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This paper is dedicated to the Calphad modelling of the Cr-Fe-Nb-Sn-Zr quinary system. In previous papers, the thermodynamic modelling of the Cr-Nb-Sn-Zr quaternary system, the Fe-Sn-Zr and Fe-Nb-Zr ternary systems as well as the Fe-Nb binary system were carried out. Since no experimental data were available for the Cr-Fe-Sn and Fe-Nb-Sn ternary systems, new partial isothermal sections have been measured at 1073K and 973K, respectively. In addition to these experimental data, Density Functional Theory (DFT) calculations are performed in order to determine formation enthalpies of the stable and metastable ordered compounds. At last, the Special Quasirandom Structures (SQS) method is used together with DFT calculations in order to calculate the mixing enthalpy of the A2 (bcc) binary solid solution. Finally, these experimental and calculated data are jointly used with those from the literature as input data for the Calphad modelling of the Cr-Fe binary system as well as the Cr-Fe-Nb, Cr-Fe-Sn, Cr-Fe-Zr and Fe-Nb-Sn ternary systems. The ternary 2 systems are then combined into a quinary database for which application examples are provided.

Introduction

The development of zirconium metallurgy is closely related to the nuclear industry. Indeed, zirconium is the key metal for fuel cladding materials and structural components in Pressurized Water Reactors (PWR) since it has a low thermal neutron absorption cross section. Zirconium also offers other assets such as a relatively high melting temperature (2127 K), good mechanical strength at temperatures close to in-service temperature of PWR and relative stability of its properties under irradiation [START_REF] Lemaignan | Zirconium Alloys in Nuclear Applications[END_REF][START_REF] Mardon | Matériaux des tubes de gainage pour réacteurs à eau pressurisée[END_REF]. At last, zirconium exhibits a good corrosion resistance at low vapor pressures (a few tens of millibar) [START_REF] Tupin | Approfondissement des mécanismes d'oxydation de deux alliages de zirconium: Zircaloy-4 et ZrNbO, sous oxygène et sous vapeur d'eau. Comparaison des régimes cinétiquement limitants[END_REF]. For high vapor pressures (hundred bar) however, the corrosion resistance of pure zirconium is significantly reduced [START_REF] Barberis | Role of the second-phase particles in zirconium binary alloys[END_REF]. Thus, in order to fulfil the required properties for applications in PWRs, zirconium alloys, such as Zircaloy-4 and M5® alloys have been developed.

The alloying elements constituting Zircaloy-4 and M5® alloys, such as Fe, Nb and Cr induce the formation of Zr(Cr,Fe) 2 Second Phase Precipitates (SPPs) for Zircaloy-4 alloy and β-Nb as well as Zr(Fe,Nb,Cr) 2 SPPs for the M5 ® alloy which guarantee a better corrosion resistance [START_REF] Dali | Etude expérimentale de l'oxydation des alliages de zirconium à haute pression de vapeur d'eau et modélisation des mécanismes[END_REF]. Cladding and structural materials improvement behavior in PWRs is often driven by a better control of the microstructure of existing alloys or the development of new alloys [START_REF] Motta | Waterside corrosion in zirconium alloys[END_REF]. For this purpose, a new thermodynamic database dedicated to Zirconium alloys is being developed using the Calphad approach, considering the five following elements Zr, Cr, Fe, Nb, Sn. This paper presents the Calphad modelling of the Cr-Fe-Nb-Sn-Zr quinary system. In previous papers, we have already presented the thermodynamic modelling of the Cr-Nb-Sn ternary system [START_REF] Lafaye | Thermodynamic modelling of the Cr-Nb-Sn system[END_REF], the Cr-Nb-Sn-Zr quaternary system reassessing all the binary and ternary subsystems [START_REF] Lafaye | Experimental investigations and thermodynamic modelling of the Cr-Nb-Sn-Zr system[END_REF], the Fe-Nb binary system and Fe-Nb-Zr ternary system [START_REF] Toffolon-Masclet | Development of thermokinetic tools for phase transformation studies of Zr alloys in service and LOCA conditions[END_REF] as well as the critical assessment of the Fe-Sn-Zr ternary system [START_REF] Lafaye | Thermodynamic modelling of the Fe-Sn-Zr system based on new experiments and first-principles calculations[END_REF] based on new experimental and calculated data. Just note that a brief description of the Fe-Nb binary system and the Fe-Nb-Zr ternary system has been provided in our previous paper [START_REF] Toffolon-Masclet | Development of thermokinetic tools for phase transformation studies of Zr alloys in service and LOCA conditions[END_REF]. Thus, additional information concerning the selection of the literature data used for the thermodynamic modelling of these two systems is given in the Supplementary Materials.

In the present work, partial isothermal sections of Cr-Fe-Sn and Fe-Nb-Sn were determined at 1073K and 973K, respectively. One may note that, to our knowledge, no experimental data had been previously determined for the Fe-Nb-Sn ternary system before the present work.

Moreover, we provide within this study, new DFT calculations of the formation enthalpies of all the quinary end-members of the C14, C15 and C36 phases and all the ternary end-members of the σ and μ phases in the Cr-Fe-Nb system. At last, DFT calculations on Special Quasirandom Structures (SQS) were performed to determine the mixing enthalpy of the A2 (bcc) binary solid solution.

As it will be discussed in Section 4, numerous studies are dedicated to the thermodynamic description of the Cr-Fe system. The most commonly accepted is the one of Andersson and Sundman [START_REF] Andersson | Thermodynamic properties of the Cr-Fe system[END_REF] with the description of the liquid phase corrected by Lee et al. [START_REF] Byeong-Joo | Revision of thermodynamic descriptions of the Fe-Cr & Fe-Ni liquid phases[END_REF]. However, this modelling has been done without DFT calculations and the optimized ground-state of the system shows important disagreements with recent calculations available in the literature [START_REF] Pavlů | Ab initio study of formation energy and magnetism of sigma phase in Cr-Fe and Cr-Co systems[END_REF][START_REF] Sluiter | Ab initio lattice stabilities of some elemental complex structures[END_REF][START_REF] Syutkin | Experimental determination of the thermodynamic properties of the Laves phases in the Cr-Fe-Nb system[END_REF][START_REF] Kabliman | Ab Initio study of lattice site occupancies in binary sigma phases using a single-site mean field model[END_REF][START_REF] Korzhavyi | Electronic structure and effective chemical and magnetic exchange interactions in bcc Fe-Cr alloys[END_REF][START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF][START_REF] Connétable | First principle energies of binary and ternary phases of the Fe-Nb-Ni-Cr system[END_REF] as well as with our own calculations. More recent modelling based on DFT calculations are available in the literature [START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF][START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF]. Nevertheless, the unary models used by Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF] as well as the sublattice model of the σ phase adopted by Jacob et al. [START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF] are different from those we already used and are not compatible with our database. Moreover, Jacob et al. [START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF] pointed out that several issues occurred during the optimization procedure of σ phase leading to a difference of 8-10 kJ.mol -1 between calculated and optimized formation enthalpies of the different end-members of the σ phase. The same problem was encountered in the work of Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF]. Thus, the Cr-Fe binary system has been re-evaluated and the Cr-Fe-Nb, Cr-Fe-Sn, Cr-Fe-Zr and Fe-Nb-Sn ternary subsystems of the quinary system.

