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Al-Cu series alloys are the most widely used heat treatable alloys for the aircraft materials, machine parts, and structural materials mainly due to their high strength to weight ratio and good mechanical properties. However, the Cu-rich precipitations (Al 2 Cu intermetallic particles present in these alloys as the most important strengthening phase), have negative effects on the corrosion performances of these alloys. In this thesis, Al-Cu model alloy was employed to investigate the influence of thermal aging treatments in ultra-high vacuum (UHV) on the chemical modifications of the alloy using surface analytical techniques (XPS, ToF-SIMS).

The in situ XPS characterization showed that the Al-Cu alloy was oxidized as a function of exposure to the low pressure (LP) of O 2 and temperatures from 300 to 400 °C via the mechanism -the preferential oxidation of Al in the alloy leading to a growth of aluminium oxide layer, and the enrichment/segregation of the intermetallic particles (Al 2 Cu) at the oxide/substrate, as evidenced by ToF-SIMS analyses.

Then, in a next chapter, the Al-Cu alloy samples thermally treated in a dedicated setup (at 540 °C in vacuum (1.0×10 -5 mbar) and aged at 300 °C in air) were exposed to the neutral (pH≈6.2) and the alkaline electrolyte (pH=11.5) containing Cl -ions.

After immersion the surface characterization indicated different corrosion mechanisms influenced by the thermal treatment and aging. In neutral electrolytes trenching on the polished sample vs. hollow pits on the aged sample were observed due to a thicker Al oxide covering on Cu-rich intermetallics after aging treatment.

However, in alkaline electrolytes, the corrosion of the polished and aged samples showed the general dissolution of aluminium matrix, which resulted in a formation of protruded Cu-rich intermetallics. Then in the next stages after the general corrosion, the preferential dissolution of matrix surrounding Cu-rich intermetallics occurred. Furthermore, grain boundaries of the aged sample were etched because of the 2 distribution of Cu intermetallics at the grain boundaries, which was not observed on the corroded surface of the polished sample. Formation of mixed aluminium-copper oxide/hydroxide layers rich in Cu 2 O, CuO and/or CuCl 2 deposits were found by XPS on the corroded surface.

The last part of the thesis presents the corrosion protection of the Al-Cu alloy by nanometer-thick (20 nm) Al 2 O 3 ALD layer (atomic layer deposition). This study was performed in order to confirm whether significant improvement of the corrosion resistance of aluminium alloys can be observed without a prior removal of the intermetallic particles. The immersion of the alumina coated Al-Cu alloy in neutral electrolyte containing Cl -ions showed good corrosion resistance while a number of pits were observed by SEM on the Al-Cu sample after immersion in the alkaline electrolyte although no chemical surface modifications were observed by XPS. It was indicated that the OH -promoted the corrosion, by enlarging the cracks/pinholes and dissolving the ALD layer by decreasing its thickness and increasing its porosity.

Chapter 1 State-of-the-art and objectives

In this chapter, a general state-of-the-art related to the aluminium and aluminium alloys is presented. The most important bibliographic data on the age hardening of Al-Cu alloys used for the strengthening of aluminium alloys are presented. The corrosion performance and the corrosion mechanisms of aluminium alloys and the role of Cu-rich precipitations (intermetallic particles) in corrosion of aluminium alloys are introduced. Finally, different ways of corrosion protection of aluminium alloys are summarized. Atomic Layer Deposition (ALD) technique as a new way of corrosion protection of aluminium alloys by thin and well defined layers used in this PhD work is described. Then, in the last part of this chapter, the objectives and the content of the thesis are listed.

Aluminium and aluminium alloys

Aluminium as the most abundant metal in the Earth making up about 8% by weight of the Earth's solid surface is widely used in many applications due to its low density, high strength stiffness to weight ratio, good formability, recycling potential and good corrosion resistance [1][2][3][4][5][6] .

In 1807, Humphry Davy first used the word "Aluminum", and tried to produce aluminum. In 1886, Charles Martin Hall and Paul Héroult found the method (named Hall-Héroult process) for producing the aluminum. So far, this electrochemical process, reducing alumina to aluminium, is still the main method of industrial production of aluminum [7][8][9][10][11] .

There are two principal classifications, namely casting alloys and wrought alloys, both of which are further subdivided into the categories heat-treatable and non-heattreatable. Alloying elements, e.g. copper, magnesium, manganese, silicon and zinc are often added to the aluminium to obtain various properties, such as high strength, fatigue resistance, high electrical, thermal conductivity and recyclability, which are quite vital to the aerospace industry and important in other areas of transportation and structural materials [12][13][14] . On the basis of the predominant alloying metal, aluminium alloys have been divided into different series, designated AA 1xxx series to the AA 8xxx series (as seen in the Tab.1-1).

Copper has been the most common alloying element for the AA2xxx series alloys by increasing the strength and fatigue resistance 15 , and a variety of alloys in which copper is the major addition were developed. The Al-Cu series alloys are the most widely used heat treatable alloys for the aircraft materials, machine parts, and structural materials owing to its high strength to weight ratio, high damage tolerance, good fatigue resistance, as well as cutting properties.

Tab.1-1 Types designation for Aluminium Alloys (AA) 16 .

Thermal treatments of Al-Cu series alloys

The most important cast aluminum alloy is the Al-Cu system. Copper is usually added to aluminum alloys to provide substantial increase in strength and to promote the precipitation hardening. The distribution of copper in aluminium alloys varies from copper atoms dispersed in solid solution through the formation of clusters of copper atoms and then into a range of intermetallic particles (IMP). Fig. 1-1 shows the Al-Cu phase diagram, on at.% scale (with the corresponding wt.% scale across the top). This diagram is the basis of the age-hardening for the Al-Cu alloys. The liquidus boundaries fall to a eutectic point at 33wt. % Cu and 548°C. Age hardening or precipitation hardening is now one of the most widely used methods for the strengthening of aluminium alloys. Through this process the strength and hardness of aluminium alloys could be significantly enhanced by the formation of small (from micron to couple of microns) uniformly dispersed second-phase particles within the original phase matrix. The precipitation-hardening process for the Al-Cu series alloys involves three basic steps [18][19][20] : solution treatment, quenching, and aging (shown graphically in the Fig. 12).

During the 1st step, the alloys are heated to a high temperature (usually above the solvus line) that allows the alloying atoms (called the solute) to dissolve into the solution. This results in a homogeneous solid solution of one phase (α phase). Then in the 2nd step, quenching rapidly cools the solution and freezes the atoms in solution,

indicating that the atoms of the alloying elements do not have time to diffuse out of the solution resulting in the formation of an unstable supersaturated solid solution (SSSS or α ss ). The 3rd step is the aging process where the solute particles diffuse out of solution and into clusters with a formation of finely dispersed precipitates, i.e. S phase (Al 2 CuMg) and θ phase (Al 2 Cu) in the case of 2xxx series alloys, due to the low solid solubility of Cu in Al and the low stability of supersaturated α phase [21][22][23][24][25][26] .

Fig. 1-2 Three steps in the age-hardening heat treatment for the Al-Cu alloy 27 .

As shown in the Fig. 1-3, the precipitate particles act as obstacles to dislocation movement and thereby strengthen the heat-treated Al-Cu alloys 28,29 . Precipitation usually starts from the formation of Guinier-Preston (GP) zones, which may be regarded as fully coherent metastable precipitates [32][33][34][35][36] . These GP zones are coherent in nature that is they have one to one lattice matching with the solvent crystal lattice. Subsequent evolution of the microstructure involves the replacement of the GP zones with more stable phases 37 as the following processes for Al-Cu Alloy over many studies 38 -42 : supersaturated solid solution (SSSS or α ss )→ GP zones (Discs)→ θ'' (Discs)→ θ' (Plates)→ θ(Al 2 Cu). Aaron et al. 43 found that the precipitates mainly grow via the grain boundaries (see Fig. 1234). Rashkova et al. 44 found that the microstructure of the Al-Cu alloy consists of high-angle grain boundaries with incoherent Al 2 Cu precipitates lying along the grain boundaries, either after aging at elevated temperatures, or at ambient temperature after longer time. In conventional bulk alloys, the Al 2 Cu has one of the most common precipitate morphology 43 and the growing and coarsening mechanisms have been well

established [45][46][47][48] . In the early works, the hardening was generally attributed to the formation of the S' or S phase 49 . In the 1980s, Cuisiat et al. 50 suggested that a distinct precipitate termed S″ was responsible for the peak hardness. In the 1990s, using atom-probe field ion microscopy, Ringer et al. 51 proposed that the hardening peak was due to the formation of GP zones, which start to form near the end of the hardness plateau.

However, using a combination of hardness tests, Wang et al. 52 reported different results that the S phase, a dense precipitation in an Al-Cu-Mg alloy that is quenched, stretched and aged to peak strength, is the main contributor to the peak hardness.

Sharma et al. 53 raised that the microhardness increased with the aging time to a peak Chapter 1. State of the art and objectives value and then decreased with a prolonged aging time under all the heat treatment conditions. The peak hardness of the water quenched samples appeared at later stages of aging time, which can be attributed to the diffusion of copper atoms from the matrix to the interfacial region of the alloy resulting in reducing the copper concentration in the interparticle region required for precipitation.

As discussed above, it can be concluded that there are several studies on the influence of age hardening on the microstructure of aluminum alloys, and their mechanical properties. However, according to our knowledge there are only few studies, which show the evolution of surface chemistry with age hardening process. The studies related to surface chemistry of Al alloys will be presented in more details in the introduction part of chapter 3. The main object of this chapter is the chemical surface modifications of the Al-Cu model alloy studied by in situ X-ray Photoelectron Spectroscopy (XPS) and Time-of-flight Secondary Ion Mass Spectrometry (ToF-SIMS). The model Al-Cu alloy used in this work will be precisely defined in the experimental part.

Corrosion of Al-Cu alloys

Introduction to corrosion of aluminium alloys

The special characteristic of most corrosion processes is the oxidation and reduction, which occur at separate locations on the metallic surface. This is possible because metals are conductive, so the electrons can flow through the metal from the anodic to the cathodic regions. The presence of water and/or a liquid medium is necessary in order to transport ions to and from the metal, but a thin film of adsorbed moisture can be sufficient.

Aluminum and aluminium alloys are very reactive and can easily undergo passivation. The passivation of the aluminium and aluminium alloys can be explained by spontaneous formation of a protective amorphous native aluminum oxide film in air at room temperature 54 -57 , which impedes further reaction of aluminum with aggressive environments. The growth of oxide films on Al alloys at ambient Chapter 1. State of the art and objectives environment has been reported in details in a number of publications [58][59][60][61] . Oxide layers formed on aluminium in the ambient environment are generally considered to be non-crystalline, although short-range cubic ordered structure has been noted 62 .The oxide film is naturally self-renewing and accidental abrasion or other mechanical damage of the surface film is rapidly self-repaired by re-oxidation.

In the presence of water, hydroxyl functionalities (such as AlOOH or Al(OH) 3 )

form at the alumina surface. Therefore, to obtain a hydroxyl-free alumina surface is very difficult in ambient conditions 63 . It is reported that water adsorbed at the surface of the air-formed film results in the formation and growth of an oxide/hydroxide surface film [64][65][66][67] .

Although aluminium and aluminium alloys are highly resistant to most environments and to a great variety of chemical agents due to the inert and protective character of the thin aluminium oxide layer (usually between 50 and 100Å 68 ); nevertheless, the protective oxide film may breakdown resulting in corrosion of the underlying matrix, when aluminium and its alloys are exposed to aqueous solutions.

The corrosion resistance is highly determined by the pH of the environment [69][70][71] .

The various equilibrium of the Al-H 2 O system has been clarified by Pourbaix et al. 72 in a potential versus pH diagram (shown in the Fig. 12345). It is revealed that aluminium corrodes in the range of4> pH>8 forming Al 3+ ions at low pH values and AlO 2 -ions at high pH values [START_REF] Scully | [END_REF] . Aluminium should show passivity (solubility constant <10 -32 ) forming Al 2 O 3 •3H 2 O at near-neutral pH values and immunity at very negative potentials 74,[START_REF] Davis | Aluminum and Aluminum Alloys[END_REF] . However, the introduction of copper into the aluminium alloys significantly influences the corrosion resistance of aluminium alloys. Copper is one of the noblest alloying elements used in aluminium alloys. Therefore, it generally behaves differently when comparing with the aluminium matrix (+0.24 V SCE vs. -1. 42 V SCE in standard reduction potential). Copper-containing phases on the surface tend to be cathodically protected due to the cathodic reduction reaction 79 :

O 2 + 2H 2 O + 4e -→4OH - Eq. 1-1 O 2 + 4H -+ 4e -→ 2H 2 O Eq. 1-2 2H + + 2e -→ H 2 ↑
Eq. 1-3 while the aluminium matrix has a net anodic reaction which provokes the anodic dissolution of aluminium matrix as follows:

Al → Al 3+ + 3e - Eq. 1-4

The presence of copper accelerates the rate of electrochemical reactions shown above (Eq.1-1 to Eq. 1-4). Fig. 1-6 provides a summary of the effects of copper element on the corrosion potential (E corr vs. 0.1 N calomel electrode) of aluminium alloys in a solution containing 53 g/L of sodium chloride (NaCl) and 3 g/L of hydrogen peroxide (H 2 O 2 ) 80,81 . It was shown that the addition of copper to aluminium increases the electrode potential by approximately 37 mV per percent of copper, in which range Cu is completely in solid solution. Further increasing the copper content (from 4 to 7 wt.%), which forms a second phase, has limited effect on the electrode potential. 

Corrosion behavior of aluminium alloys and influence of intermetallic particles

There are many different types of corrosion 82 -84 , such as uniform corrosion, galvanic corrosion, crevice corrosion, intergranular corrosion, pitting, stress corrosion cracking (SCC) and corrosion fatigue. Pitting and intergranular corrosion are the most common types of corrosion observed in the Al-Cu alloys 85 . It is widely known that the heterogeneous distribution of copper in Al-Cu series alloys is the predominant cause for susceptibility to pitting. Chlorides cause the most serious problems due to their presence in many environments such as seawater and salt on roads, and in the chemical industry. Pitting process can be divided into several steps 86,87,88,89 : 1) process leading to breakdown of passivity; 2) early stages of pit growth; 3) late stages of pit growth; 4) repassivation phenomena. In the stages of 2 and 3 (as shown in the Fig. 1-7), aluminium oxidizes into aluminium ions at the bottom of the pits. A reduction of either water or hydrogen occurs in contact with the metal outside of the pit. With either reduction reaction the pH will increase outside of the pit to give an alkaline pH.

The aluminium ions will form a film of aluminium chloride or aluminium oxychloride in the pit and stabilize it. After a while the aluminium chloride will hydrolyse into aluminium hydroxide. This leads to a decrease in the pH value to a more acidic environment, which increases the corrosion rate within the pit. Aluminium hydroxide precipitates at the rim of the pit and covers the opening, which eventually hinders exchange of ions and slows down the corrosion process [90][91][92] .

Fig. 1234567Simple illustrations of mechanism of pitting corrosion of aluminium 93 .

Intergranular corrosion consists of localized attack in which a path is corroded preferentially along the grain boundaries. The mechanism is electrochemical and it depends on the formation of local cells at the grain boundaries. The local cells are a result of second phase precipitates at the grain boundaries. During the formation of intermetallic second phase precipitates along the grain boundaries, an adjacent matrix zone is formed that has a different potential. For Al-Cu series alloys (such as AA2xxx series alloys), intergranular corrosion and pitting corrosion in the chloride-containing environments are encountered, owing to the heterogeneous microstructures and differences of chemical and electrochemical activities between aluminium and alloyed elements, e.g. copper and magnesium [94][START_REF] Gutowski | Recent Advances in Adhesion Science and Technology in Honor of Dr[END_REF][START_REF] Uwamino | [END_REF][97] . The precipitation of the θ phase around the grain boundary could lead to copper depletion in the neighborhood of the grain boundary 98 . The precipitate may be anodic to the matrix such as Al 8 Mg 5 , in which case it corrodes preferentially; or it may be cathodic, such as Al 2 Cu, in which case it does not corrode, but stimulates corrosion in the adjacent matrix zone. In either case, selective grain boundary corrosion occurs. The degree of susceptibility of an alloy to intergranular attack can vary depending on its microstructure, in particular, the amount, size, and distribution of second phases, which is a result of the metallurgical history and thermal treatment. Heat treatments that cause precipitation throughout the grain tend to diminish the intergranular attack. It is significant that in certain aged conditions, Al-Mg-Cu alloys may suffer intergranular corrosion, but not stress corrosion cracking, as a result of different precipitate distribution.

Pitting corrosion of Al-Cu alloys is mainly attributed to the IMPs 99 . Birbilis et al. 100,101 proposed that the electrochemical behavior of Cu-containing intermetallics in aluminium alloys can be either noble or active with respect to the aluminium matrix based upon the composition of the intermetallics. The introduction of copper or other elements into aluminium alloys can increase or decrease the corrosion potential compared with pure aluminium as indicated in the Tab1-2. Particles containing Al, Cu, Fe, and Mn (e.g. Al 2 Cu, θ-phase) act as cathodes and promote matrix dissolution at their periphery [102][103][104][105][106] (as shown in the Fig. 12345678), while particles containing Al, Cu, and Mg (e.g. Al 2 CuMg, S-phase) show anodic behavior and dissolve with preferential dealloying of Mg and Al 107 -110 . In addition, copper tends to precipitate at grain boundaries, making the metal very susceptible also to stress corrosion cracking [111][112][113] .

Due to high corrosion activity of these IMPs they have been widely studied as the active sites corrosion initiation [114][115][116][117][118] . The IMPs which have a size of few hundreds of nanometers participate in intergranular corrosion and lead to anodic dissolution of areas with lower copper concentration near the grain boundaries [119][120][121] .

Trenching of the matrix surrounding intermetallic particles may be interpreted as a galvanic corrosion between the matrix and the particle. In addition, it could also be related to the etching under high pH conditions generated by cathodic reactions (oxygen and/or water reduction), reported by several publications revealing high p H (around 9.5) at the edge of cathodic intermetallic particles 122,123 . The efficiency of copper containing intermetallics to act as cathodes also enable them to support copper plating reactions whereby soluble copper ions are reduced back to copper metal. Chen et al. 126 investigated the corrosion processes on the polished AA 2024 alloy, and found the deposition of Cu on the surface of cathodic intermetallic particles. Blackwood et al. 127 studied the Cu deposition onto the AA 6063 alloy from CuSO 4 solutions with and without Cl -ions, and revealed that the deposition of Cu onto the Cu metal was more favored than onto the Al metal.

However, the presence of Cl -ions leads to CuCl + , which lowered the energy barrier for deposition of Cu onto Al metal.

Several publications have shown the role of cathodic Cu-containing intermetallics in controlling pit initiation and growth. Leblanc et al. 128 proposed that the Al-Cu-Fe-Mn phases are crucial for pit initiation in Cl-containing environments. Liao et al. 129 confirmed that the cathodic particles in the AA 2024 alloy performed as initiation sites of pitting and pit growth. However, the pits were shallow. The cluster of intermetallic particles would promote deeper pitting.

The cathodic intermetallic phases (e.g. the Al-Cu-Fe-Mn family) support high cathodic reaction rates under most solution condition. The ability of cathodic intermetallic phases to support high cathodic reaction rates results in pitting initiation near these particles. Muster et al. 130 reported that in a corrosive environment, slow dissolution of the cathodic intermetallics was combined with the pitting on these particles themselves. Trenches were seen around the cathodic intermetallics, which are maybe owing to a galvanic corrosion between the particle and the matrix, or perhaps related to etching under the high pH conditions generated by cathodic reactions (oxygen and water reduction) 131 .

In 

Corrosion protection of aluminium alloys

Generalities about corrosion protection of aluminium alloys

Aluminium is an active metal and its resistance to corrosion depends on the formation of the protective oxide film 138 . Since aluminium alloys have the anodic and cathodic sites in constant electrical contact, the only way to inhibit corrosion is to eliminate the contact with electrolyte and the cathodic reactant. The main methods to prevent such corrosion are by barrier coatings 139,140. The barrier coatings are used to suppress the cathodic reaction by limiting the diffusion of the electrolyte, oxygen and water to the substrate. It also limits the transport of electrons to the metal interface.

There are different ways 141 -144 to protect the aluminium and its alloys from corrosion as below:

-conversion coatings, such as the chromium chemical conversion (CCC) and the trivalent chromium process (TCP), -anodization, -organic coatings (i.e. electroconducting polymers, and polyaniline), -coatings prepared by Atomic Layer Deposition technique.

Conversion coatings

To achieve the full protective properties on aluminum alloys, most organic coatings require the metal surface to be pre-treated. This provides a surface film, which becomes an integral part of the metal surface involving virtually no dimensional changes. After the aluminium alloy surface pretreatment (degreasing and deoxidation) the conversion coatings can be deposited. Chromates conversion coatings, the most efficient and the most widely used coatings up to now, contain hexavalent chromium species(Cr 6+ ) 145 -147 It provides a total replacement for traditional hexavalent chromium conversion coatings 151 . The functional advantages of trivalent chromium are less energy, higher cathode efficiency and better throwing power, which mean better production rates.

The TCP bath, typically containing hexafluorozirconate, chromium sulfate and pHadjusters, allows a deposition of a coating providing good corrosion properties. The structure of the TCP layer is composed of an hydrated zirconium-rich outer layer that also contains chromium species and an inner, aluminum-rich layer 152-154 . Suib et al. 155 reported that in TCP-coated AA2024T3 samples, no hexavalent chromium was detected even after exposure of coated samples to ASTM G 85 SO 2 salt spray for up to 744 hours. Similarly, none was detected after exposure to indoor or outdoor environments. It was also confirmed that no hexavalent chromium is produced in the TCP treatment solution or in treated parts under production conditions. Lyer et al. 156 also reported similar results that Cr 6+ species were not detected in TCP solutions.

In recent time, it has been showed that long immersion time in a pickling bath is detrimental for the TCP deposition because of the formation of holes and high surface roughness 157 . However, there is still a lack of understanding of the deposition mechanism of the TCP layer 158,159 , and the pretreatments conditions allowing for good corrosion efficiency of the TCP coatings 160 .

