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Introduction

The present work deals with the galvanizing process of new steel grades containing large amounts of alloying elements for cars body. During the process, these Advanced High Strength Steels (AHSS) are coated with a Zn-rich layer that ensures steel protection against corrosion. The galvanizing process is composed of two main steps: recrystallization annealing of the steel strip and hot-dipping of the strip in a Zn alloy bath. Recrystallization annealing is usually performed between 800°C and 860°C in a controlled slightly humidified atmosphere of N2 -5 vol.% H2 at a dew point (DP) of around -40°C. The main goals of this annealing are the recrystallization of the steel and the reduction of the native iron oxides on the steel strip surface. However, the less noble alloying elements, such as Al, Mn, Si, Cr, and P, are oxidized during this step. The second step consists of immersing the steel strip in a liquid Zn alloy bath containing more than 0.14 wt.% of Al at 460°C. During this step, Fe is dissolved from the steel at the liquid/steel interface, and a thin inhibition layer of Fe2Al5Znx is formed on the steel surface. This inhibition layer is covered by liquid Zn and the thickness of the Zn layer is controlled at the bath exit by wiping the excess Zn.

Highly alloyed steels are good candidates for the lightering of automotive body structures because their mechanical properties are improved compared to low alloyed steels. The issue of the presence of these alloying elements in high proportions is the formation of numerous selective oxides on the steel surface during the recrystallization annealing. These surface oxides can reduce the wettability of these steels by liquid Zn alloys as they prevent the formation of the inhibition layer. The formation of selective oxides heavily depends on the annealing parameters, primarily the atmosphere dew point.

The present research work will mainly focus on the influence of the recrystallization annealing parameters on the selective oxidation of aluminum for two Fe-Al alloys. Aluminum is one of the alloying elements whose proportion in AHSS increased recently, so studying model Fe-Al alloys can offer a better understanding of its selective oxidation.

The first section of this work is a literature review focused on the selective oxidation of binary and ternary alloys and the phenomena linked to this oxidation. The influence of this selective oxidation on galvanizing is also addressed.

In the second section, the experimental methods and the characterization techniques are described. The studied alloys, the device, and the experimental conditions are also presented.

The third section studies the effect of several parameters of the recrystallization annealing on the selective oxidation of aluminum on Fe-Al alloys and the formation of particles on the alloy surface. The parameters tested are the aluminum content, the dew point of the annealing atmosphere, the annealing temperature, the annealing soaking time, and the process heating rate. The impact of oxides and other features formed during annealing on Zn deposition is also briefly approached.

The fourth section of this work presents a thermodynamic model to explain the nature of the different selective oxides formed and the influence of large amounts (above 1 wt.%) of aluminum in Fe-Al alloys. The oxides formed are compared to the thermodynamic modeland the formation of internal oxides is tackled.

The fifth section is devoted to the comparison of experimental results with theoretical models based on reactive diffusion. Moreover, the formation of metallic particles on the surface of the alloys is explained through in-depth comparison with models applied to other systems.

Finally, the conclusions of this work will be summarized and perspectives for future work will be given.

Chapter I -Literature review I-1 -Industrial hot-dip galvanizing process [START_REF] Quantin | Galvanisation à chaud -Principe[END_REF][START_REF] Quantin | Galvanisation à chaud -Procédés[END_REF] Steel is a largely used material in many industrial fields such as construction or automotive applications because of its low cost and good mechanical properties. However, the steel must be protected against the rust that is likely to form on its surface. These oxides are both an esthetic issue and a threat to its mechanical properties. The chosen protection has to protect the steel for the complete lifespan of the application, i.e. 10 to 20 years for automotive or up to 20 years in construction. The hot-dip galvanizing process is one of the most often used solutions to this problem.

The objective of hot-dip galvanizing is to cover the steel strip with a zinc layer (often a Zn-Al alloy) by immersing it in a liquid zinc bath at about 460°C (the melting point of Zn is 420°C at atmospheric pressure). The addition of aluminum in the bath allows the formation of a thin Fe-Al intermetallic layer, ensuring better adherence of the coating than Fe-Zn intermetallic compounds. Hence, if the bath is a GI alloy that contains more than 0.14 wt.% of aluminum, Al diffuses towards the interface faster than iron (𝐷 𝐴𝑙 𝑍𝑛(𝐿) = 5 × 10 -9 𝑚 2 . 𝑠 -1 at 460°C [START_REF] Giorgi | Theoretical model of the interfacial reactions between solid iron and liquid zinc-aluminum alloy[END_REF]) and the intermetallic that forms on the steel surface is a layer of Fe2Al5Znx (0 ≤ x ≤ 1) [START_REF] Mataigne | Key mechanisms in galvanization of steel sheets[END_REF][START_REF] Chen | Morphology and Kinetics of Interfacial Layer Formation during Continuous Hot-Dip Galvanizing and Galvannealing[END_REF][START_REF] Álvarez | Nature of the inhibition layer in GA baths[END_REF]. This layer is called an inhibition layer because it prevents the more fragile Fe-Zn to form. This intermetallic is also interesting because it allows better control of the composition of the galvanizing layer [START_REF] Quantin | Galvanisation à chaud -Principe[END_REF][START_REF] Marder | The metallurgy of zinc-coated steel[END_REF][START_REF] Giorgi | Influence of annealing treatment on wetting of steels by zinc alloys[END_REF]. There are then two phases: Fe2Al5Znx and Zn(η) (Figure 1). Aluminum also creates Fe-Al drosses that float on the zinc bath surface and are then easier to evacuate than Fe-Zn ones that go to the bottom of the zinc bath.

Once covered by zinc, the steel does not have any possible physical contact with oxygen and water in the air that could form the oxides on its surface, de facto preventing the steel corrosion when the layer is intact. The zinc layer is also a protection when scratched, serving as a sacrificial anode and being corroded instead of the steel in local cathodic protection. This second protection cannot be obtained with other solutions such as protective paints. The typical galvanizing line used in the industry is represented in Figure 2 [9]. The main steps of the hot-dip galvanizing in the industry are as follows:

-First, the cold-rolled steel strip is cleaned from the surface oil by thermic degreasing (with flames), chemical degreasing in an alkaline bath, or electrochemical degreasing.

-Then the strip is annealed at a temperature of about 800°C for 30 s to recrystallize it. During this step, the iron oxides, which hinder the wetting of the steel by liquid zinc, are reduced in the chosen reducing atmosphere (N2 -5 vol% H2, dew point < -40 to -30°C) following the equation (I.1) [START_REF] Cavallotti | Effets de la terminaison de l'α-alumine sur le comportement au mouillage du zinc[END_REF]: -The strip is then cooled down to the same temperature as the zinc bath (around 460°C). After the cooling, the sheet is immersed in the zinc bath for about 3 seconds. The steel strip is maintained in the reducing atmosphere until the last moment before being dipped in the molten zinc.

𝐹𝑒 𝑥 𝑂 𝑦 + 𝑦𝐻 2 → 𝑥𝐹𝑒 + 𝑦𝐻 2 𝑂
-After the bath, the excess of zinc is wiped off with air or nitrogen so the wanted zinc thickness is reached (8 -20 µm). The sheet is then cooled down to ambient temperature. For some applications, a complementary heat treatment (alloying treatment at 500°C) could be performed. It consists of alloying of the Zn layer by iron which diffuses from the steel to the coating during the heat treatment.

-Finally, the strip goes through the skin-pass operation giving the sheet its surface properties (roughness and flatness).

The recrystallization annealing step is crucial to ensure a good coating of steel sheets by the galvanizing alloy. However, if iron is reduced in these conditions, the alloying elements can still be oxidized during this phase. Section I-2 will then give a theoretical description of the oxidation of these alloying elements. I-2 -Theoretical approach of selective oxidation New highly alloyed steels with high yield strength, enriched with alloying elements, can generate defects in the surface coating after galvanizing, indicating a lack of wettability between liquid zinc and steel [START_REF] Marder | The metallurgy of zinc-coated steel[END_REF][START_REF] Isobe | Effect of Additional Annealing on Hot-Dip Galvanizability of Si and Mn Added IF-Steel[END_REF][START_REF] Cvijović | Influence of H2-N2 atmosphere composition and annealing duration on the selective surface oxidation of low-carbon steels[END_REF]. Many studies carried out to date made it possible to identify the nature and origins of these coating defects.

During the recrystallization annealing of the industrial galvanizing process, iron oxides are reduced. However, the more oxidable alloying elements contained in the steel (e.g., Mn, Si, Al) segregate to the surface and form oxide particles or films, [START_REF] Swaminathan | Thermodynamic and kinetic aspect on the selective surface oxidation of binary, ternary and quaternary model alloys[END_REF][START_REF] Ollivier-Leduc | Nucleation and growth of selective oxide particles on ferritic steel[END_REF]. This phenomenon, called selective oxidation, is the cause of coating defects. The molten metal does not wet well the oxides formed from the alloying elements. The nature of these oxides can be complex and depends on the composition of the steel, annealing conditions (dew point, temperature, soaking time) [START_REF] Leduc | Étude des mécanismes de germination et de croissance d'oxydes sélectifs sur un acier ferritique[END_REF]. Understanding the nucleation and growth mechanisms of these oxides appears essential to manage steel surface coatability. Many annealing parameters have been explored with model alloys to better identify those that play a decisive role in selective oxidation.

In general, the studied annealing conditions are based on those used in the industry. The temperature increase and decrease rates (between 5 and 15°C/s) and the composition of the atmosphere (N2: 95% -H2: 5% vol.) are common. Only the effects of temperature, time, and dew point are discussed in most studies.

The annealing conditions, which are above all favorable to the reduction of iron oxides, generate for alloying elements, such as Mn, Al, or Si, a predominance of the thermodynamic stability of their respective oxides.

I-2-1 -Dew point / Frost point

During recrystallization annealing in a continuous galvanizing line, the atmosphere is reducing to avoid iron oxidation. It is composed of a mixture of N2-5% H2 and water vapor. The partial pressure of water in the atmosphere is defined by the dew point or frost point of the atmosphere, which is the temperature to which the atmosphere must be cooled to become saturated with water vapor. Indeed, the saturated vapor pressure is linked to this dew point temperature by the Magnus-Sonntag formula [START_REF] Crétinon | Air humide -Notions de base et mesures[END_REF][START_REF] Sonntag | Important new values of the physical constants of 1986, vapor pressure formulations based on ITS-90 and psychrometer formulae[END_REF], with DP the dew point temperature in K (173. [START_REF] Leduc | Étude des mécanismes de germination et de croissance d'oxydes sélectifs sur un acier ferritique[END_REF] The coefficients are expressed in Table 1: An easier version of the conversion between dew point/frost point and water partial pressure is (with 𝑃 𝐻 2 𝑂 in atm) [START_REF] Huin | Numerical Simulation of Internal Oxidation of Steels during Annealing Treatments[END_REF]: Thus, numerous studies have been conducted to establish the influence of dew point or frost point on the selective oxidation of alloyed steels. These tests were mainly carried out between dew points of -60°C and +10°C, i.e. water partial pressures from 1.9 to 1228 Pa.

log(𝑃 𝐻 2 𝑂 ) = {
It is also possible to calculate the partial pressure of dioxygen induced by water in the atmosphere. The conversion formula [START_REF] Rist | Élaboration de la fonte et de l'acier -Données thermodynamiques[END_REF] that will be used is: with the different partial pressures given in atm and the temperature given in K.

I-2-2 -Thermodynamics of selective oxidation [START_REF] Paunoiu | Effect of recrystallization annealing atmosphere on the selective oxidation and GalvAnnealing behavior of a TRIP MnAl steel[END_REF] On continuous galvanizing lines, steel sheets are annealed at 800°C under N2 -5 % H2 atmosphere and -40°C dew point for two purposes: recrystallization of steel and reduction of iron oxides [START_REF] Marder | The metallurgy of zinc-coated steel[END_REF]. Thermodynamic calculations confirm that the temperature and atmosphere used in industrial annealing conditions lead to the reduction of iron oxides that could have been formed previously (Figure 3). The common conditions in the studies in this field are 700°C < T < 900°C and -60°C < DP < +10°C. Figure 3 shows that in these annealing conditions, the iron oxides are reduced.

The oxidation reaction of a metal follows equation (I.5) and occurs for a negative Gibbs free energy of formation (Δ𝑟𝐺):

𝑚𝑀 + 𝑝 2 𝑂 2 = 𝑀 𝑚 𝑂 𝑝 (I.5)
The Gibbs free energy of this equation at a given temperature T can be written as:

∆ 𝑟 𝐺 = ∆ 𝑟 𝐺 0 + 𝑅𝑇 ln ( 𝑎 𝑀 𝑚 𝑂 𝑝 (𝑎 𝑀 ) 𝑚 * ( 𝑃 𝑂 2 𝑃 0 ) 𝑝 2 ) (I.6)
with ∆ 𝑟 𝐺 0 the standard Gibbs free energy of formation [J.mol -1 ] at 𝑇 and 1 bar, 𝑎 𝑖 the activity of species 𝑖, 𝑃 𝑂 2 the dioxygen partial pressure [atm], 𝑃 0 the standard pressure [1 atm] and 𝑅 the ideal gas constant [8.314 J.K -1 .mol -1 ].

The equilibrium of equation (I.5) is obtained when ∆ 𝑟 𝐺 = 0. When talking about pure metals, the activities of both the metal and oxide is equal to 1 and the equation (I.6) can be written as:

∆ 𝑟 𝐺 0 = 𝑅𝑇 ln ( 𝑃 𝑂 2 𝑃 0 ) 𝑝 2 (I.7)
However, the metal can be an alloying element in a matrix of another element, such as in steel (where there is an iron matrix). If the amount of the alloying element in the matrix is low, then its activity is given by Henry's law. In the steel industry, the reference state of dilute elements in steel is generally chosen to be Henry's solution containing 1 wt.% element, instead of the pure solid element or pure O2 [START_REF] Rist | Élaboration de la fonte et de l'acier -Données thermodynamiques[END_REF]. In this case, with the reference state of Henry's law 1 wt.%, a new scale of activities can be defined. The activity of the alloying element M in a diluted solution of this element is equal to its mass fraction in the matrix: 𝑎 𝑀 = 𝑤 𝑀 .

When talking about the oxidation of an alloying element at thermodynamic equilibrium, the equation (I.6) can then be written as: Moreover, the oxygen dissolves itself into the matrix following the equation:

1 2
𝑂 2 = 𝑂 (I.9)

The conversion from 𝑃 𝑂 2 to the mass fraction of oxygen dissolved in the matrix is [START_REF] Huin | Numerical Simulation of Internal Oxidation of Steels during Annealing Treatments[END_REF][START_REF] Swisher | Solubility, permeability, and diffusivity of oxygen in solid iron[END_REF]:

log 𝑤 𝑂 = 1 + 9398 𝑇 + 1 2 log 𝑃 𝑂 2
𝑃 0 (I. [START_REF] Cavallotti | Effets de la terminaison de l'α-alumine sur le comportement au mouillage du zinc[END_REF] with 𝑤 𝑂 the mass fraction of dissolved oxygen given in ppm, 𝑃 𝑂 2 in atm and the temperature T in K.

The dissolved oxygen mass fractions at the steel surface under the conditions of the present study are then expressed in Table 2:

Table 2: Mass fraction of dissolved oxygen wO (in ppm) at the steel surface in equilibrium with an atmosphere of N2 -5 vol.% H2 atmosphere at 800°C and the dew points used in this study The solubility product of 𝑀 𝑚 𝑂 𝑝 is identified at equilibrium as:

𝐾 𝑀 𝑚 𝑂 𝑝 = (𝑤 𝑀 𝑒𝑞 ) 𝑚 * (𝑤 𝑂 𝑒𝑞 ) 𝑝 (I.12)

where the mass fractions at the equilibrium 𝑤 𝑖 𝑒𝑞 of the elements are given in ppm for both M and O.

Finally, it can be concluded that the oxide will precipitate on the steel surface if the amount of dissolved oxygen is equal to or greater than:

𝑤 𝑂 𝑚𝑖𝑛 = ( 𝐾 𝑀 𝑚 𝑂 𝑝 𝑤 𝑀 𝑚 ) 1 𝑝 (I.13)
The same type of equation can be obtained for the formation of multicomponent oxides. The oxidation reaction is then (with M and N two alloying elements): (I. [START_REF] Leduc | Étude des mécanismes de germination et de croissance d'oxydes sélectifs sur un acier ferritique[END_REF] with the mass fractions 𝑤 𝑖 of the elements for M, N, and O (in ppm for the numerical application in Table 3). Some solubility products have been calculated in the case of an infinite dissolution (𝑤 𝑀 ≤ 1%) of the alloying element in iron [START_REF] Huin | Numerical Simulation of Internal Oxidation of Steels during Annealing Treatments[END_REF][START_REF] Gaye | Comportement des atmosphères de recuit vis-à-vis des résidus carbones et du métal : Analyse thermodynamique[END_REF][START_REF] Gaye | Les équilibres thermochimiques[END_REF]: These solubility products allow calculating the minimum oxygen mass fraction needed to form the oxides in the present study. The results are shown in Table 3: Minimum wO (ppm) 7.2 x 10 -4 4.5 x 10 -5 4.8 x 10 -5 1.7 x 10 -8 2.1 x 10 -9

𝑚𝑀 + 𝑛𝑁 +
log
The minimum oxygen fraction needed is always below the lowest fraction calculated in the atmosphere (at a dew point of -60°C, Table 2), so the oxidation of these alloying elements is thermodynamically possible under every condition in this study.

I-2-3 -Kinetics of selective oxidation

Selective oxide formation reactions are kinetically linked to several processes [START_REF] Leduc | Étude des mécanismes de germination et de croissance d'oxydes sélectifs sur un acier ferritique[END_REF][START_REF] Norden | The change of steel surface chemistry regarding oxygen partial pressure and dew point[END_REF]:

-Transport and diffusion through the laminar boundary layer (Figure 4 Selective oxidation is either controlled by solid-state diffusion when occurring below the free surface or by a surface exchange reaction when occurring at the free surface. In the field of selective oxidation of steels, most of the models are devoted to internal oxidation so controlled by solid-state diffusion, that we will present here under, while only Gong et al. [START_REF] Gong | Analytical Model of Selective External Oxidation of Fe-Mn Binary Alloys during Isothermal Annealing[END_REF] aims to model the external selective oxide nucleation and growth. I-2-3-1 -Internal oxidation, Wagner model [START_REF] Leduc | Étude des mécanismes de germination et de croissance d'oxydes sélectifs sur un acier ferritique[END_REF][START_REF] Paunoiu | Effect of recrystallization annealing atmosphere on the selective oxidation and GalvAnnealing behavior of a TRIP MnAl steel[END_REF] By applying the 2nd Fick's law in one dimension to a single crystal binary alloy, Wagner [START_REF] Wagner | Reaktionstypen bei der Oxydation von Legierungen[END_REF] proposed the first model for the internal oxidation phenomenon during isothermal heat treatment. Figure 4: Gas-metal reactions steps [START_REF] Norden | The change of steel surface chemistry regarding oxygen partial pressure and dew point[END_REF] and 𝜕𝑥 𝑀 (𝑥,𝑡) 𝜕𝑡 = 𝐷 𝑀 𝜕²𝑥 𝑀 (𝑥,𝑡) 𝜕𝑥² , for x ≥ ξ(t) (I. [START_REF] Gaye | Comportement des atmosphères de recuit vis-à-vis des résidus carbones et du métal : Analyse thermodynamique[END_REF] where ξ(t) is the location of the oxidation front, x is the distance to the surface, 𝑥 𝑂 and 𝑥 𝑀 the mole fractions of oxygen and M in the matrix, 𝐷 𝑂 and 𝐷 𝑀 the diffusion coefficients of oxygen and M in the alloy.

Two regions can be identified in this model. The first is located at 0 ≤ x ≤ ξ(t). In this region, M is fully oxidized into MOn. The M concentration is equal to 0, and the oxygen concentration decreases to 0 at the oxidation front ξ(t). The second region is located at x ≥ ξ(t) (bulk), where diffusion of M occurs. The dissolved oxygen concentration is 0 and the M concentration increases from 0 at the oxidation front to its bulk concentration (Figure 5).

The two initial conditions are:

𝑥 𝑂 (𝑥, 0) = 0, for x > 0 and 𝑥 𝑀 (𝑥, 0) = 𝑥 𝑀 0 , for x ≥ 0 (I. [START_REF] Gaye | Les équilibres thermochimiques[END_REF]) and (I.24) with 𝑥 𝑀 0 the M mole fraction in the alloy.

The boundary conditions of the model at x = 0, x = ξ(t) and x → +∞ are: ) ) for x ≥ ξ(t) (I. [START_REF] Gesmundo | The internal oxidation of ternary alloys I: the single oxidation of the most reactive component under low oxidant pressures[END_REF] Even if Wagner's model made several restricting hypotheses, his study facilitated subsequent works in this field. Following major improvements include the consideration of non-zero solubility products [START_REF] Kirkaldy | On the theory of internal oxidation sulphation of alloys[END_REF][START_REF] Laflamme | Limiting cases of subscale formation[END_REF], the degree of supersaturation necessary for the nucleation of new oxide particles [START_REF] Gesmundo | The effect of supersaturation on the internal oxidation of binary alloys[END_REF], the oxidation of both elements in binary alloys [START_REF] Whittle | The formation of solid solution oxides during internal oxidation[END_REF] or one [START_REF] Gesmundo | The internal oxidation of ternary alloys I: the single oxidation of the most reactive component under low oxidant pressures[END_REF] or two elements [START_REF] Guan | Internal oxidation of ternary alloys. Part I: Kinetics in the absence of an external scale[END_REF][START_REF] Niu | The internal oxidation of ternary alloys II: the coupled internal oxidation of the two most-reactive components under intermediate oxidant pressures[END_REF][START_REF] Wang | An improved treatment of the kinetics of coupled internal oxidation by a single oxidant of the two most-reactive components of ternary alloys and of the conditions for the transition to their external oxidation[END_REF], in ternary alloys, as well as the higher diffusion coefficient in the grain boundary than in the grain [START_REF] Tridade | Computer-based simulation of high-temperature corrosion phenomena[END_REF]. The most recent general models [START_REF] Huin | Numerical Simulation of Internal Oxidation of Steels during Annealing Treatments[END_REF][START_REF] Brunac | Numerical implementation and application of an extended model for diffusion and precipitation of chemical elements in metallic matrices[END_REF] take into account an arbitrary number of diffusing elements and precipitate phases with arbitrary compositions. The dependence of diffusion coefficients and solubility products on temperature is also taken into account. Moreover, the diffusion coefficients of the elements in the metallic matrix can be altered in the case of precipitates present in large fractions [START_REF] Brunac | Numerical implementation and application of an extended model for diffusion and precipitation of chemical elements in metallic matrices[END_REF]. The diffusion coefficients were modified to decrease by a factor equal to the volume fraction of the matrix [START_REF] Brunac | Numerical implementation and application of an extended model for diffusion and precipitation of chemical elements in metallic matrices[END_REF][START_REF] Kirkaldy | Ternary diffusion and its relationship to oxidation and sulphidation[END_REF].

I-2-3-2 -External oxidation

Wagner's model allows determining the presence and the formation of internal oxides of an element in a binary alloy. The oxidation front in the alloy depends on the balance between the flux of oxygen into the alloy and the flux of the element M prone to oxidation toward the surface so the external oxidation can be imagined to be a limiting case of Wagner's model when oxygen diffusion in the matrix is blocked at the surface. Indeed, Wagner [START_REF] Wagner | Reaktionstypen bei der Oxydation von Legierungen[END_REF] proposed that this transition would occur when the volume fraction of oxides reaches a critical value near the surface. The oxides formed then prevent the diffusion of oxygen into the material. This case will occur when 𝑥 𝑀 0 in the matrix is higher than a critical value noted 𝑥 𝑀 𝑐𝑟𝑖𝑡 which can be expressed, at a temperature 𝑇, as: (I. [START_REF] Guan | Internal oxidation of ternary alloys. Part I: Kinetics in the absence of an external scale[END_REF] with 𝑥 𝑀 𝑐𝑟𝑖𝑡 the critical mole fraction of alloying element M, 𝐷 𝑂 the diffusion coefficient of oxygen in the matrix [m 2 .s -1 ], 𝐷 𝑀 the diffusion coefficient of M in the matrix [m 2 .s -1 ], 𝑥 𝑂 𝑆 the mole fraction of adsorbed oxygen at the surface, 𝑉 ̅ the molar volume of alloy [m 3 .mol -1 ], 𝑉 ̅ 𝑀𝑂 𝑛 the molar volume of oxide [m 3 .mol -1 ], 𝑛 the stoichiometric coefficient in MOn. The models do not predict the value of 𝑔 * the critical volume fraction of formed oxide that results in the transition from internal to external oxidation. The only experimental value of this critical oxide volume fraction has been measured by Rapp [START_REF] Rapp | The transition from internal to external oxidation and the formation of interruption bands in silver-indium alloys[END_REF] for Ag-In alloys at 550°C: 𝑔 * ≈ 0.3.

Leblond et al. [START_REF] Leblond | A note on a nonlinear version of Wagner's classical model of internal oxidation[END_REF][START_REF] Leblond | Predicting the transition from internal to external oxidation of alloys using an extended Wagner model[END_REF] estimated this volume fraction analytically from Wagner's model by writing that the diffusion coefficient of oxygen is a decreasing function of the volume fraction [START_REF] Leblond | A note on a nonlinear version of Wagner's classical model of internal oxidation[END_REF][START_REF] Leblond | Predicting the transition from internal to external oxidation of alloys using an extended Wagner model[END_REF] and the shape of oxides [START_REF] Leblond | Predicting the transition from internal to external oxidation of alloys using an extended Wagner model[END_REF]. The order of magnitude of the analytical value is in good agreement with the value experimentally measured by Rapp. Alloys currently used in the industry contain more alloying elements than the model binary alloys. The internal/external transition criterion expressed in (I. [START_REF] Guan | Internal oxidation of ternary alloys. Part I: Kinetics in the absence of an external scale[END_REF]) is only for binary alloys, so must be updated by considering the interactions between the different alloying elements. In steels or other multi-component alloys, several elements can be oxidized during annealing [START_REF] Mataigne | Selective oxidation of cold rolled steel during recrystallization annealing[END_REF]. A new criterion has been proposed which compares the oxygen flux to the fluxes of the alloying elements prone to oxidation in the alloy (linear superposition of the individual contributions of the elements of the alloy prone to oxidation) [START_REF] Mataigne | Selective oxidation of cold rolled steel during recrystallization annealing[END_REF]. External oxidation of M then occurs if the following inequality is satisfied: ∑ (𝑥 𝑀 0 (𝑛 * 𝑉 ̅ 𝑀𝑂 𝑛 * 𝐷 𝑀 ) 

I-2-4 -Recapitulation

The selective oxidation of alloying elements in an alloy (for example in steel) occurs by the adsorption of oxygen on the alloy surface and its diffusion in the bulk. The balance of this inward oxygen flux and outward flux of alloying element gives the oxidation front position and the concentrations of both oxygen and the oxidized element by using Wagner's model of oxidation. This model explains internal oxidation.

When less oxygen is available at the alloy surface, i.e. when the annealing atmosphere contains less O2 or less water, the alloying element flux toward the surface is greater than the inward flux of oxygen and the oxidation becomes external. Now that the theoretical approach of selective oxidation has been explained, Section I-3 will focus on the experimental results of the literature. The selective oxidation of steel grades or Fe alloys in similar conditions to those of recrystallization annealing will be studied.

I-3 -Experimental approach of selective oxidation

Advanced High Strength Steels (AHSS) with higher yield strength contain alloying elements such as Mn, Si, and Al, which are more prone to oxidation than iron under annealing conditions. The oxides of these elements are formed in the shape of particles or films which can hinder wetting during hot-dip galvanizing.

I-3-1 -Selective oxidation of Fe-Si alloys

By applying the formulae (I.3), (I.4), (I.10), (I.13) and (I.17) to the formation of silicon oxides, the stability range of silica SiO2 can be determined, as a function of atmosphere dew point, mass fraction of alloying element in the steel and annealing temperature. Thermodynamic calculations predict that under the conditions of most experiments performed on Fe-Si alloys, silica forms on the alloy surface and in the bulk (Table 2 andTable 3).

Various studies have been conducted on Fe-Si alloys under annealing conditions similar to the annealing on a galvanization line. The experimental results of these studies are summarized in Table 4.

As predicted by thermodynamics, each experiment (N2 -5 to 15 vol.% H2, DP in the range [-80 -0°C], 800 -820°C) showed the presence of silica on the alloy surface. Silica can take two main forms, either oxide particles or an oxide layer.

Both Vanden Eynde et al. [START_REF] Vanden Eynde | Thermochemical surface treatment of iron-silicon and iron-manganese alloys[END_REF] and Drillet et al. [START_REF] Drillet | Selective oxidation of high Si, Mn and Al steel grade during recrystallization annealing, and steel/Zn reactivity[END_REF] found that silica formed a layer on their samples. They also found that for a given amount of Si in their alloys, when the dew point increases, the thickness of the SiO2 layer decreases. They explain that as the dew point increases, the water partial pressure also becomes higher. More oxygen dissolves in the alloy and oxygen diffusion increases in the alloy. The oxidation of silicon then becomes internal rather than external and the silica layer on the surface becomes thinner.

Table 4: Previous studies on the oxidation of Fe-Si model alloys

Loison et al. [START_REF] Loison | New methodological approach to selective oxidation[END_REF] also found silica layers on their samples and suggested the same mechanisms for the influence of dew point on SiO2 film thickness. They also observed that when the Si mass fraction is decreased, the SiO2 layer also becomes thinner, due to less Si available for oxidation of the alloy surface. Swaminathan and Spiegel [START_REF] Swaminathan | Thermodynamic and kinetic aspect on the selective surface oxidation of binary, ternary and quaternary model alloys[END_REF] also detected silica on their alloy surface after annealing but found only SiO2 particles at dew points of -80 and -40°C, instead of a layer. They explain that, under their conditions, the silicon amount in the alloy is too low to allow the growth of a continuous layer. However, the other works with a lower Si concentration in the alloy have demonstrated the formation of a silicon oxide layer on the surface after annealing under similar conditions ( [42, 43, 44, 45] Table 4).

In his Ph.D. work, Diawara [START_REF] Diawara | Mouillabilité de surfaces hétérogènes (fer/oxyde) par un alliage de zinc liquide[END_REF] worked at a constant dew point of -37°C but with different Si mass fractions in the alloys. His results show that, at the dew point of the industrial annealing, when the mass fraction of silicon is less than 0.15 wt.%, silica forms oxide particles on the alloy surface (Figure 6 (a)). He also noted that the surface coverage of SiO2 particles increases as the Si mass fraction increases (0.25 wt.% Si in the alloy gives a 75 % surface coverage). Silica forms an almost continuous layer. Finally, he shows that silica completely covers the alloy surface at higher Si fractions (Figure 6 (b)).

I-3-2 -Selective oxidation of Fe-Mn alloys

In the same way as for Si, by applying formulae (I.3), (I.4), (I.10), (I.13) and (I.16) to the formation of manganese oxides, the stability range of MnO can be determined as a function of the atmosphere dew point, the mass fraction of M in the alloy and the annealing temperature. The model predicts that in most studies performed on Fe-Mn alloys, MnO forms on the alloy surface and in the bulk (Table 2 andTable 3).

Fe-Mn alloys have been studied previously under various annealing conditions. The results of these studies are displayed in Table 5.

As predicted by thermodynamics, MnO precipitated on the alloy surfaces studied in every experiment. The manganese oxide is present only in form of particles. Therefore, unlike silica, MnO does not form a continuous layer.

Vanden Eynde et al. [START_REF] Vanden Eynde | Thermochemical surface treatment of iron-silicon and iron-manganese alloys[END_REF] observed that for a given Mn mass fraction, as the dew point of the annealing atmosphere increases, the oxide coverage also increases until the dew point becomes higher than -30°C. At higher dew points, the oxide coverage decreases due to the occurrence of more internal oxidation. The explanation for the internal oxidation is the same as previously mentioned for Fe-Si alloys, i.e., a higher dew point means more dissolved oxygen and higher oxygen diffusion in bulk.

Table 5: Previous studies on the oxidation of Fe-Mn model alloys

In their work, Loison et al. [START_REF] Loison | New methodological approach to selective oxidation[END_REF] and Alibeigi et al. [START_REF] Alibeigi | Reactive wetting of high Mn steels during continuous hot-dip galvanizing[END_REF] also found that the higher the dew point (DP > -30°C), the lower the oxide density on the surface. They observe the internal oxidation of Mn on samples at a high dew point (DP > -10°C). They also showed that the MnO surface density increases when the temperature and Mn mass fraction are raised. They also showed that oxides form preferentially at the grain boundaries even though oxides can also form on the grain.

Another point highlighted by Loison et al. is that when the annealing time is increased, the MnO surface density increases. This influence of annealing time on MnO surface density is confirmed by Gong et al. [START_REF] Gong | Nucleation and growth of oxide particles on a binary Fe-Mn (1 wt. %) alloy during annealing[END_REF]. The Mn oxides form during the last stage of the heating and grow during the holding at 800°C. Fe-Mn 1.4 770 Fe-Mn 2.5 724 Fe-Mn 3.5 685 Fe-Mn 5.1 630
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Chen [START_REF] Chen | Influence de l'orientation des grains de ferrite sur l'oxydation sélective de l'acier[END_REF] also observed that MnO oxides are mostly present at grain boundaries. She also noted the appearance of facets on the metal grain. The oxides formed preferentially on these facets that promote nucleation, similarly to the grain boundaries (Figure 7). In her work, the variable was not the dew point but the Mn mass fraction in the alloy. The study results showed the same trend as in Diawara's work with Si, i.e., when the mass fraction of the alloying element increases, the oxide surface coverage also increases.

Finally, Swaminathan and Spiegel [START_REF] Swaminathan | Thermodynamic and kinetic aspect on the selective surface oxidation of binary, ternary and quaternary model alloys[END_REF] also found that Mn oxides precipitate mainly at grain boundaries. They also observed the occurrence of Mn3O4 particles among the Mn oxides on their sample annealed at a dew point of -40°C.

I-3-3 -Selective oxidation of Fe-Al steels and binary alloys

As for Si and Mn, by applying the formulae (I.3), (I.4), (I.10), (I.13) and (I.18) to the formation of aluminum oxides, the stability range of Al2O3 can be determined as a function of the atmosphere dew point, the mass fraction of Al in the steel and the annealing temperature. Thermodynamic calculations show that under the conditions of all studies performed on Fe-Al alloys, Al2O3 is formed on the alloy surface, because these studies are conducted in an atmosphere with dew points above -80°C which is well above the limit in the range of concentration and temperature studied (see Table 2 and Table 3).

Most of the studies on the influence of atmosphere dew point and amount of Al have been conducted on steel grades that also contain other alloying elements (Mn, Si, B) that influence aluminum oxidation (see for example the Fe-Mn-Al system in Section I-3-5). These studies have shown that alumina forms on the steel surface at low dew points and that alumina forms inside the steel at higher dew points. Studies on model Fe-Al alloys are listed in Table 6.

For binary Fe-Al alloys, the formation of a continuous layer of alumina on the surface has been confirmed, for example, in the Ph.D. works of Cavallotti [START_REF] Cavallotti | Effets de la terminaison de l'α-alumine sur le comportement au mouillage du zinc[END_REF] and Dai [START_REF] Dai | Orientation-dependent segregation and oxidation at Fe0.85Al0.15 random alloy surfaces[END_REF]. The experiment conducted by Cavallotti consisted of annealing Fe -1.5 wt.% Al and Fe -8 wt.% Al grades in an atmosphere similar to the annealing atmosphere on industrial galvanizing lines (N2 -5 vol.% H2). The alumina layer has been found on both compositions. The formation of an alumina layer is also observed by Koltsov et al. [START_REF] Koltsov | In Situ Apparatus to Study Gas-Metal Reactions and Wettability at High Temperatures for Hot-Dip Galvanizing Applications[END_REF] after annealing a Fe -8 wt.% Al alloy at a dew point of -60°C. It can on a grain [START_REF] Chen | Influence de l'orientation des grains de ferrite sur l'oxydation sélective de l'acier[END_REF] be noted that annealing Fe-Al alloys at high dew points (for example 0°C) leads to internal oxidation of Al instead of external oxidation [START_REF] Tanaka | Microstructural Change and Internal Oxidation of Fe-1.26 and 2.12mass%Al Alloys Oxidized in H2-H2O-Ar Gas Mixtures[END_REF].

Table 6: Previous studies on the oxidation of Fe-Al model alloys I-3-4 -Selective oxidation of Fe-Mn-Si steels and ternary alloys Many researchers have studied the selective oxidation of steels rich in Mn and Si. These steels are mainly TRIP steels containing less than 1 wt.% C, 1.5 -4.6 wt.% Mn, and 0.2 -2 wt.% Si. The iron oxides were reduced in the atmosphere (N2-H2) used at various dew points (-70°C to +45°C). The annealing conditions varied from 700 to 870°C for 45 to 600 s. The data of these experiments are compiled in Table 7.

I-3-4-1 -Low dew points (< -20°C)

In their study, Wang et al. [START_REF] Wang | Study of Selective Oxidation Behavior of a 1.2Si-1.5Mn TRIP Steel during Intercritical Annealing[END_REF] found that at a very low dew point of -70°C, Fe-Mn-Si steels were covered with a layer of silica and a mixture of MnO and SiO2. They also observed that there is no internal oxidation at such a dew point. Gong's observations [START_REF] Gong | Selective Oxidation of Advanced High Strength Steels (AHSS) during Annealing in Continuous GI/GA Lines[END_REF] were the same at a dew point of -30°C, describing two thin layers of SiO2 and xMnO.SiO2 on the surface and no internal oxidation. Film-like oxides are also formed at low dew points in the work of Liu et al. [START_REF] Liu | Effect of dew point during heating on selective oxidation of TRIP steels[END_REF], covering the sample's surface entirely at a -50°C dew point. Kim et al. [START_REF] Kim | Galvanizability of Advanced High-Strength Steels 1180TRIP and 1180CP[END_REF] and Cho et al. [START_REF] Cho | On the Transition of Internal to External Selective Oxidation on CMnSi TRIP Steel[END_REF] studied similar grades of Fe-Mn-Si steels and found that at dew point less than -10°C, the surface is covered with a thin layer of SiO2, but a thick layer of a mixture of silica and MnO can also be observed.

Staudte et al. [START_REF] Staudte | Optimizing the manganese and silicon content for hot dip galvanizing of 3rd generation advanced high strength steels[END_REF] studied the influence of dew point and manganese content in Fe-Mn-Si steels. They observed that at low wt.% Mn and low dew point, Mn2SiO4 is visible on the surface. They also pointed out that increasing Mn content leads to a surface covered with MnO and Mn2SiO4 at a low dew point. Kim et al. [START_REF] Kim | Galvanizability of Advanced High-Strength Steels 1180TRIP and 1180CP[END_REF] and Cho et al. [START_REF] Cho | On the Transition of Internal to External Selective Oxidation on CMnSi TRIP Steel[END_REF] observed that increasing dew points induces internal oxidation. The oxidation depth increases with the dew point and the oxide layer on the steel surface becomes thinner (Figure 8). Cho et al. also observed that a higher dew point increases the proportion of Mn in the external oxides. When annealing their samples at a dew point of 0°C, Wang et al. [START_REF] Wang | Study of Selective Oxidation Behavior of a 1.2Si-1.5Mn TRIP Steel during Intercritical Annealing[END_REF] also observed the presence of xMnO.SiO2 and MnSiO3 on the sample surface and internal oxidation of Mn and Si. Other studies [START_REF] Loison | New methodological approach to selective oxidation[END_REF][START_REF] Liu | Effect of dew point during heating on selective oxidation of TRIP steels[END_REF][START_REF] Staudte | Optimizing the manganese and silicon content for hot dip galvanizing of 3rd generation advanced high strength steels[END_REF] pointed out the external oxidation of Mn and Si at high dew points, with the increase of the dew point favoring the formation of MnO. Internal oxidation is also favored at high dew points compared to external oxidation.

Staudte et al. [START_REF] Staudte | Optimizing the manganese and silicon content for hot dip galvanizing of 3rd generation advanced high strength steels[END_REF] and Loison et al. [START_REF] Loison | New methodological approach to selective oxidation[END_REF] studied the influence of manganese and silicon contents in Fe-Mn-Si steels. Increasing Mn content leads to internal oxidation of Si and the formation of a thick MnO film at higher dew points. However, higher Si content and a higher Si/Mn ratio lead to the formation of Mn2SiO4 and silica.

Loison et al. [START_REF] Loison | New methodological approach to selective oxidation[END_REF] also showed that lower annealing temperature and longer annealing time are beneficial to the formation of MnO on the surface.