The next section of this paper is dedicated to the literature survey of the binary and ternary subsystems of the quinary system, the third part is dedicated to the methodology we used in this paper and the fourth part to the results and discussion relative to the Calphad modelling of the different sub-systems of the quinary system. The last section of our paper is dedicated to the potential applications of our thermodynamic database. Indeed, the Second Phase Precipitates (SPP) occurrence in two quinary industrial alloys calculated by our new thermodynamic database are compared with experimental data available in the literature as well as the predictions of the previously used zirconium database, the Zircobase [START_REF] Dupin | A thermodynamic database for zirconium alloys[END_REF].

Literature survey

The Cr-Fe binary system

Experimental data

This binary system exhibits a miscibility gap in the bcc phase as well as the σ phase, following the congruent reaction α (Cr, Fe) → σ at 793 K [START_REF] Dubiel | On the miscibility gap in the Fe-Cr system -a Mossbauer study on long-term annealed alloys[END_REF]. One may note the presence of the γ-Fe loop. The homogeneity range of the σ phase has been mainly studied by Cook et al. [START_REF] Cook | The brittle constituent of iron chromium system (sigma phase)[END_REF], Hertzman et al. [START_REF] Hertzman | A thermodynamic analysis of the fe-cr system[END_REF] and Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF]. The liquid phase was mainly measured by Putman et al. [START_REF] Putman | The ternary system chromium-molybdenum-iron[END_REF] in the whole composition range, by Adcock et al. [START_REF] Adcock | Alloys of iron research part X-the chromium-iron constitutional diagram[END_REF],

Müller et al. [START_REF] Müller | The thermodynamic properties and the equilibrium diagram of the system chromium-iron[END_REF] and Hertzman et al. [START_REF] Hertzman | A thermodynamic analysis of the fe-cr system[END_REF] on the rich Cr-rich side and by Kundrat et al. [START_REF] Kundrat | Phase relationships in the Fe-Cr-C system at solidification temperatures[END_REF],

Putman et al. [START_REF] Putman | The ternary system chromium-molybdenum-iron[END_REF], Hellawell et al. [START_REF] Hellawell | The Constitution of Alloys of Iron and Manganese with Transition Elements of the First Long Period[END_REF] and Schürmann et al. [START_REF] Schurmann | Investigations of Melting Equilibria in Iron Corner of Ternary-System Iron-Chromium-Nickel[END_REF] on the Fe-rich side. The γ-Fe loop was firstly reported by Bain [START_REF] Bain | The nature of the alloys of iron and chromium[END_REF] and confirmed by Oberhoffer et al. [START_REF] Oberhoffer | Zur Kenntnis des Zustandsdiagramms Eisen-Chrom[END_REF] and Adcock et al. [START_REF] Adcock | Alloys of iron research part X-the chromium-iron constitutional diagram[END_REF]. More recently, Nishizawa [START_REF] Nishizawa | Thermodynamic study of Fe-C-Mn, Fe-C-Cr and Fe-C-Mo systems[END_REF] performed new measurements of the γ-Fe loop, confirmed by Normanton et al. [START_REF] Normanton | A calorimetric and mass-spectrometric study of solid iron-chromium alloys[END_REF]. The σ phase was highlighted by Cook et al. [START_REF] Cook | The brittle constituent of iron chromium system (sigma phase)[END_REF].

Dubiel et al. [START_REF] Dubiel | On the miscibility gap in the Fe-Cr system -a Mossbauer study on long-term annealed alloys[END_REF] measured the temperature of the eutectoid reaction at 793 ± 5 K and 49 at.%. The decomposition temperature of the σ phase was determined by Novy et al. [START_REF] Novy | Atomic scale analysis and phase separation understanding in a thermally aged Fe-20 at.%Cr alloy[END_REF].

Below 793 K, the Cr-Fe system has been poorly studied. Indeed, the measurement of a phase diagram via equilibrated alloys is not straightforward at such low temperature even by using extremely long annealing time as reported by Dubiel and Inden [START_REF] Dubiel | On the miscibility gap in the Fe-Cr system -a Mossbauer study on long-term annealed alloys[END_REF]. In order to overcome this limitation, several studies have reported measurements performed on irradiated alloys in order to accelerate the atomic diffusion [START_REF] Kuwano | Mössbauer study of iron-chromium alloys irradiated by energetic protons[END_REF][START_REF] Filippova | Mossbauer study of irradiation-accelerated short-range ordering in binary Fe-Cr alloys[END_REF]. They have been able to determine the limits of the miscibility gap in the bcc phase assuming that Cr precipitation under irradiation is simply due to the accelerated diffusion and that the ordering process can only be enhanced by irradiation but not induced by it. However, these two assumptions are not totally accepted by the scientific community and have been criticized by Xiong et al. [START_REF] Xiong | Phase Equilibria and Thermodynamic Properties in the Fe-Cr System[END_REF].

Magnetic transitions have been extensively studied in this system. Burke et al. [START_REF] Burke | The Evolution of Magnetic Order in Cr-Fe Alloys[END_REF][START_REF] Burke | Determination of Anti-Ferromagnetic Phase Boundary in Cr-Fe Alloys[END_REF] determined that the Cr-Fe alloys containing 0.8 to 0.9 at.% Cr are in a spin glass state below 30 K. They have also reported the Curie (ferromagnetic-paramagnetic transition) and Neel (antiferromagnetic-paramagnetic transition) temperatures. Equivalent measurements have been done by many other researchers such as Shull et al. [START_REF] Shull | Neutron Diffraction Studies of the Magnetic Structure of Alloys of Transition Elements[END_REF], Ishikawa et al. [START_REF] Ishikawa | Magnetic properties of Cr rich Fe-Cr alloys at low temperatures[END_REF][START_REF] Ishikawa | Antiferromagnetism in Dilute Iron Chromium Alloys[END_REF] and Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF].

