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Introduction

The U-Zr system has received a lot of attention both experimentally and theoretically and even recently. It can be firstly attributed to its importance in the development of metallic nuclear fuels for fast neutron reactors, as a binary subsystem of the U-Pu-Zr ternary. To be able to predict the behavior of such fuels for various composition and temperature ranges, Calphad modellings based on critical assessments of the available experimental thermodynamic and phase diagram data have been successively published by Leibowitz et al. [START_REF] Leibowitz | Thermodynamics of the uranium-zirconium system[END_REF], Ogawa et al. [START_REF] Ogawa | Thermochemical modelling of U-Zr alloys[END_REF], Kurata et al. [START_REF] Kurata | Thermodynamic assessment of the Fe-U, U-Zr and Fe-U-Zr systems[END_REF] [4] and more recently by Xiong et al. [START_REF] Xiong | Thermodynamic modeling of the U-Zr system -A revisit[END_REF]. In a very different context, namely the severe accident analysis in Light Water Reactors, knowledge of this system is also essential to be able to determine the phases likely to form at high temperatures as a result of the interaction between the liquefied Zircaloy cladding and the UO2 fuel. The U-Zr system is also a key-binary for the description of the O-U-Zr ternary system which has been modelled by Chevalier, Fischer and Cheynet [START_REF] Chevalier | Thermodynamic modelling of the O-U-Zr system[END_REF] [7] [START_REF] Fischer | NUCLEA Thermodynamic Database for Corium, and Mephista Thermodynamic Database for Fuel Applications -Institut de Radioprotection et Sûreté Nucléaire[END_REF] and by Quaini et al. [START_REF] Quaini | Contribution to the thermodynamic description of the corium -The U-Zr-O system[END_REF].

It is well established [START_REF] Sheldon | The U-Zr (Uranium-Zirconium) system[END_REF] that the U-Zr phase diagram exhibits at high temperature, a body centered cubic solution (-U, -Zr) with complete mutual solubility of U and Zr. At lower temperature, this phase forms a very flat miscibility gap ranging between 10 and 40 at.% Zr and having a critical point at 995 K and 30 at.% Zr. The so-called  phase, which is the subject of this paper, is the only intermetallic phase in the system. This intermediate phase, whose composition could be approximated as stoichiometric UZr2 and which is stable below its transition temperature around 880 K [START_REF] Akabori | The lattice stability and structure of delta-UZr2 at elevated temperatures[END_REF], has a significant homogeneity composition range extending from 64.2 to 78.2 at.% Zr at 873 K and from 66.5 to 80.2 at.% Zr at 823 K according to Akabori et al. [START_REF] Akabori | Stability and structure of the δ phase of the U-Zr alloys[END_REF]. The phase has a hexagonal structure (c = 3.08 Å, a = 5.03 Å) [START_REF] Boyko | The structure of the δ phase in the uranium-zirconium system[END_REF] with three atoms in the conventional cell in which the (0, 0, 0) sites are occupied by zirconium atoms while the (2/3, 1/3, 1/2) and (1/3, 2/3, 1/2) sites are randomly filled by uranium and zirconium atoms. In the Calphad assessments, this phase is conventionally modelled using a twosublattice model (either (Zr)1(U,Zr)2 adopted in [START_REF] Xiong | Thermodynamic modeling of the U-Zr system -A revisit[END_REF] [START_REF] Chevalier | Progress in the thermodynamic modelling of the O-U-Zr ternary system[END_REF] [START_REF] Quaini | Contribution to the thermodynamic description of the corium -The U-Zr-O system[END_REF] consistently with the experimental crystallographic description of  or (U,Zr)1(U,Zr)2 considered in [START_REF] Kurata | Thermodynamic database on U-Pu-Zr-Np-Am-Fe alloy system I -Re-evaluation of U-Pu-Zr alloy system[END_REF]). The thermodynamic experimental data related to the -phase are rather limited since only the enthalpy of formation at the composition U/Zr=1/2 was determined to be (-4.0 ± 10.1 / 1 ) at 298.15 K by Nagarajan et al. [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF] using dissolution calorimetry in liquid aluminum at high temperature and the uranium activity in the compound was later measured by Murakami et al. [START_REF] Murakami | Electrochemical formation of uranium-zirconium alloy in LiCl-KCl melts[END_REF] using EMF method.

