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samples oxidized in pure steam, except at 1200 and 1250 K, the "breakaway" kinetic transitions do not occur and the open porosity remains negligible along the oxidation process. However, for all other samples, corroded in air-steam or oxidized in pure steam at 1200 or 1250 K, "breakaway" transitions are observed and the porosimetries show that the open porosity increases along the corrosion process, proportionally to the mass gain. Moreover, it was evidenced that the pore size distribution of ZIRLO ® samples significantly extends during corrosion, especially after "breakaway" transitions.

Indeed, the detected pore sizes ranged from 60 μm down to around: 2 μm before the transition, 50 nm just after and 2 nm longer after.

Finally, a two-step numerical model was developed in the MAAP code to improve its simulation of the cladding oxidation. First, thanks to the proportionality between open porosity and mass gain of cladding samples, porosity correlations were implemented for each tested corrosion condition. Second, the calculated porosity values are used to proportionally enhance the cladding oxidation rate. This improved model thus simulates not only chemical reactions of Zr-based claddings (oxidation and nitriding) but also their mechanical degradation and its impact on their oxidation rate. It was validated by simulating QUENCH tests (-06, -08, -10 and -16), conducted at KIT to study the behavior of claddings in accidental conditions with a final reflooding. These simulations show a better cladding thermal behavior and a hydrogen production significantly higher and so closer to experimental values, in particular during the reflooding.

Résumé

En centrales nucléaires, un accident grave est une séquence très peu probable d'événements durant laquelle des composants du réacteur sont significativement endommagés, par interactions chimiques et/ou fusion, à cause de très hautes températures. Cela peut mener à des rejets radiotoxiques dans l'enceinte et à une entrée d'air dans le réacteur. Dans ce contexte, cette thèse menée chez EDF R&D visait à modéliser la détérioration du gainage combustible, en alliages de zirconium, en conditions accidentelles : haute température et soit vapeur soit mélange air-vapeur. L'objectif final était d'améliorer la simulation par le code MAAP de l'oxydation du gainage et de la production d'hydrogène, en particulier pendant un renoyage avec de l'eau.

Dû à l'épaississement progressif d'une couche de ZrO 2 dense et protectrice, la cinétique d'oxydation du Zr en vapeur à hautes températures est généralement (sous-)parabolique. Cependant, à certaines températures, cette couche d'oxyde peut se fissurer, devenant poreuse et non protectrice. Par ce processus de « breakaway », la cinétique d'oxydation devient plus linéaire. De plus, l'augmentation de température peut mener les matériaux du réacteur à fondre et à se relocaliser dans le fond de cuve dont la rupture peut induire une entrée d'air dans le réacteur. Dans ce cas, l'oxygène et l'azote réagissent avec les gaines pré-oxydées, successivement par oxydation du Zr (épaississant la couche de ZrO 2 ), nitruration du Zr (formant des particules de ZrN) et oxydation du ZrN (créant de l'oxyde et relâchant de l'azote). Ces réactions auto-entretenues relancent la fissuration du gainage et de sa couche de ZrO 2 , induisant une hausse de sa porosité ouverte.

Afin de quantifier cette porosité du gainage, un innovant protocole expérimental en deux étapes a été défini et appliqué : il consistait à soumettre des échantillons de gainage en ZIRLO ® à diverses conditions accidentelles pendant plusieurs durées puis à des mesures de la porosité ouverte par porosimétrie par intrusion de mercure. Les conditions de corrosion comprenaient plusieurs températures allant de 1100 à 1500 K ainsi que de la vapeur et un mélange air-vapeur 50-50 %mol.

Pour les échantillons de ZIRLO ® oxydés en vapeur, sauf à 1200 et 1250 K, les transitions de cinétique n'ont pas lieu et la porosité ouverte reste négligeable au cours de l'oxydation. Cependant, pour les autres échantillons, corrodés en air-vapeur ou oxydés en vapeur à 1200 ou 1250 K, des transitions « breakaway » sont observées et les porosimétries montrent que la porosité ouverte augmente au cours de la corrosion, proportionnellement au gain en masse. De plus, il a été mis en évidence que la distribution de tailles de pores des échantillons de ZIRLO ® s'étend significativement pendant la corrosion, en particulier après « breakaway ». En effet, ces tailles vont de 60 μm à environ : 2 μm avant la transition, 50 nm juste après et 2 nm plus longtemps après.

Enfin, un modèle numérique en deux étapes a été développé dans le code MAAP pour améliorer sa simulation de l'oxydation du gainage. D'abord, grâce à la proportionnalité entre porosité ouverte et gain en masse des échantillons, des corrélations de porosité ont été implémentées pour chaque condition de corrosion. Ensuite, les valeurs de porosité calculées sont utilisées pour augmenter proportionnellement la vitesse d'oxydation du gainage. Ce modèle amélioré simule ainsi non seulement les réactions chimiques des gaines en Zr (oxydation et nitruration) mais aussi leur dégradation mécanique et son impact sur leur vitesse d'oxydation. Ceci a été validé en simulant des essais QUENCH (-06, -08, -10 et -16), conduits au KIT pour étudier le comportement de gaines dans des conditions accidentelles avec un renoyage final. Ces simulations montrent un meilleur comportement thermique du gainage et une production d'hydrogène significativement plus haute et donc plus proche des valeurs expérimentales, en particulier pendant le renoyage. 
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General introduction

In Nuclear Power Plants (NPP), a Severe Accident (SA) is a very unlikely sequence of events during which components of the reactor core get significantly damaged, by partial melting and/or strong oxidation, because of very high temperatures. Such a sequence may induce failures of the reactor vessel and even of the containment building, potentially leading to radiotoxic releases in the environment. Despite very low frequencies of occurrence, three SA have already occurred in NPP over the world since the beginning of the civil nuclear industry in the fifties. Indeed, chronologically, one happened at Three Mile Island (USA) in 1979, one at Chernobyl (ex-USSR) in 1986, and the last one at Fukushima (Japan) in 2011.

These detrimental events have led the designers, builders and operators to improve the safety of NPP by different ways. First, the concept of "defense in depth" was progressively developed to ensure, by redundant means, resistance and effectiveness of safety barriers in all circumstances. Second, the accident management procedures, previously based on the suspected events and so requiring analyzes from operators, were re-defined as directly depending on the real reactor state (integrity, decay heat, pressures, temperatures, criticality, or water levels) in order to minimize the risk of human errors. Third, various SA research projects were initiated, especially by the concerned states and companies. For instance, in the USA in 1980, the MAAP (Modular Accident Analysis Program) code was developed, being designed to simulate various incidental and accidental transients, in order to better understand, prevent and mitigate them. Since that time, this simulation code has been continuously improved, supporting and being supported by safety-related and accident-related R&D projects. Being designer, builder and/or operator of numerous NPP in France and abroad, EDF decided to get a MAAP development license in 1991. The objectives were and still are for EDF to adapt the code to its own nuclear Pressurized Water Reactors (PWR) and to participate in maintaining the code to the international state-of-the-art, in order to realize specific model developments and precise accident simulations. This also helps answering faster and better to the questions raised by the French nuclear safety authority (ASN, Autorité de Sûreté Nucléaire).

During a hypothetical SA sequence in a PWR core, one of the most critical phenomena is the progressive corrosion of the first safety barrier which consists of nuclear fuel claddings made of zirconium alloys. Indeed, at high temperatures in vaporized steam, or potentially in air-steam mixtures (due to reactor vessel failure), or eventually under large liquid water flux (due to reactor core reflood), their corrosion process gets faster and more complex. This has two main consequences from the safety viewpoint: release of the potentially detonating hydrogen gas, and deterioration of the claddings which may crack, break, and hence release radioactive compounds. This release, both of hydrogen and radioactivity, is called Source Term (ST) and constitutes a crucial issue in the frame of SA-related studies. It is therefore essential to investigate, understand and correctly model this corrosion process of Zr-based fuel claddings: this is a prerequisite to realize correct SA simulations and so accurate ST predictions.

Up to now in the MAAP code, the numerical models devoted to the simulation of Zr-based cladding corrosion rely solely on mass gain correlations, determined through series of corrosion experiments in various conditions. Indeed, since the oxidation process corresponds to an oxygen uptake, it is associated with a progressive mass gain which can be measured in a thermo-balance and which is proportional to the oxidation progress. Such correlations provide quite good predictions of oxidation kinetics, especially in pure steam. However, they do not simulate the formation of several phases and layers across the cladding thickness, and they do not take into account the mechanical degradation of Zr-based claddings, particularly intense in air-steam mixtures or large liquid water flux. Consequently, during particular accidental sequences involving air ingress into the reactor vessel or core reflooding with liquid water, the MAAP code may underestimate both the cladding degradation and the hydrogen production, and so the ST. The numerical models based solely on mass gain correlations are then insufficient to precisely simulate the cladding corrosion process. Therefore, several PhD theses were initiated and led at EDF R&D since 1998 in the framework of SA studies, successively about the modeling of: the hydrogen production during a core reflooding [1] (defended in 2001), the impact of a top reflooding especially on the oxidation of U-Zr-O mixtures [2] (defended in 2006), and the consequences of an air ingress into the reactor vessel on the ST [3] (defended in 2010). Later on, the present PhD thesis has started in November 2013 in the framework of MAGESTIC, a research project of EDF R&D about potential nuclear SA. Through large literature and experimental investigations, the final objective of this thesis work was to improve in the MAAP code the simulation of the hydrogen ST release, in particular at initiation of a core reflood with water. It was then necessary to improve the modeling of the cladding corrosion process under nuclear SA conditions in a nuclear PWR core.

In practice, the PhD time period was roughly divided into three successive phases. First, a wide literature review was aimed at understanding and classifying all detrimental phenomena involved in the corrosion of Zr-based fuel claddings in SA conditions. Then, through a contractual partnership between EDF and the Karlsruhe Institute of Technology (KIT), several series of two-step experiments were conducted, using KIT's facilities, to characterize and quantify the deterioration of Zr-based claddings, and to precisely describe the influence of experimental conditions (temperature and atmosphere) on this deterioration. Finally, thanks to these quantitative data, new numerical models were developed in the MAAP code in order to improve: its modeling of the cladding corrosion process, its simulation of the hydrogen production, and so its predictions of the ST. As a consequence of this three-phase organization, the present thesis document includes three major parts: literature review, experimental investigations, and modeling results.

After this general introduction (1), a short part presents the industrial context of this thesis work (2). First, the general operation of PWR is explained, with focuses on French facilities and fuel assemblies (2.1). Second, the usually considered sequence leading to SA is described, together with the classification of safety significant events and the safety principles applied to avoid and mitigate them (2.2). Third, the general operation of the MAAP code is presented, as well as the objectives of this work and the methodology that was applied (2.3).

Then, the first major part of this thesis document summarizes the wide literature review realized about Zr-based fuel cladding alloys and their behaviors in SA conditions [START_REF] Beuzet | Modélisation des conséquences d'une entrée d'air en cuve sur le calcul du Terme Source en accident grave[END_REF]. Indeed, it starts with a brief description of zirconium alloys that are used throughout the world as cladding material of nuclear fuels (3.1). The two following subparts respectively deal with the oxidation process of Zr-based claddings in water and steam (3.2), and with the impact of air ingress on the cladding degradation (3.3). In both subparts, the occurring chemical reactions are listed, the layer growth mechanisms and deterioration phenomena are described, and the influence of the temperature on reaction kinetics is discussed. The objective of such a literature review was to identify the most important phenomena and hence to know which ones have to be experimentally studied and numerically modeled.

In the wake, the second major part justifies, describes and analyzes the experimental investigations conducted at KIT in the frame of this thesis work [START_REF] Raffin | Fonctionnement d'une centrale REP[END_REF]. Indeed, following the conclusions of the literature review, several experiments were identified as necessary to quantify the deterioration of Zr-based claddings submitted to various SA conditions, and also to study the influence of these conditions (temperature and atmosphere) on the results. A pioneering two-step experimental protocol (4.1) was then defined, and tested with KIT's facilities: classical corrosion tests of Zr-based cladding samples in a first time, and innovative porosimetry by mercury intrusion of the previously corroded samples in a second time. The two following subparts present the results obtained for samples respectively submitted to pure steam (4.2), and to air-steam mix (4.3). In both of them, the influence of the temperature is discussed, and the identification of porosity correlations is explained. In the last subpart, comparisons between the two atmospheres are made, some results are discussed, and porosity increase rates are finally determined for all experimental conditions (4.4).

Finally, the third major part presents the modeling and simulation work performed in the frame of this PhD thesis [START_REF] Coppolani | La chaudière des réacteurs sous pression[END_REF]. First, the modeling in the MAAP code is described (5.1), with focuses on: the current model simulating the oxidation of Zr-based claddings, the implementation of a chemical nitriding model, and the development of a porosity model based on the experimental data previously obtained. Then, the semi-integral QUENCH experimental facility of the KIT is described and the main conclusions from the global QUENCH test matrix are listed (5.2). Afterwards, some of the QUENCH experiments are simulated to evaluate, both qualitatively and quantitatively, the contribution of the developed and implemented models on various results: the cladding porosity and temperature (over time and elevation) and the hydrogen production over time (5.3).

At the end of the present PhD document, general conclusions and perspectives for the future will be summarized [START_REF]The EPR key's assets to support a strategic choice[END_REF].

Industrial context and objectives

Before going into details of the various corrosion processes of zirconium alloys under SA conditions, it is worth to present the industrial context in which such conditions may take place. Therefore, this part first presents the general operation of nuclear PWR, focuses on French reactors, and describes the nuclear fuel assemblies (2.1). Applied to avoid any incidents or accidents and to mitigate their consequences, the safety principles are then described, just before the official classification of safety significant events and the usually considered SA sequence (2.2). Finally, this part describes the MAAP code, specifies the objectives of this PhD work, and presents the procedure commonly used to develop, implement and validate new models in MAAP (2.3).

Pressurized Water Reactors

In this subpart, the basic principles of NPP are given and their main characteristics are listed. Then, the general operation of PWR is described, quantitatively based on EDF reactors. Finally, the nuclear fuel and the different elements of French fuel assemblies are presented in detail.

General operation and characteristics

Like classical thermal power plants (using coal, gas or oil), a NPP first consists in burning a fuel in a reactor to heat a transfer fluid which brings thermal energy to a boiler. The generated water steam passes through a turbine coupled with an alternator, which produces electricity. Finally, the water steam reaches a condenser and comes back under its liquid form to the boiler. This continuous cycle is the basis of the electricity generation in all power plants.

But in the reactor of a NPP, the fuel is composed of fissile isotopes (instead of coal, gas or oil) which are susceptible, under neutron flux, to disintegrate into several smaller moving particles: successively two fission fragments, two or three neutrons, and eventually photons. All of them will participate in heating their environment, and the neutrons will induce new disintegrations, leading to a self-sustained fission chain reaction which is the fundamental principle of the energy production in all NPP.

There exist several kinds of nuclear reactors. They differ in three main elements: the fuel composition (fissile isotope(s), enrichment(s), chemical form(s), and their proportions), transfer fluid characteristics (nature and conditions) and moderator characteristics (materials and conditions). PWR use lightly enriched uranium as main fissile isotope, and ordinary light water both as transfer fluid and moderator.

French reactors

Three main PWR classes exist in the second generation of French reactors. Their respective output powers are 900 MWe (34 reactors), 1300 MWe (20 reactors) and 1450 MWe (4 reactors). Additionally, four European Pressurized Reactors (EPR, third generation) of 1600 MWe are currently being built: one at Flamanvile (France), one at Olkiluoto (Finland), and two at Taishan (China). Since all of these NPP are based on the same initial design, and thanks to a repeated use of standard materials and components, they exhibit a very high degree of standardization. However, due to improvements from a class to the next one, there exist some slight differences between the three PWR classes. Following descriptions will refer to characteristics of the last variant of PWR: the 1450-MWe class.

[4, 5]

A French nuclear PWR facility, as EDF builds and operates, is constituted of two main systems, as exposed in Figure 1: the Primary Circuit (PC) and the Secondary Circuit (SC). The connections between PC and SC consist in the four steam generators in which the water from PC (called primary water) transfers thermal energy to the water from SC (called secondary water). It is worth to note that only heat is transferred: there is no matter exchange between the two circuits, so that the contaminated primary water does not contaminate the secondary water. The PC is composed of four parallel closed loops containing ordinary water (in red on Figure 1), which fulfills two objectives: heat transfer and neutron moderation. Indeed, on one side it transfers the heat produced by fission reactions from the unique reactor core to the four steam generators, and on another side it slows down the released neutrons so that they are more likely to cause new fissions. Additionally, this water contains a slight boron concentration, which participates, together with control rods, in regulating the fission chain reaction. Finally, one can notice that primary water is kept moving by one electric motor-powered pump per loop, and is highly pressurized to remain in the liquid state and hence keep its cooling efficiency. The pressurizer, connected to one of the four loops, controls and adjusts the pressure up to 15.5 MPa in normal operation, which also allows using liquid water at higher temperatures: around 292 °C at the reactor core inlet and 330 °C at its outlet. [4 -7] The SC also consists in four parallel closed loops, containing water too, but under two phases: liquid (in blue on Figure 1) or gas (in green on Figure 1), depending on the location. Indeed, liquid water enters steam generators, absorbs heat and hence evaporates into saturated steam. As in any power plants, this steam is dried and then driven from the four steam generators to a unique turbine and makes it turning, which produces electricity via a generator. Finally, a condenser cools the gaseous water down to its liquid form, and another pump sends it back to steam generators. [4 -7]

Actually, the condenser belongs to a tertiary open circuit which contains ordinary water coming from a cold source like an ocean or a river, potentially supported by an air cooling tower system. This circuit allows not only condensing the secondary steam but also removing the excess energy that is produced and not converted into electricity. Indeed, the yield of 1450-MWe PWR is around 36 %, which means a thermal power of more than 4000 MW is produced. [4 -7]

Finally, French NPP currently operated by EDF are composed of eight buildings. The two main ones are the engine room which comprises the turbine, the alternator and the condenser, and the reactor building which contains the steam generators and the PC: pumps, pressurizer and nuclear reactor. 

Fuel assemblies

In PWR, as in BWR (Boiling Water Reactors), the fissile fuel is made of uranium, used in the form of uranium dioxide UO 2 mainly because it has better resistances both to temperature (higher melting point) and to irradiation (higher lattice stability) than uranium metal. Unfortunately, natural uranium contains 99.3 % of fertile nuclei (U238) and only 0.7 % of fissile ones (U235). Therefore, uranium has to be slightly enriched up to 3-4 % of U235 in order to reach a sufficiently high density of fissile nuclei, necessary for maintaining the nuclear chain reaction. In 22 of the 34 French 900-MWe PWR, another nuclear fuel can be used in addition to classical pure UO 2 : a mixture of plutonium dioxide (PuO 2 , up to 7-9 %) and uranium dioxide (UO 2 , down to 91-93 %), usually called Mixed OXide (MOX) fuel. [START_REF] Raffin | Fonctionnement d'une centrale REP[END_REF][START_REF] Coppolani | La chaudière des réacteurs sous pression[END_REF][START_REF]Les combustibles nucléaires -Le combustible des réacteurs à eau[END_REF] The main drawback of U dioxide is its low thermal conductivity (five times lower than for U metal). Therefore, this nuclear fuel compound has to be used as very fine (not bulky) elements. In practice, small cylindrical UO 2 pellets, of 8.2 mm diameter and 13.5 mm height, are stacked inside claddings (300 pellets in each). This set constitutes the fuel rods, with active heights of around four meters, as schematized in Figure 2 (left). Then, fuel assemblies are made of 264 fuel rods plus 25 control rods (24 guide tubes and 1 central instrumentation tube), held together thanks to 10 spacer grids which also ensure the mechanical strength of assemblies, as shown in Figure 2 (center and right). The claddings have an external diameter of 9.50 mm and a thickness of 0.57 mm. They are made of metal alloys containing more than 97 wt% zirconium, because such Zr-based alloys have several decisive properties, as explained further (3.1). It is worth adding that their exact composition also matters, because each alloying element has both positive and negative effects on the general cladding material properties, and especially on its resistance to corrosion phenomena. [4, 5, 7, 8]

Safety and accidents

Claddings surrounding the nuclear fuel pellets participate in containing the radioactivity, but are not sufficient to ensure the safety of PWR. This subpart first presents the safety principles applied in NPP to prevent any incidents or accidents and to mitigate their consequences. The official classification of safety significant events and the usually considered SA sequence are then presented.

Safety principles

The chain fission reaction taking place in nuclear reactors creates large amounts of radiotoxic products from which the environment and people must be protected. Indeed, as previously mentioned, each generation of the chain reaction releases highly energetic particles: especially fission products, neutrons and photons. This leads the operators to solve three main problems simultaneously and permanently: [4, 6, 10]

-To control the reactivity (neutron number ratio between a generation and the next one); -To cool down the fuel (including after the chain reaction has stopped to remove residual heat); -To confine radiotoxic fission products (including if the decay heat cannot be totally removed).

The fulfillment of these three safety functions relies on two main principles: existence of safety barriers and application of "defense in depth" principles.

Firstly, three physical protective barriers are placed between the nuclear fuel and the environment in order to ensure the radioactivity containment at all times, as schematized in Figure 3. One can easily distinguish:

-1. The fuel cladding, made of Zr-based alloys and surrounding the nuclear fuel pellets;

-2. The metallic enclosure of the whole PC, which includes all primary pumps and tubes, the pressurizer and the reactor vessel (containing core with fuel assemblies); -3. The thick concrete containment of the reactor building, which encloses safety systems, steam generators, and the reactor vessel as well as the whole PC.

Secondly, the concept of "defense in depth" aims at ensuring, in all circumstances, resistance and effectiveness of these three safety barriers previously listed. Thanks to experience feedback analyzes, this safety concept is continuously improved and refined. Briefly, it consists in:

[10, 11]
-Identifying all potential threats to the integrity of safety barriers, by considering numerous circumstances, ranging from classical transients in normal operation, to incidental or accidental sequences (and including not only equipment failures and human errors within the NPP but also potential hazards coming from outside the NPP);

-Creating successive levels of defense in order: to ensure normal operation, to minimize the risk of any abnormal events, and to limit their consequences if they occur anyway.

The Table 1 summarizes the five successive safety levels constituting the "defense in depth" in current French PWR, the objectives and the essential means of each level. The "defense in depth" concept relies on the independence and the redundancy of the safety systems, in order to ensure that a single failure at one level would not propagate to subsequent ones, and that even a combination of simultaneous failures at several levels would not lead to direct irradiations or radioactive contaminations of people. Initially, only the first three levels did exist, corresponding at most to Design Basis Accidents (DBA). Then, to consider potential SA, the "defense in depth" evolved by including (like for the conception of EPR): consideration of external hazards, more monitoring and diagnostic tools, quality assurance, and automation of accident management actions. Moreover, as mentioned in introduction, to minimize the risk of human errors, the accident management procedures were re-defined as depending on the real reactor state (integrity, decay heat, pressures, temperatures, criticality, or water levels), and do not require analyzes from operators anymore. -In March 2011 at the Fukushima-Daiichi NPP (Japan), a big earthquake followed by a tsunami caused a triple SA (in three of the six BWR) which was rated on level 7 of the INES.

These events proved that such low frequencies cannot be neglected, and nuclear SA must be studied, modeled, simulated and analyzed, in order to be better understood, prevented and mitigated.

Usually considered Severe Accident sequence

In the framework of most of SA researches, the usually considered scenario starts with a hypothetical Loss-Of-Coolant-Accident (LOCA) which is a DBA: a breach of the PC (second protective barrier) is supposed to induce a loss of the primary cooling water. In such conditions, the reactor would be automatically shut down by the drop of control rods, the neutron fission power would reach zero very fast, and only the decay heat power should be removed. This decay heat, whose evolution over time is presented in Table 2, is due to the particles emitted by radioactive fission products and actinides, and especially, during the first minute, to the delayed neutrons which cause residual fissions.

Table 2: Temporal evolution of the decay heat after the drop of control rods [from 4]

It is worth having in mind that for a 1450-MWe French PWR, this decay power is still around 200, 20 and 2.4 MW respectively 1 minute, 1 day and 1 year after the automatic drop of control rods.

[4]

If safety systems work and succeed in removing this heat in time, the reactor core and its nuclear fuel assemblies remain globally covered, almost no hydrogen is produced and almost no radioactivity is released: the LOCA remains a DBA. On the contrary, in case of safety system failure(s) and/or human error(s), this decay power would heat the fuel assemblies until vaporization of the water in contact. Therefore, the nuclear reactor core would progressively uncover, and the superheated steam would oxidize the different core materials, especially the zirconium of fuel claddings, as detailed further (3.2):

𝐙𝐫(𝐬) + 𝟐 𝐇 𝟐 𝐎(𝐠) ∆𝐇 = -𝟔𝟎𝟎 𝐤𝐉.𝐦𝐨𝐥 -𝟏 → 𝐙𝐫𝐎 𝟐 (𝐬) + 𝟐 𝐇 𝟐 (𝐠) (E1)
From a safety point of view, this exothermic reaction has three dangerous consequences:

-A hydrogen release in the form of H 2 (g), potentially detonating gas compound;

-An impairment, due to the change from Zr to ZrO 2 , of claddings which are the first barrier;

-A heat production of around 600 kJ.mol -1

(Zr), which increases the temperature in the reactor.

If the total heat, from both nuclear and chemical reactions, is not sufficiently removed, the temperature rise may cause a faster oxidation and even a melting of central core components: the LOCA would turn into a SA. The corium, a mixture of these molten materials, would progressively relocate down to the lower head of the reactor vessel, hence forming a thermo-mechanical load which could lead to the failure of the second safety barrier. These steps are schematized on Figure 5. The last event, vessel failure, would have in turn two main consequences:

-Release of radiotoxic compounds from the vessel out to the reactor building;

-Air ingress from reactor building into the vessel through a chimney effect.

Consequently, air-steam mixtures could react with still solid core components like peripheral Zr-based claddings. This reaction is more exothermic and more heterogeneous than in pure steam, because both oxygen and nitrogen react with the zirconium of fuel claddings, as detailed further (3.3):

𝐙𝐫(𝐬) + 𝐎 𝟐 (𝐠) ∆𝐇 = -𝟏𝟏𝟎𝟎 𝐤𝐉.𝐦𝐨𝐥 -𝟏 → 𝐙𝐫𝐎 𝟐 (𝐬) (E2) 𝐙𝐫(𝐬) + 𝟏 𝟐 𝐍 𝟐 (𝐠) ∆𝐇 = -𝟑𝟕𝟎 𝐤𝐉.𝐦𝐨𝐥 -𝟏 → 𝐙𝐫𝐍(𝐬) (E3)
Additionally, the cooling effect of air is lower in comparison with steam. Therefore, air ingress strongly accelerates both heating and degradation of Zr-based fuel claddings. The only positive effect compared to oxidation by steam is that reactions in air-steam mixtures produce almost no hydrogen gas, which reduces the risk of hydrogen detonations. [15 -18]

Finally, if safety systems are recovered, the SA management guide recommends in most of situations to reflood the reactor core with liquid water in order to stop the accident progression. However, before reaching the intended cooling effect, this action may temporarily enhance again the zirconium oxidation by water and thus cladding deterioration as well as hydrogen production, increasing the ST.

Objectives and methodology

Despite the high safety level of EDF facilities, SA could occur in PWR. It is therefore crucial to study, model, simulate and understand such accidental sequences. This subpart successively describes the MAAP code, the PhD objectives, and the procedure applied to implement and validate new models.

MAAP code and PhD objectives

In the wake of the first known nuclear SA in NPP, at EDF has a MAAP license with code sources since 1991 in order to: adapt the geometry to its own PWR facilities, develop its own numerical models, and realize its own studies. Some models currently implemented in the official MAAP5 version were initially developed and proposed by EDF. [1, 2, 3]

The MAAP code has several main properties:

[19]
-It is an integral code because it allows simulating a full incidental or accidental sequence in a full PWR (whole PC, safety systems, all buildings…), and nevertheless calculation times are very short (from some minutes up to some hours).

-It is a modular code because it works with numerous modules: each of them is used in certain conditions, concerns a certain part of the PWR, and contains numerical models simulating one or several physical phenomena (like mass and heat transfers, chemical reactions, corium relocation, or temporal and spatial evolution of fission products).

-It is a nodal code because for each control volume, conservation equations of mass and internal energy are considered in the form of a first order differential system and are solved by an Euler explicit numerical scheme. However, MAAP considers quasi-steady flows and thus momentum equations only consist in non-differential Bernoulli equations.

The reactor core is axi-symmetrically modeled, and users can choose, in the current MAAP5 version, up to 7 radial channels and 100 axial meshes.

[19]

Concerning the corrosion process of Zr-based fuel claddings, the numerical models dedicated to its simulation relied solely on mass gain correlations. Such models are developed through the systematic analysis of series of corrosion experiments, performed under various conditions (temperatures and atmospheres) inside thermo-balances. Indeed, since the oxidation process corresponds to an oxygen uptake, it is associated with a progressive cladding mass gain which is measurable and proportional to the oxidation progress. These mass gain correlations provide quite good predictions of oxidation kinetics, especially in pure steam, as further explained (5.1.1).

However, they do not simulate two phenomena that are crucial in the cladding corrosion process and particularly intense under air-steam mixtures or in large liquid water flux:

-The progressive formation of several chemical phases and layers across the cladding thickness, which is critical regarding the evolution of cladding thermo-mechanical properties;

-The mechanical deterioration of Zr-based fuel claddings: appearance of porosity, creep of the metal, cracking of the oxide, potential nitriding process, or spalling phenomena.

Consequently, these numerical models based solely on mass gain correlations were not sufficient to precisely simulate the cladding corrosion process, in particular during accidental sequences involving vessel failure with air ingress into the reactor or core reflooding with liquid water. During such sequences, only the use of artificial multiplications of the oxidable surface by arbitrary factors enabled the MAAP code to: indirectly take into account the cladding deterioration, properly simulate the hydrogen production, and so correctly predict the ST.

In this context, the present PhD thesis work precisely aimed at improving the simulation of the hydrogen ST release by the MAAP code, in particular at initiation of a core reflood with water. It was then necessary to improve the modeling of the cladding corrosion process in SA conditions.

In practice, the PhD time period was roughly divided into three successive phases:

-First, a wide literature review allowed to understand and classify all detrimental phenomena involved in the corrosion of Zr-based claddings under SA conditions in a nuclear PWR, and potentially to identify additional necessary experiments (part 3).

-Second, through a contractual partnership between EDF and KIT, several series of innovative two-step experiments were conducted, using KIT's facilities, to characterize and quantify the deterioration of Zr-based claddings, and to precisely describe the influence of experimental conditions (temperature and atmosphere) on this deterioration (part 4).

-Third, based on these quantitative data, new numerical models were developed in the MAAP code in order to improve: its modeling of the cladding corrosion process, its simulation of the hydrogen production, and so its predictions of the ST (part 5).

Usual development procedure

At EDF and elsewhere, in the frame of SA-related investigations, most of model developments follow the same two-phase procedure, which is based on two kinds of experimental tests:

-New numerical models are created through an accurate analysis of results from series of numerous small-scale Separate-Effect Tests (SET);

-These new models are then validated through comparisons between the results they predict and results from some larger-scale semi-integral experiments.

Afterwards, the developed and validated models may finally be used to simulate overall accidental scenarios, as schematized on Figure 6. 

Summary

This short part allowed to understand the industrial context in which this PhD thesis was included, through the presentation of French PWR (general operation, main components, claddings and safety principles) and the description of SA sequences (potential events and complex conditions to which claddings may be submitted).

Indeed, the general operating principles of PWR have been explained first, with detailed focuses on characteristics of French facilities. Moreover, the nuclear fuel assemblies have been described: the spacer grids holding together control rods and fuel rods, and the nuclear fuel pellets made of enriched uranium (and plutonium) dioxides and stacked inside claddings made of zirconium alloys.

Then, this first part has also presented the safety principles applied in NPP to prevent any incident or accident and to mitigate their consequences. In particular, the concept of "defense in depth" has been explained: it aims at limiting the progression and consequences of a potential SA by ensuring in all circumstances resistance and effectiveness of the three safety barriers (nuclear fuel cladding made of Zr alloys, metallic enclosure of the whole PC, and thick concrete containment of the reactor building). Moreover, the usually considered SA sequence has been specified: breach of the PC plus failure of safety systems, core uncovery, degradation of central core components, potential vessel failure with possible air ingress, and acceleration of the core degradation.

Finally, the general operation, characteristics (integral, modular, nodal), and main approximations of the MAAP code have been described, together with the usual development procedure applied to create (through the interpretation of small-scale tests), validate (comparisons of results with semiintegral experiments) and industrialize (through application on overall accidental scenarios) new numerical models.

Zr-based claddings in Severe Accident conditions

Before describing the behavior of Zr-based fuel claddings under SA conditions, this first major part briefly presents the zirconium element and the different zirconium alloys used around the world (3.1). Afterwards, it deals with the general oxidation process of Zr-based claddings in water and steam, through presentations of: the cladding-H 2 O interaction, the formation and degradation of the oxide layer, and the global oxidation kinetics of claddings (3.2). The third subpart then precisely specifies the impact of air ingress on Zr-based claddings: the reactions between Zr and air molecules, the effects of N 2 -containing mixtures, and the global corrosion kinetics of claddings (3.3).

Zirconium alloys of fuel claddings

In French PWR, the historically used Zr alloys are zircaloys, but more recent ones exhibit higher performances and are progressively employed, not only in France but also abroad. This short subpart presents the zirconium element and the main Zr-based alloys used as nuclear fuel cladding material.

The zirconium element

Zirconium is a chemical element whose atomic number is [START_REF] Abriata | The O-Zr (Oxygen-Zirconium) system[END_REF] Under atmospheric pressure, the zirconium element exists in two allotropic phases: the hexagonal closed-packed alpha-phase (shortened α-Zr or α-Zr(O)) and the body-centered cubic beta-phase (shortened β-Zr). For pure zirconium under atmospheric pressure, the allotropic transition from the first phase to the second one happens at 864 °C. In addition to these two allotropic phases, a third one may exist at very high pressure: the hexagonal omega-phase (shortened ω-Zr). For pure zirconium at room temperature (20 °C), the allotropic transition from α-Zr to ω-Zr occurs above 2.2 GPa, much higher than the primary pressure of French PWR core conditions (around 300 °C and 15.5 MPa). Indeed, in these conditions the existing allotropic phase is α-Zr, which has a good thermo-mechanical behavior and high resistances both to irradiation and to corrosion in water. [27 -30]

The zircaloys

Since zirconium is transparent for thermal neutrons, not too expensive, resistant to irradiation, chemically stable and mechanically resistant, in particular at high temperatures, then the Zr-based alloys are widely used as fuel cladding materials in nuclear reactors, especially in industrial ones.

The first zirconium alloys used in French PWR are called zircaloys. So far, four versions have been designed, produced and used as nuclear fuel cladding materials: Zircaloy-1 (Zry-1), Zircaloy-2 (Zry-2), Zircaloy-3 (Zry-3) and Zircaloy-4 (Zry-4), whose alloy compositions are given in Table 3.

Table 3: Alloy composition of zircaloys (with Zr as balance) [from 25, 26, 31 -34]

All zircaloys are Sn-bearing Zr-based alloys. Indeed, 2.5 wt% tin was added in Zry-1 to counteract the negative effects of external aggressive water and internal dissolved nitrogen which both degrade mechanical properties of zircaloys. However, since tin also favors the oxidation process, Zry-1 had a too low corrosion resistance. Its content was then reduced down to: 1.5 wt% in Zry-2 which is used mainly in countries where BWR are operated, 1.3 wt% in Zry-4, and even 0.25 wt% in Zry-3 which was designed for experimental nuclear reactors and did not need high mechanical properties. Moreover, some alloying elements were added in zircaloys (mainly Fe, Cr, Ni) both to improve again their corrosion resistance and to save their mechanical properties. -Spacer grids and guide tubes have a recrystallized (RXA) microstructure: the final thermal treatment up to 550 °C provides small equiaxed grains and a low dislocation density in order to decrease their thermo-mechanical fatigue and deformation rate under irradiation.

-Fuel claddings have a stress relief annealed (SRA) microstructure: the last thermal treatment at 475 °C provides elongated grains and many dislocations, for a high mechanical resistance.

Advanced Zr-based alloys

Despite a globally good behavior of Zry-4 claddings in PWR core conditions, their progressive oxidation still remains the limiting factor for higher burnups and so for longer nuclear fuel cycles. Consequently, several zirconium alloys, sometimes called Advanced Cladding Materials (ACM), were developed over the world in order to extend the maximum burnup of nuclear fuel claddings and thus the operation periods in NPP. They are optimized regarding their corrosion resistance both under operational and accidental conditions, and are then intended to have better properties than zircaloys in general, and Zry-4 in particular. Alloy compositions of main ACM are summarized in Table 4. The Duplex-D4 consists of Zry-4 as base material with an external surface (0.15 mm) containing less tin (down to 0.5 wt%) and more iron (up to 0.5 wt%) and chromium (up to 0. -E110 and E110G were both developed by Russia for VVER: the optimized E110G contains more Fe, Cr and Si, but less Hf than the initial E110, and is not elaborated the same way.

In practice, comparisons between the various Zr-based alloys remain difficult because their respective behaviors may depend on numerous parameters and conditions. However, several trends have been observed and confirmed by experimental investigations. These studies consist in oxidation tests with online mass gain measurements of Zr alloy samples submitted to accidental conditions (steam and/or air, very high temperatures). Indeed, as already mentioned, the oxidation process is associated with a progressive mass gain which can be measured in a thermo-balance and which is proportional to the oxidation progress. An example of such a mass gain measurement is shown on Figure 7. Despite the results could be different in other experimental conditions (atmosphere and temperature but also geometries and flux), a trend can be drawn from this graph: all ACM seem to oxidize more slowly than Zry-4 in the conditions tested. Indeed, after 80000 seconds, mass gains of ZIRLO 

Oxidation of Zr-based claddings in water and steam

Both the SA conditions to which fuel claddings are submitted, and the Zr-based alloys they are made of, were described. Then, this second subpart deals with the general oxidation process of Zr-based fuel claddings in water and steam. It starts with an accurate description of the cladding-H 2 O interaction (3.2.1). Then, the complex mechanisms involved in the formation (3.2.2) and the degradation (3.2.3) of the zirconia layer are described. Finally, this second subpart exhibits and explains the observed differences in oxidation kinetics of Zr-based claddings in three main temperature regimes (3.2.4).

