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We present the study of hydrogen atom segregation on screw dislocation in Fe and W metals by means of rigid lattice Monte Carlo simulations using interaction energies obtained from ab initio calculations. These interaction energies are attractive or repulsive depending on direction and distance. This high interaction anisotropy leads to the formation of a 3D compound for both iron and tungsten. A second consequence is that, within a given temperature range, hydrogen enrichment is greater at the outer than at the innermost sites of the dislocation. This unusual behavior is only observed for iron. We propose a mean-field model that accounts for the ordering phenomenon to explain the results and the differences between the two metals.

Introduction

The use of hydrogen in energy applications to replace fossil fuels represents a considerable challenge, in particular because hydrogen degrades the mechanical properties of materials.

The embrittlement of metallic materials by hydrogen was identified a century ago [START_REF] Johnson | On some remarkable changes produced in iron and steel by the action of hydrogen and acids[END_REF] and is still the subject of intensive studies [START_REF] Aucouturier | Grain Boundary Segregations and Hydrogen Embrittlement[END_REF][START_REF] Guo | Mechanism of hydrogen embrittlement in a gamma-prime phase strengthened Fe-Ni based austenitic alloy[END_REF][START_REF] Dear | Mechanisms of hydrogen embrittlement in steels: Discussion[END_REF][START_REF] Wang | The thermodynamics aspects of hydrogen induced embrittlement[END_REF][START_REF] Robertson | Hydrogen Embrittlement Understood[END_REF][START_REF] Song | Atomic mechanism and prediction of hydrogen embrittlement in iron[END_REF]. It is also well known that the repartition of solute atoms, such as hydrogen, near crystallographic defects (point defects, dislocations, surfaces, and interfaces) differs from the bulk one. Experimental studies have shown that the presence of hydrogen on dislocations modifies their mobility [START_REF] Robertson | An HVEM study of hydrogen effects on the deformation and fracture of nickel[END_REF][START_REF] Shih | Hydrogen embrittlement of α titanium: In situ tem studies[END_REF][10][START_REF] Tabata | Direct observations of the effect of hydrogen on the 28 behavior of dislocations in iron[END_REF][START_REF] Matsumoto | Hydrogen Effect on the Mobility of Edge Dislocation in α-Iron: A Long-Timescale Molecular Dynamics Simulation[END_REF][START_REF] Song | Mechanisms of hydrogen-enhanced localized plasticity: An atomistic study using α-Fe as a model system[END_REF]. Thus, knowledge of the hydrogen chemical composition on a dislocation is fundamental to understand how hydrogen reduces ductility in metals.

Hydrogen segregation has often been studied at vacancy [START_REF] Pham | Fundamental Study of Hydrogen Segregation at Vacancy and Grain Boundary in Palladium[END_REF], surfaces [START_REF] Ekborg-Tanner | Hydrogen-Driven Surface Segregation in Pd Alloys from Atomic-Scale Simulations[END_REF][START_REF] Postma | Monte Carlo simulations of surface segregation to discover new hydrogen separation membranes[END_REF], grain boundaries [START_REF] Aucouturier | Grain Boundary Segregations and Hydrogen Embrittlement[END_REF][START_REF] Pham | Fundamental Study of Hydrogen Segregation at Vacancy and Grain Boundary in Palladium[END_REF][START_REF] Ito | Analysis of grain-boundary segregation of hydrogen in bcc-Fe polycrystals via a nano-polycrystalline grain-boundary model[END_REF][START_REF] Zheng | Coupling effect of grain boundary and hydrogen segregation on dislocation nucleation in bi-crystal nickel[END_REF][START_REF] Lousada | Hydrogen at symmetric tilt grain boundaries in aluminum: segregation energies and structural features[END_REF][START_REF] Shen | Atomistic modelling of hydrogen segregation to 29 the Σ9{2 2 1[END_REF][START_REF] Jothi | Multi-phase modelling of intergranular hydrogen segregation/trapping for hydrogen embrittlement[END_REF][START_REF] Connétable | Segregation of hydrogen to defects in nickel using first-principles calculations: The case of self-interstitials and cavities[END_REF][START_REF] O'brien | Hydrogen segregation to inclined twin grain boundaries in nickel[END_REF], and dislocations [START_REF] Nowak | An interplay between a hydrogen atmosphere and dislocation characteristics in BCC Fe from time-averaged molecular dynamics[END_REF][START_REF] Wang | Hydrogen distribution induced screw dislocation core spreading in tungsten[END_REF][START_REF] Kirchheim | Segregation of hydrogen at dislocations, 11th[END_REF][START_REF] Bak | Effect of hydrogen on dislocation structure and straininduced martensite transformation in 316L stainless steel[END_REF][START_REF] Grigorev | Hybrid quantum/classical study of hydrogen-decorated screw dislocations in tungsten: Ultrafast pipe diffusion, core reconstruction, and effects on glide mechanism[END_REF][START_REF] Borges | Ab initio investigation of the screw dislocationhydrogen interaction in bcc tungsten and iron[END_REF][START_REF] Li | Hydrogen induced dislocation core reconstruction in bcc tungsten[END_REF]. For dislocations, hydrogen segregation was modeled either using elastic theory [START_REF] Zheng | Atomistic Study of the Interaction Nature of H-Dislocation and the Validity of Elasticity in Bcc Iron[END_REF][START_REF] Hachet | A multiscale analysis of the different interactions between defects and hydrogen: A review on the contribution of the elastic fields[END_REF], Molecular Statics or Monte-Carlo (MC) simulations with semi-empirical potentials [START_REF] Zheng | Atomistic Study of the Interaction Nature of H-Dislocation and the Validity of Elasticity in Bcc Iron[END_REF][START_REF] Tang | Atomistic simulations of the interactions of hydrogen with dislocations in fcc metals[END_REF][START_REF] Ramasubramaniam | Interatomic potentials for hydrogen in α -iron based on density functional theory[END_REF][START_REF] Yu | The key role played by dislocation core radius and energy in hydrogen interaction with dislocations[END_REF], or using ab initio calculations to obtain energetic interactions used as input data in rigid-lattice MC simulations or mean-field (MF) models [START_REF] Wang | Hydrogen distribution induced screw dislocation core spreading in tungsten[END_REF][START_REF] Borges | Ab initio investigation of the screw dislocationhydrogen interaction in bcc tungsten and iron[END_REF][START_REF] Li | Hydrogen induced dislocation core reconstruction in bcc tungsten[END_REF][START_REF] Drexler | Hydrogen segregation near a crack tip in nickel[END_REF][START_REF] Itakura | The effect of hydrogen atoms on the screw dislocation mobility in bcc iron: A first-principles study[END_REF].

