Then, comparatively to the commonly self-ordered
porous structures obtained with pure Al surfaces, a much more irregular structure
arrangement, with branched or meshed pore structures, can be achieved and double or
triple sub-channels can be formed underneath [80]. Moreover, the microroughness
enhancement of the Al6016-T4 alloy surface, created by the mechanical grinding, can also
contribute to this non-ordered aluminum oxide structure.

Figure 3.8 e) presents the sectional view of the grown anodic oxide layer without
chemical etching of PF/TWO/Et|-30/Et2-0 sample. Vertical aligned pores, typical of second
anodization ordering, can be observed even if the cross-section preparation method
broke many oxide walls. Transversal to the large pores perpendicular to the surface, small

pores can also be detected across the oxide walls which can be attributed to different
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First Anodization
+

Etching 1

20 min 30 min

A A Y 4 /| ’
Figure 3.7 SEM morphological characterization of Al surfaces anodized at 100V with 0.5 M
H3POy4 in |-step configuration and using a chemical etching in H;PO4/CrO3/60 °C for a) 10 min,
b) 20 min and c) 30 min. Images d) and e) are two sectional views obtained.

chemical dissolution rates of the second-phase precipitates of the Al alloy, that can get
trapped in the oxide structure [215, 216]. In fact, the EDS spectra obtained after
anodization, which are depicted in Figure 3.5 c¢) and Figure 3.8 g), showed the Si presence
in the anodic layers, when anodizing with H,SO, or H;PO,. Moreover, the presence of
those intermetallic compounds are also responsible for incorporation of the sulphate
(SO,*) or phosphate (PO,*) anions coming from the electrolyte during the oxide growth.
Figure 3.5 b) shows two bright spots/protrusions, featuring the sulphate species
incorporation. Together with the EDS analysis that identified S or P elements in the oxide
surfaces, XRD analysis (Figure 3.8 h)) performed in H;PO, treated sample (P/TWO/EtI -
30/Et2-30), showed the presence of the AIPO, phase in accordance with results from
literature [217].

After the second anodization in H;PO, electrolyte, P/'TWO/Et|-30/Et2-0 samples

were further chemically etched (Final Etching) for |5 min and 30 min duration ina 0.5 M
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Figure 3.8 SEM images of a) PPONE/Et|-30 which b) underwent 60 min 2nd anod./final etch. in
0.5 M H3POy4 for c) I5 min or d) 30 min. Sectional views were obtained for surfaces ) without
and f) with final etching. EDS g) and XRD h) analysis for P/TWO/Et|-30/Et2-30.

H;PO,solution at 30 °C, to promote the pore widening (Figure 3.8 c) and d), respectively).
As expected, a progressive pore widening is observed with increasing etching time,
reaching average pore size diameters of 250 + 60 nm. However, the decrease of pore wall

thickness (~50 nm) increased the porosity and many pore channels merged with
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neighbouring ones showing the well-known bamboo-like structure [218]. Nevertheless,
the thickness of the Al anodic oxide layer after 30 min etching was about 2 pm, the same
as without any etching (comparing cross-sections of Figure 3.8 e) and f)). In this case, the
oxide growth rate is lower when compared to H,SO, one (see Figure A.2 c) in the
Appendix regarding the current densities).

In summary, the anodization of an aluminum alloy of the 6000 series showed to be
different from the anodization process of pure Al. The presence of precipitates based on
the Si and Mg alloying elements, with different oxidation rates comparatively to Al, showed
to have a detrimental effect hindering the ordering of the pores and the overall structure,
mainly after the two-step anodization [92]. According to the different Al oxide structures
developed by the anodization processes, 5 samples with different surface morphologies
(pores or concavities of different sizes) were selected for further studies of the wettability
behaviour in water and oil (a-bromonaphthalene) (see Figure A.3 in the Appendix for
exemplification of Image/ application on pore/dimple size determination). Those samples
are: 5/0.3/ONE/Et1-90 (Figure 3.4 b)), S/I/TWO/EtI-90/Et2-0 (Figure 3.5 b)), PPONE/EtI-
10 (Figure 3.7 a)), PFTWO/Et|-30/Et2-0 (Figure 3.8 b)) and P/TWO/Et|-30/Et2-30 (Figure
3.8 d)).

3.3.3 The effect of anodization on wettability

Literature studies mainly report on the wettability of water on anodized Al
surfaces; this work gives a further insight on the oil repellence level of different structures
achieved by Al alloy anodization. As determined above, the as-received Al alloy substrates
(NP surface) displayed a hydrophobic and oleophilic behaviour with WCA of 94 + 4° and
OCA of 33 £ 1° respectively. Similar wettability behaviour was measured for the Al
polished surface (Pl) (WCA = 91 + 4° and OCA = 32 * 6°), this surface behaviour the
base condition for this study.

Figure 3.9 plots the static water and oil contact angles for the structures obtained
after one-step anodization a) and two-step anodization b). Overall, it is clearly observed
that either the roughness or the surface chemistry modification to alumina, by anodization
of the Al alloy surface, led to hydrophilic and oleophilic surfaces (WCA and OCA < 90°).
The one-step anodization (for both H,SO, and H;PO, electrolytes) followed by oxide
removal by chemical etching, allowed to achieve small (sample S/0.3/ONE/Etl-90) and
large (sample P/ONE/Etl-10) concavities; the latter topography gave rise to WCA of 93
* 12° and OCA of 41 + 2°, providing slightly hydrophobic but still oleophilic character.
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EDS analysis (not shown) showed that the oxide removal was not complete; a thin oxide
layer was left contaminated by phosphorous coming from the acid etching solution. Since
the smaller concavities (size diameter of ~31 nm) gave lower values of static contact angles
(45 + 6° for WCA and 27 + 4° for OCA) than the larger ones (size diameter of ~223 nm),
as they have the same microroughness (Ra values around 0.5 ym, 2D profilometry data),

we can conclude that dimple size has a role on wettability.

Industrial Al alloy surface
I Y

Mechanical Grinding

Polished Al alloy surface (P1)

(

Anodization steps

Structured Al alloy

30
' % 20
' 10

T T T
S/1/TWO/Et1-90/Et2-0 P/TWOJ/Et1-30/Et2-0 P/TWO/Et1-30/Et2-30
TWO-STEP ANODIZATION

T T
$/0.3/ONE/Et1-90 P/ONE/Et1-10
ONE-STEP ANODIZATION

Figure 3.9 WCA and OCA measurements obtained for five different structures produced by Al
alloy anodization in a) one-step configuration and in b) two-step configuration. The starting Al
alloy surface (Pl treatment) showed WCA of 91 *+ 4° and OCA of 32 + 6°.

In two-step anodization process, thicker porous oxides (microroughness with Ra
values of 1.3 ym) were grown on the Al alloy substrates of about |2 ym on S/I/TWO/Et| -
90/Et2-0 and 2 pm on both P/TWO/Et|-30/Et2-0 and P/TWO/Et|-30/Et2-30. The increase
in porosity mainly led to surfaces with CA < 20° reaching superhydrophilic and
superoleophilic wettability behaviour. The pore widening promoted by 0.5 M H;PO,
solution at 30 °C on sample P/TWO/Et|-30/Et2-30, comparing with P/TWO/Et|-30/Et2-

0 without etching, did not yield an increase of the WCA as it could be expected from
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literature [57] giving, instead, a drop on those values. Despite the deep pores, the small
pore size and the thin oxide wall thickness observed for S/I/TWO/Et1-90/Et2-0, a WCA
(20 £ | °) value below the OCA value (24 + 3°) was reached. Likewise, the increase on
pore openings together with the increase of oxide wall thickness (~ 150 nm) observed for
P/TWO/Et|-30/Et2-0 revealed similar contact angle measurements to that of
S/1/TWO/Et1-90/Et2-0 with WCA of 21 + 10° and OCA of 17 + 7° values.

In wettability mechanisms it is known that the increase in surface roughness
enlarges the effective contact area between the liquid and solid. In case that the liquid
impregnates the rough surface the so called Wenzel state is applied whereas in case the
liquid is suspended on the top of roughness peaks, the Cassie-Baxter state better
describes the wettability behaviour. However, the wettability of porous anodic alumina
by water is usually explained by a more appropriate model based on an intermediate state
between Wenzel and Cassie-Baxter ones [219]. It is a pressure balance model that can
predict the penetration of a water droplet into each of the pores, assuming that when the
water wets the porous alumina surface, the air inside the pore is not totally expelled out
but instead compressed [95]. This way, there was a force balance between the force
exerted by the compressed air and the capillary force together with the gravity force (this

one caused by the water weight above the air pocket), as Figure 3.10 a) represents.

Then, the capillary force (F_C)) can be expressed as:
F. = mydcos®, (Equation 3.1)
where 5 d and 0 are the water surface tension, the pore diameter and the Young’s liquid
CA, respectively [220]. Moreover, in that force balance model, the gravity force (W) is

very small being neglected and, so, the capillary force will be balanced by the air pressure

(F_p)). That air trapped inside the pores is assumed to behave like an ideal gas and, if the
size of the pore is much smaller than the size of the liquid droplet, the displacement of
the liquid into the pore (h) can be expressed as:

h = 4Lycos6/(Pyd + 4)cosb), (Equation. 3.2)
where L and P, are the pore depth and atmospheric pressure, respectively. This
expression assumes that Young’s liquid CA () of flat solid alumina is ~85°, P is | atm and
y is 72 mN/m (water) which results that the ratio of liquid that can intrude the hole (h/L)
would decrease as the pore diameter (d) increases. For example, for the same pore depth,
a pore diameter of around 100 nm gives a h/L ratio of about 0.7, meaning that the surface

wetting behaviour is Wenzel state, while for a pore diameter of around 420 nm h/L ratio
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is about 0.3 reaching a more Cassie-Baxter state surface behaviour. Certainly, the
mentioned capillary-pressure model can also be extrapolated for low surface tension

liquids such as bromonaphthalene which v is equal to 44.5 mN/m.

a)

P/ONE/Et1-10 S/0.3/ONE/Et1-90

)
V) V)

S/1/TWO/Et1-90/Et2-0 P/TWO/Et1-30/Et2-0 P/TWO/Et1-30/Et2-30
Figure 3.10 Wettability mechanisms in porous structures: a) the schema of the capillary-pressure
forces; and the representation of liquid droplet in the developed dimple-shaped structures b)
and c), and in porous structures c), d and e).

In our cases, the h/L ratios were calculated according to the Equation 3.2
previously mentioned. Table 7 compares the values obtained for the Al oxide surface
structures produced in one or two-step anodization.

Even though the one-step anodization gave dimple geometry in the structures, it
was also calculated the h/L ratio according to the respective dimple size diameter. Related
to the one-step anodization, considering 31 nm or 223 nm as the diameters of the dimple

geometries, h/L ratios of 0.97 and 0.79 were respectively determined. The application of
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Equation 3.2 is not completely wrong once the concavities are larger for sample
P/ONE/Etl-10 (see representation | of Figure 3.10), although being smaller for sample
S/0.3/ONE/Et1-90 (see representation Il of Figure 3.10). The highest “diameter” gave the
lowest ratio, indicating higher liquid repellence which is in accordance with the CAs

measured, although the surface is roughly still inside the Wenzel regime.

Table 7 The h/L ratios obtained for all the anodized samples obtained, which structures are

schematically represented as |, II, lll, IV and V in Figure 3.10.
Anodized Sample d (nm) L (um) h/L h (um) | WCA (°) OCA(°)
Fig.3.101) | P/ONE/Et1-10 223+ 46 - 0.79 - 93 4
Fig. 3.10 I1) | S/0.3/ONE/Et1-90 31+7 - 0.97 - 45 27
Fig. 3.10 Ill) | S/1/TWO/Et1-90/Et2-0 29+6 12 0.97 115 20 24
Fig. 3.10 IV) | P/TWO/Et1-30/Et2-0 | 20555 2 0.81 16 21 17
Fig. 3.10V) | P/TWO/Et1-30/Et2-30 | 250 + 60 2 077 | 15 7 8

Regarding the two-step anodization, theoretically, the increase on pore size
diameter would give rise to a decrease on h/L ratio. This trend was verified in our
calculations reaching 0.97, 0.81 and 0.77 for S/I/TWO/Etl-90/Et2-0 (pore of 29 nm),
P/TWOI/Et|-30/Et2-0 (pore of 205 nm) and P/TWO/Etl-30/Et2-30 (pore of 250 nm)
samples, respectively. All those ratios would clearly give a Wenzel wettability regime,
depicting P/ TWO/Et|-30/Et2-30 sample as the less wettable among all three. However,
from the CA measurements, P/TWO/Et|-30/Et2-30 sample presented the lowest values
showing superhydrophilic and superoleophilic behaviour (see representation V of Figure
3.10). This phenomenon may be in part explained by an overetching of the porous surface
that led to a limited pore wall thickness (50 nm), which led to a collapse of the dead-end
structure in some areas becoming too thin to support the liquid droplets. This, added to
the fact that the transverse pores interconnecting the perpendicular pore channels would
increase of liquid-solid contact area, which in turn would increase the capillary forces.
That increase would overcome the pressure forces promoted by the air trapped inside
the pores, disrupting the capillary-pressure balance assumed for porous structures, and
consequently, eliminating the air pocket pressure affect. As a result, that leads to easy
water or oil spreading inside the whole structure, thereby strongly decreasing the
repellence of the surface. Regarding to samples S/1/TWO/Et|-90/Et2-0 and P/ TWO/Et| -
30/Et2-0, the oxide walls do not show such a high oxide wall disruption level and the pore
sizes (29 nm and 223 nm, respectively) induced h/L ratios in accordance with the Wenzel
regime confirmed by the CA values reached. The wettability schema representation of

both structures are respectively presented in Figure 3.10 as lll and IV.
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Another parameter measured was the surface free energy (SFE), which is the
energy of a solid surface free to interact with the outside (comparatively to the bulk
material) and is usually a key to understand adhesion phenomena of surfaces. In this study,
SFE calculation was calculated based on the van Oss approach [221-223], which is
reported as being the better direct experimental method for solid surface free energy
determination [224]. This model assumes the thermodynamic equilibrium of the solid-
liquid-vapour surface tensions, which coexist in the boundary of a liquid droplet in a solid
surface. It expresses the surface free energy in terms of the sum of non-polar and polar
interactions and in terms of the solid-liquid work of adhesion; combining that result with
the Young equation. The final equation contains three unknown parameters which
requires the contact angle measurements with three probe liquids, with known surface
tensions. Then, Table 8 shows the values calculated for the surface free energy (SFE) in
this study which tells that the one-step anodization have lower values than the two-step

anodization ones.

Table 8 The surface free energy values determined for the anodized surfaces.

SFE (m)/m?)
P/ONE/EtI-10 77
$/0.3/ONE/Et1-90 8
S/I/TWOIEt[-90/Et2-0 3
P/TWO/Et1-30/Et2-0 23
P/TWOIEtI-30/Et2-30 3

The disorganized oxide structures of the high-alloyed Al (6016) after anodization,
comparatively to the Al alloy 1050 used in other works [57], are due to the alloying
elements. In fact, it was figured out that, in our study, the enhanced porosity was due to
the presence of intermetallic precipitates (containing Al, Si or Mg), as well as to the
incorporation of phosphate anions during anodization, producing AIPO, species in the
oxide layer. Therefore, the wettability results were directly attributed to the low ordering
of the pores (high porosity and interconnected pores) and to the anions incorporation in
the oxide layer. On the other hand, the increased pore depth (12 pym) achieved with
H,SO, electrolyte (sample S/I/TWO/Etl1-90/Et2-0) in two-step configuration should be
responsible for the high water and oil wettability (VWenzel state). In fact, as the pore depth

increases, more difficult is the effective removal of electrolyte after the anodization
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treatment; then, the remaining liquid with higher concentration in sulphate anions would

induce higher affinity to water.

3.4 Conclusions

In this study, an anodization process was used to promote the surface
nanostructuring of an Al alloy of the 6000 series. The alloy was previously microtextured
by mechanical polishing. Anodization performed in one-step configuration gave a dimple-
shaped surface structure with very thin AAO layers; hydrophilic and oleophilic behaviour
was achieved in case of small dimple of about 31 nm whereas slightly hydrophobic and
oleophilic character occurred for larger dimples (of about 223 nm). The anodization of
polished samples in two-step configuration allowed to achieve porous Al oxide layers.
Using H,SO, electrolyte, narrow pores (diameter of about 29 nm) in a thick oxide layer
was reached, while using H;PO, electrolyte a higher porosity was achieved with larger
pore sizes (~ 250 nm). In last case, the porous structures gave rise to superhydrophilic
and superoleophilic wettability behaviours, typical of a Wenzel state.