Interaction between Zr-based claddings and H 2 O

This section presents the binary zirconium-oxygen system, describes the diffusion phenomena and the different phases and layers that progressively form during the oxidation process.

The binary Zr-O phase diagram

Although fuel claddings consist in alloys largely but not exclusively made of zirconium, the reaction behavior of this chemical element is very important to study. Indeed, before investigating the oxidation process of Zr alloys, it is necessary to know the different phases that form in presence of zirconium and oxygen. That is the reason why the Zr-O binary phase diagram is given as Figure 8. Several facts can be pointed out from metal-oxygen phase diagrams, which are important tools to understand and explain some of the oxidation-related phenomena, for all alloys in general, and for zirconium alloys in particular.

Firstly, one can recognize on the left, where the oxygen content is equal to zero, two characteristic temperatures of pure zirconium. Indeed, the diagram illustrates its melting point (1855 °C) and the temperature of its allotropic transition between α-Zr and β-Zr (864 °C).

Secondly, starting from pure Zr, an oxygen content rise has several effects. One can observe a slight increase of the melting point, which reaches almost 2000 °C for an oxygen content of around 10 at%. Furthermore, oxygen is clearly an alpha-stabilizing element for Zr, which means its presence favors α-Zr over β-Zr. Indeed, above an oxygen content of around 20 at%, the β-Zr phase cannot exist anymore and zirconium directly transforms from solid α-Zr to liquid Zr. As expected, the ω-Zr phase does not exist under atmospheric pressure (and in operational conditions neither). Finally, one can remark zirconia does not form before the oxygen content in zirconium has reached around 30 at%. It means that oxidation phenomenon cannot occur if the two elements are not somehow mixed together. This mixture is possible thanks to diffusion.

Diffusion phenomena

Mass transfers can operate by two physical phenomena: diffusion and convection. Convection only occurs in liquid and gas where particles are mobile, whereas diffusion does not only occur in fluid mediums but also in solid materials where atoms are more static.

Indeed, diffusion happens due to the natural tendency for a system to equilibrate its concentrations of chemical species. This homogenization is described by first and second Fick's laws which respectively state that for each chemical entity e at each point of its surrounding material m (nature and phase): Where:

𝐉 𝐞 ⃗⃗⃗⃗ = -
-D e m (m

) is the diffusivity of the chemical species e through the material m;

-J e (part.m -2 .s -1
) is the current density of the chemical entity e;

-C e (part.m -3

) is the concentration of the chemical species e.

Since On one side, most of the generated H 2 (g) leaves the cladding and participates in rising the hydrogen detonation risk. However, a small part (between 5 and 20 % in operational primary conditions) of the H 2 (g) molecules adsorb onto the cladding surface and dissociate in hydrogen atoms which diffuse inside the cladding: this phenomenon is called hydrogen uptake. If the hydrogen content reaches its solubility limit, hydrides ZrH x (with x between 1 and 2) can appear and form precipitates which move, re-orientate and may influence the chemical and mechanical behavior of Zr-based claddings, as widely investigated and discussed [18, 26, 29, 44 -50]. Some studies show that, depending on the alloy and the temperature, the hydrogen uptake and the hydride precipitation may significantly harden and thus weaken the claddings essentially in LOCA conditions, while others show these phenomena do not play a major role in SA conditions, partly because very high temperatures counteract the hardening effect of the absorbed hydrogen. Anyway, it is worth mentioning that in the alloying compositions of zircaloys (cf. Table 3), nickel was added (Zry-2) and then removed (Zry-4) because it tended to dissolve hydrogen and thus to favor the hydrogen uptake.

[29]

On the other side, all anions O 2-and OH -adsorb onto the cladding surface and diffuse, according to Fick's laws, through the zirconium lattice in the cladding. Additionally, grain boundaries can bypass this volume diffusion. The predominant diffusion mode would be through grain boundaries in operational PWR conditions, but through the zirconium lattice in accidental conditions, due to microstructure modifications at high temperatures [51, 52]. Afterwards, whatever the temperature conditions, various phases appear and start forming a stratified structure with several layers.

Formation of several layers

The anionic O 2-diffusion through the Zr crystal lattice results in the progressive rise of the dissolved oxygen content inside Zr-based fuel claddings. This increase is heterogeneous along the cladding thickness and an oxygen content gradient appears, with maximum and minimum values respectively at outer and inner surfaces (considering not failed claddings, without internal reaction). Consequently, the potential phase changes always initiate near the external cladding surface. [START_REF] Huntz-Aubriot | Oxydation des matériaux métalliques -comportement à haute température[END_REF][START_REF] Sarrazin | Les mécanismes de la corrosion sèche -une approche cinétique[END_REF] Let's first consider a progressive oxygen content increase up to around 20 at%:

-At temperatures below 864 °C, no phase change occurs because only the hexagonal closedpacked α-Zr phase is stable;

-At higher temperatures (still lower than the melting point), for which the body-centered cubic β-Zr phase is stable without oxygen, α-Zr becomes gradually favored over β-Zr and thus the latter would progressively transform into the former. This phase change would occur from the surface to the interior of nuclear fuel claddings.

Let's now consider the oxygen content keeps progressively increasing and exceeds 30 at%. According to the Zr-O binary phase diagram (cf. Figure 8), whatever the temperature below the melting point, the α-Zr metal phase progressively transforms into the zirconium dioxide phase when the oxygen content reaches approximately 30 at%: [1, 42, 43]

𝐙𝐫(𝐬) + 𝟐𝐎 𝟐-→ 𝐙𝐫𝐎 𝟐 (𝐬) + 𝟒𝐞 - (E8)

In much smaller quantities, the anionic OH -diffusion also participates in the oxidation process:

𝐙𝐫(𝐬) + 𝟐𝐎𝐇 -→ 𝐙𝐫𝐎 𝟐 (𝐬) + 𝟐𝐇 + 𝟐𝐞 - (E9)

As soon as the oxide thickness is not negligible anymore, which happens extremely fast in accidental temperature conditions, the global phenomenology changes a bit: [1, 53, 54]

-On one side, O 2-(and OH -) anions diffuse through the ZrO 2 layer from oxygen vacancies to other ones due to an electrochemical potential gradient (according to the Wagner's oxidation kinetic theory), and when reaching the metal-oxide interface these anions get reduced by Zr atoms to make ZrO 2 molecules, themselves reduced to release oxygen which diffuses through the underlying metallic phases;

-On the other side, to rebalance the electronic charges, free electrons diffuse in the opposite direction through the zirconia layer to the external surface, where they participate in creating additional diffusing anions thanks to oxygen (and hydrogen) atoms.

Therefore, the oxidation front progresses thanks to three simultaneous diffusion phenomena: anionic O These diffusion phenomena through the fuel cladding thickness result in the formation of several phase layers:

-Two if the temperature is below 864 °C: metal α-Zr and oxide ZrO 2 ;

-Four if the temperature is above 864 °C: β-Zr, β-α phase mixture, α-Zr and ZrO 2 .

It is worth to specify that the β-Zr phase and the β-α phase mixture are hardly distinguishable in practice and the β-α phase mixture is considered to be very thin. Therefore, at higher temperatures than 864 °C, three main layers are usually considered to appear in oxidized Zr-based claddings, as schematized in Figure 9. One can remark:

-There are oxygen content discontinuities for each phase change boundary, in particular at the metal-oxide interface, where oxidation takes place, the oxygen content increases from around 30 up to 66 at%;

-The oxygen content does not seem perfectly constant inside the oxide layer, which means zirconia may be almost stoichiometric near the external surface and sub-stoichiometric near the metal-oxide boundary.

Of course, as previously explained, it is likely that alloying elements slightly modify some characteristic values, such as the temperature boundary between α-Zr and β-Zr phases or oxygen content limits for phase changes, but the global phenomenology remains unchanged.

During oxygen diffusion and oxidation process, both X β/α and X α/o boundaries progressively move from the right to the left, resulting in the increase of the ZrO 2 layer thickness. Finally, one has to know that:

-The formation (3.2.2) and the degradation (3.2.3) of the zirconia layer are very complex phenomena relying on numerous sub-phenomena;

-The temperature domain strongly influences diffusivities, reaction rates, zirconia growth, and therefore oxidation kinetics (3.2.4).

Formation of the zirconia layer

This section describes the complex zirconia layer growth, first by presenting the zirconia allotropic phases and then by discussing about microstructural aspects and both origins and consequences of stress effects.

Allotropic phases of zirconia

As previously mentioned, zirconium dioxide ZrO 2 can exist in three different allotropic structures: monoclinic (m-ZrO 2 ), tetragonal (t-ZrO 2 ) and cubic (c-ZrO 2 ). From a crystallographic point of view, these three allotropic forms are quite similar. Additionally, their lattice parameters are quite close to each other: [

-For m-ZrO 2 : a = 0.515 nm; b = 0.520 nm; c = 0.532 nm; β = 99°20';

-For t-ZrO 2 : a = 0.507 nm; c = 0.519 nm;

-For c-ZrO 2 : a = 0.512 nm.

Consequently, transitions from a structure to another one only need small atomic displacements [START_REF] Heuer | Overview no. 45: On the nucleation of the martensitic transformation in zirconia (ZrO 2 )[END_REF].

As previously seen (cf. Figure 8), in atmospheric pressure, the temperature domains of these three allotropic structures of zirconia are approximately:

[57]
-For m-ZrO 2 : below 1050 °C;

-For t-ZrO 2 : between 1050 and 2380 °C;

-For c-ZrO 2 : between 2380 and 2710 °C (melting point of pure zirconia).

However, Figure 8 also showed that light sub-stoichiometries, as it is next to the metal-oxide interface during cladding oxidation, can stabilize both t-ZrO 2 down to 900 °C and c-ZrO 2 down to 1500 °C approximately.

The allotropic structure taken by the ZrO 2 lattice not only depends on the temperature but also on various parameters such as: the potential presence of impurities, defects or doping, and even more the pressure (cf. Figure 10, left) and the grain size (cf. Figure 10, right).

Indeed, doping elements or impurities, such as e.g. tin atoms instead of zirconium Zr 4+ cations, induce the appearance of oxygen O 2-anion vacancies in the ZrO 2 lattice in order to rebalance the electric charges. Thus, such doping has the same effect as light sub-stoichiometries: it tends to stabilize on one side c-ZrO The graphic on the left of Figure 10 shows that high pressures strongly tend to stabilize the tetragonal zirconia over m-ZrO 2 . Indeed, according to their lattice parameters, t-ZrO 2 is more compact (higher density) than the monoclinic zirconia and is thus favored by high pressures.

The graphic on the right of Figure 10 shows that below a critical grain size, t-ZrO 2 is stabilized over m-ZrO 2 whatever the temperature [START_REF] Gosmain | Study of stress effects in the oxidation of Zircaloy-4[END_REF]. Depending on the studies, this critical value has been found to be around 10 nm [START_REF] Méthivier | Étude expérimentale et théorique de l'évolution texturale et structurale des poudres de zircone pures et dopées[END_REF] or between 20 and 30 nm [63].

In practice, for nuclear reactor applications, during oxidation of fuel claddings made of zirconium alloys, the two previous influences (grain morphology and pressure) precisely come into play. Indeed, the growing zirconia exhibits specific features: a microstructure made of two grain shapes (3.2.2.2) and a high internal pressure (3.2.2.3), which both have consequences on the oxide layer evolution.

Microstructural aspects and porosity appearance

First, various investigations have already shown that the microstructure of thin zirconia layers is composed by two different layers: [9, 64]

-An outer scale, firstly formed, observed at the oxide external surface, and exhibiting an equiaxed grain structure as shown on the left of Figure 11;

-An inner scale, secondly formed, observed between the outer scale and the metal-oxide interface, and exhibiting a columnar grain structure as shown on the right of Figure 11.

Figure 11: Cross-sectional views of zirconia layers grown in air on Zry-4, with equiaxed grains in outer scale (left) and elongated grains in inner scale (right) [from 9]

Although these two figures have been obtained from Zry-4 samples oxidized in air, this specific microstructure made of two grain forms is also observed on other Zr alloys oxidized in water [START_REF] Ni | Porosity in oxides on zirconium fuel cladding alloys, and its importance in controlling oxidation rates[END_REF]. Additionally, several characteristics of these two oxide scales are specified:

-The equiaxed grains are smaller than the elongated ones;

-Size grains and scale thicknesses depend on the oxidation temperature;

-The inner scale is denser than the outer one; -Both grain structures exhibit a closed porosity.

The existence of porosity could be a major issue for the future oxide evolution, and it is therefore important to describe it and to integrate it in analyzes. Globally, the porosity is higher in the outer region of small equiaxed grains than in the inner region of elongated grains. Indeed, closed cracks of length between 30 and 100 nm and of width of around 10 nm are present at grain boundaries in the whole zirconia layer, but they are more frequent in the outer scale. Moreover, closed pores are also observed at grain boundaries, but they are smaller in the inner scale (between 1 and 3 nm) than in the outer one (between 10 and 30 nm). In both layers, these closed nano-cracks and nano-pores could result from the coalescence of small holes, appearing at grain boundaries partly due to the alloying elements, during the oxidation progress. These grain boundaries thus constitute weak and porous areas. [64, 65]

Stress effects and allotropic phase change

The second main specific feature of the growing zirconia, during oxidation of Zr-based claddings, is the build-up of a high internal stress in the oxide layer. Indeed, zirconia has a much higher molar volume (around 21.9 cm This means the oxidation reaction would need a total volume expansion of around 56 %. However, in practice, the effective volume expansion is highly anisotropic (very much higher radially than circumferentially) and slightly lower than 56 %. Consequently, circumferential stresses appear in the changing material: high compressive ones in the oxide layer and tensile ones in the underlying metal, as schematized in the whole material in Figure 12 and quantified by simulations at the metal-oxide interface in Figure 13. These compressive stresses, along the oxide layer thickness, change both spatially and temporally. Indeed, at all times, a spatial compressive stress gradient exists in the growing zirconia, with a maximum value near the metal-oxide interface and a minimum one at the outer oxide surface. Moreover, since the metal-oxide interface moves as fast as the oxidation front progresses, this spatial stress gradient evolves with time. Therefore, considering a given location inside a Zr-based cladding, several stress states will successively exist: [9, 66]

-Before the oxidation starts, there is no particular stress state, neither compressive nor tensile;

-When the oxidation reaction initiates and starts progressing along the fuel cladding thickness, the stresses become progressively tensile;

-Then, when the oxidation front reaches the considered location, α-Zr(O) becomes ZrO 2 and the stress state quickly changes from tensile to highly compressive;

-Finally, when the oxidation keeps going on and moving away from it, the initially high compressive stresses gradually relieve and decrease.

As a consequence, during the oxidation progress, the compressive stresses at the external cladding surface continuously decrease, and turn into tensile stresses when the oxide layer reaches a critical thickness, which mainly depends on the alloy and the temperature.

[9, 64]
Additionally, it is worth specifying that high compressive stresses act as a high internal pressure and thus tend to first stabilize t-ZrO 2 (or even c-ZrO 2 ) over m-ZrO 2 during the oxidation reaction [9, 60]. Moreover, the light sub-stoichiometry near the metal-oxide interface has the same consequence. Then, the oxidation front keeps progressing, which induces relieving of the compressive stresses and achieving of a strict stoichiometry. Consequently, if the temperature is below approximately 1050 °C (stability domain of m-ZrO 2 ), the tetragonal (or even cubic) zirconia is not stabilized anymore (neither by internal pressure nor by sub-stoichiometry nor by the temperature) and naturally transforms back into monoclinic zirconia. It is very likely this allotropic transition, which spatially and temporally follows the oxidation reaction, can have successive consequences in the zirconia layer, such as: [51, 64]

-Inducing important volume changes and mismatches;

-Strongly enhancing the appearance of its previously described closed porosity;

-Favoring its further cracking.

Degradation of the zirconia layer

This section first describes the classical degradation mechanism of the forming zirconia layer, and then focuses on two phenomena that can worsen this oxide deterioration: steam starvation periods and liquid water flux.

Oxide cracking

This oxide destabilization taking place below 1050 °C, combined with the change from compressive to tensile stress state at the outer oxide surface, can result in the initiation of micro-and macro-cracks. They propagate from the external surface down to the metal-oxide interface along the porous and weak grain boundaries previously described. Finally, circumferential cracks also form. It is important specifying that above approximately 1050 °C, only a few radial macro-cracks are usually observed, probably because the allotropic phase change of the growing zirconia and its consequences do not occur. Therefore, despite disadvantageous higher temperatures, oxide layers formed above 1050 °C usually seem less damaged (porous and cracked) than oxide layers formed below 1050 °C.

The progression of cracks, through porous grain boundaries, constitutes a change from a previously closed porosity to an open porosity. This has two serious impacts on the future cladding evolution:

-Formation of easy diffusion paths for fluid water and for gaseous steam and oxygen to the reacting metal-oxide interface, and thus acceleration of the fuel cladding oxidation;

-Mechanical impairment and potential breakdown of nuclear fuel claddings (constituting the first safety barrier), associated with radioactivity release into the PC.

In addition to the oxide layer porosity, two phenomena are supposed to accelerate the appearance of a tensile stress state at the outer oxide surface and thus to amplify the oxide cracking:

-The creep of claddings which tends to accelerate the stress relieving in the zirconia; [67, 68]

-The undulation of the metal-oxide interface which locally amplifies the stress gradient. [9, 66]

Therefore, depending on their susceptibilities to creep, to have wavy metal-oxide interfaces, and to get porous zirconia grain boundaries, each zirconium alloy of claddings may oxidize slower or faster. For instance, in comparison with M5 ® , studies have shown that Zry-4 creeps faster, has wavier metaloxide interfaces and could develop more porous oxide grain boundaries [9, 69]. This may explain the higher oxidation resistance of the recently developed M5 ® compared to the historically used Zry-4.

Impact of steam starvation

During accidental sequences in PWR, involving breach of the PC and core uncovery, local and temporary steam starvations may take place in the reactor core. These time periods, during which steam is locally not anymore available, may be due to an important dry-out of the reactor, a massive steam consumption through cladding oxidation and/or local blockages. If these conditions take place, the oxide layers previously formed on Zr-based cladding surfaces will not be provided in oxygen anymore and will therefore be progressively reduced. Indeed, due to diffusion processes, oxygen will move from oxide layers to underlying metal layers, and claddings will hence get continuously homogenized.

[18]

It was considered as essential to study such important phenomena in order to improve and adapt SA management measures. Indeed, studies conducted at KIT have proved that steam starvation periods can strongly influence the cladding evolution. These investigations consisted in annealing pre-oxidized Zry-4 cladding samples under inert argon gas during various time periods at temperatures between 1250 and 1500 °C. Three interlinked phenomena were mainly reported:

[70]
-Formation of α-Zr(O) scales on outer cladding surfaces, as observed on Figure 15: This triple phenomenon constitutes the homogenization of Zr-based claddings which tend to their chemical equilibrium. This cladding evolution is supposed to influence the accident progression. In particular, a negative effect could be a faster and higher hydrogen release during a potential core reflooding with water, because of larger contacts between Zr metal atoms and H 2 O molecules.

[70]

Impact of water reflooding

As already mentioned (2.2.3), if safety systems are recovered before the reactor is fully damaged, the SA management guide recommends to reflood it with liquid water flux in order to stop the accident progression. However, in certain conditions, before reaching the intended cooling effect, this water reflooding may be temporarily detrimental for core components and materials (already oxidized, damaged or partially molten), including claddings. Indeed, this sudden and massive arrival of cold liquid water flux on the hot Zr-based fuel claddings is dangerous on two aspects: [1, 2, 18, 23]

-Chemical one: it may enhance, temporarily but strongly, the zirconium oxidation by water and the hydrogen production, hence increasing the risk of hydrogen detonations.

-Thermo-mechanical one: it constitutes an intense thermal shock that may enhance again their mechanical degradation, through local oxide cracking, oxide spalling, and/or global failure.

These two aspects are totally coupled because: [1, 2, 18, 23]

-The enhanced chemical oxidation by water of Zr-based fuel claddings favors the continuous deterioration of their properties and effectiveness.

-The mechanical degradation of Zr-based claddings and of their oxide layers promotes an acceleration of their chemical oxidation.

The extent of the detrimental consequences that may have a core reflooding with water (oxidation enhancement, cladding degradation and hydrogen production) strongly depends on the conditions at initiation of this reflood: -The temperature of Zr-based fuel claddings: it is the major parameter for oxidation kinetics, not only during but also before the reflood, as detailed slightly further (3.2.4), because all phenomena involved in the oxidation process of Zr alloys are thermally activated phenomena, obeying Arrhenius laws: the oxygen diffusion, the metal creep and the oxidation reaction itself.

-The oxidation state of Zr-based fuel claddings: it strongly influences their ductility (and so their capacity to undergo thermo-mechanical shocks without failing) and the access of oxidizing H 2 O to oxidable Zr (and so the risk of fast and large hydrogen production).

-The quantity of molten materials: they are supposed to oxidize faster than still solid materials, not only because of generally higher temperatures, but also because no passivation process can take place and the access of oxidizing H 2 O to oxidable Zr gets easier.

-The characteristics (phase, temperature and flow rate) of the reflooding flux: it has to be large and cold enough (a small or warm flow rate can induce the oxidation enhancement without cooling down the reactor core components) and not too violent (a very large cold flow rate can induce multiple cladding failures).

For instance, during the SA which took place at the Three Mile Island NPP (USA) in March 1979, one third of the total generated hydrogen was produced during the core reflooding: around 150 kg.

Similarly but at a much smaller scale, some of the QUENCH experiments conducted at KIT revealed relatively strong hydrogen production at initiation of reflood: [18, 23, 24, 72]

-Q-02 and Q-03 (resp. 140 and 120 g) because of high temperatures (resp. 2400 and 2350 K);

-Q-07 and Q-09 (resp. 120 and 400 g) because of a high quantity of molten materials (due to the use of B 4 C absorber rods) and a steam starvation period (for Q-09 only) which had significantly damaged the claddings before reflood, as previously described (3.2.3.2);

-Q-11 (132 g) because of a small reflooding flow rate (18 g.s -1

, lower than the usual 50 g.s -1

);

-Q-16 (144 g) because of a long air ingress (including local oxygen starvation periods) which had significantly damaged the claddings before reflood, as detailed further (3.3).

For these experiments, as well as for QUENCH tests exhibiting smaller hydrogen productions, most of SA codes generally underestimate these oxidation enhancements because they do not precisely model: neither the degradation state of oxidized claddings before reflood (cracks and pores), nor the behavior of damaged components during reflood (chemical oxidation of molten materials and mechanical failure of solid materials).

Oxidation kinetics

This section distinguishes three different temperature regimes for the oxidation kinetics of Zr-based claddings under water or steam: operational and incidental conditions on one hand and on the other hand accidental conditions divided into two temperature intervals: below and beyond 1050 °C.

Under water in operational and incidental conditions

In operational conditions, external surfaces of nuclear fuel claddings are subjected to temperatures around 300 °C or slightly above. Although Zr alloys are quite resistant against oxidation in such conditions, the primary liquid water slowly but continuously oxidizes the Zr-based claddings:

𝐙𝐫(𝐬) + 𝟐 𝐇 𝟐 𝐎(𝐥) ∆𝐇 = -𝟔𝟎𝟎 𝐤𝐉.𝐦𝐨𝐥 -𝟏 → 𝐙𝐫𝐎 𝟐 (𝐬) + 𝟐 𝐇 𝟐 (𝐠) (E1')
Nowadays, this progressive reaction is still the main limiting phenomenon to extend the lifetime of nuclear fuel assemblies, through higher nuclear fuel burnups, and thus to perform longer nuclear fuel cycles. As already mentioned (3.1.3), this is why some ACM, such as M5 ® or ZIRLO ® with better corrosion resistances, are progressively replacing Zry-4 as cladding material in EDF PWR.

When the oxide thickness reaches 150-200 µm, the loss of ductility in the cladding, combined with the extent of cracks in the zirconia, can lead the cladding to break down [START_REF] Hofmann | QUENCH behavior of Zircaloy fuel rod cladding tubes -small scale experiment and modeling of the QUENCH phenomena[END_REF][START_REF] Steiner | Survey on mechanisms triggering temperature escalations in FzK Quench tests[END_REF]. In order to prevent such problems, a safety criterion was established from mechanical studies: a nuclear fuel assembly must be removed (changed or repaired) before the mean thickness of its zirconia layer reaches 100 µm. It is worth adding that a similar criterion also exists for accidental sequences: a LOCA officially becomes a SA if the Equivalent Cladding Reacted (ECR: oxidized cladding proportion) of nuclear fuel assemblies reaches 17 %, which roughly corresponds to (570 * 0.17 * 1.56 =) 150µm-thick oxide layers. Very recently, to replace this criterion and better define the LOCA limits, a new one was proposed by EDF to ASN: it is expressed as a function of the in-reactor hydrogen uptake and combined with the historical 1204 °C peak cladding temperature [START_REF] Cabrera | A strength based approach to define LOCA limits[END_REF].

Another preventive approach could consist in considering the internal β-Zr layer thickness. Indeed, it is admitted that a Zr-based cladding should resist to penalizing conditions if its metal layer having oxygen content lower than 3 at% has a thickness higher than 100 µm. The rationale for this alternative approach relies on the capability of the ductile β-Zr metal layer to stop the crack propagation.

[1, 77]

As previously mentioned, the oxidation kinetics of Zr-based claddings, is quantified by mass gain measurements over time (cf. Figure 7), and obeys Arrhenius laws (exponential temperature dependence) which are the mass gain correlations implemented in most of SA codes:

∆m S = K 0 * exp ( -Ea R * T ) * t 1/n

(E11)

Where:

-∆m/S (g.m -2
) is the mass gain per unit area, also called Specific Mass Gain (SMG);

-K 0 (g.m -2 .min -1/n
) is the kinetic coefficient;

-E a (J.mol -1
) is the activation energy of the oxidation reaction;

-R (∿ 8.3145 J.mol

-1 .K -1
) is the universal gas constant;

-T (K) is the temperature and t (s) is the time;

n (no unit) corresponds to the type of kinetic law.

The ECR (%) and the zirconia thickness δ ZrO2 (m), which are easy to apprehend, can be deduced from the (specific) mass gain (g.m -2

), which is easy to measure in situ, according to:

δ ZrO2 = 1 ρ ZrO2 * M ZrO2 2*M O * ∆m S (E12) ECR= M Zr 2*M O * S m * ∆m S ( 

E13)

Where:

-ρ ZrO2 (g.m -3
) is the zirconia density;

-M ZrO2 , M O and M Zr (g.mol -1
) are the molar masses of zirconia, oxygen and zirconium;

-S (m 2
) and m (kg) are the oxidable surface and the initial mass of the Zr-based sample.

Actually, δ ZrO2 and ECR are slightly different from the calculation with E12 and E13, because on the one side zirconia layers contain some porosity (3.2.2.2), and on the other side some of the absorbed oxygen is dissolved in metal phase layers without forming any zirconia (3.2.1.3).

A double graph of mass gain evolutions at two temperatures typical of incidental conditions (between operational and accidental ones) is given as example in Figure 18. One can note the strong influence that temperature has on the oxidation kinetics. Indeed, according to graphs, the oxidation reaction is around six times faster at 470 °C (∿ 200 h to reach ∿ 0.7 mg.cm -2

) than at 415 °C (∿ 1200 h to reach ∿ 0.7 mg.cm -2

). Additionally, both kinetic curves exhibit two main regimes separated by a transition. This particular form is also observed in accidental conditions below 1050 °C.

Under steam in accidental conditions below 1050 °C

In accidental sequences, as previously described, the decay heat would lead to fast heating of nuclear fuel assemblies, vaporization of the water in contact, core uncovery, and oxidation of Zr-based claddings by the superheated steam (cf. equation E1):

𝐙𝐫(𝐬) + 𝟐 𝐇 𝟐 𝐎(𝐠) ∆𝐇 = -𝟔𝟎𝟎 𝐤𝐉.𝐦𝐨𝐥 -𝟏 → 𝐙𝐫𝐎 𝟐 (𝐬) + 𝟐 𝐇 𝟐 (𝐠) (E1)
Accompanied by the heat release due to this exothermic oxidation reaction, the temperature can easily increase up to 1050°C. Like in liquid water, in this temperature regime, mass gain evolutions over time exhibit two main oxidation regimes.

Firstly, the oxidation kinetics seems to follow such mass gain laws:

∆m S = K m * t 1/n

(E14)

Where:

-

K m =K 0 *exp(-Ea/RT) (g.m -2 .min -1/n
) is the kinetic coefficient taking into account T (K);

n (no unit) generally between 2 (parabolic) and 3 (cubic).

During this first period, the oxidation process is limited by the oxygen diffusion through the dense zirconia layer. Since this layer grows, the oxidation kinetics progressively slows down. Therefore, during this first kinetic regime, the zirconia layer is commonly described as "protective". The term "dense" is also currently used although this growing zirconia contains closed porosity. [1, 20, 29, 78] Secondly, after a certain time, the oxidation kinetics changes from parabolic/cubic to linear (equation E13 with n = 1) or accelerated (n < 1). This kinetic transition, commonly called "breakaway", corresponds to an acceleration of the oxidation process, directly due to the oxide cracking previously described (3.2.3.1). Indeed, in such conditions, the oxidation process is not anymore limited by the solid state diffusion of oxygen through the zirconia layer, and is now mainly governed by the gaseous diffusion of steam through cracks, which is much faster. Therefore, during this second oxidation period, the growing zirconia layer contains numerous cracks and is thus generally described as "nonprotective" or "porous". Nevertheless, this particular two-step oxidation behavior is not as pronounced and/or as early for all Zr-based alloys, especially for the Nb-bearing ones. Indeed, ZIRLO ® , E110 and above all M5 ® , often exhibit a much higher and/or longer resistance to oxide cracking in this temperature range (below 1050 °C), as can be seen in Figure 19. At 800 °C, during the time period of these experiments (90000 s ~ 1 day for each tested alloy), only Zry-4 and Duplex-D4 samples underwent real kinetic transitions; but it is possible that other alloys would also have undergone transitions later, especially the ZIRLO ® sample which was already exhibiting a slow transition from parabolic to linear oxidation kinetics.

One can remark that, for Zircaloy-4 (and probably also for other Sn-bearing Zr alloys) below 1050 °C, a temperature increase induces:

-An increase of the oxide layer thickness at initiation of kinetic transition (because when the temperature rises, not only the oxide ductility increases but also the transition from t-ZrO 2 to m-ZrO 2 is delayed): ∿ 75 g.m -2 corresponding to ∿ 52 µm at 800 °C (cf. Figure 19, right) and ∿ 350 g.m -2 corresponding to ∿ 240 µm at 1000 °C (cf. Figure 19, left);

-A very strong increase of the oxidation rate, due to much faster phenomena (diffusion process and oxidation reaction), which highlights the high temperature dependence of this process.

Consequently, by combining these two effects, in the considered temperature range (below 1050 °C), an increase in temperature leads to an earlier kinetic transition, and thus to an earlier loss of integrity, for Zircaloy-4, and probably also for other Sn-bearing Zr alloys. This can be seen by comparing Figure 19, right (800 °C: kinetic transition around 35000 s) and left (1000 °C: kinetic transition around 10000 s).

Under steam in accidental conditions above 1050 °C

During accidental sequences, the temperature inside the reactor core can not only reach but also exceed 1050 °C. Indeed, there is no particular upper limit for the temperature increase, and the oxidation of Zr-based claddings must be investigated up to the zirconium melting point, at 1855 °C, or even up to the fuel melting point, around 2700 °C.

Above 1050 °C, it has been observed that oxidation kinetics is more regular than below this value, provided that water steam is available for oxidation. Indeed, the mass gain evolution seems to follow a unique parabolic law, without any kinetic transition, as shown Figure 20.

Figure 20: Mass gain evolutions of cladding samples made of various Zr alloys during oxidation in steam at 1200 °C [26]

First, it is worth specifying that the fast initial mass increase of all samples is due to a temperature overshooting at initiation of steam injection, and that the sudden mass decrease undergone by the ZIRLO ® sample (pink curve) after around 3000 s is very likely due to a local material spalling. Then, one can remark that above 1050 °C, oxidation behaviors of the different zirconium alloys are more similar to each other. Indeed, mass gain evolutions of all studied alloys: [26]

-Follow a similar parabolic law, in the same order of magnitude, all along the oxidation process;

-Do not exhibit any kinetic transition during the oxidation reaction.

As previously mentioned, this one-step parabolic oxidation kinetics, without any transition, is due to the fact that in this temperature range (above 1050 °C), the allotropic phase change from t-ZrO 2 to m-ZrO 2 does not occur. Therefore, only a few radial cracks appear in the oxide layer (without forming crack networks like below 1050 °C) which remains globally dense and protective during the whole oxidation process.

However, it is worth noticing that for the five Zr alloys, despite they obey only parabolic mass gain laws, their oxidation kinetics are much larger at 1200 °C than at 800 °C. Indeed, after an oxidation time of 4000 s, their mass gains are around 35 g.m -2 corresponding to ∿ 24 µm at 800 °C (cf. Figure 19) and around 650 g.m -2 corresponding to ∿ 450 µm at 1200 °C (cf. Figure 20). This comparison highlights the major influence of the temperature on oxidation kinetics of Zr-based claddings.

Determination of mass gain correlations

By taking the natural logarithm of the equation E14, giving the SMG (=Δm/S) over the time t, one can obtain the equation E14':

ln(SMG) = ln(K m ) + 1 n * ln (t) (E14')
With:

K m = K 0 * exp ( -Ea R * T ) (E15)
Where:

-K 0 (g.m -2 .min -1/n
) is the kinetic coefficient;

-E a (J.mol -1
) is the activation energy of the oxidation reaction;

-R (∿ 8.3145 J.mol

-1 .K -1
) is the universal gas constant;

-T (K) is the oxidation temperature;

n (no unit), generally between 2 (parabolic) and 3 (cubic), corresponds to the kinetic law type.

By plotting the natural logarithm of SMG as a function of the natural logarithm of t, one can identify, through a linear regression, the kinetic coefficient K m (and the type of kinetic law n) corresponding to the tested temperature.

Then, by performing several experiments at various temperatures, and by identifying K m for each, one can plot the natural logarithm of K m as a function of the inverse of T, as shown in Figure 21. Finally, through linear regressions, one can identify the activation energy Ea and the kinetic coefficient K 0 , and hence establish a mass gain correlation, which is valid in the tested experimental conditions (temperature range, atmosphere, alloy, gas flux, geometries) and can be implemented in SA codes.

Impact of air ingress on Zr-based claddings

As already described, during a SA sequence with steam oxidation and melting of core components, the corium relocated at the vessel bottom can conduct the reactor vessel to fail. This potential vessel bottom failure may in turn induce air ingress inside the already degraded reactor core. Reaction mechanisms of Zr-based claddings are different during oxidation in water and steam, compared to under pure air or air-steam mixtures. Indeed, zirconium reacts differently with gaseous compounds of air (3.3.1) and with steam, which induces modifications of corrosion mechanisms (3.3.2) and kinetics (3.3.3). This last subpart aims at presenting these differences, and thus describing the impact that air ingress inside the reactor core would have on the degradation of Zr-based nuclear fuel claddings.

Separate reactions between Zr and air molecules

Air is mainly composed by oxygen (21 %) and nitrogen (78 %). At high temperatures typical of SA conditions, not only O 2 (g) but also N 2 (g) may react with Zr alloys of nuclear fuel claddings, as explained in this section.

Reaction process and kinetics in oxygen

When oxygen, main reacting compound of air, comes into contact with fuel claddings, its molecules O 2 (g) dissociate and react on the cladding surfaces with free diffusing electrons from claddings:

𝐎 𝟐 (𝐠) + 𝟒𝐞 -→ 𝟐𝐎 𝟐- (E16)
As for oxidation in water, all formed anions O 2-adsorb onto the Zr alloy surface and diffuse, according to Fick's laws, through the Zr lattice inside claddings. It results in the appearance of an oxygen content gradient and thus various phases and layers start forming, as previously described. In particular, when the oxygen content reaches approximately 30 at% at the external cladding surface, the α-Zr(O) phase progressively transforms into zirconia ZrO 2 (cf. equation E8):

𝐙𝐫(𝐬) + 𝟐𝐎 𝟐-→ 𝐙𝐫𝐎 𝟐 (𝐬) + 𝟒𝐞 - (E8)
Therefore, the mechanism looks the same as under steam, but the global oxidation phenomenon induces a higher heat release in pure oxygen than in pure steam (cf. equation E2):

𝐙𝐫(𝐬) + 𝐎 𝟐 (𝐠) ∆𝐇 = -𝟏𝟏𝟎𝟎 𝐤𝐉.𝐦𝐨𝐥 -𝟏 → 𝐙𝐫𝐎 𝟐 (𝐬) (E2)
Indeed, 1100 kJ.mol -1

(Zr) represents an augmentation of around 80 % compared to the heat released from zirconium oxidation by steam: 600 kJ.mol -1 (Zr). Thus, oxygen participates much more than steam in increasing the temperature during accidental sequences, which is not taken into account in isothermal experiments. However, oxidation under pure oxygen does not produce any hydrogen gas, which reduces the risk of hydrogen detonations. [START_REF] Steinbrück | Synopsis and outcome of the QUENCH experimental program[END_REF] From a kinetic point of view, zirconium oxidation under oxygen is very similar to that in steam, as shown by the two graphs given in Figure 22, presenting mass gain evolutions of four Zr alloys in pure oxygen at 1000 °C (top) and 1100 °C (bottom). Qualitatively, one can remark that, exactly as under steam, depending on whether the temperature is below or above 1050 °C, oxidation kinetics obeys different laws:

-At 1000 °C, mass gain evolutions first follow parabolic or cubic laws and then accelerate (except for M5) to linear (or even accelerated for Zry-4) kinetics;

-At 1100 °C, mass gain evolutions do not exhibit such kinetic transition and follow a unique parabolic law (similar for the four Zr alloys studied) all along the oxidation process.

Moreover, by comparing mass gain evolutions during oxidation of Zr alloys under steam and oxygen at fixed temperatures, one can realize they are quantitatively in the same order of magnitude. Indeed, e.g. for oxidation of Zry-4 cladding samples at 1100 °C: [25, 26]

-After 6000 s of reaction, mass gain is around 600 g.m -2 in steam, corresponding to a zirconia layer thickness of ∿ 410 µm, and around 430 g.m -2 in oxygen, corresponding to a zirconia layer thickness of ∿ 300 µm;

-After 10000 s of reaction, mass gain is around 700 g.m -2 in steam, corresponding to a zirconia layer thickness of ∿ 480 µm, and around 550 g.m -2 in oxygen, corresponding to a zirconia layer thickness of ∿ 380 µm.

