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Introduction

Because of the exhaustion of non-renewable energies, hydrogen is seen as a clean, safe, energy carrier. Moreover, hydrogen is the most abundant element in the universe. Also, it can be generated in various methods by conversion using an electrolysis process or biochemical or thermochemical conversion. Furthermore, it is the lightest element and has a high energy density per unit mass. Today, hydrogen is gaining unprecedented growth. It is implemented in sectors like transportation, buildings heat and power, and energy production. Since 1975, the demand for hydrogen has surged more than thrice [START_REF] Birol | The Future of Hydrogen -Analysis[END_REF]]. Thus, providing hydrogen to industries and customers is a vital business. Hydrogen can be transported by pipeline and storage tanks. But, it requires particular tools and techniques to be transported. Due to its small size, Hydrogen can diffuse through the materials, including metals, and cause severe damage. This phenomenon is known as hydrogen embrittlement (HE). HE is the effect of hydrogen (internal or external source) on the physical metallurgy and thus on the properties of the materials under mechanical stress (Fig. 1). This phenomenon is classified into three types [START_REF] Lee | Hydrogen embrittlement[END_REF]], relying upon conditions: hydrogen reaction embrittlement (HRE), hydrogen environmental embrittlement (HEE), and internal hydrogen embrittlement (IHE). It can create major issues because of the decrease in the ductility of the materials, for example, in submarines, airplanes, and seaward constructions. Since 1875, when hydrogen embrittlement was first identified [START_REF] Johnson | II. On some remarkable changes produced in iron and steel by the action of hydrogen and acids[END_REF], several HE models have been discussed for different types, such as internal hydrogen embrittlement and hydrogen environment embrittlement [START_REF] Lynch | Hydrogen embrittlement (HE) phenomena and mechanisms[END_REF][START_REF] Lynch | Discussion of some recent literature on hydrogen-embrittlement mechanisms: addressing common misunderstandings[END_REF]Martin et al. 2019b;[START_REF] Nagumo | Fundamentals of Hydrogen Embrittlement[END_REF][START_REF] Robertson | Hydrogen Embrittlement Understood[END_REF]. All these investigations have been done on the mechanism of the embrittlement and the macroscopic behavior of the materials attacked by this phenomenon. But, due to the tiny size of the hydrogen atom, it can easily segregate and be transported in many metals. Therefore, hydrogen diffusion and mobility are key features to understand hydrogen embrittlement. Accordingly, the diffusion of hydrogen occurs through the defects of the materials. It can be interpreted by experimental techniques and numerical approaches passing from atomistic scale to macroscopic scale (Fig. 2). The determination of reliable quantitative data on the hydrogen diffusion and concentration at multiscale is an essential step in every HE mechanisms [START_REF] Kirchheim | Solid Solutions of Hydrogen in Complex Materials[END_REF]Martin et al. 2019a;[START_REF] Nagumo | Fundamentals of Hydrogen Embrittlement[END_REF][START_REF] Pressouyre | A classification of hydrogen traps in steel[END_REF]]. Numerous investigations have been done by many research groups who agree on the importance of studying the hydrogenmicrostructure defects interactions which drastically influence the diffusion of hydrogen through the metal [START_REF] Belova | Diffusion in nanocrystalline materials[END_REF]Chen and Schuh 2007a;[START_REF] Hart | On the role of dislocations in bulk diffusion[END_REF][START_REF] Levine | Grain Boundary and Lattice Diffusion in Polycrystalline Bodies[END_REF]Oudriss et al. 2012b]. In this way, several works have been achieved in the 'Laboratoire des Sciences de l'Ingénieur pour l'Environnement' (LaSIE) for different scales for the last 15 years. Fig. 2: Multi-scale characterization methods of the hydrogen diffusion: experimental and numerical study [START_REF] Landeiro Dos Reis | Atomic scale simulations for the diffusion-assisted crossing of dislocation anchored by vacancy clusters[END_REF]Li et al. 2019c;Osman Hoch et al. 2015;[START_REF] Traisnel | Hydrogen solubility and diffusivity near surface of nickel single crystals: Some implications of elastic energy[END_REF].

Experimental observations on the segregation and diffusion of hydrogen inside the defects of the microstructures such as grain boundaries, precipitations, vacancies, or dislocations have been done in [START_REF] Fukai | Formation of superabundant vacancies in M-H alloys and some of its consequences: A review[END_REF][START_REF] Kishimoto | Hydrogen diffusion and solution at high temperatures in 316L stainless steel and nickel-base heat-resistant alloys[END_REF][START_REF] Palumbo | Intercrystalline hydrogen transport in nanocrystalline nickel[END_REF][START_REF] Wen | Hydrogen-enhanced dislocation activity and vacancy formation during nanoindentation of nickel[END_REF]. It has been shown that the diffusion of hydrogen is low through the defects of the microstructures [START_REF] Ebisuzaki | Diffusion and Solubility of Hydrogen in Single Crystals of Nickel and Nickel-Vanadium Alloy[END_REF][START_REF] Kuhn | Transient analysis of hydrogen permeation through nickel membranes[END_REF]. However, at low temperatures, an accelerated hydrogen diffusion occurs inside the microstructures, underlining the need to assess the impacts of the intergranular phase [START_REF] Brass | Accelerated diffusion of hydrogen along grain boundaries in nickel[END_REF]. The energy of the grain boundaries, which is defined as the excess free energy associated to the presence of a grain boundary in reference to a perfect lattice, has been examined [START_REF] Olmsted | Survey of computed grain boundary properties in face-centered cubic metals: I. Grain boundary energy[END_REF][START_REF] Li | Antagonist effects of grain boundaries between the trapping process and the fast diffusion path in nickel bicrystals[END_REF]]. Then, it has been deduced that the grain boundaries influence the hydrogen diffusion depending on their energy and their geometrical parameters [START_REF] Li | Antagonist effects of grain boundaries between the trapping process and the fast diffusion path in nickel bicrystals[END_REF]Oudriss et al. 2012a]. They may act as trap sites or as fast diffusive paths for hydrogen. Because diffusion is determined through experimental procedures, it is difficult to individually study the impacts of grain boundaries in the diffusion process. There is still a controversy about the effects of the types (grain boundaries with high diffusivity or low diffusivity) and distribution of grain boundaries [Oudriss et al. 2012a;Yao and Cahoon 1991b]. As such, a better understanding of the influence of the grain boundaries on diffusion requires numerical analysis in which microstructural defects like dislocations, vacancy, precipitations, and trapping effects have been eliminated in these processes.

First of all, It has been shown that by increasing the fractions of grain boundaries, the hydrogen diffusion will increase [START_REF] Legrand | Numerical analysis of the influence of scale effects and microstructure on hydrogen diffusion in polycrystalline aggregates[END_REF]]. However, it has been revealed that grain boundaries are characterized by their energies and are classified into many types. Thus, more precisely, they have established that the increase in the fractions of the grain boundaries with high diffusivity will increase the diffusion coefficient of hydrogen [Osman Hoch et al. 2015]. In addition, they have pointed out the importance of the influence of the connectivity of randomly distributed grain boundaries with high diffusivity on the diffusion coefficient of hydrogen. Therefore, high connectivity of the grain boundaries with high diffusivity, which means the formation of percolative clusters, will lead to a higher diffusion coefficient. However, it has been established that the grain boundary networks are not randomly distributed due to crystallographic constraints of first order [Frary and Schuh 2005a;[START_REF] Kumar | Connectivity in Random Grain Boundary Networks[END_REF][START_REF] Minich | Role of topological constraints on the statistical properties of grain boundary networks[END_REF]. Besides grain boundaries nature and connectivity, their intersections, known as triple junctions, have been distinguished by their types [START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF]]. Moreover, they demonstrate that the diffusion is enhanced through the triple junctions [START_REF] Palumbo | Intercrystalline hydrogen transport in nanocrystalline nickel[END_REF]]. Nevertheless, limited research has been conducted on the relationship between the grain boundary networks constrained by the triple junctions and hydrogen diffusion. In that event, a microstructure including all the intergranular parts may be questioned.

The objective of this project is to generate the distribution networks and analyze the effects of the nature and connectivity of grain boundaries and triple junctions on hydrogen diffusion in heterogeneous microstructures, using finite element models in two and three dimensions. This work is a way to design new microstructures to prevent hydrogen embrittlement.

The first chapter aims to provide a literature review. The first section discusses the effects of polycrystalline aggregate defects on hydrogen trapping and diffusion. In particular, the contribution of the intergranular (grain boundaries and triple junctions) in the diffusion of hydrogen is discussed. The second part describes the attribution processes used to distribute grain boundary networks. In addition, we give a review of the analytical models, and statistical techniques (percolation theory) used to characterize the grain boundary network.

In the second chapter, we introduce the models of 2D and 3D microstructures. Then we describe the attribution methods proposed for the grain boundary networks constrained by triple junctions. Also, we show the reconstructed 2D realistic microstructures. Following that, we discuss the statistical analysis that was utilized to characterize the grain boundary networks as well as the methodology used to model them.

In the third chapter, we characterize the proposed attribution methods. Then, the grain boundary network connectivity is examined for each pattern. In addition, using FEM, the influence of the triple junction and grain boundary networks on the effective diffusion coefficient is evaluated and compared to the experimental results.

In the end of this thesis, we summarize the essential findings based on the various results obtained in this work. Finally, different perspectives are proposed to improve the numerical approach by adding more features to the model or adding the geometries complexity, and to generate the desired grain boundary networks.

Literature review

In order to understand hydrogen embrittlement, many research were performed to get a better understanding of the leading mechanisms. Therefore, its diffusion through the crystal lattice and interactions with voids, dislocations, and intergranular phases have been the primary focus and are discussed in this chapter. In addition, the distribution of the grain boundary networks is presented. Finally, the analytical, and statistical models used to quantify the hydrogen diffusion are described.

I. Hydrogen-metal interactions

The name hydrogen is derived from Greek words meaning "maker of water" [START_REF] Jolly | hydrogen." Encyclopedia Britannica[END_REF]]. Hydrogen has the highest energy by unit weight and the lowest energy by unit volume. It is the most abundant element in the universe. Its tiny size allows it to easily permeate and diffuse through metallic objects. As a result, understanding the interactions between hydrogen and metals is critical.

Characteristics of hydrogen

Hydrogen occupies interstitial sites in the lattice, giving him high mobility [START_REF] Pundt | Hydrogen in metals: microstructural aspects[END_REF]]. Therefore, hydrogen diffusion is similar to a jump-diffusion process between the interstitial positions in the lattice. The hydrogen can jump to the nearest-neighbor interstitial sites with the required energy. Thus, hydrogen diffusion will be in octahedral and tetrahedral interstitial sites for face-centered cubic (FCC) lattices and body-centered cubic (BCC) lattices, respectively. Due to the small distance between two nearest tetrahedral sites, the diffusion coefficient is higher in BCC lattices than in FCC lattices, which have a greater distance between two nearest octahedral sites. Also, the BCC lattices are characterized by lower activation energy than FCC lattices which reduce the trap effects and enhance the diffusion of hydrogen [START_REF] Ebisuzaki | Diffusion and Solubility of Hydrogen in Single Crystals of Nickel and Nickel-Vanadium Alloy[END_REF][START_REF] Kuhn | Transient analysis of hydrogen permeation through nickel membranes[END_REF]. According to Wipf [START_REF] Wipf | Diffusion of hydrogen in metals[END_REF]], the interstitials hydrogen are mobile at low temperatures. Thus, the impact of the defects of the microstructures on the diffusion of hydrogen can be conducted at room temperatures.

Hydrogen embrittlement

To completely understand HE mechanisms, knowledge of hydrogen transport and segregation in polycrystalline materials is required. Koyama et al. show that hydrogen embrittlement is affected by hydrogen concentration in microstructures [START_REF] Koyama | Hydrogenassisted decohesion and localized plasticity in dual-phase steel[END_REF]. Robertson et al. say that understanding the fundamental mechanism of hydrogen embrittlement requires the knowledge of hydrogen diffusion in the microstructures [START_REF] Robertson | Hydrogen Embrittlement Understood[END_REF]. Also, there are three types of hydrogen embrittlement [START_REF] Lee | Hydrogen embrittlement[END_REF]]:

1. Hydrogen environmental embrittlement can occur when a material is exposed to a high-pressure gaseous hydrogen environment.

2. Internal hydrogen embrittlement can occur with the presence of hydrogen inside the material from an electrochemical process, corrosion reactions or cold casting.

3. Hydrogen reaction embrittlement can occur due to a chemical reaction with the materials to form a metal hydride. This process can occur in titanium, zirconium, tantalum, iron, and steel alloys.

Many mechanisms are responsible for the brittle fracture of materials due to the three types of hydrogen embrittlement. These mechanisms depend on the microstructures, strength, and temperatures. They are classified into five theories: hydrogen induced decohesion (HEDE), hydrogen induced localized plasticity (HELP), Absorbed induced dislocation emission (AIDE), hydride formations, and hydrogen-vacancy interactions.

HEDE is a process that involves reducing the cohesive strength and hence weakening the interatomic bond strength between atoms owing to hydrogen buildup in the lattices. [START_REF] Barnett | Crack propagation in the hydrogen-induced brittle fracture of steel[END_REF][START_REF] Oriani | A mechanistic theory of hydrogen embrittlement of steels[END_REF]. Decohesion can occur at low stress intensities and depends on the concentration of hydrogen [START_REF] Mcmahon | Hydrogen-induced intergranular fracture of steels[END_REF]]. Also, hydrogen can segregate grain boundaries at low fugacity and enhance crack propagation [START_REF] Messmer | The role of chemical bonding in grain boundary embrittlement[END_REF][START_REF] Pfeil | The effect of occluded hydrogen on the tensile strength of iron[END_REF].

Furthermore, localized plasticity occurs due to the motion of dislocations on a microscopic scale [START_REF] Beachem | A new model for hydrogen-assisted cracking (hydrogen "embrittlement[END_REF]]. The presence of sufficient concentration of hydrogen in the lattice, ahead of the crack tips, enhances the motion of dislocations, and boost the plastic deformation process. Afterward, many researchers have suggested mechanisms for the hydrogen enhanced local plasticity [START_REF] Birnbaum | Hydrogen-enhanced localized plasticity-a mechanism for hydrogen-related fracture[END_REF]Martin et al. 2019a;[START_REF] Song | Mechanisms of hydrogen-enhanced localized plasticity: An atomistic study using α-Fe as a model system[END_REF]]. An accurate explanation for the HELP mechanism is that hydrogen can segregate and form a shielding atmosphere for the dislocations separating them from the elastic centers and reducing the interaction energy between the dislocation and obstacle [START_REF] Birnbaum | Hydrogen-enhanced localized plasticity-a mechanism for hydrogen-related fracture[END_REF][START_REF] Robertson | The effect of hydrogen on dislocation dynamics[END_REF]]. Subsequently, the mobility of the dislocations is enhanced. In addition, higher dislocation density in the pile-up was observed in the grain boundaries [START_REF] Robertson | Hydrogen Embrittlement Understood[END_REF].

As a result of combining HEDE and HELP, the AIDE mechanisms are created [START_REF] Lynch | Hydrogen embrittlement (HE) phenomena and mechanisms[END_REF]]. Thus, dislocations will be emitted with increased motion. Furthermore, fracture propagation and the formation of micro-voids are accelerated.

Another process of hydrogen-assisted cracking is the formation of hydride, which is a hydrogenmetal bond [START_REF] Westlake | GENERALIZED MODEL FOR HYDROGEN EMBRITTLEMENT[END_REF]]. In Nickel, hydride formation is possible, leading to lattice dilatation [START_REF] Hinotani | Effect of nickel on hydride formation and hydrogen embrittlement in Ni-Cr-Fe alloys[END_REF][START_REF] Wollan | The hydrogen atom positions in face centered cubic nickel hydride[END_REF]. The hydride in Nickel is unstable at room temperature. As a result of the hydride's decomposition, the local stress at grain boundaries rises, resulting in grain boundary cracking. Furthermore, hydrogen-assisted cracking may occur by the formation of vacancy due to the presence of hydrogen and their interactions [START_REF] Carr | The thermodynamic and kinetic behavior of metalvacancy-hydrogen systems[END_REF][START_REF] Fukai | Formation of superabundant vacancies in M-H alloys and some of its consequences: A review[END_REF][START_REF] Mclellan | Hydrogen-induced vacancies in the iron lattice[END_REF][START_REF] Pundt | Hydrogen in metals: microstructural aspects[END_REF][START_REF] Sakaki | The effect of hydrogen on vacancy generation in iron by plastic deformation[END_REF]]. Consequently, the excessive concentrations of vacancies lead to the creation of micro-voids near the crack tips and enhance the fracture process [START_REF] Nagumo | Hydrogen thermal desorption relevant to delayed-fracture susceptibility of high-strength steels[END_REF]. Likewise, The formation of vacancy-hydrogen clusters can also take place in grain boundaries [START_REF] Polfus | Hydrogen induced vacancy clustering and void formation mechanisms at grain boundaries in palladium[END_REF].

On top of everything, more mechanisms exist that are responsible for hydrogen embrittlement [START_REF] Dwivedi | Hydrogen embrittlement in different materials: A review[END_REF]. All of these mechanisms alter the properties of metals, generate dislocations, and promote crack growth. They also necessitate high hydrogen concentrations and are acceptable for Nickel. Furthermore, any of these mechanisms can occur in grain boundaries, which play a significant role in metal hydrogen embrittlement [Li et al. 2019c;[START_REF] Wan | Hydrogen embrittlement controlled by reaction of dislocation with grain boundary in alpha-iron[END_REF][START_REF] Yu | Cohesive zone simulation of grain size and misorientation effects on hydrogen embrittlement in nickel[END_REF], and cause intergranular fracture. Intergranular fracture is the most common fracture mechanism due to the existence of high concentrations of hydrogen and dislocations near grain boundaries [START_REF] Lynch | Hydrogen embrittlement (HE) phenomena and mechanisms[END_REF][START_REF] Mcmahon | Hydrogen-induced intergranular fracture of steels[END_REF]. Briefly, dislocations, vacancies, and hydride may form near grain boundaries, leading to crack propagation and intergranular fracture. Despite all the studies on hydrogen embrittlement mechanisms, knowledge of the influence of different time and space scales within diffusion and trapping processes in the material's microstructure is required.

Diffusion of hydrogen and Trapping

In this section, we will first describe the process of hydrogen diffusion. Then we present data from the literature on hydrogen solubility and diffusivity. Finally, the hydrogen trapping phenomena associated with microstructures defects will be described.

Process of hydrogen diffusion

Hydrogen will diffuse through the material within three processes: sorption (adsorption and absorption), diffusion, and desorption (Fig. 3). When hydrogen comes into touch with the material's surface, it is adsorbed at the surface and subsequently absorbed by the metal to create a hydride or occupy the interstitial sites. Following that, the hydrogen diffuses through the material. Finally, it will leave the material during the desorption process. Nickel is the material employed in this process because it can be embrittled by hydrogen [START_REF] Boniszewski | The influence of hydrogen on the plastic deformation ductility, and fracture of nickel in tension[END_REF].

Fig. 3 : Adsorption and absorption of hydrogen

In order to quantify the hydrogen diffusion, permeation techniques are used. These techniques consist of measuring the hydrogen flux through the membrane exposed to different concentration on both sides.

Permeation techniques a) Gaseous permeation

The process by which hydrogen diffuses over a membrane at high temperatures and pressures is known as gaseous permeation [START_REF] Brass | Hydrogen uptake in 316L stainless steel: Consequences on the tensile properties[END_REF]. Many studies on hydrogen diffusion through metals have been undertaken using this technique [START_REF] Fujiwara | High-pressure gaseous hydrogen permeation test method -property of polymeric materials for high-pressure hydrogen devices (1)[END_REF][START_REF] Horinouchi | Determination of hydrogen diffusion and permeation coefficients in pure copper at near room temperature by means of tritium tracer techniques[END_REF][START_REF] Yamanishi | Hydrogen Permeation and Diffusion through Pure Fe, Pure Ni and Fe-Ni Alloys[END_REF]. The same principles are established as in the electrochemical permeation technique. However, the boundary conditions differ; the concentration 𝐶 𝑠 depends on the pressure 𝑃 𝐻 2 and the temperature T, whereas the concentration 𝐶 0 is not null depending on the low-pressure gas. Briefly, the process involves providing high-pressure hydrogen gas at the entering side and low-pressure hydrogen gas at the exit freeing the remaining surfaces. [START_REF] Feng | presented at the DOE Hydrogen Pipeline Working Group Meeting[END_REF]].

Fig. 4: Gaseous permeation technique

b) Electrochemical permeation

The electrochemical permeation technique can be used to determine the impact of the microstructure's defects on hydrogen diffusion and solubility. This experiment consists of two electrodes and a solution-immersed sample. The first electrode is in cathodic polarization and might be immersed in an acidic solution or an alkaline solution. The second electrode is in anodic polarization and placed in an alkaline solution. A catalyzer may be added to the solution to boost the process's velocity [Devanathan et al. 1962a;[START_REF] Iyer | Mechanism and Kinetics of Electrochemical Hydrogen Entry and Degradation of Metallic Systems[END_REF]. The diffusion process will follow the Volmer-Heyrovsky-Tafel mechanism [START_REF] De Chialvo | Hydrogen evolution reaction: Analysis of the Volmer-Heyrovsky-Tafel mechanism with a generalized adsorption model[END_REF].

Hydrogen is produced on the specimen's surface and is represented by a concentration 𝐶 𝑠 depending on the current density 𝑖 and the temperature T. At the exit side, the hydrogen is oxidized due to the anodic polarization. Thus, the concentration 𝐶 0 is null. The other surfaces of the membrane are exposed to air. Fig. 5 depicts the experiment with the three processes. It has been seen that electrochemical permeation technique enables measurements at pressures beyond the reach of gaseous permeation technique [START_REF] Boes | Electrochemical methods for studying diffusion, permeation and solubility of hydrogen in metals[END_REF]. Whereas, it is difficult to conduct electrochemical permeation testing at high temperatures. Also, the electrochemical permeation method is appropriate for studying short-circuit effects [START_REF] Brass | Accelerated diffusion of hydrogen along grain boundaries in nickel[END_REF].

Hydrogen diffusion measurements

Faraday's and Fick's first law [START_REF] Arantes | Hydrogen diffusion and permeation in micro-and nanocrystalline nickel[END_REF][START_REF] Fick | V. On liquid diffusion[END_REF] governs hydrogen diffusion in crystalline materials (Eq (1)). The hydrogen flux is proportional to the concentration gradient of hydrogen in the microstructures and the diffusion coefficient.

𝐽 ⃗ = 𝑖 ⃗ 𝐹 = -𝐷𝑔𝑟𝑎𝑑 ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ (𝐶(𝑥, 𝑡)) (1) 
with 𝐽 ⃗ the hydrogen flux, D the diffusion coefficient, C the field of concentration of hydrogen, F the Faraday constant and 𝑖 ⃗ the current density at the exit side.

And, by Fick's second law (mass conservation) (Eq (2)):

𝑑𝐶(𝑥,𝑡) 𝑑𝑡 = -𝑑𝑖𝑣(𝐷𝑔𝑟𝑎𝑑 ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ (𝐶(𝑥, 𝑡)))

(2)

Extraction of data

This experiment is based on the hydrogen diffusion process, governed by the first and second Fick's laws. We could extract the flux curve, using the permeation techniques, at the exit side of the membrane (Fig. 6): Fig. 6: Flux curve [START_REF] Legrand | Numerical approach of the scale transitions applied to the diffusion and the trapping of hydrogen in metals with heterogeneous structures[END_REF]].

This curve depicts two aspects of the diffusion: 1) Charging 2) Steady-state Hydrogen begins to infiltrate the microstructures and then it will diffusive through the microstructures during these two processes. The flux is measured as a function of the time required to reach the steady state flux (𝐽 𝑚𝑎𝑥 ). Five approaches may be used to compute the diffusion coefficient D from the flux curve as follows [Devanathan et al. 1962a]:

i.

The time lag method. ii.

Rise time is constant. iii.

Breakthrough time 𝑡 𝑏 . iv.

Decay time constant. v.

Permeation rate.

The effective coefficient of diffusion for the electrochemical permeation technique is calculated using the third approach. The breakthrough time 𝑡 10% corresponding to 10 % of the steady state flux 𝐽 𝑚𝑎𝑥 is retrieved from the flux curve (Fig. 7). The effective diffusion coefficient is then determined using Eq(3):

𝐷 𝑒𝑓𝑓 = 𝑒 2 𝑀 𝑡 𝑏 (3)
with e the thickness of the membrane and 𝑀 a coefficient determined by the selected characteristic time.

By experimental calculation, the factor M is equal to 15.3 [START_REF] Frappart | Des éléments de compréhension sur les mécanismes de transport et de ségrégation de[END_REF]Oudriss et al. 2012a]. This factor is recalculated using the analytical solution of Fick's law [McBreen et al. 1966] and it is equal to 15.12 [START_REF] Legrand | Numerical approach of the scale transitions applied to the diffusion and the trapping of hydrogen in metals with heterogeneous structures[END_REF]]. Also, there is another analytical method based on Fick's law to calculate the effective diffusion coefficient (Eq (4) and ( 5)); assuming that the concentration of hydrogen at the subsurface is constant in time [START_REF] Boes | Electrochemical methods for studying diffusion, permeation and solubility of hydrogen in metals[END_REF][START_REF] Mcbreen | A Method for Determination of the Permeation Rate of Hydrogen Through Metal Membranes[END_REF]:

𝐽 𝐽 𝑚𝑎𝑥 = 2 √𝜋𝜏 𝑒 -1 4𝜏 for 𝜏 < 0.4 (4) 𝐽 𝐽 𝑚𝑎𝑥 = 1 -2𝑒 -𝜋 2 𝜏 for 𝜏 > 0.2 (5) With 𝜏 = 𝐷 𝑒𝑓𝑓 * 𝑡 𝑒 2
, 𝐷 𝑒𝑓𝑓 the effective diffusion coefficient, e the thickness of the membrane, and t the time. The permeation techniques provide the flux curve and diffusion coefficient. On the other hand, the hydrogen can be permanently trapped inside the microstructure, changing the hydrogen concentrations and affecting the mechanical characteristics of the metals. Thus, to obtain the irreversible trapped hydrogen concentrations, we must employ other techniques like thermal desorption spectroscopy (TDS). The TDS is a technique to analyze the concentration of hydrogen present in the material. This process entails heating the material in order to extract the irreversibly trapped hydrogen that has high activation energies from the microstructures [Oudriss 2012a]. Using these techniques described above, the diffusivity of hydrogen can be characterized.

Diffusivity

The diffusivity is a rate of diffusion. Nickel diffusivity statistics demonstrate a linear relationship between the fluctuation of the diffusion coefficient and temperature above 100 °C [START_REF] Hill | The diffusivity of hydrogen in nickel[END_REF][START_REF] Kuhn | Transient analysis of hydrogen permeation through nickel membranes[END_REF][START_REF] Völkl | Diffusion of hydrogen in metals[END_REF]. Moreover, experiments have been conducted on a single crystal Nickel for extreme temperature ranges (200°C to 420 °C) [START_REF] Ebisuzaki | Diffusion and Solubility of Hydrogen in Single Crystals of Nickel and Nickel-Vanadium Alloy[END_REF]] and for low-temperature ranges (25 °C to 55 °C) [Oudriss 2012a] as well as on a polycrystalline Nickel for low-temperature ranges (25 °C to 55 °C) [Oudriss 2012a]. At high temperatures, it has been shown that there is a consistency in the coefficients of diffusion's values. Whereas, at low temperatures, a contrast appears. For single crystal Nickel, the diffusivity is affected by the interstitial sites in the lattices. However, in polycrystalline Nickel, the diffusivity is altered by the defects of the microstructures and the trapping sites.

Solubility

The quantity of hydrogen that can be stored in a specific metal is referred to as its solubility. The solubility is dependent on the temperature. At high temperatures, the solubility of iron and nickel was independent of purity and microstructure defects [START_REF] Da Silva | The thermodynamics of the hydrogen-iron system[END_REF][START_REF] Da Silva | The thermodynamics of the hydrogen-iron system[END_REF]. At low temperatures, the solubility is higher in polycrystalline samples than in single crystal samples due to the lower energy sites that enhance hydrogen atom segregation [START_REF] Stafford | The solubility of hydrogen in nickel and cobalt[END_REF]. This finding emphasizes the importance of hydrogen-defect interactions, which are more evident at low temperatures. The variation of the solubility is related to the segregation energy of hydrogen that may be trapped in the sites.

