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The surface of Ni-based alloy 690 was treated using a sub-microsecond pulsed laser in order to reduce the amount of nickel released when the surface is exposed to the primary cooling system of pressurized water nuclear reactors. A 2D array of laser treatment parameter sets was investigated. The results on sample surfaces was characterized using interferometric microscopy, Scanning Electron Microscopy (SEM), Glow Discharge Optical Emission Spectrometry (GDOES) and X-ray Photoelectron Spectrometry (XPS). The treatment leading to a continuous and defect-free chromine surface having the minimum nickel content over about the first two nanometers and no subsurface chromium depletion was selected for the nickel release test. This selection criterion proved to be very efficient as the total amount of nickel released in a standard qualification test using a simulated primary coolant was reduced, compared to a non-treated surface, by a factor of 7 during the heating phase and by a factor of 3.7 on average over the whole month-long test.

Introduction

Alloy 690 is an austenitic nickel based alloy used as material for steam generator tubes in nuclear power plants because of its good formability, good mechanical properties at high temperature and high resistance to stress corrosion cracking [START_REF] Bioulac | Replacement of alloy 600 by alloy 690 for steam generator tubes and closure heads in PWR[END_REF]. One of the main issues to overcome in pressurized water reactors (PWR) is the induced radioactive dose where deposited activities are mainly caused by 58 Co and 60 Co which are respectively the neutron activated compounds of 58 Ni and 59 Co. Indeed in a primary coolant environment alloy 690 releases nickel ions [START_REF] Engler | Optimization of SG Tubes Prefilming Process to Reduce Nickel Release[END_REF][START_REF] Carrette | Analysis and TEM examination of corrosion scales grown on Alloy 690 exposed to pressurized water at 325 • C[END_REF][START_REF] Abraham | Electrochemical characterization of oxide film formed at high temperature on Alloy 690[END_REF][START_REF] Scott | General corrosion and stress corrosion cracking of Alloy 600 in light water reactor primary coolants[END_REF][START_REF] Marchetti | Corrosion of nickel-base alloys in primary medium of pressurized water reactors: New insights on the oxide growth mechanisms and kinetic modelling[END_REF][START_REF] Marks | Evaluating Steam Generator Tubing Corrosion through Shutdown Nickel and Cobalt Releases[END_REF]. This phenomenon occurs in parallel with a more prominent generalized corrosion process responsible for the formation of a protective oxide layer [START_REF] Bioulac | Replacement of alloy 600 by alloy 690 for steam generator tubes and closure heads in PWR[END_REF][START_REF] Carrette | Analysis and TEM examination of corrosion scales grown on Alloy 690 exposed to pressurized water at 325 • C[END_REF][START_REF] Scott | General corrosion and stress corrosion cracking of Alloy 600 in light water reactor primary coolants[END_REF][START_REF] Guinard | Effect of surface passivation of Inconel 690 on oxidation in primary circuit conditions[END_REF][START_REF] Combrade | Oxidation of Ni base alloys in PWR water: oxide layers and associated damage to the base metal[END_REF][START_REF] Baldridge | Laser cladding of Inconel 690 on Inconel 600 superalloy for corrosion protection in nuclear applications[END_REF]. Nickel release in itself does not significantly affect material performance as the thickness of material involved in this release is very small and the tolerable limit on nickel release due to its consequences on radioactivity is reached well before that for material performance [START_REF] Combrade | Oxidation of Ni base alloys in PWR water: oxide layers and associated damage to the base metal[END_REF]. A correlation between the structural properties of the surface and the Ni release rate has been identified [START_REF] Clauzel | Correlation between Ni base alloys surface conditioning and cation release mitigation in primary coolant[END_REF]. The influence of hydrogen present in the primary medium on the corrosion behaviour has been investigated [START_REF] Chen | The corrosion behaviour of alloy 690 tube in simulated PWR secondary water with the effect of solid diffusing hydrogen[END_REF]. Many mechanical and chemical surface treatments have been tested in order to reduce Ni release in operating conditions [START_REF] Guinard | Effect of surface passivation of Inconel 690 on oxidation in primary circuit conditions[END_REF][START_REF] Combrade | Oxidation of Ni base alloys in PWR water: oxide layers and associated damage to the base metal[END_REF][START_REF] Kim | Corrosion Control of Alloy 690 by Shot Peening and Electropolishing under Simulated Primary Water Condition of PWRs[END_REF][START_REF] Rives | Surface passivation of Inconel 690 in flowing Ar-O2-H2 microwave post-discharges[END_REF][START_REF] Moeglen | Modification of the surface reactivity of a nickel based alloy in order to limit the release of nickel in primary media of pressurized water reactors[END_REF] and they have led to a set of qualitative criteria expressed as surface characteristics [START_REF] Guinard | Effect of surface passivation of Inconel 690 on oxidation in primary circuit conditions[END_REF][START_REF] Clauzel | Correlation between Ni base alloys surface conditioning and cation release mitigation in primary coolant[END_REF][START_REF] Rives | Surface passivation of Inconel 690 in flowing Ar-O2-H2 microwave post-discharges[END_REF]. The oxide layer growth in the primary coolant has been modelled as well as the cation release mechanisms [START_REF] Marchetti | Corrosion of nickel-base alloys in primary medium of pressurized water reactors: New insights on the oxide growth mechanisms and kinetic modelling[END_REF][START_REF] Seyeux | Oxide Film Growth Kinetics on Metals and Alloys: I. Physical Model[END_REF][START_REF] Lefaix-Jeuland | Oxidation kinetics and mechanisms of Ni-base alloys in pressurised water reactor primary conditions: Influence of subsurface defects[END_REF]. Oxidation of Ni alloys in primary water chemistry generally leads to a duplex oxide [START_REF] Scott | General corrosion and stress corrosion cracking of Alloy 600 in light water reactor primary coolants[END_REF] in which the outer layer is made of (Ni,Fe) spinels and (Ni,Cr) spinels and of a thin inner layer containing chromium-rich oxides while the exact microstructure may vary depending on conditions [START_REF] Carrette | Analysis and TEM examination of corrosion scales grown on Alloy 690 exposed to pressurized water at 325 • C[END_REF][START_REF] Combrade | Oxidation of Ni base alloys in PWR water: oxide layers and associated damage to the base metal[END_REF][START_REF] Chen | The corrosion behaviour of alloy 690 tube in simulated PWR secondary water with the effect of solid diffusing hydrogen[END_REF][START_REF] Lim | Characterization of internal and intergranular oxidation in Alloy 690 exposed to simulated PWR primary water and its implications with regard to stress corrosion cracking[END_REF]. This surface state promotes dissolution of the alloy components in the coolant [START_REF] Panter | Influence of oxide films on primary water stress corrosion cracking initiation of alloy 600[END_REF][START_REF] Carrette | Kinetics of corrosion products release from nickel-base alloys corroding in primary water conditions. A new modeling of release[END_REF]. The defect density of the passive film has been shown to play an important role on the corrosion behaviour at high temperatures [START_REF] Lefaix-Jeuland | Oxidation kinetics and mechanisms of Ni-base alloys in pressurised water reactor primary conditions: Influence of subsurface defects[END_REF][START_REF] Yang | The electrochemical properties of alloy 690 in simulated pressurized water reactor primary water: Effect of temperature[END_REF].

At 285 • C the diffusion coefficient of Ni in a chromine layer V Cr2O3 Ni ≈ 2.510 -25 cm 2 /s [START_REF] Moeglen | Modification of the surface reactivity of a nickel based alloy in order to limit the release of nickel in primary media of pressurized water reactors[END_REF] is much smaller than in a spinel layer V NiCr2O4 Ni ≈ 310 -18 cm 2 /s [START_REF] Hemmi | Electrochemical Considerations Regarding General Corrosion of Materials in a BWR Primary Circuit[END_REF]. This suggests that a continuous Cr 2 O 3 layer could be an efficient means for mitigation of nickel release and motivates the development of a surface treatment aiming at substituting Cr 2 O 3 for the ordinary Ni-based spinels.