Thermodynamic data

Heat capacities have been measured by Backhurst et al. [START_REF] Backhurst | The Adiabatic Vacuum Calorimeter from 600 to 1600 °C[END_REF], Normanton et al. [START_REF] Normanton | A calorimetric and mass-spectrometric study of solid iron-chromium alloys[END_REF] and Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF]. In addition, it should be noted that the mixing enthalpies of the bcc and liquid phase have been measured by several authors. The most recent are those of Batalin et al. [START_REF] Batalin | Enthalpies of mixing of Fe-Cr and of Fe-Ti[END_REF], Iguchi et al. [START_REF] Iguchi | A Calorimetric Study of Heats of Mixing of Liquid Iron Alloys Fe-Cr, Fe-Mo, Fe-W, Fe-V, Fe-Nb, Fe-Ta[END_REF] and Thiedemann et al. [START_REF] Thiedemann | Mixing enthalpy measurements in the liquid ternary system iron-nickel-chromium and its binaries[END_REF]. Zaitsev et al. [START_REF] Zaitsev | Thermodynamic Properties and Phase-Equilibria at High-Temperatures in Fe-Cr and Fe-Mn Systems[END_REF] have reported the measurements of activities at different temperatures. Finally, several researchers used DFT calculations in order to estimate the formation enthalpies of the end-members of the σ phase, such as Pavlu et al. [START_REF] Pavlů | Ab initio study of formation energy and magnetism of sigma phase in Cr-Fe and Cr-Co systems[END_REF], Sluiter [START_REF] Sluiter | Ab initio lattice stabilities of some elemental complex structures[END_REF], Kabliman et al. [START_REF] Kabliman | Ab Initio study of lattice site occupancies in binary sigma phases using a single-site mean field model[END_REF], Korzhavyi et al. [START_REF] Korzhavyi | Electronic structure and effective chemical and magnetic exchange interactions in bcc Fe-Cr alloys[END_REF] Jacob et al. [START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF] and Connetable et al. [START_REF] Connétable | First principle energies of binary and ternary phases of the Fe-Nb-Ni-Cr system[END_REF] as well as the mixing enthalpies of the A2 (bcc) solid solution such as Olsson et al. [START_REF] Olsson | Ab initio formation energies of Fe-Cr alloys[END_REF] and Levesque et al. [START_REF] Levesque | Anomalous surface segregation profiles in ferritic Fe-Cr stainless steel[END_REF].

Thermodynamic assessment

The thermodynamic modelling performed by Andersson and Sundman [START_REF] Andersson | Thermodynamic properties of the Cr-Fe system[END_REF] with the description of the liquid phase corrected by Lee [START_REF] Byeong-Joo | Revision of thermodynamic descriptions of the Fe-Cr & Fe-Ni liquid phases[END_REF] is the most commonly accepted.

More recently, a detailed bibliographic review of the Cr-Fe system has been carried out by Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF]. They performed the modelling down to 0 K, including the description of all the magnetic states of the system. In addition, Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF] adopted the simplified model of the σ phase proposed by Joubert [START_REF] Joubert | Crystal chemistry and Calphad modeling of the σ phase[END_REF]. Nevertheless, this modelling relies on unary models described down to 0 K and therefore are not compatible with databases based on the SGTE unary models. At last, one may note that Jacob et al. [START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF] reassessed the system using unary models provided by SGTE and a three-sublattice model for the σ phase.

The Cr-Fe-Nb ternary system

Experimental data

Relatively few studies have been performed on this system. Kaloev et al. [START_REF] Kaloev | Study of isothermal section at 1273 K in Fe-Cr-Nb system[END_REF] experimentally determined the isothermal sections at 973 K and 1273 K. They have shown that the Cr-Fe-Nb system present four intermetallic phases, the C14, C15, μ and the σ phase. Mansour et al. [START_REF] Mansour | Phase Equilibrium in the Fe-Cr-Nb Alloys[END_REF] also studied this system in the Fe-rich part by synthesizing four alloys. Nevertheless, their analysis show inconsistent results with each other as well as with the literature data. More recently, Jacob et al. [START_REF] Jacob | The Cr-Fe-Nb ternary system: Experimental isothermal sections at 700 degrees C, 1050 degrees C and 1350 degrees C[END_REF] determined few phase equilibria of the isothermal section at 973 K, few invariant reactions of the liquidus projection [START_REF] Jacob | Liquidus projection and thermodynamic modeling of the Cr-Fe-Nb ternary system[END_REF] and studied extensively the isothermal section at 1323 K and 1623 K as well as the isopleth sections at 25 at.% and 40 at.% Cr.

Note that Kaloev et al. [START_REF] Kaloev | Study of isothermal section at 1273 K in Fe-Cr-Nb system[END_REF] and Jacob et al. [START_REF] Jacob | The Cr-Fe-Nb ternary system: Experimental isothermal sections at 700 degrees C, 1050 degrees C and 1350 degrees C[END_REF][START_REF] Jacob | Liquidus projection and thermodynamic modeling of the Cr-Fe-Nb ternary system[END_REF] have not reported any ternary compounds in this system.

Thermodynamic data and assessment

To our knowledge, no measurements of thermodynamic data are reported for this system.

The only thermodynamic modelling of the Cr-Fe-Nb system available in the literature is the one of Jacob et al. [START_REF] Jacob | Liquidus projection and thermodynamic modeling of the Cr-Fe-Nb ternary system[END_REF]. These authors have considered the thermodynamic modelling of the Cr-Fe system performed by Andersson and Sundman [START_REF] Andersson | Thermodynamic properties of the Cr-Fe system[END_REF] with the modified liquid phase [START_REF] Byeong-Joo | Revision of thermodynamic descriptions of the Fe-Cr & Fe-Ni liquid phases[END_REF], the modelling of Khvan et al. [START_REF] Khvan | Thermodynamic assessment of the Fe-Nb-V system[END_REF] for the Fe-Nb system and the one of Schmetterer et al. [START_REF] Schmetterer | A New Theoretical Study of the Cr-Nb System[END_REF] for the Cr-Nb system.

The Cr-Fe-Sn ternary system

Experimental data

To our knowledge, no measurements of phase equilibria are reported for this system.

Thermodynamic data and assessment

To our knowledge, no measurements of thermodynamic data as well as thermodynamic assessments are reported for this system.

The Cr-Fe-Zr ternary system

Experimental data

This system was firstly studied by Svechnikov et al. [58], Kanematsu et al. [START_REF] Kanematsu | Magnetic Moment in Laves Phase Compound. I. Zr(Fe1-xVx)2 and Zr(Fe1-xCrx)2[END_REF] and Malakhova [START_REF] Malakhova | The Cr-Fe-Zr phase diagram[END_REF]. Svechnikov et al. [58] investigated this system in the Zr-poor part (up to 47% Zr) and reported an isopleth section at 33 at.% Zr between 1073 K and 2073 K as well as the existence of a monovariant line. Malakhova [START_REF] Malakhova | The Cr-Fe-Zr phase diagram[END_REF] determined the partial isothermal sections in the Zr-rich part (Zr-Fe 2 Zr-Cr 2 Zr) at 973 K, 1073 K, 1148 K and 1473 K.

Raghavan et al. [START_REF] Raghavan | I.I. of Metals, Phase diagrams of ternary iron alloys[END_REF] carried out a complete bibliographic review of this system and deduced an isothermal section at 973 K and the reaction scheme of this system. Thus, Raghavan et al. [START_REF] Raghavan | I.I. of Metals, Phase diagrams of ternary iron alloys[END_REF] deduced the existence of a monovariant line between the bcc solid solution and the Fe 23 Zr 6 compound in the Fe-rich region. This disagrees with the study of Stein et al. [START_REF] Stein | Phases and phase equilibria in the Fe-Al-Zr system[END_REF] who suggested that the Fe 23 Zr 6 compound is not stable. More recently, Yang et al. [START_REF] Yang | Thermodynamic modeling and experimental study of the Fe-Cr-Zr system[END_REF] studied the phase equilibria close to the vicinity of the eutectic valley of the bcc solid solution and (Fe,Cr) 2 Zr Laves phase in the Fe-rich region. It should be noted that no ternary intermetallic phase was found in this system.

Thermodynamic data and assessment

To our knowledge, no measurements of thermodynamic data are reported for this system.