Anodizing

From a historical perspective, the first protection applied on aluminium was anodization (architectural profiles) around 1930 161 . Aluminium anodizing is an electrochemical process in which a protective or decorative oxide (anodic) layer is electrochemically built on the surface of the metal 162,163 . Although aluminum alloys naturally form aluminum oxide on their surface, this film is very thin. Anodizing provides much thicker oxide layers. The anodic coating consists of hydrated aluminium oxide and is considered resistant to corrosion and abrasion. The thickness of the anodized layer is dependent on the applied current, the voltage and the time of polarization 164 . The voltage required by various solutions may range from 1 to 300 V DC, mostly falling in the range of 15 to 21 V, and the anodizing current varies with the area of aluminium being anodized, typically ranging from 30 to 300 A/m². The film thickness can range from under 0.5 μm for decoration up to 150 μm for architectural applications 165 . The properties of the oxide layer are affected by the nature and composition of the electrolyte and by the aluminium substrate 166 , 167 .

Anodizing provides surface corrosion protection along with an excellent substrate for decorative finishes.

Generally, the production lines perform a multiple-step process that includes (as shown in the Fig. 1-10):

-cleaning -to remove fabrication oils and buffing compounds, -pretreatment -to improve the appearance of a surface prior to the anodizing step,

-anodizing -produces the actual coating. Acting as the positive electrode, a direct current is passed through the item to be anodized while submerged in a bath of water and acid (sulfuric, chromic, phosphoric) used as the electrolyte,

-sealing -the pores on the surface of the finished pieces need to be closed. Lee et al. 170 reported a novel approach termed "pulse anodization" that combines the advantages of the mild and hard anodization processes on the aluminium substrate using under a regulated cell voltage of 25 V by using 0.3 M H 2 SO 4 . By designing the pulse sequences it is possible to control both the composition and pore structure of the anodic aluminium oxide films while maintaining high throughput. It was found that the effective electric field strength has profound implications on the anodic alumina, determining not only its chemical stability but also its mechanical properties.

Although anodizing is generally a good technique, it has several disadvantages.

Anodized aluminum has much lower thermal conductivity than regular aluminium, making it a bad material for some applications calling for good thermal conductivity, such as the aluminium cookware. In addition, the color selection is greatly limited on products because of the chemicals used in the anodizing process. Furthermore, anodized specimens exhibit worse mechanical properties, e.g. the reduced fatigue life and decreased modulus of elasticity compared to the aluminum alloy, which can be attributed to the porosity and the crack sites initiated at the oxide layer 171,172 . shown its versatility in industrial applications [178][179][180][181] . ALD is a thin film deposition technique in which a film is grown on a substrate by exposing its surface to alternate gaseous species (typically referred to as precursors) 182,183 . These precursors react with the surface of a material one at a time in a sequential, self-limiting, manner. Through the repeated exposure to separate precursors, a thin film is slowly deposited. The cyclical growth process of ALD film for deposition of a binary compound can be represented schematically in four steps (as shown in the Fig. 1-11) 184,185 :

1) exposure of the substrate to the first precursor,

2) purging (with an inert gas) or evacuation of the chamber,

3) exposure of the substrate to the second precursor, 4) purging (with an inert gas) or evacuation of the chamber.

The cycle (steps 1 to 4) is repeated as many times as needed to obtain a specific film thickness. ALD provides coatings and material features which either cannot be achieved cost-efficiently with existing techniques, or they cannot be achieved at all. ALD, as a thin film coating method, offers:

1) precise control of the film thickness, at true nanometer scale,

2) pinhole-free films for, e.g., superior barriers and surface passivation,

3) conformal coating of batches, large-area substrates and complex 3D objects, including porous bulk materials, as well as powders, ALD alumina for corrosion protection has already been studied on many kinds of materials 193-197, , principally in the group of Physical Chemistry of Surfaces at IRCP, Chimie ParisTech [198][199][200][201][202][203][204][205][206][207] . Several papers [208][209][210] have reported that high quality ALD films with a uniform in-depth stoichiometry on the metals and alloys can efficiently decrease the corrosion of alloys, and thicker ALD films can provide better corrosion resistance because of its lower porosity.

The former studies performed on the efficiency of the ALD alumina layer deposited on Al 2024-T3 showed a poor coating adhesion 211 . However, the neutral salt spray (NSS) results show a clear influence of the coating thickness (5 to 70 nm alumina ALD layer on aluminum Al 2024-T3) and the deposition temperature on the corrosion resistance 212 . A decreased coating porosity was also observed for increased coating thickness.

As before mentioned, the uncoated aluminium alloys with the IMPs, which can be either cathodes (particles containing Al, Cu, Fe, and Mn), or anodes (particles containing Al, Cu, and Mg) with respect to the surrounding aluminium matrix, have a weak corrosion resistance. So far, according to our knowledge, not many works have been published to investigate the protection of aluminium alloys by thin ALD layers.

In this PhD thesis, thin alumina ALD coatings (20 nm) were deposited on the model Al-Cu alloy in order to investigate the corrosion behavior of the coated system in neutral and alkaline chloride solutions. The aim of this work was to study the mechanism of the corrosion protection of the alumina ALD layer/Al-Cu alloy and the influence of the intermetallic Cu-containing particles present in the coated system.

The idea was also to look more precisely at the role of the well-controlled alumina layer (ALD layer), which can mimic a passive film, on the corrosion performances of the oxide layer/aluminium alloy substrate system. This study is the first approach into understanding the role of the oxide layer usually present on the aluminium alloys. As widely known, usually the oxide layers are removed from the surface of the aluminium alloys along with a partial removal of intermetallic particles in the pretreatment processes before anodization or conversion coating deposition stages.

These studies with a more precise description of the state-of-the art related to the ALD layer applied for corrosion protection of metals and alloys will be presented in chapter 5 of this PhD thesis.

Objectives of this thesis

In this thesis, an Al-4.87wt.% Cu (Al-2.11at.% Cu) model alloy (which definition will be presented in more details in the experimental part) was employed to investigate:

1) The influence of thermal treatments(aging) of the Al-Cu alloy on the surface chemical modifications related to the oxide formation and formation and distribution of the intermetallic particles by in situ X-ray Photoelectron Spectroscopy (XPS) and by ex situ ion Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) depth profiling and imaging;

2) The influence of thermal treatments (aging) of Al-Cu alloy and resulting chemical surface modifications on the corrosion performances by exposure to the neutral and alkaline electrolytes containing chloride ions;

3) The corrosion protection efficiency of the Al-Cu alloy by thin alumina layer deposited by atomic layer deposition (ALD) and the effect of well-defined aluminium oxide layers on the corrosion resistance of the Al-Cu alloy with the presence of Cu-rich intermetallic particles.

Our approach aims at elucidating the mechanisms of corrosion and corrosion protection as a function of the surface state of Al-Cu alloy modified either by thermal treatments or deposition of the ALD alumina layer, using principally surface analytical techniques XPS, ToF-SIMS and AFM.

Contents of the thesis

This thesis is composed of six chapters as follows: chapter 1 presenting the bibliographic chapter presenting the state-of-the-art related to the corrosion and corrosion protection of aluminium alloys; chapter 2 introducing the experimental methods including the surface sensitive techniques used along this research, and then three chapters of results (chapter 3, 4 and 5) and the last concluding chapter 6, containing also the research perspectives. 

Chapter 2 Techniques and sample preparations

In this chapter, two main surface analytical techniques used in the thesis-X-ray photoelectron spectroscopy (XPS) and Time-of-Flight secondary ion mass spectrometry (TOF-SIMS) are described. The principles of their techniques and instrumentations are introduced. The preparation procedure of the Al-Cu alloy samples is also presented. The detailed experimental procedures related to measurements and/or sample treatments are presented in each chapter.

X-ray Photoelectron Spectroscopy (XPS)

X  XPS is less routinely used to analyze the hydrated forms of some of the above materials by freezing the samples in their hydrated state in an ultra pure environment, and allowing or causing multi layers of ice to sublime away prior to analysis. Such hydrated XPS analysis allows hydrated sample structures, which may be different from vacuum-dehydrated sample structures, to be studied in their more relevant asused hydrated structure. Many bio-materials such as hydrogels are examples of such samples.

Principle

The phenomenon is based on the photoelectric effect outlined by Einstein in 1905 (as shown in the Eq. 2-1) where the concept of the photon was used to describe the ejection of electrons from a surface when photons impinge upon it. The energy of a photon of all types of electromagnetic radiation is given by the Einstein relation:

E = hν Eq. 2-1
where h -the Planck constant (6.62 x 10 -34 Js) ν -the frequency (Hz) of the radiation.

In the case of XPS, electrons are liberated from the specimen as a result of a photoemission process. When a solid surface is irradiated with soft X-ray photons, mostly from an Al-Kα or Mg-Kα primary source, an incident photon of energy hν can be absorbed by an electron with binding energy E B below the vacuum level: the entire photon energy is transferred to the electron, which is then promoted to an unoccupied state above the vacuum level. As a result, this photoelectron is ejected into the vacuum with kinetic energy, and its energy can be detected by an electron energy analyzer. The XPS process is schematically represented in Fig. 2-1(a) for the emission of an electron from the 1s shell of an atom.

The experimental quantity that is measured is the kinetic energy of the electron, which depends on the energy hν of the primary x-ray source. For a solid surface the binding energy (E B ) is conventionally measured with respect to the Fermi level rather than to the vacuum level (Fig. 2-1(b)), and the previous relationship is written in the form 4 :

E B = hν -E K -W Eq. 2-2
where E B and E K are respectively the binding and the kinetic energy of the emitted photoelectron, hν is the photon energy, and W is the spectrometer work function and represents the minimum energy required to remove an electron from the solid. In a first approximation, the work function is the difference between the energy of the

Fermi level E F and the energy of the vacuum level E V , which is the zero point of the electron energy scale:

W = E F -E V Eq. 2-3
This quantity is to be determined by calibration for the spectrometer used. From Eq.

2-3 it is clear that only binding energies lower than the exciting radiation (1486.6 eV for Al-Kα and 1253.6 eV for Mg-Kα) are probed. If one measures the electron kinetic energy, and perhaps also knows the spectrometer work function, it is thus possible to measure the binding energies of various inner (or core) electrons, as well as those of the outer (or valence) electrons that are involved in chemical bonding. Such measurements have been found to reveal a broad array of phenomena that can be used to characterize a given material, in particular the near-surface regions of solids from which most photoelectrons are emitted. Each element has a characteristic electronic structure and thus a characteristic XPS spectrum. 

Instrument

The XPS analyses were performed with the ESCALAB250 spectrometer of Thermo Electron Corporation with an Al Kα monochromated radiation (hν=1486.6

eV), was used to in this thesis, as illustrated in Fig. 2-2. In this thesis, survey spectra were recorded with pass energy of 100 eV and the high resolution spectra of the C1s, O1s, Al2p and Cu2p 3/2 , core level regions were collected with pass energy of 20 eV.

Spectra were recorded and analyzed using the Thermo Scientific™ Avantage Software (version 5.954). 

Characterization

Generally in an XPS spectrum sharp peaks and extended tails are shown in the allowed energy range. The shape and energy positions of these peaks indicate the presence of elements as well as their chemical state, especially in the valence band zone. Some spectral features are introduced below.

Core level

At low energy resolution, XPS spectra provides qualitative and quantitative information on the elements present, whereas at high-resolution core level it gives information on the chemical state and bonding of those elements. As illustrated in the 

Backgrounds

Quantifying the intensity of peaks in XPS data requires properly modeling the background signal. In general, three types of backgrounds are used:

1) a simple straight line or linear background,

2) the Shirley background in which the background intensity at any given binding energy is proportional to the intensity of the total peak area above the background in the lower binding energy peak range (i.e. the background goes up in proportion to the total number of photoelectrons below its binding energy position),

3) the Tougaard background, which is a methodology for integrating the intensity of the background at a given binding energy from the spectral intensities to higher kinetic energies.

The simple linear background suffers from large peak area changes depending on the position of the chosen end points and is the least accurate. The Tougaard background is the most accurate but suffers from complications in practical use, particularly if there are numerous peak overlaps. The Shirley background falls somewhere in between for accuracy, however its ease of use has resulted in its widespread adoption. In this thesis, Shirley background was used and the shape of fitting curves was determined by a 70% Gaussian/30% Lorentzian distribution, typical for the spectra fitting for metals/oxides.

Binding energy and chemical shift

For each and every element, there will be a characteristic binding energy (E B ) associated with each core atomic orbital i.e. each element will give rise to a characteristic set of peaks in the photoelectron spectrum at kinetic energies determined by the photon energy and the respective binding energies.

Chemical shift is the change in binding energy of a core electron of an element due to a change in the chemical bonding of that element, e.g., the formation of chemical bonds with other atoms resulting in a change of the oxidation state.

Atoms of a higher positive oxidation state exhibit a higher binding energy due to the extra coulombic interaction between the emitted electron and the ion core. This ability to discriminate between different oxidation states and chemical environments is one of the major strengths of the XPS technique. For example, Titanium exhibits very large chemical shifts between different oxidation states of the metal, as shown in the Fig. 234, in which a Ti 2p spectrum from the pure metal (Ti) is compared with a spectrum of titanium dioxide (Ti 4+ ). 

Full width at half maximum (FWHM)

Full width at half maximum (FWHM) is an expression of the extent of a function given by the difference between the two extreme values of the independent variable at which the dependent variable is equal to half of its maximum value. In other words, it is the width of a spectrum curve measured between those points on the y-axis which are half the maximum amplitude.

FWHM is applied to such phenomena as the duration of pulse waveforms and the spectral width of sources used for optical communications and the resolution of spectrometers.

The term full duration at half maximum (FWHM) is preferred when the independent variable is time.

The convention of "width" meaning "half maximum" is also widely used in signal processing to define band width as "width of frequency range where less than half the signal's power is attenuated", i.e., the power is at least half the maximum. In signal processing terms, this is at most -3 dB of attenuation, called "half power point". 

Shake-up satellites

Shake-up satellites arise when a core electron is removed by a photoionization.

For some materials, there is a finite probability that the photoelectronic process leads to the formation of an ion in its excited state with a few eV above the ground state. 

Shake

Spin-Orbit Splitting

Core levels in XPS use the nomenclature nlj where n is the principal quantum number, l is the angular momentum quantum number and j = l + s (where s is the spin angular momentum number and can be ±½). All orbital levels except the s levels (l = 0) give rise to a doublet with the two possible states having different binding energies. This is known as spin-orbit splitting (or j-j coupling) 9 . The peaks will also have specific area ratios based on the degeneracy of each spin state, i.e. the number of different spin combinations that can give rise to the total j. For example, for the 2p spectra, where n is 2 and l is 1, j will be 1/2 and 3/2. The area ratio for the two spin orbit peaks (2p 1/2 :2p 3/2 ) will be 1:2 (corresponding to 2 electrons in the 2p 1/2 level and 4 electrons in the 2p 3/2 level). These ratios must be taken into account when analyzing spectra of the p, d and f core levels.

For example, as shown in the Fig. 234567, the Al2p peak has closely spaced spin-orbit components 2p 1/2 (higher BE) and 2p 3/2 (lower BE) with Δmetal=0.44 eV, and the peak intensity of Al2p 3/2 should be twice the intensity of Al2p 1/2 . Splitting only observed for Al metal and under typical experimental conditions, and may be ignored for Al2p peaks from aluminium compounds, such as Al oxide. These values will be needed when fitting spectra where the chemical shifts are larger than the spin-orbit splitting. 

Auger parameter

Core ionization by photoelectron emission an outer shell electron can fill the created vacancy and the energy released can result in the emission of an Auger The technique provides detailed elemental and molecular information about the surface, thin layers, interfaces of the sample, and gives a full three-dimensional analysis. The use is widespread, including semiconductors, polymers, paint, coatings, glass, paper, metals, ceramics, biomaterials, pharmaceuticals and organic tissue. The average depth of analysis for a ToF-SIMS measurement is approximately 1 nm 11,12 .

Principle

ToF-SIMS uses a focused, pulsed particle beam (typically Cs or Ga) to dislodge chemical species on a materials surface. The sample surface is pulsed by an ion beam (primary ions) with a kinetic energy (KE) of a few keV, resulting in the emission of various secondary particles, such as electrons, neutral species, atoms and molecules from the surface, as illustrated in the Fig. 2-9 13 . A basic equation is always used to describe the quantitative relation 15,16 :

I s m = I p y m α ± θ m η Eq. 2-8
where I s m is the secondary ion current of species m; I p is the primary particle flux; y m is the sputter yield;

α ± is the ionization probability to positive or negative ions; θ m is the fractional concentration of m in the surface layer;

η is the transmission of the analysis system.

Particles produced closer to the site of impact tend to be dissociated ions (positive or negative). Secondary particles generated farther from the impact site tend to be molecular compounds, typically fragments of much larger organic macromolecules.

The ionized secondary ions are collected and detected by a time of flight (ToF) mass analyzer (Fig. 23456789). When these secondary ions are ejected from the sample surface, they are accelerated to a given potential (V) and thus all possess the approximately same kinetic energy (KE). All these secondary ions are then accelerated into a flight path on their way towards a detector. It follows that 17,18 :

t = L( m 2zV ) 1/2 Eq. 2-9
where t, L, m, z, and V are the flight time, travel distance, mass, charge, and speed of the secondary particle, respectively.

Because it is possible to measure the "time-of-flight" of the particles from the time of impact to detector on a scale of nano-seconds, it is possible to produce a mass resolution as fine as 0.00X atomic mass units (i.e. one part in a thousand of the mass of a proton).

ToF-SIMS is also referred to as "static" SIMS because a low primary ion current is used to "tickle" the sample surface to liberate ions, molecules and molecular clusters for analysis. In contrast, "dynamic" SIMS is the method of choice for quantitative analysis because a higher primary ion current results in a faster sputtering rate and produces a much higher ion yield. Thus, dynamic SIMS creates better counting statistics for trace elements. Organic compounds are effectively destroyed by "dynamic" SIMS, and no diagnostic information is obtained. The ToF-SIMS spectrometer consists of a precisely pulsed primary Bi ion gun, a sputtering Cs ion gun, a highly accurate computer clock, a flight tube, a detector and a considerable computing power for data acquisition. The polyatomic primary Bi n+ cluster ions source has the advantage of high intensity of cluster emission and good focusing characteristics. Furthermore, doubly charged Bi 3+ ions are formed in a significant proportion which gives double impact energy and excites more secondary ions. Depth profiling is performed by the sputtering of Cs + ions that enhance significantly the ionization probability of negative secondary ion species. The reflector includes a series of precisely spaced rings that can control the path of the energetic ions to make sure the ions with the same mass arrive to the detector at same time: the more energetic the ions the longer path in the rings will be used.

Characterization

Depending on the primary ion dose, SIMS can be classified into static SIMS and dynamic SIMS. Normally the acceptable primary ion dose density is less than 1013 ions cm -2 per experiment for static SIMS, and at least 1017 ions cm -2 per experiment for dynamic SIMS. In the case of static SIMS, the objective is to eliminate the modification of the probed surface region brought by the ion impact. In contrast for dynamic SIMS, it is just to maintain a steady state of erosion and surface chemistry.

In the near surface region the primary ions dose attains a stationary value. The most used three modes of ToF-SIMS analysis are surface spectrometry, depth profiling and chemical imaging 19 . In this thesis, only depth profiling and chemical imaging modes are employed for the analysis.

Depth profiling mode

Depth Profiling is a process where the element or chemical content of a sample is measured as a function of depth. For depth profiling two ion beams operate in the dual beam mode: the first beam is sputtering a crater, the second beam is progressively analyzing the crater bottom (Fig. 234567891011).

Many analysis techniques that perform depth profiling use a beam of ions such as

Ar + , Ga + , Cs + , or O 2

+

. Other depth profiling techniques use pulses of laser light, plasma beams, glow discharge or confocal manipulation of the sample in the Z axis.

The depth profile process involves the repeated removal (or in certain cases, the movement of the sample) down to the desired depth.

The "Y" axis of a depth profile plot represents the quantity of the element or chemical state measured at each measured depth. The "X" axis of a depth profile plot represents the depths that were analyzed by the repeated cycling of ion beam, the laser pulse etc. 

Chemical imaging mode

If the aim of the measurement is to obtain compositional images of the surface formed from the secondary ion spectrum with minimum possible damage to the surface, then the main problem is to ensure that sufficient signal is obtained at the desired spatial resolution whilst minimizing the ion flux incident on any part of the surface.

This is most easily achieved by switching from the traditional instrumental approach of using continuous-flux ion guns and quadrupole mass spectrometer detectors, to using pulsed ion sources and time-of-flight (TOF) mass spectrometers.

By rastering a fine-focused ion beam over the surface, like an electron beam in an electron microprobe, mass resolved secondary ion images (chemical maps) can be obtained simultaneously (Fig. 2345678910111213). The TOF mass spectrometers are a much more efficient way of acquiring spectral data, and also provide good resolution and sensitivity up to very high masses. Using such instruments, SIMS images with a spatial resolution of better than 50 nm are obtainable. 

Scanning Electron Microscopy (SEM) and Energy-dispersive X-Ray spectroscopy (EDX)

Scanning electron microscopy with energy dispersive x-ray spectroscopy (SEM/EDX), the best known and most widely-used of the surface analytical techniques, was used as additional techniques to visualize the surface of some of the coated samples. SEM uses a focused beam of high-energy electrons to generate a variety of signals at the surface of solid specimens. The signals that derive from electron-sample interactions reveal information about the sample including external morphology (texture), chemical composition, and crystalline structure and orientation of materials making up the sample. In most applications, data are collected over a selected area of the surface of the sample, and a 2-dimensional image is generated that displays spatial variations in these properties. Areas ranging from approximately 1 cm to 5 microns in width can be imaged in a scanning mode using conventional SEM techniques (magnification ranging from 20X to approximately 30,000X, spatial resolution of 50 to 100 nm). The SEM is also capable of performing analyses of selected point locations on the sample. The EDX technique detects x-rays emitted from the sample during bombardment by an electron beam to characterize the elemental composition of the analyzed volume. Features or phases as small as 1 µm or less can be analyzed [20][21][22] .

Secondary electron images were taken at LISE (Laboratoire Interfaces et Systèmes Electrochimiques) in UPMC with a digital SEM S440 LEICA with a tungsten filament (FEG-SEM) as shown in the Fig. 23456789101112131415. 

Sample preparations

Mechanical polishing

The Al-Cu polycrystalline alloy samples were containing 4.87 wt.% of Cu as characterized by EDX. This Al-Cu alloy called here a model alloy (purchased from Goodfellow) was made with initial purity of Cu and Al 99.99 %. The samples in the form of discs (Φ=1cm) were polished with SiC papers (#1200; #2400; #4000) with water, and then with polishing cloth with alumina suspensions (OP-AN, ESCIL Inc.) in order of 3 m, 1 m, and 0.3 m (Fig. 2345678910111213141516), cleaned separately with acetone, ethanol and ultrapure water (Millipore® water, resistivity > 18 MΩ cm) in an ultrasonic bath for 5, 3, and 1 minute, respectively and dried with compressed air. 

