Characterization of atypical cascades

de radioprotection et de sûreté nucléaire). Thank you for the time devoted to evaluate my Ph.D. thesis and your attendance during Ph

D

étudié en choisissant trois potentiels suite à la caractérisation des 6 potentiels décrits plus haut. L'effet de la composition est étudiée en choisissant cinq compositions différentes en Fe, Ni et Cr. Les effets des potentiels et de l'énergie de cascade sont analysés sur la base de différentes énergies de cascade qui sont au-dessus et en dessous du seuil de sous-cascade en utilisant la même méthode statistique. Les résultats de l'analyse du Ni pur sont comparés à ceux obtenus dans les alliages pour comprendre l'effet de l'alliage. Grâce au grand nombre de données disponibles, les cascades atypiques ont été caractérisées et leur impact sur les dommages primaires analysé.

L'énergie de fragmentation de Ni est de 10 keV et nous avons constaté que l'effet de l'énergie en cascade est différent en dessous et au-dessus de l'énergie de fragmentation. L'effet de fragmentation est plus important pour les interstitiels que pour les postes vacants. Nous avons constaté que l'effet du potentiel diffère avec les potentiels durs et les potentiels mous. L'effet du potentiel n'est observé qu'après l'énergie de fragmentation. Le comportement de regroupement des défauts dépend également du potentiel. Le potentiel dur produit une onde de choc plus élevée que les potentiels mous, mais il y a une recombinaison plus élevée pour les potentiels durs. Ni produit un plus grand nombre de défauts que ses alliages. Les alliages produisent un plus grand nombre de mono interstitiels et un plus grand nombre de clusters interstitiels. La fraction de cascades atypiques dépend des potentiels et de l'alliage. Total energy difference between the perfect system and the system where an atom of type A has been removed (eV).

𝐸 𝑓,𝑉

Vacancy formation energy (eV).

𝜇 𝐴

Chemical potential of species A (eV).

∆𝐸 𝑛

𝐴→𝐴-𝑏

Total energy difference between the perfect system and the system in which an atom of type B has been positioned next to an atom of type A to form a <A-B> dumbbell (eV). 𝐸 𝑓,𝐴-𝐵 <A-B>Dumbbell formation energy (eV).

𝐸 𝑛

𝐴→𝑉

Total energy of the system where an atom of type A has been removed (eV).

𝐸 𝑛 𝐴→<100>𝐴-𝐵

Total energy of the system where an atom of type A has been replaced with a dumbbell configuration of <100>A-B (eV).

𝐸 𝑛 𝐴→<110>𝐴-𝐵

Total energy of the system where an atom of type A has been replaced with a dumbbell configuration of <110>A-B (eV).

𝐸 𝑛 𝐴→<111>𝐴-𝐵

Total energy of the system where an atom of type A has been replaced with a dumbbell configuration of <111>A-B (eV).

∆ 𝐴→𝐵 𝜇 Substitution energy (eV) -Change in energy in a given system when atom of species A changes to atom of species B.

𝐸 𝑒𝑙

𝑐𝑜𝑟𝑟

Correction term resulting from the elastic interaction of a defect with its own periodically translated images in a box with periodic boundary GG conditions (eV).

𝜇 𝐴 0

Chemical potential of species A of a pure system containing only atoms of species A (eV).

𝐸 𝐴→𝐵

Total energy of the system with an atom of type A substituted to an atom of type B (eV).

𝐸 𝑏,𝑉→𝑛𝑉

Binding energy of a vacancy with a vacancy cluster of size n (n=2,3,4…)

𝐸 𝑏,𝐼→𝑛𝐼 Binding energy of an interstitial with an interstitial cluster of size n (n=2,3,4…)

𝐸 𝑛𝑜𝑛𝑖𝑛𝑡𝑒𝑟𝑎𝑐 Total energy of the non-interacting system (eV) for point defect binding energy calculations

𝐸 𝑖𝑛𝑡𝑒𝑟𝑎𝑐

Total energy of the interacting system (eV) for point defect binding energy calculations.

𝐸 𝑠𝑢𝑟𝑓

Surface energy (J/m 2 ).

𝑁 𝐴

Total number of atoms of type A in the system N Total number of atoms in the system 𝐸 𝑑 Threshold displacement energy (eV)

Γ sf
Stable stacking fault energy (mJ/m 2 ).

Γ us

Unstable stacking fault energy (mJ/m 2 ). N Total number of atoms in the system. N A Number of atoms in the system of species A.

𝐸 𝑐𝑜ℎ

Cohesive energy (eV/atom) -(𝐸 0 /N when N= N A ). E* Lattice energy (E* = 𝐸 0 /𝐸 𝑐𝑜ℎ ). a* Lattice strain.

𝐸 𝑓,𝐹𝑃

Frenkel pair formation energy (eV).

𝐸 𝑓,〈100〉 𝐴-𝐵 Formation energy of the A-B where A and B can be, Fe, Ni or Cr dumbbell oriented in <100> direction (eV).

𝐸 𝑓,〈110〉 𝐴-𝐵 Formation energy of the A-B where A and B can be, Fe, Ni or Cr dumbbell oriented in <110> direction (eV).

𝐸 𝑓,〈111〉 𝐴-𝐵 Formation energy of the A-B where A and B can be, Fe, Ni or Cr dumbbell oriented in <111> direction (eV).

𝐸 𝑓,〈𝑂(ℎ)〉𝐴

Interstitial formation energy when an interstitial of type A is at an octahedral site (eV).

𝐸 𝑓,〈𝑇(ℎ)〉𝐴

Interstitial formation energy when an interstitial of type A is at a tetrahedral site (eV).

𝐸 𝑚,𝑉-𝑉

Vacancy migration energy (eV).

𝐸 𝑚,𝐴-𝐵→𝐶-𝐵 Metals, used in reactors are submitted to irradiation and severe conditions which degrade their mechanical properties. The neutrons slow down by collisions or reactions with atoms which creates a series of atoms with high kinetic energy. They are named primary knock-on atoms (PKA). These will, in turn, slow by collisions in collision / displacement cascades which create defects in the microstructure: vacancies (empty atomic sites) and self-interstitial 

The primary damage

The primary damage is caused by the direct interaction of radiation with the material. The radiation can cause the displacement of atoms and molecules, leading to changes in the material's physical and chemical properties. These changes can include changes in electrical conductivity, thermal conductivity, and mechanical properties. The changes in electrical and thermal conductivity can lead to a decrease in the material's ability to carry electrical current or to dissipate heat. The changes in mechanical properties can lead to a decrease in the material's strength and durability. The time scale for radiation damage events is ~ 10 -11 s (Was, 2015) after the bombarding particle has interacted with the solid and the spatial range is in the order of a few to several hundred Å.

In a crystalline material, a displacement cascade can be visualized as a collection of elastic collisions initiated by a given atom in the material struck by a high-energetic particle (Stoller, 2012). The first atom struck by the energetic particle is called the primary knock-on atom (PKA). During this collision, there is a transfer of energy from the high energetic particle to the PKA. If the energy transferred is higher than a threshold, then the PKA is ejected from its lattice position. PKA results in further displacements (they eject other atoms) called secondary, tertiary, and so on, resulting in several atom displacements. Most of the atoms
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return to their lattice sites except some, which become interstitials, and the empty lattice sites corresponding to these interstitials are vacancies..

Figure 1234shows that the time scale for the ballistic atom collision processes is of the order of 0.1 -1 ps and the time scale for subsequent thermalization of the collisions is about 1 -10 ps. After this stage, a long-timescale (nanoseconds to years) damage evolution caused by thermally activated processes can occur. The precise duration of the primary damage stage depends on the primary knock-on atom (PKA) energy as well as the temperature. At high temperatures, due to a higher final thermalization temperature and exponentially increasing atomic mobility accelerates the follow-on thermally activated defect evolution stage (Nordlund, Zinkle, Sand, Granberg, Averback, R. E. Stoller, et al., 2018).

In terms of damage-producing capabilities, the most important nuclear particles are fission fragments (in fuel elements) and fast neutrons (in cladding & structural materials). Other energetic particles which can produce some damage are electrons, protons, alpha particles & gamma rays. However these particles are far less damaging than fission fragments because they are present in very small quantities. The defect formation and diffusion can lead to the redistribution of atoms in a process known as radiation-induced segregation The colour scale represents the kinetic energy in eV of all the displaced atoms. This image is taken from (Nordlund, Zinkle, Sand, Granberg, Averback, R. E. Stoller, et al., 2018).
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1-5 [START_REF] Okamoto | Radiation-induced segregation in binary and ternary alloys[END_REF]. This can induce loss of strength and ductility which consequently can lead to failure during reactor operation.

Materials

In this work, we study cascades developed in nickel and different FeNiCr alloys. Nickel (Ni) has a face-centered cubic (FCC) crystal structure and melts at 1455°C. It is an element that forms the base for a group of alloys (that also includes those based on iron and chromium) known as superalloys. Nickel alloys are widely used in nuclear reactor applications because of their high strength and good corrosion properties [START_REF] Stopher | The effects of neutron radiation on nickel-based alloys[END_REF]) [START_REF] Robinson | Materials hurdles for advanced nuclear reactors[END_REF]. For example, in molten salt reactor systems, Ni-based alloys are utilized in reactor pressure vessels, heat exchangers, and other metallic parts that are in contact with molten fluoride salt [START_REF] Serp | The molten salt reactor (MSR) in generation IV: Overview and perspectives[END_REF]. More recently, multi-component FCC equiatomic singlephase solid solutions, called high entropy alloys (HEA), have been explored as candidates for such applications [START_REF] Deluigi | Simulations of primary damage in a High Entropy Alloy: Probing enhanced radiation resistance[END_REF]) [START_REF] Zinkle | Designing Radiation Resistance in Materials for Fusion Energy[END_REF]. It has been proposed that their intrinsically high configurational entropy may help them withstand the effects of neutron irradiation.However, Ni has some distinct nuclear properties (such as high thermal neutron absorption cross sections) which restrict its use in reactor cores to specialized components (including springs and high-strength fasteners) that are subject to low neutron doses over their service time. et al., 2019a).

The austenitic steels commonly used are 304 and 316 steels for the different parts of the internals of PWR (Table 1:3). Figure 1-6 illustrates the dependence of thermal conductivity of some common austenitic steels on the nickel concentration [START_REF] Yin | Austenitic steels and alloys for power plants[END_REF]. The thermal conductivity of the alloys decreases when the amount of Ni in the alloys increases. As thermal conductivity is a kind of measure of the effectiveness of energy transfer by the collision of mobile electrons, anything that affects the mobility of electrons may influence thermal conductivity. The effect of irradiation on Ni alloys in LWR and fast reactor environments has been extensively reviewed in [START_REF] Boothby | 4.04 -Radiation Effects in Nickel-Based Alloys[END_REF] [START_REF] Rowcliffe | Perspectives on radiation effects in nickel-base alloys for applications in advanced reactors[END_REF]. Ni-alloy usage in thermal nuclear reactors revolves around the fact that transmutation reactions occur in Ni which leads to high damage rates and gas production (He and H), depending on the neutron spectrum and exposure time. The isotope 58Ni (the most common isotope) has a large (n,γ) reaction cross section with thermal neutrons. 59Ni that is produced in turn has large (n,γ), (n,p), and (n,α) reaction cross sections with thermal neutrons leading to higher atomic displacement damage rates and He and H gas production in the alloy. By far the most significant factor leading to loss of strength and embrittlement of irradiated Ni-containing reactor core components is the accumulation of He with increasing dose. Because of the unique characteristics of the nuclear reactions of Ni, producing He and H, Ni alloys are most prone to H and He embrittlement. For a given He content, and radiation damage dose, it is observed that the degree of intergranular embrittlement increases with increasing irradiation temperature [START_REF] Griffiths | Irradiation-Induced Embrittlement of INCONEL 600 Flux Detectors in CANDU Reactors[END_REF].

The RAISIN project

This Ph.D. research is a part of the project named « Représentativité des irrAdiations aux Ions pour Simuler les Irradiations aux Neutrons » (RAISIN). This project of CNRS aims to provide some answers to the question of the representation of ion irradiation to simulate neutron irradiation. Cheaper and more efficient ion irradiation flexible models go hand in hand with a multi-scale modeling approach which could make it possible to predict the behavior of materials used in reactors. This modeling work, even if it cannot dispose of irradiations under conditions closest to those intended, requires a better understanding of the detail of the processes that lead to the degradation of the properties of materials under irradiation due to the evolution of their microstructure.  Resources: tracing and traceability of uranium; associated elements and mineralizing fluids; models and modeling of uranium deposits and their environmental impact;

processes, processes, and mechanisms of reactions at liquid/solid, liquid/liquid interfaces.

Brief literature survey

The first stages of modification of nuclear materials subjected to neutron irradiation are decisive in the subsequent evolution of their microstructure, their aging in-service condition, and the modification of their mechanical properties. It is therefore essential to better characterize the mechanisms of the creation of point defects and their clusters appearing from these early stages and their properties to simulate the evolution of the microstructure.

Thanks to very significant progress in the methods of numerical modeling at different scales, from the creation of point defects to the formation of extended clusters, it is now possible to simulate the essential stages of defect evolution, at least for simple alloys. appropriate for the task to be accomplished. Because diffusion in the solid state is a thermally activated phenomenon that proceeds slowly (minutes or even hours) compared to the typical time scale (a few nanoseconds) that can be achieved by molecular dynamics, which is the standard method for computer simulations at the atomic scale, alternatives have to be considered. Reviews and books on the evolution of irradiated microstructure are numerous and we simply briefly recall a few points of view necessary to place our results in the context. 

Defect creation rate

Early works on the primary damage focused on the defect production rate. The Norgett-Robinson-Torrens displacements per atom (NRT-dpa) [START_REF] Norgett | A proposed method of calculating displacement dose rates[END_REF] 

Defect clustering inside the cascades

Besides the simple total number of defects, the formation of defect clusters inside the displacement cascade is also an important subject but requires larger statistics which were not possible for a long time. In [START_REF] Becquart | Atomistic Modeling of Radiation Damage in Metallic Alloys[END_REF], it is shown that the clustering distributions follow power laws with a dropping tail in many metals. (see for instance [START_REF] Sand | High-energy collision cascades in tungsten: Dislocation loops structure and clustering scaling laws[END_REF][START_REF] Sand | High-energy collision cascades in tungsten: Dislocation loops structure and clustering scaling laws[END_REF]Sand et al., 2017).

The prominent role of clusters (e.g. their size, their type, their mobility, their stability, their sink strength) in the evolution of the microstructure led Sublet and coworkers (Sublet et al., 

Long-time microstructure evolution

A simple approach explaining the buildup of defects and swelling in irradiated materials can be found in Was, 2007. It explains, for example, the evolution of the defect microstructure in the conditions of "high temperature", i.e. mobility of some vacancy and SIA defects and instability of some vacancy clusters. Figure 1-11 which shows the evolution of the two defect populations with time indicates that the concentration of defects first increases and then saturates. The saturation is explained by the elimination of the same number of SIAs and vacancies on existing defects. The increase in the cluster mean size can be due to a bias of trapping of SIA by SIA defects or vacancies on vacancydefects, due to elastic interactions, for example, as explained by [START_REF] Coghlan | RADIUS DEPENDENCE OF THE SINK STRENGTH OF A DISLOCATION LOOP[END_REF] and used in the RT model of Pokor [START_REF] Pokor | Irradiation damage in 304 and 316 stainless steels: experimental investigation and modeling. Part I: Evolution of the microstructure[END_REF]. 
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Notice that the description of the defects and the defect source, in the description above, assumes that only mono defects are mobile, which is a strong assumption. The two main approaches describing the evolution of defect clusters of many sizes and types, that can take into account the mobility of clusters of all sizes are Object Kinetic Monte Carlo (OKMC) and

Cluster Dynamics (CD). In the first one, a defect cluster is one object that will move and react with the other objects. In the second one, defect cluster concentrations interact through the coupling term of a large system of equations. In the OKMC, the primary damage can be introduced immediately, i.e. the end of the displacement cascades in terms of point defect and point defect clusters can be introduced easily. However, in the CD approach, additional processing is required as explained in Jourdan and Crocombette, 2018. Another difference is that in the OKMC approach, the probability of object interaction is controlled by their capture radius which are not simple to determine, wheras in the CD approach, the recombination is determined by the defect sink strength which is the object of many studies, see for instance Carpentier et al., 2020. In Fokt, Adjanor, and[START_REF] Fokt | A variable-gap model for helium bubbles in nickel[END_REF], state-of-the-art simulations of the microstructure evolution of austenitic stainless steels in fission conditions (and swelling), is proposed, using the CD software CRESCENDO. The results show the increase in defect cluster concentration and mean size with the dose up to 80 dpa. A large parametric study is realized and one sees that the model partly fails to reproduce the correct order of magnitude of the observed density of defect and the correct mean size: the simulated defects are too numerous and too small compared to experiments underlying the intrinsic difficulty of modeling real materials in general, and stainless steels in particular. 

Defect types

Another complexity of the defect production is that both SIA and vacancy clusters can adopt different morphologies / configurations which will impact on their mobility as well as their sink strength (their capability to capture other point defects). Vacancy defects, for example, can be in the form of 3D nanocavities, dislocation loops and in FCC crystals stacking fault tetrahedra. The latter is mainly observed in irradiated model alloys but not in the industrial alloys.

SIA defects can form perfect dislocation loops usually mobile or Franck loops which are sessile, of different orientations. In displacement cascades, the defects do not always have
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the perfect shape because, among other reasons, of the strong elastic interactions. Specific approaches to characterize and create defect catalogs are developed (von Toussaint et al., 2021).

Effect of alloying

Metallurgy is an old science that knows that alloy composition and impurity content can modify strongly the material properties [START_REF] Yin | Austenitic steels and alloys for power plants[END_REF]Arkundato et al., 2019b;Griffiths, 2019b). Two very good illustrations are shown in Figure 1-14 from Zinkle,

2008 and Figure 1-15 of the very well controlled electron irradiation of [START_REF] Satoh | Void swelling behavior in electron irradiated Fe-Cr-Ni model alloys under temperature variation[END_REF] where the link of swelling with the density and the size of the defects is well characterized. . Each symbol corresponds to in individual experimental run. The plot is taken from [START_REF] Satoh | Void swelling behavior in electron irradiated Fe-Cr-Ni model alloys under temperature variation[END_REF].
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The link between the macroscopic behavior and the microscopic properties is an eternal source of research as each one can depend on the composition and the amount of impurities, which are, by definition, not well controled.

The complex reality

Modelling the long-term microstructure evolution also requires the consideration of the interaction of large defects with the dislocation network which becomes important at large doses and is implemented for instance in CRESCENDO [START_REF] Jourdan | Influence of dislocation and dislocation loop biases on microstructures simulated by rate equation cluster dynamics[END_REF].

In austenitic stainless steel (ASS), the formation of precipitates is also important and visible after large doses. On these precipitates large defects have been observed such as bubbles.

The precipitates can also play an important role in swelling for large doses. See for instance [START_REF] Volgin | Understanding of the microstructural evolution of austenitic model alloy and 316 steel under ion irradiation by coupling of TEM and APT investigations-Part II: APT results[END_REF] [START_REF] Legras | Using Microscopy to Help with the Understanding of Degradation Mechanisms Observed in Materials of Pressurized Water Reactors[END_REF] for ion irradiations and [START_REF] Renault-Laborne | Characterization of Precipitates in 316 Stainless Steel Neutron-Irradiated at ∼390°C by the Combination of CDF-TEM[END_REF] for neutron irradiation. In the real world, irradiation-assisted corrosion is also a problem for ASS [START_REF] Margolin | Analysis of Mechanisms Inducing Corrosion Cracking of Irradiated Austenitic Steels and Development of a Model for Prediction of Crack Initiation[END_REF]. 

Objective of this work

The objective of this work is to model the primary damage in Ni and different FeNiCr alloys to analyze the effect of potentials, cascade energies, cascade morphology, and compositions. After a description of the methods we used in chapter 2, we characterize, in chapter 3, the EIP potentials because the choice of the potential has a wide impact on the production of defects during the displacement cascade (Becquart et al., 2000). In chapter 4 and 5, we analyse displacement cascades simulated using MD and EAM potentials in Ni and FeNiCr alloys of different compositions. The post processing of the cascades is done to obtain descriptors of the primary damage, cascade morphology and characteristic times.

Statistical comparisons, correlation plots, search of atypical cascades are the main methods we used to explain the defect production, the defect clustering and the effect of alloying.

These results are discussed in Chapter 6. We then conclude and propose a few perspectives of this work.

METHODS AND MODELS

Introduction

As explained in the previous chapter, high energetic particles knock out the atoms from their lattice sites, forming many point defects and clusters. These defects and their clusters form voids and loops that eventually alter the macroscopic properties of these materials. This elementary damage mechanism lasts only about 10-11 s (Was, 2007), and the spatial range is in the order of a few to several hundred Å making it difficult to observe by experimental techniques. The most appropriate method to observe this is by modeling and simulation using different techniques, starting at the atomic scale, such as binary collision approximation (BCA), molecular dynamics (MD), and atomistic kinetic Monte Carlo (KMC).

For these simulations to replicate the mechanism, an accurate description of the energy of the material as a function of the atom positions is needed. This can be obtained using first principle methods or empirical potentials. However, first principle methods are very timeconsuming and can only be applied to small systems containing at the most a few thousand atoms. To decrease the computational time and increase the box size, approximations are adopted and the total potential energy of the system is often obtained using empirical interatomic potentials (EIP) which are mathematical functions that describe the forces acting between atoms. The functions can be adjusted on equilibrium as well as non-equilibrium properties of the material one wish to describe. For instance, to model displacement cascades, where atoms come momentarily closer to another one compared to their equilibrium positions, one needs to use non equilibrium data. Usually EIP are derived to study equilibrium properties and they need to be extended (hardened) for small distances.

Cohesive Models

Empirical potentials

As electrons occupy an atom's periphery, the interactions between atoms are through electrons. To replicate these interactions for a simulation technique, they are expressed in terms of different functions. These functions are defined using atomic positions. According to the Born-Oppenheimer adiabatic approximation [START_REF] Grimes | Interatomic potentials[END_REF], electrons move quickly to new atomic positions due to their smaller masses than the atomic nuclei. So the electrons are assumed to be in their ground state when nuclei move.

The total energy of a system of N interacting atoms by an empirical potential can be expressed as:

𝑈 1 is the one-body term, 𝑈 2 is the two-body term or pair potential, 𝑈 3 is the three-body term and so on. From equation 2.1, we can broadly classify the potentials into two classes: pair potentials (with only 𝑈 2 present) and many-body potentials (𝑈 3 and higher terms included).The choice of the interatomic potential is determined by the area of the intended application.

Pair Potential

Pair potentials describe the interaction between two atoms or molecules. Two classic pair potentials are [START_REF] Lennard-Jones | Cohesion[END_REF] and Morse potential [START_REF] Morse | Diatomic Molecules According to the Wave Mechanics. II. Vibrational Levels[END_REF].

Lennard-Jones potentials are the most widely utilized (Ackland and Bonny) [START_REF] Cai | Molecular Dynamics[END_REF].

The potential function is described using Van der Waals interaction between closed-shell atoms as:

𝑈(𝑟 𝑖𝑗 ) = 4𝜀 [( 𝜎 𝑟 𝑖𝑗 ) 12 -( 𝜎 𝑟 𝑖𝑗 ) 6 ] 2.2
Where 𝜀 and 𝜎 are parameters that set the scales for energy and separation distance. The term (1/𝑟 𝑖𝑗 ) 12 represents the repulsion between atoms based on the Pauli principle and the term (1/𝑟 𝑖𝑗 ) 6 is dominating at large distances and represents the attraction between atoms based on van der Waals forces (dipole-dipole interactions). Lennard-Jones (L-J) potentials are often used in simulations when the objective is to model a general class of effects and the only requirement is to have a physically reasonable potential. Lennard-Jones potentials have been used for instance to investigate the effect of entropy on the lattice conductivity in HEA [START_REF] Caro | Lattice thermal conductivity of multi-component alloys[END_REF], potentials like L-J have an infinite range of interactions. So in practice, a cut-off radius is established and interactions between the atoms separated by more than this cut-off radius are ignored. The typical cut-off radius used is r c =2.5 ~ 4.5σ [START_REF] Toxvaerd | Shifted forces in molecular dynamics[END_REF].

𝑬 𝟎 (𝐫 𝟏 ⃗⃗⃗ , 𝐫 𝟐 ⃗⃗⃗ , … . . 𝐫 𝐍 ⃗⃗⃗ ) = ∑ 𝐔 𝟏 (𝐫 𝐢 ⃗⃗ ) 𝐢 + ∑ ∑ 𝐔 𝟐 (𝐫 𝐢 ⃗⃗⃗⃗ , 𝐫 𝐣 ⃗ ⃗ ) 𝐣>𝐢 𝐢 ∑ ∑ ∑ 𝐔 𝟑 (𝐫 𝐢 ⃗⃗⃗⃗ , 𝐫 𝐣 ⃗⃗⃗ , 𝐫 𝐤 ⃗⃗⃗⃗⃗ ) 𝐤>𝐣 𝐣>𝐢 𝐢 +… 2.1
The main drawback of pair potentials is that they do not include the environmental impact of surrounding atoms on the strength of the interaction between two atoms. This leads to similar behavior of atoms in bulk and atoms on the surface or near defect sites which is not realistic. For this purpose, many body potentials were developed.

Many-Body Potential

Many body potentials are based on pair interactions along with the interaction of clusters of nearby atoms. Some examples of many-body potentials are embedded atom potentials [START_REF] Daw | The embedded-atom method: a review of theory and applications[END_REF], and Finnis-Sinclair potentials [START_REF] Finnis | A simple empirical N-body potential for transition metals[END_REF].

Another approach, where the many body term describes how strongly an atom is "glued" by the electrons of its surroundings, is the glue potentials [START_REF] Ercolessi | Simulation of gold in the glue model[END_REF].

Embedded Atom Method (EAM)

The EAM model postulates [START_REF] Daw | The embedded-atom method: a review of theory and applications[END_REF] that in a metal, where electrostatic screening is good, one can approximate this nonlocal functional to a local function. Taking this idea, one can consider that the energy of any atom is "embedded" in the pool of all the others. To this embedded term a short-ranged pairwise interaction is added. This gives the total energy of a metallic system to be:

𝐸 0 = ∑ 𝐹 𝑖 (𝜌(𝑟 𝑖 )) 𝑖 + ∑ 𝑉(𝑟 𝑖𝑗 ) 𝑖𝑗 2.3
Where 𝐹 𝑖 (𝜌(𝑟 𝑖 )) is the embedded term with electron density 𝜌(𝑟 𝑖 ). The short-range pair potential term is 𝑉(𝑟 𝑖𝑗 ) for each i th and j th atom. To make the calculation simpler, an assumption is made that 𝜌 can be calculated as a sum of atomic densities 𝜌(𝑟 𝑖 ) = ∑ 𝜑(𝑟 𝑖𝑗 ) 𝑗 and 𝐹 𝑖 and 𝑉 are flexible functions that can be fitted to empirical data. A modified version of EAM can be used with additional contributions of 𝜌 and 𝜑 [START_REF] Baskes | Modified embedded-atom potentials for cubic materials and impurities[END_REF].

Short Range Interactions

In studies related to radiation material science, very short-range interactions between atoms are important. Equilibrium potentials need to be extended or "hardened" to incorporate these interactions. These short-range interactions can be many-body or pairwise based on the situation of the atom. For example, if the atom is under high-pressure isotropic compression then it is treated as many bodies or if it is a collision scenario it is a pairwise interaction. At a very short range, the ionic repulsion is the most dominant interaction and can be regarded as a screened Coulomb repulsion with a screening function, 𝜒 ( 𝑟 𝑎 ),

𝑉(𝑟) = 𝑍 1 𝑍 2 𝑒 2 4𝜋𝜖 0 𝑟 𝜒 ( 𝑟 𝑎 ) 2.4
Where 𝜒 ( 𝑟 𝑎 ) → 1 when 𝑟 → 0 and 𝑍 1 & 𝑍 2 are the charges of the interacting nuclei and 𝑎 is the screening length. A widely used screening function is the Ziegler-Biersack-Littsmark (ZBL) potential [START_REF] Ziegler | The Stopping and Range of Ions in Matter[END_REF]. The ZBL potential has the form:

𝜒(𝑥) = 0.1818𝑒 -3.2𝑥 + 0.5099𝑒 -0.9423𝑥 + 0.2802𝑒 -0.4029𝑥 + 0.02817𝑒 -0.2016𝑥 2.5 Where, 𝑎 = 0.8854𝑎 𝐵0 𝑍 1 0.23 +𝑍 2 0.23

2.6

And 𝑥 = 𝑟 𝑎 and 𝑎 𝐵0 = 0.529 Å is the Bohr radius.

Density Functional Theory (DFT)

DFT is considered an approach that is the closest to real interactions between atoms and electrons. It incorporates the quantum mechanical approach for describing the potentials.

Here the description of potential in materials is built on the notion of local electron density.

The electronic energy of a system can be described as a function of its electron density.

𝑈 = 𝐹[𝜌(𝑟)]

2.7 Even though the method is closer to reality, it cannot be implemented in a system of a large number of atoms due to computational limitations. It can be implemented in a system of small size and limited applications such as finding the formation energy and migration energy of a system. In this work, we use the DFT to calculate properties related to displacement cascades to compare them to the ones obtained with the EIP we use to model the displacement cascades.

Molecular dynamics

The mechanism related to primary damage occurs in a very short lifespan (around a few picoseconds) and small spatial extent (several hundred Å depending on the energy). This makes it extremely difficult to study experimentally. Thus to study the mechanism behind the formation of the primary damage, simulation tools are used. The most widely used technique is molecular dynamics. MD is based on Newton's laws of motion and the atomic trajectories are generated by numerical integration of Newton's equation of motion. Other methods such as the Binary collision Approximation (BCA) are also used to study displacement cascades. Even though BCA takes less computational time compared to MD, they rely on stronger approximations and are not as accurate as MD simulations (Stoller, 2012).

Molecular Dynamics equations

The basic idea of Molecular dynamics is from Newtonian mechanics, where the property of a system is determined by studying the trajectory of each atom with time. MD is a technique by which one generates the atomic trajectories of a system of N particles by numerical integration of Newton's equation of motion.The input of MD is the position and initial velocity of all the atoms. If atoms are immobile at the start, the initial velocity will be zero. This initial velocity depends on the system temperature. The most important parameter for MD calculations is the description of the interaction between atoms. In the case of empirical interatomic potentials, it was shown that some characteristics of the potentials have a sensible influence on the result of displacement cascade simulations (Becquart et al., 2000).

The procedure for molecular dynamics is given below:

1. The input of the simulation is the initial position and initial velocity. The collection of all positions of atoms at a given time is called a configuration.

{𝑟 𝑖 ⃗ ⃗ }(0); ∈ [1, 𝑁] 2.8 {𝑣 𝑖 ⃗⃗ ⃗ }(0); ∈ [1, 𝑁]
2.9 2. When the configuration has created, the distance between each atom is calculated and the energy of the system is calculated. The equation given below is for pair potential:

𝐸 0 = ∑ 𝑉(𝑟 𝑖𝑗 ) 𝑖𝑗 2.10
3. The force between atoms is calculated from the potential calculated in the above step

𝐹 𝑗→𝑖 ⃗⃗⃗⃗⃗⃗⃗ = -𝛻𝐸 𝑖𝑗 ⃗⃗⃗⃗⃗⃗⃗⃗ 2.11 4. With the force known, Newton's Law of motion is applied a ⃗ = 𝐹 𝑖 𝑚 2.12
Where a ⃗ is the acceleration and 𝑚 is the mass.