In most cases the segregation is not confined to the dislocation axis and other sites in the vicinity of the dislocation may also be favorable for segregation. Enrichment is generally stronger at sites near the dislocation axis than at outer sites. This may explain why mean-field models rarely consider the sites furthest from the dislocation center. By considering only central sites, segregation at peripheral sites is assumed to be negligible. However, for other defects (surfaces, grain boundaries), studies show that the segregation profile is driven by interactions between adjacent planes [START_REF] Hizi | Tight-binding Ising modeling of the interplay between bulk ordering and surface segregation in Pt-Ag nanoalloys[END_REF][START_REF] Schmid | Segregation and surface chemical ordering -an experimental view on the atomic scale[END_REF][START_REF] Detor | Grain boundary segregation, chemical ordering and stability of nanocrystalline alloys: Atomistic computer simulations in the Ni-W system[END_REF][START_REF] Tréglia | Alloy surfaces: segregation, reconstruction and phase transitions[END_REF][START_REF] Luan | Theoretical study of surface segregation and ordering in Ni-based bimetallic surface alloys[END_REF][START_REF] Tétot | Cu-Ag (111) Polymorphism Induced by Segregation and Advacancies[END_REF][43][START_REF] Rittner | Solute-atom segregation to 〈110〉 symmetric tilt grain boundaries[END_REF][START_REF] Lopes | Ordering and surface segregation in Co1-cPtc nanoparticles: A theoretical study from surface alloys to nanoalloys[END_REF][START_REF] Creuze | Intergranular segregation and ordering effect: A mixed Monte Carlo mean-field approach[END_REF][START_REF] Creuze | Segregation and 2D-Compound in a Grain Boundary: An Exotic Behaviour[END_REF]. What about dislocations? What is the segregation profile from the central to the outermost sites of the dislocation? And what happens when the interactions are anisotropic?

To answer these questions, we investigate the hydrogen segregation at 1/2 <111> screw dislocation in iron and tungsten. Ab initio energetic parameters [START_REF] Borges | Ab initio investigation of the screw dislocationhydrogen interaction in bcc tungsten and iron[END_REF] are introduced into Monte Carlo simulations and into a mean-field (MF) modelling which allow the emergence of order phenomena. These energetic parameters show that many dislocation sites are favorable to hydrogen atom segregation; and that interactions between hydrogen atoms are highly diverse, some of them being characteristic of phase separation and others of ordering. The difference in hydrogen atom interactions of the two metals may lead to different segregation profiles. The strong anisotropy of interactions leads to the formation of a 3D compound for both iron and tungsten. We also show that, over a given temperature range, hydrogen enrichment is greater in the outer than in the inner sites of the dislocation. This unusual behavior is only observed for iron. To illustrate the importance of the coupling between segregation and ordering, and to explain the differences between the two metals, we compare the results with a homogeneous mean-field model which considers that all sites on a given line near the dislocation have the same concentration.

The paper is organized as follows. We present in section 2 the energetic parameters used to compute segregation profiles in Monte Carlo simulations (section 2.2) and in mean-field models (section 2.3). We detail two mean-field models, the heterogeneous MF which considers two types of sites for each line, in order to describe possible ordering and the homogeneous MF. In section 3, we present the iso-concentrations obtained with the heterogeneous MF for iron and tungsten (section 3.1). Monte Carlo profiles and microstructures are then detailed for both metals (section 3.2). Results are discussed and compared with those obtained with homogeneous MF in section 4, in order to highlight the coupling between segregation and ordering. Finally, in section 5 we list the general conclusions.

Methods of calculation

Energetic parameters

The interaction energies used in our simulations were obtained from ab initio calculations [START_REF] Borges | Ab initio investigation of the screw dislocationhydrogen interaction in bcc tungsten and iron[END_REF]. The insertion of hydrogen atoms leads to spontaneous reconstruction of the dislocation core, known as the "hard core". Dislocation sites favorable to the insertion of hydrogen atoms are located at the center of the faces of regular trigonal prisms and on adjacent octahedral sites (see figure 1a). Hereafter, we'll refer to the central region of prismatic sites as the dislocation core, and the peripheral sites as octahedral sites. These include the 𝑂 ( ) sites, then the 𝑂 ( ) sites and the 𝑂 ( ) sites, from the center of the dislocation outwards. Beyond these sites, hydrogen atom insertion takes place on tetrahedral sites. To describe the segregation of hydrogen on the dislocation, we use a lattice-gas model consisting of a 3D array of H insertion sites. The grand-canonical formulation of the Hamiltonian is:

𝐻 = 𝐻 + ∑ ∆𝐸 , ∑ 𝑝 + ∑ ∑ 𝑉 𝑝 , ( ) 𝑝 -𝜇 ∑ 𝑝 , ( 1 
)
where 𝐻 is a constant term, proportional to the energetic cost to transform a dislocation segment from an easy to a hard core. 𝑁 is the number of lines considered for the insertion of hydrogen atoms and 𝑁 the number of interstitial sites on a line. 𝑝 is the occupation number that equals 1 if the site 𝑛 of line 𝑖 is occupied by an inserted H-atom and 0 otherwise.