The annealing and aging thermal treatments

The Al-Cu polycrystalline alloy samples were thermally treated in two different ways:

1) the first thermal treatment was to oxidize the as prepared Al-Cu alloy samples in situ XPS at low pressure by exposure to O 2 at 1.0×10 -7 mbar at different temperatures (300 °C, 350 °C, and 400 °C) for 54 h totally, which was described detailed in the chapter 3.

2) the second thermal treatment was to anneal and age the as prepared Al-Cu alloy samples in the system shown in Fig. 2-17. After cleaning, the sample was placed inside a quartz tube, and pumped to vacuum (of around 1.0×10 -5 mbar). Prior to the formal thermal treatment, the optimization of the annealing temperature among 520 °C, 540 °C, and 560 °C was performed on the Al-Cu samples, respectively.

Afterwards, during the formal annealing treatment, the quartz tube with the sample inside was placed in the oven and the pressure of O 2 was kept below 1.0×10 -5 mbar at the optimized temperature for 1 hour. When the annealing was finished, the oven was moved away and the tube was quenched by ice water to room temperature rapidly.

After a quick polishing (#1200→#2400→#4000→3μm→1μm, to obtain a mirror-like surface without modifying the surface significantly), the sample was placed inside the quartz tube again for aging treatment in air at 300 °C for 10 h followed by 450 °C for 5 minutes. When the aging treatment was finished, the sample was cooled down in the quartz tube and then transported directly to the XPS preparation and analysis chambers for the following measurements. The annealing at 560 °C led to sample melting, and severe modification of surface morphology with a very high roughness with drum-like shape features. SEM (in Fig.

2-18(c))

shows large number of coarse dendritic-like network structure at the grain boundaries with atomic ratio of Al/Cu: 2.7 ± 0.6.

(a) (b) (c)

It can be concluded that 540 °C is an optimal temperature combined with the aging treatment to obtain a relatively homogeneous Al-Cu alloy with dispersive intermetallic particles (close to the equilibrium θ-phase (Al 2 Cu)). This is also in agreement with the observations reported by Fujda et al. 23 

XPS and ToF-SIMS

In this chapter, the Al-4.87wt.% Cu model alloy was employed to investigate the influence of thermal aging treatment on the surface chemical modifications by in situ XPS and ToF-SIMS analyses. The Al-Cu alloy samples were heated at temperatures 300 °C→350 °C→400 °C in low pressure (LP) of O 2 for up to 54 hours. XPS revealed that the surface dehydration and/or dehydroxylation offset the oxide growth in the initial stages. The oxidation of Al-Cu alloy is governed by two kinds of mechanisms: the oxidation of Al substrate evidenced by Al oxide growth, and the preferential oxidation of Al in the intermetallic particles (Al 2 Cu). In addition, it was evidenced by ToF-SIMS analysis that the thermal treatment promoted the significant segregation of Cu-rich intermetallic particles at the oxide/substrate interface.

Introduction

Aluminium is remarkable for its low density and high corrosion resistance due to the phenomenon of passivation. However, pure aluminium is too soft thus different alloying elements (e.g. Cu, Mn, Mg, Cr, and Si) are usually added to aluminium to provide substantial increase in yield strength in aluminium alloys (AA) 1 .

Age hardening is one of the most widely used methods for the strengthening of aluminium alloys. As already discussed in the Bibliographic part (Chapter 1) the age hardening consists in three different stages: a solution treatment at high temperature (548 °C), a quenching and a controlled decomposition leading to formation of finely dispersed precipitates, accompanied by aging at appropriate temperatures. Through this process the strength and hardness of aluminium alloys could be significantly enhanced by the formation of small (from micron to dozens of microns) uniformly dispersed second-phase intermetallic particles (IMP) present within the original phase matrix. The IMPs act as obstacles to dislocation movement and thereby strengthen the heat-treated Al alloys 2 . In the case of the AA 2xxx-series, having copper as a principal alloying element, two types of second phase particles can be formed: θ phase (Al 2 Cu) and S phase (Al 2 CuMg).

These second phase particles (precipitates) formed during the age-hardening process are known to have negative effects on the corrosion resistance of aluminium alloys, as evidenced by many research groups [3][4][5][6][7][8] . Bucheit and Birbilis 9,10 revealed that the electrochemical behavior of intermetallic particles in aluminium alloys is much more complicated than the electrochemical behavior of a simple element -i.e. metal. About 60% of particles present in 2024-T3 alloy greater than about 0.5 to 0.7 μm are Al 2 CuMg (the S phase particles). These types of particles appeared to be more active (anodic IMPs) with respect to the matrix phase 11 , which is consistent with bibliographic data presented in the chapter 1. The S phase particles exhibited severe dealloying, which resulted in the formation of Cu-rich particle remnants. Some particle remnants remained largely intact and induced pitting at their periphery once ennobled by dealloying. Other particle remnants decomposed into 10 to 100 nm Cu clusters that became detached from the alloy surface and can be dispersed by mechanical action of growing corrosion product or solution movement, which can lead to a redistribution of Cu across the surface. However, cathodic intermetallic particles, such as Al 2 Cu, which are also present in the aluminium alloy 2024-T3, have noble corrosion potentials significantly nobler than the matrix 12,13 . Copper-containing intermetallic phases support high cathodic reaction rates under most solution conditions, and assist in the initiation of localized pitting corrosion.

As before mentioned there are several studies on the influence of age hardening on the metallurgy of aluminium alloys, their mechanical properties and their corrosion behavior, however there are only few studies which show the evolution of surface chemistry as a function of thermal treatments. Rampulla et al. 14 studied the origins of the corrosion resistance of Al-Cu-Fe alloy film annealed in ultrahigh vacuum (UHV) using in situ XPS, and found that oxidation occurs via the formation of a passivating Al 2 O 3 overlay. The oxidation rate during exposure to H 2 O vapor (from 8×10 -9 Torr to 1×10 -8 Torr at 300 K) was significantly higher than that during exposure to O 2 (from 1×10 -8 Torr to 8×10 -8 Torr at 300 K) leading to formation of much thicker layers under H 2 O than under O 2 . During low exposure to O 2 the oxide coverage rises rapidly and then at higher exposures saturates. Saturation occurs as a result of the passivation of the surface with a thin film of Al 2 O 3 . Alexander et al. 15 found that the air-formed film formed on the pure aluminium stored under ambient conditions resembled oxyhydroxide, while in vacuum (pressure=2.5×10 -7 mbar) under ambient temperature Al 2 O 3 was produced, which revealed significant rehydration upon exposure to the ambient atmosphere. They also reported incomplete dehydration of Al 2 O 3 by elemental and functional stoichiometry changes upon vacuum. Jeurgens et al. 16 investigated the growth of oxide layers in the UHV processing chamber (base pressure < 2.5 Pa) as function of total oxygen exposure time by heating a clean, recrystallized, pure aluminium (>99.999 wt.%) substrate, and subsequent exposure to pure oxygen gas (99.998 vol%) at an oxygen pressure of 1.33 Pa. They found that at low temperatures (T≤573 K), an amorphous, Al deficient (as compared to γ-Al 2 O 3 ) oxide film of relatively uniform thickness was formed, while at higher temperatures (T ≥ 673 K), an amorphous Al-enriched oxide film was formed initially, which gradually became crystalline γ-Al 2 O 3 with the stoichiometric composition of Al 2 O 3 after prolonged oxidation.

The surface chemistry of Al alloys has been more often studied by surface sensitive techniques such as XPS, AES, ToF-SIMS after different pre-treatments (like degreasing and deoxidation processes) usually applied on the classical metal/oxide systems such as Al/Al 2 O 3 of the thermally aged alloys [17][18][19][20][21][22][23] . These ex situ Al alloy pretreatment can have an important influence on the formation of the oxide layer, enrichment in copper or other elements being the components of the alloy and/or the intermetallic particles, diffusion and or segregation of these elements at the oxide/substrate interface and finally on the formation and/or dissolution of the intermetallic particles. It should be noted that the surface state of the Al alloys will then depend not only on the thermal aging treatment but also on the following pretreatment processes applied to the surfaces of Al alloys before application of the corrosion protection coatings (conversion coatings or anodization, etc.).

The aim of this work was to investigate the influence of thermal aging treatments -the first stage of treatment was performed at 300 °C for 6 hours four times, -the second stage was performed at 350 °C for 6 h two times, -the last stage was done at 400 °C during 6 h and then during 12 h. At each step of the thermal treatment, the chemical composition of the thermally treated Al-Cu sample was performed by the XPS analysis. ToF-SIMS profiling and chemical mapping were performed on the polished Al-Cu alloy sample and on the Al-Cu alloy sample after final stage of thermal treatment.

X-ray Photoelectron Spectroscopy Analysis. A Thermo Scientific ESCALAB 250

X-ray Photoelectron spectrometer (XPS) with an Al Kα monochromated radiation (hν=1486.6 eV), was used to analyze the surface chemical composition of the sample (before and after each step of thermal treatment at low oxygen pressure). The energy reference of the spectrometer was calibrated with binding energy (BE) of hydrocarbons (C1s at 285.0 eV). The pressure in the analysis chamber was kept at 1×10 -9 mbar. The Al Kα monochromated source (h=1486.6 eV) was operated at 15 kV and the samples were analyzed at a take-off angle of 90°. Survey spectra (BE=0~1060 eV) and the high-resolution spectra (C1s, O1s, Al2p, Al2s, Cu2p and Auger Cu LMM) were recorded with a pass energy of 100 and 20 eV, respectively. Spectra were recorded and analyzed using the Thermo Scientific™ Avantage Software (version 5.954). For curve fitting and decomposition, a Shirley-type background subtraction was used and the shape of fitting curves was determined by a 70% Gaussian / 30% Lorentzian distribution, typical for the spectra fitting for metals/oxides 24 .

Time-of-Flight Secondary Ion Mass Spectrometry Analysis. Time-of-Flight

Secondary Ion Mass Spectrometry (ToF-SIMS) was employed to analyze elemental species present on the sample surface, and asses the distribution in high resolution following the XPS analysis (sample was exposed in air during the transferring), using a ToF-SIMS V spectrometer (ION TOF GmbH-Munster, Germany). The analysis was carried out on the sample after polishing and after the final thermal treatments (during 54 h, at low O 2 pressure at different temperatures from 300 °C to 400 °C) as described above. The analysis chamber was maintained at about 1×10 -9 mbar. Depth profiles were performed using sputtering with Cs ion gun: Cs + 2 keV, 100 nA (300×300 m 2 ) and analysis with Bi ion gun: Bi + 25 keV, 1.1 pA (100×100 m 2 ). Chemical images of the polished Al-Cu model alloy and after thermal treatments were performed by using a pulsed Bi + 25 keV primary ion source, delivering 0.1 pA current over a 100×100 m 2 area. 25 . These peaks can be explained by the presence of low quantity of organic contaminations on the metallic substrates after exposure to ambient air. The Al2p core level can be decomposed into the lower binding energy peaks at 72.3 ± 0.1 and at 72.8 ± 0.1 eV assigned to the Al2p 3/2 and Al2p 1/2 spin orbit doublet of metallic aluminium. The FWHM of the Al2p 1/2 spin orbit component (1.00) is larger than that of Al2p 3/2 (0.63), and the Al2p 1/2 :Al2p 3/2 area ratio is 0.50 ± 0.01, which is consistent with the theoretical value 26 . The higher Al2p peak with BE=74.6 ± 0.1 eV is attributed to the Al hydroxide (Al(OH) 3 and/or AlOOH), and the Al2p peak at 75.5 ± 0.1 eV is assigned to the Al oxide 27,28,29 . The peaks at 76.1 ± 0.1 eV and 78.1 ± 0.1 eV can be assigned to the spin orbit doublet Cu3p 3/2 and Cu3p 1/2 of metallic copper [30][31][32] overlapping the Al2p area. The peaks at binding energy of 15.8 eV higher than the metallic aluminium peak (i.e. at around 88.2 ± 0.1 eV) correspond to bulk plasmon losses [33][34][35][36] .

XPS results

Surface chemistry of polished Al-Cu model alloy

The Al2s core level is also included here in Fig. 3-1 in order to confirm the correct decomposition of Al2p core level spectra where the interference of the Cu2p is present. The Al2s peak can be decomposed into four peaks: a peak at 117.8 ± 0.1 eV assigned to the Al metal 37,38 , a peak at 119.1 ± 0.1 eV assigned to the Al hydroxide (Al(OH) 3 and/or AlOOH) 39 , and a peak at 120.6 ± 0.1 eV assigned to the Al oxide 40 .

The ratio between the oxide and hydroxide here in the Al2s core level region is basically the same as that in the Al2p core level (7.3 vs 7.7), which verified the correct decomposition of Al2p core level. However, the contribution of copper in the region of the Al2s is also observed, which can be confirmed by the presence of the highest binding energy peak at 122.6 ± 0.1 eV assigned to the Cu3s (corresponding the metallic copper) 41,42 .

The nature of copper was determined from the Cu2p core level spectra (with the Cu2p 3/2 at 932.9 ± 0.1 eV) and the Cu LMM (not shown here). According to Auger parameter (α) of 1851.8 ± 0.1 eV the presence of metallic copper was confirmed (Tab.

3-1) [43][44][45] . In addition, the presence of CuO is thought to be unlikely also because the characteristic shake-up satellites expected at 943.5 ± 0.1 eV are not observed 46,47 The O1s core level can be fitted with two peaks attributed to the Cu oxides (530.2 ± 0.1 eV), oxide ions of the alumina matrix (531.4 ± 0.1 eV) 48 , hydroxyl groups (like AlOOH or Al(OH) 3 species) or contaminants (carboxyls and/or carbonates) (532.3 ± 0.1 eV) already observed in the C1s core level region, and water molecules adsorbed on the sample surface (533.2 ± 0.1 eV), respectively [49][50][51][52][53][54] . Although the lower binding energy peak is unanimously attributed to oxide, the presence of hydroxyl groups cannot be completely excluded as it has been observed that the presence of oxide may favor the dissociative adsorption of water 55 , 56 . It indicates that under ambient conditions the air-formed film on the aluminium alloys appeared to be oxyhydroxide instead of the stoichiometric composition of γ-Al 2 O 3 owing to the rehydration upon exposure to the ambient atmosphere. Similar results have been reported for the pure aluminium and aluminium alloys 23,24,57,58 .

The O:Al atomic ratio calculated from O1s (at 531.4 ± 0.1 eV) and Al2p (at 75.5 ± 0.1 eV) corresponding to the Al 2 O 3 is around 1.5, which is consistent with the theoretical stoichiometry of Al 2 O 3 (O:Al = 1.5). This atomic ratio is an evidence of a correct decomposition of O1s and Al2p core levels indicating the presence of the metallic aluminium, the aluminium oxide (Al 2 O 3 ), the hydroxyl groups (Al(OH) 3 or AlOOH) and also the metallic copper (Cu3p peak overlapping Al2p) 59 .

Fig. 3 The change in the total area of O1s peak as a function of the exposure to LP O 2 is presented in Fig. 3-3. The data (the binding energies (BE), the full-widths at half maximum (FWHM)) of the high resolution main O1s peak core level spectra are compiled in Tab.3-2. The significant increase of O1s peak area can be observed when the sample was exposed to O 2 in the initial stage (about the first 3200 L) at 300 °C, which can be attributed to the growth of the Al oxide. However, the area of O1s peak decreased as the exposure to O 2 at 300 °C went on (after about 3200 L), probably related to the surface dehydration and/or dehydroxylation, which has been reported by Papee et al. 60 that heating of Al substrate covered by oxide/hydroxide layer (under vacuum at T ≥170 °C) leads to dehydration. During the following stage of exposure (from 6481 L to around 11300 L) at higher temperatures 350 °C and 400 °C, the area of the O1s peak re-increased, which indicates the continuous oxide growth 61,62 . Nevertheless, the area of O1s peak slightly decreased once again after about 11300 L of exposure at 400 °C. By comparing two last O1s peaks (one obtained at 350°C and the last one at 400°C, Fig. 3-2), it can be revealed that the peak assigned to the Cu oxide disappeared completely, which can be explained by the reduction of CuO with CO or preferential aluminium oxidation and segregation of copper and copper oxide at surface defects or at grain boundaries or at surface oxide/substrate interface region. The possible copper reduction can take place under high-temperature conditions (≥250 °C at the ambient pressure) according to reaction 3-1 as already reported in the literatures [63][64][65][66] : presented above (Fig. 3-1). The peak attributed to the Al hydroxide disappears completely after 24-hour-exposure (6481 L) at 300 °C and only higher peak at 75.5 ± 0.1 eV attributed to the Al oxide can be observed, which is consistent with the O1s peak decomposition (shown in the Fig. 3-2). In addition, the peaks at 76.1 ± 0.1 eV and 78.1 ± 0.1 eV assigned to the spin orbit doublet Cu3p On the sputtered surface before thermal treatment, small-intensity peaks can be observed at higher BE of 934.2 ± 0.1 eV and lower BE of 932.0 ± 0.1 eV than the metallic copper (932.8 ± 0.1 eV). These small-intensity peaks can be attributed to CuO and Cu 2 O, respectively, confirmed by the presence of satellite features at 943.5 ± 0.5 eV and 945.5 ± 0.5 eV 68 . However, due to the high signal-to-noise ratio and the low intensity, the existence of CuO and Cu 2 O cannot be confirmed.

CuO + CO → Cu + CO 2 Eq.
At further stages of the thermal treatment (from 300 °C up to 400 °C), although the Cu signal attenuated quite rapidly, the existence of CuO/Cu 2 O can still not be totally excluded on the surface. Furthermore, the peak assigned to the Cu 2 O on the sputtered surface disappeared during the thermal treatments, which may also be attributed to the oxidation of Cu 2 O forming CuO during the heating 69 .

The data (binding energies (BE) and full-widths at half maximum (FWHM) of the high resolution main Al2p peak core level spectra for metal and oxide components) However, it should be noted that the contribution of Al hydroxide to the passivation layer on the polished surface and the sputtered surface (as shown in the Fig. 3-1) was not taken into account; therefore, a slight underestimation of the true film thickness can be predicted. The calculation of the oxide thickness assuming a homogenous distribution of the Al 2 O 3 on the Al-Cu alloy substrate (before and after thermal treatment) was performed using the intensites of the Al2p and Cu2p 3/2 peaks with the following equations 72 :

I Alm = Kδ Al λ Alm D Alm τ Al exp (-d/𝜆 𝐴𝑙 𝐴𝑙𝑜𝑥 )
Eq. 3-2

I Cum = Kδ Cum λ Cum D Cum τ Cu exp (-d/𝜆 𝐶𝑢 𝐴𝑙𝑜𝑥 ) Eq. 3-3 D Alm + D Cum =1
Eq. 3-4 After combining and rearranging Eq.3-2 and Eq.3-3, the I Alm /I Cum can be expressed as follows:

I Alox = Kδ Al λ Alox D Alox τ Al [1-exp(-d/𝜆 𝐴𝑙 𝐴𝑙𝑜𝑥 )] Eq. 3-
IAlm I Cum = δ Al λ Alm D Alm τ Al exp (-d/λ Al Alox ) δ Cum λ Cum D Cum τ Cu exp(-d/λ Cu Alox )
Eq. 3-6

And the Eq.3-2 and Eq.3-5 can be combined, and the IAlm/IAlox can be expressed as:

IAlm I Alox = λ Alm D Alm exp (-d/λ Al Alox ) λ Alox D Alox exp[1-exp(-d/λ Al Alox )]
Eq. 3-7

Combined with the Eq.3-2, Eq.3-4 and Eq.3-5, the thickness of the oxide and the concentrations of Al and Cu can be calculated by solving the Eq.3-8 and Eq.3-9. The obtained data are shown in Table 3-3, and the oxide thickness modifications as a function of the thermal treatment at low oxygen pressure are graphically presented in Fig. 34567.

𝐼Alm

I Cum = δ Al λ Alm D Alm τ Al exp (-d/λ Al Alox ) δ Cum λ Cum ( 1-D Alm) τ Cu exp(-d/λ Cu Alox )
Eq. 3-8

IAlm I Alox = λ Alm D Alm exp (-d/λ Al Alox ) λ Alox D Alox exp[1-exp(-d/λ Al Alox )]
Eq. 3-9 As already discussed above, the thinner oxide layer present on the sputtered surface is related to the small removal of contamination layer as well as oxide/hydroxide layer. However, it should be noted that sputtering led to remarkable surface enrichment with Cu (from 24.4 at.% to 33.1 at.%) (Fig. 3 the last stage of heating at higher temperatures from 350 °C to 400 °C, the concentration of Cu raised slightly (from 23.6 at.% to 26.3 at.%). This rebound could be related to the higher diffusion speed of Cu atoms from bulk of Al-Cu alloy to the interface region (oxide /substrate) at higher temperatures (>350°C) 75 , 76 . The confirmation of this hypothesis will be presented hereafter by means of ToF-SIMS depth profiles and ToF-SIMS chemical mapping performed on the Al-Cu sample after the final stage of thermal treatment. thermally induced accumulation of the copper at the interfacial aluminium oxide/metallic substrate region. This type of Cu enrichment at the oxide/metal interface during oxide formation has been previously reported on Al-Cu series alloys 77,78,79 . It should be also noted that the increase Cu intensity in the interfacial region can be related to the higher density and bigger sizes of the Cu-rich intermetallic particles. To confirm this hypothesis a ToF-SIMS chemical mapping was performed on both samples.

ToF-SIMS results

ToF

The third region corresponding to Al-Cu substrate does not show particular differences for both polished and thermally aged samples. However, the ToF-SIMS imaging performed on the polished sample does not exclude that the intermetallic particles already present in the non-treated Al-Cu alloy are slightly oxidized on the surface (which can be deduced from high intensity AlO - signal observed in the substrate region, and can be superimposed with high intensity of Cu -signal in the interface region in Fig. 34567). The copper enrichment at the oxide/substrate interface region induced by thermal treatments was not observed by the surface analysis made by XPS. The XPS data show the aluminium oxide growth and the depletion of the oxide layer with copper (see Fig. 345). The clearly discernable AlO -, Al -and Cu -signals observed by ToF-SIMS at different sputerring depth for sample after thermal treatments indicate the formation of copper-rich intermetallic particles and their segregation at oxide/metal interfacial region.