This study provided a further insight in the role of intermetallic precipitates which
greatly influenced the ordering of the oxides grown during the anodization process which
in turn have a huge impact in the surface wettability. During anodization, these
precipitates, due to their high electrical resistivity, are responsible for a higher heat
evolution and, thus, by the local enhanced alumina dissolution. This situation promoted
an increased porosity, particularly for the H;PO, case.

The increased solid-liquid contact area, breaks the pressure-balance model leading
to an easy liquid penetration inside the structures and a high hydrophilicity and
oleophilicity behaviour is reached. It must be noticed that oil wettability of anodized bare
Al-alloy surfaces has never been reported so far; the only results in the literature concern

low-alloy or unalloyed Al surfaces coated with low energy films.
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CHAPTER 4

Development and Optimization of doped WS,-based
Coatings deposited by Magnetron Sputtering

This chapter englobes the development and optimization of F/C doped WS,-based
coatings deposited by reactive magnetron sputtering method. The coatings were
characterized in terms of morphology, structure, chemical analysis, tribological behaviour
and wettability character in regard to water and non-polar liquids. The study in this
chapter resulted in WS-CF coatings with selected thicknesses to be deposited over
selected textured surfaces produced by anodization. This work has been carried out in
the University of Coimbra at CEMMPRE research institute and at LED&MAT laboratory
in IPN-Coimbra. Moreover, some tribological tests were also carried out in Czech
Republic in the Technical University of Prague (CTU).
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Overview — Part |

One of the main objectives of this study was to deposit WS,-C based coatings with
fluorine incorporation, in order to control the hydro-oleo/phobic-philic characteristics,
without compromising the WS,-C self-lubricating properties and high mechanical strength.

Previous works of the research group reported on the mechanical properties
improvement of the WS, material by carbon (C) incorporation, as well as their friction
performance. Furthermore, a huge amount of works has cited the F-riched polymeric
coatings as having a significant role on surface wettability behaviour. Moreover, the F
incorporation has been mentioned to also improve the hardness of coatings deposited by
magnetron sputtering as well as increase their hydrophobicity.

Then, taking into account all this work background, the second part of this thesis
was focused on the development and evaluation of the properties of WS, coatings
deposited by reactive magnetron sputtering with both fluorine (F) and carbon (C)
incorporation. It was used a reactive Ar/CF, gas mixture to deposit a set of 6 coatings
with different F contents, which had a [1.3-1.9] um thickness range. In this study, it was
verified that the F/C incorporation in the coating did increase the hardness and decrease
friction, comparatively to pure WS, coating, in room temperature and in high temperature
conditions. Further, the F insertion unexpectedly increased the surface energy of the
coating, leading to an increased water affinity. Another issue was that after a certain
increase of the CF, flow rate, the F was not incorporated in the coating anymore. This
was related with competitive etching mechanisms happening in the coating growth
process, feature widely reported for reactive ion etching (RIE) processes, being not the
focus of this study, still not well-understood yet for our deposition system.

The study presented in this next subchapter 4.1 was developed in the University
of Coimbra at CEMMPRE research institute and at LED&MAT laboratory in IPN-Coimbra
and resulted in a scientific paper already published in the Applied Surface Science journal

(IF = 4.3).
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4.1 Fluorine-carbon doping of WS-based coatings
deposited by reactive magnetron sputtering for low
friction purposes

4.1.1 Introduction

The automotive industry is known to have a great impact in the World economy
due to the commercialization of a huge amount of diversified electronic systems and
mechanical components [225]. Before the assemblage step, many mechanical devices
require previous lubrication. The tools, for an efficient and durable lubricants’ application
should possess a combination of low friction and specific wettability properties. However,
the European commission is nowadays more alerting on the use of greases or oils, applying
restrictive rules, since most of these lubricants are harmful to the environment and human
health [226-228]. Thus, materials and surface engineering is a potential solution for
removing or, at least, reducing the lubricants’ use by developing functional surfaces
through the application of coatings able to provide self-lubricating properties and suitable
contact angles in relation to lubricants (oils).

Transition metal dichalcogenides (TMDs) are materials with interesting electronic,
optical, mechanical and magnetic characteristics which also triggered intensive research
for self-lubricating purposes [128, 229]. Indeed, their anisotropic layered crystal structure
allows to reach low friction coefficients mainly in vacuum or in dry air. TMDs’ materials
consist of a transition metal layer (e.g. Mo, W or Nb) sandwiched between two chalcogen
layers (e.g. S, Se or Te), in which the atoms are covalently chemically bonded together
while these layers are held together by weak van der Waals interactions [127].

Magnetron sputtering is considered a clean, reproducible and cost-effective
method, widely used to deposit TMD coatings [230]. Pure sputtered TMDs exhibit
columnar morphology, low hardness (< | GPa), with consequent very low load-bearing
capacity, and low adhesion to the substrate materials. Their high porosity allows a high
reactivity of the coating with oxygen in humid air environments, causing an increased
friction and wear which strongly limit their application as self-lubricant only to dry or
vacuum atmospheres [143, 145, 231]. Alloying TMDs with selected elements such as, Ti
[147] or Cr [146] could improve the mechanical and tribological performances. Another

alternative to improve the mechanical performance is to alloy TMD coatings with carbon
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or nitrogen. Magnetron-assisted pulsed laser deposition or laser ablation allowed to
produce dense self-lubricant W-S-C based coatings, less sensitive to air environment than
WS,, combining excellent frictional properties and good tribological performance in
vacuum (coefficient of friction (COF) of ~ 0.03) and in humid air (COF of ~ 0.15), when
tested against steel balls [232, 233]. Similar TMD-based coatings doped with carbon or
nitrogen were deposited by magnetron sputtering [148, 149, 158]. The W-S-C coatings
were also tribologically tested against steel balls at 30% of relative humidity (RH), and the
COF values decreased down to ~ 0.06 when the load increased from 5 to 47 N [I51].
These coatings were also tested at temperatures above 100 °C with COF values below
0.01, and the specific wear rates were almost independent of the temperature up to 400
°C [152]. Apart from the higher thermal stability depicted for the W-S-C system, lower
wear volumes were also observed for this system, withstanding higher loads (1000 N) in
humid air than other TMDs alloyed with carbon [156, 157]. Therefore, if it would be
possible to add the good mechanical and tribological characteristics of the W-S-C coatings
with a suitable surface wettability behaviour, the final surface functionality could be
improved allowing a more efficient and controlled application of the lubricants and, then,
reducing their consumption.

Wettability is a complex surface property which is commonly controlled by the
roughness or/and by the chemical composition of the surface [2, 3, 195, 196, 234]. In
regard to chemical modification for amphiphobic behaviour, polymeric-based coatings
containing F radical [126] or silane (H-Si-H radicals) [235, 236] species are often used.
These coatings are able to decrease the surface free energy and, then, induce repellence
to particular liquids, although they have intrinsically low mechanical resistance and load-
bearing capacity. Then, the purpose of this research was to provide a mechanically strong
material with a specific wettability property, through the alloying of W-S-C coatings with
fluorine using magnetron sputtering deposition. Fluorine alloying is well-known in many
fields for changing specific properties of materials, such as: a) the refractive index for
photovoltaic applications [123, 237]; b) the electrical properties to achieve more dielectric
or conductive films [124], c) the mechanical properties for achieving ultra-low friction
[121, 238] or even, d) the surface properties to avoid coagulation mechanisms in medical
devices [125].

The fluorine is reported to deteriorate the hardness and the elastic modulus of

the C-F or F-DLC sputtered coatings [I 15, 118, 239]. In relation to the water contact
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angles, the fluorine alloying has shown to increase the coatings’ repellence [240, 24 1], with
no reportin regard to oil wettability. Other authors sputtered MoS, and PTFE (C-F chains)
and the produced coatings demonstrated a reduced sensitivity to relative humidity in the
tribological assay [242]. Similarly, the tribological behaviour of WS,:CF, films deposited by
pulsed laser deposition showed less sensitivity to moisture than pure WS,, at least until
50-60% of RH; these films depicted ultralow friction in dry air (COF < 0.01) against
stainless steel balls [159]. No results were presented concerning water or oil wettability.
The same deposition method was used to deposit WS,:CaF, coatings with very good
lubrication performances (COF = 0.15) at high temperature (500 °C), with great potential
for airspace industry applications [243].

In summary, fluorine doping of TMD coatings for wettability purposes is still not
explored. Furthermore, the literature is scarce on the fluorine doping of TMDs-C for
improvement of the mechanical properties. Therefore, a study on the F alloying of the W-
S-C films for tribological applications at high loads in humid environments with further
assessment of the surface coatings’ wettability is still missing. In this study, these coatings
will be developed to improve the mechanical properties/tribological performance and
reduce the surface free energy, in order to validate their applicability on metallic materials

for some applications.

4.1.2 Experimental

4.1.2.1 Production of the fluorine-carbon doped W-S coatings

The coatings were deposited by reactive magnetron sputtering on commercial
glass, mirror-polished (100) Si, and M2 steel disc substrates. The latter were mechanically
polished (RotorPol 21 model by Struers with 25 cm plate diameter) with SiC sandpapers,
with increasing grit size, and diamond paste (3 um). Prior to depositions, all samples were
firstly degreased in acetone (15 min) and in ethanol (15 min) in ultrasonic bath and, then,
air dried.

A semi-industrial DC closed field unbalanced magnetron sputtering machine (TEER
Coating Ltd.) equipped with four cathodes was used for the depositions. The targets (380
x 175 x 10 mm®) are vertically aligned and oppositely pair-paralleled with a substrate
holder placed under rotation (20 rpm) in the centre at 30 cm distance (Figure 4.1). The

vacuum chamber (~ 275 dm’ volume capacity) reached a base vacuum pressure better
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than 5 x 10 Pa by using a primary and diffusion pumping system. Prior to each deposition,
the targets were sputter cleaned in an Ar discharge at 0.37 Pa. The opposite WS, targets
were cleaned for 10 min with 1000 W power in each one; then, the shutter was rotated
90° in order to proceed to the metallic Cr target cleaning for 10 min duration at 2000 W,
while the substrate holder was kept at 600 V in both cases. Inmediately after, and moving
the shutter 90° back again, a Cr interlayer of approximately 400 nm thickness was
deposited during 10 min in order to improve the coating adhesion. For the WS-CF
coatings’ deposition, the fluorine-carbon alloying was promoted by using a reactive
gaseous atmosphere of Ar + CF;; the flow rates were controlled in order to keep the
working pressure at around 0.4 Pa. Table 2 of Chapter 2 of this thesis summarizes the set
of six coatings produced (WS2, WS-CF2, WS-CF5. WS-CF7.5, WS-CF10 and WS-CF15),
when 1000 W was applied in each WS, target for |h deposition time. In these coatings,
the CF, flow rate was increased from 0 to |5 sccm, respectively. Before opening the
chamber, the substrates were left in vacuum in order to reach room temperature and,

then, industrial N, gas was blown inside until reaching atmosphere pressure.

gases

Cathode 3

Cathode 2
¥ 8poyred

Vacuum pump

Cathode 1
Figure 4.1 Schematic diagram of the interior magnetron sputtering chamber mounted with three
targets (two of WS, and one of metallic Cr) used for the deposition of the fluorine-carbon
doped WS-based coatings.
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4.1.2.2 The characterization of the coatings

The cross-section/top view morphologies and thickness of the coatings deposited
on silicon substrates were observed by scanning electron microscopy (SEM) (ZEISS Merlin
— Field Emission Gun, High Resolution with Charge Compensation) operating at 2 (cross-
section) or 4 (top view) kV at 7 mm of working distance (WD), in secondary electron
mode. For chemical composition, wavelength dispersive spectroscopy (WDS) was used
(Oxford Instruments) at 10 kV acceleration voltage and 5 mm WD. The surface coating
roughness was measured by a 2D profilometer (Perthometer S4P, Perthen).

X-ray photoelectron spectroscopy (XPS) was performed in an ultrahigh vacuum
system at a base pressure of around 107 Pa using a Kratos AXIS Ultra HAS with VISION
software for data acquisition and CasaXPS software for data analysis. XPS was carried out
with a monochromatic Al Ka X-ray radiation source (hv = 1486.7 eV) with a take-off
angle of 45° from the horizontal plane of sample surface, operating at constant power 90
W (15 kV), in FAT mode (Fixed Analyser Transmission), with a pass energy of 40 eV for
regions ROI and 80 eV for survey. The acquisition data was performed with a pressure
lower than Ix10® Pa and a charge neutralisation system was also used. Binding energies
were calibrated using the oxygen peak Ols (531.0 eV) [172]. Moreover, in order to
accurately determine the elemental chemical states, an Ar" ion etching step of 20 min
duration (3 x 3 mm? area, 2.2 kV acceleration tension, 70 nA of emission current) was
conducted to remove the surface top layers. The crystal structure of the coatings
deposited on glass substrates was analysed by X-ray diffraction (XRD) (PANalytical X’'Pert
Pro MPD system) using Cu Ka radiation (A = 1.54 A) (45 kV and 40 mA) in grazing angle
(5°) in 10-80° 20 range.

The adhesion of the coatings was evaluated on steel substrates by scratch test
(Rockwell indenter) according to ISO EN-1071-3 in progressive load mode (4 — 50 N) at
a rate of 100 N/mm, which allowed to calculate the adhesive critical load (L.) at the time
the film starts to fail, exposing the substrate. The critical load values were obtained by
analysis of the failure events in the scratch track by optical microscopy provided with an
Image/ software.

The hardness (H) and elastic modulus (E) of the coatings were measured by depth-
sensing indentation (MicroMaterialsNano Tester) using a Berkovich diamond indenter.
The indentations were set with 3 mN maximum load in order to ensure an indentation

depth less than 10 % of the coatings’ thickness. Sixteen indentation measurements were
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recorded on each specimen for accurate determination of both hardness and elastic
modulus values. Experiments of the tribological behaviour were carried out with a
homemade ball-on-disk tribometer at room temperature (22 °C) with 35-40% of RH. The
sliding counterpart was a 100Cr6 steel ball with diameter of 10 mm, the linear speed was
0.1 m/s and the rotational radius was 7.5 mm. The tests were carried out at 20 N normal
load (~700 MPa contact pressure), sliding for 10 000 cycles. The coefficient of friction
(COF) recorded was the average value of the whole sliding test, unless stated otherwise.
The morphology of the wear tracks and the worn scars of the contact surfaces was
respectively examined by SEM and optical microscopy (ZEISS) and the depth profile of the
wear tracks was evaluated by 2D profilometry. After the tribological test, the chemical
composition of the wear tracks was also assessed with energy dispersive spectroscopy
(EDS). The specific wear rates of the film and the counterpart ball were determined
according to the optimized formulas by ASTM standards for a pin-on-disc test [ 187, 244].
Then, the 2D depth profiles of the wear tracks were firstly used with the AxioVision
software help in order to get an accurate average value of the cross-sectional area of the
wear track. The wear volume resulted by multiplying the cross-sectional area of the track
by the perimeter of the track, that value which in turn was divided by the load and total
sliding distance for the specific wear rate determination. Likewise, the average diameter
of the scar (d) determined using Image| software was used for the wear volume calculation
of the steel ball according to Equation 2.3 previously expressed in Chapter 2.

Static contact angle (CA) measurements (DataPhysics OCA Analysis system) were
carried out on coatings deposited on glass substrates to study the wettability behaviour
using the sessile drop method by applying liquid droplets of about 2 pL at room
temperature. A minimum number of |0 measurements were carried out on each sample.
The liquids used for wettability assessment were ultrapure water and a-
bromonaphthalene (non-polar liquid acting as oil) with surface tensions (y, ;) of 72.8 and

44.5 mN/m, respectively. The surface free energy (SFE) of the developed coatings was

determined using the OWRK model [182, 183].

4.].3 Results and Discussion

4.1.3.1 Morphology and Chemical Composition

The top-view and cross-section morphologies of the WS-C/F coatings are

presented in Figure 4.2 (a)-(f) as section | and Il, respectively. The coatings’ surface has a
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typical cauliflower morphology for low CF, flow rates. For higher flows, the films become
denser although fissures could be detected on the surface, particularly for WS-CF10 and
WS-CFI15 coatings. WS2 and WS-CF2 coatings have high porosity all over the sample;
however, quite good compactness was observed in the cross-section of WS-CF5 and WS-
CF7.5 coatings. In WS-CFI0 coating, fissures are detectable at least until half thickness.
For the maximum CF, flow rate used in the deposition of WS-CFI5 coating, the film

porosity largely increased (Figure 4.2 1l (f)).