The Cr-Fe-Zr system has been thermodynamically modelled by Yang et al. [START_REF] Yang | Thermodynamic modeling and experimental study of the Fe-Cr-Zr system[END_REF]. These authors considered their own measurements in addition to the studies of Svechnikov et al. [58] and Malakhova [START_REF] Malakhova | The Cr-Fe-Zr phase diagram[END_REF]. Yang et al. [START_REF] Yang | Thermodynamic modeling and experimental study of the Fe-Cr-Zr system[END_REF] have modelled this system based on the thermodynamic modelling of the Cr-Fe system performed by Andersson and Sundman [START_REF] Andersson | Thermodynamic properties of the Cr-Fe system[END_REF] with the modification of the liquid phase [START_REF] Byeong-Joo | Revision of thermodynamic descriptions of the Fe-Cr & Fe-Ni liquid phases[END_REF], the description of Pavlu et al. [START_REF] Pavlů | Stability of Laves phases in the Cr-Zr system[END_REF] for the Cr-Zr system and their own description of the Fe-Zr system.

Methodology

Experimental details

The experimental procedure is identical to that already described in our previous work [START_REF] Lafaye | Experimental investigations and thermodynamic modelling of the Cr-Nb-Sn-Zr system[END_REF].

The samples were prepared from pure element pieces (Cr from Cerac (99.99%), Fe from Neyco (99.99%), Nb from Alfa Aesar (99.99%), Sn from Alfa Aesar (99.8%) and Zr "Van Arkel" (55 ppm oxygen) from LTMEX-CEA), have been pelletized and arc melted in an argon atmosphere. The alloys were melted five times and turned over between each melting to ensure homogeneity. Weight losses were less than 1 wt%.

The samples were argon-annealed in a tubular furnace after being wrapped in molybdenum foil and placed in an argon-sealed silica tube. Two different portions of the samples were characterized by X-ray powder diffraction (XRD) and Electron Microprobe Analysis (EPMA) at room temperature. The XRD characterization were carried out using a Bruker D8 diffractometer equipped with a graphite monochromator in the beam diffracted with Cu Kα radiation. The diffractograms were processed using Rietveld refinement. The EPMA analysis were performed with a Cameca SX100, using pure elements as standards.

DFT calculations

The calculation procedures were conducted the same way as before [START_REF] Lafaye | Experimental investigations and thermodynamic modelling of the Cr-Nb-Sn-Zr system[END_REF]. The DFT calculations were done using pseudopotential and projector augmented wave (PAW) methods as implemented in the VASP code [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF][START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF], including pseudocore electrons for Nb. A plane wave basis set with a cutoff energy of 600 eV was used with a Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] under a dense grid of k-points in the Brillouin zone. The calculations are performed with spin polarization, in order to consider the magnetic state of Cr and Fe.

We have calculated the total energy of all the ordered compounds of studied phases distributing individual atoms on each non-equivalent site using the considered sublattice models: C14 (3SL), C15 (2SL), C36 (3SL), σ (2SL) and µ (4SL). C36, σ and µ phase models are simplified from the actual crystal structures [START_REF] Joubert | Crystal chemistry and Calphad modeling of the σ phase[END_REF][START_REF] Joubert | Mixed site occupancies in the μ phase[END_REF][START_REF] Joubert | Non-Stoichiometry and Calphad Modeling of Frank-Kasper Phases[END_REF]. All these calculations have been automatized in the ZenGen code [START_REF] Crivello | a tool to generate ordered configurations for systematic first-principles calculations: The Cr-Mo-Ni-Re system as a case study[END_REF].

The formation enthalpy is obtained by subtracting the calculated total energy to the molar fraction weighted sum of the energies of the pure elements in their Stable Element Reference (SER), eg Fe in ferromagnetic bcc.

The determination of the mixing enthalpy of the A2 (bcc) binary solid solution in the Cr-Fe system was performed using the SQS method [START_REF] Zunger | Special quasirandom structures[END_REF], generating 16-atom supercells which mimic the correlation functions of a fully random structure. Generated structures have been taken from the literature [START_REF] Jiang | First-principles study of binary bcc alloys using special quasirandom structures[END_REF][START_REF] Shin | Thermodynamic properties of binary hcp solution phases from special quasirandom structures[END_REF].

Calphad methodology

For the description of the Calphad method, the interested reader is referred to our previous work [START_REF] Lafaye | Experimental investigations and thermodynamic modelling of the Cr-Nb-Sn-Zr system[END_REF]. Table 1 summarizes the different phases we considered and the chosen sublattice model according to their crystal structure.

Thermodynamic modelling

The Cr-Fe binary system

DFT results

The 0 K calculated formation enthalpies of the end-members of the σ phase as a function of the mole fraction of iron are reported in Fig. 1, including comparison with data from literature. The interested reader can find the formation enthalpies of the Laves phases in Table 2. Fig. 2 shows the calculated mixing enthalpies of the A2 (bcc) solid solution with optimized values obtained in this work and from former assessments.

Selection of data

The bibliography has been reviewed by Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF] including a discussion concerning the reliability of the different measurements available in the literature. We considered the liquidus measurements performed by Adcock et al. [START_REF] Adcock | Alloys of iron research part X-the chromium-iron constitutional diagram[END_REF] and Putman et al. [START_REF] Putman | The ternary system chromium-molybdenum-iron[END_REF] as well as the mixing enthalpy measurements reported by Batalin et al. [START_REF] Batalin | Enthalpies of mixing of Fe-Cr and of Fe-Ti[END_REF], Iguchi et al. [START_REF] Iguchi | A Calorimetric Study of Heats of Mixing of Liquid Iron Alloys Fe-Cr, Fe-Mo, Fe-W, Fe-V, Fe-Nb, Fe-Ta[END_REF] and Thiedemann et al. [START_REF] Thiedemann | Mixing enthalpy measurements in the liquid ternary system iron-nickel-chromium and its binaries[END_REF]. The temperature and compositions of the eutectoid reaction are taken from Dubiel et al. [START_REF] Dubiel | On the miscibility gap in the Fe-Cr system -a Mossbauer study on long-term annealed alloys[END_REF]. The γ-Fe loop phase equilibria measurements of Nishizawa [START_REF] Nishizawa | Thermodynamic study of Fe-C-Mn, Fe-C-Cr and Fe-C-Mo systems[END_REF] and Normanton et al. [START_REF] Normanton | A calorimetric and mass-spectrometric study of solid iron-chromium alloys[END_REF] have been taken into account. The measurements of the homogeneity range of the σ phase reported by Hertzman et al. [START_REF] Hertzman | A thermodynamic analysis of the fe-cr system[END_REF] were considered in this study. The magnetic interaction of the A2 (bcc) phase were taken from Andersson and Sundman [START_REF] Andersson | Thermodynamic properties of the Cr-Fe system[END_REF].