5. Thus from the acceleration, by numerical integration, new velocities can be found and from the velocities, new positions can be found. These new velocities and positions will be taken as new inputs and the whole step is repeated till desired levels are given by the user.

{𝑟 𝑖 ⃗ ⃗ }(0); ∈ [1, 𝑁] {𝑣 𝑖 ⃗⃗ ⃗ }(0); ∈ [1, 𝑁] 𝐸 0 = ∑ 𝑉(𝑟 𝑖𝑗 ) 𝑖𝑗 𝐹 𝑗→𝑖 ⃗⃗⃗⃗⃗⃗⃗ = -∇𝐸 𝑖𝑗 ⃗⃗⃗⃗⃗⃗⃗⃗ a ⃗ = 𝐹 𝑖 𝑚 𝑽 ⃗⃗ (𝒅𝒕) 𝒓 𝒊 ⃗⃗⃗⃗ (𝒅𝒕) 𝑼(𝒅𝒕) 𝑭 ⃗ ⃗ (𝒅𝒕) 𝒂 ⃗ ⃗ (𝒅𝒕) Numerical Integration
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Where 𝑎 (𝑑𝑡) is the acceleration after a time 𝑑𝑡, thus obtaining a new velocity 𝐹 (𝑑𝑡) and new position 𝑟 𝑖 ⃗ ⃗ (𝑑𝑡). The quality of MD simulations depends on the initial configuration and the right description of energy. The velocity at time 𝑑𝑡 is obtained by integrating the acceleration at time 𝑑𝑡. Taylor series expansion is used to obtain the result. Consider that the new velocity at time (𝑡 + 𝑑𝑡) is 𝑣(𝑡 + 𝑑𝑡):

𝑣 𝑖 ⃗⃗⃗ (𝑡 + 𝑑𝑡) = 𝑣 𝑖 ⃗⃗⃗ (𝑡) + 𝑑𝑣 𝑖 𝑑𝑡 𝑑𝑡 + ⋯ 2.13
If the value of 𝑑𝑡 chosen is small enough, then we can ignore all the terms after the first order term. In the first-order term,

𝑑𝑣 𝑖 𝑑𝑡
is the acceleration. Thus we can find the new velocities using the above equation. Similarly, the new values of the positions can be found using numerical integration of velocities.

The simulation size (n = the number of particles), time step, and total time duration must be selected so that the calculation can finish within a reasonable time period. In order to have a correct ratio between atoms at the surface and atoms in the bulk, one very often use periodic boundary conditions in which one side of the simulation loops back to the opposite side.

All the simulations in this work are performed with the MD using the software DYMOKA [START_REF] Becquart | Massively parallel molecular dynamics simulations with EAM potentials[END_REF]. The Gear algorithm [START_REF] Gear | Numerical Initial Value Problems in Ordinary Differential Equations[END_REF] used to integrate Newton's equations of motion uses up to the fifth-order time derivative of the particle positions. To obtain 0 K properties, it is desirable to relax the system to the current local minimum potential energy. DYMOKA currently implements the quench method where an atom's velocity is zeroed whenever the scalar product of the force acting on it and its velocity is negative.

Properties used to characterize the potential

To analyze the outputs of cascades with the potentials we use, it is first necessary to assess their quality. For this purpose, the potentials are used to simulate certain properties in specific conditions and compare them with either experimental results or first principle (DFT) calculations. The properties can be static or dynamic properties.

Static Properties

These properties include thermal expansion, point defect-related properties, stacking fault energies, and surface energies. The point defect-related properties concern their formation, migration, and binding with point defect clusters.

Lattice Parameter and Rose equation

The lattice parameter (a l ) is the distance between two unit cells in a crystal. For Face Centered Cubic (FCC) crystals the lattice constant (a l ) is twice the interionic distance. To calculate the lattice constant (a l ) at 0 K, a box of size 10 x 10 x 10 at 0 K is built. A lattice constant smaller than the expected lattice constant at 0 K is applied to the box and the potential energy of the system calculated after quenching the system for 5000 steps. The lattice constant is then increased step by step, after each step, a quench is performed, and the potential energy recorded. The lattice constant that leads to the minimum energy is the 0 K lattice constant At a given temperature, we change the lattice parameter step by step, after thermalizing the system for 2000 steps for each new lattice parameter and look for the one for which the total pressure is 0.The Rose's equation of state (EOS) gives the variation of the cohesive energy (𝐸 𝑐𝑜ℎ ) with under uniform expansion and contraction of lattice parameter (𝑎 𝑙 ) (Rose et al., 1984). The well-known Rose's equation of state (EOS) is given by 𝐸 𝑐𝑜ℎ is an equilibrium cohesive energy of the solid. 𝐵 𝑚 is the bulk modulus, and Ω is the atomic volume in equilibrium.

Mixing entropy

In order to characterize the disorder in concentrated alloys, one can use the mixing entropy.

It is obtained as,

ΔS R ⁄ = -c ∑ x i lnx i c i=1 2.16
Where R is the gas constant, c is the total number of components, and x i is the mole fraction of component i.

𝐸 𝑐𝑜ℎ (𝑎 𝑙 * ) = -𝐸 𝑐𝑜ℎ (1 + 𝑎 𝑙 * )𝑒 -𝑎 𝑙 * 2.14

𝑎 𝑙 * = ( 𝑎 𝑙 𝑎 𝑙 0 -1) / ( 𝐸 𝑐𝑜ℎ 9𝐵 𝑚 Ω ) 1 2 ⁄ 2.15

Point defect formation energies

The formation energy of a point defect is the energy required to form it. The defect formation energies are calculated using a box of size 10 × 10 × 10 l.u. 3 . A defect is introduced into this system. After introducing the defects in the otherwise perfect lattice, the box is relaxed for 5000 time steps using the quench method. The difference in the total energy of the system before and after the introduction of the defect is ∆𝐸 𝑛 𝐴→𝑉 for the vacancy and ∆𝐸 𝑛 𝐴→𝐴-𝐵 for an A-B dumbbell created by placing an atom of type B next to an atom of type A, see Figure 2-2. The point defect formation energy calculation has to take into account the chemical potential of the species either removed (for vacancies) or added (for dumbbells) as [START_REF] Wróbel | Elastic dipole tensors and relaxation volumes of point defects in concentrated random magnetic Fe-Cr alloys[END_REF]:

Where 𝐸 𝑒𝑙 𝑐𝑜𝑟𝑟 is a correction term resulting from the elastic interaction of a defect with its own periodically translated images in a box with periodic boundary conditions [START_REF] Ma | CALANIE: Anisotropic elastic correction to the total energy, to mitigate the effect of periodic boundary conditions[END_REF]) [START_REF] Ma | Effect of stress on vacancy formation and migration in body-centered-cubic metals[END_REF]) [START_REF] Dudarev | Elastic fields, dipole tensors, and interaction between self-interstitial atom defects in bcc transition metals[END_REF]. In our simulations, the box size is large enough to avoid this elastic interaction, thus 𝐸 𝑒𝑙 𝑐𝑜𝑟𝑟 is neglected. 𝜇 𝐴 and 𝜇 𝐵 are the chemical potentials of atom species A and B.

Formation energies in FeNiCr alloys

The defect formation energy in a FeNiCr alloy is calculated using equations 2.17 and 2.18. 

𝐸 𝑓,𝑉 = ∆𝐸 𝑛 𝐴→𝑉 + 𝜇 𝐴 + 𝐸 𝑒𝑙 𝑐𝑜𝑟𝑟 2.17 𝐸 𝑓,𝐴-𝐵 = ∆𝐸 𝑛 𝐴→𝐴-𝐵 -𝜇 𝐵 + 𝐸 𝑒𝑙 𝑐𝑜𝑟𝑟 = ∆𝐸 𝑛 𝐵→𝐵-𝐴 -𝜇 𝐴 + 𝐸 𝑒𝑙 𝑐𝑜𝑟𝑟 2.18 2.4.1.3.

Formation energies in pure Ni

The point defect formation energy for pure Ni is calculated by,

The formation energy of interstitials in pure Ni is calculated for five different configurations.

Three of these configurations are dumbbell configurations oriented in the direction <100>, <110>, and <111>. The other two are interstitial atoms in the tetrahedral and octahedral sites. There is only one configuration used for the vacancy formation energy. Frenkel pair formation energy has been calculated by introducing a vacancy and a SIA in the system with the distance of 0.5 l.u. between them. 

𝐸 𝑓,𝑉 = 𝐸 𝑛 𝐴→𝑉 - 𝑁 -1 𝑁 𝐸 0 2.19 𝐸 𝑓,𝐴-𝐵 = 𝐸 𝑛 𝐴→𝐴-𝐵 - 𝑁 + 1 𝑁 𝐸 0 2.20
Reference state with initial energy (𝐸 0 ) eV Vacancy Formation (N-1) Dumbbell Formation (N+1)

∆𝐸 𝑛 𝑁𝑖→𝑉 = 𝐸 𝑛 𝑁𝑖→𝑉 -𝐸 0 ∆𝐸 𝑛 𝑁𝑖→<100>𝑁𝑖-𝑁𝑖 = 𝐸 𝑛 𝑁𝑖→<100>𝑁𝑖-𝑁𝑖 -𝐸 0 ∆𝐸 𝑛 𝑁𝑖→<101>𝑁𝑖-𝐹𝑒 = 𝐸 𝑛 𝑁𝑖→<101>𝑁𝑖-𝐹𝑒 -𝐸 0 ⬚
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Formation energies of mixed dumbbells

The mixed dumbbells are interstitial dumbbell configurations in which an atom in the pure system is replaced with an interstitial dumbbell configuration of another species, different from the atom species of pure system. In our work, the pure system is Ni and we replace a Ni atom in the pure system to different combinations of A and B atoms. The formation energies of mixed dumbbells in pure Ni can be obtained as:

The dumbbell configurations introduced are oriented in the direction <100>, <110>, and <111>.

Migration energies

The migration energy corresponds to the energy barrier a defect has to overcome to migrate through the material. In this work the energy barrier is obtained by using the drag method [START_REF] Henkelman | Methods for Finding Saddle Points and Minimum Energy Paths[END_REF]. The initial and the final position in chosen and the atom is dragged in stepwise increment towards the final position. In Ni, and in general, FCC alloys [START_REF] Barbe | Phenomenological coefficients in a concentrated alloy for the dumbbell mechanism[END_REF] the most stable configuration of the dumbbell is along the <100> direction. The jump mechanism of the dumbbell (Johnson, 1973) is a jump towards a 1nn atom and 90° a rotation.

In our work, the drag atom is thus moved in the <110> direction and the final position is the atom is the 1NN distance from initial position. At each step, the system is allowed to relax for 5000 time steps, using the quench method, in the plane perpendicular to the drag line (i.e., the line connecting the initial and the final state). After each relaxation, the total energy of the system is obtained and the difference between this energy and the initial energy of the box is recorded. The maximum difference between the initial energy of the box and the energy of the box in each drag is the energy barrier. A box of size 10 × 10 × 10 l.u. 3 is used for calculations and PBC. The accuracy of the drag method is inversely proportional to the step length. The step length we used is 0.01.

For vacancy migration, the initial position is an empty lattice site and the final position is the atom in the 1NN lattice site from the initial site. The atom from the final position is dragged towards the initial position to find the maximum energy barrier. For interstitial, the initial

𝐸 𝑓,𝐴-𝐵 = ∆𝐸 𝑛 𝑁𝑖→𝐴-𝐵 -𝜇 𝐴 -𝜇 𝐵 + 𝜇 𝑁𝑖 2.21
position is the lattice site where the dumbbell is located and the final position is the atom in the 1NN lattice site from the initial site. The interstitial is dragged from the initial position to the final position and forms a dumbbell with the atom at the final position.

Figure 2-3: illustration of the drag method where a drag atom is moved from the initial site (IS) to the final site (FS) by small increments and relaxed in the plane perpendicular to the IS-FS direction. The transition state (TS) is the point with the highest energy along the minimum energy path. The picture is taken from Roberto Gomes, 2011.

Binding energies

The binding energy characterizes the strength of the interaction between two or more objects. Two systems are created for the calculation of binding energies. In the first system, the objects are far enough from each other, so that there is no interaction between them.

This system is referred to as the non-interacting. In the second system, the objects are closer to each other, for instance they can be separated by the 1NN distance. This system is referred to as interacting. The difference between the energies of the non-interacting and the interacting systems gives the binding energy [START_REF] Becquart | The role of Cu in displacement cascades examined by molecular dynamics[END_REF].

The box size used for these calculations is 10 × 10 × 10 l.u.. After the introduction of the defects, the box is relaxed for 5000-time steps using the quench method. The binding energy is obtained as:

𝐸 𝑏,𝑉/𝐼→𝑛𝑉/𝑛𝐼 = 𝐸 𝑛𝑜𝑛𝑖𝑛𝑡𝑒𝑟𝑎𝑐 -𝐸 𝑖𝑛𝑡𝑒𝑟𝑎𝑐 2.22
Where 𝐸 𝑏,𝑉/𝐼→𝑛𝑉/𝑛𝐼 is the binding energy of the vacancy or the interstitial with a cluster (of same type) of size n, E noninterac is the energy of the non-interacting system; E interac is the energy of the interacting system. To calculate the binding energy between two defects, the non-interacting system is the box where the two defects are far enough from each other and the interacting system is the box where the two defects are nearest neighbors, or second nearest neighbors.

Chemical Potential

As mentioned in 2.4.1.3, for calculating the formation energy of defects in alloys, we need to calculate the chemical potential of the atom removed or added. In this work, we use two methods to calculate the chemical potential. The first method is a Widom-type substitution method (Piochaud et al., 2014) and the second method is a statistical method based on the vacancy formation energy (Zhang et al., 2021).

2.1.1.1.1 Widom-type substitution method (Piochaud et al., 2014) To calculate the chemical potential, many substitution calculations were performed. The change in energy during this substitution gives the substitution energy (∆ 𝐴→𝐵 𝜇), where A is the species of the atom which is removed and B the species of the atom which is introduced instead. The substitution energy is calculated as,

∆ 𝐹𝑒→𝑁𝑖 𝜇 = 𝐸 0 -𝐸 𝐹𝑒→𝑁𝑖 2.23
Where 𝐸 𝐹𝑒→𝑁𝑖 is the energy of the system after substitution of a Fe atom to a Ni atom and 𝐸 0 is the initial energy (the energy of the perfect system).

For a given composition, the substitution is performed on all the lattice sites. The atoms in the lattice sites are substituted into Fe, Ni or Cr based on the initial atom type. For example, if the initial atom type in Ni then we substitute it to Fe or Cr. Thus two substitutions are performed for each lattice site. The box size is chosen large enough so that we get enough statistics for all the six substitutions performed: Fe→Cr, Fe→Ni, Ni→Fe, Ni→Cr, Cr→Fe, and Cr→Ni.

The schematic representation of the calculation of the substitution energy for ∆ 𝐹𝑒→𝑁𝑖 𝜇 is given in Figure 2-4 and that for the substitution energy ∆ 𝑁𝑖→𝐶𝑟 𝜇 is given in Figure 2-5. The initial system (𝐸 0 ) is the same for both substitutions.

From the six substitution energies, three equations involving chemical potentials (𝜇) can be obtained: for ∆ 𝐹𝑒→𝑁𝑖 𝜇. The reference energy, which is the energy of the system before the substitution is 𝐸 0 and the energy of the system after substitution of a Fe to a Ni atom, is 𝐸 𝐹𝑒→𝑁𝑖 . The difference between the energy of two systems is substitution energy. The position of the substituted atom is given by a dark circle.

Figure 2-5: Schematic representation of the substitution calculation performed in the Fe-Ni-Cr system for ∆ 𝑁𝑖→𝐶𝑟 𝜇. The reference energy, which is the energy of the system before the substitution is 𝐸 0 and the energy of the system after the substitution of a Ni to a Cr atom, is 𝐸 𝑁𝑖→𝐶𝑟 . The difference between the energy of the two systems is substitution energy. The position of the substituted atom is given by a dark circle.

Substituting atom position

𝐸 0 𝐸 𝐹𝑒→𝑁𝑖 ∆ 𝐹𝑒→𝑁𝑖 𝜇 = 𝐸 0 -𝐸 𝐹𝑒→𝑁𝑖 𝐸 𝐹𝑒→𝑁𝑖 𝐸 0 𝐸 𝑁𝑖→Cr ∆ 𝑁𝑖→𝐶𝑟 𝜇 = 𝐸 0 -𝐸 𝑁𝑖→Cr
Substituting atom position

𝜇 𝐶𝑟 -𝜇 𝐹𝑒 = 1 2 (∆ 𝐹𝑒→𝐶𝑟 𝜇 -∆ 𝐶𝑟→𝐹𝑒 𝜇) 2.24 𝜇 𝑁𝑖 -𝜇 𝐹𝑒 = 1 2 (∆ 𝐹𝑒→𝑁𝑖 𝜇 -∆ 𝑁𝑖→𝐹𝑒 𝜇) 2.25 𝜇 𝑁𝑖 -𝜇 𝐶𝑟 = 1 2 (∆ 𝐶𝑟→𝑁𝑖 𝜇 -∆ 𝑁𝑖→𝐶𝑟 𝜇) 2.26
The total energy of the initial system (𝐸 0 ) provides the additional equation needed to estimate the chemical potential as:

𝐸 0 = 𝑁 𝐹𝑒 𝜇 𝐹𝑒 + 𝑁 𝑁𝑖 𝜇 𝑁𝑖 + 𝑁 𝐶𝑟 𝜇 𝐶𝑟 2.27 where, N Fe , N Ni, and N Cr are the number of atoms in the system, and µ Fe , µ Ni, and µ Cr the respective chemical potentials.

After solving for the four equations, the chemical potentials can be obtained as:

𝜇 𝑁𝑖 = 𝐸 0 + 1 2 𝑁 𝐹𝑒 (∆ 𝐹𝑒→𝑁𝑖 𝜇 -∆ 𝑁𝑖→𝐹𝑒 𝜇) + 1 2 𝑁 𝐶𝑟 (∆ 𝐶𝑟→𝑁𝑖 𝜇 -∆ 𝑁𝑖→𝐶𝑟 𝜇) 𝑁 𝐹𝑒 + 𝑁 𝑁𝑖 + 𝑁 𝐶𝑟 2.28 𝜇 𝐹𝑒 = 𝐸 0 - 1 2 𝑁 𝑁𝑖 (∆ 𝐹𝑒→𝑁𝑖 𝜇 -∆ 𝑁𝑖→𝐹𝑒 𝜇) - 1 2 𝑁 𝐶𝑟 (∆ 𝐹𝑒→𝐶𝑟 𝜇 -∆ 𝐶𝑟→𝐹𝑒 𝜇) 𝑁 𝐹𝑒 + 𝑁 𝑁𝑖 + 𝑁 𝐶𝑟 2.
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𝜇 𝐶𝑟 = 𝐸 0 + 1 2 𝑁 𝐹𝑒 (∆ 𝐹𝑒→𝐶𝑟 𝜇 -∆ 𝐶𝑟→𝐹𝑒 𝜇) - 1 2 𝑁 𝑁𝑖 (∆ 𝐶𝑟→𝑁𝑖 𝜇 -∆ 𝑁𝑖→𝐶𝑟 𝜇) 𝑁 𝐹𝑒 + 𝑁 𝑁𝑖 + 𝑁 𝐶𝑟 2.30
2.1.1.1.2 Statistical method based on the vacancy formation energy (Zhang et al., 2021) This method calculates the vacancy formation energy as the mean of the energies obtained by creating vacancies at all sites of the lattice. As the vacancy formation energy should be independent on the site the vacancy was created on, and thus on the species of the atom removed, the vacancy formation energy can be obtained as:

𝐸 𝑓,𝑉 = 〈𝐸 𝑓,𝐴→𝑉 〉 = 1 𝑁 ∑ 𝐸 𝑛 𝐴→𝑉 𝑁 1 - 𝑁 -1 𝑁 𝐸 0 2.31
Where, 𝐸 𝑛 𝐴→𝑉 is the energy of the cell where a vacancy has been created by removing an atom of type A; N is the total number of atoms in the cell; 𝐸 0 is the initial energy of the system before introducing the vacancy, i.e. the energy of the perfect system . The chemical potential of each component can be found out by back-deriving from the vacancy formation energy as:

𝜇 𝐴 = 𝐸 0 -〈𝐸 𝑓,𝐴→𝑉 〉 - 1 𝑁 𝐴 ∑ 𝐸 𝑛 𝐴→𝑉 𝑁 𝐴 1 2.32
Where 𝜇 𝐴 is the chemical potential of atom species A.

𝑁 𝐴 is the number of A atoms.

Stacking fault energies

The stacking fault energy is the excess energy arising from an irregularity of the normal stacking sequence. The generalized stacking fault energy is obtained by rigidly displacing two halves of a crystal along a specific plane, in the case of interest here, the (111) plane. Using the ATOMSK software [START_REF] Hirel | Atomsk: A tool for manipulating and converting atomic data files[END_REF], an FCC box oriented along [112] for the direction, [-110] for the Y direction, and [-1-11] for the Z direction and a total of 6,912 atoms is generated.

The boundary conditions are periodic along X and Y and free surfaces in the Z direction. The upper part of the box, perpendicular to the Y direction consisting of 5 lattice units in the x and y directions and 20 lattice units in the z direction is selected for the stepwise movement. 

Surface energies

Surface energy calculations are performed by generating a free surface along the Z direction.

The surface energies have been calculated for three directions of the box <100>, <110>, and <111>. After introducing a free surface the box is relaxed for 5000 time steps using the quench method. The box size used is 30 × 30 × 30. The surface energy is obtained as:

𝐸 𝑠𝑢𝑟𝑓 = 𝑁(𝐸 𝑓 -𝐸 0 ) 2 * (𝐴 ⏊ ) 2.33
Where E surf is the surface energy, N is the number of atoms in the system, 𝐴 ⏊ is the area perpendicular to the surface, E F is the energy of the system with the two free surfaces after relaxation, and E 0 is the initial energy before the introduction of the free surfaces.

Threshold displacement energies

The TDE is defined as the minimum kinetic energy given to one atom in the lattice to create a stable Frenkel pair (FP). To find the threshold displacement energy, an atom is picked up randomly and given a certain amount of kinetic energy (thus leading to the formation of a "mini" displacement cascades), along a specified direction, and the lattice is checked, after a few thousand MD steps for the presence of Frenkel pairs. We follow the technique proposed by [START_REF] Setyawan | Cascade morphology transition in bcc metals[END_REF]. The simulations are launched in cubic boxes 30 × 30 × 30 l.u. 3 which is first thermalized for 3 ps at 10 K. For each direction, 100 simulations are done by changing the initial lattice site from two thermalized simulations. The simulation proceeds as follows. We increase the energy by step of 5 eV until a Frenkel pair is created in the lattice.

We then decrease the energy by step of 1 eV until we reach the "PKA" energy for which no FP is created. The TDE value we record is the energy of the last "PKA" in the decreasing energy sequence, for which one FP was created. The TDE values we consider for each potential is the mean of all the 100 values obtained using the procedure described above.

Three different directions, <100>, <110>, and <111> are investigated. The average threshold displacement energy is given by 2.34 Where 𝐸 𝑑 is the threshold displacement energy, 𝐸 𝑑,110 , 𝐸 𝑑,100 and 𝐸 𝑑,111 are the threshold displacement energies in <110>, <100> and <111> direction is the multiplicity of the i direction (Mason et al., 2014).

𝐸 𝑑 = (2𝐸

Quasi Static Drag

Quasi static drag calculations are performed to get a better understanding of the hardening of the potential. The quasi static drag is done by picking an atom and dragging it in a certain direction step-wise towards the so-called head-on atom. This drag is continued until the energy increases too much. The evolution of the potential energy of the whole system is recorded during this drag. The quasi static drag is performed along three directions <100>, <110>, and <111>. When an atom is moved along a specific direction, it starts, at some point, to feel the impact of neighboring atoms (referred to here as barrier atoms) on its trajectory. For an FCC material, the effect of the barrier atoms can be seen in two positions, W1 and W2, indicated on Figure 2 At 0.03 ps the PKA is knocking out one atom in its path starting the displacement cascade. At 0.1 ps the total volume of the displacement cascade is at its maximum, at 0.5 ps the number of defects produced is at its maximum and 10 ps is, for our purpose, the end of the cascade.

Figure 2-12 shows thus the final damage produced at the end of the simulation. We can see that the regions in the box where the final defects are mostly concentrated (10 ps) are the same region where many collisions occurred.

The defects at the end of the simulation, named "primary damage", are detected using a classic lattice site method. The point defect cluster capture distance (PDCC), the distance which determines whether a point defect belongs to a cluster or not (De Backer et al., 2021), is fixed at 3.6 Å which is between the 2NN and 3NN distance for Ni and the alloys studied here.

We are aware that the methodology we use to characterize defects and point defect clusters is not the most adequate and in particular it is not sufficient to properly characterize the clusters. Beyond the number of point defects in the clusters, it is important to have precise information on the shape (C15, mobile or sessile clusters, loops, and all kinds of imperfect structures). This issue is nowadays tackled by for instance by [START_REF] Bhardwaj | Classification of clusters in collision cascades[END_REF], [START_REF] Goryaeva | Reinforcing materials modelling by encoding the structures of defects in crystalline solids into distortion scores[END_REF]or (von Toussaint et al., 2021). This is one of the perspectives of our work.

The morphological features of the cascades, their shapes, and the number of sub cascades, are characterized using the decomposition method proposed by De Backer and coworkers (De Backer et al., 2018). The average kinetic energy is computed for each cubic cell within the simulation box. These cubic cells are regarded as being a part of the cascade when their average kinetic energy exceeds a threshold criterion (estimated using thermodynamics parameters correlated to the melting properties as described in (De Backer et al., 2018)).

Sub cascades are defined as regions where the average kinetic energy is smaller than the criteria and they are separated from one another by at least one cell.

To analyze the characteristics of point defects and their relation with the cascade morphology we use two groups of descriptors as in our previous work (De Backer et al., 2021). The first group consists of seven primary damage descriptors for the defects produced at the end of the cascade simulation. These descriptors are:

1. Largest cluster size -maxSize (V/I).

2. The number of mono-defectsmono (V/I).

3. The number of defect clusters -nClusters (V/I).

4. The number of defects -nDef.

In addition to the descriptors mentioned above, we also obtain other characteristics of the primary damage such as the mean sizes of the defect cluster (meanSizeV/I) obtained by The second group results from the analysis of the cascade morphology as a function of time.

We define three morphology descriptors as in (De Backer et al., 2021) at the maximum expansion point of the cascade volume. These descriptors are:

1. The volume of cascades (nm 3 ) (vol).

2. The number of sub cascades (nbSC).

3. The sphericity.

The time at which we estimate these three morphology descriptors, the time of the maximum expansion of the cascade volume, time_maxVol, is our fourth morphology descriptor

We also analyze the evolution of the number of defects as a function of time. Two other descriptors result from it: the maximum defect production (at the peak) and the defect survival rate which is the ratio of the final number of defects at the end of the cascade before the neighboring analysis to the maximum defect production. There exists difference between the final number of defects at the end of the cascade before the neighboring analysis and our descriptor the number of defects (nDef). The former one is recorded at the end of the cascade before our post processing procedure (neighboring analysis). During post-processing of the cascades we apply the capture radius which makes some SIAs recombine with nearby vacancies. Our primary damage descriptors the number of defects (nDef) is recorded after this post processing procedure. Finally, we also record two other specific times: the time of the maximum number of sub cascade (time_maxnbSC), the time of the maximum number of defects (time_maxDef). 

Statistical Tools

A large number of cascades (more than 15000 cascades) have been simulated for maximum 

Box and whiskers plot

The box and whiskers plot (or box plot) is a suitable approach to visualize distributions of data [START_REF] Wickham | 40 years of boxplots[END_REF]. It provides information regarding the spread, shape, approximate the line of best fit. The line of best fit can be determined through regression analysis.

and

Multivariate linear regression analysis

To characterize our database, we also use multivariate multiple linear regression analysis to look whether there are relations between our descriptors, either isolated or in combination.

Earlier statistical studies in Fe and W (De Backer et al., 2021), shows that the linear regression models are the best compromise between simplicity and prediction capacity.

A widely used statistical tool is the Analysis of Variance (ANOVA) and multivariate analysis of variance (MANOVA). Analysis of Variance (ANOVA) is a statistical formula used to compare variances across the means of different groups. A range of scenarios use it to determine if there is any difference between the means of different groups. Analysts use the ANOVA test to determine the influence that independent variables have on the dependent variable in a regression study. The outcome of ANOVA is the F-statistic. This ratio shows the difference between the within group variance and the between group variance, which ultimately produces a figure which allows a conclusion that the null hypothesis is supported or rejected. If there is a significant difference between the groups, the null hypothesis is not supported, and the F-ratio will be larger. Multivariate analysis of variance (MANOVA) is used to test the statistical significance of the effect of one or more independent variables on a set of two or more dependent variables. MANOVA is an extension of ANOVA. The major difference is that ANOVA evaluates mean differences on a single dependent criterion variable, while MANOVA evaluates mean differences on two or more dependent criterion variables simultaneously.

The F value obtained from the MANOVA analysis is more complex than what the ANOVA analysis shows. In the MANOVA analysis the F value is the result of the product of a matrix containing the variance and the covariance. In additional to the F value, we also calculate the Pillai's trace, which is generally used as a test statistic in MANOVA: increasing values of Pillai's statistics means that the effect is contributing more to the model.

To do the MANOVA analysis, there are certain assumptions that need to be met. They are:

 Multivariate normality: data or residuals should have a multivariate normal distribution for each combination of independent and dependent variables.

 Homogeneity of the variance-covariance matrices: data should have equal variancecovariance matrices for each combination formed by each group of independent variables.

 Multicollinearity: there should be no high correlations (i.e., > 0.9) among the dependent variables  Linearity: dependent variables should be linearly related to each group of the independent variable. If there are more than two dependent variables, the pair of dependent variables should be linearly related.

 There should be no outliers in the dependent variables  Dependent variables should be continuous.

We used linear regression models because these models are simple and in accordance with For each model, we calculate the p-value. The p-value gives the probability that a correlation is found by coincidence, in other words the confidence we have in our model. The lower the p-value, the higher the confidence we have in our model.

In this work, we have used correlation matrix, ANOVA and MANOVA to find the significance of the correlations between the descriptors.