Hydrogen trapping

As previously stated, hydrogen diffusion through the lattice may occur in the interstitial regions (octahedral and tetrahedral sites). So, in a regular lattice, this diffusion may take place with the requisite energy, known as activation energy, which allows the hydrogen to jump across interstitial sites. Nevertheless, due to the presence of dislocations or vacancies and their formation process by hydrogenation, as well as the impacts of grain boundaries and micro-voids, that act as an energy barrier, hydrogen can be trapped at various sites with different activation energy (Fig. 8) [START_REF] Lynch | Hydrogen embrittlement (HE) phenomena and mechanisms[END_REF]]. In cold-worked steels, hydrogen trapping was seen in changes in solubility and diffusivity [START_REF] Oriani | The diffusion and trapping of hydrogen in steel[END_REF]]. Many theoretical investigations have been conducted in order to better explain the trapping phenomena [START_REF] Kirchheim | Solubility, diffusivity and trapping of hydrogen in dilute alloys. Deformed and amorphous metals-II[END_REF][START_REF] Oriani | The diffusion and trapping of hydrogen in steel[END_REF][START_REF] Pressouyre | Trap theory of Hydrogen embrittlement[END_REF]. In general, it is connected with a change in the probability of a jump from one site to another [START_REF] Frappart | Des éléments de compréhension sur les mécanismes de transport et de ségrégation de[END_REF]]. Two equations ((6) and ( 7)) are used to describe the number of hydrogen atoms emitted and caught in a unit volume [START_REF] Kanayama | Reconsideration of the Hydrogen Diffusion Model Using the McNabb-Foster Formulation[END_REF]:

𝑁 𝑟 = 𝑝𝜃 𝑇 𝑁 𝑇 𝛿𝑣 (6)
𝑁 𝑐 = 𝑘𝐶 𝐿 (1 -𝜃 𝑇 )𝑁 𝑇 𝛿𝑣 (7) with 𝑁 𝑟 the number of hydrogen atoms released per unit volume, 𝑁 𝐶 the number of hydrogen atoms captured in a unit volume, p the frequency that a trap site releases the hydrogen atom, k the frequency that a trap site captures the hydrogen atom, 𝜃 𝑇 the occupancy of trap sites, 𝑁 𝑇 the number of trap sites per unit volume, 𝐶 𝐿 the hydrogen concentration at lattice site and 𝛿𝑣 the unit volume.

The trapping phenomena are characterized by a rise in hydrogen solubility within the metals and a reduction in the apparent hydrogen diffusion coefficient. It is also indicated as a shift in the charging curve extracted from an electrochemical permeation test. Furthermore, trap sites are categorized based on size, energy, and position [START_REF] Choo | Thermal analysis of trapped hydrogen in pure iron[END_REF][START_REF] Pressouyre | Trap theory of Hydrogen embrittlement[END_REF]. According to Pressouyre [START_REF] Pressouyre | A classification of hydrogen traps in steel[END_REF]], trap sites are often divided into:

-Reversible trap which has an energy less than 0.4 eV.

-Irreversible trap which has an energy of more than 0.6 eV.

In an irreversible trap, hydrogen needs more external energy to exit the trap site. This process is done by the thermal desorption spectroscopy technique that is used to measure the amount of hydrogen remaining in the metal. Furthermore, at low hydrogen concentrations and temperatures, hydrogen trapping increases and plays a crucial role in their effects on the effective diffusion coefficient [START_REF] Kirchheim | Solubility, diffusivity and trapping of hydrogen in dilute alloys. Deformed and amorphous metals-II[END_REF]].

In this manner, [START_REF] Mcnabb | A new analysis of diffusion of hydrogen in iron and ferritic steels[END_REF] modified the second Fick's law to take into consideration the concentration of the trapping sites. Using the trapped hydrogen concentration 𝐶 𝑇 = 𝑁 𝑇 𝜃 𝑇 , the partial differential equation is:

𝜕𝐶 𝐿 𝜕𝑡 + 𝑁 𝑇 𝜕𝜃 𝑇 𝜕𝑡 = ∇(𝐷 𝐿 ∇𝐶 𝐿 ) (8) 
with 𝐷 𝐿 the lattice diffusion coefficient.

Also, it is possible to compute the rate of increase of the number of atoms in the trapping sites which is equivalent to the difference between the capture and release rates:

𝜕𝜃 𝑇 𝜕𝑡 = 𝑘𝐶 𝐿 (1 -𝜃 𝑇 ) -𝑝𝜃 𝑇 (9) 
Similar model was proposed by Oriani [START_REF] Oriani | The diffusion and trapping of hydrogen in steel[END_REF]] in considering that the trap occupancy is very low (𝜃 𝑇 ≪ 1) under the assumption of local equilibrium between the lattice site and the trapping site. In this case, he replaced the lattice diffusion coefficient 𝐷 𝐿 by the apparent diffusion coefficient 𝐷 𝑎𝑝𝑝 . The modified Fick's law will be:

𝜕𝐶 𝐿 𝜕𝑡 = 𝐷 𝑎𝑝𝑝 ∇ 2 𝐶 𝐿 (10) 
With:

𝐷 𝑎𝑝𝑝 = 𝐷 𝐿 𝐶 𝐿 𝐶 𝐿 + 𝐶 𝑇 (1 -𝜃 𝑇 ) (11)
Many studies have done using the trapping effects. [START_REF] Benannoune | Numerical simulation of the transient hydrogen trapping process using an analytical approximation of the McNabb and Foster equation[END_REF]] developed a numerical simulation utilizing an analytical approximation of the Mcnabb and Foster equation. Frank et al. also applied the Mcnabb and Foster equation to the diffusion of oxygen through niobium alloy and showed that Oriani's theory is similar to Mcnabb's theory [START_REF] Frank | Application of the McNabb-Foster trapping equations to the diffusion of oxygen in dilute niobium alloys[END_REF]. Furthermore, Legrand [START_REF] Legrand | Numerical approach of the scale transitions applied to the diffusion and the trapping of hydrogen in metals with heterogeneous structures[END_REF]] predicts the trappings and surface effects on hydrogen diffusion during the charging and desorption processes before confirming his results experimentally (electrochemical permeation technique). In Fig. 9, he shows the variation of the effective diffusion coefficient, the steady state flux (𝐽 𝑚𝑎𝑥 ), and the effective concentration of hydrogen as a function of the diffusion coefficient of the oxide layer and the trap densities. He demonstrates that the steady state flux and the effective diffusion coefficient increase by boosting the diffusion of the oxide layer and decreasing the trap densities, while the effective concentration remain constant due to the absence of the irreversible trap (Fig. 9). Fig. 9: effects of trap densities and surface layers on the steady-state flux, the effective diffusion, and the effective concentration [START_REF] Legrand | Numerical approach of the scale transitions applied to the diffusion and the trapping of hydrogen in metals with heterogeneous structures[END_REF]].

Types of traps

As mentioned above, hydrogen can be trapped inside the materials. Different types of traps exist depending on the defects of the microstructure (Fig. 10) identified by their activation energies. Subsequently, these imperfections are classified according to the geometry or dimensionality of the defect [D. [START_REF] Callister | The solubility of hydrogen in super-pure-iron single crystals[END_REF]. Indeed, this classification divide the imperfections into two parts: microscopic and macroscopic defects [DOE 1993].

Fig. 10: Illustration of possible trap sites in lattice defects such as vacancies, grain boundaries, dislocations, and triple junctions [START_REF] Koyama | Recent progress in microstructural hydrogen mapping in steels: quantification, kinetic analysis, and multi-scale characterisation[END_REF][START_REF] Oudriss | 11 -Experimental Techniques for Dosage and Detection of Hydrogen[END_REF].

Starting with the microscopic defects, point defects occur when an atom is missing in a lattice site or when a foreign atom occupies the interstitial lattice site of the crystal. A line defect is a linear defect in which some atoms are misaligned. It is also called dislocation. These defects produce permanent deformation. Line imperfections are classified into two types: edge and screw dislocations. Interfacial defects are a type of planar defect that consists of a border established between two distinct crystallographic orientations or structures. These defects include grain boundaries, external surfaces, and free surfaces.

Macroscopic defects are called bulk defects. They occur during fabrication processes such as welding, forging, and casting. Macroscopic defects are various: voids, cracks, pores, and impurities inclusions.

Hydrogen can be trapped by these defects due to their energy barrier. Some of these trap sites are described as follows:

Dislocation trap: Dislocations are formed during the manufacturing process and also by grain growth [START_REF] Chen | Observation of hydrogen trapping at dislocations, grain boundaries, and precipitates[END_REF]]. The dislocation is divided into edge and screw dislocations. Dislocations creates a hydrostatic stress field in which the hydrogen segregates [START_REF] Birnbaum | Hydrogen-enhanced localized plasticity-a mechanism for hydrogen-related fracture[END_REF][START_REF] Kapci | The role of hydrogen in the edge dislocation mobility and grain boundary-dislocation interaction in α-Fe[END_REF].

From an energy viewpoint, the edge dislocations have binding energy in the range of 0.3 to 0.4 eV [START_REF] Taketomi | Atomistic study of hydrogen distribution and diffusion around a {112}<111> edge dislocation in alpha iron[END_REF]. Moreover, they are classified into a reversible trap [START_REF] Frappart | Study of the hydrogen diffusion and segregation into Fe-C-Mo martensitic HSLA steel using electrochemical permeation test[END_REF]. Whereas, the energy of screw dislocations is in the range of 0.5 to 0.6 eV [Oudriss 2012a;[START_REF] Taketomi | Atomistic study of hydrogen distribution and diffusion around a {112}<111> edge dislocation in alpha iron[END_REF]. They are classified as an irreversible trap.

Vacancy trap:

Several experimental and theoretical research has been conducted on the interaction of hydrogen with vacancy [START_REF] Iida | Enhanced diffusion of Nb in Nb-H alloys by hydrogen-induced vacancies[END_REF][START_REF] Nazarov | Ab initio study of H-vacancy interactions in fcc metals: Implications for the formation of superabundant vacancies[END_REF][START_REF] Wenskat | Vacancy-Hydrogen Interaction in Niobium during Low-Temperature Baking[END_REF]. It has been shown that hydrogen favors the superabundant vacancy formation [START_REF] Fukai | Formation of superabundant vacancies in M-H alloys and some of its consequences: A review[END_REF][START_REF] Zhang | Stability and clusterization of hydrogen-vacancy complexes in B2-FeAl: insight from hydrogen embrittlement[END_REF]] and stabilizes the vacancies [START_REF] Tanguy | Stability of vacancy-hydrogen clusters in nickel from first-principles calculations[END_REF]. The trapping process occurs due to the interaction between interstitial hydrogen and the vacancy. Also, up to 6 atoms of hydrogen can be trapped in a vacancy [START_REF] Zhang | Stability and clusterization of hydrogen-vacancy complexes in B2-FeAl: insight from hydrogen embrittlement[END_REF]. Therefore, the binding energy is dependent on the interstitial site and has a value of 0.64 eV or 0.554 eV [START_REF] Wang | Influence of trap connectivity on H diffusion: Vacancy trapping[END_REF]. The hydrogen-vacancy interaction occurs for high concentrations of vacancies; thus, at low temperatures, this effect does not exist [Oudriss 2012a;[START_REF] Polfus | Hydrogen induced vacancy clustering and void formation mechanisms at grain boundaries in palladium[END_REF].

Grain boundary trap:

It has been seen that hydrogen-vacancy interaction can take place in grain boundaries [START_REF] Polfus | Hydrogen induced vacancy clustering and void formation mechanisms at grain boundaries in palladium[END_REF]. Also, certain grain boundaries may present intrinsic defects such as dislocations depending on their characteristic [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF]]. Thus, it has been noticed that grain boundaries may act as a trap site for hydrogen. Many experimental and computational works promote trapping in grain boundaries [START_REF] Angelo | Trapping of hydrogen to lattice defects in nickel[END_REF][START_REF] Di | First-principles investigation of hydrogen trapping and diffusion at grain boundaries in nickel[END_REF][START_REF] Ono | Hydrogen detrapping from grain boundaries and dislocations in high purity iron[END_REF]Oudriss et al. 2012b;Yao and Cahoon 1991b]. [START_REF] Ono | Hydrogen detrapping from grain boundaries and dislocations in high purity iron[END_REF] have shown the dominant trap effects related with the grain boundaries in polycrystalline materials. Further, Oudriss et al. [Oudriss et al. 2012b] have demonstrated that lowering grain size reduces hydrogen transport due to increased proportions of grain boundaries. Moreover, Wilcox et al. show the low ductility in the hydrogen-charged nickel at the grain boundaries [START_REF] Wilcox | Intercrystalline fracture in hydrogen-charged nickel[END_REF].

Briefly, the hydrogen-defect interactions highly affect hydrogen diffusion. The two-dimensional defect, known as grain boundary, are central to our understanding of the diffusivity in the metals. Thus, in the next section, we will give details on the grain boundaries and their intersections.

One consequence of hydrogen diffusion in metals is hydrogen embrittlement. Hydrogen embrittlement can be the outcome of various mechanisms that may result especially in intergranular fracture due to the formation of dislocations, voids, and hydride. To understand all of these mechanisms, it is necessary to characterize hydrogen transport using permeation techniques. The latter is used to evaluate the diffusivity and solubility of hydrogen, which are impacted by microstructure defects and trap sites.

II. Properties of intergranular defects

The two types of intergranular defects are grain boundaries and triple junctions. Grain boundaries is the intersection between two grains, and triple junctions is the intersection of three grain boundaries. In this section, the nature, distribution, and impact of these intergranular defects on the diffusion will all be covered.

Grain boundaries

Grain boundaries are central to our understanding of the diffusivity in a wide range of metals. Various types of grain boundaries exist, and they are defined by their crystallographic parameters, thus their geometrical degrees of freedom.

Crystallographic description of the grain boundaries

A grain boundary is characterized by the nine degrees of freedom that form its structure [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF]]. The latter are divided into macroscopic and microscopic parameters.

The grain boundary may often be fully described by the five macroscopic parameters [START_REF] Lejček | Grain Boundaries: Description, Structure and Thermodynamics[END_REF]]. They represent the geometrical parameters between two grains: the misorientation angle consisting of the rotation axis 𝜙 and the rotation angle 𝜃 between two lattices, and the normal orientation of the grain boundary plane (Fig. 11). Due of the high number of degrees of freedom, there are several grain boundaries. Then, three criteria are used to classify these grain boundaries. The following sections include descriptions of each of these categories.

Low and high angle grain boundaries

For the crystallographic direction viewpoint between two grains, the grain boundaries are classified in two types depending on their angle of rotation 𝜃 (Fig. 12). According to the rotation axis, the low angle grain boundaries (LAGB) are those with a value of 𝜃 < 15°, and high angle grain boundary (HAGB) with a value of 𝜃 > 15°. High angle grain boundaries can be obtained by small deviations from the coincidence site lattice which is accommodated by the dislocations. In contrast, the deviation is accommodated with large lines of dislocations in the case of low-angle grain boundaries. 

Tilt and twist grain boundaries

The grain boundaries can be classified according to the rotation axis 𝜙 (Fig. 13). We can distinguish two types of rotation: twist for the normal rotation axis 𝑛 𝑟 parallel to the interface-plane normal 𝑛 and tilt for 𝑛 𝑟 perpendicular to 𝑛. Also, a mixed type exists if the rotation axis is not perpendicular nor parallel to the interface-plane normal [START_REF] Wolf | On the geometrical relationship between tilt and twist grain boundaries *[END_REF]. Tilt rotation is formed by edge dislocation, whereas twist rotation is formed by screw dislocation [START_REF] Lejček | Grain Boundaries: Description, Structure and Thermodynamics[END_REF]].

In some cases, the tilt boundary can be symmetrical if the boundary plane represents a symmetry mirror for the lattices. Symmetrical boundary has the same Miller indices which are the orientation of the planes in the lattice. Moreover, in other, it can be asymmetrical. Thus, the tilt boundary is separated into two categories. 

Special and random grain boundaries

At the atomistic scale, when two grains meet, there exists some atomic mismatch and coincidence between the two crystallographic orientations (Fig. 14). This coincidence represents the number of matched atoms between two grains. It can be defined by an index Σ characterizing the ratio between the total number of atoms on the boundary and the number of the coincidence atoms:

Σ = 𝑡𝑜𝑡𝑎𝑙 𝑙𝑎𝑡𝑡𝑖𝑐𝑒 𝑠𝑖𝑡𝑒𝑠 𝑖𝑛 𝑎𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑐𝑒𝑙𝑙 𝑐𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑎𝑡𝑡𝑖𝑐𝑒 𝑠𝑖𝑡𝑒𝑠 𝑖𝑛 𝑎𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑐𝑒𝑙𝑙
This definition is applied for high angle grain boundaries that are considered more disordered: grain boundaries with high coincidence are called random grain boundaries and correspond to Σ > 29, and the others are called special grain boundaries and correspond to Σ < 29. Note that, this characterization can also be applied for low angle grain boundaries provided dislocations entirely accommodate the distortion. The low-angle grain boundaries represent the Σ 1 grain boundaries. Indeed, it is shown that random grain boundaries have large energies and free volume and they are fast diffusive path for hydrogen [Sangid et al. 2010a;[START_REF] Harris | Grain boundary diffusion of hydrogen in nickel[END_REF]. In contrary, the special grain boundaries have low energies and they act as trap sites for hydrogen [Oudriss et al. 2012a]. Thus, the behavior of the grain boundary depends on their types. Therefore, it is crucial to study their characteristics and their effects on diffusion.

Distribution of grain boundaries

Analyzing a subsurface of a microstructure in two dimensions with electron backscatter diffraction can reveal the distribution of grain boundaries. Many cartographies for various grain sizes are retrieved using this approach, and the statistical distribution of grain boundaries is illustrated.

Electron Backscatter diffraction (EBSD)

Various techniques are used to scan the materials, like X-ray diffraction and neutron diffraction, but the EBSD is the ideal process to determine the distribution of grain orientation [START_REF] Dingley | Microtexture determination by electron back-scatter diffraction[END_REF]. This approach provides information on the microstructure's crystallographic orientation: the grain size, phase distribution and identification, texture, the orientation of lattices, grain boundary character, and types [START_REF] Baudin | Analyse EBSD -Principe et cartographies d'orientations[END_REF][START_REF] Carneiro | Recent Advances in EBSD Characterization of Metals[END_REF][START_REF] Dingley | Progressive steps in the development of electron backscatter diffraction and orientation imaging microscopy[END_REF][START_REF] Dingley | Microtexture determination by electron back-scatter diffraction[END_REF][START_REF] Randle | Electron backscatter diffraction: Strategies for reliable data acquisition and processing[END_REF][START_REF] Schwartz | Electron Backscatter Diffraction in Materials Science[END_REF][START_REF] Schwarzer | Automated crystal lattice orientation mapping using a computercontrolled SEM[END_REF]].

The EBSD is based on the generation of the diffraction patterns in backscattering, known as Kikuchi patterns [START_REF] Nishikawa | The Diffraction of Cathode Rays by Calcite[END_REF]. As a result, these diffraction patterns provide all the crystallographic information.

In fact, the EBSD was first applied with the scanning electron microscope (SEM) by [START_REF] Venables | Electron back-scattering patterns-A new technique for obtaining crystallographic information in the scanning electron microscope[END_REF]. Then, an online computer program, the automated orientation imaging microscopy (OIM), is used to analyze the patterns extracted from the EBSD [START_REF] Wright | A Review of Automated Orientation Imaging Microscopy (OIM)[END_REF]]. Today, we have a hybrid form that combines EBSD with OIM. This process allows us to obtain direct knowledge about the microstructures [START_REF] Dingley | Progressive steps in the development of electron backscatter diffraction and orientation imaging microscopy[END_REF]]. Schwarzer, also created his own EBSD automated system [START_REF] Schwarzer | Automated crystal lattice orientation mapping using a computercontrolled SEM[END_REF]].

Generally, the EBSD consists of a detector, a SEM, and a sample. The detector is linked with a computer program OIM to obtain quick analyses of the diffraction patterns (Fig. 16). In order to maximize the fraction of backscattered electron, the sample must be tilted 20 ° with the line of an incoming electron from SEM [START_REF] Baudin | Analyse EBSD -Principe et cartographies d'orientations[END_REF][START_REF] Carneiro | Recent Advances in EBSD Characterization of Metals[END_REF][START_REF] Randle | Electron backscatter diffraction: Strategies for reliable data acquisition and processing[END_REF].

Fig. 16: Schematic representation of the electron backscatter diffraction linked to the OIM

program [START_REF] Carneiro | Recent Advances in EBSD Characterization of Metals[END_REF].

Before starting an EBSD analysis, it is necessary to carry out the preparation of the surface. This procedure consists of two steps: a mechanical polish by an abrasive paper SIC, then an electrolytic polish [START_REF] Godon | Relations Structure/Composition/Propriétés de revêtements électrodéposés de nickel de taille de grain nanométrique[END_REF]]. Then, the experiment is handled by sending a beam electron that strikes the sample's surface. Part of these incident electrons is backscattered out of the specimen. A fraction of these electrons may have Bragg's diffraction by contact with the crystal lattice planes. They are captured inside the EBSD detector to form the Kikuchi patterns. The latest is analyzed in the OIM program, which gives us data about the orientations of the crystallographic planes. Then, this data is depicted on a figure known as the EBSD cartography. The spatial resolution of this cartography is determined by the material employed and the electron beam characteristics [START_REF] Godon | Relations Structure/Composition/Propriétés de revêtements électrodéposés de nickel de taille de grain nanométrique[END_REF]].

This technique allows us to use OIM to analyze the characteristics and the nature of the grain boundaries by determining the network of the coincidence site lattice. And then provide statistical information about the distribution of the grain boundaries for different grain sizes and illustrate the effect of the grain size on their distribution.

Statistical distribution

Due to the effects of grain boundaries on the mechanical and physical properties of the materials, Watanabe [START_REF] Watanabe | Grain boundary design for desirable mechanical properties[END_REF]] modify the grain boundary population to improve the materials' behavior. This process was known as grain boundary engineering. This process requires an annealing twinning to increase the fraction of coincidence site lattice and, precisely, the proportion of special coincident site lattices (CSLs) (Σ 3𝑠 :Σ 3 , Σ 9 , Σ 27 ) (Fig. 17) [START_REF] Randle | Grain boundary engineering: an overview after 25 years[END_REF]].

Statistical study are made to estimate the proportion of low CSLs [START_REF] Randle | Sigma-Boundary Statistics by Length and Number[END_REF]]. Statistics may be easily computed after getting the grain boundary map by electron back-scatter diffraction. Two methods can be used to estimate the proportion of low CSLs: length fraction or number fraction [START_REF] Randle | Sigma-Boundary Statistics by Length and Number[END_REF]]. Length fraction can be done using software by computing the length of each CSL boundary dividing by the length of grain boundaries. However, the fraction of the number of CSL boundary can be obtained manually.

Fig. 17: Fraction of low CSL [Randle 2010].

According to grain boundary engineering [START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF]], the Σ 3 , Σ 9 , Σ 27 are the most dominant special grain boundaries. Moreover, this statistical distribution of the coincidence site lattice has been made for different grain sizes (Fig. 18). The results show the predominance of the type Σ 3 , Σ 9 , Σ 27 and the other coincidence site lattices represent less than 5 % of the hole fractions [Oudriss et al. 2012a].

Fig. 18: Fractions of different grain boundaries classified by their coincidence site lattice for threegrain sizes of nickel microstructures.

In addition, statistical distribution is done for different grain sizes for the distribution of the grain boundaries classified as low angle grain boundaries, random grain boundaries and special grain boundaries (Fig. 19) [Oudriss 2012a]. The fractions of low angle grain boundaries are higher than the fractions of the random grain boundary for micron grain size. Whereas for smaller grain sizes, the random grain boundary fractions are higher.

Fig. 19: Repartition of the different types of grain boundaries for different grain sizes from nano scale

to micro scale [Oudriss 2012a].

Grain size effect

It has been found in several studies that there is a relationship between grain size and grain boundaries [Oudriss et al. 2012a;Sangid et al. 2010a]. In this manner, the types of grain boundaries will be impacted by the reduction in grain size.

Likewise, this concept has been investigated in different classifications of grain boundaries. Fig. 20 shows the variation of random and special grain boundaries as a function of the grain size. With small grain sizes, grain boundaries with high energy (random boundaries) have higher volume fraction than the grain boundaries with low energy (special boundaries) [Oudriss et al. 2012a]. [Oudriss et al. 2012a].

Fig. 20: Variation of the fraction of random and special grain boundaries versus the size of the grain

The results for the effect of grain size done by [Oudriss et al. 2012a] are in good agreement with the work done by Sangid et al. [Sangid et al. 2010a], who demonstrated the effect of the energy of grain boundaries depending on their classification by rotation axis 𝜙 (tilt, twist, and mixed angle). Fig. 21 shows the effect of the grain area indirectly and the effect of the grain size on the average energy of the grain boundaries surrounding the lattice. Thus, decreasing the grain area will increase the fraction of grain boundaries with high energies, also known as random grain boundaries. [Sangid et al. 2010a].

Fig. 21: Average energy of grain boundaries versus the grain area

Effects of grain boundaries

Having the statistical distribution of all the types of grain boundaries for different grain sizes, it is important to evaluate the effects of these grain boundaries on the effective diffusion coefficient.

The effect of the grain boundary cannot be evaluated for grain sizes more than 50 𝜇𝑚 [START_REF] Latanision | Hydrogen Permeability and Diffusivity in Nickel and Ni-Base Alloys[END_REF]. While, below a grain size of 100 𝜇𝑚, the impacts of the grain boundaries are obvious. Some grain boundaries with strong diffusivity facilitate the transport of hydrogen and are classified as short circuit diffusion paths [START_REF] Brass | Accelerated diffusion of hydrogen along grain boundaries in nickel[END_REF]Oudriss et al. 2012b;[START_REF] Zhou | Is Hydrogen Diffusion along Grain Boundaries Fast or Slow? Atomistic Origin and Mechanistic Modeling[END_REF]]. More precisely, Harris et al show that the grain boundaries are short circuit for hydrogen diffusion due to the high activation energy compared with the lattice activation energy [START_REF] Harris | Grain boundary diffusion of hydrogen in nickel[END_REF]. The diffusion coefficient of grain boundaries is more than 40 times higher than the coefficient of diffusion of lattices [START_REF] Brass | Accelerated diffusion of hydrogen along grain boundaries in nickel[END_REF][START_REF] Harris | Grain boundary diffusion of hydrogen in nickel[END_REF]Yao and Cahoon 1991a].

On the contrary, it has been seen that the grain boundary may act as trap site [START_REF] Di | First-principles investigation of hydrogen trapping and diffusion at grain boundaries in nickel[END_REF][START_REF] Angelo | Trapping of hydrogen to lattice defects in nickel[END_REF]Oudriss et al. 2012b]. Also, Yao and Cahoon shows that grain boundaries with low energy behave as trap site, at low concentrations of hydrogen [Yao and Cahoon 1991b].

This contradictory on the diffusion of hydrogen founds in the literature may be explained by the dual effects of the grain boundaries. Thus, it is important to determine the energy of the GB and their contribution to the hydrogen segregation.

Bi-crystal model (energy of grain boundary)

Nickel bi-crystals can be made in Laboratory. Bi-crystals are used to study the properties of each grain boundary type (GB energy, geometry, segregation, diffusion) and compare them (Fig. 22). Much research has been done on grain boundaries role in hydrogen segregation [START_REF] Jothi | Finite element microstructural homogenization techniques and intergranular, intragranular microstructural effects on effective diffusion coefficient of heterogeneous polycrystalline composite media[END_REF][START_REF] Li | The contribution of the grain boundary engineering to the problem of intergranular hydrogen embrittlement[END_REF]Sangid et al. 2010a;[START_REF] Solanki | Atomistic Investigation of the Role of Grain Boundary Structure on Hydrogen Segregation and Embrittlement in α-Fe[END_REF]. It has been established that grain boundaries with high misorientation are characterized by stronger energy due to the presence of large dislocations densities [Sangid et al. 2010a]. In addition, low-angle grain boundaries are characterized by their low segregation energy and act as trap sites [START_REF] Solanki | Atomistic Investigation of the Role of Grain Boundary Structure on Hydrogen Segregation and Embrittlement in α-Fe[END_REF]. The segregation energy varies as a function of the width of the grain boundary. Furthermore, Jiaqi [START_REF] Li | The contribution of the grain boundary engineering to the problem of intergranular hydrogen embrittlement[END_REF]] inspects some grain boundaries by comparing their energy and the solubility of hydrogen (Fig. 23). It was determined that high energy grain boundaries are sites for high hydrogen solubility. Additionally, it has been established that grain boundaries with higher energy have excess volume (Fig. 24). Thus, grain boundaries with higher energy are wider and more stable for hydrogen segregation. 

Free Volume

Free volume is the amount of free space presented in the grain boundary. Whereas, excess volume is the whole volume of the grain boundary, also known as boundary expansion [START_REF] Pal | The spectrum of atomic excess free volume in grain boundaries[END_REF].