SEM | 1
WDS
| 11 Chemical Composition (at.%)
Top surface Cross-section W S C = o [sw! ec

34015251 8.0 0 55 154 | -

WS2

31214531107 43 | 85 |145| 04

27.2 | 4371142 | 95| 54 |161] 0.7

24214221140 71 |125|174] 05

23.01382 156 | 22 | 210|167 ] 0.1

[ ws-crio || wscFz5 || wscrs |[ ws-cr2 |

20013331235 20 | 212|166 0.1

WS-CF15

Figure 4.2 SEM characterization of the WS-C/F coatings in regard to TOP-SURFACE (I) and
CROSS-SECTION (l1) views and the chemical composition obtained by WDS (lll).
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In regard to the chemical composition, tungsten and sulphur contents decreased
with increasing CF, flow rate (Figure 4.2, section lll); a maximum S/W ratio of .74 was
reached when depositing with 7.5 sccm CF, flow rate. Moreover, the maximum of fluorine
insertion in the coatings (9.5 at. %) was achieved with 5 sccm of CF, flow rate; for higher
values, a decrease in the F content was observed, showing that there was no direct
relationship between CF, flow rates and F-content in the coatings. Besides, the decrease
of the F content corresponded to a significant increase in the oxygen and carbon
incorporation in the coatings (WS-CF10 and WS-CFI5). These results can be understood

on the basis of a CF,-containing discharge:

(i) Optical emission spectrometry (OES) studies of sputtering mechanisms of PTFE
or graphite targets in Ar/CF, plasmas showed that CF;, CF,, CF and C,F, radicals, CF,
molecules as well as C, and F, dimers can mainly be found [| 18, 245]. For low CF, partial
pressure, CF and CF, radicals are predominant over C,F, radicals and attachment of CF,
species occur over the substrate. On the other hand, for higher CF, partial pressures,
higher amount of fluorine etchants (in particular C,F, species) are formed promoting a
high desorption of CF, from the growing film which, in extreme conditions, only led to
the deposition of graphitic films (C-C chains) [I18].

(i) It is well known that water vapour and carbonaceous species exist in the
chamber walls (common vacuum contaminants) when the vacuum system is not able to
properly thermally degas it [122]. Then, for high CF, partial pressures, C-F species become
abundant in the vacuum chamber and can start to interact with the chamber walls,
scavenging species such as OH", H', O, O, etc..., leading to the formation of HF, CO,
CO, and COF, additional compounds in the discharge, as previously revealed by OES
measurements [246-248]. The release of these species into the discharge will surely
interfere with the coating growth, i.e. the arrival to the substrate of those additional
reactive species will create a complex bonding process, determining the elemental
incorporation in the solid coating. An important factor to be considered is the enthalpy
of formation (AH°) of the different gaseous compounds in the plasma, which can
determine which should be the species incorporated in the growing film.

The very high enthalpy of formation (AH°) of different gaseous compounds
containing F (e.g. WF,=-1721.7 k)J/mole; SF, = -1220.5 k}/mole, CF, = -933.6 k|/mole or
HF = -273.3kJ/mole) compared with the energies of the bonds characterizing the solid

compounds to be potentially deposited (WO; = -842.9 k)J/mole, WS, = -202.7 k}/mole or
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WC = -44.4 kJ/mole) will create a competitive bonding process between all the reactive,
neutral and excited species arriving to the growing film. Therefore, for high CF, partial
pressures, the incorporation of O and C in the coatings is predominant over F, which is
preferentially removed from the deposition chamber under the form of gases [126, 245].
So, the deposition model can be resumed by the reaction mechanisms schematically
represented in Figure 4.3 for (a) low (Deposition Regime) and (b) high (Deposition vs.
Etching Regime) CF, partial pressure cases, which could explain the coatings chemistry

encountered.

(a) (b)
| LOW PARTIAL PRESSURE OF REACTIVE GAS | | HIGH PARTIAL PRESSURE OF REACTIVE GAS

Volatilize easily \olatilize easily

_WFs  SFg
\,—“"——CF +CF » C2F2

substrate

substrate

(and oxygen as common vacuum contaminant) (and oxygen as common vacuum contaminant)
H,0O desorbed on chamber walls = not relevant H,O desorbed on chamber walls = relevant
| DEPOSITION REGIME | | DEPOSITION vs. ETCHING REGIME

Figure 4.3 Schematic representation of the growth mechanisms in (a) low and (b) high CF4 flow
rate scenarios.

Concerning the deposition rate of the coatings with the CF; flow rate increase
(graphic profile presented in Figure 4.4), higher value was measured for WS, coating (1.61
pm/h) when compared to F-containing coatings, i.e. deposition in a reactive Ar/CF,
atmosphere led to lower growth rates (1.2-1.3 pm/h) despite the further incorporation
of additional elements (F, C, O) in the growing film.

Several factors can influence in different sense the deposition rate presented in
Figure 4.4, and, when combined, can justify the small changes observed among the different
coatings produced. The points can be as follows:

i) as the SEM cross-sections images show, the incorporation of F/C leads to a
significant improvement on the density of the coatings (same mass in a lower volume)

which should give rise to a decrease of the deposition rate;
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(i) the F/C incorporation in the growing film should increase the mass of the
depositing material and, consequently, the deposition rate;

(iii) the target sputtering rate in a reactive atmosphere containing CF, can be lower
since, one the one hand, a low number of potential Ar bombarding ions exists inside the
chamber (the discharge pressure is kept constant) and, on the other hand, adsorption on
the target surface of the reactive species resulting from the CF, molecules’ decomposition
in the discharge which can interfere in the target sputtering process;

(iv) the O resulting from the release of adsorbed species on the chamber walls is
one more specie participating in the film growth and, therefore, contributing to the
deposition rate;

(v) the attachment of the deposition species in the growing film can be affected by
the presence of reactive F-C species, which are able to be bonded to other elements,
forming gaseous species, which are easily evacuated from the chamber, leading to a

decrease in the deposition rate.
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Figure 4.4 Deposition rate and fluorine content obtained by SEM/WDS measurements of the
WS-CF coatings as a function of CF4 flow rate.

Overall, all these factors mentioned above may also justify the slight increase in
the deposition rate as well as the fluorine content (9.5 at. %) when the CF, flow rate
increases from 2 to 5 sccm and they also may explain the lower deposition rate (1.13

pum/h) obtained for the WS-CFI5 coating, when using the highest CF, flow rate.
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XPS was used to investigate the elemental bonding states in the WS-CF coatings
in order to understand the fluorine chemical state. Figure 4.5 (a)-(c) show as
representative cases, respectively, the W4f, S2p and Cls XPS spectra acquired for WS2
coating without Ar” ion etching and Figure 4.6 (a)-(d) show as representative cases,
respectively, W4f, S2p, Cls and Fls XPS spectra for WS-CF5 coating before and after ion
etching.

Without erosion, Ols peaks of both coatings (not shown) show, besides the
contribution at 531 eV corresponding to the O-W bonds typical of W*" and W* states,
a broad-peak for higher energies which should be assigned to bonds with other elements
of the contamination layer and/or to other more electronegative elements than W, e.g.

carbon, fluorine or sulphur. After bombardment cleaning, this peak almost disappeared.

2) Waf b) $2p

S¥asin Ws,

Intensity (a.u.)
Intensity (a.u.)

42 41 40 30 38 37 36 35 34 33 32 31 30 20 28 169 168 167 166 165 164 163 162 161 160
Binding Energy (eV) Bindign Energy (eV)
¢ Cls

Intensity (a.u)

295 294 293 202 291 290 289 288 287 286 285 284 283 282 281 280
Binding Energy (eV)

Figure 4.5 XPS analysis of WS2 coating without Ar* etching represented as (a) W4, (b) S2p and
(c) Cls.
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Similar situation occurred with Cls peak. Before surface cleaning, Cls region
peaks (Figure 4.5 (c) and Figure 4.6 (c)-i)) were fitted with three components at binding
energies (E,) close to 285.0, 286.7 and 288.8 eV, contributions assigned to C-C, C-O and
C=0 functional groups, respectively [249]. These peaks, typical of contamination layers,
disappeared after Ar" bombardment and only a small remaining peak close to 284.0 eV
was detected for WS-CF5 case (Figure 4.6 (c)-ii)). This peak can be assigned to the C-W
bond as it was found in previous works for W-S-C films [250]. The possible presence of
F and O in the WS-CF5 coating (Figure 4.2 — lll) can justify the slightly higher Eb values in
relation to W-S-C films (in the range 283.0-283.5 eV) [251].

Before contamination cleaning, W4f spectrum of WS2 film can be fitted with four
main peaks into two doublets, as represented in Figure 4.5 (a), one assigned to WO,
contribution at ~36.0-38.0 eV [252] and, the other, at ~33.0-35.0 eV corresponding to
the W-S bond [250, 253, 254]. To achieve a good fitting, three doublets are necessary in
the WS-CF5 coating, at ~32.3-34.5 eV, ~33.1-35.3 eV and ~36.0-38.2 eV (see Figure 4.6
(2)-i)). These doublets can be assigned to the W-C (in good agreement with the C-W
bond detected before in the Cls peak), W-S and W-O bonds, respectively. W-C and W-
S bonds are slightly shifted to higher E, energies, one more time due to the possible
incorporation of F and/or O in the phases structurally forming the films. As it will be
shown later, the lattice distance of (0001) plans is slightly increased in the F-containing
coatings which can be a sign of the presence of F in the WS, lattice. This hypothesis is
supported by the occurrence of the F-W bond in the Fls peak at 684.6 eV (see Figure 4.6
(d)-i)) [255]. After ion bombardment, the same three W4f doublets, observed before for
WS-CF5 coating, are visible (see Figure 4.6 (a)-ii)). No significant differences in the peak
positions can be detected.

The W-O contribution strongly decreases and, as it would be expected, was much
higher in the WS-CFI0 coating (not shown) than in the WS-CF5 coating due to its much
higher O content (see Figure 4.2 — lll). Furthermore, for WS-CFI0 coating, the F-peak
almost vanished after erosion in good agreement with the WDS chemical composition
already shown in Figure 4.2 Il1).

The main features in the S2p peaks of WS2 and WS-CF5 coatings before ion
cleaning (Figure 4.5 (b)-i) and Figure 4.6 (b)-i)) are in accordance to a previous work [250].
Firstly, the need to introduce a second doublet at high E, values (163.3-164.5 eV) was

suggested to be due to the S-C bond, either from the carbon of contamination (WS2 case)
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or incorporated in the coating (WS-CF5 case). Furthermore, another doublet at 161.3-
162.4 eV was added to the fitting of WS, spectrum also assigned to elemental sulphur (5°)

as a result of mixed-oxygen environments [254, 256].
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Figure 4.6 XPS analysis of WS-CF5 coating with and without Ar* etching represented as (a) W4,
(b) S2p and (c) Cls.
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Secondly, the definition of the doublet is lost when C/F is incorporated which was
attributed to an evidence of disorder or a multiplicity of chemical states, which both occur
when other elements are added to WS, coatings. This latter evidence is reinforced when
the coatings are ion bombarded for contamination cleaning (Figure 4.6 (b) — ii)). In this
case, further disorder takes place and broader peaks are achieved. The main difference
between the present work and that previous one is the fact that after ion bombardment
there is a slight shift to higher E, values inversely to what was observed before. The
explanation for the shift to lower E, in our previous works was based on deficiency in
sulphur in the WS, phase, due to its preferential sputtering during the ion cleaning of the
surface. However, in the current study, this preferential sputtering of sulphur will increase
the importance of the F/O atoms that can be incorporated in the S-containing phases,
moving the S-W peaks to higher E, energies.

In conclusion, from XPS results it can be suggested that the coatings deposited in
CF, containing atmospheres will have a phase composition similar to the W-S-C films
deposited in previous works, i.e. a WS, phase co-existing with another phase, probably
amorphous, containing preferentially C and W. In both these phases in the coatings, F and
O should be incorporated in these phases as the shifting for higher E, energies of XPS

peaks suggests.

4.1.3.2 Structure analysis

XRD analysis was performed over the 26 range from 10° to 80° (Figure 4.7). The
single W-S coating presents the characteristic peaks of the hexagonal WS, structure, in
agreement with the ICDD powder diffraction file and literature results [257, 258].

The low intensity of the (002) peak at 206 = 14° confirms that low number of basal
planes are parallel to the substrate surface. The highest intensity peak was at 20 ~ 34°
corresponding to (100) plan. The asymmetry with the long tail for higher angles, due to
planes (102) and (103), is a feature of a turbostratic stacking of S-W-S single layers,
corresponding to the family of planes (I10L) with L = 1, 2, 3. Finally, there are two more
peaks at 20 =~ 60° and 20 =~ 70° which are assigned to the (110) and (108) planes,
respectively, typical pattern of sputtered WS,. Even using the glancing angle mode, in all
the three diffraction patterns a small peak occurs at 26 = 44°, indexed as the (1 10) plane

from the chromium interlayer.
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Figure 4.7 XRD diffraction patterns of the WS2, WS-CF2 and WS-CF5 coatings produced in
reactive sputtering.

For F-containing coatings, only the ones deposited with 2 and 5 sccm of CF, show
crystallinity, although broader and less intense peaks are observed in comparison to single
W-S films. All the other coatings did not show signs of crystalline peaks suggesting an
amorphous character. These structural changes have already been observed for WS-CF
coatings deposited by PLD method using both WS, and graphite fluoride targets [159];
the authors also reported that the fluorine incorporation caused either an increasing
disorder of the WS; structure or an expansion of the d-spacing in basal direction. A similar
result was also detected in this study with the (002) peak slightly shifted to lower angles
in comparison to pure W-S film, supporting our previous conclusion from XPS results,
that F should be incorporated in the WS, phase. Moreover, since the C-W bond was
detected in XPS analysis, the presence of possible WC grains should not be disregarded;
however, in this case, they should likely be very small (nanoscale level) and, thus, not

detectable by XRD.

4.1.3.3 Mechanical properties

It is commonly reported in the literature that fluorine incorporation in C-based
sputtered coatings leads to the deterioration of the mechanical properties [118, 121].

Figure 4.8 presents the values of the hardness (H) of WS-CF sputtered coatings as a
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function of the CF, flow rate. Pure sputtered WS, is very porous: alloying with F/C led to
an improvement of the coating density and, consequently, of the hardness (from 0.13 *
0.0l GPa up to around 3.50-4.00 + 0.29 GPa), although a decrease was after observed

when the F content was vanished.
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Figure 4.8 The hardness of the WS-C/F coatings plotted as a function of the fluorine content
when the CF4 flow rate was increased from 0 to 15 sccm.

The hardness values can be discussed in the basis of both the chemical composition
and the morphology of the films. The strong increase in the hardness of the coatings
deposited with lower CF, flow rates is due to the synergetic action of the improvement
in the density of the films (decrease of the porosity) and the incorporation of C in the
coatings. As demonstrated in previous research works [152, 155], these two factors are
interconnected and led to the improvement of the mechanical behaviour of the coatings.
For the films deposited with the highest CF, flow rates, a high number of fissures and a
significant increase in the open porosity are observed which, in addition to the very high
O content measured, justify the decrease in the hardness. The reduced elastic modulus
(E) values follow the same trend as the hardness.

Figure 4.9 shows the scratch tracks performed up to 50 N load and Table 9
presents the adhesion critical loads (L.) values corresponding to the point where the
coating starts to fail in the coating/substrate interface. The first failures occur with the

exposure of the coating/substrate interface, being the cohesive critical load not identified.
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A similar trend to the hardness could be observed with a first improvement on the
adhesion with the addition of F but with a sudden degradation of the L. values when using
higher CF, flow rates which, as shown before in Figure 4.2 Section | e), should be related

with the existing extensive porosity and cracking occurring in the as-deposited conditions.

Load

WS-CF2

S T wilbwssr— oM eV

e i S P A AN

| SESEE=R

WS-CF5

e

WS-CF10

T AN AN VA TR
g . . 3 Spew o T CaC paE e s

Figure 4.9 The scratch profiles obtained of 4 selected coatings as the indenter load was
progressively increased until 50 N.

Table 9 The critical loads (Lc) obtained for four WS-C/F coatings deposited and comparison with
their respective fluorine content.