K mean method

There are several methods for the clustering analysis and new ones are still in development, for example, in the frame of machine learning. The choice of it depends on the data (size of the database), data spreading and some prior assumption, for example, about the number of clusters we search. In this manuscript, the term "cluster" will be dedicated to the point defect clusters. The clusters obtained with clustering methods, such as k mean will be referred to as centroids. A clear table comparing the methods available can be found in mat lab site [https://fr.mathworks.com/help/stats/choose-cluster-analysis-method.html]. In our case, the kmean method is appropriate because of its simplicity and because the number of 2 centroids can be chosen a priori (2 or 3 maximum). By iteration, it creates a partition of the space in Voronoi cells (of the dimension of the data) minimizing the variance of the distance between the data points and the center of the centroid they belong to. As this center is a function of all points belonging to it, this process is iterative. As for many optimization

problems, heuristic algorithms can quickly find a local optimum which may depend on the initial condition. We used the kmeans of the R stats package which implements the algorithm of [START_REF] Hartigan | Algorithm AS 136: A K-means clustering algorithm[END_REF] 

POTENTIAL CHARACTERIZATION

Introduction

The potentials used for the simulation of displacement cascades have an immense effect on the production of the primary damage defects (Becquart et al., 2000). To understand the displacement cascades simulated using the chosen potentials, characterization of the potentials is essential. For that purpose, we calculate a certain number of properties related to displacement cascades using these potentials. Some of these properties have been characterized in earlier studies using MD, DFT, and experiments [START_REF] Toijer | Solute-point defect interactions, coupled diffusion, and radiationinduced segregation in fcc nickel[END_REF] (Connétable, Andrieu, and Monceau, 2015) [START_REF] Mahmoud | Study of point defects diffusion in nickel using kinetic activationrelaxation technique[END_REF] [START_REF] Delczeg | Ab-initio description of mono-vacancies in metals and alloys[END_REF]) [START_REF] Zhao | Frenkel defect recombination in Ni and Ni-containing concentrated solid-solution alloys[END_REF]. When possible, we compare our results with these reference values.

Pure Ni potential characterization

Five EIP potentials, all of them embedded atom method (EAM) potentials, are considered for the simulation of displacement cascades. Two of these potentials were originally derived by (Rose et al., 1984). The data for Rose's universal equation of state (EOS) is obtained by using equations 2.14 and 2.15. All the potentials show agreement with Rose's equation even though some differences are present. These differences are mainly in the lattice expansion part. The potential which is closer to the Rose curve is the BON potential.

All the other potentials have a slightly lower value of lattice strain compared to Rose's universal equation of state (EOS).

The lattice parameter and cohesive energy at 0 K calculated with the potentials considered are given in Table 3:2 using the method mentioned in section 2. [START_REF] Haynes | CRC handbook of chemistry and physics: a ready-reference book of chemical and physical data[END_REF] During the displacement cascade, the temperature of the system will increase momentarily.

Thus, the lattice parameter evolution with temperature is calculated with the potentials considered and compared with experimental values from [START_REF] Wang | Modeling of lattice parameter in the Ni-Al system[END_REF]. The curve obtained compared with the experimental data is shown in Figure 3 The techniques adopted for each point defect property calculation are explained in section 2.4.1. All the calculations are conducted at 0 K and the appropriate box sizes and relaxation time steps are selected according to the simulations.

Equilibrium properties

Point defect formation energies 3.2.1.1

The point defect formation energies calculated with the five potentials using the method mentioned in section 2.4.1.3.2 are given in Table 3: For the self-interstitial migration energy, the initial configuration used is the most stable, i.e.

the Ni-Ni dumbbell oriented in the <100> direction (𝐸〈100〉 𝑓,𝑁𝑖-𝑁𝑖 ). The migration energy of the defects is calculated using the drag method explained in section 2.4.1.3. The results obtained using the five potentials, compared with the DFT and experimental reference data are given in Table 3:5 DFT [START_REF] Toijer | Solute-point defect interactions, coupled diffusion, and radiationinduced segregation in fcc nickel[END_REF] Experimental Data [START_REF] Toijer | Solute-point defect interactions, coupled diffusion, and radiationinduced segregation in fcc nickel[END_REF] 𝐸 𝑚,𝑉-𝑉 1.17 1.09 1.17 1.29 1.18 1.01 1.05 1.05 1.30 𝐸 𝑚,𝑁𝑖-𝑁𝑖→𝑁𝑖-𝑁𝑖 0.28 0.13 0.31 0.18 0.20 0.11 0.14 0.14 -

Binding energies 3.2.1.3

The binding energy for defect clusters varying from two defects to five defects has been calculated using the method explained in section 2.4.1.4. The two defects' binding energy has been calculated for four different configurations where the difference between the configurations is the distance between the two defects which varies from 1NN to 4NN distances. The evolution of the binding energy with the size of the point defect cluster has also been calculated, up to five defects.

Vacancy binding energies

The binding energy (𝐸 𝑏,𝑉→𝑛𝑉 ) has been calculated for the divacancy with varying distances between the two vacancies. The results obtained are given in Table 3:6. When the distance between the vacancies is the second nearest neighbor or more, the value of binding energy is close to zero. All the potentials overestimate the binding energy (𝐸 𝑏,𝑉→2𝑉 ) values of divacancy at first nearest neighbor distance compared with the DFT values. 

SIA binding energies

The binding energy (𝐸 𝑏,𝐼→𝑛𝐼 ) has been calculated for di-interstitials with varying distances between the two interstitials. For interstitials, the defect configuration is the <100> dumbbell. The results obtained are given in Table 3: The evolution of the binding energy with the SIA cluster size is given in Figure 3-6. The value of the binding energy (𝐸 𝑏,𝐼→𝑛𝐼 ) increases when the number of interstitials increases, as expected. Stacking fault energies 3.2.1.4

We calculated the stacking fault energies using the two different displacement patterns described in section 2.4.1.6.

Pattern -1

The lowest stacking fault energy is obtained at a distance of 0.40 l.u from the initial position.

The unstable (Γ us ) and stable (Γ sf ) stacking fault energies are given in Table 3:10. The stacking fault energy curve with displacement along [112] is given in Figure 34567. DFT [START_REF] Siegel | Generalized stacking fault energies, ductilities, and twinnabilities of Ni and selected Ni alloys[END_REF] Experimental Data Comparison with literature 3.2.1.6
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Our results for the five potentials are compared with values published by the developers of the potentials in Table 3:13. Our results are in good agreement with the data published by the potential developers. There are sometimes slight differences, in the order of 10 -1 -10 -3 , which, we believe mainly arise from the hardening of the potential. For example, the potential NIPD has been developed by (Mishin, 2004) and hardened by (Samolyuk et al., 2016), so we compare the NIPD values with those (Mishin, 2004) not (Samolyuk et al., 2016).  The binding energy increases when the size of the vacancy cluster increases.

Cascade related properties

Quasi static drag (QSD)

3.2.2.1

The quasi static drag has been performed for all the potentials along three directions: <100>, <110>, and <111>. The potential energy evolution of the system with the displacement of the drag atom is given in Figure 3-9, Figure 3-10, and Figure 3-11. As the drag atom is passing through the barrier points, a bump in the energy is seen in some of the plots: this bump is visible in both barrier points (W1 and W2) in the <111> direction. Along <100>, a small bump is visible at barrier point W1. As the distance between the barrier atom and the drag atom is larger compared to what happens along the <111> direction, the bump is not as prominent.

The degree of hardening differs between potentials, as shown by the difference in the height of the bumps. BON and ZAT potentials exhibit a higher bump than the other potentials, whereas, for AV3 and NIPD potentials, the bump is lower. Comparisons with DFT results are also shown in Figure 3 ZAT (Tooq and Kenny , 2013) JMR (Raul ot, 2005) NIP D (Mishin , 2004) 𝐸 𝑓,𝑉 The potentials can be characterized as "hard" and "soft" based on the strength of the interaction of the drag atom with the barrier atom, i.e. on the height of the bump. For example in the <111> direction, the earliest rise in the energy is recorded by BON potential, and the latest rise is shown by AV3 and NIPD. We can thus characterize BON and ZAT potentials as being harder potentials than AV3, NIPD, and JMR potentials: the drag atom "feels" the barrier atom at larger distances for hard potentials than for soft potentials. The simulation for TDE has also been conducted in three directions: <100>, <110>, and <111>. For each direction, 100 simulations were done by systematically changing the initial lattice site from two thermalized simulations. The mean value of the threshold displacement 

W1 W2

energies, along with standard deviations are given in Table 3:14. As mentioned earlier in section 2.4.1.9., the average value of TDE over all directions TDE in all directions is calculated based on the method proposed by (Mason et al., 2014). Because of the statistical nature of the threshold displacement energy [START_REF] Nordlund | Molecular dynamics simulations of threshold displacement energies in Fe[END_REF], we may overestimate slightly the "real" value of the TDE, with the method we use (section 2.4.1.9) however, we feel that for our purpose which is to compare potentials, the method chosen here is appropriate enough. The analysis of these data allows us to assess the different potentials and hopefully understand some of the results of our cascade analysis. No single potential shows good agreement with literature for all the properties we calculated. The AV3 potential shows a good agreement with defect formation energies but the defect migration energy is poor. The BON potential is in good agreement for the vacancy formation and migration energy but suffers in SIA formation and migration energy. However, the agreement is also good for the stacking fault energy. The JMR potential shows poor agreement for all the equilibrium properties we calculated. The ZAT potential shows the same trends as the AV3 potential. The NIPD potential has a good agreement for vacancy formation and migration energy, SIA formation energy, and stacking fault energy. All the potentials show a poor agreement for the surface energy and point defect binding energies. unlike the reference lowest TDE direction which is <110>. For the ZAT potential, there seems to be some issue regarding the hardened part of the potential as the bump observed on the QSD curves raises higher than the DFT value. The hardened part of BON is also in the higher values, thus making it a harder potential.

Fe and Cr solutes in pure Ni

The AV3 potential is used for the simulation of displacement cascades in FeNiCr alloys of different compositions. To understand the behavior of this potential during displacement cascades we first characterize the properties of solutes in pure Ni.

Equilibrium properties

The chemical potentials calculated for Fe (μ Fe ) and Cr (μ Cr ) in a Ni matrix calculated using equations 2.27, 2.28, and 2.29 for mixed dumbbells is given in Table 3:17. The initial orientation of the dumbbell is along <100> and the final position of the dumbbell along in the <010> direction illustrating thus the migration 90 o rotation trajectory proposed by Johnson, 1973 .This shows that the dumbbell is in <100> orientation but while migrating the final dumbbell has been rotated from the initial dumbbell. 

Cascade related properties

Quasi static drag 3.3.2.1

The quasi static drag in is performed by dragging a Fe or Cr atom in a Ni matrix along the three directions: <100>, <110>, and <111>. The potential energy evolution of the system with the displacement of the drag atom is given in Figure 3-14, Figure 3-15, and Figure 3-16 and compared with the DFT results. As explained earlier in 0, the interaction of the drag atom with barrier atoms shows up by the appearance of bumps, two in the <111> direction, W1 and W2, and one along the <100> direction, W1. There is a good agreement between the predictions of the AV3 potential and DFT in all three directions. Another configuration of quasi static drag was implemented: two atoms of the same species, either Fe or Cr, are placed at the first nearest neighbor distance from one another and one of them is dragged towards the other atom. Figure 3-17 shows the evolution of the potential 

FeNiCr alloy potential characterization

In this section, we characterize, using the AV3 potential, a few properties of the solid solutions. Five different compositions are chosen for FeNiCr. The first composition is 70%Fe, 10%Ni, and 20%Cr. We selected this composition because it is closer to the composition of the 316L steel. The second composition is 34%Fe, 33%Ni, and 33%Cr to study the effect of equiatomic alloys. High entropy alloys (HEA) are a group of materials with superior properties. They are based for instance on transition metals (Co, Cr, Fe, Mn, Cu, Ni) or refractory (Ta, Nb, Hf, etc.) elements and typically contain 5 or more elements in equal proportions. They often have better properties than "classic" materials. In particular their resistance to irradiation seems superior to that of commonly used stainless steels. Furthermore, their phase transformations are slowed down which makes it possible to hope for an extension of their service life. These properties make them candidates for applications in the nuclear industry (potentially replacement of stainless steels or Inconels), but also in the aeronautical and energy industry or in many applications requiring protective layers (corrosion, erosion). The second composition we chose is not a HEA as it only contains three elements; however it has high entropy of mixing as shown in Table 3:20. The third composition is 5%Fe, 90%Ni, and 5%Cr to study the effect of a high amount of Ni. The fourth composition is 50%Fe, 10%Ni, and 40%Cr to study the effect of a high Cr content. The fifth composition consists are 40%Fe, 10%Ni, and 50%Cr as the stacking fault energy calculated for this composition is the same as in pure Ni.

The entropy of mixing (𝛥𝑆 𝑅 ⁄ ) of the alloy compositions are calculated using, where R is the gas constant, c is the total number of components, and x i is the mole fraction of component i. The values of entropy of mixing (𝛥𝑆 𝑅 ⁄ ) is given Table 3:20. As expected the equiatomic alloy FeNi33Cr33 has the highest mixing entropy. The substitution energy (∆ 𝐴→𝐵 𝜇) calculated at 0 K using the method mentioned in section 2.1.1.1.1. and equation 2.23 is given in Table 3:21. For all compositions and substitutions, the minimum, the maximum, the average value, and the range of distribution of the substitution energy are given. For every set of substitution per composition, an energy range of 0.2 to 0.7 eV is obtained which suggests an impact of the local environment on the substitution as shown by Piochaud et al., 2014. The substitution energy values have both positive and negative values. The three substitutions Fe→Cr, Ni→Cr, and Ni→Fe, lead to positive values, i.e. the system is less stable after the substitution, and their reverse substitutions, Cr→Fe, Cr→Ni, and Fe→Ni lead to negative values, as could be expected, to more stable systems. There is an exception in the case of FeNi90Cr5 where the substitution of Fe→Ni leads to a positive value and Ni→Fe to a negative value. The effect of the local environment on the substitution energy has been studied in a local volume (referred to as the 1nn volume) consisting of all the atoms situated up to the 1NN distance from the site of substitution. Figure 3-19 shows the effect of the number of Cr atoms in 1nn volume (1nn_Cr) on Fe → Cr substitution energies (∆ 𝐹𝑒→𝐶𝑟 𝜇) and Cr → Fe substitution energies (∆ 𝐶𝑟→𝐹𝑒 𝜇). There is no clear trend observed between the compositions for the substitution energies. However, there is a slight decrease in the Fe → Cr (Piochaud et al., 2014) Let's recall that our calculations are done at 0 K. For this reason, we take, for equations 2.28, 2.29, and 2.30 the minimum value of the substitution energy (∆ 𝐴→𝐵 𝜇) (Table 3:21) to calculate the chemical potential. The chemical potentials calculated using this method (WM) are given in Table 3:23. To assess the quality of the calculated values, we compare the results with the chemical potentials of each element in pure systems (𝜇 0 ). Indeed, the The value of chemical potential obtained from our calculation with compared with the reference with the DFT results from Piochaud et al., 2014 is given in Table 3:24. On comparison with the DFT result, the AV3 potential underestimates the value of chemical potential for all the atom type for composition FeNi10Cr20. The difference between the DFT data and our calculations come from the fact the DFT cohesive energies are much higher than the real/ experimental cohesive energies. ) -4.12 eV.

Table 3:25: Chemical potentials,μ Ni , μ Fe and μ Cr calculated using the SM method, for each composition. 𝜇 0 is the cohesive energy of each species in the FCC structure.

Comparison

The comparison of chemical potentials calculated using the Widom type substitution (WM) method and the statistical method based on the vacancy formation energy (SM) is given in The method implemented for the calculation of the vacancy formation energy (𝐸 𝑓,𝑉 ) is different for the Widom type substitution (WM) method and the statistical method based on the vacancy formation energy (SM). For the Widom type substitution (WM), the chemical potentials obtained from equations 2.28, 2.29, and 2.30 given in Table 3:23 are introduced in equation 2.17 to calculate the vacancy formation energy (𝐸 𝑓,𝑉 ). For the statistical method (SM), the vacancy formation energy (𝐸 𝑓,𝑉 ) is calculated from equation 2.31. The distribution of the total energy difference between the perfect system and the system where an atom of type A has been removed (eV), ∆𝐸 𝑛 𝐴→𝑉 , for each atom species and composition is given in The vacancy formation energies (𝐸 𝑓,𝑉 ) calculated using the Widom type substitution (WM) method and the statistical method based on the vacancy formation energy (SM) are given in ranges from 1.63-2.28 eV [START_REF] Manzoor | Factors affecting the vacancy formation energy in Fe70Ni10Cr20 random concentrated alloy[END_REF], and our average value (2.04 eV) is in this range. In fact, we obtain the same vacancy formation energy as the DFT calculation of Zhang et al., 2021. Thus the vacancy formation energies (𝐸 𝑓,𝑉 ) of FeNi10Cr20 composition agrees with the DFT values.

Table 3:27: The vacancy formation energies (𝐸 𝑓,𝑉 ) calculated using the Widom type substitution (WM) and the statistical method (SM). For both methods, the average value per composition is given. The reference values have been obtained using DFT.

Disorder has an impact on the vacancy formation energy as can be seen on Figure 3-25 which shows the evolution of the vacancy formation energy versus the mixing entropy. The disordered alloys have higher vacancy formation energies than pure Ni and the least alloyed solid solution.

Material

Vacancy The SIA formation energy is calculated using equation 2.18 and the chemical potentials obtained from equation Table 3:26. The distribution of the total energy difference between the perfect system and the system in which an atom of type B has been positioned next to an atom of type A to form a <A-B> dumbbell (eV) (∆𝐸 𝑛 𝐴→𝐴-𝑏 ) (eV), is given in Figure 3-26 for all orientations and compositions. As calculating the ∆𝐸 𝑛 𝐴→𝐴-𝑏 for all the sites of 6912 atoms is extremely time consuming and complicated, we picked 200 sites at random and calculated ∆𝐸 𝑛 𝐴→𝐴-𝑏 for all the combinations of atom types in the dumbbell for these 200 sites. Figure 3-26 shows that the formation of Cr-Cr dumbbells induces the highest energy changes compared to other species and the formation of Ni-Ni dumbbells the lowest. The energy difference, ∆𝐸 𝑛 𝐴→𝐴-𝑏 , does not seem to be impacted by composition, for the three compositions: FeNi10Cr20, FeNi10Cr40, and FeNi10Cr50. Then it slightly increases for the FeNi33Cr33 alloys and is maximum for the FeNi90Cr5 solid solution. This trend is seen for all the orientations. The impact of the dumbbell orientation is low.

(a) <100>

The lowest SIA formation energy (𝐸 𝑓,𝐴-𝐵 ) for each composition and orientation calculated using equation 2.17 is given in Table 3: of dumbbell in <100> direction. For the FeNi10Cr20 alloy, the lowest formation energy in all three orientations is for the same dumbbell combination, Fe-Fe. For the <110> orientation of the dumbbell, the Fe-Fe dumbbell is the most stable for alloys FeNi10Cr20, FeNi10Cr40, and FeNi10Cr50, and for the rest of the alloys, it is the Ni-Ni dumbbell. For the <111> orientation of the dumbbell except for FeNi10Cr20, all the other compositions give the Ni-Cr dumbbell to be the most stable. When compared between orientations the most stable orientation is <100>, the same as we found in Ni. The SIA formation energies (𝐸 𝑓,𝐴-𝐵 ) do not change much whatever the dumbbell orientations, which suggests that the impact of the dumbbell orientation on the formation energy is relatively low, and for all compositions. The value of SIA formation energy (𝐸 𝑓,𝐴-𝐵 ) eV for all the combination of dumbbell for all material is given in ANNEX-2. For the FeNi10Cr20 alloy, the <100> mixed dumbbell formation energies (𝐸 𝑓,𝐴-𝐵 ) is compared with the DFT values from Piochaud et al., 2014 in Table 3:29. All the predictions of the AV3 potential are slightly higher than the DFT values. However, the potential predicts correctly (if we believe DFT data) that the stable dumbbell is the <100>Fe-Fe dumbbell. The distribution of SIA formation energies, 𝐸 𝑓,𝐴-𝐵, is given in Figure 3-27 for all orientations and compositions. The formation energies calculated show minimal differences between each dumbbell species, except, maybe for the FeNi90Cr5 alloy.  The AV3 potential predicts correctly that the stable dumbbell for FeNi10Cr20 is the <100>Fe-Fe dumbbell, although the calculated formation energies are slightly higher than the DFT values.

 The impact of the dumbbell orientation on the formation energy is relatively low.

Stacking fault energies 3.4.1.5

The stacking fault energy was calculated for the FeNiCr system using the method mentioned in section 2.4.1.7. The results of the unstable (Γ us ) and stable (Γ sf ) stacking fault energies are given in Table 3: to study the FeNi10Cr50 composition because of its stacking fault energy. The lowest unstable stacking fault energy (Γ us ) is obtained for the FeNi33Cr33 composition and the highest unstable stacking fault energy (Γ us ) is obtained for the "alloys" the most concentrated in Ni: pure Ni and the FeNi90Cr5 alloy. The evolution of the stacking energy with the displacement is shown in Figure 3 To study the effect of composition on the stable stacking fault energy (Γ sf ), we investigated more compositions than the five compositions investigated so far. material (274 mJ/m 2 ) followed by compositions with 90%Cr (259 mJ/m 2 ). The compositions with higher amounts of Ni atoms (> 80% Cr) have moderate stable stacking fault energy (Γ sf ).

The lowest stable stacking fault energy (Γ sf ) is observed for the compositions with higher Fe content in the compositions.

 The stable stacking fault energy was calculated for the whole FeNiCr system and the highest value was found for the FeNi10Cr50 solid solution for the five compositions characterized.

 A strong impact of the mixing entropy of the alloys on the unstable stacking faults energy is observed.

 The stable stacking fault energy was found to be the highest for pure Cr (274 mJ/m 2 ) and compositions with higher amounts of Cr (>60%), while the lowest values were observed for compositions with high Fe content. 

Summary of the FeNiCr potential characterization.

The AV3 potential has been characterized for equilibrium properties as well as properties related to displacement cascade studies. The quasi static drag shows a good agreement of the potential energy evolution with the displacement of the drag atom with the DFT results.

The effect of the local environment on the substitution energy is studied in a local volume consisting of all the atoms situated up to the 1nn distance from the site of substitution. The evolution of substitution energy with this local volume suggests that there is only a minimal impact of the local environment on the substitution energies.

The chemical potential has been calculated using two methods: the Widom type substitution method (WM) and a statistical method based on the vacancy formation energy (SM). The 

Conclusion

The results of potential characterization show that there is no potential for Ni which gives good results for all the cascade-related properties. To study the effect of the potential on the displacement cascades, we selected three potentials -AV3, NIPD, and BON. The selected three potentials come from different equilibrium potentials and have been hardened using different methods. It will be also possible to investigate the effect of the hardening on the displacement cascades as the BON potential is harder than AV3, and NIPD potentials. To study the FeNiCr system, we chose the AV3 potential because of its good short-range interactions as shown from the QSD results.

The short-range interactions of the Fe and Cr in the Ni matrix seem to be good, as the potential predictions of the QSD are in good agreement with the DFT result.

DISPLACEMENT CASCADES IN NI

Introduction

The displacement cascades have been simulated for Ni and multiple compositions of FeNiCr using the Molecular Dynamics (MD) code DYMOKA [START_REF] Becquart | Massively parallel molecular dynamics simulations with EAM potentials[END_REF] the initial velocity distribution were included for maximum variability. The chosen PKA direction represents the average behavior of the system [START_REF] Stoller | Primary damage formation in bcc iron[END_REF].

Earlier studies have shown that strong electron-phonon coupling leads to a reduction in the number of defects and size of defect clusters [START_REF] Zarkadoula | Effects of the electron-phonon coupling activation in collision cascades[END_REF].

However, electronic losses and electron-phonon coupling were neglected in the simulations as our main objective is to compare the primary damage for multiple cascade energies for Ni and its alloys and analyze the impact of the cascade morphology. In our work, the cascade energy is equivalent to the damage energy (the damage energy is the portion of PKA energy after the electronic losses [START_REF] Stoller | Primary damage formation in bcc iron[END_REF]) and not the PKA energy. The alloys studied are solid solutions and the position of atoms of each element is randomly allocated. Before launching the displacement cascade, the system was thermalized for 3 ps at 100 K. The OVITO software is used for visualization and analyzing dislocations (Stukowski, 2009).

A large number of cascades (Table 4:1, Table 4:5 andTable 5: This underlines the need for a large statistical data base to characterize properly the damage. Furthermore, having a large database is also required to detect atypical cascades, i.e. cascades that don't follow the normal behavior of cascades.

To analyze the characteristics of the primary damage as well as the morphology of the cascades we use two groups of descriptors as explained in 2.5. These descriptors are:

At the end of cascade development, the primary damage descriptors:

1. Largest cluster size -maxSize (V/I).

2. The number of mono-defectsmono (V/I). 4. The number of defects -nDef.

At the maximum expansion of the cascade volume, the morphology descriptors:

1. The volume of the cascades (nm 3 ) (vol).

2. The number of sub cascades (nbSC).

3. The sphericity.

4. The time of maximum expansion of cascade volume (time_maxvol).

Effect of cascade energy and morphology on displacement cascades in Ni

Displacement cascades were simulated in Ni, using the AV3 potential, with different cascade energies, ranging from 0.5 keV to 120 keV. The number of cascade (nCasc) simulated for each cascade energy is given in Table 4:1.

Cascade analysis

The evolution of the volume of the cascade and the number of sub cascades with time in Ni is shown in Figure 4-2. Both morphology descriptors increase up to a maximum and decrease. The maximum is referred to as the maximum expansion point of that descriptor.

Let's recall that we analyze our cascade morphology descriptors at the maximum expansion point of the cascade volume. The fragmentation of Ni in sub cascades starts only after 10 keV as shown in Figure 4-3. This correlates with the Ni fragmentation energy, 𝐸 𝑓𝑟 , which is close to 10 keV (De Backer et al., 2018). The increase in the number of sub cascades is fitted with:

𝑁 𝑆𝐶 = 1 𝑓𝑜𝑟 𝐸 < 𝐸 𝑓𝑟 4:1 𝑁 𝑆𝐶 = 𝐸 𝐸 𝑓𝑟 𝑓𝑜𝑟 𝐸 > 𝐸 𝑓𝑟 4:2
where, 𝑁 𝑆𝐶 is the number of sub cascades, 𝐸, the cascade energy (keV) and 𝐸 𝑓𝑟 the fragmentation energy.  The time of maximum volume expansion is the only one that changes significantly with the cascade energy.

Point defects analysis

The distributions, characterized using box plots, of the primary damage descriptors is shown in Figure 456. The position of the median line is not in the center of the box suggesting that the distribution is asymmetric which is more obvious at lower energies. All the primary damage descriptors increase with cascade energy, as expected. The distributions of the largest defect cluster size (maxSizeI and maxSizeV) are wide as shown by the large boxes and whisker sizes of these descriptors. As the length of the box represents the standard deviation, the results indicate that the size of the largest defect cluster size can vary from a small cluster to a large cluster from one cascade to another. The largest vacancy and et al., 2018) and once fragmentation of the cascade starts, the fraction of defects in clusters increases with cascade energy. At high cascade energy (higher than 50 keV) the value of the fraction of defects in the cluster is close to 0.8 -0.9 (and thus the ratio of mono defects to the total number of defects is as low as 0.2 -0.1). At low energies, there are more mono defects than defects in the clusters. In both V and I cases, the ratio becomes constant above 50 keV where the nature of the clustering is not dependent on cascade energy because of branching (as shown on Figure 4-1). However, for low energy cascades, the fraction of mono vacancies first increases (the amount of clustering decreases), whereas for interstitials, the fraction of mono SIA decreases (the amount of clustering increases). The evolution of cascades in terms of number of defects and clustering can be thus divided into two stages, above and below fragmentation. For low energy cascades, i.e. below 5 keV, the cascades created are compact, and their volume increases with the energy of the cascade, hence increasing the "volume/surface" ratio. The number of SIAs and vacancies increase both with the volume. However, as SIA are more located at the surface of the cascade, their clustering probability evolves as the ratio "volume/surface", and increases, hence the number of mono SIA decreases. The vacancies, on the other hand, are more dispersed inside the volume. It is well known that vacancies do not have time to diffuse and that the formation of vacancy clusters is solely due to the fact that they have been created in the same neighborhood. Their clustering should thus evolve as "volume/ volume" ratio, hence, it should not evolve much. As our results indicate that their clustering decreases with energy, they suggest that the vacancies are not homogeneously distributed in the cascades and less and less close from each other, in agreement with the decrease of the stopping power. As a consequence, the number of mono vacancy increases.

The point defect cluster size distributions are represented in Figure 4-8, they complement the primary damage descriptors distribution plots in Figure 4-6. The mono defects correspond to the lowest size of the distributions and the largest cluster size is the tail of the distribution. The area below the distribution corresponds to the number of clusters; the integral of the distribution multiplied by the size of the clusters is the number of defects. The distributions follow a classic power law that disappears at large cluster sizes (Sand et al., 2017). At low defect sizes the plot is a straight line (in our log-log representation) and as the defect size increases a small bump appears at the intermediate portions of the line. This The value at which the distribution declines is related to the mean values and the standard deviation of the largest cluster size (maxSizeV/maxSizeI) (Figure 456).

We have graphically looked for correlations between the primary damage descriptors. Figure 4-9 shows the descriptors for which correlations have been found. The correlation between the number of mono vacancies, monoV, and the number of mono interstitials, monoI, shows that cascades that produce a large number of mono vacancies also produce a large number mono interstitials (this was found also for most of the 

Morphology analysis

The morphology descriptor distributions, for pure Ni, are plotted using box plots in Figure 4-10. Unlike the distribution of the primary damage descriptors, the morphology descriptor distributions are more compact. Sphericity decreases when the cascade energy increases which indicates, as expected, that more fragmentation is occurring in the cascades. The number of sub cascades remains 1 until the fragmentation energy, 10 keV, and increases afterwards as previously discussed in section 4.1.1.1. The time of maximum expansion of the volume increases when the cascade energy increases.

Correlation between primary damage and morphology

Figure 4-11 shows correlations between damage and morphology descriptors. There is a negative correlation between the volume of the cascade at maximum expansion and the number of mono-defects suggesting that the largest cascades produce less mono-defects, as found previously in Fe and W (De Backer et al., 2021). This trend is seen for both kinds of mono defects.  At fixed energy, the largest cascades produce less mono-defect at the end of the cascade.

Fragmentation analysis

In the previous section, 4.1.1.2, the behavior of the evolution of the fraction of defects in clusters with the cascade energy has been shown to change after fragmentation starts. We analyze the effect of fragmentation on the primary damage using the k mean method applied to the number of sub cascades (nbSC). The k mean method allows dividing the whole cascade database into three centroids: low fragmented cascades (LFC), which have a lower number of sub cascades, high fragmented cascades (HFC) and medium fragmented cascades (MFC). We find that the two extreme groups (LFC and HFC) exhibit different behaviors. have mostly low cascade volumes. There seems to be no impact of sphericity as all the cascades are concentrated on low sphericity regions. The medium fragmented cascades are spread over all the regions. This suggests that in highly fragmented cascades, the small sub cascades created first starts to cool down before the maximum volume expansion; hence their volume tends to be smaller than for more compact cascades. For further the analysis of the fragmentation on our descriptors, we have used the ANOVA analysis mentioned in section 2.6.3. ANOVA test is used to determine the influence that independent variables have on the dependent variable in a regression study. Table 4:2

shows the F value obtained from the ANOVA analysis. As mentioned in section 2.6.3 the F- value is the ratio of the -"between-group" variation and "within-group" variation. A large Fvalue means that the "between-group" variation is larger than the "within-group" variation.