In order to enrich the surface in chromium, it is possible to use its affinity with oxygen. Indeed at temperatures below 700 • C nickel diffusion through a Cr 2 O 3 layer is much slower than Cr self-diffusion [START_REF] Sabioni | Diffusion of nickel in single-and polycrystalline Cr2O3[END_REF] so that during the first phase of high temperature oxidation chromium is oxidized to Cr 2 O 3 . But in the subsequent phase however the oxide content in Ni and Fe increases rapidly, as proved by Allen et al. [START_REF] Allen | The oxidation of Inconel-690 alloy at 600 K in air[END_REF]. This may lead to two main drawbacks : 1-the thicker the oxide layer, the more porous and less healing it becomes, 2-excessive diffusion of chromium towards the surface creates a sub-surface depleted zone which decreases the corrosion resistance properties [START_REF] Combrade | Oxidation of Ni base alloys in PWR water: oxide layers and associated damage to the base metal[END_REF]. Thus for our goal a controlled oxidation process limiting its extent so as to avoid structure degradation and subsurface depletion is necessary.

High temperature oxidation is classically performed using conventional heat treatments but laser processing of materials has extended the possibilities and is being increasingly used to optimize surface properties [START_REF] Majumdar | Laser processing of materials[END_REF]. Among numerous techniques, laser surface melting (LSM) offers a significant potential for improvement of the corrosion behaviour [START_REF] Akgün | The effect of heat treatment on corrosion behavior of laser surface melted 304L stainless steel[END_REF][START_REF] Samantaroy | Enhancement of corrosion resistance of nickel based superalloys by laser surface melting[END_REF][START_REF] Stott | The influence of laser surface treatment on the high temperature oxidation of Cr2O3-forming alloys[END_REF][START_REF] Conde | Pitting corrosion of 304 stainless steel after laser surface melting in argon and nitrogen atmospheres[END_REF][START_REF] Cui | Microstructure evolution and wear behavior of AISI 304 stainless steel after Nd:YAG pulsed laser surface melting[END_REF][START_REF] Pacquentin | Renforcement de la résistance à la corrosion localisée de l'acier inoxydable 304L grâce au traitement de surface par laser impulsionnel[END_REF][START_REF] Kamachi Mudali | Laser surface melting for improving intergranular corrosion resistance of cold-worked and sensitised type 316 stainless steel, Anti-Corros[END_REF][START_REF] Ahmed | The effects of microstructural features on the performance gap in corrosion resistance between bulk and HVOF sprayed Inconel 625[END_REF]. For another application in the nuclear fuel cycle (storage of high level waste) LSM treatment of alloy 690 leads to an improved resistance to pitting corrosion due to chloride ions [START_REF] Samantaroy | Enhancement of corrosion resistance of nickel based superalloys by laser surface melting[END_REF]. It has also been observed on chromium containing alloys that LSM can enrich the surface in chromium [START_REF] Stott | The influence of laser surface treatment on the high temperature oxidation of Cr2O3-forming alloys[END_REF][START_REF] Stokes | The influence of laser surface treatment on the high-temperature oxidation of Cr2O3-forming alloys[END_REF]. Analysis of this chromium enriched surface layer has revealed a significant amount of Cr 2 O 3 on laser melted surfaces of Fe-based alloys [START_REF] Pacquentin | Nanosecond laser surface modification of AISI 304L stainless steel: Influence the beam overlap on pitting corrosion resistance[END_REF] and Ni-based alloys [START_REF] Stasic | Nickel-based super-alloy Inconel 600 morphological modifications by high repetition rate femtosecond Ti:sapphire laser[END_REF]. Bao et al. [START_REF] Bao | Modeling of precipitation and Cr depletion profiles of Inconel 600 during heat treatments and LSM procedure[END_REF][START_REF] Bao | Precipitation and Cr depletion profiles of Inconel 182 during heat treatments and laser surface melting[END_REF] compared LSM and classical heat treatment on Ni-based alloys to produce controlled oxidation. They proved that laser treatment could reduce the subsurface chromium depletion and provide better healing properties to the oxide layer than classical heat treatment. Previous studies have shown that different LSM conditions lead to different surface modifications of the microstructure [START_REF] Akgün | The effect of heat treatment on corrosion behavior of laser surface melted 304L stainless steel[END_REF] and the chemical composition [START_REF] Conde | Pitting corrosion of 304 stainless steel after laser surface melting in argon and nitrogen atmospheres[END_REF][START_REF] Liu | Laser-induced microstructural modification for corrosion protection[END_REF]. The laser pulse duration and duty-cycle have a direct influence on the resulting oxygen composition profile along the depth coordinate [START_REF] Emi | Absorption of gaseous oxygen by liquid iron[END_REF][START_REF] Cui | Microstructure evolution on the surface of stainless steel by Nd:YAG pulsed laser irradiation[END_REF].

In the specific case of a LSM process using low repetition rate nanosecond pulses at moderate average power, LSM only modifies the very surface properties of materials (molten depths are well within the micrometer range) while globally maintaining their bulk properties [START_REF] Anisimov | Instabilities in laser-matter interaction[END_REF]. This process also results in high local transient temperatures (>2000 K), ultra-fast solidification (>1 m/s) and ultra-high cooling rates (10 9 K/s) which promote specific chemical and metallurgical changes. While controlled oxidations using classical heat treatments mainly involve diffusion mechanisms [START_REF] Dutta | Effects of heat-treatment on the extent of chromium depletion and caustic corrosion resistance of Alloy 690[END_REF] the LSM process is suspected to promote specific vaporization of undesired elements like Ni and Fe (fractionation) [START_REF] Liu | Particle Size Dependent Chemistry from Laser Ablation of Brass[END_REF][START_REF] Bulatov | Study of the morphology of a laserproduced aerosol plume by cavity ringdown laser absorption spectroscopy[END_REF][START_REF] Chen | Mapping and elemental fractionation of aerosols generated by laser-induced breakdown ablation[END_REF] and/or segregation of chromium in the liquid phase [START_REF] Lim | Effects of sensitization treatment on the evolution of Cr carbides in rapidly solidified Ni-base Alloy 600 by a CO2 laser beam[END_REF][START_REF] Lim | Particle formation in the rapidly solidified zone of alloy 600 surface melted by a CO2 laser beam[END_REF].

This state of the art motivated our search for an LSM treatment of alloy 690 leading to a reduction of the Ni release rate in the primary coolant medium of pressurized-water nuclear reactors. Performance assessment by measurement of the Ni release being a long procedure requiring specialized facilities with little availability such as the PETER loop of AREVA-ORANO [START_REF] Ganzmann | Multifunctional test facility for thermal hydraulic investigations of PWR fuel elements[END_REF] it can only be carried out for a small set of samples. Therefore in a first stage we developed the LSM treatment guided by the aim of substituting the usual outer Ni-containing spinel layer by a thin and continuous Cr 2 O 3 layer maximally depleted in nickel while avoiding subsurface depletion in chromium. Here we report the influence of the LSM process parameters on the surface state of the treated samples, the selection of the best result and finally the performance obtained with the Ni release test. Various parameters were tested among which laser energy density and overlap ratio of laser impacts. The results were characterized using microscopic interferometry for surface roughness, SEM for microstructure and presence of inclusions, GDOES for elemental composition profile along the depth coordinate and XPS for Cr and Ni speciation at the extreme surface. The LSM parameter set leading to the best result was selected for the second stage in which the efficiency of this LSM treatment in terms of prevention of nickel release was assessed using a standard qualification test performed in the PETER loop [START_REF] Ganzmann | Multifunctional test facility for thermal hydraulic investigations of PWR fuel elements[END_REF]. Some additional LSM treatments were performed under an argon atmosphere in order to get more insight into the formation of the chromine layer.