In [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF], the enthalpy of formation of UZr2 at 298.15 K, ∆ °, is obtained through a Hess cycle combining the drop-solution enthalpies at infinite dilution, ∆ , .

, , for X=U, Zr and UZr2 separately measured in an aluminum bath at T=991 K according to the following equation:
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A first point about the data reported in [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF] was stressed by Ogawa et al. [START_REF] Ogawa ; K. Nagarajan | Free energy of formation of δ-UZr2 comment on the paper[END_REF]. In such determination, a rather significant error is inevitable, since ∆ ° is calculated from the linear combination of three large values, ∆ , .

, , for = , and ranging in absolute values between 100 and 200

. Since the absolute value of ∆ , . ° is small, its corresponding uncertainty (± 10.1 /

) is inevitably large.

The second point is more fundamental since it puts into question the experimental determination itself. We have recently shown [START_REF] Barrachin | Critical evaluation of experimental data of solution enthalpy of zirconium in liquid aluminum[END_REF] that in most of the experimental studies dealing with zirconium dissolution in liquid aluminum around 1000 K (Table 1), including the one of Nagajaran et al. and in spite of their consistency, the recorded thermal effects (around -220 ) probably did not correspond to a dissolution phenomenon but to a partial or total transformation of Zr into a zirconium aluminide (Al3Zr).

To overcome this difficulty, the partial drop-solution enthalpy of zirconium at infinite dilution has been recently indirectly determined by our team [START_REF] Gajavalli | Determination of solution enthalpy of zirconium in liquid aluminum[END_REF] from Al3Zr dissolution in liquid aluminum at 1173 K, leading to a much less exothermic value -130 ± 9

. Combining this new value for Zr and those from [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF] for U and UZr2 in equation [START_REF] Leibowitz | Thermodynamics of the uranium-zirconium system[END_REF] reveals that the enthalpy of formation of UZr2 would become strongly positive (about 60 kJ mol at -1 ), which is in complete contradiction with the proven stability of the -phase at room temperature. This implies that the thermal effects related to the dissolution of uranium and UZr2 in liquid aluminum measured in [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF] must likely be reinterpreted. 1 The mole here is , hence containing 3 moles of atoms. In the following, we will use the unit to specify it. When enthalpies are referred to one mole of atoms, that is to say to the formula / / , we will use the unit . The misunderstanding of this basic distinction is the source of considerable confusion in the comparison between literature results. [START_REF] Turchanin | Experimental Determination of Enthalpies of Formation of the Copper-Zirconium Amorphous Alloys[END_REF], to be a refinement of the previously published ones.

The values from the various Calphad assessments of the U-Zr system are listed in Table 2. Chevalier adopted the experimental value (∆ , .

°-13.333

) of Nagarajan et al. in his first assessment [START_REF] Chevalier | Thermodynamic modelling of the O-U-Zr system[END_REF] but revised the value to zero in a later article [START_REF] Chevalier | Progress in the thermodynamic modelling of the O-U-Zr ternary system[END_REF]. In the last version (called NUCLEA) of this database [START_REF] Fischer | NUCLEA Thermodynamic Database for Corium, and Mephista Thermodynamic Database for Fuel Applications -Institut de Radioprotection et Sûreté Nucléaire[END_REF], Fischer adopted a slightly negative value. Kurata followed a similar reasoning modifying his initial value -13.394

adopted in [START_REF] Kurata | Thermodynamic database on U-Pu-Zr-Np-Am-Fe alloy system I -Re-evaluation of U-Pu-Zr alloy system[END_REF] to zero in a later description of U-Zr-O [START_REF] Quaini | Contribution to the thermodynamic description of the corium -The U-Zr-O system[END_REF]. We can thus note that all the authors finally agreed to choose an enthalpy of formation very close to zero at the stoichiometric UZr2 composition.

The enthalpy of formation of this phase obtained at 0 K by electronic structure calculations are listed in Table 3. Depending on the authors and calculation methods, both positive and negative values are obtained with large differences in absolute magnitude. For these different reasons, the revisit of the thermodynamic data related to the UZr2 phase appears to be important. The paper will be divided in four parts: the three first parts are devoted to the reinterpretation of the thermal effects measured in [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF] and related to the dissolution in liquid aluminum of zirconium, uranium and UZr2 respectively, while the last part will discuss the value of the enthalpy of formation of UZr2. 

