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General context

As the global energy demand is increasing, it is necessary to have a reliable and economical energy source, which can be supplied in all seasons, especially in winter. At present, nuclear power plants are able to meet this demand. This is why a large part of the electricity production in France and Japan is of nuclear power. This process is a good way of obtaining sustainable electricity. Indeed, nuclear power makes it possible to produce energy consistently and without limitation. Indeed, it uses uranium, which is currently available in large quantities on the earth.

On the one hand, this energy production does not release carbon dioxide into the air, but only water vapor, so it does not pollute the atmosphere. On the other hand, nuclear waste may pollute the environment if badly stored. For this reason, renewable energies are proposed as an alternative to nuclear production if they are clean, environmentally friendly, and lowpolluting. Moreover, they are inexhaustible because they are based on the sun, air, water, and geothermal source, which exist in infinite quantities in the environment. These energy sources are dependent on nature; for example, when the weather is cloudy, solar energy performance decreases. Wind energy also loses performance when there is no wind. Besides, their installation and maintenance costs are still relatively high.

As nuclear power remains nowadays the most efficient to fulfill our electrical and digital civilization, it is, therefore, necessary to improve and control the resistance to degradation of the components that make up nuclear power plants to ensure the proper functioning of aging production units. Moreover, some nuclear power plants are being reopened, and new ones will be open. Guaranteeing the safety of these installations is an absolute necessity. To do so, we must understand and control the aging of reactor materials, control repair processes and ensure their durability.

Among the materials found in nuclear plants, 304L SS is used in boiling water reactors (BWR) and pressurized water reactors (PWR) as reactor vessel internals primary circuit because of high corrosion resistance and good mechanical properties. When installed in the structure or during maintenance operations, many surface post-treatments are applied to these components. One of the most frequent is the mechanical surface finishing to meet dimensional requirements, adjust surface mechanical properties, roughness, or remove burrs and defects from welded assemblies. These post-treatments can result in subsurface modifications characterized by macroscopic defects, roughness, residual stresses, and chemical and/or microstructural alterations. These surface modifications affect the properties of the material and the reactivity of the stainless steel under consideration. Consequently, they can play a harmful role in the integrity of the material. By focusing on corrosion behavior, surface modifications alter the oxide's chemical and physical properties. As stainless steels are susceptible to severe localized corrosion or Stress Corrosion Cracking as a function of the environment, it is of primary interest to understand the role of surface modifications on SS and the related oxidation features oxides' behavior.

Numerous studies deal with mechanical surface treatments' role on the oxides formed on stainless steels in a high-temperature environment in the literature. However, conclusions are contradictory regarding the oxide film properties. It could arise from the number of discriminating factors taken into account. Often only one is considered, either residual stresses or recrystallized roughness or zone. As the consequences of mechanical surface treatment are multiple, a systemic approach is then required. Moreover, few works were dedicated to the oxides' electronic properties formed at high temperatures. Consequently, the effect of mechanical surface treatments on the oxidation behavior (corrosion and semiconductive properties) of SS in BWR and PWR environments remains an open question.

Objective of the study

This thesis aims to understand the influence of the grinding processes on oxides' properties formed on a 304L stainless steel during short-term exposures in a simulated BWR and PWR environment. The experimental protocol was set up to study passive films formed on SS in a boric acid/borate buffer solution at room temperature. To propose a robust methodology, a minimum of parameters impacting the measurements (temperature, pressures...) was considered.

As dry grinding is known to alter the surface and generate strong plastic deformation gradients, softer surface treatments were considered to reduce/annihilate the roughness, residual stresses, and plastic deformation zone. Samples were manually polished down 2400 SiC, 1 µm of diamond paste, or colloidal silica. Electrochemical analyses were applied in the borate buffer solution after 24h of immersion or after PWR or BWR expositions to evidence the significant modification of the surface oxide states. Recent advances in the analysis of electrochemical impedance spectroscopy results [18], [21] were originally applied to characterize the properties of the passive or oxide films grown in different conditions. The main objectives of this Ph.D. work are:

(i) to establish the correlation between surface modifications (macroscopic defects, roughness, residual stresses, chemical, and microstructural alterations) and the properties of passive films (room temperature) (ii) to understand how these modifications affect the properties of these passive films.

(iii) Then to apply the same methodology to understand how these modifications affect the properties of oxides at high-temperature water (BWR, PWR); This Ph.D. dissertation is divided into six chapters:

(1) The first chapter is devoted to this introduction, (2) The second chapter is related to state of the art on passive films knowledge, oxides, and the impact of the modifications generated on the surface of the material by mechanical surface treatments, and on their consequences on room temperature oxidation and hightemperature oxidation (BWR, PWR).

(3) The third chapter deals with the techniques and experimental conditions.

(4) In the fourth chapter, the influence of mechanical surface treatments on the behavior of passive films formed on stainless steels in a boric acid buffer solution at room temperature is presented. Note that the resistance of the passive films is evaluated in a sodium chloride solution and at room temperature.

(5) The fifth chapter is dedicated to the influence of mechanical surface treatments on the behavior of oxides formed on stainless steels in a simulated BWR and PWR environment. (6) The sixth chapter is dedicated to the general conclusion and perspectives

Chapter 1

Bibliographic Review

Bibliographic review

Structural components of nuclear power plants must be durable in their service environment. For this reason, passive materials as stainless steels (SS) are preferred and designed according to their location in the plant and their function. In this study, the 304L is the reference material. Indeed, the 304L is used for various structural compounds in boiling water reactors (BWR) and pressurized water reactors (PWR). In this bibliographic review, only the passivation at room temperature and the oxidation behavior of 304L SS in simulated PWR and BWR environments is considered. Then the influence of surface treatment on the surface state and on the corrosion, behavior is highlighted. The relation between reactivity and surface state is established.

The surface reactivity of SS depends on the external environment (liquid or gas) and mechanical loadings conditions (stress...). Whatever the environment, SS surfaces oxidize very quickly, forming a compact and insulating protective layer mainly composed of chromium oxide. At ambient temperatures, austenitic SS oxidizes to form this layer which slows down electronic and ionic exchanges between the material and the external environment. The passive behavior of stainless steel is closely related to the alloying elements, including chromium. Indeed, steel has the property of being stainless when it contains at least 12% by mass of chromium. Other alloying elements such as nickel, molybdenum, etc., may also play a role in the corrosion resistance of the SS. It is why the selection of the SS must be done regarding the service conditions. Indeed, under certain conditions, the Cr rich passive layer can be damaged, thus no longer ensuring the protection of the stainless steel.

In high-temperature water, the SS is similarly protected by a Cr-rich oxide layer that limits the oxidation growth rate.

In the following sections, the corrosion behavior of stainless steel is reviewed considering three environments: (i) in aqueous solution at room temperature, (ii) in PWR, and (iii) BWR (high temperature). Since the chemistry of the environment and intensive parameters (Temperature, Pressure) differ from each condition, it may be useful to recall the main steps of oxide film formation and some Physical-chemical properties.

From oxidation to passivity

Figure 1 shows a schematic anodic polarisation curve for a passive material. It is characterised by an active-passive transition where metal oxidation occurs followed by a plateau of low current density related with the passive region where the passive film is formed. The passive film allows both the current density and the dissolution rate of the metal to decrease. Thus, the passive film plays on the metal's ability to resist corrosion. The passive film is conditioned by the competition between the dissolution of the metal and repassivation. At a higher potential, the film can breakdown due to oxidation to a higher valence state of the constituent element of passive films. The potential region called transpassive region corresponds to an increase in current resulting from the passive film's breakdown. 

Corrosion and oxidation mechanisms

Regarding exposure conditions, passive film or oxide film grow depending on surface and interface phenomena occurring at metal/inner oxide interface, inner oxide/outer oxide interface, or outer oxide/solution interface.

Formation and growth of passive films and oxides

Several models have been proposed to describe the passive film formation on stainless steels. The most widely used is the passive layer formation mechanism of stainless steels from Okamoto [1] shown in Figure 2. Some water molecules are adsorbed on the surface of the material. Then, these molecules are binded with the metallic cations (oxidized metal) to form a two-dimensional layer.

Hydroxides are generated by the insertion of cations and the subsequent deprotonation of water. Indeed, to ensure electroneutrality, successive deprotonations happen. More precisely, some water molecules, called bound water, lose protons H + giving rise to OH -. Then, it can lose others H + leading to O2 -ions. Thus, successive deprotonation allows the evolution of the structure of the passive film from H2O-M-H2O to a hydroxide OH-M-OH then to an oxide O-M-O. So, the oxidized species correspond to the most advanced stages of deprotonation. At any stage of aging, the passive film might contain these three forms of binding. In the same time, there is a transition from the two-dimensional layer to a three-dimensional one by the growth of oxide islands on the metal's surface [2].

The passive film consists of z-valent M z+ cations originating from the substrate, mainly Cr 3+ , Fe 2+ and Fe 3+ , and OH -, O2. Cations generally have a high affinity with oxygen. The deprotonation is amplified with the potential and oxidizing power, for example the dissolved oxygen, in the solution. The passive film contains a high concentration of point defects which is essential for the migration of O2 -anions to ensure its growth [3]. Cabrera et al. [4] have shown that electron tunneling and electrochemical reactions can explain the growth of the oxides at room temperature. Their model is based on the ability of electrons to pass an energy barrier without thermal activation: once the oxide film is formed, the tunneling effect can take place through this layer. The electrons are captured by adsorbed oxygen thanks to the electric field across the oxide, i.e., between the metal/inner oxide and outer oxide/solution interface. The electric field drives the flow of residual cations through the passive film. Thus, the thickness of the film is maintained by the migration of the ions through the oxide and the electrochemical reactions occurring at both interfaces. At room temperatures, the film is few nanometers thick since the tunnel effect does not occur over long distances.

At high temperatures, the generated thermal agitation allows the diffusion of ions into the oxide, therefore the oxide thicknesses are greater than those formed at room temperature. It should be noticed that in the case of anionic growth, defects, surface impurities, and crystal orientation are key players in the oxide's growth kinetics. Cissé et al. [5] have listed three main mechanisms of diffusion that allow the growth of the oxide film at high temperature :

• The first mechanism is the solid-state diffusion of the elements through the solid oxide.

• The second is the diffusion of the elements from the liquid through the pores of the oxide layer.

• The third is the diffusion of the species through the grain boundaries.

For example, D.H. Lister et al. [6] reported that the diffusion, during high-temperature corrosion, of Ni and Fe species through the oxide to the solution/oxide interface occurs in the solid-state.

For both simulated BWR and PWR environments, the inner layer grows at the metal/inner oxide interface. It is formed by the inward diffusion of the oxidant. It grows into the metal. It acts as a barrier to protect the material from further oxidation against the inward diffusion of anions such as O 2-and aggressive elements. In addition, the transfer of cations from the metal to the solution is slowed down, and the rate of the overall anodic dissolution reaction becomes very low. The outer layer consists of precipitates located at the solution/inner layer interface. They are formed by the dissolution of metal cations, then the released cations have been precipitated and oxidized on the surface of the inner layer. Generally, the precipitates from the outer layer are formed during the first stage of oxidation. Then, the diffusion of metal cations through the outer layer is considered to be very slow [7].

Pitting corrosion and stress corrosion cracking

The passive film of a stainless steel is sensitive to localized corrosion such as pitting corrosions or stress corrosion cracking. In this study, pitting corrosion will be considered. Pitting corrosion resulting in a local failure of the passive film in an environment containing halogens (most of the time, chlorides). The initiation of pitting occurs at a critical potential called pitting potential, Epit. This potential is below the transpassive potential.

The pitting mechanisms of passive material can be divided into different steps. The first is the phenomenon leading to the breakdown of the passive film. This stage considers the chloride adsorption, their diffusion through the passive film, and accumulation at the metal/oxide interface [9], [10], [11]. Here, the Cl -ions replace O 2-anions in the oxide network and then migrate through the film. At the inner interface, chloride ions might be combined with iron cations to form complexes such as FeCl3, which can decrease the oxide's adhesion to the metal. These two phenomena are responsible for a chemical and electrochemical breakdown of the passive films. The exposed surface is then no longer protected, which might promote the formation of pits. If specific local physicochemical conditions are fulfilled, the pit could propagate. If not, the material may repassivate (formation of a new oxide layer).

1.3. Nature of passive films and oxides

Nature of passive films

Some works [1], [12] have been carried out on the nature of the passive film formed on stainless steel (mainly n-types 304L and 316L). These studies show that the passive film is essentially composed of iron and chromium oxides and hydroxides. Indirect contact with the metal substrate, the inner oxide is enriched with chromium and is formed of Cr2O3, Fe2O3 type. Chromium enrichment is due both to the preferential dissolution of iron and to lower mobility of the chromium cations compared to that of the iron cations in the passive film [13], [14]. In addition to Cr 3+ ions the passive film contains Fe 3+ and Fe 2+ ions [14], [15]. It is this inner, compact and self-regenerating, oxide that protects the stainless steel from external attack. However, if this oxide is damaged partially or completely, the surface of the material will no longer be protected. The outer oxide is essentially composed of hydroxides as Cr(OH)3, n.H2O and iron hydroxides. When the potential reaches the transpassive range, chromium and nickel dissolve, and iron oxide becomes the main component of the film [1]. The composition of the passive film formed on stainless steel depends on many parameters such as alloy composition, pH, potential and passivation time. The film thickness depends on the composition of the metal alloy, the surface state of the material, and the passivation conditions (potential, polarization time, pH).

The thicknesses measured on passive films formed on stainless steel range from 1.3 nm to 8 nm. These two studies [16], [17] show that the thickness of the inner oxide layer increases with the polarization time while the thickness of the outer hydroxide layer decreases with time.

The passive film is assumed that it gradually dissolves at the outer oxide/solution interface and reform at the metal/inner oxide interface. Thus, passivation is achieved when the dissolution kinetics are equal to or less than the kinetics of oxide film formation.

Nature of oxides

The oxide formed on SS in water at high temperature is a duplex structure [18], [19], [20], [21], [22]. The outer oxide facing the aqueous environment consists of small, medium, and large non-uniform precipitates distributed over the surface. Therefore, the outer oxide has a non-uniform morphology consisting of precipitates that are hydroxides, and oxyhydroxides composed mainly of iron, a smaller amount of nickel, and a small amount of chromium. The inner oxide is continuous, compact, nonporous, and adherent to the surface. It is highly protective since it is also enriched with chromium. Iron and nickel oxides can be incorporated into this oxide in the form of spinel oxides (Ni(Fe,Cr)2O4, or in the form of FeO, Fe2O3, NiO, etc). Since the inner oxide is generally non-porous (with few microcracks and micropores), this suggests that cations and anions migrate or diffuse through this layer via a solidstate phenomenon.

The thickness of the inner oxide after exposure to high-temperature water usually reaches about 200-500 nm [21] against only a few tenths of a nanometers maximum at room temperature.

Electronic properties of oxides

The passive and oxide films, due to their defective structure, are considered as semiconductors. These electronic properties of the oxide should play an important role in corrosion resistance. Understanding the electronic structure of the oxides films of SS is essential and is the subject of the following section. The basic principles of semiconductivity are reminded in the following parts.

General concept of semi conductivity

Semiconductivity is based on band theory. The bands represent the energy levels of the electrons in a material. Because of the infinite number of atoms to be considered in a material, these atoms' electronic structure is generally examined in terms of energy bands that group together the energy levels of the atomic orbitals of the different atoms. Because of the large number of orbitals, the band is considered as a continuum of energy levels. Thus, an energy band is the totality of the energy values that an electron in a material can take. The valence and conduction bands are separated by what is called "band-gap" energy (Eg). The valence band contributes to the cohesion of the material, and the conduction band is associated with the electrons' energy levels allowing the electrons to move. Figure 3 shows the different possible configurations. A metallic material is a pure conductor. The valence and conduction bands overlap. An oxidized material is a semiconductor, the valence and conduction bands are separated by a distance (Eg) of less than 5 eV. In the case of an insulator, the valence and conduction bands are separated, and the gap between the two is greater than 5 eV. The Fermi level, EF, is defined as the highest occupancy energy level for electrons. It is theoretically a function of temperature but can be considered constant. For a semiconductor, the fermi band is in the middle of the gap, so no electrons occupy the conduction band. In the case of semiconductors, the gap is not very high. An external energy input, such as light, can allow an electron to acquire the energy necessary to occupy the conduction band. The effects of conductivity are limited for a semiconductor, but it is possible to dope them to improve conduction. Two types of doping can be considered, n-type and p-type doping (Figure 4). EA is the energy of the acceptor level, which corresponds to the energy required for a hole to participate in conduction, and ED is the energy of the donor level, which corresponds to the energy required for an electron to participate in conduction.

When conduction is provided by electrons, the type of doping is type n. Atoms of the intrinsic semiconductor are substituted by atoms of higher valence, which increases the Fermi level.

The result is a decrease in the gap between the Fermi level and the conduction band. When conduction is provided by the holes, the doping is p-type. By substituting atoms of the intrinsic semiconductor with atoms of lower valence, the fermi level is lowered and approaches the valence band. This makes it easier for the holes to conduct.

For a p-type semiconductor, if the Fermi level is into the conduction band, then the majority charge carrier becomes the electron. For an n-type semiconductor, if the Fermi energy level passes into the valence band, then the majority charge carrier becomes the electron-hole. Diagram of energy levels as a function of the type of semiconductor. EC is the conduction band limit energy, EV is the valence band limit energy, EF is the Fermi level energy, ED is the energy level for electronic donors (n-type case), and EA is the counterpart for acceptors (p-type) [24].