At last, note that we have considered the calculations of the formation enthalpies performed by Sluiter [START_REF] Sluiter | Ab initio lattice stabilities of some elemental complex structures[END_REF], Korzhavyi et al. [START_REF] Korzhavyi | Electronic structure and effective chemical and magnetic exchange interactions in bcc Fe-Cr alloys[END_REF] and Kabliman et al. [START_REF] Kabliman | Ab Initio study of lattice site occupancies in binary sigma phases using a single-site mean field model[END_REF] as well as our own DFT calculations. Likewise, we have considered the calculations of the A2 (bcc) mixing enthalpies of Olsson et al. [START_REF] Olsson | Ab initio formation energies of Fe-Cr alloys[END_REF] and Levesque et al. [START_REF] Levesque | Anomalous surface segregation profiles in ferritic Fe-Cr stainless steel[END_REF] as well as our own calculations were considered.

Calphad assessment

The liquid phase is optimized considering the measurements of the liquidus and solidus temperatures [START_REF] Putman | The ternary system chromium-molybdenum-iron[END_REF][START_REF] Adcock | Alloys of iron research part X-the chromium-iron constitutional diagram[END_REF] as well as the mixing enthalpy measurements [START_REF] Batalin | Enthalpies of mixing of Fe-Cr and of Fe-Ti[END_REF][START_REF] Iguchi | A Calorimetric Study of Heats of Mixing of Liquid Iron Alloys Fe-Cr, Fe-Mo, Fe-W, Fe-V, Fe-Nb, Fe-Ta[END_REF][START_REF] Thiedemann | Mixing enthalpy measurements in the liquid ternary system iron-nickel-chromium and its binaries[END_REF]. A greater weight is attributed to the measurements reported by Thiedemann et al. [START_REF] Thiedemann | Mixing enthalpy measurements in the liquid ternary system iron-nickel-chromium and its binaries[END_REF] which are the most recent ones and considered as the most reliable ones. We optimized the A2 (bcc) solid solution considering the miscibility gap in the bcc structure as well as our own calculations of the mixing enthalpies using regular and sub-regular binary interaction parameters. Note that our description does not reproduce the anomaly of the A2 (bcc) mixing enthalpy reported by Levesque et al. [START_REF] Levesque | Anomalous surface segregation profiles in ferritic Fe-Cr stainless steel[END_REF] at very low Cr contents. Regular and sub-regular binary interaction parameters were used to assess the mixing enthalpy of the A1 (fcc) solid solution regarding the measurements of the γ-Fe loop. We modelled the A3 (hcp) phase by giving similar value we optimized for the A1 (fcc) solid solution. A regular interaction parameter without temperature dependence was used to reproduce the homogeneity range of the σ phase on the Fe-rich side. Moreover, the formation enthalpies of the end-members of the σ phase were also optimized considering the DFT calculations available in the literature, the present DFT calculations as well as the homogeneity range of this phase.

The formation enthalpies of the C14, C15 and C36 end-members were kept fixed at the values computed by DFT (the compounds are not stable in this system). Just note that no formation entropic term was used for the metastable end-members of the Laves phases.

Discussion

Our thermodynamic description of the Cr-Fe system was performed using less parameters than in that of Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF]. Our optimized phase diagram presents a good agreement with the experimental data as shown in Fig. 3. Note also that the liquidus and solidus temperatures [START_REF] Putman | The ternary system chromium-molybdenum-iron[END_REF][START_REF] Adcock | Alloys of iron research part X-the chromium-iron constitutional diagram[END_REF] as well as the mixing enthalpy of the liquid phase [START_REF] Batalin | Enthalpies of mixing of Fe-Cr and of Fe-Ti[END_REF][START_REF] Iguchi | A Calorimetric Study of Heats of Mixing of Liquid Iron Alloys Fe-Cr, Fe-Mo, Fe-W, Fe-V, Fe-Nb, Fe-Ta[END_REF][START_REF] Thiedemann | Mixing enthalpy measurements in the liquid ternary system iron-nickel-chromium and its binaries[END_REF] are better described in our modelling than the one reported by Andersson and Sundman [START_REF] Andersson | Thermodynamic properties of the Cr-Fe system[END_REF]. The ground-state we optimized is in good agreement with the DFT calculations reported Pavlu et al. [START_REF] Pavlů | Ab initio study of formation energy and magnetism of sigma phase in Cr-Fe and Cr-Co systems[END_REF], Sluiter [START_REF] Sluiter | Ab initio lattice stabilities of some elemental complex structures[END_REF], Kabliman et al. [START_REF] Kabliman | Ab Initio study of lattice site occupancies in binary sigma phases using a single-site mean field model[END_REF], Korzhavyi et al. [START_REF] Korzhavyi | Electronic structure and effective chemical and magnetic exchange interactions in bcc Fe-Cr alloys[END_REF] and Jacob et al. [START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF] as well as our own calculations, as reported in Figure 1. The DFT calculations of the σ phase reported at the composition 33.3 at.% Fe are quite scattered, extending over 5.5 kJ.mol -1 . Thus, a greater weight was attributed to our calculations. For the three less stable endmembers of the σ phase, the deviation between the optimized and the calculated formation enthalpies is less than 0.5 kJ.mol -1 while for the most stable end-members of the σ phase ordered at stoichiometry 33 at.% Fe, the deviation is less than 0.7 kJ.mol -1 . As mentioned in the introduction, Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF] and Jacob et al. [START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF] did not succeed to have a good description of the homogeneity range of the σ phase considering the DFT calculated groundstate leading to deviation between the optimized and the calculated ground-state of 8-10 kJ.mol -1 [START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF]. Jacob et al. [START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF] explained that it might be a limitation of the DFT calculations to take into account magnetism or a limitation of the Compound Energy Formalism induced by the simplified three-sublattice model of the σ phase they adopted. Our results suggest that it is probably not a limitation of the DFT calculations since it is possible to have a good description of both the phase diagram and the calculated ground-state.

Therefore, we think that a simpler two-sublattice model for the σ phase is more suitable for the thermodynamic modelling of this complex system, following the recommendation of Joubert [START_REF] Joubert | Crystal chemistry and Calphad modeling of the σ phase[END_REF].

Figure 2 shows that the optimized mixing enthalpies of the A2 (bcc) solid solution are in good agreement with our calculations and those of the literature. Finally, note that our description of the Cr-Fe system uses the elements as defined by the SGTE contrary to the description of Xiong et al. [START_REF] Xiong | An improved thermodynamic modeling of the Fe-Cr system down to zero kelvin coupled with key experiments[END_REF]. All the parameters we used and optimized for this binary system are summarized in Table 2.

The Cr-Fe-Nb ternary system

Calphad assessment

We have re-evaluated the Cr-Fe-Nb system considering the isothermal and isopleth sections reported by Jacob et al. [START_REF] Jacob | The Cr-Fe-Nb ternary system: Experimental isothermal sections at 700 degrees C, 1050 degrees C and 1350 degrees C[END_REF] at 1323K and 1623K. We used one interaction parameter for the C15 and the μ phase and four interaction parameters for the C14 phase. The formation enthalpies of the ternary end-members of the C14 and C36 Laves phases were kept fixed to the calculated values. Note that the description of the liquid phase was taken from Jacob et al. [START_REF] Jacob | Liquidus projection and thermodynamic modeling of the Cr-Fe-Nb ternary system[END_REF].