Zirconium solution in liquid aluminum

A thorough critical evaluation of literature data concerning the dissolution of zirconium in liquid aluminum was recently presented by our group in two full length articles [START_REF] Barrachin | Critical evaluation of experimental data of solution enthalpy of zirconium in liquid aluminum[END_REF] [START_REF] Gajavalli | Determination of solution enthalpy of zirconium in liquid aluminum[END_REF]. It was concluded that, in most of the calorimetric studies performed around 1000 K, the heat effect recorded was misinterpreted as the dissolution of Zr whereas the phenomenon occurring in the calorimeter was more likely to be the formation of the Al3Zr aluminide. We will not repeat here all the details of our previous analysis but we want to highlight the most striking arguments that support our point view regarding the measurements performed by Nagarajan et al. [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF].

The calorimeter temperature selected in this literature study is 991 K (717.85°C). At this temperature, it can be checked from Fig. 3 of reference [START_REF] Dezellus | On the Solubility of Group IV Elements (Ti, Zr, Hf) in Liquid Aluminum Below 800°C[END_REF] that the solubility limit of zirconium in an aluminum rich liquid is around 0.05 at.%. After the drop of the first Zr sample in the liquid Al bath, the Zr concentration already reaches 0.52 at.% as shown in Table 1 of [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF] that is ten times the solubility limit value. Then, the amount of zirconium in excess of the solubility limit will precipitate as Al3Zr aluminide crystals. The four subsequent Zr samples are dropped in an Al-rich Zr-saturated liquid and the expected reaction to occur is the full conversion of the Zr pieces into Al3Zr according to the chemical reaction:

〈 〉 . + 3( ) → 〈 〉 ∆ (2) 
Moreover, the plausibility of the above scenario can be quantitatively tested as the enthalpy ∆ of reaction ( 2) can be calculated from the following Hess cycle:

〈 〉 . + 3〈 〉 . → 〈 〉 . ∆ (3) 
〈 〉 . → 〈 〉 ∆ (4) 〈 〉 . → ( ) ∆ (5) 
Then:

∆ = ∆ + ∆ -3∆
The enthalpy of reaction (3) is the standard formation enthalpy of Al3Zr at room temperature. This value was measured by high-temperature direct synthesis calorimetry by Meschel and Kleppa [START_REF] Meschel | Standard enthalpies of formation of 4d aluminides by direct synthesis calorimetry[END_REF]:

∆ = ∆ ° , . = -193.6 ± 5.2
The enthalpy of reaction (4) represents the heat increment of the aluminide between the room and calorimeter temperatures. Using classical thermodynamic relations, this value can be calculated from the Gibbs energy function of Al3Zr assessed by Fischer and Colinet [START_REF] Fischer | An Updated Thermodynamic Modeling of the Al-Zr System[END_REF]:

∆ = ∆ , .
= 69.8

The enthalpy of reaction ( 5) represents the heat increment of pure aluminum between the room and calorimeter temperatures. This value can be calculated using the SGTE data for pure elements [START_REF] Dinsdale | SGTE data for pure elements[END_REF]:

∆ = ∆ , . = 30.7
Neglecting the uncertainty affecting the enthalpy increment values, expected to be one order of magnitude smaller than the one affecting the formation enthalpy of Al3Zr, we finally calculate: ∆ = -215.9 ± 5.2 . This value is indeed in very good agreement with the average value , = -220.3 ± 9.5 measured by Nagarajan et al.

Two additional arguments can be put forward to contest the possibility to dissolve solid zirconium in liquid aluminum under the experimental conditions used by Nagarajan et al.

First, even if the solubility limit is not exceeded, the time required to fully dissolve, at this temperature, a small solid piece of Zr having a mass of 3.5 mg in 9.1 grams of liquid Al is in the range 22000 -24000 s, as can be estimated using a diffusion/convection modelling (see Fig. 1 of [START_REF] Barrachin | Critical evaluation of experimental data of solution enthalpy of zirconium in liquid aluminum[END_REF]). In the Nagarajan experiments, Zr samples have masses around 10 mg and the expected dissolution time would certainly be larger than this conservative estimate. It should be added that such a long dissolution time rules out the possibility of accurately measuring the enthalpy of dissolution with a high temperature calorimeter such as the HT 1500 model, considering the unavoidable fluctuations of the baseline of the calorimetric signal.