The presence of doping elements promotes conduction. Thus, the dopant type and density are essential parameters for characterizing semiconductors. Electrochemical methods can provide information on the nature of oxide films in terms of semiconductors, as well as point defects. They are based on the energetic interactions occurring at the semiconductor/electrolyte interface and on the band bending phenomenon. When a metal is immersed in a solution, a drop in potential is observed because the potential of the solution is lower than the potential of the metal. Figure 5 shows a schematic diagram of the potential variation as a function of the distance from metal to the bulk solution. The potential varies in the Helmholtz layer and in the diffuse layer, both of which are in solution. These layers are called an electrochemical double layer. The potential variations shown correspond to capacitive behavior, hence the names Helmholtz capacitance (double layer in some cases), diffusion capacitance. In the case of a semiconductor immersed in a solution, the second variation of potential is observed within the semiconductor. It is related to the space charge, which is linked to the charge distribution in the semiconductor at this interface. This zone is commonly named space charge capacitance. The evolution of the space charge capacitance with the applied potential followed the evolution of the charge carrier accumulation and depletion within this layer (bands bending process). Exploiting this evolution, Mott-Schottky approach allows studying the semiconductive properties of material immersed in a solution. The Mott-Schottky relationship is used to determine the semiconductor properties of semiconductors, in this case, oxide films. This equation is a combination of the Poisson and Boltzmann equations. Equation 1 corresponds to an n-type semiconductor, Equation 2 to a ptype.

1 𝐶 2 ≈ 1 𝐶 𝑆𝐶 2 = 2 𝑒𝜀𝜀 0 𝑁 𝐷 (𝐸 -𝐸 𝑓𝑏 - 𝑘 𝐵 𝑇 𝑒 ) (n-type) (1) 1 𝐶 2 ≈ 1 𝐶 𝑆𝐶 2 = - 2 𝑒𝜀𝜀 0 𝑁 𝐴 (𝐸 -𝐸 𝑓𝑏 - 𝑘 𝐵 𝑇 𝑒 ) (p-type) (2) 
Where is the absolute value of the electron charge, ε is the relative dielectric constant of the oxide (𝜀 = 12 is used for iron or chromium oxides [25], [26], [27], 𝜀 0 is the vacuum permittivity (8.85 x 10 -14 F.cm 2 ), and NA et ND are the acceptors and donors doping densities, 𝑘 𝐵 is the Boltzmann constant, T is the absolute temperature, and 𝐸 𝑓𝑏 is the flat band potential.

The knowledge of the flat band potential is essential to determine the valence and conduction band edges at the semiconductor surface with respect to the reference. Therefore, the energy levels from which the semiconductor/electrolyte charge transfers occur to build the interface's energy diagram.

These equations are obtained with the following assumptions [28]:

• The semiconductor and the electrolyte have zero resistance away from the interface, the effects of ohmic drops are not considered.

• The Helmholtz capacitance and the diffusion capacity (capacities resulting from the potential variation in the solution) are much higher than the space charge capacity and are therefore negligible.

• The interface is perfectly blocking; no faradic reactions are taken into account.

• No electronic surface state is considered.

• The dielectric constant of the semiconductor is independent of frequency.

• Only one type of charge carrier is considered and is perfectly ionized.

• There is no charge carrier concentration gradient in the semiconductor.

• The interface is perfectly flat and infinite in two of the three dimensions of space.

• The main charge carrier is in the depletion regime

Most of these hypotheses correspond to the ideal semiconductor and are assumed to be also representative of a thin oxide layer. In the potential range corresponding to the passive range, the plot of 1/C 2 as a function of the potential theoretically leads to a straight line whose slope is directly related to the charge carrier density.

Passive films and oxides as a semiconductor

The semiconductivity of the passive film formed on stainless steel allows us to study their ability to conduct current, certain intrinsic properties, and the nature of passive films. Some defects in the oxide network act as dopants, so a point defect is associated with an additional charge carrier in the network.

A metallic vacancy (𝑉 𝑀 ′ 𝜒 ) leads to a local electron defect, and thus an excess of electron holes.

It leads to p-type semi-conductivity. Conversely, an interstitial metallic element (𝑀 𝑖 𝜒⦁ ) or a deficit of positively charged oxygen (𝑉 𝑂 ⦁⦁ ) induces an excess of electrons carried by adjacent ions. This doping, therefore, corresponds to n-type semiconductivity. Therefore, the more numerous the defects is, the more conductive the oxide will be.

The study of the semiconductivity of the oxide is essential to understand the passive film's electrochemical reactivity.

Stainless steels have a double layer oxide with a chromium-rich inner layer and an outer layer rich in iron hydroxide and oxide. Thus, the electronic structure of oxides films is described by a bi-layer model. The inner oxide behaves as a p-type semiconductor (positive slope), and the outer oxide behaves like an n-type semiconductor (negative slope) and [29], [30]. This duplex structure is revealed in the schematic Mott-Schottky diagrams (Figure 6) as two slopes of opposite signs around the flat band potential. The oxide is depleted over a wide potential range, where one layer behaves like an ohmic conductor. The other layer behaves as a Schottky barrier and, conversely, providing protection.

For water at high temperature, oxides' semiconductivity might transition from p-type to ntype [31]. Thus, the Cr-rich inner layer behaves like an n-type semiconductor. The oxides that form on the surface of stainless steel have a non-ideal semiconductive behavior. Their properties are studied using differential capacitance techniques and Mott-Schottky equations. The most studied parameters are:

• The formation potential Many researches have been carried out to determine the impact of the post-treatment of SS surfaces, which can be the final process for some components. Post-treatments such as: polishing [33], shot peening and grinding process [34], [35], laser shock processing [36], laserprocessed [37], machined SS [38], deep rolled [39], mechanical attrition treatment [40].

These surface post-treatments induce a plastic deformation generated by residual stress, thermal expansion, and a recrystallized surface zone. Other may also cause scratches on the surface, material holes that are caused by the removal of the material by the grinding wheel, and roughness. The thickness of the entire plastic deformation layer and the other surface modifications depend on the material and the kinetic energy or pressure-induced during polishing. In our study, the grinding process [41] was chosen because this process is often applied after welding in the nuclear industry [42], [34], [43]. Grinding induces a layer of nanograins called the ultrafine grain layer, resulting from surface recrystallization. In addition, grinding increases the dislocation density underneath the surface, resulting in an accumulation of dislocations and hardening of the surface. As the surface layers are plastically deformed during grinding, slip bands and deformation twins form throughout the layer adjacent to the surface. In addition, there is significant stress build-up in the presence of recrystallized areas [44]. Indeed, grinding induces a higher surface stress build-up than for an emery-polished specimen [START_REF] Abe | Chracteristics of work hardened surface layer on austenitic stainless steels and its relation to SCC susceptibility in high temperature water[END_REF]. Residual compressive stress has been shown to improve the fatigue strength [35] as well as the resistance to stress corrosion cracking of austenitic stainless steels [START_REF] Ben Rhouma | Effects of surface preparation on pitting resistance, residual stress, and stress corrosion cracking in austenitic stainless steels[END_REF], [START_REF] Braham | Effect of Machining Conditions on Residual Stress Corrosion Cracking of 316L SS[END_REF]. There is also a thermal effect due to machining. The surface layers heat up due to frictional heating, expand and cause compressive stress on the mass due to the holding effect of the cold mass of the component. During subsequent cooling, residual tensile stresses are generated in the surface layers due to shrinkage of the surface layer. Phase changes often accompany volume expansion, which leads to residual tensile stresses in the surface layers, as in the case of martensite in the austenite matrix. Grinding also generates undesirable roughness and cracks on the upper surface. The rougher surface is more susceptible to corrosion than the smoother surface, to localized forms of corrosion such as pitting [START_REF] Hilbert | Influence of surface roughness of stainless steel on microbial adhesion and corrosion resistance[END_REF]. Indeed, valleys and peaks are potential preferred sites for the initiation of fatigue cracks, as they are considered to be preferred locations for the concentration of micro stress [START_REF] Maiya | Effect of surface roughness on low-cycle fatigue behavior of type 304 stainless steel[END_REF]. Roughness can affect fatigue strength [START_REF] Maiya | Effect of surface roughness on low-cycle fatigue behavior of type 304 stainless steel[END_REF], [START_REF] Andrews | Computer model for fatigue crack growth from rough surfaces[END_REF], and oxide film formation. Therefore, the surface roughness generated by mechanical components that have undergone a grinding operation can be considered as an important parameter that significantly affects their fatigue life. In order to eliminate cracks while maintaining the recrystallized layer, a light abrasion can be performed during post-treatment. Mechanical post-treatments can also be used to remove defects on the upper surface.

All the effects listed below are the result of surface treatments and plastic deformation inherent in machining and grinding processes:

• Roughness • Residual compressive stress • Thermal effect with possible phase change (martensitic)

• Recrystallization layer • Increase in the number of defects • Scratches

Several studies show that a nanostructured material can improve mechanical properties, fatigue properties, and stress corrosion susceptibility [START_REF] Wang | Effect of surface nanocrystallization on friction and wear properties in low carbon steel[END_REF], [START_REF] Tao | Grain refinement at the nanoscale via mechanical twinning and dislocation interaction in a nickel-based alloy[END_REF], [START_REF] Ren | Surface nanocrystallization of Ni3Al by surface mechanical attrition treatment[END_REF], [START_REF] Zhu | Nanostructure formation mechanism of αtitanium using SMAT[END_REF], depending on the type of materials, surface treatments, processing conditions and machining process. However, it can also, in some cases, have a negative effect on corrosion behavior and resistance.

In this study aims to go deeper in the influence of mechanical grinding and polishing on corrosion behavior.

Influence of surface treatments on the passive film

In addition, grinding induces a much more disordered surface than polished surfaces on an atomic scale that acts as a sink for impurities, making this area a site of rapid oxidation. This also generates roughness [START_REF] Leban | The effect of surface roughness on the corrosion properties of type AISI 304 stainless steel in diluted NaCl and urban rain solution[END_REF]. It has been demonstrated by Kerner et al. [START_REF] Kerner | Impedance of rough capacitive electrodes: the role of surface disorder[END_REF] that the capacitance of rough surfaces is greater than that of smooth surfaces. The explanation given is that this is mainly due to heterogeneity at the atomic scale, i.e., geometric imperfections and energetic inhomogeneities of the surfaces. The role of macroscopic roughness, i.e., geometric imperfections, is more important than those at the atomic scale. According to these assumptions, macroscopic roughness plays a minor role in the dispersion of the passive film capacitance. However, macroscopic roughness may play a role in the fact that the effective surface area is larger than for a material with less roughness. It should be noted that the greater the area, the greater the number of preferential sites associated with a corrosion process. The ground surface resulting from the applied mechanical field contains scratches of varying depth and width. These are macroscopic defects, which are the cause of stress concentrations that can induce hydrostatic pressures of several GPa. These hydrostatic pressures can affect the partial molar volume of the alloys, providing the energy of an elastic nature, which can promote corrosion processes.

The ultrafine grain layer generated by grinding is more important than for polished surfaces.

In their study, Kerner et al. showed that by removing this recrystallized zone, the capacity is almost pure. This means that the dispersion of the capacitance is reduced when there are fewer grains. This is due to the fact that nanograins have different crystallographic orientations, which oxidize at different rates. Metal properties such as crystal orientation, impurities, and defects play an important role in the growth of oxides. Indeed, Marcus et al. explain that this is due to the vacancy movement of the cations. The ground surface contains more dislocation at the substrate/inner oxide interface than polished surfaces, which generates a large number of defects that change the nature of the passive film in accordance with the Point Defect Model (PDM) [START_REF] Yamamoto | Influence of substrate dislocation on passivation of pure iron in pH 8.4 borate buffer solution[END_REF]. In addition, the ultrafine grain layer has a high grain density and, therefore, a high number of grain boundaries [START_REF] Grabke | Effects of Grain Size, Cold Working, and Surface Finish on the Metal-Dusting Resistance of Steels[END_REF], which are diffusion or migration paths for the elements to migrate, favoring the rapid formation of the protective film. This layer also induces residual stress in the material. The effect of compressive residual stress on electrochemical activity has been discussed by Vignal et al. [START_REF] Vignal | Influence of long-term ageing in solution containing chloride ions on the passivity and the corrosion resistance of duplex stainless steels[END_REF]. It was pointed out that mechanical stress affects the elemental corrosion process by modifying the kinetic constants and their associated energies and frequencies. Indeed, the number of potentially active sites and the activation energy can be modified by mechanical stress. In the same way, mechanical stress can have an impact on the electrochemical stability of the passive film. The electrochemical stability of the film is crucial as it determines the ease with which an electron can escape from the surface, i.e., from the Fermi level to the free-electron state, as well as the protective character of the film [START_REF] Wang | Beneficial effects of yttrium on the mechanical failure and chemical stability of the passive film of 304 stainless steel[END_REF].

Influence of surface treatments on the breakdown of the passive film

The effects of surface finishing treatments on the passive behavior and pitting corrosion resistance of stainless steels have been studied for years [START_REF] Burstein | Repetitive Nucleation of Corrosion Pits on Stainless Steel and the Effects of Surface Roughness[END_REF], [START_REF] Coelho | Mechanical and corrosion characterization of industrially treated 316L stainless steel surfaces[END_REF], [START_REF] Chen | Influence of surface modifications on pitting corrosion behavior of nickel-base alloy 718. Part 1: Effect of machine hammer peening[END_REF]. Vignal et al. [START_REF] Vignal | Influence of long-term ageing in solution containing chloride ions on the passivity and the corrosion resistance of duplex stainless steels[END_REF] have shown that the chloride content increases locally when the residual stress increases. In addition, chlorides use easy diffusion pathways, such as grain boundaries, subjoints, and dislocation lines, to penetrate the material. The migration of harmful metal cations and anions, such as Cl -in the oxide, is also promoted by the presence of doping densities in the passive film [START_REF] Iken | Classic and local analysis of corrosion behaviour of graphite and stainless steels in polluted phosphoric acid[END_REF]. Therefore, the higher the doping densities, the lower the corrosion resistance. Roughness is a key parameter that directly affects corrosion behavior [START_REF] Hilbert | Influence of surface roughness of stainless steel on microbial adhesion and corrosion resistance[END_REF], [START_REF] Leban | The effect of surface roughness on the corrosion properties of type AISI 304 stainless steel in diluted NaCl and urban rain solution[END_REF]. For example, by reducing surface roughness by mechanical polishing or electropolishing, the corrosion resistance of 316 stainless steel against a chloride-containing salt solution has been improved. Burstein et al. [START_REF] Burstein | Repetitive Nucleation of Corrosion Pits on Stainless Steel and the Effects of Surface Roughness[END_REF] confirmed that roughness plays a role in resistance to localized corrosion.

In contrast, a smoother surface allows more repetitive nucleation on the same site making it more difficult for the pit to propagate than on a rougher surface. The cold work generated during the surface finishing process also strongly affects the resistance to corrosion [START_REF] Luo | Effect of cold deformation on the electrochemical behaviour of 304L stainless steel in contaminated sulfuric acid environment[END_REF], [START_REF] Štefec | A study of the pitting corrosion of cold-worked stainless steel[END_REF], [START_REF] Talha | Corrosion performance of cold deformed austenitic stainless steels for biomedical applications[END_REF], [START_REF] Kamachi Mudali | On the pitting corrosion resistance of nitrogen alloyed cold worked austenitic stainless steels[END_REF], [START_REF] Peguet | Influence of cold working on the pitting corrosion resistance of stainless steels[END_REF]. Some researchers have established a qualitative link between pitting sites and deformation bands [START_REF] Kamachi Mudali | On the pitting corrosion resistance of nitrogen alloyed cold worked austenitic stainless steels[END_REF]. However, some studies show that the criterion of repassivation potential appears to be very inconsistent as a function of cold deformation [START_REF] Mazza | Pitting Resistance of Cold-Worked Commercial Austenitic Stainless Steels in Solution Simulating Seawater[END_REF], [START_REF] Peyre | Surface modifications induced in 316L steel by laser peening and shot-peening. Influence on pitting corrosion resistance[END_REF], [START_REF] Phadnis | Comparison of rolled and heat treated SS304 in chloride solution using electrochemical and XPS techniques[END_REF], [START_REF] Haanappel | Influence of mechanical deformation on the corrosion behavior of AISI 304 stainless steel obtained from cooking utensils[END_REF]. However, Peguet et al. [START_REF] Peguet | Influence of cold working on the pitting corrosion resistance of stainless steels[END_REF] reported that cold work produced different results depending on the initiation, propagation and repassivation of pits. For example, M. Talha et al. [START_REF] Talha | Corrosion performance of cold deformed austenitic stainless steels for biomedical applications[END_REF] showed that the number of pits and areas of pitting present the same pattern and the potential for pitting is not strongly affected by cold working, whereas R. Štefec et al. [START_REF] Štefec | A study of the pitting corrosion of cold-worked stainless steel[END_REF] showed that the current density of pitting propagation increases with cold working. Some phenomena about the oxide are still not well understood due to the different factors that may play a role in oxide film formation, structure and susceptibility to breakdown.

In summary, as dry grinding generates structural changes such as increased roughness, cold work in the form of recrystallization, and residual compressive stress, its consequences on the corrosion resistance of stainless steel are still debated.

1.5.4. Influence of surface treatments on high-temperature oxidation behavior (BWR, PWR)

The surface state influences the oxides formed when immersed in a simulated PWR in terms of composition, morphology, and microstructure [18]. A study [19] shows that the surface finishing has no influence on the composition of the oxides but influences the morphology, number, and size of the oxides for a 480 h immersion in a simulated PWR environment.

Another study showed that for 304L stainless steel exposed to PWR primary water conditions, for a temperature range of 290°C to 340°C after 1000 hours of immersion, the ultrafine grain layer resulting from the surface finish has a strong influence on the oxide layer composition [21]. However, this phenomenon is not always observed. Another study demonstrated that the ultrafine grain layer containing a high number of defects promotes the germination and growth of Cr2O3 [START_REF] Marchetti-Sillans | Corrosion généralisée des alliages à base nickel en milieu aqueux à haute température : Apport à la compréhension des mécanismes To cite this version[END_REF]. In some cases, in the presence of this layer, the thickness of the oxide formed on the surface is smaller [START_REF] Ghosh | High temperature oxidation behavior of AISI 304L stainless steel -Effect of surface working operations[END_REF]. In addition, it has been shown that the presence of the ultrafine grain layer results in a dechromed zone underlying the oxide [START_REF] Marchetti-Sillans | Corrosion généralisée des alliages à base nickel en milieu aqueux à haute température : Apport à la compréhension des mécanismes To cite this version[END_REF]. It is important to know that if this layer consists of fine grains, the grain boundaries of which form diffusion shorts. The diffusion is done from the matrix towards the surface and, towards the inside of the oxidants form the solution of the matrix [START_REF] Ostwald | Initial oxidation and chromium diffusion. I. Effects of surface working on 9-20% Cr steels[END_REF], [START_REF] Tan | Effect of shot-peening on the oxidation of alloy 800H exposed to supercritical water and cyclic oxidation[END_REF], [START_REF] Ghosh | High temperature oxidation behavior of AISI 304L stainless steel -Effect of surface working operations[END_REF]. These diffusion shorts circuits are constituted by defects in the alloy. These defects, associated with the formation of chromium oxide, would be the origin of the dechromed zone. Some authors [18], [START_REF] Mcalpine | The composition and morphology of oxide films formed on type 304 stainless steel in lithiated high temperature water[END_REF] have indicated that reducing the thickness of the ultra-fine grain layer, by mirror polishing or electropolishing, promotes the formation of a more compact and uniform protective layer.