In the works of Gong [START_REF] Gong | Selective Oxidation of Advanced High Strength Steels (AHSS) during Annealing in Continuous GI/GA Lines[END_REF] and Gong et al. [START_REF] Gong | Internal Oxidation during Intercritical Annealing of CMnSi TRIP Steel[END_REF], at a dew point of 3°C, internal oxidation is observed in two different areas: xMnO.SiO2 particles near the surface and a SiO2 network deeper in the bulk. The sample annealed at a high dew point also showed a thin film and small particles of xMnO.SiO2 on its surface, as well as large MnO nodules. The explanation for these nodules lies in the decarburization phenomenon that occurs on steels at high temperatures and high dew points. The carbon in the steel is oxidized and leaves a decarburized zone at the steel. Eventually, the austenite, which contains the most manganese, turns into ferrite and Mn segregates to the sample surface to form the MnO nodules. The Mn segregation also leads to a low Mn content deeper in the bulk and promotes the formation of the SiO2 network. In their work at very high dew points (above 26°C), Wu and Zhang [START_REF] Wu | Effect of water pressure and soaking time on the selective oxidation of DP980 advanced high strength steel[END_REF] also observed the decarburization of the steel and interpreted the formation of MnO on the steel surface as Gong. They also noted that the oxidation and decarburization fronts are deeper with a longer annealing time. Like Gong, they observed a gradual change in the oxides from the surface to the oxidation front. The oxides are MnO at the surface and contain more and more Si at depth, with Mn2SiO4, then MnSiO3, and finally SiO2. The internal oxides they observed were mainly located at the grain boundaries but Mn2SiO4 could also be found in the grains near the surface (Figure 9). I-3-5 -Selective oxidation on Fe-Mn-Al and Fe-Mn-Al-Si steels and ternary alloys Several researchers have studied Fe-Mn-Al steels. These steels are mainly TRIP steels containing less than 1 wt.% C, 1.5 -2 wt.% Mn, 1 -1.7 wt.% Al and 0.02 -0.5 wt.% Si. The iron oxides were reduced in the atmosphere used (N2-H2) at various dew points (-60°C to +10°C). The annealing conditions varied from 800°C to 862°C for 60 s to 180 s. The data of these experiments are compiled in Table 8. Two selective oxidation behaviors can be derived from the experiments: the first at low dew points and the second at high dew points.

I-3-5-1 -Low dew points (< -20°C)

Maki et al. [START_REF] Maki | Galvanisability of silicon free CMnAl TRIP steels[END_REF] analyzed the external oxides formed on their samples as Al-rich oxides for annealing in a low dew point gas atmosphere. Drillet et al. [START_REF] Drillet | Selective oxidation of high Si, Mn and Al steel grade during recrystallization annealing, and steel/Zn reactivity[END_REF] also observed with TEM that at dew points < -35°C, the oxides are thin layers of either alumina or MnAl2O4. At dew point below -20°C, Liu et al. [START_REF] Liu | Effect of dew point during heating on selective oxidation of TRIP steels[END_REF] also observed a film-like mixture of Mn and Al oxides (Figure 10). Figure 9: Schematic for the external and internal oxidation mechanism at high dew point [START_REF] Wu | Effect of water pressure and soaking time on the selective oxidation of DP980 advanced high strength steel[END_REF] BCC FCC In their study on TRIP Al steels containing less than 0.3 wt.% Si, Teng et al. [START_REF] Teng | Analysis on Alloying Elements of Selective Oxidation of TRIP Steel[END_REF] determined that the external oxides that formed at a dew point of -60°C were a mixture of several Mn, Al, and Si oxides: MnO, SiO2, Mn2SiO4, Al2O3, and MnAl2O4. At -30°C, they identified film-like Mn or Al-Mn oxides and MnO particles located at the grain boundaries. Bellhouse and McDermid [61] and Bellhouse et al. [START_REF] Bellhouse | Development of the surface structure of TRIP steels prior to hot-dip galvanizing[END_REF] also observed a discontinuous alumina film and MnO nodules on the samples containing less Si, confirming Teng's observations (Figure 11). The surface oxides can also consist of MnAl2O4.

For TRIP Al steels containing > 0.3 wt.% Si, Liu et al. [START_REF] Liu | Effect of dew point on the surface selective oxidation and subsurface microstructure of TRIP-aided steel[END_REF] also observed an external film of Mn-Si oxides at a dew point of -30°C. Similarly, Blumenau et al. [START_REF] Blumenau | Galvannealing of (High-)Manganese-Alloyed TRIP-and X-IP-Steel[END_REF] and Gong [START_REF] Gong | CMnAl TRIP Steel Surface Modification During CGL Processing[END_REF] found these Si oxides on the surface of their samples under identical conditions. Si-rich oxides (Mn2SiO4) on the surface were also observed by Bellhouse and McDermid [61] and Bellhouse et al. [START_REF] Bellhouse | Development of the surface structure of TRIP steels prior to hot-dip galvanizing[END_REF] on samples with a 0.55 wt.% Si, in addition to the oxides found on low Si samples.

Gong showed the formation of both particles and film-like oxides. As mentioned earlier, these oxides could contain Si. The film and particles are slightly different, and the composition of the particles was identified as a non-stoichiometric mixture of xMnO.SiO2 and xMnO.Al2O3. Paunoiu [START_REF] Paunoiu | Effect of recrystallization annealing atmosphere on the selective oxidation and GalvAnnealing behavior of a TRIP MnAl steel[END_REF] observed the same mixture at a dew point of -40°C along with Al2O3 in the sub-surface. At a dew point of -20°C, she observed internal alumina and MnAl2O4 and external nodules of MnO, Mn2SiO4, and MnAl2O4. I-3-5-2 -High dew points (>-20°C) At high DP, most studies performed and listed in the table show the same results, namely the formation of numerous external particles of manganese oxides on the sample surfaces. Liu et al. [START_REF] Liu | Effect of dew point on the surface selective oxidation and subsurface microstructure of TRIP-aided steel[END_REF] also observed oxide particles determined as a mixture of MnSiO3, MnAl2O4, and Mn3(PO4)2.

These studies show that, if the concentration in Si is not too high, i.e. below 0.5 wt% Si, in TRIP Fe-Mn-Al steels, the external oxides that form are MnO, Al2O3, and the ternary oxide MnAl2O4. However, oxides containing Si can sometimes be observed on these steels despite the small amount of Si [START_REF] Liu | Effect of dew point on the surface selective oxidation and subsurface microstructure of TRIP-aided steel[END_REF]. Some of the studies mentioned in Table 8 [START_REF] Paunoiu | Effect of recrystallization annealing atmosphere on the selective oxidation and GalvAnnealing behavior of a TRIP MnAl steel[END_REF][START_REF] Maki | Galvanisability of silicon free CMnAl TRIP steels[END_REF][START_REF] Gong | CMnAl TRIP Steel Surface Modification During CGL Processing[END_REF][START_REF] Jeong | Selective oxidation of Al rich Fe-Mn-Al-C low density steels[END_REF] show that the internal oxidation of TRIP Fe-Mn-Al steel generally occurs at a dew point above -30°C. The main oxide observed is then Al2O3, but it can also be MnAl2O4. Maki et al. also show that the depth of internal oxidation increases with the atmosphere dew point. In his Ph.D. work and further publication, Gong [START_REF] Gong | Selective Oxidation of Advanced High Strength Steels (AHSS) during Annealing in Continuous GI/GA Lines[END_REF][START_REF] Gong | CMnAl TRIP Steel Surface Modification During CGL Processing[END_REF] investigated the internal structure of oxidized TRIP steel (containing 0.3 wt.% Si) and found three zones:

-The first one at about 750 nm below the surface where intergranular particles of xMnO.SiO2 and xMnO.Al2O3 were formed. These particles form after the external oxides on the surface when oxygen can diffuse deeper into the steel.

-The second region between 750 nm and 1.7 µm below the surface, with needle-shaped aluminum nitrides (AlN) formed by diffusion of nitrogen from the reducing atmosphere into the bulk.

-The last region between 1.7 and 5.7 µm with needle-shaped intermetallics MnAlx (x>1) At high dew points, large metallic particles can also be observed on TRIP steel surfaces. This specific point will be discussed in Section I-4.

I-3-6 -Recapitulation

At low dew points, the external oxides formed on Fe-Mn, Fe-Al, Fe-Si steels are respectively MnO, Al2O3, and SiO2. On Fe-Mn-Al and Fe-Mn-Si steels, depending on the atmosphere dew point during the annealing, the oxides are either MnO, Al2O3, and MnAl2O4 or MnO, SiO2, and Mn2SiO4. The external oxides can take two main morphologies: layers (Al2O3, …) or particles (MnO, …). No or few internal oxides are detected at dew points of the annealing atmosphere lower than -10°C on most alloys.

At high dew points of the annealing atmosphere, for the binary alloys, the internal oxidation leads to the formation of the same oxides under the surface rather than on the surface. In these conditions, the ternary alloys mostly present internal MnAl2O4 and Al2O3 or Mn2SiO4 and SiO2 inside the grains and at the grain boundaries.

I-4 -Formation of metallic particles in parallel with selective oxidation

In parallel to the selective oxidation of steels at high atmosphere dew points, some studies observed the formation of metallic iron particles on the steel surface (Section I-4-1). This phenomenon has also been observed during the oxidation of other systems (Section I-4-2). Theories have been proposed for the formation of these metallic particles (Section I-4-3).

I-4-1 -Formation of iron particles on steels during annealing

During annealing under N2-H2 at a high dew point, metallic iron particles form at the surface of several grades of steels and laboratory alloys, rich in Mn and Al or Mn and Si, in parallel with the selective oxidation of alloying elements. The cases where these particles have been observed are displayed in Table 9. It can be noted that the apparition of the iron particles occurs only for atmosphere dew points above -20°C. [START_REF] Bellhouse | Selective Oxidation and Reactive Wetting during Galvanizing of a CMnAl TRIP-Assisted Steel[END_REF] observed large particles containing mainly 98 at.% Fe (EDS analysis) on the surface of CMnAl TRIP steel. Similar iron particles are also observed by Wang et al. [START_REF] Wang | Changing oxide layer structures with respect to the dew point prior to hot-dip galvanizing of δ-TRIP steel[END_REF] on Fe -4.5 Al -1.1 Mn (wt.%) and Jin et al. [START_REF] Jin | Effect of Dew Point on Galvanizability in 4 Mass% Al Added Low Density Steel[END_REF] on Fe -4 Al -1.26 Mn (wt.%), with the particles covering almost the entire sample surfaces at the dew point of -10°C and +10°C (Figure 12). Iron particles had also been observed on a Fe-Al alloy by Tanaka et al. [START_REF] Tanaka | Microstructural Change and Internal Oxidation of Fe-1.26 and 2.12mass%Al Alloys Oxidized in H2-H2O-Ar Gas Mixtures[END_REF] without explaining their formation.

Bellhouse and McDermid

Table 9: Observation of iron particles on the surface of annealed steels

Zhang et al. [START_REF] Zhang | Effect of Alloying Elements, Water Vapor Content and Temperature on the Oxidation of Interstitial-Free Steels[END_REF][START_REF] Zhang | Investigation of the Effect of Alloying Elements and Water Vapor Contents on the Oxidation and Decarburization of Transformation-Induced Plasticity Steels[END_REF] also observed iron particles on the surface of Fe-Mn-Al-Si steels. Their results show that increasing the Si content of the steel promotes the formation of metallic iron particles. Particles of iron are also observed by Story and Webler [75,[START_REF] Story | Effects of Surface Microstructure on Selective Oxidation Morphology and Kinetics in N2 + 5%H2 Atmosphere with Variable Dew Point Temperature[END_REF][START_REF] Story | Early Time Evolution of Selective Oxidation in a CMnSi AHSS[END_REF] on CMnSi steel, although less visible than on the Fe-Al alloys. Visible iron particles are detected by Zhang et al. [START_REF] Zhang | Selective oxidation of ternary Fe-Mn-Si alloys during annealing process[END_REF] on Fe -2 Mn -x Si (wt.%) both at the grain boundaries and on the grains. These particles do not form on Fe -2 Mn (wt.%) but form when Si is added, with the particles getting bigger when the Si content increases. In the field of continuous annealing of steels, there are two explanations for the formation of iron particles:

-Their formation could be due to the extrusion of iron caused by the internal oxidation of the alloying elements. Indeed, the oxides formed have different molar volumes from the matrix. Fe migrates to the surface to compensate for the deformation of the matrix [START_REF] Bellhouse | Selective Oxidation and Reactive Wetting during Galvanizing of a CMnAl TRIP-Assisted Steel[END_REF]. Wang et al. [START_REF] Wang | Changing oxide layer structures with respect to the dew point prior to hot-dip galvanizing of δ-TRIP steel[END_REF] have also shown that the oxidation of Al is the cause of the iron diffusion to the surface but that the oxidation of Mn is not as impactful. Indeed, the volume change between the diluted element and the oxidized element is much more significant for Al than for Mn. However, this explanation has not been validated by calculations. The same observation can be made in the case of Fe-Mn-Si. This model had been initially proposed to explain a similar phenomenon observed on other systems (Section I-4-2). The model itself is presented in Section I-4-3-2.

-Paunoiu [START_REF] Paunoiu | Effect of recrystallization annealing atmosphere on the selective oxidation and GalvAnnealing behavior of a TRIP MnAl steel[END_REF] proposed another explanation for these nodules that she also observed. A FeO-MnO solid solution could form during the temperature rise, followed by the reduction of FeO at a higher temperature. This mechanism could explain the presence of a small quantity of MnO in these nodules. The thermodynamic model is described in detail in section I-4-3-1.

It can be noted that such metallic particles have also been observed on other materials in parallel with the selective oxidation or nitriding of the alloying elements. Some of these other cases are listed in the following part.

I-4-2 -Formation of metallic particles for other systems during selective oxidation or nitriding

During annealing under conditions allowing internal oxidation of alloying elements, metallic particles form at the surface of several alloys in parallel with the selective oxidation of these alloying elements. The cases where these particles have been observed are displayed in Table 10. The first case of the formation of metallic nodules of the less oxidable element of an alloy has been documented by Mackert et al. [START_REF] Mackert | High-temperature Behavior of a Pd-Ag alloy for Porcelain[END_REF] on a Pd-Ag-Sn-In dental alloy. In this case, Sn and In are oxidized and the particles observed on the surface are composed of Pd and Ag (Figure 13). The same phenomenon is observed on Ag-In by Guruswamy et al. [START_REF] Guruswamy | Internal Oxidation of Ag-In Alloys: Stress Relief and the Influence of Imposed Strain[END_REF], with the formation of Ag particles in parallel with the selective internal oxidation of indium. They also proposed a theory on their formation which will be presented in Section I-4-3-2. The formation of Ag nodules during the annealing of silver-based dental alloys has since been reported several times, for example by Schimmel et al. [START_REF] Schimmel | On the mechanism of Ag exudation during internal oxidation[END_REF] on Ag-Sn-In-Cu.

The formation of particles was also observed on nickel-based alloys. The alloying elements found in this review that are oxidized in these alloys in parallel with the formation of nodules are Al [START_REF] Yi | Internal Oxidation of Ni-Al and Ni-Al-Si Alloys at the Dissociation Pressure of NiO[END_REF][START_REF] Bradley | The effects of stress on the internal oxidation of Ni-Cr and Ni-Al alloys[END_REF][START_REF] Kruska | Temperature-dependent selective oxidation processes for Ni-5Cr and Ni-4Al[END_REF], Si [START_REF] Yi | Internal Oxidation of Ni-Al and Ni-Al-Si Alloys at the Dissociation Pressure of NiO[END_REF], and Cr [START_REF] Bradley | The effects of stress on the internal oxidation of Ni-Cr and Ni-Al alloys[END_REF][START_REF] Kruska | Temperature-dependent selective oxidation processes for Ni-5Cr and Ni-4Al[END_REF][START_REF] Persaud | Characterization of initial intergranular oxidation processes in alloy 600 at a sub-nanometer scale[END_REF]. These studies are all conducted in annealing atmospheres that allow the internal oxidation of the alloying elements. Each time, the less oxidable Ni is found in Ni-rich particles on the surface. The nitriding of Ni-based alloys also displayed the formation of Nirich nodules. This phenomenon has been reported on alloys containing Cr [START_REF] Rubly | Internal Nitridation of Ni-Cr-Al Alloys[END_REF][START_REF] Kodentsov | Permeation of Nitrogen in Solid Nickel and Deformation Phenomena Accompanying Internal Oxidation[END_REF], Al [START_REF] Rubly | Internal Nitridation of Ni-Cr-Al Alloys[END_REF], and Ti [START_REF] Kodentsov | Permeation of Nitrogen in Solid Nickel and Deformation Phenomena Accompanying Internal Oxidation[END_REF], along with the nitriding of the alloying elements. In all the studies listed above, the size and the surface coverage of the metallic particles increase when the annealing temperature, the annealing time, or the alloying elements content increase.

I-4-3 -Theoretical approach of particle formation in the literature

The two approaches found in the literature to describe the formation of metallic particles in parallel during the annealing of alloys are presented in more detail in the following sections. They correspond to the two explanations presented in Section I-4-1.

I-4-3-1 -Thermodynamic approach In Paunoiu's experiments [START_REF] Paunoiu | Effect of recrystallization annealing atmosphere on the selective oxidation and GalvAnnealing behavior of a TRIP MnAl steel[END_REF], Fe nodules were observed on the steel surface at high dew points of 0°C and 10°C. The explanation proposed by Paunoiu for their formation is a thermodynamic model based on the reduction of native iron oxides and the formation of an ideal solid solution of FeO-MnO which could form at high atmosphere dew points.

In the N2-H2 atmosphere of the annealing, the possible reactions between iron and its oxides, i.e., Fe0.95O, Fe3O4, Fe2O3, are given by the reaction:

𝑚 𝐹𝑒 + 𝑝 𝐻 2 𝑂 ⇆ 𝐹𝑒 𝑚 𝑂 𝑝 + 𝑝 𝐻 2 , ∆ 𝑟 𝐺 (I.34)
The formula for ∆ 𝑟 𝐺 can be written, with the reference state chosen as pure solid Fe and pure H2 and H2O at 298K and a standard pressure of 1 bar: and 𝑅 the ideal gas constant [8.314 J.K -1 .mol -1 ].

∆ 𝑟 𝐺 = ∆ 𝑟 𝐺
The oxide formed is considered to be pure, so 𝑎 𝐹𝑒 𝑥 𝑂 𝑧 = 1. As Fe is the main element in steel, its activity is approximated by Raoult's law, so 𝑎 Fe = 𝑥 Fe ~1. Formula (I.35) can then be rewritten as:

∆ 𝑟 𝐺 = ∆ 𝑟 𝐺 𝐹𝑒 𝑚 𝑂 𝑝 0 + 𝑝 𝑅𝑇 ln ( 𝑃 𝐻 2 𝑃 𝐻 2 𝑂 ) (I.36)
The stability diagram obtained with these calculations is similar to the one displayed in Figure 3. By using formula (I.3), it is possible to plot the annealing conditions in this diagram. In Paunoiu's work, the annealing conditions with dew points of 0°C and +10°C are in the domain of metallic Fe. The native iron oxides are then reduced during heating and annealing.

By considering the FeO-MnO solid solution as almost ideal [START_REF] Wu | Critical Evaluation and Optimization of the Thermodynamic Properties and Phase Diagrams of the CaO-FeO, CaO-MgO, CaO-MnO, FeO-MgO, FeO-MnO, and MgO-MnO Systems J[END_REF], it is possible to consider that this solid solution could be formed in equilibrium with metallic iron during annealing. The stability of iron oxides as a function of annealing conditions must be re-calculated with the mole fraction of FeO in the ideal solid solution with MnO. For an ideal solution, the activity of FeO can be approximated as:

𝑎 FeO = 𝑥 FeO (I.37)
with 𝑥 FeO the mole fraction of FeO in the FeO-MnO solid solution. Using the formula (I.37) in formula (I.35) allows the calculation of the stability domains of the FeO-MnO solid solution depending on the mole fraction of FeO. The limit of stability of the solution is located at a lower dew point than the limit of pure FeO, as displayed in Figure 14.

By using the results in Figure 14, the mole fraction of FeO in FeO-MnO solution at equilibrium with metallic iron can be determined as a function of temperature at a given dew point. The evolution of 𝑥 FeO with the temperature is given in Figure 15. For all the annealing conditions (dew point and temperature) studied by Paunoiu, the FeO-MnO solid solution is stable. It can then be seen that the FeO mole fraction decreases when the temperature increases.

The mechanism for the formation of the iron particles proposed is then:

-When the temperature increases, the native Fe3O4 iron oxide is reduced and the FeO-MnO solid solution forms.

-As the FeO mole fraction in the solid solution decreases with temperature, FeO initially formed together with MnO is ejected from the solid solution.

-The equilibrium between Fe and FeO is then in favor of Fe, and FeO is reduced, giving birth to the Fe nodules.

I-4-3-2 -Mechanical approach

As seen in Sections I-4-1 and I-4-2, the annealing of some alloys in an atmosphere allowing internal oxidation of the alloying elements can lead to the formation of metallic particles on the of the annealing atmosphere. The black points correspond to the Fe-Fe3O4 phase boundary. [START_REF] Paunoiu | Effect of recrystallization annealing atmosphere on the selective oxidation and GalvAnnealing behavior of a TRIP MnAl steel[END_REF] surface of the material. To explain these particles, Bellhouse and McDermid [61] refer to the works of Mackert et al. [START_REF] Mackert | High-temperature Behavior of a Pd-Ag alloy for Porcelain[END_REF] on Pd-Ag-Sn-In and Guruswamy et al. [START_REF] Guruswamy | Internal Oxidation of Ag-In Alloys: Stress Relief and the Influence of Imposed Strain[END_REF] on Ag-In. The formation of the particles is caused by the accommodation of the volumic strain that the internal oxidation provokes in the bulk. This model is schematized in Figure 16.

According to Guruswamy et al. [START_REF] Guruswamy | Internal Oxidation of Ag-In Alloys: Stress Relief and the Influence of Imposed Strain[END_REF] and Yi et al. [START_REF] Yi | Internal Oxidation of Ni-Al and Ni-Al-Si Alloys at the Dissociation Pressure of NiO[END_REF], the apparition of internal oxides creates two phenomena that work together for the formation of the particles on the surface. First, the diffusion of the least oxidable element to the surface due to the volumic variation of the most oxidable element and the consequent internal strains in the matrix.

If M is the least oxidable element and N the most oxidable, the hypothesis of Yi et al. [START_REF] Yi | Internal Oxidation of Ni-Al and Ni-Al-Si Alloys at the Dissociation Pressure of NiO[END_REF] is that the volume of M transported to the surface is comparable to the volume increase after oxidation of N. This can be written as: 16). The total quantity of atoms in this volume can be written as: The flux of M towards the surface through the surface 𝑆 during the time 𝑑𝑡 is then:

∆𝑉 𝑀 = ∆𝑉 𝑜𝑥 =
𝑛 𝑡𝑜𝑡 =
𝐽 𝑀 = ∆𝑛 𝑀 𝑆𝑑𝑡 = 𝑥 𝑁 0 (𝑉 ̅ 𝑁𝑂 𝑥 -𝑉 ̅ 𝑁 ) 𝑉 ̅ 𝑀 𝑑𝜉 𝑉 ̅ 𝑎𝑙𝑙𝑜𝑦 𝑑𝑡 (I.43)
with 𝐽 𝑀 the flux of M towards the surface [mol.m -2 .s -1 ].

The increase of the volume due to the internal oxidation also has a second effect which is the reduction of the concentration of vacancies at the oxidation front because of the internal strains, following the Nabarro-Herring hypothesis [START_REF] Herring | Diffusional Viscosity of a Polycrystalline Solid[END_REF]. In this hypothesis, the mole fraction of vacancies 𝑥 𝑣𝑎𝑐 is defined as: As the internal strain is higher at the oxidation front than at the surface, the atomic fraction of vacancies is more important on the surface than at the front. There is then a gradient of concentration of vacancies between the surface and the oxidation front, so a flux of vacancies is formed towards the front (Figure 17).

𝑥 𝑣𝑎𝑐 =
In a quasi-steady state, the concentration of vacancies 𝐶 𝑣𝑎𝑐 [mol.m -3 ] varies linearly with the oxidation depth, so:

𝐶 𝑣𝑎𝑐 = 𝑘 1 𝑥 + 𝑘 2 (I.45) At x=0, 𝐶 𝑣𝑎𝑐 = 𝑘 2 = 𝐶 𝑣𝑎𝑐 0 At x=𝜉, 𝐶 𝑣𝑎𝑐 = 𝑘 1 𝜉 + 𝐶 𝑣𝑎𝑐 0 = 0 so 𝑘 1 = - 𝐶 𝑣𝑎𝑐 0 𝜉
The concentration of vacancies is then:

𝐶 𝑣𝑎𝑐 = - 𝐶 𝑣𝑎𝑐 0 𝜉 𝑥 + 𝐶 𝑣𝑎𝑐 0 (I.46)
The flux of vacancies 𝐽 𝑣𝑎𝑐 [mol.m -2 .s -1 ] towards the oxidation front is determined using the 1st Fick's Law (in one dimension): with 𝐶 𝑣𝑎𝑐 0 the concentration of vacancies at equilibrium [mol.m -3 ], 𝐷 𝑣𝑎𝑐 the diffusion coefficient of vacancies in the alloy [m².s -1 ], 𝜉 the oxidation depth [m] and 𝑉 ̅ 𝑀 the molar volume of M in the alloy [m 3 .mol -1 ]. As the diffusion occurs in the matrix after oxidation, the alloying elements are fully oxidized and the vacancies diffuse in pure M, thus using 𝑉 ̅ 𝑀 and not 𝑉 ̅ 𝑎𝑙𝑙𝑜𝑦 .

This flux of vacancies is balanced by a counter-flow of the least oxidable element M towards the surface (Figure 18), expressed with a similar equation. However, the diffusion of M can be either through vacancies (diffusion in the bulk) or through the dislocation pipes of the material. The expression of the flux of M is then, in the case of total oxidation of N: This theoretical parabolic constant can then be compared with the experimental parabolic constant of oxidation 𝑘 𝑝 𝑜𝑥 .

𝐽 𝑀 = 𝐷 𝑀 𝜉𝑉 ̅ 𝑀

I-4-4 -Recapitulation

Metallic iron particles have been observed on the surface of Fe-Mn-Al and Fe-Mn-Si steels at high dew points of the annealing atmosphere. Similar metallic nodules have also been reported on other alloys where the alloying elements are more prone to oxidation than the matrix. Two explanations are proposed for the formation of these particles. The first explanation is a thermodynamic approach based on the reduction of a FeO-MnO solid solution formed during the heating of the alloys. This theory is well suited for the formation of these particles on steels. The second explanation is because of the increase of the internal volume of the alloying elements such as Al and Si due to their oxidation. This causes internal strains that lead to an overflow of the element of the matrix towards the surface to form the particles.

The formation of these metallic iron particles is potentially beneficial to the galvanization of the alloys containing aluminum. This potential influence on galvanization is discussed in Section I-5.

I-5 -Wetting of alloyed steels

The wetting and galvanization of high-strength steels are made difficult by the formation of external selective oxides during the recrystallization annealing of the galvanizing process. These oxides create defects in the zinc layer. These defects that reduce the protection of the steel against corrosion are explored in Section I-5-1. The global theory of wetting is presented in Appendix A.

I-5-1 -Wettability of high strength steels by zinc and Zn-Al alloy

When heated, steels are prone to oxidation. The more the steel is alloyed, the more oxides are formed on its surface. To obtain a good galvanization of high alloyed steels, the steel surface needs to be covered by as few oxides as possible. Indeed, the metallic surface of the steel, mainly composed of iron, is well wetted by liquid Zn alloys (Section I-5-1-1) when oxides are generally badly wetted by these galvanization alloys (Section I-5-1-2).

I-5-1-1 -Wetting of iron

The mechanisms for the formation of the intermetallic layer in the galvanizing bath can be described as [START_REF] Guttmann | Diffusive phase transformations in hot-dip galvanizing[END_REF]:

-Wetting of the substrate by the zinc bath -Dissolution of iron in the liquid zinc alloy -Fe supersaturation at the interface substrate/liquid Zn alloy -Nucleation and growth of intermetallic compounds on the steel surface.

When the galvanizing alloy is deposited on the steel surface, a layer of intermetallic compounds is formed at the interface. The composition of this layer depends on the composition of the galvanizing alloy. For liquid Zn, the reaction leads to the formation of various FeZn compounds. For GI baths (containing 0.2 wt. %Al), it consists of Fe2Al5Znx and is called an inhibition layer.

In various works on Zn deposition on pure iron or low-alloyed steels, wetting shows similar behaviors. For pure iron surfaces, Popel et al. [START_REF] Popel | Kinetics of wetting refractory metals with zinc and spreading on these metals[END_REF] and Koltsov et al. [START_REF] Koltsov | In Situ Apparatus to Study Gas-Metal Reactions and Wettability at High Temperatures for Hot-Dip Galvanizing Applications[END_REF] observes a rapid decrease of the contact angle during the first 10 ms of wetting by a 430°C drop, followed by a stabilization around 45-50° during the next 100 -1000 ms, with small oscillations. The contact angle at the end of the wetting (t > 1 s) decreased in both cases to 20 -35°. At a higher temperature (450°C), Diawara [START_REF] Diawara | Mouillabilité de surfaces hétérogènes (fer/oxyde) par un alliage de zinc liquide[END_REF] observes a similar decrease in the dynamic contact angle during the first 20 ms down to 22°, which is also the final contact angle. At 475°C, Tarasova et al. [START_REF] Tarasova | Influence of temperature on zinc spreading on steel surface[END_REF] also describe a rapid decrease in the contact angle during the first 14 ms down to 35° and the angle remains stable until the end of the 1 s holding time.

The differences in the observed behaviors can be attributed to variations in the operating conditions: liquid metal composition, temperature, and drop impact velocity or energy. Given the formation of selective oxides on the surface of AHSS steels during recrystallization annealing, it is essential to study the wettability of the zinc or Zn-Al alloy bath on these oxides.

The literature indicates that the wettability of oxides by liquid metals is usually poor, which is visible from the numerous results on alumina and silica.

The contact angles between alumina and different liquid metals (Zn, Al, or Zn-Al alloys) are presented in Table 11. The contact angle obtained is always greater than 100°, except for liquid aluminum whose wetting is reactive on this oxide, although it is still not a satisfactory wetting [START_REF] Eustathopoulos | Wettability at High Temperatures[END_REF]. Table 12 shows the literature results of wetting of silica by different liquid metals. Aluminum has always shown the best wettability, due to reactive wetting, but always with a high contact angle. I-5-1-3 -Wetting of high strength steels and coating defects Hsu et al. [START_REF] Hsu | Analyses of the selective oxides and Fe-Zn interface of annealed and galvanized TRIP steels having three Si/Mn ratios[END_REF] showed that the most significant factor for good GI coating is the surface coverage of the intermetallic layer, stating that a 70 % coverage inhibition layer leads to a galvanizing that could be defined as good (without any defects). However, large areas remain uncoated when the intermetallic layer covers less than 30 % of the steel surface. When external oxides are formed during the recrystallization annealing, the surface of contact between the steel and the galvanizing alloy is reduced. The presence of external oxides on the steel surface is then detrimental to the coating of steels by galvanizing alloys. Thus, increasing the composition of alloying elements in the steel leads to worse wetting because of the more numerous external oxides, as seen in Section I-3.

When studying the wetting of steels annealed in conditions similar to the standard galvanizing process, i.e. at dew points from -60°C or -40°C, the wetting is generally considered as poor because these annealing conditions favor the formation of external oxides. This poor wetting at low annealing atmosphere dew points is largely documented for IF Ti steels [START_REF] Drillet | Selective oxidation of high Si, Mn and Al steel grade during recrystallization annealing, and steel/Zn reactivity[END_REF], Si TRIP steels [START_REF] Kim | Galvanizability of Advanced High-Strength Steels 1180TRIP and 1180CP[END_REF][START_REF] Staudte | Optimizing the manganese and silicon content for hot dip galvanizing of 3rd generation advanced high strength steels[END_REF] (bare areas in Figure 20), Al TRIP steels [START_REF] Maki | Galvanisability of silicon free CMnAl TRIP steels[END_REF], and TWIP steels [START_REF] Ren | Effect of dew point on hot-dip galvanizing behavior of a high-manganese TWIP steel for automotive application[END_REF]. Some studies have also been conducted for the galvanizing of model alloys such as Fe-Al with zinc alloys. The poor wetting of a Fe -8 wt.% Al after annealing at 800°C in a -60°C dew point atmosphere was demonstrated by Koltsov et al. [START_REF] Koltsov | In Situ Apparatus to Study Gas-Metal Reactions and Wettability at High Temperatures for Hot-Dip Galvanizing Applications[END_REF] by measuring the contact angle of a drop of GI alloy (Zn -0.19 wt.% Al) at 430°C (Figure 21 b)). The measured contact angle was equivalent to the contact angle of zinc on pure alumina, i.e. 152°. No drop adhesion was observed in this system after cooling. This poor wetting in classic annealing conditions of the industrial galvanizing process must be resolved. Section I-5-2 will focus on two ways of improvement for the wetting of highly alloyed steels. I-5-2 -Solutions for galvanization of alloyed steels

As shown, the selective external oxidation of the steel alloying elements is detrimental to the good wetting of high-strength steels in the conditions of the industrial galvanizing process. Two ways of amelioration are possible. The first way is to increase the annealing atmosphere dew point to form internal oxides instead of external ones (Section I-5-2-1). This method is the one mainly used in the industry. The second way is the formation of iron particles on the steel surface as described in Section I-4. The influence of these particles on the wetting of high Al steels is presented in Section I-5-2-2.

I-5-2-1 -Influence of the dew point of the annealing atmosphere Drillet et al. [START_REF] Drillet | Selective oxidation of high Si, Mn and Al steel grade during recrystallization annealing, and steel/Zn reactivity[END_REF] investigated the effect of annealing dew point on the wettability of a Fe -1.5 wt.% Si model alloy. They annealed at various dew points between -35 and -26°C and galvanized their samples with a GI alloy. The zinc coating did not show any defects on the sample annealed at -26°C but the coating on the one annealed at -35°C was almost non-existent because of silica on the steel surface, which prevents the formation of the Fe2Al5Znx inhibition layer. SiO2 was internal on the sample annealed at -26°C so the inhibition layer could develop, and the zinc coating was adherent.

The study of the wetting of Si TRIP steels by galvanizing alloys has been carried out in several works [START_REF] Kim | Galvanizability of Advanced High-Strength Steels 1180TRIP and 1180CP[END_REF][START_REF] Staudte | Optimizing the manganese and silicon content for hot dip galvanizing of 3rd generation advanced high strength steels[END_REF][START_REF] Cho | Influence of Gas Atmosphere Dew Point on the Selective Oxidation and the Reactive Wetting During Hot Dip Galvanizing of CMnSi TRIP Steel[END_REF][START_REF] Mousavi | Effect of dew point on the reactive wetting of a C-2Mn-1.3Si(wt%) advanced high strength steel during continuous galvanizing[END_REF][START_REF] Wang | Key to Successful Galvannealing of CMnSi TRIP Steels[END_REF][START_REF] Wang | Role of Al in Zn bath on the formation of the inhibition layer during hot-dip galvanizing for a 1.2Si-1.5Mn transformation-induced plasticity steel[END_REF]. The results of these studies show that the selective oxidation of Mn or Si that forms on the surface at low annealing atmosphere dew points tends to become internal at higher dew points. The layers of MnO, xMnO.SiO2 or SiO2 are replaced by internal SiO2 and external nodules of MnO and xMnO.SiO2. These nodules are less detrimental to the growth of the Fe2Al5Znx inhibition layer (Figure 22) and the wetting is enhanced after high dew point annealing, generally above -10°C.

In the same way, the wetting of Al TRIP steels is better at high annealing dew points due to the internal oxidation of aluminum instead of the formation of an alumina layer on the steel surface at low dew points. The transition from poor to good wetting when increasing the dew point is shown by Drillet et al. [START_REF] Drillet | Selective oxidation of high Si, Mn and Al steel grade during recrystallization annealing, and steel/Zn reactivity[END_REF] and Maki et al [START_REF] Maki | Galvanisability of silicon free CMnAl TRIP steels[END_REF]. However, Bellhouse and McDermid [START_REF] Bellhouse | Selective Oxidation and Reactive Wetting during Galvanizing of a CMnAl TRIP-Assisted Steel[END_REF] saw more bare spots on their Al TRIP steel annealed at high dew points than at low dew points, because the external thin layer of alumina is replaced by a thicker layer of MnO which makes the contact between steel and galvanizing alloy more difficult. In steels containing large proportions of Mn, the transition from external oxidation to internal can lead to better wetting at high dew points, as shown by Ren et al. [START_REF] Ren | Effect of dew point on hot-dip galvanizing behavior of a high-manganese TWIP steel for automotive application[END_REF]. However, the formation of thicker external MnO on the surface can sometimes lead to poor wetting even at high dew points [START_REF] Kim | The influence of the dew point on the wettability of twinning-induced-plasticity steels by liquid Zn-0.23-wt% Al[END_REF]. I-5-2-2 -Influence of metallic particles on the galvanizing Jin et al. [START_REF] Jin | Effect of Dew Point on Galvanizability in 4 Mass% Al Added Low Density Steel[END_REF] observed that wetting is better at higher dew points (dew points of -10°C or 10°C) on their Al TRIP steel. The high dew point samples have fewer and smaller bare spots in the coating than the low dew point samples (-20 and -40°C). This good wetting is related to the large number of iron particles observed on these samples. The inhibition layer then forms on the particles, so the oxides have less influence on the wetting. The inhibition layer is visible on the iron particles formed on the steel surface in Figure 23.

I-5-3 -Recapitulation

The influence of the annealing dew point on the formation of the inhibition layer was investigated and the results demonstrated that it is more easily formed after annealing at a high dew point. This is linked to the formation of internal oxides rather than external ones when annealing at a high dew point, so there are fewer obstacles to the formation of the inhibition layer. Moreover, the presence of metallic iron particles on the surface can be important enough to be considered a metallic surface on which the galvanizing alloy has good wetting. The literature review demonstrates the influence of recrystallization annealing conditions on the selective oxidation of Al, Si, and Mn. External oxides can lead to poor wettability of annealed steels by liquid Zn alloys by impeding Fe-Zn reactions. This work will study the selective oxidation of two binary Fe-Al model alloys of different compositions. The annealing of these alloys will be conducted at different dew points of the annealing atmosphere, at different annealing temperatures, and at different holding times. The main objective of this work is to study the selective oxidation and the formation of iron particles that occurs in parallel.

Iron particles Inhibition layer

Partially oxidized steel surfaces are carefully characterized by complementary techniques to analyze the internal and external oxidation mechanisms. The formation of metallic particles on the surface of steels will also be studied as it could improve the galvanizing of Fe-Al steel grades.

The experimental results obtained will be compared to models of thermodynamic equilibrium, reactive diffusion mechanisms, and stresses induced by internal oxidation.

Chapter II -Experimental protocol

To specifically study the selective oxidation of aluminum in steels and the possible formation of surface particles, experiments are conducted on two binary Fe-Al model alloys that are described in Section II-1. These alloys are annealed in conditions similar to the recrystallization annealing of the industrial process (Section II-2). Four process parameters can be changed in these experiments. Some of the annealed samples are wetted to determine their galvanizability (Section II-3). The annealed samples are finally characterized by a series of analysis techniques (Section II-4).

II-1 -Presentation of the samples II-1-1 -Materials

The materials investigated in this study are two grades of Fe-Al alloys produced by GoodFellow from Fe pure at 99.99 wt.% and Al pure at 99.99 wt.%. These grades have nominal compositions of Fe -1.5 wt.% Al and Fe -8 wt.% Al. These compositions are equivalent to Fe -3.1 at.% Al and Fe -15.3 at.% Al respectively. These two grades are ferritic, as shown in the binary diagram of Fe-Al [START_REF] Mishra | Friction Stir Welding Of Dissimilar Metal: A Review[END_REF] (Figure 24). Studying two ferritic grades allows ignoring phase transitions between ferrite and austenite. Fe -1.5 wt.% Al has an aluminum composition close to those of current steels and Fe -8 wt.% Al has a higher aluminum composition simulating highly alloyed steels currently in development.