Results

The calculated isothermal sections at 1323K and 1623K as well as the isopleth sections at 25 at.% Nb and 40 at.% Nb are reported in Fig. 4 to 7. Fig. 8 shows the calculated liquidus projection of the Cr-Fe-Nb system compared to data available in the literature [START_REF] Jacob | Liquidus projection and thermodynamic modeling of the Cr-Fe-Nb ternary system[END_REF]. The calculated temperatures of the invariant reactions are compared to the values of Jacob et al. [START_REF] Jacob | Liquidus projection and thermodynamic modeling of the Cr-Fe-Nb ternary system[END_REF] and reported in Table 3.

Discussion

Our thermodynamic modelling was performed using more parameters than the one of Jacob et al. [START_REF] Jacob | Liquidus projection and thermodynamic modeling of the Cr-Fe-Nb ternary system[END_REF]. Indeed, the three-sublattice model we use for the C14 phase versus the twosublattice model chosen by Jacob et al. [START_REF] Jacob | Liquidus projection and thermodynamic modeling of the Cr-Fe-Nb ternary system[END_REF] leads to the use of additional parameters to model the homogeneity range of this phase. Note that the optimized isothermal sections exhibit good agreement with the measurements of Jacob et al. [START_REF] Jacob | The Cr-Fe-Nb ternary system: Experimental isothermal sections at 700 degrees C, 1050 degrees C and 1350 degrees C[END_REF], as shown in Figs. 4 and5. Moreover, it should be noted that without using any ternary interaction parameters, our description of the σ phase exhibits a negligible ternary homogeneity range, in good agreement with the measurements of Jacob et al. [START_REF] Jacob | The Cr-Fe-Nb ternary system: Experimental isothermal sections at 700 degrees C, 1050 degrees C and 1350 degrees C[END_REF], as opposed to what Kaloev et al. [START_REF] Kaloev | Study of isothermal section at 1273 K in Fe-Cr-Nb system[END_REF] reported. The calculated isopleth sections are in a reasonable agreement with those measured by Jacob et al. [START_REF] Jacob | The Cr-Fe-Nb ternary system: Experimental isothermal sections at 700 degrees C, 1050 degrees C and 1350 degrees C[END_REF]. The liquidus projection provided by our assessment is in good agreement with the two measurements reported by Jacob et al. [START_REF] Jacob | Liquidus projection and thermodynamic modeling of the Cr-Fe-Nb ternary system[END_REF]. Finally, note that the calculated temperatures of the invariant reactions agree reasonably with the measurements of Jacob et al. [START_REF] Jacob | The Cr-Fe-Nb ternary system: Experimental isothermal sections at 700 degrees C, 1050 degrees C and 1350 degrees C[END_REF] as reported in Table 3. Just note that these invariant reactions were not considered during the optimization of the ternary system and thus reflect the validity of our modelling.

All the parameters we used and optimized for ternary Cr-Fe-Nb system are summarized in Table 4.

The Cr-Fe-Sn ternary system

Experimental and DFT results

Table 5 summarizes the chemical composition, temperature and duration of the annealing treatment as well as the structure and composition of the different phases of the Cr-Fe-Sn samples synthesized in the present work. These alloy compositions were chosen to determine the extension of the σ phase in the ternary system. The calculated formation enthalpies of the ternary end-members of the C14 and C36 phases is reported in Table 6.

The calculated isothermal section at 1073 K compared to experimental data is presented in Fig. 9.

Discussion

For this system, it should be noted that a simple projection of the description of the three binary systems leads to a calculated isothermal section at 1073 K in good agreement with the experimental data measured in this work. Indeed, the nature of the equilibria is correctly predicted and the calculated compositions match the experimental ones to within ± 2 at.% which also validates the quality of our binary description.

The Cr-Fe-Zr ternary system

DFT results

We have reported in Fig. 10 the calculated formation enthalpies of the end-members of the C14 and C15 phases along the 33 at.% Zr isocomposition line (Cr 2 Zr-Fe 2 Zr) revealing that the C14 phase is not stable along this line at 0 K.

Calphad assessment

All the phase equilibria determined by Malakhova [START_REF] Malakhova | The Cr-Fe-Zr phase diagram[END_REF] at 973 K, 1073 K and 1148 K as well as the monovariant line measured by Svechnikov et al. [58] were considered. However, we did not take into account the isopleth section at 33 at.% Zr measured by Svechnikov et al. [58]. Indeed, these authors did not report the compositions of the synthesized alloys, the raw data they used for drawing this isopleth section and the details of the characterizations techniques they used.

The homogeneity range of the Laves phases were optimized using two ternary interaction parameters for the C15 phase and three for the C14 phase. The result of our modelling is reported in Fig. 11 to 13

Discussion

Our thermodynamic modelling was carried out using one parameter more than Yang et al. [START_REF] Yang | Thermodynamic modeling and experimental study of the Fe-Cr-Zr system[END_REF] used. Our description exhibits general good agreements with the phase equilibrium measured by Malakhova [START_REF] Malakhova | The Cr-Fe-Zr phase diagram[END_REF] at 973 K, 1073 K and 1148 K as reported in Fig. 11 to 13. All the parameters we used and optimized for the ternary Cr-Fe-Zr system are summarized in Table 7.

The Fe-Nb-Sn ternary system

Experimental and DFT results

The chemical composition, temperature and duration of the annealing treatment as well as the structure and composition of the different phases we identified in the Fe-Nb-Sn samples are summarized in Table 8. It should be noted that alloys with a high Sn content could not be synthesized and were therefore not represented.

The calculated formation enthalpies of the ternary end-members of the C14 and C36 phases are reported in Table 9.

Calphad assessment and Discussion

The calculated isothermal section at 973 K compared to experimental data is presented Fig. 15. A simple projection of our descriptions of the Fe-Nb, Fe-Sn and Nb-Sn binary systems leads to a calculated isothermal section at 973 K in good agreement with the experimental data measured in this work.

Applications of the thermodynamic database

As mentioned in the introduction, the descriptions of the Cr-Nb-Sn, Cr-Nb-Zr, Cr-Sn-Zr, Fe-Nb-Zr, Fe-Sn-Zr and Nb-Sn-Zr systems are reported in our previous papers [START_REF] Lafaye | Thermodynamic modelling of the Cr-Nb-Sn system[END_REF][START_REF] Lafaye | Experimental investigations and thermodynamic modelling of the Cr-Nb-Sn-Zr system[END_REF][START_REF] Toffolon-Masclet | Development of thermokinetic tools for phase transformation studies of Zr alloys in service and LOCA conditions[END_REF][START_REF] Lafaye | Thermodynamic modelling of the Fe-Sn-Zr system based on new experiments and first-principles calculations[END_REF]. The quinary thermodynamic database is then obtained by combining all the descriptions of the ten ternary subsystems with respect to the quinary system Cr-Fe-Nb-Sn-Zr. Note that neither quaternary nor quinary additional interaction parameter is used. The complete database is given in Supplementary Materials.

In this section the reliability of the database is checked against two quinary industrial alloys.