The ultrafine grain layer and surface defects appear to influence the morphology and nature of the oxides that form at the oxide/metal interface but also the underlying alloy layer. It has been shown that the oxide formed on an ultrafine grain layer is itself disturbed and less protective (Figure 7) [START_REF] Marchetti-Sillans | Corrosion généralisée des alliages à base nickel en milieu aqueux à haute température : Apport à la compréhension des mécanismes To cite this version[END_REF]. Marchetti et al. [START_REF] Marchetti-Sillans | Corrosion généralisée des alliages à base nickel en milieu aqueux à haute température : Apport à la compréhension des mécanismes To cite this version[END_REF] carried out a primary study on polished samples (Figure 8). On the left of the grain, the crystallites align along the polishing scratches. This highlights the influence of substrate surface defects on the germination of crystallites constituting the outer oxide layer.

The surface defects seem to play a role as preferential germination sites. This has been demonstrated by the work of Favergeon et al. [START_REF] Favergeon | Etude de la germination en surface dans les transformations chimiques des solides -Cas de la déshydratation du sulfate de lithium monohydraté[END_REF]. The surface defects could also accelerate the diffusion phenomena and consequently accelerate the growth kinetics of the crystallites. 

Conclusion

Understanding the behavior of oxides and passive films after post treatment is important to consider. This can have an impact on the lifetime of the material. The mechanical surface treatment influences the surface state of the stainless steel. The results of surface treatments inherent in machining and grinding processes are a plastic deformation zone, roughness, residual compressive stress, thermal effect with possible phase change (martensitic), recrystallization layer, high number of defects and scratches.

These modifications of surface have an impact on certain properties of the passive film. And, the surface defects could accelerate the growth kinetics of the passive film.

Surface state also influences the oxides formed in a high temperature water, in terms of composition, morphology, and microstructure. Moreover, the surface defects could also accelerate the diffusion phenomena and consequently accelerate the growth kinetics of the crystallites of the outer oxide.

Only few studies have made a link between the surface properties due to mechanical surface treatment and the electronic properties of passive films and oxides. Therefore, in this PhD work the link between these two aspects will be made. In addition, the relation between the resistance of the passive film and the properties of the film will be made via the electronic properties.

Chapter 2

Experimental techniques and analysis methodology

Experimental techniques and analysis methodology 2.1. Material

An austenitic stainless steel 304L was chosen as the test material. This material is the most common austenitic grade used for chemical process equipment, heat exchangers, or nuclear power plants. The conventional chemical composition of commercial 304L SS is reported in Table 1. 

Surface preparations

Four series of samples were prepared from the as-received material sheet to distinguish the role of the different parameters related to surface modifications.

One series corresponds to a manually ground surface. The grinder surface finish was first prepared with Green Ace Gold (grain number: #46) and then with the Mac flat disc (grain number: #60) [1]. Each grain of abrasion on the wheel's surface cutted small chips from the workpiece via shear deformation [1].

The three other sample series were the polished samples from the as-received plate. The first series was polished with emery paper down to 2400 SiC (320, 600, 1200, and 2400) while the second was polished with several emery papers and diamond paste, down to 1 µm (320, 600, 1200 and 2400, 3µm and 1µm) and the last one was polished at a superfinishing step with colloidal silica suspension (OPS).

All the preparations were done manually. The absence of controlled applied force on samples may affect the thickness of the affected zone between the same batch samples, having consequences on samples' surface topography and underneath metallurgy.

Exposure and test environments 2.3.1. Acid boric/borate buffer solution

Passive film and oxide layer characterizations were carried out in an electrochemical cell containing an acid boric/borate buffer solution H3BO3 (0.05 M), Na2B4O7 10H2O (0.075 M) (pH=9.2), at room temperature and atmospheric pressure. This solution was selected because the oxides formed on stainless steel exhibit very low solubility. Then, this solution is perfect for characterizing ex-situ the properties and features of the different grown oxides.

The passive films were grown for 24 h in this solution at room temperature before the characterization.

Saline solution

Pitting resistance of the passive films formed after 24 h in the borate buffer solution at ambient temperature were tested in a saline solution (2.5 M NaCl) at pH 6.5.

Simulated PWR environment

Oxidation tests were conducted in an autoclave (Figure 9) to simulate the industrial conditions of primary water reactor (PWR). The environment was simulated with a solution of boric acid (500 ppm B) and lithium hydroxide (2 ppm Li), and 2.7 ppm H2 in pure water. Specimens were placed in the autoclave chamber (Figure 9). The pressure and temperature are set at 15 MPa and 325°C, respectively, for 120 h. After the test, the autoclave was cooled to room temperature and purged to extract the oxidized specimens. 

Simulated BWR environment

In parallel, boiling water reactor (BWR) exposure tests were carried out in autoclave shown in Figure 10. A pure water solution simulates the primary water. Pressure and temperature were set at 10 MPa and 288°C, respectively. In a BWR environment, the pressure is lower than in the simulated PWR environment, resulting in presence of a vapor phase. Besides, the O2 concentration is controlled inside the BWR autoclave. Artificial air-saturated water was fed to the autoclave. About 8 ppm O2 was included in the feed water under atmospheric pressure. The autoclave is refreshed, with a flow rate 10 mL.min -1 , the volume of the vessel is 1.2 L and the outlet conductivity is 0.3 μS.cm -1 .

Figure 9. BWR autoclave.

As for PWR exposure, the duration for BWR exposure was fixed at 120 h to characterize the first stage of oxidation in this environment.

Surfaces and subsurfaces Characterizations (Profilometer, SEM, TEM, XRD)

The surface and subsurface metallurgy (roughness, residual stresses, microstructure) affected by the different surface preparation's thermal and mechanical effects were first characterized. The roughness was characterized by a 3D optical profilometer, the top surface by SEM, the subsurface microstructure was characterized by TEM, while the residual stress by XRD.

Surface morphology and topology

MICROMAP optical profilometer

The MICROMAP optical profilometer is used to measure the surface roughness of samples.

The optical profilometer is sensitive to spatial frequencies from 2 μm to 1 mm.

The Micromap system works on the principle of interference obtained between a reference mirror and the sample. The beam splitter plate's role is to reflect half of the incident source (white light) onto a reference surface. This reference surface is located inside the objective. The incident beam reflects off the sample. The coherent waves recombine and interfere on the surface of the splitter (Figure 11). The resulting interference pattern represents the differences in height between the reference and the sample surface, providing the roughness value. The schematic of the optical profilometer is presented in Figure 11. It is coupled to a Nikon interferometric microscope. It is composed of a 2/3" CCD camera of 640x480 pixels. The illumination module with which the profilometer is equipped contains a 50 W tungstenhalogen source. A turret is mounted on a piezoelectric fringe for phase shift that can accommodate up to 4 objectives. An X, Y adjustment plate, the possibility of tilting the support on which the sample is placed, allows to position and optimize the number of counts.

RMS (Root Means Square) was chosen as the relevant parameter to characterize the roughness. This descriptor was preferred to Ra because of its greater sensitivity to the microscopic texture of the surface. It is the average of the geometric mean deviation from the mean line of roughness. In the case of a set of n values {𝑥 1 , 𝑥 2 , … , 𝑥 𝑛 } , the arithmetic mean square root of the squares is expressed by the formula presented in Equation 3.

𝑥 𝑅𝑀𝑆 = √ 1 𝑛(𝑥 1 2 +𝑥 2 2 +⋯+𝑥 𝑛 2 )
(3)

SEM

The Hitachi SU-70 SEM was used to characterize the surface morphology after mechanical surface treatments. After being mechanically modified, the samples were cleaned with ethanol and dried with a heat gun.

Focused Ion Beam -Transmission Electron Microscopy

Cross sections of the samples were observed to discuss the metallurgical modifications due to the surface finishing with a Hitachi HF2000 TEM. TEM samples were (0.1 µm thick) prepared by focused ion beam (FIB) erosion.

In the first step, the sample's surface covered with several layers of carbon to make the surface electrically conductive to let the electron beam pass through, allowing for an image.

After carbon deposition, the sample was taped on a holder and inserted into the FIB chamber. The apparatus used allows observation of the SEM sample coupled with FIB imaging to select an appropriate area. Once the surface was selected, carbon and tungsten layer were deposited on it to protect the oxide from ion bombardment (Figure 12 (a)). This technique consists of sending an ion beam bombardment (via the FIB window) to selected locations.

(Figure 12 (b)). This technique is very delicate because if the bombardment is too powerful, it can erode the parts out of the selected zone and thus damage the zones to be analyzed. The areas were bombarded whilst leaving a bridge, making it possible to maintain the cut sample fixed to the surface.

The material was be tilted at an angle of 60° (Figure 12 (e)) to finish cutting. Then the specimen was returned to its initial 0° position. A probe picked up the sample. The width of the probe that interacts with the sample must be less than 6 μm. Figure 12 (f) shows the probe after thinning. It has been glued to the surface with a tungsten deposit. Then, the bridge that was left on the left side was cutted then to release the sample. The probe allowed the sample to be recovered using the "CALL" function of the instrument. Then the sample was deposited on a mesh (Figure 12 (g)) used to transport the sample to the TEM. The sample was then glued to the mesh with tungsten deposits, and the probe was cut. Then the sample was thinned in several steps, starting with a slide thickness at 1 μm with a medium acceleration voltage. Reaching a thickness of thin 0.2 μm, the accelerating voltage is decreased to minimize the damage caused by ion bombardment. The last step was to thin the slide to a thickness of 0.1 μm (Figure 12 (h)). This thin slide was used for the TEM characterization since the sample can then be observed on both sides of the thin slide obtained after ion thinning. 

Residual surface stress

X-Ray Diffraction (XRD)

The X-ray diffraction is a phenomenon of coherent scattering of the X photons of the incident beam. Each atom of the material is excited by X photons and diffuses a coherent wave.

Interference then occurs between these waves. Due to the crystal lattice atoms' periodicity, intense scattering in discrete directions occurs (Figure 13 (a)). The detector allows counting the X-photons scattered by the lattice's atoms, which allows obtaining interference patterns with diffraction peaks.

An X-ray diffractometer is composed of 4 elements (Figure 13 (b)), a sample holder, an X-ray tube, an X-ray detector, and a Goniometer. In general, a metallic material is a polycrystal. The atomic arrangement is described by a family of crystal planes {hkl}. The same family planes separated by a distance dhkl are the lattice spacing of diffraction planes (distance between two successive inter-crystalline planes). This lattice spacing is of the same order of magnitude as the wavelengths of the X-rays used (10 -10 m), making the phenomenon of diffraction on metallic materials possible. There is diffraction only for certain waves, which verifies Bragg's law (Equation 4).

2dhklsinθ = nλ (4)
With, n is a positive whole number called the order of diffraction, λ is the wavelength of the radiation, θ is the angle of reflection.

Deformations calculation are based on the lattice spacing variation of a particular reticular plans (Equation 5). It is a comparison between a reference state usually a free powder of similar material (d0, θ0) and the corresponding lattice spacing in the material

𝜀 = ∆𝑑 𝑑 0 = 𝑑-𝑑 0 𝑑 0 = 2𝜃-2𝜃 0 2𝑡𝑎𝑛𝜃 0 ( 5 
)
Where θ is the diffraction angle of strained crystals and θ0 is that for stress-free crystals.

Then, the residual stresses are calculated from the volume element's stiffness properties under study via the elasticity constant [3].

Residual stresses generated by the surface preparation were evaluated with the cosα-method. This method is an alternative to the classical sin²𝜓 method [4]. For these two methods, the stresses are determined from the measurement of strains 𝜀 𝜑𝜓 (Equation 7) in several different directions of 𝜑 and 𝜓 (sample rotation and difference of angle between the normal of the diffraction plan and sample surface, respectively).

As shown in Figure 14, the sin²𝜓 method involves rotating the sample around its normal by an angle φ, and then around the Oy axis by an angle 𝜓, to measure by diffraction the deformation of the material in the normal direction (φ, 𝜓). Strains are defined from peak positions of diffraction profiles recorded at several angles 𝜓 with zero-dimensional and one-dimensional detectors.

Figure 14 shows the direction OP of the normal strain measured by X-ray diffraction in the xy-z coordinates. The z-axis is the normal, and the x-y coordinates are in the same plan as the sample surface. The diffraction vector of the plane normal, 𝑛 = (𝑛 1 + 𝑛 2 + 𝑛 3 ), or the case of title angle 𝜓 and the rotation angle 𝜑 is expressed as follows:

𝑛 1 = sin 𝜓 cos 𝜑, 𝑛 2 = sin 𝜓 sin 𝜑, 𝑛 3 = cos 𝜓 (6) 
The strain in the x-y-z coordinates is expressed as follows:

𝜀 𝜑 = 1+𝜈 𝐸 (𝜎 𝑥 𝑛 1 2 + 𝜎 𝑦 𝑛 2 2 + 𝜎 𝑧 𝑛 3 2 + 2𝜏 𝑦𝑧 𝑛 2 𝑛 3 + 2𝜏 𝑧𝑥 𝑛 3 𝑛 1 + 2𝜏 𝑥𝑦 𝑛 1 𝑛 2 ) - 𝜈 𝐸 (𝜎 𝑥 + 𝜎 𝑦 + 𝜎 𝑧 ) (7)
Where 𝜈 is Poisson's ratio and E is Young's modulus. In the cosα-method (Figure 15), two-dimensional detectors are used to detect X-ray diffraction.

Figure 15 shows a schematic of recording a Debye-Scherrer (DS) ring when the X-ray beam is incident on the sample surface at the title angle 0 and the rotation angle 𝜑 0 . The diffraction vector of the normal plane for the azimuthal angle α taken clockwise from the -𝜂 direction of the Debye-Scherrer ring on the two-dimensional detectors is expressed as follows:

𝑛 1 = cos 𝜂 sin 𝜓 0 cos 𝜑 0 -sin 𝜂 cos 𝜓 0 cos 𝜑 0 cos 𝛼 -sin 𝜂 sin 𝜑 0 sin 𝛼

𝑛 2 = cos 𝜂 sin 𝜓 0 sin 𝜑 0 -sin 𝜂 cos 𝜓 0 sin 𝜑 0 cos 𝛼 + sin 𝜂 cos 𝜑 0 sin 𝛼 (9)

𝑛 3 = cos 𝜂 cos 𝜓 0 + sin 𝜂 sin 𝜓 0 cos 𝛼 ( 10 
)
Where 2𝜂 is the complementary angle of 2𝜃. In the cosα-method, the strain 𝜀 𝜑𝜓 measured is formulated by 𝜀 𝛼 because α indicates the direction of the measured strain.

The residual stress determined with the sin²𝜓 method requires X-ray diffraction data at several different angles of incidence. The residual stress can be calculated from a diffraction ring (Debye-Scherrer ring) recorded on a two-dimensional detector, with a single angle of incidence using the cosα-method. So residual stresses can be measured more quickly with the cosα-method than with the classical sin² method. Therefore, cosα-method allows a shorter measuring time and a larger measurable area. Note that Matsuda and al. [6] showed that the two methods' differences were tiny. 

Oxidation features characterizations 2.5.1. SEM and TEM observations

The SEM and TEM presented in previous sections were used to characterize the oxide film morphology after immersion in BWR and PWR environments. The samples oxidized in BWR and PWR were rinsed with distilled water and dried with an air gun. SEM observations were performed on the top surface, while TEM observations were done on cross-section obtained by FIB cutting. In TEM, EDX mapping was also carried out to distinguish the different oxide layers' compositions.

X-ray Photoelectron Spectroscopy

XPS is based on the determination of the electrons' binding energy, coming from the core levels of the atoms, and emitted by photoelectric effect following irradiation with X-radiation. Under the effect of incident X-rays of energy h, if the photon's energy is sufficiently high, the atoms of the sample are ionized and emit electrons from the core levels, called photoelectrons. In XPS, the most commonly used X photons are the Kα emission of Mg (h = 1253.6 eV) or Al (h = 1486.6 eV). The spectrum of the core electrons in number and energy is characteristic of an atom in a given compound, which allows its identification and the deduction of the nature of the atoms on the sample's surface. All elements can be detected except hydrogen and helium since they have no core electrons but only valence electrons.

Furthermore, when an atom is bound with a second atom via chemical bonds, the energies of the valence electrons involved are modified. These modifications also impact the electrons at the core levels due to the Coulomb interactions existing between the different electron layers. A slight variation in the binding energy of a given atom's core electrons can be characteristic of the bond's chemical nature engaged by this atom and/or its degree of oxidation. The binding energies of the ejected core electrons are deduced thanks to Equation 11, i.e., by measuring the kinetic energy of the emitted photoelectrons and knowing the incident photon energy X.

𝐸 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = ℎ𝜈 -𝐸 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 (11) 
The XPS depth analysis is from 2 to 10 nm for an angle of emergence of the photoelectrons of 90° compared to the sample's surface. It is a technique for extreme surface characterization. It is limited by the inelastic mean free path of the electrons in the matter, which is a function of the electron's kinetic energy. The detection limit is of the order of 0.1 atomic %. This limit is a function of the effective section of photoionization (ionization probability of the considered core level) of the electron level considered for a given element.

The intensity of a photoelectron is related to the atomic concentration N of the considered element. This intensity decreases exponentially with the depth of the excited atom. As a result, for a heterogeneous sample, the interpretation of the quantitative analysis results can be complex. For 2 elements A and B, the ratio of atomic concentrations is expressed in Equation 12.