The samples received are 60 x 60 x 2 mm 3 cold-rolled sheets of the two grades. The microstructure of the as-received samples is composed of ferrite grains. The grain size is determined by etching the samples with a 10 vol.% Nital solution (10 vol.% HNO3 in ethanol). The samples are then observed with an optical microscope. The mean grain sizes of the two grades studied (on the surface where the oxides will be observed later) are measured by counting the number of grains crossed by a straight line of known distance. This measurement is done five times per sample and the mean grain size is then calculated. These grain sizes give an order of magnitude for the as-received samples and can be compared with grain sizes after other treatments. The mean grain sizes are 102 ± 13 µm for Fe -1.5 wt.% Al and 173 ± 48 µm for Fe -8 wt.% Al. As the received samples are coldrolled sheets, the grains are highly distorted in the direction of the rolling. The images of the two grades are displayed in Figure 25: The pre-annealed Fe-Al sheets are cut into 20 x 20 x 2 mm 3 samples with a lubricated Secotom-15 cut-off machine (Figure 27). The samples are then manually ground with SiC 120, 500, 800, and 1200 grit papers then polished with 6, 3, and 1 µm diamond paste. They are then ready for the annealing (Section II-2) and wetting (Section II-3) tests and the subsequent analysis (Section II-4).

a) d) c) b)

II-1-2-3 -Cross-section polishing

After the annealing tests described in Section II-2, cross-sections of some samples will be observed using Scanning Electron Microscope (SEM). These cross-sections are a good way to observe the different morphologies of the phases in the samples.

Ion sections are obtained using a Hitachi IM4000Plus Cryo cross-section polisher (CSP). Before introducing the samples in the CSP device, three preliminary operations are performed. First, a 100 to 200 nm gold layer is deposited on the surface of the sample by Physical Vapor Deposition. Then, the sample side opposite to this gold layer is ground by mechanical polishing using SiC grit papers. Once the sample has a thickness of about 0.5 mm, the cross-section is mechanically polished using SiC 320 to 2000 grit papers and cleaned by ultrasonic cleaning in acetone. The sample is then introduced in the CSP device and milled by an ion beam using an acceleration voltage of 6 kV for 1.5 h at a temperature of -60°C and the rhythm of 30 reciprocations/min.

The parameters of observation of the as-prepared samples using SEM are described in Section II-4-2. Once the samples are prepared as described in Section II-1-2-2, the annealing tests can be performed. The main device used in this work for the annealing tests is the High-Temperature Wetting Device (HTWD) developed at ArcelorMittal Global R&D in Maizières-lès-Metz, France (Figure 28). This device allows the annealing of samples in a controlled dew point atmosphere followed by the deposition of a drop of galvanizing alloy on the annealed surface. The HTWD is connected in-situ to an X-ray Photoelectron Spectroscopy (XPS) device to analyze the annealed surface without contact with the ambient atmosphere [START_REF] Koltsov | In Situ Apparatus to Study Gas-Metal Reactions and Wettability at High Temperatures for Hot-Dip Galvanizing Applications[END_REF].

For annealing, the sample is placed in the HTWD annealing chamber (circled in red in Figure 28). The furnace in this chamber is composed of three infrared lamps placed at one of the focal points of an ellipsoid mirror. The sample is then placed at the other focal point. Three cycles of pumping and filling with N2 -5 vol.% H2 at the dew point of -70°C are performed to remove as much O2 and H2O as possible from the annealing chamber. Pumping is performed using a turbo-pump until the pressure in the annealing chamber is below 5.10 -4 mbar. A 10 L/min flow of N2 -5 vol.% H2 at dew points ranging from -60°C to +10°C is then established in the chamber, and the infrared furnace is positioned. The pressure in the furnace is 1 atm during the tests.

The different dew points are obtained by injecting the gas from a commercial high purity N2 -5 vol.% H2 mixture bottle (Air Liquide Hyd 103) through a gas humidifier (Cellkraft Humidifier p-10). The gas coming directly from the bottle is considered dry. The desired dew point is obtained by passing a portion of dry gas through a humidifying membrane and mixing it with dry gas in appropriate proportions. The dew point is measured at the entry point of the furnace by the humidifier and at the exit point of the furnace by a hygrometer (Vaisala DMT347, uncertainty "±10% of reading"). The gas flow is considered as established when the dew point at the entry and exit points are stable and equal. The correspondence of the dew point with the partial pressures of H2O or O2 can be obtained with the equations (I.3) and (I.4) (see Section I-2-1). The atmosphere dew points studied in this work are -60°C, -40°C, -20°C, 0°C and +10°C. The heating cycles performed are defined by two parameters: the annealing temperature and the annealing holding time. The temperature is controlled through an onboard thermocouple [START_REF] Koltsov | In Situ Apparatus to Study Gas-Metal Reactions and Wettability at High Temperatures for Hot-Dip Galvanizing Applications[END_REF] welded on the sample and a Micromega CN77000 proportional-integral-derivative (PID) controller. The heating rate in this device can reach 10°C/s, but the heating rate decreases when the temperature increases, so the heating rate above 600°C is near 4°C/s. The annealing temperatures studied in this work are between 500°C and 800°C. The holding times are between 0 and 240 s at 800°C, between 0 and 1800 s at 700°C, and between 0 and 4800 s at 600°C. The typical heating cycle representative of annealing on a galvanizing line is 60 s at 800°C. This cycle can be seen in Figure 29. Heating cycles with holding at lower temperatures can be found in Appendix B.

The desired heating cycle is finally performed, and the sample is then cooled down in a flow of N2 -5 vol.% H2 at a dew point of -70°C. The samples can then either be transferred in-situ to the wetting chamber (Section II-3) or the XPS device (Section II-4-2) or recovered from the annealing chamber for analysis using the analysis techniques described in Section II-4. The HTWD can also simulate interrupted heating cycles. The classic heating cycles of the interrupted heating samples between 500°C and 800°C are displayed in Figure 30. It should be noted that the heating phase can be different from one try to another, with shorter or longer heating times or more variation of the heating rate during the heating phase.

Complementary tests are performed with other devices present on the ArcelorMittal Global R&D site and at the CRM in Liege, Belgium. The annealing cycles in these other devices are similar to those performed in the HTWD but their heating rates are different. The gas composition and flow in these devices are the same as in the HTWD and all trials are performed with an atmosphere dew point of 0°C.

The Rhesca and TIM devices at ArcelorMittal Global R&D can perform tests with faster and more constant heating rates, up to 15 or 30°C/s. These devices are composed of an infrared furnace parallel to the sample and controlled through a thermocouple welded on the sample and a regulation loop. The dew point of the annealing atmosphere is obtained by passing dry gas at the desired dew point temperature in a pot of water until the gas is saturated.

The PrecoCoat device at ArcelorMittal Global R&D and the device at the CRM can perform slower heating rates than the HTWD. These devices are hot-wall furnaces, meaning that the furnace is already hot when the sample is introduced. The temperature is measured by a thermocouple welded on the sample but is not regulated. This means that the holding phase is in fact a really slow continuation of the heating phase. The annealing dew point is obtained the same way as in the TIM and Rhesca devices.

These additional tests can be used to study the impact of the heating rate on surface morphology and chemistry. Examples of the annealing cycles of these different devices are presented in Figure 31. The heating slows down when approaching the wanted temperature on the HTWD, the PrecoCoat, and the CRM furnace. The heating rates between 600°C and 800°C, which is the main temperature range of interest, are precised in Table 13. Trials with a 60 s holding in the complementary furnaces can be found in Appendix B. In addition to the proportion of aluminum in the alloy, the influence of four parameters of the annealing is studied in this work. A recapitulation of the tests performed in this work on the two Fe-Al alloys is presented in Table 13. Some of the samples annealed in the HTWD are also transferred to the wetting chamber to study their wettability by galvanizing alloys after annealing in different conditions.

II-3 -Wetting / Galvanizing tests

The wetting of Fe-Al alloys after recrystallization annealing is studied using the dispensed drop technique. In the HTWD, it consists of depositing a drop of liquid galvanizing alloy on the Fe-Al surface and recording the evolution of the contact angle and the size of the sessile drop on the surface. The characterization of wetting with contact angles is explained in Appendix A.

After annealing, the annealed sample can be transferred to the wetting chamber. The deposition of a liquid metal drop can then be performed. The liquid metal used is a GI alloy with the composition Zn -0.1920 Al -0.0110 Fe (wt.%). The elemental analysis of the composition was performed by Inductively Coupled Plasma (ICP).

Once the sample annealed in the annealing chamber of the HTWD is cooled down to about 450°C, it is transferred to the wetting chamber using an in-situ transfer rod. The sample and its sample holder are placed over a furnace composed of a heating resistance pre-heated at 450°C. The sample is kept at this temperature in a controlled 10 L/min N2 -5 vol.% H2 flow (from Air Liquide) at a dew point of -70°C. The sample temperature is controlled using the onboard thermocouple welded on the sample before annealing [START_REF] Koltsov | In Situ Apparatus to Study Gas-Metal Reactions and Wettability at High Temperatures for Hot-Dip Galvanizing Applications[END_REF]. A theoretical diagram of the global annealing and wetting test is displayed in Figure 32. About 75 mg of the galvanizing alloy is prepared for the wetting test. The solid alloy is slightly scrapped using SiC 300 grit paper to remove the surface Zn oxides. The galvanizing alloy is then placed in an alumina crucible, with a hole at its bottom. The alloy is then melted at about 450°C, which is the zinc bath temperature in industrial galvanizing. The heating of the alumina crucible is performed with a heating resistance wound around it.

A buffer volume of N2 -5 vol.% H2 is filled above the alumina crucible. The pressure in this buffer volume is 20 mbar over the crucible pressure. The crucible is then placed 7.0 ± 0.5 mm above the sample surface. The GI drop is ejected from the crucible by opening the valve between the crucible and the buffer volume and thus transferring the overpressure to the crucible. The drop is deposited on the sample surface with kinetic energy between 0.5.10 -5 and 1.10 -5 J. The droplet kinetic energy is calculated with the formula 𝐾 = 1 2 𝑚𝑣 2 where 𝐾 is the kinetic energy [J], 𝑚 is the droplet mass [kg] and 𝑣 is the drop's velocity at the impact with the substrate [m.s -1 ].

The droplet spreading is recorded using an Optronis CL600x2M 500 frames/s camera at a resolution of 800 x 600 pixels and is analyzed with the ImageJ (or Fiji) software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF][START_REF] Rueden | ImageJ2: ImageJ for the next generation of scientific image data[END_REF] and the plug-in "DropAnalysis-DropSnake" [START_REF] Stalder | A snake-based approach to accurate determination of both contact points and contact angles[END_REF][START_REF] Stalder | Drop Shape Analysis[END_REF]. The scale of images is measured from a reference image of a known object placed at the spot of drop deposition. The analysis consists of measuring the right and left contact angles of the drop (measurement uncertainty of 5°) as well as its spreading diameter (measurement uncertainty of 0.1 mm) as a function of time. The measurement of contact angles with the "DropAnalysis-DropSnake" plug-in is presented in Figure 33.

Drop spreading can be stopped by quenching with an N2 -5 vol.% H2 flow from a nozzle. The sample is then cooled down to room temperature and can be recovered.

These wetting tests are performed on Fe -1.5 wt.% Al and Fe -8 wt.% Al annealed at atmosphere dew points of -60°C and 0°C and on 99.99 wt.% pure Fe annealed at dew point -60°C as a comparison.

II-4 -Analysis techniques II-4-1 -Characterization path for samples

During annealing, native iron oxides are reduced and the alloying elements more prone to oxidation (here aluminum) diffuse towards the surface to form external and internal oxides depending on the annealing conditions. These oxides are analyzed employing a series of analysis techniques.

Samples annealed at different atmosphere dew points are transferred in-situ to the XPS device connected to the HTWD. They are then also analyzed ex-situ for comparison. This allows observing the chemical nature of oxides formed on samples surface (Section II-4-2). Samples annealed with various holding times are analyzed ex-situ with XPS to study the evolution of these surface oxides with time.

The surface of every sample is analyzed with SEM to observe the surface oxides and particles depending on the annealing conditions. EDS is coupled to confirm the surface composition (Section II-4-3). Cross-sections of samples annealed at 800°C are prepared as described in Section II-1-2-3 and are observed with SEM. In this case, EDS allows determining the composition of internal oxides and the oxidation depth. SIMS is used on the samples in which cross-sections have been performed to compare the oxidation depth of these characterization methods (Section II-4-4).

The Fe -8 wt.% Al annealed for different holding times at 600°C, 700°C, and 800°C are characterized with GDOES to study the influence of both temperature and holding time on the oxidation depth and the depth profile of aluminum and oxygen (Section II-4-5).

Finally, TEM coupled at other instruments is performed on the extracted surface layer of samples annealed at 800°C at different dew points to get more information on external oxides formed during annealing. FIB cross-sections are also analyzed for some samples to get further characterizations of internal oxides in Fe-Al alloys (Section II-4-6).

The characterization paths for different families of samples of this work are presented in Figure 34. In the HTWD (Section II-2), after cooling, the sample can be transferred in-situ to the XPS device. The sample handling is done with forks that bring the sample from the annealing chamber to the wetting chamber and then to the XPS preparation chamber (Figure 35). This allows the analysis of samples without pollution from the outside atmosphere. However, the operation is difficult and time-consuming. Therefore, only some selective oxidation tests necessary to understand the reaction mechanisms will be analyzed in situ. The others will be analyzed ex-situ.

The XPS connected to the annealing device is a VersaProbe III from Physical Electronics with a monochromatic Al source at 50 W used with an accelerating voltage of 15 kV. The analyzed area of this technique is 200 µm 2 .

In-situ transferred annealed samples can only be analyzed with an X-ray beam incident angle of 45°. At this angle, observation with the XPS allows the detection of atomic binding energies in the totality of the first 10 nm of the sample. Other incident angles could cause the sample to fall into the XPS device due to the instability of the HTWD sample holder on the XPS sample holder, so they cannot be used in this case of in-situ analysis. However, ex-situ analysis allows the use of other incident angles. The samples are then analyzed with incident angles of the X-ray beam of 15° (surface analysis: detection in the first 3 nm), 45°, and 90° (depth analysis: detection at the bottom of the first 10 nm).

The binding energies of interest in this study are those of iron, aluminum, and oxygen. The binding energy of carbon (284.6 eV for C-1s) is also analyzed as a reference to determine the potential shift in the binding energies of the other elements. The energies vary if the element is oxidized or if it is still in its metallic form. The binding energy of metallic iron is 706.75 eV for Fe-2p3/2. In the oxidized state, the binding energies of iron, aluminum and oxygen are 710.7 eV (Fe-2p3/2), 74.7 eV (Al-2p), 530 eV (O-1s for Fe2O3) and 531.6 eV (O-1s for Al2O3) [START_REF] Wagner | Handbook of X-ray Photoelectron Spectroscopy[END_REF]. This observation technique allows us to get a first idea of the surface state of the samples.

XPS prep-chamber

Wetting chamber

Figure 35: View of the XPS prep-chamber

If necessary, the sample surface can be eroded on a surface of 3 x 3 mm 2 and over a depth of a few nanometers using an Ar + ion beam at an intensity of 1 µA and an accelerating voltage of 3 kV. The sputtering rate is 3 nm/min in SiO2 equivalent, but the sputtering rate of an alumina layer is different, so the thickness of the eroded layer is only an estimate. The erosion can for example give access to the metallic substrate if the oxidized layer is too thick as well as a rough estimate of this oxidized layer thickness. Some peaks in XPS spectra can correspond to the combination of the binding energies of multiple chemical species. In this works, this is particularly true for Al and O. Spectrum deconvolution is performed on these peaks by using Gauss-Lorentz-type functions. The position and full width at half maximum (FWHM) of the Al-2p and O-1s peaks of alumina and O-1s peak of iron oxides are known from reference samples. In each deconvolution, position and FWHM of Al2O3 and iron oxides peaks are the same. The missing components of the spectra are attributed to other species, such as FeAl2O4, for which the data is not well known. This spectrum deconvolution gives an idea of the proportion of each oxide on the surface of the samples. The analysis of samples annealed with different holding times can also be used to get a sense of the evolution of these proportions during annealing.

II-4-3 -Scanning Electron Microscopy (SEM) and image analysis with ImageJ

The SEM primarily used in this study is a Tescan MIRA3 equipped with a Schottky field emission gun (FEG) and a Bruker energy dispersive spectroscopy (EDS) detector. Images of the sample surface are obtained using the secondary electrons (SE) detector or the backscattered electrons (BSE) detector. The accelerating voltage is kept at 20 kV and the working distance varies around 15 mm. The software used for the treatment of the EDS results is the ESPRIT software.

It must be said that the SEM used at the beginning of the Ph.D. was a different one that has been replaced by the Tescan MIRA3 over the course of the Ph.D. The SEM images of the two microscopes are used in this work, as not every sample has been observed with the new SEM. The previous SEM was a Zeiss Leo 1530 equipped with a FEG electron source, SE and BSE detectors, and an Oxford EDS detector. The accelerating voltage is kept at 5 kV for SE and 10 kV for BSE and the working distance varies around 8.5 mm. The EDS treatment software used with this SEM was the AZtec software.

Secondary electrons give information on the surface morphology, which helps detect possible particles on the samples. On the other hand, backscattered electrons deliver information on the chemical composition of the surface because they depend on the atomic number of the elements. They are then used in addition to EDS to determine the composition of the surface.

The cross-sections of annealed samples (see Section II-1-2-3) are observed using either a Jeol 7800F (accelerating voltage 5 kV, working distance 7 mm) or a Zeiss Leo 1550 SEM FEG (accelerating voltage 3 kV, working distance 4.5 mm), both equipped with an EDS detector. In the case of this work, the observation of the cross-sections allows the visualization of the morphologies of oxides and the measurement of the oxidation depth and the thickness of the surface features.

The images obtained with the SEM (resolution 512 x 424 pixels) are then analyzed with the ImageJ (or Fiji) software. It allows determining the coverage rate of particles on the sample surface, or the oxide quantity on a cross-section of the material. For this, a scale is implemented, and the analyzed image is made binary to separate the objects of interest from the background. The size of particles or oxides is analyzed after excluding objects below 2 µm which are isolated pixels generated during the binarization of the image. Four parameters are extracted: surface coverage, average size, and average maximum and minimum Feret diameters. The Feret diameter (here in 2D) in a specified direction is defined as the distance between the two parallel lines restricting the object perpendicular to that direction [START_REF] Merkus | Particle Size Measurements: Fundamentals, Practice, Quality[END_REF] (the two parameters measured here are the maximum and minimum of this value). The average size can also give the average equivalent diameter of the particles by assimilating each particle to a disc. A more detailed explanation of the steps of the ImageJ analysis as performed in this study is displayed in Appendix C.

This study is performed on at least five images per operating condition. The binarization threshold is adjusted by the operator manually so this step is predominant in the error on the surface coverage. The error of the surface coverage is estimated at 1 to 2 %. The error is not established for the average size and Feret diameters but is mainly impacted by the exclusion of small objects.

II-4-4 -Secondary Ion Mass Spectrometry (SIMS)

The SIMS analyses are performed to obtain depth concentration profiles of oxygen and alloying elements. SIMS analysis consists of bombardment of the sample surface with energetic Cs + primary ions. Atomic collisions occur in the surface layers and secondary ions are emitted. The secondary ions contain information about the material composition. Then the mass/charge ratios of these secondary ions are measured with an electrostatic mass spectrometer to determine the elemental or isotopic composition of the surface.

The samples are analyzed using a CAMECA IMS7F secondary ions mass spectrometer. Intensity measurements are carried out using a focused Cs + primary ion beam with an accelerating voltage of 10 kV and an intensity of 0.2 to 0.5 nA. The impact energy on the 50 x 50 µm 2 analyzed field is 5 keV. The sputtering rate of iron during the analysis is 0.06 to 0.14 nm/s. This sputtering rate is used to determine erosion depth during the analysis. The count of secondary ions as a function of the erosion depth gives the evolution of the proportion of each element in the sample. Semiquantitative results of SIMS analyses can then be compared with the observations of cross-sections observed with SEM (Sections II-1-2-3 and II-4-3).

II-4-5 -Glow Discharge Optical Emission Spectrometry (GDOES)

Qualitative GDOES analyses are also performed on the samples of this work to obtain fast depth profiles of the elements in the samples. In the GDOES analysis, the sample surface is sputtered with argon ions. The surface atoms are ionized and pass into a plasma. Photons are then emitted with characteristic wavelengths for each element. These photons are then analyzed with a spectrometer.

The GDOES device used in this work is a Horiba GD-Profiler 2. Its anode is composed of copper and is 4 mm in diameter, meaning that the eroded area on the sample is a disc of diameter 4 mm. The GDOES device is used in radiofrequency mode at a frequency of 13.56 MHz so that the sample and the Cu plate are alternatively cathode and anode on a 74 ns cycle. The parameters for creating the Ar plasma are predefined by the manufacturer (45 W, 750 Pa, Module 7 V, Phase 6 V). This device is also equipped with a differential interferometry profiling (DiP) element to control the sputtered depth. In this study, the measured depth is then expressed in mm-equivalent FeAl, i.e. the equivalent depth for the sputtering of a simple Fe-Al alloy.

The results of GDOES analyses are compared with SEM observations of cross-sections of the samples (Sections II-1-2-3 and II-4-3).

II-4-6 -Scanning Transmission Electron Microscopy (STEM)

Samples are observed by two methods. The first consists of analyzing the surface oxide layer after extraction from the surface. The oxides are ideally extracted after deposition of PVB and immersion in HCl solution. If no fragment is retrieved this way, a film of biodene can be used to help the extraction. The extraction process is displayed in Figure 36.

The second method is the observation of FIB (Focused Ion Beam) cross-sections of the samples to allow the study of the internal oxides. These thin foils are fabricated with a FEI Helios NanoLab 660 device at CentraleSupélec in Gif-sur-Yvette, France. Before preparation, a Pt deposition is performed on the area of interest to protect the sample surface against the ion beam. The preparation consists of the following operations:

-Fabrication of a 12 x 8 µm 2 lamella using a Ga ion beam, -Extraction of the lamella using micromanipulator, -Welding on a TEM grid, -Thinning to around 100 nm using an Argon ion beam (Figure 37).

Before observation with TEM at ArcelorMittal, the FIB cross-sections are observed and analyzed with EDS in a Titan3 G2 60-300 TEM equipped with a Bruker SuperX EDS detector. The EDS spectra are then processed with ESPRIT software. The accelerating voltage used in this TEM is 300 kV.

At ArcelorMittal, the STEM used in this study is a FEG Jeol 2100F equipped with a Bruker Quantax EDS detector (analysis software: ESPRIT) and a Gatan Enfina electron energy loss spectroscopy (EELS) detector. An ASTAR module (from NanoMegas) is also installed on the STEM to allow the detection of phases and orientations. The accelerating voltage of this TEM is 200 kV.

For both extraction methods, the imaging is performed in bright-field (BF) and dark-field (scattered electrons). Since the STEM is equipped with an annular dark-field detector, it can achieve high-angle annular dark-field (HAADF) imaging. This imaging technique is extremely sensitive to the atomic number of the elements and facilitates the detection of the different phases. In both BF and HAADF imaging, the probe size is 0.7 nm. The camera length used respectively in BF and HAADF are 40 cm and 8 cm.

EDS allows the determination of the composition of oxides, either on extracted surface oxide layer or in the bulk (FIB cross-sections). Mappings and profiles are carried out with a probe size of 2 nm. The step size used during the analyses is 0.9 nm for mappings and 1.2 -1.7 nm for profiles. Some electrons undergo inelastic scattering, which means that they lose part of their energy, which is what EELS measures. EELS, in combination with EDS, is used to determine the composition of oxides. EELS can also give the local thickness of the extracted layers by studying the plasmon part of EELS spectra. EELS is operated with a probe size of 0.7 nm and a camera length inferior to 2 cm. Electron diffraction is performed on extracted surface oxide layers. This allows determining the phases of oxides as well as their structure and their orientation. The distinction between multiple phases of the oxides becomes possible. The differentiation of similar phases/oxides is also possible. Electron diffraction is performed with a parallel electron beam and a Selected Area (SA) diaphragm.

Instead of electron diffraction, ASTAR analysis is performed on FIB cross-sections. This analysis technique is based on orientation mapping, which can be compared to EBSD for SEM with Figure 37: FIB thin foil after welding on a TEM grid and thinning to 100 nm a resolution of 5 -10 nm. This technique uses the diffracted electrons to automatically identify phase nature and orientation at the nanometer scale. The probe size used in this technique is 1.8 nm. 

II-5 -Recapitulation of samples and characterizations

Chapter III -Experimental results

In this work, the annealing of the samples is considered low if the dew point (DP) of the atmosphere is below -40°C. This dew point is close to the one measured during the annealing on industrial galvanizing lines. The samples are considered annealed at a high dew point when the atmosphere dew point is above -20°C.

III-1 -Global behavior under continuous annealing conditions

The annealing of the two grades studied (Fe -1.5 wt.% Al and Fe -8 wt.% Al) at various dew points during 60 s at 800°C in N2 -5% H2 leads to different macroscopic aspects. The Fe-Al samples are annealed at dew points of either -60°C, -40°C, -20°C, 0°C or +10°C. The heating cycle is like the one presented in Section II-2. The samples after annealing are displayed in Figure 38.

The formation of a thin oxide layer is visible on samples annealed at low dew points. This is particularly visible on Fe -1.5 wt.% Al but it also happens on Fe -8 wt.% Al. When increasing the annealing dew point, the surface of the samples gets greyer and more matt. The grains of the substrate are also more apparent when the dew point increases, particularly above 0°C on Fe -1.5 wt.% Al and above -20°C on Fe -8 wt.% Al.

III-1-1 -Microstructure of the steel surface

The SEM observation of the samples annealed at DP = -60°C shows the formation of a layer on the surface of the Fe-Al. On both grades, the grain size of this layer is way smaller than the grain size of the substrate (II-1-2-1): 0.27 ± 0.03 µm on Fe -1.5 wt.% Al and 0.18 ± 0.04 µm on Fe -8 wt.% Al (Figure 39 a) and b)). Grains are also visible on Fe -1.5 wt.% Al samples annealed at DP = -40°C (Figure 39 c)). On a visual note, the layer on Fe -1.5 wt.% Al at these two dew points seem more porous than the one on Fe -8 wt.% Al. Another feature is however visible on Fe -8 wt.% Al at DP = -40°C with the formation of small particles on the sample surface (Figure 39 d)).

The SEM observations of the samples annealed at dew points of the atmosphere of -20°C and above also show the formation of similar particles on the surface of the samples. These particles are formed above DP = -20°C on the Fe -1.5 wt.% Al and above DP = -40°C on Fe -8 wt.% Al. The size of these particles and the surface they cover increase with the atmosphere dew point. The size and coverage are also more important on the Fe -8 wt.% Al samples. SE (secondary electron) SEM images of the annealed samples are displayed in Figure 40.

The particles formed at dew points of -20°C on Fe -1.5 wt.% Al or -40°C on Fe -8 wt.% Al only cover around 1% of the surface of the samples. However, when they grow, the particles end up coalescing with the others, forming even bigger faceted particles at the higher dew points. The facets and the points where the particles coalesce and are particularly visible on the Fe -8 wt.% Al samples annealed at a dew point of 0°C or +10°C (Figure 41 a)). Some areas of the Fe -8 wt.% Al at DP = +10°C are even covered by "stripes" of coalesced particles (dark areas in Figure 41 b)). The EDS analysis of the samples shows that there is an enrichment in aluminum and oxygen between the particles, so a layer of Al oxides has been formed during the annealing at every dew point. The particles are also analyzed, and they seem to be constituted almost entirely of iron, with only a small amount of oxygen detected. The BSE (backscattered electron) SEM images of samples of the two Fe-Al grades annealed at a dew point of 0°C are displayed in Figure 42 and the EDS results are shown in Table 15. The EDS results at the other dew points are similar to the ones displayed here. 15)

III-1-2 -Analysis of the extreme surface

The main analysis used to analyze the extreme surface of the samples is XPS. In all figures of the section, the red spectra are obtained by XPS analysis after an in-situ transfer from the HTWD annealing chamber to the XPS device, as described in Section II-4-2. The blue spectra are obtained after getting the samples out of the XPS device and kept in the exterior atmosphere for a few hours before reanalyzing them with XPS (such analyses are referred to as ex-situ in this work).

It can be noted that on some spectra, the peaks are shifted to the higher binding energies compared to their theoretical binding energies (Section II-4-2) because of the insulating behavior of the external oxide layer. The shift of the binding energies is measured by taking the peak of carbon as a reference.

At DP = -60°C, when looking at the Fe-2p zone of the spectrum, the peaks are not directly visible (Figure 44 a)). The depth resolution of the XPS is around 10 nm, so it can be concluded that the thickness of the alumina layer formed on the samples is superior to 10 nm. When eroding the surface for 5 min (or around 10 -15 nm, calculated in SiO2 equivalent), the iron becomes visible on the spectra, meaning that the oxide layer is around 10 -15 nm thick. This thickness is confirmed by SIMS analysis on both alloys (Figure 43), with an increase in the concentration of aluminum and oxygen in the first 10 -20 nm of the samples, as well as a decrease in the iron concentration. This iron is metallic when the samples are analyzed in-situ (Figure 44 b) and c), red spectra). However, the analysis of the samples ex-situ (Figure 44 b) and c), blue spectra), i.e. after contact with the ambient atmosphere, shows the oxidation of Fe on the Fe -1.5 wt.% Al sample but not on the Fe -8 wt.% Al. The oxide layer formed on Fe -1.5 wt.% Al is likely more porous or less continuous than the one formed on Fe -8 wt.% Al.

At dew points of -40°C or -20°C (Figure 44 d), e), f) and g)), on both grades, the in-situ Fe-2p XPS spectra show that the visible iron is almost entirely metallic (binding energy of 707 eV) with a slightly oxidized component (710 -711 eV). The ex-situ analysis however shows that the iron has been oxidized during the contact with the ambient atmosphere. The presence of the metallic iron particles observed in Section III-1-1 can explain this phenomenon, with the surface of these particles being oxidized during contact with the exterior atmosphere. It can be noted that the spectra of the Fe -8 wt.% Al are shifted because the Al oxide layer is likely thicker on these samples. At dew points of 0°C and +10°C (Figure 44 h), i), j) and k)), the Fe-2p zone of the spectra mostly displays metallic iron but also presents an iron oxide component after the in-situ transfer. The ex-situ analysis once again displays the oxidation of the previously metallic iron. The intensity of the iron oxides components on the Fe-2p spectra has visibly increased compared to the in-situ analysis. Binding energy (eV) [START_REF] Young | Internal Precipitation of Al2O3 and Cr2O3 in Austenitic Alloys[END_REF] 68

The increase in the intensity of the Fe oxide component is again due to the oxidation of the iron particles observed on these samples in Section III-1-1.

Binding energy (eV)

Fe -8 wt.% Al Fe -1. On all samples, the XPS results present the peaks of alumina on the Al-2p zone of the spectra (Figure 45), with binding energies in the range of 75 eV which correspond to Al2O3. Some of these peaks are slightly shifted because of the insulating behavior of the thick alumina layer on the surface (Figure 45 a), b), d) and red spectrum of f)). Moreover, because of the eroding necessary for the observation of iron at DP = -60°C, some metallic Al is visible on the spectra at this dew point (Figure 45 a) and b)). An issue during the conditioning of the Fe -8 wt.% Al sample annealed at DP = -20°C led to the hydroxylation of the Al oxide before the ex-situ analysis (Figure 45 f) blue spectrum). That might be why the spectrum is no longer shifted ex-situ and why the peak on the Al-2p zone of the spectrum is at 76.8 eV instead of the classic 75 eV for oxidized Al.

At dew points of -20°C and below, the XPS results present the peak of alumina on the O-1s zone of the spectra (Figure 46 a) to f)). At these dew points, except for Fe -8 wt.% Al annealed at DP = -60°C, more oxides are detected after ex-situ analysis. This could mean that either the alumina layer formed is porous or that the iron particles on the surface are oxidized. Among these samples, some spectra are again shifted to the higher binding energies (Figure 46 with ambient atmosphere. When doing the deconvolution of the O-1s XPS peaks, a clear difference appears between the samples annealed at dew points below -20°C and the ones annealed at dew points above 0°C (Figure 47). On the former, the only component really visible is Al2O3, which means that the external oxide is alumina. On the latter, three different components are observed: Al2O3, Fe oxides, and a component that has been attributed to FeAl2O4. On these samples annealed at dew points of 0°C or +10°C, the FeAl2O4 component is way bigger than the Al2O3 component, with a FeAl2O4/Al2O3 ratio of 2.6 at a dew point of 0°C and even a ratio of 6.3 when the annealing atmosphere dew point is +10°C. The external oxide layer found between the iron particles at these dew points is then more FeAl2O4 than alumina.

The stoichiometry measured by XPS on samples annealed at low dew points is close to the stoichiometry of alumina with an atomic ratio O/Al of 1.6 compared to the ratio of 1.5 of pure alumina Al2O3. The ratios on the samples annealed at DP = -60°C are given in Table 16.

Table 16: Stoichiometry measured by XPS of the Fe -1.5 wt.% Al and Fe -8 wt.% Al

The dew point of the annealing atmosphere has a critical impact on the morphology and chemistry of Fe-Al alloy surfaces. At DP = -60°C, both alloys are covered with a 10 -15 nm thick covering, albeit sometimes porous, layer of alumina. At DP = -40°C, Fe -1.5 wt.% Al is still covered with porous Al2O3. Fe -8 wt.% Al is however covered with both alumina and metallic iron particles that can be oxidized when the sample is in contact with air. At DP = -20°C, both alloys are covered with iron particles and an alumina layer between them. Finally, at DP = 0°C or +10°C, the iron particles are still present, but the oxide found between them is FeAl2O4 and no longer Al2O3.

A more complete analysis of the extreme surface and the external oxide layer on samples annealed at higher dew points will be presented in Section III-2.

III-1-3 -Geometrical parameters of iron particles

As described in Section III-1-1, the particles formed on the surface of the alloys during annealing increase both in size and surface coverage. Using the image analysis software ImageJ as explained in Appendix C, it is possible to follow the evolution of these particles.

It is shown that the surface coverage increases to the point that 15% and 59% of the surface is covered respectively on Fe -1.5 wt.% Al and Fe -8 wt.% Al. The evolution of the surface coverage with the annealing dew point is represented in Figure 48 a). The evolution of the size of the particles, more precisely their Feret diameters (maximum in blue, minimum in orange) and equivalent diameters (in grey), is represented in Figure 48 b) and c). The Feret diameters are directly calculated to the mean area A of the particles.

III-1-4 -Wetting by GI alloy

The studied annealing process is industrially the step preceding the galvanization of steel sheets in the hot-dip galvanizing process. It can then be interesting to look at the galvanizing of the Fe -8 wt.% Al, as it is an Al-high-alloyed grade that is notoriously badly wetted by galvanizing alloys, mainly composed of liquid zinc.

The wettability of the surfaces is studied by drop deposition in the HTWD. The drop deposition is performed at 450°C for both the drop and the substrate. The substrate is annealed at 800°C for 60 s in N2 -5% H2 in the annealing chamber of the HTWD and then transferred to the wetting chamber. It is then cooled down to 450°C and the drop is deposited.

A reference test is carried out on pure iron. The iron sample is annealed in the same conditions at an annealing atmosphere dew point of -60°C. The evolution of the contact angle of the drop on the surface is displayed in Figure 49.

The final contact angle is measured on this sample and will be used in the following parts as the contact angle of Zn alloys on pure metallic Fe. The contact angle is then θ 𝐹𝑒 = 18°. It can be The first condition studied on Fe -8 wt.% Al is the wetting of a sample annealed for 60 s at 800°C in an atmosphere with a dew point of -60°C. The formation of the alumina layer on the sample surface leads to a bad wetting of the surface by the galvanizing alloy. An image of the drop on the annealed sample is displayed in Figure 50.

The measured contact angle at the end of the deposition at 450°C will be used as the contact angle of Zn alloys on alumina or FeAl2O4. The contact angle is then θ 𝐴𝑙 2 𝑂 3 = θ 𝐹𝑒𝐴𝑙 2 𝑂 4 = 120°.

As shown in the study of the selective oxidation of Fe-Al in N2 -5% H2 with a high dew point, the internal oxidation of aluminum is accompanied by the formation of pure iron particles on the surface of the samples with a FeAl2O4 layer between the particles. The size and surface coverage of these iron particles are at their highest at the highest dew points of the annealing atmosphere. The dew point chosen for the test is 0°C. The particles formed on Fe -8 wt.% Al at such dew point and for a 60 s holding at 800°C cover 59 ± 8 % of the surface of the samples. The thickness of the particles is also measured at 300 nm. By assimilating the particles to cylinders, their calculated equivalent diameter is 1.2 ± 0.2 µm. The wetting of the Fe -8 wt.% Al by a drop of the galvanizing alloy at 450°C leads to a very good wetting of the surface. The contact angle measured on this sample at the end of the spreading of the drop is 21.5° (Figure 51). This contact angle is close to the contact angle measured during the deposition of the galvanizing alloy on pure iron.

The formation of the iron particles on Fe-Al alloys at high dew points of the annealing atmosphere can then be a way to facilitate the wetting of these grades, particularly the high-Al-alloyed grades that form alumina layers when annealed at low dew points.

III-1-5 -Recapitulation

To conclude, the annealing of the two grades of Fe-Al at 800°C during 60 s in N2 -5% H2 at low dew points leads to the formation of a 10 -20 nm-thick layer of Al2O3 on the surface of the samples. This layer is presumably bad for the wettability of Fe-Al grades (I-3-3). At a higher dew point, iron particles form on the surface of the samples. These particles seem to enhance the wettability of these surfaces so it can be interesting to further investigate the oxidation, both external and internal, of these Fe-Al alloys at high dew points, as well as the particles formed on the surface.

III-2 -Further investigations of Fe-Al alloys annealed at high dew points III-2-1 -Main features after annealing at high dew point

In addition to the external oxidation of aluminum, the samples annealed at dew points of 0°C and +10°C present two other major features: large particles on the surface and important internal oxidation.

The cross-sections of the samples annealed for 60 s at dew points of the annealing atmosphere of 0°C or +10°C show the presence of internal oxidation in the 500 nm -1 µm under the surface of the samples. The Fe -1.5 wt.% Al presents internal oxidation consisting of nodules of oxide down to 500 -600 nm and fine oxide lines parallel to the surface, following the boundaries of the grains formed during the mechanical grinding polishing (Figure 52 a) and b)). The Fe -8 wt.% Al also presents these oxide nodules down to 0.6 -1 µm, but a thick oxide layer is also visible under these nodules (Figure 53 a) and b)). While the oxidation depth can be similar between the two grades, it should be noted that there are fewer nodules in the internal oxidation of Fe -1.5 wt.% Al than in Fe -8 wt.% Al. SIMS analyses of the samples also display enrichment in both aluminum and oxygen on the thickness that corresponds with the thickness of the observed internal oxidation area (Figure 52 and Figure 53 c) and d)). However, no difference is seen between the nodule part of the internal oxidation and the thick oxide layer visible underneath on the Fe -8 wt.% Al samples. Finally, a really thin external oxide layer can sometimes be observed on the surface of the samples.

On the cross-sections in Figure 52 and Figure 53, the iron particles are visible. Their thickness is around 100 nm on the Fe -1.5 wt.% Al samples (Figure 52 a) and b)) and is comprised between 300 nm and 400 nm on the Fe -8 wt.% Al samples (Figure 53 a) and b)). It can be noted that the external oxide layer is rarely seen under these particles. This could be because the particles are formed from the steel surface in the holes of this oxide layer and only cover it when they grow. An iron-rich layer is also detected by SIMS on the surface of every sample (Figure 52 and Figure 53 c) and d)). The thickness of these Fe-rich layers corresponds to the particles' height measured on the crosssections. The fact that so much iron is detected in the particles, along with a depletion in Al and O, further suggests that the particles are iron particles. An EDS analysis is also performed on the Fe -8 wt.% Al annealed at DP = 0°C. These results show that the particles are mostly constituted of iron, which is in accordance with the EDS measurements performed on the surface of the samples (Section III-1-1). The analysis of the internal oxide nodules shows a slight increase in the aluminum content (from 15.3 at.% to 16.7 at.%) as well as the presence of oxygen in an O/Al proportion of 1.7, close to the O/Al atomic ratio of alumina which is 1.5. The thick oxide layer is mostly composed of aluminum and oxygen. The O/Al atomic ratio in this layer is 1.4, which is again close to alumina. The areas analyzed are shown in Figure 54 and the EDS results are displayed in Table 17. FIB cross-sections have been performed on samples of the two grades annealed at DP = 0°C. The TEM characterization validates the results obtained by SEM-EDS and SIMS. The observation of these FIB cross-sections shows the same structures as the ones observed with the SEM on the previous cross-sections. The particles are present on the surface and the nodular internal oxidation is visible on the two grades, with a dense oxide layer under it on the Fe -8 wt.% Al. The EDS performed on the FIB cross-sections of the samples gives an atomic ratio O/Al in the internal oxide varying between 1.4 and 1.8, close to the ratio of alumina. The EDS also confirms that the particles are pure iron particles, with a small amount of oxygen, certainly due to the contact with the ambient atmosphere. The HAADF (High Angle Annular Dark Field) TEM images of the FIB cross-sections are displayed in Figure 55.