This can be interpreted as there is a statistically significant difference in the group's means.

The p-value for all the models considered in this analysis is less than 0.01, which indicates that the results obtained from the model are meaningful; they have not been obtained by chance. We have performed the ANOVA analysis for cascade energy 50 keV and 120 keV. As we are testing the effect of fragmentation on the descriptors (both primary damage descriptors and morphology descriptors), the independent variables, here, are the low fragmented cascades, medium fragmented cascades and high fragmented cascades (the centroids obtained with the k mean method applied on nbSC) and the dependent variables are the primary damage and morphology descriptors. The highest F value among all the descriptors is obtained for the volume of cascade at the maximum expansion of the cascade volume for both 50 keV and 120 keV cascade energy.

This suggests that the fragmentation is most affected by the volume of the cascade at the maximum expansion of the cascade volume. This correlates with the plot in Figure 4-12,

where we see an effect of fragmentation on the volume of the cascade suggesting that the volume tends to be smaller for high fragmented cascades than for low fragmented cascades.

The second and the third highest F values are for the number of mono SIAs (monoI) and the fraction of SIA in clusters (fractionI) at the end of the cascade simulation for both 50 keV and  Low fragmented cascades produce more defects in clusters and less mono defects.

 High fragmented cascades produce more mono defects than defects in clusters.

 The effect of fragmentation is higher for interstitial related descriptors than for vacancy related descriptors because SIAs are mostly located at the periphery of the cascades.

Multivariate multiple regression analysis

Multivariate multiple regression analysis were performed to study the effect of the morphology descriptors alone and combined, on the primary damage descriptors. We analyzed the p-values and R-squared (R 2 ) that evaluates (in %) how much of the variance of the dependent variable is explained by the independent variable. The p-value for all the models considered in this analysis is less than 0.01. The R-squared (R 2 ) value obtained from the regression analysis performed on the effect of morphology descriptors alone on the primary damage descriptors are shown in Table 4:3. Out of the three morphology descriptors, the cascade volume (vol) has the highest impact on the primary damage descriptors compared to sphericity and the number of subcascades, nbSC. The size of the largest defect clusters, maxSizeV and maxSizeI, are the least impacted by our morphology descriptors. This is due to their high residual variance. The number of mono vacancies, monoV, shows the highest sensitivity to the morphology descriptors. Sphericity has the lowest impact compared to the number of subcascades, nbSC, which makes it the weakest descriptor. Note that, the analysis using categorical value could be treated differently from the way we did here.

Table 4:3: The R 2 value (%) for the influence of morphology descriptors alone. The R 2 value is calculated by

𝑅 2 = (1 - 𝑣𝑎𝑟 𝑚𝑜𝑟𝑝ℎ 𝑣𝑎𝑟 𝑓𝑢𝑙𝑙
) % , where 𝑣𝑎𝑟 𝑚𝑜𝑟𝑝ℎ is the variance of the morphology descriptor and 𝑣𝑎𝑟 𝑓𝑢𝑙𝑙 is the variance for the full dataset.

In a second step, the regression analysis is performed with combinations of the morphology descriptors. In this approach, the R 2 value is calculated from the residual variance of the combination and the volume of the cascade at maximum expansion alone so that the value obtained shows the change in R 2 value of the highest impacting morphology descriptor, here, the volume (see Table 4:3), when another morphology descriptor is added (from Table 4:3). The results are shown in ) % , where 𝑣𝑎𝑟 𝑐𝑜𝑚𝑏 is the variance of the combination of morphology descriptors and 𝑣𝑎𝑟 𝑣𝑜𝑙 is the variance for the volume of cascade at maximum expansion alone.

In this section, we thus show that, compared to what we did in (De Backer et al., 2021) which was done for a fixed value of the energy, when the energy varies in the data set, multi linear regression models (of the form: A x energy + B x vol + C x sphericity +...) fail. The main reason is that the scaling of the descriptors with energy is approximate. The best proof of that is that there are breaks of the slope in the scaling laws. In the case of Ni, we find that the multi linear regression models work only above fragmentation as shown in Figure 4  The combination of the three morphology descriptors has the maximum impact on primary damage descriptors.

 The number of mono vacancies shows the largest sensitivity to the morphology descriptors and the least sensitivity is shown by the largest size of the defect clusters.

 Sphericity has the lowest impact making it the weakest descriptor. 

Effect of the potential on displacement cascades

To study the impact of the potentials on the primary damage, we chose three potentials for Ni, based on the results of the QSD analysis, presented in section 3.2.2.2. We have selected two soft potentials, AV3 (Béland et al., 2017) and NIPD (Samolyuk et al., 2016), and one hard potential, BON (Bonny, Castin and Terentyev, 2013). Displacement cascades were simulated using these three potentials for multiple cascade energies. The number of cascades (nCasc) simulated in each condition is given in Table 4:5.

Cascade Analysis

The evolution of the mean number of defects with time for each EAM potential considered is shown in Figure 4-17. The potentials exhibit different behaviors. During the development of 5 keV displacement cascades, the hard potential (BON) creates fewer defects than the soft potentials (AV3, NIPD). The AV3 potential produces the largest number of defects followed by the NIPD potential. The BON potential produces the least number of defects. For 20 keV displacement cascades, a change in that trend is observed. The hard potential creates more defects at the maximum expansion point of the defects, but at the end of the cascade evolution, it predicts fewer defects than the soft potential. This trend is repeated for the 50 keV displacement cascades also. This shows that the shock wave, indicated on Figure 4-17 is stronger with the BON potential than with the other potentials similar to the defect production, which is first lower for the BON potential, crosses over, at high energy, and becomes higher at the maximum expansion than for the two other potentials. From these data, it is possible to obtain the defect survival rate (dsr), which is the ratio of the number of defects at the end of the cascade before neighboring analysis and the maximum number of defects during the cascade evolution (maxDef). The mean number of the maximum number of defects, the number of defects at the end of the cascade before This suggests that, for cascade energies higher than 50 keV, the defect survival rate reaches saturation and doesn't change when the cascade energy increases. The hard potential, BON potential predicts the least defect survival rate compared to the softer potentials, AV3 and NIPD which predict very similar defect survival rates.  The defect survival rate decreases when the cascade energy increases and reaches saturation at cascade energies more than 50 keV.

Point defect analysis

The distribution of the primary damage descriptors plotted using box plots is shown in Figure 4-19. As shown previously (section 4.1.1.2) the maximum number of defects is produced by the AV3 potential followed by the NIPD potential. The hard potential, BON, produces the least defects. This pattern is seen for all the cascade energies and defect descriptors. AV3 potential predicts the largest clusters, i.e. maxSizeV and maxSizeI are the largest. 
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The distributions of the fraction of point defects in clusters are shown in Figure 4-20. The distributions of the fraction of vacancies and interstitials in clusters (fractionV and fractionI) are asymmetric and the magnitude doesn't change much between the potentials except for potential. The horizontal blue line on the plots correspond to fractionV/fractionI = 1. The cascade energy has an impact on this ratio. Below the fragmentation energy (10 keV), the AV3 potential predicts more vacancies in clusters than interstitials. This is in agreement with the picture that vacancies are created in the cascade core and thus lie closer to one another.

The BON potential predicts more interstitials in clusters below fragmentation energy and the NIPD potential predicts more than 50% cascade have more interstitials in clusters than vacancies in clusters. Thus for cascade energies below fragmentation energy, the three potentials predict different trends for ratio of the fraction of vacancies in the cluster (fractionV) to the fraction of interstitials in the cluster (fractionI). Above fragmentation energy, the AV3 potential predicts more interstitials in clusters than vacancies in clusters. In fact above fragmentation energy, the BON and NIPD potentials also show more interstitials in clusters than vacancies in clusters. Thus for cascade energies above fragmentation energy, the three potentials predict the same trends for ratio of the fraction of vacancies in the  The clustering behavior is potential dependent: below fragmentation energy, the AV3 potential predicts more clustering of vacancies than clustering of SIAs, whereas above fragmentation it is the opposite. The two other potentials, on the other hand, always predict more SIA in clusters than vacancies in clusters, whatever the cascade energy.

 Above fragmentation energy, all the potentials predict that the clustering of SIAs is larger than the clustering of vacancies. In that sense, they are similar to W.

Morphology descriptors

The distribution of the morphology descriptors at maximum expansion plotted using box plots is shown in Figure 4-24. When compared to primary damage descriptors the distribution of morphology descriptors is more compact as seen previously in section 4.1.1.3.

The change in EAM potentials has little or no impact on the morphology descriptors. The range of data distribution of sphericity for the BON potential is higher compared to the AV3 and NIPD potentials suggesting that the BON potential produces less fragmentation in the cascades than other potentials. As fragmentation is lower with the BON potential, this potential predicts less mono defects than other potentials (Figure 4-19). Indeed, in the section on fragmentation analysis (section 4.1.1.5), we found the effect of fragmentation on the number of mono interstitials to be high (as shown by the high value of F). Figure 4-25

shows that the potentials which produce more fragmented cascades, (AV3 and NIPD) produce also higher numbers of mono interstitials (monoI) whereas the potential which predicts less fragmentation (BON) produced low number of mono interstitials (monoI). This correlates with the finding of the effect of fragmentation of cascades on the number of mono interstitials and is not an effect of the potential.

The cascades which have largest volumes at maximum expansion produce lower amount of mono interstitials (monoI). The distinction between hard and soft potential as seen in Figure 4-23 appears in the plot of the number of mono interstitials (monoI) with the volume of the cascade which may be because of the lower number of sub cascades predicted by the BON potential (section 4.1.2.3). The same trend is found in correlation of mono vacancies. 
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interstitial cluster size per cascade (maxSizeI) is higher when at low fragmentation, i.e.

higher sphericity, for AV3 potential than for the other potentials. For the BON and NIPD potentials, fragmentation doesn't seem to affect much the number of defects (nDef) and largest interstitial cluster size per cascade (maxSizeI).

Our results show thus that hardening has an impact on the cascade morphology and can explain the difference in the production of defects at the end of the cascade, nDef, between potentials. However the morphology descriptors fail to explain the difference of clustering behaviors; in particular the clustering of vacancies above fragmentation (the AV3 potential produces more clustering and larger vacancy clusters). Furthermore, the BON potential predicts, above fragmentation, more defect production at maximum defect expansion and a smaller survival rate. This cannot be due to the hardening as the energies involved are too low.

 A change in EAM potentials has little or no impact on the morphology descriptors.

 BON potential produces slightly less sub cascades than the other two potentials  The effect of fragmentation of cascades on the mono interstitials is not due to the potential effect.

 The morphology descriptors failed to explain the higher clustering from AV3 than other potentials. 

Regression Analysis

To complete our analysis, we use the regression analysis described in section 2.6.3 and analyze, using ANOVA, the effect of the potential on each descriptor for 120 keV cascades. Table 4:7 shows the F value obtained from the ANOVA analysis. The p-value for all the models considered in this analysis is less than 0.01, which shows that the results obtained from the model are meaningful. The independent variables in the analysis are three potential categorical variables (AV3, NIPD and BON) and the dependent variables are the descriptors. The descriptor which has the highest F value is the number of mono vacancies (monoV) and the second highest F value is the number of vacancy clusters (nClusterV). The third and the fourth highest F values are for the number of mono SIAs (monoI) and the number of SIA clusters (nClusterI). This suggests that the effect of the potential is most seen on the vacancy descriptors than on the interstitial descriptors. For the fraction of vacancies in clusters (fractionV) and the fraction of interstitials in clusters (fractionI), the F value is 427.2 for the vacancies and 158.2 for the SIAs. This effect is visible on To further investigate the effect of the potentials on the descriptors, we use MANOVA analysis. The F value obtained from the MANOVA analysis is more complex than what the ANOVA analysis shows. In the MANOVA analysis the F value is the result of the product of a matrix containing the variance and the covariance. In additional to the F value, we also calculate the Pillai's trace, which is generally used as a test statistic in MANOVA: increasing values of Pillai's statistics means that the effect is contributing more to the model.

Due to the criteria of multicollinearity, we cannot combine, in our analysis, descriptors which are correlated. For instance, the number of mono vacancies and mono interstitials are correlated and so does the fraction of defects in clusters. Thus these four descriptors should not come in the same combination of descriptors. The assumption related to outliers is not met in our work because we want to analyze the atypical cascades which are present in the outliers.

We have tried several combinations of descriptors and the 10 highest F values obtained in these combinations are given in Table 4:8. The highest F value is obtained for the combination of the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV). The combination of the number of defects (nDef) and the number of mono vacancies (monoV) follows. In the ANOVA analysis for the potential alone, we found that the effect of potential is the highest for the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV). The MANOVA analysis shows that the combination of these two variables shows the highest sensitiveness to the potentials. We tested combinations of more than two descriptors for different cascade energy and plotted the evolution of the Pillai's trace for each combination of descriptors with energy. In Figure 4-28, the plot on the left hand side shows the Pillai's trace for models with two descriptors only and the plot on the right hand side, Pillai's trace for models with more than two descriptors. The value of Pillai's trace increases when the cascade energy increases. In the models combining two descriptors only, at high energy the combination of the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV) is at its maximum (the Pillai's trace is 1, i.e. the maximum value). As the value is already at its maximum, it is unnecessary to try combinations of more than two descriptors as no additional information will be provided. Further analyses show that the covariance change of sign does not happen at the same cascade energy. In Table 4:9, the covariance of the combination of volume and sphericity at the maximum expansion of cascade volume is given for three cascade energies and potentials. At 50 keV, the signs of covariance are positive for all the potentials, AV3, BON and NIPD. At 80 keV, the sign of the covariance changes for AV3 and NIPD potentials and become negative, however, the sign of the covariance for the BON potential remains positive. At 120 keV, the sign of the covariance of all the potentials are negative. For the combination of morphology descriptors, for all the combinations the Pillai's trace are below 0.5. There are effect of potential on morphology but not as strong compared to the effect on primary damage descriptors. This is in agreement with the fact that we don't have a good descriptor to characterize the morphology of the cascade.

The combination with the highest F value and Pillai's trace is the combination of the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV). Figure 4-29

shows the scatter plot between the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV) for each cascade energy and potential. The regression line is plotted using the linear regression method. We observe a change in slope of the linear regression line between energies lower and higher than fragmentation energy. At lower energy a negative correlation between the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV) can be seen. At energies higher than fragmentation energy, this correlation changes, there is a positive correlation between the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV). This change in slope is in accordance with the evolution of Pillai's trace of the combination of monoV and nClusterV (Figure 4-28). At energies below fragmentation, the Pillai's trace is lower than 0.5.

Then, when the cascade energy increases above the fragmentation energy, Pillai's trace increases to its maximum value for the combination of the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV).  BON potential predicts the lowest SIA migration energy and produces the lowest number of defects as well as the lowest defect survival rate suggesting that higher recombination of defects occurs because of the fastest migration of the SIA.

Conclusion

The displacement cascades have been simulated for Ni using the Molecular Dynamics (MD) code DYMOKA [START_REF] Becquart | Massively parallel molecular dynamics simulations with EAM potentials[END_REF] were the most sensitive to the potentials.

EFFECT OF ALLOY COMPOSITION ON DISPLACEMENT CASCADES

Introduction

In this chapter, we investigate the impact of composition on the primary damage. For this purpose, five different FeNiCr compositions have been selected, shown on Figure 5-1. The first composition is 70%Fe, 10%Ni, and 20%Cr which was selected because it is close to the composition of the 316L steel. The second composition is 34%Fe, 33%Ni, and 33%Cr to study an equiatomic alloy. The third composition consists of 5%Fe, 90%Ni, and 5%Cr and aims at studying the effect of small amounts (5%) of solutes in Ni. The fourth composition is 50%Fe, 10%Ni, and 40%Cr to study the effect of high amounts of solutes in Ni. The fifth composition is 40%Fe, 10%Ni, and 50%Cr as the stacking fault energy calculated for this alloy is equal to that in pure Ni. The number of cascades (nCasc) simulated for each case is given in Table 5:1. 

Cascade analysis

The evolution of the cascade volume and the number of sub cascades with time is shown in where we found that the volumes of the low fragmented cascades tend to be large, whereas the volumes of high fragmented cascades are smaller .

(e) 80 keV (f) 80 keV The defects survival rate, for two cascade energies, 50 keV and 80 keV, is given for each composition in Figure 5-5. Both plots show the same trend. The alloys with the highest defect survival rate (dsr) are FeNi10Cr50 and FeNi10Cr40 whereas the lowest defect survival rate (dsr) is observed in FeNi90Cr5 and FeNi10Cr20. The evolution of the defect survival rate, dsr, with composition is also shown in Figure 5-5. There seems to be no real effect of composition on the defect survival rate and there is no effect either of entropy in the defect survival rate for the alloys we investigated.  The total number of defects produced by PKAs of the three types is similar as could be expected from the closeness of their atomic masses.

Point defect analysis

The distributions of the primary damage descriptors for all the compositions and all the cascade energies mentioned in Table 5:1 is given in Figure 5-7. The data are ordered according to the Ni content of the alloy. The distributions, as seen previously, are neither symmetric nor normal. At higher energies, 50 and 80 keV, Ni produces a higher number of defects than its alloys, as mentioned above.
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The evolution of the primary damage descriptors with composition does not seem to be impacted by the cascade energy except maybe for the maximum size of the vacancy clusters which increases with the Ni content only at low energy (5 keV). Whatever the energy, the number of mono vacancies decreases as the Ni content decreases. For the other descriptors, the impact of the Ni content is more subtle. At low energy (5keV), the number of clusters is low for both defects as the cluster formation is at the minimum level. The largest interstitial cluster size, maxSizeI, is also very low and does not depend on the Ni content unlike the size of the largest vacancy clusters.

EFFECT OF ALLOY COMPOSITION ON DISPLACEMENT CASCADES
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For the largest cluster sizes distribution, a slight distinction seems to appear, at high energies, between alloys containing "little" alloying elements (Ni, FeNi90Cr5 and FeNi10Cr20), i.e. the alloys with lower entropies and the more "concentrated" alloys.

However, this is difficult to really assess because of the width of the distributions for these EFFECT OF ALLOY COMPOSITION ON DISPLACEMENT CASCADES
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From the distribution plots (Figure 5-7 and Figure 5-8), there seems to be an inherent effect of composition (%Fe, %Ni and %Cr) in the descriptors.

To analyze this effect, we plotted the evolution of all the primary damage descriptors as a function of composition. The impact of the alloying elements is different for each descriptor and 
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larger "bump" compared to others, but the difference between potentials. For interstitial cluster size distributions, the bump is lower than the one observed in the distributions of the vacancy cluster sizes. To analyze the cluster behavior of Ni and FeNiCr alloys, the ratio of the fraction of vacancies in the cluster (fractionV) to the fraction of interstitials in the cluster (fractionI) is plotted, in  The numbers of vacancies in clusters is higher in pure Ni and FeNi90Cr5 solid solutions, than the number of interstitials in clusters. For the other alloys, it is the opposite.

Morphology analysis

The distributions of morphological descriptors at the maximum expansion of the cascade volume represented using box plots are given in Figure 5-15. The morphology descriptors at the maximum expansion of the cascade volume are similar in all the materials which suggest that there is a limited or no effect of composition on the morphology of the cascades or at least on the aspects of the morphology characterized by our descriptors. 

Correlations between primary damage and morphology descriptors

In Figure 5-16, we look for correlations between the primary damage and morphology descriptors. The plot between the number of mono interstitials and sphericity shows that, as in pure Ni, a higher fragmentation of cascades (i.e. sphericity is low) results a larger number of mono interstitials. The plot between the volume of the cascade at maximum expansion with the number of mono defects shown in Figure 5-16, indicates, once more, that the largest cascades (in terms of volume) produce lesser mono defects and that smaller cascades produce more mono defects as observed previously in Fe (De Backer et al., 2021) and for Ni (Figure 4-25). On these plots, there are no two distinct sets of clouds as in Figure 5-16, which shows the limited effect of composition on the cascade morphology. 
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 There is limited or no effect of composition on the morphology descriptors at the maximum expansion of the volume.

 As seen in pure Ni, the largest cascades (in terms of volume) produce less mono defects.

 As seen in pure Ni, the highly fragmented cascades produce fewer mono defects.

Impact of the entropy of mixing

We now look for correlations between the primary damage descriptors and the entropy of mixing (𝛥𝑆 𝑅 ⁄ ). Alloys with high entropy seem to behave differently than the compositions with low entropy. The number of defects (nDef) decreases when the entropy of mixing (𝛥𝑆 𝑅 ⁄ ) increases for high energy cascades. The number of mono vacancies is higher for the alloys with low entropy than for the alloys with higher entropy.

(a)
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The entropy of mixing seems to have an effect on the morphology descriptors as shown in 

SFT formation in Ni and FeNiCr alloys

We have observed the formation of fault tetrahedra (SFT) in Ni and its alloys. The SFT visualization performed using OVITO (Stukowski, 2009) is shown in Figure 5-19.  The lower number of HCP in FeNi10Cr50, FeNi10Cr40, and FeNi33Cr33 may correspond to the lower number of defects produced.

Regression analysis of the impact of composition

For further analysis of the effect of composition on our descriptors, we have used the regression analysis described in section 2.6.3. The effect of composition on each descriptor is analyzed using ANOVA. The p-value for all the models considered in this analysis is less than 0.01, which shows that the results obtained from the model are meaningful. In the analysis, the independent variable is the compositions and the dependent variables are the descriptors. We used the MANOVA analysis method to find the influence of composition on the descriptors. We have tried several combinations of descriptors to do the MANOVA analysis and the 10 highest F values obtained in these combinations are given in Table 5:3. The highest F value is obtained for the combination of the number of mono vacancies (monoV) and largest interstitial cluster size per cascade (maxSizeI). The combination of the number of defects (nDef) and the number of mono vacancies (monoV) follows. In the ANOVA analysis for potentials, we found (section 4.1.2.5), that the effect of the potential is the highest on the combination of the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV) and in the subsequent and in MANOVA analysis the combination of these two descriptors showed the highest sensitiveness to the potentials. .

Comparison with literature

The results obtained from this work compared with other works are given in Figure 5 2017 is the temperature. Our system has been equilibrated at 100 K and theirs at 300 K. The values from our calculation and the reference calculation agree with each other. The standard deviation of our simulation covers the reference values also. For the other two potentials; BON and NIPD, the reference values are taken from [START_REF] Béland | Features of primary damage by high energy displacement cascades in concentrated Ni-based alloys[END_REF] In this later work, also, the difference is the temperature at which the simulations were run: 300 K for Béland et al and 100 K in this work. Our results agree with the reference calculations as the standard deviation covers the reference values also. For the NIPD potential, the reference value from [START_REF] Béland | Features of primary damage by high energy displacement cascades in concentrated Ni-based alloys[END_REF] uses (Mishin, 2004) potential and we use another hardened version of (Mishin, 2004) from (Samolyuk et al., 2016). Thus that difference in hardening is appearing as a slight difference in our NIPD potential cascades and the reference potential cascades.

Conclusion

The analysis of the primary damage descriptors of Ni and FeNiCr alloys reveals a distinction between alloys containing "little" alloying elements and the more "concentrated" alloys, with the lowest number of defects produced by FeNi10Cr50 and FeNi10Cr40, the highest defect survival rate (dsr) in the same alloys, and the largest cluster sizes for alloys containing "little" alloying elements. The effect of composition on the number of defects is most evident in the number of mono vacancies (monoI) and largest interstitial cluster size per cascade (maxSizeI), with an increase in %Cr having the most effect and the number of mono Alloys with high entropy seem to behave differently than the compositions with low entropy.

The distributions of morphological descriptors at the maximum expansion of the cascade volume are similar in all the materials, suggesting that there is a limited or no effect of composition on morphology, and the MANOVA analysis on the combination of descriptors showed that the highest F value is obtained from the combination of the number of mono vacancies (monoV) and largest interstitial cluster size per cascade (maxSizeI). The difference in atomic masses of Fe, Ni, and Cr can play on the stopping power of the atom, thus increasing the probability of close collisions at the beginning of the cascade.

Introduction

Thanks to the large database created, we checked for atypical cascades in the aim of characterizing them. This study was conducted on cascades in Ni simulated using the AV3 potentials. Two approaches were implemented: analysis of the outliers from the box plots and the k mean method.

Outlier analysis

In our first approach, we used the outliers of the descriptors found in the box plots for the analysis of atypical cascades. An outlier is a value that lies outside the extremes of the data chosen, in this method, to be 1.5 times bigger than the interquartile range of the box plot as given in Figure 6-1.

The first approach we adopted is to look for cascades having many descriptors outliers, as illustrated in Table 6:1, where for 15, 5 keV energy cascades, the descriptors outliers are indicated in green. Table 6:1 shows that the descriptors that are outliers change from one cascade to the next. For example, if the cascade with ID 502 is an outlier from the point of view of the mono vacancies (monoV) that same cascade may not necessarily be an outlier from the point of view of the mono SIA (monoI) or the number of defects (nDef). 

K mean method

As the outlier analysis was not effective in searching for atypical cascades, we implemented the k mean method. Using the k mean method we split the cascade data into two centroids based on the value of the largest vacancy cluster in the cascade, maxSizeV. This descriptor was chosen DISCUSSION 6-191 as a base for splitting because we observed different behaviors in clusters with low and high maxSizeV as seen in Figure 6-3 which represents a scatter plot between the total number of defects (nDef) and the number of mono vacancies (monoV). In this scatter plot, we also indicate, using different circle sizes, the sizes of the size of the largest vacancy cluster per cascade (maxSizeV). The cascades with small largest vacancy cluster size, i.e. small maxSizeV, show a nice correlation with the number of mono vacancies (monoV) and the number of defects (nDef). For these cascades, the number of mono vacancies increases with the number of defects. The cascades with larger largest vacancy cluster, i.e. larger maxSizeV do not show the same trend.

Thus, using the maxSizeV descriptor, we divide the data into two centroids using the k mean method. Figure 6-4 shows the total number of defects (nDef) and the number of mono vacancies (monoV) divided between the two centroids. A clear difference in behavior is observed. Centroid 1, which we refer to as the normal group shows a small number of defects (nDef) a large number of mono vacancies (monoV) and small largest vacancy cluster size (maxSizeV). Centroid 2, named the atypical group, has a large number of defects (nDef) and the largest vacancy cluster size per cascade (maxSizeV) which is not correlated with mono vacancies 
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(monoV). In the atypical group, the largest vacancy cluster size (maxSizeV) and the number of mono vacancies (monoV) show an inverse correlation. Figure 6-5 shows the evolution of the two groups with cascade energy. One can see that the two groups evolve differently. In the evolution of the largest vacancy cluster size per cascade (maxSizeV) with energy (Figure 6-5 (a)), the magnitude of the evolution of the normal group with energy is smaller than the magnitude of the atypical group. In the evolution of the number of mono vacancies (monoV) with the total number of defects (nDef) (Figure 6-5 (b)), the slope of the atypical group is smaller than the slope of the normal group of cascades. This effect is also seen in Fe (Domain et al., 2022). cascades follow a power law with the cascade energy. Figure 6-6 shows the evolution of the mean number of the primary defect descriptors with the cascade energy in a log-log scale. One can see a linear increase in the descriptors with energy in the log-log scale, but the evolution doesn't follow a strict power law. We observe power law by parts which means that if a fractal property exists, then it is different below and above the fragmentation as the power laws are not the same below and above fragmentation. Taking the case of the largest defect cluster size per cascade (maxSizeV and maxSizeI), we see a different behavior of the evolution of descriptor with energy before fragmentation and after fragmentation. The largest defect cluster size per cascade doesn't evolve much with the cascade energy before fragmentation and then it increases with energy after fragmentation. This shows that the fractal nature of properties with cascade energy may not be good when looking in detail because if we look into the details of each property the cascade phenomena become very complex. (monoI). This is due to the effect of atypical cascades that impacts the correlation between the number of defects at the end of the cascade (nDef) and the number of mono vacancies (monoV) as explained in the 6.1. There exists a systematic correlation between vacancy and interstitial clusters. In general, the correlation of other descriptors with the size of the largest defect cluster (maxSizeV and maxSizeI) is low. This is also due to the effect of atypical cascades as explained in the 6.1. 6:3 shows the summary of the correlation between all the primary damage descriptors within each other.

The MANOVA study shows the pair (nDef,monoV) in the top list of pairs which exhibit a strong effect of the potential and the composition. If we look in details in the covariance matrix of (nDef,monoV), we can see that the out of diagonal term changes from positive to negative when the energy increases (Table 4:9). When we look on the linear regression lines on the scatter plot (nDef,monoV) for the potential and alloy studies, we can see a change of the slope from increasing to decreasing when the energy increases . We also see that the number of points with high number of defects (nDef) and small number of mono vacancies (monoV) varies significantly from one condition to another one. From the study of atypical cascade, we know that these points are atypical cascades. One observes that the potential and the composition impact the "moment" for which the atypical cascade are strong and numerous 

6-200

Figure 6-9: R 2 value evolution with cascade energy (eV) for simple linear regression between each descriptor: the number of defects, nDef, the number of mono vacancies, monoV, the number of vacancy clusters, nClusterV, the size of the largest vacancy cluster per cascade, maxSizeV, the number of mono SIA, monoI, the number of SIA clusters, nClusterI, the size of the largest SIA cluster per cascade, maxSizeI, fraction of atypical cascades, fAtyp, the volume, vol, the number of subcascades, nbSC, sphericity, and the time of the maximum expansion of the volume, and properties of the solid solutions: unstable stacking fault energy Γ us (mJ/m 2 ), stacking fault energy, Γ sf, (mJ/m 2 ), % Ni, % Cr, % Fe, entropy and vacancy formation energy (eV).

Impact of the potential on the primary damage

In a search of which potential property impacts the most the point defect production in pure Ni, we represent, Figure 6-10, the R 2 obtained for simple linear regressions between the DISCUSSION 6-201 descriptors (number of defects, sphericity, etc) and properties of the potentials (stacking fault energies, point defect formation and migration energies, threshold displacement energies…).

The plus sign on the graph indicates a correlation; the circle sign indicates an anticorrelation.

The impact of the cascade energy is clear and what is more interesting is that it depends on the property. The stacking fault energies have a small impact the size of the largest clusters at low energy but a higher one at high energies. The fragmentation energy appears once more as a behavior threshold. As expected, the threshold displacement energies have an impact at low energy cascades. Some other interesting results show up in this figure. For instance, the impact of threshold displacement energies on the sphericity of the cascades, which is not entirely surprising. Another example is the impact of stacking fault energies on both the size of largest vacancy cluster in the cascade and the size of the largest SIA cluster in the cascade. The exact mechanisms need now to be demonstrated, this is one perspective of our work. 2 value evolution with cascade energy (eV), for simple linear regressions between the number of defects, nDef, the number of mono vacancies, monoV, the number of vacancy clusters, nClusterV, the size of the largest vacancy cluster per cascade, maxSizeV, the number of mono SIA, monoI, the number of SIA clusters, nClusterI, the size of the largest SIA cluster per cascade, maxSizeI, fraction of atypical cascades, fAtyp, the volume, vol, the number of subcascades, nbSC, sphericity, and the time of the maximum expansion of the volume, and properties of the potentials: vacancy formation energy, 𝐸 𝑓,𝑉 (eV), vacancy migration energy, 𝐸 𝑚,𝑉 (eV), SIA migration energy, 𝐸 𝑚,𝐼 (eV), <100>dumbbell formation energy, 𝐸 𝑓,〈100〉 (eV),<110>dumbbell formation energy, 𝐸 𝑓,〈110〉 (eV), <111> dumbbell formation energy, 𝐸 𝑓,〈111〉 (eV),octahedral formation energy, 𝐸 𝑓,𝑂𝑐𝑡𝑎 (eV),tetrahedral formation energy, 𝐸 𝑓,𝑇𝑒𝑡𝑟𝑎 (eV), unstable stacking fault energy Γ us (mJ/m 2 ), stable stacking fault energy Γ sf (mJ/m 2 ), Frenkel pair formation energy (eV)). 