𝑁 𝐴 𝑁 𝐵 = 𝐼 𝐴 𝜎 𝐵 𝜆 𝐵 𝑇 𝐵 𝐼 𝐵 𝜎 𝐴 𝜆 𝐴 𝑇 𝐴 (12)
Here, σ is the effective section of photoionization, λ is the mean free path of the electrons. It is a function of the kinetic energy of the electron and the material, and T is the transmission function of the spectrometer.

Due to the evaluation of the parameters λ and T, the quantitative analysis is done with an accuracy of about 20%. The repeatability of measurement is better than 5%.

The chemical environment of an atom can affect the binding energies of the core levels. This phenomenon is known as chemical shift; it results in variations in binding energy. This can impact the chemical bonds' nature and produce electronic state changes and variations in oxidation degrees. Depending on the element and the chemical state, the chemical shift can range from a few one-tenth eV to a few eV. For this reason, in most cases, during data processing, it is necessary to perform spectrum decomposition.

Characterization of the passive films grown in borate buffer solution

After 24 h of immersion in the electrolyte, the samples were cleaned with distilled water and dried with a hairdryer.

The passive film's components after 24 h immersion in the borate buffer solution were determined by X-ray Photon Spectroscopy (XPS). XPS spectra were recorded by a Quantum 2000 apparatus (ULVAC-PHI, Inc) operated with a 100 µm spot monochromatic Al Kα source (1486.7 eV) in constant-analyzer-energy mode (pass energy 187.85 eV for wide scan and 58.7eV for regions). Spectra were acquired at 90° (normal angle to the plane of the surface) and referenced to the hydrocarbon C1s level set at 284.6 eV. The angle of emergence of the photoelectrons is 45°. Data were recorded in high resolution mode for Fe2p (706.9-710.7 eV), Cr2p (574.1-577.2 eV), O2s (529.8-531.2 eV) and Ni2p (853.5 eV). The Gaussian function was selected to fit peaks. Lasurface.com open XPS database was used to identify the oxide film species.

For each sample, a survey spectrum (general scanning to identify all elements). For each sample, the atomic percentage of each element on the surface was measured. For each sample, 3 analysis points. The main elements present in the oxide were investigated, i.e., Fe, Ni, Cr, O1s. C1s was used to calibrate each spectrum to better identify the chemical environment of the metal species.

Characterization of the oxide films formed in simulated BWR and PWR

Compositions of the oxides formed after 120 h immersion in the simulated PWR and BWR environment were determined by ex-situ X-ray Photon Spectroscopy (XPS). After the immersion, the samples were cleaned with distilled water and dried with a hairdryer.

Similar apparatus and experimental conditions were used for the analysis. However, in this case, XPS depth profiles were obtained by sputtering the surface step by step.

The sputtering was done with Ar + monomer with an accelerating voltage of 2 kV. The sputtering area is 2 mm x 2 mm. The total sputtering time is 300 min (18000 sec). The rate of sputtering was measured at 3.25 nm/min for SiO2 reference.

Electrochemical characterizations 2.5.3.1. Electrochemical setup

The setup used for electrochemical measurements is a standard three-electrode cell (Figure 16) connected to a potentiostat (SP-300, Biologic). The tested sample is considered the working electrode and connects to a pure copper plate (collecting the current). The surface of the working electrode in contact with the electrolyte is 0.57 cm 2 . The counter-electrode is a large graphite rod. The reference electrode is a mercurous sulfate electrode (EMSE = 0.658 V vs. SHE). The reference electrode is placed as close as possible to the working electrode to limit ohmic losses. The open-circuit potential (OCP), also called free potential, characterizes the material's potential immersed in an aqueous environment. It is related to the nature of the material and the medium and considers all the reactions occurring at the solution/material interface. Its evolution gives information on the stationarity and invariance of the system as a function of time, which is necessary, in particular, to carry out electrochemical measurements (electrochemical impedance spectroscopy, polarization curve).

Linear Sweep Voltammetry (LSV) or potentiodynamic polarization tests

The linear sweep voltammetry is a technique allowing to plot polarization curves by imposing a sweep in the potential to the working electrode and measuring the current. The curves inform about the kinetics of different electrochemical reactions taking place at the material surface. This method is generally used to study the material's overall electrochemical behavior on a vast potential range, especially the potential passive range, the oxide's potential breakdown. Moreover, this method gives access to the current density in the passive range. A sufficiently low sweep rate is imposed to consider the system under study as being in a quasistationary state and thus ensure the reversibility of electrochemical exchanges.

Generally, polarization curves are represented with a logarithmic scale to exacerbate the different reactions. This representation is also commonly used to quantify charge transfer reactions from the Tafel approach. However, it is worth mentioning that for passive material, the reaction's kinetics never fulfill the Tafel approach's hypothesis. Consequently, the most valuable parameters describing the passive behavior are the active/passive transition (when it is observable), the passive current density, the passive potential region. The passive region is generally a plateau and corresponds to the low current density region (Example Figure 17). Figure 17 shows the electrochemical behavior of a passivated stainless steel. After the cathodic branch, the slight evolution of the current density up to a plateau is characteristic of aged passive material. For in-situ characterization of passive film and ex-situ characterization of an oxide film, the selected potential range was between -0.8 V to 1.2 V vs. MSE, and the scan rate was fixed to 0.5 mV•s -1 . The linear sweep voltammetry was performed after 24 h of immersion in borate buffer solution, whatever the sample preparation.

Pitting corrosion test

Cyclic potentiodynamic polarization tests were performed after forming the passive film in the buffer solution for 24 h. The objective was to establish the correlation between the passive film's properties and its susceptibility to pits nucleation.

For these experiments, a saline solution was selected (2.5 M NaCl solution). In this case, an Ag/AgCl reference electrode was preferred to the previous MSE (EAg/Agcl = 0.224 V vs. SHE).

After 1 hour at the OCP, polarization curves were measured at a scan rate of 1 mV.s -1 by a forward scan from -0.03 V vs. OCP to a limit anodic potential defined by a maximum current density 1 mA.cm -². The backward scan runs until the current reverts cathodic at the same scan rate.

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) allows obtaining the electrochemical description of the interface. It also allows determining the polarization resistance, some surface properties of the oxide, diffusion phenomenon, and the resistivity distribution through the passive film.

The EIS is generally performed at the OCP when the potential at the interface solution stainless steel surface is stable or stable enough. Note that the chemical system might not be at equilibrium but it can be thermodynamically stable. Historically, this technique is based on studying transfer function by measuring their response to sinusoidal potential to an applied solicitation. In the present case, a frequency sweep is imposed to excite the electrochemical system at different frequencies and thus decomposed the phenomena occurring at the interface according to their time constants. The output signal is a sinusoid of the same frequency as the input signal, but it is out of phase and has a different amplitude.

To perform impedance measurements, the system must be stationary, invariant in time. The linearity must also be respected to perform a reliable measure; So, measurements can only be made under low amplitude (Figure 18) around an operating point that is assumed to be quasi-stationary for the measurement duration.

Schematically, in the majority of cases, the low frequencies are limited by the diffusional phenomena. The medium frequencies correspond to charge transfers (faradic phenomenon) and the high frequencies correspond most often to capacitive phenomena (non-faradic). The input signal obtained by a low amplitude of the excitation signal is expressed as in Equation 13.

𝐸 (𝑡) = 𝐸0sin(𝜔𝑡 + 𝜃) (13) 
Where, 𝐸0 is the selected potential, (𝑡) is the potential at time t, 𝜔 is the angular frequency (𝜔=2𝜋𝑓, 𝑓 is the frequency) and 𝜃 is the phase shift.

The electrochemical impedance can be expressed by a complex number Z(ω) as in Equations 14, 15 and 16.

𝑍(𝑤) = ∆𝐸(𝑤) ∆𝐼(𝑤) (14) 
Z(𝜔) = |𝑍 (𝜔)| 𝑒 𝑖𝜃(𝜔) (15) 
Z(w) = Z ′ (w) + iZ′′(w) (16) 
Where, 𝑖 = √-1, |𝑍 (𝜔)| is the impedance module, 𝑍' is the real component, and 𝑍'' is the imaginary component of the total impedance.

It is essential to know that Z' has a resistive character. If the imaginary part is positive, it is qualified as inductive, and if it is negative, it is considered capacitive.

The impedance (𝜔) can be illustrated graphically in the cartesian coordinate system with the Nyquist diagram representation or polar coordinates with the Bode diagram representation.

In order to determine the electrochemical reactivity of an interface, it is necessary, most of the time, to interpret the impedance data using an equivalent electrical circuit (EEC). Thus, several parameters can be calculated, such as capacitance, polarization resistance, and diffusion resistance.

An example of the Nyquist diagram of impedance measurement is shown in Figure 19. The impedance is a semicircle translated on the real axis. At high frequencies, the impedance tends towards the electrolyte resistance Re and low frequencies, towards the electrolyte resistance plus the transfer resistance (Re + Rtc). This diagram could be analyzed thanks to the electrical equivalent circuit in Figure 20 (a). The capacitance in parallel to the charge transfer resistance is attributed to double-layer capacitance. If the semicircle is depressed, the surface reactivity is not homogenous. There is a shift from an ideal surface reactivity associated with a distribution of time constants. Therefore, a constant phase element (CPE) has to be included in the EEC (Figure 20 (b)). CPE is defined by parameter Q, the pseudo-capacitance, and α the exponent, which stands for the deviation to ideality. If 0.5< α <1, then the impedance can be expressed as Equation 17, and if α=1, it is a pure capacitance whose impedance can be expressed as Equation 18. In passive material, the high-frequency behavior is linked to the passive film's presence, which acts as a dielectric layer, so the behavior is capacitive. Nevertheless, in most real cases, the passive film's capacitance is not directly evaluable because of surface heterogeneities and roughness. Therefore, a constant phase element (CPE) explains the constant time distribution across a heterogeneous passive layer. The CPE must be based on assumptions about the physical origin of the constant time distribution. For example, Hirschorn et al. [8] showed that behavior was associated with a normal distribution of resistivity across the passive film.

𝑍 𝐶𝑃𝐸 (𝑤) = 1 (𝑖𝑤) 𝛼 𝑄 ( 17 
)
When α=1, Q = C : 𝑍(𝑤) = 1 𝑖𝑤𝐶 (18) 
EIS was performed at the reached OCP value in the present study, after the 24h of immersion and before potentiodynamic test or Mott-Schottky experiments. EIS was recorded within a frequency range of 100kHz to 5mHz, with 9 points per decade and a potential perturbation of 15mV.

2.5.3.2.5.

Experimental parameters

After preparation, the surfaces were rinsed in distilled water, ultrasonically cleaned in ethanol, and dried with pulsed air. Specimens were directly immersed in a H3BO3 (0.05 M) and Na2B4O7 10H2O (0.075 M) buffer solution (pH=9.2) for 24 h. Electrochemical measurements were performed in a three-electrode cell set-up connected to a potentiostat (SP-300, Biologic), with a large carbon rod as a counter electrode and a mercury/mercurous sulfate electrode (EMSE = 0.65 V vs. SHE) as a reference electrode. The working electrode was the 304L stainless steel with an exposed surface of 0.57 cm 2 in contact with the electrolyte.

Two different sequences were used to analyze the passive behavior of the material. The first sequence was dedicated to the overall electrochemical behavior of the material, including:

(1) Open circuit potential (OCP) measurement for 24 h. This step ensured the invariance and stability of the system before the EIS measurement.

(2) Electrochemical impedance spectroscopy measurement (EIS). EIS was recorded within a frequency range of 100 kHz to 5 mHz, with 9 points per decade and a potential perturbation of 15 mV.

(3) Polarization curve attended to characterize the electrochemical behavior of the surface (film formation, passivation ability) in the potential range between -0.8 to 1.2 V vs. MSE. The scan rate was fixed to 0.5 mV.s -1 .

Semiconductive characterizations 2.5.4.1. Mott-Schottky Theory

Considering the passive film as a highly doped semiconductor, it is possible to use predictive or descriptive models to determine its electronic properties. The Point Defect Model (PDM) [9], [10] is a model that describes the electrochemical phenomena that occur at the electrode/oxide and oxide/electrolyte interfaces. This model specifies that the main defects, which are the ionic species, via their distributions and migrations within the passive film, govern the growth of the passive film as well as its equilibrium and dissolution. The vacancy mechanism is commonly assumed for ionic species migration through passive film. When an atom of the lattice moves towards the surface/exterior of the material, this type of defect is called "Schottky defects" hence the name of the Mott-Schottky approach to link the electronic properties and the passive behavior (through PDM). Cation or anion vacancies are point defects in the oxide lattice. They are also considered charge carriers, i.e., in the case of an unbalanced stoichiometric oxide.

The Mott-Schottky method has been developed to determine from differential capacitance measurements of oxides' electronic properties, such as flat band potentials, semiconductor type, and doping densities. Generally, a potential step-polarization is imposed, and capacitance is determined from an impedance measurement. Most methods use a single frequency measurement to limit the surface's modification during the measurement and ensure reversibility. However, the results obtained are frequency-dependent, and the selected frequency of measurement is often unjustified. To obtain more reliable results, multifrequencies Mott Schottky analysis was proposed. At each potential, the impedance diagram is recorded over a wide frequency range. The capacitance is then extracted through the analysis of the diagram. The methodology to obtain the capacitance is detailed hereafter.

At passive film/electrolyte interface, the total capacitance of the system can be expressed as in Equation 19.

1 𝐶 = 1 𝐶 𝑆𝐶 + 1 𝐶 𝑑𝑙 (19) 
MS theory could be applied if certain requirements are fulfilled: low current density indicating a passive behavior and the double layer capacitance (Cdl) must be much higher than the space charge capacitance (or capacitance of the passive film) (CSC).

When CSC << Cdl , 1/ Cdl is negligible (see Equation 20).

1 𝐶 2 ≈ 1 𝐶 𝑆𝐶 2 (20) 
Then MS analysis establishes the relationship between the charge carrier density (Na or Nd) and the space charge capacitance (Csc) as a function of the applied potential and the type of semiconductive behavior (Equation 21 and 22) [11]. For a thin layer, the capacitance of the film is associated with the space-charge layer.

1 𝐶 2 = 2 𝑒𝜀𝜀 0 𝑁 𝑑 (𝐸 -𝐸 𝑓𝑏 - 𝑘 𝐵 𝑇 𝑒 ) (n-type) ( 21 
) 1 𝐶 2 = - 2 𝑒𝜀𝜀 0 𝑁 𝑎 (𝐸 -𝐸 𝑓𝑏 - 𝑘 𝐵 𝑇 𝑒 ) (p-type) ( 22 
)
Where e is the absolute value of the electron charge, ε is the relative dielectric constant of the oxide, ε0 is the vacuum permittivity, and Na et Nd are the acceptors and donors doping densities, kB is the Boltzmann constant, T is the absolute temperature, and Efb is the flat band potential. Efb is obtained from the extrapolation of the linear relationship between E and 1/C 2 to 1/C 2 = 0. The donor or acceptor's density was calculated from the slope of the same relationship (Equations 21 and 22).

Experimental parameters

The following analyses were performed on the samples to obtain Mott Schottky (MS) curves:

(1) Open circuit potential (OCP) measurement for 24 h. This step ensured the invariance and stability of the system before EIS measurement.

(2) Electrochemical impedance spectroscopy measurement (EIS). EIS was recorded within a frequency range of 100 kHz to 5mHz, with 9 points per decade and a potential perturbation of 15 mV.

(3) Multi-frequency Mott-Schottky experiment. This method requires the record of EIS diagrams on a broad frequency range as a function of the applied potential. In this study, the EIS diagrams were recorded by sweeping the potential from -1.40 V vs. MSE to 0.00 V vs. MSE using a potential step of 50 mV in the anodic direction. This step was used to avoid changes in the passive film [12]. For each potential, an EIS diagram was recorded within a frequency range of 100 kHz to 100 mHz, with 9 points per decade and a sine wave amplitude of 15mV. A wide potential range was used in this study to highlight the overall behavior of the passive film. However, this potential range fulfills the requirements for Mott-Schottky approach (passive domain or low current density). Detailed descriptions of this approach's procedure and advantages are given in Marcelin et al. [13].

Methodology to determine the capacitance.

As previously mentioned, a CPE behavior is observed on the impedance diagram obtained on passive film. Then, an analytical procedure is required to obtain the capacitance from the CPE. Two approaches could be used to determine the capacitance. The first one is based on using the Power Law Model proposed by Hirschorn et al. [8]. They attributed the CPE behavior to the resistivity distribution following a power law through the passive film. The second approach is a more recent approach that allows the capacitance values to be obtained graphically and deduce the oxide film's thickness and resistivity at the electrode/film and film/electrolyte interfaces. Indeed, it has recently been shown that the complex capacitance diagram's extrapolation at infinite frequency is a reliable way to determine the film capacitance and the corresponding thickness [14], [15]. In the present study, the Power Law model was compared to a complex capacitance methodology (see Figure 25).

Graphical determination of the CPE parameters.

The parameters of the CPE, which is Q and  can be determined graphically. The parameter α is determined from the impedance data, more precisely using the diagram in Figure 21. In the range belonging to the frequencies concerning the CPE, i.e., for high frequencies, the impedance imaginary part (Z") vs. frequency curve slope is the opposite of  parameter. 

Power Law model

EIS impedance diagrams can be analyzed by the Power Law model, assuming that the film's distribution of resistivity follows a power law as in Equation 24.

𝜌(𝜉) = 𝜌 𝛿 ( 𝜌 𝛿 𝜌 0 +(1- 𝜌 𝛿 𝜌 0 )𝜉 𝛾 ) (24) 
Here, 𝜌 𝛿 is the resistivity at the interface between the electrolyte and the passive film, 𝜌 0 is the resistivity at the interface between metal and its oxide, 𝛾 is calculated from the CPE parameters

 (𝛾 = 1 (1-𝛼)
), 𝛾 is a constant characterizing how abruptly the resistivity varies within the film, 𝜉 = 𝑦 𝛿 is the dimensionless position (𝜉 = 0 at the electrode/oxide interface).