The following sections will focus on a more in-depth analysis of these features. The external oxidation of aluminum is then studied. The first TEM analysis performed on the samples is the extraction of the external oxide layer (Figure 56 a)) following the extraction method described in Section II-4-6. The analysis of the extracted external oxide shows that this oxide is different from the external alumina that is visible on the samples annealed at a dew point of -60°C. First, the inter-reticular distances measured from the selected area electron diffraction (SAED) figure (Table 18) are slightly different from those of alumina, and some of the diffraction peaks are absent from either the alumina diffraction figure or the extracted oxide figure. 56 c) also shows that the diffraction figures are identical for the two alloys. By comparing the inter-reticular distances with the literature, the compound that is the closest is the hercynite FeAl2O4 as described by Harrison et al. [START_REF] Harrison | The temperature dependence of the cation distribution in synthetic hercynite (FeAl2O4) from in-situ neutron structure refinements[END_REF]. The lattice parameter of this hercynite is 𝑎 = 8.229Å. 
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The extracted external oxide is then analyzed through HAADF mapping and EDS. The HAADF confirms the presence of the three elements Al, O, and Fe in the oxide (Figure 56 d), e) and f))and the EDS reveals that it contains 8 -10 at.% of iron (Figure 56 g)). These results confirm the SAED proposition of a ternary oxide such as FeAl2O4.

These results are in accordance with the in-situ XPS observations of the samples annealed at DP = +10°C. The XPS showed that the iron was already oxidized before contact with the ambient atmosphere and that the oxygen presented three binding energies. The presence of FeAl2O4 on the surface of the samples can explain these three binding energies as oxygen can be linked to Al, Fe, or both in this oxide. The same XPS peaks are present on the samples annealed at DP = 0°C so the external oxide on these samples is also likely FeAl2O4.

The other prominent features of these samples annealed at high dew points are the internal oxidation of aluminum and the formation of iron particles. Those are studied in the following section.

III-2-3 -Internal oxidation and iron particles III-2-3-1 -Orientation of iron particles

The ASTAR characterization performed on the FIB cross-section of the Fe -1.5 wt.% Al shows that the particles growing on the sample are formed of α-ferritic iron like the substrate, as both the particle and the substrate appear in red on the phase mapping (Figure 57 a)). Figure 57 b) displays the orientation mapping in the directions X, Y, and Z with each color corresponding to a misorientation compared to the matrix (n°1 with a misorientation of 0°). A misorientation profile is performed in the Z direction between the matrix and the particle. A misorientation of 33° is recorded between the matrix and the particle (i.e. between 1 and 4 in the profile), meaning that there is not orientation link between them. In the same way, the ASTAR phase characterization performed on the FIB cross-section of the Fe -8 wt.% Al shows that the particles are composed of the same α-ferritic iron as the substrate, as the two appear in the same red which symbolizes α-ferrite in Figure 58 a) and b). Figure 59 is similar to Figure 57 b) with the recording of misorientation profiles between the matrix (α1) and two particles of the sample (α2). On this sample, some of the particles present a relation of orientation with the matrix, with a misorientation of a few degrees between α1 and α2 (Figure 59 a)). However, other particles do not have the same orientation as the matrix, with 36° of misorientation between α1 and α2 (Figure 59 b)). The conclusion is that no real relation of orientation exists between the particles and the matrix.

III-2-3-2 -Internal selective oxidation of aluminum

In both alloys, the SAED and the ASTAR characterizations of the internal oxidation reveal that the nodules and the dense layer are composed of alumina. The internal alumina nodules that could be detected in Fe -1.5 wt.% Al is more precisely characterized as α-Al2O3 (trigonal system R3c), as shown in Figure 57 a). In Fe -8 wt.% Al (Figure 58 c)), the internal oxide nodules are either α-Al2O3 or γ-Al2O3 (cubic system Fd3m). The internal dense layer is composed of polycrystalline alumina, with a mix of α-Al2O3 and γ-Al2O3. This identification of internal alumina is in accordance with the results of EDS performed on the cross-sections of the samples, both in SEM and in TEM. The difference between the surface where FeAl2O4 can form and the bulk where alumina is formed is due to the lesser amount of oxygen available in the bulk which prevents the oxidation of iron. 

III-2-4 -Recapitulation

The annealing of Fe-Al grades for 60 s at 800°C in an N2 -5% H2 atmosphere with a dew point above -40°C leads to the formation of iron particles on the steel surface. These particles get bigger and cover a larger surface when the proportion of aluminum increases in the steel and when the atmosphere dew point increases. The iron particles can cover up to 60% of the sample surface if the right conditions are chosen, here DP = 0°C or +10°C on Fe -8 wt.% Al. Their thickness is around 100 nm on Fe -1.5 wt.% Al and up to 500 nm on Fe -8 wt.% Al. The external oxide layer found on the surface between the particles is hercynite FeAl2O4 instead of the alumina γ-Al2O3 found on the samples annealed at DP = -60°C. Finally, internal oxidation is observed with the formation of alumina (α or γ) nodules on the two Fe-Al grades studied. The Fe -8 wt.% Al also presents a thick layer of alumina under the nodules. The oxidation depth varies between 500 nm and 600 nm in Fe -1.5 wt.% Al and between 700 nm and 1 µm on Fe -8 wt.% Al.

As they are the most prominent features of the samples, this study will mainly focus on the evolution and formation mechanisms of the iron particles. The influence of the annealing parameters on external and internal oxidation is also studied. Observing the evolution of the particles and oxidation with these parameters will help us to understand the link between these two phenomena. In the following section, the link between selective oxidation and the nucleation and growth of the iron particles will be investigated.

III-3 -Nucleation and growth of iron particles and selective oxidation

The iron particles are the most visible at dew points of the annealing atmosphere above 0°C. The next trials are then performed at a dew point of 0°C to have a point of reference with the samples of the two grades annealed at this dew point for 60 s in the HTWD used previously. The next samples are still prepared in the HTWD in N2 -5% H2. The differences are the temperature, ranging from 500°C to 800°C (named hereafter interrupted at said temperature), and the annealing holding time, with trials at 800°C with no holding (named hereafter holding time of 0 s), and holding times of 30 s, 120 s, and 240 s.

III-3-1 -Iron particles formation III-3-1-1 -Nucleation

The nucleation of the iron particles is observed with the SEM. None of the interrupted Fe -1.5 wt.% Al samples, from 500°C to 800°C, present any particle on the surface. Figure 60 however shows the apparition of iron particles between the 0 s and 30 s holding. The sample annealed for 30 s is then covered by those particles (in white or light gray in Figure 60 b)) on 14 ± 1 % of its surface.

The surfaces of the interrupted samples of Fe -8 wt.% Al are presented in Figure 61. On this grade, the iron particles (in white or light gray in Figure 61 d), e), and f)) appear on the samples annealed at 700°C and above, but not on the ones annealed at 650°C and under. The nucleation of the iron particles can then be placed between these two temperatures. Above 700°C, the particles observed in Figure 61 also get bigger when the temperature increases. Indeed, the surface coverage of the particles grows from 10 ± 10 % at 700°C to 26 ± 17 % at 800°C. 

III-3-1-2 -Growth
The growth of the iron particles is followed by changing the annealing time of the cycle. SEM images of two Fe -8 wt.% Al samples annealed at 800°C for 0 s are presented in Figure 62 Figure 62 displays that the surface coverage of the particles at the beginning of the holding phase presents a large disparity on Fe -8 wt.% Al even for two samples annealed in the same conditions. The nucleation of iron particles took place between 650°C and 700°C on this alloy, so their growth starts during the heating phase which is slightly different for each sample. This could explain the differences observed during the heating phase.

After the nucleation between 0 s and 30 s on Fe -1.5wt.% Al, the particles get bigger at each tested holding time (Figure 64 c), e), and g)). However, even after 240 s of holding (Figure 64 g)), they are still too small to coalesce in the same way that happened on Fe -8 wt.% Al.

On Fe -8 wt.% Al, the growth continues during the early stage of the holding phase, reaching 58 ± 6 % of surface coverage after a 30 s holding (Figure 64 b)). After that, the growth still occurs but at a much slower rate (Figure 64 d), f), and h)). After a 240 s holding at 800°C (Figure 64 h)), the surface coverage of the iron particles only increased to 67 ± 4 %.

The ASTAR characterization (Figure 63) of the Fe -8 wt.% Al shows that the particles are composed of α-iron (in red in Figure 63 phase), the same as the matrix. However, the orientation of these particles is not the same as the orientation of the Fe-Al substrate, as the colors of the particle and the substrate are different in the three observed directions (Figure 63 Z, X, andY). This shows that at every point of their growth phase, the particles have a different orientation from the substrate. The evolution of the surface coverage of particles during a heating cycle is displayed in Figure 65 a) and the evolution of the size of the particles is presented in Figure 65 b). On Fe -8 wt.% Al, the surface coverage of the particles (Figure 65 a) in orange) rapidly increases starting from the nucleation annealing temperature of 700°C until the 30 s annealing at 800°C where it reaches 58 ± 6 %. As stated earlier, the heating phase of the cycle is subject to variations, and it is possible that it caused a variation of the surface coverage and the size of the particles on the interrupted annealing samples. This is demonstrated by the significant standard deviations of the surface coverage on these samples. The samples annealed for longer times do not present such disparities between samples so it can be assumed that the holding at 800°C erases the differences caused by the variation of the heating phase. After the first 30 s of the holding phase, the particles continue their growth but at a smaller rate, gaining around 10% of surface coverage after a 240 s annealing compared to a 30 s annealing. On Fe -1.5 wt.% Al, the growth rate of the particles (Figure 65 a) in blue) is more constant after the nucleation between 0 s and 30 s. At the longest holding time tested of 240 s, the surface coverage of the particles reaches 25 ± 2 %, which is more than two times smaller than for Fe -8 wt.% Al.

For both alloys, the evolution of the Feret and equivalent diameters of the particles (Figure 65 b) solid lines for Fe -1.5 wt.% Al and dotted lines for Fe -8 wt.% Al) globally follows the same trend as the surface coverage.

III-3-2 -External oxidation

The O-1s spectrum (Figure 66 a) andc)) is composed of three components, as seen previously in Figure 16. The peaks are those of Al2O3, FeAl2O4, and iron oxides. The iron oxides are mainly formed during the contact of the particles of the samples with the exterior atmosphere. The aluminum oxides are formed by the selective oxidation of aluminum during the annealing cycle.

The Al-2p spectrum (Figure 66 b) andd)) is also composed of two components, the FeAl2O4, and the Al2O3. Assuming that the oxide disposition is the same as the one observed on the samples annealed for 60 s, the FeAl2O4 peak comes from the thin external oxide layer that was previously analyzed as a ternary oxide. The signal of alumina likely comes from the near subsurface where such alumina was previously observed. On Fe -1.5 wt.% Al, the iron particles are not formed when the samples are annealed at 800°C for 0 s at DP = 0°C. These samples without particles are then observed to see if they present internal oxidation.

The SIMS analysis is performed on the samples annealed for 0 s at 800°C. The external oxidation is really thin and almost not visible on the cross-sections and only visible on the SIMS graph with an oxygen spike in the first 5 nm (Figure 67 b)). Moreover, no iron spike, and thus no particle, is detected on the sample surface. The results also show that only slight internal oxidation has occurred during the heating phase of the cycle, with an extremely small amount of oxygen detected in the first 100 nm under the surface (Figure 67 c)). This internal oxidation is hardly visible on the cross-sections of the sample (Figure 67 a)).

FIB cross-sections of the same Fe -1.5 wt.% Al samples are observed with TEM. The HAADF analysis of the samples annealed for 0 s is displayed in Figure 68 a). The analysis of the FIB crosssections after a 0 s annealing confirms that the Fe -1.5 wt.% Al presents slight internal oxidation that is difficult, if not impossible, to see by other means. This internal oxidation seems to occur in the hardened grains created during the mechanical polishing, as well as in the boundaries of these grains. The internal oxidation depth is then measured at 60 nm. The HAADF mappings reveal that these small nodules of oxide are richer in aluminum and oxygen but poorer in iron (Figure 68 a)). However, the O/Al atomic ratio is close to 2, so closer to the ratio of FeAl2O4 than to the ratio of Al2O3. An The oxides are however too small for the SAED to be effective in determining their phase.

On Fe -8 wt.% Al, the iron particles form when the samples are annealed between 650°C and 700°C for 0 s at DP = 0°C. The samples before and after the formation of particles are then observed to see if they present internal oxidation.

FIB cross-sections of the two samples are produced to observe the internal oxidation before and after the formation of the particles on the surface. The HAADF TEM mapping images of these samples are presented in Figure 69.

The internal oxidation of the sample annealed at 650°C is composed of really fine oxides in the hardened grains created during the mechanical polishing of the samples and oxides formed in the grain boundaries of these grains (Figure 69 a)). The oxidation depth in this sample is estimated at around 60 -80 nm. At 700°C, the internal oxidation is more visible and is composed of oxide nodules The transition from the internal oxidation morphology of the Fe -8 wt.% Al sample annealed at 650°C to the morphology of the one annealed at 700°C is reminiscent of the transition observed on Fe -1.5 wt.% Al between the samples annealed at 800°C for 0 s and 60 s.

For both alloys, the change in the internal oxidation morphology corresponds to the formation of the iron particles on the surface of the samples. The two phenomena seem to be linked in the samples obtained during this study. When the internal oxidation becomes visible on cross-sections of annealed Fe-Al, the iron particles appear on the surface.

III-3-3-2 -Evolution of the oxidation depth

On Fe -8 wt.% Al annealed for 0 s, the internal oxidation continues to take place during the heating phase. This internal oxidation is composed of nodules of aluminum oxide down to 0.25 µm (Figure 71 a)) but does not present the dense internal oxide layer that is visible in the sample of Fe -8 wt.% Al annealed for 60 s. The oxidation depth grows from there to the 0.7µm previously measured after a 60 s annealing. The particles are also smaller, with a 0.14µm thickness compared to the particles on the Fe -8 wt.% Al annealed for 60 s which thickness was around 0.5µm. The SIMS profile of this sample (Figure 71 b)) confirms the oxidation depth at around 250 nm. The iron particles are not clearly visible on the SIMS profile, but an iron spike is detected on the sample surface (red arrow in Figure 71 b)). GDOES is performed on all the series of the Fe -8 wt.% Al samples, with the annealing times of 0 s, 30 s, 60 s, 120 s, and 240 s.

The analysis of the sample annealed for 0 s again hardly shows the presence of the particles. The iron signal does not present a peak near the sample surface despite the presence of particles, likely because their surface coverage is too small. However, external oxidation of aluminum is visible on the sample, with an increase in the amount of oxygen and an oxidation profile on the aluminum profile in the first 20 -30 nm (Figure 72 a), zoom on the surface). The amount of oxygen remains high in the following 250 -300 nm under the surface (Figure 72 b)). This internal presence of oxygen corresponds well to the oxidation depth measured with the SIMS and the cross-sections.

The FIB cross-section of Fe -8 wt.% Al annealed for 0 s shows the presence of both the particles on the surface and the internal oxidation. The HAADF analysis (Figure 73) confirms that the particles are constituted entirely of iron, with only a film of oxygen on the surface of the particles due to the contact with the ambient atmosphere. Moreover, the particles present clear edges and geometrical shapes. The external oxide layer is too thin to be properly analyzed, but it can be seen that it is 5-10 nm thick. The internal oxidation is again measured around 250 nm but it is again difficult to analyze with SAED because the oxide nodules are too thin. However, the EDS performed on small internal oxide layers gives an O/Al atomic ratio of 1.5, which is the ratio of alumina. 74 a), zoom on the surface). A subsequent 70 -80 nm of internal oxidation is detected just under the surface by GDOES, but it can not be related to any feature observed on the cross-section. The iron profile shows a clear peak on the first 400 -500 nm of the samples and a depletion in the following 0.7 -0.9 µm (Figure 74 b)). This depletion corresponds to the enrichment in aluminum and oxygen and the internal oxidation. The thickness of this internal oxidation is coherent with the oxidation depth measured on the SIMS profiles and the cross-sections of the Fe -8 wt.% Al sample annealed for 60 s. The maximum enrichment in aluminum seems to correspond to the dense internal alumina layer. The measured thickness of the iron particles on the surface is also coherent with the results of the SIMS and the cross-section measurements on the Fe -8 wt.% Al sample annealed for 60 s. The GDOES profiles of the 30, 60, 120, and 240 s holding times are extremely similar (Figure 74 c) and d)). The measured depths are around 400 -500 nm for the thickness of the iron particles for all samples, and the oxidation depth increases from 0.7 -0.9 µm after 30 s to 0.8 -1 µm after 240 s. The dense internal layer is also observed in Fe -8 wt.% Al sample annealed at 800°C and DP = 0°C for 240 s (Figure 75). Its depth also corresponds to the maximum of the enrichment in aluminum on the GDOES profile.

As mentioned, on Fe -8 wt.% Al, the internal oxidation starts to be visible at 650°C, but it is composed of really fine nodules in the hardened grains and at their boundaries. During the annealing cycle (Figure 76), the oxidation depth increases until the 30 s, when the oxidation front becomes almost stagnant, likely due to the formation of the dense internal alumina layer observed after 60 s and 240 s. The discrepancies of the oxidation depth visible in Figure 76 are caused by the difficulty to measure it on the GDOES profiles. The evolution of the position of the oxidation front is similar to the evolution of the surface coverage of iron particles, with both values increasing until 30 s and then stagnating when the annealing is longer. When annealing a Fe-Al grade at 800°C in an atmosphere of N2 -5% H2 at a dew point of 0°C, the variation of the annealing holding time affects the internal oxidation and the iron particles on the surface. The external layer of Al2O3/FeAl2O4 is also detected between the particles on all the samples annealed at 800°C.

When the holding time increases, the oxidation depth also increases. The internal oxidation is barely visible or detectable on the Fe -1.5 wt.% Al when there is no holding at 800°C but becomes visible after a holding of 60 s. On Fe -8 wt.% Al, the oxidation depth increases from the sample annealed at 650°C for 0 s to 800°C for 60 s, and a dense alumina layer appears under the noduleshaped oxides. However, from 30 s to 240 s, the oxidation depth does not increase as much as during the first 30 s. The surface coverage of particles and their size also increase when the holding time increases on both grades. The growth of the particles is particularly quick in the first 30 s of the holding. This growth continues afterward but at a slower rate during the 240 s of holding tested in this study. The two phenomena evolve in the same way, suggesting that they are linked. The internal oxidation appears slightly before the particles, so it might be the cause for the formation of the iron particles on the surface of the alloys.

III-4 -Generalization of oxidation and particles formation

In this Section, the focus will be placed on Fe -8 wt.% Al where the iron particles and the internal oxidation are the most visible. The results for Fe -1.5 wt.% Al will be presented in Appendix E. III-4-1 -Influence of the annealing temperature III-4-1-1 -Determination of annealing time at other temperatures Other samples are prepared at 600°C and 700°C to study the effect of the annealing time at these lower temperatures and if it is possible to obtain features like the ones observed at 800°C. The characteristic length of diffusion of the holding times at 700°C and 600°C has been calculated so that the internal oxidation depth is close to the oxidation depth of the samples annealed at 800°C. To calculate these holding times, the formula for the oxidation depth of Wagner [START_REF] Wagner | Reaktionstypen bei der Oxydation von Legierungen[END_REF] is used (formula (I.29) in I-2-3-1). This calculation does not include the heating phase so that the calculated times during the isothermal holding at 700°C and 600°C are equivalent to the times during the isothermal holding at 800°C. Wagner also advances a criterion for the exact calculation of the oxidation front position. If this criterion is adapted to the annealing of Fe-Al, it is written:

𝐷 𝐴𝑙 (𝑇) 𝐷 𝑂 (𝑇) ≪ 𝑥 𝑂 𝑆 (𝑇,𝐷𝑃) 𝑥 𝐴𝑙 0 ≪ 1 (III.1)
with 𝑇 the annealing temperature [K], 𝐷𝑃 the annealing dew point [°C], 𝑥 𝐴𝑙 0 the molar fraction of Al in the matrix, 𝑥 𝑂 𝑆 (𝑇, 𝐷𝑃) the molar fraction of oxygen dissolved at the surface (calculated by combining formulae (I.3), (I.4) and (I.10) in Section I), and 𝐷 𝐴𝑙 (𝑇) [116,[START_REF] Mehrer | Landolt Börnstein -Numerical Data and Functional Relationships in Science and Technology: Group III[END_REF] and 𝐷 𝑂 (𝑇) [116,[START_REF] Swisher | Solubility, permeability, and diffusivity of oxygen in solid iron[END_REF], respectively the diffusion coefficients of Al and O [m 2 .s -1 ] in ferrite: This criterion is verified at a dew point of 0°C for 800°C, 700°C, and 600°C annealing, so the oxidation depth can be written as: The annealing of Fe-Al at 600°C and 700°C leads to the same type of particles as the ones observed at 800°C. The SEM secondary electrons images of the samples are displayed in Figure 77 and Figure 78.

𝐷 𝐴𝑙 = 𝐷 𝐴𝑙 0 exp (- 𝑄 𝐴𝑙 𝑅𝑇 ) = 1.
𝜉(𝑡) = √
The main growth phase of the particles is comprised in the 150 first seconds of the holding. The particles are covering 10 ± 11 % of the surface at the end of the heating phase, as measured in the previous Section. The surface coverage of the particles is then estimated at 73 ± 5 % after a 150 s holding and slightly increases with the holding time, reaching 75 ± 7 % after an 1800 s annealing. An outlier point is measured for the sample annealed for 600 s, which presents a surface coverage of 58 ± 6 %. It is assumed that an issue occurred during this trial and that the surface coverage after 600 s should be around 70 -75 %. It can be noted that more and more particles are coalescing on these samples, so the size of each particle is also increasing. The evolution of the surface coverage of particles is presented in Figure 79 a). At 600°C, the long annealing of the samples leads to a very important coverage of the surface of the Fe -8 wt.% Al by the particles. After 4800 s of annealing, the sample is nearly entirely covered by a layer composed of the coalesced particles. The surface coverage is measured at 97 ± 1 % and the initial sample surface is barely visible. The surface coverage of the particles after the long holding at 600°C is displayed in Figure 79 b). 106

When comparing equivalent annealing times at the three temperatures, it appears that the particles formed at 600°C are bigger and cover a larger surface on the Fe -8 wt.% Al than at 700°C, which themselves cover a larger surface than at 800°C. The surface coverage of iron particles at equivalent times for the three temperatures can be found in Table 19. 

III-4-1-3 -Selective oxidation

GDOES is performed on all the series of the Fe -8 wt.% Al samples annealed at 700°C, with the holding times of 0 s, 150 s, 300 s, 600 s, and 1800 s. The analysis of the sample annealed for 0 s again hardly shows the presence of the particles. The iron signal does not present a peak near the sample surface. However, oxidation of aluminum is visible on the sample, with an increase in the amount of oxygen and an oxidation profile on the aluminum profile in the first 10 -20 nm (Figure 80 a)). The amount of oxygen remains high in the following 70 nm under the surface (Figure 80 b)). This depth also coincides with the low levels of iron in the sample, which confirms the internal oxidation of aluminum.

The GDOES profiles of the Fe -8 wt.% Al samples annealed at the four other holding times at 700°C are extremely similar (Figure 81). Similar to the 0 s annealed sample, an increase in the amount of oxygen and an oxidation profile on the aluminum profile are visible in the first 10 nm of the sample, showing external oxidation of aluminum (Figure 80 c)). Additional XPS analyses (Appendix D) show that the external oxidation is composed of both Al2O3 and FeAl2O4. The iron profile shows a clear peak on the first 400 -500 nm of the samples and a depletion in the following 1.2 -1.3 µm (Figure 80 d)). The enrichment in iron corresponds to the iron particles formed on the sample surface. The depletion corresponds to the enrichment in aluminum and oxygen and the internal oxidation. Notably, the thickness of the iron particles and the oxidation depth do not really increase with the holding time, following the trend observed with the surface coverage measured with SEM. The oxidation depth is also bigger than the one measured at 800°C, which was 0.8 -1 µm. The only outlier is again the sample annealed for 600 s, which is likely due to an issue during the annealing.

The stagnation of the oxidation depth is similar to the one observed at 800°C but deeper in the material. This could mean that the dense internal alumina layer also appeared in the samples annealed at 700°C. This layer is believed to stop the internal oxidation and the formation of the particles. 
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GDOES is also performed on the Fe -8 wt.% Al samples annealed at 600°C (Figure 82). As at 700°C, an external oxide is detected on the surface of the samples. Additional XPS analyses (Appendix D) show that the external oxidation is composed of both Al2O3 and FeAl2O4. This time, the iron particles detected are significantly thicker than at 800°C, being around 1 µm-thick. The internal oxidation is also deeper than previously, with 5 µm estimated on the sample annealed for 2400 s and 7 µm measured for the 4800 s annealing. This result combined with the SEM observation shows that the 4800 s annealing of Fe -8 wt.% Al at 600°C in an N2 -5% H2 atmosphere with a dew point of 0°C can lead to the formation of a 1 µm-thick near-continuous iron layer on the sample surface. In the case of the annealing at 600°C, the internal alumina layer does not form (Figure 83) so the internal oxidation continues, which presumably leads to the growth of the iron particles on the surface to a point where the samples are almost entirely covered. The thicknesses of the iron particles (0.94 ± 0.08 µm) and internal oxidation (4.8 ± 0.3 µm) measured in Figure 83 are close to the ones determined using the GDOES profiles. On Fe -8 wt.% Al, the particles and internal oxidation appear at the same time at a temperature comprised between 650°C and 700°C. The external oxide detected between the iron particles is a mix of Al2O3 and FeAl2O4. After holding at 600°C or 700°C, the particles can be observed on the alloy. When choosing the holding time so that the features are similar to those observed at 800°C, the annealing at 700°C leads to a thickness and surface coverage of the particles and an oxidation depth that are superior to the trials at 800°C. The shape of the GDOES profiles and the stagnation of the oxidation front also suggest that an internal alumina layer has been formed that prevent further internal oxidation.

As the annealing of Fe -8 wt.% Al at 600°C without holding did not display particles nor internal oxidation, only the long holding times are chosen to try to form the particles. These long holding times finally lead to the formation of the largest particles observed in the study, with an almost complete 1 µm-thick iron layer observed on the sample annealed for 4800 s. The internal oxidation depth is also way deeper than on the tries at 700°C and 800°C. It is also shown that no internal oxide layer is formed in these conditions, which explains the consequent internal oxidation and the big surface coverage of iron particles on the samples.

III-4-2 -Influence of the heating rate

As shown by the large standard deviation on the surface coverage of particles of the trials with no holding, the heating phase can have an impact on the features observed on the surface of the Fe-Al steel grades. The annealing of the Fe -8 wt.% Al alloy is then performed with other annealing devices to get different heating rates and profiles. The heating phase is then followed by either no holding or a 60 s holding at 800°C. The experiments are again performed in N2 -5% H2 with an annealing atmosphere dew point of 0°C.

III-4-2-1 -Nucleation and growth of particles during the heating phase

The SEM images of the samples annealed for 0 s at 800°C with the different heating rates defined in Section II-2 are displayed in Figure 85. The results show that, when there is no holding at 800°C, the surface coverage of particles and their size greatly depends on the heating rate during the heating phase of the annealing cycle.

On Fe -8 wt.% Al, the size and surface coverage of the particles decrease when the heating rate increases. The surface coverage is then 62 ± 6 % at 1°C/s and collapses to 4 ± 4 % on the samples annealed at the higher heating rate at 30°C/s (Figure 84). The size of the particles follows the same trend. This seems logical because a faster heating rate gives less time for the particles to form and grow on the alloy surface. The SEM images of the samples annealed for 60 s at 800°C with the different heating rates defined in Section II-2 are displayed in Figure 86. When a 60 s holding is performed at 800°C, the surface coverage of particles and their size do not seem to follow a trend when the heating rate during the heating phase changes. On Fe -8 wt.% Al, the size and surface coverage of the particles varies when the heating rate increases, but no direct relation is found between these two parameters (Figure 87). The differences of surface coverage observed before the holding seem to be erased during the holding. The size of the particles is also found to be independent of the heating rate.

III-2-4-3 -Recapitulation

The annealing heating rate cycle has an impact on the surface features of the Fe-Al steel grades after annealing if there is no holding at the desired temperature (here 800°C). The reduction of the heating rate then leads to the formation of bigger iron particles that cover a larger surface of the samples. However, when the samples are held at 800°C for 60 s, no relation can be found between the surface coverage of the iron particles and the heating rate. The phase of the annealing that matters in the development of the particles is the holding phase that flattens the differences created during the heating phase.

III-5 -Experimental conclusions

The experimental results show the importance of the annealing parameters on the selective oxidation of aluminum in Fe-Al alloys.

The annealing dew point dictates the presence or absence of internal oxidation during the recrystallization annealing. At low dew points, there is no internal oxidation and the external oxidation is composed of alumina. At high dew points, the external oxide becomes FeAl2O4 rather than Al2O3. Internal oxidation takes place and iron particles also appear on the surface of the alloys. The size and the surface coverage of these particles increase with the dew point.

Other parameters are studied, such as the annealing holding time, the annealing temperature, and the heating rate. All these trials lead to the conclusion that when the internal oxidation of aluminum occurs, the iron particles form on the surface. Moreover, the more internal oxide there is, the bigger the particles get. The two phenomena then seem to be linked, with the internal oxidation leading to the formation of iron particles. Section IV will focus on the thermodynamic equilibrium of oxides in the Fe-Al system to predict which oxides are formed depending on the annealing atmosphere dew point. Section V will discuss the link between the internal selective oxidation of aluminum and the formation of iron particles on the Fe-Al alloys. To study this link, Guruswamy's model [START_REF] Guruswamy | Internal Oxidation of Ag-In Alloys: Stress Relief and the Influence of Imposed Strain[END_REF] will be investigated and adapted to the current system.

Chapter IV -Thermodynamics of oxide formation Previous thermodynamic models are used to predict the formation of oxides in Fe-Al alloys. These models mainly focus on low Al steels (𝑤 𝐴𝑙 < 1 𝑤𝑡. %) where infinite dilution approximation can apply. However, the alloys studied in this work have higher aluminum contents, so a new model must be realized to study their oxidation.

IV-1 -Solubility products IV-1-1 -Solubility products of oxides for low alloyed steels

As presented in the Section I-2-2 of the literature review, the formation of oxides of aluminum and other elements in steels can be studied with a parameter named the solubility product of the oxide 𝐾 𝑀 𝑚 𝑂 𝑝 = 𝑤 𝑀 𝑚 𝑤 𝑂 𝑝 , with 𝑤 𝑀 and 𝑤 𝑂 the mass fractions of M and O in the alloy in ppm or wt.%. The solubility products presented in I-2-2 are calculated using the formula proposed by Gaye and Lanteri [START_REF] Gaye | Comportement des atmosphères de recuit vis-à-vis des résidus carbones et du métal : Analyse thermodynamique[END_REF]. These solubility products are valid for low alloyed steels, i.e. for 𝑤 𝑀 < 1 𝑤𝑡. %, because the supposition Gaye and Lanteri used to calculate the products is an infinite dilution of the alloying element (Henry's law). The formula of the solubility product they obtain for the oxide 𝑀 𝑚 𝑂 𝑝 in ferrite, when adapting with the formula (I.10) of conversion between 𝑤 𝑂 and 𝑃 𝑂 2 [START_REF] Huin | Numerical Simulation of Internal Oxidation of Steels during Annealing Treatments[END_REF], is: . This model has the advantage of giving a constant solubility product, independent of the concentration in alloying elements.

However, the samples studied in this work contain up to 8 wt.% of aluminum, which cannot be considered as an infinite dilution. A formula for such highly alloyed steels must be defined, with a solubility product dependent on the concentration.

IV-1-2 -Solubility product of oxides for high alloyed steels

The model is here presented only for the formation of oxides in ferritic steels but can be extended to other phases by modifying some of the formulae and data used. This model will also be limited to binary alloys Fe-M.

IV-1-2-1 -Single oxides MmOp

The base of the new model is the same used by Gaye and Lanteri [START_REF] Gaye | Comportement des atmosphères de recuit vis-à-vis des résidus carbones et du métal : Analyse thermodynamique[END_REF]. For the formation of an oxide of the metal M, the equation of formation and the Gibbs energy of formation are:

𝑚𝑀 + 𝑝 2 𝑂 2 = 𝑀 𝑚 𝑂 𝑝 , ∆ 𝑟 𝐺 𝑀 𝑚 𝑂 𝑝 = ∆ 𝑟 𝐺 𝑀 𝑚 𝑂 𝑝 0 + 𝑅𝑇𝑙𝑛 ( 𝑎 𝑀 𝑚 𝑂 𝑝 𝑎 𝑀 𝑚 𝑃 𝑂 2 𝑝 2 ⁄ ) (IV.2)
For all future equations, the oxides are supposed to be pure so 𝑎 𝑀 𝑚 𝑂 𝑝 = 1 . At the thermodynamic equilibrium, ∆ 𝑟 𝐺 𝑀 𝑚 𝑂 𝑝 = 0 so the standard Gibbs energy of formation of the oxide can then be written as:

∆ 𝑟 𝐺 𝑀 𝑚 𝑂 𝑝 0 (𝑇) = -𝑅𝑇𝑙𝑛 ( 1 𝑎 𝑀 𝑚 𝑃 𝑂 2 𝑝 2 ⁄ ) (IV.3)
with ∆ 𝑟 𝐺 𝑀 𝑚 𝑂 𝑝 0 the standard Gibbs energy of formation of the oxide [J.mol -1 ], 𝑎 𝑀 the activity of the element M in the alloy and 𝑃 𝑂 2 the dioxygen partial pressure [atm]. This formula can be rewritten (using ln(𝑥) = log(𝑥) log(𝑒) ⁄ ) as: The formula (I.10) presented in the literature review can also be rewritten, for mass fractions in wt.% (using log 𝑤 𝑂 (𝑝𝑝𝑚) = log(𝑤 𝑂 (%) * 10000) = log 𝑤 𝑂 (%) + 4), as: If we make the hypothesis that the alloying element is at infinite dilution, i.e. for mass fraction 𝑤 𝑀 < 1 𝑤𝑡. % ≪ 100 𝑤𝑡. % , the activity coefficient becomes 𝛾 𝑀 ∞ and equation (IV.7) becomes identical to the equation (IV.1) proposed by Gaye and Lanteri.

The standard Gibbs energy of formation of alumina that will be used in this formula is taken from Rist et al. [START_REF] Rist | Élaboration de la fonte et de l'acier -Données thermodynamiques[END_REF]:

2𝐴𝑙 (𝑠) + 3 2 𝑂 2 = 𝐴𝑙 2 𝑂 3 , ∆ 𝑟 𝐺 𝐴𝑙 2 𝑂 3 0 (𝑇) = -1675274 + 313𝑇 [J.mol -1 ] (IV.8) IV-1-2-2 -Iron oxides
The same type of formula can also be obtained to describe the formation of iron oxides in a binary alloy by adapting the formulae (IV.4), (IV.5), and then (IV.7): The standard Gibbs energies of formation of the iron oxides that will be used in this formula are taken from Rist et al. [START_REF] Rist | Élaboration de la fonte et de l'acier -Données thermodynamiques[END_REF]: The formation of ternary oxides of iron and the alloying element can take place in the case of some alloying elements such as Al or Si. The equation of formation of the ternary oxide is:

𝐹𝑒 (𝑠) +
𝑛𝐹𝑒 + 𝑚𝑀 + 𝑝 2 𝑂 2 = 𝐹𝑒 𝑛 𝑀 𝑚 𝑂 𝑝
The standard Gibbs energy of formation of the ternary oxide allows to write a formula similar to (IV.4) and (IV.9): The standard Gibbs energy of formation of the ternary Fe and Al oxides that will be used in this formula is calculated from Rist et al. [START_REF] Rist | Élaboration de la fonte et de l'acier -Données thermodynamiques[END_REF]. To be able to use these new formulae for the solubility products, the activity coefficient of the alloying element and Fe must be calculated.

𝐹𝑒 (𝑠) + 2𝐴𝑙 (𝑙) +

IV-2 -Calculation of the activity coefficient 𝛾 𝑀 and 𝛾 𝐹𝑒 in binary alloys IV-2-1 -Calculation method

To get the activity coefficients of Fe and the alloying element M in the studied phase, the activities of the elements must be calculated. The activity can be calculated from the chemical potential of the alloy, following the formula: 𝑅𝑇 ln 𝑎 𝑖 = 𝑅𝑇 ln(𝛾 𝑖 𝑥 𝑖 ) = 𝜇 𝑖 -𝜇 𝑖 0 (IV.17) with 𝑎 𝑖 the activity of the element 𝑖 in the alloy, 𝛾 𝑖 the activity coefficient of the element 𝑖, 𝑥 𝑖 the molar fraction of 𝑖 in the alloy, 𝜇 𝑖 the chemical potential of the element 𝑖 in the alloy [J.mol -1 ] and 𝜇 𝑖 0 the chemical potential of the element 𝑖 in the same physical state [J.mol -1 ].

The determination of 𝜇 𝑖 and 𝜇 𝑖 0 is shown in Figure 88 [START_REF] Chen | Chemical potential and Gibbs free energy[END_REF]. In this Figure, the values of 𝜇 𝐴 0 and 𝜇 𝐵 0 are determined where the Gibbs energy of the alloy AB 𝐺 𝐴𝐵 (𝑥 𝐵 , 𝑇) intersects the axis corresponding to the pure elements A or B. In other words, 𝜇 𝐴 0 and 𝜇 𝐵 0 are the values of the Gibbs energy of the alloy AB respectively for 𝑥 𝐵 = 0 and 𝑥 𝐵 = 1.

For an alloy AB of composition 𝑥 𝐵 = 𝑥 1 , the values 𝜇 𝐴 and 𝜇 𝐵 are determined where the tangent to the Gibbs energy of the alloy AB at the composition 𝑥 1 intersects the axis corresponding to the pure elements A or B. In other words, 𝜇 𝐴 and 𝜇 𝐵 are the values of the tangent at the composition 𝑥 1 respectively for 𝑥 𝐵 = 0 and 𝑥 𝐵 = 1. The formula of the tangent at the composition 𝑥 1 is:

𝛤(𝑥 𝐵 , 𝑇) = 𝐺 𝐴𝐵 (𝑥 1 , 𝑇) + (𝑥 𝐵 -𝑥 1 ) 𝜕𝐺 𝐴𝐵 𝜕𝑥 𝐵 (𝑥 1 , 𝑇) (IV.18)

IV-2-2 -Gibbs energy model

To be able to determine the chemical potentials needed, the Gibbs energy of the alloy must then be calculated. The Gibbs energy of a phase φ of a Fe-M alloy can be written as [START_REF] Witusiewicz | Reevaluation of the Fe-Mn Phase Diagram[END_REF]:

𝐺 𝜑 = 𝑥 𝐹𝑒 𝐺 𝐹𝑒 𝜑 0 + 𝑥 𝑀 𝐺 𝑀 𝜑 0 + 𝐺 𝑚𝑖𝑥 𝜑 + 𝐺 𝑚𝑎𝑔 𝜑 (IV.19)
with 𝑥 𝑖 the molar fraction of the element 𝑖 in the phase φ, 𝐺 𝑖 𝜑 0 the Gibbs energy of the pure element 𝑖 in the structure corresponding to the phase φ, 𝐺 𝑚𝑖𝑥 𝜑 the Gibbs energy of mixing of the phase 𝜑 and 𝐺 𝑚𝑎𝑔 𝜑 the magnetic Gibbs energy of the phase 𝜑 [all energies in J.mol -1 ]. The pressure contribution to the Gibbs energy of the phase 𝜑, 𝐺 𝑝𝑟𝑒𝑠 𝜑 , can be added but can be neglected here because we work at moderate pressure (1 atm).

In particular, the Gibbs energy of mixing of the phase φ can be expressed, in a Fe-M binary alloy, as: where the interaction coefficients 𝐿 𝑖,𝑗 𝜑 𝜈 [J.mol -1 ] are dependent on the temperature and the nature of the elements 𝑖 and 𝑗.