The Hamiltonian depends on two elements, the segregation energies ∆𝐸 , in dilute limit on a site of the 𝑖-line, and the pair interaction energies 𝑉 between hydrogen atoms on two sites 𝑛 and 𝑚 on the line 𝑖 and 𝑗, 𝜇 being the chemical potential.

The segregation energy of H atom in dilute limit is ∆𝐸 , = 𝐸 -𝐸 . 𝐸 (respectively,

𝐸

) is the total energy of the system when one H atom is inserted on a site of the 𝑖-line (respectively, a bulk site). A negative value of ∆𝐸 , means that the incorporation of hydrogen is favored on line 𝑖. Ab initio calculations show that the sites of the three core lines corresponding to the face centers of the prisms defined by the hard core and the sites of the octahedral lines 𝑂 ( ) (6 lines), 𝑂 ( ) (3 lines) and 𝑂 ( ) (6 lines), thus 𝑁 = 18 lines in all, are favorable for the hydrogen segregation for both iron and tungsten (see Table 1) [START_REF] Borges | Ab initio investigation of the screw dislocationhydrogen interaction in bcc tungsten and iron[END_REF]. Beyond these sites, the segregation energy in the dilute limit is negligible. At the dislocation, for both iron and tungsten, the segregation will occur preferentially on the core sites, then on the 𝑂 ( ) sites, then on the 𝑂 ( ) site and finally on the 𝑂 ( ) sites (see Table 1). Whatever the line (core, 𝑂 ( ) , 𝑂 ( ) or 𝑂 ( ) ) and the metal (iron or tungsten), there is no nearest neighbor interaction between H atoms of the same line along the Burgers vector direction (intra-line interaction), nor any interaction between H atoms in core lines and H atoms of 𝑂 ( ) lines, or between the H atoms of 𝑂 ( ) lines and the H atoms of 𝑂 ( ) and H atoms of 𝑂 ( ) lines. Ab initio calculations show (see Note that the energetic parameters for iron and tungsten are very similar, both for segregation energies in the dilute limit and for interaction energies. On average, all tungsten quantities are about twice those of iron. For both metals, |𝑉 | ≈ 𝑉 . For iron |𝑉 | ≈ 𝑉 but not for tungsten for which |𝑉 | = 2𝑉 .

∆𝐸 , (eV) ∆𝐸 ( ) , (eV) ∆𝐸 ( ) , (eV) ∆𝐸 ( ) , (eV) 
We briefly recall in the following subsections the two methods used to obtain the distribution of hydrogen atoms on the dislocation: the MC simulations and the MF approximation.

Monte Carlo simulations

To determine the distribution of H atoms onto the different sites of the dislocation, we perform Monte Carlo simulations in the grand-canonical ensemble [START_REF] Binder | Applications of the Monte Carlo Method in Statistical Physics[END_REF][START_REF] Binder | Monte Carlo Methods in Statistical Physics[END_REF][START_REF] Allen | Computer Simulation of Liquids[END_REF], where the bulk concentration of H is determined by the chemical potential 𝜇 which is calculated from the mean-field formalism in dilute limit:

𝜇 = 𝐸 + 𝑘 𝑇 ln , ( 2 
)
where 𝐸 is the incorporation energy of one isolated hydrogen atom into a bulk tetrahedral site and 𝑐 the bulk concentration of hydrogen. In these simulations, we do not equilibrate the bulk, but only consider the insertion of hydrogen atoms at the dislocation sites at a given 𝜇 value. We could also consider an infinite simulation box to equilibrate the bulk for the same value of chemical potential. For very dilute solutions (less than 1000 appm), interactions between hydrogen atoms in the bulk are negligible, and MC simulations would give the same bulk concentration as the mean-field approximation (eq. 2). We therefore consider the behavior of an isolated dislocation in an infinite box. Since the dislocation density is zero, the nominal concentration (the number of hydrogen atoms per metal atom) is simply 𝑐 = 6 𝑐 [START_REF] Borges | Ab initio investigation of the screw dislocationhydrogen interaction in bcc tungsten and iron[END_REF].

MC simulations in the grand canonical ensemble enables the optimization of both the number and the distribution of the hydrogen atoms on the different sites. Only incorporation and extraction of hydrogen atoms are proposed. A site is chosen randomly. If the site is empty then the incorporation of a hydrogen atom is proposed, otherwise extraction is proposed. A trial is accepted/rejected following the Metropolis algorithm [START_REF] Metropolis | Equation of State Calculations by Fast Computing Machines[END_REF]. The probabilities of incorporation and extraction are respectively:

𝑃 = exp - ∆ and 𝑃 = exp - ∆ , (3) 
with 𝑁 the total number of sites (𝑁 = 𝑁 × 𝑁 ) and 𝑁 the number of hydrogen atoms in the cell. ∆𝐸 (respectively ∆𝐸 ) represents the energy variation due to the incorporation (resp.

extraction) of a hydrogen atom. Each energy is given by the Hamiltonian (eq. 1) which depends on the configuration via the site occupation numbers. Therefore, MC simulations allow one the determination of iso-concentrations and isotherms, i.e. the evolution of the Hconcentration for the dislocation sites as a function of the temperature for a fixed value of the chemical potential (or of the bulk concentration) and respectively as a function of the chemical potential at a given temperature.

We perform the simulations for a 3D-lattice containing 𝑁 lines and assuming periodic boundary conditions. Each line is composed of 𝑁 = 100 sites. The total number of sites is 𝑁 = 1800 and the number of MC steps (number of incorporation/extraction events) is 𝑁 = 10 .