DISCUSSION
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The fraction of point defects in clusters varies with cascade energy, with a decrease until 10 keV, followed by an increase until 50 keV, where the fraction of defects in clusters is close to 0.8-0.9 and the ratio of mono defects to total defects is as low as 0.2-0.1. At lower energies, there are more mono defects than defects in clusters. Cascades created at low energy have a compact volume which increases with energy, leading to an increase in the "volume/surface" ratio. This affects the clustering of vacancies and SIAs differently, with the former decreasing and the latter increasing. The size distributions of point defect clusters follow a power law with a lognormal bump at intermediate sizes, which increases with cascade energy. The morphology descriptor distributions for pure Ni show that sphericity decreases with increasing cascade energy, and the number of sub-cascades and time of maximum expansion of the volume increases with increasing cascade energy. This indicates that more fragmentation is occurring in the cascades as expected.

The fragmentation analysis shows that for highly fragmented cascades small sub cascades cool down before the maximum volume expansion, resulting in smaller volumes than for more compact cascades. The low fragmentation cascades have larger volumes and fewer mono defects compared to high fragmentation cascades. From the results of ANOVA analysis, we find that the fragmentation has an effect on the volume of the cascade. The amount of clustering is affected by fragmentation, with more clustering in low fragmented cascades and more mono defects in high fragmented cascades. Additionally, the effect of fragmentation is higher in interstitial related descriptors than vacancy related descriptors. The regression analysis shows that the cascade volume has the highest impact on the primary damage descriptors compared to sphericity and the number of subcascades. The combination of all three morphology descriptors shows the highest increase in resolution compared to the other combinations.

Impact of the Ni potentials

The analysis of cascades simulated using different potentials indicate that the hard potential (BON) creates fewer defects than the soft potentials (AV3, NIPD) for 5 keV displacement cascades, but that the trend is reversed for 20 and 50 keV displacement cascades, with the BON potential creating more defects at the maximum expansion point and fewer at the end of the CONCLUSION AND PERSPECTIVES 7-208 cascade evolution. We studied the effect of the potential on the maximum defect production during the cascade evolution, the defect survival rate during the cooling down and the final primary damage descriptor obtained after the clustering post processing. This indicates that the shock wave is stronger for the BON potential than for the other potentials.

The mean defect survival rate decreases when the cascade energy increases and reaches saturation at high energy (>50 keV). The BON potential has the lowest defect survival rate compared to AV3 and NIPD potentials, which predict very similar values. The primary damage descriptors plotted using box plots show that the AV3 potential produces the most defects, followed by NIPD and BON producing the least. The distributions of the fraction of point defects in clusters in box plots show that the fraction of vacancies in clusters is affected by the potentials. There exists also an effect of the potential in the clustering behavior of defects.

Below the fragmentation energy (10 keV), the AV3 potential predicts more vacancies in clusters than interstitials while the BON and NIPD potentials predict more interstitials in clusters. Above fragmentation energy, the AV3, BON, and NIPD potentials all predict more interstitials in clusters than vacancies in clusters.

The EAM potentials, however, have no significant effect on the morphology descriptors. A negative correlation exists between the volume of cascade at maximum expansion and the number of mono interstitials at the end of cascade development, which is further affected by the fragmentation of the cascade and the type of potential used. The higher the fragmentation, the higher the number of mono interstitials, and the BON potential is found to produce less fragmentation and therefore fewer mono interstitials than the AV3 and NIPD potentials. The same trend is found for mono vacancies. Our results demonstrate that hardening has a significant effect on the cascade morphology, but does not explain all differences in defect production and clustering between potentials. We are, at the moment, unable to explain why the BON potential predicts more defect production and smaller survival rates above fragmentation.

The results of our ANOVA analysis of the effect of potential on the descriptors show that the highest F values are seen in the descriptors related to vacancies, suggesting that the potential
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effect is most seen on vacancy descriptors, this has been previously observed in Fe and W in our previous work. Morphological descriptors such as sphericity also show a statistically significant difference in mean value of groups, mainly produced by the BON potential, indicating that hard and soft potentials have different effects on the behavior of cascades final defects and fragmentation. The evolution of the F value with cascade energy shows that the two highest F values at lower energies are obtained by the total number of defects at the end of the cascade and the number of mono interstitials. At higher energies, the highest F values are obtained by the number of mono vacancies and number of vacancy cluster. There exists a change of trends before and after fragmentation underlying the impact of the fragmentation energy on the mechanism of the primary damage.

From the results of regression analysis (ANOVA and MANOVA), the highest F value is obtained from the combination of the number of mono vacancies and the number of vacancy clusters and the combination of the number of defects and the number of mono vacancies followed.

ANOVA and MANOVA analysis both showed that the number of mono vacancies and the number of vacancy clusters were the most sensitive to the potentials. Results from the study of correlation of energetics related to cascades to the primary damage descriptors indicate that the BON potential predicts the maximum number of defects at the maximum expansion point and a lower defect survival rate than other potentials, likely due to its small SIA migration energy. The total number of defects at the end of the cascade simulation decreases when the threshold displacement energies increase.

Case of FeNiCr alloys

The evolution of the mean number of defects with time for the different compositions shows that FeNi10Cr50 and FeNI10Cr40 alloys produce the least number of defects for the entire time evolution. Cascades in Ni produce the maximum amount of defects at the end of the cascade followed by cascades in FeNi90Cr5 and FeNi20Cr20 solid solutions. The defect survival rate is the highest in FeNi10Cr50 and FeNi10Cr40 solutions, and lowest in FeNi90Cr5 and FeNi10Cr20 alloys. Alloys containing "little" alloying elements (Ni,FeNi90Cr5 and FeNi10Cr20) predict larger clusters than the more "concentrated" alloys. The fraction of vacancies in clusters does not vary CONCLUSION AND PERSPECTIVES 7-210 much with the composition for all three cascade energies. The analysis of the primary damage descriptors as a function of composition shows that Cr has the clearest effect, with the total number of defects decreasing and the number of mono interstitials increasing with an increase in %Cr. For Ni and Fe, the effect is limited, but there is an inverse trend of the effect on the number of defects, with the number of mono interstitials increasing with %Fe till 40%Fe. The number of vacancy clusters increase with an increase in %Ni and there seems to be limited or no effect of the Fe content on the number of vacancy clusters. The analysis of the cluster behavior of Ni and FeNiCr alloys reveals a distinction between alloys containing "little" alloying elements and the more "concentrated" alloys, with the highest value in the ratio given by compositions FeNi10Cr50 and FeNi10Cr40. There is also a clear positive correlation between this ratio and the % Cr and a negative correlation with this ratio and %Ni. The primary damage descriptors which correlate the most with this composition descriptor named "entropy" are the number of defects and the largest interstitial clusters. Notice here that the largest vacancy cluster does not behave like the interstitial one. The scatter plots of the primary damage and morphology descriptors show two distinct clouds, one with a higher %Ni and one with a higher % of alloying elements, with different behaviors. The distributions of morphological descriptors at the maximum expansion of the cascade volume are similar in all materials, suggesting that there is a limited or no effect of composition on morphology. The highest effect of composition on the number of defects is shown on the number of mono vacancies and largest interstitial cluster size per cascade. The MANOVA analysis on the combination of descriptors showed that the highest F value is obtained from the combination of the number of mono vacancies and largest interstitial cluster size per cascade.

Atypical cascades

The study of atypical cascades in Ni simulated using the AV3 potential used two approaches: outlier analysis and k-means clustering. The outlier analysis showed that the descriptors that are outliers change from one cascade to the next, and it was difficult to find any pattern or trend to characterize normal and atypical cascades. Using the k mean method, we split the cascade data into two centroids based on the value of the size of the largest vacancy cluster per cascade. It allowed us to separate normal cascades which produce a small number of defects, a
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large number of mono vacancies, and small largest vacancy cluster size, from atypical cascades which produce a large number of defects, and the largest vacancy cluster size per cascade from atypical cascades which produce a large number of defects, a large largest vacancy cluster size and relatively few mono vacancies. The descriptors of the normal group of cascades and those of the atypical group of cascades show different evolution with the cascade energy.

Perspectives

Several perspectives of this work can be addressed from potential properties, to cascades analysis and atypical cascade effects on the irradiated microstructure:

-For the potential characterization of the FeNiCr alloys, the calculation of defect migration energies.

-For the relation between elementary defect properties and primary damage, we found that an impact of stacking fault energies on both the size of largest vacancy cluster in the cascade and the size of the largest SIA cluster in the cascade has been found.

Nevertheless, the exact mechanism needs to be comprehending.

-For cascades, analyze of the defect cluster structures thanks to use of atomic descriptors and machine learning techniques could allow to better characterize the primary damage. One of the drawbacks of our model is the morphological descriptors. As shown in earlier chapters that the information from morphology descriptors are not sufficient for further analysis. This inadequacy introduces the need for new morphology descriptors. In this work, we record the morphology descriptors at the maximum expansion of the cascade volume. In future works, the morphology descriptors may be recorded at other times in cascade evolution such as at initial stages of the cascade evolution or at the starting of the shock wave.

-We are aware that the methodology we use to characterize defects and point defect clusters is not the most adequate and in particular it is not sufficient to properly characterize the clusters. Beyond the number of point defects in the clusters, it is important to have precise information on the shape (C15, mobile or sessile clusters, loops, and all kinds of imperfect structures). This is one of the perspectives of our work
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for the primary damage model, based on additional information and descriptors to build a universal model of cascades.

-For the impact of atypical cascades, the model for Ni and FeNiCr alloys could be extended to analyze further about the atypical cascades. One way to proceed for this is to model the atypical cascades using the Object Kinetic Monte Carlo (OKMC) in order to determine the impact on the microstructure evolution under irradiation.

ANNEX

ANNEX-1

Different configurations used for vacancy and interstitial binding for n>2 are shown here. For each configuration an ID has been assigned and the value for the binding energy is given using the same ID. The lowest energy binding configuration from all the below configuration is shown the section 3.2.1.3. 

A1.Vacancy binding energy configurations for n=3

MODELISATION DU DOMMAGE PRIMAIRE DANS LE NI ET LES ALLIAGES FENICR PAR ANALYSE STATISTIQUE DE BASES DE DONNEES DE GRANDE DIMENSION

L'interaction entre les particules à haute énergie et les métaux causant des dommages primaires par rayonnement a été largement étudiée en utilisant la dynamique moléculaire. Cinq potentiels interatomiques pour le système ternaire FeNiCr différant soit par leur partie d'équilibre soit par la procédure de durcissement ont été inclus dans cette étude qui a été largement caractérisée.

Le facteur prédominant de ce travail est d'analyser de larges données de plus de 15000 cascades sur l'alliage Ni et FeNiCr, y compris des énergies de cascade allant de 0,5 keV à 120 keV en utilisant plusieurs potentiels interatomiques. Le nombre total de défauts, leurs groupes et leurs distributions de taille sont analysés à l'aide de la méthode de régression linéaire multiple multi variée sur des descripteurs de dommages primaires spécifiques et des descripteurs de morphologie. Les effets des potentiels et de l'énergie de cascade sont analysés sur la base de différentes énergies de cascade qui sont au-dessus et en dessous du seuil de sous-cascade en utilisant la même méthode statistique. Les résultats de l'analyse du Ni pur seront comparés aux résultats des matériaux BCC (fer et tungstène). Il sera également comparé au FeNiCr pour comprendre l'effet de l'alliage. Grâce au grand nombre de données disponibles, les cascades atypiques ont été caractérisées et leur impact sur les dommages primaires analysé.

Mots-clefs: modélisation, microstructure, irradiation, database, statistiques

PRIMARY DAMAGE MODELING IN NI AND FENICR ALLOYS BY STATISTICAL ANALYSIS OF LARGE-SIZE DATABASES

The interaction between high energetic particles and metals causing primary radiation damage has been studied broadly using molecular dynamics. Five interatomic potentials for FeNiCr ternary system differing either by their equilibrium part or by the hardening procedure have been included in this study which has been extensively characterized.

The prevailing factor of this work is to analyze broad data of more than 15000 cascades on Ni and FeNiCr alloy including cascade energies ranging from 0.5 keV to 120 keV using multiple interatomic potentials. The total number of defects, their clusters, and their size distributions are analyzed using multivariate multiple linear regression method on specific primary damage descriptors and morphology descriptors. The effects of potentials and of the cascade energy are analyzed based on different cascade energies which are above and below the sub cascade threshold using the same statistical method. The results of the analysis of pure Ni will be compared with the results of bcc materials (iron and tungsten). It will be also compared with FeNiCr to understand the effect of alloying. Thanks to the large number of data available, atypical cascades have been characterized and their impact on the primary damage analyzed.

Keywords: modeling, microstructure, irradiation, database, statistics
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  (a), (c) shows the three families of cascades: low fragmented cascade (LFC), the medium fragmented cascades (MFC) and the high fragmented cascades (HFC). (b), (d) shows only the LFC and the HFC. The LFC, MFC and HFC are given in three different colors. . 4-126  Figure 4-14: Scatter plots between the cascade volume (vol) at the maximum expansion of cascade volume and the number of mono defects, divided between centroids obtained with the k mean method, for 120 keV cascade in Ni. (a), (b) number of mono interstitials (monoi) versus the volume (vol) and (c), (d) number of mono vacancies (monoV) versus the volume (vol). (a), (c) shows the low fragmented cascades (LFC), the medium fragmented cascades (MFC), and the high fragmented cascades (HFC) and (b), (d) show only the LFC and the HFC. The LFC, MFC, and HFC are given in three different colors. ...................................................................................................................... 4-127  Figure 4-15: Multilinear regression analysis using combined morphological descriptors. R2 evolution versus cascade energy for the number of defects (nDef), number of mono vacancies (monoV) and largest vacancy cluster size (maxSizeV). .......................... 4-132  Figure 4-16: Evolution of the regression coefficients of multilinear regressions versus cascade energy. Red lines correspond to y = A (energy) vol + C, green lines correspond to y = A (energy) sphericity + C and blue lines correspond to y = A (energy) vol + B (energy) sphericity + C. .......................................................................................................... 4-133  Figure 4-17: Evolution of the mean number of defects with time (ps) in Ni, for three potentials, in (a) 5 keV cascades, (b) 20 keV cascades (c) 50 keV cascades. The line represents the average number of defects and the potentials are assigned with different colors. ...................................................................................................................... 4-136 U Figure 4-18: Evolution of the mean defect survival rate with the cascade energy plotted in log-log scale for our three potentials. A different color has been assigned for each EAM potential. ........................................................................................................ 4-138  Figure 4-19: Distributions of the primary damage descriptors at the end of (a) 5 keV (b)20 keV and (c) 50 keV displacement cascades simulated in Ni plotted using box plots, where V denotes vacancy and I denotes SIA. Each color represents a different potential. ................................................................................................................................. 4-139  Figure 4-20: Distributions of the fractions of defect in clusters for three cascade energies at the end of displacement cascades simulated in Ni plotted using box plots, where V denotes vacancy and I denotes SIA. Each color represents a different potential. ................................................................................................................................. 4-140  Figure 4-21: Point defect cluster size distributions at the end of the cascades, for the three potentials and cascade energies. (a), (c) and (e): vacancy cluster distribution. (b), (d) and (f): interstitial cluster distribution. Each color represents a different potential. Each data point corresponds to the sum of all the clusters having a size within the bin. ................................................................................................................................. 4-141  Figure 4-22: Ratio of the fraction of vacancies in the cluster (fractionV) to the fraction of interstitials in the cluster (fractionI) for individual potentials and cascade energies. Horizontal line intercepting the y axis at 1 given in blue color. Each color represents a different potential. .................................................................................................. 4-143  Figure 4-23: (a) fraction of vacancies in clusters (fractionV) versus fraction of interstitials in clusters (fractionI), (b) number of mono vacancies (monoV) versus number of mono interstitials (monoI), (c) fraction of interstitials in clusters (fractionI) versus number of mono interstitials (monoI) (d) fraction of vacancies in clusters (fractionV) versus number of mono vacancies (monoV) at the end of the cascade for 50 keV displacement cascades. ................................................................................................................. 4-144  Figure 4-24: Distributions of the morphology descriptors at the maximum expansion point of the cascade volume for (a) 5 keV, (b) 10 keV and (c) 50 keV displacement cascades plotted using box plots. Each color represents an EAM potential. ......... 4-146 V Figure 4-25: (a) number of mono interstitials (monoI) versus volume, (b) number of mono interstitials (monoI) versus sphericity for 50 keV displacement cascades. EAM potentials are represented by different colors. ..................................................... 4-147  Figure 4-26: a) number of defects (nDef) versus sphericity, (b) largest interstitial cluster size (maxSizeI) versus sphericity for 50 keV displacement cascades. Different potentials are represented by different colors. The trend line is plotted using a linear regression model. ..................................................................................................................... 4-148  Figure 4-27: Evolution of F value of each descriptor with cascade energy. Each descriptor is assigned a different color and point shape. ........................................................ 4-150  Figure 4-28: Evolution, with energy, of Pillai's trace for each combination of descriptors. The plot on the left hand side corresponds to models with two descriptors only. The plot on the right hand side corresponds to models with more than two descriptors. . 4-153  Figure 4-29: Scatter plot between the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV) for each cascade energy and potential. The regression line is plotted using the linear regression method; .............................. 4-154  Figure 4-30: (a) Evolution of total number of defects (nDef) with the increase in SIA migration energy for each cascade energy, (b) evolution of total number of defects (nDef) with the increase in threshold displacement energy for each cascade energy,. EAM potentials are represented by a different color. ............................................ 4-156  Figure 5-1: Ternary plot showing the five compositions chosen for the FeNiCr alloys. The different compositions are given in different colors. ............................................. 5-159  Figure 5-2: Evolution of cascade mean volume (nm 3 ) with time (ps); (a) 5 keV, (c) 50 keV and (e) 80 keV cascades; and evolution of mean number of sub cascades with time (ps) for (b) 5 keV ,(d) 50 keV and (f) 80 keV. The volume of the cascades and the number of sub cascades has been averaged on all the cascades for a given energy. Different colors have been assigned to each material. .................................................................... 5-161  Figure 5-3: Mean volume of cascades (mean vol) (nm 3 ) at the maximum expansion of cascade volume and the mean number of sub cascades (mean nSubCas) at the W maximum expansion of the number of sub cascades for (a) 80 keV and (b) 50 keV cascades. Different colors and points have been assigned to each material. ........ 5-162  Figure 5-4: Evolution of defect production with time (ps) in Ni and different compositions of FeNiCr. . A different color has been assigned to each material. (5 keV) ................................................................................................................................. 5-163  Figure 5-5: (a) Defect survival rate in 50 keV and 80 keV cascades for different compositions. Evolution of defect survival rate with (a) %Fe (b) %Ni and (c) %Cr for 80 keV cascades. The distribution is displayed using box plots. A different color has been assigned for each material. ..................................................................................... 5-164  Figure 5-6. The distribution of the total number of defects produced by each type of PKA in the alloys for (a) 10 keV collision cascades and (b) 50 keV collision cascades in FeNi10Cr20. The distribution is displayed using box plots. A different color has been assigned for each material. ..................................................................................... 5-166  Figure 5-7. Distributions of total number of point defects produced (nDef), mono defects (monoV/I), number of defect clusters (nClusterV/I) and largest defect cluster (maxSizeV/I) in Ni and different compositions of FeNiCr for cascade energies (a) 5 keV, (b) 20 keV and (c) 80 keV. V denotes vacancy and I denotes SIA. The distribution is displayed using box plots and each composition is represented with a different color.5-168 Figure 5-8. Distributions of the cluster mean sizes and fractions of defect in clusters for cascade energies (a) 5 keV, (b) 20 keV, (c) 50 keV and (d) 80 keV, where V denotes vacancy and I denotes SIA. The distribution is displayed using the box plots and each composition is represented with different colors. ................................................. 5-169  Figure 5-9: Evolution of (a) the number of mono SIA, monoI, and (b) the size of the largest SIA cluster per cascade, maxSizeI, versus the Cr content. (c) number of mono vacancies, monoV, and number of vacancy clusters, nClusterV, versus the Fe content. The distribution is displayed using the box plots and each composition is represented with a different color. ............................................................................................. 5-170 X Figure 5-10: Evolution of (a) the number of mono SIA, monoI, and (b) the size of the largest SIA cluster per cascade, maxSizeI, versus the Cr content (c) number of mono vacancies, monoV, and number of vacancy clusters, nClusterV, versus the Fe content. The colors represent different cascade energies. The intervalle of confidence of the linear regression is shown by the shaded area. ..................................................... 5-171  Figure 5-11: Evolution of the number of mono SIA at the end of the cascade with the entropy of the solid solutions for 4 cascade energies. () box plots (b) linear regression for 5 cascade energies. ................................................................................................. 5-172  Figure 5-12. Point defect cluster size distributions at the end of the cascades in Ni and FeNiCr for cascade energies (a), (b) 5 keV (c), (d) 50 keV and (e), (d) 80 keV. (a), (c), (e) shows the vacancy cluster size distribution and (b), (d) and (f) shows the interstitial cluster size distribution. The bin width increases exponentially and each data point corresponds to the sum of all the clusters having a size within the bin, divided by the number of cascades. Each composition is represented with a different color. ..... 5-173  Figure 5-13: (a) Evolution of the ratio of the fraction of vacancies in clusters with the fraction of SIAs in clusters, fractionV/fractionI, with the cascade energy for each compositions. (b) Evolution of fractionV/fractionI with the % of each element in the alloys. Each composition is represented with a different color. ............................ 5-175  Figure 5-14. Correlations, for 50 keV cascades, between the descriptors shown using the scatter plots for Ni and FeNiCr alloys between (a) fraction of vacancies in clusters, fractionV, and fraction of interstitials in clusters, fractionI, at the end of the cascades, (b) number of mono interstitial, monoI, and number of mono vacancy, monoV, at the end fractionV of the cascades, (c) number of mono interstitials, monoI, and total number of defects, nDef, at the end of the cascades and (d) fraction of vacancies in clusters, fraction, and total number of defects, nDef, at the end of the cascades . Each composition is represented with a different color. ................................................ 5-176  Figure 5-15. Distributions of the cascade volumes (vol), number of sub cascades (nbSC), sphericity of the cascades, and time at the maximum expansion point of the cascade volume in Ni and different FeNiCr solid solutions, for cascade energies (a) 5 keV, (b) 50 Y keV, and (c) 80 keV. The distribution is displayed using box plots. Each composition is represented with a different color. ........................................................................ 5-178  Figure 5-16. Correlation, between descriptors shown using scatter plots for Ni and FeNiCr alloys (a) number of mono interstitials, monoi, at the end of the cascade and sphericity at maximum expansion of the cascade volume for 50 keV cascades (b) number of mono interstitials at the end of the cascade, monoi, and volume of the cascade at maximum expansion of the cascade volume for 50 keV cascades , (c) number of mono interstitials at the end of the cascade, monoI, and sphericity at maximum expansion of the cascade volume for 80 keV cascades and (d) number of mono interstitials at the end of the cascade, monoI, and volume of cascade at maximum expansion of the cascade volume for 80 keV cascades . Each material is represented by a different color. ..................................................................................................... 5-179  Figure 5-17: (a) Evolution of the number of defects at the end of the cascade, nDef, with entropy of mixing (ΔSR) for each composition and 3 cascade energies. (b) Evolution of the number of mono vacancies, monoV, with entropy of mixing (ΔSR) for each composition and 4 cascade energies. Each material is represented by a different color. ................................................................................................................................. 5-181  Figure 5-18: Evolution of (a) mean volume of cascades and (b) mean sphericity with the entropy of mixing (ΔSR) for 80 keV cascades. ........................................................ 5-182  Figure 5-19: SFT formation in (a) Ni, (b) FeNi90Cr5 alloy, (c) FeNi33Cr33 alloy, (d)FeNi10Cr20 alloy, (e)FeNi10Cr40 alloy and (f) FeNi10Cr50 alloy plotted using OVITO (Stukowski, 2009) .................................................................................................... 5-183  Figure 5-20: Mean number of atoms in HCP with the stacking fault energy (mJ/m 2 ) for Ni and different compositions of FeNiCr for 50 keV and 80 keV cascade energies. The error bar represents the standard error and each material is represented by a different color. ................................................................................................................................. 5-184  Figure 5-21: Evolution of F value of each descriptor with cascade energy. Each descriptor is assigned different color and point shape. ........................................................... 5-185 Z Figure 5-22: Comparison of our results with literature. The color corresponds to the potentials used. Dotted lines represent the reference values and solid lines represent our values. The error bar is the standard deviation of the values. ........................ 5-187  Figure 6-1: A typical box plot representation with median and interquartile range. The points outside the box are outliers. ............................................................................. 6-190  Figure 6-2: Venn diagram of outlier cascades of (a) and (c) primary damage descriptors and (b) and (d) morphology descriptors for (a), (b) 80 keV, and (c), (d) 120 keV. Each color represents a different descriptor. The number is the number of cascades for each descriptor overlap. (Total cascade number: 1299 for 80 keV and 699 for 120 keV) .. 6-192  Figure 6-3: Scatter plot of the number of mono vacancies, monoV, versus the number of defects, nDef for multiple cascade energies represented in different colors. The size of the points depends on the size of the largest vacancy cluster size, maxSizeV, divided into three groups: maxSizeV below 200, maxSizeV between 200 and 400 and maxSizeV above. ........................................................................................................................... 6-193  Figure 6-4: Scatter plot between the number of monovacancies, monoV, and the number of defects, nDef divided into two centroids. Each centroid is characterized by a different color and a different shape associated to the cascadesr. The increasing size of the shape represents the increasing value of the largest vacancy cluster size in the cascade, maxSizeV. ...................................................................................................... 6-194  Figure 6-5: Evolution of (a) the size of the largest vacancy cluster in the cascade, maxSizeV with energy (keV) and (b) the number of monovacancies, monoV with the number of defects, nDef of the two groups of cascades: atypical and normal. Different cascade energies are represented with different colors. ............................................ 6-195  Figure 6-6: Evolution of mean number of primary defect descriptors with the cascade energy in a log-log scale. .............................................................................................. 6-197  Figure 6-7: Correlation matrix showing the correlations between primary damage descriptors and energy ................................................................................................ 6-198  Figure 6-8: Scatter plots between the number of defects (nDef) and the number of mono vacancies (monoV) at the end of the cascade showing individual (a) alloys and (b) AA Ni potentials for different cascade energies shown at the top of each facets. The lines in the plots represent the linear regression line. Different colors are assigned to alloys and potentials. .................................................................................................................... 6-201  Figure 6-9: R 2 value evolution with cascade energy (eV) for simple linear regression between each descriptor: the number of defects, nDef, the number of mono vacancies, monoV, the number of vacancy clusters, nClusterV, the size of the largest vacancy cluster per cascade, maxSizeV, the number of mono SIA, monoI, the number of SIA clusters, nClusterI, the size of the largest SIA cluster per cascade, maxSizeI, fraction of atypical cascades, fAtyp, the volume, vol, the number of subcascades, nbSC, sphericity, and the time of the maximum expansion of the volume, and properties of the solid solutions: unstable stacking fault energy Γ us (mJ/m 2 ), stacking fault energy, Γ sf, (mJ/m 2 ), % Ni, % Cr, % Fe, entropy and vacancy formation energy (eV). The plus sign on the graph indicates a correlation; the circle sign indicates an anticorrelation. ........................... 6-203  Figure 6-10: R 2 value evolution with cascade energy (eV), for simple linear regressions between the number of defects, nDef, the number of mono vacancies, monoV, the number of vacancy clusters, nClusterV, the size of the largest vacancy cluster per cascade, maxSizeV, the number of mono SIA, monoI, the number of SIA clusters, nClusterI, the size of the largest SIA cluster per cascade, maxSizeI, fraction of atypical cascades, fAtyp, the volume, vol, the number of subcascades, nbSC, sphericity, and the time of the maximum expansion of the volume, and propertiesof the potentials: vacancy formation energy, Ef, V (eV), vacancy migration energy, Em, V (eV), SIA migration energy, Em, I(eV), <100>dumbbell formation energy, E f, 100(eV)(eV),octahedral formation energy, Ef, Octa (eV),tetrahedral formation energy, Ef, Tetra (eV), unstable stacking fault energy Γ us (mJ/m 2 ), stable stacking fault energy Γ sf (mJ/m 2 ), Frenkel pair formation energy (eV)). The plus sign on the graph indicates a correlation; the circle sign indicates an anticorrelation. ............................................. 6-205 BB LIST OF

  power reactors in operation in 32 countries around the world, and 57 nuclear power reactors under construction (Nuclear Power Reactors in the World, 2022). A schematic representation of a pressurized water reactor with its major components is shown in Figure1-1 taken from[START_REF] Mas | Solidification and phase transformations in a dissimilar steel weld 18[END_REF].Most nuclear power plants have operating lifetimes of between 20 and 40 years. The main aging effects are changes in physical properties irradiation embrittlement; thermal embrittlement; creep; fatigue; corrosion (including erosion and cracking assisted by corrosion); wear (e.g., fretting and cracking assisted by wear, such as fretting fatigue). To extend the operating lifetimes of nuclear power plants, it is important to understand the evolution of material properties under irradiation.
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 11 Figure1-1: Schematic representation of a pressurized water reactor with its major components[START_REF] Mas | Solidification and phase transformations in a dissimilar steel weld 18[END_REF] 
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 121 Figure 1-2: Primary damage created by neutron irradiation and subsequent evolution: formation of point defects that agglomerate to form largers defectsThe microscopic pictures of frank loops, cavities, bubbles, and radiation-induced segregation are taken from Tanguy, 2017.
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 14 Figure 1-4: Collision cascade induced by a 10 keV recoil in Fe at a temperature of 0 K at different time scales.The colour scale represents the kinetic energy in eV of all the displaced atoms. This image is taken from(Nordlund, Zinkle, Sand, Granberg, Averback, R. E. Stoller, et al., 2018).
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 15 Figure 1-5: Fe-Ni-Cr phase diagram at 600 o C taken from Yin, Faulkner and Starr, 2014

  Figure 1-7 shows a representation of multiscale modeling taken from Becquart and Domain, 2011. A key point in multiscale materials modeling is the choice of the simulation tool which is the most
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 17 Figure 1-7: Representation of multiscale materials modeling according to the different scales involved. Figure adapted from Becquart and Domain, 2011.

Figure 1

 1 Figure 1-9: Average (on 400 cascades) vacancy and self-interstitial cluster size distributions for 50 keV cascades at 100 K Ni, W, Fe, and Zr. The plot is taken from Becquart, De Backer, and Domain, 2018.
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 1 Figure 1-10: The number of Frenkel pairs, the fraction of self-interstitials atoms, and the fraction of vacancies in clusters as a function of PKA energy. The plot is taken from Sublet et al., 2019.
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 1 Figure 1-11: Log-log plot of vacancy and interstitial concentration vs time for high temperature. Plot taken from Was, 2007.