Second, as demonstrated in [START_REF] Gajavalli | Determination of solution enthalpy of zirconium in liquid aluminum[END_REF], accepting both the measured values of Nagarajan et al. around 1000 K and the ones obtained by calorimetry in the 1693-2045 K range by other groups of researchers would imply an unrealistic variation of the mixing enthalpy of Zr at infinite dilution in liquid Al with temperature. Moreover, The CALPHAD optimization by Fischer and Colinet [START_REF] Fischer | An Updated Thermodynamic Modeling of the Al-Zr System[END_REF] showed that a consistent modelling of the Al-Zr system could only be obtained relying on the 1693-2045 K range calorimetry results for the liquid phase, without taking into account any temperature variation of the liquid mixing enthalpy.

As a conclusion of this section, we reject the value of the partial enthalpy of Zr solution in liquid Al measured by Nagarajan et al. Adopting instead the partial enthalpy of mixing of Zr in liquid Al determined by us in [START_REF] Gajavalli | Determination of solution enthalpy of zirconium in liquid aluminum[END_REF], ∆ , = -175 ± 10 , further assuming that this value remains constant between 991 and 1173 K and using SGTE data of pure Zr, we finally estimate ∆ , . , = -136.4 ± 10 .

Uranium solution in liquid aluminum

The thermodynamics of the U-Al liquid has been investigated by various groups. Colinet et al. [START_REF] Colinet | Enthalpies of formation of rare earth and uranium tin compounds[END_REF], Nagarajan et al. [START_REF] Nagarajan | Enthalpies of formation of UAl4 and UAl3 by calorimetry[END_REF] and Labroche et al. [START_REF] Labroche | New Thermodynamic Measurements in the U-Fe system[END_REF] all used drop-solution calorimetry in liquid aluminum. In this technique, the solid samples are maintained at room temperature before being dropped in liquid aluminum held at the high calorimeter temperature .The measured quantity is the partial drop solution enthalpy of uranium between 298.15 K and denoted ∆

, .

, where the  superscript means that the results are extrapolated to infinite dilution in liquid aluminum. Dannöhl and Lukas [START_REF] Dannöhl | Calorimetric determination of the enthalpies of formation of some intermetallic compounds[END_REF] adopted isothermal solution calorimetry in the same solvent. In their method, the solid samples are maintained at the same temperature as the calorimeter and the liquid aluminum. The measured enthalpy is, in this case, the partial isothermal solution enthalpy of uranium at denoted ∆ , . Lebedev et al. [START_REF] Lebedev | Thermodynamic properties of uranium-aluminum alloys[END_REF] measured the activity of U in liquid U-Al alloys by EMF technique. From the second-law processing of the EMF measurements vs. temperature at various compositions, they derive the partial mixing enthalpy of U at infinite dilution at the average temperature of the measurements denoted ∆ , .