Coating at. % F L. (N)
WS2 0 1.0
WS-CF2 4.3 18.7
WS-CF5 9.5 16.6
WS-CFI10 22 7.8

4.1.3.4 Wettability and preliminary friction/wear properties

The wettability of the coatings to water (WCA) and oil (OCA) is summarized in
Figure 4.10. The fluorine insertion did not influence the oil repellence, with all coatings
showing an oleophilic character; however, a strong decrease in the water contact angle
from 118° (WS2) down to 71° and 40° for WS-CF2 and WS-CF5, respectively, was
achieved. Moreover, a slight decrease on the coating roughness was observed as the

fluorine was increased, as depicted in Table 10. The surface free energy (SFE), a key
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parameter to understand the adhesion phenomena of surfaces, was calculated based on

the OWRK approach [29, 190]. As it would be expected for lower roughness values, the

SFE results corroborate the values of the contact angles, i. e. to the decrease in the WCA

corresponds an increase in the surface free energy. Furthermore, this SFE increase can

also be a consequence of the fluorine incorporation in the crystalline structure, favouring

the presence of specific crystallographic planes, as shown in other systems, such as the

Zr-doping of UO, structures [259]. Thus, the surface wettability is influenced by both the

chemical nature and the roughness of the surface. Strangely, the fluorine insertion did not

lead to enhanced repellence as it would be expected, since surfaces based on

fluoralkilsilane radicals are well-known as being hydrophobic.
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Figure 4.10 Wettability results of WS-C/F coatings: contact angle values measured in regard to

water (WCA) and oil (OCA).

Table 10 SFE determination of the WS-C/F coatings according to their roughness and fluorine

content.
RFACE FREE
. F content | Roughness (Ra) WCA OCA SU ENEiGY
Coating | (at. %) (hm) ©) ©)
(m)/m?2)

WS2 0 [.15+0.39 117.8 + 0.5 148 £ 0.8 42.7
WS-CF2 43 0.10 £0.02 70.7 £ 54 139+ 1.0 51.3
WS-CF5 9.5 0.08 + 0.0l 400 1.9 148 + 1.8 69.1
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Figure 4.11 (a) presents the evolution of the friction coefficient during the sliding
tests performed in dry condition at room temperature (RT) for the WS2, WS-CF2 and
WS-CF5 coatings. In spite of the significant difference in the COF trends, the average of
the experimental values of tribological tests are not significantly different, as shown in
Table 11. WS2 shows a typical behaviour of these coatings when tested in humidity-
containing atmospheres. It follows a COF decrease in the running-in period,
corresponding to the alignment of WS, basal planes in the sliding contact, afterwards,
strong instabilities are then observed related to the destruction and reformation of the
low friction tribolayer [148, 154]. The presence of humidity leads to an increase of the
interplanar bonding energy, due to the oxidation of the dangling bonds in the S-W-S layers,
increasing the friction coefficient. The shearing forces are then able to easily destruct the
soft tribolayer, creating abundant wear debris that can adhere to the counterbody. Note
that, when flaking from the coating, these wear debris are not oxidized (see zone 4 and 5
in Figure 4.12 (a) - lll). Fresh material from the coating can restart the reorientation
process in some parts of the wear track which, again, can induce a COF lowering.
However, due to the strong detachment of wear debris, the overall wear resistance of
the coating is quite low (see Table I l). Zones 2 and 3 in Figure 4.12 (a) - Il show a part
of the wear track where low O-content, disaggregation and completely worn zones can
be identified. The adhered material in the ball (Figure 4.12 (a) - IV) is mainly composed by

oxides (Fe and W) although vestiges of W-S material were also detected.
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Figure 4.1 Friction curves of the WS-C/F coatings recorded when sliding for 10000 laps against
a 100Cr|6 steel ball under 20 N load in dry testing at (a) RT and at (b) 200 °C.
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Table || The friction values and pin/disc specific wear rates determined for the WS-C/F coatings
when working at RT and at 200 °C.

COF
5 000 cycles 10 000 cycles
at. % F RT 200°C RT 200°C
WS2 0 0.05 + 0.04 0.030 +0.003 0.06 +0.06 0.030 +0.003
WS-CF2 4.3 0.07 +0.02 0.025 + 0.005 0.07 +£0.02 0.027 +0.005
WS-CF5 9.5 0.04 +£0.03 0.014 +0.008 0.06 + 0.06 0.016 + 0.007
Specific wear rate (mm3/N.m)
Pin Disc
RT 200°C RT 200°C
WS2 0 2.0x107+25x108 | 46x109+24x10%1 | 1.1x105+5.1x 107 | 2.2x 106 +£5.9 x 107
WS-CF2 4.3 14x107+21x108 | 1.5x108+1.9x10° | 1.4x106+£24x107 | 22x107+3.7x 108
WS-CF5 9.5 27x107+£24x108 | 6.5x10°+4.0x 100 | 1.0x10%+2.4x 107 | 3.1x107+3.5x 108
(a) ws2
s | Chemical Composifion (a. )
analyzis

IF/wil
TOTAL

(c) WS-CF5

50 pm s

l=rwil

TOTAL 100

Figure 4.12 SEM characterization and EDS analysis of the wear tracks as well as the optical
images of the respective pins for the tribological test conducted at RT of (a) WS2, (b) WS-CF2
and (c) WS-CF5 coatings.

The COF curve of WS-CF2 coating is very regular and smooth along the entire

RT test. The friction coefficient is approximately constant and equal to 0.07. This value is
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similar to the one measured in our previous works concerning the W-S-C system when
the coatings are tested in room temperature conditions. As in those coatings, the films
are much denser with much higher hardness than the single W-S. As can be observed in
Figure 4.12 (b) - |, the wear track after pin-on-disk testing is rather smooth. In higher
magnification (Figure 4.12 (b) - Il), zones with different aspect can be detected. However,
the chemical composition analyses in most of the zones show that the ratio between the
main elements of the coatings are kept approximately constant, which suggests an uniform
sliding mechanism all over the contact, justifying the smooth COF curve. The presence of
other elements, as Cr or Fe, is due to the lower thickness in those zones, allowing to
integrate elements from the interlayer and the substrate. Finally, it is important to remark
that the O content is rather low when compared to some areas in the wear track of W-
S film (compare e.g points 3 and 8 in Figure 4.12 (a) and (b), respectively).

WS-CF5 coating exhibited quite different behaviour in comparison with the two
previous coatings. In the first 4000 cycles the COF behaviour is similar to the single W-S
film, i.e. there is a running-in period where the friction goes down to very low values and,
suddenly, COF increases abruptly to the original value. This is repeated several times
indicating that the formation and destruction of a low friction layer are occurring.
However, the lowest COF value achieved is even lower than in W-S suggesting that the
formed tribolayer can have different properties. The reduced friction achieved for the W-
S-(C) systems has been attributed to the formation of a (0001) well oriented WS,
tribolayer in the pin-disc sliding interface [154]. F-incorporation in the WS, matrix can
occur in the S-W-S layers, thus leading to the expansion of the WS, network in the basal
direction (as it was shown by the shift in the (0002) XRD peak). Similar situation has
already been reported for sulphur substitution by oxygen in the MoS, matrix [159, 260].
Then, the lamellar distances are likely higher leading to a decrease in the van der Waals
bonding between WS, sheets reducing the energy for inter and intra-crystalline slippery.
This would explain the reduced friction achieved for WS-CF5 coating.

Figure 4.13 shows the Raman analysis of the WS-CF5 wear track with more intense
WS, peaks than in the as-deposited coatings. It must be pointed out that the as-dep WS-
CF5 coating (b)-(1)) presents less free-carbon content than the as-dep WS2 coating (a)-
(1)), which is probably related with a less surface contamination due to either a lower
surface roughness or the presence of F mentioned to also prevent the coating from

oxidizing. WO,F, compounds presenting Raman bands in the 700-950 cm™ range are
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shown even after the tribological testing of WS-CF5 coating (Figure 4.13 b)-(2)),
confirming the possible incorporation of F in the WS, lattice. After the tribological tests,
the WS, contribution is very intense for both coatings (Figure 4.13 a)-(2) and b)-(2)) with
sharper peaks (compare e.g. the insets (3) and (4) of Figure 4.13 b)), suggesting indeed an
increase of the crystallinity in the contact zone of the sliding contact. Moreover, the F is
expected to withdraw more electron density than oxygen attaching to high energy sites
in the W, non-bonding orbital avoiding WS, oxidation, leading to easy shear ability of the
tribolayer. The reduced COF was not achieved for WS-CF2 coating once less F was
incorporated in the WS, matrix. Additional tests were conducted on WS-CF5 coating in
dry-air conditions, keeping the temperature at 200 °C, in order to evaluate the COF
profiles (Figure 4.11 b)). It is easily verified a much lower COF presented by WS-CF5
coating in comparison to WS2 coating, confirming the tribological mechanism suggested

above for F alloying.
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Figure 4.13 Raman spectra of the (a) WS2 and (b) WS-CF5 coatings as-deposited (1) and of their
respective worn surfaces after tribological test performed at room temperature (RT) (2).

In a second part of the RT sliding test (from 5000 to 10000 cycles), the reformation
of the low friction tribolayer does not seem possible with a consequent strong increase
of COF in a very irregular way. A detailed analysis of the WS-CF5 wear track (Figure 4.12
(c) —l'and Il) allows to show that there are zones with high O content. Moreover, it seems

that iron oxides coming from the counterbody (100Cré6 steel ball) are also attached to
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wear track (note that Cr is not detected in any point, meaning that the Fe cannot come
from the substrate). The progressive attachment of these oxides to the wear track will
lead to the increase of the friction coefficient. Note that there are extensive zones of the
wear track having chemical composition very close to the original one (compare points
I3 and 14 in Figure 4.12 (c)) in terms of W and S elements. In spite of this increase in the
COF, the wear resistance of the coating is similar to WS-CF2 sample and much better
than single WS. This should be attributed to the higher hardness of this coating when

compared to WS.

4.1.4 Conclusions

W-S coatings doped with fluorine and carbon were deposited in an Ar/CF,
sputtering plasma. The fluorine incorporation in the coatings reached a maximum value of
9.5 at. % for CF,flow rate of 5 sccm. For higher flow rate values, fluorine content almost
vanished and a significant increase of both oxygen and carbon incorporation was observed.
These results show that, until a certain CF, threshold value, this gas contributed to the
coating growth whereas, for higher flow rates, an etching regime takes place. In the first
regime (coating deposition), an improvement of the coatings density was achieved, with
the correspondent increase in the hardness (up to ~ 4 GPa), whereas cracking of the film
occurred in the second one (etching regime). XPS analysis showed that tungsten was
chemically bonded to sulphur and carbon (as W-S and W-C phases), oxygen and fluorine.
Relatively to the wettability, the coating surface roughness and chemistry seemed to have
great importance on explaining the water/oil repellence degree reached. Then, the
fluorine doping led to smoother surfaces and differences in the crystallographic ordering,
leading to a more hydrophilic behaviour; meanwhile no difference in the oil repellence
was observed.

XRD analysis demonstrated that the fluorine incorporation contributed to the
decrease of the WS, crystallinity, with a smooth shift of the (002) basal plane position
toward lower Bragg angles. Such behaviour suggested that the fluorine insertion on the
WS, lattice expanded the hexagonal structure leading to the d-spacing increase of adjacent
WS, sheets, which in turn reduced the van der Waals bonding energy. As a consequence,
an easy sliding and, thus, a decrease in the friction was observed in F-containing coatings
in relation to WS2. In both room temperature and 200 °C tested in dry conditions (RH
of 35%), tribological tests showed that the friction was reduced in the case of F-containing

coatings.
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This research study provides not only a deep explanation on the chemical nature
and sputtering growth process of WS-CF coating system, but also a further insight on the
mechanical properties, wettability and tribological performance of F/C reinforced low

friction W-S coatings.

4.1.5 Important Remarks of Part |

From the whole set of developed coatings, they were identified the three most
interesting coatings according to their wettability character and friction performance. So,
WS2, WS-CF2 and WS-CF5 coatings were selected to pursue in this thesis, which had 0,
4.3 and 9.5 at. % of F contents, respectively. The next step was the optimization of the
coating thickness in order to be deposited on the selected anodized Al alloy surfaces to

replicate their bottom roughness.
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Overview — Part |1

The other objective of this study was then to deposit WS-CF coatings over the
roughened Al surfaces produced by anodization, which would tune both the friction
properties and the wettability behaviour of the bottom anodized surfaces.

In this subsection, it is presented the combination of the WS-CF coatings with the
anodic oxides structures to produce the hybrid surfaces. The surface characterization of
the first hybrid surfaces created demonstrated the need to optimize coatings with lower
thickness than the ones developed in the previous subsection. Besides this, it was verified
the low mechanical stability of the porous anodic Al oxides developed by the anodization
process, which led those samples to be abandoned. Consequently, the step of coating
thickness optimization was followed taking into account the dimple-shaped anodized Al
surfaces (SD-Small Dimple and LD-Large Dimple). Thus, this subsection presents the

maximum thickness able to replicate the bottom dimple textured Al surfaces.

Note: From now on and for easier understanding, the sample named as S/0.3/ONE/Et|-
90 in Chapter 3 will denominated as SD and the sample named as P/ONE/Et]-30 will be
identified as LD.
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4.2 Deposition of WS-CF coatings over anodized Al
surfaces — intermediate study

4.2.1 Thick WS-CF coatings on porous anodized surfaces

WS2, WS-CF2 and WS-CF5 coatings were deposited by magnetron sputtering for
I'h, reaching thicknesses of 1.6, 1.3 and 1.4 pm, respectively. They were deposited on
different substrates: silicon, polished Al (Pl) and on three anodized Al surfaces (LD,
S/I/TWOI/Et1-90/Et2-0 and P/TWO/Et|-30/Et2-30). As representation, Figure 4.14 shows

the top-view morphologies obtained by SEM characterization for all the substrates

deposited with the WS-CF2 coating (thickness of 1.3 um).

Low magnif.

High magnif.

I S/1/TWOI/Et|-90/Et2-0 I
ny

I P/TWO/Et1-30/Et2-30 I
- " —_
y 100 i

Figure 4.14 SEM iages obtained for the hybrid surfaces created when using a thick WS-CF2

coating.
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As can be observed, the coating morphology was not greatly affected by the
surface texture underneath. This is easily understood by the point that the coating
thickness is much higher than the size of the bottom features (e.g for LD case the dimples
are have about 200 nm of diameter), which completely masked the nano-scaled surface
characteristics.

This part of the study took into account that porous anodic oxide layers of 20 ym
thick have been cited to be beneficial for tribological application, in comparison to 60 pym,
since they can be used as a reservoir for lubricants, extending the lubrication effect and
be more effective in terms of friction [89]. However, the CA measurements obtained for
the hybrid surfaces now produced (Figure 4.15 below) revealed that their wettability was
not affected by the initial roughened surface, being its hydrophobic-oleophilic behaviour
mainly coming from the coating chemistry (WS-CF2). This way, the combination effect of
the roughness promoted by anodization with the self-lubricating coatings deposited by
magnetron sputtering is somehow lost due to application of excessive thickness of the

coating.
12040 CF2

110-
1004 — [ | ]

Figure 4.15 CA measurements obtained with water and a-bromonaphthalene on the hybrid
surfaces produced in this subsection.

Moreover, it was also mentioned that the strength of the AAO structures
increases significantly with the regularity of pore-channel arrangement while the elastic
modulus is less sensitive to the regularity [199]. However, SEM images obtained from FIB

slicing (Figure 4.16) on the WS-CF5 (1.6 pm) coated PITWO/EtI-30/Et2-30 anodized
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surface (porous-type) (Figure 4.16 (a)) shows that the anodic structure is highly irregular
and disrupted. And, it is cited in the literature that thicker oxide structures lead to longer
and more open pore structures which are more subjected to major collapse under contact
pressures [261]. Thus, it is verified that the porous-type structures developed by

anodization are inadequate when high mechanical solicitation is needed.

(b)

Figure 4.16 SEM images of a porous oxide surface + WS-CF5: (a) cross-section of the oxide
surface (5kV), (b) top-view of oxide surface+WS-CF5 (2 kV), (c) zoom-out and (d) zoom-in of
the sectional area obtained from FIB milling (15 kV) of the hybrid structure.

This first trial allowed to conclude that a thickness optimization step must be
carried out to guarantee that the coating is able to reproduce the bottom Al shape. And

consequently, only the two dimple-shaped anodized Al surfaces (one with low diameter
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(SD) and other with high diameter (LD)) will be target of that coating thickness

optimization.
4.2.2 Thin WS-CEF films on dimple-shaped Al surfaces

At this stage, it was scanned over the literature the state of the art about the
thickness range of the coatings applied on surfaces with micro-nanoroughness feature. It
was found that the thickness of polymeric-based coatings commonly used for surface
wettability control were roughly in the ~[50-300] nm range [63, 262]. So, the procedure
for the coating thickness optimization took into account to reach the maximum thickness
able to reproduce the bottom surface roughness, in order to keep the mechanical
strength. For this, WS-CF5 coating was used in the optimization procedure which was
carried out taking into account its deposition rate [263], and so, the deposition time was
adjusted in order to reach 200, 100, 75 and 50 nm thickness, as Table 12 resumes. The
coatings were simultaneously deposited on the small dimple (SD) and large dimple (LD)

anodized surfaces, as stated before, without using adhesion interlayer-.