The impedance is given by the integrated formula described in Equation 24, assuming a uniform dielectric constant and neglecting the capacitance of the double layer, an assumption made earlier (Equation 25).

𝑍(𝑤) = 𝑔 𝛿𝜌 𝛿 1-𝛼 (𝜌 0 -1 +𝑖𝑤𝜀𝜀 0 ) 𝛼 (25) 
Where, g is a parameter that depends on  according to an interpolated formula shown in Equation 26.

g = 1 + 2.88 ( 1 1-α ) -2.375 (26) 
From the PLM, the capacitance could be expressed as following:

𝐶 𝑆𝐶,𝑃𝐿 = 𝑄𝑒𝑓𝑓(𝜌 𝛿 𝜀𝜀 0 ) 1-𝛼 𝑔 (27)

Complex capacitance model

At high frequencies, the impedance is capacitive and the resistive behavior can be neglected.

To extract the capacitance value, a transformation of the impedance spectrum by complex capacitance corrected from the electrolyte resistance, Re representation is useful [16], [17] (Equation 28).

𝐶(𝑤) = 1 𝑖𝑤[𝑍(𝑤)-𝑅 𝑒 ] (28) 
Where Z(ω) is the global impedance of the interface, Re the electrolyte resistance and ω is the angular frequency.

Using Equations 30 and 31, the representation of the complex capacitance plane (-C'' vs. C') (Figure 23 (c)) can be used to determine the capacitance of the passive film.

𝐶(𝑤) = 𝐶 ′ + 𝑖𝐶 ′′ (29) 𝐶′ = -𝑍 𝑖 𝜔𝑍 𝑖 2 +(𝑍 ′ -𝑅 𝑒 2 ) (30) 
C′′ = Z r -R e 2 ωZ i 2 +(𝑍 ′ -R e 2 ) (31) 
The representation of the complex capacitance plane amplifies the high-frequency values, allowing to determine the high-frequency limit of the real part of the complex capacitance representation.

The estimated high-frequency capacitance limit value is the extrapolation of the intersection point of the x-axis, noted C in Figure 23 (b), (c). 2), (b) complex-capacitance using EIS spectra, (c) zoom on complexcapacitance showing the extrapolation of the complex capacitance to the real axis used to determine the capacitance of the film.

Comparison Power Law and Complex capacitance to obtain MS curve

The summary of the graphical approach with the complex capacitance method and the semigraphical numerical approach with the Power Law model is shown in Figure 24. From both methodologies, the thickness of the passive film can be extracted from the formula from the Equation 32.

𝛿 = 𝜀 0 𝜀 𝐶 ( 32 
)
Where 𝛿 is the thickness of the passive film, ε is the relative dielectric constant of the oxide (here 12 for Chromium oxide), ε0 is the vacuum permittivity.

The M-S curve obtained with the complex capacitance method and the Power Law model are compared in Figure 25. These curves are very close, confirming the study of Marie et al. [14]. They showed that both methods are valid for exploiting EIS spectra. These two approaches can also be complementary, the complex capacitance method allows to obtain the capacitance and thus the film thickness but it does not make it possible to extract the resistivity values at the electrode/oxides and oxides/electrolyte interface (Power Law) The Power Law method requires many input parameters, the application is time consuming because it requires graphic and numerical processing. Contrary to the Power Law Model, the complex capacitance method is only a graphical methodology. Both approaches have been validated for the analysis of EIS diagram obtained on passive film [18]. The complex capacitance methodology is the least restrictive and we have selected it for our study. This method will then be used to study the electronic properties of passive layer at room temperature and the oxides grow in simulated BWR and PWR environments.

Chapter 3

Effect of Mechanical Surface Treatments on the Surface State and Passive Behavior of 304L Stainless Steel

Effect of mechanical surface treatments on the surface state and passive behavior of 304L stainless steel

The present study evaluated the influence of the microstructure changes induced by a dry grinding process on passive film properties formed on a 304L SS. Two other surface states were also studied to discriminate the role of surface modifications due to dry grinding: one polished down to 2400 SiC, and one polished down to 1 µm diamond paste. This selection was strategically designed to limit surface changes such as roughness, scratches, as well as residual compressive stresses, and microstructural modifications. Thus, the comparison of the passive film properties formed on ground and the two polished surfaces could clarify the surface modification effects by mechanical treatment on SS's passive behavior.

The 

Introduction

Stainless steels (SS) are used as structural materials in various applications, such as nuclear, civil engineering, and building. The main reasons are their relatively high-temperature resistance, good mechanical properties, and corrosion resistance. The SS corrosion resistance is due to the formation of a native passive film on its surface, which has been the subject of intense research [1], [2], [3], [4]. The passive film is composed of two distinct layers: an inner chromium-enriched oxide layer and an outer iron-enriched oxide/hydroxide layer [1], [2], [5], [6]. The outer iron-enriched oxide/hydroxide layer acts as a transition zone between the inner layer and the electrolyte, where electrochemical reactions and ion exchanges mainly occur [3], [4], [5], [6], [7]. Conversely, chromium oxide acts as a protective barrier against further oxidation, limiting the material's dissolution. The properties of the passive film depend, in part, on the environment [8], the chemical composition of the SS [9], and the treatments or post-treatments carried out on the surface of the SS. After casting, forming, machining, or repair, post-treatments of mechanical surface finish are applied. These processes aim to achieve dimensional requirements, modify the mechanical surface properties and roughness or eliminate flashes and defects in welded assemblies. Dry grinding is one of the processes that is used for these purposes. It is known to induce subsurface modifications characterized by macroscopic defects, including roughness, abrasion, and scratches [10], [11]. Besides, this type of surface treatment leads to local dissipation of energy and matter, accompanied by a poorly controlled temperature rise and cooling, which in part leads to a strong residual compressive stress [12], [13], [14]. Moreover, dynamic recrystallization is generated by high deformation and local temperature increase, inducing a nanostructured structure called ultrafine grain layer [13], [15], [16]. These surface modifications can affect the local properties of the material and the reactivity of the SS [5]. Consequently, they can induce harmful alterations to the passive film formed on the SS, affecting their corrosion and stress corrosion cracking (SCC) resistance [5], [15], [17], [18]. One of the main factors controlling the behavior of a passive film (formation and degradation) is its electronic properties. Indeed, the SS passive state is governed by ionic and electronic transports closely related to the film's structure and properties. Considering the passive film as a semiconductor, doping elements or point defects are assumed to be the main responsible to the semiconductive behavior but also to contribute to the electrochemical reactions, as summarized in the Point Defect Model (PDM) [19], [20], [21]. Their migrations are involved in the mechanism of formation, growth, and steady-state of the passive film. For the evaluation of semiconductor properties, the Mott-Schottky (MS) approach is often used [1], [22], [23]. It has been shown that the doping densities in the passive film are closely related to the surface state of the material and can provide a relevant indicator of the passive behavior. For example, their density may depend on surface roughness or residual stresses from mechanical surface treatment [24]. Local modifications of the charge carrier densities or transport through the film may affect the balance of the steady-state processes inducing the breakdown [19], [20], [22]. Therefore, it is essential to understand the electronic properties of passive film before studying the susceptibility to localized corrosion processes, including pitting and SCC.

Results

Surface modification after mechanical surface treatments

Surface state characterizations

After surface preparation according to procedure given in chapter 26, surface modifications were characterized by Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD) measurement, and 3D optical profilometer.

Top surface characterizations

SEM observations of the top surface are shown in Figure 26. The ground surface appears more damaged (Figure 26 (a)) than the two polished surfaces (Figure 26 (b), (c)). The ground surface (Figure 26 (a)) shows severe material detachments in the parallel direction to the grinding process. Material removal leads to crack-like valleys and ridges that provide a significant surface roughness (about 1300 nm, Table 2). Chip generation during grinding leads to deep scratches. These observations suggest that abrasive and cutting wear occurred. The surface polished down to 2400 SiC, shows fewer deep scratches and less abrasion than the ground surface, leading to a surface almost flat. The surface polished down to 1 µm with diamond paste is the smoothest (16 nm, Table 2) without scratches and abrasion in contrast to the other two surfaces (Figure 26 (a), (b)). Note that the two polished specimens are characterized by roughness values about 15 nm (Table 2). According to the estimated deviation, these values are considered almost identical for these two specimens. 

Microstructural subsurface modifications

As a result of the thermomechanical surface modification, which combines surface stress and local increase of temperature due to friction, a modification of the subsurface microstructure can be observed (Figure 27). Focused Ion Beam (FIB) coupled to TEM was selected for microstructure modifications characterization as in a previous study [16]. FIB -TEM images reveal a bi-layer structuration of the underneath the surface. Whatever the surface preparation, an ultrafine-grained layer is detected [25]. This layer is characteristic of a severe plastic deformation associated with dynamic recrystallization. For all the specimens, the TEM electron diffraction patterns in the ultrafine-grained region suggest a crystalline structure with a significant crystallographic anisotropy due to plastic deformation. For the ground specimens (Figure 27, (a)), the thickness of the ultrafine-grained layer is not homogeneous presenting variation from 160 nm to 250 nm (Table 2). Below the ultrafine-grained layer, a workhardened zone and a plastic flow zone are identified through the diffraction pattern. Those zones are not observed for the two other surface preparations suggesting that the affected zone by the surface treatments is deeper with the grinding process than the two other surface states. Polishing with an abrasive paper made of SiC generates more stresses in the material than polishing with cloths and using diamond paste. Therefore, the thickness of the ultrafine grain layer is slightly higher for polishing down to 2400 with SiC (Figure 27 (b)) than for polishing down to 1 µm with diamond paste (Figure 27 (c)). In fact, the successive polishing steps down to 1 µm participate to the removal of the ultrathin layer generated by the previous preparation steps. 

Residual stresses generated through mechanical surface modification

The residual stress values measured using the cos-alpha method based on XRD measurements are reported in Table 2. The residual compressive stress is equal to -432 MPa for the ground sample, and it is lower for the polished sample down to 2400 SiC with a value of -200 MPa, which is itself lower than for the polished sample down to 1 µm, with a value of -110 MPa. These values represent the average stresses in the volume affected by the incident x-ray beam. As the X-ray beam's mean penetration depth was estimated larger than the workhardened layer, a stress gradient is expected with high compressive stresses at the top surface and decreasing into the material. The microstructure modifications previously characterized coincide with different stress levels in the subsurface layer. Dry grinding generates a large plastic deformation and a thick affected zone where compressive stresses reach -432 MPa. 

Corrosion behavior in borate buffer solution

The properties of the passive films were studied in a non-aggressive environment using a buffer solution of H3BO3 (0.05 M) and Na2B4O7 10H2O (0.075 M) (pH = 9.2). The electrochemical and electronic properties of the passive films were mainly determined by polarization curve measurements and multi-frequency Electrochemical Impedance Spectroscopy (EIS) to apply the Mott-Schottky approach [21], [24].

Electrochemical characterizations in borate buffer solution

During the 24 h of immersion, all material OCP increase in consistency with the passive layer formation. After 24 h of immersion, OCP reached stable values of -0.61 V vs. MSE and -0.58 V vs. MSE for 1 µm and 2400 SiC polished surface, respectively. The OCP for the ground surfaces is slightly higher than both polished surfaces, with a value at -0.51 V vs. MSE. Potentiodynamic curves recorded after 24 h of immersion in borate buffer solution are reported in Figure 28.

Their shapes are similar regardless of the materials and confirm the presence of a passive film formed during 24 h. Before reaching the plateau of passivity, the anodic current density increases slightly from OCP, indicating that oxygen reduction contributes to the total current density measured in this potential range. Also, polarization curves present a passive plateau initiation depending of the surface preparation. The passive plateau is reached at 0 V vs. MSE for the surface polished down to 1 µm, with an average current density of 1.5 µA.cm -² . For the polished surface down to 2400 SiC, the passive plateau is reached at -0.09 V vs. MSE, with an average current density of 0.12 mA.cm -² . The passive plateau is achieved at 0.25 V vs. MSE, with an average current density of 3.0 µA.cm -² for the ground specimen. The passive plateau length is 0.60 V, 0.50 V, and 0.25 V for polished sample down to 1 µm, down to 2400 SiC and ground sample, respectively. At 0.50 V vs. MSE, an abrupt increase of current density indicates that transpassivation of the passive film and oxygen evolution reaction occur. Thus, the passive film dissolves, and the material's surface is no longer protected [26]. For SS, the transpassivation is associated with the oxidation of Cr 3+ of chromium oxide Cr2O3 into Cr 6+ . Impedance measurements have been performed to obtain further information about the passivation state of the different surfaces at the OCP. Representative Nyquist diagrams recorded after 24 h of immersion are given in Figure 29. All curves exhibit a pseudocapacitive loop for a highly resistant passive film. At low frequencies, the impedance's high values indicate an excellent resistance toward corrosion, whatever the surface finishing. For the ground surface, the extrapolated diameter of the pseudocapacitive loops is higher than that of the other samples, which is consistent with a lower current density measured during the polarization tests. It suggests that this sample exhibits an average better passivation behavior than polished samples. 

Mott-Schottky analysis

In the present work, the assumption that the space charge capacitance is much smaller than the Helmholtz capacitance was made to relate EIS's capacitance to the passive film capacitance. According to the PDM [20], the semiconductive properties assessment is essential to understand the passive state. Indeed, the passive film's physicochemical properties are dominated by point defects distribution and motion, which are responsible for passive film steady state. The passive film's semiconductive properties are determined by the Mott-Schottky curve, 1/C 2 as a function of E (Figure 30). Whatever the samples, a negative slope is observed below -0.76 V vs. MSE. This trend is associated with a p-type semiconducting behavior [27], [28], [29]. Above 0.76 V vs. MSE, a positive slope is observed for an n-type semiconducting behavior [38].

Coupling MS analysis and X-ray photoelectron spectroscopy (XPS) on an oxide film on SS, Ferreira and al. [1] found that Cr is close to the oxide/metal interface, Fe is close to the electrolyte/oxide interface, and that Chromium oxide is attributed to the low potential capacitive response. In contrast, iron oxide is associated with a higher potential [27]. Thus, the capacitive response, for potentials lower than -0.76 V vs MSE, is associated with chromium oxide [1], [30], more precisely Cr2O3, where Cr 3+ cations vacancies (𝑉 𝐶𝑟 ′′′ ) are the dominant acceptor species in the inner layer [26], [28], [29]. On the other hand, the capacitive response, for potential higher than -0.76 V vs. MSE and up to -0.05 V vs. MSE, is attributed to iron oxide and hydroxide [31], where the oxygen vacancies (𝑉 𝑂 ⦁⦁ ) [29] or iron cations (Fe 2+ ) are the dominant donor species in the outer layer. According to Kloppers et al. [32], oxygen vacancies are generally the dominant species in Fe and Fe-Cr alloys. Measurements were not performed for higher potentials since the transpassive domain is reached [33]. Passive film capacitance is lower for the surface polished down to 1 µm than for the polished one down to 2400 SiC, and these two samples have lower capacitance than ground samples. Since the thickness is inversely proportional to the capacitance, the passive film has a higher thickness for polished samples than for ground samples. Table 3 shows an oxide film thickness of approximately 3  3.5 nm for the 1 µm polished sample, 2.6  2.9 nm for the 2400 SiC polished sample, and 1.4  1.6 nm for the ground sample. These values determined by impedance analysis are in good agreement with those reported by Chakri et al. [34] and Bensalah et al. [7]. The values of the doping densities are reported in Table 3. The NA acceptors' density is lower for the polished surface down to 1 µm than for the other two surface preparations with a value of 2.2 x 10 20 cm -3 . The acceptors NA's density is higher for the ground surface with a value of 8.0 x 10 20 cm -3 . For the ND donor density, the polished surface down to 1 µm and 2400 SiC have approximately the same value, 3.8 x 10 20 cm -3 , 3.9 x 10 20 cm -3 , respectively. In contrast, the grinding surface is characterized by a higher value, 6.0 x 10 20 cm -3 . For all samples, the density is about 10 20 cm -3 , which is in excellent agreement with the data in the literature [2], [4], [7], [27].

Discussion

Depending on the surface finishing process, the sub-surface material is affected differently. The mechanical surface modification has an impact on the surface state of the material. It generates roughness, scratches, and a recrystallization process, forming an ultrafine grain layer and residual compressive stresses. Schematic representations of the cross-section of samples after mechanical surface treatment are shown in Figure 31. The parameters discussed in the previous section are detailed on these diagrams, offering an inventory of what happens after the mechanical surface treatments. For the ground surface (Figure 31 (a)), it generates an ultra-fine grain layer followed by a plastic deformation zone, high residual compressive stresses, whereas polishing down to 2400 SiC (Figure 31 (b)) and down to 1 µm (Figure 31 (c)) generates only an ultra-fine grain layer and lower residual compressive stresses. Grinding also results in very high surface roughness, unlike the two polished specimens, which have a minor roughness in comparison. The ground surface exhibits deep scratches, which are not as deep as for the 2400 SiC polished surface and not present for the polished surface down to 1 µm. Since a passive film grows on all the surfaces, each previous element can affect all the elementary processes associated with corrosion, i.e., charge transfer, adsorption, film growth, and film stability. Indeed, these modifications have an impact on the existence of the passive state and current densities.

Generally, the shift to a nobler value of the corrosion potential and smaller passive plateau characterize the material's ability to become passive [35]. For the ground sample, the surface is more reactive than the polished surfaces due to its disordered surface. Consequently, the polarization curves are noisy when cathodic reactions still occur. The passive plateau exhibits a wavy shape, proving that some sites are still reactive even at the passive state. However, the surface state does not significantly affect the passive films' chemical composition grown in borate buffer solution and their semiconductive type. Indeed, XPS analysis performed on the three materials after 24 h of immersion are displayed on Figure 32 for the three surface states. Analysis were performed at different random locations to evaluate the homogeneity of the oxide layers. The analysis focused in three metallic elements and oxygen. For Ni, peak analysis gave a metallic state which is consistent to a very thin oxide layer (inferior to 10 nm). It also indicates that Ni is poorly involved in the formation of the passive layer.