𝐺 𝑚𝑖𝑥 𝜑 =
Finally, the magnetic Gibbs energy can be described by the following formula:

𝐺 𝑚𝑎𝑔 𝜑 = 𝑅𝑇𝑓(𝜏) ln(𝛽 𝜑 + 1) (IV.22)
with 𝛽 𝜑 the average magnetic moment per atom of the phase φ, 𝜏 = 𝑇/𝑇 𝐶 𝜑 with 𝑇 𝐶 𝜑 the Curie temperature of the phase φ [K] and 𝑓(𝜏) described by: As mentioned, the data for the pure elements are taken from the SGTE database for pure elements [START_REF] Dinsdale | SGTE data for pure elements[END_REF]. The data needed for the calculation of the excess and magnetic Gibbs energies (interaction coefficients, Curie temperature, and magnetic moment) is taken from the work of Zienert and Fabrichnaya [START_REF] Zienert | Experimental investigation and thermodynamic assessment of the Al-Fe system[END_REF]. The data needed is listed as follows:

• Pure elements These data allow us to calculate the Gibbs energy of the phase A2 of ferritic Fe-Al alloys using the formulae (IV. [START_REF] Rist | Élaboration de la fonte et de l'acier -Données thermodynamiques[END_REF]) to (IV.23). The evolution of 𝐺 𝐹𝑒𝐴𝑙 𝐴2 with the aluminum composition at 800°C is displayed in Figure 90. The chemical potentials of the Fe and Al in the same physical state as the alloy can also be determined from the Gibbs energy. The evolution of the activity coefficients of iron and aluminum can then be represented in the A2 ferritic phase. Figure 92 displays the evolution of 𝛾 𝐴𝑙 and 𝛾 𝐹𝑒 with the aluminum composition at 800°C. The activity coefficient of Fe is nearly equal to 1 when aluminum is added in proportions below 2 at.% or 1 wt.%. However, for higher Al molar fractions, 𝛾 𝐹𝑒 quickly decreases. The activity coefficients of iron and aluminum become equal around an Al proportion of 49 at.% or 32 wt.%. At higher aluminum content, the activity coefficient of iron continues to decrease until it reaches 0 when Al is pure. The evolution of 𝛾 𝐴𝑙 is similar when starting at pure Al and increasing the iron content. The transition from 𝑋 𝑚 𝑂 𝑝 1 to an oxide of the type 𝐹𝑒 𝑛 𝑋 𝑚 𝑂 𝑝 1 +𝑝 2 can be calculated. The standard Gibbs energy of transition from one oxide to the other allows to write a formula similar to (IV.9): A product similar to the solubility product can be calculated for these transitions (with M the alloying element) by combining formulae (IV.6), (IV.10), and (IV.28): For the sake of the discussion, the model is expanded to a bccA2 phase that would contain a higher concentration of aluminum. The calculated formation and transition limits are represented at 800°C in Figure 93 in a (𝑤 𝑂 , 𝑤 𝐴𝑙 ) graph. The formulae used for each limit are given along with the corresponding chemical equation.

Once the limits between the chemical species are calculated, the unnecessary portions of these limits are erased. For example, it can be seen in Figure 93 that the orange limit of formation of FeAl2O4 from Fe and Al should occur in the domain of stability of Al2O3, which is not possible because Al has been consumed forming alumina. This portion of the orange line can then be erased.

The final phase diagram of the Fe-Al-O system at 800°C as a function of 𝑤 𝑂 and 𝑤 𝐴𝑙 is presented in Figure 94. At 800°C, alumina can never form for aluminum contents 𝑤 𝐴𝑙 ≤ 4. 10 -12 𝑤𝑡. %. At these low Al proportions, the oxides that can form are iron oxides or FeAl2O4 if 𝑤 𝐴𝑙 ≥ 3. 10 -13 𝑤𝑡. % or only iron oxides if 𝑤 𝐴𝑙 ≤ 3. 10 -13 𝑤𝑡. % . However, for these oxides to form, 𝑤 𝑂 must be high, so the annealing dew point must also be high. At low aluminum contents, i.e. at 𝑤 𝐴𝑙 ≤ 1 𝑤𝑡. % , the formation of alumina from Al is a straight line in the log-log graph, but at high aluminum contents this line bends towards the lower 𝑤 𝑂 . This means that at high 𝑤 𝐴𝑙 the formation of alumina necessitates an even lower dew point. The bending of the formation limit of Al2O3 then extends the stability domain of alumina at high 𝑤 𝐴𝑙 and low 𝑤 𝑂 .

The transition from Al2O3 to FeAl2O4 and the formation of the iron oxides are not straight lines in the model of this study, showing that at high concentrations of aluminum, i.e. at 𝑤 𝐴𝑙 ≥ 1 𝑤𝑡. %, the formation of these compounds is harder and needs a greater amount of oxygen. This difficulty to form the iron-containing oxides leads again to the extension of the alumina stability domain, but this time at high 𝑤 𝐴𝑙 and high 𝑤 𝑂 .

The non-linear limits of formation or transition at 𝑤 𝐴𝑙 ≥ 1 𝑤𝑡. % show that an oxidation model where the solubility products are independent of the aluminum content cannot reflect the behavior of Fe-Al alloys with high 𝑤 𝐴𝑙 . The comparison between this model and the model of Gaye and Lanteri at infinite dilution can be done. The two models calculated at a temperature of 800°C are displayed in Figure 95. To further show the differences between the two, the new model is again expanded to a bccA2 phase that would contain higher concentrations of aluminum.

By comparing the two models, it appears that for a given aluminum concentration, the oxygen concentration needed for the formation of alumina and FeAl2O4 from Al and Fe is higher in the model of this study than in the Gaye-Lanteri model. It is especially true for concentrations of aluminum below 1 wt.%. However, when the Al concentration is above 1 wt.%, the line separating the domains of alumina and dissolved aluminum is not straight, bending towards a formation of alumina at lower oxygen content than predicted by the Gaye-Lanteri model. Similarly, at 𝑤 𝐴𝑙 ≥ 1 𝑤𝑡. %, the lines of transition from Al2O3 to FeAl2O4 and formation of iron oxides bend in a way that suggests a more difficult formation of these oxides than predicted by the Gaye-Lanteri model. These results show that the previous model of Gaye and Lanteri is likely not suited for the study of high-Al steels. It is however a fairly accurate model for the description of low-Al steels.

IV-4 -Continuous annealing of Fe-Al binary alloys

The oxide stability diagrams can be used for the determination of the surface oxides on the samples of Fe-Al at various dew points of the annealing atmosphere. For that, the coordinates of the points of the surface are the concentration of oxygen dissolved on the surface of the samples (calculated with formulae (I.3), (I.4), and (I.10)) and the minimal concentration of aluminum needed for the oxide formation. The amount of oxygen needed in the bulk for the oxidation of Al can also be calculated. Examples of oxide stability diagrams at 600°C, 700°C, and 800°C and 𝑃 𝐻 2 = 0.05 𝑎𝑡𝑚 are shown in Figure 96. The points displayed are the points corresponding to the oxygen needed for the oxidation of the bulk (noted Bw with w the aluminum concentration of the bulk in wt.%) and the points corresponding to the aluminum needed on the surface to form oxides at a given dew point (SDP with DP the atmosphere dew point in °C).

IV-4-1 -Oxide predictions

It can be noted that FeO cannot be formed at temperatures below 600°C as its domain of stability disappears. At the same time, the domain of stability of FeAl2O4 becomes smaller when the temperature decreases. The stability domain of FeAl2O4 eventually disappears at temperatures lower than 350°C

For the two aluminum concentrations studied in this work, the oxide formed in the bulk is alumina. The oxygen concentrations needed for the formation of this alumina are, at the classic galvanizing lines annealing temperature of 800°C, 𝑤 𝑂 = 4.15. 10 -14 𝑤𝑡. % for the Fe -8 wt.% Al and 𝑤 𝑂 = 6.46. 10 -13 𝑤𝑡. % for the Fe -1.5 wt.% Al.

When supposing that the oxidation is at equilibrium at all points of the samples, the oxides predicted on the surface of the samples after annealing in N2 -5% H2 are presented in Table 20.

Table 20: Oxides formed on the surface of Fe-Al alloys during annealing in N2 -5% H2 depending on the temperature and the atmosphere dew point

Temperature (°C) Dew Point (°C) 400 500 600 700 800 900

-60 Al2O3 Al2O3 Al2O3 Al2O3 Al2O3 Al2O3 -40 Al2O3 Al2O3 Al2O3 Al2O3 Al2O3 Al2O3 -20 Al2O3 Al2O3 Al2O3 Al2O3 Al2O3 Al2O3 0 FeAl2O4 FeAl2O4 FeAl2O4 Al2O3 Al2O3 Al2O3 +10 FeAl2O4 + Fe3O4 FeAl2O4 + Fe3O4 FeAl2O4 FeAl2O4 FeAl2O4 FeAl2O4
At temperatures above or equal to 700°C, the oxide formed on the surface of Fe-Al samples is alumina when the annealing atmosphere dew point is below or equal to 0°C. At 700°C and DP = 0°C, the point representative of the surface oxide is right on the transition between Al2O3 and FeAl2O4, which means that both oxides are likely to be found on the surface. At a dew point of +10°C, the oxide formed is the ternary oxide FeAl2O4. At 600°C, the oxides formed are the same, except for the oxide formed at a dew point of 0°C which is now FeAl2O4.

The oxide stability diagrams at 400°C and 500°C can be drawn in the same way as those presented in Figure 96. At 400°C and 500°C, the oxides are the same as at 600°C, but at a dew point of +10°C, the iron oxide Fe3O4 can also be formed.

When comparing the predictions of this model to the diagram presented by Elrefaie and Smeltzer [START_REF] Elrefaie | Thermodynamics of the System Iron-Aluminum-Oxygen between 1073 K and 1573 K[END_REF] at 800°C, the phases are the same for all the dew points studied, except for DP = 0°C. At this dew point, Elrefaie and Smeltzer describe the presence of the two phases: metallic Fe and FeAl2O4. The model of this work predicts Al2O3, but the point representative of the system is on the limit between the two oxides. The difference could come from the chosen thermodynamic data used for the model.

IV-4-2 -Comparison between predictions and experimental results

This thermodynamic model does not predict a change in the external and internal oxides observed between two alloys Fe -1.5 wt.% Al and Fe -8 wt.% Al annealed in the same conditions of temperature and atmosphere dew point, which is observed experimentally.

The thermodynamic model predicts that the ternary oxide is not stable at the dew points below -20°C both during the heating and the holding at 800°C. However, FeAl2O4 is stable during the heating at DP = 0°C until 700°C and transforms into Al2O3 during the end of the heating and the holding at 800°C. At DP = +10°C, the ternary oxide is stable during the whole cycle.

The experimental results of Section III at 800°C in N2 -5 % H2 show that the external oxides observed are alumina at dew points below -20°C and both Al2O3 and FeAl2O4 at 0°C and above. These results are in accordance with the thermodynamic model. The presence of the ternary oxide at DP = 0°C can be explained by the fact that not all FeAl2O4 has been reduced yet. The XPS results show that the FeAl2O4/Al2O3 ratio also increases between 0°C and +10°C, which is expected from the model, as alumina should not be formed in these conditions. The electron diffraction of the oxide formed on Fe-Al alloys at a dew point of +10°C confirms that it is FeAl2O4, which is again in accordance with the thermodynamic model.

The internal oxide (i.e. the oxide formed at the Al concentration of the bulk with the lowest oxygen amount possible) predicted by the thermodynamic model for both Fe-Al grades is Al2O3 for every temperature tested in this work. The experimental observations are again in accordance with the thermodynamic model.

When considering the XPS peak deconvolution results on both the O-1s and Al-2p spectra, the FeAl2O4/Al2O3 ratio decreases with the holding time between a 0 s and a 60 s holding at 800°C and DP = 0°C, which is in agreement with the thermodynamic model. Indeed, the model predicted that the FeAl2O4 formed during the heating phase at DP = 0°C must transform into Al2O3 at 800°C because alumina is the stable form of aluminum oxide in these conditions. This way, the longer the annealing time, the more the ternary oxide transforms into alumina.

At 600°C and DP = 0°C, the thermodynamic model predicts that the stable oxide on the surface of Fe-Al alloys is FeAl2O4. At 700°C and DP = 0°C, the stable oxide is supposed to be Al2O3, but the conditions are right on the limit between the stability domains of Al2O3 and FeAl2O4 so it can be possible that the two oxides are as likely as the other to be formed. In both conditions, the two oxides are detected experimentally, but with a greater FeAl2O4/Al2O3 ratio on the samples annealed at 600°C (XPS in Appendix D), which is in accordance with the model, as the ternary oxide is not yet supposed to be reduced. When annealed at 600°C, the conditions are close enough to the limit to allow a small portion of alumina to form. When the temperature increases, FeAl2O4 progressively transforms into alumina, which is what happens during the heating and holding phases for all samples, which is why the two oxides are also observed on the samples annealed at 700°C.

Concerning the formation of the iron particles observed on the samples of this work, a hypothesis could be that they are formed by the reduction at high temperatures of oxides formed at lower temperatures during the heating phase.

At DP = 0°C, FeAl2O4 is formed at temperatures below 700°C and is then reduced when the temperature goes above 700°C. This reduction leads to Al2O3 and metallic iron. However, the quantity of reduced Fe is not enough to explain the size of the particles, considering the thinness of the external oxide layer observed between the iron particles. On the other hand, it was hypothesized that this reduced iron could serve as nucleation sites for the particles.

However, at DP = -20°C, neither FeAl2O4 nor iron oxides are formed at low temperatures, so no reduction of iron occurs, and no iron nuclei can appear, yet the particles can be observed at this dew point. Moreover, the reduction of FeAl2O4 does not occur at 600°C and DP = 0°C but these are the conditions where the most iron is found on the surface. It then seems that the iron reduction is not the cause of the formation of the iron particles on the surface of Fe-Al alloys.

IV-5 -Recapitulation

This thermodynamic model has been constructed to better predict the oxidation behavior of Fe-Al alloys containing aluminum in proportions higher than 1 wt.%. The comparison with a previous model showed that the infinite dilution approximation cannot apply to higher aluminum contents.

Globally, the experimental results of this work are in accordance with the thermodynamic model. The external and internal oxides observed are the same as the ones predicted by the thermodynamic model.

The formation of iron particles cannot be explained by the reduction of oxides formed at lower temperatures. Indeed, some of the annealing conditions present the iron particles when the thermodynamic model does not predict the reduction of oxides.

The following section of this work will study internal oxidation and try to explain the formation of the iron particles through other mechanisms.

Chapter V -Reactive diffusion mechanisms

When looking at all the samples analyzed in this work, different morphologies are observed.

At low dew points of the annealing atmosphere, the Fe-Al samples are covered by an external layer of alumina and no internal oxidation is observed. In link with the absence of internal oxidation, no particle is observed on the surface of these samples.

At the high dew points of the atmosphere, the surface is covered by the ternary oxide FeAl2O4 and not Al2O3. This is in good agreement with the thermodynamic model presented in Section IV.

In Fe -1.5 wt.% Al, internal oxidation is visible only when the samples are annealed with holding at 800°C and with a dew point of 0°C. The internal oxidation is not visible in samples annealed without holding at 800°C or at lower temperatures. No dense internal alumina layer is observed in Fe -1.5 wt.% Al samples, at least during the first 60 s. The formation of metallic iron particles is observed on these samples when the internal oxidation is observed, i.e. on samples annealed with holding at 800°C. Internal oxidation of aluminum is observed in Fe -8 wt.% Al samples during the heating phase. More precisely, the internal oxidation is detected when the samples are annealed at least at 700°C without holding. The growth of the internal oxide nodules continues during the heating cycle until the samples are held for about 30 s at 800°C. At this point, a dense internal alumina layer forms at the oxidation front and prevents further oxidation. The size of oxide nodules and the depth of the oxidation front then stagnate for the rest of the annealing. In parallel, iron particles are observed on the Fe -8 wt.% Al samples that present internal oxidation. The size and surface coverage of these particles also increase until the samples are held for about 30 s at 800°C. The growth of the iron particles is then almost stopped. The formation of the internal oxide layer has an impact on the growth of both the oxide nodules and the iron particles. Similar behavior is observed when holding at 700°C. The oxides and particles grow until the samples are held for about 150 s. The internal layer then forms and prevents the growth of internal oxidation and iron particles. At 600°C, the dense internal layer has not been observed and the oxidation front continues to advance in the material. At the same time, the surface coverage of particles continues to increase.

These results show the link between the two phenomena and also display that the formation of a dense internal layer leads to the interruption of the growth of oxides and surface particles.

The adaptation of theoretical models to Fe-Al alloys is presented in Section V-1. This section will also contain the values of physical parameters needed for calculation.

The formation of the selective aluminum oxides will be explored in Section V-2. This section will focus on the transition from external to internal oxidation, the formation mechanism of the dense internal oxide layer, and the comparison between the experimental oxidation depth and the predictions from models with the variation of the annealing parameters.

The formation mechanisms of these iron particles will be assessed in Section V-3. This section will apply the model of Guruswamy and Yi to the alloys studied in this work and compare the theoretical model to the experimental results for the formation of iron particles.

V-1 -Models of Wagner and Guruswamy

V-1-1 -Adaptation of the models to Fe-Al alloys

The oxidation of aluminum in Fe-Al grades leads to the formation of internal alumina in the subsurface of the samples when the annealing is performed with a high annealing atmosphere dew point. The depth of this internal oxidation can be predicted using Wagner's model presented in Section I-2-3-1 and expanded in Section III-4-1-1. In the annealing conditions of this work, the criterion of formula (III. Iron diffusion is possible through two different means, either through the vacancies of the matrix or through the dislocation pipes.

The diffusion parabolic constant for the diffusion of iron through the vacancies can then be expressed with the formula:

𝑘 𝑝 𝑑𝑖𝑓𝑓 = 𝑉 ̅ 𝑎𝑙𝑙𝑜𝑦 (𝑉 ̅ 𝐴𝑙𝑂 1.5 -𝑉 ̅ 𝐴𝑙 ) 𝐷 𝐹𝑒 𝑥 𝐴𝑙 0 (V.3)
The diffusion parabolic constant for the diffusion of iron through dislocation pipes of ferrite can also be expressed as:

𝑘 𝑝 𝑑𝑖𝑓𝑓 = 𝑉 ̅ 𝐹𝑒 (𝑉 ̅ 𝐴𝑙𝑂 1.5 -𝑉 ̅ 𝐴𝑙 ) 𝐷 𝑃 𝐹𝑒 𝑎 2 𝜌 𝑥 𝐴𝑙 0 (V.4)
with 𝐷 𝑃 𝐹𝑒 the diffusivity of iron in the dislocation pipes [m 2 .s -1 ], 𝑎 the section of a dislocation pipe [m], and 𝜌 the dislocation density in the material [m -2 ]. This dislocation density depends on the recrystallization state of the studied samples.

It can be noted that, in this model, the stress induced by the formation of Al2O3 from the aluminum of the matrix will also influence the chemical potential of iron in the oxidized zone. In a stressed environment, Li [START_REF] Li | Physical Chemistry of Some Microstructural Phenomena[END_REF] and Chu and Lee [START_REF] Chu | The effect of chemical stresses on diffusion[END_REF] defined the chemical potential of Fe, in an ideal solution, as:

𝜇 𝐹𝑒 = 𝜇 𝐹𝑒 0 + 𝑅𝑇 ln 𝑎 𝐹𝑒 -𝜎 ℎ 𝑉 ̅ 𝐹𝑒 ≈ 𝜇 𝐹𝑒 0 + 𝑅𝑇 ln 𝑥 𝐹𝑒 -𝜎 ℎ 𝑉 ̅ 𝐹𝑒 (V.5)
with 𝜇 𝐹𝑒 the chemical potential of Fe in the alloy [J.mol -1 ], 𝜇 𝐹𝑒 0 the chemical potential of pure Fe [J.mol -1 ], 𝑎 𝐹𝑒 the activity of Fe in the alloy, 𝑥 𝐹𝑒 the molar fraction of Fe in the alloy, 𝜎 ℎ the hydrostatic stress [Pa] and 𝑉 ̅ 𝐹𝑒 the molar volume of Fe in the alloy.

As a simplification, the oxidation zone will be assimilated to a thin plate for the isotropic diffusion of iron, despite the presence of oxide nodules. In the case of the diffusion through a thin plate, the transverse stresses in the iron matrix are [START_REF] Li | Physical Chemistry of Some Microstructural Phenomena[END_REF][START_REF] Chu | The effect of chemical stresses on diffusion[END_REF]: (𝐶 𝐹𝑒 -𝐶 𝐹𝑒 0 ) (V.7)

𝜎 ℎ = 2 3 𝜎 𝑡 = 2𝐸𝑉 ̅ 𝐹𝑒 9(1-𝜈) (𝐶 𝐹𝑒 0 -𝐶 𝐹𝑒 ) (V.
When the oxidation of aluminum occurs, the concentration and the molar fraction of iron in the matrix increase, so the chemical potential also increases. The atomic flux of iron happens from the areas of high potential towards the areas of low potential so the iron counter-flux towards the surface presented above is also increased by the stress applied by the newly formed alumina. This mechanism is the basis for the model of Guruswamy and Yi.

V-1-2 -Choice of the physical parameters V-1-2-1 -Diffusivity in the bulk

The diffusivities chosen for Al and O are those proposed by Mehrer [START_REF] Mehrer | Landolt Börnstein -Numerical Data and Functional Relationships in Science and Technology: Group III[END_REF] for aluminum (formula III.2: 𝐷 𝐴𝑙 = 1.80 . 10 -4 exp (- 2.28 .10 5

𝑅𝑇

)) and by Swisher and Turkdogan [START_REF] Swisher | Solubility, permeability, and diffusivity of oxygen in solid iron[END_REF] for oxygen (formula III.3: 𝐷 𝑂 = 3.72 . 10 -6 exp (- Diffusion can also happen along the dislocation pipes of the material. However, no clear data has been found on the diffusivity of iron in α-Fe through dislocation pipes. This diffusivity must be determined.

V-1-2-2 -Diffusivity of iron in dislocation pipes

The iron diffusion through the dislocations can be represented as in Figure 97. The dislocation pipes have a radius of 𝑎 = 0.5 𝑛𝑚 [START_REF] Mehrer | 33 Dislocation Pipe Diffusion[END_REF] and are separated by a distance of 2𝑟, with 𝑟 varying inversely with the dislocation density 𝜌, i.e. 𝑟 increases when 𝜌 decreases.

The self-iron diffusion can, as mentioned above, occur through vacancies, dislocation pipes, or a mix of the two. These means of diffusions are respectively named diffusion of type A, C, and B, following the diffusion classification of Harrison [START_REF] Harrison | Influence of dislocations on diffusion kinetics in solids with particular reference to the alkali halides[END_REF]. The determination of the type of diffusion is done by comparing the lattice diffusion to the parameters of the dislocation pipes. Type A diffusion occurs if √𝐷 𝐹𝑒 𝑡 > 𝑟 , type B occurs if 𝑟 > √𝐷 𝐹𝑒 𝑡 > 𝑎 and type C diffusion occurs if 𝑎 > √𝐷 𝐹𝑒 𝑡 [START_REF] Mehrer | 33 Dislocation Pipe Diffusion[END_REF].

The value of the type B diffusivity is found in the work of Mehrer and Lübbehusen [START_REF] Mehrer | Self-diffusion along dislocations and in the lattice of alphairon[END_REF]. The experimental data for the type C diffusion is found in the work of Shima et al. [START_REF] Shima | Selfdiffusion along dislocations in ultra high purity iron[END_REF]. These experimental data are plotted and a linear regression is performed to obtain the coefficients needed for the calculation of the diffusivity of iron through the dislocation pipes. The type of diffusion depends on the difference between 𝑎 the radius of dislocation pipes and 𝑟 the distance between two pipes. As 𝑟 is inversely proportional to the density of dislocations, it is clear that the dislocation density 𝜌 also has a big influence on the diffusion model of iron towards the surface of the samples during the annealing. (V.12)

with 𝑁 𝐴 = 6.02 . 10 23 𝑚𝑜𝑙 -1 Avogadro's number and 𝑟 0 = 118 Å the calculated atomic radius of Al [START_REF] Clementi | Atomic Screening Constants from SCF Functions[END_REF]. The molar volume of the alloy is calculated with the formula:

𝑉 ̅ 𝑎𝑙𝑙𝑜𝑦 = 𝑥 𝐴𝑙 0 𝑉 ̅ 𝐴𝑙 + (1 -𝑥 𝐴𝑙 0 )𝑉 ̅ 𝐹𝑒 (V.13)
The molar volumes of the two alloys Fe -1.5 wt.% Al and Fe -8 wt.% Al are close to the molar volume of bcc iron. As a simplification, in further calculations, 𝑉 ̅ 𝑎𝑙𝑙𝑜𝑦 will then be assimilated to 𝑉 ̅ 𝐹𝑒 . These values of molar volumes are used in Section V.

V-1-2-4 -Further calculation of parabolic constants

With these values, the diffusion parabolic constant linked to the formation of the iron particles defined by formula (V.3) can then be expressed for bulk diffusion as:

𝑘 𝑝 𝑑𝑖𝑓𝑓 = 1.06 𝐷 𝐹𝑒 𝑥 𝐴𝑙 0 (V.14)
Similarly, the diffusion parabolic constant linked to the formation of the iron particles defined by formula (V.4) can be expressed for diffusion in the dislocation pipes as:

𝑘 𝑝 𝑑𝑖𝑓𝑓 = 1.06 𝐷 𝑃 𝐹𝑒 𝑎 2 𝜌 𝑥 𝐴𝑙 0 (V.15)
with 𝑎 the radius of a dislocation pipe [m] The dislocation density varies greatly depending on the recrystallization state of the iron sample. In the case of a well-recrystallized iron sample, the dislocation density has a value of around 𝜌 = 10 13 𝑚 -2 [START_REF] Lübbehusen | Self-diffusion in alpha-iron: The influence of dislocations and the effect of the magnetic phase transition[END_REF], when a non-recrystallized iron sample has a dislocation density of around 𝜌 = 10 15 𝑚 -2 [START_REF] Nakashima | Limit of Dislocation Density and Dislocation Strengthening in Iron[END_REF]. The non-recrystallized samples can simply be samples that have been prepared using mechanical polishing, as is the case in this work, with a hardened layer in the first 200 -300 nm of the sample.

V-2 -Selective oxidation of Al V-2-1 -Transition between external and internal oxidation

The determination of whether the oxidation is expected to be internal or external is also dependent on the molar fraction of oxygen, as demonstrated in the formula (I.32) of Section I-2-3-2. The adaptation of this formula to the alloys of this work gives the critical mole fraction of aluminum for the transition from internal to external: Using formulae (I.3), (I.4), and (I.10) 𝑥 𝑂 𝑆 can be calculated from the dew point, knowing that the atmosphere is N2 -5 vol.% H2. The evolution of the critical mole fraction of aluminum needed for the transition from internal to external oxidation with the annealing dew point at 800°C is then displayed in Figure 99.

In Figure 99, no internal oxidation occurs when the dotted line symbolizing the composition of the alloy is above the solid line of the evolution of 𝑥 Al 𝑐𝑟𝑖𝑡 . The predictions of this model at 800°C

for the binary alloys Fe-Al is that the oxidation is entirely external on Fe -8 wt.% Al annealed at DP < -53°C and internal at higher dew points. This model is respected by the Fe -8 wt.% Al samples annealed at 800°C, where no internal oxidation is observed at DP = -60°C but internal oxides are detected at DP = -40°C and above (Sections III-1-1 and III-1-2). In this model, the oxidation of Fe - 1.5 wt.% Al is supposed to be internal for dew points of -76°C and above. The experimental results however show that the sample of Fe -1.5 wt.% Al annealed at 800°C and DP = -60°C has no internal oxidation (Section III-1-2 and Appendix D). The absence of particles on the sample of Fe -1.5 wt.% Al annealed at DP = -40°C also suggests that there is no or very little internal oxidation on this sample, as the two phenomena are linked (Section III-1-1). This result could be due to the internal oxidation of these samples being composed of extremely fine oxides that are not visible on cross-sections.

V-2-2 -Formation of the dense internal alumina layer

The dense internal alumina layer observed in some samples of this work is reminiscent of the dense In2O3 layer formed by Rapp et al. [START_REF] Rapp | The Formation of Passivating Internal In2O3 Bands in Silver-Indium Alloys[END_REF] in Ag-In alloys (Figure 100 a)). This In2O3 band was tailored by Rapp et al. to be a passivating internal layer that could stop the internal oxidation at the desired depth. If the Al2O3 layer in the present work has not been fabricated on purpose, it seems to serve the same role, as the depth of the oxidation front remains the same at all times when the band is observed (Figure 100 b)). In this work, the alumina layer has been detected on Fe -8 wt.% Al samples annealed with a holding phase of at least 30 s at 700°C and 800°C with dew points of 0°C or +10°C.

It is supposed that the dense alumina layer observed at the bottom of the oxidation zone has been formed in Fe -8 wt.% Al during the early stage of the holding phase of the heating cycle of the HTWD. It is supposed that the outward flux of aluminum becomes high enough to counter the inward flux of oxygen. The layer is then formed by the oxidation of Al at the depth where the oxygen diffusion stagnates when the two fluxes are counterbalancing each other. The dense internal layer is then formed and prevents any further internal oxidation deeper in the material. As the driving force for the formation of this layer is the outward diffusion of aluminum, the internal layer can be assimilated to an "external oxide" that would form in the bulk because aluminum could no longer reach the surface.

The theory for the diminution of the inward oxygen flux is based on the diminution of the diffusivity of oxygen because of the internal oxides formed in the subsurface. The diffusion is more difficult in oxides than in the iron matrix so the more oxide particles there are, the worse the diffusivity gets. Leblond [START_REF] Leblond | A note on a nonlinear version of Wagner's classical model of internal oxidation[END_REF] proposed a model where the effective diffusivity of oxygen in the matrix decreases when the oxide mass fraction 𝑃 increases. This effective diffusivity 𝐷 𝑂 𝑒𝑓𝑓 [m 2 .s -1 ] is calculated from the diffusivity in the pure matrix using the formula:

𝐷 𝑂 𝑒𝑓𝑓 = 𝐷 𝑂 1-𝑃 1+𝑃( 𝑉 ̂𝑃 𝑉 ̂𝑀-1) (V.17)
with 𝐷 𝑂 the diffusivity of oxygen in the pure matrix [m 2 .s -1 ] and 𝑉 ̂𝑃 and 𝑉 ̂𝑀 the specific volumes [m 3 .kg -1 ] of the oxide and the matrix respectively (𝑉 ̂𝑖 = 1 𝜌 𝑖 ⁄ with 𝜌 𝑖 the density of species 𝑖 [kg.m - 3 ]). This model is used to describe the transition from internal oxidation to external oxidation as a function of the mass fraction of oxides in the material. This transition occurs at the critical mass fraction 𝑃 𝑐𝑟 , described as:

𝑃 𝑐𝑟 = 1 1+√ 𝑉 ̂𝑃 𝑉 ̂𝑀 (V.18)
Leblond et al. [START_REF] Leblond | Predicting the transition from internal to external oxidation of alloys using an extended Wagner model[END_REF] later reworked this formula to consider the shape of the oxide particles. To do so, they consider the particles as oblate spheroidal inclusions with an axis of rotational symmetry perpendicular to the surface (minor axis of spheroid) and introduce their aspect ratio 𝑊 which is defined as:

𝑊 = 𝑀𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑀𝑖𝑛𝑜𝑟 𝑎𝑥𝑖𝑠 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑 (V.19)
This definition of the aspect ratio leads to flat spheroids having a ratio 𝑊 ≥ 1. The work of Leblond et al. only concentrates on these flat spheroids, so if the spheroids are elongated (𝑊 ≤ 1), they will be assimilated to spheres with 𝑊 = 1 in the present work. This reasoning is based on the fact that the inward oxygen flux is perpendicular to the surface and so are the oxide particles with a ratio 𝑊 ≤ 1. The flux between these particles is then the same at any depth, so the oxide nodules can be assimilated to spheres.

With the introduction of the aspect ratio of oxide particles, the effective diffusivity can be rewritten as:

𝐷 𝑂 𝑒𝑓𝑓 = 𝐷 𝑂 𝑓(𝑃) with 𝑓(𝑃) = (1 + 𝑉 ̂𝑃 𝑉 ̂𝑀 𝑃 1-𝑃 ) 𝜒(𝑊)
and 𝜒(𝑊) = 1 + 0.55𝑊 (V.20)

With this new formula, the critical oxide mass fraction 𝑃 𝑐𝑟 is described as:

𝑃 𝑐𝑟 = 1 𝜒(𝑊)-1 2 𝑉 ̂𝑃 𝑉 ̂𝑀+1+ √ ( 𝜒(𝑊)-1 2 𝑉 ̂𝑃 𝑉 ̂𝑀) 2 +𝜒(𝑊) 𝑉 ̂𝑃 𝑉 ̂𝑀 (V.21)
From 𝑃 𝑐𝑟 , it is then possible to calculate 𝐹 𝑐𝑟 the critical oxide volume fraction for the transition between internal and external oxidation [START_REF] Leblond | A note on a nonlinear version of Wagner's classical model of internal oxidation[END_REF]:

𝐹 𝑐𝑟 = 𝑃 𝑐𝑟 𝑉 ̂𝑃 𝑉 ̂𝑀 1-𝑃 𝑐𝑟 +𝑃 𝑐𝑟 𝑉 ̂𝑃 𝑉 ̂𝑀 (V.22)
In the case of the formation of alumina in ferrite, the specific volumes are 𝑉 ̂𝑃 = 𝑉 ̂𝐴𝑙 2 𝑂 3 = 1 𝜌 𝐴𝑙 2 𝑂 3 ⁄ = 2.51 . 10 -4 𝑘𝑔. 𝑚 -3 [136] and 𝑉 ̂𝑀 = 𝑉 ̂𝐹𝑒 = 1 𝜌 𝐹𝑒 ⁄ = 1.27 . 10 -4 𝑘𝑔. 𝑚 -3 [125]. In the samples obtained in this work, the aspect ratio is not homogeneous in the oxidized zone (Figure 101). The oxides near the surface are flatter than the ones that stretch to the oxidation front. The oxides near the surface have an aspect ratio 𝑊~2 when the deeper ones have an aspect ratio 𝑊 < 1. As mentioned previously, the oxides with such a ratio will be assimilated to spheres (𝑊 = 1) for simplification, as no solution has been developed for elongated oxides. The critical oxide mass and volume fractions can be calculated for different aspect ratios:

-For 𝑊 = 1, 𝑃 𝑐𝑟 = 0.296, 𝐹 𝑐𝑟 = 0.454 -For 𝑊 = 1.5, 𝑃 𝑐𝑟 = 0.258, 𝐹 𝑐𝑟 = 0.407 -For 𝑊 = 2, 𝑃 𝑐𝑟 = 0.228, 𝐹 𝑐𝑟 = 0.368

These critical volume fractions can be compared to the experimental oxide volume fraction measured on the Fe -8 wt.% Al samples after annealing at 800°C. The surface fraction 𝛼 𝑜𝑥,𝑛𝑜𝑑𝑢𝑙𝑒𝑠 is the oxide surface fraction visible on the cross-section and measured in the red rectangles in Figure 101 and is commonly considered equal to the volume fraction [START_REF] Leblond | A note on a nonlinear version of Wagner's classical model of internal oxidation[END_REF], provided that the mixture of phases is homogeneous. By taking this assumption of homogeneity, the oxide volume fraction after annealing at 800°C for 0 s is measured at 𝐹 𝑒𝑥𝑝 = 𝛼 𝑜𝑥,𝑛𝑜𝑑𝑢𝑙𝑒𝑠 = 0.41 ± 0.03, which is around the critical volume fraction for 𝑊 = 1.5, which could explain why the dense alumina layer is not formed yet. In the same way, the oxide volume fraction after annealing at 800°C for 60 s is measured at 𝐹 𝑒𝑥𝑝 = 0.44 ± 0.04 (here 𝛼 𝑜𝑥,𝑛𝑜𝑑𝑢𝑙𝑒𝑠 is the oxide fraction visible on the cross-section measured in the red rectangle in Figure 101 b), excluding the dense internal layer). This volume fraction is above the critical volume fraction for 𝑊 = 1.5 and close to the fraction for 𝑊 = 1, which can be why the internal layer is formed. Wagner's model supposes that all the aluminum is consumed to form alumina because the solubility product of alumina is low. As the solubility product is not equal to zero, a small amount of aluminum may remain in the oxidized zone, which could lead to further oxidation in the oxidized area and an increase of the oxide volume fraction. It can be noted that these results present approximations because of the hypothesis of homogeneity and the possible error due to the image analysis with ImageJ. The uncertainty of the measurements shows the possibility that the increase of the volume fraction does not really occur and that it is the shape of the internal oxides that changes due to the coalescence of oxide nodules. The mechanism can then be described as follows:

-Oxidation of aluminum following Wagner's model, -Further growth of internal oxide nodules or oxide coalescence, until -Experimental oxide volume fraction exceeds 𝐹 𝑐𝑟 , -Formation of an internal "external" alumina layer that stops further internal oxidation.

V-2-3 -Internal oxidation depth

V-2-3-1 -Relevance of Wagner's model
The annealing temperature at DP = 0°C is a determining factor in the formation of the oxides in and on the Fe-Al binary alloys, and consequently on the formation of the iron particles.

At 800°C and temperatures below, Wagner's criterion (formula III.1) is respected so the formula (V.1) can be used. The annealing temperature has an influence on the oxidation depth according to Wagner's model of oxidation. The model depends on the diffusivity of oxygen to calculate the oxidation depth and on the diffusivities of oxygen and aluminum for the calculation of the elements' profiles. As the diffusivities increase with the temperature, the oxidation depth also increases when the annealing temperature increases. In the experimental results of this work for samples annealed without holding, the internal oxidation is not visible on the samples of Fe -1.5 wt.% Al. For the other grade, the internal oxidation depth can be measured from 700°C (Figure 102). The oxidation depths in Fe -1.5 wt.% Al and Fe -8 wt.% Al calculated with Wagner's model (in solid lines) are calculated for a holding time of 1 s which is around the time needed for the operator to stop the furnace, are presented in Figure 102 along with the experimental results of this work on the only grade where the depth of the oxidation front was measurable, Fe -8 wt.% Al (represented by squares). Here, and for all calculations in Section V-2-3, the depth is calculated using the diffusivity of iron in the bulk (type A).

These results show that, when the samples of Fe -8 wt.% Al are annealed without holding at the target temperature, the oxidation depths are closer to the ones calculated with the model of Wagner, at least for the temperatures where the oxidation depth was measurable.

During the heating phase, the diffusion of oxygen in the alloy leads to visible internal oxidation when the temperature is above 700°C. During this phase, the oxides are not large enough to decrease the inward diffusion of oxygen, so the oxidation follows Wagner's model. The counterdiffusion of iron also occurs during heating and is dependent on oxidation so the controlling phenomenon here is oxidation following Wagner's model.

It must be noted that the presence of iron particles is detected on samples where the internal oxidation of aluminum is detectable, either by the observation of cross-sections or on GDOES profiles. The formation of the iron particles following the mechanism of Guruswamy and Yi is enhanced by the increase of the internal oxidation of the samples. Wagner's model predicts that the internal oxidation increases with the temperature for these tests without holding. In the experimental results presented in Section III-3-1-1, the surface coverage of the particles increases with the annealing temperature, which is then compatible with Wagner's model. This reinforces the theory that the particles are formed because of the internal oxidation of the alloying element, here aluminum.

Other tests present results that follow Wagner's model. As the model varies with the square root of the annealing time, the theoretical oxidation depth increases with the holding time. The internal oxidation of Fe -8 wt.% Al samples maintained at 600°C for 2400 or 4800 s do not display dense internal alumina layers. The growth of the internal oxidation can continue during the holding at 600°C and the oxidation depths measured experimentally are close to those calculated with Wagner's model. According to the GDOES profiles and cross-sections, the internal oxidation is visible down to 5 µm after 2400 s and 7 µm after 4800 s (Figure 82 and Figure 83). The shape of the internal oxides in the samples annealed at 600°C are too elongated perpendicularly to the surface, so they do not hinder the oxygen diffusion in the bulk. The dense layer does not form, so the oxidation continues to follow Wagner's model. The variations of the oxidation depth in Fe -8 wt.% Al with the annealing holding time at 600°C and DP = 0°C with Wagner's model (solid line) and experimentally (squares) are presented in Figure 103.