The evolution of the distribution of intermetallic particles in the Al-Cu sample before and after thermal treatments is illustrated in Fig. 345678. On the surface of the polished Al-Cu alloy, the presence of small intermetallic particles can be observed but their size and distribution within the oxide layer is different than in the case of thermally treated sample. Similar intermetallic particles with similar characteristics and distribution have been already observed by Seyeux et al. 80 -first, a progressive uptake of the oxide layer as evidenced by in situ analysis by XPS with Al oxide layer growth with a thickness of around 0.5 nm (Fig. 3 (a) (b) (c)

Conclusions

(1) The XPS analyses evidenced the growth of aluminium oxide layer as a function of thermal treatments from 300 °C to 400 °C, and the increase of Cu concentration in the surface oxide layer from 23.0 at.% to 26.3 at.% at higher temperatures from 350 °C to 400 °C, which is due to the higher diffusion speed of Cu atoms from bulk of Al-Cu alloy to the interface region (oxide/substrate) at higher temperatures (>350 °C);

(2) The significant decrease of O1s peak area at 300 °C indicated the dehydration and/or decomposition of hydroxide layer at high temperatures, formerly present at the native alumina surface. The slight decrease of O1s at 400 °C can be explained by the reduction of Cu oxides with CO under high-temperature conditions (≥250 °C at the ambient pressure), or preferential aluminium oxidation and segregation of Cu/Cu oxides at surface defects or at grain boundaries or at oxide/substrate interface region;

(3) ToF-SIMS depth profiles confirmed a formation of thicker oxide layer for the thermally treated sample and decrease of the copper signal in the oxide layer region and higher intensity at the interfacial region pointing to diffusion and segregation of copper at the oxide/substrate interface region; ToF-SIMS imaging also confirmed the growth of the Cu-rich intermetallics during the thermal treatments; 

Introduction

The strength and hardness of aluminium alloys are substantially increased by the formation of extremely small uniformly dispersed second-phase particles containing Cu within the original phase matrix in a process which we know as precipitation or age hardening 1,2 . Other elements (i.e. Cu, Si, Fe, Mg and Cr) are usually added to the aluminium to obtain diverse properties to meet the demands in industries. Age hardening or precipitation hardening is now one of the most widely used mechanism for the strengthening of Al-Cu alloys. The precipitate particles, as described in the bibliographic part (chapter 1), act as obstacles to dislocation movement and thereby strengthen the heat-treated Al-Cu alloys 3 . Generally, the age-hardening for the Al-Cu alloys involves a three-step heat treatment as follows:

-first step: the Al-Cu alloy is solution heat treated -held above 548 °C 4 to make the alloying elements (Cu, Mg, Zn, Si, etc) dissolve 5 and obtain a homogeneous solid solution (α phase) 6 , -second step: the material is quenched from the solution-treatment temperature, typically by dunking or spraying it with cold water, which traps the alloying elements in solution. Quenching is a fierce treatment that can cause distortion and create internal stresses that may require correction in industry, such as rolling, -third step: the material is aged, meaning that it is heated at moderate temperatures ranging from 100 to 400 °C 7 for several hours during which the alloying elements condense into nano-scale dispersions of intermetallics (Al 2 Cu, Al 2 CuMg, Mg 2 Si, etc.) 8 . This process often starts from clustering of alloying components called Guinier-Preston (GP) zones that will grow larger and more intensively with increasing heating temperature and time. For the Al-Cu binary alloy, the forming processes of the θ-phase (Al 2 Cu) are supersaturated solid solution (α ss )→ GP zones (Discs)→ θ'' (Discs)→ θ' (Plates)→ θ(Al 2 Cu) [9][10][11][12][13][14][15][16] . Many studies [17][18][19][20][21] have reported that the precipitates mainly grow via the grain boundaries of the alloys.

Nevertheless, as discussed in the bibliographic chapter (chapter 1), these Cu-rich intermetallic particles present in the Al-Cu alloys have negative effects on the corrosion resistance of the alloy, due to the galvanic interactions between intermetallic particles (IMPs) and the Al-alloy matrix [22][23][24][25][26][27] . Copper is a nobler element than aluminium, and has a significant effect on the corrosion susceptibility of the Al-Cu alloys. The Al-Cu alloys with IMPs mainly undergo corrosion via the pitting and intergranular corrosion 28,29 . However, in general, IMPs can be either passive or active with respect to the aluminium matrix based upon the composition of the intermetallics 30,31 .

Particles containing Al, Cu, Fe, and Mn (e.g. Al 2 Cu, θ-phase) act as cathodes, where oxygen or water reduction leads to pH increase (local OH -accumulation), which in further stages promotes oxide and matrix dissolution at their periphery (leading to localized corrosion) 32 . The pitting potential of Al 2 Cu particles is low enough so that metastable pitting can occur at the OCP 33 . The oxide present on these particles might be more conductive or catalytic, which provides more cathodic current from oxygen reduction promoting localized corrosion 34 -37 . Schneider et al. 38 investigated the mechanism of trenching formation around the cathodic intermetallic particles on a polished AA 2024-T3 alloy in situ using confocal laser scanning microscopy. It was revealed that the propensity to promote trenching of the Al matrix is not the same for all Al-Cu and Al-Cu-Mn-Fe particles in solutions of low chloride content. Al-Cu particles are more susceptible, while Al-Cu-Mn-Fe particles hardly trench at low Cl -concentrations. However, it was also reported that a pH increase around the cathodic particles can explain trenching formation only for the bulk in a neutral pH environment.

In the case of active particles containing Al, Cu, and Mg (e.g. Al 2 CuMg, S-phase), the anodic dissolution with preferential dealloying of Mg and Al can occur [39][40][41][42][43][44][45] . The preferential dissolution of Al-alloy matrix surrounding the intermetallics could lead to copper depletion in the neighborhood of the grain boundary 46 , or accumulation of copper on the surface. Once a certain level of enrichment occurs, copper atoms are thought to arrange themselves into clusters through diffusion processes and eventually protrude from the alloy surface due to undermining of the surrounding Al-alloy matrix 47 . The copper clusters could be released as elemental copper into the oxide layer when they are undermined or oxidized. The defects existing in the aluminium oxide may also be increased by the enrichment of copper at the alloy surface 48 , which promotes the pit propagation rate and pit germination rate 49 . Seyeux et al. 50 investigated the pitting corrosion of Al-Cu thin film alloys heat treated (aged in air at 300 °C for 10 h followed by 450 °C for 5 min) where the Al 2 Cu particles were formed within an Al-0.5wt.% Cu matrix, and reported the localized enrichment of metallic Cu at the metal/oxide interface. Following exposure to an aggressive environment, where localized corrosion was initiated, the pit density closely matched that of the Cu-rich interfacial regions.

In this chapter, the influence of thermal treatment of Al-4.87wt.% Cu model alloy on the corrosion performances (immersion tests at open circuit potential) in near neutral electrolyte (pH=6.2) and in alkaline electrolyte (pH=11.5) is presented. The corrosion behavior of thermally treated sample (after annealing at 540 °C for 1 h under primary vacuum of 1.0×10 -5 mbar, quenching, and aging in air at 300 °C for 10 h followed by 450 °C for 5 minutes) is compared with non-treated (just polished) sample. For the sake of comparison some results obtained on the pristine, polished Al-Cu alloy sample already presented in the chapter 3 will be repeated here in this chapter. The scanning electron microscopy (SEM) and surface sensitive techniques:

x-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) were combined to compare the thermally formed oxide with the native oxide on the Al-Cu alloy, evaluate the structural and chemical modifications induced by the immersion tests, and to get more insight into the influence of the size and distribution of the Cu-containing intermetallic particles (Al 2 Cu) on the corrosion susceptibility. The goal of this study was also to assess whether the type of oxide layer (native or thermal) and its heterogeneity (above the particles or the alloy matrix) could be related to differences in local reactivity. mbar. The Al Kα monochromatized source was operated at 15 kV and the samples were analyzed at a 90° take-off angle normal to the surface. The survey spectra (at 0~1060 eV) were recorded with a pass energy of 100 eV, and the high-resolution spectra (C1s, O1s, Al2p, Cu2p 2/3 or Cu2p) were recorded with a pass energy of 20 eV and a resolution of 0.1 eV. All spectra were calibrated versus the binding energy (BE)

Experimental

of hydrocarbons (at 285.0 eV). Spectra were recorded and analyzed using the Thermo Scientific™ Avantage software (version 5.954). For curve fitting and decomposition, a Shirley-type background subtraction was used and the shape of fitting curves was determined by a 70% Gaussian/30% Lorentzian distribution, typical for the spectra fitting for metal/oxides 52 .

Time-of-Flight Secondary Ion Mass Spectrometry Analysis. Time-of-Flight

Secondary Ion Mass Spectrometry (ToF-SIMS) was employed to analyze elemental species present on the sample surface, and assess their status and distribution in high resolution following the XPS analysis (the sample was exposed to air during transfer), using a ToF-SIMS V spectrometer (ION TOF GmbH-Munster, Germany). The analysis chamber was maintained at about 1×10 -9 mbar. Depth profiles were performed using sputtering with Cs ion gun: Cs + 2 keV, 100 nA (300×300 m 2 ) and analysis with Bi ion gun: Bi + 25 keV, 1.1 pA (100×100 m 2 ). Chemical images of the polished Al-Cu model alloy and after thermal treatment were performed by using a pulsed Bi + 25 keV primary ion source, delivering 0.1pA current over a 100×100 m 2 area.

Scanning Electron Microscopy. Scanning Electron Microscopy (SEM) images of the polished and aged samples were obtained with a Carl Zeiss Ultra 55 Field Emission Scanning Electron Microscopy (FE-SEM, Germany). 

Results and discussions

(up to 1 μm) between the annealing and aging treatments, which removed the thermally oxidized layer remarkably. In addition, the Cu signal shows a decrease from 600 cps (for polished, (a)) to 200 cps (for thermally treated sample, (b)) in the beginning of sputtering time and a higher gradient between the first (oxide) and the second (interfacial) region (b). This higher gradient indicates a thermally induced precipitation and accumulation of Cu-rich intermetallic particles at the oxide/metallic substrate interface during the thermal aging treatment, which has been previously observed on a thin film air formed oxide on an Al 2 Cu model alloy 68 . It should be emphasized that similar results have been obtained for the same Al-Cu alloy sample thermally treated at different temperatures and at low oxygen pressure in the XPS preparation chamber, as discussed in chapter 3. Furthermore, the higher OH -and Cl - signal intensities can be observed on the extreme surfaces of both samples than in a bulk, which should be attributed to the sample cleaning process and/or sample transfer through the laboratory air resulting in presence of some traces of contaminations and formation of hydroxides. ), the Al2s core level was chosen instead of the Al2p for analysis of the Alspecies. The Al2s core level for the polished sample can be fitted with two peaks:

Al2s A (at 118.8 ± 0.1 eV, assigned to Al(OH) 3 ) and Al2s B (at 120.0 ± 0.1 eV, assigned to Al 2 O 3 ). The Al 2 O 3 film on aluminum alloy surface is prone to attract the hydrophilic groups in the solutions, which may promote the surface passivation by the formation of Al(OH) 3 or AlOOH [START_REF] Naoi | [END_REF]77 . Furthermore, it should be noted that an extra peak can be observed at around 117.0 ± 0.1 eV. This peak is not a metallic aluminium and it can be attributed to the strong charging effect related to formation of thick layer of corrosion products characterized by insulating properties. The charging effect can be also easily verified in the area of C1s core level (not shown here) where characteristic multiple carbon peak was observed.

The Cu2p 3/2 core level region is fitted with two peaks: Cu2p 3/2A at 932.1 ± 0.1 eV, assigned to Cu 2 O 78 and Cu2p 3/2B at 934.0 ± 0.1 eV, assigned to CuO 79,80 . In addition, the presence of CuO can be confirmed by the characteristic shake-up satellite at 943.0 ± 0.1 eV 81,82 . The XPS analysis indicates that after corrosion the copper exists in a mixed oxidized form (CuO and Cu 2 O), with a ratio of 43:57, respectively. The area of satellite peak corresponding to CuO was included into the calculation of the different copper oxides ratio. The Cu Auger signal is very low and too broad owing to the charging effect, hence, does not allow for a qualitative characterization. The higher intensity of Cu2p peak compared with that before immersion tests can be explained by the preferential dissolution of Al through the pitting corrosion mechanisms occurring around Cu-rich particles, resulting from the well-known electrochemical coupling of the cathodic particles and the anodic Al substrate [83][START_REF] Bethencourt | [END_REF][85] .

In the O1s core level region, the peaks at 530.0, 531.2, 532.4 and 533.5 eV could be respectively ascribed to Cu oxides, Al oxides, hydroxyl groups or contaminants, and water molecules absorbed on the surface, respectively [86][87][88][89] . These XPS results

indicate the formation of corrosion products mainly consisting of Al oxide and Al

hydroxide rich in Cu oxides on the surface of non-treated sample after immersion in the neutral electrolyte. area ratio is 0.50 ± 0.01, both of which are consistent with the theoretical values 94,[START_REF] Gutowski | Recent Advances in Adhesion Science and Technology in Honor of Dr[END_REF] .

Similar oxygen compounds can be observed on the surface after immersion in alkaline electrolytes as those observed after immersion in neutral electrolytes described above. 

Cl2p

the non-treated and thermally treated samples, respectively, which are close to expected for an aluminium hydroxide (3 for Al(OH) 3 or 2 for AlOOH), indicating that the O1s C peak can be also assigned to some amounts of carbon contaminants. Furthermore, by comparing the atomic percentages of main species obtained from the XPS for the Al-Cu alloy samples (polished and thermally aged) after immersion in neutral and alkaline electrolytes it can be concluded that (as illustrated in the Fig. 45678):

-no important differences in a quantity of different species can be observed as a function of thermal treatment after immersion in neutral electrolyte (Fig. The SEM images obtained from polished and thermally treated Al-Cu samples after exposed to neutral electrolytes show significant modifications with severe corrosion signs (Fig. 4-9(a) and (b)). In the case of polished Al-Cu alloy it can be concluded that preferential dissolution of Al occurred around the Cu-rich particles owing to the galvanic coupling (cathodic particle/Al matrix), which represented as pitting corrosion. Therefore, localized corrosion in the vicinity of the intermetallic particles (well known as trenching around particles) in the polished sample was observed. The similar results have been already reported showing the pitting around the second phase (e.g. S-phase) particles in the aluminium alloy AA 2024-T3 in NaCl solution 99,100 . It is well exhibited that the second phases, such as θ-phase, commonly exhibit cathodic electrochemical properties with respect to the matrix, which can easily lead to a preferential dissolution around these phases. Hollow pits were found on the surface of the thermally treated samples (Fig. 4-9(b)). These pits can be formed in the thick layer of corrosion products beneath which the Cu-rich IMPs can be present. It is was confirmed by the ToF-SIMS results that during the annealing treatment Cu-rich intermetallics were dissolved into the substrate, and then precipitate during the thermal aging treatment prone to be on the Al-Cu alloy surface (namely, the oxide/metal interface) 101,102,103,104 (Fig. 4-4). For the thermally treated sample, a short time (7 minutes) of immersion in the neutral solution is not sufficient for electrolyte and/or aggressive chloride ions to penetrate deeply into the interface region and form corrosion defects around the Cu-rich particles. It is possible that the defects are formed mostly at the regions where locally thinner oxide The immersion of both samples in neutral, chloride-containing electrolytes leads also to intensity increase of OH -principally within the oxide/corrosion layer region, which is also in agreement of the XPS results showing the formation of hydroxides.

Furthermore, a slight intensity increase of Cl -signal on the surface (from 200 cps to 600 cps) for the non-treated sample after immersion is consistent with the previous XPS observations (weak decomposed peaks assigned to chlorides). Here the ToF-SIMS depth profiles indicate that these corrosion products are not only present on the extreme surface but they penetrate in the bulk of the oxide/corrosion layer.

To have more insight into the corrosion mechanisms of model Al-Cu sample and the influence of thermal treatments (annealing and aging) performed on this alloy, the ToF-SIMS chemical maps were recorded on both samples after immersion tests (Fig. allow also to conclude that the corrosion layer formed at the Al-Cu alloy matrix is not completely homogenous as it can be seen from the O -and AlO -ion images obtained in the substrate region where some high intensity spots with irregular shapes can be observed in the areas out of the areas corresponding to Cu-rich intermetallic particles.

These irregular spots (with high intensity of O -and AlO -ions) can be superimposed with higher intensity of Cl -ions, which could suggest that the thick oxide/hydroxide surface layer would favour an accumulation of chloride ions and corrosion initiation.

It can be then concludedthat the Cu-rich intermetallic particles are the principal sites of corrosion initiation but not the only sites. In the case of SEM images (discussed above, Fig. 4-9(b)) the defects (pits) formed in the case of thermally treated sample has regular-in shape form similar to the defects detected in the ToF-SIMS images.

However, the pits density observed in SEM images (Fig. 4-9 (b)) is not the same as the density defects observed in the case of ToF-SIMS images (Fig. 4-12 (b)). This can be related to different areas of characterisation chosen for the ToF-SIMS analysis, since pits on the corroded surface were not distributed homogeneously as shown in of sputtering) and the second interfacial layer (400 s of sputtering) can be observed (Fig. 4-13). This data are in agreement with the XPS data showing the formation of thick oxide and hydroxide layer as discussed in the previous part (Fig. 4567). However, this increase is less important than in neutral electrolytes and there is no significant difference between both samples (Fig. 4-13(a) and (b)). The strong enrichment in Cu - species and OH -species can be confirmed by significant increase of the Cu - Based on presented results, it can be summarized that the intermetallic particles dissolved into the matrix in the annealing treatment, and precipitated mostly close to the oxide/substrate region during the aging treatment. It can be also concluded that the aging treatment leads to precipitation of the IMPs at the grain boundaries. The applied thermal treatment led to formation of large IMPs particles when compared to IMPs present in the non-thermally treated Al-Cu alloy.

In the neutral electrolyte containing Cl -, pitting corrosion occurred at the adjacent areas of the Cu-rich particles in the case of the non-treated sample, whereas hollow pits formed on the thermally treated sample owing to the initiation sites for localized corrosion. The thermal treatments applied in this study led to lower corrosion susceptibility with formation of thicker corrosion layer in neutral electrolyte and diffusion of chloride ions through this layer up to the substrate. The observation of the intermetallic particles formed during the thermal treatments allowed for characterization of different steps of pit formation:

1) the Cl -ion penetration and preferential accumulation at the interface region in the areas corresponding to the Cu-rich IMPs,

2) corrosion initiation in the adjacent areas of the Cu-rich particles, and dissolution of Cu-rich intermetallic particles leading to copper redeposition,

3) formation of aluminium oxyhydroxide and redeposition at the rim of the pit covering the corroded areas of IMPs and also the Al-Cu matrix.

In the case of alkaline immersion, the general dissolution of Al oxide and Al-Cu alloy matrix was observed. The thermal treatment applied to the Al-Cu alloy had important influence on corrosion reaction mechanisms. For non-thermally treated alloy the dissolution resulted in protruding the Cu-rich IMPs, whereas for the thermally treated sample, the general dissolution of Al oxide and Al-Cu matrix led to the etching at grain boundaries, where Cu-rich intermetallics were concentrated.

However, for both samples a clear copper enrichment on the sample surface was observed:

1) in the form of Cu-rich intermetallic particles and redeposited, formerly dissolved copper in the case of non-thermally treated, polished alloy,

2) in the form of redeposited copper, formerly dissolved copper from grain boundaries where the IMPs were concentrated.

Conclusions

(1) ToF-SIMS and XPS analysis indicate a slightly thicker Al oxide (about 8 nm)

with Al hydroxides adsorption formed on the thermally treated (annealing at 540 °C & aging at 300 and 450 °C) Al-Cu alloy sample compared with the pristine, non-non-treated sample in the alkaline electrolyte, while no copper chlorides was observed on the attacked surface of thermally treated sample in the alkaline electrolyte.

Chapter 5 Corrosion protection of the model Al-Cu alloy by ALD alumina thin film coatings

The corrosion protection of Al-4.87wt.% Cu model alloy by a thin, 20 nm-thick alumina ALD layer is presented in this chapter. A detailed surface chemical and morphological characterization shows a significant improvement of corrosion resistance of the coated alloy samples. As expected, the ALD alumina layer in alkaline electrolytes is not as stable as in neutral electrolytes, and undergoes dissolution. However, regardless of the pH of electrolyte, the Al 2 Cu particles present in the Al-Cu alloy remain intact, and no trenching around them was observed either in neutral or alkaline electrolytes. The application of a compact, conformal alumina layer made by ALD can be an alternative for the corrosion protection of aluminium alloys not requiring prior removal of the intermetallic particles.

Introduction

As discussed in the bibliographic chapter and in the previous chapter 3 presenting research results on thermal treatments, the Al 2 Cu second phase particles (θ-phase) present in the Al-Cu alloys reduce their corrosion resistance, owing to the galvanic coupling between the copper and the surrounding matrix promoting the localized corrosion [1][2][3][4] . These copper-rich zones are more noble/cathodic than the surrounding aluminum matrix, and are generally considered to be the initiation sites for localized corrosion in an environment containing aggressive ions, e.g. Cl -5-9 .

To avoid this problem, there are many anti-corrosion treatments such as anodizing, chemical conversion treatments or organic coatings 10 -13 . The chemical conversion treatment is applied widely due to advantages of low cost, simple process, and the stability of the treatment solution. Chromium chemical conversion (CCC), the most widely used, however, will be banned because the hexavalent chromium is toxic 14 . So new, non-hexavalent chromium-based processes, e.g. trivalent chromium process (TCP) 15 or phosphate conversion process have been developed 16,17 . However, the TCP has a complex composition and poor stability and, in addition, trivalent chromium may be converted to hexavalent chromium 18 , 19 , which limits its applications. The phosphate conversion coating is to some degree thick and rough, and calls for a long time heating on the solutions to keep it stable leading to a significant consumption of electricity and time 20 . As the final stage of corrosion protection, organic paints are often applied to the aluminium alloys 21 .

Atomic Layer Deposition (ALD) can be an interesting alternative to thin conversion coatings. ALD treatment has recently been described as a promising technique for the surface treatment of metals and alloys, and has already shown its versatility in industrial uses 22 . Application of ALD for corrosion protection has been studied by the group of Physical Chemistry of Surfaces (PCS) at CNRS-Chimie ParisTech on different materials such as carbon steel, stainless steel, copper, and aluminium 23 -32 . According to our knowledge the investigation of the protection the extreme surface of the ALD layer and the higher intensities can also be observed in the interfacial region (which can be attributed to the contaminations not removed from the polished Al-Cu surface before ALD deposition). Quite high OH ion profile intensity in the bulk of the ALD coating can be attributed to existence of pores in the coating layer as discussed in previous studies 24,206,31 .