Table 12 Summary of the WS-CF5 films deposited by magnetron sputtering with different
thicknesses.

. Deposition time Thickness
Film .
(min) (nm)
10 200
5 100
WS-CF5
3.75 75
2.5 50

It was iteratively used the AFM facility to evaluate and characterize the surface
topographies obtained with the different coating thicknesses. The first characterization
was followed from the higher to the lower thickness. Figure 4.17 presents the AFM
topographical images obtained for the WS-CF5 film deposited over the SD and LD
surfaces with 100 and 200 nm thickness, respectively. Firstly, it was confirmed by the
profiles extracted from the AFM micrographs (profile | and 3) that the SD (a) and LD (c)
surfaces had a peak-to-peak distance close to the dimple size diameter (~30 nm for SD
and ~200 nm for LD) measured by Image/ on the SEM top-view images in Chapter 3. And,
the profiles 2 and 4 in Figure 4.17 easily show that, overall, the film deposition led to the

surface smoothening. If profiles 3 and 4 are compared, it is possible to observe that the
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thin film (200 nm) was able to follow the bottom dimple-shaped anodized Al surface (LD)

with a peak-to-peak profile fairly showing the same discrepancy as it was observed for the
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Figure 4.17 Topographic images obtained by AFM for the uncoated a) SD and c) LD surfaces and
for the thin WS-CF5 films deposited on the b) SD and d) LD surfaces. Graphic profiles of the all

surfaces were recorded for |um length (Profile | to Profile 4).
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uncoated surface (Figure 4.17 (c)). However, the depth profile demonstrates that the
coating makes the peak to valley heights shallower. This smoothening was highly evident
for the coated SD surface with 100 nm of thickness of WS-CF5 film, if comparing the
profiles | and 2 in Figure 4.17. Moreover, the SEM images in Figure 4.18 show that the
top-view morphology of the 100 nm WS-CF5 film over the SD texture (a)) was not that
different from the one when the same film was deposited over a Si substrate (b)).
However, no further characterization was followed on the SD surface for lower
thicknesses, once lower film thickness would hinder the mechanical strength of the whole

structure, and so, the SD surface will not be considered further on in this thesis.

Figure 4.18 SEM top-view morphology of the WS-CFS5 film of 100 nm deposited on the a) SD
surface and on b) Si substrate.

4.2.3 Important Remarks of Part ||

In this subsection, it was demonstrated that the thickness of the developed VVS-
CF coatings presented in subchapter 4.1 was not suitable to replicate the textured Al alloy
surface produced by anodization. Indeed, thicknesses of about ~1.5 pm completely mask
the roughness features of the anodized surfaces which are in the nanoscale range
(diameters<250 nm). Furthermore, the porous anodic structures produced by anodization
revealed to have low robustness and mechanical stability when coated, these brittle
structures not suitable for high load solicitation for tribological contacts. Then, only
dimple-shaped anodized surfaces (SD and LD) were left to pursue on the study for the
coating thickness optimization. This way, the WS-CF5 coating was deposited with
different thickness on those surfaces. It was verified that a thickness of ~200 nm was
enough to replicate the LD anodized roughness, while lower thickness of 100 nm was
hardly able to replicate the bottom roughness of SD surface. This because the thickness
of the films was larger than the dimple size (~100 nm over ~30 nm), masking the initial

texture. Furthermore, lower coating thicknesses would hinder the mechanical strength of
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the whole structure and so, SD surfaces will not be interesting to consider in the next

study.

Simone Rodrigues Chapter 4 | 114



Development of hybrid surface treatments for controlling wettability and improving tribological performance

Overview — Part |11

Before evaluating the wettability and tribological performance of the coated LD
surface (hybrid surface), the thin optimized films (~200 nm thick) must be characterized
to ensure if they keep the surface properties encountered for the thicker coatings in
subchapter 4.1. It is quite well-known that the final properties of a coating are controlled
by its growth, which in turn is governed by the growing time and consequently dependent
on thickness. The aim of this study now is to verify if the thin films maintain the interesting
properties that these coatings can apport to a base system. For that, new characterization
concerning the structural and functional properties was performed to these new “thin
films”.

Then, in order to evaluate the properties of the WS-CF films of ~200 nm thickness,
they were deposited on polished steel substrates, which were target of comparison with
the characterization results obtained for the thick coatings presented before (results of
subchpter 4.1). Then, together with the WS-CF5 coating of 200 nm, which will be designed
as WS-CF5_200 in this section, they were adjusted the deposition times to obtain the
same thickness for the WS2 and WS-CF2 coatings. Likewise, these two coatings will be
denominated as WS2_200 and WS-CF2_200.

This part of the work has been carried out in the University of Coimbra at
CEMMPRE research institute and at LED&MAT laboratory in IPN-Coimbra. The
tribological tests were conducted in Czech Republic in the Technical University of Prague
(CTU). The results of this study have contributed to a scientific paper already accepted
for publication to Surface & Coatings Technology journal (IF = 3.1), being now under

publication process.

Simone Rodrigues Chapter 4 | |15



Development of hybrid surface treatments for controlling wettability and improving tribological performance

4.3. The wettability and tribological behaviour of thin F-
doped WS, films deposited by magnetron sputtering

4 3.] Introduction

Many industrial sectors need materials with improved performance which
commonly impart their surface modification. The surface wettability is usually controlled
by modifying the surface roughness and chemistry, creating textured structures and
depositing additional films according to the existing features found in nature [7]. These
films are often polymeric containing F radical [126] or silane (H-Si-H radicals) species [235,
236], that can lower the surface free energy. However, their polymeric nature gives a low
mechanical strength with a deficient impact on the load-bearing capacity. Moreover, the
manufacturing methods used to produce those coatings are commonly complex chemical-
based routes or expensive procedures [264]. In addition, there are several practical
examples where specific wettability behaviour is required in conjunction to good wear
resistance, such as the metallic grids used in the oil-water separation processes in the
maritime industry for oil capture, where a special surface property
(hydrophilic/oleophobic or hydrophobic/oleophilic) is required. This has been a
worldwide challenge because of the increasing industrial oily wastewater. Also, the
efficiency of lubricative processes for components in the automotive industry, to reach a
good lubricant distribution, needs tools with particular surface wettability and high wear
resistance. Finally, governmental entities are more and more concerned with the excessive
use of lubricants, since most of them are harmful to the environment and cause human
risks, a situation which can be attenuated with the use of solid low friction surfaces [226-
228].

Anodization process has emerged as a powerful surface modification process to
tailor the surface roughness of metals, due to its high reproducibility, reliability, cost-
effective feature and easy industrial scalability. However, in some cases, the anodic oxide
structures do not gather the desired wettability with a high mechanical resistance [89,
261]. Regarding aluminum alloy anodization, Chapter 3 presents the different developed
and optimized surface structures, showing that dimple-shaped morphologies had higher
water and oil repellence comparatively to the porous-shaped ones [234]. Furthermore,

Chapter 4.1 demonstrated that depositing W-S coatings doped with fluorine (WS-CF) it
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was possible to improve the friction performance as well as an enhance water and oll
affinity [263]. Therefore, the solution for systems which need both controlled wettability
and a high mechanical strength could be the combination of anodized textured metallic
surfaces with WS-CF coatings. However, the applied coatings should follow the bottom
anodized surface roughness, to keep on the top surface of the coating the desired texture.
A literature overview has shown that the thickness of fluorinated-based coatings often
applied on rough surfaces to tune the wettability behaviour is in the nanometer-thick
range (50-300 nm) [63, 262]. Concerning the WS-CF system, detailed characterization
has been carried out on those thick (~2 pm) coatings [263], but their behaviour in the
form of thin films was not explored. Then, in a few preliminary studies in Chapter 4.2, it
was observed that WS-CF films of ~200 nm thickness were able to follow the bottom
dimple-textured aluminum alloy surfaces previously optimized by anodization.

In this subchapter, thin WS-CF coatings are deposited by magnetron sputtering on
steel substrates and characterized in terms of morphology/topography, structure,
wettability behaviour, and friction performance. Throughout the study, a comparison with

the thicker previously optimized coatings is discussed.

4.3.2 Experimental

WS-CF coatings of approximately 200 nm thickness were deposited on glass,
silicon and mirror-polished M2 steel disc substrates, using the same magnetron sputtering
apparatus (TEER Coating Ltd.) previously used to deposit thicker (1.3-1.5 um) WS-CF
coatings [263]. Two WS, targets were used in an Ar/CF, reactive mixture at constant
total pressure (0.4 Pa), in which the substrate holder was rotating without bias. The
depositions were carried out with and without CF, flow rates (0, 2 and 5 sccm) in order
to reach different C and F contents. According to the deposition rates achieved in Chapter
4.1, the deposition times were adjusted in order to achieve coatings with 200 nm
thickness, assigned as WS2_200, WS-CF2_200 and WS-CF5_200, were deposited for 9,
I3 and 10 min, respectively.

The cross-section and top-view morphologies of the produced coatings on silicon
substrates were observed by scanning electron microscopy (SEM) (ZEISS Merlin — Field
Emission Gun, High Resolution with Charge Compensation) operating in secondary
electron mode. For chemical composition, wavelength dispersive spectroscopy (WDS)

was used (Oxford Instruments) at 10 kV acceleration voltage and 8.5 mm working
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distance. The surface coating topography and roughness were characterized using atomic
force microscopy (AFM) (Bruker Innova) with a silicon tip of 6 nm nominal radius used in
contact mode. Scans of 2 x 2 ym” size were acquired at a scanning rate of | Hz. Additional
image processing was conducted using the Gwyddion software. The crystalline structure of
the 200 nm thickness coatings on glass substrates was analysed by X-ray diffraction (XRD)
(PANalytical X'Pert Pro MPD system) using Cu Ka radiation (A = 1.54 A) (45 kV and 40
mA) in grazing angle (2°) in 10-80° 26 range. Static contact angle (CA) measurements
(DataPhysics OCA Analysis system) were carried out on glass substrates to study the
coating wettability behaviour using the sessile drop method by applying liquid droplets of
about 2 pL at room temperature. A minimum number of 10 measurements were carried
out on each sample. The liquids used for wettability assessment were ultrapure water and
a-bromonaphthalene. Further, the surface free energy (SFE) was determined by the
OWRK model.

The tribological behaviour was carried out in a ball-on-disk tribometer (CSM
Instruments) at room temperature (25 °C) with 35-40% of relative humidity (RH), with
and without lubrication. The lubricant (PAO-Grade 8, p = 0.8 g/cm’, kinematic viscosities

calculated according to ASTM D 445: v (40 °C) = 48.5 mm?/s and v (100 °C) = 7.9 mm?/s)

was used in a hydrodynamic lubrication regime with A (Tallian parameter) calculated
according to the Hamrock-Dowson approach [265]. The tests were performed on the
coatings 200 nm thick deposited on polished steel substrates. The sliding counterpart was
a 100Cré steel ball (H= ~5 GPa, Ry, = 0.05 £ 0.01 pm) with a diameter of 6 mm, the
linear speed was 0.1 m/s, the sliding distance was 50 m and the normal load was 5 N (~700
MPa Hertzian contact pressure). The coefficient of friction (COF) recorded was the
average value of the sliding test in the steady-state regime. The morphology of the wear
tracks and the worn scars of the contact surfaces were observed by optical microscopy
and the depth profile of the wear tracks was evaluated by 3D profilometry (ZYGO). The
as-deposited coatings, the wear tracks and worn scars after the tribological tests were
also examined with micro-Raman spectroscopy utilizing a green laser (A = 532 nm)
(Horiba Raman system governed by the LabSpec software) and using 99% filtering and 20
min of spectrum acquisition time. The specific wear rates of the film and the counterpart
ball were determined according to the procedure mentioned in [263] and by the ASTM

standards for pin-on-disc testing.
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4.3.3 Results and Discussion

4.3.3.1 Morphology and Roughness

Figure 4.19 presents the top-view (2)-c)) and cross-section (d)-f)) morphologies of
the deposited films. As previously observed in Chapter 4.1, with the CF, flow rate
increase, denser morphologies and smoother surfaces are achieved. Indeed, when
compared to the typical porous and columnar morphology of WS, film, WS-CF2_200
displays an open morphology only at the external part of the cross-section, whereas WS-
CF5_200 film is completely featureless both in section and surface top-view, confirming
that no columns are formed at until 200 nm thickness [266]. Topographic analysis
performed by AFM (see Figure 4.20) also confirmed the decrease in the roughness with
the F incorporation, revealing roughness values (Sa) of 10.7, 2.5 and 0.9 nm for WS2_200
(a), WS-CF2_200 (b) and WS-CF5_200 (c) films, respectively. The chemical composition
shown in Table |3 confirms that fluorine is being incorporated in the coating; no significant

differences were found in relation to the thicker coatings studied before.

WS-CF2_200

WS-CF5_200

Figure 4.19 Surfac morology of the films with 200 nm thickness for a) WS2, b) WS-CF2 and
c) WS-CF5 and their respective d)-f) cross-section.
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r a) WS2_200; b) WS-
CF2_200 and c) WS-CF5_200 thin coatings deposited on glass substrates (please note the
different vertical scales).

Table 13 WDS measurements of the chemical composition of the coatings.

Chemical Composition
Element at.%
WS2 200 | WS-CF2_200 | WS-CF5_200

w 36 35 30
S 44 42 42

C 9 10 10

F - 5 7

o 12 8 12
S/IW 1.2 1.2 1.4
FIC - 0.5 0.7

4.3.3.2 Structure

Figure 4.21 presents the XRD analysis performed over the 28 range from 10° to
80° on the 200 nm thick coatings. In Figure 4.21 a), WS2_200 coating shows the
characteristic peaks of the hexagonal WS, structure [267]. However, the (002) peak (26
~ 12°) is much more intense for the thin film than for the thick coating deposited before
(see Figure 4.21 b)). This could be related to the well-known growth mechanism of
sputtered WS, film, where the initial nucleation results in the structure with basal planes
parallel to the substrate [268]. All the other peaks are similar to that of thicker coatings

although they are less intense: the peak at 28 ~ 34°, corresponding to the (100) plan, is
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asymmetric, due to the turbostratic stacking of the S-W-S single layers; there are two
other peaks at 28 =~ 60°, assigned to (I 10) orientation, and at 206 = 70° in the position of

(108) orientation, both typical of sputtered WS,.
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Figure 4.21 XRD diffraction patterns of a) thin WS2, WS-CF2 and WS-CFS5 films deposited on
glass by reactive sputtering and the b) same coatings with higher thickness (Chaper 4.1).

In case of WS-CF2_200 coatings, broader and less intense peaks in comparison to
pure WS, are observed, an indication of lower crystallinity. Further increase in F content
(WS-CF5_200) led to almost featureless XRD spectrum suggesting an amorphous
structure. Thick coatings commonly display more crystalline features since more
favourable conditions are reached after the initial growth due to the increase in the

temperature promoted by atoms condensation or electron bombardment.

4.3.3.3 Wettability

As observed in Figure 4.20, the F insertion led to coating roughness decrease.
Regarding the wettability of the thin films (200 nm), Figure 4.22 shows that, as the fluorine
content is increased, lower water contact angles (WCA) and slightly higher oil contact
angles (OCA) are achieved. In order to complete the coating wettability evaluation, the
surface free energy calculation was also performed for the thin films using the OWRK
method (described in Refs [182, 183]), and compared with the values determined before
for the thick coatings (Table 14). The method considers the total surface energy as the
sum of the dispersive and polar components. The values of the OWRK model show that
both thin and thick WS-CF5 coatings have higher surface energy when compared to the
non-polar WS, coatings. WS2 surface behaves similarly to other TMD materials (e. g.,
MoS,) [131, 269], since, as referred to above, it presents dominant dispersion interactions.

The basal planes of TMDs are also characterized as being non-polar [269] and they are
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predominant in these thin coatings (see XRD results above). Moreover, their open porous
surface can enhance an easy aging effect (adsorption of hydrocarbons from ambient air)
which reinforces the achieved hydrophobic and oleophilic behaviour. The non-polar
behaviour of the oils associated with the non-polar characteristics of WS2 surface
contributes to the high oleophilic character of WS2 film (low surface energy and low
adhesive interactions with oils). With F incorporation in the WS, matrix, the surface
becomes more polar with less affinity to the non-polar oil molecules, increasing the oil

contact angles.