The free volume is a criterion for the grain boundary model developed by Aaron et al. [Aaron and Bolling 1972a;Aaron and Bolling 1972b]. For closed packed materials, the free volume 𝑉 𝐹 is calculated for any misorientation by subtracting the volume of atoms in perfect crystals by the volume of the same number of atoms in crystal assemblage with grain boundaries. Excess free volume is related to a high misorientation angle (Fig. 25). Furthermore, Olmsted et al. present an atomistic simulation to characterize the grain boundary energy [START_REF] Olmsted | Survey of computed grain boundary properties in face-centered cubic metals: I. Grain boundary energy[END_REF]]. The correlation between the excess free volume and the grain boundary energy is evaluated. Then, Jiaqi et al. added five types of grain boundaries examined by the same simulation [START_REF] Li | Antagonist effects of grain boundaries between the trapping process and the fast diffusion path in nickel bicrystals[END_REF]. Fig. 26 shows the variation of the grain boundary energy as a function of the excess volume for different grain boundaries, which are divided into random and special grain boundaries. it has been seen that grain boundaries with high free volume have high energies, and they are referred in general to the random grain boundaries. The high disorientations of the random grain boundary are the cause of this excess free volume [Oudriss 2012a]. Whereas, the special grain boundaries have lower energies and low fractions of excess volume.

Fig. 26: Grain boundary energy vs the excess volume for different grain boundaries, red dots

represent the 5 types of grain boundaries added by [START_REF] Li | Antagonist effects of grain boundaries between the trapping process and the fast diffusion path in nickel bicrystals[END_REF].

Diffusion model of grain boundaries

We have seen the distribution of the grain boundaries as a function of the grain size, and their energy and excess free volume quantify them. Thus, studying the effects of these grain boundaries combined with the lattices in a diffusion model is crucial.

Grain boundary diffusion was initiated by using Fisher model [START_REF] Fisher | Calculation of Diffusion Penetration Curves for Surface and Grain Boundary Diffusion[END_REF]] and then developed by Whipple model [START_REF] Whipple | CXXXVIII. Concentration contours in grain boundary diffusion[END_REF]] . The latter, it is similar to bicrystals in which a grain boundary with high diffusivity is embedded in a semi-infinite solid (between two grains) (Fig. 27) [START_REF] Fisher | Calculation of Diffusion Penetration Curves for Surface and Grain Boundary Diffusion[END_REF][START_REF] Whipple | CXXXVIII. Concentration contours in grain boundary diffusion[END_REF].

There are three possible ways for diffusion with the grain boundaries: volume diffusion through the lattices, diffusion along the path of the grain boundaries, diffusion from the grain boundary to the lattice.

Fig. 27: First diffusion model representing the grain boundary of thickness e with diffusion 𝐷 𝐺𝐵 (high diffusivity) and the lattices with diffusion D (low diffusivity).

In a polycrystalline material, the diffusion does not occur frequently through the grain and grain boundary separately. Based on experimental observations, Harrison defines three types of diffusion kinetics regimes: A, B, and C (Fig. 28). The diffusion regimes depends on the difference in the diffusion coefficient between lattice and grain boundary, and also on the experimental conditions [START_REF] Mehrer | Diffusion in solids: fundamentals, methods, materials, diffusion-controlled processes[END_REF]].

Type A: This regime is observed at a long-time of diffusion, or at a diffusion through the whole of the microstructure, or at high temperatures, or in nanocrystalline materials. In this case, the diffusion occurs in the grain boundary and the lattice. Here, the diffusion coefficient of the grain boundary is not very high compared with the lattice diffusion coefficient. This system behaves in accordance with the Fick's Law.

Type B:

This regime is defined at an intermediate time observation. It may occur at low temperatures, or large grain size. The diffusion occurs through grain boundary faster than in the lattice. This model is similar to Fisher's model.

Type C:

This regime is for a short diffusion time. The diffusion occurs only through the grain boundaries due to the grain boundary's high diffusion coefficient compared to the lattice's diffusion coefficient.

Fig. 28: Harrison Kinetics regimes (type A-B-C) [L. G. Harrison 1961].

A relationship exists between these three regimes. The behavior will start out as type C, grow into type B, and then finally become type A in any system where diffusion can be observed over short to long times.

Various analytical models of grain boundary diffusion exists such as columnar grains, cubic grains , spherical grains and equiaxed grains [START_REF] Kaur | Fundamentals of Grain and Interphase Boundary Diffusion, 3rd Revised and Enlarged Edition[END_REF]. The latter represent a realistic situation of a polycrystalline material. Therefore, a new simplified model composed of honeycomb grains distributed periodically was proposed [Yao and Cahoon 1991a]. This model will be available for different grain sizes (micro and nanometer) and can be used for the different ratios of grain boundary diffusion coefficient and lattice diffusion coefficient. Also, it includes the segregation effect of grain boundaries by varying the properties of each GB (Fig. 29) Using a 2D polycrystalline diffusion model, the impact of grain boundaries on the diffusivity is investigated. Jothi et al. [START_REF] Jothi | Finite element microstructural homogenization techniques and intergranular, intragranular microstructural effects on effective diffusion coefficient of heterogeneous polycrystalline composite media[END_REF]] studied the effects of intergranular and intragranular on the diffusivity using Voronoi tessellation techniques. Similarly, Legrand et al [START_REF] Legrand | Numerical analysis of the influence of scale effects and microstructure on hydrogen diffusion in polycrystalline aggregates[END_REF]] studied their effects using the diffusion model of Yao et al.. Both studies show clearly that the diffusion coefficient increase by rising the volume fraction of the grain boundaries which correspond to the nanocrystalline materials.

Most of the studies were done by considering the grain boundaries as one single homogeneous phase. However, there exists various types of grain boundaries. Few authors studied the effects of the nature and the connectivity of the grain boundaries [START_REF] Chen | Diffusion on grain boundary networks: Percolation theory and effective medium approximations[END_REF][START_REF] Deng | Kinetic Monte Carlo simulation of the effective diffusivity in grain boundary networks[END_REF][START_REF] Li | Grain boundary diffusion: non-random topology and effective medium approximation[END_REF]. Chen and Schuh [START_REF] Chen | Diffusion on grain boundary networks: Percolation theory and effective medium approximations[END_REF]] studied the effects of random and constrained grain boundary networks on effective diffusivity. In addition, [START_REF] Li | Grain boundary diffusion: non-random topology and effective medium approximation[END_REF] established a relation between the diffusion in polycrystalline microstructures and the grain boundary network by analyzing a random network and two constrained networks. Numerical studies have been done on the different networks. All these studies show that the variation of the diffusion coefficient in the microstructure is related to the connectivity of the grain boundary characterized by their high diffusivities. But all these analyses are made on discrete networks consisting of the grain boundary networks only. Type C kinetics is considered in their approach by neglecting the diffusion through the grains [L. G. [START_REF] Harrison | Influence of dislocations on diffusion kinetics in solids with particular reference to the alkali halides[END_REF].

However, only at low temperatures and for a short time process, the diffusion will occur through the GBs. Diffusion can occur through the lattices directly or between the lattices and grain boundaries as type A and B kinetics. As a result, by dividing the grain boundary into two types (special and random) and distributing them randomly in a continuum model (grains and grain boundaries), it has been illustrated that the diffusion coefficient increase by increasing the fractions of the random grain boundary [Osman Hoch et al. 2015].

As well as the effect of the grain boundary nature and their distribution, Kumar et al. state that grain boundary distributions are insufficient to determine the microstructure's topology. It is necessary to consider the connectivity of the grain boundaries by studying their intersections, known as triple junctions [START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF]].

Triple junctions

A triple junction is a connection between three-grain boundaries. Also, it is a one-dimensional defect and the elementary configuration of the polycrystal. Although unanimously recognized as having a strong influence on most material behaviors [START_REF] Palumbo | On the contribution of triple junctions to the structure and properties of nanocrystalline materials[END_REF][START_REF] Wang | Enhanced diffusivity by triple junction networks[END_REF][START_REF] Jothi | Modelling the influence of microstructural morphology and triple junctions on hydrogen transport in nanopolycrystalline nickel[END_REF] and on the dynamics of grain growth [START_REF] Gottstein | The Effect of Triple Junction Drag on Grain Growth[END_REF][START_REF] Gottstein | Grain boundary junction engineering[END_REF][START_REF] Wei | Grain Boundary Triple Junction Dynamics: A Continuum Disconnection Model[END_REF], it remains a microstructural defect little studied in comparison with the grain boundaries [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF]].

Classification of triple junctions

A triple junction can be characterized by three aspects: geometry, structure, and energy. Correspondingly, eleven geometrical parameters are defined to describe the triple junction. Miyazawa et al. said that the orientation relationship between two crystal lattices forming a coincidence site lattice is expressed by a special rotation matrix [START_REF] Miyazawa | Combination Rule of Σ Values at Triple Junctions in Cubic Polycrystals[END_REF]. Therefore, a simple rule to the combination of three coincidence site lattice at a triple junction led to the equation ( 12):

Σ 1 = Σ 2 Σ 3 /𝑑 2 (12) with d a common divisor of Σ 2 𝑎𝑛𝑑 Σ 3 .
The triple junctions can be classified in different ways by their: disclinations, coincidence site lattice, and coincidence axial direction.

According to their classification by their disclinations, if the triple junction is at equilibrium in terms of the networks of intrinsic dislocations of the three grain boundaries, the product of the three matrices of rotation is equal to the identity matrix I. This type is called I-line distribution. On the contrary, if the product of the three matrices of rotation is not equal to the identity matrix, the triple junction is not in equilibrium. The product is named the U matrix. The U matrix is a virtual boundary for which the product of the three matrices of rotation (U) and the inverse of U will give an identity matrix (𝑈𝑈 -1 = 𝐼). This type is known as U-line distribution [START_REF] Bollmann | Triple lines in polycrystalline aggregates as disclinations[END_REF]]. In the same way as grain boundaries with a high angle of misorientations, The U-line, which has high dislocations and disordered, have higher energies than I-line [START_REF] Bollmann | Triple-line disclinations representations, continuity and reactions[END_REF]].

In another way, triple junctions can be classified as CAD (coincident axial direction) triple junctions with a degree of freedom: 𝜋 = ℎ 2 + 𝑘 2 + 𝑙 2 value that represents the common axis <hkl>. Triple junctions are characterized from 𝜋 3 to 𝜋 164 [START_REF] Fortier | Triple junction and grain boundary character distributions in metallic materials[END_REF]].

The last classification is defined by the types of the CSL grain boundaries. The triple junctions are divided into two types: Random triple junctions formed by three random grain boundaries (𝐽 0 ) or by two random and one special grain boundaries (𝐽 1 ), and special triple junctions formed by three special grain boundaries (𝐽 3 ) or by one random and two special (𝐽 2 ) [START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF].

All these classifications are represented in Fig. 30 

Characterization of Triple Junctions

Taking the coincidence site lattice classification for the triple junctions, their fractions are analyzed as a function of the special grain boundary fraction.

For a random distribution of the grain boundary networks, the distribution of the fraction of triple junctions are given as a function of the fraction of special grain boundary 𝑓 Σ [Schuh et al. 2003a].

𝐽 0 = (1 -𝑓 Σ ) 3 , ( 13 a 
)

𝐽 1 = 3𝑓 Σ (1 -𝑓 Σ ) 2 , ( 14 b 
)

𝐽 2 = 3𝑓 Σ 2 (1 -𝑓 Σ ), ( 14 c 
)

𝐽 3 = 𝑓 Σ 3 . ( 14 d) 
However, many experimental results show that the distribution of the triple junction are not randomly distributed [Gertsman et al. 1996a;[START_REF] Minich | Role of topological constraints on the statistical properties of grain boundary networks[END_REF][START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF]]. Therefore, Schuh et al. introduce a parameter 'A', which is the ratio between the fraction of special grain boundary 𝑓 Σ 3 and the sum of all the fractions of special boundaries (𝑓 Σ 3 , 𝑓 Σ 9 , 𝑓 Σ 27 ) [Schuh et al. 2003a]. Thus, the probability to assign an unconstrained boundary is given by:

𝑓 Σ 3 = 𝑓 Σ 𝐴, ( 14 a 
)

𝑓 Σ 9 = 𝑓 Σ (1 -𝐴)𝐴, ( 15 b 
)

𝑓 Σ 27 = 𝑓 Σ (1 -𝐴) 2 , ( 15 c 
)

𝑓 𝑅 = 1 -𝑓 Σ . (15 d)
with 𝑓 Σ 3 , 𝑓 Σ 9 , 𝑓 Σ 27 the fractions of Σ 3 , Σ 9 , Σ 27 special grain boundaries, respectively, and 𝑓 R the fraction of the random grain boundaries.

In addition, Oudriss [Oudriss 2012a] has experimentally determined the fractions of the four types of triple junctions for a different fraction of special grain boundaries and compared them with the analytical solution (Eq(13)) and the solution for constrained distribution (Eq( 14)) given by [Schuh et al. 2003a]. His results follow the solution of Schuh for A=0.67 (Fig. 31). Thus, it confirms that the fractions of the triple junctions are not randomly distributed. 

Effects of triple junction on the effective diffusion coefficient

Many researchers have demonstrated accelerated diffusion through triple junctions [START_REF] Bokstein | Direct experimental observation of accelerated Zn diffusion along triple junctions in Al[END_REF][START_REF] Frolov | Molecular dynamics modeling of self-diffusion along a triple junction[END_REF]Gertsman et al. 1996a;[START_REF] Jothi | Modelling the influence of microstructural morphology and triple junctions on hydrogen transport in nanopolycrystalline nickel[END_REF]Li et al. 2019b;[START_REF] Li | Grain boundary diffusion: non-random topology and effective medium approximation[END_REF][START_REF] Palumbo | Intercrystalline hydrogen transport in nanocrystalline nickel[END_REF][START_REF] Wang | Enhanced diffusivity by triple junction networks[END_REF]]. Palumbo et al [START_REF] Palumbo | Intercrystalline hydrogen transport in nanocrystalline nickel[END_REF]] computed the diffusivity of the triple junctions that is three times faster than the grain boundaries and seventy times faster than the lattice diffusivity. Also, Wang et al [START_REF] Wang | Enhanced diffusivity by triple junction networks[END_REF]] modified Hart's equation to take into consideration the role of triple junctions. They stated that the effects of triple junctions on diffusivity are important in nanocrystalline materials.

TJ affects the hydrogen diffusion depending on their types. As known, grain boundaries with low energies have low diffusion and segregation energy. Thus, the combination of these grain boundaries in a triple junction may act as high diffusible or trapping. Hence, Hui et al. investigated the carbide precipitation in the triple junction character (Fig. 32). Regarding these results, higher diffusion will occur in the triple junction with the higher energy of grain boundaries. Again, TJ is considered a high diffusion path in nanocrystalline materials. So, the sharpening of the surface of Fe by a multilayer Cu/Ni with thermal annealing was due to a fast diffusivity through the triple junctions considered as short-circuit paths [START_REF] Tiwari | Interface sharpening in miscible and isotopic multilayers: Role of short-circuit diffusion[END_REF]. Therefore, depending on the kinds of grain boundaries that surround it, triple junctions have dual effects.

Given that the geometry of the triple junctions depends on the geometry of the grain boundaries, it is important to investigate how grain size affects indirectly the triple junctions.

Grain Size effect

As well as the dependence of the fraction of the grain boundaries on the grain size, the fraction of the triple junctions will not be independent of the growth of the lattice.

Multiple investigations have been done on the grain size effects in nanocrystalline materials [START_REF] Divakar | Characterisation of interfaces in nanocrystalline palladium[END_REF][START_REF] Horváth | Diffusion in Nanocrystalline Materials[END_REF][START_REF] Palumbo | On the contribution of triple junctions to the structure and properties of nanocrystalline materials[END_REF][START_REF] Suryanarayana | Grain size effects in nanocrystalline materials[END_REF][START_REF] Zhou | The effects of triple junctions and grain boundaries on hardness and Young's modulus in nanostructured Ni-P[END_REF]]. It has been shown that the volume fraction of the triple junction increases while decreasing the grain size from 100nm to 2 nm. Fig. 33 illustrates the inverse variation of the volume fraction of the triple junction and grain boundaries below 10 nm of grain size. This indicates that nanocrystalline materials have more volume fractions of triple junctions than grain boundaries. [START_REF] Zhou | The effects of triple junctions and grain boundaries on hardness and Young's modulus in nanostructured Ni-P[END_REF][START_REF] Suryanarayana | Grain size effects in nanocrystalline materials[END_REF]].

Fig. 33: Volume fraction of each interface depending on the grain size

Free Volume

The diffusion through the triple junctions has been shown to be faster than in the grain boundaries [START_REF] Stender | Triple junction segregation in nanocrystalline multilayers[END_REF][START_REF] Mikhailovskii | On the Enhancement of the Diffusion Permeability near Triple Junctions[END_REF]. This finding was due to the excess free volume presented in the triple junction. In this way, Chellali et al. [START_REF] Chellali | Triple Junction Transport and the Impact of Grain Boundary Width in Nanocrystalline Cu[END_REF] supposed that the activation energy of the triple junction must be lower than the grain boundary due to their large free volume. They confirmed their assumption by demonstrating that the triple junction has an activation energy of twothirds of grain boundary energy. Moreover, Jothi et al. [START_REF] Jothi | Modelling the influence of microstructural morphology and triple junctions on hydrogen transport in nanopolycrystalline nickel[END_REF] have studied the influence of the triple junction's sharp and round corner shape on the diffusion of hydrogen in Nanopolycrystalline Nickel. They showed that the hydrogen diffusion is higher in the round corner shape of triple junction due to the large area of this shape that is associated with a large volume fraction of triple junction. Furthermore, Poletaev et al. [START_REF] Poletaev | The formation of excess free volume in triple junctions of <111> and <100> tilt boundaries in Ni at crystallization[END_REF]] evaluate the formation of excess free volume in the triple junction for two distributions of low and large angle <111> and <100> tilt grain boundaries in Ni. They construct their model by crystallization to form a triple junction. During this formation, they have seen that the density near the triple junction is locked. It is the cause of the formation of the excess free volume in the triple junction. In Fig. 34, they show the difference in the formation of excess free volume between low and high angle grain boundaries. The visualization was carried out by calculating the average distance between an atom and its neighbor and comparing it with the average distance in an ideal crystal. If the average distance is different, the atoms is seen with a gray color, otherwise it is painted over by another shade of gray. Hence, triple junctions formed with high angle grain boundaries will have high free volume. Such triple junction is known as a 'loose' structure and have high diffusivity. Also, more free volume is shown in <111> tilt grain boundaries than <100> tilt grain boundaries. Thus, the formation of free volume in the triple junction depends on their types.

Fig. 34: Formation of areas of free volume near the triple junctions of <111> tilt boundaries as a function of the low (𝜃 < 15°

) and high (𝜃 > 15°) angle boundaries. The different shade of gray color used to represent the atoms depending on the distance between them (the free volume) [START_REF] Poletaev | The formation of excess free volume in triple junctions of <111> and <100> tilt boundaries in Ni at crystallization[END_REF].

Fig. 35: Formation of areas of free volume near the triple junctions of <100> tilt boundaries as a function of the low (𝜃 < 15°) and high (𝜃 > 15°) angle boundaries. The different shade of gray color used to represent the atoms depending on the distance between them (the free volume) [START_REF] Poletaev | The formation of excess free volume in triple junctions of <111> and <100> tilt boundaries in Ni at crystallization[END_REF]].

Quadruple Junctions

Aside from grain boundaries and triple junctions, a quadruple junction is the only other topological component of a 3D microstructure.

The intersection between four triple junctions is known as a quadruple junction (Fig. 36) [START_REF] Fortes | Stability and dissociation of quadruple junctions in polycrystals[END_REF][START_REF] Gottstein | A novel concept to determine the mobility of grain boundary quadruple junctions[END_REF][START_REF] Reed | The structure of the cubic coincident site lattice rotation group[END_REF]. Considering tetrakaidecahedron as a good illustration of the geometry of the grain in a microstructure [START_REF] Smith | Grain Shapes and Other Metallurgical Applications of Topology[END_REF]], the quadruple junction is a tetrahedron, with each vertex referring to a grain, each segment to a grain boundary, and each surface to a triple junction [START_REF] Tingguang | Distribution Characteristics of Twin-Boundaries in Three-Dimensional Grain Boundary Network of 316L Stainless Steel[END_REF]. The quadruple junction is composed of four grains, six grains boundaries, and four triple junctions. Some analyses has been made on the geometry and the stability of the quadruple junctions [START_REF] King | The Geometric and Thermodynamic Properties of Grain Boundary Junctions[END_REF][START_REF] Fortes | Stability and dissociation of quadruple junctions in polycrystals[END_REF]]. For the geometry, King studies the degree of freedom of the quadruple nodes. Moreover, for stability, It has been seen that quadruple nodes may dissociate into two triple junctions [START_REF] Smith | Some Elementary Principles of Polycrystalline Microstructure[END_REF]]. Additionally, Fortes shows the stability of the quadruple junctions in some cases depending on Gibb's energy.

Moreover, Gottstein et al. [START_REF] Gottstein | A novel concept to determine the mobility of grain boundary quadruple junctions[END_REF] determine the mobility of quadruple junctions by defining a dimensionless criterion л 𝑞𝑝 that relates the mobility of the quadruple junction, the mobility of the triple junction, and the grain size. The mobility of these quadruple junctions affects the grain microstructure evolution [START_REF] Gottstein | Grain boundary junction engineering[END_REF]. Moreover, using the equation of the mobility of the quadruple junctions, some simulations have been done to show the effect of the quadruple junctions on grain growth due to their drag force [START_REF] Barrales Mora | Effect of a finite quadruple junction mobility on grain microstructure evolution: Theory and simulation[END_REF][START_REF] Barrales Mora | Understanding Grain Boundary Junctions: Effect of the Grain Size on Microstructure Evolution[END_REF][START_REF] Gottstein | Thermodynamics and kinetics of grain boundary triple junctions in metals: Recent developments[END_REF][START_REF] Novikov | Impact of grain boundary junctions on grain growth in polycrystals with different grain sizes[END_REF]]. But, no data exists for the diffusion inside these entities.

Regarding the classification of quadruple junctions, it has been shown that they are classified by the number of the special grain boundaries that coordinate them or/and the number of the types of triple junctions [Frary and Schuh 2005a;[START_REF] Gertsman | Coincidence Site Lattice Theory of Triple Junctions and Quadruple Points[END_REF].

In short, because quadruple junctions have a low volume fraction, they will not considerably influence the effective diffusivity. Frary et al. also state that triple junction distribution in 2D networks is sufficient to transfer it to the network connectivity in 3D due to the domination of the first-order constraints on the connectivity of the grain boundary networks [Frary and Schuh 2005a].

Grain boundaries are divided in two types based on CSL definitions (Random and Special). Furthermore, the intersections of three-grain boundaries constitute a triple junction. As a result, triple junctions are classified into four types based on the grain boundaries that produce them (Random: 0 CSL, 1 CSL, Special: 2 CSL, 3 CSL). Moreover, the volume fraction of the intergranular rises by decreasing the grain size. Besides, they are characterized by their diffusion properties. Therefore, random grain boundaries and triple junctions are distinguished by their high energy and excess free volume. As a result, they provide a high diffusive path for hydrogen. The Specials, on the other hand, serve as hydrogen traps. In general, the diffusivity of triple junctions is greater than that of grain boundaries.

III. Grain boundary character distribution

Grain boundary character distribution is all about understanding the distribution of grain boundaries types and their frequencies. It is the analysis of grain boundary networks.

It has been shown that the grain boundary networks are not randomly distributed in real microstructures [START_REF] Kumar | Connectivity in Random Grain Boundary Networks[END_REF][START_REF] Minich | Role of topological constraints on the statistical properties of grain boundary networks[END_REF]. Comparing the correlation length of the grain boundary network randomly dispersed in an ideal microstructure consisting of honeycomb lattices to the grain boundary network in a real microstructure reveals the difference [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]. At a low fraction of random grain boundary, the correlation length normalized by the thickness of the membrane is higher in real microstructure (Fig. 37). Likewise, Gertsman et al. [Gertsman et al. 1996a;[START_REF] Gertsman | Coincidence site lattice theory of multicrystalline ensembles[END_REF]], using the grain boundary engineering process, examined the material resistance to cracking in the intergranular regions. They showed that the grain boundary character distribution is insufficient to study the material's behavior, and it is important to include the connectivity of these networks. Also, they stated that the distribution of the types of grain boundaries is controlled by crystallographic constraints. In addition, Miyazawa et al. [START_REF] Miyazawa | Combination Rule of Σ Values at Triple Junctions in Cubic Polycrystals[END_REF]] elaborated on the combination rule of Σ values at triple junctions. Several approaches for controlling grain boundary network distribution have been developed in many fields regarding crystallographic limitations.

The goal of this thesis is to distribute the grain boundaries and triple junctions in microstructures (Fig. 38) by a random process or by a constrained distribution. 

Grain orientations method

Several computational investigations have been conducted to characterize the distribution of grainboundary networks in polycrystalline materials using grain orientations [START_REF] Chen | Diffusion on grain boundary networks: Percolation theory and effective medium approximations[END_REF][START_REF] Frary | Crystallographically consistent percolation theory for grain boundary networks[END_REF][START_REF] Li | Grain boundary diffusion: non-random topology and effective medium approximation[END_REF]. The distribution of the grain boundary networks is done by assigning the orientations of each grain. First, all the grains are assigned by the same orientation and then three methods have been used to rotate the grains [START_REF] Frary | Crystallographically consistent percolation theory for grain boundary networks[END_REF]]. The grain boundary type is determined from the orientation of the two adjacent grains. Three different networks are obtained: General textured, fiber textured, and twinned. It has been shown that fiber textured networks are more connected due to the presence of high fractions of type 𝐽 1 triple junctions. These methods are suitable for a defined type of materials such as fiber textured or twinned materials. 

Schuh method

Schuh et al. [Schuh et al. 2003b] have demonstrated that studying the intergranular process using random percolation is inconvenient. They have shown that the percolation threshold is above 50% for constrained networks. In contrast, the percolation threshold for the random process was 35% (Fig. 40). As we have established, examining grain boundary characterization alone is insufficient to predict network connection; we must also consider the distribution of triple junctions. representing the fraction of special boundaries Σ 3 . Therefore, A is determined experimentally, and its value is between 0.4 and 0.9. Also, A can be written as a function of the other twin variants Σ 9 𝑎𝑛𝑑 Σ 27 :

𝐴 = 𝑓 Σ 3 𝑓 Σ ≈ 𝑓 Σ 9 𝑓 Σ 9 + 𝑓 Σ 27 (15)
This equation shows us that Σ 3 is most prominent than other twin variants. Thus, the four types of triple junctions with all possible combinations will be illustrated in Fig. 41: Using the Schuh method (constrained and random), better results are obtained, and different distributions for the microstructures are constrained by the law of formation of triple junctions. But this method is restricted by the three types of special grain boundaries and depends on a probability parameter. This method is generally appropriate for low to medium stacking-fault-energy materials.

Chain method

Several studies have been done on electrical conductivity in a fibrous network [START_REF] Dalmas | Carbon nanotube-filled polymer composites. Numerical simulation of electrical conductivity in three-dimensional entangled fibrous networks[END_REF][START_REF] Zhao | 3D Monte Carlo simulation modeling for the electrical conductivity of carbon nanotube-incorporated polymer nanocomposite using resistance network formation[END_REF]. The construction of this network consists of creating a chain of fiber. The fiber is composed of N elementary nodes. While the first node is generated randomly, the (N-1) nodes are generated by a constrained method controlled by the tortuosity (their twisted form ) of the fibers [START_REF] Dalmas | Carbon nanotube-filled polymer composites. Numerical simulation of electrical conductivity in three-dimensional entangled fibrous networks[END_REF]]. Equally, this constrained method gives the same percolation behavior for the simulated and experimental models. Moreover, Zhao et al. applied the same method with a 3D Monte Carlo simulation. Similarly, the concept of the chain method can be adapted to generate the grain boundary networks in order to increase the correlation length.

Another concept for the chain method is described by self-avoiding walks [START_REF] Slade | Self-avoiding walks[END_REF]]. Selfavoiding walks are paths without intersections. It starts by choosing a random start point, and then paths consist of a sequence of moves on lattice without visiting the same point. This kind of attribution can be used to generate networks, but their problems remain in forming the paths in a small area of the geometry.

In order to illustrate the real microstructures and consider the experimental data, a constrained method is necessary to generate the cartography of the grain boundary networks and triple junction networks.