Therefore, the oxidation seems slightly faster under steam than under pure oxygen, but it is worth specifying that the higher heat release by reaction with oxygen has no effect during the isothermal SET from which these results were obtained.

Furthermore, in addition to oxygen, air also contains nitrogen. Although this gas is usually known to be inert in standard conditions, it may react with zirconium alloys and phases of the Zr-O system at high temperatures typical of SA conditions.

Reaction process and kinetics in nitrogen

When nitrogen comes into contact with nuclear fuel claddings, its molecules N 2 (g) dissociate and react on cladding surfaces with free diffusing electrons from claddings:

𝐍 𝟐 (𝐠) + 𝟔𝐞 -→ 𝟐𝐍 𝟑- (E17)
As for oxygen, nitrogen anions N (Zr)), the former reaction is always favored over the latter one, provided that oxygen is available. Consequently, in SA conditions in PWR, nitrogen can only react, after a certain period of time, with Zr-based claddings already made of the various phases of the Zr-O system. Therefore, these specific reactions have been more investigated than reactions with pure zirconium. [9, 39, 80 -82]

For instance, studies conducted at KIT consisted first in oxidizing Zry-4 cladding samples in a very controlled manner to get homogenized Zr-O systems with various and precise oxygen contents, and then in submitting the obtained specimens to nitrogen gas. The results for five different oxygen contents (0, 0.7, 5.7, 25 and 26 wt%) are given in Figure 23. One can remark the specimen made of α-Zr(O) metal phase reacted with N 2 (g) much faster than other Zr-O mixtures. Indeed, this sample reached a mass gain exceeding 12 wt% whereas the others only reached values lower than 1 wt%. Even if it is not clear on the graph, it is worth noticing that nitrogen preferentially reacts with sub-stoichiometric oxides (typical of locations near the metal-oxide interface) than with stoichiometric ones (typical of locations near the external zirconia surface).

[80]

These studies then focused on the influence that the oxygen content in α-Zr(O) has on the reactivity of samples. Thus, numerous Zr-based cladding samples with various oxygen contents (in the α-Zr(O) stability domain) were submitted to nitrogen gas at various temperatures. The results for six different oxygen contents (1.5, 2.7, 3.5, 4.5, 5.8 and 6.2 wt%) at 1100 °C are shown in Figure 24. One can note that, in the α-Zr(O) stability domain, an oxygen content increase induces a stronger reaction between Zr-O mixtures and nitrogen gas. It is worth noticing that the influence of temperature on kinetics is not as proportional as for oxidation in steam. Indeed, up to 1200 °C, a temperature increase strongly enhances the reaction, but beyond this value, it tends to reduce it.

[80]

In case of SA involving air ingress into the reactor core, the presence of nitrogen would always be preceded by periods of oxidation under primary water (during normal operation) and steam (during the beginning of the accidental sequence). Consequently, it was important to study the influence that a pre-oxidation period of fuel claddings has on the subsequent nitrogen reaction. An example of such investigations (Zry-4 cladding samples pre-oxidized in steam at 500 °C, and then submitted to pure nitrogen at 1200 °C) is shown in Figure 25. One can first remark that the reproducibility of such experiments is not perfect. Moreover, it is worth to specify such thin pre-oxide thicknesses (around 30 µm) roughly correspond to oxide scales grown in operational conditions after a half lifetime of nuclear fuel assemblies made of Zry-4. Pre-oxide thicknesses typical of SA conditions with massive oxidation by steam (hundreds of micrometers) could also be interesting to study. Then, as expected, the pre-oxidation of Zr-based claddings enhances the reaction between nitrogen and the claddings themselves. Indeed, despite low diffusivities, nitrogen can both diffuse through and react with:

-The zirconia layer, grown during the pre-oxidation period;

-The underlying metal, and especially the α-Zr(O) phase, when reached.

It was also shown that an increase in the dissolved nitrogen content in zirconia tends to favor the stabilization of t-ZrO 

Cladding degradation in nitrogen-containing mixtures

Based on influences of both pure oxygen and pure nitrogen, it is now interesting to focus on the degradation of Zr-based claddings in nitrogen-containing mixtures, including air (around 21 % of oxygen plus 78 % of nitrogen).

Oxygen starvation and nitriding process

As already mentioned, oxidation is always favored over nitriding due to an approximately three times higher enthalpy of reaction (1100 kJ.mol -1

(Zr) for oxidation versus 370 kJ.mol -1

(Zr) for nitriding). However, in certain conditions, lacks of oxygen can happen, conducting nitrogen to react with nuclear fuel cladding alloys. Similarly to steam starvation periods, these phenomena are commonly called oxygen starvations and can happen locally and/or globally, but are only temporary. Indeed, as soon as fresh oxygen is newly available, the oxidation of ZrN molecules will occur:

𝐙𝐫𝐍(𝐬) + 𝐎 𝟐 (𝐠) ∆𝐇 = -𝟕𝟑𝟎 𝐤𝐉.𝐦𝐨𝐥 -𝟏 → 𝐙𝐫𝐎 𝟐 (𝐬) + 𝟏 𝟐 𝐍 𝟐 (𝐠) (E19)
Several SA situations have been described as subject to oxygen starvations, like for instance:

-At the very beginning of the contact between air and Zr-based claddings: indeed, oxygen very quickly diffuses through and reacts with zirconium, leading to a short and global oxygen starvation on the whole cladding surface. It induces a brief nitriding process and thus a short formation of nitride particles; [9]

-At the initiation of oxide cracking: indeed, when the stress state at cladding surfaces becomes tensile, cracks start developing through the zirconia layer down to the metal-oxide interface. Consequently, nitrogen does not have to diffuse through ZrO 2 anymore to reach the metal (especially the α-Zr(O) phase) and thus to locally form nitride particles when all oxygen has been consumed inside cracks. [9, 39, 82]

In both cases, ZrN particles are oxidized as soon as oxygen is available again, which occurs generally fast. Nevertheless, in the second case, since oxide layers keep cracking (and cracks keep following the oxidation front progress), the contact between N 2 (g) and α-Zr(O) never really stops. Moreover, the oxidation of nitride particles inside cracks leads to simultaneous consumption of oxygen and release of nitrogen, newly available to react. The reaction process occurring inside cracks of oxide layers is thus a local self-sustained process alternating oxidation and nitriding periods. On this micrograph, one can observe:

-Intact bare Zircaloy-4 (β-Zr metal phase);

α-Zr(O) metal phase which appears lighter than the pure alloy previously mentioned;

-ZrN (golden) particles formed near the metal-oxide interface by reacting with α-Zr(O);

-Macro-cracks in the outer zirconia;

-Micro-cracks with pores in the inner zirconia.

Influence of the nitrogen content on corrosion kinetics

In order to highlight the role that nitrogen plays in the mechanical degradation of fuel claddings, some studies have investigated the influence of the nitrogen presence in steam both on the total mass gain and on the hydrogen release from steam decomposition, as shown in Figure 27. One can remark that in the conditions of this test series, a nitrogen content of 10 vol% only induces a small increase of the two oxidation indicators, compared to the case without nitrogen. Nevertheless, a nitrogen content of 50 vol% leads to large augmentations of both mass gain (between +65 and +400 %) and hydrogen release (between +40 and +600 %), especially for the oxidation at 1000 °C (+400 and +600 %). When increasing again the nitrogen content up to 95 vol%, a lack of steam is probably responsible for the reduction of the two oxidation indicators, which however remain higher than without nitrogen at all. Finally, with pure nitrogen, obviously no hydrogen is released, but also no mass gain is recorded. This indicates that for reacting significantly fast, nitrogen needs the presence of an oxidizing compound:

-Either located in the cladding after a pre-oxidation period (prototypically after pre-oxidation under pure steam due to the reactor core uncovery);

-Or mixed in the gas phase (prototypically during air ingress due to a potential vessel failure).

Similarly, Figure 28 exhibits the role that N 2 (g) plays, together with O 2 (g) in air, by comparing mass gain rates (derivative of the mass gain) obtained in nitrogen, oxygen and air at 1200 °C and 1400 °C. Several remarks or confirmations can be drawn from these two graphs:

-Once more, pure N 2 (g) does not seem to induce any mass gain, neither at 1200 °C nor at 1400 °C, at least for the time periods investigated here;

-On the contrary, pure O 2 (g) strongly reacts with Zry-4 cladding samples at both temperatures, especially at the beginning of the reaction because the dense growing zirconia layer is thin;

-At 1200 °C, N 2 (g) contained in air induces an approximately twice higher mass gain rate than pure O 2 (g) does, except at the very beginning of the reaction because first only oxygen reacts;

-Once again, beyond 1200 °C, at 1400 °C, the reactivity of N 2 (g) seems to be strongly limited since mass gain rate is higher in pure O 2 (g) than in air, except at the end of the reaction, probably when radial cracks start forming and/or when local oxygen starvation takes place.

In both situations, pure N 2 (g) does not react with zirconium of claddings, but its presence together with H 2 O(g) or O 2 (g), especially between 50 and 80 %, significantly increases mass gain rates, especially up to 1200 °C [START_REF] Steinbrück | Prototypical experiments relating to air oxidation of Zircaloy-4 at high temperatures[END_REF][START_REF] Steinbrück | Prototypical experiments on air oxidation of Zircaloy-4 at high temperatures[END_REF]. According to a recent study conducted at KIT, even only 1 % N 2 (g) may significantly accelerate the Zry-4 oxidation by O 2 (g) at 800 °C [START_REF] Steinbrück | High-temperature oxidation of Zircaloy-4 in Oxygen-Nitrogen mixtures[END_REF]. One can conclude that nitrogen acts more as a catalyst of the oxidation reactions than as a real reacting compound. These rises of corrosion kinetics in nitrogen-containing atmospheres are associated with the self-sustained reaction previously described, which is responsible for the mechanical degradation of claddings under air.

Acceleration of the cladding degradation process under air

As a consequence of this nitrogen-assisted oxidation of zirconium alloys, air strongly accelerates and amplifies, compared to steam, the mechanical degradation of Zr-based claddings. Indeed, the continuous cycles of formation and re-oxidation of ZrN particles induce extensive density changes and volume mismatches (between metal Zr, oxide ZrO 2 and nitride ZrN) near the metal-oxide interface. It participates in further undulating this interface, in relieving compressive stresses, in weakening the zirconia layer, and thus in favoring the appearance of macro-and micro-cracks. Consequently, several phenomena are favored: diffusion of chemical species to the metal-oxide interface, cladding reactions with oxygen and nitrogen, and material spalling. As can be concluded from mass gains, photographs and micrographs, the degradation rate globally increases with air content in the atmosphere. From the safety viewpoint, the barrier effect against radioactivity provided by Zr-based claddings is lost much earlier than under pure steam, e.g. during SA without air ingress. Furthermore, compared to steam, both higher released energy and lower air cooling effect induce earlier temperature escalations from relatively low temperatures. Additionally, the nitride formed during this air corrosion process could re-oxidize very quickly during potential water reflooding, which could result in temperature escalations and further core degradations in a later phase of the SA sequence. [38, 39, 82]

Corrosion kinetics

As in the section treating the influence of temperatures on oxidation kinetics under steam, this section will distinguish two different temperature domains for the corrosion kinetics of Zr-based cladding samples, below and beyond 1050 °C, and will detail the role of pre-oxide thicknesses.

Below 1050°C

In SA conditions, when possible air ingress occurs consecutively to massive melting of materials and potential vessel failure, it is very unlikely that parts of the reactor core could still be around operational temperatures. Therefore, studies focusing on corrosion kinetics of claddings under air often start around 800 °C, sometimes at 600 °C. [38, 39, 84, 89]

Due to the high heat released by reaction between zirconium and oxygen (cf. equation E2), it is very likely the temperature quickly reaches 1050 °C. Like in liquid water or steam, below this value, mass gain evolutions over time exhibit two main oxidation regimes, both obeying equation E14:

∆m S = K m * (t) 1 n ⁄ (E14)
Firstly, the oxidation kinetics follows a parabolic law (n=2). As in steam, the oxidation process in air is governed by the solid diffusion of oxygen through zirconia and progressively slows down because of the continuous oxide layer thickening. During this first period, similarly to steam, the growing zirconia layer is commonly described as protective or dense. However, compared to steam, the presence of nitrogen in air tends to increase reaction rates and to shorten this first period during which zirconia is protective. [39, 84] Secondly, after a shorter time period in air than in steam, cracks start propagating: from the outer cladding surface (recently switched from compressive to tensile stress state), through porous grain boundaries of the zirconia layer, down to the metal-oxide interface. In these "breakaway" conditions, the reaction process is not anymore limited by the oxygen diffusion through solid zirconia, but is governed by the fast gaseous diffusion of reacting species (both oxygen and nitrogen) through open cracks. Consequently, the oxidation kinetics changes from parabolic to linear (n=1) or even accelerated (n<1), as experimentally observed. During this second period, as in steam, the zirconia layer contains numerous cracks, pores, and is thus generally described as non-protective or porous. However, the nitrogen-assisted oxidation occurring in air leads to much more porous oxides and thus much higher reaction rates than in steam. [39, 84]

Figure 32 illustrates, at four different temperatures, this particular two-step kinetics of the mass gain evolution, which is not always as pronounced for all Zr-based alloys. It is worth specifying that mass gain decreases observed at 900 °C around 8000 s and at 1000 °C around 3500 s for ZIRLO ® samples (blue curves) are likely due to the spalling and falling of some parts of the oxide scales.

For the same reasons as in steam below 1050 °C, an increase in temperature leads to earlier kinetic transitions for Sn-bearing Zr alloys (ZIRLO ® and Zry-4 on Figure 32). However, because of the higher temperatures, these earlier kinetic transitions start at higher mass gains. Indeed, accelerations of mass gain initiate at around:

-12 g.m -2 at 700 °C (after 10000 s for Zry-4 and 5000 s for ZIRLO ® ); -25 g.m -2 at 800 °C (after 6000 s for both Zry-4 and ZIRLO ® ); -75 g.m -2 at 900 °C (after 1000 s for Zry-4 and 3000 s for ZIRLO ® ); -100 g.m -2 at 1000 °C (after 500 s for both Zry-4 and ZIRLO ® ).

Moreover, as in steam, alloys containing niobium as main alloying element (M5 ® on Figure 32) seem to exhibit a strongly higher resistance to corrosion in the temperature domain below 1050 °C. Indeed, the mass gain rate of M5 ® does not exhibit any significant kinetic transition up to 900 °C and a relatively late one (compared to Sn-bearing Zr alloys) at 1000 °C.

The temperature influence can be better illustrated on graphs gathering mass gain evolutions of the same alloy during corrosion in air at various temperatures, as in Figure 33. Although logarithm scales tend to decrease the differences between the two alloys and between temperatures, it is very clear that M5 ® is generally more resistant than Zry-4 to corrosion by air and that increases in temperature strongly accelerate corrosion and thus degradation of Zr-based fuel claddings.

One has to remember during a hypothetical SA, air ingress is always preceded by a quite long period of pure steam oxidation. Therefore, various investigations focused on the influence of a pre-oxidation of nuclear fuel claddings before the initiation of accidental conditions. For instance, more or less pre-oxidized Zry-4 cladding samples have been corroded in air at 850°C, and their recorded mass gains have been compared to those of bare Zry-4 cladding samples corroded in the same conditions, as shown in Figure 34 from studies conducted at IRSN. Contrarily to reactions in pure nitrogen which are systematically enhanced in case of pre-oxidation, the influence of pre-oxide layers on the cladding behavior during further corrosion in air seems to be more complex. Up to 850 °C, the corrosion of Zr-based claddings in air seems to be reduced by pre-oxide layers, and especially by thick ones. Indeed, the decrease in reaction rates is much more significant with a pre-oxide layer of around 70 µm (yellow curves) than around 16-17 µm (green curves). However, beyond 850 °C, further corrosions under air seem to be slightly amplified in case of preoxidation. The general conclusion drawn from these observations is that non-cracked pre-oxide layers constitute protections of nuclear fuel claddings against further corrosion in air, only up to 850 °C. Other comparable investigations, conducted at KIT, provided similar results and conclusions: as expected dense pre-oxide layers are quite protective whereas porous ones are not [84]. However, once again the pre-oxide thicknesses investigated are rather thin and correspond to oxide scales grown in operational conditions. Therefore, it could be interesting to find similar studies realized with thicker pre-oxide thicknesses (some hundreds of micrometers), in order to check if the global trends remain valid or not.

Above 1050°C

As previously described, air ingress into the reactor may only occur in case of massive melting of core materials inducing failure of the vessel bottom. Therefore, in such conditions, most of nuclear fuel claddings already reached temperatures beyond 1050 °C. Compared to below 1050 °C, it has been observed in this higher temperature domain that corrosion kinetics is more regular, provided that enough air is permanently available. Indeed, mass gain evolutions generally obey unique laws (between parabolic and linear) all along cladding corrosions, without any kinetic transition, as shown for various temperatures and zirconium alloys on Figure 35.

As in steam, oxidation behaviors of the three studied zirconium alloys (Zry-4, ZIRLO ® and M5 ® ) are more similar to each other above 1050 °C (cf. Figure 35) than below this value (cf. Figure 32). Indeed, their mass gain evolutions follow an almost identical law during the whole corrosion process and do not exhibit any kinetic transition.

However, as in steam again, although mass gains are only parabolic-linear, corrosion kinetics are much higher than below 1050 °C, still because of the high temperature dependence of all involved phenomena: creep of Zr-based claddings, solid and gaseous diffusions, and chemical reactions between the different species and phases. Despite the square root scale of time which tends to deform and reduce differences between the four studied temperatures, one can easily observe:

-The particular two-step kinetics existing below 1050 °C (800 and 1000 °C), with a very clear kinetic change after a certain time which strongly depends on the temperature (after ~200² = 40000 s at 800 °C and after ~20² = 400 s at 1000 °C);

-The stronger and continuously parabolic-linear kinetic law existing beyond 1050 °C, which means the corrosion process is faster but more regular (if air remains permanently available) than at lower temperatures; One can see that the influence of pure nitrogen on cladding mass gain is enhanced by the presence of pre-oxide layers. On the contrary, pre-oxidation tends to delay and reduce the impact of air on the cladding degradation until the cracking of the zirconia layer appears.

-

Summary

This second part constitutes a broad literature review which was aimed at studying, understanding and linking main phenomena involved in the oxidation and degradation processes of the nuclear fuel claddings, made of zirconium alloys, during a potential SA sequence. More precisely, the considered accidental conditions have encompassed not only the initial period during which the decay heat vaporizes water and the superheated steam oxidizes Zr-based claddings, but also the detrimental impacts that various events and phenomena could have on these oxidized claddings: steam starvation periods, core reflooding with water, and hypothetical vessel failure with air ingress.

Before describing the behavior of fuel claddings in these conditions, a short subpart presented the zirconium element and explained the reasons why Zr-based alloys are used as cladding material.

Then, the main Zr-based alloys used over the world were described, by specifying their developers, alloy compositions and specific features, with a special emphasis on French PWR in which several Zr alloys are widely used: Zircaloy-4, ZIRLO ® and M5 ® .

Afterwards, the second subpart focused on the oxidation process of these zirconium alloys in water and/or steam under SA conditions, which means before any potential air ingress would have occurred.

The oxygen diffusion through the zirconium lattice, governed by Fick's laws, leads to a progressive increase of the oxygen content in claddings and thus to the formation of several layers according to the binary Zr-O phase diagram: oxide ZrO 2 called zirconia, metallic phases noticed α-Zr(O) and β-Zr.

Zirconia may grow in various allotropic forms, depending on the surrounding conditions such as temperature, pressure and grain size. Additionally, during oxidation of Zr alloys, two oxide scales form: an outer one at the cladding surface made of small equiaxed grains and an inner one at the metaloxide interface made of elongated grains radially oriented. In both scales, zirconia grain boundaries constitute weak areas in which small holes grow and coalesce to form closed nano-and micro-pores.

Simultaneously, due to a high PBR, compressive stresses progressively build-up and promote the formation of the tetragonal zirconia instead of the monoclinic one. If the temperature is below 1050 °C, the stress relieving may induce an allotropic phase change from t-ZrO 2 to m-ZrO 2 , which destabilizes the oxide layer and triggers the propagation of cracks through porous grain boundaries. This cracking of the zirconia layer (change from closed to open porosity) constitutes an impairment of the first safety barrier which may lead to a release of radioactivity into the PC and to an acceleration of the oxidation process. Indeed, this cracking is associated with a "breakaway" kinetic phenomenon (transition from parabolic to linear regimes). Hence, oxide layers formed below 1050 °C always appear much more porous and cracked than above this temperature. The influence that the temperature has on oxidation kinetics of Zr alloys under water and steam was then detailed, by dividing the temperature range into three different domains and by systematically linking observed kinetics phenomena to oxide growth mechanisms. As expected, below 1050 °C, the previously described oxide cracking promotes the access of oxygen to the metal and therefore accelerates the oxidation reaction, exhibiting a two-step kinetics, with the "breakaway" transition from parabolic or cubic regimes to linear ones. On the contrary, beyond 1050 °C, only a few radial cracks form, the zirconia layer remains globally dense and protective, and no kinetic transition is observed. However, due to the high temperature dependence of all involved phenomena, the oxidation process remains mainly governed by the temperature and is generally faster above 1050 °C than below this value. Finally, this second subpart described the way mass gain correlations implemented in SA codes are usually determined: by performing oxidation experiments of samples with mass gain measurements at several temperatures, and by applying some equations, linear regressions and identifications.

Finally, the third subpart of this literature review aimed at describing the globally severe impact that a potential air ingress would have on the subsequent degradation of Zr-based claddings. The oxidizing compound of air, oxygen O 2 (g), reacts with zirconium alloys approximately as steam does. On the contrary, pure nitrogen N 2 (g) preferentially reacts with α-Zr(O) and potentially with sub-stoichiometric ZrO 2 , but almost not with other phases of the Zr-O system. Therefore, a pre-oxidation of claddings tends to increase their subsequent reaction rates and mass gains in pure nitrogen. Then, this part detailed the influence on the cladding degradation that nitrogen has together with an oxidizing compound such as steam and, in case of air ingress, oxygen. Indeed, in such nitrogen-containing mixtures, a nitrogen-assisted reaction takes place and enhances chemical reactions. First, local and/or global oxygen starvation occurs and nitrogen may react with Zr-based alloys, especially with α-Zr(O) at the bottom of the cracks previously formed in the zirconia layer, which forms zirconium nitrides.

Then, these ZrN particles may be oxidized by fresh oxygen, and therefore nitrogen is released and becomes available for reacting again in case of new oxygen starvations. These continuous cycles constitute a self-sustained reaction which significantly amplifies the mechanical degradation of Zrbased nuclear fuel claddings. Additionally, the lower cooling effect and the higher energy release of air, compared to steam, tend to amplify the temperature increase initially due to the decay heat. Finally, as in steam, the influence of the temperature on oxidation kinetics of Zr alloys in air was detailed, by systematically linking kinetics behaviors to degradation mechanisms and by separating the temperature range into two different domains. Below 1050 °C, the reaction kinetics change from parabolic to linear or accelerated during the "breakaway" transition due to zirconia cracking. Beyond 1050 °C, this kinetics is only parabolic-linear from the beginning to the end of the corrosion process, but remains higher than below this temperature. Indeed, exactly as in steam, the temperature in air has a major influence on corrosion kinetics of Zr alloys, both below and above 1050 °C.

Experimental investigations and analyzes

The two previous parts respectively allowed introducing the overall context of potential SA sequences in French nuclear PWR (2) and describing all phenomena involved in the corrosion of Zr-based fuel claddings in such conditions, not only under pure steam, but also, in case of air ingress, under air and air-steam mixtures [START_REF] Beuzet | Modélisation des conséquences d'une entrée d'air en cuve sur le calcul du Terme Source en accident grave[END_REF]. Clearly, air and other nitrogen-containing mixtures amplify and accelerate the reaction process. However, although corrosion kinetics is higher in air than in steam, the global degradation process remains similar. Indeed, in both cases and especially below 1050 °C, three interlinked phenomena lead to the cracking of zirconia layers: closed pores at weak oxide grain boundaries, compressive stresses favoring t-ZrO 2 over m-ZrO 2 , and stress relieving coupled with zirconia allotropic phase change. This oxide cracking, much larger in air and below 1050 °C, leads to a change from closed to open porosity, hence to a direct access for gaseous reacting species to the oxidable Zr metal, and so to a "breakaway" kinetic transition.

To summarize, during corrosion of the Zr-based fuel cladding under steam and/or air, the mechanical degradation of this first safety barrier is mainly induced by the temperature level and by the appearance of open porosity in the form of macro-and micro-cracks in zirconia layers. Therefore, in order to investigate, better understand and correctly model the corrosion processes of Zr-based claddings, it was necessary to obtain quantified porosity data, through the study of corroded cladding samples with porosity-investigating techniques.

Concretely, based on the conclusions from the literature review, and in the frame of the partnership between EDF and KIT, a pioneering two-step experimental protocol was developed. It consisted in corrosion tests of Zr-based cladding samples, followed by porosity measurements of the oxidized samples. Indeed, this protocol was explained and proposed in April 2014 This third part presents and analyzes all results from these experimental tests conducted at KIT. It is composed by four subparts. The first one describes in detail the whole experimental protocol that was applied (4.1). The second and third subparts respectively summarize the experimental results obtained for oxidation of Zr-based alloy samples under pure steam (4.2) and in the selected air-steam mixture (4.3). Finally, the fourth subpart presents the final analyzes performed to establish porosity increase rates in the prospect of simulating the cladding porosity and modeling its impact on hydrogen production during SA sequences, and then summarizes the contributions of porosity data and the potential bias from experimental methods (4.4).

Protocol, matrix and main results

This first subpart precisely describes the two-step experimental protocol and the test matrix which were defined and applied for: corrosion tests of Zr-based cladding samples (4.1.1) and porosity measurements of the oxidized samples (4.1.2). For both kinds of experiments, several features are successively described: basic principle, experimental setup used, post-test investigations and analyzes. Finally, the global test matrix is precisely presented and justified (4.1.3).

Corrosion tests

As presented all along the literature review (3), numerous small-scale corrosion tests of Zr-based cladding samples have already been conducted, especially at IRSN and KIT. Such experiments aim at studying and quantifying the chemical reactions undergone by short cladding samples placed inside furnaces in which gases are injected. This section successively describes the principle of thermogravimetric analysis, the experimental setup and the classical post-test investigations (photographs and micrographs).

Principle of thermogravimetric analysis

For most of experimental setups operated at IRSN and KIT, quantitative studies of chemical reactions rely on the simultaneous use of a thermobalance and a mass spectrometer, respectively recording the cladding sample mass gain and the outlet gas chemical composition, as schematized on Figure 39. 

Experimental setup

Within the KIT, the Institute for Applied Materials (IAM) has such devices. In the frame of this PhD work, the experimental setup was composed of a thermobalance STA-409, from Netzsch, coupled with a quadrupole mass spectrometer Aeolos, from Netzsch too. This thermobalance was accurate enough to quantitatively determine the progress of oxidation reactions taking place inside the furnace. On the contrary, the mass spectrometer was only employed to record the test procedure and to support the qualitative interpretation of all chemical reactions, especially in case of injection of complex gas mixtures. The steam supply into the thermobalance is performed by a liquid mass flow controller from Bronkhorst ® coupled with a Controlled Evaporator Mixer, while supplies of other gases are simply realized by a gas mass flow controller, from Bronkhorst ® too.

[84]

A more captioned scheme of a thermobalance operation is shown on Figure 40. In the frame of this PhD work, the cladding samples were 10mm-long tube segments. They were cut from longer cladding tubes, then deburred and ground on both ends, and cleaned in an ultrasonic bath with acetone. For the corrosion tests, they were vertically positioned on a perforated alumina sample holder which was used to avoid gas stagnations and/or starvations inside the tube segments.

A typical corrosion test, performed with such an experimental device, follows a usual sequence: [84]

-At room temperature, users insert a sample (e.g. a Zr-based cladding sample) in the furnace.

-After closing, heaters of the furnace progressively increase the temperature, under pure argon gas (inert compound), up to the desired value (T).

-When T is reached up for the first time, ten minutes are commonly spent to achieve a relative temperature stabilization, still under pure argon.

-When T is stabilized, users switch on the flux of the corrosive atmosphere (A), either during a certain corrosion duration (D(min)) or until a certain relative mass gain (RMG(wt%)).

-When the goal is reached (D or RMG), users switch off the gas mixture flux together with the heaters, and let the temperature progressively decreasing, under pure argon again.

-When a relatively low temperature is reached down, the furnace can be opened to recover the corroded Zr-based cladding sample.

Most of parameters (heating rate, T, D, A) can be pre-defined by users via appropriate software and apparatus. However, if users want to reach a certain RMG, whose relation to SMG is given in equation E20, they must regularly check the computer screen and switch off the gas mixture flux when needed.

RMG = SMG (g. m -2 ) * S (oxidable surface in m 2 ) m (initial mass in g) (E20)

Post-test investigations

In addition to quantified experimental data, such as mass gain curves from the thermobalance and gas analysis graphs from the mass spectrometer, important qualitative information can be obtained about corroded cladding samples. Indeed, corrosion experiments are usually followed by two kinds of posttest investigations: photographs with a digital camera, and micrographs with an optical microscope.

As soon as corroded cladding samples have been recovered from the furnace (they may remain hot but it is not problematic since they are always handled with thin metallic tweezers to prevent organic contamination), they are usually photographed with a common digital camera.

A photograph selection of our Zr-based samples, corroded in various conditions, is given in Figure 41. Although Zr-based cladding samples all look alike, light grey and bright, in their bare state (cf. Figure 42), one can remark they exhibit a wide variety of appearances after being corroded in various test conditions (cf. Figure 41). This highlights the large diversity and the high complexity of corrosion processes of zirconium alloys.

Such photographs provide a global qualitative information about the entire corroded cladding samples, but no detailed information about their different layers (β-Zr, α-Zr(O) and ZrO 2 ). To get more specific information, the corroded cladding samples are usually submitted to optical micrographs. Such investigations require very smooth surfaces, and the sample preparation must follow a long procedure including several steps. Indeed, it is successively necessary to:

-Embed each corroded Zr-based sample in a small and cylindrical plastic box which is then filled with epoxy resin, and wait at least 8 hours before this resin is perfectly hardened;

-Remove the solid resin block (containing the corroded cladding sample) from the plastic box;

-Start manually chamfering all around the cylindrical resin block, only on the face near the sample, during approximately 1 minute, with water as lubricant;

-Wash the resin block with soap and water, rinse it and start grinding it, on its previously chamfered face, with successive finer and finer rough sandpapers: 220, 600 and 1200 (each during around 5 minutes, with water as lubricant, and with intermediary washings);

-Wash the resin block with soap and water again but without using fingers, rinse it and start polishing it, on its previously grinded face, with successive fine sandpapers having finer and finer grains: 150 μm, 50 μm and 15 μm (each during around 5 minutes, with a solution containing diamonds micro-beads as lubricant, and with intermediary washings);

-Polish the cylindrical resin block (still the same face) with a specific extremely fine "OPS" sandpaper during 1 minute, and with a special "OPS" chemical solution as lubricant.

The final result is a solid resin block with a polished surface, including the corroded cladding sample, as we can see on Figure 43. 

. Porosity measurements

The corrosion tests were done not only to obtain new kinetic data, photographs, micrographs, and to confirm conclusions from the literature review, but also to perform innovative post-test investigations: porosity measurements, through the use of a method to be determined. Indeed, there exists a wide variety of porosimetry techniques, each having its own characteristics and advantages/drawbacks. Fortunately, KIT-IAM had a large knowledge and experience about operation and interpretation of porosity-investigating methods. The porosimetry by mercury intrusion was finally considered as the most suitable method for the study of corroded Zr-based cladding samples. This section describes the basic principle of this porosimetry method, and the experimental setup that was used.

Principle of porosimetry by mercury intrusion

Several materials contain a certain void volume which is called porosity and distributed in the form of pores, cavities and cracks of various shapes and sizes. In many industries, the porosity of materials determines important physical properties, such as their durability, mechanical strength or permeability. Therefore, the knowledge of this porosity may be crucial to characterize materials and predict their behavior in different conditions.

[102]

In practice, the experimental methods most widely used to quantify and characterize these open void volumes of materials are called porosimetries by intrusion. Indeed, these methods allow for the determination of various major properties, such as the total porous volume or densities of porous studied materials. 

(E21)

Where:

-P L (Pa=N.m -2
) is the pressure of liquid;

-P G (Pa=N.m -2
) is the pressure of gas;

-σ (N.m -1
) is the surface tension of liquid;

θ (°) is the contact angle of intrusion liquid; 

-D P (m)

(E21')

The pressure has to be increased step by step because a certain time period is systematically needed to reach equilibrium, depending on sizes and shapes of pores. Indeed, at each pressure step, a certain amount of liquid mercury progressively fills the porous material, so that the resulting pressure changes and can be measured. By repeating this procedure for each step of the global pressure increase, and by applying different formula and empirical models with assumptions, one can for instance: [103, 105]

-Plot the size and volume distributions of pores;

-Know the total porous volume of the material sample;

-Deduce the bulk and absolute densities, and the porosity ratio;

-Determine the pressure and the pore diameter for which 50 % of the total volume was intruded, in order to obtain the median pore diameter.

In such conditions, it is obvious that only the open porosity can be filled by Hg(l) and then precisely detected and quantified. This was perfectly suitable for our study of corroded cladding samples, because only the open cracks and pores enhance the diffusion and reaction phenomena. However, despite the porosimetry by Hg intrusion is widely used with various applications, as far as we know it has never been applied to get quantitative information about the porosity of Zr-based cladding samples previously corroded in nuclear SA conditions. Hence, this experimental study was innovative and therefore risky.

Experimental setup

The These relatively recent PASCAL porosimeters apply a special measurement technique consisting in a progressive pressure increase through automatic and logical adjustments of the pressurization rate. Indeed, with this technique, the pressure increase starts slowly, and then in case of: [103, 105, 106] -Absence of pores (no observed mercury intrusion), the pressurization accelerates up to a defined maximum value;

-Presence of pores (mercury intrusion recorded), the pressurization decelerates down to a defined minimum value.

If all software parameters are adequately chosen, the use of this special measurement technique allows combining a relatively short analysis time with a high accuracy [103, 105, 106]. In practice, despite this relative rapidity of such porosity measurements, the successive use of the two porosimeters takes at least one hour per sample, because of the numerous steps of sample preparation and handling and of software preparation and operation.

Finally, it is worth specifying that these measurements are made at room temperature, and that the dilatometer of this double porosimetry device is a cylindrical tube with an internal diameter of 11 mm.

Post-test analyzes

After completing their measurements, the two porosimeters automatically produce data files containing several information: [103, 105]

-Total "intruded" or "pore" volume Vpor (mm

): it is the total porous volume, per gram of sample, in which the liquid mercury was intruded; ): it is the sample density measured under the initial relative vacuum;

-Envelope density de (g.cm -3

): it is the sample density measured at a low pressure (13 kPa);

-Apparent density da (g.cm -3

): it is the sample density measured at a high pressure (350 MPa);

-Total pore surface area Sp (m

): it is the presumed total surface that represent the pores;

-Evolution of Vtot over the imposed (increasing) pressure;

-Pore size distribution by plotting Vtot and POR as a function of the calculated pore radius Rp;

-Median pore radius Rmed (nm): it is the value for which 50 % of pores are larger and 50 % of pores are smaller;

-Modal pore radius Rmod (nm): it is the value at which the maximum amount of liquid mercury was intruded.

Unfortunately, several of these data are not suitable for quantifying the specific porosity of our zirconia layers because: [103, 105]

-Some of them are not calculated by physical formula, but are obtained through empirical models involving assumptions such as cylindrical pores. In the case of the zirconia layers, more or less porous and cracked, it is likely there are various shapes for all pores and cracks. Therefore, Sp, Rmed and Rmod should not be taken into account. Indeed, these values were not reproducible for two cladding samples corroded in the same conditions.

-The inaccessible porosity iPOR is calculated based on the theoretical sample density, which is impossible to precisely know. Indeed, although the Zr density, the ZrO 2 density and the sample mass gain are known, the proportion of oxygen that did not react to form zirconia and that diffused in metal phase layers is not precisely known. Therefore, iPOR should be wrong. Indeed, the sample density implemented into the software is the density of zirconia. Since this is lower than the global density of oxidized cladding samples, iPOR was found negative for all of them. Anyway, even its precise true value could be obtained, iPOR represents the closed porosity which does not significantly influence the diffusion of chemical species through the zirconia layer, and thus which does not interest us so much.

-The various densities db de da measured at different pressure states do not really provide any relevant and usable information.

Consequently, only the total porous volume Vpor (mm

3 .g -1
) and the accessible porosity POR (vol%) constitute data that are representative, relevant and potentially usable. Moreover, for each sample these two values are proportional to each other. Consequently, to simplify further analyzes, only the second one was studied and used: POR. By extension, the pore size distributions, plotting POR over the calculated pore radius Rp, were also valuable and usable in the framework of this PhD thesis.

Test matrix and main results

Thanks to the partnership between EDF and KIT, it was possible several times in the frame of this PhD project, especially in 2014 and 2015, to use the experimental facilities of KIT-IAM in order to test and extend the previously defined two-step protocol (corrosion experiments with subsequent porosity measurements). For this first test, it was worth to investigate the influence (on reaction kinetics, global appearances and porosity contents) of four experimental parameters: the Zr alloy, the atmosphere A, the temperature T and the duration D. This section aims at presenting, justifying and summarizing all choices made about these four parameters.

The zirconium alloy

For the first application of this pioneering two-step experimental protocol, it was relevant from the EDF viewpoint to test cladding samples made of Zr alloys used in French PWR facilities: Zircaloy-4, M5

® or ZIRLO ® . At that time, three kinds of Zr-based cladding alloys were available at KIT-IAM, with the same PWR-prototypical thickness of 0.57 mm, but with three different external diameters:

-Zircaloy-4 samples of 10.75 mm;

-ZIRLO ® samples of 9.50 mm (PWR-prototypical dimension);

-E110 samples of 9.10 mm.