110 ' ' ' 110
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90+ 90
80-: a :-80
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Figure 4.22 Wettability results of the thin WS-CF films (200 nm thickness) deposited on glass
substrates: contact angle values measured with pure water (m:VWCA) and a-bromonaphthalene
(act as an oil) (V:OCA).

Table 14 Comparison of the polar and dispersive components of surface energy determined for
the thin and thick surface coatings using the OWRK model.

THIN THICK
Surface
TOTAL TOTAL
Energy Polar | Dispersive Polar Dispersive
(m)/m?) (m)/m?)
WS2 0 43.2 43.2 0 427 42.7
WS-CF2 5.2 36.3 41.5 8.1 43.2 51.3
WS-CF5 55.4 38.6 94.0 259 43.2 69.1
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4.3.3.4 Tribological performance

Figure 4.23 shows the comparison of the friction coefficient for the thin (200 nm)
WS-CF films tested without lubricant with the respective thicker coatings up to a sliding
distance of 50 m. The previous results on thick coatings [263] (sliding distance 450 m)
showed that, when tested in these conditions, a continuous formation and destruction of
the tribolayer occurred which was evidenced by peaks and valleys in the friction curve
during the tribological tests. However, in the valleys (the first one is shown in Figure 4.23
b)), the thick F-doped coating showed lower friction than pure WS2. For the thinner films
only short sliding distances were allowed due to wear, being only possible to evaluate the

friction behaviour in the initial stage of sliding (50 m) (Figure 4.23 a)).
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Figure 4.23 Friction curves recorded for the a) thin WS-CF films sliding for 50 m against a
I00Cr6 steel ball under 5 N load in dry conditions; b) comparison with the results achieved for
thick coatings developed in Chapter 4.1.

However, it seems that the friction evolution for the thin coatings has similar
trends as for thicker ones, showing an initial running-in period where the friction drops
down to low values (very low in F-doped ones), increasing thereafter. Moreover, once
again, the F-doped coating shows lower friction than pure WS, over the whole test, for
which friction mean value of 0.03 was achieved when calculated from steady-state phase
(range 10 - 40 m, see Figure 4.23 and Table I5). This is even a higher reduction than that
observed for thicker coatings (compare Figure 4.23 a) and b)). Such friction reduction has
been previously justified by the increase in the inter-planar distance between WS, layers
promoted by F insertion that facilitates the sliding ability of the tribolayer formed [263].
Indeed, the XRD diffractograms obtained before for the thick coatings demonstrated a

peak shift to lower angles indicating an increase in the inter-planar distance. Unfortunately,
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the low crystallinity of WS-CF5_200 does not allow to confirm this suggestion in the

present case.

Table 15 Specific wear rate values determined for the two deposited films tested with and
without lubrication. (Lubrication regime with 36 <A < 38; Rq (WS2_200) = 0.025 + 0.003 um;
Rq (WS-CF5_200) = 0.018 + 0.002 um).

0.07 £0.02 0.07 £0.01
7 0.03+0.01 0.07 £0.01

Specific wear rate (mm?3/N.m)

Pin Disc Pin Disc
0 1.1x10°+2.7 x 1010 6.7 x 106+ 7.9 x 107 45x108+27x10° | 1.9x106+1.5x 107
7 3.7x107+£7.9x10° 1.1x10%+8.7x 108 6.2x108+6.1x10° 49x107+£9.7 x 108

The images of the ball scars for WS2_200 (a)) and WS-CF5_200 (b)) cases in

Figure 4.24 show the higher specific wear rate of the ball in contact with the latter, in
spite of its lower friction, as confirmed by the values in Table I5. Inversely, the specific
wear rate of this coating is much lower than that of WS2_200. These are expected trends
since the hardness of WS-CF5 is much higher [263], resisting more to the wear and

inducing higher

WS2 I WS-CF5 I

THIN

THICK

M " h i i i’
nd c)-d) wear tracks resulting from the

Figure 4.24 Optical ir;ges of the a)-b) ball scars a
tribological tests performed in dry conditions for the thin films and e)-f) wear tracks of previous

developed thick coatings (Chapter 4.1).
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wear to the counterbody. Likewise, Figure 4.24 shows the optical images of the wear
tracks for WS2 (c) thin and e) thick) and WS-CF5 (d) thin and f) thick). To better
understand the wear mechanisms involved, Figure 4.25 shows the Raman analysis for the
as-deposited coatings and for their respective wear tracks (a) thick and b) thin) at
tribological tests performed in dry conditions. Very low laser power was used to avoid
any structural or chemical changes in the material [I76]. The Raman analysis detected
vestiges of W-S material in the adhered material and in the wear debris found in the ball

scar (not shown).

J a) J b)

WS-CF5 wear track
WS-CF5 wear track

WS-CF5 as-dep
WS-CF5 as-dep

Intensity (a.u.)
Intensity (a.u.)

WS2 wear track

WS2 wear track

WS2 as-dep WS2 as-dep
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Raman Shift (cm'1) Raman Shift (cm™)
Figure 4.25 Raman spectra of the a) thick and b) thin as-deposited WS-CF coatings and their

respective wear track analyses.

The Raman results of the as-deposited thick (a)) and thin (b)) coatings are in
accordance with the XRD analysis, showing that the F insertion in both thin and thick
coatings causes a loss of the order in relation to the WS, crystalline structure. According

to the literature, for pure WS,, two main first-order active Raman modes, with peaks

localized at 355 cm™ and 417 cm’', respectively assigned for the E;,; and A;, modes, are
observed. However, the peak at 355 cm™ presents high asymmetry, with a broad band
superimposed for lower Raman shift values, particularly for the thin WS2_200 film. This
can be explained by the second-order Raman peak involving the longitudinal acoustic
mode (2LA(M)), which appears at 352 cm, this peak having a higher intensity as less S-
W-S layers are present [174]. The 2LA(M) peak at 352 cm™' comes usually associated with
the first-order vibration mode LA(M) positioned at 176 cm™ also presented for both thin
and thick WS2 (not shown). As discussed for similar MoS, material, this broad peak (in
MoS, at 313 cm’) is characteristic of a highly defected MoS,, with low purity and
amorphous structure [270]. Moreover, as other researchers have shown [271], when an

increasing amount of defects is introduced in a Mo-S 2D film, an increase of the intensity
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of the 313 cm™ peak occurs revealing the progressive amorphous character of the
material. In consequence, overall, for both as-deposited thin and thick fluorine-doped
coatings, the peak contributions at 355 and 417 cm™ have their positioning changed
(represented as d in Figure 4.25), with two broad peaks visible, at ~330 and ~450 cm™
suggesting a much less crystalline character for these coatings, in good agreement with
XRD results. Finally, it should be remarked again that thicker coatings seem to be more
crystalline than thin ones, since the contribution of the broad 352 cm™ is enhanced in the
latter, suggesting a lower order degree.

Regarding the Raman analysis of the wear tracks, both thick and thin WS2 coatings
presented a higher intensity of the 355 cm™' peak, meaning a higher amount of WS, layers
presented. Similarly, the wear tracks analysis of F-doped coatings demonstrated that both
thick and thin coatings had similar behaviour, but still with the discrepancy (d) evident as

in the as-deposited case. Notice that the literature reports that the increase of that

discrepancy (d) between the Ezlg and A, 4, peaks means the increase of the number of WS,
layers [272]. Probably, this justifies the ability of basal planes of the WS, layers to align in
the tribolayer on F-doped coating and, thus, decreasing the friction when compared to
pure WS2 coating.

Tribological experiments of the thin film were also performed in lubricated
conditions with pure PAO-8 oil. Synthetic oils are known as having better stability to
oxidation, viscosity, and temperature, providing superior lubrication in air environment
or high temperatures and, then, leading to lower steady-state friction. Figure 4.26 a) shows
the friction curves for WS2_200 and WS-CF5_200 films during 50 m sliding; both coatings
present smooth running-in periods of contact surfaces lubricated with pure PAO.
However, it seems that different tribochemical mechanisms are occurring in the contact
surfaces during the running-in period. In the first moments of contact, WS-CF5_200
surface shows lower friction value than WS2_200, which can be explained by its lower
roughness which in turn reduces the severity of initial asperities contact. Then, the friction
for WS2_200 starts to decrease reaching lower values than for WS-CF5_200, until the
20 m sliding distance, due to the progressive smoothening of the surface resulting from
the wear. Then, both coatings reached the steady-state friction with very similar COF
values close to 0.07, although still lower for WS2_200. The initial interpretation for this

friction evolution (from 5 to 20 m sliding) can be based on the surface energy of the
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coatings (taking into account the strength of the polar and dispersive interactions) as well

as on the characteristics of the oil used in the tribological contact (PAO-8). Indeed, if a
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Figure 4.26 Tribological behaviour of the thin films tested in lubricated conditions for 50 m
sliding against a 100Cr6 steel ball under 5 N load: a) friction curves, and the optical images of
the b)-c) ball scars, d)-e) wear tracks and f)-g) wear track depth profiles, obtained for WS2 and

WS-CF5 thin films, respectively.
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hydrodynamic lubrication regime is considered, some authors have suggested that the
friction is better correlated with the spreading parameter (SP) [182, 190]. SP is related to
the adhesion behaviour of liquids to surfaces, with lower values leading to reduced friction.
Moreover, non-polar surfaces in contact with non-polar oils give rise to an improvement
of the tribological behaviour [273]. Table 16 shows the SP values calculated for WS2_200
and WS-CF5_200 films when these surfaces are in contact with the non-polar PAO-9 oil
[190], which has similar characteristics to PAO-8. A SP value of 3 mJ/m* for WS2_200
and 21 mJ/m*for WS-CF5_200 were calculated. Therefore, the lower SP value for the
WS2_200 surface gives rise to a weak interaction with the oil, leading to higher slippery
between the contacting surfaces and, thus, to a lower coefficient of friction [274, 275].
On the other hand, the WS-CF5_200 coating is able to create a strong bonding with the
non-polar oil (higher SP value), thus, having detrimental effect on the friction justifying the

higher COF values observed in Figure 4.26 a).

Table 16 Spreading parameter determined for the thin coatings taking into account PAO-9
characteristics (Similar to PAO-8).

SP — Spreading ParameterB'l (m)/m2) | 2 dispersive component of surface energy

- dispersive component of surface tension
SP=2[/7§7€+ /ﬂ’spﬂf—n] 7p- disp po
7, - total surface tension
WS2

WS-CF5 7%~ polar component of surface energy

3 21 7% - polar component of surface tension

When the steady state of friction curve is reached in lubricated condition (above
20 m sliding), after a progressive increase of the values for the WS2_200 coating, both
coatings show similar trend and COF values. The observation of the wear tracks (Figure
4.26 d) and e)) and the analysis of the depth profiles presented in Figure 4.26 f) and g),
show that the WS2_200 coating was completely worn out, leaving the substrate
completely uncovered, while WS-CF5_200 coating still remained there. This means that,
in WS2_200 case, the 0.07 COF value should be attributed to a steel-oil contact. Steel
surfaces are known to have a high surface energy [190] being their global behaviour, from
this point of view, closer to WS-CF5_200 than to WS2_200 coating. Although not
measured, the literature value for SP of PAO on steel surface (12 mJ/m?), is much higher
than the one for WS2_200 coating, explaining the increase in the COF observed in this
sample from 20 m until reaching the steady state, where a total steel-oil contact is

expected.
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Finally, it should be remarked that the friction coefficient values in the steady-state
in lubricated conditions are higher than the ones of the tribological testing without
lubrication, in particular for WS-CF5_200 film. This result suggests that the contact
dominating the sliding between the two surfaces is different, being in lubricated tests a
solid-oil interaction where oil spreading is important, whereas in the solid-solid contact
the formation of a F-doped tribolayer determines the value of the COF. Despite the higher
friction values attained in lubricated conditions, Table 15 demonstrates that the specific
wear rates in both elements of the sliding contact are lower in lubricated than in non-
lubricated tests, enhancing the protective role of the oil. As for dry tests referred above,
WS-CF5_200 films showed lower specific wear rates than WS2_200 one. Again, this
should be mainly due to the higher hardness of WS-CF5, which had also impact on the

higher specific wear rate of the counterbody, as observed from Figure 4.26 b) and c).

4.3.4 Conclusions

In this subchapter, WS-CF films of 200 nm thickness were deposited using
magnetron sputtering and their wettability behaviour and the tribological performance
were evaluated and compared to the same coatings with higher thickness. F insertion led
to a more compact morphology of the coating and reduced roughness, which in turn
resulted in lower water contact angles. Due to the low thickness of the coatings, XRD
confirmed that the initial growth of sputtered WS, occurred with the (002) basal planes
of the WS, crystal structure preferentially orientated parallel to the surface. Contrary to
the high oleophilicity achieved for the thick F-doped coatings (OCA = + 10°), the thin F-
doped coatings revealed an increase of their OCA values, this probably due to the (002)
preferential orientation that should particularly influence the interaction between the thin
F-doped coatings and the oil. Raman analysis demonstrated that F insertion increased the
broadening of the main peaks assigned for pure WS, in good agreement with the very low
crystallinity detected by XRD. Similar Raman results were obtained for the thick coatings.

In non-lubricated conditions, the thin F-doped films showed near-zero friction
coefficient values, lower than those measured for WS2_200 sample, in accordance to
what has been obtained for thicker coatings. Also, WS-CF5_200 coatings showed lower
specific wear rates due to its higher hardness. To understand the potential application for
oil-water separation, these thin coatings were tested in lubricated conditions using pure

PAO-8 oil. The results showed lower friction coefficient values in the running-in period
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for pure WS2_200 in comparison to F-doped ones. This difference could be related to
the surface energy of the coatings, as well as with the polar characteristics of the coatings;
the values were confirmed by an analysis based on the SP calculation. Despite this, the
COF measured in lubricated tests was higher than for non-lubricated ones, particularly
for WS-CF5_200 coating, as a consequence of the formation of a tribolayer, responsible
for lowering the friction coefficient with no lubrication. However, the specific wear rates
achieved in lubricated tests are lower than for non-lubricated ones, benefitting the first
from the presence of the oil in the sliding contact.

Although the good tribological performance of thin 200 nm F-doped film was only
possible for short running periods, a low mechanical loading expected on the metallic grids
for oil-water separation purpose should lead to a suitable life duration. Therefore, in order
to further optimize the tribological performance and wettability behaviour, it will be worth
to study a hybrid surface modification system consisting of surface roughening by
anodization with the application of thin WS,-F based films. Besides the wettability and
friction features, the F-doped coating can also have a high impact either as a catalyst for

hydrogen evolution reaction (HER) or for microfluidic applications.

4.3.5 Important Remarks of Part |11

This study was important to verify the influence of the thickness on the wettability
behaviour and on the tribological performance of WS,-C coatings doped with fluorine (F),
deposited by magnetron sputtering. The morphology of the coatings did not change with
the thickness decrease, revealing again an increase on both the compactness and on the
smoothening of the coating surface with F increase. Such an evolution led to a more
hydrophilic surface character as observed before for thick coatings, despite showing less
oleophilic surface behaviour. Due to lower thickness, XRD results confirmed that this
type of coatings start growing with an alignment of the (002) planes parallel to the
substrate, which changed for randomly oriented crystals with the thickness increase.
Overall, F insertion induced a decrease in the crystallinity, which was more evident in the
case of thinner coatings. The tribological tests carried out in dry conditions at room
temperature showed again lower friction coefficient for F-doped thin coatings (in the
overall test, average 0.03). The additional lubricated tribological tests performed with pure
PAO oil showed that the thin films presented similar friction coefficients (~0.07) in the

steady-state regime. The tribolayer based on oriented W-S layers formed on the wear
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track for the F-doped coating can justify the very low friction achieved when testing in
non-lubricated conditions.

At this point, two films have been selected (WS2_200 and WS-CF5_200) to be
deposited on dimple-shaped anodized Al alloy surfaces (LD). It will be worthy to study
the effect of surface roughness promoted by anodization on the friction behaviour of

hybrid surfaces created by combination of WS-CF films with anodized surfaces.