Mean-Field modelling

Starting from the Ising Hamiltonian, we can define different models using the mean-field approximation to predict segregation. First, to describe an ordered structure, we considered a model in which we introduced sub-lattices for each line near the dislocation. Then, we assume that each line has a homogeneous distribution as in [START_REF] Borges | Ab initio investigation of the screw dislocationhydrogen interaction in bcc tungsten and iron[END_REF]. In the following we will refer to these models as heterogeneous or homogeneous, respectively.

Minimizing the grand-canonical free energy with respect to the concentrations 𝑐 (where 𝑋 is a line or a sub-lattice on a line) leads to the segregation isotherm at temperature

𝑇 = 𝑒𝑥𝑝 - ∆ , (4) 
with 𝑐 the bulk concentration (given by eq. 2), 𝑘 the Boltzmann constant and ∆𝐸 the enthalpy of segregation which will be detailed below for each object considered (line or sublattice per line).

Heterogeneous Mean-Field

Given the values of the interaction energies used in the Ising model (Table 2), we can expect, in the ground state, an alternation of every second site occupied by a hydrogen atom in the direction of the Burgers vector. The sites are occupied simultaneously on neighboring octahedral lines in the direction perpendicular to the Burgers vector (see figure 2). For a concentration equal to ½, this scheme is repeated along the Burgers vector direction.

The system being heterogeneous with plain and empty sites, it is necessary to introduce sublattices (denoted 𝛼 and 𝛽 in the following), such that one (𝛼) describes the set of occupied sites and the other one (𝛽) the set of empty sites. This model then enables us to study the evolution of an ordered state as a function of temperature, by determining the concentration for each sub-lattice.

The system is then described by 7 equations, one for the core, and 6 for the octahedral lines (3 for the 𝛼 sub-lattices and 3 for the 𝛽 sub-lattices). The segregation enthalpies of each sublattice of the octahedral lines are defined as follows:

⎩ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎧ ∆𝐸 ( ) = ∆𝐸 ( ) , + 𝑉 𝑐 ( ) + 2𝑉 𝑐 ( ) ∆𝐸 ( ) = ∆𝐸 ( ) , + 𝑉 𝑐 ( ) + 2𝑉 𝑐 ( ) ∆𝐸 ( ) = ∆𝐸 ( ) , + 2 𝑉 𝑐 ( ) + 2𝑉 𝑐 ( ) ∆𝐸 ( ) = ∆𝐸 ( ) , + 2 𝑉 𝑐 ( ) + 2𝑉 𝑐 ( ) ∆𝐸 ( ) = ∆𝐸 ( ) , + 𝑉 𝑐 ( ) + 2𝑉 𝑐 ( ) ∆𝐸 ( ) = ∆𝐸 ( ) , + 𝑉 𝑐 ( ) + 2𝑉 𝑐 ( ) (5) 
This model includes the attractive interactions for the same sub-lattice (𝛼 or 𝛽) as well as the repulsive interactions between the two sub-lattices 𝛼 and 𝛽. The concentration of a line is equal to the average of the sub-lattice concentrations: 𝑐 ( ) = 𝑐 ( ) + 𝑐 ( ) /2, with 𝑥 = 4, 10 or 11.

Numerical resolution of equations ( 4) at a given temperature yields isotherms, i.e.

concentrations 𝑐 as a function of 𝑐 . Iso-concentrations are obtained for a fixed nominal concentration 𝑐 .

Homogeneous Mean-Field

The simplest model assumes that there is no local order on a line, in which case all the sites of a line are equivalent and the concentration is uniform throughout the line. Then, the system is described by 4 equations which lead to the concentrations of the core lines, and of the octahedral lines 𝑂 ( ) , 𝑂 ( ) and 𝑂 ( ) . The segregation enthalpies of each line are defined as follows:

⎩ ⎪ ⎨ ⎪ ⎧ ∆𝐸 = ∆𝐸 , , ∆𝐸 ( ) = ∆𝐸 ( ) , + 𝑉 𝑐 ( ) , ∆𝐸 ( ) = ∆𝐸 ( ) , + 2𝑉 𝑐 ( ) , ∆𝐸 ( ) = ∆𝐸 ( ) , + 𝑉 𝑐 ( ) , (6) 
where 𝑉 = 𝑉 + 2𝑉 and 𝑉 = 𝑉 + 2𝑉 are effective interactions between 𝑂 ( ) sites and between 𝑂 ( ) and 𝑂 ( ) sites. The values in Table 2 give 𝑉 = 0.23 eV and 𝑉 = 0.15

eV for iron and 𝑉 = 0.36 eV and 𝑉 = 0 eV for tungsten. Indeed, all these interactions are positive or null, and we can already observe that for tungsten, only the 𝑂 ( ) line has nonzero interactions. The consequences of having only positive interactions will be studied later.

Results

Heterogeneous mean field

We use the heterogeneous model described in section 2.3.1 to predict the evolution of the concentration of each line and of the sub-lattice concentrations as a function of temperature. For iron, the iso-concentrations for 𝑐 = 100 appm have the following features (see Figure 3):

 At low temperatures the iso-concentrations are characterized by two plateaus with a greater segregation in the core line than in the octahedral lines. The core sites are saturated (𝑐 = 1) by hydrogen atoms, while the octahedral lines, 𝑂 ( ) , 𝑂 ( ) and 𝑂 ( ) , have a concentration equal to ½ (see figure 3a). For each octahedral line, the 𝛼 sub-lattice is saturated, while the concentration of the 𝛽 sub-lattice is zero (see figure 3b). This is the signature of an ordered structure.

 As usual, when 𝑇 increases, after the plateaus, concentrations decrease.