The ToF-SIMS negative ion 100×100 μm 2 In the case of the coated alloy a severe decrease of the OCP from -0.68 to -1.13 V can be observed from 30 min of immersion to 45 min of immersion, while in the case of non-coated alloy an increase from -1. In the first stages the corrosion is related to the dissolution of the oxide film (native aluminium oxide layer or ALD alumina coating) owing to electrochemical attack by hydroxide ions OH -according to anodic dissolution of aluminium (Eq. 5-1)

and cathodic reduction of oxygen, which can occurs at the copper-containing phases (Eq. 5-2) 40 :

Al +4OH -=Al(OH) 4 - + 3e - Eq. 5-1 3/4O 2 + 3/2H 2 O + 3e -= 3OH - Eq. 5-2
The possible reaction can be also the water reduction reaction:

3H 2 O + 3e -= 3/2H 2 +3OH - Eq. 5-3
The overall corrosion reaction is: corresponding to metallic aluminium 41 , 42 . The corrosion products formed on the surface of non-coated Al-Cu electrode are a mixture of Al oxide (at 75.7 ± 0.1 eV) 43- 45 , Al hydroxide (Al(OH) 3 or AlOOH) (at 74.6 ± 0.1 eV) 46,47 , as shown in the Fig. 5-5(a). The decrease of Cu2p can be observed with simultaneous displacement of the Cu2p (Fig. 5-5(b)). The decomposition of the Cu2p 3/2 shows a formation of copper compounds such as Cu 2 O (at 932.3 ± 0.1 eV) 48,49 , and CuO (at 933.9 ± 0.1 eV) [50][51][52][53][54] (Fig. 5-5(c)). The presence of oxidized CuO is confirmed by the shake-up satellite peak expected at 943.0 ± 0.1 eV 55,56 . After immersion in the alkaline electrolyte, the surface of non-coated Al-Cu alloy does not show the significant signs of corrosion by optical microscope. However, the Al2p core level presented in Fig. 5-5 (a) shows a disappearance of the Al peak corresponding to aluminium metal (Al2p at 72.7 ± 0.1 eV) and similarly to neutral electrolyte the large peak at around 75 eV, which can be attributed to hydroxides and oxides indicates the formation of thick corrosion layer. However, in the case of immersion in alkaline electrolyte a more intense peak at the higher binding energy of around 75.9 ± 0.1 eV and 78.4 ± 0.1 eV in the region of Al2p core level spectra corresponding to Cu3p 3/2 and Cu3p 1/2 can be observed [57][58][59] . The presence of high intensity copper peak is confirmed in the region of Cu2p (Fig. 5 Cl -ions are observed on the surfaces of both non-coated and coated samples. Few order of magnitude higher Cl -ion intensity can be observed in the beginning of the sputtering time for the non-coated Al-Cu sample after immersion than before immersion test, which indicates formation of chloride components already observed by XPS as presented above. However, no significant changes compared with those before immersion test can be observed in Cl -ion profile for the alumina ALD coated sample. In addition, enrichment of OH -can be observed principally at the non-coated surface, indicating the formation of hydroxide compounds, already reported by the XPS described above. Then, this electrochemical activity can lead to coating porosity and/or small general dissolution of the alumina as stated above. Small pits and large deposits resulting from corrosion can also be observed on this non-coated alloy surface. Similar phenomenon related to the pitting around the second phase (e.g. S-phase) of the aluminium alloy AA 2024-T3 in NaCl solution has been reported in the literature 71,72 . It confirms that the second phases, such as θ-phase and S-phase, commonly exhibit active electrochemical properties with respect to the matrix, which can easily lead to a preferential dissolution around these phases.

Al +OH -+ 3/4O 2 + 3/2H 2 O =Al(OH
The SEM images recorded on the thin ALD alumina coating exposed to neutral electrolyte do not evidence any significant modifications (Fig. 5 -11(c)), which could lead to the conclusion that this layer works as a good barrier layer for the aggressive electrolyte containing chloride ions. However, is can be deduced on the basis of other results presented above (ToF-SIMS depth profiles) that the ALD coating is not completely inert and can undergo dissolution.

In the case of alkaline electrolytes, non-coated and coated Al-Cu alloy (Fig. (2) Both coated and non-coated Al-Cu alloy show lower OCPs in alkaline electrolytes than in neutral electrolyte confirming higher corrosion susceptibility of aluminium alloys at high pH;

The much higher OCP observed for the ALD alumina coated sample (around -0.68

V vs. Ag/AgCl) than that of the non-coated sample (around -1.34 to -1.24 V vs.

Ag/AgCl) in the alkaline electrolytes means a beneficial protective function of the growth, the chemical modifications at oxide/substrate interface and evolutions of the Cu-rich intermetallic particles. XPS showed that the thickness of aluminium oxides grew thicker as a function of thermal treatments from 300 °C to 400 °C, whereas a concentration of Cu near the surface (at the oxide/substrate interface) first decreased from around 33.1 to 23.6 at.% attributed to low diffusion rate of Cu atoms from the bulk to the surface/interface region at the beginning stage of thermal treatments (from 300 °C to 350 °C), and then during the last stage of heating at higher temperatures (from 350 °C to 400 °C), slightly increased from 23.6 at.% to 26.3 at.%. This increase was attributed to the higher diffusion rate of Cu atoms from bulk of Al-Cu alloy to the interface region (oxide /substrate) at higher temperatures (>350 °C).

Furthermore, the decrease of O1s peak area at the beginning stage of thermal treatments (300 °C) indicated the dehydration and/or decomposition of hydroxide layer (formerly present at the native alumina surface), while a slight decrease of O1s peak area at 400 °C was attributed to the reduction of Cu oxides with CO under hightemperature conditions, or preferential aluminium oxidation and segregation of Cu/Cu oxides at surface defects or at grain boundaries or at oxide/substrate interface region.

In addition, the total area (metal + oxide and hydroxide) of the Al2p spectra was Ag/AgCl) than that in the neutral electrolyte (around -0.52 V vs. Ag/AgCl), confirming higher corrosion susceptibility of coated Al-Cu alloys at high pH.

However, in the alkaline electrolytes the much higher OCP observed for the ALD coated sample (around -0.68 V vs. Ag/AgCl) than that of the non-coated sample -To investigate the mechanisms of formation of the intermetallic particles Al2Cu.

-To investigate the kinetics of the oxide growth.

-To follow the structural modification at the nanometric and the atomic level (for the single-crystalline samples).

-To study the surface hydroxylation as a function of the thermal treatments (presence of oxides, the oxide thickness, presence of intermetallic particles).

-To study the material ageing at defined conditions (i.e. influence of the thermal ageing on the stability of the intermetallic particles and the stability and properties of the oxide layer).
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 11 Fig.1-1 Phase diagram of the aluminium-copper system 17 .

Fig. 1 - 3

 13 Fig.1-3 Schematic illustrations on diffusion out of solution and into clusters that distort and strengthen the material 30,31 .

Fig. 1 - 4

 14 Fig.1-4 Scanning electron micrographs of the Al-3.35wt.%Cu alloy after aging treatment at 190 ºC for 24 hours, showing precipitates around grain boundaries 42 .

Fig. 1 -

 1 Fig.1-5 E-pH corrosion diagram (Pourbaix Diagram) for Al/H 2 O system at 25 o C 76-78 .

Fig. 1 - 6

 16 Fig.1-6 Effects of copper on corrosion potential of aluminium 80 .

Fig. 1 - 8

 18 Fig.1-8 SEM images of corrosion surrounding the cathodic Al-Cu-Fe-Mn particles in the AA2024 alloy after immersion in 0.1 M NaCl solution 98 .

  situ and a real-time monitoring ask for applying local probes techniques to demonstrate of the localized corrosion around the intermetallic phases 132 . Oltra et al. 133 investigated the local probing of the galvanic coupling between micrometersized aged Al 2 Cu phases and the surrounding aluminum-based matrix of a specially heat-treated 2011 alloy using a microcapillary electrochemical cell, and confirmed the mass transport control of the oxygen reduction on the galvanic coupling of the particle with the surrounding matrix based on the local electrochemical behavior of an isolated particle after aging.Particles containing Al, Cu, and Mg show anodic behavior and dissolve with preferential dissolution of Mg and Al (as seen in the Fig.1-9). The S-phase is initially anodic and then being transformed to a net cathode after the dealloying of magnesium and aluminium resulting in the enrichment in copper134 . As shown in the Fig.1-9, the intermetallic particle itself has been attacked, with preferential dealloying of magnesium and aluminium, owing to its anodic characteristic with respect to the matrix. Then, the cathodic properties of the copper-rich phase lead to dissolution and depletion of the matrix surrounding the original particle.Guillaumin et al. 135 reported what appeared to be on the matrix directly adjacent to the copper-rich intermetallic remnants. Buchheit et al.136 also reported copper enrichment at the surface of aluminium alloys associated with anodic intermetallics.
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 19 Fig.1-9 Secondary (left) and backscattered (right) electron images of corrosion around the anodic Al-Cu-Mg particles in the AA 2024 alloy after (a,b)2.5, (d,e) 5 and (g,h) 15 min exposure to 0.1 M NaCl 137 .

Fig. 1 -

 1 Fig. 1-10 Simplified diagrams of the anodizing process of aluminium or aluminium alloy substrates 168 .

1. 4 . 4

 44 Organic coatings Organic coatings provide protection either by the action of a barrier from the layer or from active corrosion inhibition provided by pigments in the coating. Liquid coatings were introduced in the 1950's. Eventually, powder coating was invented, which took aluminium coating to a new level 173 , 174 .The most common organic coatings are polyesters, polyurethane, polyvinyl chloride (PVC), and polyvinylidene fluoride (PVDF) 175 . Pirhady et al. 176 have developed silica-based organic-inorganic hybrid nanocomposite films by sol-gel method for corrosion protection of the AA2024 alloy. The sol-gel films were synthesized from 3-glycidoxypropyltrimethoxysilane (GPTMS) and tetraethylorthosilicate (TEOS) precursors. They have utilized the potentiodynamic scanning and salt spray tests to study the corrosion protection properties of the films. Their results indicate that the hybrid films provided exceptional barrier and corrosion protection in comparison with untreated aluminium alloy substrate. The corrosion resistance strongly depends on the thickness of the applied coating. However, thicker organic coatings usually have bad adhesion to the substrate, leading to the detachment of the coating. Gonzalez et al. 177 identified that at sufficiently long exposure times, swelling through the coating may eventually reach an irreversible stage where detachment of the coating occurs. 1.4.5 Coatings prepared by Atomic Layer Deposition ALD (Atomic Layer Deposition) treatment has recently been described as a promising technique for the surface treatment of the Al-Cu series alloys, and already
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 1 Fig. 1-11 Schematic representation of an ALD cycle, from references 186 .
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 21 Fig. 2-1 Schematic view of the photoemission process: (a) the emission of an electron from the 1s shell of an atom; (b) corresponding energy balance within the framework of one electron picture 5 .
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 22 Fig. 2-2 Illustrations of the ESCALAB250 spectrometer of Thermo Electron Corporation employed in this thesis.

Fig. 2 -

 2 Fig. 2-3, high-resolution core level XPS spectra provides improved chemical selectivity by narrowing the spectral peaks, lower spectral background, and elimination of unwanted x-ray from satellites and anode impurities, which simplifies spectral analysis.
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 23 Fig. 2-3 Survey XPS spectra of the bulk Al-4.87wt.% Cu alloy. The inset shows highresolution core level XPS spectra of C1s peak.
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 24 Fig. 2-4 Illustration of Ti2p 1/2 and 2p 3/2 chemical shift for Ti and Ti 4+6 .

Fig. 2 - 5 A

 25 Fig. 2-5 A legend of full width at half maximum 7 .

Fig. 2 - 6

 26 Fig. 2-6 Representation of the XPS Cu2p peaks with satellite peaks 8 .

Fig. 2 - 7

 27 Fig. 2-7 Al2p spectrum of native oxide on Al metal showing the Al2p spin-orbit splitting 8 .

For

  example, as shown in the Fig. 2-8, the binding energy of Cu2p 3/2 = 932.6 eV, and the kinetic energy of Cu LMM = 918.6 eV, hence, α= Cu2p (BE) + Cu LMM (KE) = 1851.2 eV, which indicates the presence of metallic Cu.
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 28 Fig. 2-8 XPS spectra of Cu2p in BE and Cu LMM in KE.
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 29 Fig. 2-9 Schematic diagram of the SIMS process 14 .

Chapter 2 .

 2 Technique and sample preparations 51 2.2.2 Instrument In this work, a ToF-SIMS V spectrometer (ION TOF GmbH-Munster, Germany) was employed to analyze elemental species presented on the sample surface, and asses their status and distribution in high resolution, as shown in the Fig. 2-10.

Fig. 2 -

 2 Fig. 2-10 Illustrations of a ToF-SIMS V spectrometer (ION TOF GmbH-Munster, Germany) employed in this thesis.

Fig. 2 -Fig. 2 -

 22 Fig. 2-11 Illustrations of dual beam mode depth profiling, from ToF-SIMS V brochure (ION-ToF GmbH).

Fig. 2 -

 2 Fig. 2-12 Illustrations of the ToF-SIMS negative ions depth profiles obtained from an aspolished binary Al-4.87wt.% Cu alloy sample used in this thesis.

Fig. 2 -

 2 Fig. 2-13 Illustrations of chemical imaging mode, from ToF-SIMS V brochure (ION-ToF GmbH).
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 22 Fig. 2-14 Illustrations of the ToF-SIMS negative ion images of 18 O -, AlO -, Al 2 -, obtained from an as-polished binary Al-4.87wt.% Cu alloy sample used in this thesis.

Fig. 2 -

 2 Fig. 2-15 Illustrations of a FEG-SEM (LEICA, Germany) employed in this work.

Figure 2 -

 2 Figure 2-16 Polishing cloth, and suspensions for the Al-Cu alloy samples employed in this thesis.

Fig. 2 -

 2 Fig. 2-17 Schema (a) and a picture of the equipment for the annealing and aging treatments by application of a special vacuum system (or around 1.0×10 -5 mbar).

Fig. 2 -

 2 Fig. 2-18 shows the micrographs of Al-Cu samples after annealing and aging treatments at 520 °C, 540 °C, and 560 °C, respectively, for the optimization of the annealing temperature. Coarse grain boundaries with adjacent dendritic network structures (intermetallic phase) can be observed in the Al-Cu alloy after annealing at 520 °C and aging as shown in the SEM images (Fig. 2-18(a)). As measured by EDX the atomic ratio of Al/Cu of intermetallic phase at the grain boundary is 5.1 ± 1.5, which indicates that the phases are transitional phases, far from the equilibrium θphase (Al 2 Cu).

Fig. 2 -

 2 Fig. 2-18 SEM (SE2) images of the Al-Cu samples after annealing and aging treatments: (a) at 520 °C; (b) 540 °C; (c) 560 °C.

Fig. 2 -

 2 Fig. 2-18(b) illustrates the presence of round and dendritic intermetallics distributed uniformly in the Al-Cu alloy after annealing at 540 °C and aging. From the EDX analysis, it can be confirmed that these phases are the near equilibrium θ-phase (Al 2 Cu), according to the values of atomic ratio: 2.4 ± 0.5, which is quite close to the atomic ratio of Al 2 Cu.

Chapter 3

 3 , in which 540 °C was confirmed as an adequate annealing temperature for Al 2024 alloy generating the dissolution and coagulation of the dispersive intermetallic particles during the following artificial aging, and avoiding the coarse intermetallic phases (as shown in the Fig. 2-18(c)). Influence of thermal aging treatments on surface chemical modifications of model Al-Cu alloy studied by in situ

(

  at low oxygen pressure around 1.0×10 -7 mbar and temperatures ranging from 300 to 400°C) on the modifications of the model Al-Cu alloy such as the oxide growth, the chemical modifications at oxide/substrate interface and the evolutions of the Al-Cu intermetallic particles by in situ XPS and ToF-SIMS. The model Al-Cu alloy (with composition of Al-4.87wt.% Cu similar to commercial aluminium alloy AA2024) was used in this study, in order to focus on the particular θ phase (Al 2 Cu), and exclude the interferences of other phases (such as Al 2 CuMg and Al 2 Mg 3 Zn 3 ) present in the commercial AA2024 alloys. The surface chemical composition was studied by XPS on the polished Al-Cu alloy, then on the ion-sputtered sample prepared in the UHV preparation chamber of the XPS and then after each step of thermal treatment. ToF-SIMS depth profiling and imaging were employed to investigate the surface, interface and bulk modifications of the Al-Cu model alloy after the final stage of thermal treatment (performed in the UHV XPS preparation chamber).

3. 2 Experimental

 2 Sample preparation. The Al-Cu polycrystalline alloy samples (Goodfellow) contain 4.87 wt.% of Cu as characterized by EDX. The samples in the form of discs (Φ=1cm) were polished on the SiC papers (#1200; #2400; #4000) with water, and then on the polishing cloth with alumina suspensions (OP-AN, ESCIL Inc.) up to 0.3 m, cleaned separately with acetone, ethanol and ultrapure water (Millipore® water, resistivity>18 MΩ cm) in an ultrasonic bath for 5, 3, and 1 minute, respectively, and dried with compressed air. Thermal treatments. Thermal treatment of the as prepared Al-Cu model alloy sample was performed in the XPS UHV preparation chamber. Following the chemical analysis of the polished Al-Cu model alloy sample by XPS (before thermal treatment at low oxygen pressure), the surface of the sample was sputtered with the XR5 gun (15 kV, 150W) for 90 seconds principally to remove the surface contaminations. The slight surface sputtering was used to avoid a preferential sputtering of aluminiu m and enrichment in copper. Then, the as prepared sample was oxidized at low pressure (LP) by exposure to O 2 at 1.0×10 -7 mbar (where exposition at 1.0×10 -7 mbar for 100 s corresponds to 7.5 Langmuir (L)) at different temperatures:

Fig. 3 -

 3 Fig. 3-1 presents the XPS core level C1s, Al2p, Al2s, Cu2p, Auger Cu LMM and O1s spectra recorded on the polished Al-Cu model alloy sample. The high resolution C1s core level spectrum can be fitted with three peaks, attributed to the CH 2 -CH 2 bonds (BE= 285.0 ± 0.1 eV), the C-O bonds (BE= 286.1 ± 0.1 eV), the C=O bonds (carboxyl groups, BE= 288.6 ± 0.1 eV), and the carbonates (BE= 290.0 ± 0.1 eV), respectively25 . These peaks can be explained by the presence

Fig. 3 -

 3 Fig.3-2 shows the changes in the O1s core-level peak as a function of thermal treatment of the Al-Cu surface, starting from 0 Langmuir corresponding to the sputtered surface. For the sputtered surface before thermal treatment (0 L), the main component at lower binding energy of 530.4 ± 0.1 eV (BE) is attributed to Cu oxide, at higher BE of 531.4 ± 0.1 eV (BE) is attributed to Al oxide, and the peak at highest BE of 532.3 ± 0.1 eV to the hydroxyl groups (like AlOOH or Al(OH) 3 species) and the contaminants (carboxyls and/or carbonates). After the low-pressure O 2 exposure at 300°C for 6 hours (1620 L) the contributions of hydroxyl decreased significantly, what can be concluded from the more symmetrical shape of O1s. After 24-hour exposure to O 2 (6481 L), the contributions from the hydroxyls groups is not observed anymore in the O1s region.

Fig. 3 -

 3 Fig. 3-2 XPS spectra of the O1s core level after LP exposure of the Al-Cu alloy to O 2 at 300, 350, 400°C. The exposure to oxygen at different temperatures is expressed in Langmuir (L).
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 33 Fig. 3-3 Change in the O1s core level peak area as a function of LP exposure to O 2 at different temperatures.

Fig. 3 -

 3 Fig. 3-4 shows the changes of the Al2p and Cu2p 3/2 core levels as a function of LP oxygen exposure of the Al-Cu surface at different temperatures. Similar contributions can be observed on the sputtered Al-Cu model alloy as on the polished Al-Cu sample

Fig. 3 -

 3 Fig. 3-4 XPS spectra of Al2p and Cu2p core levels as a function of LP exposure of the Al-Cu alloy to O 2 at 300, 350, 400°C. The exposure to oxygen at different temperatures is expressed in Langmuir (L).

  are compiled in Tab.3-2. Upon exposure to oxygen, the O:Al atomic ratios calculated with the corresponding O1s (at 531.4 ± 0.1 eV) and to Al2p (at 75.5 ± 0.1 eV) attributed to the Al 2 O 3 are 1.42  0.08, which is consistent with the theoretical stoichiometry of Al 2 O 3 (O:Al = 1.5). Small variations in the O:Al ratio can be related to the uncertainty in the peaks decompositions, which is beyond 10%. Estimation of the Al and Cu concentrations and the thickness of the aluminium oxide layer are feasible from the Al2p core level based on the prior studies 70, 71 .

5 whered

 5 is the oxide thickness; D Alox and D Alm are the densities of Al in the oxide and the metal phases, respectively; 𝜆 𝐴𝑙 𝐴𝑙𝑜𝑥 and 𝜆 𝐶𝑢 𝐴𝑙𝑜𝑥 are the attenuation lengths of the Al and Cu photoelectrons in the oxide; λ Alm , λ Alox, and λ Cum are the attenuation lengths of the Al and Cu photoelectrons in the metal; I X(Y) is the intensity of the X peak (element X) corresponding to Y species, τ is the result of experimental photoelectron yield multiplied by sinθ (θ is the photoelectron take-off angle, θ = 90°); δ is the experimental photoelectron yield, which is assumed to be the same for Al in the metal and in the oxide; and K is an instrument constant. The values of λ are: λ Alm = 19.3 Å, 𝜆 𝐴𝑙 𝐴𝑙𝑜𝑥 = 21.9 Å and 𝜆 𝐶𝑢 𝐴𝑙𝑜𝑥 = 13.7 Å, D Alm = 0.100, D Alox = 0.078 moles cm -3 , τ Al = 45853, τ Cu = 63468, δ Al = 0.537, δ Cum = 16.73.