ZIRLO ® cladding samples were selected for two crucial reasons:

-This zirconium alloy is widely employed in EDF facilities, in the present and in the middle-term future: indeed, nuclear fuel assemblies made of ZIRLO ® are currently used in 25 of the 58

French PWR (whereas E110 is not used at all, and Zry-4 assemblies are progressively replaced by M5 ® ones).

-These ZIRLO ® samples had PWR-prototypical dimensions and were thin enough to get into the available dilatometer, of internal diameter 11 mm as previously described (4.1.2.2), even after a theoretical full oxidation: 9.50 + 0.57 * (1.56 -1) = 9.82 mm < 11 mm (unlike Zry-4 samples, almost too large without being corroded).

The corrosive atmospheres

As explained in the literature review (3), two main kinds of atmospheres may exist in a PWR under SA conditions: pure steam and air-steam mixtures, respectively before and after a hypothetical vessel failure with air ingress. Considering the major difference between behaviors of Zr-based claddings in case of classical oxidation under pure steam (3.2) or potential corrosion in air-steam mixtures (3.3), it was necessary to quantify the influence of these two atmosphere types on the degradation, through the porosity, of Zr-based samples. By the way, it is worth specifying that even in case of air ingress, pure air is very unlikely because there would always remain (liquid or gaseous) water in the nuclear reactor core, except locally and temporarily in uncommon cases of steam starvation conditions, as detailed in the review (3.2.3.2).

An EDF report of 2005, dealing with air ingress evaluation, considered an atmosphere composed by 60 mol% air and 40 mol% steam [START_REF] Freydier | Projet PAGODES: Evaluation de l'entrée d'air en cuve par un calcul Saturne[END_REF]. Consequently, to keep the magnitude of this ratio while considering its uncertainties, a 50-50mol% air-steam mix was decided. Therefore, the selected ZIRLO ® cladding samples were submitted, at atmospheric pressure (1 atm), to:

-Either pure steam (0.278 mol.h -1

);

-Or a 50-50mol% air-steam mixture (0.139 -0.139 mol.h -1

).

Additionally, 0.134 mol.h -1 of argon was injected as inert carrier gas during all corrosion experiments.

The temperatures

As detailed along the review (3), a wide range of temperatures may exist in nuclear reactor cores during SA sequences. Moreover, not only the temperature is the parameter having the highest quantitative influence on corrosion kinetics of Zr-based claddings, but also there is a major qualitative difference in corrosion kinetics between below 1050 °C (two-step kinetics) and beyond this "breakaway" domain (constant kinetics). Consequently, it was crucial to test several temperature values, in both domains, to get numerous and sufficiently representative results. However, the number of tests also had to remain reasonable, especially considering the allotted time and the two other varying conditions (atmospheres and durations). Finally, it must be specified that as soon as steam is employed, totally or just partially, the maximum temperature for the thermobalance of our experimental setup is 1550 K. Moreover, a margin of 50 K is applied to be sure not to trigger safety procedures of the device.

Therefore, it was decided to submit the ZIRLO ® cladding samples to temperatures from 1100 K (beginning of accidental sequences) up to 1500 K (maximum of thermobalance used). More precisely, eight temperatures were tested with the both atmospheres, five below 1050 °C and three beyond this "breakaway" limit:

-1100 K (= 827 °C);

-1150 K (= 877 °C);

-1200 K (= 927 °C);

-1250 K (= 977 °C);

-1300 K (= 1027 °C);

-1350 K (= 1077 °C);

-1450 K (= 1177 °C);

-1500 K (= 1227 °C).

The durations

In addition to atmospheres and temperatures, whose influences are often studied in such corrosion tests, it was also decided, in the frame of this PhD work, to investigate the influence of the "breakaway" phenomenon and of the oxidation progress of ZIRLO ® samples on their global appearance and porosity content. Therefore, in each experimental condition (for each duo atmosphere-temperature), it was decided to perform three to five (resp. two) different durations for corrosion tests, for temperatures inside (resp. beyond) the "breakaway" domain.

More precisely, in conditions inducing a "breakaway" kinetic transition, the three to five durations were selected so that this phenomenon:

-Does not occur;

-Has just occurred;

-Occurred longer time(s) ago.

On the contrary, in conditions without any "breakaway", the two durations were selected so that:

-The corrosion tests are not too much long (few hours maximum);

-The zirconia layers are sufficiently different from each other (around 50 μm minimum).

Moreover, all durations were also chosen so that all the ZIRLO ® cladding samples used reach RMG between 2 and 22 wt%, corresponding approximately to SMG between 36 and 400 g.m -2 (cf. equation E20), and hence to ECR between 5.7 and 63 % (cf. equation E13), or to δ ZrO2 between 24.6 and 271 μm on both internal and external sides of the cladding sample (cf. equation E12).

Matrix and results

Since the two-step experimental protocol was innovative, especially with its second step (porosimetry by Hg intrusion) newly applied to corroded ZIRLO ® cladding samples, its reproducibility had to be estimated. Consequently, it was necessary to perform two or three tests in each experimental condition (for each trio atmosphere-temperature-duration):

-Two samples dedicated to photographs and to destructive porosity measurements;

-Potentially one more sample dedicated to photographs and destructive post-test micrographs.

Moreover, in order to establish a base reference for porosimetry by Hg intrusion of Zr-based cladding samples, it was interesting to study bare (non-oxidized) samples: four ZIRLO ® cladding samples were hence submitted to such porosity measurements without being corroded. 

: Matrix and results of Zr-based cladding samples, corroded in air-steam mix and studied with microscopy or porosimetry by Hg intrusion

One reference corresponds to one sample. Each sample reference is written YYMMDDx with YY the year number, MM the month number, DD the day number, and x the test number of the date.

More experiments were conducted inside the "breakaway" domain (< 1300-1350 K) rather than outside (> 1300-1350 K) because corrosion phenomena are more complex and less reproducible, and so harder to understand, model and simulate. For the same reason, more experiments were conducted in the 50-50mol% air-steam mixture than under pure steam.

First, it is worth noticing that the four non-oxidized bare ZIRLO ® cladding samples exhibit open/accessible porosity POR values (from 0.29 up to 2.52 vol%, average 1.3 vol%) significantly lower than oxidized samples (total average 4.3 vol%), and especially compared to samples submitted to the air-steam mixture (average 6.1 vol%). These negligible or low POR values of non-oxidized bare cladding samples are crucial for two reasons:

-They provide a zero baseline for the further study of the porosity evolution of Zr-based cladding samples over their oxidation process, and hence show that porosimetry by mercury intrusion is perfectly suitable for such porosity investigations.

-They confirm what was expected and deduced from the literature review: the porosity POR of Zr-based cladding alloys significantly increases during their oxidation process, more in the airsteam mixture than under pure steam, and even more at specific temperatures, especially at which "breakaway" phenomena take place, as further described (4.2 and 4.3).

However, it is also worth to remark the variability of POR values for these four non-oxidized bare cladding samples (from 0.29 up to 2.52 vol%). Similarly, as can be seen in the test matrix and as further detailed (4.2 and 4.3), ZIRLO ® cladding samples submitted to the same conditions may exhibit non-negligible differences in their open/accessible porosity. This variability of POR values may be due to three reasons:

-Non-oxidized bare samples made of the same Zr-based alloy (or even potentially cut from the same cladding tube) may:

 Exhibit slight differences in their surface state, and so in their initial open/accessible porosity, for instance due to fabrication defects and/or crack initiations;

 Oxidize slightly differently in identical conditions, for instance due to local phenomena such as gas starvations and/or crack initiations.

-The porosimetry by mercury intrusion may include non-negligible measurement uncertainties (estimated around 1 vol% for the two-fold setup used in the frame of this PhD work).

Finally, it is also interesting to note that Zry-4 cladding samples exhibit a higher (resp. slightly lower) corrosion resistance than ZIRLO ® samples under pure steam (resp. in the air-steam mixture) in such high-temperature accidental conditions.

To summarize this first subpart, the two-step experimental protocol (corrosion tests and post-test investigations: photography and optical microscopy or porosimetry by Hg intrusion) has been precisely described, the global test matrix has been presented and justified, and the main results have been shown and briefly discussed. More results and detailed analyzes are provided in two steps, in the two next subparts: indeed, they precisely analyze all results obtained with Zr-based cladding samples submitted to pure steam (4.2) and to the 50-50mol% air-steam mixture (4.3), respectively. For each experimental condition, these two subparts especially focus on samples oxidized during relatively long time periods. Indeed, the decision to perform also shorter reaction time periods was taken only to investigate the influence of the reaction progress on the porosity of corroded samples, which will be discussed and analyzed only at the ends of both subparts.

Results analysis for pure steam

Under pure steam, only the oxidation reaction between Zr(s) atoms and H 2 O(g) molecules takes place (cf. equation E1). In agreement with the literature review (3.2), the ZIRLO ® cladding samples, selected for the present PhD work, exhibited two kinds of kinetic behaviors, with or without "breakaway", depending on the temperature. The whole temperature range is hence divided into three domains: at 1100 and 1150 K (4.2.1), at 1200 and 1250 K (4.2.2), and from 1300 up to 1500 K (4.2.3). For these three sections, mass gain curves, kinetic analyzes, outlet gas graphs, photographs, micrographs, porosity values, and pore size distributions, are successively presented and analyzed. The last section recapitulates the results from oxidation of ZIRLO ® cladding samples under pure steam by establishing mass gain and porosity correlations (4.2.4).

At 1100 and 1150 K

This section presents and describes the results obtained with the selected ZIRLO ® cladding samples isothermally oxidized under pure steam at 1100 and 1150 K.

Oxidation tests

As expected from the literature review (3.2.4), at 1100 and 1150 K, the lowest tested temperatures, the oxidation rates were extremely low, because of the high temperature dependence of the whole oxidation process. However, contrarily to what is usually reported in the literature, the oxidation kinetics looked like cubic and highly reproducible, both at 1100 and 1150 K, as shown on Figure 46. As previously described (3.2.4.4), by plotting the natural logarithm of SMG as a function of the natural logarithm of the time (cf. equation E14'), one can identify, through a linear regression, the kinetic coefficient K m , and the type of kinetic law n, corresponding to the tested temperatures:

-At 1100 K:

 150610a: ln(K m )=2.56 and 1/n=0.276, so K m =12.9 g.m -2

.min -1/n and n=3.63;

 150417b: ln(K m )=2.65 and 1/n=0.260, so K m =14.2 g.m -2

.min -1/n and n=3.84.

-At 1150 K: .min -1/n and n = 3.17 at 1150 K. Due to the high temperature dependence of the oxidation rate, K m is higher at 1150 than 1100 K. Values of n above 3 stand for sub-cubic kinetic rates, which is consistent with the highly decelerating oxidation rates.

Concerning the outlet gas analysis provided by the mass spectrometer, since the oxidation process was slow and took a long time, it is necessary to focus on the very beginning of the oxidation reaction, as shown on Figure 47.

Figure 47: Chemical composition of the outlet gas at the initiation of the oxidation at 1150 K of the ZIRLO ® cladding sample 140819c

First, since the oxidizing atmosphere is pure steam, no O 2 (g) is released, and almost no N 2 (g) is detected (except at the very beginning of reactions, probably because of remaining nitrogen: dissolved in the atmosphere and/or adsorbed onto sample surfaces). Second, the H 2 (g) production (proportional to the H 2 O(g) consumption) slightly increases only at the very beginning of the reaction and then strongly decreases, almost down to zero, confirming the low and sub-cubic oxidation kinetics.

Post-test investigations

First, some of these oxidized ZIRLO ® samples were devoted to digital photographs and optical micrographs, as previously described (4.1.1.3) and as shown on Figure 48. These open/accessible porosity values remain in the range of measurement uncertainties (around 1 vol%), and can then be neglected. Consequently, the pore size distributions provided by the two-fold porosimeter for these three samples are very low and very different from each other since they are mainly due to the background noise.

Such negligible POR values are perfectly consistent with:

-The formation of dense zirconia layers (cf. Figure 48);

-The very slow oxidation reactions (cf. Figure 46 and Figure 47);

-The previously calculated sub-cubic kinetic rate (4.2.1.1).

At 1200 and 1250 K

This section presents and describes the results obtained with the selected ZIRLO ® cladding samples isothermally oxidized under pure steam at 1200 and 1250 K.

Oxidation tests

As expected from the literature review (3.2.4), at 1200 and 1250 K, just below 1050 °C and so in the "breakaway" domain, kinetic transitions occurred during the oxidation reactions. Consequently, twostep oxidation rates were observed, both at 1100 and 1150 K, as shown on Figure 49. Unlike at 1100 and 1150 K, the oxidation process at 1250 K (resp. 1200 K):

-Exhibits a two-step kinetics: it is first cubic until a "breakaway" transition, occurring around 5-7 minutes (resp. 60-80 minutes) due to the oxide cracking, seems to make this kinetics much faster and linear;

-Seems to be reproducible only during the initial parabolic kinetics period: afterwards, only two SMG curves almost coincide with each other, while the third one (sample 140901c) is significantly different, especially with a slower and later "breakaway", probably due to a better initial surface state (less fabrication defects and/or crack initiations).

As previously described (3.2.4.4) and already performed (4.2.1.1), one can identify the kinetic coefficient K m , and the type of kinetic law n, corresponding to the tested temperatures and periods, as shown for several samples in Table 8.

Table 8: Kinetic coefficients K m and exponent values n for ZIRLO ® cladding samples oxidized under pure steam at 1200 or 1250 K during various durations

By averaging these data, one can get mean values:

-At 1200 K before transition: K m = 26 g.m -2

.min -1/n and n = 3.7;

-At 1200 K after transition: K m = 1.3 g.m -2

.min -1/n and n = 1.1;

-At 1250 K before transition: K m = 34 g.m -2

.min -1/n and n = 3.5;

-At 1250 K after transition: K m = 7.9 g.m -2

.min -1/n and n = 1.1.

Due to the high temperature dependence of the oxidation rate, K m is higher at 1250 than 1200 K, both before and after the kinetic transition. At both temperatures, and as observed in the literature review (3.2.4.2), the reaction kinetics is:

-Sub-cubic (n > 3) before the "breakaway" transition, which confirms the initially slow and decelerating mass gain rates;

-Almost linear (n ~ 1) after this kinetic transition, which confirms the quasi-constant mass gain rates.

An example of the outlet gas analysis from the mass spectrometer is given in Figure 50.

Figure 50: Chemical composition of the outlet gas during the oxidation at 1250 K of the ZIRLO ® cladding sample 140821a

Despite different kinetic rates, observations at 1250 K and 1200 K are qualitatively similar to those at 1150 and 1100 K. Indeed, the H 2 (g) production (proportional to the H 2 O(g) consumption) increases only at the beginning of the reaction, and then decreases. However, quantitatively, it does not reach down to zero but to a low constant, confirming the linear kinetics previously calculated. Moreover, by comparing Figure 47 and Figure 50 one can note that the H 2 (g) production is much faster and more significant at 1250 K than at 1150 K.

Post-test investigations

A photograph and a micrograph of the same cladding sample after its oxidation is given in Figure 51. , roughly corresponds to a total zirconia thickness δ ZrO2 around 380 µm (cf. equation E12). On the photograph, one can see a uniform and light beige aspect of this oxidized sample, without macro-cracks. On the micrograph, both (internal and external) zirconia layers, exhibit a lot of pores and micro-cracks as largely reported in the literature review for this temperature domain (T < 1050 °C).

As described in the protocol (4.1.2), to try quantifying this porosity, some of these oxidized cladding samples were submitted to porosimetry by Hg intrusion, as shown in Table 6 and plotted in Figure 52. First, it is worth noticing that for samples oxidized in similar conditions (T and D), POR values are in the same range: the differences around 1-2 vol% may be due not only to intrinsic uncertainties of porosimetry tests but also to the variability of oxidation tests, especially in case of "breakaway".

Second, at both temperatures, this open/accessible porosity clearly increases over time: from 1-2 vol% (in the range of measurement uncertainties) up to 5-7 vol% after 50 min at 1250 K or to 4-5 vol% after 150 min at 1200 K. Such POR values and increases confirm the experimental observations, in particular the two-step oxidation kinetics with:

-First the formation of dense zirconia layers leading to sub-cubic kinetics (n > 3) and so decelerating oxidation rates (cf. Figure 49); ZrO 2

Zr

-Second the cracking of these zirconia layers which crack and become porous (cf. Figure 51), leading to linear kinetics (n ~ 1) and so constant oxidation rates (cf. Figure 49).

Moreover, this graph of the evolution of POR values over time precisely quantify, for such oxidized ZIRLO ® samples, the open/accessible porosity and demonstrate its link with the "breakaway" transition in oxidation kinetics. However, no information is given about the size of cracks and pores of such samples. It is then necessary to look at the pore size distributions provided by the two-fold porosimeter, and especially to look for potential differences between samples oxidized until before or after the "breakaway" phenomenon takes place, as done in Figure 53 and Appendix A. ) but also from 2 µm down to 10 nm (for a total between 2 and 3 mm

From 1300 up to 1500 K

This section presents and describes the results obtained with the selected ZIRLO ® cladding samples isothermally oxidized under pure steam at temperatures from 1300 up to 1500 K.

Oxidation tests

As expected from the literature review (3.2.4), at the highest tested temperatures, the oxidation rates were not only high, due to the temperature dependence of the oxidation process, but also slightly decelerating. Indeed, oxidation kinetics looked like parabolic, as shown on Figure 54. Indeed, like at 1100 and 1150 K, the oxidation rates above 1300 K do not exhibit any "breakaway" kinetic transition and seem to be very reproducible from one ZIRLO ® cladding sample to another one because all SMG curves almost coincide with each other. However, unlike at 1100 and 1150 K, the oxidation rates above 1300 K are very high: for instance, respectively 10 and 870 minutes are necessary at 1300 and 1150 K to reach SMG around 130 g.m -2

.

As previously described (3.2.4.4) and already performed for other temperatures, one can identify the kinetic coefficient K m , and the type of kinetic law n, corresponding to the tested temperatures, as shown for several samples in Table 9.

Table 9: Kinetic coefficients K m and exponent values n for ZIRLO ® cladding samples oxidized under pure steam with various temperatures and durations

By averaging these data, one can get mean values:

- .min -1/n and n = 1.7.

As for lower temperatures, K m globally keeps increasing over the temperature, and as observed in the literature review (3.2.4.3), the reaction kinetics is approximately parabolic (n ~ 2) in this temperature range (above 1300 K), which confirms the slightly decelerating oxidation rates observed.

Two examples of outlet gas analyzes from the mass spectrometer are given in Figure 55. The observations above 1300 K are qualitatively similar to those at lower temperatures: the H 2 (g) production (proportional to the H 2 O(g) consumption) increases at the beginning of the reaction and then progressively decreases, confirming the parabolic kinetics previously calculated. However, quantitatively, the increase is faster and more significant at temperatures above 1300 K, whereas the decrease is slower and less significant, as shown by comparisons with Figure 47 and Figure 50.

Post-test investigations

A photograph and a micrograph of a cladding sample oxidized at 1450 K are shown in Figure 56. Again, the SMG around 275 g.m -2 roughly corresponds to a total zirconia thickness δ ZrO2 around 380 µm (cf. equation E12), which means approximately 190 µm on both (internal and external) sides of the ZIRLO ® cladding sample. On the photograph, one can see a globally uniform and grey aspect, with a few macro-cracks, as reported in the literature review in this temperature range (above 1300 K). On the micrograph, one can see a quite dense zirconia layer (in dark grey, just above the remaining metal in light grey) with only a few pores.

As for lower temperatures, some ZIRLO ® cladding samples oxidized above 1300 K were dedicated to porosimetry by Hg intrusion, as listed in Table 6. The eight measured POR values are between 0.62 and 2.74 vol%, for an average of 1.42 vol%. These low open/accessible porosity values are just slightly above measurement uncertainties (around 1 vol%), and can hence be neglected, like at 1100 and 1150 K. Consequently, the pore size distributions provided by the two-fold porosimeter for these eight samples are mainly due to the background noise: they are low, different from each other and so not relevant. Such negligible POR values are in perfect agreement with both the formation of dense zirconia layers (cf. Figure 56) and the previously calculated parabolic kinetic rate (4.2.3.1).

Synthesis and correlations

This section recaps the main information for the three temperature domains, establishes a mass gain correlation for the oxidation of ZIRLO ® samples in pure steam, and focuses on the open/accessible porosity results.

Mass gain correlation

The behavior of the selected ZIRLO ® cladding samples during oxidation under pure steam strongly depend on the temperature, as summarized in Table 10.

Table 10: Summary of the main information concerning the oxidation of ZIRLO ® cladding samples under pure steam

Thanks to these numerous experimental values of K m at various temperatures, one can identify the activation energy Ea and the kinetic coefficient K 0 , corresponding to the oxidation reaction of ZIRLO ® samples under pure steam.

Indeed, as previously described (3.2.4.4), it is first necessary to plot the natural logarithm of K m as a function of the inverse of T, as done in Figure 57. A mass gain correlation, which is valid in the tested conditions (temperature range, atmosphere, alloy, gas flux, geometries) and could be implemented in SA codes, is hence established:

SMG ≈ 53906 * exp ( -76720 R * T ) * t 1/n

(E22)

Where:

-R (∿ 8.3145 J.mol

-1 .K -1
) is the gas constant, T (K) is the temperature and t (min) is the time;

n (no unit) is between 2 and 3 for oxidation under pure steam (cf. Table 10).

Porosity correlation

To summarize the porosity results obtained through the pioneering application of porosimetry by mercury intrusion to Zr-based cladding samples oxidized in pure steam at various temperatures, it is first worth plotting POR over T, as done in Figure 58.

Figure 58: POR (vol%) over T (K) for ZIRLO ® cladding samples oxidized in pure steam

For all temperatures at which no "breakaway" transition occurs (1100, 1150, 1300, 1350 and 1500 K), the open/accessible porosity remains quite low, between 0 and 3 vol%, in the range of measurement uncertainties or slightly above.

However, for samples oxidized at 1200 or 1250 K, POR values first remain low, around 1-2 vol% until the "breakaway" transition occurs, and then increase up to 5 vol% at 1200 K and 7 vol% at 1250 K.

To investigate this evolution of the open/accessible porosity, while taking into account the influence of the oxidation progress, it is worth plotting POR over SMG for all temperatures, as done in Figure 59. temperatures, the progressive increase of POR over SMG (and so along the oxidation reaction) is logical. Indeed, in constant conditions (isothermal tests under constant reacting atmosphere), if zirconia layers start cracking, the cracks propagate in every directions until the metal-oxide interface, and there is no reason for this degradation process to stop if the oxidation does not stop itself.

More precisely, as calculated and shown on this graph, it is possible for these two temperatures at which "breakaway" occurs, to determine correlations between POR and SMG, through linear regressions:

-At 1200 K in pure steam: POR ≈ 0.025 * SMG;

-At 1250 K in pure steam: POR ≈ 0.023 * SMG.

Results analysis for air-steam mix

In air-steam mix, Zr(s) of fuel claddings may react not only with H 2 O(g) (cf. equation E1) but also with O 2 (g) (cf. equation E2) and N 2 (g) (cf. equation E3). In agreement with the literature review (3.2), the ZIRLO ® cladding samples, selected for the present PhD work, exhibited two kinds of oxidation behaviors: with or without kinetic transition, respectively below (4.3.1) or above (4.3.2) the "breakaway" limit 1050 °C. For both sections, mass gain curves, kinetic analyzes, outlet gas graphs, photographs, micrographs, porosity values, and pore size distributions, are successively presented and analyzed. Then, the last section recapitulates by establishing mass gain and porosity correlations for the corrosion of ZIRLO ® cladding samples in the tested 50-50mol% air-steam mixture (4.3.3).

From 1100 up to 1300 K

This section presents and describes the results obtained with the selected ZIRLO ® cladding samples isothermally corroded in 50-50mol% air-steam mixture at 1100, 1150, 1200, 1250 and 1300 K.

Corrosion tests

As expected from the literature review (3.3.3), in the "breakaway" domain (1100, 1150, 1200, 1250 and 1300 K), the corrosion rates exhibited "breakaway" transitions from cubic-parabolic to linearaccelerated kinetics, as shown on Figure 60. -Seems to be reproducible only during the initial parabolic kinetics period: afterwards, the "breakaway" kinetic transition does not initiate at the same time for the two samples corroded at 1250 K, potentially due to different initial surface states (fabrication defects and/or crack initiations), or to the variability of "breakaway" phenomena reported in the literature review (3.2.3.1).

Once more, one can remark the high temperature dependence of the global corrosion rate: for instance, respectively 110 and 16 minutes are necessary at 1150 and 1250 K to reach SMG around 250 g.m -2

.

As previously described (3.2.4.4) and already performed for various samples oxidized in pure steam (4.2), one can identify the kinetic coefficient K m , and the type of kinetic law n, corresponding to the tested temperatures and periods, as illustrated in Table 11.

Table 11: Kinetic coefficients K m and exponent values n for ZIRLO ® cladding samples corroded in the 50-50mol% air-steam mix in various conditions (T and D)

For these five temperatures, as observed in the literature review (3.3.3.1), the corrosion kinetics is:

-Sub-parabolic (n > 2) or even sub-cubic (n > 3) before the "breakaway" transition, which confirms the initially slow and decelerating mass gain rates;

-Approximately linear (n ~ 1) or even slightly accelerated (n < 1) after this kinetic transition, which confirms the quasi-constant mass gain rates.

As under pure steam, due to the high temperature dependence of the corrosion rate, K m globally increases over the temperature, both before and after the kinetic transition.

Two examples of outlet gas analyzes from the mass spectrometer are given in Figure 61. At 1250 K, the injected O 2 (g) is always fully consumed by zirconium oxidation (cf. equation E2) and does not leave the furnace, except at the end of the pre-transition parabolic kinetics, just before the reacceleration of chemical reactions due to the "breakaway" process. The injected H 2 O(g) is consumed at the beginning of the pre-transition kinetic period and during the post-transition kinetic period (in both periods, H 2 (g) is produced). However, the injected N 2 (g) is never fully consumed.

At 1150 K, the injected O 2 (g) is never fully consumed, neither at the very beginning of reactions nor in the linear-accelerated reaction domain. Since O 2 (g) has higher reaction enthalpies with Zr than H 2 O(g) and N 2 (g), these two additional gases are not consumed, except temporarily and locally (for instance inside pores or micro-cracks) in case of (temporary and local) oxygen starvation.

Post-test investigations

A photograph and a micrograph of a cladding sample corroded at 1150 K are given in Figure 62. On the photograph, one can observe an unusual aspect for this cladding sample: white-beige, highly macro-cracked and severely deformed. This is probably due to the combination of several factors: presence of air and nitrogen in the gaseous atmosphere, temperature sufficiently low to induce a slow corrosion process with a massive oxide cracking, as reported in the literature for these conditions (T < 1050 °C, and air-containing atmosphere).

On the micrograph, one can easily distinguish the dark oxide layer from the light metal layer: this zirconia layer exhibits a lot of pores and micro-cracks as largely reported in the literature for these conditions. Additionally, in the zirconia layer near the metal-oxide interface, one can distinguish some small golden nitride ZrN particles, which demonstrate that N 2 (g) was indeed partly consumed during local oxygen starvation. Finally, the reached SMG, around 275 g.m -2

, roughly corresponds to a total zirconia thickness δ ZrO2 around 380 µm (cf. equation E12), which means approximately 190 µm on both (internal and external) sides of the cladding.

As described in the protocol (4.1.2), to try quantifying the porosity of such corroded cladding samples, some of them were submitted to porosimetry by Hg intrusion, as was shown in Table 6.

To illustrate and summarize these open/accessible porosity results of ZIRLO

® samples isothermally corroded in the 50-50mol% air-steam mixture at various temperatures from 1100 up to 1300 K, it is first worth plotting POR over time, as done in Figure 63 and Figure 64. Again, it is worth noticing that for samples corroded in similar conditions (T and D), POR values are in the same range: the differences around 1-4 vol% may be due not only to intrinsic uncertainties of porosimetry tests but also to the variability of oxidation tests, especially in case of "breakaway".

Similarly to oxidation in pure steam at 1200 and 1250 K, during corrosion of ZIRLO ® samples in airsteam at temperatures between 1100 and 1300 K, the open/accessible porosity clearly increases over time. Indeed, it first remains low, around 1-2 vol% until the "breakaway" transition occurs, and then increases up to between 4 and 11 vol%, depending on the temperature. Such POR values and increases confirm all experimental observations, in particular the two-step oxidation kinetics with:

-First the formation of relatively dense zirconia layers leading to sub-parabolic (n > 2) or even sub-cubic (n > 3) kinetics and so decelerating corrosion rates (cf. Figure 60);

-Second the cracking of these zirconia layers which crack and become porous (cf. Figure 62), leading to linear kinetics (n ~ 1) and so constant oxidation rates (cf. Figure 60).

Theses graphs of POR over time quantify, for such corroded ZIRLO ® samples, the open/accessible porosity and demonstrate its link with the "breakaway" transitions in corrosion kinetics, but do not provide any information about the size of cracks and pores. It is hence necessary, like for experiments in pure steam at 1200 and 1250 K, to look at the pore size distributions provided by the two-fold porosimeter, and especially to look for potential differences between samples corroded until before or after the "breakaway" phenomenon takes place, as done in Figure 65, Figure 66 andAppendix B. In the 50-50mol% air-steam mix at these five temperatures, like in pure steam at 1200 and 1250 K, it is clear that after the "breakaway" transition:

-Not only the global POR value significantly increases:  From around 0.9 up to 10.7 vol% at 1100 K;  From around 0.3 up to 7.5 vol% at 1150 K;  From around 1.3 up to 7.9 vol% at 1200 K;  From around 2.1 up to 7.6 vol% at 1250 K;  From around 1.9 up to 4.7 vol% at 1300 K.

-But also the pore size distribution significantly broadens:

 Almost all pores detected before the kinetic transition are larger than 1 µm (except for the sample 150429c corroded at 1250 K) for a total open/accessible porosity between 0.5 and 2.4 mm 3 .g -1

;

 Whereas afterwards the pore size approximately ranges not only from 60 µm down to 1 µm (for a total between 4 and 7 mm 3 .g -1

) but also from 1 µm down to 2 nm (for a total between 4 and 13 mm 3 .g -1

).

From 1350 up to 1500 K

This section presents and describes the results obtained with the selected ZIRLO ® cladding samples isothermally corroded in 50-50mol% air-steam mixture at 1350, 1450 and 1500 K.

Corrosion tests

As expected from the literature review (3.3.3), at temperatures above 1050 °C (1350, 1450 and 1500 K), the corrosion rates did not exhibit clear "breakaway" kinetic transitions, as shown on Figure 67. Indeed, like in pure steam, the corrosion rates in the 50-50mol% air-steam mix above 1350 K do not exhibit any "breakaway" kinetic transition, and seem to be very reproducible from one ZIRLO ® cladding sample to another one because all SMG curves almost coincide with each other.

However, compared to pure steam, corrosion rates in air-steam:

-Do not seem to decelerate very fast over time, which means corrosion kinetics must be more linear than parabolic;

-Are significantly higher: for instance, to reach a SMG around 300 g.m -2 at 1450 (resp. 1350) K, 5 (resp. 7) minutes are necessary in air-steam, whereas 7 (resp. 26) minutes are necessary in pure steam.

As already described (3.2.4.4) and performed, one can identify the kinetic coefficient K m , and the type of kinetic law n, corresponding to the tested temperatures, as shown for various samples in Table 12.

Table 12: Kinetic coefficients K m and exponent values n for ZIRLO ® cladding samples corroded in the 50-50mol% air-steam mix in various conditions (T and D)

At these three temperatures, as observed in the literature review (3.3.3.2), the corrosion kinetics is between parabolic (n = 2) and linear (n = 1), which confirms the very slowly decelerating mass gain rates. As under pure steam, due to the high temperature dependence of the corrosion rate, K m globally increases over the temperature.

Two examples of outlet gas analyzes from the mass spectrometer are given in Figure 68. Both at 1350 and 1450 K, on can remark that:

-The injected O 2 (g) is fully consumed by the hot ZIRLO ® cladding samples all along the corrosion experiments;

-The injected H 2 O(g) is fully consumed only at the beginning of the test, and then its presence in the outlet gas slowly increases, which means it is just partially consumed;

-The injected N 2 (g) is consumed only at the very beginning of the experiment, and after reaching a minimum consumption rate, its presence in the outlet gas progressively decreases, which means its consumption slowly increases over time.

Post-test investigations

A photograph and a micrograph of the cladding sample corroded at 1450 K are given in Figure 69. On the photograph, one can see a globally black aspect, with a few macro-cracks (especially at the bottom of the sample), as reported in the literature review for these conditions (T > 1050 °C, and aircontaining atmosphere).

On the micrograph, like under pure steam, one can clearly distinguish the zirconia layer (dark) from the remaining metal layer (light). However, unlike under pure steam, the ZIRLO ® cladding sample was much more deteriorated on its inner face than on its outer face. This difference may be due to more internal surface defects and/or to stronger gas stagnation and oxygen starvation inside the sample leading to a faster nitrogen-assisted deterioration of its inner face. Additionally, in the inner zirconia layer near the metal-oxide interface, there are a lot of golden areas which are nitride ZrN particles. This observation highlights the important role that nitrogen plays in the degradation of Zr-based claddings in case of potential reactor vessel failure with air ingress. Finally, the SMG reached, around 300 g.m -2

, roughly corresponds to a total zirconia thickness δ ZrO2 around 380 µm (cf. equation E12), which is in agreement with the micrograph.

As described in the protocol (4.1.2), to try quantifying the porosity of such corroded cladding samples, some of them were submitted to porosimetry by Hg intrusion, as was shown in Table 6.

To illustrate and summarize these open/accessible porosity results of ZIRLO

® samples isothermally corroded in the 50-50mol% air-steam mixture at various temperatures from 1100 up to 1300 K, it is first worth plotting POR over time, as done in Figure 70. Compared to conditions in which "breakaway" kinetic transitions clearly take place (steam at 1200 and 1250 K, air-steam from 1100 up to 1300 K), the POR values are already high only after 3 minutes of corrosion in air-steam at these higher temperatures: around 5, 11 and 12 vol%, respectively at 1350, 1450 and 1500 K. As a consequence, the POR increase over time appears as less pronounced than at lower temperatures: indeed, then it rises up only to around 6, 12 and 16 vol%, respectively after 4, 2 and 2 additional minutes. Such POR values and apparently slow increases confirm the experimental observations, in particular the fast degradation and cracking of zirconia layers (cf. Figure 69) at the very beginning of corrosion tests, without any clear "breakaway" transition (cf. Figure 67), and so the one-step kinetics between parabolic (n = 2) and linear (n = 1) (cf. Table 12).

Theses graphs of POR over time quantify, for such corroded ZIRLO ® samples, their open/accessible porosity and demonstrate its link with their fast degradation and corrosion kinetics, but do not provide any information about the size of cracks and pores. Moreover, although the global POR value gets high very fast and then does not strongly increase over time, it is possible that the pore size distributions evolves over time. For these two reasons, it is worth, like for experiments in other conditions, to look at the pore size distributions provided by the two-fold porosimeter, in particular to look for potential evolutions over time, as done in Figure 71. For ZIRLO ® cladding samples corroded in the 50-50mol% air-steam mix at these three temperatures beyond the "breakaway" domain, the sizes of pores and cracks look like very similar to each other, not only from a temperature to another one, but also from a duration to another one. Indeed, at these temperatures, only the global POR values increases over time, but the pore size distributions remain globally similar over time, except a slight and progressive broadening like at lower temperatures. Moreover, one can interestingly notice that:

-At 1350 K, approximately 70 % of detected pores have a radius between 100 and 600 nm, both after 3 and 7 minutes of corrosion in air-steam;

-At 1450 K, approximately 70 % of detected pores have a radius between 600 and 2000 nm, both after 3 and 5 minutes of corrosion in air-steam;

-At 1500 K, approximately 70 % of detected pores have a radius between 1000 and 3000 nm, both after 3 and 5 minutes of corrosion in air-steam.

Synthesis and correlations

This section recaps the main information for the two temperature domains, establishes a mass gain correlation for the corrosion of ZIRLO ® samples in the 50-50mol% air-steam mixture, and focuses on the open/accessible porosity results.

Mass gain correlation

Like during oxidation in pure steam, the behavior of the selected ZIRLO ® cladding samples during corrosion in air-steam mix strongly depend on the temperature, as summarized in Table 13. .min -1/n .

Table 13: Summary of the main information concerning the corrosion of ZIRLO

A mass gain correlation, which is valid in the tested conditions (temperature range, atmosphere, alloy, gas flux, geometries) and could be implemented in SA codes, is hence established:

SMG ≈ 12392 * exp ( -62760 R * T ) * t 1/n (E23) 
Where:

-R (∿ 8.3145 J.mol

-1 .K -1
) is the gas constant, T (K) is the temperature and t (min) is the time;

n (no unit) is between 1 and 2 for corrosion in air-steam mixtures (cf. Table 13).

Porosity correlation

As for pure steam, in order to summarize the results from porosimetry by mercury intrusion of Zrbased cladding samples corroded in 50-50mol% air-steam mix at various temperatures, it is first worth plotting POR over T, as shown on Figure 73.

Figure 73: POR (vol%) over T (K) for ZIRLO ® cladding samples corroded in air-steam

At all temperatures, the progressive increase of POR over SMG (and so along the corrosion reaction) is logical. Indeed, like during oxidation under pure steam at 1200 and 1250 K, in constant conditions (isothermal tests under constant reacting atmosphere), if zirconia layers start cracking, the cracks propagate in every directions until the metal-oxide interface, and there is no reason for this degradation process to stop if the corrosion process does not stop itself.

More precisely, as was done for samples oxidized in pure steam at 1200 or 1250 K, and as calculated and shown on this graph, it is possible for all temperatures in the air-steam mix to determine correlations between POR and SMG, through linear regressions:

- 

Final analyzes and discussions

This fourth subpart presents the final analyzes that were performed to establish porosity increase rates (4.4.1), in order to develop numerical models being able to calculate the cladding porosity during SA sequences. Then it summarizes the contributions of porosity data and the potential bias from the experimental protocol and methods (4.4.2).

Determination of porosity increase rates

In the prospect of calculating the cladding porosity with the MAAP code, this section presents the determination of porosity increase rates for each tested condition, thanks to the porosity correlations previously established for ZIRLO ® samples submitted to pure steam or air-steam.