Simone Rodrigues Chapter 4 | 131



Development of hybrid surface treatments for controlling wettability and improving tribological performance

Simone Rodrigues Chapter 4 | 132



CHAPTER 5

Tribological performance of hybrid surfaces: dimple-
shaped anodized Al alloy surfaces coated with WS-
CF sputtered thin films

In this chapter, selected anodized Al surfaces were coated with the thin WS-CF films
deposited by magnetron sputtering. The resultant structures were evaluated in terms of
morphology, structure, wettability behaviour and, tribological performance in dry and
lubricated conditions. Furthermore, a multisample anodizing system was assembled to
reproduce the conditions optimized in the uni-sample system in order to make the sample
anodizing a more scalable process. The work has been conducted in the University of
Minho (CFUM/UP), in the University of Coimbra at CEMMPRE research institute, at
LED&MAT laboratory in IPN-Coimbra and at the CTU-Prague.
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Chapter overview

The main goal of this thesis was to create structured surfaces with different
wettability behaviour and low friction, which could be applied in different fields. Then, this
last chapter addresses the deposition of the thin WS2_200 and WS-CF5_200 films,
developed in the previous chapter, on the selected anodized Al surfaces (large dimples —
LD), which will create the hybrid surfaces. The first objective was achieved since the
coating deposition over the LD surface showed that the hybrid structure continued to
reveal dimpled/pore feature. Regardless of its surface wettability was mainly dependent
on coating chemistry. The tribological performance was greatly enhanced by coating
deposition namely in non-lubricated conditions for the F-doped case. However, in
lubricated tests with PAO-8 oil, the hybrid system do not present a good effect on the
friction as expected, this mainly correlated with the surface macroroughness and the
mechanical properties of the contacts. This meant that, in lubricated testing, the high initial
friction behaviour of LD+WS-CF5 case was due to the solid-solid contact properties that
were progressively smoothed (this phenomenon was faster for WS2 case) and afterwards
the friction was governed by the solid-oil contact of a hydrodynamic lubrication regime.

The results of this study have resulted in a scientific paper submitted for

publication to International Journal of Advanced Manufacturing Technology (IF = 2.75).
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5.1. Introduction

In our emerging world, the excessive use of plastics and toxic wastes, such as some
lubricants, started to be a big concern due to global warming issues. Then, the
development of multifunctional materials with advanced performance, which can provide
long-term service of devices addressing green production routes, is welcome. For
example, transition metal dichalcogenides (TMDs) are well-known materials that received
great attention by engineers and R&D people due to their exceptional self-lubricating
properties in vacuum and inert environments being able to replace liquid lubricants [276,
277]. Despite their low load-bearing capacity, they appeared as suitable materials for many
industrial applications such as aerospace components, engines, MEMs’ devices and cutting
tools [127, 128, 137]. Particularly, WS, presents low friction coefficients and their lubricity
can withstand higher temperature working ranges (up to 650°C in air). In order to
improve its hardness and the tribological behaviour in humid-containing atmospheres,
TMD coatings are often alloyed with other chemical elements (e.g. C, Cr, N) or
compounds [152, 232, 278, 279]. Likewise, WS-CF coatings were deposited by magnetron
sputtering to enhance the friction performance; the water/oil affinity was also changed as
the F content was increased from 0 to 9.5 at. % [263].

From the literature it is known that the increase of the surface roughness can play
a role on reducing, not only the friction but also the wear in some specific applications
[280-283]. Also for coated samples, their friction and durability can be influenced by the
substrate surface roughness underneath. The existence of surface protuberances or
texturing enables to store abrasive dusts, allowing to get rid of ploughing effect;
furthermore, cavities can also act as reservoirs of lubricant, or wear debris, improving the
longevity of the material and avoiding abrasion of the substrate. For rougher surfaces, the
effective contact area between surfaces decreases and, thus, the contact pressure in the
Hertzian contact increases, as well as the shear stresses between the two sliding surfaces
[284]. Alloyed TMD-based materials are able to reach lower friction coefficient with
increasing applied loads, oppositely to the Amonton’s law [I51, 153, 285]. This behaviour
has been deeply studied and was justified by the structural changes occurring in the
contact. In fact, due to sliding, an alignment of the basal planes in the wear track, parallel
to the sliding direction, takes place, condition essential for the self-lubrication behaviour
of TMDs. Simultaneously, the formation of a transfer layer in the counterbody, with the

basal plans aligned in the sliding direction, can also occur.
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In regard to the substrate surface roughness, there are many modification
techniques available to control the micro/nano surface roughness of metals. Examples are:
mechanical grinding, laser texturing (LT), photolithography and anodization [210, 286-
288]. Among them, anodization arises as a powerful method to tailor the surface
roughness due to its high reproducibility, reliability, cost-effectiveness and easy industrial
scalability; simultaneously, it can also modify the surface chemistry [78]. Aluminum and its
alloys have a great potential for replacing heavier materials (steel and copper) due to their
low density; moreover, they can be easily recyclable. The anodization process was used
to get different topographies and roughness in Al surfaces; then, nanostructuring provided
porous-type and dimple-shaped surfaces with different surface energy [234]. Porous-
shaped anodized aluminum surfaces have weak mechanical resistance [89, 261]; however,
studies on laser texturing of metallic surfaces have reported on the importance of holes
or dimples in terms of friction reduction [46, 48].

Rough surfaces combined with self-lubricating coatings can reach better friction
and wear behaviours than polished surfaces [289]. Recently, some authors have used laser
texturing (LT) on steel substrates providing grooving or dimples (micro-range scale) on
surfaces and have coated those surfaces with thick WS, coatings produced by EHDA
method [288]. Even though LT method can be time-consuming and expensive from the
industrial point of view, the results demonstrated that the increase of substrate roughness
led to a reduced friction of the WS, solid lubricant surface. It should be highlighted that,
if the increase of surface roughness is at the nanoscale range, the films have to be thin
enough to replicate the surface topography, i.e. with thickness not overcoming the
dimension of the topographical features.

In this chapter, dimple-shaped Al alloy surfaces were produced by anodization
(Chapter 3) and coated with self-lubricating WS-CF thin films deposited by magnetron
sputtering (Chapter 4.3), creating a hybrid structure. The surface modified samples will
be evaluated regarding the wettability behaviour and the tribological performance, in view
of achieving a functional surface with potential for application in oil industry, microfluidics,

printing and more.
5.2 Experimental
5.2.1 Production of the anodized Al surfaces

A commercial 6016 Al alloy sheet of 0.2 cm thick was cut into rectangular plates

of 3.5 x 1.5 cm® The Al alloy surfaces followed the polishing steps (micro-texturing) and
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pre-treatment as described in Chapter 2. However, in order to optimize the process, in
this study the anodization was carried out in a multisample system, instead of the
unisample configuration as previously used. Then, a maximum of 3 samples could be
anodized at once (Figure 5.1).

The selected anodizing conditions have been already optimized (Chapter 3) in
order to achieve texturing with dimple-shaped features, reached when using 0.5 M H;PO,
at 100 V [234]. Additionally, the anodized surfaces were chemically etched with a
phosphoric-chromic acid solution at 30°C for 30 min, and then washed in distilled water
for 10 min and dried. In the final, Al oxide dimpled textures with an average diameter of

~220 nm (Large Dimple (LD)) were obtained.

1- Copper rod

2- Al sample

3- Conductive crocodile tips
4- Graphite bar

5- Magnetic stirring rod

Sample dipped in the electrolyte

GO0

Cathode

Figure 5.1 Schematic diagram of the multisample anodization cell developed under this thesis to
produce the anodized Al alloy surfaces.

5.2.2 Deposition of the WS-CF films on anodized Al surfaces

Thin WS-CF films have been deposited by magnetron sputtering on mirror-
polished steel substrates and they were fully characterized (Chapter 4.3) and compared
with the results of the thick coatings. Then, WS films with and without F addition of ~200

nm thickness (named as WS2 and WS-CF5) were deposited on the Al anodized surfaces
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with large dimples (LD), (Figure 5.2). The same films were also deposited on non-anodized

(NA) Al alloy surfaces for comparison purposes.

Dimple-Shaped Anodized Al alloy Surfaces

~220 nm
(LD)

.

_ Coating Thickness
 WsCFs200 (~200nm)

U

| Hybrid Structures

__
1711 171

Figure 5.2 Assembly of the hybrid structure: anodized surfaces coated with thin WS-CF films.

5.2.3 Hybrid structure characterization

The top-view morphologies of all the hybrid modified surfaces were observed by
SEM, (ZEISS Merlin — Field emission gun, high resolution with charge compensation)
operating in secondary electron mode. The topography and roughness of the surfaces
were characterized using atomic force microscopy (AFM) (Bruker Innova) with a silicon
tip of nominal radius below 8 nm, in tapping-mode. Scans of 2 x 2 um’ size were acquired
at a scanning rate of | Hz. Additional image processing was conducted using the Gwyddion
software. The structure of the 200 nm thickness films over the dimple-structure was
analysed by X-ray diffraction (XRD) (PANalytical X’Pert Pro MPD system) using Cu Ka
radiation (A=1.54 A) (45 kV and 40 mA) in grazing angle (2°) in 10-80° 26 range.

The tribological behaviour of the hybrid structures (R; = 0.5 + 0.1 pm) was carried

out in a ball-on-disk tribometer (CSM Instruments) at room temperature (25 °C) with
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35-40% of relative humidity in non-lubricated and lubricated conditions; in the latter,
PAO-Grade 8 oil (p = 0.8 g/lcm3, v (40 °C) = 48.5 mm?*/s and v (100 °C) = 7.9 mm?/s) was
used as lubricant. The Tallian parameter calculated according to the Hamrock-Dowson
approach [265], revealed that it was in the |<A<5 range, meaning that the tribological
testing started in a partial lubrication regime. The sliding counterpart was a 100Cr6 steel
ball (H =~ 5 GPa, Ry = 0.05 + 0.0 pm) with diameter of 6 mm, the linear speed was
0.1 m/s, the sliding distance was 15 m and the normal load was 5 N (~700 MPa Hertzian
contact pressure). The coefficient of friction (COF) was the average value of the whole
sliding test in the steady state. The morphology of the wear tracks and the worn scars of
the contact surfaces were observed by optical microscopy and the depth profile of the
wear tracks was evaluated by 3D profilometry (ZYGO). Contact angle (CA)
measurements were carried with water and a-bromonaphthalene to assess the wettability

of the hybrid surfaces, while their surface free energy (SFE) was calculated according to

the OWRK method [182, 183].

5.3 Results and Discussion

5.3.1 Morphology, roughness and structure of hybrid structures

The reproducibility of the anodizing conditions in the multi-sample system in
comparison to the unisample was evaluated. Figure 5.3 shows the SEM top-view surface
morphologies of the anodized Al surfaces obtained in the unisample (a) and multisample
(b) anodizing systems. As it can be seen, both treated surfaces presented similar
morphology and dimple diameters, confirming the reproducibility of the process.

Figure 5.4 presents the surface morphology of the samples after coating. It is clear
that the dimple morphology determined the growth of the WS-based cauliflower-like thin
films. For instance, it is reported in [290] that in the deposition of Al and W on porous
anodized Al surfaces by magnetron sputtering, using oblique angle deposition (OAD), the
adatoms were preferably deposited over the hexagonal structure of the substrates (pore
walls) and the increase of the deposition time caused the broadening of the grown
“islands” and, consequently, caused the narrowing of the pores. Taking into account that

thin films tend to mimic the substrate surface roughness, and for the dimples, the material
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UNISYSTEM MULTISYSTEM

Figure 5.3 Top-view morphologies by SEM for LD anodized surfaces produced in the a)
Unisample and b) Multisample anodizing system.

LD Surface

No coating

WS2 coating

WS-CF5 coating

Figure 5.4 SEM morphology of the hybrid surfaces created by combining the thin WS-based films
on the LD surface at a), c) high and b)-d) low magnifications.

is preferably deposited on the dimple edges, initially forming “islands” that continue to
grow with the deposition time [288]. It was also visible that the columns merging is delayed

due to the large dimple size, inhibiting the surface coverage. Then, the adatoms can be
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deposited in the inner dimple parts; however this zone of the coating cannot grow as
much as at the dimple edges, since the depositions were carried out only for short times.
Therefore, pores are still presented in the coatings deposited on the LD surface (Figure
5.4 a)-d)), as desired for the hybrid structure. However, the pores are smaller than the
original dimple sizes, this being more evident for WS2 coating, as expected, since the F
incorporation clearly densifies the coating morphology [263].

From the above mentioned, dimpled morphology of anodized Al substrates can
give rise to nanoporous thin films, even without OAD deposition if short deposition times
(low thicknesses) are used. Hence, these results show that it is possible to create hybrid
structures by combining textured Al surfaces with self-lubricating coatings.

Figure 5.5 shows the XRD patterns of the hybrid surfaces. No significant
differences between the structures of WS2 coating deposited on glass or on the LD

surfaces are observed. However, changes on the preferential orientation can be remarked.

AI(200)

(002)
Al(220)  Al(311)

LD + WS2

Intensity (a.u.)

[

WS2

10 20 30 40 50 60 70 80
20 (°)

Figure 5.5 The XRD patterns of the thin WS2 coating (200 nm thickness) deposited on glass and
on a LD surface.

As previously found [291], the WS2 coating deposited on glass substrate showed a (002)
preferential orientation; i.e. WS, basal planes are deposited parallel to the substrate. In
the case of the films deposited on LD surface only vestiges of the (002) plan could be
detected, being the most intense peak occurring at 20 ~ 34°, corresponding to the
asymmetric (100) plan typical of WS, sputtered coatings. For this example, contributions

from the Al-alloy substrate are presented as well. No Al oxide peaks arising from the
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anodization process could be detected suggesting that the very thin oxide layer is
amorphous. The change in the orientation could be speculated to be related with the
difference in the surface free energy (SFE) of the substrates, 63.2 m)/m?* and 45.4 m)/m’
for the glass and the LD surfaces, respectively. In the initial stage of the film growth, the
more non-polar character of LD surface (low surface energy), comparatively to glass, may
result in a higher affinity for more polar-like structures, namely the (100) planes of WS,,
instead of the interaction with the well-known non-polar (002) basal planes [269], leading

to stronger orientation of the crystals following [100] direction.

5.3.2 Wettability of the hybrid structures

Chemical composition and roughness are the main features governing the surface
wettability. In regard to roughness, Figure 5.6 presents the topographic profiles obtained
by AFM micrographs for the LD anodized Al surfaces before (a)) and after (b)) coating
with WS-CF5 film. Profile 1) in Figure 6 demonstrates that the peak-to-peak distance is
close to the dimple size diameter statistically measured by Image/ on the SEM top-view

images [234]. Indeed, dimpled textures on the Al oxide surface had average d diameters

LD Surface
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Figure 5.6 Topographic images obtained by AFM for LD surfaces a) not coated and b) coated
with thin WS-CF5 coating. Graphic profiles of both surfaces was recorded for 0.8 pm length
(Profile | and Profile 2). (From [291])

of ~253 = |3 nm (quite well compared with SEM analysis — 223 nm) what is reasonable

considering the AFM tip masking in the analysis. On the other hand, profile 2) in Figure
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5.6 confirms that the peak-to-valley distance is decreased due to surface smoothening
after the coating deposition, as observed above in the SEM morphology. Moreover, the
pore size was lower (~I183 * 63 nm) than the original dimple. The roughness increases
for the LD surface (Sa = ~96 nm), in relation to the non-anodized surface (NA) (Sa = ~56
nm, AFM picture not shown), suggesting that at nano level the roughness was higher after
anodization.

In relation to the wettability, Figure 5.7 a) shows that the anodization process
turned the LD surface into the hydrophilic domain in relation to the non-anodized Al
surface (LD: WCA = 63 £ 10° and NA: WCA = 9] * 4°), in contrast with the OCA for
which an increase was observed (LD: OCA = 49° + 2 against NA: OCA = 32° t 6, see
Figure 5.7 b)). The anodized surface presents aluminum oxide which can contribute for

the enhanced water affinity. In relation to the OCA value, LD surface showed an increase
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Figure 5.7 Wettability evaluation by contact angle measurements for the hybrid surfaces,
showing the a) WCA and b) OCA regarding LD surfaces in comparison to NA surfaces.

of oil repellence comparatively to the non-anodized (NA) surface, showing that the
geometrical structure of the dimple-shaped surface (protuberances) can influence the oil
interfaces (tends to Cassie-Baxter model of wettability). These wettability results for the
multisample anodizing system mostly corroborate the ones previously found for the
anodized Al surfaces in the unisample system in Chapter 3 [234].

According to the previous study in Chapter 4.3, when depositing the thin films on
glass substrates [291], the F incorporation reduces the film surface roughness leading to
a more hydrophilic surface while showing an increase in the oil repellence, comparatively
to pure WS, That finding had firstly been explained by the increase of the polar

component on the F-doped coating which led to higher bonding with water, decreasing
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the WCA while conducing to higher OCAs. In relation to the F-doped thin films on LD
surface, the measurements recorded at a microscale level demonstrated that the hybrid
surface roughness (Ra) was also slightly decreased (LD: ~325 + 20 nm and LD+WS-CF5:
~300 = 10 nm, 3D profilometry data), but this verified roughness decrease caused no
substantial effect on the WCA and OCA values. Contrary, even the LD+WS2 surface
fairly depicted the same roughness as the LD+WS-CF5 hybrid surface, it contributed to
increased WCA values (hydrophobic regime) and very low OCA values (oleophilic
domain), as Figure 5.7 b) shows. From this CA analysis, it is possible to conclude that the
LD+WS-CF5 hybrid surface wettability was mainly ruled by the underneath roughness,
having the coating chemistry just a low effect. Oppositely, the wettability of the LD+WS2
surface seemed to be only governed by its coating chemistry. Indeed, the roughness
decrease of the LD surface when coated led to just a slight increase of the surface free

energy (SFE) values (40-55 mJ/m? range), as shown in Table 17.