  -5(b)), because the lighter Al atoms in the binary Al-Cu system are more easily sputtered away[START_REF] Scully | [END_REF]74 . Since the first stage of the thermal treatment of the Al-Cu model sample, the Al oxide layer shows a thickness increase as a function of the thermal treatments from 300 °C to 350 °C, as indicated in a Table 3-3 and in Fig.3-5(a). At the same time a decreasing concentration of Cu near the surface from around 33.1 to 23.6 at.% as a function of the thermal treatment can be observed, which can be attributed to the attenuation of detected Cu signal as the oxide grew and the low diffusion rate of Cu atoms from the bulk to the surface at the beginning stage of thermal treatments. Nevertheless, during
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 35 Fig. 3-5 The evolution of Al 2 O 3 thickness a) and the atomic concentration of Al at.% (black squares) and Cu at.% (red dots) b) as a function of LP O 2 exposure at 300, 350 and 400 °C temperatures.

  -SIMS negative ion depth profiles of the Al-Cu polished sample before and after the final thermal treatment including LP O 2 exposition at 300 °C (6481 L), 350 °C (3240 L) and 400 °C (4860 L) are presented in Fig. 3-6. For both samples, three main regions can be identified: -the first one characterized by high and relatively constant intensity of AlO -, AlO 2 -and 18 O -signals assigned to the presence of an aluminium oxide film formed on the substrate alloy, -the second interfacial region characterized by drastic decreasing intensities of AlO -, AlO 2 -and 18 O -ions and increasing intensities of Al 2 -signal, -the third substrate region with a large and constant Al 2 -signal. Slight difference in the sputtering time of the first region can be observed for both samples. The increase of the sputtering time from 30 (for polished sample) to 47 s (for a thermally treated sample) confirms a growth of oxide layer as confirmed by the XPS results (seen in the Fig. 3-2 and Fig. 3-5). However, the increased thickness values of the oxide are different indicated by XPS and ToF-SIMS. This might be due to several reasons: 1) the XPS results and ToF-SIMS results were obtained from different Al-Cu alloy samples, on which the oxide layers differed; 2) the measurement of XPS and ToF-SIMS were not carried out exactly at the same time, which resulted in the growth of the oxide exposed to the air; 3) the identification of the oxide layer region based on the sputtering time could not be strictly accurate, in which errors is not excluded. A constant Cu -signal in the oxide region present on the polished Al-Cu surface indicates a more homogenous distribution of copper in this case than in the case of thermally treated sample. A significant depletion in copper can be observed in the oxide grown at LP O 2 (for the thermally treated sample) as it can be deduced by much lower signal intensity of Cu -, which is almost identical with intensity of Al -ion signal in the first region. The copper decrease at the Al-Cu alloy surface with increasing the LP O 2 exposition at higher temperatures was clearly evidenced by XPS results presented above (as shown in the Fig. 3-4 and 3-5). However, a higher Cu -signal gradient between the first and the second region for thermally treated sample can indicate a
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 3 Fig. 3-7(a) and (b) show 100×100 μm 2 negative ion images for polished Al-Cu
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 36 Fig. 3-6 ToF-SIMS negative ion depth profiles obtained on the Al-Cu model samples: (a) after mechanical polishing; (b) after final thermal treatments performed at the LP O 2 at 300 °C ( 6481 L), 350 °C (3240 L) and 400 °C (4860 L).

Fig. 3 - 2 -,

 32 Fig. 3-7(b) shows 100×100 μm 2 negative ion images ( 18 O -, AlO -, Al 2 -, Cu -) in high lateral resolution mode for Al-Cu sample after thermal treatments for 10 s, 60 s, and 310 s of sputtering, which correspond to the near surface region, the interface between the oxide layer and metallic substrate and to the metallic substrate, respectively. The images for the polished and thermally treated samples obtained in the near surface region indicate the formation of a homogeneous aluminium oxide film. As the sputtering time increases close to the oxide/substrate interface, the isolated areas showing higher Cu -intensity indicate a large-amount of the intermetallic particles (Al enriched in Cu). Compared to the polished sample, a thermally treated Al-Cu alloy shows much more significant Cu -signals in the interfacial region resulting from sample exposition to higher temperatures under LP O 2 . High intensity Cu signals indicates formation of Cu-enriched, cluster-like particles with a round and elliptical shape with diameters ranging from 2~20 μm. After 310 seconds of sputtering when reaching the alloy substrate, some spots with high intensity of AlO 2 -signals corresponding to low Al 2 -signals are detected. These spots correspond to high intensity of Cu -signal observed previously in interfacial region. The lack of the high intensity copper signal in the substrate region can indicate that the copper-rich intermetallic particles are surrounded by aluminium oxide layer. The size and position of AlO -and Cu -indicate a preferential oxidation of Al around the Cu-rich intermetallic particles, resulting in intrusions of particles with Al oxide and formation of a core-shell structure with copper rich as a core and aluminium oxide as a shell.
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 37 Fig. 3-7 ToF-SIMS negative ion images of 18 O -, Al 2 -, AlO 2 -and Cu -recorded on the Al-Cu model alloy sample: (a) after mechanical polishing; (b) after final thermal treatment performed at the LP O 2 exposition at 300 °C ( 6481 L), 350 °C (3240 L) and 400 °C (4860 L).

  in the case of an Al-0.5% Cu matrix containing Al 2 Cu intermetallic particles formed in air. During the thermal treatments at elevated temperatures under LP of O 2 , two kinds of preferential oxidation occurred:

  -8(b)), and diffusion and precipitation and growth of Cu-rich intermetallic particles at the oxide/metal interfacial region as observed from the ToF-SIMS imaging, -second, a preferential oxidation of the intermetallic particles with formation of a core-shell structure with copper inside and aluminium oxide formed at the intermetallic particles surface (Fig. 3-8(c)).

Fig. 3 - 8

 38 Fig. 3-8 Schematic illustrations of the growth and oxidation of intermetallic particles during thermal treatments: (a) after sputtering (0 L), and after aging under LP O 2 (b) at 300 °C (6481 L) and 350 °C (3240 L), (c) at 400 °C (4860 L).

( 4 )Chapter 4

 44 It can be concluded that thermal treatments of Al-Cu alloy occurs according to following mechanism: the preferential oxidation of Al, resulting in the growth of the aluminum oxide layer, and accumulation/growth of Cu-rich intermetallic at the oxide/metal interfacial region. Corrosion performances of model Al-Cu alloy after thermal treatments (annealing and aging) -surface studies by means of XPS and ToF-SIMSIn this chapter, the influence of thermal treatments (annealing at 540 °C and aging at 300 °C and 450 °C) of Al-Cu model alloy on its corrosion performance in neutral (0.01 M NaCl+0.3% vol H 2 O 2 at pH 6.2) and in alkaline (0.01M NaCl+NaOH at pH 11.5) electrolytes was investigated. The adapted immersion tests were followed by surface characterization by means of XPS and ToF-SIMS and completed by morphology characterization by Scanning Electron Microscopy (SEM). Various mechanisms of corrosion influenced by the size and distribution of IMPs formed due to thermal treatment were evidenced: different types of pitting corrosion in case of immersion in neutral electrolytes and general corrosion in the case of immersion in alkaline electrolytes. Increase of corrosion layer thickness and copper enrichment on the surface of Al-Cu alloys after immersion tests were clearly demonstrated.

  Sample preparation. As already introduced in the experimental part (chapter 2) the Al-Cu polycrystalline alloy samples containing 4.87wt.% of Cu (Goodfellow),were used in this studies. The samples in the form of discs (Φ=1cm) were mechanically polished first with SiC papers (#1200; #2400; #4000), and then with alumina polishing slurries (OP-AN, ESCIL Inc.) of 2-3 µm, 1 µm and 0.3 µm, successively, and cleaned separately with acetone, ethanol and ultrapure water (Millipore® water, resistivity>18 MΩ cm) in an ultrasonic bath for 5, 3, and 1 minute, respectively and blow-dried with compressed air.Thermal treatments. Thermal treatments of as prepared Al-Cu alloy sample was performed in dedicated equipment presented in the experimental chapter (chapter 2) and used previously in our group for preparation of well-crystallized single crystal surfaces51 . The sample was annealed at 540 °C in vacuum (pressure of 1.0×10 -5 mbar) for 1 hour, to create a homogeneous Al-Cu solid solution, ice water quenched, then roughly polished to 1μm with SiC papers (#1200; #2400; #4000) and alumina polishing slurries (2-3 µm, 1 µm), and then aged in air at 300 °C for 10 h followed by next aging step at 450 °C for 5 minutes in order to form Al 2 Cu intermetallic particles in the Al-Cu matrix, as applied in the ref. 51. Immersion tests. Immersion tests of non-thermally and thermally treated Al-Cu alloy samples were performed using a three-electrolyte system: a working electrode (Al-Cu alloy), a counter electrode (Pt wire) and a reference electrode (Ag/AgCl) using an Autolab/PGSTAT128N instrument. The electrolytes were prepared with ultra-pure Millipore® water and reagent grade chemicals (NaCl Analar Normapur analytical reagent, VWR® BDH Prolabo®). The open circuit potential (OCP) was registered during the immersion tests. The surface of working electrode area was delimited to Chapter 4. Corrosion performances of model Al-Cu alloy after thermal treatments (annealing and aging) -surface studies by means of XPS and ToF-SIMS 96 0.29 cm 2 by a Viton O-ring. The immersion was performed for the non-thermally treated samples in a neutral electrolyte containing 0.01 M NaCl+0.3% vol H 2 O 2 (pH≈6.2) for duration of 7 min, and in an alkaline electrolyte containing 0.01 M NaCl +NaOH (pH=11.5) for (7+30) minutes. The thermally treated samples were immersed only for 7 minutes both in the neutral and in the alkaline electrolyte. All the tests were assisted with the Autolab/PGSTAT128N instrument. X-ray Photoelectron Spectroscopy Analysis. A Thermo Scientific ESCALAB 250 X-ray Photoelectron spectrometer (XPS), with an Al Kα monochromatized radiation (hv= 1486.6 eV), was used to acquire all spectra and analyze the surface chemical composition of the sample. The pressure in the analysis chamber was kept at 1×10 -9
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 31 Fig. 4-1 shows the SEM morphologies of the Al-Cu samples after polishing (a) and after thermal treatments (annealing & aging) (b), respectively. As shown in Fig. 4-1 (a), the polished Al-Cu sample exhibits a homogeneous distribution of round particles, with diameters of 1-5 μm in Al-4.87wt.% Cu matrix. The particles were analyzed by electron diffraction (EDX) analysis, indicating the composition of Cu/Al= 33/66 [at.%], consistent with the stoichiometry of the θ-phase (Al 2 Cu).
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 41 Fig. 4-1 SEM micrographs of Al-4.87wt.% Cu samples after: (a) polishing, (b) annealing at 540 °C & aging treatments at 300 and 450 °C.
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 42 Fig. 4-2 The comparison of Al2p(a) and Cu2p 3/2 (b) core level spectra obtained for the nonthermally treated, polished Al-Cu sample and after annealing at 540 °C & aging treatments at 300 and 450 °C and decomposition of Al2p (c) and Cu2p 3/2 (d) peaks for the thermally treated Al-Cu sample (annealing and aging).
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 43 Fig. 4-3 ToF-SIMS negative ion depth profiles obtained on (a) the pristine, polished Al-Cu sample; (b)the thermally treated sample after annealing at 540 °C & aging treatments at 300 and 450 °C .

  negative ion 100×100 μm 2 chemical images, similarly to previous chapter 3, were performed at different depths of sputtering corresponding to: 1) the extreme surface of the oxide layer (surface), 2) the interfacial region (oxide/substrate interface) (interface) and 3) the area corresponding to the metallic substrate (substrate). However, here only the first two regions are presented: the region 1) corresponding to the surface and the region 2) corresponding to the interface (Fig.4-4(a) and (b) for the pristine, polished and the thermally treated samples, respectively).To confirm the presence of the intermetallic particles in the interfacial region for the sample after thermal treatment the second region of analysis was chosen (named as -Interface 2‖ in Fig.4-4(b)). The images obtained in the near surface region show a homogeneous native aluminium oxide film on the pristine, polished Al-Cu sample.The presence of small-size (1~5 μm) Cu-rich intermetallic particles in surface layer of the polished sample was already evidenced and described in details in the previous chapter 3 and confirmed by the SEM data presented above.
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 44 Fig. 4-4 ToF-SIMS negative O -, AlO 2 -, Al 2 -and Cu -ion images obtained at different depths of sputtering surface, interface and substrate regions on:(a) the pristine, non-treated Al-Cu sample and (b) the thermally treated sample after annealing at 540 °C & aging treatments at 300 and 450 °C. Regions of Cu enrichment and Al depletion are circled in (b) images for clarity.
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 4542 Fig. 4-5 The OCPs on both the polished and thermally treated Al-Cu (annealing at 540 °C & aging treatments at 300 and 450 °C) samples after immersions in a neutral and an alkaline electrolytes, respectively.
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 46 Fig. 4-6 Al2s, Cu2p, Cu Auger and O1s XPS spectra obtained from the polished sample (a) and thermally aged sample (annealing at 540 °C & aging treatments at 300 and 450 °C) (b) after immersion in the neutral solution.
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 4 Corrosion performances of model Al-Cu alloy after thermal treatments (annealing and aging) -surface studies by means of XPS and ToF-SIMS 108 A very low peak in the area of Cl2p at around 199.1 ± 0.1 eV (not shown here) can be attributed to some residual presence of NaCl not removed from the surface after rinsing. The presence of NaCl can be confirmed by the presence of Na1s peak. Not very different XPS spectra were obtained on the surface of thermally treated sample attacked in neutral solutions (as shown in the Fig. 4-6(b) and in Tab.4-2). All the spectra (Al2s, Cu2p and O1s) obtained for the thermally treated sample can be fitted with similar peaks as those obtained for the non-treated sample, indicating the formation of similar corrosion products. However, it should be noted that here the ratio of CuO:Cu 2 O is 52:48, which is different than in the case of non-treated sample (43:57), which may be related to enhanced corrosion and faster dissolution in the case of thermally treated sample. The data of the high resolution main peaks of Al2s, Cu2p 3/2 and O1s core level spectra (BE and FWHM) are compiled in Tab.4-2. The O1s B :Al2s B intensity ratios are 1.49 and 1.55 for the non-treated and thermally treated samples, respectively, which are close to the theoretical stoichiometry of Al 2 O 3 (O:Al = 1.5). However, the O1s C :Al2s A intensity ratios, 3.4 and 1.9 for the non-treated and thermally treated samples, respectively, are close to values expected for an aluminium hydroxide (3 for Al(OH) 3 or 2 for AlOOH), in agreement with the assignment of the oxygen peak to the aluminium. After immersion in the alkaline electrolyte, the XPS spectra are significantly different, as shown in Fig. 4-7. It is seen from the Fig. 4-7(a) that the corrosion products layer on the non-treated sample surface is mainly composed of Al(OH) 3 (119.0 ± 0.1 eV) and the Al 2 O 3 (120.1 ± 0.1 eV), similar to the case of immersion in the neutral solution. However, strong signals of Cu3s (with two peaks: BE at 122.6 ± 0.1 eV and 124.4 ± 0.1 eV), which overlap the Al2s spectra area, can be assigned to Cu 2 O/CuCl 2 and CuO, respectively. Three peaks decomposed from the Cu2p 3/2 core level are assigned to the Cu 2 O/CuCl, CuO and Cu(OH) 2 /CuCl 2 90 . From the Cu Auger spectra (as shown in the Fig. 4-7(a)), we could confirm the presence of CuO, Cu 2 O Chapter 4. Corrosion performances of model Al-Cu alloy after thermal treatments (annealing and aging) -surface studies by means of XPS and ToF-SIMS 109 and Cu-Cl species 91,92 . This attribution was possible thanks to the reconstitution of this Cu Auger with the reference spectra of CuO and Cu 2 O obtained in our laboratory for the synthetized thick oxide layers. The missing contribution was fitted with the additional peak corresponding to Cu-Cl. Moreover, the presence of Cu-Cl species is confirmed by the Cl2p core level, which can be decomposed into the peaks at 198.8 ± 0.1 and at 200.0 ± 0.1 eV assigned to the Cl2p 3/2 and Cl2p 1/2 spin orbit doublet of CuCl 2 93 . The Cl2p spin-orbit splitting (ΔeV) is about 1.6 eV, and the Cl2p 1/2 :Cl2p 3/2
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 47 Fig. 4-7 Al2s, Cu2p, Cu Auger, O1s and Cl2p XPS spectra obtained for the pristine, polished Al-Cu sample (a) and thermally aged sample (annealing at 540 °C & aging at 300 and 450 °C) (b) after immersion in the alkaline electrolyte.
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 84 ) and high quantity of oxygen species would indicate a formation of thick corrosion layer rich in aluminium species and minor quantity of copper oxide compounds, Corrosion performances of model Al-Cu alloy after thermal treatments (annealing and aging) -surface studies by means of XPS and ToF-SIMS 113 -the much higher at. % of copper can be observed on the surface sample after immersion in alkaline electrolyte indicating significant surface enrichment in copper and a preferential, general dissolution of Al matrix, which is in agreement with previous studies on the corrosion of binary Al-Cu alloys containing up to 6.7 at.% Cu in 0.1 M NaOH solution, showing that the corrosion proceeds with loss of Al species to the NaOH, while Cu is oxidized and redeposited in the corrosion product layer 97,98 ; in alkaline electrolyte the important differences in the surface composition can be observed between polished and thermally aged sample showing much higher quantity of the copper on the surface of polished than on the surface of thermally aged sample; in the case of thermally aged sample the smaller copper surface enrichment can indicate to thicker corrosion layer rich in aluminium products; this different quantity of surface compounds can be related to different reaction mechanisms due to not the same size and distribution in-depth of copper-rich intermetallic particles as discussed in the previous part (Fig. 4 -3 and 4-4).
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 48 Fig. 4-8 Atomic percentages of main species Al2s, Cu2p 3/2 , O1s and Cl2p present on the surface of both non-treated and thermally treated samples after immersions: (a) in the neutral electrolyte; (b) in the alkaline electrolyte.Immersion in the neutral electrolyte

Fig. 4 -

 4 Fig. 4-9 SEM micrographs of samples after immersions in neutral electrolytes for 7 minutes: (a) the pristine, non-treated Al-Cu sample; (b) the Al-Cu thermally treated sample after annealing at 540 °C & aging treatments at 300 and 450 °C.

  above the intermetallic particles (near the interfacial region) could provide initiation sites for the localized corrosion, leading to accumulation of chloride ions and local pH changes. The mechanism of dissolution will be clarified on the basis of ToF-SIMS results presented hereafter. SEM images obtained for the polished and the thermally treated Al-Cu samples after immersion in alkaline electrolytes show totally different surface morphology (Fig. 4-10(a) and (b)). In alkaline electrolytes, protruded Cu-rich particles on the polished sample surface can be observed, likely resulted from thorough electrochemical anodic dissolution of Al oxide and Al matrix promoted by OH - (overall corrosion reactions 105 : Al +OH -+ 3/4O 2 + 3/2H 2 O = Al(OH) 4 -). However, for the thermally treated sample SEM images show dissolution mostly at grain boundaries. This is confirmed by ToF-SIMS results presented hereafter.Our SEM results are consistent with the observations reported by many publications. For Al-Cu series alloys, in the neutral solutions containing Cl -, the Curich intermetallics as cathode would facilitate dissolution of the surrounding anodic Al matrix, hence pits are initiated around the Cu-rich intermetallics resulting in the preferential dissolution of active elements Al, leaving Cu-rich remnants 106-108 . In the alkaline solutions, the high pH promotes the dissolution of Al oxide on the Al-Cu alloy surface leading to the alkaline etching of Al substrate109,110 , as shown in the results (Fig.4-10).

Fig. 4 -

 4 Fig. 4-10 SEM micrographs of samples after the immersions in alkaline solutions: (a) the pristine, non-treated Al-Cu sample after immersion for (7+30) minutes and (b) the Al-Cu thermally treated sample after annealing at 540 °C & aging treatments at 300 and 450 °C and immersion for 7 minutes.

Fig. 4 -

 4 Fig. 4-11 ToF-SIMS negative ions depth profiles obtained on samples after immersion in neutral solutions for 7 minutes: (a) the non-treated sample; (b) the thermally treated Al-Cu sample after annealing at 540 °C & aging treatments at 300 and 450 °C .
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 124 ToF-SIMS negative ion 100× 100 μm 2 images). The ToF-SIMS images show very clearly different coverage and formation of chemically heterogeneous corrosion layer. Similarly to the ToF-SIMS images performed on the pristine, polished Al-Cu alloy and thermally treated Al-Cu alloy, the images presented below were obtained at different depth of sputtering: surface, interface and substrate Corrosion performances of model Al-Cu alloy after thermal treatments (annealing and aging) -surface studies by means of XPS and ToF-SIMS region chosen according the depth profiles (Fig. 4-11). Both samples present a large number of pits, which size is strongly influenced by the size of the intermetallic particles. The images performed at the extreme surface show principally the accumulation of oxygen-rich species, which can be related to formation of the layer rich in oxides and hydroxides (high intensity of O -, AlO -and OH -ion signals). The high intensity of Cl -signal can also point to NaCl retains at the extreme surface. It should be noted that with analysis performed at interface and substrate region the Cl - ion signal becomes attenuated and the highest concentration of chlorides can be found at the most corroded zones. The zone with Al depletion observed at the interface region corresponds to the zone with oxygen (O -) and oxide (AlO -) and hydroxide (OH -) enrichment. Finally, at the substrate region ((Fig. 4-12(a)) it can be observed that the high intensity large spots observed in O -, AlO -and OH -ion maps overlap the high intensity smaller spots observed in Cu -ion maps, which clearly indicate preferential dissolution of Al matrix nearby the Cu-rich intermetallic particles. This preferential dissolution phenomenon, resulting from the differences of electrochemical characteristics between the Cu-rich intermetallic particles and the surrounding Al matrix, was widely reported in the literature on the corrosion of aluminium alloy AA 2024-T3 in NaCl solutions 111-117 . Significant differences in the ToF-SIMS chemical images can be observed on the thermally treated sample after immersion tests (Fig. 4-12(b)). It can observed that in the area of surface region the oxides and hydroxides corrosion products are dominant and their concentration decreases with increasing sputtering time (substrate region) with the exception of large spots corresponding to intermetallic particles. The size and the form of corrosion spots account for the most important differences related to the influence of the thermal treatments (annealing and aging). From the images obtained at the interface region (Fig. 4-12(b)), it can be clearly observed that the pits are surrounded by the oxygen-rich species and that this high intensity O -signals correspond also to high intensities of Cu -. It can be then concluded that under the thick layer of oxide/hydroxide layer the accumulation of corrosion products (oxide and copper) occurs principally in the vicinity of pits. With prolonged sputtering for the images performed at the substrate region it can be deduced that the middle parts of pits are filled with the oxygen and copper-like species and the presence of chlorinespecies can be also confirmed. Outside of pitting spots, the Al-Cu alloy matrix shows principally a homogenous disctribution of metallic aluminium (constant intensity of Al 2 -signal), which is still rich in chlorine-like species confirming a penetration of chloride ions into the bulk (close to interface/substrate region). A penetration of chloride ions deep into the interface/substrate region is not so evident from the Cl-ion maps obtained for the pristine, polished Al-Cu sample (Fig. 4-12(a)). The intensity of Cl -signal at the substrate region is very low. This can be related to formation of thicker (as also observed from ToF-SIMS depth profiles, Fig. 4-11(b)) and more porous corrosion layers on the thermally treated sample in comparistion to the layer formed on the pristine, polished Al-Cu alloy. The ToF-SIMS images obtained on the thermally treated sample (Fig. 4-12(a))
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 4 Fig. 4-13 ToF-SIMS negative ion depth profile obtained on samples after the immersions in alkaline solutions: (a) the non-treated sample for (7+30) minutes; (b) the thermally treated sample (annealing at 540 °C & aging at 300 and 450 °C) for 7 minutes.