Porosity correlations from isothermal conditions

By plotting POR over SMG, for ZIRLO ® samples submitted to high and constant temperatures in pure steam (4.2.4.2) or in the 50-50mol% air-steam mixture (4.3.3.2), it was found out a proportionality relation between the two values. This has led to the determination, through linear regressions, of various porosity correlations in the form POR ≈ C * SMG, with C a proportionality coefficient (in vol%.m

) which strongly depends on the corrosion conditions. In particular, in conditions in which POR remains negligible all along the reaction process (in pure steam at 1100, 1150, 1300, 1350, 1450 and 1500 K), C is considered as zero. The different values of this coefficient are reminded and summarized in Table 14.

Hence, various porosity increase rates C have been determined:

-C = 0 vol%.m As further described and specified (5.1.3), these porosity increase rates and instantaneous porosity correlations were implemented into the MAAP code in order to calculate in real time the open/accessible porosity of Zr-based claddings during SA sequences.

Discussions about the porosity data

As described and presented all along this part, the pioneering and relevant application of porosimetry by mercury intrusion, to Zr-based cladding samples previously submitted to nuclear SA conditions, provided numerous and various data. This section summarizes the importance of such quantified porosity-related data and the potential bias of the experimental protocol, with associated assumptions.

Important contributions

Through analyzes, the data from porosimetry by Hg intrusion confirmed and/or quantified numerous observations of corrosion tests (both from the literature review (3) and from the present PhD work ( 4)) about various phenomena related to the degradation of Zr-based claddings at high temperatures in pure steam or air-steam mixtures. Indeed, these porosity-related data confirmed and/or quantified:

-The global open/accessible porosity of corroded Zr-based claddings, which was previously expected (from analyzes of corrosion rates) and observed (in post-test optical micrographs);

-The size distributions of these open/accessible pores and cracks;

-The link between this open/accessible porosity and the so-called potential "breakaway" phenomenon which consists in a transition from decelerating to constant kinetics due to a sudden cracking of zirconia layers, and so to a change from closed to open porosity;

-The influence of the corrosion conditions (temperatures, atmospheres and durations) on the pore size distributions and on the open/accessible porosity of corroded claddings:

 The strong influence of the temperature, both under pure steam and in air-steam mixtures, not only on reaction rates (though modifications of K m ) but also on reaction kinetics (through modifications of n) especially with the occurrence of "breakaway" phenomena at specific temperatures, leading to broader pore size distributions and to higher POR values;

 The highly deleterious impact of the presence of air (and so nitrogen) in the atmosphere, which largely enhances "breakaway" phenomena, chemical reactions and mechanical degradations of Zr-based claddings during corrosion at all tested temperatures, also leading to broader pore size distributions and to higher POR values;

 The continuous deterioration over time of corroded Zr-based claddings and the progressive increase of POR values over time, as soon as zirconia layers have started cracking.

The corrosion conditions then clearly determine the porosity evolution of corroded Zr-based claddings, and in turn this open/accessible porosity plays a major role in the further progression of their chemical reactions and mechanical degradations, as was previously described and illustrated (4.3). To illustrate once more this major role, it is possible to plot the values of the exponent n (characterizing the reaction kinetics) over the values of POR, for several samples corroded in the selected 50-50mol% air-steam mix, as performed in Figure 75. Finally, as it was just presented, the use and the analysis of porosity-related data allowed for the determination of porosity increase rates, depending on corrosion conditions (temperatures and atmospheres). As further specified (5.1.3), these porosity increase rates were crucial to simulate in real time with MAAP the open/accessible porosity of Zr-based claddings during SA sequences.

Potential bias and assumptions

Despite these important porosity results are consistent with corrosion results (from both the literature review (3) and the present experimental work (4)), it is worth mentioning potential bias of the two-step experimental protocol, including corrosion tests and application of porosimetry by Hg intrusion.

First, concerning the corrosion tests:

-The use of short Zr-based cladding samples (around 1-cm long) tend to reduce spatial inhomogeneities but also to favor edge effects over normal effects.

-Even with these short ZIRLO ® samples, some in-homogeneities were seen (on photographs and micrographs) between corrosion states at top, middle and bottom of samples.

-Open cylindrical samples are used to avoid in-homogeneities, but lead to double-side (internal and external) corrosion reactions which occur in practice only when the corresponding fuel cladding has failed, at any elevation.

The second subpart presented the experimental results both from oxidation experiments and porosity measurements, obtained with ZIRLO ® cladding samples oxidized under pure steam. The temperature range was divided into three domains. At 1100 and 1150 K, the oxidation process, governed by cubic kinetics, was very slow and highly decelerating due to the formation of protective zirconia layers, as observed in micrographs (dense oxide) and confirmed by porosity values (negligible). In contrast, at 1200 and 1250 K, "breakaway" transitions occurring around 70 and 6 minutes respectively, led to linear kinetics. Such transitions are due to the cracking of zirconia layers, as observed in micrographs (porous oxide) and confirmed by porosity values (negligible before the transition, high afterwards). Moreover, the comparisons of samples oxidized during various durations showed that the "breakaway" process induces a broadening of pore size distributions. Then, at 1300, 1350, 1450 and 1500 K, the oxidation of ZIRLO ® samples was much faster than at 1100 and 1150 K because of the high temperature dependence of phenomena involved in the cladding oxidation, but was qualitatively similar: cubic kinetics, formation of dense and protective oxide layers without open/accessible porosity. Finally, a mass gain correlation was determined for the oxidation of ZIRLO ® cladding samples under pure steam, and porosity correlations were established for the two temperatures at which "breakaway" phenomena took place.

Similarly, the third part analyzed the experimental results both from corrosion tests and porosimetries, obtained with ZIRLO ® cladding samples submitted to the 50-50mol% air-steam mixture at high temperatures. The temperature range was divided into two domains: from 1100 up to 1300 K on the one side, and from 1350 up to 1500 K on the other side. In both temperature domains, due to the detrimental action of air and nitrogen, previously described in the literature review (3.3), the zirconia layers were not as protective as under pure steam. Indeed, parabolic and/or linear corrosion kinetics were found out, and many cracks and pores were observed by microscopies and massively detected by porosimetries. However, only at temperatures between 1100 and 1300 K, a "breakaway" kinetic transitions from parabolic to linear kinetics was systematically observed, after various durations. Like in pure steam, this "breakaway" phenomenon was associated with a broadening of pore size distributions, with an increase of the global open/accessible porosity values, and obviously with an enhancement of corrosion rates. On the contrary, at 1350, 1450 and 1500 K, the corrosion kinetics did not exhibit any transition, and were between parabolic and linear. Very interestingly, the pore size distributions obtained for ZIRLO ® samples corroded in these conditions were not only broad (from 10 up to 3000 nm as pore radius) but also centered on a specific pore size depending on the temperature (around 450 nm at 1350 K, 1500 nm at 1450 K and 2500 nm at 1500 K). Like for experiments in pure steam, a mass gain correlation was determined for the corrosion of ZIRLO ® cladding samples in the selected 50-50mol% air-steam mix, and porosity correlations were established for all tested temperatures because all of them induced significant porosity values and increases.

Finally, the fourth and last subpart dealt with the importance of the previously obtained and described porosity-related data. Indeed, the open/accessible porosity of Zr-based claddings during corrosion in SA conditions is at the same time the consequence and the cause of their progressive degradation enhancement. Its quantification was therefore a crucial issue in order to better understand, correctly model and simulate this cladding degradation. Some analyzes performed to take full advantage of these major porosity-related data were finally presented. In particular, in the prospect of calculating in real time the cladding porosity with the SA code used at EDF (MAAP), as further described (5), porosity correlations were derived versus time and porosity increase rates were hence determined for all potential corrosion conditions. Then, the potential bias of the whole experimental protocol, as well as the assumptions made in the analysis and the use of these porosity data, were specified and discussed.

Modeling and simulation with the MAAP5 code

The two previous parts respectively showed that the open porosity is both a cause and a consequence of the mechanical degradation of Zr-based fuel claddings under accidental conditions (3), and that it is possible to precisely quantify it through the pioneering application of porosimetry by mercury intrusion to cladding samples previously submitted to various SA conditions (4). In particular, the cladding open porosity significantly increases, both in volume percentage and in pore size distributions, during corrosion in the selected 50-50mol% air-steam mixture at all tested temperatures between 1100 and 1500 K, as well as during oxidation under pure steam at 1200 and 1250 K.

To summarize, during corrosion of the Zr-based fuel cladding under steam and/or air, the open porosity of this first safety barrier is a key parameter of its degradation and was experimentally quantified. Therefore, in order to better simulate with the MAAP code the corrosion processes of Zrbased claddings, it was necessary to use the quantitative porosity data obtained, by implementing the porosity increase rates determined, and by modeling the impact of this open porosity on the enhancements of the cladding corrosion and of the correlated hydrogen production.

Concretely, as complements to the standard oxidation model, two major models were implemented in the MAAP code. First, a chemical nitriding model which was independently developed and validated in MAAP4 [16, 17], was implemented and re-validated into the current MAAP5 code version, in order to simulate the chemical reaction between zirconium and nitrogen in case of oxygen and steam starvations. Second, a two-step mechanical porosity model was developed, thanks to the porosityrelated data previously obtained and analyzed, and then implemented into this same MAAP5 version. Its first step consists in calculating in real time the cladding porosity, and hence in simulating the cladding degradation process thanks to the porosity increase rates previously determined in various corrosion conditions. Its second step consists in simulating in real time the deleterious impact of this open porosity on the cladding oxidation rate, and hence in simulating the porosity-induced corrosion enhancement. The calibration and validation of this model was performed through the simulation of semi-integral QUENCH experiments conducted at KIT in the past few years [START_REF] Steinbrück | Synopsis and outcome of the QUENCH experimental program[END_REF][START_REF]QUENCH programme, QUENCH test matrix[END_REF].

This fourth part describes and analyzes the main developments, simulations and validations achieved in the framework of this PhD thesis: it consists of three subparts. The first one describes the modeling in MAAP related to the oxidation behavior of Zr-based materials: the already existing oxidation model, the implemented nitriding model and the developed porosity model (5.1). The second subpart presents the QUENCH research program, the QUENCH bundle facility and the main results and features of the QUENCH experiments, further used to adjust and validate the developed porosity model (5.2). Finally, the third subpart precisely describes all simulations of QUENCH experiments realized to validate this porosity model and to estimate the impact of this open porosity on the enhancements of cladding corrosion and hydrogen production (5.3).

Modeling in MAAP

This first subpart describes MAAP numerical models dedicated to the oxidation behavior of Zr-based materials. Indeed, the main characteristics of the MAAP code and the already existing oxidation model are respectively reminded and described (5.1.1). Then, the two major models implemented and validated in the current MAAP5 version in the frame of this PhD work, are successively described too: a nitriding model independently developed [START_REF] Beuzet | A study of air oxidation of nuclear fuel claddings under severe accident conditions for PWR[END_REF][START_REF] Beuzet | Modelling of cladding oxidation by air under severe accident conditions with the MAAP4 code[END_REF] and simulating the chemical reaction between Zr(s) and N 2 (g) (5.1.2), and the two-step porosity model which simulates the cladding degradation by calculating its open/accessible porosity thanks to porosity increase rates (5.1.3).

Existing oxidation model

This section first reminds the main characteristics of the MAAP code and then describes the basic principle, triggering conditions and the general operation of its cladding oxidation model.

Main characteristics of MAAP

Let's remind that the MAAP code, firstly developed in 1980 by FAI, is aimed at modeling transients of nuclear reactors, including incidental and accidental sequences. As explained in introduction ( 1), EDF has used the MAAP code since 1991 to realize studies on its own PWR facilities. Additionally, EDF has now its own development and validation activities in MAAP and, being part of the MUG, can submit proposals for corrections or improvements in order to integrate them in the next official code versions.

[1, 19]

The MAAP code is integral (simulates entire transients in full PWR), modular (composed by numerous modules, each with their role) and nodal (works with control volumes in which equations are solved). Besides, the reactor core is axi-symmetrically modeled, and users can choose, in the current MAAP5 version, up to 7 radial channels and 100 axial meshes.

[19]

The following descriptions of the numerical models simulating the cladding oxidation refer to this current MAAP5 version.

Oxidation correlations and basic principle

In the MAAP code, the modeling of the oxidation process of Zr-based fuel claddings relies on the use of macroscopic mass gain correlations, under the form:

∆m S = K 0 * exp ( -Ea R * T ) * t 1/n

(E11)

Where:

-∆m/S = SMG (g.m -2

) is the mass gain per unit area;

-K 0 ( g.m -2 .min -1/n 
) is the kinetic coefficient;

-E a (J.mol -1
) is the activation energy of the oxidation reaction;

-R (∿ 8.3145 J.mol

-1 .K -1
) is the universal gas constant;

-T (K) is the temperature and t (min) is the time;

n (no unit) corresponds to the type of kinetic law.

As previously explained (3.2.4.4), such oxidation correlations are experimentally determined through the analysis of oxidation tests performed under various conditions (temperatures and atmospheres) inside thermo-balances. They are thus mainly valid in the conditions in which they were determined (temperature range and atmosphere). For instance, those established in the frame of this PhD work would be valid mainly for temperatures between 1100 and 1500 K and either in pure steam (4.2.4.1) or in the air-steam mix (4.3.3.1).

In the MAAP code, various oxidation mass gain correlations are currently available, depending on the corrosion conditions, and can be selected by users. The most important ones are summarized in Table 17, in which the values of correlations established in the frame of this PhD work are also indicated for comparison.

Table 17: Main oxidation mass gain correlations available in the MAAP5 code to simulate the oxidation process of Zr-based claddings either in steam or in air

It is worth noticing and specifying that:

-The differences between these parabolic (n = 2) mass gain correlations may be due to experimental differences in alloys, geometries, gas flux, and above all temperature ranges.

-The Cathcart-Urbanic and NUREG correlations, respectively established through corrosion tests in steam and in air, are recommended for MAAP5 simulations and are thus selected by default in this current code version.

-The two correlations established in the frame of this PhD work, thanks to the large series of corrosion experiments, are in the range of those available in the MAAP code, especially with the two recommended ones previously mentioned.

Triggering conditions and general operation

In the MAAP code, the modeling of the zirconium oxidation by steam or oxygen from air consists in successive calculation steps realized at each time step of the sequence and in each control volume of the modeled geometry.

First, the oxidable zirconium mass m Zr (g) is determined as follows:

[1, 3]
m Zr = m Zr (UZrO) + m Zr (claddings) + Δm Zr * Δt

(E24)

Where:

m Zr (UZrO) (g) is the available Zr mass in the potential eutectic U-Zr-O mixture;

m Zr (claddings) (g) is the available Zr mass in the Zr-based cladding;

-Δm Zr (g.s -1
) is the variation rate of the available Zr mass during the previous time step Δt (s).

Second, the four following conditions are checked: [

-The temperature must be above 800 K (below, the oxidation is too slow to be considered);

-The oxidable zirconium mass m Zr must not be negligible (> 10 -3 g);

-The reaction surface S must not be negligible (> 10 -6 m 2 );

-The oxidizing gas flux (H 2 O or O 2 ) must not be negligible (> 10 -3 g.s -1

).

Third, if these conditions are met, the oxide thickness X (m) is determined as follows: 

(E25)

Where:

m ZrO2 (UZrO) (g) is the ZrO 2 mass in the potential eutectic U-Zr-O mixture;

m ZrO2 (claddings) (g) is the ZrO 2 mass in the Zr-based cladding;

-S (m 2
) is the reaction surface and ρ ZrO2 (g.m -3

) is the zirconia density.

This oxide thickness is linked to the kinetic coefficient K m =K 0 *exp(-Ea/RT) (

) of the selected oxidation correlation (cf. Table 17), according to:

[1, 3] x n = K m n * t ρ Zr n (E26) Where: 
n (no unit) is the type of kinetics, t (min) is the time and ρ Zr (g.m -3

) is the zirconium density.

Fourth, by derivation versus time of equation E26 for parabolic correlations (n = 2), the oxide thickness multiplied by its instantaneous variation rate is calculated as follows:

[1, 3] X * dX dt = K m 2 2 * ρ Zr 2 (E27)
Fifth, the mean variation rate of the oxide thickness is calculated by integration of equation E27 on the time step Δt according to: [

= √X 2 + 2 * X * dX dt -X Δt = √X 2 + K m 2 ρ Zr 2 -X Δt (E28) 1, 3] ( dX dt ) mean 
Sixth, the oxidation rate W (mol.s -1

) is calculated as follows: 

(E29)

Where:

-M Zr (g.mol -1

) is the zirconium molar mass.

Seventh, since this oxidation rate of Zr-based claddings is limited not only by the reaction kinetics, but also by the availability of oxidizing gas (oxygen or steam) and of oxidable zirconium, its effective value Weff (mol.s -1

) is determined as follows:

[1, 3] Weff = min (W, W O 2 M O 2 , m Zr M Zr * Δt ) (E30) 
Where:

-

W O2 / M O2 (mol.s -1
) is the maximum variation rate of the oxygen mass in the gas;

m Zr / (M Zr *Δt) (mol.s -1

) stands for the maximum variation rate of the Zr mass in the cladding.

Eighth, the released heat is calculated and the masses of zirconium, oxygen and ZrO 2 are all updated.

The main advantage of this oxidation modeling is its mathematical simplicity which leads to short calculation times. However, as already mentioned, this modeling does not specifically simulate the mechanical deterioration of claddings. For instance, the appearance of porosity, the cracking of zirconia layers and the potential nitriding process are not explicitly considered, whereas they are particularly intense in case of "breakaway" phenomena, in air-steam mixtures or in large liquid water flux. Therefore, this modeling based on oxidation correlations is not sufficient to precisely simulate the cladding corrosion process, especially during accidental sequences involving vessel failure with air ingress into the reactor, or core reflooding with liquid water. Indeed, during such sequences, only the use of artificial multiplications of the oxidable surface by arbitrary factors enables the MAAP code to: indirectly consider the cladding deterioration, properly simulate the hydrogen production, and so correctly predict the ST.

Therefore, to improve this modeling, two numerical models were implemented into the current MAAP5 code version:

-A chemical nitriding model (5.1.2) previously developed and validated independently from this PhD thesis into MAAP4 [16, 17];

-A mechanical porosity model (5.1.3) developed in the frame of this PhD work into MAAP5, and mainly based on the porosity data previously obtained and analyzed.

Implementation of a chemical nitriding model

Indeed, a chemical nitriding model was implemented and re-validated into the MAAP5 code in the framework of this PhD thesis. The goal was to simulate the chemical impact of the nitrogen: formation and oxidation of ZrN. This section hence describes the basic principle and the general operation of this numerical nitriding model.

Nitriding correlations and basic principle

As detailed in the literature review (3.3.2.1), due to a higher reaction enthalpy, the zirconium oxidation (by steam or oxygen) is generally favored over zirconium nitriding. However, in case of local and/or global steam and oxygen starvations, zirconium and nitrogen can react together, thus forming nitride ZrN (cf. equation E3).

Similarly to oxidation mass gain correlations, various nitriding mass gain correlations were experimentally established and implemented into MAAP4. They are now currently available and can be selected by users in MAAP5. The most important ones are summarized in Table 18.

Table 18 : Main nitriding mass gain correlations available in the MAAP5 code to simulate the nitriding process of Zr-based claddings

Like for oxidation, differences between these various nitriding correlations may be due to experimental differences in alloys, geometries, gas flux, and/or temperature ranges. The KIT-EDF correlation was recommended for MAAP4 simulations and is thus selected by default in the current MAAP5 version.

Triggering conditions and general operation

The developed chemical nitriding model ("IEDFCORE(4)") relies on the same logic as chemical oxidation models. Indeed, similarly, it consists in successive calculation steps realized at each time step of the sequence and in each control volume of the modeled geometry.

First, if air ingress takes place and if the nitriding model is activated, the nitridable zirconium mass m ZrNIT (g) is determined as follows: [START_REF] Beuzet | A study of air oxidation of nuclear fuel claddings under severe accident conditions for PWR[END_REF][START_REF] Beuzet | Modelling of cladding oxidation by air under severe accident conditions with the MAAP4 code[END_REF] m ZrNIT = m Zr -m ZrN -Δm ZrN * Δt

(E31)

Where:

m Zr (g) is the oxidable zirconium mass;

m ZrN (g) is the ZrN mass in the Zr-based cladding;

-Δm ZrN (g.s -1
) is the variation rate of the available Zr mass during the previous time step Δt (s).

Second, the five following conditions are checked: [16, 17]

-The temperature must be above 800 K (below, the nitriding is too slow to be considered);

-The nitridable zirconium mass m ZrNIT must be above 10 -3 g;

-The reaction surface S must be above and 10 -6 m 2 ;

-The nitrogen flux W N2 must be above 10 -5 g.s -1

;

-The oxygen flux W O2 must be below 10 -5 g.s -1 (threshold defining the absolute starvation);

-The flux ratio W O2 / W N2 must be below 10 -2 (threshold defining the relative starvation).

Third, if these conditions are met, similarly to the oxidation model, the nitride thickness X NIT (m) and its mean variation rate (dX NIT /dt)mean (m.s -1

) are successively calculated, depending on the kinetic coefficient K m =K 0 *exp(-Ea/RT) (g.m -2

.min -1/n ) of the selected nitriding correlation (cf. Table 18).

Fourth, the nitriding rate W NIT (mol.s 

(E32)

Where:

-ρ ZrN (g.m -3
) is the ZrN density.

Fifth, since this nitriding rate of Zr-based claddings is limited not only by the reaction kinetics, but also by the availability of nitrogen and of nitridable zirconium, its effective value Weff NIT (mol.s -1

) is determined as follows: [START_REF] Beuzet | A study of air oxidation of nuclear fuel claddings under severe accident conditions for PWR[END_REF][START_REF] Beuzet | Modelling of cladding oxidation by air under severe accident conditions with the MAAP4 code[END_REF] Weff NIT = min (W NIT ,

W N 2 M N 2 , m ZrNIT M Zr * Δt ) (E33)
Where:

-W N2 / M N2 (mol.s -1
) is the maximum variation rate of the nitrogen mass in the gas; -m ZrNIT / (M Zr *Δt) (mol.s -1

) stands for the maximum variation rate of the Zr mass in the cladding.

Sixth, the released heat is calculated and the masses of zirconium, nitrogen and ZrN are all updated.

Finally, since starvations are always temporary, ZrN may be oxidized (cf. equation E19) as soon as oxygen is newly available in the control volume.

Like for the oxidation, this cladding nitriding model is mathematically simple and hence leads to short calculation times. Moreover, it supports the cladding oxidation model in simulating the complex corrosion reactions, especially the chemical action of nitrogen. However, the appearance of open porosity, the cracking of zirconia layers, or the mechanical action of nitrogen which enhances both, are still not considered. Therefore, this modeling based on oxidation and nitriding correlations remains insufficient to precisely simulate the cladding corrosion process, especially during accidental sequences involving vessel failure with air ingress into the reactor, or core reflooding with liquid water, which both lead to strong mechanical deterioration of Zr-based claddings.

Therefore, to improve this modeling, an additional numerical model was developed and implemented into the current MAAP5 code version: a porosity model, mainly based on the porosity data previously obtained and analyzed.

Development of a mechanical porosity model

This section describes this two-step mechanical porosity developed and implemented into the MAAP5 code. Its first step consists in simulating the cladding degradation process by calculating in real time the cladding porosity (depending on the corrosion conditions). Its second step consists in simulating in real time the deleterious impact of this open porosity on cladding corrosion rates, and hence in simulating the porosity-induced corrosion enhancement.

Calculation of the cladding porosity

The quantitative porosity results, previously presented and analyzed (4) were obtained with the aim of improving the cladding corrosion modeling of the MAAP code, especially to better simulate the hydrogen production. Therefore, several correlations were established between the porosity increase rate and the mass gain rate of Zr-based claddings during their corrosion process in various conditions (cf. Table 16). Indeed, POR and SMG variation rates were linked together through a coefficient C which depends on both the temperature and atmosphere (cf. Table 15).

At the beginning of each MAAP5 simulation, the Zr-based cladding porosity POR (vol%) is set to zero. Then, similarly to the chemical oxidation and nitriding models, the simulation of the cladding porosity variation consists in two simple calculations realized at each time step of the simulated sequence and in each control volume of the modeled geometry. ) is the proportionality coefficient between the POR variation rate and the SMG variation rate (cf. ) are the Specific Mass Gain respectively due to the chemical oxidation process and to the chemical nitriding process during the previous time step; -M Zr , M ZrO2 and M ZrN (g.mol ) are the mean variation rates of the oxide thickness and of the nitride thickness, respectively, during the previous time step Δt (s).

It is worth specifying the dependency of the proportionality coefficient C on corrosion conditions, and the way it was modeled in the MAAP5 code.

First, C depends on the atmosphere. In the corrosion experiments performed at KIT in the framework of this PhD thesis (4), two atmospheres were tested: pure steam and a 50-50mol% air-steam mixture, respectively standing for nuclear SA conditions before and after a potential vessel failure with air ingress. In term of exact molar compositions, there was so 100 % H 2 O(g) on the one side (pure steam), and 50 % H 2 O(g), 40 % N 2 (g), 10 % O 2 (g) on the other side (air-steam mix).

However, as detailed in the literature review (3.3.2.2), and more particularly in a recent study conducted at KIT [88], even only 1 % N 2 (g) may significantly accelerate the oxidation process of Zrbased claddings, through destabilization and cracking of zirconia layers, in certain conditions.

Consequently, the nitrogen flux W N2 (g.s ) is compared to the total gas flux W TOTAL (g.s -1

) through a flux ratio. Indeed, if W N2 / W TOTAL is below 1 %, the C values obtained with oxidation experiments in pure steam are used. Otherwise, if W N2 / W TOTAL is above 1 %, those obtained with corrosion experiments in air-steam mix are used.

Second, C also depends on the temperature, as was summarized in Table 15. However, to avoid discontinuities at the different temperature interfaces, C values were linearly averaged in 10 K large temperature gaps centered on the pre-defined temperature values, as plotted in Figure 76. POR ← POR + ΔPOR

(E36)

It must be specified that this open/accessible porosity simulation, of which the code lines are given in Appendix E, was implemented not only for Zr-based claddings but also for all Zr-based components (especially the control rods).

Impact of porosity on oxidation

The porosity POR (vol%) of components made of Zr-based alloys may now be simulated in real time, depending on the corrosion conditions, during MAAP5 simulations. Considering this open/accessible porosity both constitutes and induces (as consequence and cause) the degradation process of such Zr-based components, it is now necessary to use its value in real time in order to model its deleterious impact on their corrosion rates, and hence simulating the porosity-induced corrosion enhancement.

In all, five modeling options were thought, considered and discussed to do so. Indeed, the POR (vol%) values could be used to induce:

-A decrease of the oxide thickness X (m), which physically protects the Zr-based cladding and numerically reduces its oxidation rate (cf. equation E29) through the variation rate of the oxide thickness (cf. equation E28);

-An increase of the value X*dX/dt (m 2 .s -1

) which increases the oxide thickness variation rate (cf. equation E28) and so the cladding oxidation rate (cf. equation E29); -An increase of the reaction surface S (m 2 ) which directly increases the oxidation rate (cf. equation E29); -An increase of the oxygen diffusivity through zirconia layers;

-The existence of both oxygen solid diffusion through zirconia layers and the oxygen gaseous transport through cracks and pores.

However, the last two options would require a complete modification of the oxidation modeling currently implemented in MAAP, which is based on oxidation correlations as previously described (5.1.1). Moreover, they would both lead to a new modeling inconsistent with a major objective of the MAAP code: relatively short calculation times, even for the simulation of full accidental sequences.

More precisely, the fourth option required modeling the Zr-based cladding oxidation by simulating the oxygen solid diffusion through the cladding thickness, as done in the DIFFOX module of the DRACCAR code of IRSN [START_REF] Taurines | Module DIFFOX : diffusion de l'oxygène dans le zirconium[END_REF], and in recent modeling works conducted at CEA [START_REF] Mazères | Experimental study and numerical simulation of high temperature (1100-1250 °C) oxidation of prior-oxidized zirconium alloy[END_REF][START_REF] Ma | Oxidation kinetics and oxgen diffusion in low-tin Zircaloy-4 up to 1523 K[END_REF][START_REF] Corvalan-Moya | Numerical modeling of oxygen diffusion in the wall thickness of low-tin Zircaloy-4 fuel cladding tube during high temperature (1100-1250 °C) steam oxidation[END_REF]. This implied to spatially discretize the whole cladding thickness, to distinguish the zirconia oxide layer(s) from the zirconium metal layer(s) with layer interfaces, and to implement both first and second Fick's laws. At each time step, it was necessary to update the positions of interfaces depending on the oxygen contents on both sides, and to solve the second Fick's law in each layer. Hence, this option would have consisted in using the POR (vol%) values to artificially increase the oxygen diffusivity.

Unfortunately, for the solving of the second Fick's law, Euler explicit numerical schemes required too much short time steps to be stable, while Euler implicit numerical schemes required too much long calculation times to solve large equation systems. Moreover, the oxygen diffusivities, both in oxide and metal layers, are not precisely known because they depend on many parameters like the alloy, the temperature and the allotropic phases of zirconia and zirconium.

In addition to model this oxygen solid diffusion through the cladding thickness, the fifth option would have consisted in modeling the oxygen gaseous transport through cracks and pores of claddings. The POR (vol%) values would have been used to estimate the proportion between solid and gaseous oxygen diffusions. Unfortunately, in addition to solve the second Fick's law for the oxygen solid diffusion, this modeling would have required solving at each time step the Navier-Stokes equation for the oxygen gaseous transport, which implies even longer calculation times.

On the contrary, the first three considered options are numerically simple, they support the current oxidation model instead of replacing it, and they do not induce longer calculation times. Indeed, the first, second and third options respectively consist in modifying the oxide thickness X (m), the value X*dX/dt (m 2 .s -1

), and the reaction surface S (m 2 ), by simply applying, at each time step and just before the calculation of the oxidation rate (cf. equation E29), the equations E37, E38 and E39, respectively: MAAP users who decide to activate this porosity model ("IEDFCORE(6)") can choose one of the three options, respectively IEDFCORE(6) = 3, 1 and 2. As further explained (5.3.1.2), these options were separately tested, and for each one, several values of D (no unit) were tested and compared.

Finally, it is worth specifying that this impact of the porosity on the oxidation rate (and so on the hydrogen production in steam), of which the code lines are given in Appendix F, was implemented not only for Zr-based fuel claddings but also for the other Zr-based components (the control rods, and also the external shroud for QUENCH test simulations).

The QUENCH experiments as validation database

The numerical models developed in the MAAP code concerning the oxidation behavior of Zr-based materials are usually evaluated, adjusted and validated by simulating semi-integral experiments, like the QUENCH tests conducted at KIT in the past few years. This second subpart successively describes the QUENCH program, its facility and test matrix (5.2.1), and focuses on some QUENCH experiments further used to adjust and validate the developed porosity model (5.2.2).

Program, facility and test matrix

This section successively describes the still ongoing QUENCH experimental program led at KIT, the semi-integral QUENCH facility and the QUENCH test matrix performed so far.

The QUENCH program

As previously mentioned (2.3.2), the general CORA research program, finished in 1993, was aimed at investigating all material interactions in potential nuclear SA conditions. Indeed, some of the semiintegral CORA experiments were ended by reflooding the bundle facility with water. Some of them hence showed that such quenching may temporarily lead to oxidation enhancement and so to escalations of the temperature and of the hydrogen production. Unfortunately, these phenomena were poorly known and understood, and the gas analysis systems had a limited capability. So far (2016), 17 semi-integral experiments have been conducted, and the 18 th is currently under discussion and preparation. In addition to their common focus on the final hydrogen release during reflood, each of these bundle experiments had specific objectives, as further detailed (5.2.2). Indeed, each was dedicated to the influence on the cladding degradation and the hydrogen production of one or several specific parameters, among: the degree of cladding pre-oxidation, the temperature at initiation of reflood, the flooding rate, the presence of neutron absorber materials, the occurrence of air ingress, and/or the cladding alloy. [18, 113 -118]

The QUENCH facility

The QUENCH bundle facility is composed by 21 fuel rod simulators of approximately 2.5 m as length and exactly 10.75 mm as external diameter. Annular pellets in ZrO 2 replace the PWR-prototypical fissile UO 2 pellets because of safety reasons and because zirconia has similar thermo-chemical properties as uranium dioxide. However, the fuel claddings are made of PWR-prototypical Zr-based alloys, mainly Zircaloy-4, and have a thickness of 0.725 mm. A cross section of this QUENCH test bundle is provided in Figure 77. Additionally, four thinner rods are positioned in the four corners to avoid much larger fluid flux in these outer areas and hence to obtain quite uniform temperature profiles over the cross section. Depending on the QUENCH experiment, these thin corner rods may be made of Zr-based alloy or of neutron absorber material, may contain thermocouples and/or may be withdrawn from the bundle during the experiment in order to investigate the cladding state (oxidation extent, hydrogen uptake Finally, the QUENCH test bundle is largely equipped with various instrumentations:

-Numerous thermocouples, at various elevations and in various orientations, of which a half is specifically designed for high temperatures;

-Various pressure gauges, flow meters and level detectors;

-A mass spectrometer GAM300, from Balzers, positioned at the off-gas pipe about 2.7 m behind the test section;

-A hydrogen detection system, from Caldos, based on heat conductivity measurements of binary Ar-H 2 mixtures, positioned behind the steam condenser, and used when no other gases than Ar and H 2 are present.

The two last instrumentations are redundant with each other but it is worth reminding that the main and common objective of all QUENCH experiments is the quantification of the oxidation enhancement at reflooding, and so of the hydrogen production at that time, as well as the sensibility of this process to various parameters.

The QUENCH test matrix

The sequence of a QUENCH experiment is generally composed by several phases: heat-up with possible special pre-conditioning, pre-oxidation, special transient, reflooding (either by fast water quench or by slower steam cool-down). The temperature at reflooding, the reflooding characteristics, the hydrogen production both before and during reflooding, and the main features of the 16 first QUENCH experiments are summarized in the QUENCH test matrix provided in Table 19.

Table 19: QUENCH test matrix with main conditions and results [from 18, 118]

As can be observed, and as previously mentioned (3.2.3.3), the detrimental or beneficial impact that a core reflooding with water may have (oxidation enhancement, cladding degradation and hydrogen production) strongly depends on the conditions at initiation of this reflood: not only the temperature of Zr-based claddings and the correlated quantity of molten materials, but also the oxidation state of claddings and the characteristics (phase, flux, and temperature at initiation) of the reflooding. The understanding of this dependency and the prediction of this reflooding impact are crucial to adapt the accidental procedures and to avoid strong and fast production of the potentially detonating hydrogen gas. For instance, during the SA which took place at the Three Mile Island NPP (USA) in March 1979, one third of the total generated hydrogen was produced during the core reflooding: about 150 kg.

Similarly but at a much smaller scale, some of the QUENCH tests revealed relatively high hydrogen productions at initiation of reflood: -Q-07 and Q-09 (resp. 120 and 400 g) because of a high quantity of molten materials (due to the use of B 4 C absorber rods) and a steam starvation period (for Q-09 only) which both have significantly damaged the claddings before their reflood, whereas the similar Q-08 and Q-13 tests exhibited small H 2 (g) productions at reflooding (resp. 38 and 1 g) respectively thanks to the absence of neutron absorber rods and to a very low temperature (1820 K);

-Q-11 (132 g) potentially because of a water boil-off phase period which may have significantly damaged the claddings before their reflood, and because of a too much small reflooding rate (

, lower than the usual 50 g.s -1

) which enhanced the oxidation of Zr-based claddings without cooling them sufficiently fast; -Q-16 (144 g) because of a long air ingress phase (around 7310 s) including a long oxygen starvation period (around 800 s) which has significantly damaged the claddings before their reflood, whereas the similar Q-10 test with a much shorter air ingress phase (around 1770 s) including a much shorter oxygen starvation period (80 s) exhibited a much lower H 2 (g) production at reflooding (5 g).

Finally, the Q-12, Q-14 and Q-15 tests were devoted to the study of advanced Zr-based cladding alloys (respectively E110, M5 ® and ZIRLO ® ), with the similar Q-06 test as reference (Zircaloy-4). They all revealed relatively low hydrogen productions at initiation of reflood (respectively 4, 24, 5 and 8 g), thanks to no damaging period before the reflooding and to only intermediate temperatures at its initiation.

Description of the simulated experiments

Such semi-integral QUENCH tests are usually simulated to evaluate, adjust and validate the numerical models developed in MAAP concerning the oxidation behavior of Zr-based materials. This section details the QUENCH tests further simulated to do so: the two air ingress tests (Q-10 and Q-16), and the two reference tests (Q-06 and Q-08).

Experiments involving air ingress

Since the high interest about behavior of Zr-based claddings in air or air-containing mixtures is relatively recent, only two QUENCH tests included air ingress periods in their sequence: QUENCH-10 and QUENCH-16. Both of them were of great interest in the framework of this PhD thesis in which the impact of potential air ingress into the reactor vessel on the deterioration of claddings was described in the literature review (3.3) and further investigated in experiments (4.3).

Initially, the QUENCH-10 experiment, conducted in July 2004, aimed at studying the oxidation and the nitriding processes of significantly pre-oxidized Zr-based claddings during an air ingress phase. The following bundle reflood with water was initiated at around 2200 K. The whole experimental scenario is summarized in Figure 78. As can be seen, this Q-10 scenario was divided into 7 distinct periods:

-Heat-up to 873 K during about 1.5 h;

-Temperature stabilization at 873 K during about 1.5 h;

-Heat-up to 1620 K during about 32 min;

-Pre-oxidation in steam during about 113 min, with a slow heat-up to 1690 K;

-Cool-down to 1190 K during about 38 min;

-Air ingress during about 29 min, with a fast heat-up to 2200 K;

-Reflooding with 50 g.s -1 water from the bottom during about 5 min.

The relatively long pre-oxidation period aimed at reproducing the prototypical core uncover (SA period during which the water would be vaporized by decay heat and would oxidize the Zr-based claddings).