Concentrations of the core line, and of the octahedral lines, 𝑂 ( ) and 𝑂 ( ) decrease at a lower temperature than the 𝑂 ( ) line concentration. This result is surprising, as one might think that enrichment follows the hierarchy of segregation energies in the dilute limit, and therefore that the inner lines are richer than the peripheral lines. To quantify the inversion of enrichment, we define a decay temperature 𝑇 / for each line as the temperature at which the line concentration is half the concentration at 0 K, i.e. the temperature at which 𝑐 = 0.5 for the core line and 𝑐 ( ) = 0.25 for the octahedral lines. The hierarchy of the decay temperatures is the following:

𝑇 / ( ) = 𝑇 / ( ) ≈ 𝑇 / < 𝑇 / ( )
. Hence, between 𝑇 / = 349 K and 𝑇 / ( ) = 354

K, hydrogen enrichment is greater at the 𝑂 ( ) sites than at the core sites.

 For the core lines, the decrease is monotonic whereas for the octahedral lines, the iso-concentrations are van der Waals loops both for average concentrations (see figure 3a) and 𝛼 sub-lattice concentrations (see figure 3b). This is the signature of phase separation transitions that are due to the attractive perpendicular inter-line interactions 𝑉 and 𝑉 (between 2 atoms of 2 adjacent lines in the same (111) plane).

 The 𝑂 ( ) and 𝑂 ( ) Note that Van der Waals loops characterize all states around 𝑇 / , stable, metastable and unstable. If we consider only the most stable states for each temperature, the octahedral curves become discontinuous at the decay temperature (see Figure 4). Almost all these characteristics are also observed on iso-concentrations for tungsten (see figure 5). The main differences are that  the length of the plateaus at low temperatures goes up to approximately 600 K instead of 200 K for iron,  the enrichment is always higher in core line than in octahedral lines. This is characterized by the decay temperatures 𝑇 / which follows the order 𝑇 / 

lines
This means that the decay temperatures are driven by the segregation enthalpy value.

Therefore, it is instructive to extract this quantity from the energetic values to determine the hierarchical order of the decay temperatures. The more negative ∆𝐸 (𝑐 = 1/2), the higher the decay temperature. When the line X is independent, with no intra-and inter-line interactions, such as the core line (for both metals), ∆𝐸 (𝑐 = 1/2) = ∆𝐸 , . The decay temperature of the 𝑂 ( ) line is set by the decrease of the 𝛼 sub-lattice so it is proportional to ∆𝐸 ( ) , + 𝑉 /2 for 𝑐 ( ) = 1/2 and 𝑐 ( ) = 0. Since 𝑉 is negative for both metals, the segregation enthalpy ∆𝐸 ( ) at the transition is more negative than ∆𝐸 ( ) , . For iron, the values resulting from this analysis are -0.22 eV for the core line and -0.315 eV for the 𝑂 ( ) line. The segregation occurs thus preferentially on the 𝛼 sub-lattice of the 𝑂 ( ) line. For tungsten, the values are respectively -0.75 eV and -0.74 eV for the core and the 𝑂 ( ) line.

The two values are very close; the segregation is slightly favorable on the core line. At the transition of the 𝛼 sub-lattice of line 𝑂 ( ) (respectively 𝑂 ( ) ) we can assume that 𝑐 ( ) = 0 = 𝑐 ( ) (resp. 𝑐 ( ) = 0.5, 𝑐 ( ) = 0), leading to very similar segregation enthalpy values for the two lines: ∆𝐸 ( ) = -0.17 eV (respectively -0.35 eV) and ∆𝐸 ( ) = -0.15 eV (resp.

-0.41 eV) for iron (resp. for tungsten).

In order to illustrate change in enrichment between iron and tungsten, we display the segregation profiles at a low temperature below 𝑇 / In the case of surface segregation, for systems with a tendency to phase separation (or ordering), the concentration profile is monotonic (or oscillating) as a function of distance from the surface plane [53,[START_REF] Mecke | Segregation profiles in Cu3Au above the order-disorder transition[END_REF]. The interactions in this case are both attractive and repulsive, so it is not possible to predict the type of profile. The segregation profiles show that, at low temperatures, hydrogen enrichment decreases away from the dislocation center and becomes 𝑐 beyond the 𝑂 ( ) , the profile decreases from the center outwards for both metals, although it is very flat for iron.

The anisotropy of interaction energies leads to both a phase separation transition and an ordering transition, whose properties are determined by isotherms and phase diagrams (see

Appendix A).
Let us conclude this section with two comments on these findings. Firstly, an iso-concentration is of all the same lines of the dislocation in the mean-field model. For example, the 𝑂 ( ) iso-concentration represents the six 𝑂 ( ) lines. At the decay temperature 𝑇 / ( ) , two states have the same free energy. Therefore, it should be asked whether this equilibrium is characterized by a phase separation on each pair of 𝑂 ( ) lines or by a mixture of pair of 𝑂 ( ) lines with one hydrogen-rich pair and two hydrogen-poor pairs, or vice versa. In the case of nanoparticles, for substitutional alloys, the coexistence of two states with the same free energy gives rise to a dynamic equilibrium in phase space affecting the set of facets with the same orientation between two configurations in semi-grand canonical Monte Carlo simulations [START_REF] Creuze | Segregation and Phase Transitions in Reduced Dimension: From Bulk to Clusters via Surfaces[END_REF]. The fluctuations of each facet may or may not be correlated, depending on the case. The same question arises for lines 𝑂 ( ) -𝑂 ( ) . Secondly, since there is no phase transition at 1D [START_REF] Ducastelle | Order and Phase Stability in Alloys[END_REF], the question is whether the observed transitions are a peculiarity of the mean-field model, or whether the pairs of 𝑂 ( ) lines and the triplets of 𝑂 ( ) -𝑂 ( ) lines can be considered as a two-dimensional lattice.