V-2-3-2 -Oxidation different from Wagner's model As seen in Section V-2-2, a dense internal alumina layer can sometimes be observed in the samples. This layer is present in the samples annealed with a holding phase at 700°C and 800°C. This concerns the annealing dew points of 0°C and +10°C. In Wagner's model of oxidation, the oxidation depth is also directly linked to the molar fraction of oxygen adsorbed on the surface of the material. The aluminum composition (i.e. the alloying element composition) has an impact on the formation of the oxides in the Fe-Al alloys. When looking at the formula of Wagner, it can be seen that the depth of the oxidation front is inversely proportional to the square root of the composition of the alloying element, here aluminum. It is explained in the Wagner theory by the fact that when there is less aluminum available for the formation of the internal alumina, the flux of Al is less important. The oxygen present at the sample surface must penetrate more profoundly in the bulk for the flux of Al and O to be equal at the oxidation front.

The experimental oxidation depths are more than ten times smaller than the depths calculated with Wagner's formula. In Fe -8 wt.% Al, this is due to the formation of the dense alumina layer during the annealing holding phase. This layer stops the advance of the oxidation front, as explained in Section V-2-2, thus the oxidation no longer follows Wagner's model. This layer is not visible in the Fe -1.5 wt.% Al annealed in the same conditions. The oxidation depth in these samples should then be more important than the depths measured in the Fe -8 wt.% Al grade. However, the available quantity of aluminum is smaller in the Fe -1.5 wt.% Al, so the internal oxidation is perhaps too fine to be visible. The same phenomenon is observed when the samples are maintained at 700°C or 800°C. Figure 105 displays the theoretical evolutions of the oxidation depth with the annealing time with Wagner's model for two annealing temperatures: 700°C and 800°C. Wagner's model is in solid lines and the experimental results are squares.

At 800°C, the oxidation depth stagnates at 0.6 µm under the surface of the samples (depth of the maximum of Al on the GDOES profiles, which corresponds to the internal oxide layer), and this for the different annealing times tested (30 -240 s). The same thing happens at 700°C for the different annealing holding times tested at this temperature (150 -1800 s). The oxidation depth is here around 0.9 µm. At 700°C or 800°C, the oxides near the surface are more elongated in the direction parallel to the surface. As seen in Section V-2-2, this hinders oxygen diffusion and the dense internal layer appears. The oxidation front is stopped, and the oxidation does not follow Wagner's model anymore. V-3 -Formation of iron particles

V-3-1 -Correlation between oxidation depth and iron particles surface coverage

The annealing cycle has a great influence on the formation and growth of the iron particles on the surface of Fe-Al alloys. This is shown experimentally by the dispersion of the surface coverage of particles when there is no holding at the annealing temperature, as seen in Figure 65 a) of Section III-3-1-3. For example, the heating rate of the heating phase during the tested annealing cycles influences the particles' size and surface coverage. When the samples are held at a given temperature, the differences in the heating phase are no longer visible.

We compare here the different annealing cycles with the characteristic lengths of diffusion of the different elements in the samples.

To calculate the characteristic lengths of diffusion of Fe, Al, and O, the heating phase of the annealing cycle is decomposed into a step function. Each step of this step function has a time length of one second. An example of such step function is presented in Figure 106 for the heating phase of a sample annealed for 0 s at 800°C with an atmosphere dew point of 0°C.

For each step, the characteristic lengths of diffusion of iron, aluminum, and oxygen are calculated with the formula:

𝐿 𝑖 (𝑋) ∝ √𝐷 𝑋 (𝑇 𝑖 ) * 𝑡 = √𝐷 𝑋 0 exp ( -𝑄 𝑋 𝑅𝑇 𝑖 ) * 𝑡 (V.23)
with 𝐿 𝑖 (𝑋) the characteristic length of diffusion of the element X [m] during step 𝑖, 𝑡 = 1𝑠 the time length of the step, 𝑇 𝑖 the temperature of the step [K], 𝐷 𝑋 0 the preexponential factor of diffusion of X [m².s -1 ], 𝑄 𝑋 the activation energy of diffusion of X [J.mol -1 ], 𝑅 the ideal gas constant [8.314 J.K - 1 .mol -1 ].

Once the characteristic length of diffusion of each step is calculated, the global characteristic length of diffusion is obtained by taking the square root of the sum of the lengths for each step squared:

𝐿(𝑋) = √∑ 𝐿 𝑖 (𝑋) 2 𝑖 (V.24)
The result of this method of determination of a characteristic length of diffusion with a step function is that, for experiments with the same holding time, the characteristic lengths vary inversely with the heating rate of the heating phase. Indeed, when the heating rate is higher, the number of 1second steps in the heating phase is smaller, so there are fewer terms in the formula (V.24). The calculated length is then also smaller. This method is applied to the samples carried out in this work. As there are more annealing conditions tested on Fe -8 wt.% Al, the lengths of diffusion and the comparisons will be done on this grade.

For the samples annealed without holding at the target temperature, it is possible to plot the characteristic lengths of diffusion of the various elements 𝐿(𝑋) and the surface coverage of particles 𝜏 𝑝𝑎𝑟𝑡 against the target annealing temperature (Figure 107). In all cases, the results have a large dispersion. It was known for the particles' coverage from Section III-3-1-3, but the same behavior is observed for the calculated lengths of diffusion of the three elements. This dispersion of the results is particularly true on the various samples annealed at 800°C, due to the large variety of heating rates tested on the different devices and furnaces. Here, the differences between the annealing cycles (and particularly the heating cycle) seem to be the cause for the various surface coverage observed experimentally.

The lengths of diffusion estimated from the heating cycles at 700°C are close for each element and the same is true for the sample annealed at 750°C. This means that the heating cycles are similar and that if the samples were identical, the surface coverage of particles should be the same for every sample annealed at these temperatures without holding. This is not the case here, so the samples likely present differences coming from the polishing during the preparation.

When plotting the characteristic length of diffusion of each element against the surface coverage of the particles on the samples without holding, a trend seems to appear. The logarithm of the length of diffusion seems to have a linear relation with the surface coverage. Moreover, this is the case for the three elements present in the system. The comparison is displayed in Figure 108.

As mentioned previously, the surface state of the samples can vary from one sample to another after polishing. This is the likely explanation for the outlier points in this graph. This concerns mainly the samples annealed at 700°C and 750°C but can also have an impact on the ones annealed at 800°C. The same correlation is visible with the characteristic lengths of diffusion on the samples annealed with a holding phase (Figure 109). However, the characteristic lengths of diffusion of Fe and Al of some samples seem to be smaller than expected. For example, the samples annealed for a long time (2400 s or 4800 s, circled in red) at 600°C are far from the trend that seemed to appear.

The samples annealed with a holding phase at 700°C and 800°C are all located in the 55 -75 % of surface coverage independently of the heating phase used during the cycle. The variation in the dislocation densities of the samples might have an influence here too.

Figure 108: Relation between the characteristic lengths of diffusion calculated from the cycles and the experimental surface coverage of the iron particles for samples annealed without holding at the target temperature

However, the main reason for the stacking of these results is the formation of the dense internal alumina layer that acts as a barrier for aluminum and oxygen diffusion. The only possible oxidation after the formation of this layer is the oxidation of the aluminum that remains above the layer. This stacking of similar surface coverages for a wide variety of annealing cycles is the cause for the absence of a trend as clear as the one observed on the samples annealed without holding for the characteristic lengths of iron diffusion and aluminum.

V-3-2 -Comparison between extruded iron and iron replaced by alumina

As the model of Guruswamy suggests that the iron is forced to move to the surface to accommodate the volume increase due to oxidation, it can be interesting to study the quantity of iron that diffused to the sample surface. To compare the different samples more easily, the molar surface density of iron in the particles [mol.m -2 ], which is the total quantity of iron divided by the sample surface, will be calculated.

The structure of the samples of surface 𝑆 [m 2 ] considered here is displayed in Figure 110. The samples are covered by a layer of iron particles that have a surface coverage of particles 𝜏 𝑝𝑎𝑟𝑡 and a height ℎ 𝑝𝑎𝑟𝑡 [m]. This layer has been extruded on the surface and the sub-surface is composed of an oxidized aluminum zone which has a depth 𝜉 [m] and where the oxide nodules and layer occupy a proportion 𝛼 𝑜𝑥,𝑡𝑜𝑡𝑎𝑙 of the oxidized zone of the cross-section used to observe the samples. The experimental molar surface density of iron present in the particles is only calculated for the samples for which the surface coverage of particles and their height are known. The height of the particles has been measured on the cross-sections of the samples. The measurements on the GDOES profiles can also be used but they are less precise, so the results on these samples can be different from the real measurements. The considered samples are listed in Table 21 These quantities of iron in the particles on the surface of the sample can be compared to the quantity of iron that has been replaced by the aluminum oxide in the oxidized zone of the samples. By using the measurements of the oxidized zone presented in Figure 110, it is possible to write the formula of the quantity, or here the molar surface density, of iron that has been replaced:

𝜌 𝑚𝑜𝑙,𝐹𝑒 𝑜𝑥 = 𝑛 𝐹𝑒,𝑜𝑥 𝑆 = 1 𝑆 * 𝑆 * 𝜉 * 𝛼 𝑜𝑥,𝑡𝑜𝑡𝑎𝑙 𝑉 ̅ 𝐹𝑒 * 𝑉 ̅ 𝐴𝑙𝑂 1.5 -𝑉 ̅ 𝐴𝑙 𝑉 ̅ 𝐹𝑒 (V.26)
with 𝜌 𝑚𝑜𝑙,𝐹𝑒 𝑜𝑥 the molar surface density of replaced iron [mol.m -2 ], 𝑉 ̅ 𝑖 the molar volume of species 𝑖 in the matrix of Fe-Al [m 3 .mol -1 ], 𝑉 ̅ 𝐴𝑙𝑂 1.5 the molar volume of the oxide 𝐴𝑙𝑂 1.5 [m 3 .mol -1 ], 𝜉 the oxidation depth [m] and 𝛼 𝑜𝑥,𝑡𝑜𝑡𝑎𝑙 the proportion of oxide in the oxidation zone of one cross-section. We suppose that the internal oxide layer also induces volume strains in the matrix as it likely grows from the already formed oxide nodules when the oxidation front stops. The formation of the internal layer induces a variation of molar volume that forces the diffusion of iron towards the surface. Once the layer is formed, its growth is negligible because it is governed by the diffusion of Al and O through alumina.

The comparison between the new 𝜌 𝑚𝑜𝑙,𝐹𝑒 𝑜𝑥 and the 𝜌 𝑚𝑜𝑙,𝐹𝑒 𝑒𝑥𝑝 is presented in Table 22 and displayed in Figure 110. It can be seen that the molar surface density of iron replaced by alumina is mostly in the same order of magnitude as the molar surface density of iron in the particles. This confirms that the iron that forms the particles on the surface is the same as the iron that diffused because of the volume strain in the matrix caused by the formation of alumina from the aluminum of the alloy.

The metallic iron particles formed on the surface of the samples correspond to the volume increase due to the formation of internal oxides. The particles grow rapidly until the formation of the dense layer after a 30 s holding at 800°C. After the layer's formation, the surface coverage of particles increases at a much slower rate, because the internal oxides do not grow much anymore, including the dense layer.

The results of this section show that the model of migration of iron towards the surface due to volume strain proposed by Guruswamy and Yi is valid in our tests, as the iron quantity displaced is similar to the iron quantity in the particles. The following sections will then try to verify the model through the calculation of diffusion constants.

V-3-3 -Theoretical determination of transition temperature between the diffusion mechanisms

The calculations of parabolic constants in this section will be performed using the diffusion coefficients of the literature that can be found in Section V-1, even if they do not truly represent the behavior of the system.

V-3-3-1 -Influence of the dislocation density Knowing the dislocation densities of the two extreme cases (recrystallized and nonrecrystallized), it is possible to represent the diffusion parabolic constant of each case. It is assumed that the case with the highest dislocation density is more likely to lead to a type C diffusion, even at high temperatures. The reality is likely a combination of type A (diffusivity (V.8)) and type C (diffusivity (V.10)) diffusion. The evolution of the diffusion parabolic constant 𝑘 𝑝 𝑑𝑖𝑓𝑓 with the temperature for a recrystallized sample of Fe -8 wt.% Al is displayed in Figure 112. The 𝑘 𝑝 𝑑𝑖𝑓𝑓 represented are those for the diffusion of types A and C. The diffusion parabolic constant for the diffusion through both the bulk and the dislocation pipes is calculated using formula (V.3) with an effective diffusivity which combines the diffusivities of the two modes using the Hart formula [START_REF] Hart | On the Role of Dislocations in Bulk Diffusion[END_REF], [START_REF] Yund | Dislocation-Assisted Diffusion of Oxygen in Albite[END_REF]: It is visible that at the lower temperatures, the diffusion occurs mainly along the dislocation pipes. However, the diffusion in the bulk becomes more and more important when the temperature increases.

It is then also possible to determine the temperature at which the diffusion in the bulk becomes more important than the diffusion along dislocation pipes. This transition takes place when the selfdiffusivity of iron in the bulk is equal to the diffusion through the dislocation pipes: The temperature of transition is independent of the aluminum concentration in the Fe-Al alloy. This temperature is however impacted by the recrystallization state of the sample. The calculation of the temperature of transition allows estimating if the diffusion is more of a type A diffusion or a type C diffusion. At a temperature lower than the transition, diffusion occurs along the dislocation pipes, and at a temperature higher than the transition, diffusion occurs in the bulk through the vacancies. The calculated temperatures of transition and the type of diffusion that occurs are displayed in Figure 113.

The variation of transition temperature between recrystallized and non-recrystallized samples is caused by the difference in density of dislocations. Type C happens primarily at low temperatures, but when the dislocation density increases, there are more dislocation pipes, which allows the type C diffusion to occur at higher temperatures. The transition from type C to type A diffusion then occurs at a higher temperature in non-recrystallized samples than in recrystallized samples.

From the experimental results of this work (Section III-3-1-1), the iron particles are visible on the surface only at temperatures above 650°C during the heating phase, i.e. with a holding time of 0 s. In the case of recrystallized Fe-Al, the iron self-diffusion that leads to the formation of the particles is then only a type A diffusion. In the case of non-recrystallized samples, the iron self-diffusion is mainly a type C diffusion during a large part of the heating phase. This second case is likely closer to the experimental results of this work as the samples have been prepared by mechanical polishing which induces a larger dislocation density, at least in the first 200 -300 nm below the surface.

From the calculation of the transition temperature, it can be seen that the iron diffusion towards the surface is mainly done in the bulk during the holding phase at 800°C for both recrystallized and non-recrystallized samples.

For the holding at lower temperatures, the type of diffusion is different. For recrystallized Fe-Al, the diffusion when holding at 600°C or 700°C is a type A diffusion in the same way as for the 800°C holding. For non-recrystallized Fe-Al samples, which are similar to those of this work, the diffusion at 600°C or 700°C is more of a type C diffusion.

It must be reasserted here that the dislocation density used in the calculation is taken from the literature. If the dislocation density of the experimental samples is higher than the one used here (1.10 15 m -2 ), the iron diffusion is possibly done along the dislocation pipes at 800°C, and all the faster when the dislocation density is increased.

V-3-3-2 -Influence of the aluminum composition

As visible in the formulae (V.3) and (V.4) of 𝑘 𝑝 𝑑𝑖𝑓𝑓 , the aluminum content of the Fe-Al alloy also influences the diffusion parabolic constant. At a given temperature, this parabolic constant is higher when the aluminum content is smaller. The representation of 𝑘 𝑝 𝑑𝑖𝑓𝑓 as a function of the temperature of annealing and the comparison between the two alloys tested in this work (Fe -1.5 wt.% Al and Fe -8 wt.% Al) is displayed in Figure 114. The comparison is done for both the recrystallized (Figure 114 a)) and non-recrystallized (Figure 114 b)) samples.

Otherwise, as has been said previously, the temperature of transition between the two types of diffusion is not impacted by the composition of the alloy. Now that the theoretical graphs are constructed, the models must be compared to the experimental results of this work.

V-3-4 -Comparison with the oxidation parabolic constant in our experiments

In the works of Guruswamy et al. and Yi et al., the theoretical 𝑘 𝑝 𝑑𝑖𝑓𝑓 they calculate is compared to the oxidation parabolic constant 𝑘 𝑝 𝑜𝑥 of their experimental samples. This comparison comes from the fact that the internal oxidation of the less noble element (here aluminum) and the diffusion of the more noble element (here iron) are linked because the internal oxidation leads to the volume stress that forces the iron to diffuse to the surface. The parabolic constants of the two phenomena should then have a similar value as they represent the kinetics of each phenomenon.

In this work, the experimental oxidation parabolic constant is calculated from the oxidation depth measured at each annealing temperature and/or each annealing atmosphere dew point. The formula of the evolution of the oxidation depth is [START_REF] Wagner | Reaktionstypen bei der Oxydation von Legierungen[END_REF]: [START_REF] Jin | Effect of Dew Point on Galvanizability in 4 Mass% Al Added Low Density Steel[END_REF]. Silicon could have a similar effect to aluminum on the iron diffusion towards the surface when forming internal silica. That is why the amount of silicon in the works compared are kept rather low (below 1 wt.%). As described by Wang et al., the internal oxidation of manganese does not have a real impact on the outward iron diffusion because the volume variation of Mn atoms between Mn and MnO does not induce a lot of volume stress on the iron matrix. A fairly high amount of manganese as then be authorized for the comparison.

𝜉 = √ 2𝑘 𝑝 𝑜𝑥 𝑡 (V.30)
Finally, the comparison between the theoretical diffusion parabolic constant (mix of type C and type A diffusion) and the experimental oxidation parabolic constant is presented in Figure 116. The dislocation density is not known in this work, so the chosen 𝑘 𝑝 𝑑𝑖𝑓𝑓 in this figure is the one for non-recrystallized/hardened samples, which seems to best fit the results of this work and every other work analyzed. The hardened layer is located at least in the first 200 -300 nm below the surface of the samples, compared to the 600 nm of internal oxidation in the most extreme cases in this work. This hardened layer occupies around half of the oxidized zone, so it can be assumed that the diffusion occurs in large part in the hardened layer, thus justifying the use of the dislocation density of nonrecrystallized samples.

All the experimental results lead to 𝑘 𝑝 𝑜𝑥 that are comparable to the calculated diffusion parabolic constants of this work. Aside from the early work of Tanaka et al., the results of the previous works are in line with the 𝑘 𝑝 𝑑𝑖𝑓𝑓 of the Fe -1.5 wt.% Al, which is the closest aluminum content to those of these works. The experimental 𝑘 𝑝 𝑜𝑥 of this work are also in line with the predictions of the 𝑘 𝑝 𝑑𝑖𝑓𝑓 . The oxidation parabolic constants at 800°C of this work are all close to the diffusion parabolic constants of the two grades and thus close to the 𝑘 𝑝 𝑜𝑥 of other works.

It can also be seen that the position of the oxidation parabolic constant of Fe -8 wt.% Al at 600°C and 700°C and DP = 0°C is greater than the theoretical 𝑘 𝑝 𝑑𝑖𝑓𝑓 both through the dislocation pipes and in the bulk of non-recrystallized Fe-Al. This result is likely due to the difference between the diffusivity of iron found in the literature and the experimental diffusivity that is likely enhanced by the volume strain caused by the formation of internal oxides. This result could also be due to an underestimation of the dislocation density in the material. It can be assumed that if the internal alumina layer was not formed at 700°C and 800°C, the 𝑘 𝑝 𝑜𝑥 at these temperatures would be higher than the actual experimental results.

V-4 -Recapitulation

During the annealing of Fe-Al alloys, several parameters of the process have an impact on the oxides formed both on the surface and in the samples. The external oxides formed are the ones predicted by the thermodynamic model. The experimental results notably confirm the formation of the ternary oxide FeAl2O4 at high dew points at 800°C. The effect of the annealing temperature and the annealing holding time has also been confirmed and is in good agreement with the model.

The appearance of a dense internal oxide layer that prevents further internal oxidation has been explained by the action of oxide nodules as diffusion barriers for oxygen. The inward oxygen flux is then reduced and becomes smaller than the outward flux of aluminum. The oxidation then occurs continuously at the oxidation front and forms the dense layer.

The formation of iron particles is globally dependent on the diffusion of the three elements (Fe, Al, and O) during the whole annealing cycle, comprising the heating and holding phases. This further links the formation of the particles to the selective oxidation of aluminum.

Guruswamy's and Yi's model for the formation of metallic particles on alloys as a result of the volume strain in the matrix has also been tested. The iron quantity estimated on the surface of the samples is found to be close to the quantity of internal iron replaced with oxide nodules. To use Guruswamy's model, a reevaluation of the literature diffusivity of iron in dislocation pipes has been performed and allowed to show that the model that fits the samples best is the one for nonrecrystallized iron, likely due to the mechanical polishing performed during the preparation of the samples. The experimental parabolic constants of oxidation are shown to be close to the parabolic constants of diffusion of Fe of this model, except at lower temperatures where the experimental diffusivity is way higher than the theoretical diffusivity. If a more accurate diffusion coefficient could be calculated, the prediction should be closer to the experimental results.

General conclusions and perspectives

The present research work is conducted in the context of the production of Advanced High Strength Steels for the automotive industry. The AHSS used in this industry needs to be coated with Zn in continuous hot-dip galvanizing lines. These steels are annealed and alloyed with high contents of other elements such as Al, Mn, Si, Cr, or P to get lighter while improving suitable mechanical properties. In the galvanizing process, the less noble alloying elements can be oxidized at the steel surface, which can reduce the coatability of these steels. The formation of the oxides during annealing depends on both the steel composition and the annealing parameters.

The objective of this work was to investigate the effect of the composition and the recrystallization annealing parameters on the selective oxidation of aluminum. For this purpose, the annealing of two binary Fe-Al (Fe -1.5 wt.% Al and Fe -8 wt.% Al) alloys was studied by changing the annealing parameters. The parameters were the dew point of the annealing atmosphere, the annealing temperature, the annealing holding time, and the heating rate to reach the annealing temperature. The surface and subsurface of the samples were characterized through various techniques to understand the mechanisms involved during the oxidation of aluminum in Fe-Al alloys.

In our experiments, the annealing dew point varied between -60°C and +10°C. At dew points below or equal to -20°C, the surfaces of both Fe-Al alloys were covered with an alumina Al2O3 layer. At higher dew points, the surface oxide was FeAl2O4. These oxides were the ones predicted by the thermodynamic model (Section IV).

The samples annealed at dew points above -20°C also presented the internal oxidation of aluminum. The amount of internal oxide nodules in the alloy is found to be greater in Fe -8 wt.% Al than in Fe -1.5 wt.% Al. The depth of the oxidation front observed on samples of the two alloys annealed at 800°C and DP = 0°C for 60 s was measured to be about 600 nm, which is much smaller than the prediction of Wagner's diffusion model in these annealing conditions. On the Fe -8 wt.% Al alloy, the internal oxidation presented two morphologies: alumina nodules and a dense alumina layer at the oxidation front. This layer is believed to be formed because the alumina nodules act as diffusion barriers for oxygen. After about 30 s of annealing, the shape and fraction of these oxides make the oxygen and aluminum fluxes equal and the oxide then always precipitates at the same depth, forming the internal layer (Section V-2-2). This internal layer then becomes a diffusion barrier of its own and prevents deeper internal oxidation, which explains the difference with the theory.

In parallel with the internal oxidation, metallic iron particles appear on the surface of the samples annealed at dew points above -20°C. These particles cover a large part of the steel surface of Fe -8 wt.% Al, i.e. up to 60 % of the surface of the samples at DP = 0°C or +10°C. It has been observed that the surface coverage of these particles and their size increase with the annealing dew point. The formation of these metallic particles on the surface of the alloys is attributed to the accommodation of internal volume strain caused by the precipitation of internal oxides, following a model proposed by Guruswamy and Yi (Section V-3). The iron atoms are then forced to diffuse towards the surface and the particles can nucleate and grow. Guruswamy's model will however need to be refined by estimating the real diffusion coefficients of iron under internal strain for both bulk and dislocation diffusion in our steel samples.

At DP = 0°C, the internal oxidation and the iron particles on the surface vary with the duration of the soaking phase. At the temperatures tested, ranging from 600°C to 800°C, an increase in the holding time leads to a deeper oxidation front and more external metallic particles, at least before the formation of the internal oxide layer. After the layer formation, the growth of the particles continues but at a much slower rate, proving that it acts as a diffusion barrier. This layer has not been observed at 600°C, and then the particles growth was not stopped. At long holding times, the Fe -8 wt.% Al sample surface can then be almost entirely covered by the iron particles.

At DP = 0°C and without holding, Fe -1.5 wt.% Al never presents internal oxidation or iron particles on its surface, no matter the temperature (600 -800°C). However, Fe -8 wt.% Al displays an evolution with the temperature. The internal oxidation is visible at grain boundaries at about 650°C and the formation of iron particles starts between 650°C and 700°C on this alloy. The internal oxidation is only composed of nodules in these conditions.

The influence of the heating rate to reach the annealing temperature has also been investigated. At 800°C, DP = 0°C, and for a holding time of 0 s, the heating rate influences the surface coverage of the iron particles. Indeed, this surface coverage decreases when the heating rate increases because oxygen and aluminum have less time to diffuse during the heating phase. This effect is erased when the holding time is set at 60 s because the predominant phase for the formation and growth of the iron particles is the holding phase.

Metallic particles were previously observed on steel grades but only the effect of the annealing dew point was investigated. In this work, other parameters have been studied and their influence on the formation and growth of the metallic particles has been assessed. Some drop deposition tests have been performed on samples where these particles appear. The results of these tests prove that they are beneficial to the galvanizing of highly aluminum alloyed steels, with a contact angle close to the one on pure iron.

Wagner's diffusion model has been proven relevant in the cases where the internal alumina layer does not form. This dense layer forms at 700°C and 800°C when the samples are held for more than 150 s and 30 s respectively. When the alumina layer is formed, the diffusion cannot occur anymore, so the progression of the oxidation front following Wagner's model is not possible.

The formation of iron particles is described by the model of Guruswamy and Yi, both when the internal layer is formed or not. The amount of iron displaced by the volume increase in the bulk is similar to the amount of iron in the surface particles, which shows the relevancy of this model. However, the theoretical parabolic diffusion constants of the model of Guruswamy and Yi are underestimated compared to the experimental results. The model then needs to be refined, particularly by measuring the diffusion coefficients of iron under strain, which might be difficult to determine.

Further verifications of the dense internal layer formation in highly aluminum alloyed steels need to be performed. For this, the recrystallization state of the steel and its impact on the layer formation must be assessed. If the internal alumina layer does not always form at 800°C and DP = 0°C, the iron particles could continue to grow in the same way observed at 600°C in this work. Increasing the annealing time could then be beneficial to the wetting of these steels by liquid zinc.

The control of the recrystallization annealing parameters to form the iron particles and the verification of models could be a way of improving the coatability of highly alloyed steel grades. In particular, the results of this work show that increasing the dew point during the recrystallization annealing on continuous galvanizing lines can lead to a higher surface coverage of iron particles and thus to better wetting of highly aluminum alloyed steels by liquid zinc. However, mechanical tests will need to be performed to study the effect of the important internal oxidation formed at these high annealing dew points on the mechanical properties of the steels. It can also be noticed that after the drop is deposited, it spreads only from the moment the contact angle exceeds a certain value, called the advancing angle. Similarly, if the drop is aspirated, the drop only retracts if the contact angle reaches a certain value, called the receding angle (Figure 119). These two values are not equal, the contact angle then presents a hysteresis between these two values [START_REF] Eustathopoulos | Wettability at High Temperatures[END_REF][START_REF] De Gennes | Capillarity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves[END_REF][START_REF] Quéré | Lois du mouillage et de l'imprégnation[END_REF].
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• Wettability on rough surfaces / Wenzel's model A roughness will influence the wettability of a surface by accentuating the wetting or nonwetting behavior. Indeed, for non-wetting or modestly wetting droplets, the rougher the surface is, the worse the wettability is. For systems with good wettability, the roughness leads to better wettability, especially in the case of forced wetting. The roughness of a surface can be quantified by the roughness factor 𝑟:

𝑟 = 𝑟𝑒𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ≥ 1 (A.3)
Given 𝜃 * the apparent angle on a rough surface, the energy needed for a small displacement 𝑑𝑥 of the triple line is [START_REF] De Gennes | Capillarity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves[END_REF][START_REF] Quéré | Lois du mouillage et de l'imprégnation[END_REF][START_REF] Wenzel | Resistance of solid surfaces to wetting by water[END_REF]: red and click "Apply" (see Figure 123). The new image is then in two colors: black for the elements highlighted and white for the rest. -Analyze the black areas: Go in "Analyze > Analyze particles". Set the measurement for the "particles" of size "2-Infinity" pixels so that the isolated pixels (that could be generated during the previous step) are not counted as "particles" (Figure 124). The results displayed in a table are the number of "particles", their average size, their Feret diameters, and the total area of the "particles" (see Figure 125). The observation of cross-sections of the samples also shows this 10 -20 nm-thick layer on the surface of both Fe -1.5 wt.% Al and Fe -8 wt.% Al (Figure 127). The EDS on the cross-sections also displays an enrichment in aluminum and oxygen in this layer compared to the bulk proportions.

𝑑𝐸 = 𝑟(𝛾 𝑆𝐿 -𝛾 𝑆𝑉 )𝑑𝑥 + 𝛾 𝐿𝑉 𝑑𝑥 cos 𝜃 * (A.4)
The EDS performed on FIB cross-sections of the samples gives an atomic ratio O/Al in the surface oxide layer around 1.6, close to the ratio of alumina. This layer is almost completely deprived of iron, which leads to the fact that the layer is alumina and not a ternary oxide of aluminum and iron. The HAADF (High Angle Annular Dark Field) TEM images of the FIB cross-sections are displayed in Figure 128. After extraction, the surface oxide layer is analyzed by electron diffraction with TEM. The selected area electron diffraction (SAED) shows that the layer is made of γ-Al2O3 on both Fe -1.5 wt.% Al and Fe -8 wt.% Al. The lattice parameter of said alumina is 𝑎 = 7.939 Å. Figure 129 presents the side-by-side comparison of SAED of the two Fe-Al and the reference alumina in the analysis software. The stoichiometry of the layer also corresponds to the stoichiometry of alumina. The analysis of the EELS plasmon electron peaks once again allows determining the thickness of the layer, which is confirmed at around 15nm on the alumina grains. Still using EELS plasmon electrons analysis, it is shown that the thickness on the grain boundaries and the remaining polishing marks is comprised between 35 and 60 nm. The observation in dark field finally allows us to see that the alumina on the samples is crystalline.

• SEM analyses of Fe-Al annealed at 800°C for 0 s at DP = 0°C On the sample of Fe -1.5 wt.% Al annealed for 0 s at 800°C and DP = 0°C, the EDS results show that the oxide layer is so thin that the oxygen is not detected. This lack of oxygen makes it appear that there is no internal oxidation either, or at least that it has not occurred yet. However, the external layer is present, with visible grains on the surface which are smaller than the millimetric grains of the Fe-Al sample.

On the Fe -8 wt.% Al annealed for 0 s at 800°C and DP = 0°C, the EDS detects a small amount of oxygen on or under the particles, likely due to internal oxidation. The proportion of aluminum and oxygen is greater between the particles, suggesting that the FeAl2O4 external layer formation and the internal oxidation have occurred during the heating (Table 25). The ex-situ XPS analysis of the Fe -8 wt.% Al samples annealed at 700°C and 600°C and DP = 0°C show similar characteristics to the spectra obtained at 800°C. The Fe-2p spectra display mainly oxidized iron but a metallic iron component is visible on every sample. The oxidized iron comes primarily from the oxidation of the particles when in contact with the exterior atmosphere, as demonstrated in Section III-1-2 when comparing the in-situ and ex-situ analyses.

The O-1s spectra present at least two components visible before the peak fitting. When performing the fitting, three components can be determined. These components are representative of the iron oxides at 530 eV, FeAl2O4 at 531.5 eV, and Al2O3 at 532-532.5 eV. The proportion between alumina and FeAl2O4 changes depending on the sample studied. At 700°C, the FeAl2O4/Al2O3 ratio increases with the holding time, which could suggest that the external alumina transforms into hercynite during the annealing. At 600°C, the same ratio also increases when the holding time is increased, suggesting that, again, the external alumina transforms into hercynite. It should however be said that (due to the significant variations of the different components depending on the choices of binding energies and width at half-height by the operator) the small variations of the proportions of each oxide cannot be taken as proof of the transformation of one oxide into another. The O-1s spectra of the Fe -8 wt.% Al are displayed in Figure 131. The fitting of the Al-2p spectra gives two main components, one for the ternary oxide FeAl2O4 at a binding energy of around 74.7 eV and one for alumina at around 75.2 eV. A small component of metallic aluminum is also detected, accounting for a few percent of the aluminum detected by XPS. This metallic component is not yet explained. The proportion of alumina and hercynite also varies on these spectra. At each temperature, the FeAl2O4/Al2O3 ratio changes in the same way as on the O-1s spectra, increasing with the holding time at 700°C and 600°C. These variations are again to be taken carefully, for the same reasons as previously. The Al-2p spectra of the Fe -8 wt.% Al are displayed in Figure 132. 196

When studying the effect of the heating rate on the Fe -1.5 wt.% Al alloy, it appears that the iron particles are almost the same size on all the samples after a 60 s annealing at 800°C, no matter the heating rate. As for Fe -8 wt.% Al, the holding phase erases the influence of the heating phase on the internal oxidation and the formation of the particles. The SEM images of the samples annealed at 800°C and DP = 0°C for 60 s after different heating rates are displayed in Figure 135. • Impact of the hardening of the steel on the formation of particles

In the tests of this work, as the Fe-Al samples are polished by mechanical polishing (SiC grinding paper and diamond paste), there is the risk of hardening the surface of the samples, and thus creating dislocations. These dislocations are diffusion shortcuts that could increase the size and the surface coverage of the iron particles on the surface, as described in the mechanism proposed by Guruswamy et al. [START_REF] Guruswamy | Internal Oxidation of Ag-In Alloys: Stress Relief and the Influence of Imposed Strain[END_REF] (I-2-5-1). A small set of samples are then polished by vibration polishing in a colloidal silica solution with a Buehler VibroMet2. They are prepared to try to minimize the number of dislocations in the surface grains on the samples. To obtain these samples, the layer of hardened grains that were formed during the mechanical polishing is removed on the first few µm.

The annealing conditions tested on the non-hardened samples are, for each grade, one annealing at 800°C and a dew point of 0°C without holding and one with a 60 s holding. The annealing is performed on the HTWD, with a heating rate around 4°C/s between 600°C and 800°C. The SEM photos of the surface of these samples are presented in Figure 136.

On the Fe -1.5 wt.% Al samples, the evolution of the surface coverage of the particles is the same as the evolution observed on the hardened samples (Figure 137). The surface coverage is only slightly higher on the new non-hardened samples, which would disagree with the mechanism of Guruswamy. The particles are formed on the sample annealed for 0 s when they did not appear without holding at 800°C on previous tries, except for the try with the slowest heating rate. On Fe -8 wt.% Al, the surface coverage is higher on the non-hardened sample without holding than it was on previous tries performed on the HTWD. The surface coverage increases after a 60 s holding at 800°C, but not as much as on the hardened samples observed in previous parts. On the hardened samples, the particles coverage was way more important after holding than without holding (Figure 137). It should be noted that some grains of the Fe -8 wt.% Al sample annealed for 0 s are not covered by particles at all. The preparation of the samples in a way that reduces the hardening of the surface does not have a big impact on the size and coverage of the iron particles on the Fe-Al grades. The evolution between annealing without and with a 60 s holding is like the evolution observed on hardened samples. The surface coverage of the particles increases with the holding time. However, on Fe -8 wt.% Al, the increase of the coverage is not as important as on previously studied samples.

Figure 137: Evolution of the surface coverage of particles between annealing at 800°C without and with a 60 s holding for hardened or non-hardened samples

In the oxide diagram of the Fe-Si alloys, the solubility products calculated are those of SiO2, Fe2SiO4, FeO, and Fe3O4, as well as the products for the transitions SiO2/Fe2SiO4 and FeO/Fe3O4. At a given temperature, when knowing either 𝑤 𝑆𝑖 or 𝑤 𝑂 , the other concentration can be deduced from the formulae (IV.7), (IV.11), (IV.15), and (IV.29). The Gibbs energies of formation needed for the calculations are obtained from Rist et al. [START_REF] Rist | Élaboration de la fonte et de l'acier -Données thermodynamiques[END_REF]: The comparison between this model and the model of Gaye and Lanteri at infinite dilution can be done. The two models calculated at a temperature of 800°C are displayed in Figure 139. To better see the differences between the two, the new model is expanded to a bccA2 phase that would contain higher concentrations of silicon.

∆
By comparing the two models, it appears that for a given silicon concentration, the oxygen concentration needed for the formation of silica and Fe2SiO4 from Si and Fe is higher in the model of this study than in the Gaye-Lanteri model. It is particularly true for concentrations of silicon below 1 wt.%. However, when the Si concentration is above 1 wt.%, the line separating the domains of silica and dissolved silicon is not straight, bending towards an easier formation of silica. As for Fe-Si, this shows that the previous model of Gaye and Lanteri is not adapted for the study of high-Si steels.

In the same way as the Fe-Al, when supposing that the oxidation is at equilibrium at all points of the samples, the oxides predicted on the surface of the samples after annealing in N2 -5% H2 are presented in Table 26. The example of the diagram at 800°C is shown in Figure 140. The points displayed are the points corresponding to the silicon needed on the surface to form oxides at a given dew point (SDP with DP the atmosphere dew point in °C). At temperatures above or equal to 700°C, the oxide formed on the surface of Fe-Si samples is silica at every annealing atmosphere dew point tested. At 600°C, the oxides formed are the same, except for the oxide formed at a dew point of +10°C which is now Fe2SiO4. At 500°C, the oxide at a dew point of +10°C is now Fe3O4, and at 400°C and a dew point of 0°C, the oxide formed is Fe2SiO4.

It can also be noted that FeO cannot be formed at temperatures below 600°C as its domain of stability disappears. At temperatures higher than 700°C, Fe2SiO4 is difficult to form because its domain of stability is small, and at temperatures above 850°C-900°C, the domain of stability of Fe2SiO4 finally disappears.

• Oxide stability diagram for Fe-Mn

The binary alloy Fe-Mn is ferritic when the temperature is below 912°C and when the proportion of manganese is comprised between 0 and 5 wt.%. The binary diagram of Fe-Mn [START_REF] Huang | An assessment of the Fe-Mn system[END_REF] and the domain where the model is applicable are presented in Figure 141. The A2 phase corresponds to the ferritic phase. As mentioned, the data for the pure elements are taken from the SGTE database for pure elements [START_REF] Dinsdale | SGTE data for pure elements[END_REF]. The data needed for the calculation of the excess and magnetic Gibbs energies (interaction coefficients, Curie temperature, and magnetic moment) is taken from the work of Witusiewicz et al. [START_REF] Witusiewicz | Reevaluation of the Fe-Mn Phase Diagram[END_REF] and Huang [START_REF] Huang | An assessment of the Fe-Mn system[END_REF]. The data needed for the calculation of 𝛾 𝑀𝑛 and 𝛾 𝐹𝑒 is listed as follows:

• Pure elements • Excess and magnetic Gibbs energies In the oxide diagram of the Fe-Si alloys, the solubility products calculated are those of MnO, FeO, and Fe3O4, as well as the product for the transition FeO/Fe3O4. Moreover, MnO and FeO can mix into a quasi-ideal solid solution (MnO)1-x(FeO)x. The activity of FeO is equal to 𝑥 𝐹𝑒𝑂 the molar fraction of FeO in the quasi-ideal solid solution. The Gibbs energy of formation of FeO in the solid solution of (MnO)1-x(FeO)x is then: At a given temperature, when knowing either 𝑤 𝑀𝑛 or 𝑤 𝑂 , the other concentration can be deduced from the formulae (IV.7), (IV.11), (IV.29), and (J.4). The additional Gibbs energy of formation needed for the calculations is obtained from Rist et al. [START_REF] Rist | Élaboration de la fonte et de l'acier -Données thermodynamiques[END_REF]: The comparison between this model and the model of Gaye and Lanteri at infinite dilution can be done. The two models calculated at a temperature of 800°C are displayed in Figure 142. For the differences to be clearer between the two, the new model is expanded to a bccA2 phase that would contain higher concentrations of manganese.

∆ 𝑟
By comparing the two models, it appears that for a given manganese concentration, the oxygen concentration needed for the formation of MnO and (MnO)1-x(FeO)x from Mn and Fe is a bit lower in the model of this study than in the Gaye-Lanteri model. It is particularly true for concentrations of manganese below 1 wt.%. At Mn concentrations above 1 wt.%, the two models are close to one another, which means that in the case of Fe-Mn alloys, the model of Gaye and Lanteri is a good approximation.