All these models are suitable for generating a microstructure. However, the generation of the grain boundary networks constrained by the triple junction are rare. Schuh et al. [Schuh et al. 2003a] have distributed the grain boundary networks constrained by triple junctions taking into consideration the grain boundary engineering concept. However, a full distribution for the two main types of grain boundaries (random and special) constrained by triple junctions is crucial. Also, finding the correlation between the grain boundary constrained networks and the effective diffusion coefficient is important.

IV. Modeling of grain boundary networks 1. Homogenization

Homogenization is a technique used to the transition between the microscopic behavior to the macroscopic one (Fig. 43). This process can be used to characterize Fick's law of diffusion by defining a global coefficient of diffusion for the microstructure. Some microstructures are characterized only statistically and are called random heterogeneous materials. The heterogeneous nature of such microstructures is not explicit, but it is evident that their behavior depends on the characteristics of the heterogeneities (effective properties of the heterogeneities). Therefore, homogenization in such microstructures aims to determine the effective properties of an equivalent continuous medium at a scale that contains the whole heterogeneities.

Taking some arbitrary random geometries, the known information of the microstructures is the concentration of the heterogeneities and their properties (volume fraction of the grain boundaries and their diffusion coefficient).

Therefore, by applying homogenization techniques, we will obtain different values of effective properties. Consequently, it is shown that these different values are bounded with the help of the principle of virtual powers, the minimization of potential and complementary energies, and the Hill principle [START_REF] Boutin | Homogenization of Coupled Phenomena in Heterogenous Media[END_REF]. Hence, there are some cases where the effective diffusivities can be bounded: the first order bound as Voigt and Reuss and the second order bound (Hashin-Shtirkman).

First order bound

It is the simplest model that is composed of multiple layers. It is called first-order bounds because they depend only on the volume fraction. In addition, the diffusion can be parallel or perpendicular to the layers.

For the Voigt model:

The diffusion is parallel to the layers (Fig. 44). The effective diffusion will be:

𝐷 𝑒𝑓𝑓 ≤ 〈𝐷〉 (16)
〈𝐷〉 is the arithmetic mean (linear average) which is the upper bound of Voigt. 

𝐷 𝑒𝑓𝑓 = 𝑝𝐷 1 + (1 -𝑝)𝐷 2 (17)
With 𝑝 the volume fraction of the layers with coefficient diffusion 𝐷 1 .

For the Reuss model:

The diffusion is perpendicular to the layers (Fig. 45). The effective diffusion will be:

𝐷 𝑒𝑓𝑓 ≥ 〈𝐷 -1 〉 -1 (18)
〈𝐷 -1 〉 -1 is the geometric mean (harmonic average) which is the lower bound of Reuss.

Fig. 45: Perpendicular diffusion [START_REF] Reuss | Berechnungderfliegrenzevonmischkristallenaufgrund der plastizittsbedingung fr einkristalle[END_REF].

𝐷 𝑒𝑓𝑓 = 1 1 -𝑝 𝐷 2 + 𝑝 𝐷 1 (19)
With 𝑝 the volume fraction of the layers with coefficient diffusion 𝐷 1 .

Second order bound

Assuming that the material is isotropic, the Voigt and Reuss bounds can be improved. The bounds will be more limited and tighter. They are called the Hashin-Shtrikman (HS) bounds represented in equation ( 20) [START_REF] Hashin | A Variational Approach to the Theory of the Effective Magnetic Permeability of Multiphase Materials[END_REF] . Indeed, the Hashin-Shtrikman models (Fig. 46) are obtained by the singly coated d-dimensional sphere assemblages and the second-rank laminates [START_REF] Torquato | Random Heterogeneous Materials: Microstructure and Macroscopic Properties[END_REF]. The different bounds of homogenization models are plotted with two different diffusivity ratios (Fig. 47). For low diffusion contrast, the homogenization models are close. They are sufficient to study the effective diffusive coefficient. Whereas, for high diffusion contrast, the homogenization models are separated, which is not a good prediction for the diffusion model. In order to define the morphological parameters in addition to the volume fraction, higher-order bounds must be used.

𝐻𝑆 -= 𝐷 1 + 𝑝 1 𝐷 2 -𝐷 1 + 1-𝑝 𝑑𝐷 1 ≤ 𝐷 𝑒𝑓𝑓 ≤ 𝐻𝑆 + = 𝐷 2 + 1-𝑝 1 𝐷 1 -𝐷 2 + 𝑝 𝑑𝐷 2 (20)

Effective medium approximations

Multiple Effective Medium Theories to predict the effective properties of the microstructure are derived from the exact solution of a single inclusion of one material in a matrix of another material. For example, let us consider a sphere inclusion of radius 𝑟 𝑠 with a coefficient of diffusion 𝐷 2 embedded in an infinite medium with a coefficient of diffusion 𝐷 1 in a uniform concentration gradient ∇𝐶 (Fig. 48). So, the induced perturbation outside the sphere will be [START_REF] Chen | Percolation and homogenization theories for heterogeneous materials[END_REF]]:

Δ𝐶(𝑟) = - 𝐷 2 -𝐷 1 𝐷 2 + (𝑑 -1)𝐷 1 ( 𝑟 𝑠 𝑟 ) 𝑑 𝐶(𝑟) (21) 
With r the distance from the center of the sphere to the outside, d the dimensionality, and C(r) the concentration in the infinity.

Fig. 48: Spherical inclusion in an infinite matrix.

There are several types of effective medium approximations, such as Maxwell-type, self-consistent, and Mori-Tanaka.

a. Maxwell-type:

It is also known as Maxwell-Garnett theory or asymmetric effective medium equation (Eq ( 22)). This theory is derived from a composite material composed of a large sphere with diffusivity 𝐷 1 embedded in a matrix with diffusivity 𝐷 2 . Also, the large sphere contains diluted spherical particles with diffusivity 𝐷 2 (Fig. 49). This is the same as a single spherical inclusion adding the volume fraction of the diluted spherical particles.

𝐷 𝑒𝑓𝑓 -𝐷 1 𝐷 𝑒𝑓𝑓 + (𝑑 -1)𝐷 1 = 𝑝 𝐷 2 -𝐷 1 𝐷 2 + (𝑑 -1)𝐷 1 (22)
With p the volume fraction of each particle.

The Maxwell-type equation coincides with the Hashin-Shtrikman bounds, and it is equal to the lower bound when 𝐷 2 > 𝐷 1 and the upper bound when 𝐷 1 > 𝐷 2 . 

b. Self-consistent approximations:

It is called the symmetric SC approximations. This theory treats each phase independently. Each particle is embedded in an effective medium (Fig. 50). Bruggeman's symmetric effective medium approximation is expressed by:

𝑝 𝐷 1 -𝐷 𝑒𝑓𝑓 𝐷 1 + (𝑑 -1)𝐷 𝑒𝑓𝑓 + (1 -𝑝) 𝐷 2 -𝐷 𝑒𝑓𝑓 𝐷 2 + (𝑑 -1)𝐷 𝑒𝑓𝑓 = 0 ( 23 
)
With p is the volume fraction of each particle. c. Mori-Tanaka:

Generally, Mori Tanaka methods are used for elastic behavior [START_REF] Mori | Average stress in matrix and average elastic energy of materials with misfitting inclusions[END_REF]. Moreover, it is usually used for composite materials where the inclusion is incorporated in the matrix [Lévesque].

In the same way, Knyazeva et al. [START_REF] Knyazeva | On the micromechanical modelling of the effective diffusion coefficient of a polycrystalline material[END_REF]] modify the Mori-Tanaka method by implementing the diffusivity contributing tensors of the inhomogeneity explored by kroner et al. [START_REF] Kroner | Berechnung der elastischen Konstanten des Vielkristalls aus den Konstanten des Einkristalls[END_REF]] to describe the elastic properties of the polycrystal. This method allows us to define the parameter (segregation factor s and volume fraction 𝜙 𝐺𝐵 ) of the grain boundaries, which are inclusions inside the matrix (grains). Thus, the Mori-Tanaka effective field methods equation will be:

𝐷 𝑒𝑓𝑓 = 𝐷 𝐿 𝛼 [1 + (1 -𝜙 𝐺𝐵 )(1 -𝛼)𝜂 (1 -𝜙 𝐺𝐵 )𝛼𝜂 + 𝜙 𝐺𝐵 (1 -𝛼) ] -1 (24) 
With:

𝛼 = 𝐷 𝐿 𝐷 𝑔𝑏 (25) 
And

𝜂 = (1 -𝛼) 3 [ 2 𝑠 + (𝛼 -𝑠)𝑓 0 + 1 𝛼 -2(𝛼 -𝑠)𝑓 0 ] (26) 
With 𝐷 𝐿 the coefficient of diffusion of the lattice, 𝐷 𝑔𝑏 the coefficient of diffusion of the grain boundary and s the segregation factor.

𝑓 0 is calculated by the formula:

𝑓 0 = 𝛾 2 (1-𝑔) 2(𝛾 2 -1) with 𝑔(𝛾) = { 1 𝛾√1-𝛾 2 arctan √1-𝛾 2 𝛾 , 𝛾 < 1 1 2𝛾√𝛾 2 -1 ln 𝛾+√𝛾 2 -1 𝛾-√𝛾 2 -1 , 𝛾 > 1 ( 27 
)
With 𝛾 is the aspect ratio for the geometry of the microstructure.

In addition, Knyazeva et al. evaluate the effects of the segregation factor s on the effective diffusion coefficient for different values of volume fraction of grain boundaries. Then, they compare their results to the finite element simulation done by [START_REF] Legrand | Numerical analysis of the influence of scale effects and microstructure on hydrogen diffusion in polycrystalline aggregates[END_REF]] on hexagonal microstructure with random grain boundaries (𝐷 𝑔𝑏 = 10 -10 𝑚 2 𝑠 ) without taking into account the segregation factor s (Fig. 51). Their result is approaching the numerical result for a segregation factor equal 1. All the previous homogenization techniques use a single coefficient of diffusion for the grain boundaries, and are limited to a low diffusion contrast between grain boundaries and grains. However, grain boundaries are composed of two main types: Random and Special. This implies the existence of two different coefficients of diffusion for grain boundaries. To do so, a new homogenization technique, known as a Generalized effective medium, is proposed.

Generalized effective medium (GEM)

The classical homogenization techniques are not suitable for non-linear behavior. Several studies show that restrictions of the classical homogenization theories such as the effective medium approximations (EMT) to predict the macroscopic properties in heterogeneous medium with the domination of topological complexities [START_REF] Chen | Diffusion on grain boundary networks: Percolation theory and effective medium approximations[END_REF][START_REF] Mclachlan | An equation for the conductivity of binary mixtures with anisotropic grain structures[END_REF][START_REF] Mclachlan | Analytical Functions for the dc and ac Conductivity of Conductor-Insulator Composites[END_REF][START_REF] Mclachlan | Modeling the Permittivity of Composite Materials with a General Effective Medium Equation[END_REF][START_REF] Sahimi | Heterogeneous Materials I: Linear Transport and Optical Properties[END_REF]].

In general, the EMT is helpful below the percolation threshold when diffusion occurs through the grains without an impact from the grain boundary networks. Above the percolation threshold, the effectiveness of the EMT decreases due to the highest variation of the behavior of the scaling law [START_REF] Chen | Diffusion on grain boundary networks: Percolation theory and effective medium approximations[END_REF][START_REF] Sahimi | Heterogeneous Materials I: Linear Transport and Optical Properties[END_REF]]. To achieve the desired result, McLachlan and collaborators proposed an adjusted EMT in the system of electrical conductivity in inhomogeneous media [START_REF] Mclachlan | Equations for the conductivity of macroscopic mixtures[END_REF]]. Like the conductivity field, Chen and Schuh used this equation to approximate the effective diffusion coefficient through a heterogeneous grain boundary network composed of boundaries with low (D 1 ) and high (D 2 ) diffusivities. The evolution of the effective diffusivity was found to be known as the generalized effective medium (GEM) equation [START_REF] Chen | Diffusion on grain boundary networks: Percolation theory and effective medium approximations[END_REF][START_REF] Mclachlan | Equations for the conductivity of macroscopic mixtures[END_REF]:

(1 -𝑝) 𝐷 1 1/𝑠 -𝐷 𝑒𝑓𝑓 1/𝑠 𝐷 1 1/𝑠 + (𝑃 𝑐 -1 -1)𝐷 𝑒𝑓𝑓 1/𝑠 + 𝑝 𝐷 2 1/𝑡 -𝐷 𝑒𝑓𝑓 1/𝑡 𝐷 2 1/𝑡 + (𝑃 𝑐 -1 -1)𝐷 𝑒𝑓𝑓 1/𝑡 = 0 (28) 
Where s and t are scaling exponents describing the shape of the curve, P c is the percolation threshold and p is the volume fraction of the high diffusivity component.

The GEM equation gives precise estimation for discrete networks composed of grain boundaries introducing the scaling laws behavior [START_REF] Chen | Diffusion on grain boundary networks: Percolation theory and effective medium approximations[END_REF][START_REF] Li | Grain boundary diffusion: non-random topology and effective medium approximation[END_REF][START_REF] Mclachlan | Equations for the conductivity of macroscopic mixtures[END_REF].

Using continuum networks by including the grains, the application of the GEM becomes less effective compared to discrete networks due to the complexities of the medium. Several studies reveal that evaluating the behavior of a continuous composite involves more than one percolation transition and various scaling laws [START_REF] Balberg | Limits on the continuum-percolation transport exponents[END_REF][START_REF] Chen | Effective transport properties of random composites: Continuum calculations versus mapping to a network[END_REF]. Therefore the use of GEM equation is complicated because it takes single values for the scaling exponents and the percolation threshold. Therefore, a hybrid homogenization technique was proposed by [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]. It is a combination of the GEM and the upper Hashin Shtrikman.

GEM + upper Hashin Shtrikman:

A double transition-scale approach is proposed by [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]. This approach is based on merging two homogenization techniques (the GEM approximation and the Hashin-Shtrikman superior bound) and gives an accurate result for the effective properties of the continuum geometry (Fig. 52).

Fig. 52: Homogenization technique using a combination of the GEM and the upper Hashin-Shtrikman.

The continuum network consists of grain boundaries with high and low diffusivity and grains. First, calculations of the effective diffusivity of the GB network are made by the GEM equation ( 28). Then, the continuum medium is reduced to a medium composed of grain boundaries with an effective diffusion coefficient and grains. Therefore, the obtained GB effective diffusivity D eff_GB is implemented in the upper Hashin-Shtrikman equation (Eq. ( 29)) in order to determine the macroscopic diffusivity D eff for the membrane.

𝐷 𝑒𝑓𝑓 = 𝐷 𝑒𝑓𝑓 _ 𝑔𝑏 + 1 -𝑓 𝐺𝐵 1 𝐷 𝐿 -𝐷 𝑒𝑓𝑓 _ 𝑔𝑏 + 𝑓 𝐺𝐵 𝑑 * 𝐷 𝑒𝑓𝑓 _ 𝑔𝑏 (29)
Where f GB is the intergranular volume fraction and d is the dimensionality. Fig. 53 shows the correlation between the FEM results and the homogenization approach. This homogenization technique has been done on 2D and 3D microstructures for a random distribution of grain boundary networks. This method is effective in the nanocrystalline microstructure in which the volume fraction of grain boundaries exceeds 10% [START_REF] Sayet | Multi-scale approach to hydrogen diffusion in FCC polycrystalline structure with binary classification of grain boundaries in continuum model[END_REF]]. In our case, this technique is not suitable for grain size on the micrometer scale. Homogenization techniques are not always an easy solution to predict the effective properties. Also, the homogenization equations will become more complex by adding more components to the microstructures, and it is hard to solve them analytically. So, there exist other modeling techniques to analyze the morphology of the microstructure, such as grain boundary network characterization, which is the study of the percolation theory.

Modeling

Percolation

The percolation theory is a statistical analysis of transport phenomenon in an inhomogeneous medium. It is the study of the probabilistic and geometric properties of connected clusters. The analysis of the networks is characterized by a transition or threshold percolation, usually denoted by 𝑝 𝑐 , at which a cluster becomes infinite in size (connects the opposite site of the system). In addition, this theory can be applied to different domains such as forest fires, oil fields, fractals, and diffusion in disordered media [START_REF] Stauffer | Introduction To Percolation Theory: Second Edition[END_REF].

A simple example of percolation is the array of squares in which physicists call each element a square lattice. The concept of percolation is to fill these lattices by a probability p, so we obtain an occupied lattice with probability p and an empty lattice with probability (1-p) (site percolation). Suppose an occupied group of neighboring lattices is connected. In that case, they form a cluster (Fig. 54). Also, there are many types of lattices other than the square lattices: Honeycomb, triangular, diamond, BCC, FCC, Bethe lattices… It is the connection between two neighboring lattices (Fig. 55). The bond is independent of the presence of any other bond. 

b. Site percolation:

It is the occupation of each node by a random process (Fig. 56). Two occupied sites can reach each other via nearest-neighbor jumps. 

c. Percolation threshold:

It is the critical value that can be obtained numerically or experimentally, depending on the percolation type, the lattice type, the system size, and the correlations among the occupations (random or not) [START_REF] Chen | Percolation and homogenization theories for heterogeneous materials[END_REF]]. Above the percolation threshold, we obtain a large cluster that spans the system. Furthermore, below the percolation threshold, we have a small, disconnected cluster.

In a crystalline network, the value of the percolation threshold depends on the coordination number Z, which is the number of the connecting link to the node [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF]]:

𝑍. 𝑝 𝑐 = 𝑑 𝑑 -1 (30)
With d is the dimensionality of the system.

Here are some values of 𝑝 𝑐 for different types of lattice in The bond percolation threshold of a lattice is equal to the site percolation threshold of its covering lattice [START_REF] Pozrikidis | An Introduction to Grids, Graphs, and Networks[END_REF]]. In a finite system, the numerical value of the percolation threshold is not efficient due to the finite size effect. Thus, it is better to extrapolate to infinite systems to obtain the best percolation threshold [START_REF] Stauffer | Introduction To Percolation Theory: Second Edition[END_REF].

The constrained distribution can lead to a shift in the percolation threshold. Therefore, positive correlations, which imply to increase in the probability of the occupied site or bond near the neighbor, make it easier to form a percolating cluster and can cause a decrease in the percolation threshold. To obtain the best percolation threshold, it is more effective to improve the connectivity to the next-nearest neighbors in addition to the next neighbors [START_REF] Chen | Percolation and homogenization theories for heterogeneous materials[END_REF]].

d. Percolation scaling laws:

In addition to the percolation threshold 𝑝 𝑐 , there are other percolation quantities: percolation probability 𝑃(𝑝) that is the probability of a given bond to be included in a percolating cluster, and the backbone fraction 𝑃 𝐵 (𝑝) is the fraction of bond in percolating cluster that affects the diffusion processes [START_REF] Chen | Percolation and homogenization theories for heterogeneous materials[END_REF]]. 𝑃(𝑝) and 𝑃 𝐵 (𝑝) follow a power law scaling, and they are written for the infinite system:

𝑃(𝑝) ∝ (𝑝 -𝑝 𝑐 ) 𝛽 𝑓𝑜𝑟 𝑝 > 𝑝 𝑐 (31) 𝑃 𝐵 (𝑝) ∝ (𝑝 -𝑝 𝑐 ) 𝛽 𝐵 𝑓𝑜𝑟 𝑝 > 𝑝 𝑐 (32) 
The critical exponents 𝛽 𝑎𝑛𝑑 𝛽 𝐵 are shown in Table 3. They are universal and depend only on the dimensionality d [START_REF] Torquato | Random Heterogeneous Materials: Microstructure and Macroscopic Properties[END_REF]. In a finite system, we must consider another important percolation theory: the correlation length 𝜁(𝑝). The correlation length is the typical radius of a finite cluster when 𝑝 < 𝑝 𝑐 and the maximum size of the holes inside the percolating cluster when 𝑝 > 𝑝 𝑐 . 𝜁 follows a scaling law:

𝜁(𝑝) ∝ |𝑝 -𝑝 𝑐 | -𝜈 (33)
Also 𝜈 is a critical exponent. 

Geometric

e. Effect of percolation on effective properties:

It has been seen that the effective coefficient of diffusion depends on the distribution of the grain boundary networks. This means that percolation theory can be used to predict effective properties. If we consider a bond percolation in grain boundaries networks with a diffusivity 𝐷 1 =0 for a missing bond and a finite diffusivity 𝐷 2 for an existing bond, 𝐷 𝑒𝑓𝑓 will be obtained by a power scaling law for 𝑝 > 𝑝 𝑐 :

𝐷 𝑒𝑓𝑓 (𝑝, 0, 𝐷 2 ) ∝ (𝑝 -𝑝 𝑐 ) 𝑡 (34) 
In case 𝑝 < 𝑝 𝑐 , there is no connection between bonds, and there is no diffusion path. So, 𝐷 𝑒𝑓𝑓 equal zero.

Instead of zero, 𝐷 𝑒𝑓𝑓 can have a finite value if 𝑝 < 𝑝 𝑐 . Therefore, we consider that the missing bonds have a finite diffusivity 𝐷 1 and the existing ones have an infinite diffusivity. 𝐷 𝑒𝑓𝑓 will obey a power scaling law for 𝑝 < 𝑝 𝑐 :

𝐷 𝑒𝑓𝑓 (𝑝, 𝐷 1 , ∞) ∝ (𝑝 𝑐 -𝑝) 𝑠 (35) 
t and s are scaling exponents independent of the lattice and percolation types. They depend on the dimensionality of the system [START_REF] Chen | Percolation and homogenization theories for heterogeneous materials[END_REF]]. Here are some values of the scaling exponents in In conclusion, Percolation theory is probabilistic. The application of this theory has many problems: a. The results of percolation are obtained for specific geometries (Honeycomb, square...). b. It just takes into consideration two types of boundaries. c. The theory is better for random distribution.

However, despite all these restrictions, the percolation theory provides a mathematical tool that can predict certain macroscopic properties of polycrystalline materials when the connectivity of one of the microstructure components governs the behavior of the whole. In the absence of detailed descriptions of the grain boundary network, an approximation of the critical percentage of joints likely to transmit information can help predict the behavior of a polycrystal. In this sense, the approach to intergranular diffusion by percolation theory is a useful example for moving toward grain boundary engineering.

Regardless of the complexity of the microstructures, hydrogen diffusion can be modeled analytically or numerically. Numerous homogenization procedures may be used to determine the diffusion coefficient of hydrogen. As a result of introducing additional degrees of freedom, homogenization techniques become more complicated to solve. In another aspect, the study of percolation theory, which characterizes the distribution and connectivity of grain boundary networks, predicts diffusivity. Furthermore, finite element methods are employed to determine the effective diffusion coefficient for complicated geometries.

V. Synthesis

In this literature review, we discussed the critical function of hydrogen in hydrogen embrittlement processes. Then, we looked at the effect of hydrogen diffusion in polycrystalline aggregate defects. We highlighted the impact of microstructural defects on the permeation flux curve, such as grain boundaries, and triple junctions. The influence of the nature of the grain boundaries and distribution on hydrogen diffusion has been demonstrated. However, it has been shown that triple junctions can impact hydrogen transport, particularly in nanocrystalline materials. Furthermore, the grain boundary networks are distributed randomly in an ideal microstructure, which differs from real microstructures in which grain boundary networks are subjected to crystallographic constraints. As mentioned in this chapter, the type and distribution of triple junctions are critical to consider while distributing grain boundary networks in order to have a better understanding of macroscopic diffusivity.

Proposed attribution methods and their characterizations by statistical and numerical approaches

I. Introduction

Numerous studies have been done by many research groups who agree on the importance of studying the hydrogen-microstructure defects interactions which influence drastically the diffusion of hydrogen through the metal [START_REF] Belova | Diffusion in nanocrystalline materials[END_REF]Chen and Schuh 2007a;[START_REF] Hart | On the role of dislocations in bulk diffusion[END_REF][START_REF] Levine | Grain Boundary and Lattice Diffusion in Polycrystalline Bodies[END_REF]Oudriss et al. 2012b]. Therefore, understanding the impact of microstructure defects on hydrogen diffusion necessitates an examination of their geometric characteristics. Based on this mind, many researches focused on the impacts of the nature of grain boundaries and the grain size on diffusion [START_REF] Balluffi | Grain boundary diffusion mechanisms in metals[END_REF][START_REF] Harris | Grain boundary diffusion of hydrogen in nickel[END_REF][START_REF] Ilin | Simulation of hydrogen diffusion in fcc polycrystals[END_REF][START_REF] Jothi | Finite element microstructural homogenization techniques and intergranular, intragranular microstructural effects on effective diffusion coefficient of heterogeneous polycrystalline composite media[END_REF][START_REF] Lacaille | Finite element analysis of the grain size effect on diffusion in polycrystalline materials[END_REF][START_REF] Ladna | SIMS study of hydrogen at the surface and grain boundaries of nickel bicrystals[END_REF][START_REF] Li | Antagonist effects of grain boundaries between the trapping process and the fast diffusion path in nickel bicrystals[END_REF][START_REF] Mohebi-Moghadam | Special topics in solid state diffusion: I. Grain boundary variability II[END_REF]Yao and Cahoon 1991a].

In such a way, Legrand et al. [START_REF] Legrand | Numerical analysis of the influence of scale effects and microstructure on hydrogen diffusion in polycrystalline aggregates[END_REF]] studied the influence of the fraction of grain boundaries in a honeycomb-lattice geometry on the effective diffusion coefficient by considering a single diffusion coefficient for all the grain boundaries. They showed that the diffusion coefficient increases by raising the volume fraction of the grain boundaries, thus decreasing the grain size. In their investigations, grain boundaries are treated as one single homogeneous phase. However, various types of grain boundaries are characterized by their diffusion properties [START_REF] Li | Antagonist effects of grain boundaries between the trapping process and the fast diffusion path in nickel bicrystals[END_REF]Oudriss et al. 2012b;[START_REF] Priester | Les joints de grains: de la théorie à l'ingénierie[END_REF]Sangid et al. 2010b].

Therefore, Osman et al. [Osman Hoch et al. 2015] studied the characteristics of grain boundary networks in a continuum model composed of three phases: two groups of grain boundaries with diffusivity contrast and grains. The grain boundaries are randomly distributed. They compared the generalized medium theory and Hashin-Shtirkman homogenization with their simulation for different fractions of grain boundaries. Also, they studied the connectivity of the grain boundaries using the percolation theory. In conclusion, grain boundary connectivity influences macroscopic diffusivity based on the percolation behavior of random grain boundaries with a high diffusion coefficient than the other pahses.

Even with the importance of grain boundaries distribution, it has been established that the grain boundary networks are not randomly distributed due to crystallographic constraints of first order known as triple junctions [Frary and Schuh 2005a;Gertsman et al. 1996a;[START_REF] Minich | Role of topological constraints on the statistical properties of grain boundary networks[END_REF]. Hence, Kumar et al. [START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF]] expressed the four types of triple junctions (𝐽 0 , 𝐽 1 , 𝐽 2 , 𝐽 3 ) experimentally, depending on the two grains boundaries families. Furthermore, Kumar et al. [START_REF] Kumar | Connectivity in Random Grain Boundary Networks[END_REF] revealed that the fractions of different types of triple junctions affect the percolation behavior1 . Moreover, Schuh et al. [Schuh et al. 2003b] constructed the grain boundary networks using the Monte Carlo method with the crystallographic constraints at the triple junctions following the Σ product rule (Σ a Σ 𝑏 = 𝑚2 Σ 𝑐 ) 2 [START_REF] Miyazawa | Combination Rule of Σ Values at Triple Junctions in Cubic Polycrystals[END_REF]. Four types of grain boundaries have been used in the distribution of Schuh et al: the twin variants: Σ 3 , Σ 9 , Σ 27 , which are the most abundant in the Nickel material and have important energy [START_REF] Randle | Grain boundary engineering: an overview after 25 years[END_REF]], and the random grain boundaries. They generate all the fractions of triple junctions by varying the fraction of the special boundary and the parameter A = 𝑓 Σ 3 /𝑓 Σ [Schuh et al. 2003b]. The results obtained are compared with the analytical solution of random distribution, and with the experimental data [START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF]Oudriss et al. 2012a;[START_REF] Randle | Deviation from Reference Planes and Reference Misorientation for Σ3 Boundaries[END_REF]Schuh et al. 2003b]. They are in accordance with the experimental data given that the grain boundary networks are subjected to crystallographic constraints.

However, this concept is valid for low and medium stacking-fault-energy materials. Therefore, in order to represent any types of materials, a total distribution for the two sets of grain boundaries constrained by triple junctions is critical. And hence, in this chapter, we explain the strategies for distributing grain boundaries and triple junctions, as well as the ways for characterizing them. Our work is divided into three parts. First, we describe the 2D and 3D models based on idealized microstructures. Also, in addition to the random attribution, we propose three attribution methods to distribute the grain boundary networks. Second, we built a model using the reconstruction of 2D real microstructures from EBSD images. Third, we present the statistical analysis used to characterize the grain boundary networks, and the diffusion model.