Materials and methods are presented in Section 2. LSM treatments and sample surface analyses are described in Section 3. The nickel release performance test is reported in Section 4.

Materials and methods

Sample preparation

Alloy 690 was cast and annealed at 1071 • C for 30 min under hydrogen and water quenched. Then a 710 • C -11 h thermal ageing was carried out, followed by air cooling. The chemical composition (Table 1) was analyzed using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES).

The alloy plate was cut into samples of 2 cm 2 for SEM and XPS analysis and 9 cm 2 for GDOES analysis. Before the laser surface treatment the surface of the samples was grounded up to a 1200 grade SiC paper. This choice was made in order to increase the absorption of the incident laser beam and to control the uniformity of the sample surface. The samples were then submitted to ultrasonic cleaning and dried in air.

The reference samples for the Ni release experiment were electropolished.

After LSM treatment, some treated samples were observed in cross section. They were mechanically cut perpendicular to the LSM treated surface, mounted in a hot setting resin, grounded with SiC papers, polished with 1 μm diamond paste and then with colloidal silica on a vibrating table.

Before introduction in the Ni release experiment all samples were rinced in deionised water.

Laser surface melting setup and parameters

LSM was carried out using an IPG Photonics™ pulsed Ytterbiumdoped fiber laser with 1060 nm wavelength, 140 ns FWHM pulse duration, 20 kHz repetition rate and 20 W maximum average power. For the experiments reported in this study however the power never exceeded 16 W. The laser beam was analyzed by a CCD camera. The laser beam impinges on the surface at right angle. At the sample surface the 1/e 2 spot diameter D = 2R is 125 μm and the beam has a Gaussian energy distribution :

Φ(r) = Φ max exp ( - 2r 2 R 2 ) (1) 
where Φ(r) is the laser pulse energy density (in J/cm 2 ), Φ max = Φ(0)is the energy density at the center of the laser spot, r is the distance from the center (in cm). After integration over the whole surface this yields:

E = 0.5πR 2 Φ max
where E is the energy per pulse (in J). The average fluence over a disk of radius ais

Φ avg (a) = 0.5 ( R a ) 2 ( 1 -exp ( - 2a 2 R 2
) ) Φ max

In the following for easier reference to the various beam conditions we use an equivalent beam description with a top-hat profile of same radius R and energy per pulse E as those of the real gaussian beam. The fluence of this top-hat beam, denoted Φ th , is thus given by Φ th = E πR 2 = 0.5Φ max and we call it simply "Energy density", expressed in J/cm 2 . It has the following property:

Φ th ≈ 1.16Φ avg (R) ≈ Φ avg (0.893R)
The intensity time profile of a single laser pulse is somewhat complex with a main peak followed by a shoulder. We approximate it by a top-hat profile of 140 ns duration denoted τ. Thus the maximum fluence and intensity of the pulse are related by Φ max = I max τ.

The average laser power was set to 7 W or 16 W depending on experiments, corresponding to an energy per pulse of 350 µJ and 800 µJ respectively. Thus the peak power varied between approximately 2500 W and 5700 W and the energy density Φ th ranged between 2.9 J/cm 2 and 6.5 J/cm 2 (Table 2).

The entire sample surface was treated using an X-Y galvanometric scanning system using the raster scan strategy illustrated on Fig. 1. The scanned area is a rectangle of dimensions L x and L y where x is the direction of the raster lines. This scanned rectangle is centered on the sample but L x is significantly larger than the sample itself so as to avoid overheating at the sample edges when the sweep is stopped. For a given beam scanning velocity V the centers of two consecutive impacts in the same pass are separated by a distance

d ci = V f
where f is the repetition rate of the laser pulses. The distance between two consecutive passes is set to that same distance d ci that separates two consecutive impacts in a given pass. The geometric pulse overlap is defined as

O = 1 - d ci 2R
where R is the beam radius as defined above. The scan parameters are chosen so as to vary the overlap between 50% and 90% in both directions (Fig. 1) and the beam velocity at the surface between 250 mm/s and 1250 mm/s. Given that the sample dimensions are large compared to the beam size the number of impacts in a raster line is approximately equal to L x /d ci and the number of raster lines to L y /d ci so that the total number of impacts over the scanned surface is

N = L x d ci L y d ci
Since the surface of a single impact is S beam = πR 2 the amplification coefficient A (sometimes called "pulses-per-spot"), defined as the number of times that a given point of the surface is hit by the laser is

A = NS beam L x L y = π ( R d ci ) 2 = π 4(1 -O) 2
In our experiments these quantities take the following values:

Overlap O 50% 70% 90% Amplification coefficient A 3,1 8,7 78,5
These values lend themselves to the following approximate description : with respect to the 50% overlap reference case, for an overlap of 70% a point of the surface receives about 2.8 times more laser energy and for an overlap of 90% it receives 25 times more laser energy. This simple model considers that a point at the surface is hit by the laser if it is located within a distance R from the center. The amplification coefficient A does not account for the influence of the time interval between the laser pulses contributing to this accumulated energy, nor for the difference between a top-hat profile and the real beam profile. Anyway, its high sensitivity to the overlap is actually a true and important trend : A increases very sharply when O is varied between an overlap of 70 % (700 impacts/mm 2 ) and 90 % (6400 impacts/mm 2 ) [START_REF] Pacquentin | Nanosecond laser surface modification of AISI 304L stainless steel: Influence the beam overlap on pitting corrosion resistance[END_REF]. As for the evolution along time, the delay between two neighbouring impacts is equal to the pulse period 1/f = 50μs if they belong to the same laser pass. If they belong to two different laser passes it is equal to L x /V, ranging between about 30 ms and 160 ms depending on the experiments. The thermal cycles imposed to the surface depend on both these time constants.

In order to optimize the LSM treatment two laser parameters were specifically considered: (1) the laser energy density (J/cm 2 ) which mostly influences the peak surface temperature and (2) the overlap (%) which affects both the lifetime of the melt pool and the number of cyclic heating [START_REF] Soveja | Modélisation du processus de texturation par faisceau laser : approches expérimentale et numérique[END_REF].

In addition to these laser parameters, while most samples were treated in ambiant air some other samples were treated under an argon flow (100 mL/min). The samples were enclosed in an airtight aluminum cell, equipped with a crystalline quartz window transparent to the laser beam. The vaporized particles were picked up by the gas flow and collected on a cellulose filter paper placed at the cell exit for further elemental analysis as described below.

Surface analysis

Surface morphology after LSM was recorded with a white light interferometer (Bruker ContourGT1). Roughness is deduced using image processing with the Vision64 software with a sub-nanometer vertical resolution and a sub-micron lateral resolution. Microstructural observations are carried out with a SEM-FEG (Jeol 7000F) equipped with EDS analysis.

After LSM treatment, the surface elemental composition was analyzed by a Horiba Jobin Yvon GDOES. LSM treated surfaces were first submitted to a plasma cleaning at 120 Pa and 2 W for possible desorption of water molecules and organic traces and then analyzed atomic layer by atomic layer up to 15 μm depth thanks to argon-ion beam sputtering. The composition is averaged over a 4 mm diameter area. Escobar Galindo et al. [START_REF] Galindo | Comparative depth-profiling analysis of nanometer-metal multilayers by ion-probing techniques[END_REF] have proved that this elemental analysis is accurate although depth resolution degrades linearly with depth due to sputtering effects. Since in our case the composition evolves over less than a few hundred nanometers our results are not affected by this problem. If the sample surface is not flat to the nanometer scale the signal arising from any particle, deposit or precipitate present at the surface is "diluted" in the composition profile. In such a case a careful reading of the composition profile of the elements present in the inclusions covering the surface is required. Nevertheless, each of the presented values is an average over five GDOES spectra recorded at differents places of a given sample corresponding to a given set of laser treatment parameters.