In the same way as the Fe-Al and the Fe-Si, when supposing that the oxidation is at equilibrium at all points of the samples, the oxides predicted on the surface of the samples after annealing in N2 -5% H2 are displayed on the diagram at 800°C that is shown in Figure 143. The points displayed are the points corresponding to the manganese needed on the surface to form oxides at a given dew point (SDP with DP the atmosphere dew point in °C). Synthèse en Français L'industrie automobile recherche de nouveaux alliages permettant d'alléger la structure des véhicules tout en améliorant les qualités mécaniques des aciers. Ces aciers nommés Advanced High Strength Steels (AHSS) contiennent de nombreux éléments d'alliage tels que l'aluminium, le silicium, le manganèse, … L'oxydation sélective des éléments d'alliage des aciers peut créer des défauts de revêtement lors du procédé industriel de galvanisation à chaud car les alliages de zinc liquide ne présentent pas un bon mouillage sur les oxydes.

Cette thèse se concentre sur les alliages fer-aluminium afin d'étudier l'oxydation sélective de l'aluminium et l'effet de celle-ci sur la morphologie et la chimie de surface de ces alliages. Pour cela, deux alliages modèles Fe -1,5 %mass. Al et Fe -8 %mass. Al sont recuits dans le High Temperature Wetting Device (HTWD), équipement mis en place à ArcelorMittal Maizières Research. L'influence des paramètres de recuits est aussi étudiée. Les paramètres modifiés sont le point de rosée (PR) de l'atmosphère de recuit, la température de recuit, le temps de maintien à la température choisie et la vitesse de chauffe de l'échantillon. Les échantillons sont ensuite étudiés par différentes techniques d'analyse : XPS, MEB, SIMS, SDL et MET. (Chapitre II) Dans les expériences de cette thèse (Chapitre III), le point de rosée du recuit a varié entre -60°C et +10°C. Aux points de rosée inférieurs ou égaux à -20°C, les surfaces des deux alliages Fe-Al étaient recouvertes d'une couche d'alumine Al2O3. Aux points de rosée supérieurs, l'oxyde de surface était FeAl2O4.

Les échantillons recuits à des points de rosée supérieurs à -20°C présentaient également une oxydation interne de l'aluminium. La quantité de nodules d'oxyde interne dans l'alliage s'avère être plus importante dans l'alliage Fe -8 %mass. Al que dans l'alliage Fe -1,5 % mass. Al. Sur l'alliage Fe -8 %mas. d'Al, l'oxydation interne a présenté deux morphologies : des nodules d'alumine et une couche d'alumine dense au niveau du front d'oxydation. La profondeur du front d'oxydation observé sur les échantillons des deux alliages recuits à 800°C et PR = 0°C pendant 60 s a été mesurée à environ 600 nm, ce qui est beaucoup plus petit que la prédiction du modèle de diffusion de Wagner dans ces conditions de recuit en raison de la couche d'alumine dense.

Parallèlement à l'oxydation interne, des particules métalliques de fer apparaissent à la surface des échantillons recuits à des points de rosée supérieurs à -20°C. Ces particules couvrent une grande partie de la surface de l'alliage Fe -8 %mass. Al, c'est-à-dire jusqu'à 60 % de la surface des échantillons à PR = 0°C ou +10°C. Il a été observé que taux de couverture de ces particules et leur taille augmentent avec le point de rosée du recuit. L'étude de l'effet du temps de maintien est réalisée à PR = 0°C. L'oxydation interne et les particules de fer en surface varient de façon similaire avec la durée de la phase de maintien, ce qui semble indiquer un lien entre les deux phénomènes. Aux températures testées, allant de 600°C à 800°C, une augmentation du temps de maintien conduit à un front d'oxydation plus profond et à davantage de particules métalliques externes, au moins avant la formation de la couche d'oxyde interne. Après la formation de la couche, la croissance des particules continue mais à un rythme beaucoup plus lent, prouvant qu'elle agit comme une barrière de diffusion. Cette couche n'a pas été observée à 600°C, et alors la croissance des particules n'a pas été arrêtée. Avec des temps de maintien longs, la surface de l'échantillon Fe -8 %mass. Al peut alors être presque entièrement recouverte par les particules de fer.
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Il peut de plus être noté qu'à PR = 0°C et sans maintien, Fe -1,5 %mass. Al ne présente jamais d'oxydation interne ou de particules de fer à sa surface, quelle que soit la température. Cependant, Fe -8 %mass. Al montre une évolution avec la température. L'oxydation interne est visible aux joints de grains à environ 650°C et la formation de particules de fer commence entre 650°C et 700°C sur cet alliage. L'oxydation interne est uniquement composée de nodules dans ces conditions. L'influence de la vitesse de chauffe pour atteindre la température de recuit a également été étudiée. A 800°C, PR = 0°C, et pour un temps de maintien de 0 s, la vitesse de chauffe influence la couverture de surface des particules de fer. En effet, cette couverture de surface diminue lorsque la vitesse de chauffe augmente car l'oxygène et l'aluminium ont moins de temps pour diffuser pendant cette phase. Cet effet est effacé lorsque le temps de maintien est fixé à 60 s car la phase prédominante pour la formation et la croissance des particules de fer est la phase de maintien.

Les oxydes détectés sont comparés aux prévisions thermodynamiques de l'oxydation des alliages Fe-Al (Chapitre IV). Le modèle thermodynamique proposé dans cette thèse repose sur une méthode interne d'ArcelorMittal décrite par Gaye et Lanteri [START_REF] Gaye | Comportement des atmosphères de recuit vis-à-vis des résidus carbones et du métal : Analyse thermodynamique[END_REF][START_REF] Gaye | Les équilibres thermochimiques[END_REF] qui utilise les produits de solubilité des oxydes. Les résultats de ce modèle se rapprochent assez bien de précédentes observations expérimentales du système Fe-Al-O. Les résultats expérimentaux s'alignent correctement avec les prédictions du modèle thermodynamique de cette thèse.

La profondeur d'oxydation interne dans les différentes conditions de recuit est comparée au modèle d'oxydation de Wagner. La formation de la couche dense d'alumine dans certaines conditions de recuits fait que l'oxydation interne de ces échantillons ne respecte pas le modèle de Wagner. Une tentative d'explication pour l'apparition de cette couche est donc avancée en s'appuyant sur un modèle de transition entre oxydation interne et externe proposé par Leblond et al. [START_REF] Leblond | Predicting the transition from internal to external oxidation of alloys using an extended Wagner model[END_REF] (Section V-2). Ce modèle repose sur l'hypothèse que les nodules d'oxyde formé dans la zone oxydée de l'échantillon vont gêner la diffusion de l'oxygène vers le coeur du matériau. Lorsque la gêne occasionnée par ces nodules est suffisante, après environ 30 s de recuit dans Fe -8 %mass. Al recuit à PR = 0°C, la forme et la fraction de ces oxydes rendent les flux d'oxygène et d'aluminium égaux et l'oxyde précipite alors toujours à la même profondeur, formant la couche interne d'alumine à cette profondeur. Comme mentionné, cette couche dense d'alumine au front d'oxydation va devenir une barrière de diffusion pour l'oxygène et l'aluminium, ce qui arrête l'oxydation interne.

Un autre modèle, proposé par Guruswamy et al. [START_REF] Guruswamy | Internal Oxidation of Ag-In Alloys: Stress Relief and the Influence of Imposed Strain[END_REF] et Yi et al. [START_REF] Yi | Internal Oxidation of Ni-Al and Ni-Al-Si Alloys at the Dissociation Pressure of NiO[END_REF], est quant à lui employé afin d'expliquer la formation des particules de fer en surface (Section V-3). Ce modèle avance que ces particules se forment pour accommoder les contraintes internes créées par la croissance des oxydes internes. Ces contraintes forcent alors la diffusion du fer vers la surface où les particules vont germer et croître. Ce modèle est validé dans cette thèse en montrant que la quantité de fer en surface et celle chassée par la formation des oxydes internes sont similaires. De plus, le taux de couverture de la surface par les particules varie de la même façon que l'oxydation interne. Ainsi, on observe que dans les conditions de recuit où le front d'oxydation est bloqué par une couche interne d'alumine, la croissance des particules en surface s'arrête elle aussi. La comparaison des constantes paraboliques théorique de diffusion du fer lors des essais avec la constante parabolique d'oxydation expérimentale laisse toutefois supposer que le modèle doit encore être affiné pour décrire au mieux ce phénomène, par exemple en estimant les coefficients réels de diffusion du fer sous déformation interne, tant pour la diffusion en masse que pour la diffusion des dislocations dans nos échantillons d'acier. L'apparition de ces particules de fer métallique est montrée comme étant bénéfique pour la galvanisation des alliages Fe-Al. Réussir à maitriser les meilleures conditions pour leur formation pourrait donc être un moyen d'améliorer le procédé de galvanisation à chaud des aciers fortement alliés en aluminium. La suggestion de cette thèse est en particulier de réaliser le recuit avec un haut point de rosée (0°C ou +10°C) pour former les particules de fer. Cependant, des essais mécaniques devront être réalisés pour étudier l'effet de l'importante oxydation interne formée à ces points de rosée de recuit élevés sur les propriétés mécaniques des aciers. Cette thèse suggère ainsi d'utiliser des températures plus basses pour ne pas former la couche d'alumine qui fragilise potentiellement l'acier. Résumé : L'industrie automobile recherche de nouveaux alliages permettant d'alléger la structure des véhicules tout en améliorant les qualités mécaniques des aciers. Ces aciers nommés Advanced High Strength Steels (AHSS) contiennent de nombreux éléments d'alliage tels que l'aluminium, le silicium, le manganèse, … L'oxydation sélective des éléments d'alliage des aciers peut créer des défauts de revêtement lors du procédé industriel de galvanisation à chaud. Cette thèse se concentre sur les alliages fer-aluminium afin d'étudier l'oxydation sélective de l'aluminium et l'effet de celle-ci sur la morphologie et la chimie de surface de ces alliages. Pour cela, deux alliages modèles Fe -1.5 wt.% Al et Fe -8 wt.% Al sont recuits dans le High Temperature Wetting Device (HTWD), équipement mis en place à ArcelorMittal Maizières Research. L'influence des paramètres de recuits est aussi étudiée. Les paramètres modifiés sont le point de rosée (PR) de l'atmosphère de recuit, la température de recuit, le temps de maintien à la température choisie et la vitesse de chauffe de l'échantillon. Les échantillons sont ensuite étudiés par différentes techniques d'analyse : XPS, MEB, SIMS, SDL et MET. Les analyses montrent la présence d'une couche d'oxyde externe sur tous les échantillons. Les oxydes externes détectés sont l'alumine Al2O3 à des PR inférieurs à -20°C et de l'oxyde mixte FeAl2O4 à des PR supérieurs à 0°C. À des PR supérieurs à -20°C, des particules de fer métallique sont aussi observées à la surface des échantillons. La formation d'une oxydation interne dans les échantillons recuits à des PR élevés (typiquement supérieurs à -20°C) est aussi observée. Cette oxydation interne se présente généralement sous la forme de nodules d'alumine, mais dans certaines conditions une couche interne d'alumine dense peut aussi se former, bloquant le front d'oxydation. Les oxydes détectés sont comparés aux prévisions thermodynamiques de l'oxydation des alliages Fe-Al. L'oxydation interne dans les différentes conditions de recuit est comparée au modèle d'oxydation de Wagner. La formation de la couche dense d'alumine dans certaines conditions de recuits fait que l'oxydation interne de ces échantillons ne respecte pas le modèle de Wagner. Une tentative d'explication pour l'apparition de cette couche est donc avancée. Un autre modèle (proposé par Guruswamy) est aussi employé afin d'expliquer la formation des particules de fer en surface. Ce modèle avance que ces particules se forment à cause des contraintes internes créées par la croissance des oxydes internes. Ces contraintes forcent alors la diffusion du fer vers la surface. Ce modèle est validé dans cette thèse en montrant que la quantité de fer en surface et celle chassée par la formation des oxydes internes est similaires. De plus, le taux de couverture de la surface par les particules varie de la même façon que l'oxydation interne. Ainsi, on observe que dans les conditions de recuit où le front d'oxydation est bloqué par une couche interne d'alumine, la croissance des particules en surface s'arrête elle aussi. L'apparition de ces particules de fer métallique est bénéfique pour la galvanisation des alliages Fe-Al donc réussir à maitriser les meilleures conditions pour leur formation pourrait être un moyen d'améliorer le procédé de galvanisation à chaud. An attempt to explain the appearance of this layer is therefore put forward. Another model (proposed by Guruswamy) is also used to explain the formation of iron particles on the surface. This model suggests that these particles are formed because of the internal strains created by the growth of internal oxides. These strains then force the diffusion of iron towards the surface. This model is validated in this thesis by showing that the amount of iron on the surface and the amount driven out by the formation of internal oxides are similar. Moreover, the surface coverage by the particles varies in the same way as the internal oxidation. Thus, it is observed that under annealing conditions where the oxidation front is blocked by an internal layer of alumina, the growth of particles on the surface also stops. The appearance of these metallic iron particles is beneficial for the galvanizing of Fe-Al alloys, so mastering the best conditions for their formation could be a way to improve the hot-dip galvanizing process.
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Figure 1 :

 1 Figure 1: Steel galvanized in Zn -0.16 wt.% Al at 450°C[START_REF] Quantin | Galvanisation à chaud -Principe[END_REF] 

Figure 2 :

 2 Figure 2: Industrial hot-dip galvanizing line

  K < DP < 373.15 K) or FP the frost point temperature (173.15 K < FP < 273.16 K): 𝑃 𝐻 2 𝑂 (Pa) = exp ( 𝐴 𝐷𝑃 + 𝐵 + 𝐶 * 𝐷𝑃 + 𝐷 * 𝐷𝑃 2 + 𝐸 * ln(𝐷𝑃)) (I.2)

∆Figure 3 :

 3 Figure 3: Stability diagram of iron and its oxides as a function oftemperature and dew point under N2-5% H2[START_REF] Leduc | Étude des mécanismes de germination et de croissance d'oxydes sélectifs sur un acier ferritique[END_REF] 
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 1 Another way to express the equation (I.8) can then be to use only the mass fractions of the elements:∆ 𝑟 𝐺 0 = 𝑅𝑇 (ln ((𝑤 𝑀 𝑒𝑞 ) 𝑚 * (𝑤 𝑂 𝑒𝑞 )

𝑝 2 𝑂 2 =

 22 𝑀 𝑚 𝑁 𝑛 𝑂 𝑝 (I.[START_REF] Ollivier-Leduc | Nucleation and growth of selective oxide particles on ferritic steel[END_REF] And the minimal amount of dissolved oxygen needed for the oxides to precipitate is:

  𝑇 in K.

  (a)) -Adsorption and dissociation of water or dioxygen on the steel surface (Figure 4 (b)) -Absorption of the oxygen atoms in the steel (Figure 4 (c)) -Diffusion of oxygen in the bulk and grain boundaries of the steel (Figure 4 (d)) -Segregation of alloying elements towards the surface in the bulk and grain boundaries of the steel or at the steel surface (Figure 4 (d)) -External and internal oxidation of the alloying elements and decarburization (Figure 4 (e)) -Desorption of the gaseous reaction products, such as CO (Figure 4 (e)) -Back-transport through the laminar boundary layer (Figure 4 (e))

  Wagner's model is based on several assumptions: -The model concerns the selective oxidation of a binary alloy without an external oxide layer, -The solubility product of the oxide (MOn) formed is equal to 0, -The reaction O2 ↔ 2Oads reaches equilibrium at the surface, -The nucleation and growth of the oxide are instantaneous. The equations solved in Wagner's model are: 𝜕𝑥 𝑂 (𝑥,𝑡) 𝜕𝑡 = 𝐷 𝑂 𝜕²𝑥 𝑂 (𝑥,𝑡) 𝜕𝑥² , for 0 ≤ x ≤ ξ(t) (I.21)

2 (

 2 𝑥 𝑂 (𝜉(𝑡), 𝑡) = 𝑥 𝑀 (𝜉(𝑡), 𝑡) = 0 and -𝐷 𝑂 𝜕𝑥 𝑂 (𝜉(𝑡) -,𝑡) 𝜕𝑥 = 𝑛𝐷 𝑀 𝜕𝑥 𝑀 (𝜉(𝑡) + ,𝑡) 𝜕𝑥 (I.25) and (I.26) 𝑥 𝑂 (0, 𝑡) = 𝑥 𝑂 𝑆 and 𝑥 𝑀 (∞, 𝑡) = 𝑥 𝑀 0 for t > 0 (I.27) and (I.28) with 𝑥 𝑂 𝑆 the surface mole fraction of dissolved oxygen. Condition (I.26) assumes that the formation of the oxide MOn fully consumes the oxygen and M fluxes. Furthermore, assuming the kinetics is controlled by solid-state diffusion, the depth of the oxidation front can be expressed as follows: 𝜉(𝑡) = 2𝛽(𝐷 𝑂 𝑡) 1 I.29) with β a dimensionless parameter.

Figure 5 :

 5 Figure 5: Evolution of the mole fraction of dissolved oxygen, 𝑥 𝑂 , in the 0≤𝑥≤𝜉(𝑡) zone and thatof 𝑥 𝑀 in the 𝑥≥𝜉(𝑡) zone as a function of x[START_REF] Leduc | Étude des mécanismes de germination et de croissance d'oxydes sélectifs sur un acier ferritique[END_REF] 

  * * 𝑉 ̅ * 𝑥 𝑂 𝑆 * 𝐷 𝑂 2 * 𝑛 * 𝑉 ̅ 𝑀𝑂 𝑛 * 𝐷 𝑀 ) 1 2

Figure 6 :

 6 Figure 6: SEM micrographs after annealing 60 s at 800°C under N2 -5 % H2 at dew point -37°C of a) silica particles on Fe -0.06 wt.% Si, b) almost continuous layer on Fe -0.5 wt.% Si[START_REF] Diawara | Mouillabilité de surfaces hétérogènes (fer/oxyde) par un alliage de zinc liquide[END_REF] 

Figure 7 :

 7 Figure 7: SEM micrographs of a Fe -1.5 wt% Mn steel after annealing of 60 s at 800°C in N2 -5 % H2 with dew point = -37°C (left) triple point of grain boundaries (right) zoomon a grain[START_REF] Chen | Influence de l'orientation des grains de ferrite sur l'oxydation sélective de l'acier[END_REF] 
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 342 High dew points (> -20°C)

Figure 8 :

 8 Figure 8: SEM micrographs of the surface and TEM micrographs of the cross-sectional region of Mn-Si steel after annealing at various dew points: (a) -60°C, (b) -10°C, and (c) +5°C. The apparition of internal oxidation occurs at high dew points. [56]

Figure 10 :

 10 Figure 10: SEM micrographs of the surface of the Mn-Al TRIP steel with three different dew points during heating: (a) -10°C, (b) -20°C, and (c) -50°C.The small rectangles are close-ups.[START_REF] Liu | Effect of dew point during heating on selective oxidation of TRIP steels[END_REF] 

Figure 11 :

 11 Figure 11: SEM images of the oxide morphology as a function of the gas atmosphere during annealing: (a) DP of -53°C (b) -30°C and (c) +5°C [61]

Figure 12 :

 12 Figure 12: Surface morphology of Fe -4.5 Al -1.1 Mn (wt.%) after annealing for 60 s at 800°C, at the atmosphere dew point of a) -10°C and b) +10°C[START_REF] Wang | Changing oxide layer structures with respect to the dew point prior to hot-dip galvanizing of δ-TRIP steel[END_REF] 

Figure 14 :

 14 Figure 14: Stability of iron oxides as a function of annealing conditions. The two-phase region FeO -Fe is plotted as a function of the mole fraction of FeO in FeO-MnO solid solution[START_REF] Paunoiu | Effect of recrystallization annealing atmosphere on the selective oxidation and GalvAnnealing behavior of a TRIP MnAl steel[END_REF] 

Figure 15 :

 15 Figure 15: FeO mole fraction in FeO-MnO solid solution as a function of temperature and dew pointof the annealing atmosphere. The black points correspond to the Fe-Fe3O4 phase boundary.[START_REF] Paunoiu | Effect of recrystallization annealing atmosphere on the selective oxidation and GalvAnnealing behavior of a TRIP MnAl steel[END_REF] 

Figure 16 :

 16 Figure 16: Overflow of M to the surface caused by the internal volume change. 𝑑𝜉 is the advance of the oxidation front during 𝑑𝑡

  fraction of vacancies, 𝜎 the internal strain [Pa], 𝛺 the atomic volume of vacancies in the alloy [m 3 ], 𝑘 𝐵 the Boltzmann constant [1.38 10 -23 J.K -1 ] and 𝑇 the temperature [K].
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 17 Figure 17: flux of vacancies towards the oxidation front

Figure 18 :

 18 Figure 18: flux of vacancies towards the oxidation front and counter-flow of M towards the surface
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 1948512 Figure 19: Zinc-rich corner of the Fe-Zn-Al ternary diagram at 450°C [7], the Fe-Zn-Al intermetallics form to the right of the dotted line

Figure 20 :Figure 21 :

 2021 Figure 20: Surface quality of GI coating on Fe -2.2 Mn -1.7 Si -0.6 Al (wt.%) TRIP steelafter annealing at dew point -65°C[START_REF] Kim | Galvanizability of Advanced High-Strength Steels 1180TRIP and 1180CP[END_REF] 

Figure 22 :

 22 Figure 22: SEM analysis of the Fe/Zn interface of the galvanized Fe -2 Mn -1.3 Si (wt.%) steel as a function of process atmosphere dew point temperature: (a) -50°C, (b) -30°C and (c) +5°C[START_REF] Mousavi | Effect of dew point on the reactive wetting of a C-2Mn-1.3Si(wt%) advanced high strength steel during continuous galvanizing[END_REF] 

Figure 23 :

 23 Figure 23: Surface morphologies of Fe -4 Al -1.26 Mn (wt.%) a) before and b) after the zinc coating (inhibition layer visible)[START_REF] Jin | Effect of Dew Point on Galvanizability in 4 Mass% Al Added Low Density Steel[END_REF] 

Figure 24 :

 24 Figure 24: Binary phase diagram of Fe-Al [108]. The red lines show the studied alloys compositions

Figure 25 :Figure 26 :

 2526 Figure 25: Optical micrographs of the as-received materials etched with Nital solution a) and c) Fe -1.5 wt.% Al; b) and d) Fe -8 wt.% Al
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 27572 Figure 27: Sketch and picture of a polished sample

Figure 28 :

 28 Figure28: View of the HTWD with the wetting chamber and the annealing part, and the connection to the XPS[START_REF] Koltsov | In Situ Apparatus to Study Gas-Metal Reactions and Wettability at High Temperatures for Hot-Dip Galvanizing Applications[END_REF] 

Figure 29 :

 29 Figure 29: Experimental evolution of temperature during a typical annealing cycle in the HTWD

Figure 31 :

 31 Figure 31: Heating cycles without holding on the various devices used

Figure 32 :

 32 Figure 32: Diagram of a typical annealing and wetting cycle

Figure 33 :

 33 Figure 33: Dispensed drop fitted with the "DropAnalysis-DropSnake" ImageJ plug-in (in blue lines). Right and left contact angles are measured.

Figure 34 :

 34 Figure 34: Paths of analysis for the samples of this work

Figure 36 :

 36 Figure 36: Method for extraction of surface oxide layer

FeFigure 38 :

 38 Figure 38: Photographs of the Fe -1.5 wt.% Al and Fe -8 wt.% Al after annealing at dew points -60°C, -40°C, -20°C, 0°C and +10°C

Figure 39 :

 39 Figure 39: SEM secondary electron images of the samples annealed 60 s at 800°C with dew points of -60°C and -40°C. Fe -1.5 wt.% Al: a) c); Fe -8 wt.% Al: b) d)

Figure 40 :Fe - 1

 401 Figure 40: SEM secondary electron images of the samples annealed 60 s at 800°C with dew points of -20°C, 0°C, and +10°C. Fe -1.5 wt.% Al: a) c) e); Fe -8 wt.% Al: b) d) f)

Figure 41 :Figure 42 :

 4142 Figure 41: a) Fe -8 wt.% Al annealed at dew point 0°C, with facets and coalescing lines visible; b) Fe -8 wt.% Al annealed at dew point +10°C, with "stripes" of coalesced particles in dark

Figure 43 :Figure 44 :

 4344 Figure 43: SIMS profiles of a) Fe -1.5 wt.% Al and b) Fe -8 wt.% Al

FeFigure 45 :

 45 Figure 45: XPS Al-2p peaks in-situ and ex-situ of Fe -1.5 wt.% Al, Fe -8 wt.% Al after annealing 60 s at 800°C and DP ranging from -60°C to +10°C

Figure 46 :

 46 Figure 46: XPS O-1s peaks in-situ and ex-situ of Fe -1.5 wt.% Al, Fe -8 wt.% Al after annealing 60 s at 800°C and DP ranging from -60°C to +10°C

  a), b), d) and red spectrum of f)). These samples are the same as those whose Al-2p peaks are shifted (by around 1.5 -2.5 eV). The additional component of iron oxide ex-situ is visible at lower binding energy (530 eV) than the Al oxide (531.5 eV) on the samples annealed at DP = -20°C, where iron particles are already present, confirming the ex-situ oxidation. Due to the conditioning issue previously evoked, a peak is observed at 533.5 eV on the ex-situ O-1s spectrum of the Fe -8 wt.% Al sample annealed at DP = -20°C (Figure 46 f) blue spectrum). The classic binding energy of oxides is 530 -532 eV and hydroxides are higher. At dew points of 0°C and +10°C (Figure 46 g), h), i) and j)), at least two types of oxides are visible on the O-1s spectra, with one component being the oxygen linked to Al (the highest binding energy at ~531.5 eV) and the other the oxygen linked to Fe (the lowest binding energy at ~530 eV). On the ex-situ analyses, the intensity of the iron oxides components on the O-1s spectra has visibly increased compared to the in-situ, showing again that the iron particles are oxidized when in contact Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 47 :

 47 Figure 47: XPS peak deconvolution on Fe -8 wt.% Al annealed at various dew points: -40°C, -20°C, 0°C and +10°C

Figure 48 :

 48 Figure 48: Evolution of a) the surface coverage of particles, b) and c) the diameters of the particles with the annealing atmosphere dew point

Figure 50 :Figure 49 :

 5049 Figure 50: Final contact angle of a galvanizing alloy deposited at 450°C on Fe -8 wt.% Al annealed for 60 s at 800°C with a dew point of -60°C

Figure 51 :

 51 Figure 51: Photos of a galvanizing alloy drop deposited on Fe -8 wt.% Al annealed with a dew point of 0°C

Figure 52 :

 52 Figure 52: SEM observation of cross-sections and SIMS analysis of the samples of Fe -1.5 wt.% Al annealed at a) and c) DP = 0°C, b) and d) DP = +10°C

Figure 53 :

 53 Figure 53: SEM observation of cross-sections and SIMS analysis of the samples of Fe -8 wt.% Al annealed at a) and c) DP = 0°C, b) and d) DP = +10°C

Figure 55 : 4 3 2 Figure 54 :

 554254 Figure 55: TEM HAADF mapping of FIB cross-sections of a) Fe -1.5 wt.% Al and b) Fe -8 wt.% Al after annealing 60 s at 800°C and DP = 0°C. Green: Fe, blue: Al, red: O

  Figure 56 b) displays this graphically, showing a diffraction figure at DP = +10°C different from DP = -60°C.

  Figure

Figure 56 :

 56 Figure 56: a) TEM BF of the extracted external oxide of Fe -8 wt.% Al annealed at DP = +10°C; b) and c) comparison of SAED figures respectively between DP = -60°C and +10°C and between Fe -1.5 wt.% Al and Fe -8 wt.% Al; d) e) and f) HAADF mapping of Al, O and Fe; g) EDS results of the extracted oxide layer.

Figure 57 :

 57 Figure 57: ASTAR characterization of a particle and sub-surface of a Fe -1.5 wt.% Al annealed at DP = 0°C: a) Phase mapping; b) X, Y, and Z orientation mapping and misorientation profile.

Figure 58 :

 58 Figure 58: ASTAR phase mapping of a) and b) two iron particles, c) the internal oxide layer of a Fe -8 wt.% Al annealed at DP = 0°C.

Figure 59 :

 59 Figure 59: ASTAR orientation mapping and misorientation profile of a Fe -8 wt.% Al annealed at DP = 0°C for a) a particle with the same orientation as the matrix, b) a different orientation from the matrix.

Figure 60 :

 60 Figure 60: SEM secondary electron images of the Fe -1.5 wt.% Al samples annealed at 800°C with a dew point of 0°C for a) 0 s, b) 30 s

Figure 61 :

 61 Figure 61: SEM secondary electron images of the interrupted heating Fe -8 wt.% Al samples annealed with a dew point of 0°C at a) 500°C, b) 600°C, c) 650°C, d) 700°C, e) 750°C, f) 800°C
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 636264 Figure 63: ASTAR characterization of the Fe -8 wt.% Al annealed at 800°C for 0 s with a dew point of 0°C

Figure 65 :

 65 Figure 65: Evolution of a) the surface coverage and b) the Feret and equivalent diameters of particles during a 240 s annealing try in the HTWD at 800°C in N2 -5% H2 at dew point 0°C for both Fe -1.5 wt.% Al and Fe -8 wt.% Al
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 661 Figure 66: XPS spectra of the Fe -8 wt.% Al annealed for 0 s and 60 s at 800°C and dew point of 0°C: a), c) O-1s and b), d) Al-2p

Figure 67

 67 Figure 67: a) SEM observation of a cross-section, b) and c) SIMS analysis (b) zoom on external oxidation and c) zoom on internal oxidation) of Fe -1.5 wt.% Al annealed at 800°C and DP = 0°C for 0 s

Figure 69 :

 69 Figure 69: TEM HAADF mapping images of FIB cross-sections of Fe -8 wt.% Al after interrupted annealing at a) 650°C, b) 700°C

Figure 70 :

 70 Figure 70: EDS O / Al atomic ratio and TEM HAADF images of FIB cross-sections of Fe -8 wt.% Al after interrupted annealing at a) 650°C, b) 700°C
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 7271 Figure 72: GDOES analysis of the samples of Fe -8 wt.% Al annealed at 800°C and a dew point of 0°C for a) and b) 0 s
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 73574 Figure 73: TEM HAADF mapping of FIB cross-sections of a) Fe -1.5 wt.% Al and b) Fe -8 wt.% Al after annealing 0 s at 800°C and DP = 0°C
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 7576 Figure 75: SEM observation of a cross-section of Fe -8 wt.% Al annealed at 800°C and DP = 0°C for 240 s

Figure 77 :

 77 Figure 77: SEM secondary electron images of the Fe -8 wt.% Al samples annealed at 600°C with a dew point of 0°C for a) 2400 s and b) 4800 s.

Figure 78 :

 78 Figure 78: SEM secondary electron images of the Fe -8 wt.% Al samples annealed at 700°C with a dew point of 0°C for a) 150 s, b) 300 s, c) 600 s, and d) 1800 s.

Figure 79 :

 79 Figure 79: Evolution of the surface coverage of particles with the annealing holding time at a) 700°C and b) 600°C
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 8180 Figure 81: GDOES analysis of the samples of Fe -8 wt.% Al annealed at 700°C and a dew point of 0°C: a) Al profile, b) Fe profile
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 8382 Figure 83: SEM observation of a cross-section of Fe -8 wt.% Al annealed at 600°C and DP = 0°C for 2400 s

Figure 85 :Figure 84 :

 8584 Figure 85: SEM secondary electron images of Fe -8 wt.% Al samples annealed for 0 s at 800°C with a dew point of 0°C at various heating rates: a) 1°C/s, b) 2.5°C/s, c) 4°C/s, d) 15°C/s, e) 30°C/s
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 8687 Figure 86: SEM secondary electron images of Fe -8 wt.% Al samples annealed for 60 s at 800°C with a dew point of 0°C at various heating rates: a) 1°C/s, b) 2°C/s, c) 2.5°C/s, d) 4°C/s, e) 14°C/s

  𝐾 𝑀 𝑚 𝑂 𝑝 [% n ], 𝑅 the ideal gas constant [8.314 J.K -1 .mol -1 ], ∆ 𝑟 𝐺 𝑀 𝑚 𝑂 𝑝 0 the standard Gibbs energy of formation of the oxide [J.mol -1 ], 𝑇 the temperature [K], 𝛾 𝑀 ∞ the activity coefficient of M at infinite dilution in ferrite and 𝑀 𝑖 the molar mass of element 𝑖 [kkg.mol -1 ]

4 )

 4 The activity of the element M in the binary alloy can be written as: 𝑎 𝑀 = 𝛾 𝑀 𝑥 𝑀 = 𝑎 𝑀 the activity of the element M in the alloy, 𝛾 𝑀 the activity coefficient of the element M, 𝑥 𝑀 the molar fraction of M in the alloy, 𝑤 𝑀 the mass fraction of M in the alloy [wt.%] and 𝑀 𝑖 the molar mass of the element 𝑖 [kg.mol-1 ].

  𝑤 𝑂 the mass fraction of oxygen dissolved in ferrite [wt.%]. By combining the equations (IV.4), (IV.5), and (IV.6), it is possible to make the solubility product [% n ] appear, but it will this time be dependent on both the temperature and the molar fraction of the alloying element. The formalism is chosen to easily comparable with the model of Gaye and Lanteri: log 𝐾 𝑀 𝑚 𝑂 𝑝 (𝑇, 𝑤 𝑀 ) = log(𝑚 log 𝛾 𝑀 (𝑇, 𝑤 𝑀 ) + 𝑚 log (𝑤 𝑀 + (100 -𝑤 𝑀 )

  log 𝐾 𝐹𝑒 𝑛 𝑂 𝑝 (𝑇, 𝑤 𝑀 ) = log 𝑤 𝐹𝑒 𝑛 𝑤 𝑂 𝑝 = log(100 -𝑤 𝑀 ) 𝑛 𝑤 𝑂 -𝑛 log 𝛾 𝐹𝑒 (𝑇, 𝑤 𝑀 ) + 𝑛 log ((100 -𝑤 𝑀 ) + 𝑤 𝑀 𝑀 𝐹𝑒 𝑀 𝑀 ) (IV.11) with ∆ 𝑟 𝐺 𝐹𝑒 𝑛 𝑂 𝑝 0 the standard Gibbs energy of formation of the iron oxide [J.mol -1 ], 𝑎 𝐹𝑒 the activity of Fe in the alloy, 𝛾 𝐹𝑒 the activity coefficient of Fe in the alloy, 𝑥 𝐹𝑒 the molar fraction of Fe in the alloy, 𝑤 𝐹𝑒 the mass fraction of Fe in the alloy [wt.%]

1 2𝑂 2 = 2 𝑂 2 = 4 0(

 12224 𝐹𝑒𝑂, ∆ 𝑟 𝐺 𝐹𝑒𝑂 0 (𝑇) = -264400 + 64.43𝑇 [J.mol -𝐹𝑒 3 𝑂 4 , ∆ 𝑟 𝐺 𝐹𝑒 3 𝑂 𝑇) = -1099100 + 304.34𝑇 [J.mol-1 ] (IV.13)IV-1-2-3 -Ternary oxides FenMmOp

  (IV.14) By combining (IV.14) with (IV.5), (IV.6), and (IV.

4 2𝑂 2 =

 42 𝐹𝑒𝐴𝑙 2 𝑂 4 , ∆ 𝑟 𝐺 𝐹𝑒𝐴𝑙 2 𝑂 4 0 (𝑇) = -1933426 + 360.7𝑇 [J.mol -1 ] (IV.16)
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 881 Figure 88: Determination of 𝜇 𝑖 and 𝜇 𝑖 0 from the Gibbs energy of the alloy AB at a composition 𝑥 𝐵[START_REF] Chen | Chemical potential and Gibbs free energy[END_REF] 

  of the Standard Element Reference of Fe and Al i.e. the reference stable phase of Fe and Al at 298.15 K and 10 5 Pa [120].

Figure 90 : 120 IV- 2 - 3 - 2 -

 90120232 Figure 90: Evolution of 𝐺 𝐹𝑒𝐴𝑙 𝐴2 with the aluminum composition and determination of 𝜇 𝐴𝑙 0 and 𝜇 𝐹𝑒 0 at 800°C

Figure 91 : 2 𝑂 2 = 2 𝑂 2 =

 912222 Figure 91: Determination of the chemical potentials of Fe and Al 𝜇 𝐹𝑒 and 𝜇 𝐴𝑙 at 800°C in the ferritic alloys Fe -1.5 wt.% Al (orange tangent) and Fe -8 wt.% Al (grey tangent)

Figure 92 : 2 =

 922 Figure 92: Evolution of the activity coefficients 𝛾 𝐴𝑙 and 𝛾 𝐹𝑒 with the aluminum composition in the ferritic phase A2 at 800°C Fe Al

Figure 93 : 123 IV- 3 - 2 -

 9312332 Figure 93: Limits of formation and transition of oxides in the ferritic Fe-Al system at 800°C. The formulae used for calculation are added.

Figure 94 :

 94 Figure 94: Phase diagram of the Fe-Al-O system at 800°C

Figure 95 :

 95 Figure 95: Phase diagram of Fe-Al-O at 800°C. Solid lines: the model of this study; dashed lines: Gaye-Lanteri model (colors are the same as in Figure 94)

Figure 96 :

 96 Figure 96: Phase diagram of Fe-Al-O at a) 600°C, b) 700°C, and c) 800°C, with the oxides found on the surface of Fe-Al alloys (SDP) and the amount of O needed for the oxidation of the bulk (Bx) in the alloys of this work when annealing in N2 -5% H2

≪ 1 )

 1 is respected, so the adaptation of Wagner's model to Fe-Al alloys for the formation of internal AlO1.5 can be written as: 𝑡 the annealing holding time [s], 𝜉(𝑡) the oxidation depth [m], 𝑇 the annealing temperature [K], 𝐷𝑃 the annealing dew point [°C], 𝑥 𝐴𝑙 0 the molar fraction of Al in the matrix, 𝑥 𝑂 𝑆 (𝑇, 𝐷𝑃) the molar fraction of oxygen dissolved at the surface, and 𝐷 𝐴𝑙 (𝑇) and 𝐷 𝑂 (𝑇) , respectively the diffusion coefficients of Al and O [m 2 .s -1 ] in ferrite As previously observed by Tanaka et al. [51] and explored by Wang et al. [68], the formation of iron particles is possible on Fe-Al alloys when the atmosphere dew point is high enough. For an 800°C and 60 s annealing, the surface coverage of particles measured by Wang et al. at dew points of 0°C or +10°C is also in line with the surface coverage measured in this work, with the iron particles covering 60 -70 % of the samples. In their work, Wang et al. refer to the results of Mackert et al. [79] and Guruswamy et al. [80] as the explanation of the formation of the particles. The model proposed by Guruswamy et al. and by Yi et al. [82] is described in Section I-4-3-2 of the present work. The adaptation of this model to the Fe-Al grades studied in the present work is done by assimilating the species M to Fe and the species N to Al in the equations (I.52), (I.53), and (I.54) of Section I-4-3-2. In the case of the oxidation of Al in this work, the internal oxide formed is alumina Al2O3. The molar volume of this oxide for one Al atom is the molar volume of AlO1.5. ̅ 𝐴𝑙𝑂 1.5 -𝑉 ̅ 𝐴𝑙 ) 𝑡 = 2𝑘 𝑝 𝑑𝑖𝑓𝑓 𝑡 (V.2) with 𝑘 𝑝 𝑑𝑖𝑓𝑓 the diffusion parabolic constant [m 2 .s -1 ], 𝑉 ̅ 𝑖 the molar volume of species 𝑖 in the bcc matrix of Fe-Al [m 3 .mol -1 ], 𝑉 ̅ 𝐴𝑙𝑂 1.5 the molar volume of the oxide 𝐴𝑙𝑂 1.5 [m 3 .mol -1 ], and 𝐷 𝐹𝑒 the selfdiffusivity of iron in α-Fe [m 2 .s -1 ].