The first one exhibits a composition close to that of Zy-4 with 1 wt.% Sn, the second one has a composition closer to that of M5 ® with 1 wt.% Nb. 4.6.1 Second Phase Particules (SPP) in a Zr-1.0Sn-0.3Nb-0.3Fe-0.1Cr alloy This quinary industrial alloy has been experimentally studied by Liu et al. [START_REF] Liu | Study of microstructure of Zr-Sn-Nb-Fe-Cr alloy in the temperature range of 750-820 degrees C[END_REF] after annealing for two hours at 863 K and Jianlie et al. [START_REF] Liang | Intermetallics and phase transformations of the Zr-1.0Sn-0.3Nb-0.3Fe-0.1Cr alloy[END_REF] after annealing for two hours at 1023 K then heating up to 1273 K. The authors determined the phase equilibria using XRD and TEM (Transmission Electron Microscopy). Jianlie et al. [START_REF] Liang | Intermetallics and phase transformations of the Zr-1.0Sn-0.3Nb-0.3Fe-0.1Cr alloy[END_REF] also measured the decomposition temperatures of the SPP between 1023 K and 1273 K by calorimetry. Just note that the chemical composition of the SPP was not reported. Liu et al. [START_REF] Liu | Study of microstructure of Zr-Sn-Nb-Fe-Cr alloy in the temperature range of 750-820 degrees C[END_REF] reported the existence of the two SPP with hexagonal and cubic crystal structures. At higher temperature, the measurements of Jianlie et al. [START_REF] Liang | Intermetallics and phase transformations of the Zr-1.0Sn-0.3Nb-0.3Fe-0.1Cr alloy[END_REF] show that three SPP are stable with C14, Ti 2 Ni and FeZr 3 structures, respectively.

We have reported in Table 10 and 11 the SPP of this quinary alloy predicted by our new database compared to measurements of Jianlie et al. [START_REF] Liang | Intermetallics and phase transformations of the Zr-1.0Sn-0.3Nb-0.3Fe-0.1Cr alloy[END_REF] and Liu et al. [START_REF] Liu | Study of microstructure of Zr-Sn-Nb-Fe-Cr alloy in the temperature range of 750-820 degrees C[END_REF] as well as the predictions of the Zircobase [START_REF] Dupin | A thermodynamic database for zirconium alloys[END_REF]. We also reported in Table 11 the decomposition temperatures of the stable SPPs.

The phase equilibria calculated using our database and the Zircobase [START_REF] Dupin | A thermodynamic database for zirconium alloys[END_REF] agree well with the measurements of Liu et al. [START_REF] Liu | Study of microstructure of Zr-Sn-Nb-Fe-Cr alloy in the temperature range of 750-820 degrees C[END_REF]. Moreover, our predictions of the SPP after annealing at 1023 K are in good agreement with the measurements of Jianlie et al. [START_REF] Liang | Intermetallics and phase transformations of the Zr-1.0Sn-0.3Nb-0.3Fe-0.1Cr alloy[END_REF]. Nevertheless, a significant gap remains concerning the decomposition of Ti 2 Ni between the measured temperature and the calculated one with our and Zircobase descriptions [START_REF] Dupin | A thermodynamic database for zirconium alloys[END_REF]. Finally, note that Jianlie et al. [START_REF] Liang | Intermetallics and phase transformations of the Zr-1.0Sn-0.3Nb-0.3Fe-0.1Cr alloy[END_REF] reported the presence of small precipitates corresponding to E1a phase ordered at stoichiometry FeZr 3 . Its identification is only based on a very low-intensity signal in XRD pattern mainly convoluted with that of the -Zr matrix. These precipitates which decompose at 1053 K were not predicted by our calculations even though, in this temperature range the E1a phase ordered at stoichiometry FeZr 3 is the phase closest to stability according to our database and contrary to Zircobase [START_REF] Tupin | Approfondissement des mécanismes d'oxydation de deux alliages de zirconium: Zircaloy-4 et ZrNbO, sous oxygène et sous vapeur d'eau. Comparaison des régimes cinétiquement limitants[END_REF]. The presence of this phase can be related to the very slow diffusion rate of Nb in α-Zr. Indeed, the allotropic transformation from β-Zr to α-Zr is accompanied by a significant reduction in the solubility of Fe in the α-Zr matrix. Thus, since Nb is a slow-diffuser in Zr, the formation of Fe-Zr precipitates will be favoured compared to (Zr,Nb) 2 Fe precipitates. 4.6.2 Second Phase Particules (SPP) in Zr-0.7Nb-0.3Sn-0.35Fe-0.25Cr This quinary industrial alloy was annealed for two hours at 948 K and has been experimentally studied by Barberis et al. [76] using EDS. Barberis et al. [START_REF] Barberis | Thermodynamics of Zr Alloys: Application to Heterogeneous Materials[END_REF] reported the occurrence of two SPPs, a Nb-rich one and an Nb-poor one, with stoichiometry close to Zr(Nb,Fe,Cr) 2 and Zr(Fe,Cr) 2 , respectively.

We have reported in Table 12 the SPP present in this quinary alloy calculated using our database compared to measurements of Barberis et al. [START_REF] Barberis | Thermodynamics of Zr Alloys: Application to Heterogeneous Materials[END_REF] as well as the predictions of the Zircobase [START_REF] Dupin | A thermodynamic database for zirconium alloys[END_REF].

Our calculations also show two SPP which compositions agree with those measured. The C15 phase predicted by our database exhibit a composition close to that of the Zr(Fe,Cr) 2 phase identified by Barberis et al. [76] while the composition of the C14 phase differs from that of the Zr(Nb,Fe,Cr) 2 phase only by a greater substitution of Cr by Fe. Finally, it should be noted that Zircobase [START_REF] Dupin | A thermodynamic database for zirconium alloys[END_REF] predicts only one SPP which composition is relatively close to the Zr(Fe,Cr) 2 phase measured by Barberis et al. [START_REF] Barberis | Thermodynamics of Zr Alloys: Application to Heterogeneous Materials[END_REF].

In this section, it has been shown that the phase equilibria predictions performed using our new database are in general good agreement with the available experiments conducted on industrial alloys. In addition, for the second alloy which composition is close to that of M5 ® , note that our predictions exhibit better agreement with literature data than those obtained using the Zircobase [START_REF] Dupin | A thermodynamic database for zirconium alloys[END_REF].

Conclusion

The thermodynamic modelling of the Cr-Fe-Nb-Sn-Zr quinary system has been performed using the Calphad approach based on new experimental and calculated data. The critical assessment of the Cr-Nb-Sn ternary system, the Cr-Nb-Sn-Zr quaternary system, the Fe-Sn-Zr ternary systems as well as the Fe-Nb-Zr was presented in previous papers [START_REF] Lafaye | Thermodynamic modelling of the Cr-Nb-Sn system[END_REF][START_REF] Lafaye | Experimental investigations and thermodynamic modelling of the Cr-Nb-Sn-Zr system[END_REF][START_REF] Toffolon-Masclet | Development of thermokinetic tools for phase transformation studies of Zr alloys in service and LOCA conditions[END_REF][START_REF] Lafaye | Thermodynamic modelling of the Fe-Sn-Zr system based on new experiments and first-principles calculations[END_REF].