We define the oxide thickness here as the depth where the oxygen content reaches one third of the maximum oxygen concentration. The peak value (Cr/Ni)max is used to compare the chromium enrichment versus nickel depletion. Oxide thickness and (Cr/Ni)max are averaged over five to ten GDOES spectra per laser treatment conditions.

The oxidation state of nickel and chromium was determined using a ThermoScientific Escalab 250xi XPS spectrometer. The XPS-analyzed zone is a cylinder of 900 μm diameter and a few nanometers depth.

The filters containing the aerosols collected during treatments under argon were dissolved in nitric acid and the solution was analyzed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES).

This whole set of surface-analysis techniques allowed us to compare the Cr/Ni ratios for all the LSM conditions considered.

The PETER primary coolant loop test facility

The high temperature and high pressure titanium micro loop named PETER [START_REF] Ganzmann | Multifunctional test facility for thermal hydraulic investigations of PWR fuel elements[END_REF] is a research facility designed to measure the kinetics of cation release of tubes in the primary chemistry environment [START_REF] Engler | Optimization of SG Tubes Prefilming Process to Reduce Nickel Release[END_REF]. It consists in exposing sample surfaces to a simulated primary medium free of metallic cations. The composition of this medium made of several compounds dissolved in water is given in Table 3. In turn, the metallic cations analyzed in the primary medium are only produced by the corrosion process: nickel release depends on the solubility of nickel corrosion products and the substantial dissolution of nickel metal deposits [START_REF] Marks | Evaluating Steam Generator Tubing Corrosion through Shutdown Nickel and Cobalt Releases[END_REF].

In order to assess the effect of the laser treatment, twelve flat samples were introduced in the loop: six raw samples and six samples laser treated on their two largest sides. There is a specific test canal for each sample, with individual analysis circuitry.

The standard test procedure consists of three phases: a heating phase, an isothermal main stage and a cooling phase (Fig. 2). The pressure of the primary medium was set to 15.5 MPa absolute pressure. The temperature was raised to 300 • C with a temperature ramp of approximately 0.6 • C/min and was then slowly adjusted to 325 • C within the next 16 h ("heating phase"). Then temperature and pressure were kept constant for 650 h ("main stage"). Finally temperature and pressure were decreased back to ambient conditions in about 16 h ("cooling phase").

The amount of metallic cations released during the heating phase was measured as a function of time by analyzing the composition of the fluid and the same was done for the plateau and the cooling phases. The online measurement technique is based on polarography (Hanging Mercury Drop Electrode) and ICP-OES. During the main stage the composition analysis was performed every day. This measurement gave us access to metallic cation release kinetics. Direct cation release of a chemical element is calculated from the product of its concentration by the flow rate in the test section and divided by the normalized surface of the sample. Direct cation releases are expressed in mg/dm 2 /h and the cumulative cation release in μg/dm 2 .

Laser surface melting treatment

In this Section we characterize the effect of the LSM treatment in terms of surface morphology, depth profile, microstructure and chemical composition of the outer surface layers. The goal is to identify the best LSM parameter set in terms of formation of a continuous chromine layer depleted in nickel at the outer surface, without Cr depletion in the bulk.

Surface morphology after laser surface melting

Single spot

The treatment of an extended surface proceeds by scanning a pulsed beam with overlap of impacts in both directions. To better control the treatment of extended surfaces it is necessary to know the effect of a single laser shot so as to identify the parameter ranges leading to the various regimes such as simple heating, fusion, vaporisation and ablation. Fig. 3 shows the relief of the surface after a single laser spot with laser energy density 6.5 J/cm 2 observed using the white light interferometer. In the central zone (1) a vertical depression is present. It is surrounded by an external ring (2) positioned above the initial surface, itself surrounded by a molten zone (3) featuring a modified surface and smoothed scratches compared to the rest (4) of the sample. The presence of the central crater and the ring is consistent with a scenario in which evaporation occurs during the laser pulse and induces liquid motion due to the recoil effect of the vapor pressure pushing the liquid away from the laser impact center (piston effect). The ring itself is formed when the radial centrifugal fluid flow meets the centripetal solidification front. It may also be stabilized by surface tension [START_REF] Pacquentin | Effect of microstructure and chemical composition on localized corrosion resistance of a AISI 304L stainless steel after nanopulsed-laser surface melting[END_REF]. Note that other driving forces may predominate when a high temporal rate of laser impacts induces locally a thermal evolution over longer time scales -which is not the effect searched for in this study.

LSM treatments of extended zones

Fig. 4 shows SEM micrographs of the surface of the samples after three LSM treatments for which various sets of laser energy density and overlap.

At low energy density (2.9 J/cm 2 ) and for 50% overlap a good uniformity of the surface topography was obtained (no crater, no ring) because vaporization effects were reduced (Fig. 4a). Ti(C,N) precipitates remained on the upper surface after melting (Fig. 4b) and were also detected by EDS analysis.

Fig. 4c and 4d exhibit micrographs of the surface of the samples treated at 6.5 J/cm 2 laser energy density and 50% overlap. The laser spots rings were clearly superimposed. Ti containing precipitates could no longer be seen. We think they were dissolved in the fusion zone but they may also have evaporated. Similar results were observed for laser energy densities ranging between 4.3 J/cm 2 and 6.5 J/cm 2 and 50% overlap. Since the melting temperatures of TiC and TiN are respectively Tm = 3067 • C and Tm = 2950 • C [START_REF] Greene | Development of preferred orientation in polycrystalline TiN layers grown by ultrahigh vacuum reactive magnetron sputtering[END_REF] their disappearance may indicate that the temperature went up beyond these thresholds for laser energy densities above 4.3 J/cm 2 . At higher magnification some features perpendicular to the external ring (i.e. radially from the centre of the meltpool) become visible (Fig. 4d). We interpret them as slip bands as similar bands have already been observed on this material after a CO2 laser treatment. According to Lim et al. [START_REF] Lim | Effects of sensitization treatment on the evolution of Cr carbides in rapidly solidified Ni-base Alloy 600 by a CO2 laser beam[END_REF] these planes belong to the (1 1 1) family since A690 has a face-centered cubic structure and they may be due to severe thermal tensile stress generated during fast solidification.

For overlap above 90 %, whatever the laser energy density, periodic lines spaced by 12.5 μm were visible. Fig. 4e andf show the case of a sample treated with a 3.6 J/cm 2 laser energy density. The 12.5 μm distance corresponds exactly to the distance imposed between the scanning lines (d ci = V/f = (0.25m/s)/(20kHz)). The oxide layer is not continuous and rather crumbly or even powdery.

All these results show that the superimposition of laser impacts at laser energy density higher than 4.3 J/cm 2 leads to a rougher surface with the presence of numerous ridges. After LSM, roughness was shown to increase from Ra = 0.3 μm to Ra = 0.9 μm, the latter values being averages over measurements made at 5 different locations with the method described in Section 2.3. This roughening tends to increase the surface area exposed to the primary medium, which in turn can be expected to result in a higher nickel release, proportionally to the surface change. The influence of surface state on nickel release was indeed evidenced by Kim et al [START_REF] Kim | Corrosion Control of Alloy 690 by Shot Peening and Electropolishing under Simulated Primary Water Condition of PWRs[END_REF] who showed that electropolishing leads to a reduction in nickel release by a factor 4 compared to a shot peening treatment and who attributed the result to a change in the metal-ion transfer depending on the residual stress in the metallic surface layer.

As a conclusion, based on the criterion of a continuous and defectfree surface morphology, the suitable LSM parameter range is limited to laser energy densities below 6.5 J/cm 2 and overlap ratios strictly below 90%.

Next we describe the depth profile and the microstructure of the surface layer created by the LSM treatment.