Fig. 4 -

 4 Fig. 4-14 ToF-SIMS negative ion images obtained on samples after the immersions in alkaline solutions: (a) the non-treated sample for (7+30) minutes; (b) the thermally treated sample (annealing at 540 °C & aging at 300 and 450 °C) for 7 minutes.
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 53 ALD coatings preparation. Al 2 O 3 (20 nm) coatings were deposited on the Al-Cu polished alloy substrates (as described above) at 250 °C with a Picosun SUNALE R-150 ALD reactor. Trimethyl aluminium (TMA, Al(CH 3 ) 3 ) (Chemtura (AXION® PA 1300, purity 99.9%) and water (ultra-pure with resistivity > 18 MΩ cm) were used as precursors. The ALD reactor was operated with a constant nitrogen flow at a pressure of about 5 mbar. The deposition rate was about 0.1 nm cycle -1 . The pulse time was 0.1 s for both TMA and H 2 O. The purge time with nitrogen (> 99.999%) was 5 s each time after application of each precursor. After the deposition the coated samples were cooled to 100 °C in the ALD reactor (for approximately 4 hours) before exposition of the samples to laboratory air. The deposited film thickness was measured by means of X-ray Reflectivity (XRR) using Panalytical X'Pert Pro MPD diffractometer. The thickness was measured from a silicon wafer coated simultaneously with the substrates and modeled with X'Pert Reflectivity. 200 deposition cycles correspond to coating thickness of 20 nm. Immersion tests. The pristine, non-coated and alumina ALD coated Al-Cu model alloy samples were immersed in a near neutral electrolyte containing 0.01 M NaCl+ 0.3% vol H 2 O 2 (pH≈6.2) and in an alkaline electrolyte containing 0.01M NaCl+ NaOH (pH=11.5). The electrolytes were prepared with ultra-pure Millipore® water and reagent grade chemicals (NaCl Analar Normapur analytical reagent, VWR® BDH Prolabo®). The open circuit potential (OCP) was recorded during the immersion tests. The OCP measurements were performed using the three-electrode electrochemical cell: a working electrode (non-coated or coated Al-Cu sample), a counter electrode (Pt wire) and a reference electrode (Ag/AgCl), using an Autolab/PGSTAT128N instrument. The surface of working electrode area was delimited to 0.29 cm 2 by a Viton O-ring. The pristine Al-Cu samples were immersed in the near neutral electrolyte for 7 minutes and in the alkaline electrolyte for (7+30) minutes, while the samples coated with ALD layers were immersed in both the near neutral and alkaline electrolyte for longer time (45 minutes) to assess their durability. X-ray Photoelectron Spectroscopy. A Thermo Scientific ESCALAB 250 X-ray Nanostructures, with a force constant of 50 N/m and a tip radius lower than 10 nm were employed. Scanning Electron Microscope. Scanning Electron Microscope (SEM) images of the pristine Al-Cu and the coated Al-Cu surface with ALD layer before and after immersion were obtained with a Carl Zeiss Ultra 55 Field Emission Scanning Electron Microscope (FE-SEM, Germany). Results and discussions 5.3.1 Surface characterization of the pristine and alumina-coated Al-Cu alloy samples The chemical surface characterization of the Al-Cu model alloy sample after polishing (by means of XPS) was presented in details in chapter 3. It was concluded that the surface of the polished Al-Cu model alloy is covered by a thin aluminium oxide layer and aluminium hydroxide (Al(OH) 3 and AlOOH) layer of 7.5 nm. The presence of metallic copper on the surface of Al-Cu alloy was also evidenced. The XPS performed on the 20 nm alumina ALD layer deposited on the Al-Cu alloy (shown hereafter in Fig. 5-6 for the sake of comparison) shows only one principal Al2p peak corresponding to the aluminium oxide. The O1s/Al2p ratio close to 1.5 indicates the theoretical stoichiometry of Al 2 O 3 of the ALD layer. The pristine Al-Cu alloy sample exhibits after polishing a microstructure that consists of a number of intermetallic particles as shown in Fig. 5-1(a). The electron diffraction (EDX) analysis confirms the presence of Al 2 Cu intermetallic particles (θphase) with a composition Cu/Al= 33/66 [at.%]. Particles with diameters ranging between 2 and 5μm are also evidenced by AFM, as seen in Fig. 5-1(b). It can be noticed that the polishing scratches are cut off by the Al 2 Cu particles, indicating the more important hardness of the particle with reference to the surrounding aluminium matrix. These Cu-rich intermetallic particles, visible clearly on the surface of polished sample (Fig. 5-1(b)), cannot be observed by AFM on the ALD coated Al-Cu samples anymore (Fig. 5-1(c)). The ALD coated Al-Cu surface is homogeneously covered by aluminium oxide layer characterized by small grains with a RMS roughness of 12.8 nm. The roughness of the coated sample is only slightly higher than the polished Al-Cu alloy with RMS=10.4 nm.
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 5 Fig. 5-1 SEM(a)and AFM (b) images performed on the polished Al-Cu model alloy surface and(c) AFM image of the Al-Cu model alloy surface coated with20 nm alumina ALD layer.
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 52 Fig. 5-2 ToF-SIMS negative ion depth profiles obtained on:(a) the pristine non-coated Al-Cu alloy sample; (b) the coated Al-Cu sample (20 nm thick ALD alumina layer).

  chemical images have been performed on both the non-coated sample (Fig.5-3(a)) and on the alumina ALD coated sample (Fig.5-3(b)) at different depth of sputtering corresponding to the extreme surface of the native oxide layer or the ALD alumina oxide coating, to the interfacial region (oxide/substrate interface) and in the area corresponding to the metallic substrate. The schematic illustrations presenting the cross sections of the analyzed regions corresponding to different depth analyses are presented in Fig.5-3.The images obtained from the extreme surface of the non-coated sample (Fig.5-3(a)) show a homogeneous native aluminium oxide film on the pristine, polished Al-Cu sample. However, the presence of small intermetallic particles can be evidenced by a weak Cu -signal intensityin the surface layer after polishing. This surface state of the pristine Al-Cu alloy sample after polishing was already observed in the previous analysis and described in chapter 3. The images obtained from the surface of the ALD coated sample ((Fig.5-3 (b)) also show a homogeneous Al oxide with a low porosity and high coating density, which can be confirmed by no visible signal of Cu ions. The coating inhomogeneity can be detected at higher sputtering time corresponding to the interfacial and substrate regions. From the ToF-SIMS images performed in the substrate region it is visible that the spots corresponding to high intensity of O -and AlO -signals can be superimposed with the dark spots in the Al 2 -chemical mappings and slightly higher intensities in the Cu -ion maps. These observations can be explained by formation of the Cu-rich intermetallic particles covered by the external coat built on the native aluminium oxide. This structure of intermetallic particles was already described in the chapter 3 of this manuscript as the core-shell structure. The images of the OH -and Cl -(not presented here) show rather homogenous signal intensities decreasing with increasing sputtering time. Much higher OH -signal intensity was observed on the surface of the ALD coated sample than on the noncoated alloy.
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 53 Fig. 5-3 ToF-SIMS negative ion images and schematic illustrations (on the right) presenting the cross sections of the analyzed regions corresponding to different depth analyses obtained on:(a) the pristine non-coated Al-Cu; (b) the alumina ALD coated (20 nm) Al-Cu sample.

  (7+30) minutes) for measurement optimization in order to be able to observe the first signs of corrosion initiation and to control the surface state by surface sensitive techniques. Finally, the 7-minute-immersion test in the case of neutral chloride electrolyte was chosen for pristine, non-coated Al-Cu alloy samples due to moderate surface modifications (pitting corrosion) of Al-Cu alloy as observed by optical microscope. In the case of alkaline electrolyte (pH=11.5), due to general corrosion of the Al matrix and lack of visible corrosion spots (pitting corrosion), the immersion time was prolonged from 7 minutes to (7+30) minutes for non-coated pristine Al-Cu alloy samples. In the case of ALD alumina coated samples, the immersion time was in total 45 minutes for both neutral and alkaline electrolytes.During all immersion tests for the pristine, non-coated and ALD alumina coated samples the OCP was controlled (Fig.5-4). In the case of a near neutral electrolyte containing 0.01 M NaCl+0.3% vol H 2 O 2 (to increase the oxidability?) (pH≈6.2), the immersion tests for the pristine non-coated Al-Cu sample was stopped after 7 min (as mentioned above). However, for the Al 2 O 3 ALD coated sample the immersion was performed for 45 minutes due to stable OCP and no corrosion signs observed by optical microscope and ToF-SIMS analyses at the intermediate time (7 or 15 minutes).The OCP for the ALD alumina coated sample is around 100-60 mV lower than the OCP measured for the non-coated sample. The presence of Cu-rich intermetallic particles (as discussed above) on the surface of the pristine, non-coated sample can be a reason of a nobler OCP (+0.24 V SCE versus -1.42 V SCE in standard reduction potential). During the 7 min of immersion the 40 mV in OCP variations for the noncoated Al-Cu alloy in comparison to very stable OCP for the ALD alumina coated alloy sample were observed for all immersion times. The OCP of the ALD coated sample remained constant up to around 30 min of immersion indicating a stable behavior of the 20 nm alumina coating in neutral chloride electrolyte. The slow decrease of the OCP from -0.5 V (at 30 min of immersion) to -0.56 V (after a total 45min-immersion) can indicate a decrease of the ALD coating corrosion resistance.The difference in the OCP for the pristine (non-coated) and ALD alumina coated sample is much larger in the case of the immersion test performed in the alkaline electrolyte 0.01 M NaCl+NaOH (pH=11.5) (Fig.5-4(b)). Both coated and noncoated Al-Cu alloy show lower OCPs in alkaline electrolytes than in neutral electrolytes, confirming higher corrosion susceptibility of aluminium, and aluminium alloys and aluminium oxides at high pH (as know from Pourbaix diagram and as discussed in the bibliographic chapter 1)38 , 39 . However, the much higher OCP observed for the ALD alumina coated sample (around -0.68 V during around 30 min of immersion) than that of the non-coated sample (around -1.34 to -1.24 V) in the alkaline electrolytes means a beneficial protective effect of the Al 2 O 3 ALD layer.
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 54 Fig. 5-4 The OCP results obtained for the pristine, non-coated Al-Cu alloy sample and the Al-Cu sample coated by 20 nm ALD Al 2 O 3 layer in:(a) a neutral 0.01 M NaCl+0.3% vol. H 2 O 2 (pH≈6.2) electrolyte (b) an alkaline 0.01 M NaCl+NaOH (pH=11.5) electrolyte.

  37 to -1.21 V is observed during 37 min of immersion. Both variations: decrease and increase of the OCPs in the case of coated and non-coated Al-Cu alloy, respectively, indicate corrosion, which, depending on the sample, occurs according to different mechanisms. The potential increase observed for the non-coated sample during immersion in the alkaline electrolyte can be related to surface ennoblement in Cu due to severe dissolution of Al matrix.

) 4 -Eq. 5 - 4 However

 454 , in the case of electrolyte containing chloride ions, pitting corrosion can occur. The known, possible reaction mechanisms are presented in the bibliographic part (chapter 1). Here, we will present the surface characterization of non-coated and ALD alumina coated Al-Cu alloy and confirm possible reaction mechanisms. 5.3.3 Surface characterization of non-coated and coated Al-Cu alloys after immersion tests As already mentioned, the chemical surface characterization of the pristine, noncoated Al-Cu alloy sample was presented in details in chapter 4. After immersion in neutral chloride electrolytes of the non-coated alloy, the XPS analysis shows formation of thick layer of corrosion products as indicated by Al2p and Cu2p core levels presented in Fig. 5-5(a). The evidence of the formation of the thick layer is a complete attenuation of the Al2p peak at lower binding energy (72.7 ± 0.1 eV)

Fig. 5 - 5

 55 Fig. 5-5 XPS spectra of Al2p(a) and Cu2p(b) obtained for the pristine, non-coated Al-Cu sample and after immersion tests in the neutral and alkaline electrolytes and Cu2p peak decomposition for the non-coated Al-Cu sample after immersion in the neutral (c) and alkaline (d) electrolytes.

  -5 (d)). The decomposition of Cu2p 3/2 shows the presence of Cu 2 O and CuO and some presence of copper hydroxides and/or chlorides as discussed in details in chapter 4. The high intensity of copper peak indicates significant surface enrichment in copper and a preferential, general dissolution of Al matrix in the case of Al-Cu alloy corrosion in the alkaline electrolyte. This is in agreement with previous studies on the corrosion of binary Al-Cu alloys containing up to 6.7 at.% Cu in 0.1 M NaOH solution60,61 .No surface modification of the 20 nm alumina ALD layer can be observed from the XPS data (Al2p core level spectra) as shown in Fig.5-6. The ALD alumina layer is still present (with the O/Al ratio corresponding to the theoretical stoichiometry of Al 2 O 3 ) on the surface of the Al-Cu alloy regardless of the severe conditions of immersion tests performed either in neutral or alkaline electrolytes containing chloride ions. In order to have more insight into the coating characteristics after the immersion tests, ToF-SIMS ion depth profiles and chemical mapping will be presented and discussed below.
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 5 Fig. 5-6 XPS spectra of Al2p obtained for the ALD alumina coated Al-Cu sample before and after immersion tests in the neutral and alkaline electrolytes.
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 5 Fig.5-7shows the ToF-SIMS negative ion depth profiles obtained on the noncoated sample and the coated sample after the immersion in neutral electrolyte containing chloride ions. As before immersion, three main regions can be distinguished in the profiles of both samples: the Al oxide/corrosion layer, the oxide/metal interfacial region and the metallic substrate region. After immersion of the non-coated alloy the significant increase of sputtering time necessary to reach the substrate region (of around 10 times higher than the sputtering time of the oxide layer present on the pristine Al-Cu alloy, Fig.5-2(a)) can be attributed to the thickness increase of the oxide/corrosion product layer. The large interface evidences the augmented surface roughness and formation of inhomogeneous corrosion layer.Moreover, the significant intensity increase of Cu signal in the first Al oxide/corrosion layer region (from few hundreds for the pristine alloy to over 3500 counts for the alloy after immersion) can be related to the enrichment in Cu compounds resulting from the dissolution of Al-Cu alloy matrix and Cu-rich intermetallic particles, which will be confirmed by the ToF-SIMS chemical mapping presented hereafter (Fig.5-8(a)).The most important modification of the alumina coated Al-Cu sample induced by
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 57 Fig. 5-7 ToF-SIMS negative ion depth profilesobtained on: (a) the non-coated Al-Cu alloy sample after immersion in neutral electrolytes, (b) the ALD alumina coated Al-Cu sample after immersion in neutral electrolytes.
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 5 Fig. 5-8 shows the ToF-SIMS negative ion images obtained on the non-coated sample (a) and the ALD alumina coated sample (b) after immersion in near neutral electrolyte containing chloride ions. These chemical maps clearly show a significant difference in the corrosion behaviour of the non-coated (a) and coated samples (b).Without any deep analysis it can be quickly concluded that the dense, conformal ALD layer with nanometer thickness (20 nm) is enough to protect the Al-Cu alloy sample against the severe corrosion rapidly occuring on the non-coated alloy sample in the neutral electrolyte containing aggressive (Cl -) ions. As seen in the Fig.5-8(a), a severe pitting corrosion occurred during the immersion in the neutral electrolyte, which was discussed in details in chapter 4. The -o-ring-like‖ pits with sizes ranging between 2 and 5 μm and with a density of about 0.003 μm -2 (30 pits per 100×100 μm 2 ), are observed at the spots which are enriched with Cu. These ring-like pits where high
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 58 Fig. 5-8 ToF-SIMS chemical mapping obtained on: (a) the non-coated Al-Cu alloy sample after immersions in neutral electrolyte, (b) the ALD alumina coated Al-Cu sample after immersions in neutral electrolyte.

Fig. 5 - 9 2 -)

 592 Fig. 5-9 ToF-SIMS negative ion depth profiles obtained on: (a) the non-coated Al-Cu alloy sample after immersions in alkaline electrolyte, (b) the ALD alumina coated Al-Cu sample after immersions in alkaline electrolyte.

Fig. 5 -

 5 Fig. 5-10 ToF-SIMS chemical mapping obtained on: (a) the non-coated Al-Cu alloy sample after immersion in alkaline electrolyte, (b) the ALD alumina coated Al-Cu sample after immersions in alkaline electrolyte.
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 11 b) and (d), respectively), the formation of protruded Cu-rich intermetallic particles can be observed, which appears through dissolution of Al oxide and Al matrix. These observations are in agreement with the results obtained by the ToF-SIMS measurements (Fig.5-10(a)). A number of visible pits or defects, with size from few to few dozens of millimeters, are observed on the coated sample surface after immersion in the alkaline electrolyte (Fig.5-11(d)). However, these defects are not detectable by presence of intermetallic particles. The Al 2 Cu particles remained intact, and no trenching around them was observed as observed on the ALD coated sample.However, decrease of the ALD coating thickness (with a dissolution rate of ~ 0.007 nm/s) and the formation of some defects induced by penetration of the electrolyte and the chloride ions can be observed (Fig.5-12(b), (c)). The local dissolution can be initiated due to diffusion of aggressive ions through the coating defects, then lead to local decrease of pH at the coating-substrate interface, and therefore the coating dissolution and local delamination of alumina coating. If the duration of immersion was extended to longer enough, the coating detachment, breakdown and loss could be assisted upon immersion in aqueous solution by an electrochemically-induced delamination mechanism, including oxygen reduction occurring in the area of intermetallic particles and anodic dissolution of aluminium alloy.
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 5 Fig. 5-12 Schematic illustrations of corrosion processes of Al-Cu sample with the ALD coating during neutral immersion: (a) the alumina ALD coated Al-Cu sample, (b) the initiation of corrosion, (c) the corrosion development with the coating thickness decrease and the pits propagation at the alumina ALD/substrate interface.
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 5 Fig. 5-13 Schematic illustrations of corrosion process of the Al-Cu sample with the ALD coating during alkaline immersion: (a) the alumina ALD coated Al-Cu sample, (b) the initiation of general corrosion and enlarging of channels; (c) further general corrosion combined with decrease of the coating thickness.

5. 4 Conclusions( 1 )

 41 AFM, SEM, and ToF-SIMS show the formation of a complete and homogeneous 20-nm-thick Al 2 O 3 coating deposited from trimethyl aluminium (Al(CH 3 ) 3 , TMA) and H 2 O on the surface of the Al-4.87wt.% Cusample including the Al 2 Cu intermetallic particles.

Al 2 O 3 ( 5 )( 6 )

 2356 ALD layer;(3) A severe pitting corrosion was observed on the pristine Al-Cu samples undergoing by a well known trenching mechanism around the Cu-rich particles leading to formation a mixture of aluminium-copper oxide/hydroxide layer rich in Cu 2 O and CuO, after 7-minute-immersion in the neutral chloride electrolytes, whereas no significant corrosion was observed on the ALD coated samples immersed in the same solution for (45) minutes indicating beneficial, protective function of the ALD coating applied to the Al-Cu alloys;(4) A general corrosion was observed in a case on the non-coated Al-Cu samples in the alkaline electrolytes containing Cl -after (7+30)-minute-immersion. XPS results, obtained on the surface of the Al-Cu alloy after immersion in alkaline electrolytes containing chloride ions, reveal significant preferential dissolution of Al matrix and surface enrichment of Cu. The ALD alumina layer showed degradation (dissolution of the ALD layer in depth and along the cracks/pinholes) induced by immersion in alkaline electrolytes even though the Al-Cu substrate remained relatively well preserved. The presence of Cu-rich particles beneath the ALD layer can provide initial sites for localized corrosion as suggested in this study but the thin alumina, conformal ALD layer provides already efficient corrosion protection for aluminium alloys. It should be emphasized that the ALD layer can be a good alternative for Al-Cu surface pretreatments, which does not necessarily requires a removal of intermetallic particles from the alloy surface. To stop completely a dissolution of the ALD alumina layer, other ALD coatings, stable in a wider range of pH, could be deposited as a top-coating.

  constant over the oxidation, suggesting the limited segregation of Al to the surface, which is in agreement of results on other binary alloy (oxidation of -brass Cu 0.7 Zn 0.3 (111)), where no Zn segregation was observed).ToF-SIMS profiling identified three zones: the oxide surface, the oxide/metal interface and the metal Al-Cu substrate for both non-treated, and thermally treated samples. ToF-SIMS imaging confirmed the existence of Cu-rich intermetallics in the non-treated Al-Cu sample, which grew bigger during the thermal treatment.Moreover, thermal treatments of Al-Cu alloy underwent via the preferential oxidation of Al, resulting in the growth of the aluminum oxide layer, and accumulation/growth of Cu-rich intermetallic at the oxide/metal interfacial region, evidenced by the ToF-SIMS mapping. These ToF-SIMS results are in perfect agreement with the XPS data.Cu-rich intermetallics were accumulated. However, for both samples the clear surface copper enrichment was observed. XPS reported significant surface modifications on the non-treated sample: formation of a mixed aluminium-copper oxide and hydroxide layer rich in Cu 2 O, CuO, and CuCl 2 deposits. Nevertheless, CuCl 2 deposit was not detected by the XPS in the corrosion products on the thermally treated sample after attack in the alkaline electrolyte.The last part of this thesis (Chapter 5), the corrosion protection of model Al-4.87wt.% Cu alloy by 20-nm-thick Al 2 O 3 coatings deposited by atomic layer deposition (ALD) was studied. The alloy/ALD samples were corroded in the neutral electrolyte (pH=6.2), and in the alkaline electrolyte (pH=11.5) containing aggressive Cl -ions. The AFM and ToF-SIMS analyses of pristine, coated alloys showed the formation of a complete and homogeneous 20-nm-thick Al 2 O 3 coating deposited from trimethyl aluminium (Al(CH 3 ) 3 , TMA) and H 2 O on the surface of the Al-Cu alloy, beneath which small Cu-rich particles were presented. The immersion tests showed lower OCPs from the ALD coated Al-Cu alloy in the alkaline electrolyte (around -0.68 V vs.