Monte Carlo simulations

Beyond the mean-field approximation framework, we shall now check the assumption of heterogeneous concentrations in the different lines of sites. We therefore perform Monte Carlo simulations in the grand canonical ensemble with the same Hamiltonian (see section 2.2). MC iso-concentrations are averaged over all sites of the same type of lines once the equilibrium is reached. The agreement between the two methods is satisfactory for both metals (see figure 7). MC simulations confirm the presence of plateaus at low temperatures.

Hydrogen enrichment forms an ordered structure on the octahedral lines, characterized by an equiatomic composition. The same hierarchical order of the decay transitions is obtained in MC simulations. Thus, for iron and at low temperatures, the core of the dislocation is richer than the octahedral lines, and at higher temperatures, between 𝑇 / and 𝑇 / ( ) , the 𝑂 ( ) line is richer than the core and the 𝑂 ( ) -𝑂 ( ) lines. For tungsten, the core lines remain richer than all other lines whatever the temperature. Finally, the𝑂 ( ) and 𝑂 ( ) The only difference between the two statistical methods is that the concentrations of the octahedral lines decrease continuously and monotonically. We have also checked that the isoconcentration of each line is identical to the average iso-concentration and does not fluctuate between hydrogen-rich and hydrogen-poor configurations. This suggests that there is no phase separation in MC simulations.

lines
We present the microstructures obtained by Monte Carlo simulations at different temperatures for the two metals. Only one sector (due to the symmetry) of the dislocation is shown, consisting of core line 1, 𝑂 ( ) lines 1 and 2, 𝑂 ( ) line 1 and 𝑂 ( ) lines 1 and 2 (see figure 1). Recall that the core lines are independent, that 𝑂 ( ) lines are grouped two by two and each pair is independent, and that each 𝑂 ( ) line is linked to two 𝑂 ( ) lines, each triplet being independent of the other triplets. For both metals, at low temperatures (see figure 8 a and b), the core line is saturated with H atoms, while only half of the sites are occupied on the octahedral lines forming an ordered structure. This explains why the average concentration of octahedral lines is 0.5 (see figure 7).

Each 𝑂 ( ) pair forms an ordered 2D-compound. The same applies for each 𝑂 ( ) -𝑂 ( ) -𝑂 ( ) triplet. Together, they form an ordered 3D compound on a screw dislocation which is considered as 1D-defect. This 3D compound has no equivalent in the bulk since interaction between hydrogen atoms in the bulk are negligible. We have previously shown that the heterogeneous mean-field model, based on the definition of two sublattices for each line, corresponding to every other atom along the line, allows us to predict the temperature evolution of these ordered structures.

At higher temperatures, the empty interstitial sites and hydrogen atoms are randomly distributed forming a random solid solution. First, the composition deviates from stoichiometry for the triplet 𝑂 ( ) -𝑂 ( ) -𝑂 ( ) (see figure 8 c andd). While perfect order, at stoichiometric composition, is defined by a long-range order (LRO) parameter equals to 1, when the composition deviates from stoichiometry, (see figure 8 c andd),

show that order can be described by short-range order (SRO):

 a H atom on a 𝑂 ( ) line is surrounded by two H atoms located on the two neighboring 𝑂 ( ) in the perpendicular direction of the Burgers vector due to the high attractive interaction 𝑉 . The perpendicular inter-line order shows some defects (see figure 8c) with the presence of 2 H atoms instead of 3.

 a H atom is always surrounded by two empty sites on the same line (in the direction of the Burgers vector). This result may seem surprising, given that there are no interactions between the hydrogen atoms along the line. The intra-line order is the consequence of the perpendicular inter-line order and the strong diagonal repulsive interaction 𝑉 . Then, the composition deviates from stoichiometry for the 𝑂 ( ) pair (see figure 8 f and g). A strong perpendicular inter-line order is observed, as well as an intra-line order respectively due to 𝑉 and to 𝑉 .

Note that microstructures of the other sectors of the dislocation are similar. There is never a perfectly ordered pair (or triplet) and the other two pairs empty simultaneously, which would be the signature of a phase separation.

The SRO can be characterized in Monte Carlo simulations by determining the Warren-Cowley parameter [START_REF] Warren | X-ray Diffraction[END_REF] :

𝛼 = 1 - (8) 
where 𝑋 = intra, P or D for respectively intra-line, perpendicular inter-line or diagonal interline SRO parameters. 𝑃 is the probability to have heteroatomic bonds in nearest neighboring position in the X direction, i.e. to have an empty site in line 𝑗 starting from a H atom in line 𝑖. For 𝑋 =intra, 𝑗 = 𝑖. 𝑐 is the H concentration of line 𝑗. A random solid solution is characterized by 𝛼 = 0. For an ordered configuration 𝛼 < 0, whereas 𝛼 > 0 indicates a to form homoatomic bonds. Figure 8 depicts the SRO evolution as a function of the temperature.

As expected, the intra-line SRO parameter of the core lines is zero. In absence of interactions, the distribution of H atoms is a random solid solution. At low temperatures, the 3D compound is characterized by a perfect intra-line and diagonal order (𝛼 = -1) on all octahedral lines, a perfect attraction in the perpendicular direction (𝛼 = 1). Intra-line and diagonal inter-line order parameters increase to zero with increasing temperature. 𝑇 / decay temperatures are found. On the other hand, the decrease in perpendicular inter-line order parameters occurs at higher temperatures than the associated 𝑇 . Attraction between atoms is very strong, stronger than repulsion. Thus, the vanishing of the 3D compound at higher temperatures is not linked to the attractive term, as might have been expected from the iso-concentrations obtained in the heterogeneous mean field model. 