Cross sectional observations

Fig. 5 shows the SEM cross section of a laser treated sample with 3.6 J/cm 2 laser energy density and 70% overlap. Next to the surface and within a depth varying between about 1 µm and 2 µm no grain boundary could be detected. Therefore the zone going from the surface up to the first location of grain boundaries was interpreted as the molten layer, as approximately shown by a white dashed line on Fig. 5. We note that for the lower values of overlap up to about 70% the oxide layer thickness (determined by GDOES as described below) was too thin (<10 nm) to be detectable with SEM.

The absence of grain boundaries just underneath the surface suggests a planar front solidification mode. According to Mokadem [START_REF] Mokadem | Epitaxial laser treatment of single crystal nickel-base superalloys[END_REF] such a solidification mode is possible at very high solidification rates (in the m/ s range). For our LSM conditions, a Vs = 1.5 m/s liquid/solid front velocity was calculated using a numerical model presented elsewhere [START_REF] Pacquentin | Effect of microstructure and chemical composition on localized corrosion resistance of a AISI 304L stainless steel after nanopulsed-laser surface melting[END_REF], which confirms the likeliness of such a planar solidification front.

When overlap reaches 90% the molten layer is strongly changed with respect to cases with overlap lower than 90% (Fig. 6). The thickness of the molten layer reaches 280 nm (Fig. 6a). While the molten layer is very homogeneous for less than 90% overlap, sub-layers may be observed for 90% overlap (Fig. 6b):

1-A chromium-rich oxide layer becomes visible on the cross section.

2-Nanometric white spheres present in the uppermost part of this oxide layer and mostly composed of metallic nickel are embedded in a chromium-rich matrix.

2-Underneath the spheres the oxide layer is continuous.

3-Below the oxide layer, some chromium oxide precipitates are detectable in the metallic molten zone.

The composition of the white spheres and the precipitates was measured using transmission electron microscopy because their small size made it inaccessible to SEM-EDS. Thus their identification is beyond doubt even though their formation mechanism remains partly unclear and we can only suggest an interpretation. This particular microstructure is attributed to the short period of thermal cycling inducing a more pronounced reheating effect, with the formation of sub-layers in the laser melted layer. During high rate cooling, diffusion of oxygen into the melt pool leads to formation of nano-precipitates of Cr 2 O 3 because of their high solidification temperature (2265 • C [START_REF] Gaskell | Introduction to the Thermodynamics of Materials[END_REF]) compared to those of alloy 690 (1350 • C [START_REF]Properties of INCONEL alloy 690[END_REF]) and pure nickel (1200 • C [START_REF] Davis | Nickel, Cobalt, and Their Alloys[END_REF]). Then the alloy, depleted in chromium, solidifies and nickel at the surface, depleted in oxygen, solidifies in spheres, trapped in chromium oxides.

As a conclusion, cross-sectional observations clearly lead to a limit in the overlap ratio well below 90%, while a regime such as 3.6 J/cm 2 laser energy and 70% overlap appears favourable.

Next we address the average chemical composition of the outer layer resulting from the LSM treatment.

Chemical analysis

Fig. 7 shows the elemental composition profile of various chemical elements from the surface to the bulk of the material, measured using GDOES as described in Section 2.3. In the raw material (Fig. 7a) beyond 0.02 μm away from the surface the chemical composition corresponds to the overall (bulk) composition of the material (~60 wt% Ni, ~30 wt% Cr and ~ 10.wt% Fe, see Table 1). The oxygen content is less than 5 wt%. Within the first 10 nm below the surface the fraction of Ni decreases while that of oxygen increases. The oxide layer thickness (as defined in Section 2.3 with an arbitrary 1/3 oxygen content criterion) is estimated to be less than 0.01 μm. LSM significantly modifies these profiles. Fig. 7b displays the profiles after LSM at 3.6 J/cm 2 laser energy density and 70% overlap. Near the surface the relative Ni content is drastically reduced so as to nearly vanish at the surface while the oxygen content steeply increases. The Fe content follows the same qualitative trend as that of Ni. The Cr content displays a non-monotonous profile. It slightly increases at intermediate depth and decreases closer to the surface. As a result, the oxygen and chromium fractions are higher just underneath the surface than in the bulk whereas the trend is opposite for Ni and Fe. Fig. 7b shows a chromium and oxygen content more than twice higher at the surface than at depth. This difference in chemical composition between the surface and the bulk allowed to identify the presence of an oxide layer enriched in Cr. Given that Cr depletion in a sublayer would be a strict criterion for rejection of this LSM parameter set it is important to note that here the Cr content remains sufficiently high everywhere.

Chromium enrichment at the surface, whereby the Cr content increased up to 40 wt% compared of 30 wt% in the raw material, was observed for all the laser parameters. In parallel the Ni content was generally reduced below 10 wt% and the Fe content below 1 wt%.

The maximum value of the Cr/Ni ratio is denoted (Cr/Ni)max and is averaged over five to ten GDOES profiles.

The ratio of the Cr weight fraction to the Ni one is also plotted as "Cr/ Fig. 5. Cross section of a LSM treated surface with 3.6 J/cm 2 and 70% overlap. Ni" in Fig. 7a and b using the same vertical axis labels as for the weight fractions themselves. This quantity is an indicator of the chromium enrichment due to LSM. We used its value over the first nanometer and averaged over five to ten GDOES profiles, denoted "(Cr/Ni) max " in what follows, as a criterion for selection of the samples to be submitted to the corrosion test in the primary coolant loop. Dispersion of the results is calculated as the rms deviation associated with this averaging, i.e. over the five to ten GDOES profiles recorded at differents points of a given sample. Fig. 8 displays (Cr/Ni) max as a function of fluence for 50% overlap. Cr enrichment appears in this 50% overlap case as a smooth and monotonously decreasing function of the laser energy density.

Fig. 9 displays the oxide layer thickness (circles) as a function of overlap for 3.6 J/cm 2 laser energy density. Up to 80% overlap the thickness varies between about 8 and 15 nm, increasing slighly with overlap, while the surface roughness and composition vary smoothly. Fig. 9 also displays the composition ratio (Cr/Ni) max (pentagons). The large variations of this ratio reflect the fact that the Ni content at the extreme surface goes down to almost zero for some LSM parameter sets. For 90% overlap the layer becomes much thicker, reaching 100 nm and more -as some GDOES profiles revealed a 200 nm to 300 nm thickness. In spite of the increased roughness (cf Fig. 4e) and the associated variations in local composition the LSM performance in terms of (Cr/Ni) max remains rather small everywhere on the surface in this 90% overlap case. The dispersion of the GDOES measurements performed on a given sample remains small throughout the range of overlap ratio, which shows that the surface composition of a given sample is rather homogeneous. The maximum values of (Cr/Ni) max between 20 and 40 are found for overlaps around 70%.

In order to both confirm the GDOES results and identify the oxidation state of the elements at the extreme surface some samples were analyzed using XPS. We chose a sample that had a ratio (Cr/Ni) max of 35 and had been treated at 3.6 J/ cm 2 and 70 % overlap. The corresponding oxide layer thickness was around 8 nm and the associated surface was very smooth (Ra = 0.4 μm). Fig. 10 shows the XPS signal which originates from the 10 nm sub-surface layer. Both the untreated sample and the LSM treated sample are analyzed. Metallic contributions of Cr at 574,4 eV and Ni at 852.8 eV are visible on both raw and laser-treated surfaces, indicating that the thickness of the oxide layer is less than about 6 nm. The spectra show a significant reduction of the Ni content after laser surface treatment and a complete disappearance of oxidized nickel, in sharp contrast with the opposite trends for Cr for which both the overall content and the oxidized state increase.