(around - 1 .

 1 34 to -1.24 V vs. Ag/AgCl) means lower corrosion susceptibility of Al-Cu alloys at high pH beneficial to the protection of ALD alumina film.After immersion in the neutral solution containing Cl -ion for 7 minutes, a severe pitting corrosion was observed on the non-coated Al-Cu samples well known trenching around the Cu-rich particles (as already observed in a previous chapter), whereas in the same electrolyte after (15+30)-minute-immersion, no significant corrosion was observed on the ALD coated samples suggesting the corrosion resistance of alumina ALD layer on the Al-Cu alloy, without prior removal of the Cu-rich particles. These particles remained intact, without any significant corrosion signs observed by SEM and ToF-SIMS imaging. However, general corrosion was observed on the surface of the non-coated Al-Cu alloy in the alkaline electrolytes containing Cl -after (7+30)-minute-immersion. XPS results revealed significant preferential dissolution of Al matrix and surface enrichment of Cu (as also underlined in previous chapter). The ALD alumina layer showed degradation (dissolution of the ALD layer in depth and along the cracks/pinholes) induced by immersion of the alumina in the alkaline electrolyte even though the Al-Cu substrate remained relatively well preserved. For longer time of immersion, the presence of Cu-rich particles at the oxide/substrate interface may provide initial sites for the localized corrosion, leading to preferential dissolution of the substrate in the vicinity of Cu-rich IMPs like the case observed on the non-coated Al-Cu samples.The systematic studies have demonstrated the negative effects of Cu-rich intermetallics on the corrosion resistance of the Al-4.87wt.% Cu alloy in the aggressive environments, no matter with or without thermal treatments. However, these studies demonstrate that the formation of a good quality alumina layer deposited by ALD on the Al-4.87wt.% Cu alloy is beneficial for its corrosion resistance, without prior removal of the intermetallic particles.New several perspectives can be proposed for future work: i. The study on surface modifications and corrosion mechanisms of commercial Al-Cu alloys, e.g. aluminium AA 2024 alloy, employed with surface analytical techniques (XPS, ToF-SIMS) combined with microscopic (SEM, AFM) analytical techniques. The surface characterization should be combined with a thorough electrochemical investigation on the corrosion assess using diversified electrochemical techniques, such as cyclic voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) and also application of local electrochemical techniques could be interesting. For a better understanding the corrosion mechanisms the model Al-Cu alloy could be also used (like this applied in this thesis) by means of classical electrochemical methods and local electrochemical techniques. The material of interest copper-rich aluminium alloys (AA2xxx) are widely used in aerospace industry. These alloys contain alloying elements such as Cu, Fe or Mg. These alloying elements are necessary to improve the mechanical properties of these alloys by precipitation of the intermetallic phases (IMP) as discussed in the bibliographic chapter. The presence of some intermetallic particles can result in a loss of corrosion resistance of the aluminium alloys because the electrochemical behaviour of IMP is different than the aluminium matrix: they can be either cathodic (like Al 2 Cu, Al 7 Cu 2 Fe etc.) or anodic (Al 2 CuMg, MgZn 2 , Mg 2 Si) with respect to the surrounding aluminium matrix. Moreover, the behaviour of the particle can change from anodic to cathodic during the interaction with the electrolytes because of selective dissolution of the most active element from the intermetallic (e.g. Mg from Al 2 CuMg phase).Different surface pre-treatments are applied to these alloys, i.e.: alkaline degreasing in order to remove organic contaminations but also some part of the native oxides from the surface and acid desmutting (deoxidizing) process in an aggressive acid bath for removing the IMP near the surface and the rest of the native oxide layer. The influence of these pre-treatments on the surface state of the aluminium alloys and their corrosion properties are still not well understood.ii.In situ thermal treatments and ageing of Al-Cu model alloy and its influence on chemical composition and corrosion resistance in new surface analysis platform available in the PCS group. This platform is equipped with the following principal parts: surface preparation by ion sputtering, annealing, deposition, or exposition to gaseous phases, surface characterisation by XPS, UPS, LEED, STM, with possibility of analysis at different temperature or exposition to different gas pressure (UHV or near ambient pressure), surface treatments in liquid phase (classical electrochemical methods) or surface analysis at atmospheric pressure (SPM ex or in situ electrochemical methods: AFM, STM) in glove box. A model, pure Al-Cu alloy, which can be poly-or single crystalline (with Cu of around 4-5 wt.% similar to AA2024) with well-prepared surface (mechanically and electrochemically polished) should be used. Thermal treatment at different temperatures ranging from 200°C to 450°C can be applied to follow the in situ the chemical modifications by XPS and Auger analyses and the nano-crystalline modifications can be followed by in situ STM or AFM studies.The main objectives of these studies would be:-To investigate the influence of thermal treatment on the chemical modifications as a function of temperature and oxygen pressure of Al-Cu alloy.

  

  

Tab. 1-2 Changing of the corrosion potential compared with pure aluminium after introduction of copper or other elements into aluminium alloys 124,125 .

  

		Nature of phases	E corr (mV vs ECS)
		Cu	+100
		Si	-170
	Cathodic particles	Al 3 Ni Al 2 Cu (θ-phase)	-430 -440
		Al 3 Fe	-470
		Al 6 Mn	-760
		Al	-840
		Al 2 CuMg(S-phase)	-910
	Anodic particles	MgZn 2 Al 3 Mg 2	-960 -1150
		Mg 2 Si	-1190
		Al 8 Mg 5	-1240

  .Chromate coatings allow subsequent deposition of an organic coating (such as a primer and a top-coat). During the conversion process, Cr 6+ is reduced to Cr 3+ , with the exception of approximately 5-15% remaining as Cr 6+ as an integral part of the layer. A chromate conversion coating layer deposited on the alloy substrate can provide an active barrier layer reducing the rate of the cathodic oxygen reaction 148 . Nevertheless, the use of hexavalent chromium species is highly restricted because of the carcinogenic effect of chromate (Cr

6+ 

), thus a lot of research has been carried out to develop new chromate-free coatings in order to meet strict European REACH 1 and RoHS 2 environmental regulations.

Recently, a new conversion coating system based on trivalent chromium species (Cr 3+ ), known as the Trivalent Chromium Processes (TCP), has been developed by the NAVAIR (the U.S. Naval Air Systems Command)

149,150 

. It should be emphasized that trivalent chrome compounds by definition are not chromates, which specifically describe chromium in the +6 oxidation state. The new technology is based on low levels of Cr 3+ . The process solution and the coating it produces are totally free of Cr 6+ .

  KLL is Auger peak in KE and E B is core level peak in BE.

	and	
	E K = hν -E B	Eq. 2-6
	therefore	
	α + hν = E KLL + E B	Eq. 2-7
	where E	
	electron. Auger spectra have unique peak shapes and positions and are useful for both
	elemental identification and chemical state analyses. A calculated value from both
	photoelectron and Auger peak positions is the Auger parameter (α). This parameter is
	particularly useful for chemical state analysis and can be used without interference of
	surface charging.	
	The Auger parameter (α) is defined as the difference in BE between two chemical
	states. This depends on the change in core electron level energy and the change in
	intra and extra-atomic relaxation energies. The Auger electron kinetic energy is
	always independent from the source nature. It is defined as follows 10 :	
	α = E KLL -E K	Eq. 2-5

Tab. 3-1 Auger parameter (α) for Cu calculated for the polished Al-Cu alloy surface.

  

	BE of Cu LMM	Cu Auger	Cu2p 3/2	α	Status
	568.97	918.9	932.9	1851.8	Metallic Cu

-1 High resolution C1s, Al2p, Al2s, Cu2p and O1s XPS spectra recorded on the polished Al-Cu model alloy.

  Chemical surface modifications induced by thermal treatmentsThe very low sputtering applied to the Al-Cu model surface, as specified in the experimental part, removed principally the carbonaceous contaminations decreasing by about 79.7 at.% on the sputtered surface compared with the polished surface.
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									2000
	Intensity (cps)	Al2s Cu3s (Cu 0 )	Al 2 O 3	Al 0	Al(OH) 3 AlOOH	Intensity (cps)	1400 1600 1800	Cu2p Cu2p 1/2	Cu2p 3/2 (Cu 0 ) Cu2p 3/2 (CuO)
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			Binding energy (eV)			Binding energy (eV)
					1.2x10 1.4x10	4 4	O1s		Al 2 O 3
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					2.0x10	3			H 2 O	Cu oxides
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Tab. 3-2 BE and FWHM for the O1s and Al2p (metallic aluminium) and Al2p (aluminium oxide) peaks as a function of LP exposure to O 2 at different 300, 350 and 400 °C.

  

		O1s (oxide)	Al2p (metal)	Al2p (oxide)
	Exposure (L)	BE (eV)	FWHM (eV)	BE (eV)	FWHM (eV)	BE (eV)	FWHM (eV)
	0	531.3	2.01	72.7	0.66	75.5	1.78
	1620@300 ℃	531.4	2.03	72.8	0.59	75.4	1.78
	3240@300 ℃	531.4	2.02	72.7	0.67	75.4	1.77
	4860@300 ℃	531.3	2.03	72.7	0.62	75.3	1.82
	6481@300 ℃	531.5	2.02	72.6	0.61	75.5	1.80
	6481@300 ℃ +1620@350 ℃	531.5	2.00	72.8	0.65	75.6	1.71
	6481@300 ℃ +3240@350 ℃	531.4	1.99	71.5	0.65	75.7	1.77
	6481@300℃ +3240@350℃	531.5	2.01	72.7	0.61	75.5	1.78
	+1620@400℃						
	6481@300℃ +3240@350℃	531.5	1.96	72.8	0.50	75.6	1.71
	+4860@400℃						

Tab.3-3 Atomic percentage (AA) of metallic Al and metallic Cu determined from above equations using the Al2p and Cu2p 3/2 core level intensity.

  

	Exposure (L)	AA.% of Al	AA.% of Cu	Thickness of Al oxide/Å
	0 (Polished surface)	75.6	24.4	70.7
	0 (Sputtered surface)	67.0	33.1	70.4
	1620@300 ℃	67.6	32.4	73.4
	3240@300 ℃	71.3	28.7	74.6
	4860@300 ℃	72.1	27.9	73.4
	6481@300 ℃	71.1	28.9	75.1
	6481@300 ℃+1620@350 ℃	77.0	23.0	75.2
	6481@300 ℃+3240@350 ℃	76.4	23.6	78.2
	6481@300℃+3240@350℃+1620@400	75.4	24.6	81.5
	℃ 6481@300℃+3240@350℃+4860@400	73.7	26.3	81.7
	℃			

Tab. 4-2 Binding energies (BE) and full-widths at half maximum (FWHM) for Al2s, Cu2p 3/2 and O1s core level peaks after immersion in the neutral electrolyte.

  

		Chapter 4. Corrosion performances of model Al-Cu alloy after thermal treatments (annealing and aging) -surface
								studies by means of XPS and ToF-SIMS
		(a)									(b)
		9x10 1x10	3 4	Al2s & Cu3s				10000	Al2s B Al2s & Cu3s
	intensity (cps)	3x10 4x10 5x10 6x10 7x10 8x10	3 3 3 3 3 3	Cu3s B Cu3s A Al2s B Al2s A			Intensity (cps)	2000 4000 6000 8000	Cu3s B Cu3s A	Al2s A
		2x10	3	126 124 122 120 118 116 114 112 110	126 0	124	122	120	118	116	114	112	110
							Binding energy (eV)					Binding energy (eV)
		1.4x10 5						2.0x10	4
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	Intensity (cps)	2.0x10 4 4.0x10 4 6.0x10 4 8.0x10 4 1.0x10 5	Peaks 960 956 952 948 944 940 936 932 928 Non-treated Thermally treated BE (eV) FWHM (eV) (eV) 960 956 952 948 944 940 936 932 928 BE (eV) FWHM 8.0x10 3 Species Cu2p 1/2 Cu2p 3/2C Cu2p 3/2B Cu 2+ satellite 1.0x10 4 1.2x10 4 1.4x10 4 1.6x10 4 Cu2p 1/2 Cu2p 3/2A Intensity (cps) Cu2p 3/2B
							Binding energy (eV)					Binding energy (eV)
					Al2s A	118.9	2.6	118.8			2.7	Al(OH) 3 /AlOOH
					Al2s B	120.0	2.9	120.1			3.0	Al 2 O 3
					Cu2p 3/2A	932.1	2.9	932.2			2.7	Cu 2 O
					Cu2p 3/2B	934.0	2.9	934.0			2.8	CuO
		2.0x10			O1s A		530.0	2.7	530.0			2.4	Cu oxides
		0.0								
	-2.0x10	3	O1s B		531.2	2.9	530.9			3.0	Al 2 O 3
				930	925	920	915	910	905		
					O1s C		532.4	2.9	532.1			3.0	Hydroxides/ contaminants
					O1s D		533.5	2.9	533.2			3.1	H 2 O
										110		

Tab. 4-3 Binding energies (BE) and full-widths at half maximum (FWHM) for peaks of Al2s, Cu2p 3/2 , O1s and Cl2p 3/2 core levels after immersion in the alkaline electrolyte.

  

	Peaks	Non-treated BE FWHM	Species	Thermally treated BE FWHM	Species
		(eV)	(eV)		(eV)	(eV)	
	Al2s A	119.0	2.5	Al(OH) 3 /AlOOH	119.1	3.0	Al(OH) 3 /AlOOH
	Al2s B	120.1	2.5	Al 2 O 3	120.3	3.5	Al 2 O 3
	Cu2p 3/2A 932.3	2.2	Cu 2 O	932.3	2.3	Cu 2 O
	Cu2p 3/2B 933.9	1.9	CuO	933.8	2.0	CuO
	Cu2p 3/2C 934.9	2.3	CuCl 2 /Cu(OH) 2			
	O1s A	530.2	1.5	Cu oxides	530.2	1.7	Cu oxides
	O1s B	531.2	1.5	Al 2 O 3	531.2	2.3	Al 2 O 3
	O1s C	532.1	1.9	Hydroxides/ contaminants	532.2	2.5	Hydroxides/ contaminants
	O1s D	533.3	2.3	H 2 O	533.4	2.7	H 2 O
	Cl2p 3/2	198.8	1.8	CuCl 2	199.5	3.5	NaCl

REACH (Regulation concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals)

RoHS (Restriction of Hazardous Materials)
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surface due to thermal treatments (annealing and aging).

Tab. 4-1 Binding energies (BE), full-widths at half maximum (FWHM) and intensities (converted in atomic percentages) for the main peaks ofAl2p, Cu2p treated sample (around 7 nm). In addition, a Cu-rich region at the oxide/metallic substrate interface was observed, the size and density of which corresponded to those of intermetallic particles (Al 2 Cu, θ phase);

(2) The slightly nobler OCPs, obtained for the thermally treated samples during immersion in both the neutral electrolyte (around 20 mV higher) and the alkaline electrolyte (around 5 mV higher) can be related to the Cu-enrichment. More significant OCP increase observed in alkaline electrolytes for both polished and thermally treated samples can be attributed to faster general dissolution of Al oxide and Al matrix under high pH conditions resulting in the significant enrichment of Cu on the surface;

(3) After immersion in neutral electrolyte, severe pitting corrosion was observed on the non-thermally treated sample in the vicinity of the cathodic Cu-rich particles with respect to the anodic Al substrate, well known as trenching around particles, whereas hollow pits present at regions where the thinner oxide above large Cu-rich particles provided initiation sites for localized corrosion in the thermally treated sample. On the corroded surface of both the non-treated and treated samples, the formation of mixed layers composed of aluminium-copper oxides/hydroxides rich in Cu 2 O and CuO were verified by the XPS analysis;

(4) In the alkaline electrolyte, general corrosion, performing significant etching of Al on both samples leads to protruding of Cu-rich intermetallic particles and exposure to the solution, which resulted in the localized corrosion in the adjacent area of these cathodic particles; more significant copper enrichment observed in the case of the polished sample than in the case of the thermally treated sample was attributed to different size and distribution in-depth of copper rich intermetallic particles before immersion tests;

Important increase of the corrosion layer products was confirmed in all immersion tests by XPS and ToF-SIMS. The XPS analysis indicated the formation of corrosion product layers composed of mixed aluminium oxides/hydroxides with significantly higher surface concentration of copper oxides/chlorides on the attacked surface of performance of ALD coatings for the Al-Cu alloys containing Cu-rich intermetallic particles (IMPs) has been rarely reported. The thin alumina layers (10-50 nm) deposited on the aluminium Al2024-T3 alloys by plasma-enhanced and thermal ALD at a temperature range of 50-150 °C showed that the 50 nm films were the least porous (<0.5%), and offered the best corrosion-resistance 33 . Similar reports by Härkönen et al. 34,35 confirmed that the thicker alumina ALD coating (over50 nm) deposited on the aluminium Al2024-T3 alloys offered better corrosion protection performances and lower porosities during the neutral salt spray tests (NSS) and electrochemical measurements (decrease of corrosion current density and increase of the pitting resistances (R pit )).

In this chapter, the corrosion efficiency of a 20 nm-thick alumina ALD layer deposited on the Al-Cu alloy with Cu-rich precipitates was evaluated by surface analytical techniques such as x-ray photoelectron spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS), and atomic-force microscopy (AFM).

The coating stability and the chemical and structural coating modifications during the immersion tests in neutral and alkaline electrolytes containing chloride ions were investigated. In addition scanning electron microscopy (SEM) was used to evaluate the morphology of the coated and non-coated Al-Cu alloys before and after immersion tests.

Experimental

Substrate preparation. Before processing, the Al-Cu model alloy samples (Goodfellow, with 4.87wt.% Cu as measured by energy dispersive X-ray spectrometry (EDX)) in the form of discs (Φ=1cm) were polished on SiC papers (#1200; #2400; #4000) with water, and then on cloth with alumina suspensions (OP-AN, ESCIL Inc.) up to 0.3 m. The samples were cleaned separately with acetone, ethanol and pure millipore water (resistivity>18 MΩ cm) in an ultrasonic bath for 5 minutes, 3 minutes, and 1 minute, respectively.

Photoelectron spectrometer (XPS) with an Al Kα monochromated radiation (hv= 1486.6 eV), was used to analyze the surface chemical composition of the sample. The pressure in the analysis chamber was kept at 1×10 -9 mbar. The Al Kα monochromatized source was operated at 15kV and the samples were analyzed at 90° as a take-off angle normal to the surface. Survey spectra (BE=0~1060 eV) were recorded with a pass energy of 100 eV. The high-resolution spectra (C1s, O1s, Al2p, Cu2p) were recorded with a pass energy of 20 eV and a resolution of 0.1 eV. All spectra were calibrated versus binding energy (BE) of hydrocarbons (C1s at 285.0 eV). Spectra were recorded and analyzed using the Thermo Scientific™ Avantage Software (version 5.954). For curve fitting and decomposition, a Shirley-type background subtraction was used and the shape of fitting curves was determined by a 70% Gaussian/30% Lorentzian distribution, typical for the spectra fitting for metal/oxides 36,37 .

Time-of-Flight Secondary Ion Mass Spectrometry. Time-of-Flight Secondary Ion

Mass Spectrometry (ToF-SIMS) was employed to analyze the distribution of chemical species using a ToF-SIMS V spectrometer (ION TOF GmbH-Munster, Germany). The analysis chamber was maintained at about 1×10 -9 mbar. A pulsed Bi + 25 keV, delivering 1.1 pA over a 100×100 m 2 area. Depth profiling was performed by interlacing analysis with sputtering using a 2 keV Cs + sputter beam over a 300×300 m 2 area with 100 nA target current. Chemical mapping was performed using a primary Bi + ion delivering 0.2 pA and a 2 keV Cs + , sputter beam over a 100×100 m 2 area with 0.1 pA target current. Negative ion profiles were recorded because of their higher yield when emitted from oxide matrices. Data acquisition and post-processing analyses were performed using the Ion-Spec commercial software version 4.1.

Atomic Force Microscopy. Atomic Force Microscopy (AFM) imaging in acoustic AC mode (Frequency=321.3 kHz, and amplitude=8.89 V) was performed in air, at room temperature using an Agilent 5100 microscope (Agilent Technologies).

Topographic AFM images of the surface were acquired (mapping of the topography of the surface in x, y and z directions). Stiff SiN type cantilevers from Applied ToF-SIMS (Fig. 5-10(b)). In the first part of this thesis (in Chapter 3), surface and depth profile analysis (in situ XPS and ToF-SIMS) were used to study thoroughly the influence of thermal aging treatment (from 300 °C to 400 °C) at low oxygen pressure (UHV, p=1.0×10 -7 mbar) on the surface modifications of the Al-4.87wt.% Cu alloy, such as the oxide

In the second part (Chapter 4), the pristine, non-treated and the thermally treated (annealed at 540 °C for 1 h at p=1.0×10 -5 mbar and aged at 300 °C for 10 h followed by 450 °C for 5 min in air) Al-4.87wt.% Cu samples, were exposed to immersion tests in the neutral electrolyte (pH=6.2) and the alkaline electrolyte (pH=11.5) containing aggressive Cl -ions using the three-electrode system. SEM and ToF-SIMS confirmed the formation of much bigger Cu-rich intermetallic particles due to thermal treatment (sizes ranging 1-5 μm for non-treated samples and sizes of 5-20 μm for thermally treated samples). XPS indicated a slight increase of Al oxide thickness (from 7 nm to 8 nm), as well as the presence of the oxidized Cu after thermal treatments.

The nobler OCPs (around dozens mV higher), obtained for the thermally treated samples during immersion in both neutral and alkaline electrolytes was attributed to the Cu-enrichment. More significant OCP increase (higher slope) observed in alkaline