The following cool-down period aimed at performing a relatively long air ingress phase without leading to extremely deteriorated (fully corroded and/or molten) materials. [START_REF] Steinbrück | Synopsis and outcome of the QUENCH experimental program[END_REF][START_REF] Schanz | Results of the QUENCH-10 experiment on air ingress[END_REF] All along this QUENCH-10 test, 3 g.s -1 inert argon was continuously injected as carrier gas (like during small-scale oxidation experiments). 3 g.s -1 superheated steam was injected during the first five periods and then replaced by 1 g.s -1 air during the air ingress phase. In order to study the impact of air on the oxidation extent and the degradation of Zr-based claddings, two corner rods were withdrawn respectively just before and at the end of this air ingress phase. [START_REF] Steinbrück | Synopsis and outcome of the QUENCH experimental program[END_REF][START_REF] Schanz | Results of the QUENCH-10 experiment on air ingress[END_REF] Despite relatively high temperatures (around 2200 K) at initiation of reflood, and despite significantly damaged materials, the reflooding with water did not induce a large oxidation enhancement, very likely because, due to the long period of oxidation by steam, important parts of the Zr-based claddings were highly oxidized yet. Therefore, the recorded hydrogen production during reflooding (around 5 g) was much lower than before it (around 48 g). [START_REF] Steinbrück | Synopsis and outcome of the QUENCH experimental program[END_REF][START_REF] Schanz | Results of the QUENCH-10 experiment on air ingress[END_REF] Later on, the QUENCH-16 experiment, conducted in July 2011, aimed at studying the oxidation and the nitriding processes of Zr-based claddings pre-oxidized (much fewer than for Q-10) during an air ingress phase (much longer than for Q-10). The following bundle reflood with water was initiated at around 1800 K (much lower than for Q-10). The whole experimental scenario is summarized in Figure 79. As can be seen, this Q-16 scenario was divided into 5 distinct periods:

-Heat-up during about 1 h, to 1200 K at 650 mm and 1500 K at 950 mm;

-Temperature stabilization and slight pre-oxidation during about 45 min in these conditions;

-Cool-down during about 30 min, to 900 K at 650 mm and 1100 K at 950 mm;

-Air ingress during about 122 min, with a heat-up to 1500 K at 650 mm 1800 K at 950 mm;

-Reflooding with 53 g.s -1 water from the bottom during about 5 min.

Like for Q-10, during the QUENCH-16 experiment: [118]

-The cool-down period aimed at performing a long air ingress phase without leading to extremely deteriorated (fully corroded and/or molten) materials, and hence at focusing investigations on the specific impacts of air ingress;

-Inert argon was continuously injected as carrier gas, in addition to oxidizing gas;

-Superheated steam (3.4 g.s -1

) was injected during the first three periods and then replaced by air (0.2 g.s -1

) during the air ingress phase; -Two corner rods were withdrawn respectively just before and at the end of this air ingress phase, in order to study the impact of air on the oxidation extent and the degradation of Zrbased claddings.

Unlike for Q-10, during the QUENCH-16 experiment: [118]

-The pre-oxidation was short and the air ingress phase was long, in order to focus on the study on the impact of air on corrosion and degradation of Zr-based claddings;

-Despite lower temperatures at initiation of reflood (around 1800 K), the reflooding with water did induce a large oxidation enhancement, very likely because the Zr-based claddings were mechanically damaged but not fully oxidized yet.

-Therefore, the recorded hydrogen production during the reflooding (around 128 g) was much higher than before it (around 16 g).

Experiments standing for references

Among the QUENCH experiments, two were mainly performed and used as references for other ones: QUENCH-06 and QUENCH-08. Both of them were then simulated in the framework of this PhD thesis. All of the first six QUENCH tests mainly aimed at quantifying the hydrogen production at initiation of reflood for Zr-based cladding bundles (without neutron absorber materials) previously submitted to pure steam (without other gas) at high temperatures. They differentiated in their cladding pre-oxidation extents, in their reflooding medium (water or steam) and in their temperature at reflood, in order to investigate the influences of these parameters on the hydrogen production at reflooding.

As can be seen, the Q-06 scenario was divided into 6 distinct periods: [18, 114]

-Heat-up to 873 K at 950 mm;

-Temperature stabilization in these conditions;

-Heat-up to 1473 K at 950 mm;

-Temperature stabilization and pre-oxidation during about 67 min in these conditions;

-Heat-up to 1873 K at 950 mm and to 2060 K at its hottest elevation;

-Reflooding with 40 g.s -1 water from the bottom during about 4 min.

After the pre-oxidation period of this QUENCH-06 experiment, the Zr-based claddings were only slightly pre-oxidized and were hence susceptible to get much more oxidized at reflooding initiation, but the temperature at that time was too low to induce a strong oxidation enhancement and a high hydrogen production, like it occurred during the reflooding at 2400 and 2350 K of the Q-02 and Q-03 experiments (cf. Table 19).

Second, the QUENCH-08 experiment, conducted in July 2003, was used as reference for the QUENCH tests Q-07 and Q-09 (with neither B 4 C absorber rods, nor steam starvation period). The experimental scenario is summarized in Figure 81. -Heat-up to 2073 K at 950 mm and to 2090 K at its hottest elevation;

-Final cool-down with 15 g.s -1 steam from the bottom during about 2 min.

After the pre-oxidation period, the Zr-based claddings were intermediately pre-oxidized and were hence susceptible to get more oxidized at cool-down initiation, but the temperature at that time was too low to induce a very strong oxidation enhancement and a high hydrogen production. Indeed, during this QUENCH-08 experiment, 46 and 38 g of H 2 (g) were produced respectively before and after the final cool-down. 

Validation of the porosity model

Modeling of the QUENCH facility in MAAP

This first section describes the modeling of the previously described QUENCH facility and experiments in the MAAP code, and presents and justifies the correlations and parameters that were chosen.

Spatial modeling

Because of identical geometries, the four considered QUENCH experiments were identically modelled in MAAP5, as schematized in Figure 82. -Radially, the QUENCH test bundle is meshed into 3 successive annular channels, respectively composed of 5 (including the unheated central rod), 8 and 8 rods;

-The 2.38 mm thick shroud (in zirconium), the 37 mm thick fiber insulation (in zirconia) and the inner side of the annular cooling jacket (in Inconel and stainless steel) are also modeled.

All fluids (liquids and gas) flowing through the QUENCH test bundle are split into the three annular channels. The intersection between the elevations of the axial meshing and the channels of the radial meshing create the (3*58=) 174 control volumes of this modeled QUENCH facility.

All geometrical details, initial conditions, and sequential operations (like gas flux and injected electric power) of the simulated QUENCH experiments are gathered in several input data files which are provided to the MAAP5 code at the beginning of calculations. These input data files also contain all correlations and all parameters used for the simulation of these QUENCH experiments. In the frame of this PhD work, it was decided to re-evaluate some mass gain correlations and some parameters, through sensitivity studies.

Correlations and parameters used

Indeed, before investigating the impact of the porosity model on the enhancements of cladding corrosion and hydrogen production (as further described, in the three next sections), several sensitivity studies were conducted in order to determine the best correlations and parameters to use for optimal simulations of the QUENCH experiments with MAAP5. These sensitivity studies were performed in three steps: the determination of the best mass gain correlations for each chemical reaction in a first time, the optimization of some parameters in a second time, and the calibration of the porosity model in a third time.

Three kinds of chemical reactions involve the Zr-based claddings at high temperatures typical of SA sequences: oxidation by steam, oxidation by air, nitriding by air. The oxidation mass gain correlations were listed in Table 17, while the nitriding mass gain correlations were listed in Table 18.

As can be seen, the most widely used for zirconium oxidation by steam is the Cathcart-Urbanic correlation, in the MAAP code, as well as in many SA codes, especially because the oxidation by steam is studied for a longer time than reactions in air, and is then better known and validated. Some other correlations for oxidation by steam are available in the MAAP5 code, but it was decided not to re-evaluate or re-compare them. However, it was decided to evaluate simultaneously:

-Three correlations for oxidation by air: NUREG, Steinbrück-Böttcher and ANL;

-Six correlations for nitriding by air: Powers high precision, Powers low precision, Hollands with pre-oxidation, Hollands without pre-oxidation, Laffon and KIT-EDF.

For this sensitivity study of air reaction correlations, the QUENCH-10 experiment was precisely chosen as reference because it involves an air ingress phase. Hence, this simultaneous evaluation of 3 * 6 correlations required 18 simulations of the Q-10 test. The temperature histories at various elevations and the temperature profiles at various times were carefully studied and compared both to each other and to experimental data. The globally best results were obtained with the simultaneous use of the NUREG correlation for oxidation by air and the KIT-EDF correlation for nitriding by air.

In addition to the selected mass gain correlations, the input data files for MAAP simulations of QUENCH experiments also contain several parameters. In the framework of this PhD thesis, it was decided to re-evaluate and optimize simultaneously three of them: the "contact resistance", the "exchange surface" and the "reflooding factor".

First, the lower and upper parts of the previously described electrodes (in molybdenum and copper), which connect the tungsten heaters, are not included in the modeling of the QUENCH facility. Therefore, a "contact resistance" value is required to simulate a loss of electric power in these areas and hence to allow the MAAP code for an adequate calculation of the electric power effectively injected into the QUENCH test bundle. Three values were tested for this "contact resistance": 0.00415, 0.0045 and 0.005 Ω.

Second, the heat transfers from the test bundle to the outside (through the shroud, the fiber insulation and the cooling jacket) take place through a global exchange surface. Therefore, such an "exchange surface" value is required to simulate these thermal losses. Five values were hence tested for this "exchange surface", all between the inner shroud surface and the outer cooling jacket surface: 0.790, 1.000, 1.135, 1.270 and 1.480 m 2 .

Third, as previously mentioned (2.3.1), the models based solely on mass gain correlations were not sufficient to simulate the cladding corrosion process, especially in case of air ingress or core reflooding. Therefore, an artificial multiplication of the oxidable surface by a "reflooding factor" enabled the MAAP code to model the cladding deterioration and so to better simulate the hydrogen production at reflooding. Three values were tested for this "reflooding factor": 1 (no effect), 3 and 5.

For this sensitivity study of three parameters, the QUENCH-10 experiment was used again. Hence, this simultaneous evaluation of 3 * 5 * 3 parameters required 45 simulations of the Q-10 test. Like for the correlations, the temperature histories at various elevations and the temperature profiles at various times were carefully studied and compared both to each other and to experimental data. The globally best results were obtained with the simultaneous use of: a "contact resistance" of 0.0045 Ω, an "exchange surface" of 1.135 m 2 and a "reflooding factor" of 5.

Finally, a third sensitivity study was realized (also by simulating the Q-10 test) to optimize the porosity model through: the determination of the most suitable equation (between E37, E38 and E39), simultaneously with the optimization of the coefficient D (between 0.01 and 1). The globally best results were obtained with the use of the equation E38 with a coefficient D of 0.25.

Consequently, for the study of impacts of the porosity model on the enhancements of cladding corrosion and hydrogen production (as further described, in the three next sections):

-The Cathcart-Urbanic correlation was used for simulating the zirconium oxidation by steam;

-The NUREG correlation was used for simulating the zirconium oxidation by air;

-The KIT-EDF correlation was used for simulating the zirconium nitriding by air;

-The "contact resistance" was fixed to 0.0045 Ω;

-The "exchange surface" was fixed to 1.135 m 2 ;

-The "reflooding factor" was fixed to 1, and not to 5, because the developed porosity model aims at simulating the cladding corrosion and the hydrogen production, especially at reflooding, without the use of such sudden artificial multiplications at pre-defined times;

-The equation E38 with a coefficient D of 0.25 was used to simulate the impact of the porosity of Zr-based components on their corrosion process and so on the hydrogen production.

Impact on the QUENCH-10 simulation

This section describes the results obtained with the two-step porosity model during the simulation of the QUENCH-10 test, by focusing first on the porosity calculation and then on its impact.

Porosity calculation

As previously detailed (5.1.3.1), the first step of the porosity model consists in calculating in each control volume the cladding porosity, depending on the corrosion conditions and through equations E34, E35 and E36.

It was therefore necessary to have a look at the evolution of this calculated POR value along the Q-10 test at different elevations, as presented in Figure 83. -Slightly increases during the first five periods in pure steam but remains negligible (around 1.5 vol% at 1150 mm at maximum);

-Strongly increases at mid-time of the air ingress phase, around 13000 s, at 4 elevations all located at mid-height of the QUENCH test bundle: 550, 650, 750 and 850 mm;

-Increases at initiation of reflooding (around 13400 s) at the same 4 elevations to reach around 27.5 vol% at 550 mm, 21 vol% at 650 mm, 11.5 vol% at 750 mm and 6 vol% at 850 mm.

All these numerical POR values are in the range of the experimental values obtained at KIT and previously presented and analyzed (4), except the final value calculated at 550 mm (around 27.5 vol%) which is above experimental ones. However, even this value is still consistent because it is likely that the corrosion conditions (temperatures and durations) are more detrimental at specific elevations of the QUENCH experiments than in the small-scale corrosion tests performed at KIT in the frame of this PhD thesis.

To complete and confirm these results, it was also interesting to plot the POR values over the bundle test elevation at different times, as presented in Figure 84. With this graph, it can be noticed that:

-During the pre-oxidation periods, the open/accessible porosity of Zr-based components remains negligible, below 2 vol%, all over the QUENCH bundle height.

-During the air ingress phase:

 The porosity first increases at elevations centered around 750 mm, where it reaches 3.5 vol% at 12990 s.

 This maximum porosity then shifts at 650 mm (13.5 vol% at 13190 s) and finally around 550-650 mm (19.5 vol% at 13383 s).

-During the reflooding, the open/accessible porosity of claddings strongly increases at 550 mm, from 19.5 up to 27.5 vol%.

Impact on temperature and hydrogen production

After describing the open/accessible porosity during the Q-10 experiment, both over the time and over the elevation, it was necessary to focus on the impact of this calculated porosity. Indeed, as previously detailed (5.1.3.2), the second step of the porosity model consists in using the calculated porosity in each control volume, to simulate in real time its deleterious impact on the reaction rates (through equation E38 with D = 0.25), and hence on the hydrogen production.

Therefore, it was first worth focusing on its potential impact on the temperature evolution over time at different elevations (250, 850 and 1250 mm), in particular during the air ingress phase and at initiation of reflooding with water, as presented in Figure 85.

Figure 85: T (K) over time (s) during air ingress and reflooding of the Q-10 test

This graph shows that the impact of the porosity model on the instantaneous temperature evolution is either extremely low or slightly positive, depending on the elevations. Indeed:

-At 250 and 1250 mm, where the porosity remained negligible, the simulation curves (ON and OFF) are not distinguishable from each other and are either slightly above (250 mm) or slightly below (1250 mm) the experimental curve (EXP).

-At 850 mm, where the porosity was significant, the simulation curve with activated porosity model (ON) is slightly above the one with model deactivated (OFF), and hence closer to the experimental curve (EXP), especially at the end of the air ingress phase and at initiation of reflooding: indeed, a sudden temperature increase probably due to an oxidation enhancement is (resp. not) observed with the porosity model activated (resp. deactivated).

As previously explained (2.3.1), the goal of the porosity model was to improve the simulation of the oxidation process and so hydrogen production, especially at reflooding. It was then worth plotting the hydrogen production over time, during this Q-10 test, as presented in Figure 86. -During the periods in pure steam, the cladding porosity slightly increased (cf. Figure 83), which leads to a slight and progressive enhancement of the oxidation by steam and so of the hydrogen release (cf. equation E1): 40 g with the porosity model, instead of 38 g without and 47 g experimentally, at around 11000 s.

-During the air ingress phase, the cladding porosity strongly increased (cf. Figure 83), which leads to an enhancement of the corrosion process but not of the hydrogen production because corrosion in air does not release this gas (cf. equation E2 and E3).

-At initiation of reflooding with water, the porosity was already high and increased again (cf. Figure 83), which leads to a significant enhancement of the cladding oxidation by vaporized steam and so of the hydrogen production. Indeed, 5.7 g H 2 (g) are produced at reflooding with the porosity model, much higher than without (0.8 g) and similar to the experimental value: also 5. 

Reflooding with water

-Increases again at initiation of reflooding (around 11300 s) at the same 6 elevations, to reach around: 15 vol% at 350 mm, 11 vol% at 450 mm, 14 vol% at 550 mm, 16 vol% at 650 mm, 7.5 vol% at 750 mm and 4.5 vol% at 850 mm.

To complete and confirm these results, it was also interesting to plot the POR values over the bundle test elevation at different times, as presented in Figure 88. -During the reflooding, the open porosity strongly increases at 650 mm, from 7 up to 16 vol%.

Like for the QUENCH-10 experiment, these calculated numerical POR values are consistent with the experimental values obtained at KIT and previously presented and analyzed (4): globally negligible under pure steam (except at specific "breakaway" temperatures) and significant in air-containing mixtures, potentially up to 16 vol% at 1500 K (4.3.3.2) in the small-scale corrosion tests performed at KIT in the frame of this PhD thesis. These similarities tend to show that the porosity correlations and porosity increase rates were correctly determined and implemented into the MAAP5 code.

Impact on temperature and hydrogen production

Like for the Q-10 test, after plotting these simulated porosity values during the Q-16 test, it was worth focusing on their impact on the cladding oxidation. Indeed, as already reminded, the second step of the porosity model consists in using the calculated porosity to simulate its deleterious impact on the reaction rates (through equation E38 with D = 0.25), and hence on the hydrogen production.

Therefore, it was first worth focusing on its potential impact on the temperature evolution over time at different elevations (250, 750 and 950 mm), as presented in Figure 89.

Figure 89: T (K) over time (s) during air ingress and reflooding of the Q-16 test

This graph shows that the impact of the porosity model on the instantaneous temperature evolution is globally low. Indeed:

-At 250 and 950 mm, where the porosity remained very low (around 2 vol%), it is logical that the simulation curves (ON and OFF) are almost not distinguishable from each other, and slightly different from the experimental curve (EXP).

-At 750 mm, where the porosity was significant (respectively 5 and 7 vol% before and after the reflooding with water), it could be expected that the temperature curves would be slightly different from each other. However, as can be seen, the temperature evolution was already well predicted by the MAAP5 code without the porosity model.

As already reminded, the final objective of this porosity model was to improve the simulation of the oxidation process and so of the hydrogen production, especially at initiation of reflooding with water. It

Impact on reference QUENCH test simulations

This section describes the results obtained with the two-step porosity model during the simulation of two QUENCH tests used as references for other ones, Q-06 and Q-08, by focusing first on the porosity calculation and then on its impact. Additionally, it can be noticed that the reflooding with water of the QUENCH test bundle does not induce any porosity increase, which would be in agreement with the experimental reflooding during which no oxidation enhancement was recorded [114].

To complete and confirm these results, it was also interesting to plot the POR values over the QUENCH test bundle elevation at different times, as presented for the QUENCH-06 experiment in Figure 92. -The open/accessible porosity of Zr-based claddings remains globally negligible, below 1.2 vol%, all over the bundle height and all along the experiment;

-The reflooding with water of the test bundle does not induce any porosity increase, accordingly to the fact that neither oxidation enhancement nor hydrogen production was experimentally recorded.

During the QUENCH-08 experiment, no air ingress phase was included either. As a consequence, similarly to the Q-06 test, the open/accessible porosity of Zr-based components remained relatively low all along the Q-08 bundle experiment and all over the Q-08 bundle height. It is therefore not really worth looking at graphs plotting POR (vol%) neither over time nor over elevation for this QUENCH-08 experiment.

Impact on temperature and hydrogen production

However, for these two QUENCH experiments (Q-06 and Q-08), it was worth wondering whether such relatively low porosity values could have any impact on the oxidation process. Indeed, as already reminded, the second step of the porosity model consists in using the calculated porosity to simulate its deleterious impact on the oxidation rates (through equation E38 with D = 0.25), and hence on the hydrogen production, especially at initiation of reflooding with water.

Therefore, it was necessary to focus on this potential impact on the temperature evolution over time at different elevations (250, 950 and 1150 mm), as presented for the Q-06 experiment in Figure 93. Similarly to this Q-06 experiment, the impact of the relatively low open porosity values on the temperature evolution was also negligible all along the Q-08 experiment, at all investigated elevations. However, like for experiments involving an air ingress phase, it was crucial to wonder whether such relatively low open porosities could influence the hydrogen production, especially at initiation of the reflooding. It was then necessary to plot the cumulative hydrogen production over time, as presented in Figure 94 for the QUENCH-06 test and in Figure 95 for the QUENCH-08 test. by calculating their open/accessible porosity in real time, and second using this calculated porosity to enhance the oxidation process and so the hydrogen production.

The second subpart then introduced and precisely described the database used to apply and validate the developed porosity model: the QUENCH experiments. First, the reasons and main objectives of the QUENCH experimental program conducted at KIT were introduced, together with the geometries and characteristics of the QUENCH bundle facility. Then, the QUENCH test matrix gathering the experiments performed in the past few years at KIT was presented, including the main features and results of all tests. Finally, the four QUENCH tests that were simulated to validate the porosity model were described in detail. Indeed, for Q-06, Q-08, Q-10 and Q-16, the sequence of events, the results and the main conclusions were successively described.

Finally, the third and last subpart started by presenting the modeling of the QUENCH facility in the MAAP5 code, with in particular the 58 axial elevations and the 3 radial channels which create the 174 control volumes of this modeled QUENCH facility. Then, this subpart listed and specified all features chosen for the validation of the porosity model: the values of different parameters and the selected chemical mass gain correlations (for oxidation in steam, in air and nitriding in air). Finally, all numerical simulations, realized to validate the porosity model and to estimate its impact on the enhancements of oxidation process and hydrogen production, were presented and analyzed, successively for the four chosen QUENCH tests. First, concerning the porosity calculation (first step), it is shown that, in perfect agreement with the small-scale experiments realized at KIT, the open/accessible porosity of Zr-based components remains globally low, below 2 vol%, during periods in pure steam (for the four QUENCH tests), and significantly increases, up to 10-20 vol%, as soon as oxygen starvation occurs during air ingress phases (for Q-10 and Q-16). Second, concerning the porosity impact (second step), it is shown that, in agreement with QUENCH experiments, this calculated porosity slightly enhances the oxidation process and the hydrogen production before the reflooding occurs, and more significantly during this reflooding. However, for Q-06, Q-08 and above all for Q-16, this porosity-induced enhancement of the oxidation process is not sufficient to reproduce, totally and exactly, the hydrogen production experimentally observed. Two kinds of reasons may be mentioned: either the calculated porosity and/or its impact are still underestimated, or the porosity of Zr-based claddings and components was not the only cause of the hydrogen production at reflooding. For instance, it was shown that during the reflooding of the QUENCH-16 test bundle, a large amount of hydrogen was produced through the oxidation by vaporized steam of molten material mixtures.

Conclusions and perspectives

This PhD thesis aimed at improving in the MAAP code the modeling of corrosion processes of Zrbased claddings under Severe Accident conditions (high temperatures and steam or air-steam mixtures), in order to improve the simulation of the hydrogen production, especially at initiation of reflooding with water. Indeed, this production of a potentially detonating gas compound is a crucial issue regarding the Source Term prediction.

This PhD work was roughly divided into three successive main steps. First, a broad literature review was aimed at understanding all detrimental phenomena involved in the corrosion of Zr-based claddings in SA conditions. Second, through a partnership between EDF and KIT, several series of two-step experiments were conducted, using KIT's facilities, to quantify the deterioration of Zr-based claddings, and to precisely describe the influence of experimental conditions (temperature and atmosphere) on this deterioration. Third, thanks to these quantitative data, correlations and numerical models were developed in the MAAP code to improve: its modeling of the cladding corrosion process, its simulation of the hydrogen production, and so its predictions of the Source Term. As a consequence of this three-step organization, the present PhD document included three major parts: literature review, experimental investigations, and modeling results.

Before that, a short and general part presented the global industrial context of this PhD thesis work conducted at EDF: French Pressurized Water Reactors, nuclear fuel assemblies, potential SA sequences, safety principles, MAAP code and objectives.

After this introduction, the literature review started by describing the zirconium alloys of nuclear fuel assemblies used in French PWR (mainly Zircaloy-4, ZIRLO ® and M5 ® ), especially their alloying compositions, specific properties and behavioral differences. This review aimed at understanding the degradation of such alloys in potential SA conditions: first when the vaporized steam oxidizes the Zrbased cladding, then if air penetrates into the reactor core and participates in degrading this first safety barrier. Then, this review focused on oxidation processes of Zr alloys in pure water or steam at high temperatures. In such conditions, the fast oxygen diffusion, governed by Fick's laws, leads to the progressive constitution of three main layers (β-Zr, α-Zr(O), ZrO 2 ) across the cladding thickness. By focusing on the oxide layer, it was realized that due to high internal compressive stresses, temperatures below 1050 °C tend to destabilize it and to enhance its cracking. Consequently, two kinds of oxidation kinetics were reported: below 1050 °C the oxide cracking leads to a two-step kinetics exhibiting a "breakaway" transition from sub-parabolic regimes (dense and protective oxide) to linear ones (porous and non-protective oxide), whereas above 1050 °C only a few radial cracks form, which leads to a globally dense and protective oxide layer inducing a unique parabolic kinetics. However, due to the high temperature dependence of involved phenomena, the oxidation process generally remains faster above 1050 °C than below. Finally, this review addressed the global impact that potential air ingress would have on Zr-based claddings. In such conditions, the presence of N 2 (g) together with O 2 (g) leads to a nitrogen-assisted corrosion, both below and above 1050 °C. This selfsustained chemical process involves formation and oxidation of nitrides ZrN which destabilizes zirconia layers faster than in pure steam and significantly amplifies the degradation kinetics of Zr alloys. Like in pure steam, two types of corrosion kinetics were reported in air-containing mixtures: below 1050 °C the fast cracking of zirconia layers leads to a two-step kinetics with a "breakaway" transition from parabolic regimes (dense oxide) to linear or accelerated ones (highly porous and cracked oxide), whereas beyond 1050 °C the kinetics remains parabolic or linear but is globally faster due to highly temperature-dependent phenomena. In conclusion, during corrosion of the Zr-based cladding in steam and/or air, the mechanical degradation of this first safety barrier is mainly due to the temperature level and to the appearance of open porosity in the form of cracks inside oxide layers.

Then, in the framework of this PhD thesis, it was considered as crucial to obtain quantitative porosity data, through the investigation of corroded cladding samples with porosity-investigating methods, in order to better understand and precisely model corrosion processes of Zr alloys. Concretely, through the contractual partnership between EDF and KIT, corrosion tests of Zr-based cladding samples and subsequent porosity measurements by Hg intrusion were conducted. Hence, the second major presented the basic principle and the experimental setup used for corrosion experiments (thermobalance plus mass spectrometer), justified the experimental test matrix, described the posttest investigations commonly performed (photographs plus micrographs), and analyzed the main experimental data. Globally, these results were in accordance with the literature review, both on qualitative and quantitative viewpoints. Indeed, mass gain curves of ZIRLO ® samples exhibited: a onestep reaction kinetics (parabolic in pure steam, linear in air-steam) above 1050 °C, and a two-step reaction kinetics (first cubic then linear in pure steam, and first parabolic then accelerated in air-steam) below 1050 °C. More particularly, the fact that air significantly enhances the degradation of Zr-based claddings was highlighted in many ways: faster reaction rates, sooner kinetic transitions, and presence of ZrN particles in oxide layers. Similarly, this experimental part explained the basic principle of the porosimetry by mercury intrusion (porosity-investigating method we chose), presented characteristics and operation of the experimental apparatus that was employed, justified the test matrix, and analyzed the main experimental data. Globally, these results were reproducible and were in total accordance with results from both the literature review and from our own corrosion experiments. Indeed, zirconia layers were more porous when formed: at temperatures in the "breakaway" domain than beyond it, and in the air-steam mix than under pure steam. Additionally, the pore size distributions obtained in various corrosion conditions were largely presented and discussed. Finally, porosity correlations and porosity increase rates were determined for all tested corrosion conditions, in the prospect of developing a porosity model in the MAAP code to improve its oxidation modeling.

The last major part was dedicated to modeling and simulation aspects. It started by reminding the principle of the already existing oxidation model: it relies on successive calculations at each time step and in each control volume: zirconia mass, zirconia thickness, variation rate of zirconia thickness (through mass gain correlations), and finally oxidation rate. Then, the similar nitriding model, which was transferred from MAAP4 into MAAP5 in the frame of this PhD work, was described too. Finally, to support these two chemical reaction models, a porosity model devoted to Zr-based components was developed thanks to the use of the porosity increase rates and correlations experimentally established. This additional model consists in two steps: simulating the degradation of Zr-based components by calculating their open/accessible porosity in real time, and then using this calculated porosity to enhance the oxidation process and so the hydrogen production. Then, this part described the database used to apply and validate the developed porosity model. Hence, the QUENCH experimental program conducted at KIT, the geometries of the QUENCH bundle facility and the QUENCH test matrix were successively presented, and the four QUENCH tests that were simulated to validate the porosity model were described in detail. Indeed, for Q-06, Q-08, Q-10 and Q-16, the sequence of events, the results and the main conclusions were described. Finally, the third and last subpart started by presenting the modeling of the QUENCH facility in the MAAP5 code, especially with the 58 axial elevations and the 3 radial channels which create the 174 control volumes of this modeled QUENCH facility. Then, the values of different parameters and the selected chemical mass gain correlations were listed and justified. Finally, all numerical simulations, realized to validate the porosity model and to estimate its impact on the enhancements of oxidation process and hydrogen production, were presented and analyzed. First, concerning the porosity calculation (first step), it was shown that, in accordance with the small-scale experiments realized at KIT, the open/accessible porosity of Zrbased components remains globally low in pure steam (for the four simulated QUENCH tests), and significantly increases during air ingress (only for Q-10 and Q-16). Second, concerning the porosity impact (second step), it was shown that, in accordance with QUENCH experiments, this calculated porosity slightly enhances the oxidation process and the hydrogen production before the reflooding occurs and significantly these two phenomena during this reflooding. However, for Q-06, Q-08 and above all for Q-16, this porosity-induced enhancement of the oxidation process is not sufficient to reproduce the experimentally recorded hydrogen release. Two kinds of reasons were mentioned: either the open porosity and/or its impact are still underestimated, or the porosity of Zr-based claddings and components were not the only causes of the hydrogen production at reflooding. For instance, it was shown that during the reflooding of the QUENCH-16 test bundle, a large amount of hydrogen was produced through the oxidation by vaporized steam of molten material mixtures.

This leads us to the perspectives of this PhD thesis work. Indeed, as explained and justified, the prediction of the hydrogen Source Term is still a crucial issue regarding the safety of Nuclear Power Plants.

Firstly, it is likely that additional porosity data or analyzes of these data could help validating or improving the porosity correlations and increase rates implemented in the MAAP5 code. First, the temperature range could be extended to higher temperatures thanks to other experimental setups. Second, other air-steam mixtures could be applied to investigate the influence of the air proportion on: the oxidation kinetics, the degradation processes and the open/accessible porosity. Third, other Zrbased alloys could be tested, especially the advanced ones, in order to check whether their slower oxidation and degradation processes induce lower porosity contents. Fourth, porosity measurements by Hg intrusion could be realized on Zr-based cladding samples previously corroded during semiintegral experiments, like the next QUENCH test which will be conducted at KIT in 2017 or the next CODEX test which will be conducted at MTA EK in 2017 too. Fifth, other porosity-investigating methods could be tested to validate the results obtained in the frame of this PhD thesis.

Secondly, the modeling of various phenomena needs to be improved: the formation of material mixtures at very high temperatures, as well as their progressive melting and oxidation, and the spalling phenomenon of zirconia layers submitted to large liquid water flux like in case of core reflooding. Indeed, all these phenomena were proven to be partly responsible for the strong enhancements of oxidation process and hydrogen production, not only during several semi-integral experiments, but also very likely during the Severe Accident of TMI-2 which occurred in the USA in 1979.

Thirdly, as already mentioned in the experimental part and detailed in Appendix C, the porosity calculation implemented in MAAP5 should take into account the temperature variation rate in addition to the temperature and atmosphere. Indeed, it was shown that fast temperature increase rates seem to limit the rise of the open/accessible porosity. Moreover, additional semi-integral experiments should be simulated to validate the implemented porosity model (cladding porosity calculation and porosity impact on cladding oxidation), and this model should be used to simulate reactor-scale accidental sequences.

In the air-steam mix:

-At 50 and 20 K.min -1 , the experimental porosity values are negligible (around 1 vol%) whereas calculated ones are respectively around 3 and 6 vol%;

-At 10 K.min -1
, experimental values are significant (around 6 vol%) but still lower than calculated ones (around 10 vol%).

Two hypotheses were discussed to explain this difference. First, the cladding porosity increase (partly correlated to the "breakaway" process) could need a minimum time period, in certain temperature domains, to initiate. Second, the temperature rise could lead to a volume expansion which could somehow fill the small pores previously formed, especially because zirconia ZrO 2 has a thermal expansion coefficient approximately twice higher than zirconium.

Whatever the cause, this difference should be taken into account for simulations: in addition to temperature and atmosphere, the porosity increase rates should depend, either on the temperature variation rate (0 above 20 K.min -1 and progressively increasing below), or on the time spent in the "breakaway" domain (0 before a critical time period).

Additionally, two issues may be addressed. For transient corrosion tests, in the two atmospheres, one can see the recorded SMG is slightly slower than simulated based on isothermal test kinetics. This result seems to confirm that temperature rises tend to partly prevent from strong POR increases. Hence, the SMG gaps between measurements (during transient tests) and simulations (based on isothermal tests) could be due to the porosity that did not form in transient conditions compared to isothermal conditions. Moreover, these gaps are smaller in pure steam than in the air-steam mix (especially for high heating rates), that is to say in conditions in which POR remains rather low.

On the other side, the following graph answers the second question.

Avant de décrire les comportements des gaines de combustible dans ces conditions, cette partie présente l'élément zirconium et les raisons pour lesquelles ses alliages sont utilisés comme matériau de gainage. Ensuite, les principaux alliages de Zr utilisés à travers le monde sont listés, en précisant leurs développeurs, compositions, et spécificités, avec un accent sur les réacteurs français dans lesquels plusieurs alliages de Zr sont largement utilisés : Zircaloy- Ces cycles continus constituent une réaction auto-entretenue qui augmente significativement la dégradation mécanique des gaines de combustible nucléaire à base de Zr. De surcroît, le plus faible effet de refroidissement et le plus fort relâchement d'énergie de l'air, par rapport à la vapeur, tendent à amplifier l'augmentation de température initialement due à la puissance résiduelle. Enfin, comme en vapeur, l'influence de la température sur les cinétiques d'oxydation des alliages de Zr en air est décrite, en liant les comportements cinétiques aux mécanismes de dégradation et en séparant la température en deux domaines. En-dessous de 1050 °C, la cinétique de réaction passe de parabolique à linéaire ou accélérée pendant la transition « breakaway » à cause de la fissuration de la zircone. Au-delà de 1050 °C, cette cinétique reste parabolique-linéaire du début à la fin du processus de corrosion, mais demeure plus élevée que sous cette température. En effet, en air comme en vapeur, la température conserve son influence majeure sur la cinétique de corrosion des alliages de Zr, à la fois en-dessous et au-dessus de 1050 °C.

Investigations et analyses expérimentales

Suite à cette synthèse bibliographique, la troisième partie de cette thèse présente et analyse les principaux paramètres et résultats des essais expérimentaux conduits au KIT dans le cadre de ce travail de doctorat. En effet, le protocole expérimental, qui a été établi et appliqué avec succès, est justifié et précisément décrit. Ensuite, les résultats obtenus avec des échantillons de gainage en ZIRLO ® oxydés en vapeur pure ou corrodés dans le mélange air-vapeur 50-50 %mol sont analysés en détail. Finalement, grâce aux données de porosité obtenues, des corrélations de porosité sont identifiées pour toutes les conditions de corrosion testées et, grâce à des hypothèses spécifiées, des taux d'augmentation de porosité sont déduits.

Cette partie commence donc par décrire précisément le protocole expérimental en deux étapes qui est développé : il s'agit d'essais de corrosion de petits échantillons de gainage de Zr, suivis en thermogravimétrie, puis des mesures de porosité de ces échantillons oxydés. Le principe de l'analyse thermogravimétrique est décrit, ainsi que l'installation expérimentale utilisée et les études réalisées sur des échantillons oxydés : photographies et micrographies. Similairement, le principe de la porosimétrie par intrusion de mercure est décrit, de même que l'appareil expérimental utilisé et les post-analyses. conditions sont non seulement larges (de 10 à 3000 nm de rayon de pore) mais aussi centrées sur une taille de pore spécifique qui dépend de la température (environ 450 nm à 1350 K, 1500 nm à 1450 K et 2500 nm à 1500 K). Comme pour les essais en vapeur pure, une corrélation de gain en masse est déterminée pour la corrosion des échantillons de gainage en ZIRLO ® en air-vapeur, et des corrélations de porosité sont établies pour toutes les températures testées car elles induisent toutes des valeurs et augmentations de porosité significatives.

Enfin, cette partie analyse aussi l'importance des données de porosité obtenues et décrites. En effet, la porosité ouverte/accessible des gaines à base de Zr corrodées en conditions d'accident grave est à la fois une conséquence et une cause de la relance progressive de leur dégradation. Sa quantification est donc un sujet crucial pour mieux comprendre, et pour modéliser et simuler correctement cette dégradation du gainage. Quelques analyses de ces données de porosité sont finalement présentées. En particulier, en vue de calculer en temps réel la porosité du gainage avec le code d'accidents graves utilisé chez EDF (MAAP), des corrélations de porosité sont dérivées par rapport au temps et des vitesses d'augmentation de porosité sont ainsi déterminées pour toutes éventuelles conditions de corrosion. Pour terminer, les biais potentiels du protocole expérimental, de même que les hypothèses faites dans l'analyse et l'utilisation des données de porosité, sont spécifiées et analysées.

Modélisation et simulation avec le code MAAP5

Suite à cette partie expérimentale, la quatrième partie de cette thèse présente la modélisation de la corrosion du gainage dans le code MAAP, ainsi que les développements et simulations numériques réalisés pour améliorer cette modélisation. En effet, le modèle d'oxydation préalablement implémenté est précisément décrit, de même que les modèles de nitruration et de porosité respectivement implémenté et développé dans le cadre de ce travail de doctorat. Ensuite, le programme de recherche QUENCH, l'installation expérimentale QUENCH située au KIT, et les principaux résultats de quelques expériences QUENCH, sont successivement présentés car ces expériences sont choisies comme base de validation pour le développement du modèle de porosité. Finalement, les simulations de ces essais, réalisées pour valider ce modèle et pour évaluer son impact sur la production d'hydrogène, sont présentées et analysées.