Discussion

Since there is no phase transition at 1D [START_REF] Ducastelle | Order and Phase Stability in Alloys[END_REF], it might be tempting to model the system with a homogeneous mean-field (see section 2.3.2). Although have already shown that the heterogeneous mean-field is in good agreement with Monte Carlo simulations, we present below the iso-concentrations obtained from the homogeneous mean-field (see figure 10). These results differ considerably from those obtained with the heterogeneous mean-field model (see figure 3 and5) and Monte Carlo simulations (see figure 7).

For iron, at 𝑇 = 0 K, core and 𝑂 ( ) lines are saturated, whereas the 𝑂 ( ) line is empty. The 𝑂 ( ) concentration is equal to about 0.82 (see figure 3 and5), at 0 K the concentration of a line being 0 or 1. We previously showed [START_REF] Berthier | Influence of ordering phenomena on carbon segregation in tungsten screw dislocation[END_REF] that this result is an artefact of the homogenous model. The observed value corresponds to the cancellation of the exponential argument in the fundamental segregation equation in the disordered state ∆𝐸 ( ) , + 𝑉 𝑐 ( ) = 0 which results to 𝑐 ( ) = 0.826. The curves of core and 𝑂 ( ) lines exhibit a plateau before decreasing and the 𝑂 ( ) line is empty throughout the temperature range. The decrease in concentration of the 𝑂 ( ) line begins at 0 K. The iso-concentration of the 𝑂 ( ) line is similar to that of a system with a tendency to order for temperatures above the critical order/disorder temperature.

Since ∆𝐸 ( ) , is close to zero the segregation occurs preferentially on the other lines. The more hydrogen-rich the 𝑂 ( ) line, the more unfavorable the segregation on the 𝑂 ( ) line.

Thus, at any temperature, the 𝑂 ( ) concentration is zero. Finally, whatever the temperature, the hierarchy of the enrichment is the following : 𝑐 > 𝑐 ( ) > 𝑐 ( ) > 𝑐 ( ) .

Iso-concentrations for tungsten are different from those for iron (see figure 10 a and b). All lines are fully saturated at 0 K. After a plateau, enrichment in hydrogen atoms decreases. For the 𝑂 ( ) , 𝑂 ( ) and core lines, the hierarchy of the enrichment is linked solely to the segregation enthalpy in the dilute limit, since the effective interaction energies are all zero.

The 𝑂 ( ) and 𝑂 ( ) lines are therefore independent whereas they are strongly coupled in MC simulations. Whatever the temperature, the core of the dislocation is richer than the octahedral lines.

To summarize, the homogeneous mean-field does not reproduce at all the Monte Carlo results. Remember that the Monte Carlo simulations are exact, given the underlying assumptions (lattice simulations), whereas the mean-field is based on the choice of a model and the Bragg-Williams approximation. Taking ordering into account modifies the main result of the homogeneous mean-field model, which shows that core sites are richer than octahedral sites. The heterogeneous mean-field model, which is a more elaborate statistical treatment,

shows that the concentration of 𝑂 ( ) sites decreases at higher temperatures than the one of core sites in the case of iron, but not in the case of tungsten, in agreement with Monte Carlo simulations. Thus, the hierarchy of the decay temperatures, which depends on the competition between the segregation enthalpies in the dilute limit and the interaction energies, cannot be predicted without a detailed description of the dislocation.

Conclusions

Monte Carlo simulations of hydrogen segregation on screw dislocation in iron and tungsten have been carried out. The segregation profiles and microstructures have been determined at various temperatures. At low temperatures H atoms are ordered on octahedral sites and disordered in core sites forming a 3D hydride-like compound. The concentration of H atoms decreases with increasing temperature. For tungsten, the profile is monotonic, with a hydrogen enrichment that decreases with distance from the dislocation center. For iron, over a given temperature range, the profile is oscillating: 𝑂 ( ) sites are more enriched than core sites and 𝑂 ( ) and 𝑂 ( ) sites. The difference between the two metals is linked to the coupling between segregation and ordering. For both metals, the attractive interactions between H atoms in the direction perpendicular to the Burger vector direction is very strong and the perpendicular order remains at high temperatures. Repulsive diagonal inter-line interactions lead to intra-line ordering, whereas there are no intra-line interactions. The profile evolution in temperature is well predicted with the heterogeneous MF formalism which considers the possibility of an ordered structure, whereas the homogeneous formalism gives incorrect profiles.

In summary, the approach presented here clearly demonstrates that the dislocation is enriched in hydrogen over an extended area around the dislocation core, forming a 3D hydride-like structure and that, in a given temperature range, the core of the dislocation can be less rich in hydrogen atoms than outer sites due to interactions between atoms that can lead to order. This is an important result for future studies about the mobility of screw dislocations.

Moreover, the agreement between heterogeneous MF and MC simulations is satisfactory, allowing the heterogeneous MF formalism to be used to study segregation in dislocations. At even lower temperatures, 𝑂 ( ) and 𝑂 ( ) isotherms are S-shaped (see figure A2b). These isotherms are coupled. The critical temperature is given by the equations [43] These temperatures are high, and even if there is no phase transition as such in an exact statistical treatment, as in Monte Carlo simulations, this shows that a strong local order can exist over a relatively wide range of temperatures due to the segregation of hydrogen in the dislocations.

Fig. 1 :

 1 Fig. 1: Schematic representation of the sites and alloying pair interactions between 𝑂 sites: (a) projection on the (111) plane, (b) projection along the Burgers vector direction. (a) The metal atoms are represented in white, black and grey according to their original (111) plane in perfect bulk; the reconstructed dislocation core is displayed by a grey triangle and hydrogen atoms are in color: the core sites inside the hard core are depicted blue while the 𝑂 ( ) sites, with k ranging from 1 to 6, are in orange; the 𝑂 ( ) sites, with k ranging from 1 to 3, are in red and the 𝑂 ( ) sites, with k ranging from 1 to 6, are in cyan. (b) Alloying pair interactions between 𝑂 ( ) sites (in blue) and 𝑂 ( ) -𝑂 ( ) sites (in green).