Our study verified the impact of the surface treatment on the passive films chemical composition by considering the Cr oxide content within the passive film. The following ratio is supposed to characterize the enrichment in Cr within the passive film:

𝑅 = 𝐶𝑟(𝑂𝑥) 𝐶𝑟(𝑂𝑥)+𝐹𝑒( 𝑂𝑥 𝐻𝑦𝑑𝑟𝑜𝑥 ) ( 33 
)
The ratio is equal to 0.28 ± 0.04, 0.19 ± 0.02 and 0.34 ± 0.08 for the polished surface down to 1 µm, down to 2400 SiC and for ground surface, respectively. All ratios are in the same order of magnitude which suggests there is a similar chemical composition whatever the surface preparation. Furthermore, the passive film behaves as a p-type semiconductor for a low potential and as an n-type semiconductor for a higher potential for all three surface conditions. However, the amount of ND donors and NA acceptors, the capacitance, and thickness are dependent on the material's surface state. Figure 33 presents a schematic representation of the samples' metallurgical state after immersion for 24 h in the borate buffer solution at room temperature. The passive film formed on the ground surface is reported in Figure 33 (a)). It is characterized by very high doping densities, NA and ND, and thin thickness (Table 3). It is formed on a rough surface with high compressive residual stresses (-𝜎 𝑟 ), and the subsurface contains an ultrafine grain layer followed by a plastically deformed zone. Coelho et al. [24] have also shown that both roughness and compressive residual stresses increase doping densities in the passive film. In this work, the passive film formed on the polished surface down to 2400 SiC is reported in Figure 33 (b). The passive film is thicker, with lower doping densities than the ground surface (Figure 33 Thus, the rougher, more damaged, plastically deformed, stressed, and abraded the surface is, the higher the doping densities and the thinner the passive film will be. The high surface reactivity promotes the injection of point defect inside the passive film during the formation and growth process and limits the passive film's thickness. A large amount of these defects leads to an enhancement of the reactivity of the surface. The less disordered the surface, the more stable the passive film will be. Therefore, donors' and acceptors' densities will be lower. Finally, as Azumi et al. [44] observed, the film thickness is higher than for a disordered surface (ground) because the layers tend to become more stable.

To confirm the above statement on passive film stability and reactivity, pitting tests were carried out in chloride solution (2.5 M NaCl solution, pH = 6.5) after passivated samples in similar borate buffer solution conditions. Figure 34 reports cyclic polarization measurements for the three surface conditionings. For the ground surface, the anodic current density is about 0.1 mA.cm -2 , meaning that the material losses its passive behavior. In contrast, the polished surfaces maintain their passive character with currents in the passive range of about 1 x 10 -2 mA.cm -2 . Moreover, the pitting potential is slightly different between polished samples, confirming a correlation between the doping densities (NA, ND) in the passive film and the pitting corrosion sensitivity. The higher the defect densities are, the lower the pitting corrosion resistance is. These results corroborate well that the ground sample is less resistant to corrosion than polished surfaces. Indeed, the ground surface has the most residual stresses, a rougher surface, and its passive film contains the highest doping density. Therefore, the residual compressive stress, surface roughness, and doping density in the passive film play an essential role in passive film resistance. 

Conclusions

In this chapter, mechanical surface treatment's influence on 304L Stainless Steel's reactivity has been studied. Depending on the type of mechanical surface treatment, the subsurface material was affected differently. The ground specimen undergoes microstructure modifications such as an ultrafine grain layer followed by a plastic deformation zone and a hardened layer. The highest surface roughness and residual compressive stresses were determined for this surface condition. For polished samples, there is an ultrafine-grained layer but no plastic deformation. If the overall passive behavior in borate buffer solution is similar for all the samples. Results reveal that the number of doping species, the capacitance value, and the passive film's thickness are influenced by the roughness, the defects on the surface, and the residual compressive stresses. Consequently, the passive film formed on the more disordered and reactive surface is the thinnest and the less stable. The ongoing study corroborates this conclusion by evidencing an enhanced reactivity when the sample is immersed in a chloride environment. doi: 10.1016/j.corsci.2009.11.004.

[34] S. The present study evaluated the influence of the microstructure changes induced by a dry grinding process on oxides properties formed on a 304L SS in simulated BWR and PWR environments. Two other surface states were also studied to discriminate the role of surface modifications due to dry grinding: one polished down to 2400 SiC, and one polished with colloidal silica. The CS allows to get rid of surface modifications such as roughness, scratches, as well as residual compressive stresses, and microstructural modifications. Thus, the comparison of the passive film properties formed on the three surface states could clarify the surface modification effects by mechanical treatment on SS's passive behavior in simulated BWR and PWR environments.
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Introduction

Among the materials used in Boiling Water Reactors (BWR) and Pressurized Water Reactors (PWR), stainless steels (SS) are often used as in-core and out-of-core components of nuclear power plants for their good mechanical properties and corrosion resistance. For example, 304L SS is the constitutive material of components for reactor vessel internals in the primary circuit. Even in a light water reactor environment, its corrosion resistance is due to the formation of a protective oxide on the surface that limits dissolution. In simulated BWR and PWR environments, a duplex structure is commonly considered for the protective oxide [1], [2], [3], [4], [5]. This layer is composed of an outer iron-enriched oxide/hydroxide and an inner chromium-enriched oxide layer. The inner oxide film is mainly compound by a chromium oxide and significantly acts as a protective film limiting the material's dissolution. Indeed, this very dense nanostructured oxide controls the inward diffusion of O 2-, OH -and aggressive elements and the outward diffusion of metal ions. The oxide growth is based on the anionic transport of the oxidant inward direction of the material.

Cissé et al. [1], listed three main mechanisms of diffusion responsible of the growth and steady-state behavior of the inner oxide film at high temperatures. The first mechanism is the solid-state diffusion of the elements through the solid inner oxide. The second is the diffusion of elements from the liquid through the pores of the inner oxide film. The third is the diffusion of the species through the grain boundaries. Mechanism identification is made from adequate microstructure analysis and observations. Since it has been shown that the passive film formed on the 304L SS is not porous, the most common mechanism is the growth of passive film by the solid-state process. If there is an ultrafine grain layer on the top surface, diffusion across the grain boundaries must be considered.

Moreover, in an aqueous solution, the formation, growth, and failure of oxides are partly governed by ionic and electronic transports within the oxide film. Consequently, the characterization of the doping density and semiconducting behavior of the passive film provides information on the evolution of the passive film over the lifetime of stainless steel components [6].

The outer oxide facing the aqueous environment consists of non-uniformly distributed crystallites, spread over the surface and composed mainly of iron, nickel, and a small amount of chromium. Generally, they are identified as magnetite (Fe3O4) or iron-chromium spinel oxide (FeCr2O4) for PWR and BWR [7]. For BWR oxides, nickel-enriched spinel (NiFe2O4) is also found [8]. It is usually assumed that these crystallites are formed by a redeposition phenomenon after the dissolution of the elements of SS in solution due to generalized corrosion and the diffusion of this species through the lattice of the dense oxide [7], [6]. The outer oxide develops at the interface solution/inner oxide film, and, it has practically no protective effect against corrosion.

The oxides' properties depend on their environment, the alloy's composition, and the posttreatments applied to the alloy's surface. These post-treatments induce surface modifications that change the material's mechanical properties and the metallurgical state of the top surface. For example, surface machining of SS by grinding generates roughness [9], [10], [11], [12] and defects as scratches, abrasion, and material removal [13], [14]. It also induces residual stress [15], [16], [17] and an ultrafine grain layer resulting from recrystallization [18], [19], [20]. Several studies show that surface treatments modifying the surface state of SS influenced the oxides' properties formed in an aqueous environment [21], [22], [23]. Cissé et al. [1], showed that the surface treatment modifies the oxide characteristics in the simulated PWR environment in terms of composition, morphology, and microstructure. For example, they proposed that the difference in thickness of the ultrafine grain layer produced during the surface preparation implies that the inner oxide was thinner for the ground sample than for the polished one. Another works also highlighted that the ultrafine grain layer resulting from the mechanical surface treatment had a strong influence on the composition of the oxide film grown on a 304L SS in a PWR environment [24].

Moreover, the surface modification due to grinding or mechanical polishing is also known to influence the morphology, number, and size of the outer oxides but not on their composition [5]. The composition of the oxides and the thickness may vary but not significantly [8]. In addition, the surface modifications can induce harmful alterations of the oxides formed on SS, affecting their behavior significantly to Stress Corrosion Cracking (SCC) [25], [26], [20] and Corrosion Fatigue (CF) [27].

It is essential to understand and describe how the surface condition influences the oxidation behavior of water at high temperatures in order to optimize the conditions of use related to stainless steel components. It is also interesting to determine whether the mechanical surface finish similarly impacts SS's oxidation features in simulated PWR and BWR environments. Indeed, the results obtained for one environment should not be directly transposable to the other. Their main difference lies in the steam generation process (different temperatures and pressures). BWR generates steam by boiling directly in the primary circuit. In contrast, the water in the primary circuit is kept at a much higher pressure in PWR, preventing boiling, and steam is produced via a second circuit [28]. It is also worth noticing that the water chemistries are different.

Consequently, this study aims to discuss the effect of the surface modification on the oxidation behavior of 304L stainless steel in high-temperature water and their consequence on the oxide properties. Three surface states were selected: dry grinding, polishing down to 2400 SiC, and down to colloidal silica. Compared to grinding, the two last processes reduce or eliminate the roughness, scratches, microstructural changes, and residual compressive stresses [21]. Therefore, a relation between the surface modification and the oxides' physical and chemical properties will be proposed for oxides grown after 120 h of exposure in a simulated BWR and PWR environment.

Results

Surface modification after mechanical surface treatments

Before PWR and BWR exposures, the surfaces were observed by SEM after the three mechanical surface treatments. The ground surface (sample G) is presented in Figure 35 (a). Large scratches characteristic of abraded surfaces is observed as well as material detachments. It leads to numerous valleys and ridges that induce significant surface roughness of about 1300 nm. Figure 35 (b) reports the surface of polished sample down to 2400 SiC. Abrasion and scratches are still observed, but within less extent than the sample G. Here, the roughness is lower with a value of 12 nm. For polished sample with CS (Figure 35 (c)), the surface looks smoother, as confirmed by a lower roughness (< 0.3 nm) and free of scratches confirming that CS is an appropriate procedure to obtain a mirror-polished state. Cross-sections of the 304L SS after mechanical surface treatment are displayed in Figure 36.

After grinding (Figure 36 (a)), recrystallized microstructure is observed in the sub-surface. This ultrafine grain layer is non-uniform with a thickness from 166 nm to 250 nm. A thick plastic deformation zone is observed underneath. An ultrafine grain layer is also observed for the polished sample down to 2400 SiC (Figure 36 

SEM observations

After 120 h in PWR and BWR environments, the sample surfaces were observed with SEM (Figure 37). For all samples, white precipitates with broad sizes distribution smaller than a few microns were detected randomly at the surfaces. Note that they may be isolated or forming agglomerates. At higher magnification, a thin nanograin layer microstructure could be observed on all the samples. These first observations are consistent with the dual structure of the oxides generally formed in BWR or PWR environment: an outer oxide made of crystallites embedded in an inner oxide. Figure 37 (a) shows a representative image of the oxidized surface in BWR for grinding surface preparation. The initial scratches, valleys, and ridges are still observed, while dispersed crystallites with a maximum diameter of 1.7 µm (Table 4) are observed on the surface, whatever the topography. The former finding suggests a thin inner oxide film due to a low dissolution rate. For the polished surface down to 2400 SiC, Figure 37 (b) indicates that the overall oxidation behavior is similar to the G sample. The initial roughness is observed yet. However, crystallite size seems smaller with a maximum diameter of about 1 µm. In contrast to the two previous conditions, there is almost no precipitation on the polished surface with CS (Figure 37 (c)).

Similarly, surfaces after PWR exposition were observed with SEM. In agreement with previous observations, higher magnification reveals a layer covering the surface with some oxide crystallites embedded on it. On the ground surface (Figure 37 (d)), scratches, valleys, and ridges are less defined than in the BWR condition. Qualitatively, more outer oxide crystallites are found. They are distributed all over the surface for the PWR exposure than the BWR one (Figure 37 (a)). Moreover, agglomerated particles may reach a size of 3µm. On the polished surface down to 2400 SiC, the initial roughness is no longer observed (Figure 37 (b)). Agglomerated oxides and a uniform oxide film cover the surface. These broad oxides are larger than the ones observed on G sample. It can also be noticed that the density of outer crystallites is higher for this surface preparation in this condition. For the polished surface with CS (Figure 37 (f)), few oxide precipitates with an average size of 1 µm are randomly spread all over the surface. These results indicate that the oxidation behavior is different as a function of the environment. There are more numerous and large crystallites dispersed on the surface after PWR exposure. The cross-section of the sample, from the polished surface with CS in BWR, was observed by TEM (Figure 38 (a)). An inner oxide has formed within the material, which is visible by a line boundary. This oxide is compact, on average homogeneous in thickness and wavy. Small precipitates are scattered on the surface, they are small in size and different in shape. The EDX mapping (Figure 38 (b)) gives a view of the distribution of the elements in the sample. In each map, a more intense area means a higher X-ray intensity of each element. By measuring the oxygen layer. The interface between the inner oxide and the substrate can be identified. Indeed, oxygen can be referred to as it is not present in the substrate. The inner and outer oxides are very rich in Ni, the amount of Cr is also high and Fe is present but at a lower level than in the core. However, the outer oxide contains less Cr and Fe than the inner oxide. The cross-section, from the polished sample down to 2400 SiC in BWR, was observed with the TEM (Figure 39 (a)). These precipitates can be clearly distinguished as they are indeed of different sizes and shapes. These precipitates are deposited on the surface, more or less close to each other. Underneath, we find the surface disturbed by polishing, we can clearly distinguish the recrystallized zone, which makes it difficult to distinguish the inner oxide, since it forms and grows within the material. This inner oxide can be identified with EDX analysis (Figure 39 (b)). The inner oxide is enriched in Cr, it also contains Fe and Ni and is compact and more or less uniform in thickness with a slightly wavy shape at the inner oxide-substrate interface. The outer oxide is rich in Ni, Fe and Cr but contains less Cr and Fe than the inner oxide. The nano-grains seem to have grown larger under the effect of temperature. This deformed zone makes it difficult to distinguish the inner oxide, however we can distinguish lighter zones which are probably the inner oxide which is not homogeneous in thickness. Indeed, this is confirmed by EDX mapping (Figure 42 (b)), which shows that the oxide is wavy and not homogeneous in thickness. The outer oxide is mainly composed of Fe, it is low in Cr and Ni in this zone. The inner oxide contains less Fe and Ni than in the substrate and it contains almost as much Cr as in the substrate. The Cr is homogeneously distributed there forming a compact, corrugated layer at the inner oxide-substrate interface and highly variable in terms of thickness. In this window, it can be seen that the outer oxide precipitates are not well represented. 

Chemical composition of oxides

The elemental depth profiles obtained by XPS after PWR and BWR exposures are reported in Figure 43. In this figure, the concentrations of the individual metallic constituents are normalized to the total concentration of the metallic elements. The concentration of oxygen is normalized to the total concentration of metallic elements plus oxygen. The atomic percentages of elements are reported to the sputtering times, which is more accurate, but an approximative thickness could be estimated by considering the sputtering depth rate of 3.25 nm.min -1 measured on SiO2 reference. Moreover, the thickness by XPS profiles may give some qualitative or comparative trends but it is not sufficient to get quantitative data. The dispersion of large crystallites corresponding to the outer oxide may affect the measurement.

As previously mentioned, the oxide grown on SS in a simulated medium of light water reactor is generally duplex. Generally, the inner oxide is rich in Cr while the outer oxide is Fe-rich. Consequently, the outer oxide/inner oxide interface is located where the Cr/(Cr+Ni+Fe) value reaches the highest value or becomes stable with the sputtering time. The inner oxide/substrate interface is considered where the value of the oxygen O/(O+Cr+Ni+Fe) falls to 50 % of the surface value [5], [29], [8], [30]. The description of the profiles is proposed from the substrate to the outer oxide. After BWR exposure, the total equivalent oxide film thicknesses, determined with the analysis of the O/(O+Fe+Cr+Ni) profile, are 120 nm, 184 nm, and 218 nm for the ground surface, the polished sample down to 2400 SiC, and, with CS, respectively (Table 5). In the substrate, the Fe ratio decreases at the metal/ inner oxide interface for all three surface conditions (Figure 43 , Cr increases very slightly at the substrate/inner oxide interface, then continues to increase in the inner oxide from 22 % to 27 %, and decreases to 10 % in the outer oxide. The Ni ratio increases at the metal/inner oxide interface for all three conditions. Then it continues to increase in both the inner and outer oxide. For the samples exposed in the PWR environment, the oxide films' equivalent thicknesses are approximately 45 nm, 81 nm and 113 nm for G, 2400 SiC and CS, respectively (Table 5). The Fe ratio decreases at the substrate/inner oxide interface and decreases through the G sample's inner oxide. For polished sample down 2400 SiC and with CS, it remains constant and then drastically decreases at inner/outer interface. For the ground surface (Figure 43 (d)), the Cr ratio increases at the substrate/inner oxide interface from 20 % to 28 %, then increases drastically to 39% and stabilizes in the outer oxide at about 40 %. For 2400 SiC sample (Figure 43 (e)), the Cr ratio increases at the substrate/inner oxide interface from 20 to 26% and in the inner oxide up to 38 % and 39 % in the outer oxide. For the polished surface with CS (Figure 43 (f)), the Cr ratio decreases slightly at the substrate/inner oxide interface, increases by 20 to 30 % in the inner oxide, and increases up to 40 % in the inner oxide. The Ni ratio increases slightly at the substrate/inner oxide interface for G, decreases for polished surface down to 2400 SiC and remains constant for polished surface with CS. It then decreases in the inner oxide for all three conditions. It remains at 5 % in the outer oxide for G and drops to about 0 % for polished surface down to 2400 SiC and with CS.

Electrochemical characterizations

Electrochemical reactivity of the oxides formed during 120 h in BWR and PWR environment was studied ex-situ in a borate buffer solution.