Figure 1

 1 Figure 1-12: Simulation results from austenitic stainless steel for (a) void swelling, (b) dislocation density, (c) cavity size, (d) Frank loop size, (e) cavity density, and (f) Frank loop density, compared with PWR experimental data (symbols). Taken from Fokt, Adjanor and Jourdan, 2022.
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 1 Figure 1-14: Void swelling behavior of two austenitic stainless steels and several 3-12%Cr bainitic/ferritic/martensitic steels. The plot is taken from Zinkle, 2008.
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 1 Figure 1-15: Temperature dependence of the void number density; average void size and swelling in Fe-15Cr-xNi (x= 15,20,25,30 %wt) after electron irradiation for 6 dpa, 1250 kV, 3 x 10 24 electrons m -2 s -1

Finally

  , in[START_REF] Sublet | Dpa and Beyond: Recoil Spectra and Physical Damage Indices[END_REF], typical conditions of temperature and neutron spectrum in various reactors are summarized. They underline the fact that the weight of PKA of different energy in different neutron spectra depends on the reactor type, the exact location, and the material composition similar to, more generally, the dose rate and the helium to dpa ratio as illustrated by Figure1-16 taken in[START_REF] Zouari | Cluster Dynamics Prediction of the Microstructure Evolution of 300-Series Austenitic Stainless Steel under Irradiation: Influence of Helium[END_REF] 

  16: (a) Neutron spectra of the different neutron sources (b) Damage function for different neutron sources. Figures taken from Zouari

Figure 2

 2 Figure 2-1:The Lennard-Jones interatomic potential 𝑈(𝑟 𝑖𝑗 )

Figure 2 -

 2 Figure 2-2 shows the schematic representation of calculation of ∆𝐸 𝑛 𝐴→𝑉 and ∆𝐸 𝑛 𝐴→𝐴-𝐵 in a FeNiCr system. For the SIA formation energy in FeNiCr, three different dumbbell configurations, oriented along <100>, <110> and <111> are created, for nine possible combinations: Cr-Cr, Fe-Fe, Ni-Ni, Cr-Fe, Fe-Cr, Cr-Ni, Ni-Cr, Fe-Ni, and Ni-Fe.
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 22 Figure 2-2: Schematic representation of a defect free cell with N atoms and cells containing a point defect (a vacancy (left hand side), a <100> Ni-Ni dumbbell (top right hand side) and a <101> Ni-Fe dumbbell (top right hand side) in a FeNiCr system. The reference energy, which is the energy of the system before introducing the point defect, is 𝐸 0 and the energy of the system after introduction of the defect is 𝐸 𝑛 𝑁𝑖→𝑉 for the vacancy and 𝐸 𝑛 𝑁𝑖→<100>𝑁𝑖-𝑁𝑖 for the interstitial. The position of the defect is marked with a dark circle. The initial atom species is Ni in the site of the defect.
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 24 Figure 2-4: Schematic representation of the substitution calculation performed in the Fe-Ni-Cr systemfor ∆ 𝐹𝑒→𝑁𝑖 𝜇. The reference energy, which is the energy of the system before the substitution is 𝐸 0 and the energy of the system after substitution of a Fe to a Ni atom, is 𝐸 𝐹𝑒→𝑁𝑖 . The difference between the energy of two systems is substitution energy. The position of the substituted atom is given by a dark circle.

  The selected part of the box is moved by steps of 0.03 (l.u.) along the [112] direction. After each step, the box is relaxed for 5000-time steps using the quench method. Two different patterns (Figure2-6 and Figure 2-7) of stepwise movement are used. The first pattern is moving the moving part of the box in only one direction: [112]. The second pattern is moving the moving part of the box in two directions ([112] and [-110]): in the first step the move is along the [112] direction; in the second step it is moved along the [-110] direction.

Figure 2

 2 Figure 2-6: Pictorial representation of the first scheme of the stacking fault energy calculation. In this pattern, the block of atoms is moved only in one direction.
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 27 Figure 2-7: Pictorial representation of the second scheme of the stacking fault energy calculation. In this pattern, the block of atoms is moved in two directions stepwise.

  -8, Figure 2-9 and Figure 2-10. Only one barrier point is present in the direction <100> and two barrier points are present in the direction <111> as shown in Figure 2-8 and Figure 2-9. There is no barrier point in the direction <110> as the distance between the drag atom and the head-on atom is shorter than the distance between the drag atom and barrier atoms as shown in Figure 2-10. The evolution of the energy at these barrier points gives us an idea of the strength of the interactions with the barrier atoms.

Figure 2

 2 Figure 2-8: Quasi static drag along <100> direction Figure 2-9: Quasi static drag along <111> direction

Figure 2 -

 2 Figure 2-11: Displacement cascades at different moments (time in ps) of its evolution.

  (nDef-monoV/I)/ (nClusterV/I) and the fraction of defects in clusters (fractionV/I) obtained by (nDef-monoV/I)/ (nDef).
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 2 Figure 2-12: Primary damage descriptors displayed in an 80 keV cascade where the point defects and their clusters are shown at the end of the cascade simulation.
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 2 Figure 2-13: Morphology descriptors displayed in an 80 keV cascade where the cascade morphologies are determined at the maximum expansion point of the cascade volume.

  center of the data. A typical box plot is shown in Figure 2-14. The box enclosing the median consists of the middle 50% of the data. This range is called the Inter quartile range. The lines extending from the boxes are known as the "whiskers", and are used to indicate variability outside the upper and lower quartiles. The Inter quartile range is used outside of the box also. At a distance of 1.5*IQR outward from the lower and upper quartiles are called inner fences. The data lying outside of these fences are outliers.

Figure 2 -

 2 Figure 2-14: A typical box and whiskers plot. The lower and upper quartile shows the 25th and 75th percentile of the data. The line in the middle shows the position of the median. The interquartile range (IQR) gives the values between the lower and upper quartiles. The lower and upper whiskers show data that are outside the interquartile range. The values outside the whiskers are called the outliers

  the visual representation of the trends between descriptors (Figure 2-12 and Figure 2-13).

  4.1.1. These values are compared with the reference values from Kittel, 2005 (lattice parameter) and Haynes, Lide, and Bruno, 2016 (cohesive energy). All the potentials show a good agreement with the reference values.
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 31 Figure 3-1 Evolution of the total potential energy (E*) with the lattice strain (a*) for all the potentials and compared with Rose's universal equation of state (Rose_EOS).

  -2. The potential which is closer to the reference values at low temperatures (> 250 K) is AV3, at higher temperatures NIPD shows a good agreement with the reference values. The JMR potential overestimates the lattice parameter evolution with temperature, however by much less than the BON potential.

  3. These values are compared with DFT and experimental data. The distance between the two atoms in the dumbbell after relaxation for the three orientations investigated is given inTable 3:4.

Figure 3

 3 Figure 3-2. Evolution of the lattice parameter with temperature (K) for Ni.

For

  the vacancy formation energy (𝐸 𝑓,𝑉 ), the DFT data from[START_REF] Tucker | Ab initio-based modeling of radiation effects in the nickel-iron-chromium system[END_REF][START_REF] Toijer | Solute-point defect interactions, coupled diffusion, and radiationinduced segregation in fcc nickel[END_REF][START_REF] Connétable | First-principles nickel database: Energetics of impurities and defects[END_REF] are in the range of 1.40-1.45 eV, with values close to 1.40 eV. The potential closer to this range is the BON potential with 1.39 eV followed by AV3 and ZAT potentials, which are based on the same original potential, with 1.48 eV. NIPD and JMR potentials overestimate the vacancy formation energy values (1.57 eV and 1.60 eV). The lowest energy configuration for SIA formation energy (𝐸 𝑓,𝐼 ) is the Ni-Ni dumbbell oriented along the <100> direction (𝐸〈100〉 𝑓,𝑁𝑖-𝑁𝑖 ). This is true for all the potentials. The lowest value for the formation energy (𝐸〈100〉 𝑓,𝑁𝑖-𝑁𝑖 ) is obtained with the NIPD potential, 4.01 eV, followed by ZAT, 4.08 eV. The value from the ZAT potential is closer to the DFT data from Tucker, Allen and Morgan, 2008 is 4.07 eV. The value obtained with the AV3 potential, 4.13 eV, is between these reference values. Both BON and JMR potentials overestimate the energy values (5.81 eV and 5.43 eV).

  . The migration energy curve is also plotted for each displacement of the moving atom in Figure3-3 and Figure3-4. Table 3:5: Vacancy migration energy (𝐸 𝑚,𝑉 ) and SIA interstitial migration energy (𝐸 𝑚,𝐼 ) obtained for the five EAM potentials, compared with reference DFT results and experimental values. All the values are in eV.The DFT data from[START_REF] Tucker | Ab initio-based modeling of radiation effects in the nickel-iron-chromium system[END_REF][START_REF] Tucker | Ab initio-based modeling of radiation effects in the nickel-iron-chromium system[END_REF][START_REF] Toijer | Solute-point defect interactions, coupled diffusion, and radiationinduced segregation in fcc nickel[END_REF] the value of the vacancy migration energy (𝐸 𝑚,𝑉-𝑉 ) is 1.05 eV and 1.05 eV. The value obtained with the BON potential, 1.09 eV, is closer to this data, followed by AV3, ZAT (1.17 eV) and NIPD (1.18 eV) potentials. JMR potential overestimates the value (1.29 eV).The DFT data from[START_REF] Tucker | Ab initio-based modeling of radiation effects in the nickel-iron-chromium system[END_REF][START_REF] Tucker | Ab initio-based modeling of radiation effects in the nickel-iron-chromium system[END_REF][START_REF] Toijer | Solute-point defect interactions, coupled diffusion, and radiationinduced segregation in fcc nickel[END_REF] both give the value of the interstitial migration energy (𝐸 𝑚,𝑁𝑖-𝑁𝑖→𝑁𝑖-𝑁𝑖 ) as 0.14 eV. The value from BON potential obtained is in this range (0.17 eV), followed by JMR (0.20 eV) and NIPD (0.22 eV) potentials. AV3 and ZAT potentials overestimate the interstitials migration energy (0

Figure 3

 3 Figure 3-3: Vacancy migration energy: potential energy (eV) evolution with the position of the drag atom Figure 3-4: SIA migration energy: potential energy (eV) evolution with the position of the interstitial atom

  8. When the distance between the interstitials is the fourth nearest neighbor, the binding energy is close to zero. The prediction of the BON potential agrees the most with the reference DFT value from Megchiche, Mijoule and Amarouche, 2010. JMR potential "follows". The AV3, NIPD, and ZAT potentials underestimate the binding energy value for di-interstitials (𝐸 𝑏,𝐼→2𝐼 ) in the first nearest neighbor distance.
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 35 Figure 3-5: Evolution of binding energies (𝐸 𝑏,𝑉→𝑛𝑉 ) of a vacancy with a vacancy cluster of increasing size.Figure3-6: Evolution of binding energies (𝐸 𝑏,𝐼→𝑛𝐼 ) of a SIA with a SIA cluster of increasing size.

  from Connétable, Wang and Tanguy, 2014 and Li et al., 2016 predict the intrinsic stacking fault energy as 133 mJ/m 2 and 139 mJ/m 2 . The value closer to this DFT data are the ones predicted by NIPD and BON (130 mJ/m 2 ) potentials followed by JMR (125 mJ/m 2 ) potential. AV3 and ZAT potentials underestimate the SFE value compared to DFT (113 mJ/m 2 ). Notice, however, that they are close to earlier DFT data from Chandran and Sondhi, 2011 (110 mJ/m 2 ).
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 37 Figure 3-7: Evolution of the stacking fault energy with displacement of the half box in the [112] direction. The position where we recorded the unstable (Γ us ) and stable (Γ sf ) stacking fault energies are shown.



  No single Ni potential shows good agreement with literature for all the equilibrium properties we calculated.  The most stable dumbbell is the <100> Ni-Ni dumbbell.

  -9, Figure 3-10, and Figure 3-11. The DFT result shows the bump in the AV3

Figure

  Figure 3-9: Quasi static drag along the <100> direction

Figure 3 -

 3 Figure 3-10: Quasi static drag along the <110> direction.

Figure 3 -

 3 Figure 3-11: Quasi static drag along the <111> direction.

  The formation energy of mixed dumbbells in the Ni matrix (𝐸 𝑓,𝑁𝑖→𝐴-𝐵 ) is calculated using equation 2.20. Table3:18 shows the formation energy of mixed dumbbells (calculated using the AV3 potential compared with the DFT values from[START_REF] Toijer | Solute-point defect interactions, coupled diffusion, and radiationinduced segregation in fcc nickel[END_REF]. The lowest dumbbell formation energy obtained is <100>Ni-Ni configuration as could be expected. The orientation for which the lowest dumbbell formation energy (𝐸 𝑓,𝑁𝑖→𝐴-𝐵 ) is obtained is in the <100> direction. This is always the case, whatever the atom species in the dumbbell., Except in the case of the Ni-Ni dumbbells (𝐸 𝑓,𝑁𝑖→<100>𝑁𝑖-𝑁𝑖 , 𝐸 𝑓,𝑁𝑖→<110>𝑁𝑖-𝑁𝑖 and 𝐸 𝑓,𝑁𝑖→<111>𝑁𝑖-𝑁𝑖 ), the formation energy of mixed dumbells (𝐸 𝑓,𝑁𝑖→𝐴-𝐵 ) is higher than the DFT values of[START_REF] Toijer | Solute-point defect interactions, coupled diffusion, and radiationinduced segregation in fcc nickel[END_REF] the Ni-Ni dumbbell formation energies (𝐸 𝑓,𝑁𝑖→<100>𝑁𝑖-𝑁𝑖 , 𝐸 𝑓,𝑁𝑖→<110>𝑁𝑖-𝑁𝑖 and 𝐸 𝑓,𝑁𝑖→<111>𝑁𝑖-𝑁𝑖 ), the values have been compared with the DFT values from Toijer et al., 2021 in section 3.2.1.

  Figure 3-13: Evolution of the potential energy (𝐸 𝑚,𝐴-𝐵→𝐶-𝐵 ) eV with the displacement of the drag atom. The distance from the initial position is given in l.u. (a) The drag atom is a Fe atom; (b) the drag atom is a Ni atom and (c) the drag atom is a Cr atom. Different colors are assigned to different combinations of the initial and final dumbbells.
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 3 Figure 3-14: Quasi static drag of a Fe and a Cr atom in a Ni matrix along the <100> direction. The line shows the results of our calculation where each color represents a drag atom of different type. The points show the DFT results.
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 3 Figure 3-15: Quasi static drag of a Fe and a Cr atom in a Ni matrix along the <110> direction. The line shows the results of our calculation where each color represents a drag atom of different type. The points show the DFT results.
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 3 Figure 3-16: Quasi static drag of an Fe and a Cr atom in a Ni matrix along the <100> direction. The line shows the results of our calculation where each color represents a drag atom of different type. The points show the DFT results.
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 3 Figure 3-17: Quasi static drag of Fe and Cr atom dragged towards the first nearest neighbor of the same atom species in Ni matrix along <011> direction. The line shows our calculation where each color represents a drag atom of different type. The points show the DFT calculation of QSD where each shape represents a drag atom of different type.
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 3 Figure 3-18: Ternary plot showing the five compositions chosen for the FeNiCr alloys. The different compositions are given in different colors.

  substitution energies (∆ 𝐶𝑟→𝐹𝑒 𝜇) when the number of Cr atoms in 1nn volume increases for the compositions FeNi90Cr5 and FeNi10Cr50. For the substitution of Cr → Fe, the highest substitution energy is for the composition FeNi10Cr20 compared to other compositions. The same composition (FeNi10Cr20) gives the lowest substitution energy for the substitution of Fe → Cr, as expected.
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 3 Figure 3-20 shows the effect of the number of Fe atoms in the 1NN volume (1nn_Fe) on Cr→ Fe substitution energies (∆ 𝐶𝑟→𝐹𝑒 𝜇) and Ni → Fe substitution energies (∆ 𝑁𝑖→𝐹𝑒 𝜇). There is no clear trend observed between the compositions for the substitution energies. However, there is a slight decrease in the Cr → Fe substitution energies (∆ 𝐶𝑟→𝐹𝑒 𝜇) and Ni → Fe substitution energies (∆ 𝑁𝑖→𝐹𝑒 𝜇) when the number of Fe atoms in 1nn volume increases for the composition FeNi10Cr50. The Cr → Fe substitution energies (∆ 𝐶𝑟→𝐹𝑒 𝜇) and Ni → Fe substitution energies (∆ 𝑁𝑖→𝐹𝑒 𝜇) doesn't evolve when the number of Fe atoms in the 1NN volume increases for other compositions. In both substitutions, Cr → Fe and Ni → Fe, the highest substitution energy is obtained in the FeNi10Cr20 solid solutions and the lowest substitution energy is obtained in the FeNi90Cr5 alloys.

  Figure 3-19: (a) Fe → Cr substitution energies, ∆ 𝐹𝑒→𝐶𝑟 𝜇 , as a function of the number of Cr atoms in the 1NN1 volume, 1nn_Cr. (b) Cr → Fe substitution energies, ∆ 𝐶𝑟→𝐹𝑒 𝜇 , as a function of the number of Cr atoms in the 1NN volume, 1nn_Cr. The line represents the regression line calculated using the linear model method. Each color represents a specific alloy composition.
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 3 Figure 3-20: (a) Cr → Fe substitution energies, ∆ 𝐶𝑟→𝐹𝑒 𝜇 , as a function of the number of Fe atoms in 1nn volume, 1nn_Fe. (b) Ni → Fe substitution energies, ∆ 𝑁𝑖→𝐹𝑒 𝜇 , as a function of the number of Fe atoms in 1nn volume, 1nn_Fe. The line represents the regression line calculated using the linear model method. Each color represents a specific alloy composition.
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 3 Figure 3-21 shows the effect of the number of Ni atoms in the 1NN volume (1nn_Ni) on Fe → Cr substitution energies (∆ 𝐹𝑒→𝐶𝑟 𝜇) and Fe → Ni substitution energies (∆ 𝐹𝑒→𝑁𝑖 𝜇). There is no clear trend observed between the compositions for the substitution energies. However, there is a slight increase in the Fe → Cr substitution energies (∆ 𝐹𝑒→𝐶𝑟 𝜇) when the number of Ni atoms in the 1nn volume increases for the FeNi10Cr50, FeNi33Cr33 and FeNi10Cr20 compositions, and a slight decrease in the Fe → Ni substitution energies (∆ 𝐹𝑒→𝑁𝑖 𝜇) when the number of Ni atoms in the 1NN volume increases for the FeNi10Cr40 alloys. The Fe → Cr substitution energies (∆ 𝐹𝑒→𝐶𝑟 𝜇) and the Fe → Ni substitution energies (∆ 𝐹𝑒→𝑁𝑖 𝜇) do not evolve when the number of Ni atoms in the 1NN volume increases for the other compositions. In both substitutions, Fe → Cr and Fe → Ni, the highest substitution energy is found for the FeNi90Cr5 composition and the lowest substitution energy is found for the FeNi10Cr20 composition.

Figure 3 -

 3 Figure 3-21: (a) Fe → Cr substitution energies, ∆ 𝐹𝑒→𝐶𝑟 𝜇 , as a function of the number of Ni atoms in the 1nn volume, 1nn_Ni. (b) Fe → Ni substitution energies, ∆ 𝐹𝑒→𝑁𝑖 𝜇 , as a function of the number of Ni atoms in the 1nn volume, 1nn_Fe. The line represents the regression line calculated using the linear model method. Each color represents a specific alloy composition.
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 3 Figure 3-22 shows the evolution of the chemical potential of each component with the amount (in %) of each species. The different line types (dotted, dashed, and dot-dash) represent the cohesive energies of the elements (𝐸 𝑐𝑜ℎ ) in the FCC structure. The plot shows that the chemical potential of Fe (μ Fe ) increases when the amount of Fe in the composition increases. The chemical potential of Ni (μ Fe ) increases when the amount of Ni in the composition increases. For the chemical potential of Cr (μ Cr ) the chemical potential decreases to 20% Cr and then increases to 33% Cr when the amount of Cr in the composition increases, then after it decreases with the Cr content. The trend was seen in the chemical potential of Ni (μ Ni ) and the chemical potential of Cr (μ Cr ) with the increase in the amount of all atom types is similar and the trend was seen in the chemical potential of Fe (μ Fe ) is an inverse of the trend seen in the chemical potential of Ni (μ Ni ) and the chemical potential of Cr (μ Cr ) with the increase in the amount of all atom types.
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 3 Figure 3-23: Evolution of chemical potential (eV) of each component (μ Fe , μ Ni and μ Cr ) calculated using Widom type substitution (cross point) and the statistical method based on the vacancy formation energy (round point) evolution with the entropy of mixing (∆𝑆/𝑅) in FeNiCr alloys. Each color is assigned to each atom type and different line types represent the cohesive energies of the atoms (𝐸 𝑐𝑜ℎ ).
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 3 Figure 3-24. It shows that ∆𝐸 𝑛 𝑁𝑖→𝑉 is higher than ∆𝐸 𝑛 𝐶𝑟→𝑉 and ∆𝐸 𝑛 𝐹𝑒→𝑉 and it decreases when the %Ni increases. ∆𝐸 𝑛 𝐶𝑟→𝑉 also shows the same trend, it decreases when the Ni content increases. ∆𝐸 𝑛 𝐹𝑒→𝑉 does not evolve much with composition the compositions. Removing a Cr atom leads to the lowest energy change, ∆𝐸 𝑛 𝐶𝑟→𝑉 .
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 3 Figure 3-24: Distribution of ∆𝐸 𝑛 𝐹𝑒→𝑉 ∆𝐸 𝑛 𝑁𝑖→𝑉 , ∆𝐸 𝑛 𝐶𝑟→𝑉 (eV) for each atom species removed to create a vacancy and for each composition. The atom species is given in three colors. The distributions are represented in box and whiskers plots.
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 3 Figure 3-25: Vacancy formation energy (eV) versus entropy of mixing (∆𝑆/𝑅). Each composition is assigned a different color

  Figure 3-26: Distribution of the total energy difference between the perfect system and the system in which an atom of type B has been positioned next to an atom of type A to form a <A-B> dumbbell ∆𝐸 𝑛 𝐴→𝐴-𝑏 (eV) for three orientation (a) <100>, (b) <110> and (c) <111> for each dumbbell species and for each composition. The dumbbell species are given in multiple colors. The distributions are represented in box and whiskers plots.



  The vacancy formation energy predicted by the AV3 potential for the FeNi10Cr20 solid solution is in agreement with the DFT results. The disordered alloys have higher vacancy formation energies than pure Ni and the least alloyed solid solution.

  Figure 3-27: SIA formation energies (eV) for the three orientations (a) <100>, (b) <110> and (c) <111>. The dumbbell species is given in multiple colors. The distributions are represented using box and whiskers plots. The dumbbell orientation is given at the top of each plot.

  Figure 3-28: Evolution of the stacking fault energy with displacement of the half box in the [112] direction. calculated using the AV3 potential for Ni and five FeNiCr solid solutions. Each material is represented with a different color. The positions of the unstable (Γ us ) and stable (Γ sf ) stacking faults are shown.
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 3 Figure 3-30: Unstable stacking fault energy versus entropy of mixing (∆𝑆/𝑅). Each composition is assigned a different color.

  Figure 3-31 shows a ternary plot showing the stable stacking fault energy (Γ sf ) of all the compositions we calculated. The compositions with higher amounts of Cr atoms (> 60% Cr) have high stable stacking fault energy (Γ sf ). The highest stable stacking fault energy (Γ sf ) is for the pure Cr
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 3 Figure 3-29: Evolution of the stable stacking fault energy (Γ sf ) with the amount of Fe, Ni, Cr in the alloys and the entropy of mixing (∆𝑆/𝑅). Each composition is assigned a different color.

Figure 3 -

 3 Figure 3-31: Ternary plot showing the stable stacking fault energy for different compositions of the FeNiCr system. Each data point represents a composition and the value of stacking fault energy is indicated by the color of the data point.

  chemical potential of Fe and Ni increases when the amount of Fe and Ni in the composition increases. The lowest vacancy formation energy (𝐸 𝑓,𝑉 ) is obtained for the FeNi90Cr5 composition and the highest is for the FeNi10Cr50 alloy. The most stable dumbbell configuration depends on the composition and orientation of the dumbbell. The solid solutions with higher Cr content (>60% Cr) have high stable stacking fault energy. The highest stable stacking fault energy is for the pure Cr material 274 mJ/m 2 followed by compositions with 90%Cr 258 mJ/m 2 . A strong impact of the entropy of this alloy on the unstable stacking faults energy

  at 100 K. The simulation box size depends on the cascade energy. The simulations were performed in the micro canonical ensemble and periodic boundaries were implemented. The box size was large enough to avoid the overlapping of displacement cascades at the boundary. The time step was adjusted based on the cascade energy and box size. Changing the PKA direction and

  1) have simulated for an extensive statistical study for both Ni and FeNiCr alloys. Indeed, as shown on Figure4-1, each cascade has its own shape, size, morphology, and count of defects. The typical development of the displacement cascade and the evolution of the defects with time are explained in 1.2. Figure4-1 shows the evolution of the number of defects with time for five cascades simulated with 80 keV cascade energy in Ni. Each cascade is given an ID and color in the plot. One can observe that the evolution of defects with time between these five cascades is different. The time of maximum expansion of defects and the number of atoms recombined in the recombination phase are also different. The final defects produced by i.e. the resulting primary damage, are given in a small box inside the plot, and are also different from one cascade to another. Note for instance the morphology of cascade 102, characteristic of branching which appears at high energy. Branching leads to a smaller defect production at the peak, less defects at the end of the cascade.
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 41 Figure 4-1: Evolution of the number of defects with time (ps) for five cascades initiated by an 80 keV cascade energy, simulated in Ni. Each cascade is assigned an ID and color. The solid lines represent normal cascades and dotted lines represent outlier cascades (see section 2.6 for an explanation of outliers). The small box represents the final defects produced by each cascade along with the cascade ID.
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 42 Figure 4-2: Evolution of (a) cascade mean volume (nm 3 ) and (b) number of sub cascades with time (ps) in Ni. The volume of cascade and the number of sub cascades have been averaged among all the cascades. Each color represents a different cascade energy.
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 4 Figure 4-5 shows the evolution of the time of the maximum expansion point of the cascade volume, time_maxvol, the time of the maximum number of sub cascades, and the time of the maximum number of defects with the cascade energy. The three times are different and among these three indicators, only the time of maximum volume expansion evolvessignificantly with the cascade energy. Notice that the mean number of defects plotted here is different (the order of magnitude is different) from our descriptor the mean number of defects at the end of the cascade (nDef) as to determine the primary damage descriptors, i.e. the descriptors at the end of the cascade, we recombine vacancies and SIAs which are within the capture radius we chose (see section 2.5).
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 44 Figure 4-4: Evolution with time (ps), for each cascade energy, of the mean number of defects averaged among all the cascades in Ni. Each color represents different cascade energy.
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 45 Figure 4-5: Evolution of the time of maximum number of defects (time_maxdef), the time of the maximum volume of the cascades (time_maxvol), and the time of the maximum number of sub cascades (time_maxsubcasc) with cascade energy (keV). A different color has been assigned to each time. Different point shapes have been assigned to each cascade energy for Ni.
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 4 Figure 4-6: Distributions of the primary damage descriptors at the end of the cascade development in Ni, plotted using box plots, where V denotes vacancy and I denotes SIA. Each color represents a different cascade energy.

Figure 4 - 7 :

 47 Figure 4-7: Distributions of the fractions of defect in clusters for all cascade energies at the end of displacement cascades in Ni plotted using box plots. V denotes vacancy and I denote SIA. Each color represents different cascade energy.

  bump can be fitted by a lognormal law. It is due to the occurrence of large defects, and is well represented by the distributions of the maximum sizes of the defects. The size of this bump increases when the cascade energy increases as seen in Fe and W (De Backer et al., 2021).
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 48 Figure 4-8: Point defect cluster size distributions at the end of the cascades in Ni for all cascade energies, (a) shows the vacancy cluster distribution and (b) shows the interstitials cluster distribution. Each color represents different cascade energy. Each data point corresponds to the sum of all the clusters having a size within the bin.



  Fe and W potentials tested in De Backer et al., 2021 but not yet published).  The evolution of the fraction of defects in clusters with the cascade energy first decreases, until 10 keV then it increases. After the fragmentation energy (at 10 keV), the number of mono defects decreases and the number of defects in clusters increases with cascade energy. The cascades which produce a large number of mono vacancies tend to produce also a large number of mono interstitials.
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 4 Figure 4-9: Scatter plot showing, for all the energies, the number of mono interstitials (monoI) versus the number of mono vacancies (monoV) at the end of the cascades in Ni. Cascade energies are represented by different colors.
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 4 Figure 4-10: Morphology descriptor distributions at the maximum cascade volume expansion (vol), in Ni, plotted using box plots. Cascade energies are represented by different colors.
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 4 Figure 4-11: Scatter plots showing (a) the volume of the cascade at maximum expansion (vol) and the number of mono vacancies at the end of the cascade development (monoV) and (b) the volume of the cascade at maximum expansion (vol) and the number of mono interstitials at the end of the cascade development (monoi). Cascade energies are represented by different colors.
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 44 Figure 4-12: Scatter plots between the cascade volume (vol) and sphericity, divided between centroids obtained with the k mean method, for 120 keV cascade energy (a) low fragmented cascades (LFC), medium fragmented cascades (MFC) and high fragmented cascades (HFC) and (b) only low fragmented cascades (LFC), and high fragmented cascades (HFC) in Ni. The LFC, MFC and HFC are given in three different colors.

Figure 4 -

 4 Figure 4-14: Scatter plots between the cascade volume (vol) at the maximum expansion of cascade volume and the number of mono defects, divided between centroids obtained with the k mean method, for 120 keV cascade in Ni. (a), (b) number of mono interstitials (monoi) versus the volume (vol) and (c), (d) number of mono vacancies (monoV) versus the volume (vol). (a), (c) shows the low fragmented cascades (LFC), the medium fragmented cascades (MFC), and the high fragmented cascades (HFC) and (b), (d) show only the LFC and the HFC. The LFC, MFC, and HFC are given in three different colors.
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 4 12 ((a) and (b)) and and (b)). As discussed previously, the larger the cascade, the more clustering. Low fragmented cascades usually consist in a few large cascades or a large cascade decorated by defects, thus the amount of clustering is large. On the other hand, very fragmented cascades consist in a large amount of small sub cascades; hence they contain a large proportion of mono defects. There is a difference in the influence of fragmentation in interstitial related descriptors and vacancy related descriptors. The effect of fragmentation is higher for interstitial related descriptors than for vacancy related descriptors. As the SIAs are concentrated mostly on the surface of the cascade and vacancies are concentrated inside the volume of cascade, the dependence of SIAs on the sub cascades are higher than the dependence of vacancies. The low fragmented cascades have larger volumes at the maximum expansion of the cascade volume whereas the high fragmented cascades have lower cascade volumes.
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 4 Figure 4-16: Evolution of the regression coefficients A and B of multilinear regressions versus cascade energy. Red lines correspond to y = A (energy) vol + C, green lines correspond to y = A (energy) sphericity + C and blue lines correspond to y = A (energy) vol + B (energy) sphericity + C.
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 4 Figure 4-17: Evolution of the mean number of defects with time (ps) in Ni, for three potentials, in (a) 5 keV cascades, (b) 20 keV cascades (c) 50 keV cascades. The line represents the average number of defects and the potentials are assigned with different colors.