II. Distribution of grain boundary networks

2D and 3D model based on idealized microstructures

Geometry construction

In 2D, the microstructure is modeled by a rectangular membrane consisting of a ternary composite medium composed of grains, grain boundaries, and triple junctions. Contrary to the geometry of the real microstructure, the membrane is composed of a honeycomb lattice inspired by Yao et al.. [Yao and Cahoon 1991a;[START_REF] Yao | Hydrogen diffusion and intergranular cracking in nickel[END_REF]]. Thus, this 2D-hexagonal microstructure constitutes an approximative representative elementary volume (REV) for a polycrystalline microstructure at a mesoscopic scale (Fig. 57). The junction between two grains is the grain boundary and is represented in the model by a domain of 1 nanometer of thickness. The domain, where three grain boundaries intersect, is defined as a triple junction. Triple junctions are not connected in 2D microstructures. Therefore, the 2D microstructures are used to investigate the impact of the grain boundary network connectivity. The parameters defining the REV are the thickness of the membrane (𝑒 𝑚 ) and the grain size λ. All the generated microstructures comply with scale effects defined by Legrand et al. [START_REF] Legrand | Numerical analysis of the influence of scale effects and microstructure on hydrogen diffusion in polycrystalline aggregates[END_REF] as follows and shown in Fig. 58. According to Legrand et al., a link exists between the thickness of the membrane and the grain size. In the first domain, the effective diffusion coefficient is equal to the diffusion coefficient of the grain boundaries; then, the effective diffusion coefficient decreases in the second domain to be constant and lower than the Hashin-Shtrikman superior bound in the third domain, where there are no scale effects. So, the ratio 𝑒 𝑚 /𝜆 must be higher than a critical value that depends on the fraction of the grain boundary. Above this value, the microstructure will have enough grains in the thickness in order to avoid the scale effects.

Fig. 58: Effective diffusion coefficient normalized by the diffusion coefficient of grain boundary as a

function of the membrane thickness and grain size ratio. [START_REF] Legrand | Numerical analysis of the influence of scale effects and microstructure on hydrogen diffusion in polycrystalline aggregates[END_REF]].

For a defined height and thickness of the microstructure, the construction consists of creating an array that includes the periodical element and then duplicating it by the power of 2 as a block construction in the y and x directions (Fig. 59).

Fig. 59: Block construction of the microstructures.

In order to study the effects of the connectivity of the triple junctions, a 3D microstructure is modeled by grains formed by truncated octahedrons (Fig. 60). The grain is formed by six squares and eight hexagonal faces. The periodic element consists of an array constructed by an assembly of 13 grains (Fig. 60). Compared to 2D microstructures, 3D microstructures have 4 entities: grains, grain boundaries, triple junctions, and quadruple junctions. The grains are composed of 14-grain boundaries, triple junctions are always the intersection between three-grain boundaries, and quadruple junctions are the intersection between four triple junctions. Unlike in 2D dimensions, the shape of grain boundaries and triple junctions are different. The volume of the grain boundaries is greater, and the triple junctions are represented as volume and linked to form a network.

Fig. 60: Representation of the four phases of a 3D microstructures and its periodic element.

As the periodic element has 3 planes of symmetry, 1/8 of the array is constructed by points and lines, then applying the mirror on each plane of symmetry, the complete array is generated. As in 2D construction, the array is duplicated in the y direction and then in the x direction in order to obtain the desired 3D microstructure (Fig. 61). 

Representation by directed acyclic graph (DAG)

The link between all the entities forms a DAG from which we can extract information about the connection of all these topological elements. The DAG is a useful graphical tool to identify the neighbors of each entity. Each node is associated with a microstructure surface (entity), and the coverage of a node by the branches determines the topological hierarchy.

In 2D, our problem consists of a simple graph that forms a tree in which the nodes are connected to the edges (Fig. 62). Each grain is linked to six-grain boundaries, which are linked to two triple junctions. For example, the successors of the triple junction node (1) are the three-grain boundaries (F, A, G), as seen in Fig. 62.

Fig. 62: Graph of a 2D or 3D microstructures.

In 3D, the quadruple junctions don't affect the distribution of the GB networks. Thus, they are not considered. Hence, the Hass diagram is obtained for the three connected entities as in 2D. Each triple junction (predecessors of GBs) is related to three-grain boundaries (successors of TJs), and the latter is connected to two grains.

DAG will be used to implement the attribution methods. The next step is distributing the grain boundary networks in 2D and 3D idealized microstructures. In addition to the random attribution, three algorithms based on the fractions of the triple junctions have been proposed to distribute the grain boundary networks: constrained triple junction attribution, closed grains attribution, and hybrid attribution, described in the next section.

Parameters a) 2D idealized microstructures

Four parameters are needed to construct the geometry of the microstructures. We must determine the thickness, height, and grain size of the honeycomb-lattice with the thickness of the grain boundaries.

The thickness of the membrane is the same for all microstructures. It is determined from the sample's dimension (𝑒 𝑚 = 200 𝜇𝑚) during the experimental test done by [Oudriss et al. 2012a]. As the diffusion occurs along the x direction, the diffusion in the y direction doesn't significantly impact the effective diffusion coefficient. So, there is no specified dimension for the height of the membrane.

In terms of grain and grain boundary parameters, grain size varies while grain boundary thickness remains constant across all geometries. Thus, the grain boundary fraction is inversely proportional to the grain size. In our work, we study the impact of grain boundaries on diffusion without the intervention of microstructural defects such as dislocations, vacancies, precipitations, and trapping effects. Moreover, at the desorption step, diffusion occurs through the microstructures without the effects of the trapping sites. Thus, four grain sizes represented in Table 5 are extracted from the experimental desorption curve generated by [Oudriss et al. 2012b] (Fig. 63). The grain sizes chosen correspond to the three zones depicted on the curve. [Oudriss et al. 2012b] for a desorption process.

Fig. 63: Experimental results of Oudriss

In the literature, there isn't a unique value for the width of the grain boundaries. It depends on the crystallographic properties and elastic distortion induced by the defect. The grain boundary thickness represents the deformed atoms thickness between two orientations [START_REF] Sethuraman Sankaran | Computing grain boundary properties using ab-initio simulations[END_REF]. This grain boundary thickness is known as "structural GB width" and it is a geometric definition.

Another definition is the "diffusional GB width", which is defined by the zone of the enhanced diffusivity along the grain boundary [START_REF] Atkinson | The diffusion of 63Ni along grain boundaries in nickel oxide[END_REF][START_REF] Prokoshkina | Grain boundary width, energy and self-diffusion in nickel: Effect of material purity[END_REF]. It is determined from the grain boundary diffusivity equation ( 36) in the type B kinetic regime (Fig. 28):

𝑃 = 𝛿𝐷 𝑔𝑏 (36)
With 𝛿 the grain boundary width, 𝑃 the grain boundary diffusivity and 𝐷 𝑔𝑏 the coefficient of diffusion of the grain boundary.

According to the two definitions above, it was found that the grain boundary thickness varies between 0.5 nm and 1 nm [START_REF] Bokstein | Grain Boundary Diffusion and Grain Boundary Segregation in Metals and Alloys[END_REF][START_REF] Herzig | Grain Boundary Diffusion in Metals: Recent Developments[END_REF][START_REF] Herzig | 8 Grain Boundary Diffusion in Metals[END_REF][START_REF] Mütschele | Hydrogen as a probe for the average thickness of a grain boundary[END_REF][START_REF] Sommer | Direct determination of grain-boundary and dislocation self-diffusion coefficients in silver from experiments in type-C kinetics[END_REF].

However, a third definition of the GB width is mentioned by [START_REF] Chellali | Triple Junction Transport and the Impact of Grain Boundary Width in Nanocrystalline Cu[END_REF]. It is known as "segregational GB width". The segregation zone of grain boundary is expressed by the segregation energy as stated by [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]Oudriss et al. 2012a]. Moreover, Jiaqi et al. [Li 2017a] state that the GBs with excess free volume have more segregation zone, so they have larger thicknesses. Therefore, the thickness of the segregation zone can be up to 3 nm, according to [START_REF] Prokoshkina | Grain boundary width, energy and self-diffusion in nickel: Effect of material purity[END_REF]. As claimed by Oudriss et al. [Oudriss et al. 2012b], the average experimental thickness of the grain boundary is equal to 5 nm. In our model, the segregation properties of the grain boundaries are not included. Thus, for computing convenience, by adding the segregation zone as 5 nm of thickness, we assume our grain boundary thickness to be equal to 10 nm and represents the "segregational GB width".

All of the parameters used in 2D microstructures are summarized in Table 5: Similar to 2D microstructures, the thickness of the membrane (𝑒 𝑚 ) is equal to 200 𝜇𝑚. The grain sizes are extracted from the experimental desorption curve (Fig. 63), and the thickness of the grain boundaries is the same as in 2D microstructures.

For the width of the membrane, Osman Hoch [Osman Hoch 2015] computed the normalized effective diffusion coefficient as a function of the random grain boundary for different widths. He showed a finite size effect on the GB network induced by the width of the membrane (Fig. 64). As our chosen grain size corresponds to a fraction of random grain boundaries higher than 53%, the simulations will be outside the zone of finite size effect. Thus, the size of the width of the membrane will not affect the diffusivity. Therefore, the dimension of the width and the height of the membrane can be reduced in order to avoid large 3D models. Due to the complexity of computation, we choose the largest grain size 𝜆 = 6.25 𝜇𝑚 and 𝜆 = 1.560 𝜇𝑚, for the thickness of the membrane equal 200 𝜇𝑚.

Moreover, Osman Hoch [Osman Hoch 2015] established that a correlation exists between the ratio of the thickness of the membrane and the grain size and the effective diffusion coefficient (Fig. 65).

According to the evolution of the effective diffusion as a function of 𝑒 𝑚 /𝜆, three domains can be defined.

In the first domain, the effective diffusion coefficient equals the diffusion coefficient of the grain boundaries. In the second domain, the effective diffusion coefficient decreases to reach a constant value in the third domain, corresponding to the diffusion coefficient approximated by the Hashin-Shtrikman superior bound. The effects of the membrane thickness become negligible above a critical value of the ratio 𝑒 𝑚 /𝜆 equal to 40. Therefore, in order to reduce the computation memory and time, the thickness of the membrane is reduced to 8 𝜇𝑚 for nano grain size 𝜆 = 26 𝑛𝑚, 𝜆 = 58 𝑛𝑚 and 𝜆 = 120 𝑛𝑚. The three microstructures developed at the nanoscale adhere to the scale effects outlined by [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]. Furthermore, in 3D microstructures, the grain boundaries surface area and volume are higher. Thus, for smaller grain sizes, the thickness of the grain boundary is reduced to 5 nm to avoid the size effects. All of the parameters utilized in 3D microstructures are summarized in Table 6: The thickness of the grain boundaries 10 nm

𝜆

Grain size 26 nm -58 nm -120 nm -1.560 𝜇𝑚 -6.25 𝜇𝑚

Affectation methods

The goal of this research is to develop an attribution method for the network. Therefore, for each microstructure, it is crucial to distribute all the grain boundaries and the triple junction's network (Fig. 66). This step can be achieved by a simple method known as random distribution. However, it has been shown that grain boundary networks are not randomly distributed in the microstructures. Thus, to distribute the grain boundary networks, three constrained methods have been developed. All of these attributions, in addition to the random attribution, have been done, taking into consideration the average experimental results on the fraction of the different types of triple junctions for varied sizes of grains (Table 7). 

Random attribution

The first attribution method is based on a random distribution of the grain boundaries using the Mersenne Twister algorithm [START_REF] Matsumoto | Mersenne twister: a 623-dimensionally equidistributed uniform pseudo-random number generator[END_REF]] as a pseudorandom number generator. In this process, we impose the fraction of random type grain boundaries and deduce the remaining number of special type grain boundaries (Fig. 67). Then, searching the successors of the triple junctions from the DAG, the fraction of each type of triple junction is computed and compared with experimental results.

Fig. 67: Illustration of random distribution of grain boundaries.

However, it is known that such distribution of grain boundaries cannot be sufficient to produce grain boundary network connectivity expressed by the formation of a percolation cluster [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]. In addition, the distribution of the fractions of each type of triple junction are not constrained. Therefore, it is vital to consider the grain boundaries' connectivity and maintain the same ratio of triple junctions as in the experimental samples.

Constrained triple junction attribution

In a constrained distribution, the methodology is to impose the fraction of the triple junctions starting by 𝐽 1 , then 𝐽 0 and distribute them randomly. However, this approach does not guarantee to respect the ratio of random grain boundaries observed experimentally. Thus, the fractions of triple junctions are not chosen equal to the experimental values but are maximized, ensuring a correct ratio of random grain boundaries. After that, we assign the special type to the other grain boundaries (Fig. 68).

Fig. 68: Flow chart illustrating the constrained distribution on the fraction of triple junctions.

This method randomly distributes the fractions of 𝐽 0 and 𝐽 1 triple junction imposed without creating a connection between them. Thus, few triple junctions share the same random grain boundaries. As a result, a large fraction of random grain boundaries is required to reach the same fractions of triple junctions as the experimental results. In addition, it has been shown that the probability of formation of the closed path in finite grain boundary networks is enhanced [Frary and Schuh 2005b]. This is due to local constraints that affect clusters geometry and frequency. Fig. 69 depicts three possible arrangements for nine connected random grain boundaries. For many triple junction types 𝐽 1 , forming of a closed grain is more likely to appear. Moreover, Frary and Schuh [Frary and Schuh 2005b] showed that the closed grains are preferred at large cluster mass (known as s), which represent the number of connected grain boundaries. Therefore, the formation of closed grains is enhanced in the grain boundary networks composed of high fractions of random grain boundaries due to the high presence of 𝐽 1 triple junctions and the formation of large clusters. 

Closed grains attribution

The concept of the closed grains has been taken from the investigation of the scaling law of standard percolation theory [Frary and Schuh 2005b] and the observation of electron back scattered diffraction cartography [Oudriss 2012b]. This approach is developed by building a closed path to minimize the number of random grain boundaries used to generate random triple junctions. For example, the formation of 1 closed grain composed of 6 triple junctions of type 𝐽 1 require 6 random grain boundaries instead of 12 random grain boundaries.

The methodology is to form a closed path of one grain or two or three grains, considering the fraction of the triple junction 𝐽 1 . Then, we reuse the method of imposing the fraction of triple junctions to fill the remaining grain boundaries (Fig. 70).

Fig. 70: Flow chart illustrating the two methodologies of the constrained distribution (triple junctions and closed path).

These constrained distributions do not ensure that the fraction of random grain boundaries seen experimentally is maintained. Thus, as the constrained triple junction attribution, the fractions of triple junctions are maximized, providing the right proportions fractions of random grain boundaries.

The fractions of triple junctions increase with low fractions of grain boundaries needed in creating closed paths. This method allows us to impose a higher fraction of random triple junctions to approach the experimental results. An example of a grain boundary network generated by closed grains attribution is illustrated in Fig. 71. 

Hybrid attribution

Inspired by the work of [START_REF] Dalmas | Carbon nanotube-filled polymer composites. Numerical simulation of electrical conductivity in three-dimensional entangled fibrous networks[END_REF][START_REF] Zhao | 3D Monte Carlo simulation modeling for the electrical conductivity of carbon nanotube-incorporated polymer nanocomposite using resistance network formation[END_REF], where the networks are generated by creating a chain of fiber, our method consists of creating a chain of 𝐽 1 triple junctions, as shown in Fig. 72. This method will reduce the random grain boundaries required to form a connected triple junction of type 𝐽 1 and allow to decrease the fraction of these triple junctions. Hybrid attribution is done by imposing a percentage of the fraction of the type 𝐽 1 triple junctions, then imposing the fraction of the type 𝐽 0 triple junctions. After that, the chain is constructed by assigning the random label to each grain boundary forming the chain (Fig. 73). The idea of the first attribution, by using the constrained distribution on the fraction of triple junctions, is to create nodes for the beginning of each chain. This concept rejects the formation of the chains in a specified region. The chains are distributed in the whole area of the microstructures, creating percolation clusters. 

III. 2D reconstructed microstructures

The precision of FE models based on simulations of hexagonal microstructures is restrained as they represent an approximation of the representative elementary volume of the real microstructures. Adding more degrees of freedom and considering all microstructural properties have led to a greater model representation. However, modeling a real microstructure is still highly desired. Hence, the behavior of realistic microstructures differs from that of 2D hexagonal microstructures due to geometrical modifications. Moreover, the irregular shapes of lattices joined by grain boundaries give a high-volume fraction of grain boundaries and triple junctions. Therefore, in order to obtain a real microstructure, the procedure entails getting an experimental map of electron backscattered diffraction and then providing its reconstructed microstructures.

Experimental procedure

Five samples provided by A. Oudriss are used in this work passing from the micro-scale to the nanoscale. All these samples are analyzed by electron back-scattered diffraction (EBSD). First, the samples undergo mechanical polishing using papers coated with silicon carbide abrasive particles. Thus, the samples are grinding up to 4000 grade [START_REF] Godon | Relations Structure/Composition/Propriétés de revêtements électrodéposés de nickel de taille de grain nanométrique[END_REF]] and electropolished in H2SO4/CH3OH acid solution [START_REF] Sahal | Consequences of plastic strain on the dissolution process of polycrystalline nickel in H2SO4 solution[END_REF]. And then, they are rinsed with deionized water and dried with pure gas. All the samples are tested in EDAX/TSL OIM system coupled to an FEI Quanta 200 ESEMFEG scanning electron microscope to obtain the orientation data and the grain size.

The EBSD cartography for each sample is treated using TSL OIM analysis 5 software. We extract four REV microstructures for each sample with a sufficient membrane thickness to avoid the scale effect and have enough grains in the thickness, according to [START_REF] Legrand | Numerical analysis of the influence of scale effects and microstructure on hydrogen diffusion in polycrystalline aggregates[END_REF]. Each one is cleaned up by the grain dilation process [START_REF] Wright | Random thoughts on non-random misorientation distributions[END_REF]], which consists of grouping the neighbor's points with the same orientations to form a single grain (Fig. 74).

Fig. 74: EBSD cartography provided by A. Oudriss corresponding to a grain size of 18 𝜇𝑚 cleaned

and its four extracted REVs [Oudriss et al. 2012a].

Process of reconstruction of realistic microstructures

In order to reconstruct a real microstructure, geometrical data are retrieved from an EBSD map using the OIM application. The OIM analysis extracts data about grain boundaries, represented by a series of lines. Thus, for each grain boundary, the coordination of endpoints of each line is retrieved. This information was utilized in a set of codes implemented in COMSOL © and MATLAB. Primarily, the microstructure is reconstructed as in the cartography extracted from the EBSD maps. It will represent grain boundary networks by lines. Then, the non-dilated geometry is analyzed to define all the boundaries and their intersections (coordinates, slope, angle). After that, the geometry is dilated by imposing the grain boundary thickness. This step allows us to define the domains of the grain boundaries and the triple junctions, in order to assign them different diffusion coefficients depending on their types. Finally, as shown in Fig. 75, reconstructed 2D real microstructures composed of three phases are generated. The grain boundaries are not randomly distributed in realistic microstructures. Hence, the grain boundary networks are transferred to the reconstructed microstructures in the FEM model (Fig. 76). 

Parameters

Five EBSD maps are analyzed with different average grain sizes: 120 nm, 190 nm, 18 𝜇𝑚, 45 𝜇𝑚, and 65 𝜇𝑚. The grain boundary thickness is chosen at 10 nm and represents the 'segregational width'. All the corresponding EBSD maps and their reconstructed FEM model are shown in Fig. 77. The 2D reconstructed microstructures respond to the scale effects described by [START_REF] Legrand | Numerical analysis of the influence of scale effects and microstructure on hydrogen diffusion in polycrystalline aggregates[END_REF]]. In addition, all the parameters used are illustrated in Table 8. The thickness of the grain boundaries 10 nm 𝜆 Grain size 0.12 𝜇𝑚 -65 𝜇𝑚 After generating 2D and 3D idealized microstructures and 2D realistic microstructures, each sub-domain (triple junctions, grain boundaries, and grains) must be assigned a diffusion coefficient. In this work, the anisotropy in the lattice of the microstructure is not considered. Therefore, the grains were assigned the same diffusion coefficient 𝐷 𝐿 = 10 -13 𝑚 2 . 𝑠 -1 . The grain boundary diffusion coefficient depends on their types (free volume, energy, misorientation). Thus, the grain boundaries are divided into two types: the random (RGB) with a CSL Σ > 29 and the special (SGB) with Σ < 29 as described in Chapter I, Section II.1.4. The RGBs are assigned a high diffusion coefficient 𝐷 𝑅 = 10 -10 𝑚 2 . 𝑠 -1 [Oudriss et al. 2012a]. The SGBs, known for their trapping effects, are assigned a low diffusion coefficient 𝐷 Σ = 10 -16 𝑚 2 . 𝑠 -1 [Osman Hoch 2015]. For triple junctions, [START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF] state that four types of triple junctions exist depending on the surrounding types of grain boundaries. So, each triple junction with at least two RGBs (𝐽 0 𝑎𝑛𝑑 𝐽 1 ) is assigned a high diffusion coefficient 𝐷 𝑇𝐽R = 𝐷 𝑅 , and the others (𝐽 2 𝑎𝑛𝑑 𝐽 3 ) are assigned a low diffusion coefficient 𝐷 𝑇𝐽Σ = 𝐷 Σ .

In 3D microstructures, the quadruple junctions are not connected. Also, their volume fraction is very low and will not significantly affect the effective diffusion coefficient. In short, all the quadruple junctions are assigned a high diffusivity as the random triple junctions and the random grain boundaries 𝐷 𝑄𝐽 = 𝐷 𝑇𝐽𝑅 = 𝐷 𝑅 .

IV. Characterization of the grain boundary networks

Correlation length

In 2D and 3D idealized microstructures, as well as in reconstructed microstructures, different patterns of grain boundary networks are formed. In order to characterize each pattern, it is essential to quantify the random grain boundary connectivity. This process is done by studying the statistics of the clusters presented in each microstructure. Then computing the correlation length 𝜉 (Eq. ( 37)), which is the average distance between sites belonging to the same clusters and averaged over all clusters [START_REF] Hoshen | Percolation and cluster structure parameters: The radius of gyration[END_REF].

𝜉 2 = 2 ∑ 𝑅 𝑠 2 𝑠 2 𝑛 𝑠 𝑠 ∑ 𝑠 2 𝑛 𝑠 𝑠 (37)
with s the cluster's mass, which represents the number of boundaries that make up the cluster, Σ 𝑠 the summation, 𝑛 𝑠 the number of clusters of size s and 𝑅 𝑠 the radius of gyration of the cluster.

𝑅 𝑠 is the average distance between the cluster's center of mass and any other sites (grain boundary) of the cluster. It can be defined by the equation (Eq. ( 38)):

𝑅 𝑠 2 = Σ 𝑖=1 s |𝑟 𝑖 -𝑟 0 | 2 𝑠 (38)
Where 𝑟 0 is the position of the cluster's center of mass, and 𝑟 𝑖 is a vector leading to the ith boundary's center.

Parting from images representing the RGB networks (similar to that in Fig. 71), the networks are transformed into binary images, and the clusters are identified. Thus, the procedure is to find all the clusters of grain boundaries represented by black pixels.

In two dimensions, there are two methods for locating nearby pixels associated with the same cluster: the 4 nearest neighbors and the 8 nearest neighbors (Fig. 78). The 4 nearest neighbors indicate that the pixels are linked if their edges meet. The 8 nearest neighbors refer to pixels that are linked if their edges and corners meet. We employ the second method in our investigations to assess the connectivity of the grain boundary in the horizontal, vertical, and diagonal directions. In three dimensions, three different methods exist to investigate the connectivity of the networks [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF]]. In this work, we used two methods corresponding to the connectivity of the random grain boundary networks or the random triple junction networks (Fig. 79).

Fig. 79: Two ways to investigate the connectivity in 3D dimensions: by triple junctions that intersect with the quadruple junctions Q and grain boundaries that intersect with the triple junction J and Q. 𝑃 𝑐 is the percolation threshold representing the fraction of the random grain boundary.

As in 2D, we find all the clusters of grain boundaries or triple junctions represented by black pixels. But, in 3D, there are three methods for locating nearby pixels: the 6 nearest neighbors, the 18 nearest neighbors, and the 26 nearest neighbors (Fig. 80). The 6 nearest neighbors refer to the pixels where the faces and cube's center meet. The 18 nearest neighbors are pixels whose faces and edges make contact with the cube's center. The 26 nearest neighbors are pixels whose faces, edges, and corners are in contact with the cube's center. In our research, we employ the third method to evaluate the connectivity of the grain boundary or triple junctions. We use this method in order to find all the entities in each directions that form the cluster. Using the image processing toolbox in MATLAB, all the clusters are classified using the standard measures of the percolation theory [START_REF] Stauffer | Introduction To Percolation Theory: Second Edition[END_REF]: the mass of the cluster s and 𝑛 𝑠 the number of the cluster of mass s. In addition, the radius of gyration can be calculated using a second definition (Eq. ( 39)) related to the moment of inertia 𝐼 𝑠 for an equivalent ellipse around an axis perpendicular to its plane and going through the intersection of the ellipse's principal axis: the minor axis a and the major axis b (as illustrated in Fig. 81) [START_REF] Hoshen | On the application of the enhanced Hoshen-Kopelman algorithm for image analysis[END_REF][START_REF] Stauffer | Introduction To Percolation Theory: Second Edition[END_REF].

𝑅 𝑠 2 = 𝐼 𝑠 2 𝑠 (39)
The moment of inertia 𝐼 𝑠 is calculated by equation (Eq. ( 40)): Having all the variables, we can calculate the correlation length in equation (Eq. ( 37)) which characterize the clusters formed in a networks.

𝐼 𝑠 = (𝑠/4)(𝑏 2 + 𝑎 2 ) (40)
According to Osman Hoch et al. [Osman Hoch et al. 2015], a size effect exists on the correlation length. Starting from random attribution, they plotted the correlation length normalized by the membrane thickness for different sizes of the membranes (number of grain boundaries increase). They showed the evolution of the correlation length, which tends to the percolative behavior for large membranes (Fig. 82). Therefore, when the correlation length is computed for large or infinite membranes, the width of the transition zone will decrease. Thus, in order to characterize the grain boundary clusters, it is necessary to perform a statistical study on finite size membranes. 

FEM modeling

In order to investigate the influence of the nature and the distribution of GB and TJ on the effective diffusion coefficient, a diffusion process is simulated by the FEM on each generated microstructure.

Hydrogen diffusion is governed by Fick's second law in equation (Eq. ( 41)). As our medium is considered isotropic, the diffusivity tensor is equal to the diffusion coefficient time identity tensor for each domain Ω 𝑖 ∁ ℝ 2 associated with the ith entity (grain, grain boundary, triple junction).

𝜕𝐶(𝑥,𝑦,𝑧,𝑡 𝑛 ) 𝜕𝑡 = 𝛻 ⋅ (𝐷 𝑖 𝛻𝐶(𝑥, 𝑦, 𝑧, 𝑡 𝑛 )) ∀ 𝑥 ∈ Ω 𝑖 , ∀ 𝑡 𝑛 ∈ ℝ + (41)
With C the concentration, 𝑡 𝑛 the time, 𝐷 𝑖 the diffusivity tensor.

In addition:

𝜕𝐶(𝑥, 𝑦, 𝑧, 𝑡 𝑛 ) 𝜕𝑡 ≅ 𝐶(𝑥, 𝑦, 𝑧, 𝑡 𝑛+1 ) -𝐶(𝑥, 𝑦, 𝑧, 𝑡 𝑛 ) Δ𝑡 𝑛 (42) 
With Δ𝑡 𝑛 = 𝑡 𝑛+1 -𝑡 𝑛 the time step.