Cette partie de modélisation et simulations commence par rappeler les principales caractéristiques du code MAAP et le fonctionnement général du modèle d'oxydation déjà existant, qui repose sur des étapes successives de calcul réalisées à chaque pas de temps et dans chaque volume de contrôle : masse de zircone, épaisseur de zircone, vitesse de variation de l'épaisseur de zircone (via corrélation de gain en masse d'oxydation choisie), et vitesse d'oxydation. Ensuite, le fonctionnement similaire du modèle de nitruration, implémenté dans le cadre de cette thèse, est décrit : calcul de l'épaisseur et de la masse de nitrure, détermination de la vitesse de variation de l'épaisseur de nitrure (via corrélation de gain en masse de nitruration choisie), et calcul de la vitesse de nitruration, à chaque pas de temps et dans chaque volume de contrôle. 

75 Table 8 : 80 Table 9 : 84 Table 10 : 86 Table 11 : 104 Table 16 : 104 Table 17 : 111 Table 18 :

 75880984108611104161041711118 -based cladding samples, oxidized under pure steam and studied with microscopy or porosimetry by Hg intrusion ........................................................................................... 74 Table 7 : Matrix and results of Zr-based cladding samples, corroded in air-steam mix and studied with microscopy or porosimetry by Hg intrusion ........................................................................................... Kinetic coefficients K m and exponent values n for ZIRLO ® cladding samples oxidized under pure steam at 1200 or 1250 K during various durations ....................................................................... Kinetic coefficients K m and exponent values n for ZIRLO ® cladding samples oxidized under pure steam with various temperatures and durations ........................................................................... Summary of the main information concerning the oxidation of ZIRLO ® cladding samples under pure steam .................................................................................................................................. Kinetic coefficients K m and exponent values n for ZIRLO ® cladding samples corroded in the 50-50mol% air-steam mix in various conditions (T and D) .................................................................... 90 Table 12: Kinetic coefficients K m and exponent values n for ZIRLO ® cladding samples corroded in the 50-50mol% air-steam mix in various conditions (T and D) .................................................................... 96 Table 13: Summary of the main information concerning the corrosion of ZIRLO ® cladding samples in the 50-50mol% air-steam mixture ....................................................................................................... 100 Table 14: Coefficients C defining the relation between POR and SMG for ZIRLO ® cladding samples submitted to pure steam or air-steam mix at specific temperatures.................................................... 104 Table 15: Averaged, interpolated and extrapolated coefficients C for ZIRLO ® cladding samples submitted to pure steam or air-steam mix at all temperatures ............................................................ Instantaneous porosity correlations established to simulate the porosity evolution of Zrbased claddings during corrosion under SA conditions ...................................................................... Main oxidation mass gain correlations available in the MAAP5 code to simulate the oxidation process of Zr-based claddings either in steam or in air ...................................................................... Main nitriding mass gain correlations available in the MAAP5 code to simulate the nitriding process of Zr-based claddings ............................................................................................................ 114 Table 19: QUENCH test matrix with main conditions and results [from 18, 118]................................ 121

Figure 1 : 16 Figure 2 :

 1162 Figure 1: Scheme of a general French NPP involving a PWR [from 6] ................................................ 16 Figure 2: Views of a fuel rod (left) and a fuel assembly (center and right) commonly used in 1450-MWe (and 1300-MWe) nuclear PWR classes [from 3, 6, 9] ........................................................................... 17

Figure 3 : 18 Figure 4 : 20 Figure 5 : 21 Figure 6 : 24 Figure 7 : 29 Figure 8 : 30 Figure 9 : 33 Figure 10 : 35 Figure 11 : 35 Figure 12 : 36 Figure 13 : 37 Figure 14 : 38 Figure 15 : 39 Figure 16 : 39 Figure 17 : 40 Figure 18 : 43 Figure 19 : 44 Figure 20 : 45 Figure 21 :

 3184205216247298309331035113512361337143815391639174018431944204521 Figure 3: Scheme of the three safety barriers placed between radioactivity and environment in French PWR [6] ................................................................................................................................................. 18 Figure 4: Schematic view of the INES with its different levels [from 12, 13] ......................................... 20 Figure 5: Main steps of a potential SA sequence inside the reactor vessel [from 3] ............................ 21 Figure 6: Scheme of the methodology applied to develop, validate and industrialize new models of the MAAP code [from 20] ............................................................................................................................ 24Figure 7: Mass gains during oxidation of various Zr alloys in pure steam at 900°C [26] ...................... 29 Figure 8: Binary Zr-O phase diagram under atmospheric pressure [39] ............................................... 30 Figure 9: Schematic representation of the oxygen content profile inside Zr-based claddings during oxidation in H 2 O [from 1] ....................................................................................................................... 33 Figure 10: Reduced stability domains of zirconia allotropic structures depending on temperature and: pressure (left), grain size (right) [61] ..................................................................................................... 35 Figure 11: Cross-sectional views of zirconia layers grown in air on Zry-4, with equiaxed grains in outer scale (left) and elongated grains in inner scale (right) [from 9] ............................................................. 35 Figure 12: Scheme of the circumferential stresses building-up in the whole cladding material during the oxidation process [from 3] ............................................................................................................... 36 Figure 13: Graphic of simulated circumferential stresses building-up at the metal-oxide interface during oxidation of Zry-4 samples [from 66] ..................................................................................................... 37 Figure 14: Photograph (left) and micrograph (right) of crack networks made on a Zry-4 cladding sample oxidized 3 h at 1000 °C in steam [from 26] ............................................................................... 38 Figure 15: Cross-sectional view of a Zry-4 cladding sample oxidized for 720 s and then annealed for 9000 s at 1300 °C [from 70] .................................................................................................................. 39 Figure 16: Cross-sectional views of Zry-4 samples oxidized for 750 s (left) and then annealed for 10800 s at 1475°C (right) [from 70] ....................................................................................................... 39 Figure 17: Cross-sectional views of Zry-4 samples oxidized for 250 s (left) and then annealed for 10800 s at 1475 °C (right) [from 70] ...................................................................................................... 40 Figure 18: Mass gain evolutions of two Zry-4 cladding samples during oxidation in water at 415 °C (blue curve) and 470 °C (red curve) [from 41] ....................................................................................... 43 Figure 19: Mass gain evolutions of cladding samples made of various Zr alloys during oxidation in steam at 1000 (left) and 800 °C (right) [from 26, 75] ............................................................................. 44 Figure 20: Mass gain evolutions of cladding samples made of various Zr alloys during oxidation in steam at 1200 °C [26] ............................................................................................................................ 45 Figure 21: Natural logarithm of the kinetic coefficient during the pre-transition oxidation phase in steam, as a function of the inverse temperature [26] ............................................................................ 46

Figure 22 :

 22 Figure 22: Mass gain evolutions of cladding samples made of various Zr alloys during oxidation in pure oxygen at 1000°C (top) and 1100°C (bottom) [25]........................................................................

Figure 23 :

 23 Figure 23: Mass gain evolutions of oxidized and homogenized Zry-4 cladding samples during reaction in nitrogen at 1200 °C [80] .....................................................................................................................

Figure 24 :

 24 Figure 24: Mass gain evolutions of α-Zr(O) samples (from Zry-4) with various oxygen contents during reaction in nitrogen at 1100 °C [80] .......................................................................................................

Figure 25 :

 25 Figure 25: Mass gain evolutions of lightly pre-oxidized (but non-homogenized) Zry-4 cladding samples during reaction in nitrogen at 1200 °C [81] ............................................................................................

Figure 26 :Figure 27 :

 2627 Figure 26: Bright field optical micrograph of a bare Zircaloy-4 sample submitted to air at 850 °C [38] Figure 27: Influence of the nitrogen content in steam on final mass gain (left) and hydrogen release (right) in different corrosion conditions of bare Zry-4 samples [84] .......................................................

Figure 28 :

 28 Figure 28: Mass gain rates of initially bare Zry-4 samples corroded in pure O 2 (g), pure N 2 (g) and air at 1200 °C (left) and 1400 °C (right) [39, 84] .............................................................................................

Figure 29 :

 29 Figure 29: Final mass gains of initially bare Zry-4 cladding samples oxidized in different air-steam mixtures at temperatures between 800 and 1500 °C [39] .....................................................................

Figure 30 :

 30 Figure 30: Photographs of three initially bare Zry-4 cladding samples oxidized for 1h in various atmospheres at 1000 °C [39] .................................................................................................................

Figure 31 :

 31 Figure 31: Optical micrographs of three initially bare Zry-4 cladding samples oxidized for 1h in various atmospheres at 1200°C [39] ..................................................................................................................

Figure 32 :

 32 Figure 32: Mass gain evolutions of fuel cladding samples made of various Zr alloys during corrosion in air at 700, 800, 900 and 1000 °C [89] ...................................................................................................

Figure 33 :

 33 Figure 33: Mass gain evolutions during corrosion in air of cladding samples made of Zry-4 (top) and M5 ® (bottom) at various temperatures [from 38] ...................................................................................

Figure 34 :

 34 Figure 34: Mass gains (fine lines) and their rates (bold lines) during corrosion under air at 850 and °C of slightly pre-oxidized (in steam at 500 °C) Zry-4 samples [38] ......................................................

Figure 35 :

 35 Figure 35: Mass gain evolutions of cladding samples made of various Zr alloys during corrosion in air at 1100, 1200, 1300, 1400, 1500 and 1580 °C [89] ..............................................................................

Figure 36 :

 36 Figure 36: Mass gain evolutions of initially bare Zry-4 fuel cladding samples during corrosion in 50-50 air-steam mixtures at 800, 1000, 1200 and 1400 °C [39]......................................................................

Figure 37 :

 37 Figure 37: Mass gains (fine lines) and their rates (bold lines) during corrosion in air at 1100 °C of bare (blue) and pre-oxidized (yellow) Zry-4 samples [38] .............................................................................

Figure 38 :

 38 Figure 38: Mass gain evolutions of Zircaloy-4 fuel cladding samples during reaction sequences at 1100°C in various atmospheres [82] .....................................................................................................

Figure 39 :

 39 Figure 39: Scheme of a typical setup for small scale corrosion experiments [from 84] ........................

Figure 40 :

 40 Figure 40: Operation of a typical thermobalance used for corrosion tests [26] .....................................

Figure 41 :

 41 Figure 41: Photographs of 10mm-long Zr-based cladding samples after corrosion .............................

Figure 42 :

 42 Figure 42: Digital photograph of a 10mm-long ZIRLO ® sample before being corroded .......................

Figure 43 :

 43 Figure 43: Side view (left) and top view (right) of a resin block with cladding sample ..........................

Figure 44 :

 44 Figure 44: Optical micrographs at low (left) and high (right) magnifications of a ZIRLO ® sample corroded in an air-steam mix at 1250 K until around 5 wt% mass gain ................................................

Figure 45 :

 45 Figure 45: Photograph of a double device with a low pressure (PASCAL 140, left part) and a high pressure (PASCAL 440, right part) porosimeters [from 106] ................................................................

Figure 46 : 2 )

 462 Figure 46: SMG (g.m -2 ) of two samples oxidized under pure steam at 1150 K (877 °C) during minutes ..................................................................................................................................................

Figure 47 :

 47 Figure 47: Chemical composition of the outlet gas at the initiation of the oxidation at 1150 K of the ZIRLO ® cladding sample 140819c ........................................................................................................

Figure 48 :

 48 Figure 48: Photograph (left) and micrograph (right) of the ZIRLO ® cladding sample 140819c oxidized under pure steam at 1150 K during 870 minutes ..................................................................................

Figure 49 : 2 )

 492 Figure 49: SMG (g.m -2 ) of three samples oxidized under pure steam at 1250 K (977 °C) during minutes ..................................................................................................................................................

Figure 50 :

 50 Figure 50: Chemical composition of the outlet gas during the oxidation at 1250 K of the ZIRLO ®

Figure 51 :

 51 Figure 51: Photograph (left) and micrograph (right) of the ZIRLO ® cladding sample 140821a oxidized under pure steam at 1250 K during 47 minutes ....................................................................................

Figure 52 :

 52 Figure 52: POR (vol%) over time (min) for ZIRLO ® cladding samples during oxidation under pure steam at 1250 K (dark blue triangles) or 1200 K (light blue diamonds) ................................................

Figure 53 :

 53 Figure 53: Cumulative pore volumes (blue curves) and pore size distributions (red histograms) for ZIRLO ® cladding samples oxidized during 30 (top left), 110 (top right) or 150 minutes (bottom) at K ............................................................................................................................................................

Figure 54 : 2 )

 542 Figure 54: SMG (g.m -2 ) of various samples oxidized in pure steam at 1350 K (1077 °C) during 26 min (left) or at 1450 K (1177 °C) during 7 min (right) ...................................................................................

Figure 55 :

 55 Figure 55: Chemical composition of the outlet gas during the oxidation of the ZIRLO ® cladding samples 140821b at 1350 K (left) and 140821c at 1450 K (right).........................................................

Figure 56 :

 56 Figure 56: Photograph (left) and micrograph (right) of the ZIRLO ® cladding sample 140821b oxidized under pure steam at 1350 K during 26 minutes ....................................................................................

Figure 57 :

 57 Figure 57: Natural logarithm of the kinetic coefficient during the pre-transition oxidation in steam, as a function of the inverse temperature .......................................................................................................

Figure 58 :

 58 Figure 58: POR (vol%) over T (K) for ZIRLO ® cladding samples oxidized in pure steam ....................

Figure 59 :

 59 Figure 59 : POR (vol%) over SMG (g.m -2 ) for ZIRLO ® samples oxidized in pure steam ......................

Figure 60 : 2 )

 602 Figure 60: SMG (g.m -2 ) of various samples corroded in 50-50mol% air-steam mix at 1150 K (877 °C) during 110 min (left) or at 1250 K (977 °C) during 18 min (right) ..........................................................

Figure 61 :

 61 Figure 61: Chemical composition of the outlet gas during the corrosion in air-steam of the ZIRLO ®

Figure 62 :

 62 Figure 62: Photograph (left) and micrograph (right) of the ZIRLO ® cladding sample 140828b corroded in air-steam at 1150 K during 110 minutes ............................................................................................

Figure 63 :

 63 Figure 63: POR (vol%) over time (min) for ZIRLO ® cladding samples during corrosion in air-steam at 1100 (dark blue diamonds) or 1150 K (light blue squares) ...................................................................

Figure 64 :

 64 Figure 64: POR (vol%) over time (min) for ZIRLO ® samples during corrosion in air-steam at (green diamonds), 1250 (yellow squares) or 1300 K (orange triangles) ...............................................

Figure 65 :

 65 Figure 65: Cumulative pore volumes (blue curves) and pore size distributions (red histograms) for ZIRLO ® samples corroded at 1100 K (left) or 1150 K (right) .................................................................

Figure 66 :

 66 Figure 66: Cumulative pore volumes (blue curves) and pore size distributions (red histograms) for ZIRLO ® samples corroded at 1200 (top), 1250 (mid) or 1300 K (bottom).............................................

Figure 67 : 2 )

 672 Figure 67: SMG (g.m -2 ) of various samples oxidized in air-steam at 1350 K (1077 °C) during 7 min (left) or at 1450 K (1177 °C) during 5 min (right) ...................................................................................

Figure 68 : 96 Figure 69 : 97 Figure 70 : 98 Figure 71 : 99 Figure 72 : 101 Figure 73 : 101 Figure 74 : 102 Figure 75 : 106 Figure 76 : 1 ) 117 Figure 77 :Figure 78 :Figure 79 :Figure 80 :Figure 81 :Figure 82 :Figure 83 :Figure 84 :Figure 86 :Figure 87 :Figure 88 :Figure 89 :Figure 90 :

 68966997709871997210173101741027510676111777787980818283848687888990 Figure 68: Chemical composition of the outlet gas during the corrosion in air-steam of the ZIRLO ® cladding samples 140825b at 1350 K (left) and 140829c at 1450 K (right) .......................................... 96 Figure 69: Photograph (left) and micrograph (right) of the ZIRLO ® cladding sample 140829c corroded in air-steam at 1150 K during 5 minutes ................................................................................................ 97 Figure 70: POR (vol%) over time (min) for ZIRLO ® samples during corrosion in air-steam at 1350 (orange diamonds), 1450 (brown squares) or 1500 K (red triangles) ................................................... 98 Figure 71: Cumulative pore volumes (blue curves) and pore size distributions (red histograms) for ZIRLO ® samples corroded at 1350 (top), 1450 (mid) or 1500 K (bottom)............................................. 99 Figure 72: Natural logarithm of the kinetic coefficient during the pre-transition oxidation in steam, as a function of the inverse temperature ..................................................................................................... 101 Figure 73: POR (vol%) over T (K) for ZIRLO ® cladding samples corroded in air-steam .................... 101 Figure 74: POR (vol%) over SMG (g.m -2 ) for ZIRLO ® samples corroded in air-steam ....................... 102 Figure 75: Exponent n (no unit) over POR (vol%) for several ZIRLO ® cladding samples corroded in the 50-50mol% air-steam mixture.............................................................................................................. 106 Figure 76: Proportionality coefficient C (vol%.m 2 .g -1 ) over the temperature T (K) as implemented in the mechanical porosity model in the MAAP5 code .................................................................................. 117 Figure 77: Cross-sectional scheme of the experimental QUENCH test bundle with its surroundings [18] ....................................................................................................................................................... 120 Figure 78: Experimental scenario of the QUENCH-10 test [116] ........................................................ 123 Figure 79: Experimental scenario of the QUENCH-16 test [118] ........................................................ 124 Figure 80: Experimental scenario of the QUENCH-06 test [from 114] ............................................... 125 Figure 81: Experimental scenario of the QUENCH-08 test [from 115] ............................................... 126 Figure 82: Meshing for the simulation of QUENCH experiments with the MAAP5 code [16, 17] ....... 127 Figure 83: POR (vol%) over time (s) during the Q-10 test at various elevations ................................ 130 Figure 84: POR (vol%) over elevation (mm) at various times of the Q-10 test ................................... 131 Figure 85: T (K) over time (s) during air ingress and reflooding of the Q-10 test ................................ 132 Figure 86: Hydrogen production (kg) over time (s) during the Q-10 test ............................................ 133 Figure 87: POR (vol%) over time (s) during the Q-16 test at various elevations ................................ 134 Figure 88: POR (vol%) over elevation (mm) at various times of the Q-16 test ................................... 135Figure 89: T (K) over time (s) during air ingress and reflooding of the Q-16 test ................................ 136 Figure 90: Hydrogen production (kg) over time (s) during the Q-16 test ............................................ 137

Figure 91 :

 91 Figure 91: POR (vol%) over time (s) during the Q-06 test at various elevations ................................ 138

Figure 92 :Figure 93 :Figure 94 :Figure 95 :

 92939495 Figure 92: POR (vol%) over elevation (mm) at various times of the Q-06 test ................................... 139 Figure 93: Temperature (K) over time (s) during the Q-06 test ........................................................... 140 Figure 94: Hydrogen production (kg) over time (s) during the Q-06 test ............................................ 141 Figure 95: Hydrogen production (kg) over time (s) during the Q-08 test ............................................ 141

  [4 -6] 

Figure 1 :

 1 Figure 1: Scheme of a general French NPP involving a PWR [from 6]

  [START_REF] Coppolani | La chaudière des réacteurs sous pression[END_REF] 

Figure 2 :

 2 Figure 2: Views of a fuel rod (left) and a fuel assembly (center and right) commonly used in 1450-MWe (and 1300-MWe) nuclear PWR classes [from 3, 6, 9]

Figure 3 :

 3 Figure 3: Scheme of the three safety barriers placed between radioactivity and environment in French PWR [6]

[10, 11 ]Figure 4 : 14 ] 1 ,

 114141 Figure 4: Schematic view of the INES with its different levels [from 12, 13]

[ 3 ]Figure 5 :

 35 Figure 5: Main steps of a potential SA sequence inside the reactor vessel [from 3]

Figure 6 :

 6 Figure 6: Scheme of the methodology applied to develop, validate and industrialize new models of the MAAP code [from 20]

  [START_REF] Steinbrück | Oxidation of advanced zirconium cladding alloys in steam at temperatures in the range of 600-1200°C[END_REF][START_REF] Duriez | Zircaloy-4 and M5 ® high temperature oxidation and nitriding in air[END_REF] 

Figure 7 :

 7 Figure 7: Mass gains during oxidation of various Zr alloys in pure steam at 900°C [26]

Figure 8 :

 8 Figure 8: Binary Zr-O phase diagram under atmospheric pressure [39]

Figure 9 :

 9 Figure 9: Schematic representation of the oxygen content profile inside Zr-based claddings during oxidation in H 2 O [from 1]

Figure 10 :

 10 Figure 10: Reduced stability domains of zirconia allotropic structures depending on temperature and: pressure (left), grain size (right) [61]

  is quantified by the Pilling-Bedworth Ratio (PBR) of:

Figure 12 :Figure 13 :

 1213 Figure 12: Scheme of the circumferential stresses building-up in the whole cladding material during the oxidation process [from 3]

[9, 64 ]Figure 14 :

 6414 Figure 14: Photograph (left) and micrograph (right) of crack networks made on a Zry-4 cladding sample oxidized 3 h at 1000 °C in steam [from 26]

Figure 15 :-

 15 Figure 15: Cross-sectional view of a Zry-4 cladding sample oxidized for 720 s and then annealed for 9000 s at 1300 °C [from 70]

Figure 16 :Figure 17 :

 1617 Figure 16: Cross-sectional views of Zry-4 samples oxidized for 750 s (left) and then annealed for 10800 s at 1475°C (right) [from 70]

Figure 18 :

 18 Figure 18: Mass gain evolutions of two Zry-4 cladding samples during oxidation in water at 415 °C (blue curve) and 470 °C (red curve) [from 41]

  [1,[START_REF] Steinbrück | Oxidation of advanced zirconium cladding alloys in steam at temperatures in the range of 600-1200°C[END_REF][START_REF] Sarrazin | Les mécanismes de la corrosion sèche -une approche cinétique[END_REF][START_REF] Leistikow | The oxidation behavior of Zircaloy-4 in steam between 600 and 1600 °C[END_REF] 

Figure 19 :

 19 Figure 19: Mass gain evolutions of cladding samples made of various Zr alloys during oxidation in steam at 1000 (left) and 800 °C (right) [from 26, 75]

  [START_REF] Steinbrück | Oxidation of advanced zirconium cladding alloys in steam at temperatures in the range of 600-1200°C[END_REF] 

Figure 21 :

 21 Figure 21: Natural logarithm of the kinetic coefficient during the pre-transition oxidation phase in steam, as a function of the inverse temperature [26]

Figure 22 :

 22 Figure 22: Mass gain evolutions of cladding samples made of various Zr alloys during oxidation in pure oxygen at 1000°C (top) and 1100°C (bottom) [25]

Figure 23 :

 23 Figure 23: Mass gain evolutions of oxidized and homogenized Zry-4 cladding samples during reaction in nitrogen at 1200 °C [80]

Figure 24 :

 24 Figure 24: Mass gain evolutions of α-Zr(O) samples (from Zry-4) with various oxygen contents during reaction in nitrogen at 1100 °C [80]

[81 - 84 ]Figure 25 :

 8425 Figure 25: Mass gain evolutions of lightly pre-oxidized (but non-homogenized) Zry-4 cladding samples during reaction in nitrogen at 1200 °C [81]

  [9, 38, 39, 80 -82] Consequently, after a certain time, nitride particles can remain stable during a non-negligible time and can therefore be observed on micrographs, as shown on Figure26.

Figure 26 :

 26 Figure 26: Bright field optical micrograph of a bare Zircaloy-4 sample submitted to air at 850 °C [38]

Figure 27 :

 27 Figure 27: Influence of the nitrogen content in steam on final mass gain (left) and hydrogen release (right) in different corrosion conditions of bare Zry-4 samples [84]

Figure 28 :

 28 Figure 28: Mass gain rates of initially bare Zry-4 samples corroded in pure O 2 (g), pure N 2 (g) and air at 1200 °C (left) and 1400 °C (right) [39, 84]

  [START_REF] Duriez | Zircaloy-4 and M5 ® high temperature oxidation and nitriding in air[END_REF][START_REF] Steinbrück | Prototypical experiments relating to air oxidation of Zircaloy-4 at high temperatures[END_REF][START_REF] Duriez | Separate-effect tests on zirconium cladding degradation in air ingress situations[END_REF] Finally, compared to steam, air faster conducts the zirconia layer to become more porous, more cracked and thus heterogeneous and non-protective, as illustrated in Figure29(recorded mass gains), Figure30(photographs) and Figure31(optical micrographs).
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 293031 Figure 29: Final mass gains of initially bare Zry-4 cladding samples oxidized in different air-steam mixtures at temperatures between 800 and 1500 °C [39]

Figure 32 :

 32 Figure 32: Mass gain evolutions of fuel cladding samples made of various Zr alloys during corrosion in air at 700, 800, 900 and 1000 °C [89]

Figure 33 :

 33 Figure 33: Mass gain evolutions during corrosion in air of cladding samples made of Zry-4 (top) and M5 ® (bottom) at various temperatures [from 38]

  [START_REF] Duriez | Zircaloy-4 and M5 ® high temperature oxidation and nitriding in air[END_REF][START_REF] Duriez | Reaction in air and in nitrogen of pre-oxidised Zircaloy-4 and M5 TM claddings[END_REF][START_REF] Duriez | Separate-effect tests on zirconium cladding degradation in air ingress situations[END_REF][START_REF] Steinbrück | Prototypical experiments on air oxidation of Zircaloy-4 at high temperatures[END_REF][START_REF] Mazères | Experimental study and numerical simulation of high temperature (1100-1250 °C) oxidation of prior-oxidized zirconium alloy[END_REF] 

Figure 34 :

 34 Figure 34: Mass gains (fine lines) and their rates (bold lines) during corrosion under air at 850 and 950 °C of slightly pre-oxidized (in steam at 500 °C) Zry-4 samples [38]

Figure 35 :

 35 Figure 35: Mass gain evolutions of cladding samples made of various Zr alloys during corrosion in air at 1100, 1200, 1300, 1400, 1500 and 1580 °C [89]

Figure 36 :

 36 Figure 36: Mass gain evolutions of initially bare Zry-4 fuel cladding samples during corrosion in 50-50 air-steam mixtures at 800, 1000, 1200 and 1400 °C [39]

  Figure 37 gives an example of results of such studies for Zry-4 claddings corroded in air at 1100 °C.

Figure 37 :

 37 Figure 37: Mass gains (fine lines) and their rates (bold lines) during corrosion in air at 1100 °C of bare (blue) and pre-oxidized (yellow) Zry-4 samples [38]

Figure 38 :

 38 Figure 38: Mass gain evolutions of Zircaloy-4 fuel cladding samples during reaction sequences at 1100°C in various atmospheres [82]

[ 92 ]

 92 , discussed and decided in May 2014 [93], prepared and performed from July to October 2014. Then, the results were analyzed and presented in October and November 2014 [94, 95], and in February and March 2015 [96, 97]. Since the protocol successively worked and provided interesting and usable results, the possibility of a larger series of these two-step experiments was considered, discussed, decided, prepared and performed in 2015 [94, 96, 98]. The results were analyzed and presented in September, October and December 2015 [99 -101].

Figure 39 :

 39 Figure 39: Scheme of a typical setup for small scale corrosion experiments [from 84]

Figure 40 :

 40 Figure 40: Operation of a typical thermobalance used for corrosion tests [26]

Figure 41 :

 41 Figure 41: Photographs of 10mm-long Zr-based cladding samples after corrosion

Figure 42 :

 42 Figure 42: Digital photograph of a 10mm-long ZIRLO ® sample before being corroded

Figure 43 :

 43 Figure 43: Side view (left) and top view (right) of a resin block with cladding sample

Figure 44 :

 44 Figure 44: Optical micrographs at low (left) and high (right) magnifications of a ZIRLO ® sample corroded in an air-steam mix at 1250 K until around 5 wt% mass gain

[102 - 104 ]

 104 Such porosimetry methods first consist in inserting a porous sample into the dilatometer of an apparatus called porosimeter and then rely on the intrusion of a non-wetting liquid into the open pores of this sample thanks to successive pressure augmentations. The pore size is generally determined thanks to the Washburn's equation, describing the force balance between on one side the external pressure required to force the liquid into a pore and on the other side the opposite surface tension of this liquid: [102,[START_REF] Webb | An introduction to the physical characterization of materials by mercury intrusion porosimetry with emphasis on reduction and presentation of experimental data[END_REF] 105] 

  is the pore diameter. The liquid most often employed (including by the porosimeter used in the framework of this study) is mercury Hg because it is a highly non-wetting liquid which does not interact with solid material's surfaces. Its characteristics are σ(Hg) = 0.48 N.m -1 and θ(Hg) = 140° approximately. Moreover, before starting the test and injecting the liquid Hg, a relative vacuum is created in the porosimeter, so that one can deduce pore diameters: [103, 105] D P = 1.47 N.m -1 P L

-

  device used in the frame of this PhD study was fabricated by the company FISONS Instrument, the commercializing company being POROTEC. It is composed by two porosimeters of the PASCAL series which are successively used once for each sample: [103, 105, 106] One low pressure porosimeter PASCAL 140, shown on the left of Figure 45, in which the pressure may increase from 100 Pa (test initiated under a relative vacuum) up to 400 kPa, which corresponds to pore sizes down to 4 μm; -One high pressure porosimeter PASCAL 440, shown on the right of Figure 45, in which the pressure may increase from 100 kPa up to 400 MPa, corresponding to pore sizes from approximately 15 μm down to 4 nm.

Figure 45 :

 45 Figure 45: Photograph of a double device with a low pressure (PASCAL 140, left part) and a high pressure (PASCAL 440, right part) porosimeters [from 106]

---

  Accessible porosity POR (vol%): it is the open volume fraction that Vpor represents relatively to the total volume of the sample; Inaccessible porosity iPOR (vol%): it is the volume fraction of the presumed porosity that is closed and not filled by Hg(l), based on the theoretical sample density; Bulk density db (g.cm -3

Figure 46 :

 46 Figure 46: SMG (g.m -2 ) of two samples oxidized under pure steam at 1150 K (877 °C) during 870 minutes

n and n=3. 11 ;n and n=3. 24 .

 1124 140819c: ln(K m )=2.71 and 1/n=0.321, so K m =15. 140820c: ln(K m )=2.73 and 1/n=0.301, so K m =15.By averaging these data, one can get mean values: K m = 13.

Figure 48 : 2 ,

 482 Figure 48: Photograph (left) and micrograph (right) of the ZIRLO ® cladding sample 140819c oxidized under pure steam at 1150 K during 870 minutes

ZrO 2 ZrFigure 49 :

 249 Figure 49: SMG (g.m -2 ) of three samples oxidized under pure steam at 1250 K (977 °C) during 47 minutes

Figure 51 :

 51 Figure 51: Photograph (left) and micrograph (right) of the ZIRLO ® cladding sample 140821a oxidized under pure steam at 1250 K during 47 minutes

Figure 52 :

 52 Figure 52: POR (vol%) over time (min) for ZIRLO ® cladding samples during oxidation under pure steam at 1250 K (dark blue triangles) or 1200 K (light blue diamonds)

Figure 53 :

 53 Figure 53: Cumulative pore volumes (blue curves) and pore size distributions (red histograms) for ZIRLO ® cladding samples oxidized during 30 (top left), 110 (top right) or 150 minutes (bottom) at 1200 K

Figure 54 :

 54 Figure 54: SMG (g.m -2 ) of various samples oxidized in pure steam at 1350 K (1077 °C) during 26 min (left) or at 1450 K (1177 °C) during 7 min (right)

Figure 55 :

 55 Figure 55: Chemical composition of the outlet gas during the oxidation of the ZIRLO ® cladding samples 140821b at 1350 K (left) and 140821c at 1450 K (right)

Figure 56 :

 56 Figure 56: Photograph (left) and micrograph (right) of the ZIRLO ® cladding sample 140821b oxidized under pure steam at 1350 K during 26 minutes

Figure 57 : 1 ;-

 571 Figure 57: Natural logarithm of the kinetic coefficient during the pre-transition oxidation in steam, as a function of the inverse temperature

Figure 59 :

 59 Figure 59 : POR (vol%) over SMG (g.m -2 ) for ZIRLO ® samples oxidized in pure steam

Figure 60 :

 60 Figure 60: SMG (g.m -2 ) of various samples corroded in 50-50mol% air-steam mix at 1150 K (877 °C) during 110 min (left) or at 1250 K (977 °C) during 18 min (right)

Figure 61 :

 61 Figure 61: Chemical composition of the outlet gas during the corrosion in air-steam of the ZIRLO ® cladding samples 140825c at 1250 K (left) and 140828b at 1150 K (right)

Figure 62 :

 62 Figure 62: Photograph (left) and micrograph (right) of the ZIRLO ® cladding sample 140828b corroded in air-steam at 1150 K during 110 minutes

Figure 63 :Figure 64 :

 6364 Figure 63: POR (vol%) over time (min) for ZIRLO ® cladding samples during corrosion in air-steam at 1100 (dark blue diamonds) or 1150 K (light blue squares)

Figure 65 :Figure 66 :

 6566 Figure 65: Cumulative pore volumes (blue curves) and pore size distributions (red histograms) for ZIRLO ® samples corroded at 1100 K (left) or 1150 K (right)

Figure 67 :

 67 Figure 67: SMG (g.m -2 ) of various samples oxidized in air-steam at 1350 K (1077 °C) during 7 min (left) or at 1450 K (1177 °C) during 5 min (right)

Figure 68 :

 68 Figure 68: Chemical composition of the outlet gas during the corrosion in air-steam of the ZIRLO ® cladding samples 140825b at 1350 K (left) and 140829c at 1450 K (right)

Figure 69 :

 69 Figure 69: Photograph (left) and micrograph (right) of the ZIRLO ® cladding sample 140829c corroded in air-steam at 1150 K during 5 minutes

Figure 70 :

 70 Figure 70: POR (vol%) over time (min) for ZIRLO ® samples during corrosion in airsteam at 1350 (orange diamonds), 1450 (brown squares) or 1500 K (red triangles)

Figure 71 :

 71 Figure 71: Cumulative pore volumes (blue curves) and pore size distributions (red histograms) for ZIRLO ® samples corroded at 1350 (top), 1450 (mid) or 1500 K (bottom)

® cladding samples in the 50 -

 50 50mol% air-steam mixture Thanks to these numerous experimental values of K m at various temperatures, one can identify the activation energy Ea and the kinetic coefficient K 0 , corresponding to the corrosion reaction of ZIRLO ® samples in air-steam mix. Indeed, as previously described (3.2.4.4) and performed for oxidation in pure steam (4.2.4.1), it is first necessary to plot the natural logarithm of K m as a function of the inverse of T, as done in Figure 72.

Figure 72 : 1 ;-

 721 Figure 72: Natural logarithm of the kinetic coefficient during the pre-transition oxidation in steam, as a function of the inverse temperature

---

  At 1100 K in 50-50mol% air-steam: POR ≈ 0.034 * SMG; At 1150 K in 50-50mol% air-steam: POR ≈ 0.022 * SMG; At 1200 K in 50-50mol% air-steam: POR ≈ 0.034 * SMG; At 1250 K in 50-50mol% air-steam: POR ≈ 0.034 * SMG; -At 1300 K in 50-50mol% air-steam: POR ≈ 0.015 * SMG; -At 1350 K in 50-50mol% air-steam: POR ≈ 0.021 * SMG; -At 1450 K in 50-50mol% air-steam: POR ≈ 0.039 * SMG; -At 1500 K in 50-50mol% air-steam: POR ≈ 0.045 * SMG.

1 1

 11 under pure steam both below 1175 K and above 1275 K; in air-steam mixtures above 1400 K.

Figure 75 :

 75 Figure 75: Exponent n (no unit) over POR (vol%) for several ZIRLO ® cladding samples corroded in the 50-50mol% air-steam mixture

Firstly

  , the POR variation ΔPOR (vol%) is determined, following equation E34 (resp. E35) after simulation of zirconium oxidation (resp. nitriding), as developed and explained in Appendix D. ΔPOR = C * ΔSMG = C * (1 -

- 1 )

 1 are the respective molar masses of Zr, ZrO 2 and ZrN; -ρ ZrO2 and ρ ZrN (g.m -3 ) are the respective densities of ZrO 2 and ZrN; -(dX/dt)mean and (dX NIT /dt)mean (m.s -1

Figure 76 :

 76 Figure 76: Proportionality coefficient C (vol%.m 2 .g -1 ) over the temperature T (K) as implemented in the mechanical porosity model in the MAAP5 code

-

  D (no unit) is a coefficient applied to calibrate the impact of the open/accessible porosity POR (vol%) on the cladding oxidation rate.

[ 18 ]

 18 Therefore, in the wake, the still ongoing QUENCH research program was launched in 1996, started in 1997, and included a special emphasis on the quantitative determination of the hydrogen release during potential core reflooding with water. It consists of several semi-integral QUENCH experiments, all performed into the same QUENCH bundle facility, as further detailed (5.2.1.2). In parallel, the realization and the analysis of numerous small-scale oxidation tests, as previously performed in the framework of this PhD thesis (4), support the definition and the analysis of the QUENCH bundle tests. The major objective of this global research program is to deliver experimental and analytical data to support the development and the validation of numerical models in codes treating SA progressions in LWR like for instance French PWR.[START_REF] Steinbrück | Synopsis and outcome of the QUENCH experimental program[END_REF][START_REF] Steinbrück | Analysis of hydrogen production in QUENCH bundle tests[END_REF][START_REF]QUENCH programme, QUENCH test matrix[END_REF] 

  [18, 113 -118] 

Figure 77 : 18 ]

 7718 Figure 77: Cross-sectional scheme of the experimental QUENCH test bundle with its surroundings [18]

[ 18 , 23 , 24 , 72 ]

 18232472 -Q-02 and Q-03 (resp. 140 and 120 g) because of high temperatures at reflooding (resp. 2400 and 2350 K), whereas the similar Q-01, Q-04, Q-05 and Q-06 tests with lower temperatures (resp. 1830, 2160, 2020 and 2060 K) exhibited negligible H 2 (g) productions at reflooding (resp. 3, 2, 2 and 4 g);

[18, 116 ]Figure 78 :

 11678 Figure 78: Experimental scenario of the QUENCH-10 test [116]

[ 118 ]Figure 79 :

 11879 Figure 79: Experimental scenario of the QUENCH-16 test [118]

FirstFigure 80 :

 80 Figure 80: Experimental scenario of the QUENCH-06 test [from 114]

[18, 115 ]Figure 81 :

 11581 Figure 81: Experimental scenario of the QUENCH-08 test [from 115]

Finally, this third

  subpart first presents the modeling of the QUENCH facility in the MAAP code (5.3.1). Then, it precisely describes the simulations of QUENCH tests realized to validate this porosity model and to estimate the impact of the open porosity on the enhancements of cladding corrosion and hydrogen production: successively through QUENCH-10 (5.3.2), QUENCH-16 (5.3.3) and the two reference QUENCH tests (5.3.4).