Figure 44 (a) and Figure 44 (b) presents anodic polarization curves after exposure in BWR and PWR conditions, respectively. For all samples tested in the BWR environment (Figure 44 (a)), the corrosion potential is approximately -0.58 V vs. MSE. The anodic currents are lower than 10 µA.cm -², proving the presence of a barrier oxide layer. A plateau in current density is observed between -0.58 and 0.00 V vs. MSE then the current density slightly increases. This variation suggests that some secondary oxidations probably take place in the oxide. Above 0.52 V vs. MSE, a significant increase in current density indicates that the transpassive reaction and water oxidation occur. For oxide films that have grown in BWR, the potentials of OCP and the breakdown do not depend on the surface state. The curves of the G sample and polished sample down to 2400 SiC are overlapped. Their current at the plateau is approximately 0.95 µm.cm -2 while it is approximately 0.31 µm.cm -2 for CS sample.

For the three samples oxidized in the PWR environment (Figure 44 (b)), the corrosion potential is approximately -0.27 V vs. MSE. The three oxidized surfaces show protective behavior due to the oxide's presence until 0.85 V vs. MSE. The trend is different from for BWR samples because in this case, the current slightly increases from OCP to 0.85 V vs. MSE. The polished sample with CS presents the lowest current density values on a wide range of potential, whereas the G sample has the highest. The transpassive reaction and water oxidation take place at 0.85 V vs. MSE.

These characterizations confirm the presence of a barrier oxide at the surface of the samples. However, it is interesting to see that the oxide films' reactivity differs from the exposure environment. As the inner oxide is Cr-rich, whatever the exposure environment is, two hypotheses may arise to explain this difference. The first one is that the precipitates of the outer and inner oxides are richer in Cr and poorer in Ni for the oxides formed in the simulated PWR than in the BWR. Thus, for the BWR condition, the measured polarization curve corresponds to a Ni rich oxide. The value corresponds to the oxidation of the water knowing that Ni does not transpassivate at pH 9. Whereas for the PWR condition, the measured polarization curve corresponds to a Cr rich oxide. The measured value (0.85 V vs. MSE) is close to the transpassivation of pure Cr at alkaline pH (1 V vs. MSE), knowing that the pH in the oxide evolves. In summary, the composition of the oxides is different, thus the reactions between the electrolyte and the SS surface and thus the potential values. The second hypothesis is related to the stoichiometry of the inner oxide and its defectiveness. The semiconductive properties were investigated in the following part. 

Semiconductive properties

The electronic behavior of the oxides grown in the simulated BWR and PWR environment is discussed from the Mott-Schottky analysis. The MS plots were shown in Figure 45 (a) and Figure 45 (b) for oxide film grown after BWR and PWR exposure, respectively. After BWR exposures, Figure 45 (a), the MS curves have a positive slope at low potentials. This trend is associated with n-type semiconductor behavior with donor dopants (ND) [31]. At higher potential, an inversion of the main charge carrier could occur. In the present case, this phenomenon is related to modifying reactivity observed on the polarization curves (Figure 45 (a)). As the interface reactivity is modified, there is no direct relationship between semiconductor properties and doping densities [32]. In the MS approach's validity domain, the donor's density is in the range of 10 19 cm -3 , whatever the surface preparation (Table 6). Quantification for each material shows a decrease in the donor density with the degree of surface finishing (from 7.9 x 10 19 cm -3 for the ground surface to 0.8 x 10 19 cm -3 for CS preparation). Moreover, the capacitance of the oxide formed on the ground surface is higher than for the other two conditions, and that of the polished surface down to 2400 SiC is higher than that polished surface with CS. As the capacitance is inversely proportional to the thickness, these results are consistent with the XPS analysis.

Figure 45 (b) shows that all MS curves obtained for samples exposed to PWR environment. They exhibit a positive slope from -0.27 V to 0.25 V vs. MSE, corresponding to an n-type semiconductor behavior of oxide. Here the donor density is in the range of 10 21 cm -3 . However, the donor density trend is similar to previous observations. The donor density decreases with the surface finishing (6.2 x 10 21 cm -3 , 4.5 x 10 21 cm -3, and 1.5 x 10 21 cm -3 for ground, 2400 SiC and CS, respectively). The oxides' capacitance values formed on the polished surface down to 2400 SiC and that of the ground surface are very close, but the ground surface slope is less steep. The capacity of the polished surface with CS has a lower value than the other two.

The oxides formed in BWR and PWR environments behave as n-type semiconductors. However, two orders of magnitude differences between the dopant density and a lower BWR oxide film form concentration. Moreover, it is worth mentioning that the MS theory's domain of validity seems to shift to a higher potential for oxides grown in PWR. SEM observation (Figure 38) and XPS analysis (Figure 44) report similarities and differences in the tested environment's oxidation features. The outer oxide-hydroxide precipitates are larger and denser for samples immersed in the simulated PWR environment. This is confirmed by the high-magnification TEM cross-sectional images (Figures 39,40,41,42,43). For example, the oxides formed in these very localized areas, on the ground surface are shown Figure 41 for the simulated BWR environment and Figure 43 for the simulated PWR environment. The outer oxide precipitates can be larger for the PWR condition but the number of precipitates is higher forming almost an inhomogeneous layer for the BWR condition. Note that Kuang et al. found that oxidized stainless steel's surface morphology evolved with increasing immersion time [33]. Thus, the more the outer oxide precipitates are bigger more they are oxidized. Besides, the outer oxide composition changes with the environment. It is well known that the outer oxide can be composed of spinel rich in iron, chromium or nickel, or magnetite crystallites [1], [5], [34]. In our study, XPS profiles also show a lower Ni atomic percentage in all oxides formed in the PWR environment than in the BWR environment. It is consistent with the literature that reports Ni-free outer/inner oxide for PWR conditions. It's also confirmed by the O, Ni, Fe, Cr mapping of the surface performed by TEM-EDX (Figure 39, 40, 41, 43). Consequently, PWR oxides are richer in Fe and Cr. Such chemical composition differences affect the surfaces' electrochemical reactivity, as shown on the polarization curves (Figure 45). Indeed, the Ecorr is more anodic for PWR than for the BWR environment. This shows that there is a difference in corrosion behavior between the simulated BWR and PWR environment which may be due to the difference in temperature or a difference in solubility of anions in the environments. For both environments, the inner oxide is enriched in Cr compared to the bulk material and the outer oxide, whatever the surface preparation. The inner oxides formed in the PWR environment are thinner than those formed in the BWR environment. The inner oxides formed in the BWR environment have a much lower donor density (ND) than in PWR one (in PWR  10 21 cm -3 and in BWR ~ 10 19 cm -3 ). It confirms that the thinner the oxide, the higher the doping density [21]. Note that the inner oxide, which is Cr-rich behaves like an ntype semiconductor whatever the surface treatments. At room temperature, Cr-rich oxide generally behaves as a p-type semiconductor. However, an oxides' semi-conductivity transition from p-type to n-type is commonly admitted when the layers are formed in hightemperature water [35], which is the case in BWR and PWR environments [36].

It was found that water chemistry has a significant influence on the properties of the oxide film and is related to the oxidation kinetics [37], [38], [39], [40]. In our study, the chemistry of the two environments is different. The BWR environment only contains water, which will be dissolved by water radiolysis [41]. So, this environment has highly oxidizing water chemistry due to dissolved oxygen (8 ppm). While, the PWR one is made of bore elements, which is an acid and lithium hydroxide, which is added for buffering the solution. It also contains dissolved hydrogen (2.7 ppm). Dissolved hydrogen plays a role in both the thermodynamics and kinetics of corrosion; indeed, it is reductive. The dissolved hydrogen in the PWR environment leads to an inner oxide thickness reduction and lowered ionic defect transport resistance in the inner oxide [40]. Moreover, the dissolved hydrogen leads to an increase of chromium anion and a decrease of nickel concentrations in the inner oxide [40]. Note that there is a slight difference in temperature between BWR and PWR (288 °C and 325 °C, respectively). It has been shown that the effect of a slight difference at this range of temperature seems negligible in terms of oxides thickness [1]. However, this difference of temperature may be responsible for the difference in corrosion behavior.

Effect of mechanical surface treatment on the surface of SS

To summarize, the ground surface is characterized by intense and deep scratches related to abrasion mechanism degradation resulting in high roughness. The ridges and valleys are less marked for surface polished down to 2400 SiC until a flat surface when polished with CS. In addition, the grinding process and polishing down to 2400 SiC induce different levels of residual compressive stress and generate an ultra-fine grained surface layer. Both are annihilated for polished sample with CS. Indeed, the polished surface with CS does not have this ultrafine grain layer nor any residual stress. Consequently, the polished sample with CS can be considered free of surface defects, microstructure change, and residual compressive stress.

Effect of mechanical surface treatment on the properties of the oxides formed in BWR and PWR

As oxides grow on different metallurgical surface states, all the elementary processes associated with oxidation are expected to be affected (charge transfer, adsorption, nucleation, growth, and coalescence of the oxide islands).

Figure 46 and Figure 47 summarize the oxidation features considering the different surface states after immersion for 120 h in BWR and PWR environments, respectively. For samples exposed to the PWR and BWR environment, the density of the outer oxide crystallites is higher for G sample than for the polished sample down to 2400 SiC. It is worth noticing that the ground surface's outer oxide precipitates' size is the largest. So, the ground surface immersed in the solution oxidizes more rapidly than a polished surface. Indeed, the ultra-fine grain layer, acting as a diffusion short circuit, promotes the dissolution of metallic elements and the formation of large crystallites in the outer oxide. While, on polished surface with CS, no large oxide precipitates were observed with SEM. The high magnification crosssection images (Figure 39) reveal small oxide precipitates rich in Fe and Ni embedded on the inner oxide's surface for CS sample. Their nanometric size may be related to a lower dissolution rate due to the absence of surface defects. According to surface preparation, the evolution of inner oxide thickness follows the same trend for both environments. It increases following G surface, polished surface down to 2400 SiC, and, polished surface with CS. The inner oxide on the G surface is more evolved than on the polished surfaces. For samples exposed to PWR and BWR environments, the donor density increases as the oxide film thickness decreased. On the ground surface for both BWR and PWR the Cr enrichment in the inner layer is higher than for polished surfaces.

Regarding the surface preparation process, our results are consistent with the literature where thicker oxide grows on smoother and less deformed surfaces [1], [5], [42], [43]. It also corroborates the results of Coelho et al. [44], it was found that doping densities may depend on residual compressive stresses or surface roughness resulting from mechanical surface treatment. Like the previous study [21], the present work confirms that stress, ultrafine grain layer, and roughness play a more critical role in corrosion kinetics. However, they don't significantly affect the electrochemical reactivity in the borate buffer solution. Indeed, polarization curves are similar for the three surface states, probably because all oxides have approximately the same composition. Therefore, surface treatment doesn't significantly impact the chemistry of the oxide.

In summary, the more disordered the surface (grinding), the greater the oxidation kinetics. Thus, the outer oxide precipitates are larger, the inner oxide is thinner with higher doping densities than for polished surfaces.

Conclusion

The influence of mechanical surface treatment on the oxidation of 304L SS in simulated BWR and PWR environments was investigated in this chapter. This study also allowed to discuss the impact of the solution on the oxidation process.

The oxide formed has a duplex structure composed of outer precipitates iron-enriched oxide/hydroxide and an inner chromium-enriched oxide layer.

For PWR, the outer oxide precipitates are larger, denser, and the Ecorr is more anodic than for the BWR environment. Thus, simulated BWR environment is more oxidizing than the PWR one. Indeed, dissolved oxygen is oxidizing and dissolved hydrogen is reducing. Both have an effect on the thermodynamics and kinetics of the oxidation. While the surface state after surface treatment only impacts the oxidation kinetics due to the modifications of the surface. As a result, the density of the outer oxide crystallites is higher for the G sample than for the polished sample down to 2400 SiC. The G sample immersed in the solution oxidizes more rapidly than a polished surface. Indeed, the ultra-fine grain layer, acting as a diffusion short circuit, promotes the dissolution of metallic elements.

The capacitance of the inner oxide formed on the ground surface is higher than for the other two conditions, and that of the polished surface down to 2400 SiC is higher than that polished surface with CS. Moreover, there is a decrease in the donor density with the degree of surface finishing. And, the thicker the inner oxide, the lower the doping density.

To conclude, the oxide grown's electrochemical reactivity is more affected by the environment chemistry than by the surface treatment.

Conclusions and perspectives

This Ph'D work deals with the influence of surface treatments on the corrosion behavior of 304L stainless steel (SS). This research project was carried out under the joint supervision of INSA Lyon (Lyon, FR) and Tohoku University (Sendai, JP) merging with the research activities of the ElytMax International Joint Unit (CNRS-University of Lyon, Tohoku University).

The corrosion resistance of stainless steels, which are used for nuclear reactor vessel tubes, in the primary environment of pressurized water reactors (PWRs) and boiling water reactors (BWRs) depends on passive film properties. These properties are dependent on the operating environment, the chemical composition of the steel and may also depend on its surface condition. During this thesis work, the focus was on the effect of the mechanical surface treatments on the reactivity of a conventional stainless steel. More specifically, the thesis aimed to determine whether the surface condition following mechanical surface treatment impacts the oxidation behavior of 304L SS in nuclear power plants simulated environment. During machining and repair of reactor vessel components, surface treatments may be applied and consequently, it is of prime interest to better understand the effect of these processes on the reactivity and the long-term behavior of the material.

To achieved this goal, two approaches were adopted. Firstly, the study focused on identifying the different surface modifications induced by surface treatments on 304L SS (Chapter 1 and Chapter 3). In a second step, the study focused on the impact of these surface modifications on the corrosion and oxidation behavior of 304L SS (chapters 3 and 4). Many parameters are involved in the corrosion behavior of SS in BWR and PWR environments. Therefore, it was necessary to simplify the experimental conditions. To set up a reliable and robust experimental protocol to characterize the properties of the oxides (chapter 3). The experimental protocol was set up to study passive films formed at room temperature and in a boric acid/borate buffer solution. It should be noted that SS immersed in a solution at low temperature develops an oxide film on its surface, called a passive film. Whereas at high temperature we refer to oxides. Once the protocol was established, it was applied to the study of oxides formed on SS in a simulated BWR and PWR environment for 120 h (chapter 4). The passive film was studied at INSA Lyon in MATEIS laboratory, BWR and PWR environments simulated at Tohoku University in QSE Laboratory.

From the bibliographic review (Chapter 1), the surface modification parameters related to the grinding processes were established. They are characterized by an ultrafine grain layer followed by a plastic deformation zone, high roughness, residual compressive stress, a thermal effect with possible phase change (martensitic), a high number of defects and scratches. These surface changes have an impact on some of the properties of the passive film. In addition, surface defects and doping densities could accelerate the growth kinetics of the passive film.

Chapter 2 presented the experimental methods. To evaluate the impact of surface treatments on oxidation behavior, different surface treatments were selected. The first surface treatment selected was grinding. Indeed, it is common industry practice to carry out grinding operations, especially during repairs, for example, when cracks appear, to clean a welded zone or other surface defects. The second treatment chosen is a fine mechanical polishing of the surface, more precisely a polishing down to grade 2400 SiC. For the first part of the study, the third surface treatment chosen is polishing down to 1 µm with diamond paste. These two surface treatments result in a surface that is not very rough. Having observed that the properties of the passive films formed on the polished surfaces were very similar, in the second part of the study, polishing with colloidal silica was selected instead of 1 µm with diamond paste. This surface treatment results in a surface free of microscopic and macroscopic defects and residual stresses. Different techniques were used to identify the surface and subsurface parameters as roughness, residual stresses, microstructure between the ground and polished materials. The surface topology was characterized with SEM and the microstructure present in the sub-layer with TEM. The surface roughness was measured with the 3D optical profilometer. The residual stresses were evaluated with the XRD technique. The experimental protocol used to characterize the properties of the passive and oxide films is as follows. The electrochemical techniques used to determine the stability and semiconducting properties of the passive films and oxides are OCP, EIS, and EIS coupled with Mott-Schottky (MS) analysis. The electrochemical methods, including the MS method coupled with EIS, made it possible to determine the semiconducting properties of the passive films formed on the 304L SS. Specifically, the type of semiconductivity, the capacitance, and the charge carrier densities were determined. Thickness of the passive film was estimated from capacitance measurements. XPS was used to determine the composition of the passive films and oxides. TEM was used to observe the oxides formed in the simulated BWR and PWR environment. These techniques were used to evaluate the impact of surface modifications linked to surface treatments on the properties and behavior of passive films and oxides formed in simulated BWR and PWR environments.

Chapter 3 presented the study on the influence of surface treatments on the passive film formed on 304L SS in a boric acid buffer solution at room temperature. Firstly, the SS surface was characterized to identify the modifications related to the surface treatments. The ground surface is rougher with higher compressive stresses than the polished surfaces. This surface has an ultrafine grain layer just like the polished surface but for the ground surface, this is followed by a plastic deformation zone. Secondly, an experimental protocol was set up to characterize the properties of the oxides formed on the 304L stainless steel. This allowed us to compare the results and observe the impact of surface modifications linked to surface treatments on the behavior of passive films. The first conclusion is that the developed passive film is of a duplex nature, whatever the surface preparation. The measurement carried out with the XPS method showed that the passive film is constituted of an inner layer enriched in chromium and an outer layer mainly constituted of iron hydroxide. The main results are: (i) the passive behavior in borate buffer solution is similar for all the samples, (ii) the number of doping species, the capacitance value, and the passive film's thickness are influenced by the roughness, the defects on the surface, and the residual compressive stresses. Consequently, the passive film formed on the more disordered and reactive surface is the thinnest and the less stable. The study using a chloride environment corroborates this conclusion by evidencing an enhanced reactivity for the ground sample.

Chapter 4 presented the study on the influence of surface treatments on the oxides formed on 304L stainless steel in a simulated BWR and PWR environment. The influence of the environment on the properties of the oxides was also discussed. The tests were carried out in autoclaves simulating the BWR and PWR environments. The oxides developed in the PWR and BWR environment are duplex: an inner layer enriched in chromium and an outer layer of coarse crystallites enriched in iron, chromium, and nickel. The passive behavior in the simulated BWR and PWR environment is similar for all the samples. The surface state of the SS, including residual compressive stress and roughness, impacts the density, size, and shape of the outer oxide precipitates. It also impacts the thickness of the inner layer and its semiconductive properties. Indeed, the ground sample immersed in the solution oxidizes more rapidly than a polished surface. The capacitance of the oxide formed on the same surface is higher than for the other two conditions. The capacitance measured on the surface polished down to 2400 SiC is higher than surface polished with CS. Moreover, there is a decrease in the donor density with the degree of surface finishing. Finally, the thicker the oxide is, the lower the doping density is.