Boundary conditions

The electrochemical permeation test [Devanathan et al. 1962b] consists of two electrodes immersed in an acidic or alkaline solution and the membrane. It is composed of two cells: the first one with cathodic polarization in which hydrogen starts to penetrate the membrane and the second one with anodic polarization in which hydrogen can exit the membrane. Thus, the diffusion of hydrogen will occur from one side to another. The electric current between the two solutions is modeled by concentrations3 . Therefore, the boundary conditions are imposed as follows (Fig. 83 and Fig. 84):

For the cathodic polarization, concentration 𝐶 0 is imposed on the left side (Γ 1 ) of the membrane:

In 2D: 𝐶(0, 𝑦, 𝑡) = 1 𝑚𝑜𝑙. 𝑚 -3 ∀ 𝑦 ∈ [0, ℎ 𝑚 ], ∀ 𝑡 ∈ ℝ + (43) In 3D: 𝐶(0, 𝑦, 𝑧, 𝑡) = 1 𝑚𝑜𝑙. 𝑚 -3 ∀ 𝑦 ∈ [0, ℎ 𝑚 ], ∀ 𝑧 ∈ [0, 𝑑 𝑚 ], ∀ 𝑡 ∈ ℝ + (44) 
For the anodic polarization, a null concentration 𝐶 𝑠 is imposed on the right side (Γ 0 ):

In 2D: 𝐶(𝑒 𝑚 , 𝑦, 𝑡) = 0 𝑚𝑜𝑙. 𝑚 -3 ∀ 𝑦 ∈ [0, ℎ 𝑚 ], ∀ 𝑡 ∈ ℝ + (45) 
In 3D:

𝐶(𝑒 𝑚 , 𝑦, 𝑧, 𝑡) = 0 𝑚𝑜𝑙. 𝑚 -3 ∀ 𝑦 ∈ [0, ℎ 𝑚 ], ∀ 𝑧 ∈ [0, 𝑑 𝑚 ], ∀ 𝑡 ∈ ℝ + (46) 
In two dimensions, for the upper and lower side, periodic boundary conditions are imposed on the lateral sides (Γ 2 , Γ 3 ).

𝐶(𝑥, 0, 𝑡) = 𝑐(𝑥, ℎ 𝑚 , 𝑡) ∀ 𝑥 ∈ [0, 𝑒 𝑚 ], ∀ 𝑡 ∈ ℝ + (47) 
In three dimensions, periodic boundary conditions are imposed on the lateral sides (Γ 2 , Γ 4 and their opposite faces). 

Implementation of the model

The problem is to solve the linear partial differential equation of the second Fick's law (Eq. ( 41)). Thus, we define the function space:

𝑉 = {𝑢 ∈ 𝐿 2 (Ω, ℝ); 𝑢(𝑥) = 0, ∀ 𝑥 ∈ Γ 0 ∪ Γ 1 } (50)
With 𝐿 2 the space, Ω the domain, u the solution.

Combining equations (Eq. ( 41)) and (Eq. ( 42)) and integrating them on each sub domain Ω 𝑖 , we obtain the standard variational form of the diffusion equation for the whole domain by:

∀ 𝑣 ∈ 𝑉, ∑ (∫ 𝑣 𝐶(𝑥,𝑡 𝑛+1 ) Δ𝑡 𝑛 𝑑𝑥 + Ω i 𝑁 Ω 𝑖=1 ∫ 𝑣 𝑔𝑟𝑎𝑑(𝐷 𝑖 𝑔𝑟𝑎𝑑 𝐶(𝑥, 𝑡 𝑛 )) 𝑑𝑥 Ω i ) = ∑ ∫ 𝑣 𝐶(𝑥,𝑡 𝑛 ) Δ𝑡 𝑛 𝑑𝑥 Ω i 𝑁 Ω 𝑖=1 (51) 
With 𝑣 the test function.

In order to solve the partial differential equation of the second Fick's law considering its variational form, we use the library of an open-source computing platform FEniCS. In addition, we approximate on 𝑃 2 Lagrange elements.

Adaptative time step

In order to generate a time step depending on the parameters of the microstructure, an acceleration method is applied to define a time step as in the literature [START_REF] Alexiades | Super-time-stepping acceleration of explicit schemes for parabolic problems[END_REF]]. Therefore, using the Courant-Friedrichs-Lewy condition, the time step will be given:

Δ𝑡 = 𝜆 2 2𝐷 𝑅 (52) 
With λ the grain size, 𝐷 𝑅 the coefficient of diffusion of the random GB.

We take the highest diffusion coefficient (𝐷 𝑅 ) to obtain the minimum time step Δ𝑡. Therefore, the solution takes too long to converge. As a result, we make an adaptation for the time step in order to reduce the computation time. Hence, we use the same time step in equation (Eq. ( 52)) for the first five iterations, and then we will increase it at each iteration by the equation:

𝛥𝑡 𝑛 = Δ𝑡 𝑛-1 * (2 -𝛾 𝑛 ̃) (53) 
With 𝛾 𝑛 ̃ the normalized variation of the solution varying between 0 and 1:

𝛾 𝑛 ̃= 𝛾 n 𝛾 5 (54) With 𝛾 n = ‖𝐶(𝑥,𝑡 𝑛 )-𝐶(𝑥,𝑡 𝑛-1 )‖ ‖𝐶(𝑥,𝑡 𝑛 )‖
the variation of the solution 𝑢 between two successive iterations, and 𝛾 5 is a reference value determined at the fifth iteration.

The simulation stops when the variation of the solution is less than a relative tolerance.

Mesh

In two dimensions, we use an irregular triangular mesh with coarsening over the whole geometry. Because of the size of the surface of the grain boundaries and triple junctions in comparison to the area of the surface of the grains, we observe a high contrast of mesh near the GBs and TJs (Fig. 85). As a result, a single mesh for the whole geometry is time and memory consuming. Near the GB phase, the mesh was adjusted, and a minimum of two elements were imposed on the thickness of each GB. Few elements are produced within the grain boundaries. Depending on the mesh inside the grain boundary, the mesh contrast is also reduced in the grains. (Fig. 86). Table 9 represents the number of degrees of freedom and the number of elements in 2D microstructures for each grain size used in this study. Like 2D microstructures, applying a free tetrahedral mesh to the 3D microstructures will lead to the formation of high contrast mesh near the triple junctions and the quadruple junctions (Fig. 85). With this mesh, it takes high computation time in order to solve the problem. The mesh is refined inside the triple junctions by imposing the number of elements. Consequently, the contrast mesh near the triple junctions will decrease (Fig. 87). Table 10 represents the number of degrees of freedom and the number of elements in 3D microstructures for each grain size used in this study. 

Extraction of data

Modeling the electrochemical permeation test, a flux curve is extracted from the diffusion process (Fig. 88). From this curve, the effective diffusion coefficient is calculated [Devanathan et al. 1962b;[START_REF] Legrand | Numerical approach of the scale transitions applied to the diffusion and the trapping of hydrogen in metals with heterogeneous structures[END_REF]Oudriss 2012b].

The flux curve is extracted at the right side of the membrane. Because the medium is heterogeneous in two dimensions, an average flux as a function of time is derived by integrating across all the points at the membrane's exit. Whereas in three dimensions, the flux curve is integrated on the surface of the exit side of the membrane. Thus, the hydrogen flux is calculated using equation ( 55) in 3D and equation (56) in 2D [START_REF] Legrand | Numerical approach of the scale transitions applied to the diffusion and the trapping of hydrogen in metals with heterogeneous structures[END_REF]]:

𝐽 𝑒𝑥𝑖𝑡 (𝑡) = 1 𝑑 𝑚 * ℎ 𝑚 ∫ ∫ 𝐽 𝑒𝑥𝑖𝑡 (𝑦, 𝑧, 𝑡)𝑑𝑧𝑑𝑦 ℎ𝑚 0 𝑑𝑚 0 (55) 𝐽 𝑒𝑥𝑖𝑡 (𝑡) = 1 ℎ 𝑚 ∫ 𝐽 𝑒𝑥𝑖𝑡 (𝑦, 𝑡)𝑑𝑦 ℎ𝑚 0 (56)
With 𝐽 𝑒𝑥𝑖𝑡 the average flux at the exit side, 𝐽 𝑒𝑥𝑖𝑡 the flux at each point at the exit side, ℎ 𝑚 is the height of the membrane, and 𝑑 𝑚 is the width of the membrane. From the flux curve, the breakthrough time 𝑡 10% is evaluated at 10% of the steady state flux, which then allows calculating the effective diffusion coefficient from the equation ( 57):

𝐷 𝑒𝑓𝑓 = 𝑒 𝑚 2 𝑀 * 𝑡 10% (57) 
With 𝑒 𝑚 the thickness of the membrane, M a factor equal to 15.12 corresponding to the characteristic time 𝑡 10% [START_REF] Legrand | Numerical approach of the scale transitions applied to the diffusion and the trapping of hydrogen in metals with heterogeneous structures[END_REF]], and 𝑡 10% the breakthrough time at 10 % of the charging process.

As there exist different patterns of the grain boundary networks, the extraction of data will be done on multiple cartographies. So, it is necessary to simulate numerous networks for each parameter and evaluate the average effective diffusion coefficient.

V. Overview

The grain boundary networks are distributed using conventional and suggested attribution to investigate the influence of grain boundary and triple junction distribution on the effective diffusion coefficient. These attribution approaches are characterized and implemented in 2D and 3D idealized microstructures. Furthermore, 2D realistic microstructures are used in this work to compare them to 3D and 2D idealized microstructures. In two dimensions, the grain boundary connectivity is investigated. On the other hand, triple junction connectivity is analyzed in three dimensions. The grain boundary and triple junction network connectivity are characterized using the correlation length for each generated microstructure. Then, a diffusion process is simulated on each generated microstructure. The obtained results described in the next chapter are compared to the experimental results of previous works of Oudriss 𝑒𝑡 𝑎𝑙. [Oudriss et al. 2012a].

Impact of the grain boundary and triple junction networks on the effective diffusion coefficient

I. Introduction

The grain boundary network plays a major role in the diffusion and trapping of hydrogen. Therefore, the correlation between the GB network connectivity and the effective diffusivity has been investigated by [START_REF] Chen | Diffusion on grain boundary networks: Percolation theory and effective medium approximations[END_REF][START_REF] Deng | Kinetic Monte Carlo simulation of the effective diffusivity in grain boundary networks[END_REF]Osman Hoch et al. 2015]. They showed the dependence of the effective diffusivity on the fraction and distribution of the random grain boundaries. However, in most of these studies, only type C kinetics [L. G. [START_REF] Harrison | Influence of dislocations on diffusion kinetics in solids with particular reference to the alkali halides[END_REF], where the diffusion occurs only through the grain boundaries, was considered in their investigations. Osman Hoch et al. considered the diffusion through the grains but only with randomly distributed grain boundaries [Osman Hoch et al. 2015].

Nevertheless, it has been shown that interconnection between grain boundaries (triple junctions) affects the effective diffusivity [START_REF] Bokstein | Direct experimental observation of accelerated Zn diffusion along triple junctions in Al[END_REF][START_REF] Frolov | Molecular dynamics modeling of self-diffusion along a triple junction[END_REF]Gertsman et al. 1996a;[START_REF] Jothi | Modelling the influence of microstructural morphology and triple junctions on hydrogen transport in nanopolycrystalline nickel[END_REF]Li et al. 2019b;[START_REF] Li | Grain boundary diffusion: non-random topology and effective medium approximation[END_REF][START_REF] Palumbo | Intercrystalline hydrogen transport in nanocrystalline nickel[END_REF][START_REF] Wang | Enhanced diffusivity by triple junction networks[END_REF]]. In addition, the grain boundary network is subjected to crystallographic constraints (distribution of triple junctions) [START_REF] Gertsman | Coincidence site lattice theory of multicrystalline ensembles[END_REF]Gertsman et al. 1996b]. It has been demonstrated numerically and experimentally that accelerated diffusion across triple junctions is faster than diffusion through grain boundaries and lattices [Gertsman et al. 1996a;[START_REF] Palumbo | Intercrystalline hydrogen transport in nanocrystalline nickel[END_REF][START_REF] Wang | Enhanced diffusivity by triple junction networks[END_REF]. This is owing to the increased free volume available in triple junctions as a result of their weaker bonding characteristics [START_REF] Gleiter | Nanocrystalline Materials[END_REF][START_REF] Jothi | Modelling the influence of microstructural morphology and triple junctions on hydrogen transport in nanopolycrystalline nickel[END_REF][START_REF] Stender | Triple junction segregation in nanocrystalline multilayers[END_REF]. Furthermore, Lewis et al. [START_REF] Lewis | Two-and three-dimensional microstructural characterization of a superaustenitic stainless steel[END_REF]] have emphasized the need to quantify 3D microstructures features that cannot be evaluated using 2D microstructures, such as triple junctions and crystallographic orientations. Hence, Legrand [START_REF] Legrand | Numerical approach of the scale transitions applied to the diffusion and the trapping of hydrogen in metals with heterogeneous structures[END_REF]] extended this analysis to 3D hexagonal microstructures. He investigated the effects of the triple junctions on the effective diffusion coefficient by assigning different diffusion coefficients equal to or higher than the grain boundary diffusion, considering each phase as one single homogeneous phase. Adding more degrees of freedom to the microstructures, Osman Hoch et al. [Osman Hoch et al. 2015] analyzed the 3D microstructures with a random distribution of the grain boundary networks considering the different types of grain boundaries and triple junctions. Both studies demonstrated that the triple junctions affect the effective diffusion coefficient. In addition, Frary and Schuh showed the effects of dimensionality of the grain on the percolation threshold and connectivity [Frary and Schuh 2005a;Frary and Schuh 2005b].

This chapter examines the impacts of the constrained networks and the size of the lattice on the diffusivity. Firstly, we provide details on the proposed attribution procedure. Secondly, by analyzing the distribution of the triple junction and computing the correlation length, we characterize the 2D and 3D networks formed by each attribution method or by reconstructed microstructures. Finally, we investigate the effects of the GB and TJ networks on the effective diffusion coefficient.

II. Analysis of 2D ideal and real microstructures

In this section, we examine the grain boundary networks for 2D ideal and real microstructures. Using the distribution of the triple junctions, each proposed attribution method is detailed and compared to the experimental microstructures. The 2D real microstructures are identified by their distribution of special and random grain boundaries.

Grain boundary networks generated by proposed attribution methods in 2D idealized microstructures

In chapter II, four attribution methods have been proposed. Each one has a random part in the distribution of the random grain boundaries and is parametrized by the fractions of the random grain boundaries and the random triple junctions imposed. In the following, we evaluate the generated grain boundary networks from these attributions.

a. Trial number

There exists a random distribution process in each attribution method. Thus, for the same parameters, we can obtain multiple networks. This type of problem can be solved by a computational process that uses repeated random sampling to produce numerical results. The expected value is determined by computing the standard deviation of the effective diffusion coefficient. As a result, it is important to find the number of networks needed to have an accepted value for the effective diffusion coefficient.

Therefore, for different number of networks, we calculate the average effective diffusion coefficient in addition to the standard deviation. This method was shown on three fractions of random grain boundaries for a specified grain size of 120 𝜇𝑚. The results obtained are illustrated in Table 11 below: Fig. 89 shows the variation of the average effective diffusion coefficient as a function of the trial numbers. For 50 trials number, the effective diffusion coefficient is unstable. But, for 150 and 300 trials, the average effective diffusion coefficient reaches a constant value after a chosen number of trials. It is not sufficient to choose the number of trials according to the variation of the effective diffusion coefficient; it is necessary to calculate the variation of the standard deviation to minimize the dispersion of the average effective diffusion coefficient values. Table 11 shows the variation of the standard deviation, which decreases for 300 trials. It is essential to minimize the standard deviation value to reduce the dispersion of the average value of the effective diffusion coefficient. A high decrease in the value of the standard deviation is observed for a fraction of 60% of random grain boundaries. This is related to the effects of the connectivity of the random grain boundaries on the effective diffusion coefficient. Having a high fraction of random grain boundaries leads to a massive dispersion in the diffusivity values obtained for each generated network. This is due to the effect of the connectivity of the grain boundary networks. According to Table 11, the smaller the random grain boundary fractions, the less computations required to obtain the average diffusion coefficient with a standard deviation of roughly 5%.

The number of trials for each simulation was chosen depending on the standard deviation. In the following, we provide only the average diffusion coefficient for each of the four proposed attributions.

b. The effect of the height of the membrane Experimental studies has been made on different samples in our laboratory by Oudriss et al. [Oudriss et al. 2012a]. All the sample have a thickness of the membrane of 200 𝜇𝑚 and a height of the membrane of 10 mm, which is 50 times higher than the thickness of the membrane. In our work, we want to compare our numerical results to the experimental results. We set the thickness of the membrane as the experimental value. However, taking the same value of the height of the membrane requires high computation memory. Therefore, we analyze the influence of the membrane height on the effective diffusion coefficient in order to minimize its value.

The process of distributions of the grain boundaries network is independent of the geometry of the microstructures. More specifically, it is independent of the dimensions of the microstructures. However, taking one or two grains in the height of the membrane (Fig. 90) is not sufficient to represent the distribution of grain boundary networks due to periodic boundary conditions. As a result of duplication procedures, having more than four grains in the height of the membrane is essential for properly depict the distribution of grain boundary networks. Indeed, the diffusion is imposed to occur through the thickness of the membrane. In addition, symmetry conditions are imposed on the bottom and top sides. Given these boundary conditions, we can suppose that the variation of the membrane height does not have an important influence on the diffusivity of hydrogen. This hypothesis has been confirmed by simulations of the diffusion process for four microstructures with different heights for the same fractions of random grain boundaries. An average effective diffusion coefficient is computed for each height of the membrane for 150 cases (Fig. 91). The difference in the average diffusion coefficient between the maximum and the minimum value was around 3%. This variation comes from the difference in the connectivity in each microstructure. As a result, in addition to having more than 4 grains in the height of the membrane, we adjusted the height of the membrane to be around a 1:6 ratio of its thickness to reduce the computation time and memory. 

c. Random attribution

With this method, we firstly assign the type 'random' to a randomly selected subset of all grain boundaries. Secondly, we assign the type 'sigma' to the remaining grain boundaries. Thirdly, we compute the fractions of each triple junction type as defined by [START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF]. The obtained data illustrated in Table 12 are compared with the experimental result gathered from [Oudriss 2012b]. Comparing the fraction of triple junctions, too many 𝐽 2 are present in the network. The findings reveal differences between the experimental and simulated work. In addition, simulations give an average effective diffusion coefficient equal to 1.14. 10 -13 𝑚 2 /𝑠, which is smaller than the experimental effective diffusion coefficient equal to 6. 10 -13 𝑚 2 /𝑠 [Oudriss 2012b].

A random distribution of the grain boundaries appears insufficient as several microstructures with the same fraction ratio (53% of random grain boundaries Fig. 92) present the same diffusion coefficient with an estimated error of 2% between each diffusion coefficient and the average value. Also, the random grain boundaries are dispersed in the microstructures, thus presenting low connectivity. This dispersion is characterized by the presence of excess fractions of type 𝐽 2 triple junctions. Because the type 𝐽 2 triple junctions are generated by a single random grain boundary, there exists a large number of non-linked random grain boundaries. The results of random attribution emphasize the importance of reassigning the grain boundary networks constrained by the types of triple junctions, which show a link between random grain boundaries. It is crucial to consider the grain boundaries connectivity and hence maintain the same triple junctions ratio as in the experimental samples. The following methodology of assignment presents constraints which aim at obtaining the same fractions of triple junctions.

d. Constrained triple junction attribution

The grain boundary network generated by constrained triple junction attribution described in chapter II has been compared to the network generated by the random attribution in Fig. 93.

The connectivity in the constrained triple junction distribution is slightly higher than that of the random distribution. This result is explained by studying the fractions of each type of triple junction. Table 13 shows the variation of the fractions of all types of triple junctions. It can be seen that the problem of the excess fraction of 𝐽 2 type remains. Nevertheless, the fraction of 𝐽 3 type is higher, which is the consequence of the connectivity of the random grain boundaries. The random fractions of triple junctions are below the experimental results. These are the maximum values that can be reached with the fraction of random grain boundaries given. The investigation of the distribution of the triple junctions shows the importance of distributing the grain boundary networks considering the fractions of triple junctions and the fractions of random grain boundaries. Using this approach, we arrive at the maximum percentages of random triple junctions that may be imposed, which do not correspond to the experimental values. Thus, we may create a link between the triple junctions to reduce the fractions of grain boundaries by sharing them.

e. Closed grains attribution

This technique detailled in chapter II allows for an increase in the fraction of random triple junctions. Therefore, the following attribution methodology will be forming closed grains with a maximum of three grains closed. A closed path is formed by the triple junctions of the type 𝐽 1 and the random grain boundary. This method enhances the connection between the random types of triple junctions.

When compared to the constrained triple junction attribution, the fraction of 𝐽 1 triple junctions imposed is raised to 41% (Table 14). This raise is due to the link created between the triple junctions of type 𝐽 1 . Two linked 𝐽 1 triple junctions share the same random grain boundary; thus, reducing the number of grain boundaries required and allowing us to generate more 𝐽 1 triple junctions. This new methodology is suitable to increase the fractions of the random triple junctions 𝐽 1 . Furthermore, this approach shows greater connectivity in grain boundary networks, as seen by the creation of a large fraction of 𝐽 3 triple junctions (Table 14). Depending on the fractions of the chosen closed grains, the diffusivity of the hydrogen will be affected. From Fig. 94, it can be seen that the diffusivity is higher in the networks formed by 3 closed grains and lower in the networks formed by 2 or 1 closed grains. Moreover, by combining the three possible closed grains, the diffusivity increases by raising the fractions of the 3 closed grains. This means the connectivity is higher in networks formed by a high fraction of 3 closed grains. As a result, the effects of each type of closed grain must be investigated.

Effects of closed grains

The effective diffusion coefficient varies with various fractions of closed path enclosing 1, 2, or 3 grains (Fig. 94). The diffusion process is simulated using generated microstructures by different fractions of closed grains to understand the impacts of each type of closed grain on the effective diffusion coefficient.

Analyzing the curves in Fig. 95 and Fig. 96, the diffusion coefficient raises as the percentages of three and two enclosed grains increase and decreases as the fraction of one enclosed grain grows. These combinations of closed path are significant because they demonstrate the influence of random triple junctions on diffusivity due to the high connectivity of 𝐽 1 triple junctions in three and two closed grains. Furthermore, as seen in Fig. 94, a larger number of enclosed grains improves network connection. This explains why diffusivity rises for two and three closed paths. It may be possible to obtain the same effective diffusion coefficient for different fractions of closed grains, as shown in Fig. 97. This result highlights the importance of the connectivity of the random grain boundaries and not just the link between the random fractions of triple junctions. In particular, it is not just related to the fraction of closed grains. This methodology is a way to enhance the connectivity of the grain boundary networks. This constrained method enhances the connectivity of the distributed networks and boosts the fractions of the random triple junctions while ensuring a correct ratio of random grain boundaries.

However, the values of the fractions of triple junctions in the experimental values are not reached (Table 14).

The maximum value of the fraction of type 𝐽 1 triple junction, that can be imposed, is lower than the experimental value. Therefore, in order to maintain the value of the fractions of random grain boundaries, we have to create more connections between the random triple junctions. Thus, a new method, called a hybrid method, is elaborated based on a different way of connection between the 𝐽 1 triple junctions.

f. Hybrid attribution A hybrid method transforms the type 𝐽 2 of triple junctions formed during distribution into 𝐽 1 type of triple junction. By this method, a chain of type 𝐽 1 triple junctions has been created. Also, by randomly checking the microstructures, we avoid the formation of clusters in a specified corner of the geometry and enhance the connection between all chains formed in the networks.

The hybrid method builds up the connection between the type 𝐽 1 triple junctions and decreases their required number of random grain boundaries. This methodology approaches the experimental value for the fractions of triple junctions and generates a microstructure similar to real microstructures (Table 15). When comparing the random attribution approach to the hybrid attribution method, a double difference in hydrogen diffusivity may be observed (Fig. 98). This discrepancy highlights the variations in the connectivity of the various attribution methods, even for the same fraction of random grain boundary. The hybrid attribution is characterized by high connectivity. The fraction of random grain boundary in these attributions was below 60%. According to the studies of Osman Hoch, there are no percolation clusters for random attributions below 60% [Osman Hoch et al. 2015]. Despite this analysis, the formation of percolating clusters in the hybrid attribution in Fig. 98 is visible. This shows the importance of the connectivity induced by the distributions of the fractions of triple junctions.

Grain boundary networks in 2D real microstructures

To investigate the grain boundary networks in the real heterogeneous microstructures, grain boundary networks are reconstructed using cleaned EBSD maps. They are classified into random and special grain boundaries (Fig. 99 and Fig. 100). As we may observe, the random grain boundaries are well connected in all the grain sizes. On nanoscale (Fig. 99), this high connectivity is expressed by the high fractions of random grain boundaries above 70% that exceed the percolation threshold value of 65% [START_REF] Stauffer | Introduction To Percolation Theory: Second Edition[END_REF] (Fig. 101). Whereas in the micro-scale (Fig. 100), in particular for 18 𝜇𝑚, there is only a slight variation between the fractions of random and special grain boundaries (Fig. 101). Hence, examining the relationship of the grain boundary networks is complicated. The correlation length is used to statistically quantify these networks, in order to properly characterize them. Furthermore, for each network, the distributions of the fractions of different types of triple junctions have been investigated. Oudriss et al. [Oudriss et al. 2012a]. 𝜆 is the average grain size.

Fig. 100: Distribution of random (red) and special (green) grain boundary networks for real microstructures on a micro-scale obtained by Oudriss et al. [Oudriss et al. 2012a]. 𝜆 is the average grain size. 

III. Characterization of grain boundary networks in 2D idealized and real microstructures

In this section, we characterize the grain boundary networks generated by the four proposed attribution methods, as well as the reconstructed microstructures from the extracted EBSD cartography provided by A. Oudriss. We determine the fractions of the four types of triple junctions and then we compute the correlation length for each grain boundary network. a. Determination of the fraction of each type of triple junction Fig. 102 presents the statistical fractions of the triple junctions for the different attribution methods in 2D idealized microstructures. The fractions of type 𝐽 1 triple junctions are greatly enhanced for the grain size of 7 𝜇𝑚, corresponding to a fraction of 53% of the random grain boundary. In contrast, the fractions of the type 𝐽 2 are decreased. Thus, it can be assumed that the connection is improved by multiplying the fractions of the type 𝐽 1 triple junctions. However, the type 𝐽 1 is approximately constant, and the type 𝐽 0 increases for the grain size of 700 𝑛𝑚, corresponding to a fraction of 66% of the random grain boundary. Therefore, the connectivity may be related to the random fraction of triple junction (𝐽 0 and 𝐽 1 ). For both grain sizes, it can be seen that the fraction of the type 𝐽 3 of the triple junctions is maximal for the closed attribution. This is due to the connection between the grain boundaries to form a closed grain. The same observations can be made for 2D reconstructed microstructures (Fig. 103), where the distribution of the grain boundary networks was subjected to the real crystallographic constraints. As seen in the literature, the percolation behavior is affected by the fraction of the random grain boundaries. Thus, comparing the fraction of type 𝐽 1 triple junctions in Fig. 103, we cannot predict the connectivity of the grain boundary by comparing the higher grain size (18 𝜇𝑚, 45 𝜇𝑚, 65 𝜇𝑚) to the smaller grain size (0.12 𝜇𝑚, 0.19𝜇𝑚). Furthermore, the fractions of combined random and special triple junctions are compared to grain sizes (Fig. 104). It is obvious that the fractions of random triple junctions are greater than the fractions of special triple junctions for all grain sizes. This demonstrates the significant connectivity of random grain boundary networks. Consequently, the connectivity of the grain boundary networks is related to the fraction of random triple junctions and grain boundaries. This statistical analysis describes the evolution of the distribution of the fraction of triple junctions. The fractions of random triple junctions have been found to alter the connectivity of grain boundary networks. Hybrid attribution and the reconstructed microstructures have high connectivity due to their high fractions of random triple junctions. Another accurate method based on percolation theory is utilized to describe these networks and compare them. It relies on the definition of the correlation length.

b. Correlation length

Using the measured data of percolation (the mass of the cluster s and 𝑛 𝑠 the number of clusters of mass s), we calculate the correlation length described in the previous chapter. The data are presented in Fig. 105 for each network, which is generated from the four attribution methods for a grain size of 7 𝜇𝑚 and 700 𝑛𝑚 and the reconstructed microstructures. Then they are compared to the results of Osman Hoch et al. [Osman Hoch et al. 2015] for random attribution of the grain boundary networks.

The random attribution fits well the curve of [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]. Comparing the attribution methods or the reconstructed microstructures, it is clear that the connectivity is improved by raising the fraction of random grain boundaries.

The connectivity has increased from the triple junction attribution to the hybrid attribution. Also, the percolation behavior of the triple junction and closed attribution is the same for different fractions of grain boundaries. This can be confirmed by the slight variation of the fraction of the type 𝐽 1 of triple junctions in Fig. 102. For hybrid attribution, greater connectivity has appeared at both scales. A large gap is seen between the connectivity of the networks generated by hybrid attribution and the others constrained attribution methods for 53% of 𝑓 𝑟 , due to the high presence of the fraction of the type 𝐽 1 of the triple junctions as seen in Fig. 102 and their connectivity. For 66% of 𝑓 𝑟 , the closed grains attribution approaches the hybrid attribution due to the low variation between the fraction of random triple junctions. Furthermore, as the distribution of the fraction of triple junctions in hybrid attribution approaches the experimental results, a minor difference is observed between the correlation length of hybrid attribution and the reconstructed networks. This is owing to the difference in geometric form and volume fractions of the grain boundaries and triple junctions that are greater in reconstructed networks.