Figure 82 :, 17 ]

 8217 Figure 82: Meshing for the simulation of QUENCH experiments with the MAAP5 code [16, 17]

Figure 83 :

 83 Figure 83: POR (vol%) over time (s) during the Q-10 test at various elevations

Figure 84 :

 84 Figure 84: POR (vol%) over elevation (mm) at various times of the Q-10 test

Figure 86 :

 86 Figure 86: Hydrogen production (kg) over time (s) during the Q-10 test

  5 g H 2 (g) were released during the reflooding [116].

Figure 88 :

 88 Figure 88: POR (vol%) over elevation (mm) at various times of the Q-16 test

5. 3 . 4 . 1 .

 341 Porosity calculationAs already reminded, the first step of the porosity model consists in calculating, in each control volume and depending the corrosion conditions, the open/accessible porosity of Zr-based components. Like for the Q-10 and Q-16 experiments, it was therefore worth looking at the evolution of this calculated POR value during the Q-06 and Q-08 tests at different elevations, as presented for the QUENCH-06 experiment in Figure91.

Figure 91 :

 91 Figure 91: POR (vol%) over time (s) during the Q-06 test at various elevations

Figure 92 :

 92 Figure 92: POR (vol%) over elevation (mm) at various times of the Q-06 test

Figure 93 :

 93 Figure 93: Temperature (K) over time (s) during the Q-06 test

Figure 94 :Figure 95 :

 9495 Figure 94: Hydrogen production (kg) over time (s) during the Q-06 test

  First, are the mass gain curves of transient corrosion tests consistent with kinetics obtained during isothermal ones? Second, what does the porosity evolution over time look like during transient corrosion tests, especially in air-steam? On one side, the two graphs below answer the first question. SMG (in g.m -2 ) over time (in min) in pure steam (left, blue) and air-steam (right, green) at 50 K.min -1 (light), 20 K.min -1 (intermediate) or 10 K.min -1 (dark), for recorded values (thin lines) and for values simulated based on isothermal kinetics (bold lines)
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Table 1 : Main objectives and means of the five successive safety levels of "defense in depth" implemented in nuclear French PWR [from 10]

 1 

Among the experiments realized so far in this framework, important parts have been conducted at IRSN (Institut de Radioprotection et de Sûreté Nucléaire) by members of DPAM-SEREA, and at KIT by members of IAM-AWP.

  In the European Union, investigations on fuel cladding degradation in SA conditions are organized in research networks: in 2013, the SARNET (Severe Accident Research NETwork) joined the NUGENIA association.

	At IRSN, the MOZART program, which lasted from 2005 until 2007, was aimed at studying the
	degradation of zirconium alloys of fuel claddings during corrosion in accidental sequences with air
	ingress (SA with vessel failure, but also assembly handling accident or spent fuel storage pool
	accident), in order to provide detailed oxidation kinetics data and analyzes. [21, 22]
	At KIT, the CORA research program, finished in 1993, was aimed at investigating material interactions
	under nuclear SA conditions. In the wake, the QUENCH research program was initiated in 1996, again
	at KIT, with special emphasis on the quantitative determination of the hydrogen release during core
	reflooding [23, 24]. It still consists of QUENCH experiments and complementary SET:
	-QUENCH experiments, as further detailed (5.2), are semi-integral bundle tests involving 21
	fuel rod simulators made of Zr-based claddings of approximately 2.5 m in length and 10.75
	mm in external diameter. The influence of various parameters on the cladding degradation
	and the hydrogen release are studied: burnup at initiation of accidents, presence of neutron
	absorber materials, air ingress, type of Zr alloy, temperature at initiation of reflood, and
	flooding rate. So far, 17 QUENCH tests have been conducted, analyzed and used to validate
	computer codes simulating SA. However, the models in such codes have to be derived from
	results of smaller-scales tests with simpler geometries and boundary conditions.

[18, 23, 24]

  

	-SET are parametric and more systematic tests which consist in investigating at smaller scales
	all phenomena occurring in the QUENCH experiments. Indeed, corrosion processes of various
	Zr cladding alloys (including ACM) have been studied over a wide temperature range (600-
	1500 °C) in different atmospheres (steam, oxygen, nitrogen, and their mixtures). Additionally,
	other physical effects have been separately investigated: hydrogen absorption by zirconium
	alloys, degradation of absorber rods, oxidation of molten materials and oxygen and/or steam
	starvation. Main experimental setups of SET realized at KIT consist of thermo-balances
	coupled with high temperature furnaces and mass spectrometers. [

18, 25, 26]

  

	The major objective of the QUENCH research program is to deliver experimental and analytical data
	to support development and validation of numerical models in codes treating SA progressions in Light
	Water Reactors (LWR) such as e.g. French PWR. Consequently, as previously mentioned, EDF R&D
	and KIT-IAM have developed a partnership in which this PhD project was officially included.

[27 -29]

  

		and symbol is Zr. It belongs to the
	transition metal family and has therefore quite high: electrical and thermal conductivities, density and
	temperatures of state changes. Its main properties are: [27]
	-Density of 6.52 g.cm	-3 in standard temperature and pressure conditions (20 °C; 1 atm);
	-Melting point of 1855 °C under atmospheric pressure (1 atm);
	-Boiling point of 4409 °C under atmospheric pressure.
	Zirconium is a quite abundant element in the Earth's crust, e.g. three times more than copper.
	Naturally, it does not occur as a native metal but mainly as a silicate mineral, the zircon ZrSiO 4 , and
	scarcely as an oxide, the zirconia ZrO 2 . Its worldwide repartition is highly unequal: about two thirds of
	the total zircon mining takes place in Australia and South Africa. The annual zircon production is
	roughly estimated at 1.2 Mt over the world, of which only 1 % is dedicated to zirconium metallic alloys,
	including 90 % as fuel claddings for the nuclear industry. Thanks to these relative abundance and
	availability of raw materials, and despite expensive refining and manufacturing processes, zirconium
	alloys remain affordable. This is a major quality for being massively used in any industry. [28]
	Natural zirconium is constituted of five isotopes whose natural abundances are: [27]
	-Zirconium 90 (with 50 neutrons): 51.45 %;
	-Zirconium 91 (with 51 neutrons): 11.22 %;
	-Zirconium 92 (with 52 neutrons): 17.15 %;
	-Zirconium 94 (with 54 neutrons): 17.38 %;
	-Zirconium 96 (with 56 neutrons): 2.80 %.
	Since the main occurring Zr isotope has a nucleus containing 50 neutrons, a very stable nucleon
	number, zirconium has a very low cross section for neutron captures. This means that zirconium has a
	very low probability to capture neutrons, including thermal ones. This transparency to neutrons is a
	crucial advantage for being used as cladding material in nuclear reactor cores.

[29, 32 -34]

  

	Zry-4 is then the only zircaloy to be still used as cladding material in industrial PWR (including EDF
	reactors). Its lattice is a solid solution of zirconium with two main dissolved elements: tin (~ 1.3 wt%
	Sn) and oxygen (~ 0.13 wt% O). Moreover, other alloying elements are also present: iron (~ 0.22 wt%
	Fe) and chromium (~ 0.10 wt% Cr). These ones are not dissolved but form dispersed precipitates
	Zr(Fe,Cr) 2 that improve the resistance to corrosion under water. Zry-4 is elaborated under two different
	metallurgical forms, depending on the components it is dedicated to: [

9, 25, 26, 29, 31 -34]

  

Table 4 : Alloy compositions of main ACM (with Zr as balance), compared to the historical Zry-4 [from 22, 23, 28, 29, 32 -34]

 4 

[25, 26]

  2 wt%) than Zry-4. The objective of this duplex cladding material is to combine both good mechanical behavior (with normal tin content in inner material) and high corrosion resistance (with low tin content in outer material). It is worth specifying that up to now, this Zr alloy is designed and produced only for experimental studies, and is not employed yet in any nuclear reactors over the world.

	All others ACM have also less tin than Zry-4, and have around 1 wt% niobium as major alloying
	element: [

31, 32, 35 -37]

  

	-ZIRLO	® was developed by Westinghouse Electric Company: it contains 1 wt% of both Nb and
	Sn, and has a SRA microstructure. Its optimized version (recently developed by the same
	company), the Optimized ZIRLO	TM , has a still lower tin content down to 0.7 wt% and a partially
	RXA microstructure, to improve its resistance to: corrosion, creep and irradiation.
	-M5 ® was developed by AREVA NP for French PWR. First, this advanced Zr-based alloy has
	almost no more tin (around 0.01 wt%), for an excellent corrosion resistance. Second, it has a
	fully RXA microstructure, to get a very high stability at high temperatures and under irradiation
	conditions. M5 ® would then allow reaching much higher burnups than Zry-4.

9, 29, 31, 37]

  

	Two comments must be expressed on the use of this binary phase diagram to explain oxidation
	process of fuel claddings during SA sequences:
	-First, the phase diagram of Zr alloys with oxygen is a bit different from the Zr-O binary diagram
	because of the presence of alloying elements. Indeed, some of them (O, N, C) increase the
	melting point whereas others (Sn, Fe, Cr) decrease it. Similarly, some alloying elements (O,
	Sn) are alpha-stabilizing for Zr whereas others (Fe, Cr) are beta-stabilizing. The existence
	domains of the different phases and mixtures can be slightly deformed but, nevertheless, the
	trends previously described remain globally true. [-Additionally, phase diagrams usually describe equilibrium states which may rarely be reached
	in rapid transients such as accidental sequences. Indeed, present conditions (temperature,
	pressure, oxygen content) change so fast that no perfect equilibrium is reached. It is therefore
	difficult to prove that phase changes rightly obey the phase diagram. [1]
	Thirdly, one can notice the high oxygen proportion (around 30 at%) which can be dissolved in the
	hexagonal closed-packed α-Zr(O) phase. Indeed, oxygen atoms fill interstitial positions in octahedral
	sites of this phase. [9, 40]
	Fourthly, only one zirconium oxide exists under atmospheric pressure: the zirconium dioxide ZrO 2 ,
	also called zirconia. Depending on the conditions, ZrO 2 can appear under several allotropic forms
	(monoclinic, tetragonal, cubic) that are described further (3.2.2.1). On the right of the diagram, where
	the oxygen content should be 66.7 at%, one can see the melting point of zirconia which is 2710 °C.

29, 41, 53, 55]

  2-(and OH -) diffusion (cf. equations E4 and E5) through the ZrO 2 layer, oxygen atomic diffusion through the metallic phase layers, and electronic diffusion through the ZrO 2 layer. [

  3-adsorb onto the cladding surface and diffuse, despite diffusion coefficients generally lower than for oxygen, through the ZrO 2 lattice inside claddings. It also results in the appearance of several phases with different nitrogen contents, and mainly ZrN:[START_REF] Kilo | Fast anion-conduction in oxynitrides: oxygen and nitrogen transport in (Y, Zr)-(O, N)[END_REF] 

	𝐙𝐫(𝐬) + 𝐍 𝟑-→ 𝐙𝐫𝐍(𝐬) + 𝟑𝐞 -	(E18)
	Although the mechanism looks like under oxygen, the global nitriding phenomenon is limited,
	compared to oxidation, by a lower diffusivity and a smaller reaction enthalpy (cf. equation E3):
	𝐙𝐫(𝐬) +	𝟏 𝟐	𝐍 𝟐 (𝐠)	∆𝐇 = -𝟑𝟕𝟎 𝐤𝐉.𝐦𝐨𝐥 -𝟏 →	𝐙𝐫𝐍(𝐬)	(E3)
	In air ingress situations, oxygen is always present together with nitrogen. Due to the difference in
	enthalpies between oxidation (1100 kJ.mol -1 (Zr)) and nitriding (370 kJ.mol -1

  2 (or even c-ZrO 2 ) over m-ZrO 2 [85, 86]. Moreover, provided that the dissolved nitrogen content is sufficiently high, ZrN and various ternary compounds ZrO x N y might form, at least locally and temporarily, in such Zr-O-N mixtures. [87]

Table 5 : Non-oxidized bare ZIRLO ® cladding samples studied with porosimetry by Hg intrusion, in order to test and calibrate this measurement processTable 6 : Matrix and results of Zr-based cladding samples, oxidized under pure steam and studied with microscopy or porosimetry by Hg intrusionTable 7

 567 

Table 15

 15 

	);
	-ΔSMG and ΔSMG NIT (g.m	-2

  , and potentially open/accessible porosity in the future) at specific times of the QUENCH test sequence.An annular double-walled cooling jacket made of Inconel and stainless steel.

		[18,
	113 -118]
	Moreover, as can be observed, this entire QUENCH test bundle, including the 21 fuel rod simulators,
	is successively surrounded by: [18, 113 -118]
	-	A 2.38 mm thick shroud made of Zr-based alloy, which provides an encasement for the
		internal bundle and simulates the surrounding fuel rods in prototypical fuel assemblies.
	-	A 37 mm thick ZrO 2 fiber insulation;

-

  4, ZIRLO ® et M5 ® . Ensuite, cette revue bibliographique se concentre sur le processus d'oxydation de ces alliages de Zr sous eau et/ou vapeur d'eau dans des conditions d'accident grave, ce qui signifie avant qu'une éventuelle entrée d'air ait lieu. La diffusion d'oxygène à travers la matrice de Zr, gouvernée par les lois de Fick, mène à une augmentation progressive de la concentration en oxygène dans les gaines et donc à la formation de plusieurs couches selon le diagramme de phases Zr-O : oxyde ZrO 2 appelé zircone, ainsi que phases métalliques notées α-Zr(O) et β-Zr. La zircone peut se former sous diverses formes allotropiques, en fonction des conditions environnantes comme la température, la pression et la taille de grains. De plus, durant l'oxydation des alliages de Zr, deux couches d'oxyde se forment : une externe, à la surface du gainage, faite de petits grains équiaxes, et une interne, à l'interface métal-oxyde, faite de grains allongés et radialement orientés. Dans ces deux couches d'oxyde, les joints de grains constituent des zones fragiles dans lesquelles des petits trous se forment et se regroupent pour former des nano-et micro-pores fermés. Simultanément, des contraintes compressives naissent progressivement et favorisent la formation d'une zircone tétragonale plutôt que monoclinique. Si la température est inférieure à 1050 °C, le relâchement des contraintes peut induire un changement de phase allotropique de la zircone (de tétragonale à monoclinique), ce qui déstabilise la couche d'oxyde et déclenche la propagation de fissures à travers les joints de grains poreux. Cette fissuration de la couche de zircone (porosité fermée devenant ouverte) constitue une détérioration de la première barrière de sûreté, ce qui peut mener à un relâchement de radioactivité dans le circuit primaire et à une accélération du processus d'oxydation. En effet, cette fissuration est associée à un phénomène cinétique de « breakaway » (régime (sous-)parabolique devenant linéaire). Ainsi, les couches d'oxyde formées en-dessous de 1050 °C apparaissent toujours plus poreuses et fissurées qu'au-dessus de cette température. L'influence que la température a sur la cinétique d'oxydation des alliages de Zr en eau et vapeur est ensuite détaillée, en séparant la température en trois domaines et en liant les phénomènes cinétiques observés aux mécanismes de croissance de l'oxyde. Comme prévu, en-dessous de 1050 °C, la fissuration de l'oxyde précédemment décrite favorise l'accès de l'oxygène au métal, et accélère donc la réaction d'oxydation, qui présente une cinétique en deux temps, avec une transition « breakaway » d'un régime parabolique ou cubique à un régime linéaire. Au contraire, au-delà de 1050 °C, seules quelques fissures radiales se forment, la couche de zircone reste globalement dense et protectrice, et aucune transition cinétique n'est observée. Cependant, en raison de la forte dépendance à la température de tous les phénomènes impliqués, le processus d'oxydation demeure généralement plus rapide au-dessus de 1050 °C qu'en-dessous. La façon dont sont déterminées des corrélations de gain en masse implémentées dans les codes d'accidents graves est ensuite présentée : réalisation de tests d'oxydation à plusieurs températures avec mesures de gain en masse, et application d'équations, de régressions linéaires et d'identifications. Enfin, cette revue bibliographique décrit l'impact globalement néfaste qu'une éventuelle entrée d'air aurait sur la dégradation ultérieure des gaines de zirconium. Le composé oxydant de l'air, l'oxygène O 2 (g), réagit avec les alliages de Zr approximativement comme la vapeur d'eau le fait. Au contraire, l'azote N 2 (g) pur réagit préférentiellement avec α-Zr(O) et éventuellement avec du ZrO 2 sousstoechiométrique, mais presque pas avec d'autres phases du système Zr-O. Par conséquent, une préoxydation des gaines tend à augmenter leurs vitesses d'oxydation et leurs gains en masse en azote pur. Ensuite, l'influence sur la dégradation du gainage que l'azote a en présence d'un composé oxydant comme la vapeur et, en cas d'entrée d'air, l'oxygène, est détaillée. En effet, dans des mélanges contenant de l'azote, une réaction stimulée par l'azote prend place et accélère les réactions chimiques. D'abord, un manque d'oxygène local et/ou global survient et l'azote peut réagir avec les alliages de Zr, en particulier avec α-Zr(O) au fond des fissures précédemment formées dans la couche d'oxyde, ce qui forme des nitrures de zirconium. Ensuite, ces particules de ZrN peuvent être oxydées par de l'oxygène, et donc l'azote est relâché et redevient disponible pour réagir en cas de nouveaux manques d'oxygène.

  Ensuite, la matrice d'essais globale des tests de corrosion (et des mesures de porosité qui suivent) est précisément justifiée : ZIRLO ® comme alliage de gainage, vapeur pure et air-vapeur 50-50 %mol comme atmosphères, de 1100 à 1500 K comme domaine de température, et diverses durées en fonction des précédents paramètres. Quelques résultats de gain en masse et de porosité sont présentés avec la matrice d'essais qui comprend 109 essais de corrosion, 82 porosimétries par intrusion de mercure et 31 microscopies optiques. Ensuite, cette partie présente tous les résultats expérimentaux des tests d'oxydation et des mesures de porosité, obtenus avec les échantillons de gainage en ZIRLO ® oxydés sous vapeur pure. Trois domaines de température se distinguent alors. À 1100 et 1150 K, le processus d'oxydation, gouverné par une cinétique cubique, est très lent et décélère en raison de la formation de couches de zircone protectrices, comme observé sur les micrographies (oxyde dense) et confirmé par les valeurs de porosité (négligeables). En revanche, à 1200 et 1250 K, des transitions « breakaway » ont lieu respectivement aux environs de 70 et 6 minutes et mènent à des cinétiques linéaires. Ces transitions sont dues à la fissuration des couches de zircone, comme observé sur les micrographies (oxyde poreux) et confirmé par les valeurs de porosité (négligeables avant la transition, élevées après). De plus, les comparaisons d'échantillons oxydés pendant différentes durées montrent que le processus de « breakaway » induit un élargissement de la distribution de taille de pores. Enfin, à 1300, 1350, 1450 et 1500 K, l'oxydation d'échantillons de ZIRLO ® est beaucoup plus rapide qu'à 1100 et 1150 K à cause de la forte dépendance en température des phénomènes impliqués dans l'oxydation du gainage, mais elle est qualitativement similaire : cinétique cubique, formation de couches d'oxyde denses et protectrices sans porosité ouverte/accessible. Pour terminer, une corrélation de gain en masse est déterminée pour l'oxydation d'échantillons de ZIRLO ® sous vapeur d'eau, et des corrélations de porosité sont établies pour les deux températures auxquelles les phénomènes de « breakaway » ont lieu. Similairement, cette partie analyse ensuite les résultats expérimentaux des tests de corrosion et des porosimétries, obtenus avec les échantillons de gainage en ZIRLO ® soumis au mélange air-vapeur 50-50 %mol à hautes températures. Deux domaines de température se distinguent alors : de 1100 à 1300 K d'un côté, et de 1350 à 1500 K de l'autre. Dans ces deux domaines, en raison de l'action préjudiciable de l'air et de l'azote, les couches de zircone ne sont pas aussi protectrices que sous vapeur pure. En effet, les cinétiques sont paraboliques et/ou linéaires, de nombreuses fissures sont observées par microscopies et de nombreux pores sont détectés par porosimétries. En revanche, uniquement entre 1100 et 1300 K, une transition « breakaway » de cinétiques paraboliques à linéaires est systématiquement observée, après différentes durées. Comme sous vapeur pure, ce phénomène de « breakaway » est associé à un élargissement des distributions de taille de pores, avec une augmentation des valeurs globales de porosité ouverte/accessible, et évidemment avec une relance des vitesses de corrosion. Au contraire, à 1350, 1450 et 1500 K, les cinétiques de corrosion ne montrent aucune transition, et restent entre paraboliques et linéaires. De façon intéressante, les distributions de taille de pores obtenues avec des échantillons de ZIRLO ® corrodés dans ces

  Enfin, pour améliorer ces deux modèles de réactions chimiques, un modèle de porosité dédié aux composants à base de Zr est développé via l'utilisation des corrélations et vitesses d'augmentation de porosité établies expérimentalement. Ce modèle consiste en deux étapes principales : d'abord simuler la dégradation des composants à base de Zr en calculant leur porosité ouverte/accessible en temps réel, puis utiliser cette porosité calculée pour relancer le processus d'oxydation et donc la production d'hydrogène.Cette partie décrit ensuite précisément la base de données utilisée pour appliquer et valider le modèle de porosité développé : les expériences QUENCH. D'abord, les raisons et objectifs principaux du programme expérimental QUENCH mené au KIT sont présentés, de même que les géométries et caractéristiques de l'installation QUENCH. Ensuite, la matrice d'essais QUENCH regroupant les essais réalisés ces dernières années est présentée, avec leurs principaux paramètres et résultats. Enfin, les quatre essais QUENCH simulés pour valider le modèle de porosité sont décrits en détail. En effet, pour Q-06, Q-08, Q-10 et Q-16, la séquence des événements, les résultats et les principales conclusions sont successivement décrits.Pour terminer, cette partie présente la modélisation de l'installation QUENCH dans le code MAAP5, avec en particulier les 58 cotes axiales et les 3 canaux radiaux qui créent les 174 volumes de contrôle de cette géométrie. Ensuite, cette partie liste et précise les modalités choisies pour valider le modèle de porosité : les valeurs des différents paramètres et les corrélations de gain en masse sélectionnées (pour l'oxydation en vapeur, en air, et la nitruration en air). Enfin, toutes les simulations numériques, réalisées pour valider le modèle de porosité et pour estimer son impact sur les relances du processus d'oxydation et de la production d'hydrogène, sont présentées et analysées, successivement pour les quatre essais QUENCH choisis. Premièrement, concernant le calcul de la porosité (première étape), il est montré que, en parfait accord avec les essais à petite échelle réalisés au KIT, la porosité ouverte/accessible des composants à base de Zr reste globalement faible, inférieure à 2 %vol, pendant les périodes en vapeur pure (pour les quatre essais QUENCH), et augmente significativement, jusqu'à 10-20 %vol, dès que l'oxygène se met à manquer pendant les phases d'entrée d'air (pour Q-10 et Q-16). Deuxièmement, concernant l'impact de la porosité (deuxième étape), il est montré que, en accord avec les expériences QUENCH, cette porosité calculée relance légèrement le processus d'oxydation et la production d'hydrogène : avant que le renoyage ait lieu, et encore plus significativement pendant ce renoyage. Cependant, pour Q-06, Q-08 et surtout pour Q-16, cette relance du processus d'oxydation induite par la porosité ne suffit pas à reproduire, totalement et précisément, la production d'hydrogène observée expérimentalement. Deux types de raisons peuvent être mentionnés : soit la porosité calculée et/ou son impact restent sous-estimés, soit la porosité des gaines et composants à base de Zr n'était pas l'unique cause de la production d'hydrogène lors du renoyage. Par exemple, durant le renoyage de l'installation QUENCH-16, une grande quantité d'hydrogène fut produite via l'oxydation par la vapeur surchauffée de mélanges de matériaux fondus. Ce sujet constitue une perspective de travail importante pour mieux modéliser la détérioration du gainage combustible à base de Zr en conditions d'accident grave dans un réacteur nucléaire, et notamment pour améliorer ainsi la simulation par le code MAAP5 de l'oxydation du gainage et de la production d'hydrogène pendant un renoyage du réacteur avec de l'eau.

This phase change, which constitutes the oxidation reaction, also initiates first at the material surface and then propagates into the cladding interior.

.g -1).

-1) and/or closer to the 'breakaway' domain of pure steam (1175-1275 K).
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For the ZIRLO ® cladding samples corroded at the three temperatures at which no clear "breakaway" kinetic transition is observed (1350, 1450 and 1500 K), the open/accessible porosity always remains significantly high, and gets higher when the temperature is higher too:

-1350 K: POR ≈ 4-6 vol%;

-1450 K: POR ≈ 10-12 vol%;

-1500 K: POR ≈ 12-16 vol%.

However, for ZIRLO ® samples corroded at temperatures at which a pronounced "breakaway" transition is observed (from 1100 up to 1300 K), POR values first remain low, around 1-2 vol%, and then increase up to around 4-11 vol%, depending on the temperature. Indeed, the "breakaway" process with kinetic transition seems to be correlated with POR increases:

-

Approximately from 1 up to 10 vol% at 1100 K; To investigate this evolution of the open/accessible porosity, while taking into account the influence of the corrosion progress, it is worth plotting POR over SMG for all tested temperatures, as done in Figure 74. However, such isothermal porosity correlations could not be used in real time in SA codes to simulate the porosity evolution of Zr-based fuel claddings and to model the subsequent porosity-induced enhancement of their corrosion process. It is then necessary to determine porosity increase rates for every potential variation of atmospheres and/or temperatures.

Porosity increase rates for transient conditions

By deriving porosity correlations versus time, and by assuming that the proportionality coefficient C is constant over time (in constant conditions: temperatures and atmospheres), one can get the following instantaneous porosity correlations: dPOR / dt ≈ C * dSMG / dt. These correlations are summarized in Table 16.

Table 16: Instantaneous porosity correlations established to simulate the porosity evolution of Zr-based claddings during corrosion under SA conditions

Second, concerning the porosimetries by Hg intrusion, it might be suggested that the open/accessible porosity of corroded ZIRLO ® samples could slightly evolve:

-Between the end of corrosion tests and the beginning of porosity measurements, potentially due to temperature variations and/or sample handlings.

-Between the beginning and the end of porosity measurements, due to the high pressures to which samples are submitted, and despite the high mechanical resistance of zirconia.

Consequently, by using both the POR values and the pore size distributions of the previously corroded Zr-based cladding samples, the implicit assumptions are that:

-The corrosion states of samples are representative of real SA conditions.

-The potential porosity modifications are relatively low and/or similar for all tested corrosion conditions.

Finally, the porosity increase rates were determined from Zr-based cladding samples oxidized in constant conditions (both temperatures and atmospheres). However, they aim at calculating the cladding porosity in all corrosion conditions, including transient ones (in temperatures as well as in atmospheres), especially in the prospect of simulating semi-integral experiments like QUENCH tests during which several temperature and/or atmosphere modifications take place. Consequently, it was assumed these modifications of corrosion conditions over time do not modify too much the previously determined porosity increase rates. According to complementary results from transient experiments performed in this framework at KIT-IAM and presented in Appendix C, this assumption is not systematically verified in practice.

Summary

This third part has presented and analyzed main features and results of experimental tests conducted at KIT in the framework of this PhD thesis. Indeed, the whole experimental protocol, that was established and successfully applied, has been justified and precisely described. Then, the results obtained with ZIRLO ® cladding samples oxidized under pure steam or corroded in the 50-50mol% airsteam mixture have been analyzed in detail. Finally, thanks to the porosity data obtained, porosity correlations have been identified for all tested corrosion conditions, and through several specified assumptions, porosity increase rates have been deduced.

The first subpart precisely described the two-step experimental protocol which was developed: it consisted in small-scale corrosion tests of Zr-based cladding samples, followed by porosity measurements of such oxidized samples. Consequently, the basic principle of thermogravimetric analysis was described in detail, together with the experimental setup used and the post-test investigations usually performed with oxidized samples: digital photographs and optical micrographs.

Similarly, the basic principle of porosimetry by mercury intrusion was precisely described, together with the experimental setup used and the post-test analyzes. Then, the global test matrix for corrosion tests (and subsequent porosity measurements) was precisely justified: ZIRLO ® as cladding alloy, pure steam and 50-50mol% air-steam mix as atmospheres, 1100 up to 1500 K as temperature domain, and various durations depending on the previous parameters. Some main results of mass gain and porosity were just provided together with the test matrix which included 109 corrosion tests, 82 porosimetries by Hg intrusion and 31 optical microscopies.

Impact on the QUENCH-16 simulation

This section describes the results obtained with the porosity model during the simulation of the QUENCH-16 test, by focusing first on the porosity calculation and then on its impact.

Porosity calculation

As already reminded, the first step of the porosity model consists in simulating the open/accessible porosity of Zr-based components. Like for the Q-10 test, it was therefore worth investigating the evolution of this calculated POR value along the Q-16 experiment at different elevations, as presented in Figure 87. Similarly to Q-10, POR (vol%):

-Slightly increases in pure steam but remains negligible (1.5 vol% at 750 mm at maximum);

-Strongly increases at mid-time of the air ingress phase (around 10000 s) at 6 elevations all located at mid-height of the test bundle (350, 450, 550, 650, 750 and 850 mm), exactly when and where oxygen starvation and nitrogen consumption were experimentally detected [START_REF] Stuckert | Results of the QUENCH-16 bundle experiment on air ingress[END_REF];

was then necessary to plot the cumulative hydrogen production over time, all along this Q-16 experiment, as presented in Figure 90. -During the periods under pure steam, the porosity slightly increased (cf. Figure 87), which induces a slight and progressive enhancement of the oxidation by steam and so of the hydrogen production: 12 g, instead of 11 g without the porosity model and 14 g experimentally, at around 7000 s.

-During the air ingress phase, the cladding porosity strongly increased (cf. Figure 87), which induces an enhancement of the corrosion process but not of the hydrogen production because corrosion in air does not release this gas.

-At initiation of reflooding with water, the porosity was already high and increased again (cf. Figure 87), which leads to a significant enhancement of the cladding oxidation by steam and so of the hydrogen production. Indeed, 12 g H 2 (g) are produced at reflooding, much higher than without the porosity model, 3 g, but still much lower than the experimental value, 128 g, which was partly due to the important oxidation process of molten materials by vaporized steam that experimentally occurred at initiation of this reflooding [START_REF] Stuckert | Results of the QUENCH-16 bundle experiment on air ingress[END_REF].

g 12 g 3 g Reflooding with water

On the one hand, these two graphs highlight the very positive impact of the developed porosity model on the simulation of the hydrogen production, especially at initiation of reflooding of the test bundle. On the other hand, they also seem to show that the open/accessible porosity of Zr-based components may not be the only one feature to enhance the oxidation process, especially at reflooding. Indeed, for both experiments, the porosity model which was implemented in the MAAP5 code slightly enhances the oxidation process during the periods in pure steam before the reflooding. Consequently, both during QUENCH-06 and QUENCH-08, the hydrogen production is slightly higher when this model is activated (ON) than when it is deactivated (OFF), but globally remains lower than the experimental curves (EXP), except during Q-08 between 3400 and 3800 s.

Moreover, at the initiation of the reflooding, this developed porosity model significantly enhances the oxidation process, both during QUENCH-06 and QUENCH-08. Indeed, as can be seen on the graphs for both experiments, the hydrogen production significantly increases at the reflooding of:

-QUENCH-06: approximately 5 g H 2 (g) are produced with the porosity model activated, much higher than without (~ 2 g), leading to a total hydrogen production of around 32 g at the end of the test, which is higher than without the open porosity model (~ 29 g) but still lower than the experimental value (~ 36 g).

-QUENCH-08: around 6 g H 2 (g) are produced with the open porosity model activated, much higher than without (~ 3 g), leading to a total hydrogen production of around 58 g at the end of the experiment, which is higher than without the porosity model (~ 53 g) but still significantly lower than the experimental value (~ 84 g).

Summary

This fourth major part has presented the cladding corrosion modeling in the MAAP code, as well as the numerical developments and simulations performed in the framework of this PhD thesis in order to improve this modeling. Indeed, the pre-implemented chemical oxidation model has been precisely described, together with the chemical nitriding model implemented and the mechanical porosity model developed. Then, the QUENCH research program, the QUENCH bundle facility, and the main results of some QUENCH experiments have been successively introduced because these tests were chosen as validation database for the developed porosity model. Finally, the simulations of these experiments, realized to validate this model and to estimate its impact on the hydrogen production, have been presented and analyzed.

The first subpart started by reminding the main characteristics of the MAAP code and the general operation of the already existing oxidation model, which relies on successive calculation steps realized at each time step and in each control volume: zirconia mass, zirconia thickness, variation rate of zirconia thickness (through the selected oxidation mass gain correlation), and finally oxidation rate. Then, the similar general operation of the nitriding model, implemented in the frame of this PhD work, was described: calculation of the nitride mass and thickness, determination of the nitride thickness variation rate (through the selected nitriding mass gain correlation), and finally calculation of the nitriding rate, at each time step and in each control volume. Finally, to support these two chemical reaction models, a mechanical porosity model devoted to Zr-based components was developed thanks to the use of the porosity increase rates and correlations experimentally established. This additional model consists in only two steps: first simulating the degradation of Zr-based components Like at 1350, 1450 and 1500 K (cf. Figure 71), for ZIRLO ® samples corroded in the 50-50mol% airsteam mixture at 1250 K beyond the "breakaway" domain, the sizes of pores and cracks look like very similar to each other, not only from a sample to another one, but also from a duration to another one. Indeed, after the "breakaway" kinetic transition has occurred (around 12 minutes at 1250 K) the pore size distributions remain globally similar for all samples over time:

-After 18 minutes of corrosion in air-steam, for samples 150422a (cf. Figure 66) and 140826a, approximately 50 % of all detected pores have a radius between 100 and 1000 nm, with a maximum around 300 nm.

-After 24 minutes of corrosion in air-steam, for samples 150417a and 150416b, approximately 60 % of all detected pores have a radius between 100 and 1000 nm, with a maximum around 400 nm.

Appendix C Porosity results for ZIRLO ® cladding samples previously submitted to various transient corrosion conditions

To validate the porosity increase rates (isothermally determined) while being closer to SA sequences, 12 ZIRLO ® transient oxidation tests from 1100 up to 1500 K were performed at KIT-IAM. The test matrix consisted in:

-Using the same Zr alloy: ZIRLO ® ;

-Testing the same prototypical atmospheres: pure steam and a 50-50mol% air-steam mix;

-Applying 3 temperature variation rates (50, 20 and 10 K.min -1

) to check its influence and to get various final mass gains.

-Performing 2 tests (on 2 identical bare ZIRLO ® samples) per condition in order to check the reproducibility of experimental methods.

The comparison between these experimental results and the simulated ones (calculated using the porosity increase rates) was performed for all tested test conditions by plotting the open/accessible porosity as a function of the temperature variation rate, as shown in the graph below.

Experimental (triangles) and simulated (dashes) porosity results (in vol%) as a function of the heating rate (in K.min -1 ) at the end of transient tests in pure steam (blue items) or in the 50-50mol% air-steam mixture (green items)

In pure steam, for all heating rates, there is a good agreement between experimental and calculated data, with differences lower than 1 vol%. Unfortunately, every POR values are lower than 2 vol%. Then, these results are qualitatively consistent but it is hard to draw clear quantitative conclusions. For a better validation, it would have been necessary to perform transient tests with lower heating rates (5, 2 or 1 K.min

Appendix D Assumptions and developments of the calculations leading to equations E34 and E35

The POR variation ΔPOR (vol%) is determined, following equation E34 (resp. E35) after simulation of zirconium oxidation (resp. nitriding).

ΔPOR = C * (1 -

Where:

-C (vol%.m

) is the proportionality coefficient between the POR variation rate and the SMG variation rate; -M Zr , M ZrO2 and M ZrN (g.mol ) are the mean variation rates of the oxide thickness and of the nitride thickness, respectively, during the previous time step Δt (s). Indeed, the establishment of porosity correlations consists in assuming that for each time step the POR variation is proportional to the SMG variation: ) ratios are equal to the molar masses (g.mol Where ΔX ZrO2 (m) and ΔX ZrN (m) are the respective thickness variations of the oxide and nitride layers.

For these two layers, the thickness variations during one time step are equal to the mean thickness variation rates multiplied by the time step. Therefore, the combination of E34-1 and E34-3 directly leads to the equation E34, and similarly the combination of E35-1 and E35-3 directly leads to the equation E35.

Appendix E Code lines implemented in the MAAP5 code to simulate in real time the open/accessible porosity of Zr-based components

After checking whether the porosity model is activated ("IEDFCORE( 6)" ≥ 1, line 1163), a porosity coefficient is initialized to zero (line 1164) at each time step and in each control volume. This coefficient is then calculated depending on the current and local corrosion conditions (temperature and atmosphere) as experimentally determined (4.4.1) and as summarized in Figure 76 (code lines from 1166 to 1186).

Finally, the open/accessible porosity of Zr-based fuel claddings is updated through a combination of equations:

-E34 and E36 (code lines 1187 and 1188) after simulation of oxidation;

-E35 and E36 after simulation of nitriding.

Similarly, the open/accessible porosity of control rods and of other Zr-based components is updated at each time step and in each control volume. Title : Evaluate the contribution of the fuel cladding oxidation process on the hydrogen production from the reflooding during a potential severe accident in a nuclear reactor

Keywords :

Nuclear severe accident, Fuel cladding in zirconium alloys, Oxidation under steam and air, Chemical and mechanical degradation, Measurement and calculation of open porosity, Simulation of the hydrogen production

Short abstract :
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