Fig. 2 :

 2 Fig.2: Schematic representation of the local arrangement of H-atoms on a pair of neighboring 𝑂 ( ) lines or 𝑂 ( ) and 𝑂 ( ) lines in the ground state (projection along the Burgers vector direction). Once a first hydrogen atom is placed on a line (red square), the most favorable site to insert a second hydrogen atom is the neighboring site of the second line (black disk) and the less favorable sites are the neighboring sites in diagonal (crosses).

Fig. 3 :

 3 Fig. 3: Heterogeneous Mean-Field iso-concentrations in iron. Evolution with temperature of lines concentrations (a) and of sub-lattice concentrations (b) for c = 100 appm. (b) Sub-lattices α (hydrogen-rich): solid lines, sub-lattices β (hydrogen-poor): dashed lines. All the thermodynamic states are represented (stable, metastable, and unstable). Vertical dashed lines (in red and in orange) indicate

Fig. 4 :

 4 Fig. 4: Heterogeneous Mean-Field iso-concentrations in iron. Only stable states are represented. Evolution with temperature of lines concentrations (a) and of sub-lattice concentrations (b) for c = 100 appm. (b) Sub-lattices α (hydrogen-rich): solid lines, sub-lattices β (hydrogen-poor): dashed lines.

Fig. 5 :

 5 Fig. 5: Heterogeneous Mean-Field iso-concentrations in tunsten. Only stable states are represented. Evolution with temperature of lines concentrations (a) and of sub-lattice concentrations (b) for c = 100 appm. (b) Sub-lattices α (hydrogen-rich): solid lines, sub-lattices β (hydrogen-poor): dashed lines.

Fig. 6 :

 6 Fig. 6: Heterogeneous Mean-Field segregation profiles in iron (a) and in tungsten (b) at T = 124 K (blue), T = 300 K (green) and 𝑇 = 388 K (orange) for iron and at T = 104 K (blue), T = 728 K (green) and 𝑇 = 878 K (orange) for tungsten.

Fig. 7 :

 7 Fig. 7: Monte Carlo Iso-concentrations in iron (a) and tungsten (b) for c = 100 appm.

Fig. 8 :

 8 Fig. 8: Schematic representation of Monte Carlo microstructures along the Burgers vector direction for iron (left column) and tungsten (right column) for c = 100 appm. Circles: empty sites, black disks: hydrogen atoms. Only one part of the dislocation is shown with one core line, one 𝑂 ( ) pair and one 𝑂 ( ) -𝑂 ( ) -𝑂 ( ) triplet. Left column: 𝑇 = 40 𝐾 (a), 240 𝐾(c), 290 𝐾 (e), 350 𝐾(g), right column: 𝑇 = 80 𝐾 (b), 630 𝐾 (d), 800 𝐾 (f), 950 𝐾 (h).

Fig. 9 :

 9 Fig. 9: SRO evolution as a function of the temperature from Monte Carlo simulations in iron for c

Fig. 10 :

 10 Fig. 10: Homogeneous Mean-Field iso-concentrations in iron (a) and tungsten (b) for c = 100 appm.

  have the same free energy. The critical temperature is 𝑇 ( ) = -= 725 K. The determination of the solubility limits as a function of the temperature leads to the phase diagram shown figure A3b.

  Fig. A2: Heterogeneous Mean-Field isotherms with sub-lattices for iron at 𝑇 = 675 K (a) and 𝑇 = 500 K (b). Sub-lattices α (hydrogen-rich): lines, sub-lattices β (hydrogen-poor): dashed lines.

Table 1 :

 1 Segregation energy of H atom in dilute limit at the various dislocation sites[START_REF] Borges | Ab initio investigation of the screw dislocationhydrogen interaction in bcc tungsten and iron[END_REF].

	Iron	-0.22	-0.19	-0.17	-0.07
	Tungsten	-0.75	-0.51	-0.35	-0.17

Table 2

 2 

	) that perpendicular inter-line

Table 2 :

 2 Interaction energies at the various dislocation sites[START_REF] Borges | Ab initio investigation of the screw dislocationhydrogen interaction in bcc tungsten and iron[END_REF] and effective interaction energies 𝑉 = 𝑉 + 2𝑉 with 𝑖 = 1,2. All other interaction energies are negligible.

  sites. For temperatures between 𝑇 /

	profile is oscillating for iron, whereas it decreases monotonically for tungsten. For
	temperatures above 𝑇 / ( )			
	( )	( )	and 𝑇 / ( )	, the
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Appendix A

Since the heterogeneous mean-field model allows the presence of ordered structures on the octahedral lines, their phase diagrams can be determined by plotting the isotherms of the octahedral lines. In this appendix we only present the case of iron. Figure A1a shows the isotherms at a high temperature = 1500 K). At a temperature lower than the order/disorder critical temperature, the splitting of the isotherm of an octahedral line into two distinct 𝛼 and 𝛽 isotherms is the signature of the order-disorder transition. The transition is limited at a given temperature to a bulk concentration range 𝑐 , characterized by the separation of the two sub-lattices isotherms, and to a line concentration range by the solubility limits (see figure A1b) that define the phase diagram (see figure A3a). As the temperature decreases, the 𝑂 ( ) isotherm rich in H presents a van der Waals loop, indicating a first order perpendicular inter-line transition (see figure A2a). This demixtiontransition is due to the attractive interaction between H atoms on a 𝑂 ( ) pair perpendicularly to the Burgers vector direction. The solubility limits are given by the rule of equal areas which ensures that the two phases, one rich and the other one poor in H atoms,