Assuming that only Ni and Cr are present and that, consistently with the SDL results, the oxide layer is the external one, more quantitative estimates can be obtained from the peak intensity ratios as in Table 4. Whereas the raw surface contains 75% chromium in the oxide contribution the LSM-induced oxide layer is fully composed of chromium. The Cr content in the metallic contribution is almost twice higher in the laser treated surface than in the raw material surface. This LSM induced chromium enrichment under the oxide layer is consistent with the concentration profiles of Fig. 7b at around 8 nm depth. The relative constancy of the chromium concentration under the oxide layer, visible in Fig. 7b at depths beyond 12 nm, as compared to other types of surface treatment whereby the subsurface is severely Cr-depleted, is a quite important favourable feature of this LSM treatment. Indeed in case of accidental cracking of the top surface layer a reservoir of metallic chromium is available for further oxidation and surface passivation recovery.

Selective vaporization during LSM under argon

In order to investigate the influence of the ambient atmosphere on the growth of the Cr 2 O 3 oxide layer as well as the composition of the material vaporized during the LSM treatment, searching in particular for a possible selective vaporization of elements, some complementary experiments were carried out as described in Section 2.3 under an argon atmosphere. The argon gas flow sweeping the surface picks up all the aerosols which are then collected by a filter made of cellulose nitrate at the cell exit. The samples were treated in the same conditions than under air with laser energy densities between 2.9 J/cm 2 and 6.5 J/cm 2 and 50 %, 70 % and 90 % overlaps. For ranges of pulse duration and fluence such as ours the laser-matter interaction mechanisms remain close to local thermodynamic equilibrium i.e. based on heat conduction, melting and evaporation, as opposed to shorter pulses in the picosecond regime or below, for which ablation driven by phase explosion occurs [START_REF] Leitz | Metal Ablation with Short and Ultrashort Laser Pulses[END_REF].

SEM analysis showed the same surface topography for laser treatments under air or argon.

GDOES spectra showed about the same composition profiles vs depth as under air, including an enrichment in chromium and a depletion in nickel and iron over the first ten nanometers as found for LSM under air. The iron content over the first few nanometers was found lower under argon than under air. Indeed under argon it is almost always below the detection limit.

The (Cr/Ni) max ratio was generally similar under argon and under air except that values above 8 only occurred with air, indicating a possible influence of oxygen on the chromium content at the extreme surface for these treatments. The oxide layer thickness was generally similar under argon and under air, except that it always remained below 25 nm. The up to 100 nm thick layers (see example on Fig. 9) were only obtained under air. In conclusion, excluding the 90% overlap case for which the behaviour is specific, ambient oxygen gas may be quite favourable to Cr enrichment at the extreme surface even though it does not play a major role in the oxide layer thickness.

Aerosols collected on filters were analyzed using ICP-OES (Fig. 11). For 90% overlap the iron content of aerosols was that of bulk alloy 690 (Fig. 11a). Such a result is characteristic of a regime of strong evaporation or ablation for which the composition in the bulk and the removed material are identical. The Cr/Ni ratio (Fig. 11b) however varies significantly over the laser energy density range, showing a preferential vaporization of chromium at low laser power. For 50% overlap the filters contained about 20 wt% Fe, which is twice higher than in the bulk material. They also collected chromium and nickel with 

Table 4

Elemental composition from XPS analyses before (denoted "Raw") and after a LSM treatment. Only Ni and Cr are analyzed. Oxides and metallic contributions are analyzed separately and reported as ratios of integrated peak intensities using at%Ni + at%Cr = 100%. Treatment conditions: 3.6 J/ cm 2 Cr/Ni = 0.50 ± 0.05, similar to that of the bulk material. These results point to the existence of a transition regime between strong and weak evaporation located somewhere around the central values of laser energy density and overlap investigated in this study. For the lower amounts of evaporated material the composition of the aerosols reflects both the relative vapour pressure of the elements and their affinity to oxygen.

The high Cr/Ni ratio of 0.64 measured in the aerosol composition for low fluence and 90% overlap is consistent with the low (Cr/Ni) max of the sample surface obtained in the same LSM conditions (see Fig. 9 and Section 2.3). Given that chromium metal is about twice as volatile as Fe and Ni this points to a possible interpretation whereby selective chromium evaporation is induced in this particular case by the prolonged heating effect of the many laser shots impacting the same location.

Except for this special case of 90% overlap, the Cr/Ni content of the aerosols remained always close to that of the bulk material. Thus the observed chromium enrichment at the extreme surface is only due to a spatial redistribution of the elements within the condensed phase.

Discussion

As stated in the Introduction our LSM study was guided by the idea that a key point to improving the performance in terms of nickel release in the primary coolant would be to obtain a high chromium enrichment at the material surface, within a continuous and defect-free chromine layer, and without subsurface chromium depletion. There is a marked constrast about the Cr/Ni dependence on the process parameters between the smoothness of Fig. 8 and the large amplitude variations of Fig. 9. These results point to a transition between different regimes anywhere between 70% and 80% overlap. At 50% overlap (Fig. 9), there is either no molten zone or a molten zone that remains thin and shortlived, even at the highest fluence used here (6.7 J/cm 2 ), so that the sample surface geometry is hardly perturbed. By contrast (Fig. 10) beyond 70% overlap the amplification coefficient A (as defined in Section 2.2) rises sharply, inducing an extended excursion into the molten state which at 90% overlap results in strong surface perturbations, possibly including remixing of the oxide layer. Additionally, 90% overlap results in very inhomogeneous concentration profiles, with spherical metallic nickel precipitates and chromium depletion in a sublayer due to enhanced chromium diffusion. This implies that the quality and repeatability of the chromium enrichment can only be obtained for up to about 70% overlap, i.e. avoiding the passage through an extended molten pool.

The ratio τ/T of the pulse period to the pulse duration is of the order of 350. Laser-induced evaporation occurs during the laser pulse when very high temperatures are reached locally at the very surface, while melt depth and width, transport of chemical species in the condensed phase rather depend on the average power and temperature. Since the melting temperatures of TiC and TiN are respectively Tm = 3067 • C and Tm = 2950 • C [START_REF] Greene | Development of preferred orientation in polycrystalline TiN layers grown by ultrahigh vacuum reactive magnetron sputtering[END_REF] their disappearance strongly hints to the fact that the temperature went up beyond these thresholds for laser energy densities above 4.3 J/cm 2 . Such values are indeed confirmed by preliminary modelling results [START_REF] Gouton | Oxide-layer formation on a nickel based alloy using laser surface melting -Experimental and numerical study of the laser-metal interaction[END_REF].

The preferential vaporization of iron compared to that of chromium and nickel, as evidenced by the aerosol analysis for energy density smaller than 5 J/cm 2 and overlap smaller than 70%, is consistent with the lack of iron on the first nanometers underneath the surface of the treated samples revealed by GDOES. By contrast, the fact that at 90% overlap and energy density higher than 5 J/cm 2 aerosol composition is identical to that of the bulk shows that a thick layer of material has been removed by the treatment, which is unnecessary.

Given that the equilibrium vapour pressure of Cr is between 2 and 3 times larger than that of Ni or Fe in the 2800 to 4000 K Cr evaporation is clearly hindered in most cases, suggesting that its immobilization in the sample could be induced by its oxidation.

A mechanism contributing to incorporation of oxygen at depth is the relocation of the material involved in the fluid motion which occurs during the laser pulse. This fluid motion, which was evidenced by surface morphology as discussed in Section 3.1 (Fig. 3), may be due to either the recoil pressure linked to evaporation or to Marangoni stress. The overlap ratio obviously has a strong influence on the mixing associated with this relocation of material. This mechanism is apparently favourable to the formation of the protective chromine layer.