The environment plays also a role in corrosion behavior. The PWR oxides are thinner than in BWR and have a different composition. The dissolved hydrogen concentration in PWR has an impact on the thermodynamics and kinetics of oxidation. While the surface state after surface treatment only impacts the oxidation kinetics due to the surface modifications. It is worth noticing that the thermal agitation generated at high temperatures allows the ions' diffusion into the oxide, so the oxide thicknesses are greater than those formed at room temperature.

In addition to these conclusions, one of the interesting and original results of this work relies on the development and use of an electrochemical procedure dedicated for studying passive film properties but applied to thin oxide layer grown in autoclave at high temperature and pressure. Indeed, the results obtained with the developed method are consistent with the literature and some relationships are established with results obtained by other technics. Even if this method is not sufficient to characterize entirely the oxidation features, it provides some interesting parameters testifying for the reactivity of the SS. In this work, all of the electrochemical characterization was successfully performed ex-situ for short term exposure in simulated PWR or BWR environment. Then, one of the future plans could be performing the experiment in-situ directly in the autoclave to follow the evolution of the properties. Another possibility is to perform long term immersion to assess the properties as a function of time and eventually extract some information about the growth rate. In this case, it is likely that the analysis of the impedance diagram should be modified for studying thicker oxide layer which could be also interesting.

In the work of this thesis, 304L SS was selected as reference material but other SS and Nibased alloys are also used in nuclear power plants. Then, the method used here could be also applied on different materials, with different surface treatments to evidence also the chemical and microstructural effect on the features of surface modification and oxidation. In the present work, the close link between different surface modifications was demonstrated. For example, after dry grinding, the surface is rough, compressive residual stress is detected and a wide affected thickness was also observed. If the different surface preparations in this study was proposed to separate the different contributions due to surface treatment on the SS reactivity, it is not always possible to decorrelate the effect of one of these features. Consequently, it is still difficult to identify the surface modification parameter that induce the greatest influence on oxidation behavior or the synergetic effect.

Finally, integrity of the oxide layer is the first barrier to component failure and accident. It is effectively known that one of the major issues related to SS is their susceptibility to SCC in BWR or PWR environment. Consequently, it is of prime interest for researcher and company to prevent or mitigate SCC and identify the detrimental and discriminating parameters that induce sensitization. Among these parameters, surface state is one of the most controversial. For example, it has been widely accepted that surface machining enhances SCC susceptibility of non-sensitized austenitic stainless steels in a boiling water reactor environment. But in some other cases, superficial cold worked could be beneficial. In the present work, the different oxidation features were characterized and the stability of these oxides was evoked. Therefore, perform some SCC tests could be a straightforward perspective to (i) understand the effect of surface finish on SCC susceptibility of alloys, (ii) establish the relations between the surface modifications, the oxide properties and oxidation behavior and SCC susceptibility, (iii) and consequently propose an approach to optimize surface and subsurface.
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Figure 1 .

 1 Figure 1. Schematics of polarization curve of a SS from [8].

Figure 2 .

 2 Figure 2. Schematic representation of the passive film formation of a SS by water deprotonation [1].

Figure 3 .

 3 Figure 3. Diagram of energy levels for metal, a semiconductor, and an insulator [23].

Figure 4 .

 4 Figure 4. Diagram of energy levels as a function of the type of semiconductor. EC is the conduction band limit energy, EV is the valence band limit energy, EF is the Fermi level energy, ED is the energy level for electronic donors (n-type case), and EA is the counterpart for acceptors (p-type)[24].

Figure 5 .

 5 Figure 5. Schematic representation of the potential evolution at the metal/solution interface and at the semiconductor/solution interface.

Figure 6 .

 6 Figure 6. Schematic representation of a Mott-Schottky curve for a p-n junction induced by a mixed oxide on stainless steel adapted from [32].

Figure 7 .

 7 Figure 7. Sub-focused TEM image of the oxide layer formed during primary testing at 325 °C on (a) Xenon-irradiated and (b) non-irradiated alloy 690 [76].

Figure 8 .

 8 Figure 8. Secondary electron SEM image of the surface of the oxide layer formed during an 858 h primary test at 325 °C on a Ni-30Cr alloy wafer [76].

Figure 9 .

 9 Figure 9. PWR autoclave.

Figure 10 .

 10 Figure 10. Diagram -MICROMAP principle.

Figure 11 .

 11 Figure 11. TEM sample Preparation steps by Focused Ion Beam (FIB).

Figure 12 .

 12 Figure 12. Plan of the diffraction diagrams and Schematic diagram of X-ray diffractometry principle [2].

Figure 13 .

 13 Figure 13. Normal strain in the x-y-z coordinates of sample measured by X-ray diffraction [5].

Figure 14 .

 14 Figure 14. Debye-Scherrer ring recorded on a two-dimensional detector by a single-exposure of Xrays [5].

Figure 15 .

 15 Figure 15. Experimental set-up, (a) set up picture, (b) set up diagram.

Figure 16 .

 16 Figure 16. Example of polarization curve of 304L stainless steel realized after cathodic polarization at -0.8 V vs MSE for 24 h in borate buffer solution at room temperature for a polished surface up to 1µm with diamond paste.

Figure 17 .

 17 Figure 17. Schematic of the principle of EIS.

Figure 18 .

 18 Figure 18. Nyquist diagram for a charge transfer reaction occurring at a conductive interface [7].

Figure 19 .

 19 Figure 19. Equivalent circuit for describing charge transfer at an electrochemical interface with an ideal capacitance (a) and a constant phase element (b).

Figure 20 .Figure 21 .

 2021 Figure 20. Bode diagram -Determination of the parameter α.

Figure 22 .

 22 Figure 22. (a) Impedance diagram (Nyquist plot) for -0.65 V vs MSE plot for 1 µm polished surface on 304L SS in borate buffer (pH 9.2), (b) complex-capacitance using EIS spectra, (c) zoom on complexcapacitance showing the extrapolation of the complex capacitance to the real axis used to determine the capacitance of the film.

Figure 23 .

 23 Figure 23. Complex capacitance methodology and Power Law methodology [8], [14].

Figure 24 .

 24 Figure 24. Comparison of Mott-Schottky obtain with Power Law and Complex Capacitance, of passive film formed on a 304L stainless steel for 24 h in the acidic borate buffer solution at room temperature for a polished surface up to 1µm with diamond paste.

Figure 26 .

 26 Figure 26. SEM observations of 304L SS after (a) grinding process, (b) polished samples down to 2400 with SiC, (c) polished samples down to 1 µm with diamond paste.

Figure 27 .

 27 Figure 27. TEM observations of 304L cross-section, after, (a) grinding process, (b) polished samples down to 2400 with SiC, (c) polished samples down to 1 µm with diamond paste, in window capture present Electron diffraction patterns as a function of the surface depth.

Figure 28 .

 28 Figure 28. Polarization curve of 304L SS immersed for 24 h in the buffer solution, for grinding process, polished samples down to 2400 with SiC and 1 µm with diamond paste.

Figure 29 .

 29 Figure 29. Impedance Spectroscopy representation for 304L SS in borate buffer (pH 9,2) for different surface finishes.

Figure 30 .

 30 Figure 30. MS plots of C -2 for the passive film, for 304L SS in borate buffer (pH = 9.2) for grinding process, polished samples down to 2400 with SiC and 1 µm with diamond paste.

Figure 31 .

 31 Figure 31. Schematics of surface modifications after mechanical surface treatment on 304L specimens, (a) grinding process, (b) polished samples down to 2400 with SiC, (c) polished samples down to 1 µm with diamond paste.

Figure 32 .

 32 Figure 32. XPS spectra of Cr 2p3/2, Fe 2p3/2, O1s in the oxide films of 304L specimens, (a) grinding process, (b) polished samples down to 2400 with SiC, (c) polished samples down to 1 µm with diamond paste.

  Figure33presents a schematic representation of the samples' metallurgical state after immersion for 24 h in the borate buffer solution at room temperature. The passive film formed on the ground surface is reported in Figure33 (a)). It is characterized by very high doping densities, NA and ND, and thin thickness (Table3). It is formed on a rough surface with high compressive residual stresses (-𝜎 𝑟 ), and the subsurface contains an ultrafine grain layer followed by a plastically deformed zone. Coelho et al.[24] have also shown that both roughness and compressive residual stresses increase doping densities in the passive film. In this work, the passive film formed on the polished surface down to 2400 SiC is reported in Figure33 (b). The passive film is thicker, with lower doping densities than the ground surface (Figure33 (a)), while the surface has lower compressive residual stress and almost no roughness. The passive film formed on the polished surface down to 1 µm is shown in Figure33 (c). It is the thickest with the lowest doping density than the two other surfaces (Figure33(a) and (b)). The surface on which it formed has almost no roughness and less compressive residual stress than the two previous surfaces.

Figure 33 .

 33 Figure 33. Diagram of passive film formed on surfaces after mechanical surface treatment on 304L specimens, (a) grinding process, (b) polished samples down to 2400 with SiC, (c) polished samples down to 1 µm with diamond paste.

Figure 34 .

 34 Figure 34. Cyclic Potentiodynamic Polarization (CPP) curve 304L immersed 24 h in the buffer solution followed by immersion in 2.5 NaCl for grinding process, polished samples down to 2400 with SiC and 1 µm with diamond paste.

  , Kathleen, TER-OVANESSIAN, Benoît, ABE, Hiroshi, MARY, Nicolas, NORMAND, Bernard, WATANABE, Yutaka. "Influence of Mechanical Surface Treatments on Oxide Properties Formed on 304L Stainless Steels in Simulated BWR and PWR Primary Water".

Figure 35 .

 35 Figure 35. SEM observations of 304L after, (a) grinding, (b) polishing down to 2400 SiC and (c) with colloidal silica.

  (b)). This layer looks more uniform, and its thickness is about 250 nm. The TEM observation of polished sample with CS (Figure36(c)), does not show any ultrafine grain layer or plastic deformation zone. The successive polishing down to 2400 SiC still generates an ultrafine grain layer while removed by the CS polishing. Since the different preparations modify the surface and subsurface microstructural state, differences in residual stresses are measured: -432 ± 17 MPa for G sample, -231 ± 49 MPa for 2400 SiC a quasi-free stress surface (0 MPa ± 50 MPa) for the polished sample with CS. The decrease of the affected layer thickness is correlated with the decrease of the compressive residual stresses. After the CS polishing, the free stress surface proves that the different polishing steps remove the affected material by generating few mechanical damages. The roughness also significantly decreases as the surface deformation decreases from the grinding sample to the polished sample with CS.

Figure 36 .

 36 Figure 36. TEM observations of 304L cross-section after, (a) grinding, (b) polishing down to 2400 SiC and (c) with colloidal silica.

Figure 37 .

 37 Figure 37. SEM observations of 304L after 120 h in simulated BWR environment (10 MPa; 288 °C) : (a) grinding, (b) polishing down to 2400 SiC and (c) with CS and in simulated PWR environment (15 MPa; 325 °C) : (d) grinding, (e) polishing down to 2400 SiC, (f) with CS.

Figure 38 .

 38 Figure 38. Surface polished with colloidal silica in simulated BWR environment, (a) crosssectional view performed by TEM, (b) O, Ni, Fe, Cr mapping of the surface performed by TEM-EDX.

Figure 39 .

 39 Figure 39. Surface polished down to 2400 SiC in simulated BWR environment, (a) crosssectional view performed by TEM, (b) O, Ni, Fe, Cr mapping of the surface performed by TEM-EDX. The cross-section of the sample was observed with the TEM Figure 40 (a)), the image was taken in a ridge, oxide particles are visible over the entire surface, of different sizes and shapes. These oxides are embedded in the surface. Below these oxides, there is a very

Figure 40 .

 40 Figure 40. Ground surface in simulated BWR environment, (a) cross-sectional view performed by TEM, (b) O, Ni, Fe, Cr mapping of the surface performed by TEM-EDX.

Figure 41 .

 41 Figure 41. Surface polished down to 2400 SiC in simulated BWR environment, cross-sectional view performed by TEM.

Figure 42 .

 42 Figure 42. Ground surface in simulated PWR environment, (a) cross-sectional view performed by TEM, (b) O, Ni, Fe, Cr mapping of the surface performed by TEM-EDX.

Figure 43 .

 43 Figure 43. XPS depth profile for 304L SS after 120 h of immersion in simulated, BWR environment (10 MPa; 288 °C): (a) Grinding, (b) polished sample down to 2400 SiC, and, (c) with CS, and in PWR environment (15 MPa; 325 °C): (d) Grinding, (e) 2400 SiC, (f) CS.

  (a), (b), (c)). It gradually decreases in the inner oxide for the polished sample down to 2400 SiC and with CS to achieve a stable value in the outer oxide. It decreases much more abruptly for G. For the G surface (Figure 43 (a)), the Cr ratio increases very slightly at the substrate/inner oxide interface, then continues to increase in the inner oxide from 24 % to 30 %, and then decreases to 15 % in the outer oxide. For the polished surface down to 2400 SiC (Figure 43 (b)), the ratio is constant at 20 % at the metal/inner oxide interface, remains constant in the inner oxide, and decreases slightly in the outer oxide down to 15 %. For the surface polished with CS (Figure 43 (c))

Figure 44 .

 44 Figure 44. Polarization curve performed in borate buffer (pH = 9.2) on 304L SS with three surface conditions G, 2400 SiC and CS and previously immersed for 120 h in a simulated (a) BWR and (b) PWR environment.

Figure 45 .

 45 Figure 45. Mott-Schottky plot obtained in borate buffer (pH = 9.2) on 304L SS with three surface conditions G, polished 2400 down to SiC and with CS and previously immersed for 120 h in a simulated (a) BWR and (b) PWR environment.

Figure 46 .

 46 Figure 46. Schematic representation of the samples after immersion for 120 h in the simulated BWR environment, (a) ground surface, (b) polished surface down to 2400 SiC, and, (c) with CS.

Figure 47 .

 47 Figure 47. Schematic representation of the samples after immersion for 120 h in the simulated PWR environment, (a) ground surface, (b) polished surface down to 2400 SiC, and, (c) with CS.

  

  

Table 1 .

 1 Chemical composition of 304L SS determined by EDX-SEM.

	Elements	C	Cr	Ni	Mn	Si	S	P	Fe
	Wt.%	0.021	18.22	9.13	0.84	0.46	0.004	0.027	Bal.

Effect of Mechanical Surface Treatments on the Surface State and Passive Behavior of 304L Stainless Steel". Metals, 2021, vol. 11, no 1, p. 135. DOI:10.3390/met11010135

  

published work has for citation: JAFFRÉ, Kathleen, TER-OVANESSIAN, Benoît, ABE, Hiroshi, MARY, Nicolas, NORMAND, Bernard, WATANABE, Yutaka. "

Table 2 .

 2 Microstructural characterization of the effect of mechanical surface treatment on the top surface and subsurface of 304L SS. RMS values are reported for the roughness characterization. The thickness of the ultrafine-grained layer determined by TEM and residual stresses measured by XRD are reported.

	Specimens	Roughness RMS (nm)	Thickness of the ultrafine-grained layer (nm)	Residual stresses (MPa)
				-432 ± 17
	Grinding	1300 ± 200	150-280	(Rolling direction)
	2400 SiC	12 ± 2	250	-231 ± 49
	1 µm	16 ± 4	150	-110 ± 84

Table 3 .

 3 Acceptor (NA) and donor (ND) densities for 304L SS in borate buffer (pH = 9.2) measured for grinding process, polished samples down to 2400 with SiC and 1 µm with diamond paste.

	Specimens	Grinding	2400 SiC	1µm
	NA x 10 20 cm -3	8.0	4.4	2.2
	ND x 10 20 cm -3	6.0	3.9	3.8
	Thickness  (nm)	1.4  1.6	2.6  2.9	3  3.5

  Chakri et al., "Improved EIS Analysis of the Electrochemical Behaviour of Carbon Steel in Alkaline Solution," 2017, doi: 10.1016/j.electacta.2017.06.096. [35] O. Lavigne, C. Alemany-Dumont, B. Normand, P. Delichère, and A. Descamps, "Cerium insertion in 316L passive film: Effect on conductivity and corrosion resistance performances of metallic bipolar plates for PEM fuel cell application," Surf. Coatings Technol., vol. 205, no. 7, pp. 1870-1877, 2010, doi: 10.1016/j.surfcoat.2010.08.051.
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Table 4 .

 4 Precipitate, size and density, formed on the inner oxide surface in BWR and PWR for G, 2400 SiC and CS.

	Environment		BWR			PWR	
	Surface finish	G	2400 SiC	CS	G	2400 SiC	CS
	Max. Precipitate	1.7	1	0	3	3	1
	size (µm)				(Aggl.)	(Aggl.)	
	Precipitate density	Medium	Low	----	Medium	High	Very
							low
	4.2.2.1.2.	TEM observations			
	4.2.2.1.2.1.	Oxides formed in simulated BWR environment

Table 5 .

 5 Thickness of the inner oxide, measured by XPS, formed on the ground surface, polished surface down to 2400 SiC and with CS in simulated BWR and PWR environments.

	Thickness inner oxide (nm)	BWR PWR
	Grinding	120	45
	2400 SiC	184	81
	CS	218	113

Table 6 .

 6 Donors densities (ND) measured ex-situ in borate buffer (pH = 9.2) for oxides film grown in PWR and BWR environment on 304L SS with different mechanical surface treatment.

	Parameters	ND (cm -3 )
	Environment	BWR	PWR
	Grinding	7.9 x 10 19 6.2 x 10 21
	2400 SiC	1.5 x 10 19 4.5 x 10 21
	CS	0.8 x10 19 1.5 x 10 21
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Chapter 5

Conclusions and perspectives