The connectivity depends on the fractions of the random triple junctions and grain boundaries. In addition, the random grain boundary networks constrained by the distribution of the types of triple junctions show high presence of percolation cluster. The connectivity is enhanced in these networks even for fractions of random grain boundaries below 65%, corresponding to the percolation threshold of the analytical curve [START_REF] Stauffer | Introduction To Percolation Theory: Second Edition[END_REF]. Also, interconnectivity between the random grain boundaries is important in the nanocrystalline materials due to high volume fraction of triple junctions [START_REF] Suryanarayana | Grain size effects in nanocrystalline materials[END_REF][START_REF] Zhou | The effects of triple junctions and grain boundaries on hardness and Young's modulus in nanostructured Ni-P[END_REF]]. In addition, the fraction of the random grain boundaries in nanocrystalline material networks exceeds the percolation threshold. Thus, the existence of a high fraction of random grain boundaries and random triple junctions improves connectivity in these networks as seen in Fig. 105. 

IV. Characterization of grain boundary networks in 3D idealized microstructures

In this part, we characterize the grain boundary networks generated by the random and hybrid attribution in 3D idealized microstructures. The same statistical studies were conducted as in two dimensions.

a. Determination of the fraction of each type of triple junction Hybrid and random attributions have been used to distribute the grain boundary networks in 3D microstructures. In order to quantify these networks, the fractions of each type of triple junction are evaluated. Fig. 106 presents the fractions of the four types of triple junctions for two different fractions of random grain boundaries, 53% and 66%, corresponding to the micro and nanoscale, respectively. The same observation as in 2D networks can be made. The fraction of type 𝐽 1 triple junction is significantly improved at micro-scale. In contrast, the fraction of type 𝐽 2 triple junction is dropping for both scales. The rise in the fractions of random triple junctions indicates the high connectivity of the grain boundary networks. The distribution of the fractions of triple junctions gives insight into the connectivity of the grain boundary networks. However, in 3D, the percolation threshold for triple junction or grain boundary network connectivity is 0.39 and 0.16, respectively, lower than the fractions of random grain boundaries in our experimental microstructures. Thus, both attributions express the high connectivity, implying the necessity to analyze these networks using a statistical study based on percolation theory.

b. Correlation length

There are three alternative ways of investigating network connectivity in three dimensions [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF]]. They depend on the elements studied and their contact elements. The first two approaches are illustrated in Fig. 107 and they represent the grain boundary connectivity and the triple junction connectivity. The elements studied in grain boundary connectivity are the grain boundaries, which are joined by triple and quadruple junctions. In the case of triple junction connectivity, the elements analyzed are the triple junctions that are joined by quadruple junctions. In this study, we employ these approaches to study the connectivity. For the third approach, the elements addressed are the grain boundaries, but the only contact element is the triple junction. The percolation threshold in this method is higher than the value in the approach using the quadruple junction as a contact element [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF]]. This method is not used because it will not provide any additional information for the characterization of the grain boundary networks.

Grain boundary connectivity: Fig. 108 represents the correlation length calculated for the grain boundaries connectivity for hybrid and random attribution. The percolation threshold is similar to the value reported in the literature 𝑃 𝑐 = 0.16 [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF]]. Since the grain boundary is connected to six triple junctions, the probability of obtaining two connected random grain boundaries is high. The connectivity is enhanced in three dimensions, even for random distribution. Hence, our hybrid attribution for a fraction of random grain boundaries of 53% and 66% coincides with the theoretical values. Above the percolation threshold, the random and hybrid attribution, both have high connectivity. It is difficult to compare the attribution methods by this approach. It is preferable to assess the triple junction connectivity. Triple junction connectivity: Fig. 109 represents the correlation length calculated for the triple junction's connectivity for hybrid and random attribution. The percolation threshold of the theoretical curve is analogous to the value of 𝑃 𝑐 = 0.39 previously reported [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF]]. The connectivity is higher in hybrid attribution compared to random attribution. This is the consequence of the high fractions of random triple junctions (𝐽 0 and 𝐽 1 ), as seen in Fig. 106. 

V. Effective diffusion coefficient of hydrogen

Once all of the created microstructures have been defined, it is necessary to assess the impacts of the grain boundary connectivity and the grain size on the effective diffusion coefficient. Each network has been subjected to FEM simulations.

A correlation between the coincidence site lattice classification of grain boundaries (R and Σ) and their diffusion properties doesn't exist [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF]]. In our model, we assigned a low diffusivity for the special grain boundaries computed using the lower Hashin Shtrikman formula [Osman Hoch 2015] and a high diffusivity for the random grain boundary calculated by the upper Hashin Shtrikman formula [Oudriss et al. 2012a]. High contrast between the diffusivity of the random and special grain boundary is ensured to consider the effect of grain boundary connectivity on the effective diffusion coefficient as stated in the literature [START_REF] Chen | Diffusion on grain boundary networks: Percolation theory and effective medium approximations[END_REF]Osman Hoch et al. 2015]. Furthermore, triple junctions may have stronger diffusivity than grain boundaries [START_REF] Bokstein | Direct experimental observation of accelerated Zn diffusion along triple junctions in Al[END_REF][START_REF] Palumbo | On the contribution of triple junctions to the structure and properties of nanocrystalline materials[END_REF][START_REF] Wang | Enhanced diffusivity by triple junction networks[END_REF]]. However, due to a lack of experimental data on their diffusion properties, we assigned a diffusion coefficient equal to that of grain boundaries of same type (R and Σ).

Impact of the connectivity on the effective diffusion coefficient

The difference in the connectivity can be seen clearly in Fig. 110 for the four attributions methods having the same random grain boundary fractions. This observation is also supported by the correlation length calculation in Fig. 105, which depicts the percolation behavior of each network. 17 for a grain size of 0.7 μm. For 50 cases, the standard deviation is low for all the attribution methods. Hence, all these networks are simulated for 50 cases to reduce computing time and then the average effective diffusion coefficient is calculated (Table 18) with the relative error in terms of the average diffusion coefficient of the repeated simulations (Fig. 111 and Fig. 112). After 50 cases, the error of the average effective diffusion coefficient is less than 1% and tends to zero for all the simulations. This estimation predicts the average diffusion coefficient of all possible microstructures for a given attribution method. Triple junction attribution 1.87. 10 -13 ± 7.23. 10 -15 5.79. 10 -13 ± 9.66. 10 -15

Closed grains attribution 2.25. 10 -13 ± 9.345. 10 -15 8.05. 10 -13 ± 1.75. 10 -14

Hybrid attribution 2.51𝑒 -13 ± 1.06. 10 -14 8.61. 10 -13 ± 1.07. 10 -14

The results in Table 18 show the variation of the effective diffusion coefficient between each attribution method. The effective diffusion coefficient rises passing from random to hybrid attribution. This is due to the increase in the connectivity. Maximum diffusivity is observed for the hybrid method due to the high fractions of random triple junction. Furthermore, it can be demonstrated that lowering the grain size improves the effective diffusion coefficient for all attribution methods. This rise is due to an increase in the fractions of random grain boundaries and triple junctions. At the grain size of 7 𝜇𝑚, We see a minor change in the effective diffusion coefficient, especially for the closed grains and hybrid attributions, despite the large gap in connectivity between them. This outcome could be attributed to diffusion dominance across the lattices. Thus, it is crucial to investigate the effects of the grain size on the diffusivity.

Impact of TJs and GBs on the effective diffusion coefficient

In order to examine the influence of TJs and GBs on diffusivity, the diffusion process has been simulated on different networks for different grain size in 2D idealized microstructures (59 nm, 124 nm, 515 nm, 1.56 𝜇𝑚, 8.3 𝜇𝑚) and 3D idealized microstructures (26 nm, 58 nm, 120 nm, 1.56 𝜇𝑚, 6.25 𝜇𝑚). We generate the networks using random and hybrid attribution for 2D and 3D idealized microstructures. For 2D reconstructed microstructures, five grain sizes have been used: 120 nm, 190 nm, 18 𝜇𝑚, 45 𝜇𝑚, 65 𝜇𝑚.

All the results are illustrated in Fig. 113. They are compared with the experimental results [Oudriss 2012b] and with the simulation of randomly distributed grain boundary networks in 2D hexagonal microstructure [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]. For all generated microstructures, it is clear that the diffusivity rises by decreasing the grain size, due to the increase in the fractions of grain boundaries and triple junctions.

In 2D idealized microstructures, our results for random attribution are consistent with those of [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]. Comparing the random attribution data to the hybrid attribution, the difference in the effective diffusion coefficient is significant for the smallest grain sizes. As grain size decreases, diffusivity rises due to increased fractions of triple junctions, particularly for the random type, and their influence on grain boundary connectivity. Therefore, forming a percolation cluster of random grain boundaries is responsible for improving the diffusivity. In contrast, even with strong connectivity in the grain boundary networks generated by hybrid attribution, there is no considerable variation between random and hybrid attribution for large grain sizes. This result is due to the low fraction of grain boundaries. Thus, diffusion is dominant through the grains.

In 2D reconstructed microstructures, our results are analogous to those reported by [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF], with a little divergence due to a difference in the diffusion coefficient of random grain boundaries, which is four times lower in our simulations. When compared to the hybrid attribution, it is apparent that they exhibit the same shape. Same as 2D idealized microstructures, the diffusion in the grain is dominant at large grain size. However, a slight difference between the results can be seen on the nanoscale. This is owing to a discrepancy in geometric representation. The reconstructed microstructures are formed by irregular shape of the lattice. Thus, compared to the hexagonal shape in idealized microstructures, a large volume fractions of grain boundaries and triple junctions exist in reconstructed microstructures. In addition, representing data between 0.3 𝜇𝑚 to 3 𝜇𝑚 is impossible, because experimentally, obtaining a specimen of pure nickel is complicated due to the presence of other atoms in the electrodeposition process.

The results of the simulations on 2D idealized and reconstructed microstructures evolve in an analogous way to the experimental curve without approaching it. This is due to the lack of representation of the triple junction networks in 2D microstructures. The triple junctions are connected by the quadruple junctions in 3D microstructures (Fig. 114). Also, the volume fraction of triple junctions is very low in 2D representation compared to 3D representation. Consequently, simulations on 3D idealized microstructures have been done. The effective diffusion coefficient exhibits the same behavior as in 2D simulations by lowering the grain size. Furthermore, a slight variation in the connectivity exhibited in Fig. 109 has revealed a slight difference between hybrid and random attribution.

Comparing 2D and 3D idealized simulations, it is obvious that the connectivity of triple junction networks has a major impact on the effective diffusion coefficient. However, there is no noticeable difference between idealized 2D and 3D simulations on a micro scale due to the dominant diffusion through the grain and grain boundary areas. Furthermore, it has been shown that the 3D hybrid attribution fits with reconstructed 2D real microstructures. The effective diffusivity of 2D real microstructures may be calculated using 3D idealized microstructures. A similar correlation between 3D idealized and cross-section of microstructures has been discovered in the literature for grain growth [Miyoshi et al. 2018].

The outcomes of 3D idealized simulations follow but do not approach the experimental curve. The experimental results involve 3D real microstructures. Thus, the discrepancy between them is related to geometric irregularities or differences in intergranular volume fractions. Hence, a simulation of a real 3D reconstructed microstructure is required.

3. Relationship between the correlation length, the effective diffusion coefficient and the grain size

All of the obtained results are combined to evaluate the influence of the correlation length and grain size on the effective diffusion coefficient. In Fig. 115, we investigate the influence of the grain size on the effective diffusion coefficient depending on the correlation length. For both values of correlation length, the grain sizes have an effect of first order on the diffusivity. A linear relationship exists between the grain size and the effective diffusion coefficient. This linearity is affected by the correlation length. High variation of the effective diffusion coefficient is related to a large value of the correlation length (high connectivity). Furthermore, we evaluate the effect of the correlation length on the effective diffusion coefficient (Fig. 116). The effective diffusion coefficient and correlation length have been found to have a proportional correlation. The upper limits curve depicts the relationship between the effective diffusion coefficient and the correlation length. A high correlation length leads to high effective diffusion coefficient, which corresponds to 2D and 3D hybrid attribution and 2D reel microstructures for a smaller grain size. We can see from the lower bound curve that a low effective diffusion coefficient refers to a long correlation length. This is owing to the dominance of diffusion through the grain in the 2D model, as well as the grain boundaries in the 3D model for larger grain sizes. 

VI. Discussions

Analysis of the results

The influence of triple junction and grain boundary network connectivity on macroscopic diffusivity in polycrystalline aggregates was examined in this work. To model hydrogen diffusion, 2D and 3D microstructures were employed. Unlike previous studies in our laboratory [START_REF] Legrand | Numerical analysis of the influence of scale effects and microstructure on hydrogen diffusion in polycrystalline aggregates[END_REF]Osman Hoch et al. 2015], the grain boundary networks are not randomly distributed and comprise two distinct phases (R and Σ).

Furthermore, it has been proved that the distribution of the fraction of triple junctions and grain boundaries is not random [Gertsman et al. 1996a;[START_REF] Kumar | Connectivity in Random Grain Boundary Networks[END_REF][START_REF] Li | Grain boundary diffusion: non-random topology and effective medium approximation[END_REF][START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]. Therefore, the attribution methods were developed based on the quaternary categorization of triple junctions [START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF]. In contrary to the distribution of Schuh et al. [Schuh et al. 2003b] in terms of grain boundary engineering, grain boundaries are classified into two major categories based on the coincidence site lattice (R and Σ). Three constrained attributions have been proposed: the constrained triple junction attribution, the closed grains attribution, and the hybrid attribution.

All of the attributions are achieved by imposing random fractions of triple junctions that have or do not have connections between them. The growth in the fractions of random triple junctions shows the evolution of these attribution methods. As a result, the best fitting to the experimental data in [Oudriss 2012b] for the distribution of the fractions of triple junctions was achieved using hybrid attribution.

In each attribution approach, the random triple junctions are distributed at random. Hence, a statistical analysis of the connectivity of grain boundary networks is performed by determining the distribution of triple junctions and the correlation length. Characterizing the different networks generated in 2D idealized microstructures gives us insight into the importance of the connectivity of the grain boundary networks. Whereas 3D idealized microstructures provide information on the significance of the triple junction network connectivity. In addition, the 2D reconstructed microstructures are important to compare with the simplified microstructures.

The results are consistent with the literature [START_REF] Kumar | Connectivity in Random Grain Boundary Networks[END_REF]. In contrast to [START_REF] Li | Grain boundary diffusion: non-random topology and effective medium approximation[END_REF], the fraction of type 𝐽 0 of triple junction impacts percolation behavior as well as the fraction of type 𝐽 1 of triple junction. The hybrid attribution produces microstructures with stronger connectivity due to the connection between larger amounts of random triple junctions. For high fractions of random grain boundaries, the closed grains attribution connectivity tends to the hybrid attribution. It is possible to represent the grain boundary networks by closed paths in nanocrystalline materials, given the high probability of formation of closed loop clusters with high fractions of type 𝐽 1 triple junction [Frary and Schuh 2005b]. Furthermore, it was revealed that the link between the random triple junctions to form a large cluster is critical to express the connectivity. Moreover, analyzing the effects of the space on the percolation behavior, the percolation threshold decreases for 3D grain boundary networks, as reported in the literature [Frary and Schuh 2005a;[START_REF] Deng | Kinetic Monte Carlo simulation of the effective diffusivity in grain boundary networks[END_REF]. The high connectivity of the grain boundary occurs faster in 3D networks, even for a low fraction of random grain boundaries.

Lastly, the diffusion process is simulated using various grain boundary networks. The results of all the simulations revealed the impacts of the distribution and the connectivity of the triple junction on the effective diffusivity, particularly in nanocrystalline materials. In 3D simulations, the increase in the diffusivity is due to the high fractions of random triple junctions and their distribution in the grain boundary networks by creating a link between them. This finding confirms that the random triple junctions act as short-circuit diffusion for hydrogen [START_REF] Chellali | Triple Junction Transport and the Impact of Grain Boundary Width in Nanocrystalline Cu[END_REF][START_REF] Poletaev | The formation of excess free volume in triple junctions of <111> and <100> tilt boundaries in Ni at crystallization[END_REF]Li et al. 2019b]. In 3D simulations, the diffusivity is enhanced due to the connectivity of the triple junction network. In addition, the effects of triple junctions is important in nano-scale, as stated by [START_REF] Palumbo | On the contribution of triple junctions to the structure and properties of nanocrystalline materials[END_REF]]. In contrary, at micro scale, the diffusion is dominant in grains and grain boundaries.

Limits of the model

In our model, we consider isotropic diffusivity in the grain boundaries that might be replaced by a diffusivity tensor determined by atomistic simulations. Furthermore, we consider a single diffusion coefficient that is derived from experimental results for all the random or special classification of grain boundaries.

Each triple junction was assigned the same diffusivity of the surrounding grain boundary without taking into consideration their segregation behavior, which is the ability to diffuse through a defect. But, it has been shown that the diffusivity of triple junctions is higher than the diffusivity of grain boundaries [START_REF] Chellali | Triple Junction Transport and the Impact of Grain Boundary Width in Nanocrystalline Cu[END_REF][START_REF] Palumbo | On the contribution of triple junctions to the structure and properties of nanocrystalline materials[END_REF][START_REF] Wen | Early segregation and precipitation at triple junction in an alumina-forming austenitic steel[END_REF]. Furthermore, it was demonstrated that the segregation of the triple junction is higher than the grain boundaries that form it, which influences the diffusion process [START_REF] Miyazawa | An atomistic study of Y segregation at a {101¯1}-{101¯2} double twin in Mg[END_REF][START_REF] Wen | Early segregation and precipitation at triple junction in an alumina-forming austenitic steel[END_REF][START_REF] Yin | Segregation of Bismuth to Triple Junctions in Copper[END_REF]].

The anisotropy of the grain is not taken into account. It has been shown that diffusion is affected by the orientation of the grain [START_REF] Cao | Effects of Textures on Hydrogen Diffusion in Nickel[END_REF][START_REF] Li | Anisotropy of hydrogen diffusion in nickel single crystals: the effects of self-stress and hydrogen concentration on diffusion[END_REF]. Furthermore, the difference between the data extracted from the experimental study of the hydrogen profile near the grain boundaries compared to the results analyzed in a simplified microstructure shows the importance to consider the anisotropy of the grains and the grain boundaries [START_REF] Oudriss | Meso-scale anisotropic hydrogen segregation near grain-boundaries in polycrystalline nickel characterized by EBSD/SIMS[END_REF].

VII. Conclusions

This chapter investigated the diffusion of hydrogen through 2D and 3D heterogeneous materials, considering the intergranular fractions (triple junctions and grain boundaries). The goal is to improve the distribution of grain boundaries and triple junctions to attain the experimental data in [Oudriss 2012b] and to examine their connectivity effects on the effective diffusion coefficient. Four distribution methods have been proposed to distribute the fraction of the triple junctions. Some results can be highlighted:

• The connectivity is higher passing from the random attribution to the hybrid attribution due to the link between the random triple junctions. The high interconnection between triple junctions affects diffusivity.

• The desired distribution is achieved by a hybrid attribution similar to a chain method. This attribution allows us to get closer to the real microstructure.

• The percolation threshold in 3D GB networks decreases. In 3D microstructures, the triple junction networks are connected.

The significance of crystallographic restrictions and their influence on connectivity has been demonstrated. The considerable connectivity is due to the substantial fraction of random triple junctions and random grain boundaries. In order to evaluate the generated networks, the diffusion process has been simulated using finite element method on all networks. The effective diffusion coefficient is calculated at various scales for various grain sizes. As a result, the diffusivity increases by decreasing the grain size due to the presence of high fraction of random triple junctions and high correlation length.

2D real simulations and idealized simulations for hybrid attribution have shown the relevance of the grain boundary network's connectivity. They are, however, insufficient to determine the effective diffusion coefficient. Triple junctions are not connected in 2D microstructures. Therefore, 3D idealized simulations are performed. They are adequate for analyzing the consequences of triple junction network connectivity but do not coincide with experimental results. A simulation on 3D reconstructed microstructures is necessary to reflect the geometry's irregularities.

Conclusions and prospects

I. Conclusions

Hydrogen embrittlement affects the mechanical properties of materials as a consequence of hydrogen mobility through the metal. To understand this phenomenon, the diffusion and trapping processes through the defects of the microstructures must be investigated. Here we consider the effects of the nature and the distribution of grain boundaries and triple junctions on the diffusion of hydrogen. In most of the studies, the grain boundaries are randomly distributed. However, it is shown that the distribution of the grain boundary networks is subjected to crystallographic constraints of the first order at triple junctions. Furthermore, it is established that triple junctions are classified into four categories based on the nature of the grain boundaries. Triple junctions are not randomly distributed due to their local constraints [START_REF] Minich | Role of topological constraints on the statistical properties of grain boundary networks[END_REF]Schuh et al. 2003b]. Thus, analyzing the connectivity of the grain boundary networks constrained by the triple junctions is important to evaluate the hydrogen diffusion through microstructures. This thesis aims to develop constrained methods for distributing grain boundary networks. In addition to random attribution, three attribution approaches are proposed: constrained triple junction attribution, closed grains attribution, and hybrid attribution. The intergranular fractions were classified into two main types: Randoms (RGB, 𝐽 0 , 𝐽 1 ) and Specials (SGB, 𝐽 2 , 𝐽 3 ), each having a distinct diffusion coefficient. The distribution of the grain boundary and triple junction networks is related to the experimental data in [Oudriss 2012b]. These attribution methods are utilized to distribute the grain boundary networks in 2D and 3D idealized microstructures for different grain sizes. On the other hand, modeling a true microstructure is still greatly sought. 2D reconstructed microstructures are performed to compare with 2D idealized microstructures whose geometries differ from 2D real microstructures. Hence, a reconstructed microstructure retrieved from cartography using EBSD scans is used.

Several networks were obtained and characterized by their connectivity. The connectivity of the grain boundaries is studied in 2D microstructures. Whereas, the connectivity of the triple junctions is analyzed in 3D microstructures. Statistical studies are used to determine the correlation length and the proportions of each type of triple junction. Then, based on the electrochemical permeation technique, a finite element model was employed to simulate the diffusion process using Fick's law. The impacts of the connectivity and the grain sizes on hydrogen diffusivity are investigated.

The principal findings of this thesis are outlined as follows:

• The fraction of random triple junctions affect the connectivity of grain boundary networks. This effect is important in nanocrystalline materials due to the high-volume fractions of random triple junctions.

• The connectivity increases, passing from random attribution to hybrid attribution. The latter exhibits significant connectivity due to the link realized between random triple junctions using the concept of a chain method.

• The distribution of the triple junctions generated in 2D idealized microstructures using hybrid attribution approaches the experimental data and present high connectivity due to the link between the random grain boundaries.

• The connectivity in a closed grains attribution approaches the connectivity in a hybrid attribution. When the random grain boundary fraction is high, the grain boundary networks tend to create more closed grains.

• The effective diffusion coefficient raises with high connectivity and by lowering the grain size. The diffusion is enhanced in the nanocrystalline materials due to the high-volume fractions of triple junctions and grain boundaries

• Compared with 2D real microstructures, a slight difference in the coefficient of diffusion may be explained by the irregular shape of lattice in 2D reconstructed microstructures, which induces high volume fractions of grain boundaries and triple junctions.

• It has been observed that the data obtained in 3D idealized microstructures fit with the data of 2D real microstructures without reaching the experimental results. This may be due to the difference in geometry between 3D idealized microstructures and real microstructures.

One major problem in controlling hydrogen embrittlement is to create of novel microstructures capable of managing hydrogen diffusion in the material. The latter is directly affected by the distribution of microstructural characteristics and local diffusivity. The results presented in this thesis contribute to the understanding of the effects of the connectivity of grain boundaries and triple junctions on hydrogen diffusion in polycrystalline materials. The numerical approach might be improved and more physics must be incorporated into our models to accurately describe real microstructures, such as the grain anisotropy and the exact diffusion coefficient of the triple junctions. Also, it is required to simulate 3D real microstructures. Possible improvements to the numerical approach in order to have a better representation of the microstructure in the next section.

II. Prospects

Simulation of 3D reconstructed realistic microstructures

In this work, studies were conducted on 2D real microstructures. The difference in the diffusivity of hydrogen between 2D idealized and real microstructures is maybe due to the difference in the geometries. This result shows the importance to simulate using reconstructed microstructures. Furthermore, the effective diffusion coefficients of 3D idealized microstructures and 2D reconstructed microstructures do not differ much. Hence, this approach should be expanded into three dimensions to simulate reconstructed microstructures.

Experimentally, EBSD, in conjunction with serial sectioning, is used to rebuild 3D microstructures for small 3D volumes [START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF][START_REF] Rowenhorst | 3D Crystallographic and morphological analysis of coarse martensite: Combining EBSD and serial sectioning[END_REF]]. In contrast, diffraction contrast tomography (DCT) is employed for large 3D volumes [START_REF] Zhao | 3D grain structure of an extruded 6061 Al alloy by lab-scale X-ray diffraction contrast tomography (DCT)[END_REF]. The procedure entails creating 2D cross-sections and merging them to create 3D polycrystalline aggregates. Serial sectioning can be done by mechanical polishing [START_REF] An | Correlating the five parameter grain boundary character distribution and the intergranular corrosion behaviour of a stainless steel using 3D orientation microscopy based on mechanical polishing serial sectioning[END_REF] or a focused ion beam (FIB) [START_REF] Burnett | Large volume serial section tomography by Xe Plasma FIB dual beam microscopy[END_REF]]. As a consequence, each sectioning process has a restricted spatial resolution: mechanical polishing is ideal for micro-scale, whereas FIB is suitable for nanoscale [START_REF] Zaefferer | Three-Dimensional Orientation Microscopy in a Focused Ion Beam-Scanning Electron Microscope: A New Dimension of Microstructure Characterization[END_REF][START_REF] Diehl | Crystal plasticity study on stress and strain partitioning in a measured 3D dual phase steel microstructure[END_REF].

Numerically, after getting the crystallographic data, the 3D microstructures are recreated using software such as Dream.3D [START_REF] Groeber | DREAM.3D: A Digital Representation Environment for the Analysis of Microstructure in 3D[END_REF][START_REF] Lewis | Two-and three-dimensional microstructural characterization of a superaustenitic stainless steel[END_REF][START_REF] Osman Hoch | Modelling of hydrogen diffusion in heterogeneous materials : implications of the grain boundary connectivity[END_REF]. To distribute the grain boundary and triple junction networks, the rebuilt microstructures must be incorporated into a FEM model. Following the completion of simulations of 3D realistic microstructures, the estimated effective diffusion coefficient must be compared to the experimental results.

Exact classification of the grain boundaries

In our FEM models, we use a binary classification of grain boundaries (R and Σ). Two generalized diffusion coefficients have been used based on the experimental data in [Oudriss 2012b]. We have assigned a high diffusion coefficient for random grain boundaries and a low diffusion coefficient for special grain boundaries. However, it has been stated that the grain boundary diffusion coefficient depends on their energy [Oudriss et al. 2012a]. Furthermore, Olmsted et al. [START_REF] Olmsted | Survey of computed grain boundary properties in face-centered cubic metals: I. Grain boundary energy[END_REF] identify the energy of 493 grain boundaries using atomistic computations. As a result, different diffusion coefficients must be assigned to each grain boundary. Farkas [START_REF] Farkas | Atomistic theory and computer simulation of grain boundary structure and diffusion[END_REF]] used an atomistic theory to determine the diffusion properties of the grain boundary. Also, [START_REF] Peng | Quantitative analysis of grain boundary diffusion, segregation and precipitation at a sub-nanometer scale[END_REF] determine the diffusion coefficient of grain boundary by combining atom probe tomography and scanning electron microscopy at the nanoscale. These approaches allow us to derive the diffusion coefficient of each grain boundary. Based on the total classification of grain boundaries, each grain boundary must be assigned by its corresponding diffusion coefficient.

In contrast to the real curve, the findings of our simulations always indicate a rise in the effective diffusion coefficient (Fig. 25 in Chapter 3). This might be explained by the use of a high diffusion coefficient for all the random grain boundaries. Therefore, a simulation using 3D real microstructures and the exact grain boundaries may solve this problem.