6 )

 6 with 𝜎 𝑡 the transverse stress [Pa], 𝐸 the Young modulus of Fe [Pa], 𝜈 the Poisson's ratio of Fe [125] and 𝐶 𝐹𝑒 0 the initial concentration of iron in the alloy [mol.m -3 ]. The combination of formulae (V.5) and (V.6) gives the new expression for the chemical potential of Fe in the stressed material:

Figure 97 :

 97 Figure 97: a) Schematic of the three types of diffusion kinetics in Harrison classification [130]; b) Schematic of the diffusion of Fe in dislocation pipes, with the defining parameters of dislocations

Figure 98 :

 98 Figure 98: Linear regression of the results of Mehrer (type B diffusion) and Shima (type C)

  𝑐𝑟𝑖𝑡 the critical mole fraction of aluminum, 𝐷 𝑂 the diffusion coefficient of oxygen in the matrix [m 2 .s -1 ], 𝐷 𝐴𝑙 the diffusion coefficient of Al in the matrix [m 2 .s -1 ], 𝑥 𝑂 𝑆 the mole fraction of adsorbed oxygen at the surface, 𝑉 ̅ 𝑎𝑙𝑙𝑜𝑦 the molar volume of alloy [m 3 .mol -1 ], 𝑉 ̅ 𝐴𝑙𝑂 1.5 the molar volume of oxide [m 3 .mol -1 ], and 𝑔 * the critical volume fraction of formed oxide that results in the transition from internal to external oxidation [𝑔 * ≈ 0.3]

Figure 99 :

 99 Figure 99: Evolution of 𝑥 𝐴𝑙 𝑐𝑟𝑖𝑡 with the annealing dew point at 800°C in N2 -5 % H2

Figure 100 :

 100 Figure 100: Comparison between a) In2O3 band in Rapp et al. work [135] (x700) and b) Al2O3 band in this work after annealing 60 s at 800°C and DP = 0°C (x36k)

Figure 101 :

 101 Figure 101: Aspect ratios 𝑊 and area of measurement of the proportion of oxides 𝛼 𝑜𝑥,𝑛𝑜𝑑𝑢𝑙𝑒𝑠 on a) Fe -8 wt.% Al annealed at 800°C for 0 s, b) Fe -8 wt.% Al annealed at 800°C for 60 s

Figure 102 :

 102 Figure 102: Oxidation depth on Fe-Al alloys depending on the annealing temperature for a holding time of 0 s and DP = 0°C: Wagner model (solid lines), experimental results (squares)

Figure 103 :

 103 Figure 103: Oxidation depth on Fe -8 wt.% Al alloys depending on the annealing holding time at 600°C and DP = 0°C: Wagner model (solid lines), experimental results (squares)

Figure 104

 104 Figure 104 compares the experimental results of the tests performed at 800°C for 60 s at dew points of 0°C and +10°C with the theoretical evolution of Wagner's model with the annealing dew point. The experimental points are represented by squares. The expected evolution of the depth of the oxidation front depending on the annealing atmosphere dew point is presented in solid lines for Wagner.
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 104 Figure 104: Oxidation depth on Fe-Al alloys depending on the annealing dew point at 800°C for 60 s: Wagner model (solid lines), experimental results (squares)

Figure 105 :

 105 Figure 105: Oxidation depth on Fe -8 wt.% Al alloys depending on the annealing holding time at DP = 0°C: Wagner model (solid lines), experimental results (squares)

Figure 106 :

 106 Figure 106: Example of a heating phase and the corresponding step function for annealing at 800°C

Figure 107 :

 107 Figure 107: Fe -8 wt.% Al annealed without holding: a) Surface coverage of particles depending on the target temperature; b), c) and d) Characteristic lengths of diffusion (ln) of O, Fe, and Al

Figure 109 :

 109 Figure 109: Relation between the characteristic lengths of diffusion calculated from the cycles and the experimental surface coverage of the iron particles for samples annealed with and without holding at the target temperature

  . The experimental molar surface density of iron in the particles is calculated with the formula: 𝜌 𝑚𝑜𝑙,𝐹𝑒 𝑒𝑥𝑝 the experimental molar surface density of iron in the particles [mol.m-2 ] and 𝑉 ̅ 𝐹𝑒 the molar volume of ferritic iron [7.1 .10 -6 m 3 .mol-1 ].

Figure 110 :

 110 Figure 110: Structure of an annealed Fe -8 wt.% Al sample at 800°C and DP = 0°C

  𝐷 𝐹𝑒 𝑒𝑓𝑓 = (1 -𝛼)𝐷 𝐹𝑒 0 exp ( -𝑄 𝐹𝑒 𝑅𝑇 ) + 𝛼𝐷 𝑃 𝐹𝑒 0 exp ( -𝑄 𝑃 𝐹𝑒 𝑅𝑇 ) with 𝛼 = 𝑎 2 𝜌 (V.27)

Figure 111 :

 111 Figure 111: Comparison of 𝜌 𝑚𝑜𝑙,𝐹𝑒 𝑜𝑥

  𝐷 𝐹𝑒 (𝑇) = 𝐷 𝑃 𝐹𝑒 (𝑇)𝑎 2 𝜌 (V.28)When expanding the expression, it is possible to get the formula for the temperature of transition between the two types of diffusion.
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 113112 Figure 113: Transition temperature between the type C and type A diffusion in Fe-Al: a) for a recrystallized Fe-Al, b) for a non-recrystallized Fe-Al

Figure 114 :

 114 Figure 114: Evolution of 𝑘 𝑝 𝑑𝑖𝑓𝑓 with the annealing temperature for a) a recrystallized sample, b) a non-recrystallized sample. The calculations for Fe -1.5 wt.% Al are in solid lines, those for Fe -8 wt.% Al are in dotted lines

Figure 116 :

 116 Figure 116: Evolution of 𝑘 𝑝 𝑑𝑖𝑓𝑓 in a non-recrystallized sample and comparison with the experimental 𝑘 𝑝 𝑜𝑥 of this and previous works on Fe-Al
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  Maison du doctorat de l'Université Paris-Saclay 2 ème étage aile ouest, Ecole normale supérieure Paris-Saclay 4 avenue des Sciences, 91190 Gif sur Yvette, France Titre : Mécanisme d'oxydation sélective des alliages binaires Fe-Al lors d'un recuit de recristallisation Mots clés : Oxydation sélective, Diffusion réactive, Thermodynamique

  Maison du doctorat de l'Université Paris-Saclay 2 ème étage aile ouest, Ecole normale supérieure Paris-Saclay 4 avenue des Sciences, 91190 Gif sur Yvette, France Title: Selective oxidation mechanism of Fe-Al binary alloys during recrystallization annealing Keywords: Selective oxidation, Reactive diffusion, Thermodynamics Abstract: The automotive industry is looking for new alloys to lighten the structure of vehicles while improving the mechanical qualities of steels. These steels called Advanced High Strength Steels (AHSS) contain many alloying elements such as aluminum, silicon, manganese, ... The selective oxidation of the alloying elements of steels can create coating defects during the industrial hot-dip galvanizing process. This thesis focuses on iron-aluminum alloys to study the selective oxidation of aluminum and its effect on the morphology and surface chemistry of these alloys. For this purpose, two model alloys Fe -1.5 wt.% Al and Fe -8 wt.% Al are annealed in the High Temperature Wetting Device (HTWD), equipment set up at ArcelorMittal Maizières Research. The influence of the annealing parameters is also studied. The modified parameters are the dew point (DP) of the annealing atmosphere, the annealing temperature, the holding time at the selected temperature, and the heating rate of the sample. The samples are then studied by different analytical techniques: XPS, SEM, SIMS, GDOES, and TEM. The analyses show the presence of an external oxide layer on all the samples. The external oxides detected are alumina Al2O3 at DP below -20°C and mixed oxide FeAl2O4 at DP above 0°C. At DP above -20°C, metallic iron particles are also observed on the surface of the samples. The formation of internal oxidation in annealed samples at high DP (typically above -20°C) is also observed. This internal oxidation is usually in the form of alumina nodules, but under certain conditions a dense internal alumina layer can also form, blocking the oxidation front. The detected oxides are compared with thermodynamic predictions for the oxidation of Fe-Al alloys. The internal oxidation under the different annealing conditions is compared to Wagner's oxidation model. The formation of the dense alumina layer under certain annealing conditions causes the internal oxidation of these samples not to follow Wagner's model.

  

  

  

  

  

  

  

  

Table 1 :

 1 Magnus-Sonntag formula coefficients

		Dew point	Frost point
	A	-6096,9385	-6024,5282
	B	21,2409642	29,32707
	C	-2,711193 × 10 -2	1,0613868 × 10 -2
	D	1,673952 × 10 -5	-1,3198825 × 10 -5
	E	2,433502	-0,49382577

Table 3 :

 3 Minimum oxygen mass fraction (ppm) needed for the formation of the oxides for steels containing 1wt.% Mn and/or 1.5wt.% Al and/or 1.5wt.% Si at a temperature of 800°C

	Oxide	MnO	SiO2	Mn2SiO4	MnAl2O4	Al2O3

Table 7 :

 7 Previous studies on the oxidation of Fe-Mn-Si steels and model alloys

	Composition (wt.%)	Annealing temperature (°C)	Annealing time (s)	Atmosphere	Dew point (°C)	Oxides	Type of oxidation	Decarbu-rization	Reference
	TRIP 1.5Mn, 1.2Si		60	N2-10% H2	-70 0	SiO2, xMnO.SiO2, Mn2SiO4 xMnO.SiO2, MnSiO3 residual Mn2SiO4	External External		Wang et al. [52]
					-65	SiO2	External layer		
	TRIP 2.2 Mn, 1.7Si		60	N2-10% H2	-35 0	Mn2SiO4, SiO2 Mn2SiO4, MnSiO3	External layer External nodules		Kim et al. [55]
					-30	SiO2, xMnO.SiO2	External layer		
	TRIP 1.53Mn, 1.46Si		220	N2-10% H2	3	MnO, xMnO.SiO2, xMnO.SiO2 xMnO.SiO2, SiO2	External particles Internal particles,	Yes	Gong [53], Gong et al. [58]
							layer		
					-60	MnO.SiO2, SiO2	External layer		
					-30	MnO.SiO2, SiO2	External layer		
						MnO.SiO2, SiO2	External layer		
	TRIP 2.2 Mn, 1.4Si		47	N2-10% H2	-10 0	Internal particles MnO.SiO2, MnO.SiO2 External layer SiO2 Internal SiO2 particles	Yes ~2 µm	Cho et al. [56]
						2MnO.SiO2	External layer		
					+5	SiO2	Internal particles		
	Model 1.56Mn, 0.21Si Model 1.56Mn, 0.44Si Model		60 600 60	N2-5% H2	-30 -10 -30	MnO, Mn2SiO4 Mn2SiO4	External nodules, layer External layer		(mod) Loison et al. [45]
	1.56Mn,					Mn2SiO4, SiO2	External layer		
	1.51Si								
	AHSS 2.12Mn, 0.3Si		30 -120	H2	26 -45	MnO, Mn2SiO4, MnSiO3, SiO2	External particles, internal SiO2	Yes	Wu and Zhang [59]
	AHSS								
	2.4Mn, 1.5Si								
	AHSS								
	2.9Mn, 1.5Si AHSS			N2-5% H2	-40 -+10	MnO, Mn2SiO4	External particles		Staudte et al. [57]
	3.8Mn, 1.5Si								
	AHSS								
	4.6Mn, 1.5Si								
					-50	MnO, SiO0.93			
	TRIP 1.8Mn, 1.7Si	700 then	90 at 820°C	N2-5% H2	-20	MnO, SiO0.93	External nodules, layer		Liu et al. [54]
					-10	MnO, SiOx			

Table 8 :

 8 Previous studies on the oxidation of Fe-Mn-Al alloys

	Composition (wt.%)	Annealing temperature (°C)	Annealing time (s)	Atmosphere	Dew point (°C)	Oxides	Type of oxidation	Decarbu rization	Reference
	TRIP 1.5Mn, 1.5Al	862	120	N2-20% H2 N2-5% H2	-53 -30 5	Al2O3, MnO, MnAl2O4 Al2O3, MnO MnO	External layer, nodules External layer, nodules External nodules		Bellhouse and McDermid [61]
	TRIP 1.5Mn, 1.7Al	830	46	N2-5% H2	-30 +10 MnO, FeAl2O4, Al2O3 FeAl2O4, Al2O3	External nodules, internal Al2O3 External nodules, internal Al2O3		Maki et al. [60]
	TRIP 1.7Mn, 1.5Al, xSi	800	60	N2-5% H2	-25	Mn-Al-Si-oxides, MnO	External nodules		Blumenau et al. [62]
	TRIP 2Mn, 1Al, 0.3Si	827	120	N2-10% H2	-25	xMnO.SiO2, xMnO.Al2O3	External and internal	Yes	Gong et al. [63]
	TRIP 1.6Mn, 1.5Al, 0.5Si, 0.04P	800	180	N2-5% H2	-30 10	MnSiO3/Mn2SiO4, Al2O3 MnSiO3/Mn2SiO4, MnAl2O4, Mn3(PO4)2	External layer External nodules, internal Al2O3	Yes ~20 µm	Liu et al. [64]
	TRIP 1.5Mn, 1.3 Al, 0.15Si	820	90	N2-20% H2 N2-5% H2	-60 -30	MnO, SiO2, Mn2SiO4, Al2O3, MnAl2O4 MnO, Mn2SiO4, Al2O3, Mn2AlO4	External External		Teng et al. [65]
					-40	Mn2SiO4 and Mn2AlO4	External nodules		
	TRIP 1.65Mn, 1.5Al, 0.08Si	860	129	N2-3% H2	-20	MnO, Mn2SiO4, Mn2AlO4	External nodules	Yes ~20 µm	Paunoiu [20]
					0	MnO	External nodules	Yes ~40 µm	
					-60	Al2O3	External layer		
	TRIP 1.61Mn, 1.41Al	810	42	N2-5% H2	-55	Al2O3	External layer		Drillet [43]
					-35	Mn2AlO4	External layer		
	TRIP 1.55Mn, 1.52Al	862	120	N2-20% H2 N2-5% H2	-53 -30	Al2O3, MnO, MnAl2O4	External layer, nodules		Bellhouse
	TRIP 1.52Mn, 1.05Al, 0.55Si	825	120	N2-20% H2 N2-5% H2	-53 -30	Al2O3, MnO, MnAl2O4, Mn2SiO4	External layer, nodules		et al. [66]
					-50	MnOx, MnO2, AlOx	External nodules, layer		
	TRIP 1.8Mn, 1.25Al	700 then 820 90 at 820°C	N2-5% H2	-20	MnOx, MnO2, AlOx	External nodules, layer		Liu et al. [54]
					-10	Mn2O3, Al2O3	External nodules, internal AlOx		
	TRIP				-60	Al2O3	External layer		
	3.8Mn-2.1Al 3.8Mn-4.2Al 3.8Mn-6.2Al	800	60	N2-5% H2	-30 -10	Al2O3 MnOx	External layer External nodules, internal Al2O3		Jeong et al. [67]

Table 10 :

 10 Observation of metallic particles on the surface of annealed alloys

	Composition	Annealing temperature (°C)	Annealing time	Atmosphere	Dew point (°C)	Composition of nodules	Reference
	Pd-37.5Ag-7.7Sn-0.5In (at.%)	750, 850, 950, 1010	0 min or 5 min	Air		Pd-Ag	Mackert et al. [79]
	Ag-3.5In Ag-5.9In Ag-9.8In (at.%)	500, 600, 700, 800	2 h	Air		Ag	Guruswamy et al. [80]
	Ni-4Al						
	Ni-4Al-1Si			Rhines pack			
	Ni-4Al-3Si	800, 900, 1000	48 h, 120 h, 260 h	oxidation		Ni	Yi et al. [82]
	Ni-4Al-5Si			method [88]			
	(at.%)						
	Ni-5Cr						
	Ni-7Cr Ni-10Cr Ni-2.45Al	1000	24, 72 h	O2 or Rhines pack oxidation method or H2	H2 at DP=0°C	Ni	Bradley et al. [83]
	Ni-7Al (wt.%)						
	Ag-6.9Sn-2.5In-0.4Cu (wt.%)	750	42 h	Air		Ag	Schimmel et al. [81]
	Ni-15.8Cr-9.4Fe (wt.%)	480	120 h	H2	PO2 below Ni/NiO oxygen dissociation pressure	Ni	Persaud et al. [85]
	Ni-5Cr Ni-4Al (at.%)	800	24 h	Rhines pack oxidation method		Ni	Kruska et al. [84]
	Ni-10Cr-5Al Ni-20Cr-5Al Ni-5Al (wt.%)	700, 800, 900	24, 48, 96 h	H2-10% NH3	Nitriding	Ni	Rubly and Douglass [86]
	Ni-5Cr Ni-1.5Ti	600, 630, 665, 700	Up to 211 h	H2-15% NH3	Nitriding	Ni	Kodentsov et al. [87]

  the standard Gibbs free energy of formation of 𝐹𝑒 𝑚 𝑂 𝑝 [J.mol-1 ] at 𝑇 and 1 bar, 𝑎 𝑖 the activity of species 𝑖, 𝑃 𝐻 2 the dihydrogen partial pressure [atm], 𝑃 𝐻 2 𝑂 the water partial pressure[atm] 

	with ∆ 𝑟 𝐺 𝐹𝑒 𝑚 𝑂 𝑝 0				
	Figure 13: Surface nodules of Pd-Ag formed on Pd -37.5 Ag -7.7 Sn -0.5 In (at.%) annealed at
	950°C [79]		
	𝐹𝑒 𝑚 𝑂 𝑝 0	+ 𝑅𝑇 ln (	𝑎 𝐹𝑒 𝑚 𝑂 𝑝 𝑎 𝐹𝑒 𝑚	𝑝 𝑃 𝐻 2 𝑂 𝑃 𝐻 2 𝑝 )	(I.35)

Table 11 :

 11 Contact angles of liquid metals on alumina under a neutral or reducing atmosphere or under vacuum

	Metal	Texp (K)	θ (°)	Reference
	Zn	743	154	[95]
	Zn	743	155	[95]
	Zn	773	136.8	[96]
	Zn	973	130	[97]
	Al	1073	121	[98]
	Al	1223	81	[98]
	Zn-0.19%Al	703	152	[50]

Table 12 :

 12 Contact angles of liquid metals on silica under a neutral or reducing atmosphere or under vacuum

	Metal	Texp (K)	θ (°)	Reference
	Zn	773	133	[96]
	Zn	873	130	[96]
	Al	1073	112	[99]
	Al	1173	88	[99]
	Al	1273	53	[99]
	Zn-0.2%Al	723	156	[44]
	Zn-0.2%Al	743	150	[100]

Table 13 :

 13 Recapitulation of annealing conditions in this work

	Condition n°	Annealing temperature (°C)	Atmosphere dew point (°C)	Annealing holding time (s)	Annealing heating rate (°C/s)	Device
	1	500	0	0	4	HTWD
	2			0		
	3	600	0	2400	4	HTWD
	4			4800		
	5	650	0	0	4	HTWD
	6			0		
	7			150		
	8	700	0	300	4	HTWD
	9			600		
	10			1800		
	11	750	0	0	4	HTWD
	12		-60	60	4	HTWD
	13		-40	60	4	HTWD
	14		-20	60	4	HTWD
	15				1	PrecoCoat
	16				2.5	CRM
	17			0	4	HTWD
	18				15	TIM
	19				30	TIM
	20	800		30	4	HTWD
	21		0		1	PrecoCoat
	22				2	Rhesca
	23			60	2.5	CRM
	24				4	HTWD
	25				14	Rhesca
	26			120	4	HTWD
	27			240	4	HTWD
	28		+10	60	4	HTWD

Table 14 :

 14 Recapitulation of annealing conditions and analyses performed in this work. X represent analyses on the two alloys, 8 only on Fe -8 wt.% Al

	Condition n°	temperature (°C)	Annealing	point (°C)	Atmosphere dew	time (s)	Annealing holding	rate (°C/s)	Annealing heating	Device	XPS in-situ	XPS ex-situ	SEM surface	SEM CSP	SIMS	GDOES	Surface oxides	TEM	TEM FIB
	1	500		0		0		4	HTWD			X						
	2						0					X	X						
	3	600		0	2400		4	HTWD		X	X			8			
	4					4800					X	X			8			
	5	650		0		0		4	HTWD			X						X
	6						0					X	X			8			X
	7					150					X	X			8			
	8	700		0	300		4	HTWD		X	X			8			
	9					600					X	X			8			
						1800					X	X			8			
		750		0		0		4	HTWD			X			8			
				-60	60		4	HTWD	X	X	X	X	X		X	X
				-40	60		4	HTWD	X	X	X						
				-20	60		4	HTWD	X	X	X						
									1	PrecoCoat			X						
								2.5	CRM			X						
							0		4	HTWD		X	X	X	X	8			X
									15	TIM			X						
									30	TIM			X						
		800			30		4	HTWD			X			8			
					0				1	PrecoCoat			X						
									2	Rhesca			X						
						60	2.5	CRM			X						
									4	HTWD	X	X	X	X	X	8			X
									14	Rhesca			X						
						120		4	HTWD			X			8			
						240		4	HTWD			X			8			
				+10	60		4	HTWD	X	X	X	X	X		X	

Table 17 :

 17 EDS results on Fe -8 wt.% Al annealed at DP = 0°C

		Fe -8 wt.% Al / Fe -15.3 at.% Al,
			DP = 0°C, 60 s	
	at.%	O	Al	Fe
	1	6.9	2.8	90.3
	2	28.5	16.7	54.8
	3	42.9	30.1	27
	4	4.9	13.3	81.9

Table 18 :

 18 Inter-reticular distance [Å] measured from the SAED figures

	1.5% Al DP = -60°C	4.58 2.81 2.39 2.29 1.99	-	1.53 1.40 1.22 1.15 1.06 1.00 0.90
	1.5% Al DP = +10°C	-	2.98 2.53	-	2.08 1.72 1.62 1.49 1.29 1.22 1.11 0.97 0.86
	8% Al DP = +10°C	4.72 2.93 2.50	-	2.06 1.72 1.61 1.46 1.25 1.19 1.07 0.97 0.84

  80 . 10 -4 exp (-

				2.28 .10 5 𝑅𝑇	)	(III.2)
	𝐷 𝑂 = 𝐷 𝑂 0 exp (-	𝑄 𝑂 𝑅𝑇	) = 3.72 . 10 -6 exp (-	4.24 .10 4 𝑅𝑇	)	(III.3)

Table 19 :

 19 Surface coverage of iron particles for equivalent holding times at 600°C, 700°C, and 800°C

	Temperature (°C)	800	700	600
	Holding time (s)	120	600	2400
	Surface coverage (%)	64 ± 2	70 -75	87 ± 4

  [START_REF] Cavallotti | Effets de la terminaison de l'α-alumine sur le comportement au mouillage du zinc[END_REF], the solubility product of the ternary oxide can be deduced as: log 𝐾 𝐹𝑒 𝑛 𝑀 𝑚 𝑂 𝑝 (𝑇, 𝑤 𝑀 ) = (log 𝑤 𝐹𝑒

						𝑛 𝑤 𝑀 𝑚 𝑤 𝑂 𝑝 ) = log(100 -𝑤 𝑀 ) 𝑛 𝑤 𝑀 𝑚 𝑤 𝑂 𝑝
	=	log(𝑒) 𝑅	∆ 𝑟 𝐺 𝐹𝑒 𝑛 𝑀 𝑚 𝑂 𝑝 0 𝑇	(𝑇)	+ 𝑝 (	9398 𝑇	-3) -𝑛 log 𝛾 𝐹𝑒 (𝑇, 𝑤 𝑀 ) -𝑚 log 𝛾 𝑀 (𝑇, 𝑤 𝑀 )	(IV.15)
	+𝑛 log ((100 -𝑤 𝑀 ) + 𝑤 𝑀	𝑀 𝐹𝑒 𝑀 𝑀	) + 𝑚 log (𝑤 𝑀 + (100 -𝑤 𝑀 )	𝑀 𝑀 𝑀 𝐹𝑒	)

  𝑚2 . 𝑠-1 , 𝑄 𝐹𝑒 = 285 𝑘𝐽. 𝑚𝑜𝑙 -1 𝑓𝑜𝑟 𝑇 < 693 𝐾 𝐷 𝐹𝑒 0 = 1.5 𝑚 2. 𝑠 -1 , 𝑄 𝐹𝑒 = 330 𝑘𝐽. 𝑚𝑜𝑙 -1 𝑓𝑜𝑟 693 𝐾 < 𝑇 < 1214 𝐾 𝐷 𝐹𝑒 0 = 2.0 . 10 -4 𝑚 2 . 𝑠 -1 , 𝑄 𝐹𝑒 = 240 𝑘𝐽. 𝑚𝑜𝑙 -1 𝑓𝑜𝑟 1214 𝐾 < 𝑇 [126, 127] (V.8) with 𝐷 𝐹𝑒 0 the preexponential factor of diffusion of Fe through the vacancies [m².s -1 ], 𝑄 𝐹𝑒 the activation energy of diffusion of Fe through the vacancies [J.mol -1 ], 𝑅 the ideal gas constant [8.314 J.K -1 .mol -1 ], and 𝑇 the temperature [K]. These diffusivities are used in Section V.

	𝐷 𝐹𝑒 = 𝐷 𝐹𝑒 0 exp (	𝑅𝑇 -𝑄 𝐹𝑒	) with {	𝐷 𝐹𝑒 0 = 6.0 . 10 -4
				4.24 .10 4 𝑅𝑇	)). The diffusivity of iron in α-Fe used in this work is:
					132

Table 21 :

 21 Experimental measurements on some annealed samples

	Grade	Fe -1.5 wt.% Al					Fe -8 wt.% Al				
	Temperature	800°C		700°C				800°C		
	Dew point	0°C	10°C			0°C				0°C			10°C
	Annealing time	60 s	60 s	0 s	150 s	300 s 1800 s	0 s	30 s	60 s	120 s	240 s	60 s
	Particles thickness ℎ 𝑝𝑎𝑟𝑡 (µm)	0.12	0.07	0.12	0.4 (GDOES)	0.4 (GDOES)	0.5 (GDOES)	0.15	0.4 (GDOES)	0.4	0.4 (GDOES)	0.45 (GDOES)	0.33
	Uncertainty ℎ 𝑝𝑎𝑟𝑡 (µm)	0.06	0.01	0.06	0.1	0.1	0.1	0.02	0.1	0.1	0.1	0.07	0.06
	Surface coverage of particles 𝜏 𝑝𝑎𝑟𝑡 (%)	15	15	10	74	75	76	26	58	59	64	67	59
	Uncertainty 𝜏 𝑝𝑎𝑟𝑡 (%)	3	5	8	5	10	7	17	6	8	2	4	20

Table 22 :

 22 Comparison of the experimental molar surface density of iron in the particles and molar surface density of iron replaced by alumina on some samples

	Grade		Fe -1.5 wt.% Al			Fe -8 wt.% Al	
	Temperature	800°C	600°C	700°C		800°C
	Dew point		0°C	10°C	0°C	0°C	0°C		10°C
	Annealing time	60 s	60 s	2400 s	0 s	0 s	60 s	60 s
	𝑒𝑥𝑝 ρ mol,Fe Uncertainty ρ mol,Fe (mol/m²) 𝑒𝑥𝑝 (mol/m²)	2.10 -3 1.10 -3	1.5.10 -3 1.2.10 -1 6.10 -4 1.10 -2	2.10 -3 2.10 -3	5.5.10 -3 3.2.10 -2 4.10 -3 9.10 -3	3.10 -2 1.10 -2
	Oxidation depth ξ (µm)	0,60	0,49	4,8	0,34	0,23	0,6	0,7
	Uncertainty ξ (µm)	0,07	0,09	0,3	0,02	0,01	0,1	0,1
	Oxide proportion 𝛼 𝑜𝑥,𝑡𝑜𝑡𝑎𝑙 (%)	26	23	76	43	41	56	42
	Uncertainty 𝛼 𝑜𝑥,𝑡𝑜𝑡𝑎𝑙 (%)	5	4	8	6	3	4	7
	ρ mol,Fe 𝑜𝑥	(mol/m²)	1.1.10 -2	8.10 -3	2.7.10 -1 1.1.10 -2 6.9.10 -3 2.3.10 -2 2.0.10 -2
	Uncertainty ρ mol,Fe 𝑜𝑥	(mol/m²)	2.10 -3	2.10 -3	4.10 -2	2.10 -3	7.10 -4	4.10 -3	5.10 -3

Table 25 :

 25 EDS results on the two grades after annealing at 800°C for 0 s at DP = 0°C

		Fe -1.5 wt.% Al, DP = 0°C, 0 s	Fe -8 wt.% Al, DP = 0°C, 0 s
	wt.%	O	Al	Fe	O	Al	Fe
	1	0	1.41	98.59	1.86	1.17	96.97
	2	0	1.24	98.76	2.74	1.91	95.35
	3	0	1.09	98.91	5.33	6.59	87.72
	4	0	1.28	98.72	6.43	6.96	86.61
	• XPS analyses of Fe -8 wt.% Al annealed at 600°C and 700°C at DP = 0°C	

Table 26 :

 26 Oxides formed on the surface of Fe-Si alloys depending on the temperature and the atmosphere dew point

	Temperature (°C)

µm

nm

h +18Zhang et al.[START_REF] Zhang | Selective oxidation of ternary Fe-Mn-Si alloys during annealing process[END_REF] 

µm 2 µm

µm

nm 200 nm
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Due to the relatively large number of annealing conditions, each condition is carried out on only one or two samples. The exceptions are for conditions 12, 17, and 24 that were the first tested and the most analyzed, which necessitated new samples.

A recapitulation of produced samples and analysis techniques performed on them is proposed in Table 14. The conditions numbers are the same as in Table 13.

The analysis of the samples annealed in these conditions will allow us to study the influence of five parameters of the recrystallization annealing process on the selective oxidation of Fe-Al alloys. The parameters explored in Section III are aluminum composition, annealing dew point, annealing temperature, annealing holding time, and annealing heating rate. The evolution of the wettability of Fe-Al alloys by liquid galvanizing alloys is also explored after different annealing conditions. [START_REF] Dinsdale | SGTE data for pure elements[END_REF] and 𝑝 a parameter depending on the crystal structure of the phase φ.

In all the following thermodynamic study, the phase φ is the ferritic phase of the Fe-M alloys, also named phase bccA2 or simply A2. In this phase, the parameter 𝑝 = 0.4. This phase corresponds to the ferritic alloys studied in this work.

The thermodynamic data for the pure elements are taken from the SGTE database for pure elements [START_REF] Dinsdale | SGTE data for pure elements[END_REF]. The other needed information is found in other publications depending on the alloying element. Fe-Al alloys are presented in the following sections and Fe-Si and Fe-Mn can be found in Appendix F.

IV-2-3 -Application to Fe-Al binary alloys

The binary alloy Fe-Al is ferritic when the temperature is below 912°C and when the proportion of aluminum is comprised between 0 and 10 wt.%. The binary diagram of Fe-Al [START_REF] Mishra | Friction Stir Welding Of Dissimilar Metal: A Review[END_REF] and the domain where the model is applicable are presented in Figure 89. The A2 phase corresponds to the α-Fe ferritic phase of the binary diagram. . However, the 𝑘 𝑝 𝑜𝑥 can only be used in the model of Guruswamy and Yi if the dense internal layer is not formed. As the oxidation front is stopped by this layer, the resulting oxidation parabolic constants would not be representative of the oxidation that occurs before the formation of the layer. The calculation of 𝑘 𝑝 𝑜𝑥 can then be calculated between 0 and 60 s at 800°C and DP = 0°C or +10°C for Fe -1.5 wt.% Al, between 0 and 2400 s at 600°C and DP = 0°C, between 0 and 150 s (supposed formation of the layer) at 700°C and DP = 0°C, and between 0 and 30 s (supposed formation of the layer) at 800°C and DP = 0°C for Fe -8 wt.% Al.

When the oxidation depth has been measured for multiple annealing times at some temperature and dew point combinations, the 𝑘 𝑝 𝑜𝑥 is determined by plotting 𝜉 2 as a function of the annealing time. The slope of the resulting linear variation is then equal to 2𝑘 𝑝 𝑜𝑥 . An example is displayed in Figure 115. It can be noted that the linear variation of Fe -8 wt.% Al has a y-intercept of 1.10 -13 m 2 which is a result of the oxide formation during the heating phase.

When the oxidation depth is only known for one annealing time, the oxidation parabolic constant is simply calculated with the formula (V.30). The calculated 𝑘 𝑝 𝑜𝑥 for various annealing conditions are presented in Table 23. List of Tables Wettability is the ability of a liquid phase to spread over another liquid or solid phase [START_REF] Eustathopoulos | Wettability at High Temperatures[END_REF][START_REF] De Gennes | Capillarity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves[END_REF][START_REF] Quéré | Lois du mouillage et de l'imprégnation[END_REF]. This property is essential in processes such as galvanizing, which consists of depositing a liquid layer on a substrate.

When a liquid drop is deposited on a solid phase, the drop has a contact angle 𝜃 𝑌 with this surface (Figure 117). This angle is related to the interfacial tensions at the contact line between the solid substrate, the liquid drop, and the gaseous atmosphere. The energy 𝑑𝐸 needed for a small displacement 𝑑𝑥 of the contact line (also called triple line) depends on the interfacial tensions between liquid and gas (𝛾 𝐿𝑉 ), liquid and solid (𝛾 𝑆𝐿 ) and solid and gas (𝛾 𝑆𝑉 ) and follows Young's relation [START_REF] Eustathopoulos | Wettability at High Temperatures[END_REF][START_REF] De Gennes | Capillarity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves[END_REF][START_REF] Quéré | Lois du mouillage et de l'imprégnation[END_REF][START_REF] Béranger | Approche scientifique des surfaces. Caractérisation et propriétés[END_REF]:

At the equilibrium, i.e. at the minimum of E, Young's relation can be simplified as:

The angle 𝜃 𝑌 is then called Young's angle of the couple liquid/substrate.

By measuring the contact angle, it is possible to know if the wettability is good between the liquid and the solid considered. Good wettability corresponds to a contact angle less than 90° while poor wettability corresponds to an angle greater than 90° (Figure 118). The extreme cases of 0° and 180° angles correspond respectively to perfect wettability (continuous film formation) and zero wettability. We see that the smaller the contact angle, the better the wettability [START_REF] Eustathopoulos | Wettability at High Temperatures[END_REF][START_REF] De Gennes | Capillarity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves[END_REF][START_REF] Quéré | Lois du mouillage et de l'imprégnation[END_REF]. A consequence of the factor 𝑟 being bigger than 1 is that the surface roughness amplifies the hydrophilic or hydrophobic properties of the substrate.

• Wettability on heterogeneous surfaces / Cassie-Baxter's model

The presence of selective oxides on the steel surface makes the surface to be galvanized heterogeneous. It is therefore necessary to study the wettability of these oxide/steel surfaces. The equation most commonly used to describe the behavior of these heterogeneous surfaces is Cassie's equation (A.7) [START_REF] De Gennes | Capillarity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves[END_REF][START_REF] Cassie | Wettability of porous surface[END_REF] which gives the apparent contact angle as a function of the superficial proportions of each phase (with 𝑎 𝜑 the surface coverage of the phase 𝜑). In the same way as before, given 𝜃 * the apparent angle on a heterogeneous surface, the energy needed for a small displacement 𝑑𝑥 of the triple line is: In the case of the galvanizing process, this formula can be adapted with the oxide covering yield 𝑎 𝑂𝑥 :

This behavior is confirmed in works such as Diallo's Ph.D. [START_REF] Diallo | Wetting on heterogeneous metal-oxides regular patterned surfaces by a nonreactive liquid metal[END_REF] where the non-reactive wetting of heterogeneous Fe/SiO2 surfaces by liquid lead is studied. The final contact angles on the samples were in good accordance with the predictions of Cassie-Baxter's model.

• Theory applied to this work

In this work, the wetting of the samples is helped by the presence of iron particles. The iron is nicely wetted by liquid Zn alloys, but the FeAl2O4 layer in-between the particles is badly wetted. The contact angles on Fe are taken as 18°, like in Section III-1-4, and the contact angle of FeAl2O4 is taken as equal to the 120° of the wetting of Zn alloy on alumina, like in Section III-1-4. The oxide layer is considered flat, with a roughness factor of 1. The roughness factor of the iron particles is calculated using the formula (A.3). By assimilating the particles to cylinders deposed on the surface, the roughness factor of the particles 𝑟 𝑝𝑎𝑟𝑡 is:

with 𝑑 𝑒𝑞 = 1.2µ𝑚 the equivalent diameter of the particles and ℎ 𝑝𝑎𝑟𝑡 ~300𝑛𝑚 the height of the particles on samples annealed for 60 s in N2 -5% H2 at 800°C with a dew point of 0°C.

The apparent contact angle of the Zn alloy drop on the sample surface annealed 60 s with an atmosphere dew point of 0°C can then be calculated by combining the formulae (A.5) and (A.7). The formula used here is:

with 𝜃 * the apparent contact angle of the Zn alloy on the surface [°], 𝑎 𝑝𝑎𝑟𝑡 = 0.59 the surface coverage of particles, 𝑎 𝐹𝑒𝐴𝑙 2 𝑂 4 = 0.41 the oxide layer surface coverage, θ 𝐹𝑒 = 18° the contact angle of the Zn alloy on Fe and θ 𝐹𝑒𝐴𝑙 2 𝑂 4 = 120° the contact angle of the Zn alloy on FeAl2O4.

The apparent contact angle calculated for this sample is then 𝜃 * = 23°, which is equivalent to the measured angle of 𝜃 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 21.5°.

Appendix B: HTWD heating cycles

The heating cycles of samples annealed in the HTWD in N2 -5 % H2 with holding at lower temperatures and DP = 0°C are displayed in Figure 120 a) for the 700°C annealing and in Figure 120 b) for the 600°C annealing.

The heating cycles of samples annealed for 60 s in N2 -5 % H2 in the various complementary furnaces at 800°C and DP = 0°C are displayed in Figure 121. The heating rates of the trials are given in Table 13. The steps of the ImageJ analysis as performed in this study are:

-Setting the scale: make a segment the length of the scale of the image (yellow segment in Figure 122) and then go in "Analyze > Set scale" and set the length of the segment (here in pixels) to the length of the scale of the image (here in µm).

-Crop the image of its legend: Select the area of interest of the image and then go in "Image > Crop" -Make a binary image: Go in "Image > Adjust > Threshold" and adjust the threshold of the image so that the element to measure (particles or oxide) is entirely highlighted in The EDS analysis of the surface of the samples of the two grades annealed 60 s at 800°C and DP = -60°C confirms that the layer is an oxide layer, with the detection of a small amount of oxygen. However, the proportion of aluminum is too close to the nominal composition of the Fe-Al grades to be sure it is an alumina layer (Figure 126 and Table 24). The EDS resolution is too deep to ensure the detection of the thin surface layer alone. Appendix E: Additional study of the iron particles formation

• Formation of particles on Fe -1.5 wt.% Al At 700°C, on Fe -1.5 wt.% Al, the particles occupy a smaller surface than at 800°C, reaching 19 ± 0.5 % at the longest holding time tested at 1800 s. The SEM images of the samples annealed at 700°C and DP = 0°C are displayed in Figure 133.

The long annealing of Fe -1.5 wt.% Al leads to a smaller surface coverage than on the samples annealed at higher temperatures, not exceeding 6 ± 1 % of the surface at 600°C for a 4800 s annealing. The SEM images of the samples annealed at 600°C and DP = 0°C are displayed in Figure 134.

When comparing equivalent annealing times, the surface coverage of the iron particles goes from 24 ± 3 % for 120 s at 800°C to 14 ± 1 % for 600 s at 700°C to 4.9 ± 0.2 % for 2400 s at 600°C. This is opposite to what was observed on Fe -8 wt.% Al. This time, the internal alumina layer never appears in the alloy, so oxidation is more important at higher temperatures. As the formation and growth of the iron particles depend on internal oxidation, these particles cover less surface at lower temperatures. The binary alloy Fe-Si is ferritic when the temperature is below 912°C and when the proportion of silicon is comprised between 0 and 5 wt.%. The binary diagram of Fe-Si [START_REF] Kubaschewski | Si-Fe (Silicon-Iron)[END_REF] and the domain where the model is applicable are presented in Figure 138. The A2 phase corresponds to the ferritic phase.

As mentioned, the data for the pure elements are taken from the SGTE database for pure elements [START_REF] Dinsdale | SGTE data for pure elements[END_REF]. The data needed for the calculation of the excess and magnetic Gibbs energies (interaction coefficients, Curie temperature, and magnetic moment) is taken from the work of Ohnuma et al. [START_REF] Ohnuma | Experimental and Thermodynamic Studies of the Fe-Si Binary system[END_REF]. The data needed for the calculation of 𝛾 𝑆𝑖 and 𝛾 𝐹𝑒 is listed as follows:

• Pure elements [𝐽. 𝑚𝑜𝑙 -1 ] = 38837.39 + 114.737 𝑇 -22.8318 𝑇 ln 𝑇 -1.91290. 10 -3 𝑇 2 -0.003552. 10 -6 𝑇 3 + 176667𝑇 -1 𝑓𝑜𝑟 298.15 𝐾 < 𝑇 < 1687 𝐾 [START_REF] Dinsdale | SGTE data for pure elements[END_REF] • Excess and magnetic Gibbs energies