No experimental work in this study was specifically dedicated to investigating the mechanisms of chromium enrichment and oxidation. We just observe that our results are consistent with other studies which have put forward some major aspects influencing surface chemistry during LSM treatment. Very fast heating/cooling results in smaller grain size and the high amount of grain boundaries enhances Cr diffusion [START_REF] Pacquentin | Nanosecond laser surface modification of AISI 304L stainless steel: Influence the beam overlap on pitting corrosion resistance[END_REF]. It also promotes planar solidification. Segregation of chromium at the surface has long been known to occur during surface treatment of metallic alloys using nanosecond-pulsed lasers [START_REF] Cottrell | Effect of Laser Surface Melting on Some Corrosion Characteristics of an Iron-Chromium Alloy[END_REF][START_REF] Marchetti-Sillans | Corrosion généralisée des alliages à base nickel en milieu aqueux à haute température : Apport à la compréhension des mécanismes[END_REF]. The strong affinity of Cr for oxygen contributes to selective oxidation of Cr at the surface. The combination of all these mechanisms is commonly invoked to explain Cr enrichment within the first 10 nm of the surface [START_REF] Jervis | Effect of excimer laser melting on the near surface chemistry and corrosion properties of aisi 304 stainless steel[END_REF].

In summary, the laser-aided chromium enrichment, which in our experiments was shown to be favoured by low energy-densities and middle-range overlap, may result from a combination of factors including chromium rejection across the liquid/solid planar front during solidification, chromium migration towards the surface and its immobilization favored by a strong affinity with oxygen. With respect to our objective of preventing nickel release in the primary coolant medium, the LSM treatment carried out with a laser energy density of 3.6 J/ cm 2 and 70% overlap appeared as the most promising as it results in a surface layer which is continuous, enriched in Cr 2 O 3 and maximally depleted in nickel at the surface. This laser treatment was therefore selected and applied to samples submitted to the corrosion test in the primary coolant medium as described in Section 3.4 using the PETER facility [START_REF] Engler | Optimization of SG Tubes Prefilming Process to Reduce Nickel Release[END_REF][START_REF] Ganzmann | Multifunctional test facility for thermal hydraulic investigations of PWR fuel elements[END_REF]. The total amount of nickel released during the several stages is shown in Fig. 12. In order to make the units more meaningful, we note that the total amount of nickel released in the case of the raw surface (12.6 µg/dm 2 ) is equal to the amount of nickel contained in a 0.5 nm thick layer of the bulk solid alloy (taking into account its nominal 30 at% Ni content). It also corresponds to atoms either making up just a few atomic layers at the sample surface or having diffused through a small number of atomic layers, say between 2 and 5 approximately. Chromium concentration in the fluid remained below the detection limit (i.e. 200 ppt). Iron and other minor components of the alloy such as Cu, Mn and Ti appeared in the fluid during the heating stage with measurable but very low concentrations in the ppb range.

The LSM treatment strongly influences the nickel release rate in the heating phase, reducing by a factor 7 the total amount of Ni released. Its influence is also strong and favourable in the final cooling phase, with a factor 3 over the raw sample.

This heating phase is the one during which, based on previous experience in this test loop, the amount of nickel released was expected to be the largest while a protective layer builds up and stabilizes.

By contrast, during the main stage there is hardly any difference between both samples. The time evolution of the nickel release rate during the main stage in shown in Fig. 13. The release rate steadily decreases for about the first 220 h where it becomes too small to be measurable. Then it remains close to zero for the following 380 h. Overall both raw and LSM treated samples behave similarly during the main stage except that the initial release rate of the raw sample is about 3 times higher that for the LSM treated sample, consistently with the heating phase. This behaviour is consistent with the fact that oxide films formed in nominal primary chemistry are always protective [START_REF] Clauzel | Correlation between Ni base alloys surface conditioning and cation release mitigation in primary coolant[END_REF].

During the cooling phase nickel release occurs again, with a rate of the same order of magnitude as during the heating phase, and again at a much higher rate for the raw sample than for the LSM treated sample. Previous work has shown that during this cooling phase the amount of nickel released depends on the passivation of the surface during exposure to the primary medium [START_REF] Engler | Optimization of SG Tubes Prefilming Process to Reduce Nickel Release[END_REF] and that a variety of behaviours may be expected, depending on the material and possible surface modifications induced during the main stage.

Eventually the total amount of nickel released during the whole onemonth experiment was reduced by a factor of 3.7 by the LSM treatment.

The complete absence of chromium in the measured composition of the primary coolant shows that the chromium oxide layer was not dissolved during the test, as expected [START_REF] Guinard | Effect of surface passivation of Inconel 690 on oxidation in primary circuit conditions[END_REF].

After the experiment in PETER the samples were observed by SEM. No morphological change on the surface could be detected at 20 µm and 500 nm scale. The laser spots were still visible and no additional oxide grew during the test. Fig. 14 shows the GDOES spectra of the raw surface and the laser treated surface, recorded after exposure in nominal primary coolant. Both kinds of samples show globally similar concentration profiles, including an identical thickness of the modified layer of about 40 nm. As for the XPS results (Table 5), they agree with GDOES and also contribute to show that both kinds of samples come out of the loop test with more or less the same surface composition and profiles. The XPS analysis on the first ten nanometers were carried out before and after the test in the loop. After the test the detected metallic elements are all in an oxidized state. The molar fractions of metallic elements in Table 5 are such that %Cr + %Fe + %Ni + %Ti = 100%. There is a slight difference between Table 5 and Table 4 for the data relative to the raw samples before the Ni release experiment. We attribute this difference to the fact that for Table 5 the samples were electropolished.

The evolution of the raw sample during the loop test, as displayed by GDOES data of Fig. 7a and Fig. 14a, is quite significant. The amount of metal atoms that have been released into the solution is a completely negligible contribution to this evolution since, as discussed above, it is equivalent to a bulk material layer of about 0.0005 µm. Thus the evolution consists of two main trends: oxygen intake coming from the liquid and reorganization of the chemical elements, mostly Ni vs. Cr, in the surface layer, due to chemically assisted diffusion occurring simultaneously with the growth of an oxide layer. A possible interpretation of the final concentration profile is that chromium diffusion is slowed down by oxidation while nickel diffusion through the oxide layer remains efficient.

The same mechanisms are active in the LSM treated sample during the loop test but the GDOES profile before the loop test (Fig. 7b) already includes a subsurface Ni depletion and a Cr-enriched oxide layer. The evolution during the loop test consists mainly in a softening of the concentration gradients, especially that of Ni which decreases from a very high LSM induced value of 5%/nm down to 1.7%/nm after the loop test. Indeed the LSM affected thickness is about 8 nm, as sketched on Fig. 14b as a guide for the eye. (Note that its precise position along the horizontal axis is not known). We also note a conspicuous change of sign Fig. 12. Total nickel release during the three steps, as measured according to the protocol described in Section 2.4 and after integration over the respective step duration. of the Ni concentration gradient in the first 10 nm of the surface for which we have no explanation at this point.

If the GDOES profiles of Fig. 14 can be considered representative of the state of the samples at the end of the main stage of the loop test, their similarity is consistent with the similarity of the release rates of Fig. 13.

The Ni concentration at the extreme surface x Ni (0) does not correlate directly with the nickel release rate itself. For example for the LSM treated sample the release rate in the heating phase is significant while x Ni (0) = 0, whereas the release rate goes down to zero during the main stage while x Ni (0)≈20%. Another example is provided by the cooling phase where the raw sample releases 3 times more than the LSM treated sample while the surface compositions are similar. Thus other factors are involved in the release rate, which could be the microstructure, grain size, composition of the grain boundaries and speciation or chemical potentials of the elements.

Thus, while the beneficial influence of the LSM treatment is very clearly revealed in the loop test itself, an interpretation of this global result by a description in terms of microscopic mechanisms is still elusive.

It has been shown that the kinetics of cation release strongly depend on the density of structural defects located in the alloy subsurface region in specimens whose microstructure was perturbed by cold-work prior to the corrosion tests [START_REF] Carrette | Kinetics of corrosion products release from nickel-base alloys corroding in primary water conditions. A new modeling of release[END_REF]. Thus a possible contribution to the reduction in the Ni release rate after the LSM treatment could be a reduction of the defect density in the microstructure.