Improving the diffusion properties of the triple junctions

According to the conventional approach, the diffusion characteristics of the triple junctions are defined by the diffusion properties of the grain boundaries to which they are linked. However, it has been shown that the diffusion coefficient of triple junctions exceeds that of grain boundaries [START_REF] Chellali | Triple Junction Transport and the Impact of Grain Boundary Width in Nanocrystalline Cu[END_REF]Chen and Schuh 2007b;[START_REF] Wegner | Grain boundary and triple junction diffusion in nanocrystalline copper[END_REF]. Also, it was demonstrated that the segregation and the excess energy of the triple junction should be lower or higher than the grain boundaries that intersect, which influence the diffusion process [START_REF] Adlakha | Structural stability and energetics of grain boundary triple junctions in face centered cubic materials[END_REF][START_REF] Tian | Study the grain boundary triple junction segregation of phosphorus in a nickel-base alloy using energy dispersive X-ray spectroscopy on a transmission electron microscope[END_REF]. Moreover, it has been shown that it may be possible to have large energy in triple junctions even with the intersection of low angle grain boundaries (Special boundaries) [START_REF] Priester | Grain Boundaries: From Theory to Engineering[END_REF][START_REF] Shekhar | Strain fields and energies of grain boundary triple junctions[END_REF]. Thus, it is critical to investigate the characteristics of triple junctions and then apply them to a diffusion model.

Inverse method

Hydrogen diffusion is directly dependent on the distribution of microstructural features and local diffusivity. In this thesis, we generate a grain boundary network based on experimental data and then we analyze the effective diffusion coefficient. Hence, a random process is used in these attribution methods. Thus, several grain boundary networks are constructed for a given attribution method. The average diffusion coefficient is computed to consider all the possible networks. However, it may be possible by using the machine learning technique to obtain grain boundary networks from a defined diffusion coefficient. Machine learning techniques have been employed to generate 3D heterogeneous microstructure using a generative adversarial network (GAN) [START_REF] Hsu | Microstructure Generation via Generative Adversarial Network for Heterogeneous, Topologically Complex 3D Materials[END_REF]. In addition, it has been used to determine the five degrees of freedom of grain boundaries [START_REF] Hu | Genetic algorithm-guided deep learning of grain boundary diagrams: Addressing the challenge of five degrees of freedom[END_REF]. Therefore, the new technique entails determining the distribution networks of a new microstructure and recalculating the related diffusion coefficient. This technique is the inverse of our work. It is referred to as the inverse method.

Anisotropy of hydrogen diffusion

It has been shown that the diffusivity of hydrogen parallel or normal to the grain boundary plane differs [START_REF] Jaseliunaite | Kinetic Modeling of Grain Boundary Diffusion: The Influence of Grain Size and Surface Processes[END_REF][START_REF] Gryaznov | Finite element simulation of diffusion into polycrystalline materials[END_REF][START_REF] Suzuki | Atomic mechanisms of grain boundary diffusion: Low versus high temperatures[END_REF]. Additionally, the anisotropy of hydrogen is measured in the crystallographic orientation of the lattices, yielding varied diffusion coefficients [START_REF] Cao | Effects of Textures on Hydrogen Diffusion in Nickel[END_REF]Li 2017a]. Thus, exploring the implications of hydrogen diffusion anisotropy on the macroscopic diffusion coefficient would be interesting.

Appendices

As mentioned in the second chapter, we distributed the grain boundary networks using constrained attribution. Thus, the fractions of triple junctions are imposed. Because of the excess formation of the types of triple junctions during the distribution process, the imposed values do not correspond to the experimental results.

Therefore, all of the values utilized in this thesis for each attribution method are given. Starting with the triple junction attribution, the parameters imposed are: the fractions of type 𝐽 0 and type 𝐽 1 of triple junctions. All the different variables for different grain sizes in 2D are illustrated in For hybrid attribution, we use the same parameters, as well as one new parameter, stated below:

As we have seen, a subset of triple junctions of type 𝐽 1 is imposed at the beginning of the distribution, therefore the new parameter is a population of random triple junctions fractions (𝐽 1 + 𝐽 0 ). All the parameters are illustrated in 
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 1 Fig. 1: Hydrogen Embrittlement [Lee 2016].
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 5 Fig. 5: Electrochemical permeation mechanism.
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 7 Fig. 7: Charging curve.
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 8 Fig. 8: Representation of the activation energy of lattice and trap sites. 𝐸 𝐿 : activation energy of the lattice site. 𝐸 𝑇 : activation energy of the trap site. 𝐸 𝑇𝐿 : activation energy of the lattice and trap site required to exit the trap sitea [Lynch 2012].
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 11 Fig. 11: Macroscopic parameters that define a grain boundary [Lejček 2010].
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 12 Fig. 12: Representation of low and high angle grain boundary. D is the dislocation spacing [Priester 2012].
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 13 Fig. 13: Illustration of tilt and twist angle [Lejček 2010].
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 14 Fig. 14: 𝛴 5 coïncidence site lattice. The white and violet represent the grains and the black is the coincidence lattice sites after the rotation of the two grains [Tucker 2013].All these classifications are illustrated in Fig.15below.
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 22 Fig.22: Bi-crystals for four different grain boundaries[START_REF] Li | The contribution of the grain boundary engineering to the problem of intergranular hydrogen embrittlement[END_REF]]. With (110) the lattice plane, <110> the equivalent directions of lattice plane, {311} the equivalent sets of lattice plane, 50°30 the angle of misorientation.
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 23 Fig. 23: Variation of the difference in the solubility between single and bi crystals as a function of the grain boundary energy 𝐸 𝐺𝐵 [Li 2017b].
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 25 Fig. 25: Free volume per unit area as a function of the misorientation angle. With (001) the lattice plane and [001] the direction.
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 29 Fig. 29: Periodic model of grains and grain boundaries.

  Fig. 30: Classification of triple Junctions.
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 31 Fig. 31: Variation of the fraction of the triple junctions as a function of the fraction of special grain boundaries. The dashed line represents the analytical solution, the continuous line represents the distribution of Schuh for A=0.67, and the blue triangle represents the experimental data of nickel polycrystalline [Oudriss 2012a].
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 32 Fig.32: Effect of the triple junction on the average width of the carbide[Li et al. 2019a].
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 36 Fig.36: Illustration of a quadruple junction formed by four grains[START_REF] Frary | Crystallographically consistent percolation theory for grain boundary networks[END_REF]].
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 37 Fig. 37: Comparison of the correlation length ξ normalized by the thickness of the membrane 𝑒 𝑚 as a function of random grain boundary 𝑓 𝑅 between a random distribution in an ideal microstructure and a distribution in a real microstructure [Osman Hoch 2015].
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 38 Fig. 38: Illustration of the distribution in the microstructures: R is the random grain boundary, 𝛴 is the special grain boundary, 𝐷 𝑔 is the diffusion coefficient of the grain, and 𝐷 𝑔𝑏 is the diffusion coefficient of the grain boundary.
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 39 Fig. 39: Different random grain boundary networks generated by assigning the orientations of eachgrain[START_REF] Frary | Crystallographically consistent percolation theory for grain boundary networks[END_REF]].
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 40 Fig. 40: Shifted percolation threshold of constrained distributions [Schuh et al. 2003b]. Schuh et al. use the Monte Carlo method with the crystallographic constraints at triple junctions to assign grain boundary types to obtain the grain boundary network. In addition, they employ the Miyazawa et al. product rule (Eq (12)) [Miyazawa et al. 1996]. Using grain boundary engineering, they generate the grain boundary networks by four grain boundary types: the twin variants (resistant boundaries): Σ 3 , Σ 9 , Σ 27 and the random boundary. The other low boundary can be eliminated because of their low fraction. Schuh et al. introduce a numerical probability 𝐴 = 𝑓 Σ 3 𝑓 Σ
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 41 Fig. 41: Possible combinations of triple junctions.
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 42 Fig.42compares the experimental data[Frary and Schuh 2005a;[START_REF] Kumar | Modifications to the Microstructural Topology in F.C.C. Materials through Thermomechanical Processing[END_REF] Oudriss et al. 2012a;[START_REF] Randle | Deviation from Reference Planes and Reference Misorientation for Σ3 Boundaries[END_REF] and the analytical data for the random and constrained process. The constrained distribution data are very close to experimental data. This finding is not surprising, given that we have demonstrated that the random distribution of grain boundaries is insufficient for studying the topology of microstructures.
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 42 Fig. 42: Probability of each triple junction as a function of the fraction of special grain boundaries[Oudriss et al. 2012a].
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 43 Fig. 43: Homogenization process.
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 44 Fig. 44: Parallel diffusion [Voigt 1887].

  volume fraction and d the dimensionality.
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 46 Fig. 46: Representation of Hashin-Shtrikman models: a) 𝐻𝑆 + 𝑏𝑜𝑢𝑛𝑑 and b) 𝐻𝑆 -bound.
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 47 Fig. 47: The effective diffusion coefficient as a function of the volume fraction p for two different diffusivity ratios.
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 49 Fig. 49: Maxwell-Garnett Theory.
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 50 Fig. 50: Illustration of Bruggeman's theory.
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 51 Fig. 51: Comparison of the homogenization method Mori-Tanaka with the finite element simulation of Legrand et al. by varying the segregation factor s [Knyazeva et al. 2015].
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 53 Fig. 53: Comparison of the FEM results with the homogenization approach by their effective coefficient of diffusion 𝐷 𝑒𝑓𝑓 normalized by the lattice diffusivity 𝐷 𝐿 as a function of the random grain boundaries fractions for different lattice sizes. a) represents the results on 2D microstructures. b) represents the results on 3D microstructures [Osman Hoch 2015].
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 54 Fig. 54: Lattice percolation and cluster. It exists two types of lattice percolation: Bond percolation and site percolation. a. Bond percolation:
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 55 Fig. 55: Bond percolation.
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 56 Fig. 56: Site percolation.
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 57 Fig. 57: Representative elementary volume of the nickel microstructure; 𝑒 𝑚 (𝜇𝑚) represents the thickness of the membrane, ℎ 𝑚 (𝜇𝑚) represents the height of the membrane, 𝜆 is the size of the grain, GB is the grain boundary and TJ is the triple junction.
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 61 Fig. 61: Illustration of the generation of 3D microstructure.
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 64 Fig. 64: The effective diffusion coefficient normalized by the lattice diffusion as a function of the random grain boundary fraction for different height 𝑑 𝑚 [Osman Hoch 2015].
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 65 Fig. 65: Effects of the thickness of the membrane on the effective diffusion coefficient [Osman Hoch 2015].
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 66 Fig. 66: Illustration of the distribution of grain boundaries and triple junctions.
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 69 Fig. 69: Taxonomy of grain boundary cluster representing different configurations for the same cluster of mass s=9 with their number of each type of triple junctions (𝐽 2 -𝐽 1 -𝐽 0 ) respectively [Frary and Schuh 2005b].

Fig. 71 :

 71 Fig. 71: Illustration of a grain boundary network generated by the closed path methodology.
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 72 Fig. 72: Creating a chain of triple junctions 𝐽 1 .
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 73 Fig. 73: Illustration of the algorithm of hybrid attribution.
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 75 Fig. 75: A meshed reconstructed realistic microstructure with grain boundary thickness and its corresponding algorithm.
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 76 Fig. 76: Grain boundaries classification in the reconstructed microstructures from the EBSD map.
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 77 Fig. 77 : Representation of the five EBSD maps and their reconstructed realistic heterogeneous microstructures in the FEM model.
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 78 Fig. 78: Two possible ways of two-dimensional connectivity of pixel.
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 80 Fig. 80: Three possible ways of three-dimensional connectivity of pixel.
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 81 Fig. 81: Representation of the equivalent ellipse with the same mass as the cluster.
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 82 Fig. 82: The correlation length normalized by the thickness of the membrane as a function of the fraction of random grain boundaries for three different membrane sizes. 𝑁 𝑏 is the number of grain boundaries in each microstructure, and 𝑃 𝑐 is the percolation threshold [Osman Hoch et al. 2015].

  Fig. 83: Illustration of diffusion model and the corresponding boundary conditions in two dimensions for a) the reconstructed microstructure and b) the idealized microstructure.
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 84 Fig. 84: Illustration of diffusion model and the corresponding boundary conditions in threedimensions.
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 85 Fig. 85: High contrast of mesh near the grain boundaries.
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 86 Fig. 86: Meshing a microstructure by generating a few elements inside the grain boundaries.
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 87 Fig. 87: High contrast of mesh near the triple junctions and decomposition process as a solution to a better mesh representation.
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 88 Fig. 88: Flux curve extracted from the diffusion process, representing the breakthrough time and the steady state flux.
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 89 Fig. 89: Variation of the average diffusion coefficient as a function of the trials number for 50, 150, and 300 trials number. a) correspond to 𝑓 𝑟 = 60%, b) correspond to 𝑓 𝑟 = 40%, and c) correspond to 𝑓 𝑟 = 20%.
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 90 Fig. 90: Representation of ideal microstructures for different numbers of grains in the height of the membrane.
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 91 Fig. 91: Variation of average diffusion coefficient in function of the height of the membrane.
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 92 Fig. 92: Variation of the diffusion coefficient for 150 networks generated by random attribution with the same fraction of random grain boundary imposed.
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 93 Fig. 93: Representation of random grain boundary networks for different distributions: a) random distribution and b) Constrained distribution on the fraction of triple junctions.

  Fig. 94 depicts the different cartography for each fraction of closed grains with combined fractions, as well as the influence of each fraction on diffusivity.
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 94 Fig. 94: Illustration of different fractions of closed grains with the effective diffusion coefficient obtained.
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 95 Fig. 95: Variation of the diffusion coefficient as a function of the fraction of three closed grains (3 cg).

Fig. 96 :

 96 Fig. 96: Variation of the diffusion coefficient as a function of the fraction of two and one closed grains(2 cg and 1 cg).
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 97 Fig. 97: Same effective diffusion coefficient for a different fraction of closed grains.
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 98 Fig. 98: Illustration of the distribution networks and their diffusivity: a) for random attribution method, b) for hybrid attribution method.

Fig. 99 :

 99 Fig. 99: Distribution of random (red) and special (green) grain boundary networks for real microstructures in nanoscale obtained byOudriss et al. [Oudriss et al. 2012a]. 𝜆 is the average grain size.
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 101 Fig. 101: Variation of the fractions of random and special grain boundaries as a function of the grain sizes.
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 102 Fig. 102: Distribution of the fractions of triple junctions for the different attribution methods for two grain sizes corresponding to micro and nano scale.
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 103 Fig. 103: Distribution of the fractions of triple junctions for the different real reconstructed microstructures. 𝑓 𝑟 represent the fraction of random grain boundary.
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 104 Fig. 104: Variation of the fractions of random and special triple junctions as a function of the grain size.
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 105 Fig. 105: Normalized correlation length ξ as a function of the fraction of the random grain boundaries for grain boundary networks in 2D idealized and reconstructed microstructures.
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 106 Fig. 106: The fractions of the types of triple junction for generated microstructures by random and hybrid attribution compared to the experimental data, for two fractions of random grain boundaries 53% and 66%.
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 107 Fig. 107: Different types of connectivity in 3D microstructures: a) triple junction connectivity, and b) grain boundary connectivity. the random triple junction and grain boundary are represented colored in red.
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 108 Fig. 108: The correlation length normalized by the thickness of the membrane as a function of the fraction of random grain boundaries 𝑓 𝑟 (grain boundaries connectivity).
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 109 Fig. 109: The correlation length normalized by the thickness of the membrane as a function of the fraction of random grain boundaries 𝑓 𝑟 (triple junctions connectivity).

Fig. 110 :

 110 Fig. 110: Representation of the networks of the four attributions methods.
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 111 Fig.111: Estimation of the relative error for each attribution method at a grain size of (7 𝜇𝑚).
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 112 Fig.112: Estimation of the relative error for each attribution method at a grain size of (0.7 𝜇𝑚).
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 113 Fig. 113: The effective diffusion coefficient as a function of the grain sizes for 2D and 3D idealized microstructures and 2D real microstructures.
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 114 Fig. 114: Representation of the triple junctions: a) as a surface in a 2D microstructure, b) as a volume in a 3D microstructure.
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 115 Fig. 115: The effective diffusion coefficient as a function of the grains size for different values of the correlation length.
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 116 Fig. 116: The effective diffusion coefficient as a function of the correlation length.
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Table 1

 1 

		below:	
		Number of degree of freedom	Type
		2	Rotation axis 𝜙
	Interface operation		
		1	Rotation angle 𝜃
	Joint plane	2	Normal orientation n of the joint plane

Table 1 :

 1 Degree of Freedom.

Table 2 :

 2 

	Crystalline network d	Z	𝑝 𝑐 (𝑏𝑜𝑛𝑑)	𝑝 𝑐 (Site)
	Hexagonal	2	3	0.653 [Sykes and Essam 1964]	0.696 [Djordjevic et al. 1982]
	Square	2	4	0.5 [Stauffer and Aharony 2017] 0.593 [Derrida and Stauffer
					1985]
	Voronoi tessellation 2	3	0.68 [Shante and Kirkpatrick	0.71 [Becker and Ziff 2009]
				1971]	
	Diamond	3	4	0.37 [Xu et al. 2014]	0.43 [Gaunt and Sykes 1983]
	simple cubic	3	5	0.247 [Sykes and Essam 1964]	0.307 [Sykes and Essam 1964]
	Face-centered cube	3	12	0.119 [Stauffer and Aharony	0.198 [Stauffer and Aharony
				2017]	2017]

Table 2 :

 2 Numerical Values for percolation Threshold.

Table 3 :

 3 Critical exponents in two and three dimensions.

	critical exponents	d=2	d=3
	𝛽	5/36	0.41
	𝛽 𝐵	0.47	1.05
	𝜈	4/3	0.88

Table 4

 4 

	:

Table 4 :

 4 Scaling exponents.

Table 5 :

 5 Parameters for the simulation of the diffusion through the 2D microstructures.

	Parameters	Description	Values
	𝑒 𝑚	Thickness of the membrane	200 𝜇𝑚

Table 6 :

 6 Parameters for the simulation of the diffusion through the 3D microstructures.

	Parameters	Description	Values
	𝑒 𝑚	The thickness of the membrane	8 𝜇𝑚, 200 𝜇𝑚
	𝑑 𝑚	Width of the membrane	0.5 -100 𝜇𝑚
	ℎ 𝑚	Height of the membrane	0.35 -70 𝜇𝑚
	𝑒 𝑔𝑏		

Table 7 :

 7 Variation in the proportion of triple junctions as a function of grain size and the fraction of random grain boundaries 𝑓 𝑟 . These data represent the average of the experimental results extracted from the EBSD analysis on real microstructures[Oudriss 2012b].

	𝜆 (Grain size)	Fraction of RGB, 𝑓 𝑟	𝐽 0 (3R)	𝐽 1 (2R)	𝐽 2 (1R)	𝐽 3 (0R)
	Micrometer					
		53% ±5%	22% ±5%	62% ±3%	5% ±2%	11% ±5%
	scale					
	Nanometer					
		66% ±2%	39% ±3%	43% ±3%	7% ±2%	9% ±2%
	scale					

Table 8 :

 8 Parameters for modeling the 2D reconstructed realistic heterogeneous microstructures.

	Parameters	Description	Values
	𝑒 𝑚	The thickness of the membrane	7 -700 𝜇𝑚
	ℎ 𝑚	Height of the membrane	7 -350 𝜇𝑚
	𝑒 𝑔𝑏		

Table 9 :

 9 The number of nodes and elements generated by meshing 2D microstructures for different grain size.

	Grain size	Number of nodes	Number of elements
	8.3 𝜇𝑚	2924	5846
	515 nm	157410	314818
	124 nm	2497410	4994818
	59 nm	2502338	5004674

Table 10 :

 10 The number of nodes and elements generated by meshing 3D microstructures for different grain size.

	Grain size	Number of nodes	Number of elements
	6.5 𝝁𝒎	101402	585407
	1.56 𝝁𝒎	1494129	8732171
	120 nm	198786	1152140
	50 nm	424077	2466463
	20 nm	1063295	6142879

Table 11 :

 11 Statistical study of a microstructure generated by random attribution corresponding to a fraction of random grain boundaries of 60%, 40%, and 20%.

			𝒇 𝒓 = 𝟔𝟎%			𝒇 𝒓 = 𝟒𝟎%			𝒇 𝒓 = 𝟐𝟎%	
	Nb trial	50	150	300	50	150	300	50	150	300
	Avg 𝑫 𝒆𝒇𝒇 (𝟏𝟎 -𝟏𝟑 . 𝒎 𝟐 . 𝒔 -𝟏 )	5.60	6.39	6.23	0.583	0.534	0.547	0.108	0.103	0.104
	Standard deviation	10.18 %	11.62 %	5.49 %	4.48 %	2.45 %	2.12 %	5.25 %	3.04 %	2.93 %

Table 12 :

 12 Experimental and numerical data of the fraction of triple junctions for a fraction of 53% of RGB.

	Triple Junction	𝐽 0 (3R)	𝐽 1 (2R)	𝐽 2 (1R)	𝐽 3 (0R)
	Experimental [Oudriss 2012b]	22% ±5%	62% ±3%	5% ±2%	11% ±5%
	Numerical	18%	33%	39%	9%

Table 13 :

 13 Comparison of the fractions of the four types of triple junctions for experimental and constrained triple junction distribution results.

	Triple Junction	𝐽 0 (3R)	𝐽 1 (2R)	𝐽 2 (1R)	𝐽 3 (0R)
	Experimental [Oudriss 2012b]	22% ±5%	62% ±3%	5% ±2%	11% ±5%
	Numerical	22%	38%	26%	14%

Table 14 :

 14 Experimental data of the fraction of triple junctions and numerical data for a constrained distribution by creating a closed path.Many attributions have been made for different fractions of closed grains.

	Triple Junction	𝐽 0 (3R)	𝐽 1 (2R)	𝐽 2 (1R)	𝐽 3 (0R)
	Experimental [Oudriss 2012b]	22% ±5%	62% ±3%	5% ±2%	11% ±5%
	Numerical	22%	41%	10%	27%

Table 15 :

 15 Comparison of the fractions of the four types of triple junctions for experimental and hybrid distribution results.

	Triple Junction	𝐽 0 (3R)	𝐽 1 (2R)	𝐽 2 (1R)	𝐽 3 (0R)
	Experimental [Oudriss 2012b]	22% ±5%	62% ±3%	5% ±2%	11% ±5%
	Numerical	22%	62%	6%	10%

Table 16 :

 16 Illustration of the statistical study of different attribution methods corresponding to a fraction of random grain boundaries of 53% and grain size of 7 𝜇𝑚, for 50 cases.

		Random	Constrained triple	Closed grains	Hybrid
		attribution	junction attribution	attribution	attribution
	𝐴𝑣𝑔 𝐷 𝑒𝑓𝑓 (𝑚 2 . 𝑠 -1 )	1.16. 10 -13	1.94. 10 -13	2.18. 10 -13	2.4. 10 -13
	Standard deviation	1.35 %	1.14 %	1.29 %	1.55 %

Table 17 :

 17 Illustration of the statistical study of different attribution methods corresponding to a fraction of random grain boundaries of 66% and grain size of 0.7 𝜇𝑚, for 50 cases.Simulations have been done on different networks generated for the four attribution methods to analyze the effect of the connectivity. As there is a random part in each method, a statistical study is illustrated in Table16for a grain size of 7𝜇𝑚 and Table

		Random	Constrained triple	Closed grains	Hybrid
		attribution	junction attribution	attribution	attribution
	𝐴𝑣𝑔 𝐷 𝑒𝑓𝑓 (𝑚 2 . 𝑠 -1 )	3.7. 10 -13	5.75. 10 -13	7.93. 10 -13	8.68. 10 -13
	Standard deviation	1.46 %	0.46 %	0.72 %	0.63 %

Table 18 :

 18 Effective diffusion coefficient of hydrogen in the function of the attribution methods for two grain sizes in micro and nano scale.

	D eff (m 2 . s -1 )

Table 19 :

 19 Table 19: Representation of the value of the parameters used in triple junction attribution.For the closed grains attribution, the same parameters have been used. The data are illustrated in Table20:

	𝜆 (𝜇𝑚) (Grain size)	𝐽 0 (3R)	𝐽 1 (2R)
	7	22	38
	0.7	35	45

Table 20 :

 20 Representation of the value of the parameters used in closed grains attribution.

	𝜆 (𝜇𝑚) (Grain size)	𝐽 0 (3R)	𝐽 1 (2R)
	7	22	41
	0.7	35	39

  Table 21 and Table 22 for 2D and 3D microstructures, respectively:

Table 21 :

 21 Representation of the value of the parameters used in 2D hybrid attribution.

	𝜆 (𝜇𝑚) (Grain size)	𝐽 0 (3R)	𝐽 1 (2R)	Part of (𝐽 1+ 𝐽 0 )
	7	13	62	0.8
	0.7	35	38	0.94
	8.3	0.09	0.68	0.7
	0.515	0.17	0.55	0.99
	0.127	0.32	0.5	0.5
	0.059	0.56	0.28	0.62

Table 22 :

 22 Representation of the value of the parameters used in 3D hybrid attribution.

	𝜆 (𝜇𝑚) (Grain size)	𝐽 0 (3R)	𝐽 1 (2R)	Part of (𝐽 1+ 𝐽 0 )
	6.25	0.001	0.57	0.54
	0.156	0.01	0.55	0.65
	0.12	0.22	0.41	0.3
	0.058	0.21	0.41	0.3
	0.02	0.21	0.41	0.3

The percolation behavior is the study of interconnectivity between the GBs. It is characterized by a percolation threshold, which indicates the transition from large clusters to percolative GB clusters.

Where Σ 𝑎 , Σ 𝑏 𝑎𝑛𝑑 Σ 𝑐 are the three boundaries that intersect at the triple junction, and m is a common divisor of a and b.

It is assumed that the imposed current densities create a steady state at the surface in the two cells, corresponding to a concentration.
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VI. Approach graphic overview

Impact of the attribution methods?

Effects of the connectivity on the diffusivity?

Effects of the distribution of triple junctions on the effective diffusion coefficients?

Effects of grain size on the diffusion?

Evolution of the effective diffusion coefficient in 2D and 3D simulations

Effet de la nature et de la connectivité des joints de grains sur la diffusion de l'hydrogène dans les matériaux hétérogènes

Résumé :

Pour anticiper la fragilisation par l'hydrogène, il faut connaître l'effet des différentes échelles temporelles et spatiales sur les processus de diffusion et de piégeage dans la microstructure du matériau. Dans ce travail, nous examinons l'impact de différents types de jonctions triples (TJ) et de joints de grains (GB) et de leur connectivité sur la diffusion de l'hydrogène. Tout d'abord, nous proposons quatre algorithmes pour contrôler la distribution des fractions de TJ en fonction d'une fraction donnée de joints de grains aléatoires. Ensuite, à l'aide de la modélisation par éléments finis, nous étudions les effets de la distribution des jonctions triples sur la diffusivité de l'hydrogène. Nous découvrons des relations remarquables entre la connectivité des joints de grains et le coefficient de diffusion effectif en quantifiant les réseaux de joints de grains dans des microstructures idéalisées en 2D. De plus, une plus grande diffusivité est reflétée dans les matériaux nanocristallins. Nos résultats prouvent qu'ils reproduisent les chemins de connectivité des GB en contraignant la distribution. En outre, des microstructures EBSD reconstruites en 2D ont été simulées et comparées aux données expérimentales. Ensuite, des simulations de microstructures idéalisées en 3D ont été réalisées, et les effets de la connectivité des jonctions triple ont été étudiés. Nous montrons qu'il existe de forte corrélation entre la connectivité des jonctions triple et le coefficient de diffusion effectif, en particulier dans les matériaux nanocristallins. Les simulations 3D s'approchent plus précisément des résultats expérimentaux tant que l'impact de la connectivité des TJ est inclus.

Mots clés : Diffusion de l'hydrogène, Joint de grains, Jonctions triple, Distribution, Connectivité, FEM.

Effect of grain boundary nature and connectivity on the diffusion of hydrogen in heterogeneous materials

Abstract:

Anticipating hydrogen embrittlement requires knowledge of the effect of different time and spatial scales within diffusion and trapping processes in the material's microstructure. In this work, we examine the impact of various types of triple junctions (TJ) and grain boundaries (GB) and their connectivity on the diffusion of hydrogen. First, we propose four algorithms to control the distribution of TJ fractions depending on a given fraction of Random grain boundaries. Then, using finite element modeling, we investigate the effects of triple junction distribution on hydrogen diffusivity. We discover remarkable relationships between grain boundary connectivity and the effective diffusion coefficient by quantifying grain boundary networks in 2D idealized microstructures. In addition, greater diffusivity is reflected in nanocrystalline materials. Our results prove to reproduce GB connectivity paths by compelling the distribution. Furthermore, 2D reconstructed EBSD microstructures were simulated and compared to experimental data. Following that, 3D simulations of idealized microstructures were performed, and the effects of triple junction connectivity were investigated. We show that there is strong correlation between the connectivity of the triple junction and the effective diffusion coefficient, particularly in nanocrystalline materials. 3D simulations approach the experimental results more accurately as the impact of the connectivity of TJs is included.