Figure 4 -

 4  shows the evolution of the defect survival rate when the cascade energy increases. The mean defect survival rate decreases when the cascade energy increases. The data, represented using a log-log scale, do not strictly follow a power law. One can observe a change in slope in two different points on the graph. The first one is around 2 keV and the second one is around 20 keV. The slope follows a linear decay path from 2 keV to 20 keV. At high energy (> 50 keV), the value of the mean defect survival rate does not change anymore.



  At low energy, the hard potential creates less defects at the maximum expansion point of the defects, and at the end of the cascade evolution, it predicts fewer defects than the soft potentials.
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 4 Figure 4-18: Evolution of the mean defect survival rate with the cascade energy plotted in log-log scale for our three potentials. A different color has been assigned for each EAM potential.
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 44 Figure 4-19: Distributions of the primary damage descriptors at the end of (a) 5 keV (b)20 keV and (c) 50 keV displacement cascades simulated in Ni plotted using box plots, where V denotes vacancy and I denotes SIA. Each color represents a different potential.

Figure 4 -

 4 Figure 4-23: (a) fraction of vacancies in clusters (fractionV) versus fraction of interstitials in clusters (fractionI), (b) number of mono vacancies (monoV) versus number of mono interstitials (monoI), (c) fraction of interstitials in clusters (fractionI) versus number of mono interstitials (monoI) (d) fraction of vacancies in clusters (fractionV) versus number of mono vacancies (monoV) at the end of the cascade for 50 keV displacement cascades.

4

 4 Correlations between the primary damage and the cascade morphology

Figure 4 -

 4  shows correlations between primary damage and morphology descriptors. There is a negative correlation between the volume of cascade (vol) and sphericity at the maximum expansion of the cascade volume with the number of mono interstitials (monoI) at the end of cascade development. The plot between sphericity and mono interstitials shows that the highly fragmented cascades produce more mono interstitials than the less fragmented cascades. In the same plot, we see a different behavior between hard and soft potentials.
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 4 Figure 4-24: Distributions of the morphology descriptors at the maximum expansion point of the cascade volume for (a) 5 keV, (b) 10 keV and (c) 50 keV displacement cascades plotted using box plots. Each color represents an EAM potential.

Figure 4 -Figure 4 -

 44  shows correlations between the number of defects (nDef) and largest interstitial cluster size per cascade (maxSizeI) to sphericity. The trend line, for each potential, is plotted using a linear regression model. We can see that the slope of the trend lines is different for each potential. For the AV3 potential, we can see a more prominent correlation of the number of defects (nDef) and largest interstitial cluster size per cascade (maxSizeI) with sphericity than for the BON and NIPD potentials. Trend line can very well be affected by the extreme cascades (cascades with highest the number of defects (nDef) or highest number of largest interstitial cluster size per cascade (maxSizeI)). However, a difference in behavior is seen between the AV3 potential and the others. The number of defects (nDef) and largest

  26: a) number of defects (nDef) versus sphericity, (b) largest interstitial cluster size (maxSizeI) versus sphericity for 50 keV displacement cascades. Different potentials are represented by different colors. The trend line is plotted using a linear regression model.

Figure 4 -

 4 20, where the median (or the mean if the distribution is normal) values which are the lines inside the box and the whiskers are further from each other for fractionV (which gives a high F value) and closer to each other for fractionI (which gives a low F value). As regard the morphological descriptors, it appears that the potential has an effect on the sphericity: the F value for sphericity is This correlates with the finding in Figure4-25, which show that the BON potential produces less fragmented cascades than the other potentials. This suggests that the statistically significant difference in the mean value of groups (the F values) is mainly produced by the BON potential. This shows that the relation between cascades final defects and fragmentation is different for hard potentials and soft potentials.
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 4 Figure 4-27 shows the evolution of the F value with cascade energy for each descriptor. At lower energies (below fragmentation) the two highest F values are obtained by the total number of defects at the end of the cascade (nDef) and the number of mono interstitials (monoI). However, after fragmentation energy, the highest F values are obtained by the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV). A clear difference in F value trends are thus observed below and above fragmentation energy. The F value of the total number of defects at end of cascade simulation (nDef) remains the same until 20 keV and then starts to decrease. The effect of the potential is primarily observed at energies above fragmentation energy.
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 4 Figure 4-27: Evolution of F value of each descriptor with cascade energy. Each descriptor is assigned a different color and point shape.

Figure 4 -

 4 Figure 4-28: Evolution, with energy, of Pillai's trace for each combination of descriptors. The plot on the left hand side corresponds to models with two descriptors only. The plot on the right hand side corresponds to models with more than two descriptors.

Figure 4 -

 4  Scatter plot between the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV) for each cascade energy and potential. The regression line is plotted using the linear regression method;
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 4 Figure 4-17 shows that at the maximum expansion point, the BON potential predicts the maximum number of defects. The defect survival rate for the BON potential is lower than other potentials as shown in Figure 4-18. With the BON potential, there is thus a surproduction of defects at the maximum of the production, which does not survive during the cooling down of the cascade. As the BON potential is also the potential which predicts the lowest SIA migration energy as shown by Figure 4-30 which represents the evolution of the total number of defects (nDef) at the end of the cascade plotted as a function of the SIA migration energy for each potential. The removal of the defect surproduction could be due to the small SIA migration energy. A more obvious correlation is the total number of defects at the end of the cascade which decreases when the threshold displacement energy decreases as shown in Figure 4-30 (b).
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 4 Figure 4-30: (a) Evolution of total number of defects (nDef) with the increase in SIA migration energy for each cascade energy, (b) evolution of total number of defects (nDef) with the increase in threshold displacement energy for each cascade energy,. EAM potentials are represented by a different color.

  at 100 K. Through the simulation of a large number of cascades for Ni, it has been observed that fragmentation of cascades in Ni starts only after 10 keV. The box plots of the primary damage descriptors show that the distributions are asymmetric and increase with cascade energy, with the largest vacancy and interstitial clusters having the largest standard deviation. The fraction of point defects in clusters decreases until 10 keV, followed by an increase until 50 keV. The cascade volume increases with energy, affecting the clustering of vacancies and SIAs differently, and the size distributions of point defect clusters follow a power law with a lognormal bump at intermediate sizes. The fragmentation analysis shows that for highly fragmented cascades small sub-cascades cool down before the maximum volume expansion, resulting in smaller volumes than for more compact cascades. From the results of the ANOVA analysis, we found that fragmentation affects the volume of the cascade. The amount of clustering is affected by fragmentation, with more clustering in low fragmented cascades and more mono defects in high fragmented cascades.From the analysis of the effect of potentials, the hard potential (BON) creates fewer defects than the soft potentials (AV3, NIPD) at the maximum expansion point of defects for 5 keV displacement cascades, but this trend is reversed for 20 and 50 keV displacement cascades, with BON creating more defects at the maximum expansion point and fewer at the end of the cascade evolution. The mean defect survival rate decreases with the increase in the cascade energy and reaches saturation at high energy (>50 keV), with BON having the lowest defect survival rate compared to AV3 and NIPD potentials. The primary damage descriptors show that AV3 produces the most defects, followed by NIPD and BON producing the least.The distributions of the fraction of point defects in clusters in box plots show that the fraction of vacancies in clusters are affected by the potentials, with AV3 being the largest, and NIPD, at 20 keV and 50 keV displacement cascades. The clustering behavior has different behaviors above and below fragmentation energy for AV3 and NIPD.A negative correlation exists between the volume of the cascade at maximum expansion and the number of mono interstitials at the end of the cascades.Overall, our results indicate that hardening has a significant impact on the cascade morphology, but does not explain all of the differences in defect production and clustering between potentials. The ANOVA analysis of the effect of potential on the descriptors showed that the potential effect is most pronounced on vacancy descriptors. Morphological descriptors such as sphericity also showed a statistically significant difference in the mean value of groups, mainly produced by the BON potential, indicating that hard and soft potentials have different effects on the behavior of cascades final defects, and fragmentation. The evolution of the F value with cascade energy found a change of trends before and after fragmentation. The results of the ANOVA and MANOVA analysis suggest that the number of mono vacancies (monoV) and the number of vacancy clusters (nClusterV)
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 51 Figure 5-1: Ternary plot showing the five compositions chosen for the FeNiCr alloys. The different compositions are given in different colors.

Figure 5 -

 5 Figure 5-2. The volume of the cascades and the number of sub cascades increase up to a certain point and decrease as in pure Ni (Figure 4.2). In the plot that shows the evolution of volume, the highest cascade volumes are found in Ni and FeNi90Cr5. The smallest cascade volumes are predicted to be in FeNi33Cr33. The maximum number of sub cascades is found in FeNi33Cr33. The least is found in Ni and FeNi90Cr5. This is seen in all the cascade energies. Thus the composition which gives the highest cascade volume at the maximum expansion of cascade volume gives the least number of sub cascades at the maximum expansion of the number of sub cascades. This suggests that there is an inverse relation between cascade volume and the number of sub cascades at maximum expansion.

Figure 5 -

 5 Figure 5-2: Evolution of cascade mean volume (nm 3 ) with time (ps); (a) 5 keV, (c) 50 keV and (e) 80 keV cascades; and evolution of mean number of sub cascades with time (ps) for (b) 5 keV ,(d) 50 keV and (f) 80 keV. The volume of the cascades and the number of sub cascades has been averaged on all the cascades for a given energy. Different colors have been assigned to each material.

Figure 5 -

 5 Figure 5-3: Mean volume of cascades (mean vol) (nm 3 ) at the maximum expansion of cascade volume and the mean number of sub cascades (mean nSubCas) at the maximum expansion of the number of sub cascades for (a) 80 keV and (b) 50 keV cascades. Different colors and points have been assigned to each material.
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 54 Figure 5-4: Evolution of defect production with time (ps) in Ni and different compositions of FeNiCr. A different color has been assigned to each material. (50 keV cascades)
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 555 Figure 5-5: (a) Defect survival rate in 50 keV and 80 keV cascades for different compositions. Evolution of defect survival rate with (a) %Fe (b) %Ni and (c) %Cr for 80 keV cascades. The distribution is displayed using box plots. A different color has been assigned for each material.
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 575 Figure 5-7. Distributions of total number of point defects produced (nDef), mono defects (monoV/I), number of defect clusters (nClusterV/I) and largest defect cluster (maxSizeV/I) in Ni and different compositions of FeNiCr for cascade energies (a) 5 keV, (b) 20 keV and (c) 80 keV. V denotes vacancy and I denotes SIA. The distribution is displayed using box plots and each composition is represented with a different color.
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 5555 Figure 5-9: Evolution of (a) the number of mono SIA, monoI, and (b) the size of the largest SIA cluster per cascade, maxSizeI, versus the Cr content. (c) number of mono vacancies, monoV, and number of vacancy clusters, nClusterV, versus the Fe content. The distribution is displayed using the box plots and each composition is represented with a different color.

Figure 5 -

 5 Figure 5-12. Point defect cluster size distributions at the end of the cascades in Ni and FeNiCr for cascade energies (a), (b) 5 keV (c), (d) 50 keV and (e), (d) 80 keV. (a), (c), (e) shows the vacancy cluster size distribution and (b), (d) and (f) shows the interstitial cluster size distribution. The bin width increases exponentially and each data point corresponds to the sum of all the clusters having a size within the bin, divided by the number of cascades. Each composition is represented with a different color.
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 55 Figure5-13, for each composition versus cascade energy, as we did in pure Ni.The black horizontal line on the figure corresponds to fractionV/fractionI = 1. which plots this ratio against cascade energy for each compositions shows that a distinction seems to appear between rich Ni alloys and the other alloys. For pure Ni and the FeNi90Cr5 solid solution, the ratio is close to one and at high energies, there are slightly more SIA in clusters than vacancies in clusters. In the other alloys the fraction of vacancies in clusters in always higher than that of SIAs. Their behavior is thus close to that of Fe whereas the rich Ni alloys behave more like W as regards clustering(De Backer et al., 2021). The highest ratio of the fraction of vacancies in the cluster (fractionV) to the fraction of interstitials in the cluster (fractionI) is found for the two Cr rich alloys, FeNi10Cr50 and FeNi10Cr40. The evolution of ratio of the fraction of vacancies in the cluster (fractionV) to the fraction of interstitials in the cluster (fractionI) with the percentage of Fe, Cr or Ni shows a clear positive correlation between this ratio and the % Cr in the alloys and a negative correlation between this ratio and the %Ni in the alloys.

Figure 5 -Figure 5 -

 55 Figure 5-15. Distributions of the cascade volumes (vol), number of sub cascades (nbSC), sphericity of the cascades, and time at the maximum expansion point of the cascade volume in Ni and different FeNiCr solid solutions, for cascade energies (a) 5 keV, (b) 50 keV, and (c) 80 keV. The distribution is displayed using box plots. Each composition is represented with a different color.

Figure 5 -Figure 5 -

 55 Figure 5-18 which represents the evolution of the mean volume of the cascades and sphericity with the entropy of mixing (𝛥𝑆 𝑅 ⁄ ). There is a real difference between the two low entropy alloys and the other alloys for the mean cascade volume for and the sphericity of the cascade.

Figure 5 -

 5 Figure 5-20 shows the evolution of the mean number of atoms in HCP configurations with the stacking fault energy of each composition. The FeNi10Cr20 alloy has the lowest stacking fault energy and produces the highest number of atoms in HCP configurations, as expected. Ni and the FeNi90Cr5 alloy have the highest stacking fault energy and produce the lowest

Figure 5 -

 5 Figure 5-20: Mean number of atoms in HCP with the stacking fault energy (mJ/m 2 ) for Ni and different compositions of FeNiCr for 50 keV and 80 keV cascade energies. The error bar represents the standard error and each material is represented by a different color.

Figure 5 -

 5 21 shows the evolution of the F value with cascade energy for each descriptor. The highest effect of composition is shown by the number of mono vacancies (monoV) and largest interstitial cluster size per cascade (maxSizeI). The number of defects is influenced by the composition at high energies. The F value of the morphology descriptors are low showing least effect of composition on morphology which correlates with Figure 5-15.

Figure 5 -

 5 Figure 5-21: Evolution of F value of each descriptor with cascade energy. Each descriptor is assigned different color and point shape.

  -22. The error bar of our values shows the standard deviation of our values. Using standard deviation in the error bar shows whether the reference values are well within our range of values. The cascades simulated using AV3 potential in Ni and FeNi33Cr33 are compared with the work ofBéland et al., 2017 where they use the same potential and composition to simulate cascades. The major difference between our simulations and the simulations ofBéland et al., 

Figure 5 -

 5 Figure 5-22: Comparison of our results with literature. The color corresponds to the potentials used. Dotted lines represent the reference values and solid lines represent our values. The error bar is the standard deviation of the values.

Figure 6

 6 Figure 6-1: A typical box plot representation with median and interquartile range. The points outside the box are outliers.

Figure 6

 6 Figure 6-3: Scatter plot of the number of mono vacancies, monoV, versus the number of defects, nDef for multiple cascade energies represented in different colors. The size of the points depends on the size of the largest vacancy cluster size, maxSizeV, divided into three groups: maxSizeV below 200, maxSizeV between 200 and 400 and maxSizeV above.
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 6465  Scatter plot between the number of monovacancies, monoV, and the number of defects, nDef divided into two centroids. Each centroid is characterized by a different color and a different shape associated to the cascades. The increasing size of the shape represents the increasing value of the largest vacancy cluster size in the cascade, maxSizeV.
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 66 Figure 6-6: Evolution of mean number of primary defect descriptors with the cascade energy in a log-log scale.

Figure 6 - 7 :

 67 Figure 6-7: Correlation matrix showing the correlations between primary damage descriptors and energy

( 4

 4 Figure6-9 represents, for the solid solutions, the R 2 obtained for simple linear regressions between the descriptors (number of defects, sphericity, etc) and properties of the solid solutions (stacking fault energies, alloying element content, entropy and vacancy formation energy). The impact of the Fe content on the number of mono vacancies and vacancy clusters, or that of the Cr content on the number of SIA and SIA clusters is clear. The lack of relation between the size of the largest vacancy cluster per cascade, maxSizeV, and the stable stacking fault energy, Γ SF is more surprising as is the relation between the size of the largest vacancy cluster per cascade, maxSizeV, and the unstable stacking fault energy, Γ us.

Figure

  Figure 6-10: R2 value evolution with cascade energy (eV), for simple linear regressions between the number of defects, nDef, the number of mono vacancies, monoV, the number of vacancy clusters, nClusterV, the size of the largest vacancy cluster per cascade, maxSizeV, the number of mono SIA, monoI, the number of SIA clusters, nClusterI, the size of the largest SIA cluster per cascade, maxSizeI, fraction of atypical cascades, fAtyp, the volume, vol, the number of subcascades, nbSC, sphericity, and the time of the maximum expansion of the volume, and properties of the potentials: vacancy formation energy, 𝐸 𝑓,𝑉 (eV), vacancy migration energy, 𝐸 𝑚,𝑉 (eV), SIA migration energy, 𝐸 𝑚,𝐼 (eV), <100>dumbbell formation energy, 𝐸 𝑓,〈100〉 (eV),<110>dumbbell formation energy, 𝐸 𝑓,〈110〉 (eV), <111> dumbbell formation energy, 𝐸 𝑓,〈111〉 (eV),octahedral formation energy, 𝐸 𝑓,𝑂𝑐𝑡𝑎 (eV),tetrahedral

  . et al. (2022) 'Statistical Analysis of Displacement Cascades in Metals -from Atypic Cascades to Outlier Analysis and Microstructure Evolution Under Irradiation', in Bridging Scales in the Microstructure Modeling of Nuclear Materials. 10th International Conference on Multiscale Materials Modeling (MMM 2022), Baltimore, Maryland. Mandelbrot, B.B. and Mandelbrot, B.B. (1982) The fractal geometry of nature. WH freeman New York.
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 1 

	:1 shows the most commonly used Ni alloys in a nuclear
	reactor system, the data is adapted from Yonezawa, 2012, and Table 1:2 shows the nominal
	compositions of the most commonly used Ni alloys, adapted from Griffiths, 2019.

Table 1 :

 1 1. Common Ni-based alloys used in nuclear reactor cores and primary coolant circuits.

	Reactor Type				Alloys			
	BWR	600	718	X-750		800	625	
	PWR	600	718	X-750		800		690
	CANDU	600	718	X-750		800		690
	LMFBR		718	X-750	PE16, 706	800		
	HTGR	600	718	X-750			625	
	Table 1:2: Nominal compositions (wt%) of commercial Ni-Based alloys.			
	Alloys	Ni	Cr	Fe	Ti	Al	Nb	Mo
	Nimonic PE16	43	17	33	1.2	1.3		3.7
	Inconel 750	72	15.5	7	2.5	0.7	1	
	Inconel 718	53	18	19	0.9	0.6	5	2.5
	Inconel 706	42	16	37	1.7	0.3	2.9	0.1
	Inconel 625	61	22	<5	0.3	0.3	3.5	9
	Inconel 600	75	16	8	0.3	0.2		
	Incoloy 800	33	21	>39.5	0.4	0.4		

Table 1

 1 

	:3: Nominal compositions (wt%) of commercial austenitic steels. The L grade is low carbon content.
	Grade C max	Cr	Ni	Mo	Si max	Mn	S max P max	Cu
							max			max
	304	0.06	17-20	9-12	-	1	2	0.03	0.045	1
	304L	0.03	17-20	9-12	-	1	2	0.03	0.045	1
	316	0.07	16-19 10-14	2-3	1	2	0.03	0.045	1
	316L	0.03	16-19 10-14	2-3	1	2	0.03	0.045	1
	Figure 1-5 presents a Fe-Ni-Cr phase diagram at 600 o C produced using MTDATA and the NPL
	(National Physical Laboratory) solution database plotted by Yin, Faulkner, and Starr, 2014.
	The γ field includes both austenitic steels (regions close to the γ and α + γ boundary) and Ni-
	based alloys at higher Ni concentrations. A relatively high amount of nickel is required to
	maintain the austenite structure at low temperatures. Accordingly, nickel is classed as an
	austenite stabilizer. Chromium improves the formation of ferrite. Due to the high content of
	Ni and Cr, austenitic steels have excellent oxidation/corrosion resistance. The resistance
	comes from the formation of a stable surface-protective oxide layer of Cr 2 O 3 .	

  The NRT efficiency for cascades in Pt and Ni, given by the ratio of the MD predicted number of Frenkel pairs (N FP ) over the NRT predicted defect number (N NRT ) obtained from simulations with different cascade energy (𝑇 𝑑 ). The plot is taken from[START_REF] Sand | On the lower energy limit of electronic stopping in simulated collision cascades in Ni, Pd and Pt[END_REF]. Note that the nuclear damage energy in the caption is what we refer to as the cascade energy, i.e.the fraction of PKA energy that produces the defects (see DeBacker et al., 2021) 

	INTRODUCTION			
	recombination estimated empirically. The predicted number of atomic displacements (𝑁 𝑑 ) as
	a function of cascade energy (𝑇 𝑑 ), or the damage function, is given in this model by,
		𝑁 𝑑 (𝑇 𝑑 ) =	[ 0.8𝑇 𝑑 0 1 2𝐸 𝑑	, 𝑇 𝑑 < 𝐸 𝑑 2𝐸 𝑑 , 𝐸 𝑑 < 𝑇 𝑑 < 0.8 , 2𝐸 𝑑 0.8 < 𝑇 𝑑 < ∞ ]
	Recently athermal recombination corrected displacements per atom (arc-dpa) has been
	proposed for a more realistic model based on numerous MD studies (Nordlund, Zinkle, Sand,
	Granberg, Averback, R. Stoller, et al., 2018). An illustration of the results in Ni is shown Figure 1-8:
	Figure 1-8 from (Sand and Nordlund, 2015). The NRT-dpa model, modified by introducing a
	new efficiency function (𝜉 𝑎𝑟𝑐𝑑𝑝𝑎 (𝑇 𝑑 )), is given by:
		𝑁 𝑑,𝑎𝑟𝑐𝑑𝑝𝑎 (𝑇 𝑑 ) =	[ 0.8𝑇 𝑑 2𝐸 𝑑	0 1 𝜉 𝑎𝑟𝑐𝑑𝑝𝑎 (𝑇 𝑑 ) , , 𝐸 𝑑 < 𝑇 𝑑 < , 𝑇 𝑑 < 𝐸 𝑑 2𝐸 𝑑 0.8 2𝐸 𝑑 0.8 < 𝑇 𝑑 < ∞ ]
	Where the new efficiency function 𝜉 𝑎𝑟𝑐𝑑𝑝𝑎 (𝑇 𝑑 ) is given by
		𝜉 𝑎𝑟𝑐𝑑𝑝𝑎 (𝑇 𝑑 ) =	1 -𝑐 𝑎𝑟𝑐𝑑𝑝𝑎 ( 2𝐸 𝑑 0.8 ) 𝑏 𝑎𝑟𝑐𝑑𝑝𝑎 𝑇 𝑑 𝑏 𝑎𝑟𝑐𝑑𝑝𝑎 + 𝑐 𝑎𝑟𝑐𝑑𝑝𝑎
	𝑏 𝑎𝑟𝑐𝑑𝑝𝑎 and 𝑐 𝑎𝑟𝑐𝑑𝑝𝑎 are material constants, that need to be determined for a given material
	from MD simulations or experiments. 𝑏 𝑎𝑟𝑐𝑑𝑝𝑎 and 𝑐 𝑎𝑟𝑐𝑑𝑝𝑎 for Fe and Ni are shown in Table
	1:4.			
	Table 1:4: Material constant (𝑏 𝑎𝑟𝑐𝑑𝑝𝑎 and 𝑐 𝑎𝑟𝑐𝑑𝑝𝑎 ) values for Fe and Ni. The values are taken from Sand and
	Nordlund, 2015.			
	Material	𝐸 𝑑 (eV)			𝑏 𝑎𝑟𝑐𝑑𝑝𝑎	𝑐 𝑎𝑟𝑐𝑑𝑝𝑎
	Fe	40			-0.568 ± 0.02	-0.286 ± 0.005
	Ni	39			-1.01 ± 0.11	0.23 ± 0.01
	is the historical and universal irradiation dose measure. It starts with the
	material-dependent damage threshold energy (𝐸 𝑑 ) at which, one PKA creates one stable pair
	of SIA and vacancy defects and, based on the fractal nature of the displacement cascades, it
	extrapolates that the defect production is proportional to the PKA energy, including a rate of
					1-11

  variability. It allows us to obtain accurate mean values, to study standard deviations and todetect what we refer to as atypical cascades. As indicated by their names, atypical cascades are cascades that don't exhibit the "normal behavior" of the cascades and a large statistical data base is needed to assess the "normal behavior". The details of the number of cascades simulated per condition (energy and material) are given in chapter 4 and 5. A variety of statistical procedures exist in the literature. The appropriate statistical procedure depends on the research hypothesis and the type of data collected. Our large database has been analyzed using specific statistical tools available in R software and the numerous libraries

(MASS, rstatix, heplots, mvnormalTest)

.

AND MODELS 2-50 used

  in this work are EAM potentials with short range interactions described by ZBL. The short range interactions are important because during the displacement cascades the atoms come in close range to each other. For characterizing the potentials chosen for this work, we calculate several properties related to cascades and compare them with DFT values. We also perform the QSD with the potential and compare them with the DFT value.Displacement cascades are simulated by giving an atom, the primary knock-out atom PKA, and a momentum. The main results from the simulations are the final defects produced at the end of the cascade simulation and features of the cascade morphology. The point defect cluster capture distance (PDCC) is set at 3.6 Å which is between 2NN and 3NN. The morphological features of the cascades, their shapes, and the number of sub cascades are

	fragmentation	of	the	cascades	and	the	atypical	cascades.	See
	https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/kmeans for more
	information								
	2.7 Conclusion							
	Several methods have been presented and briefly discussed in this chapter. The cascade

by default. Initially all data points are randomly assigned to one of the centroids. Hence at this step, all centroids are more or less centered at the same location. Then, points are assigned to another centroid if this reduces the cost function which is the sum of the square of the distance between the points and the center of the centroid. The iteration stops when the convergence criteria are satisfied or the maximum of iterations is reached. In this work we use the k mean method to analyze the simulations presented in this work and the potential properties are obtained using molecular dynamics and molecular statics as implemented in the software DYMOKA. The potentials METHODS characterized using the decomposition method

(De Backer et al., 2018)

. 7 primary damage descriptors and four morphology descriptors are defined to analyze the cascades. A large number of cascades (more than 15,000 cascades) have been simulated for maximum variability. The database has been analyzed using specific statistical tools such as ANOVA, MANOVA, box and whiskers plots etc.

Table 3 :

 3 1 EAM potentials considered for the simulation of displacement cascades with the abbreviations and the reference of the original and hardened potentials.

	Name	Original potential	Hardened Potential
	AV3	Bonny et al., 2011	Béland et al., 2017
	BON	Bonny, Castin and Terentyev, 2013	Bonny, Castin and Terentyev, 2013
	ZAT	Bonny et al., 2011	Tooq and Kenny, 2013
	JMR	Mishin et al., 1999	Raulot, 2005
	NIPD	Mishin, 2004	Samolyuk et al., 2016

In Figure

3

-1, the average lattice energy (E* = E/E coh ) under uniform lattice expansion and compression (a*) calculated with all the potentials is compared with Rose's universal

Table 3 :

 3 2. Lattice parameter (𝑎 𝑙 ) and cohesive energy (E coh ) calculated using the potentials and compared with the DFT and experimental values for Ni.

Table 3 :

 3 3: Vacancy Formation Energy (𝐸 𝑓,𝑉 ), Frenkel pair formation energy (𝐸 𝑓,𝐹𝑃 ) and SIA formation energy (𝐸 𝑓,𝐼 ) compared with reference DFT and experimental values. All the values are in eV.

Table 3 :

 3 4 Distance (l.u) between the two atoms in the dumbbell after relaxation for each potential.

Table 3 :

 3 6 Binding energy (𝐸 𝑏,𝑉→2𝑉 ) for the divacancy compared with reference simulations and experimental values. All the values are in eV.

*DFT results from our calculation.

  For the binding energy for more than two vacancies (n>2), we tried different positions of the single vacancy next to the cluster. They are given in ANNEX 1. The lowest binding energy (𝐸 𝑏,𝑉→𝑛𝑉 ) for each cluster size is given in Table3:7. The evolution of the binding energy from (𝐸 𝑏,2𝑉→3𝑉 ) vacancies to (𝐸 𝑏,4𝑉→5𝑉 ) vacancies is given in Figure3-5. The binding energy (𝐸 𝑏,𝑉→𝑛𝑉 ) increases when the number of vacancies increases, as expected.

			This Work				Reference		
	AV3	BON	ZAT	JMR	NIPD	ReaxFF	DFT	DFT *	DFT
						(Mahmoud et	(Zhao et		(Das	et
						al., 2018)	al., 2019)		al., 2017)
	1nn 0.339 0.117 0.339 0.136 0.168	0.2	0.067	0.018	0.02
	2nn 0.003 0.043 0.003 -0.07	0.018	0.02	-	-0.08	-0.09
	3nn -0.05 0.007 -0.04 0.006 0.006	-	-	-	0.00
	4nn -0.00 0.003 -0.00 -0.002 0.003	-	-	-	-

Table 3 :

 3 [START_REF] Reference Arkundato | Performance of the Fe-Ni-Cr steel alloy in high temperature molten liquid lead[END_REF] Binding energy (𝐸 𝑏,𝑉→𝑛𝑉 ) for a vacancy with vacancy clusters with varying sizes (n) for each potential. All energies are in eV.

Table 3 :

 3 8 Binding energy ((𝐸 𝑏,𝐼→2𝐼 ) for di-interstitials compared with reference calculations and experimental values. All the values are in eV.For the binding energy for more than two SIAs (n>2), we tried different configurations given in ANNEX 1. The lowest binding energy (𝐸 𝑏,𝐼→𝑛𝐼 ) for each cluster size is given inTable 3:9.

	n	𝐸 𝑏,𝑉→2𝑉	𝐸 𝑏,2𝑉→3𝑉	𝐸 𝑏,3𝑉→4𝑉	𝐸 𝑏,4𝑉→5𝑉
	AV3	0.339	0.69	0.69	1.05
	BON	0.117	0.27	0.32	1.28
	JMR	0.136	0.34	0.33	0.60
	NIPD	0.168	0.33	0.36	0.54
	ZAT	0.339	0.69	0.69	1.05

Table 3 :

 3 9: Binding energy (𝐸 𝑏,𝐼→𝑛𝐼 ) for an interstitial with interstitial clusters with varying size (n) for each potential. All energies are in eV.

	n	2	3	4	5
	AV3	0.69	1.80	1.89	2.02
	BON	1.75	2.84	3.66	3.56
	JMR	1.15	2.66	2.79	2.66
	NIPD	0.67	1.73	1.69	2.41
	ZAT	0.62	1.78	1.84	1.99

Table 3 :

 3 10 Stable stacking fault energy (Γ sf ) and unstable stacking fault energy (Γ us ) for pattern -1 compared with reference DFT and experimental values. All the values are in mJ/m 2 .