On the laser treated surface the exposure to nominal primary coolant increased the oxide layer thickness from 8 nm to 20 nm but the oxygen content at the surface decreased from 60% to 40%. The chromium enriched oxide layer before the exposure into the primary loop is indicated in blue in Fig. 14. The chemical composition of the oxide layer was also changed. The content of Ni underneath the surface rose, indicating the diffusion of Ni towards the previous chromium enriched oxide layer.

XPS analyses revealed that the metallic elements are oxidized as Ni 2+ , Cr 3+ and Fe 3+ . pointing to the formation of (Ni,Fe) spinels and (Ni, Cr) spinels on both surfaces (raw and LSM treated surfaces). The only difference was the emergence of Ni(OH) 2 on the raw surface and NiO on the laser treated surface, a fact which could be crucial in the interpretation of the difference in nickel release rates. This finding is not explained yet and deserves further investigation.

Precipitation of Ni(OH) 2 in the primary medium can explain the higher nickel released amount. However, on the laser treated surface, enriched in chromium oxide, NiO reacted with the Cr 2 O 3 giving NiCr 2 O 4 which healed the material from releasing more nickel in the medium.

Similar findings were obtained by Moeglen [START_REF] Moeglen | Modification of the surface reactivity of a nickel based alloy in order to limit the release of nickel in primary media of pressurized water reactors[END_REF]. Oxide growth mechanism for nickel alloys in hydrogen containing pressurized water has been modelled by numerous authors [START_REF] Carrette | Analysis and TEM examination of corrosion scales grown on Alloy 690 exposed to pressurized water at 325 • C[END_REF][START_REF] Marchetti | Corrosion of nickel-base alloys in primary medium of pressurized water reactors: New insights on the oxide growth mechanisms and kinetic modelling[END_REF][START_REF] Chen | The corrosion behaviour of alloy 690 tube in simulated PWR secondary water with the effect of solid diffusing hydrogen[END_REF] but those results are still insufficient to explain the impact of the oxide composition and structure on the speciation of nickel at the surface and particularly the selective formation of nickel hydroxide or nickel oxides. These observations would deserve further investigations.

Conclusions

Laser surface melting (LSM) treatment of alloy 690 was performed using a sub-microsecond pulsed laser. A set of operating parameters was identified that leads to a surface layer made of chromium oxide about 8 nm thick with a satisfactory surface state, no more than a few percents of nickel within the first nm and without any chromium depletion in the substrate. This treatment led to an overall reduction by a factor 3.7 of the total amount of Ni released in the standard 650 h test performed in the PETER loop simulating operating conditions of a nuclear reactor. During the heating phase, nickel release was reduced by a factor of 7. The time-resolved data allow us to predict that a 10 times longer exposure to the primary coolant at 325 • C and 15.5 MPa would lead to no measurable increase in the amount of nickel released. This is a very significant improvement over conventional surface treatments which illustrates the uniqueness of the laser as a means for bringing about a major change at the very surface without perturbing the bulk. An oxide layer is present with or without the LSM treatment but the protection it offers against nickel release is drastically improved by the LSM treatment.

Nickel release of the LSM treated surface in the coolant loop occurs almost exclusively during the heating and cooling phases. Thus in a pragmatic approach to the industrial problem the LSM treatment such as described here, by reducing the release rate during these critical phases by an order of magnitude, is a satisfactory solution.

Further work will address the relationship between the microstructure of the oxide layer and the residual Ni release rate during the transient heating and cooling phases. There remains several LSM treatment parameters which have not yet been investigated and could be tuned to improve on this behaviour. 

Table 5

Surface composition in oxidized species measured using XPS before and after exposure to the nominal primary coolant. The contributions are normalized so that %Cr + %Fe + %Ni + %Ti = 100%. 

Fig. 1 .

 1 Fig. 1. Overlap patterns describing the positions of the laser impacts on the sample surface for an overlap rate of a) 50% -b) 70% -c) 90%. Overlap is defined as the ratio of the distance between adjacent spot centers to the beam diameter. Only a few nearest neighbour laser impacts are represented. The raster scan sequence is intuitively illustrated by the solid and dashed lines. Neighbouring impacts are separated by 50 µs along X and between 10 ms and 100 ms along Y.

Fig. 2 .

 2 Fig. 2. Temperature and pressure in the simulated primary coolant loop vs. time.

Fig. 3 .

 3 Fig. 3. 3D representation of a laser impact with laser energy density 6.5 J/cm 2 observed with a white light interferometer : (1) central zone displaying a vertical depression, (2) external ring positioned above the initial surface level, (3) boundary of the molten zone, (4) outer surface.

Fig. 4 .

 4 Fig. 4. SEM micrographs of the laser treated surfaces. (a),(b) 2.9 J/cm 2 -50% overlap. (c),(d) 6.5 J/cm 2 -50% overlap . (e),(f) 3.6 J/cm 2 -90% overlap. Fig. 4b (resp 4d, 4f) is a zoom into the rectangle shown in Fig. 4a (resp 4c, 4e).

Fig. 6 .

 6 Fig. 6. SEM cross section of a laser treated surface with 3.6 J/cm 2 and 90% overlap. a) Overview showing the change of microstructure between the substrate and the molten zone. b) Zoom on the molten zone. Sublayers are clearly visible and have been chemically analyzed.

Fig. 7 .

 7 Fig. 7. GDOES chemical composition profiles along depth for Ni, Cr, Fe, O and the ratio of the Cr content over the Ni content. The dimensionless Cr/Ni values should be read using the labels on the vertical axis. a) Raw surface. b) Laser treated surface (treatment conditions: 3.6 J/ cm 2 and 70% overlap).

Fig. 8 .

 8 Fig. 8. (Cr/Ni) max vs. fluence for 50% overlap. Dispersion of the results is represented by the dot size.

Fig. 9 .

 9 Fig. 9. Oxide thickness (circles) and (Cr/Ni) max (pentagons) versus overlap at 3.6 J/cm 2 laser fluence. Dispersion of the results is represented by the symbol size.

Fig. 10 .

 10 Fig. 10. XPS Spectra of untreated surface and laser treated surface at 3.6 J/cm 2 laser fluence and 70% overlap : a) overview of the spectra, b) zoom on the (Ni) oxide peak, c) zoom on the (Cr) oxide peak.

Fig. 11 .

 11 Fig. 11. Composition of aerosols collected on filters during LSM under Ar atmosphere and analysed by ICP-OES plotted versus laser energy energy, for 3 values of overlap O. Each data point is an average over 6 experiments. a) Iron weight fraction. b) Chromium to nickel weight fraction ratio Cr/Ni.

Fig. 13 .

 13 Fig. 13. Nickel release during the main stage as a function of time, as measured according to the protocol described in Section 2.4.

Fig. 14 .

 14 Fig. 14. GDOES chemical compositions profiles after exposure to the nominal primary coolant. (a) Raw surface. (b) Laser treated surface. Treatment conditions: 3.6 J/ cm 2 and 70% overlap.

Table 1

 1 Chemical composition of alloy 690 (wt. %) used in present study (measured by ICP-OES).

	Elements	Ni	Cr	Fe	Mn	Si	Cu	C	Ti	Al
	wt% ± 3%	61.14	28.52	9.43	0.25	0.32	0.004	0.02	0.15	0.17

Table 2

 2 Laser parameters.

	Laser properties		
	Frequency	20	kHz
	Pulse duration	140	ns
	Wavelength Energy density	1060 2.9-6.5	nm J/cm 2
	Peak power	2500-5700	W
	Beam diameter	125	µm

Table 3

 3 Chemical composition of the simulated primary medium running in PETER.

	Element	Concentration (mg/kg)
	Li	1.75
	B Cl -SO 4 2-	993 >0.02 >0.02
	water	(balance)

  and 70% overlap.

	Raw	Oxide	Metal
	Ni	25	68
	Cr	75	32
	Laser treated	Oxide	Metal
	Ni	0	45
	Cr	100	55
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