We provide, within this study, few experiments allowing to define the most important equilibria in the Cr-Fe-Sn and Fe-Nb-Sn ternary systems at 973 K and 1073 K, systems for which no experimental data was available.

Moreover, the formation enthalpies of all the end-members of the C14 (3SL), C15 (2SL), C36 (3SL), σ (2SL) and μ (4SL) phases have been calculated using DFT. The mixing enthalpies of the A2 (bcc) binary solid solutions were determined using the SQS method. It allows to provide robust and consistent values in the complete composition range for each solid solution, outside their stability range.

At last, these experimental and calculated data were used together with the data available in the literature as input data for the Calphad modelling of the Cr-Fe and Fe-Nb binary systems.

These systems have been reassessed in order to provide consistent description of the σ and the C14 phases.

Note that the Cr-Fe-Sn and Fe-Nb-Sn ternary systems were obtained by extrapolation of the binary sub-systems only, attesting the validity of our description of the five involved binary sub-systems. However, ternary interaction parameters were used to model the Cr-Fe-Nb, Cr-Fe-Zr and Fe-Nb-Zr ternary systems. No higher order interaction parameter was used to assess quaternary and quinary system. The quinary database was constructed by a combination of the systems we have presented.

At last, we have shown that our database is a powerful tool for the determination of phase equilibria and phase transformations for multi-constituent systems. The chosen application examples validate the descriptions of all the binary and ternary subsystems we have modelled.

Note added in proof

The thermodynamic modelling presented in this paper was done before the paper of Zhou et al. [START_REF] Zhou | Experimental Investigation of the Phase Relationship of the Fe-Cr-Sn System[END_REF] dedicated to the Cr-Fe-Sn ternary system was published. Even if the measurements of Zhou et al. [START_REF] Zhou | Experimental Investigation of the Phase Relationship of the Fe-Cr-Sn System[END_REF] could not be considered in this work, the nature and composition of the phase equilibria they measured at 1123K are close to our measurements performed at 1073K and in good agreement with the predictions of our database.
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Figure 1: Calculated formation enthalpies of the end-members of the σ phase in the Cr-Fe system compared to data of Jacob18 [START_REF] Jacob | Revised thermodynamic description of the Fe-Cr system based on an improved sublattice model of the σ phase[END_REF], Pavlu10 [START_REF] Pavlů | Ab initio study of formation energy and magnetism of sigma phase in Cr-Fe and Cr-Co systems[END_REF], Connetable11 [START_REF] Connétable | First principle energies of binary and ternary phases of the Fe-Nb-Ni-Cr system[END_REF], Sluiter06 [START_REF] Sluiter | Ab initio lattice stabilities of some elemental complex structures[END_REF], Korzhavyi09 [START_REF] Korzhavyi | Electronic structure and effective chemical and magnetic exchange interactions in bcc Fe-Cr alloys[END_REF] and Kabliman12 [START_REF] Kabliman | Ab Initio study of lattice site occupancies in binary sigma phases using a single-site mean field model[END_REF]. Dubiel87 [START_REF] Dubiel | On the miscibility gap in the Fe-Cr system -a Mossbauer study on long-term annealed alloys[END_REF], Hertzman82 [START_REF] Hertzman | A thermodynamic analysis of the fe-cr system[END_REF], Kundrat84 [START_REF] Kundrat | Phase relationships in the Fe-Cr-C system at solidification temperatures[END_REF], Nishizawa66 [START_REF] Nishizawa | Thermodynamic study of Fe-C-Mn, Fe-C-Cr and Fe-C-Mo systems[END_REF], Normanton76 [START_REF] Normanton | A calorimetric and mass-spectrometric study of solid iron-chromium alloys[END_REF],

Novy08 [START_REF] Novy | Atomic scale analysis and phase separation understanding in a thermally aged Fe-20 at.%Cr alloy[END_REF], Putman51 [START_REF] Putman | The ternary system chromium-molybdenum-iron[END_REF], Cook43 [START_REF] Cook | The brittle constituent of iron chromium system (sigma phase)[END_REF]. Dubiel87 [START_REF] Dubiel | On the miscibility gap in the Fe-Cr system -a Mossbauer study on long-term annealed alloys[END_REF], Hertzman82 [START_REF] Hertzman | A thermodynamic analysis of the fe-cr system[END_REF], Kundrat84 [START_REF] Kundrat | Phase relationships in the Fe-Cr-C system at solidification temperatures[END_REF], Nishizawa66 [START_REF] Nishizawa | Thermodynamic study of Fe-C-Mn, Fe-C-Cr and Fe-C-Mo systems[END_REF], Normanton76 [START_REF] Normanton | A calorimetric and mass-spectrometric study of solid iron-chromium alloys[END_REF],
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*Sn liquid is transformed into A5 after cooling

Table 10 :

 10 Calculated composition and structure of the Second Phase Particules (SPP) in Zr-1.0Sn-0.3Nb-0.3Fe-0.1Cr compared to literature data obtained at 863 K.

Table 11 :

 11 Calculated composition, structure and decomposition temperature of the Second Phase Particules in Zr-1.0Sn-0.3Nb-0.3Fe-0.1Cr from 1023 K to 1273 K compared to literature data

	Liu et al. [74] -experimental	This work -calculated	Zircobase [21] -calculated
	SPP	SPP	SPP
	Structure	Structure	Structure
	(Nb,Fe) 2 Zr	(Nb,Fe) 2 Zr	(Nb,Fe,Cr) 2 Zr
	hexagonal	C14	C14
	(Zr,Nb) 2 Fe	(Zr,Nb) 2 Fe	(Zr,Nb) 2 Fe
	cubic	Ti 2 Ni	Ti 2 Ni
	Jianlie et al. [75] -experimental	This work -calculated	Zircobase [21] -calculated
	SPP	SPP	SPP
	Structure	Structure	Structure
	Decomposition temperature (K)	Decomposition temperature (K)	Decomposition temperature (K)
	(Cr,Fe) 2 Zr	(Cr,Fe) 2 Zr	(Cr,Fe) 2 Zr
	C14	C14	C14
	1087	1115	1100
	(Zr,Nb) 2 Fe	(Zr,Nb) 2 Fe	(Zr,Nb) 2 Fe
	Ti 2 Ni	Ti 2 Ni	Ti 2 Ni
	1134	1054	1024
	Zr 3 Fe		
	E1a	-	-
	1053		

Table 12 :

 12 Calculated composition and structure of the Second Phase Particules in Zr-0.7Nb-0.3Sn-0.35Fe-0.25Cr annealed for 2h at 948 K compared to literature data.

	SPP	Zr	Nb	Fe	Cr	Ref.
	Zr(Nb,Fe,Cr) 2	33.8	20.2	29.2	16.8	Barberis et al. [76] -Experimental
	Zr(Fe,Cr) 2	33.0	4.6	29.5	32.9	Barberis et al. [76] -Experimental
	Zr(Nb,Fe,Cr) 2 C14	34.2	25.3	38.3	2.2	This work -calculated
	Zr(Fe,Cr) 2 C15	32.6	3.3	35.8	28.3	This work -calculated
	Zr(Fe,Cr) 2	33.4	3.16	36.1	27.3	Zircobase [21] -calculated
	C14					
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