Table 17 Surface free energy (SFE) values obtained for the hybrid surfaces using the OWRK

model.
Surface SFE (m)/m?2)
NA 39
LD 45
LD + WS2 46
LD + WS-CF5 50

5.3.3 Tribological behaviour of the hybrid structures

The tribological tests, with and without lubrication (PAO-8 oil), were performed
at room temperature at a load of 5 N and sliding speed of 10 cm/s. Only a short number
of turns were selected due to the very low coating thickness of the films deposited on the
hybrid surfaces. Figure 5.8 shows the friction coefficient without lubrication (a) and b))
and with lubricant (c)). Comparing NA and LD surfaces tested without use of lubricant
(Figure 5.8 a)), both showed the same friction behaviour reaching a stable friction
coefficient close to 0.6 after the running-in period. As the steel ball is harder (~ 5 GPa)
than the aluminum surfaces (~0.5 GPa), severe wear occurs in both cases with the wear
tracks showing strong abrasion scratches and plastically deformed wear debris (not

shown).
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Figure 5.8 Friction curves recorded for the tribological tests performed in a)-b) dry and c)
lubricated conditions on the hybrid surfaces created by the deposition of WS-CF-based films on
LD anodized surfaces.

Concerning the tribological behaviour of the hybrid surfaces, Figure 5.8 shows that,
overall, a friction reduction occurs in non-lubricated tests (b)), whereas an inverse trend
is observed in lubricated ones (c)). In dry condition, as found before for other TMD-based
coatings as well as for this WS-CF system, the low friction can be explained by the
formation of a tribolayer consisting of basal planes of TMD phase well-aligned in the
direction of the sliding. The easy intra- and intercrystalline slip, due to the weak van der
Waals’ forces between the lamellae of S-W-S hexagonal basal planes of WS,, facilitates
the sliding giving rise to low tangential forces and, consequently, to low friction coefficient.
The LD surface coated with WS-CF5 film showed again lower friction coefficient than the
one coated with WS2 film due to the increase in the interplanar distance promoted by
the F incorporation in the WS, matrix, which facilitates the sliding ability of the tribolayer
[263]. Moreover, the LD+WS2 hybrid surface tested in dry condition revealed to have
WS, wear debris in the wear track, as well as in the ball, that could keep lower friction
than the uncoated one, although showing a similar high degree of plastic deformation.

However, the graphic profile of the friction in Figure 5.8 b) shows high instability occurring
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during the tribological test suggesting that from the very beginning of the test the coatings
were worn out. The low wear resistance made this hybrid surface to not be tested further
in lubricated conditions.

Figure 5.8 c) shows different friction behaviours in lubricated regime for the
NAV/LD surfaces or the LD surface coated with WS-CF5 thin film. When using PAO-8 oil,
the LD surface depicted approximately the same COF (~0.04) as the non-textured surface
(NA) in the end of the test, inside standard deviation values, although, in the beginning of
the test, LD shows higher values than NA. Figure 5.9 a)-b) shows plastically deformed
abrasion grooves in the wear track of the LD surface, as well as a few oxidized worn Al
particles adhered in the counterbody. NA sample shows similar morphologies excepting
the absence of oxidized particles. The surface of the wear track shows that the original
scratches, resulting from the polishing of the sample, completely disappear, revealing that
the original high roughness was smoothened. Unexpectedly, the LD+WS-CF5 hybrid
surface depicted higher friction value in lubricated regime than the uncoated surfaces. The
different friction behaviour of these three samples in lubricated condition could be
understood based on the spreading parameter (SP) and lubrication regime. SP gives
information about the degree of interaction of a surface with a liquid and some authors
suggested that as higher is the SP value, the surface has higher interaction with the liquid
(e.g. oils) and it leads to a detrimental effect on friction. Table 18 presents the SP values
determined for the three surfaces tested in lubricated regime with PAO oil. Although
being initially in a boundary/mixed regime contact, due to the low mechanical strength of
Al-alloy compared to the steel ball, any solid-solid contact occurring during lubricated test
will be immediately plastically deformed, smoothening the surface and reaching the
hydrodynamic regime very fast. In this period, LD surface having a higher SP value than
NA shows higher friction coefficient. However, as the test is running, wear is occurring,
destroying the LD anodized dimples, making both LD and NA surfaces with same chemical
composition and morphology, giving rise to similar values of COF. As in case of WS-CF5
film, a different mechanism takes place. As the hardness of this film (H = 3 GPa [263]) is
close to the one of the hard steel counterpart, plastic deformation is harder to be achieved
with the solid-solid contacts being maintained during the test. Therefore, the COF will be
determined by the friction in the solid contacts (see representation of the mechanism in
Figure 5.10 a)). With more laps, smoothening of the surface peak asperities starts to occur

due to the progressive wear, decreasing the solid-solid contact points (going progressively
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Figure 5.9 Optical images obtained for the ball scars and wear tracks, respectively, when a)-b)
LD and c)-d) LD+WS-CF5 surfaces were tested in lubricated condition with PAO. The Raman
spectrum of the LD+WS-CF5 wear track is shown in e).

Table 18 Spreading parameter values (m)/m2) determined for the tested surfaces when
interacting with PAO-8 oil.

SPREADING PARAMETER
(SP)
PAO-8 oil
NA 5
LD 13
LD + WS-CF5 17
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Figure 5.10 Schematic representation of the surface wear progressing in lubricated conditions
for the LD+WS-CF5 hybrid surface at a micro-scale level in the a) initial contact; b) after some
cycles and c) close to the end of the test.

from the mixed regime to the hydrodynamic one) (see Figure 5.10 b) for representation).

Then, the COF value went progressively down being closer to the one of the uncoated
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LD surface in the end of the test. Figure 5.9 c)-d) shows that the counterbody did not
present adhered worn material while the wear track still shows the original scratches
from the substrate and signs that the coating was not completely worn out. The Raman
spectrum in Figure 5.9 e) obtained in the wear track confirms the presence of remaining

WS,.

5.4 Conclusions

Hybrid surfaces consisting of dimple-textured Al alloy surfaces, produced by
anodization, and WS-CF films, deposited by magnetron sputtering, were developed. The
thin films (~200 nm) deposited onto the anodized surfaces with dimples of similar
dimensions end up also with a porous surface but with lower size than the initial dimples.
In spite of the increased roughness, the large dimples (LD) on the Al surfaces gave rise to
similar friction behaviour as the NA surface either in dry or lubricated conditions.

The smooth LD+WS-CF5 hybrid surface led to both low WCA and OCA values,
whereas LD+WS2 shows the highest hydrophobicity and oleophilicity of all the studied
surfaces. The deposition of WS-based films on the LD surface (hybrid surface) significantly
improved the lubricious performance in dry condition, as expected, especially for the F-
alloyed thin film. LD+WS2 showed a very poor wear resistance. However, coated surfaces
(LD+WS-CF5) depicted high friction values in lubricated conditions with PAO oil in
comparison to bare LD surface. From the tribological point of view, there is a synergetic
action of the dimple-shaped anodized surfaces with the thin WS-based films determining
the friction performance of the whole hybrid structure, if all lubrication regimes are
considered, from dry tests until hydrodynamic conditions. Even though lower COF was
reached for the uncoated dimple-shaped surface (LD) than the coated one for the whole
tribological test in lubricated regime; the progressive wear of the film on the LD+WVS-
CF5 hybrid surface can also turn the contact lubricated regime to hydrodynamic and, thus,
reduced friction is possible to be achieved.

In conclusion, it was clear that both surface texturing and coating chemistry were
particularly important for the wettability and friction behaviours. Taking into account the
friction and wettability behaviours, LD+WS2 can be suggested for the separation of
oils/water mixtures, due to high hydrophobicity and oleophilicity, whereas LD+WS-CF5
surfaces can be suggested for tribological applications where the different lubrication

regimes can take place.
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CHAPTER 6

Conclusions and Perspectives

This section summarizes the main conclusions of the thesis, indicating some open window
for future improvement in relation to both the anodization step and deposition of WS-
CF coatings, in order to reach better functionality of the hybrid structure to broaden its
application.
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Conclusions and remarks

The anodization of Al alloys revealed to be very challenging on reproducing
textures and nanostructures. Overcoming that issue, the anodization in one-step
configuration with additional chemical etching for Al oxide removal, allowed for a concave
or dimple surface texture. Lower dimple diameter (SD surface = 30 nm) was obtained
when using H,SO, electrolyte at 15V, and, larger dimple diameter (LD surface = 220 nm)
was reached with H;PO, as electrolyte operating at 100 V. Additionally, a two-step
configuration model was also used with each electrolyte to prepare porous Al oxide
structures with different pore diameters and pore channel length. H,SO, allowed for
ordered porous oxide layers of 12 um length and around 30 nm of top pore diameter.
Likewise, H;PO, allowed for porous structures (2 um layer thickness) with around 200
nm or 250 nm of top pore diameter; the latter if an extra final etching was carried out for
pore widening. In these thick oxide layers, the EDS analysis and XRD results identified the
incorporation of electrolyte anions (SO* or PO,”) in the grown oxide. The wettability
evaluation of the three porous oxide topographies obtained in two-step configuration
gave both low water and oil contact angles for all those surface textures, attributing them
a hydrophilic/oleophilic surface behaviour. This was mainly related with easy liquid
penetration in the porous structures, being the interpore walls not able to sustain the
liquid droplets. Besides this, the dimple-shaped surfaces produced by anodization gave
higher water and oil contact angles, with the larger dimple (LD) (diameter ~220 nm)
reaching a hydrophobic behaviour, despite still being in the oleophilic domain.

Moreover, WS-CF coatings with different F contents (0 to 9.5 at. %) were
deposited on a reactive magnetron sputtering chamber in an Ar/CF, atmosphere.
However, after a certain increase of the CF, flow rate, the fluorine was not incorporated
in the coating anymore, and the coatings started to present high amounts of oxygen and
carbon. This was suggested to be related with the competitive growth and etching
mechanisms occurring in the growing film surface, due to possible oxygen scavenging from
chamber walls what was highly potentiated at higher CF, flow rates, as already reported
for RIE processes. The morphological characterization allowed to conclude that the F
insertion increased the compactness of the coatings as led to the hardness increase (VVS-
CF5 with 3-4 GPa, comparatively to 0.13 GPa of WS2). The tribological tests performed

in dry condition at room temperature retrieved lower friction coefficient for the F-doped
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coating. This reduction is more evident when testing at 200 °C (COF value of WS-CF5
was 0.016 against a 100Cr6 ball). XRD data justified this friction performance due to the
increase of the interplanar distance promoted by the F insertion in the WS, matrix, which
facilitated the sliding ability of the formed tribolayer-.

Preliminary SEM cross-section images obtained about the morphology of these
coatings deposited over porous oxide structures produced by anodization clearly give the
information that the coating thickness was excessive, and the dimple-shaped surface
feature was also lost. Subsequently, the porous-type hybrid structures were abandoned
and a thickness coating optimization was conducted in order to be deposited and to
replicate dimple-shaped Al surfaces instead. Further characterization of thin WS-CF films
(thickness of 200 nm) confirmed the properties already obtained for the thick coatings in
relation to wettability and friction performance, even if a slight increase in the OCA has
been verified. Besides this, the XRD characterization showed that due to the low
thickness, more (002) basal planes were orientated parallel to the coating surface, these
planes cited as having a non-polar character and confirming the typical initial growth for
WS,-based coatings.

Regarding the creation of the hybrid surfaces, the morphological characterization
demonstrated that WS-CF films with 100 nm thickness over the small dimples (SD)
(diameter ~30 nm) highly masked the bottom roughness and the final roughness was
mainly due to the film. Oppositely, the deposition of films with 200 nm thickness over the
large dimples (LD) (diameter ~220 nm) showed that the film growth firstly started at the
edges of the dimples. Secondly, the continuous film growth led to pore narrowing and
consequently, the pores in the top had lower size than the bottom original dimples, as
well as lower surface roughness. In addition, it was observed that in case of F-doped hybrid
surfaces, the wettability was mainly dependent on the structure roughness while in case
of the WS-based hybrid structure, only the coating chemistry ruled it. Afterwards, the
friction performance of the coated and non-coated LD surfaces were tested in dry and
lubricated conditions with PAO-8 oil. The tests carried out in dry conditions showed that
the LD surface coated with thin WS-CF5 film presented a much lower friction coefficient
than when coated with WS2 coating (LD+WS-CF5 = 0.07 £ 0.0l and LD+WS2 = 0.19 +
0.05) in the steady-state interval. However, these COF values reached for the hybrid
structures were higher than the ones obtained for these thin coatings deposited over

smoothed polished steel substrates (WS-CF5_200 = 0.03 + 0.0l and WS2_200 = 0.07
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0.02). This brings us to conclude on the detrimental effect of the induced roughness
promoted by anodization on the tribological behaviour of the hybrid surfaces, contrary to
what has been cited in literature. When the tests were followed in lubricated conditions
with PAO-8 (non-polar liquid), the coated LD surface depicted higher COF value than the
non-coated ones. It is important to note that, the WS2_200 and WS-CF5_200 films
deposited on polished steel substrates showed the same friction value (0.07) when tested
in lubricated conditions; this result due to a fully lubricated regime and the friction
behaviour was highly dependent on the thin film lubricant properties in-between. Later,
for the hybrid surfaces tested in lubricated regime, the high roughness of the surfaces and
the mechanical properties of contacting surfaces governed the friction behaviour.

Then, the tribological evaluation of the hybrid surfaces tested in lubricated
condition demonstrated that there was a synergetic action of the dimple-shaped anodized
surfaces (LD) with the thin WS-CF5 films, if all lubrication regimes are considered, from
dry tests until hydrodynamic conditions. The lower COF reached for the bare LD surface
was due to the low mechanical strength of Al-alloy compared to the steel ball, resulting
that any solid-solid contact occurring during lubricated test will be immediately plastically
deformed, smoothening the surface and reaching the hydrodynamic regime. In case of
LD+WS-CF5 hybrid surface, as the hardness of the WS-CF5 film was close to the one of
the hard steel counterpart, plastic deformation is harder to be achieved with the solid-
solid contacts being maintained during the test. Consequently, the progressive wear of
the film on the LD+WS-CF5 hybrid surface can also turn the contact lubricated regime
to hydrodynamic and, thus, reduced friction was possible to be achieved.

In summary, it was possible to combine roughened Al alloy surfaces produced by
anodization with WS-CF films deposited by magnetron sputtering, as hybrid structures.
The LD+WS2 structure depicted a hydrophobic/oleophilic surface behaviour that can be
useful for self-cleaning (outdoors of buildings) and oil-water separation processes (metallic
grids). Likewise, the hydrophilic/oleophilic character found for LD+WS-CF5 surface can
have a role in printing or microfluidic applications. Moreover, it was possible to conclude
that the control of the polar and non-polar character of surfaces (surface energy) was
highly demanding to reach the desired liquid affinity as well as the friction performance.

Note that Al anodization process has a limited level of surface texturing, producing
only nanoporous structures or dimple-shaped surfaces with limited porous surface

arrangements (diameter, pore wall thickness, etc). So, this study opens new possibilities if
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other micro/nano textures can be induced, for example using laser texturing. Another
open window is to broaden the approach developed in this thesis to other substrate
materials, such as steels, broadening its possible industrial applications. It could also be

interesting to modify the surface energy of the coatings by using another doping element.
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Appendix
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Figure A.l Water and oil contact angles (WCA and OCA) obtained for 3 different structured Al
surfaces obtained by anodization (P/ONE/EtI-10, P/TWO/Et|-30/Et2-30 and S/I/TWO/Et| -
90/Et2-0, respectively) on the three types of Al alloy surface finishing (NP, Pl and MP).
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Figure A.2 Typical current density graphs recorded for |Ist and 2nd anodization with a), b) | M
of H2SO4 (15 V) and for c) 0.5 M H3PO4 (100 V) electrolytes.
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Figure A.3 Exemplification of Image] software appliancé on the respective SEM images obtained
for pore/dimple contour delineation and feature size determination for the 5 Al surface
structures obtained by anodization.
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