	This work			Reference
	AV3 BON ZAT JMR NIPD	DFT (Connétable, Wang and Tanguy, 2014)	DFT (Li et al., 2016)	DFT (Chandran and Sondhi, 2011)

Table 3 :

 3 12. Surface energy for the three directions <100>, <110>, and <111> compared with reference DFT and experimental values. All the values are in J/m All the potentials underestimate the surface energy values compared with the DFT values from[START_REF] Vitos | The surface energy of metals[END_REF][START_REF] Kappeler | Simulation of nickel surfaces using abinitio and empirical methods[END_REF][START_REF] Kappeler | Simulation of nickel surfaces using abinitio and empirical methods[END_REF] In the <100> direction,[START_REF] Vitos | The surface energy of metals[END_REF] give 2.42 J/m 2, and Kappeler, Marusczyk and Ziebarth, 2020 give 2.87 J/m 2 .The closest value is obtained with the NIPD potential (1.94 J/m 2 ) followed by the JMR (1.88 J/m 2 ) and BON (1.83 J/m 2 ) potentials. AV3 and ZAT potentials severely underestimate the surface energy values (0.77 J/m 2 ). The same pattern is repeated in the <110> direction as[START_REF] Vitos | The surface energy of metals[END_REF] give 2.36 J/m 2 and Kappeler, Marusczyk and Ziebarth, 2020 give 2.96 J/m 2 .

					2 .			
				This work				Reference
		AV3	BON	ZAT	JMR	NIPD	DFT (Vitos et al., 1998)	DFT (Kappeler, Marusczyk and Ziebarth, 2020)	Experimental data (Mishin, 2004)
	<100>	0.77	1.83	0.77 1.88	1.94	2.42	2.87	2.28
	<110>	0.73	1.37	0.73 1.45	1.48	2.36	2.96	2.28
	<111>	1.03	1.94	1.03 2.05	2.09	2.01	2.50	2.28

The closest value is obtained with the NIPD potential (1.48 J/m 2 ) followed by JMR (1.45 J/m 2 ) and BON (1.37 J/m 2 ) potentials. AV3 and ZAT potentials severely underestimate the surface energy values (0.73). For the <111> direction, the DFT data and the potentials are in the same range.

[START_REF] Vitos | The surface energy of metals[END_REF] 

give 2.01 J/m 2 and Kappeler, Marusczyk and Ziebarth, 2020 give 2.50 J/m 2 . The closest value is obtained with the NIPD potential (2.09 J/m 2 ) followed by JMR (2.05 J/m 2 ) and BON (1.94 J/m 2 ) potentials. In this case, also, AV3 and ZAT potentials severely underestimate the surface energy values (1.03 J/m 2 ).

Table 3 :

 3 13 Results from our calculations compared with values published by the developers of the potentials.

Table 3 :

 3 14: Mean TDE with standard deviation along the three directions and the average TDE in all directions obtained in this calculation and compared with reference DFT and experimental values. All the values are in eV.The highest TDE is observed in the <111> direction for all the potentials, in agreement with literature. The comparison of the experimental average TDE in all directions is close to the average TDE predicted by the AV3 potential. When comparing with experimental data, the closest value, for the <100> direction, is predicted by the JMR potential, for the <110> direction, it is the NIPD potential that is the closest and for the <111> direction, the best prediction is given by the JMR potential.

				This work				Reference	
							EAM	EAM	EAM	Experime
		AV3	BON	JMR	NIPD	ZAT	(Delcz eg,	(Zhao et al.,	(Das et al.,	ntal Data (Zhao et
							2011)	2019)	2017)	al., 2019)
	Avg. TDE	29.61	77.84	41.16	32.47	35.73	17.8	-	-	22
	<100> 22±1.4 54±3.2	39±2	29±1.8	21±1.6	-	22±0.5	48	38
	<110> 29±2.3 50±2.2 28±1.3	24±1.2	35±2.4	64.4	34±0.5	32	21
	<111> 39±4.4 154±12 67±13.8 51±11.4 53±8.6	-	22±0.5	98	>60

The TDE distributions are given in Figure

3

-12. The lowest TDE is observed for the softer potentials, AV3, NIPD, and ZAT. The hardest potential, BON, gives the highest TDE compared to all potentials. As Ni has an FCC structure, the densest direction is <110>, and according to the literature, the lowest TDE is in that direction. This is what all potentials but AV3 and ZAT predict. For these two potentials, the lowest TDE is observed in the <100> direction. Notice that AV3 and ZAT potentials are based on the same equilibrium potential,

[START_REF] Bonny | Interatomic potential to study plasticity in stainless steels: the FeNiCr model alloy[END_REF] 

Table 3 :

 3 15: Equilibrium property values of energies obtained from our calculation with the relative error in percentage given in brackets.

Table 3:16 Color code based on the relative error (%) between the references (DFT values) and our values (given in brackets)

Table 3 :

 3 17: Chemical potentials calculated for Fe and Cr in a Ni matrix. The chemical potential of Ni (μ Ni ) is the cohesive energy of Ni (𝐸 𝑐𝑜ℎ ).

	Chemical potential (eV)
	μ Fe μ Ni μ Cr	-4.84 -3.64

Table 3 :

 3 18: Formation energies of mixed dumbbells, calculated using the AV3 potential, compared with the DFT values from[START_REF] Toijer | Solute-point defect interactions, coupled diffusion, and radiationinduced segregation in fcc nickel[END_REF]. All the values are in eV.The migration energy of mixed dumbbells (𝐸 𝑚,𝐴-𝐵→𝐶-𝐵 ) eV in the Ni matrix is calculated using the drag method mentioned in section 2.4.1.3. The value of the migration energy for

	Orientation

different combinations of initial dumbells (A-B) and final dumbells (C-B) are given in Table

3

:19. The highest migration energy (𝐸 𝑚,𝐴-𝐵→𝐶-𝐵 ) is found for the migration of a Ni atom initially in a <100> Ni-Ni dumbbell to form a <010> Fe-Ni dumbbell. The lowest migration energy (𝐸 𝑚,𝐴-𝐵→𝐶-𝐵 ) is found for the migration of a Fe atom initially in a <100> Fe-Ni to <210> Ni-Fe. The initial and final orientation of the dumbbells is also shown in Table

3:19.

Table 3

 3 

		:20: Values of entropy of mixing (𝛥𝑆 𝑅 ⁄ ) for the alloy compositions Alloy Cr content Fe content Ni content 𝛥𝑆 𝑅 ⁄
		FeNi10Cr20	20	70	10	0.80
		FeNi10Cr40	40	50	10	0.94
		FeNi10Cr50	50	40	10	0.94
		FeNi33Cr33	33	34	33	1.10
		FeNi90Cr5	5	5	90	0.39
		NI	0	0	100	0.00
	3.4.1 Equilibrium properties		
	3.4.1.1	Substitution Energy			

Table 3 :

 3 21: Minimum, maximum, average values and range of distribution of substitution energies, ∆ 𝐴→𝐵 𝜇, for the 400 calculations done at 0 K.

  𝐹𝑒→𝐶𝑟 𝜇) when the number of Cr atoms in 1nn volume increases for the compositions FeNi90Cr5 and FeNi10Cr50, and there is a slight increase in Cr → Fe

	energies (∆						
	Material	A→B	Number of calculations	Average Value	Substitution energy (eV) ∆ 𝐴→𝐵 𝜇 Minimum Value Maximum Value	Range
	FeNi10Cr20 FeNi10Cr40 FeNi10Cr50 FeNi33Cr33 FeNi90Cr5	Cr→Fe Cr→Ni Fe→Cr Fe→Ni Ni→Cr Ni→Fe Cr→Fe Cr→Ni Fe→Cr Fe→Ni Ni→Cr Ni→Fe Cr→Fe Cr→Ni Fe→Cr Fe→Ni Ni→Cr Ni→Fe Cr→Fe Cr→Ni Fe→Cr Fe→Ni Ni→Cr Ni→Fe Cr→Fe Cr→Ni Fe→Cr Fe→Ni Ni→Cr Ni→Fe	1382 1382 4839 4839 691 691 2764 2764 3457 3457 691 691 3456 3456 2765 2765 691 691 2281 2281 2351 2351 2280 2280 346 346 346 346 6220 6220	-0.28 -0.94 0.33 -0.64 0.99 0.69 -0.46 -0.88 0.45 -0.43 0.88 0.42 -0.56 -0.87 0.51 -0.33 0.82 0.28 -0.65 -0.84 0.70 -0.17 0.89 0.22 -1.06 -0.78 1.13 0.32 0.84 -0.26	-0.55 -1.11 0.07 -0.97 0.83 0.41 -0.76 -1.11 0.21 -0.83 0.69 0.14 -0.83 -1.11 0.28 -0.69 0.62 -0.07 -1.04 -1.04 0.41 -0.55 0.62 -0.07 -1.18 -0.90 0.97 0.14 0.76 -0.35	-0.07 -0.76 0.62 -0.28 1.18 0.97 -0.21 -0.69 0.76 0.00 1.11 0.76 -0.28 -0.62 0.76 0.00 1.04 0.62 -0.35 -0.55 0.97 0.14 1.11 0.62 -0.83 -0.69 1.24 0.41 0.97 0.00	0.48 0.35 0.55 0.69 0.35 0.55 0.55 0.41 0.55 0.83 0.41 0.62 0.55 0.48 0.48 0.69 0.41 0.69 0.69 0.48 0.55 0.69 0.48 0.69 0.35 0.21 0.28 0.28 0.21 0.35
						substitution

Table 3 :

 3 

	3.4.1.2	Chemical Potential
	3.4.1.2.1 Widom type substitution method

22: Minimum value of the substitution energy (∆ 𝐴→𝐵 𝜇) for the FeNi10Cr20 solid solution, calculated using the AV3 potential compared with the minimum value of the substitution energy (∆ 𝐴→𝐵 𝜇) calculated using DFT from the reference

Piochaud et al., 2014. 

  a species in a phase containing only that species is the cohesive energy (𝐸 𝑐𝑜ℎ ) of the phase. The chemical potential of Ni (𝜇 𝑁𝑖 ) in the FeNi90Cr5 solid solution is the closest to the chemical potential of pure Ni systems (𝜇 𝑁𝑖 0 ). The solid solution the more concentrated in Fe, FeNi10Cr20, has the chemical potential of Fe (𝜇 𝐹𝑒 ) closer to the chemical potential of Fe in the pure Fe system (𝜇 𝐹𝑒 0 ). On comparison with the DFT results from

	chemical potential of Piochaud et al., 2014, the AV3 potential	
	Material	A→B	Minimum value of the substitution energy (eV) ∆ 𝐴→𝐵 𝜇 AV3 Piochaud et al., 2014
	FeNi10Cr20	Cr→Fe Cr→Ni Fe→Cr Fe→Ni Ni→Cr Ni→Fe	-0.55 -1.11 0.07 -0.97 0.83 0.41	0.86 3.49 -1.43 2.50 -4.07 -2.81

Table 3 :

 3 23: Chemical potentials, μ Ni , μ Fe and μ Cr for each composition calculated using the WM method. 𝜇 0 represent the cohesive energy of the element in the FCC structure.

Table 3 :

 3 24 Comparison of the chemical potential with the DFT reference value ofPiochaud et al., 2014 for the composition FeNi10Cr20. to as SM) in equation 2.30 is given in Table3:25. The chemical potential of the pure elements in the FCC phase (𝜇 0 ), which is the cohesive energy, is also presented. As explained above, the chemical potential of one species in an alloy containing a large amount of this species should be close to the cohesive energy of the species in the FCC structure.

	Atom type	AV3	Chemical potentials (eV) Piochaud et al., 2014
		μ Ni (eV) μ Fe (eV) μ Cr (eV)	-4.85 -4.16 -3.85	-5.47 -8.12 -9.02
	3.4.1.2.2 Statistical method based on the vacancy formation energy (Zhang et al., 2021)
	Unlike the Widom approach, this method doesn't require substitution energies, but it
	requires a large number of statistics for the mean vacancy formation energy (〈𝐸 𝑓,𝑉 〉) to be
	independent of the atom species removed. For that purpose, our box size is 10x10x10 l.u. 3 (it
	contains) 6912 atoms and we have created vacancies on all the sites of the box. Then we
	calculated	1 𝑁	∑ 𝐸 𝑛 𝐴→𝑉 𝑁 1	using equation 2.29 and the chemical potential obtained using this

Table 3 :

 3 

26

. The values of chemical potential from both methods (WM and SM) are close as expected from the large number of substitution and vacancy creation. Notice that, for both methods, the chemical potential of Cr (μ Cr ) is equal to the chemical potential of pure Cr (𝜇 𝐹𝑒 0 ) for the FeNi33Cr33 composition.

Table 3 :

 3 26: Chemical potential (𝜇) of Fe, Ni and Cr for each composition calculated using Widom type substitution (WM) and the statistical method based on the vacancy formation energy (SM). 𝜇 0 is the cohesive energy of each species in the FCC structure.

	𝜇 0	μ Ni (eV) -4.45	μ Fe (eV) -4.12	μ Cr (eV) -3.69
	Alloy composition	SM	SM	SM
	𝜇 FeNi10Cr20 𝜇 FeNi10Cr40 𝜇 FeNi10Cr50 𝜇 FeNi33Cr33 𝜇 FeNi90Cr5	-4.83 -4.66 -4.58 -4.55 -4.45	-4.16 -4.23 -4.28 -4.37 -4.74	-3.86 -3.78 -3.75 -3.69 -3.65

Table 3 :

 3 27. The e vacancy formation energy (𝐸 𝑓,𝑉 ) obtained with both method is the same,

	as expected. The lowest vacancy formation energy (𝐸 𝑓,𝑉 ) is obtained for the FeNi90Cr5 (1.58
	eV) composition and the highest is obtained for the FeNi10Cr40 alloy (2.05 eV). The

composition FeNi10Cr20 (2.04 eV) and FeNi10Cr40 (2.03 eV) has the vacancy formation energies (𝐸 𝑓,𝑉 ) values close to FeNi10Cr50. The DFT value for the composition FeNi10Cr20

Table 3 :

 3 28: Lowest SIA formation energy (𝐸 𝑓,𝐴-𝐵 ) for each composition and orientation calculated using equation 2.17. All the energies are in eV.

Table 3 :

 3 29: Mean <100> mixed dumbbell formation energies (𝐸 𝑓,𝐴-𝐵 ) in FeNi10Cr solid solution compared to the DFT values from Piochaud et al., 2014. All the energies are in eV

	Material	Number of calculations	A-B	SIA formation energy (𝐸 𝑓,𝐴-𝐵 ) eV <110> 𝐸 𝑓,𝐴-𝐵 <100> A-B 𝐸 𝑓,𝐴-𝐵 A-B	<111> 𝐸 𝑓,𝐴-𝐵
	FeNi10Cr20	200	Fe-Fe	3.82	Fe-Fe	3.95	Fe-Fe	4.33
	FeNi10Cr40	200	Ni-Ni	3.92	Fe-Fe	4.07	Ni-Cr	4.38
	FeNi10Cr50	200	Ni-Ni	3.75	Fe-Fe	4.10	Ni-Cr	4.33
	FeNi33Cr33	200	Ni-Ni	4.10	Ni-Ni	4.52	Ni-Cr	4.61
	FeNi90Cr5	200	Ni-Ni	4.16	Ni-Ni	4.70	Ni-Cr	4.76
				SIA formation energy (𝐸 𝑓,𝐴-𝐵 ) eV	
	Material			<100>			
			A-B	AV3	Ref DFT (Piochaud et al., 2014)
			Cr-Cr	4.33		3.31	
			Fe-Cr	4.13		3.05	
	FeNi10Cr20	Fe-Fe Fe-Ni	3.82 4.06		3.02 3.37	
			Ni-Cr	4.10		3.35	
			Ni-Ni	4.07		3.65	

Table 3 :

 3 30: Stable stacking fault energies (Γ sf ) and unstable stacking fault energies (Γ us ) for pattern -1. All the values are in mJ/m

2

.

Table 4 :

 4 1: Number of cascades simulated for each cascade energies, in Ni using the AV3 potential.

	Cascade Energy (keV)	nCasc
	0.5	1298
	1	1200
	2	1200
	5	1200
	10	1201
	20	1300
	50	600
	80	1299
	120	

Table 4 :

 4 2: F values from the ANOVA analysis on the effect of fragmentation on the descriptors in pure Ni.

Table 4 :

 4 4. The combination of sphericity and the number of sub cascades (nbSC) has the lowest impact. The combination of volume and sphericity increases the impact to a better resolution. The highest increase in resolution is from the combination of all three morphology descriptors (volume + sphericity + nbSC).

		nDef	monoV monoI nClusterV nClusterI maxSizeV	maxSizeI
	var full	5091.6 1037.9 401.8	36.1	32.1	971.8	462.8
	var vol	794.6	84.1	66.4	5.9	4.2	676.2	215.2
	R²	84.4	91.9	83.5	83.6	87.0	30.4	53.5
	var sphericity	2861.7 490.2	195.6	18.9	14.6	840.4	333.9
	R²	43.8	52.8	51.3	47.7	54.6	13.5	27.9
	Var nbSC	2183.4 416.7	189.0	16.3	14.7	760.8	292.7
	R²	57.1	59.9	52.9	54.8	54.3	21.7	36.7

Table 4 :

 4 

	4: R 2 value (%) for the influence of the combination of morphology descriptors. The R	2 value is
	calculated by 𝑅 2 = (1 -	𝑣𝑎𝑟 𝑐𝑜𝑚𝑏 𝑣𝑎𝑟 𝑣𝑜𝑙

Table 4 :

 4 5: Number of cascades simulated in Ni using three different potentials.

			nCasc	
	Cascade Energy (keV)			
		AV3	BON	NIPD
	0.5	1298	1296	1199
	1	1200	1300	1300
	2	1200	1300	1300
	5	1200	699	800
	20	1300	500	700
	50	600	400	595
	80	1299	798	437
	120	699	330	422

Table 4 :

 4 6: Mean maximum number of defects (maxDef) during the cascade evolution, mean number of defects at the end of the cascade (i.e. mean nDef) and mean defect survival rate along with the standard errors for cascade energies 5, 20 and 50 keV.

		Potentials	5 keV	20 keV	50 keV
	Maximum number	AV3	701 ± 0.8	9093 ± 12	36595 ± 58
	of defects (maxDef) during	BON	369 ± 0.6	9514 ± 24	51630 ± 121
	the cascade evolution	NIPD	576 ± 0.7	6735 ± 15	29978 ± 40
	Number of	AV3	15.78 ± 0.01	73.19 ± 0.08	289 ± 0.6
	defects at the end of the cascade	BON	8.04 ± 0.01	41.5 ± 0.1	172 ± 0.6
	before				
	neighboring	NIPD	15.28 ± 0.01	58.07 ± 0.07	217 ± 0.3
	analysis				
		AV3	0.02	0.009	0.008
	Defect survival				
		BON	0.02	0.005	0.003
	rate				
		NIPD	0.03	0.011	0.007

Table 4 :

 4 7: F values from the ANOVA analysis on the effect of potential on the descriptors.

	Dependent variables	F value for
	(descriptors)	120 keV cascades
	nDef	612.5
	monoV	2150
	monoI	893.9
	nClusterV	1920
	nClusterI	653.7
	fractionV	427.2
	fractionI	158.2
	maxSizeV	96.03
	maxSizeI	146.7
	vol	38.48
	sphericity	572.6
	time_maxVol	5.885
	nbSC	46.52

Table 4 :

 4 8: F value, Pillai's trace values and p value for different combinations of descriptors with the highest F values.

Table 4 :

 4 9: Covariance of the combination of volume and sphericity at the maximum expansion of cascade volume is given for three cascade energies and potentials

	Cascade Energy	Potentials	Covariance
	(keV)		
	50	AV3	5.68 × 10 -2
	50	BON	2.23 × 10 -1
	50	NIPD	8.85 × 10 -2
	80	AV3	-3.13 × 10 -2
	80	BON	2.63 × 10 -2
	80	NIPD	-3.13 × 10 -2
	120	AV3	-1.99 × 10 -1
	120	BON	-1.57 × 10 -1
	120	NIPD	-1.51 × 10 -1

Table 5

 5 

	:1: Number of cascades (nCasc) simulated in FeNiCr alloys modeled using AV3 potential.
			Number of cascades (nCasc)	
	Cascade Energy	FeNi10Cr20	FeNi33Cr33	FeNi90Cr5 FeNi10Cr40 FeNi10Cr50
	(keV)					
	5	1000	1000	1500	1502	1200
	10	999	-	-	-	-
	20	1500	1500	1300	-	1502
	50	400	400	1502	1299	1100
	80	1300	1300	1501	700	1370

Table 5 :

 5 3: F value and Pillai's trace values for different combination of descriptors with highest F values. pvalues are all smaller than 10

	-16

Table 6 :

 6 3: Summary of the correlation between all the primary damage descriptors within each other

Table 1 :

 1 Vacancy binding energy value for the configurations (n=3). All values are in eV.

		TV.1	TV.2	TV.3	TV.4
	AV3	0.34	0.33	0.28	0.69
	BON	0.20	0.11	0.12	0.27
	JMR	0.10	0.13	0.11	0.34
	NIPD	0.20	0.16	0.17	0.33
	ZAT	0.34	0.33	0.28	0.69

Table 2 :

 2 The pictorial representation of vacancy binding energy configurations for n=3

	Initial Configuration	Final Configuration
	TV.1	
	TV.2	

A2.Vacancy binding energy configurations for n=4

Table 3 :

 3 Vacancy binding energy value for the configurations (n=4). All values are in eV.

		FOV.1	FOV.2	FOV.3	FOV.4
	AV3	0.63	0.33	0.69	0.69
	BON	0.27	0.18	0.34	0.32
	JMR	0.32	0.09	0.31	0.33
	NIPD	0.33	0.19	0.35	0.36
	ZAT	0.63	0.33	0.69	0.69

Table 4 :

 4 The pictorial representation of vacancy binding energy configurations for n=4

	Initial Configuration	Final Configuration
	FOV.1	

Table 5 :

 5 Vacancy binding energy value for the configurations (n=5). All values are in eV

		FIV.1	FIV.2	FIV.3	FIV.4
	AV3	0.64	0.27	0.63	1.05
	BON	0.26	0.53	0.94	1.28
	JMR	0.29	0.05	0.28	0.60
	NIPD	0.32	0.17	0.40	0.54
	ZAT	0.64	0.27	0.63	1.05

Table 6 :

 6 The pictorial representation of vacancy binding energy configurations for n=5

	Initial Configuration	Final Configuration

Table 7 :

 7 Interstitial binding energy value for the configurations (n=3). All values are in eV

		TI.1	TI.2	TI.3	TI.4
	AV3	0.42	0.82	1.37	1.80
	BON	1.31	1.91	2.81	2.84
	JMR	2.16	2.16	2.66	2.54

Table 8 :

 8 The pictorial representation of interstitial binding energy configurations for n=3

	Initial Configuration	Final Configuration
	TI.1	
	TI.2	
	TI.3	
	TI.4	
	A5. Interstitial binding energy configurations for n=4

Table 9 :

 9 Interstitial binding energy value for the configurations (n=4). All values are in eV

	FII.1	FII.2	FII.3	FII.4

Table 10 :

 10 The pictorial representation of interstitial binding energy configurations for n=4

	Initial Configuration	Final Configuration
	FII.1	
	FII.2	
	FII.3	
	FII.4	

Table 11 :

 11 Interstitial binding energy value for the configurations (n=5). All values are in eV

		FII.1	FII.2	FII.3	FII.4
	AV3	1.00	1.81	2.02	1.63
	BON	2.95	3.56	2.56	2.05
	JMR	2.66	2.66	2.39	1.13
	NIPD	1.08	2.41	2.15	1.86
	ZAT	1.04	1.78	1.99	1.69

Table 12 :

 12 The pictorial representation of interstitial binding energy configurations for n=4

	Initial Configuration	Final Configuration
	FII.1	
	FII.2	
	FII.3	
	FII.4	
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 Figure 1-1: Schematic representation of a pressurized water reactor with its major components [START_REF] Mas | Solidification and phase transformations in a dissimilar steel weld 18[END_REF] The lowest stacking fault energy is obtained at 0.65 l.u. distance from the initial position. The results of the unstable (Γ us ) and stable (Γ sf ) stacking fault energies are given in Table 3:11. The stacking fault energy curve with displacement for pattern -2 is given in Figure 345678. The values of the stable stacking fault energy (Γ sf ) obtained with pattern 2 are slightly higher than the ones obtained with pattern 1. The distance from the initial position at which the lowest stacking fault energy is obtained is 0.65 l.u for pattern 2 and 0.40 l.u. for pattern 1 (0.40 l.u).

The values of stacking fault energy both unstable (Γ us ) and stable (Γ sf ) stacking fault energy close for Pattern-1 and Pattern-2. 

Surface energies 3.2.1.5

The surface energies (𝐸 𝑠𝑢𝑟𝑓 ) have been calculated for three directions <100>, <110>, and <111> using the method mentioned in section 2.4.1.7. The results obtained from the calculations with the five potentials are given in 

Summary of the Ni potential characterization

We compare the values from the references mentioned in each section (DFT results) to our results and calculate the relative error. When there is more than one reference value relative error is generated for each value. Then an average of relative errors is calculated. 

This average relative error value is given in brackets in

4-112

The evolution of the mean number of defects, per cascade energy, with time, for Ni, is shown in Figure 4-4. The number of defects increases to a maximum and decreases after that, as explained in 1.2. Around 2 keV, thus before fragmentation, a change in the slope is observed. This change of slope is due to the appearance of a shock wave that leads to an overproduction of defects. This shock wave has been detected with our defect analysis program and corresponds to atoms displaced between 1/3 and 2/3 of the first nearest neighbour distance in Fe, which corresponds to two windows shown to have an important role in the transmission of replacement collision sequences (De Backer et al., 2021). To analyze further the impact of the cascade energy, we plot, Figure 4-16, the coefficients for the volume (vol) and the sphericity, obtained by multilinear regressions, of the general type, y = A (energy) vol + B (energy) sphericity + C for the number of defects (nDef) and the maximum size of the vacancy clusters (maxSizeV). These plots, clearly indicate that the coefficients depend on energy and thus that a simple multilinear model cannot work. It suggests to consider more complex models as (fA(energy) vol+ fB(energy) sphericity), where the coefficients A and B would be functions of energy. These functions are not simple to find and these models will be nonlinear models of the independent variables. There are correlations between vacancy and interstitial defects: between the number of mono vacancies (monoV) and the number of mono interstitials (monoI) but also for the fraction of vacancies in clusters (fraction) and the fraction of interstitials in clusters (fractionI) as shown in Figure 4-23. The cascades which produce a large number of mono vacancies also produce a large number of mono interstitials. Cascades which produce a large amount of vacancy in clusters also produce a large number of interstitial in clusters.

Regarding the fraction of defects in clusters, the fraction of defects in clusters increases when the number of mono-defects decreases as expected, however there is a clear distinction in the clouds of points between the hard potential and soft potentials. For the FeNi10Cr20 alloy, we investigated the impact of the PKA type (Fe, Ni or Cr). The distribution of the total number of defects (nDef) produced by each kind of PKA is given in Figure 5-6. The total number of defects is similar, as expected, as these three elements have very similar atomic masses. Figure 6-2 shows the Venn diagrams of the outliers for 80 keV and 120 keV cascade energies.

The maximum number of common cascades was found between the size of the largest interstitial cluster per cascades (maxSizeI) and the total number of defects, nDef, followed by the size of the largest vacancy cluster per cascade (maxSizeV) and the total number of defects, nDef. This is seen for both 80 keV and 120 keV cascades. The numbers of common cascades ((indicated on the figure) between other descriptors are very low. This trend is also seen in the morphology descriptors. In this approach, it is thus difficult to find any pattern or trend to distinguish between normal cascades and atypical ones. 

6-194 defects, and the largest vacancy cluster size per cascade is independent of the number of mono vacancies

 The descriptors of the normal group of cascades and those of the atypical group of cascades show different evolution with the cascade energy.

Fraction of atypical cascades

The analysis of ANOVA and MANOVA helped us to find where the most contrasted differences in descriptors can be found. It indicated where to look to find the differences in the primary damage. We looked for the fraction of atypical cascades. The fraction of atypical cascades (fAtyp) for high cascade energy for alloy and potential is given in 

CONCLUSION AND PERSPECTIVES

The purpose of this study is to understand the effect of cascade energies, the potentials, the cascade morphology, and the composition of the alloys in Ni and FeNiCr as a part of the project RAISIN to find correlations between ion and neutron irradiation so that we can replace the latter with the former. Indeed, one important feature of an irradiation is its PKA spectrum defined on an energy range of several order magnitudes from eV to MeV and which significantly depends on the ion and neutron irradiations. A deep knowledge of the effect of the PKA energy on the primary damage is one important point to understand the difference between ion and neutron irradiation. This computational work is done using the molecular dynamics method using the EAM potentials.

Potential Characterization

In this study, five potentials were evaluated by calculating the equilibrium properties and formation energies for the FeNi90Cr5 and FeNi10Cr40 compositions are 1.58 and 2.05 eV respectively, while the FeNi10Cr20 and FeNi10Cr40 compositions have similar vacancy formation energies of 2.04 eV. The DFT values for these compositions are in the range of 1.63-2.28 eV and agree with the calculated values. This study found that the most stable dumbbell configuration for all alloys was the Ni-Ni dumbbell in the <100> orientation, except for the FeNi10Cr20 alloy which had the lowest formation energy for the Fe-Fe dumbbell. Our study of the effect of composition on the stable stacking fault energy (Γ sf ) revealed that compositions with higher amounts of Cr atoms (> 60% Cr) have the highest stable stacking fault energy (Γ sf ), while compositions with higher amounts of Ni atoms (> 80% Ni) have moderate stable stacking fault energy (Γ sf ), and the lowest stable stacking fault energy (Γ sf ) is observed for compositions with higher Fe content.

Displacement Cascades

The displacement cascades have been simulated for Ni and multiple compositions of FeNiCr using the Molecular Dynamics (MD) code DYMOKA [START_REF] Becquart | Massively parallel molecular dynamics simulations with EAM potentials[END_REF] at 100 K. The simulations were performed in the microcanonical ensemble and periodic boundaries were implemented. Electronic losses and electron-phonon coupling were neglected in the simulations. A large number of cascades (more than 15000) have been simulated for an extensive statistical study for both Ni and FeNiCr alloys. Each cascade has its own shape, size, morphology, and count of defects.

Case of Ni

The evolution of the ratio of defects to cascade energy for Ni which increases to a maximum and then decreases, as expected, shows a change in the slope of this evolution around 2 keV, which is attributed to the appearance of a shock wave that leads to an overproduction of 

ANNEX-2

The value of SIA formation energy (𝐸 𝑓,𝐴-𝐵 ) eV for all the combination of dumbbell for all material is given in table.

Table 13: The average SIA Formation Energy, 𝑬 𝒇,𝑨-𝑩, , calculated using equation 2.18 for all the material and combinationand the orientation of the dumbbell.

SIA formation energy (𝐸 𝑓,𝐴-𝐵 ) eV Material A-B <100> <110> <111>