The experimental conditions and partial enthalpies of uranium reported in these studies are summarized in Table 4. However, to check the consistency of the results, it is required to perform a prior conversion of all enthalpies to a common liquid reference state for both elements at the corresponding experimental temperature and infinite dilution. The SGTE data [START_REF] Dinsdale | SGTE data for pure elements[END_REF] are used to make the calculations and the obtained isothermal partial mixing enthalpies of uranium at and infinite dilution, denoted ∆ , , are given in the last column of Table 4 for each study with, when it was possible, a re-estimation of the associated uncertainty. To gain a better insight into the literature results, the partial mixing enthalpy of U is plotted vs. uranium mole fraction in Figure 1. The experimental data points of Dannöhl and Lukas [START_REF] Dannöhl | Calorimetric determination of the enthalpies of formation of some intermetallic compounds[END_REF] and Labroche et al. [START_REF] Labroche | New Thermodynamic Measurements in the U-Fe system[END_REF] are digitized from the relevant figures of the original articles. Only the values at infinite dilution are reported in the articles of Colinet [START_REF] Colinet | Enthalpies of formation of rare earth and uranium tin compounds[END_REF] and Lebedev et al. [START_REF] Lebedev | Thermodynamic properties of uranium-aluminum alloys[END_REF] and hence further analysis of these two experimental studies was not possible. Several important points follow from the observation of Figure 1. [START_REF] Dannöhl | Calorimetric determination of the enthalpies of formation of some intermetallic compounds[END_REF] fit their results referred to solid U and liquid Al with a quadratic polynomial, obtaining the value -132. [START_REF] Kurata | Thermodynamic database on U-Pu-Zr-Np-Am-Fe alloy system I -Re-evaluation of U-Pu-Zr alloy system[END_REF] at infinite dilution, corresponding to a mixing enthalpy ∆ , = -142. [START_REF] Kurata | Thermodynamic database on U-Pu-Zr-Np-Am-Fe alloy system I -Re-evaluation of U-Pu-Zr alloy system[END_REF] . However, it can be checked that five data points (empty diamonds) of Dannöhl and Lukas exceed the solubility limit and hence should not be considered further in the analysis. Despite this shortcoming, the results of Dannöhl and Lukas at 1023 K clearly show that the mixing enthalpy varies linearly with the U mole fraction. We reprocess their data using a simple regression line excluding these five points and finally estimate from the line intercept ∆ , = -142.4 ± 4.3

Dannöhl and Lukas

(Table 4 and Figure 1) a value which is identical to the initial estimate of Dannöhl and Lukas given above.

A linear trend is also confirmed by the results of Labroche et al. [START_REF] Labroche | New Thermodynamic Measurements in the U-Fe system[END_REF] at 988 K. Hence, around 1000 K, it is confirmed that the values at infinite dilution should be estimated from the intercepts of regression lines. In the original article, the intercepts are determined by a complex coupled regression procedure involving the simultaneous determinations of several regression lines corresponding to the calorimetric data of several elements and compounds. This procedure is impossible to reproduce without all the original data. The uncertainties on the intercepts were estimated to be 2.2% of the value. Here, we adopted a different approach, we fitted the U data of Labroche et al. at 988 K by a simple regression but the uncertainty was estimated by the 95% confidence interval on the intercept yielding ∆ . Both values, at 988 and 1244 K, remain consistent with those determined in the original paper, but the magnitude of the uncertainties is considered more realistic.

The scattering affecting the five points (empty triangles in Figure 1) of Nagarajan et al. is large. In view of this scattering, these authors logically calculated the enthalpy at infinite dilution by taking a simple average of the five values. However, by comparison with the results of Dannöhl and Lukas and the ones of Labroche at 988 K, it can be realized that, even if most of the experimental points of Nagarajan et al. are consistent with the other studies, taking a simple average is an improper procedure, which leads to underestimate the mixing enthalpy value around -155 (Table 4) whereas values in the range {-145 ; -135

} can be inferred from other literature results obtained at temperatures between 980 and 1023 K.

The variation of the partial mixing enthalpy of U at infinite dilution in liquid Al is plotted as a function of temperature in Figure 2. As explained above, the value of Nagarajan et al. is underestimated and all other results obtained at temperatures close to 1000 K are around-140 ± 5

. The single value obtained at a significantly higher temperature (1244 K) by Labroche et al. suggests that the partial enthalpy of U would become less exothermic as temperature is increased. However, it is worth noting that, in the CALPHAD assessments of Kassner et al. [START_REF] Kassner | The Al-U (Aluminum-Uranium) system[END_REF] and Wang et al. [START_REF] Wang | Thermodynamic modeling of the Al-U and Co-U systems[END_REF], this possible enthalpy variation with temperature is not considered and constant values were adopted. We have also to keep in mind that any value of the partial mixing enthalpy of uranium in the 980 -1244 K temperature range of the measurements relies on the estimation of the melting enthalpy of U at undercoolings ranging from 164 to 428 K, the uncertainty on this value remains difficult to assess. Further investigations would be required to clarify this issue. The constant values that can be calculated from the optimized coefficients of the CALPHAD assessments of Kassner et al. [START_REF] Kassner | The Al-U (Aluminum-Uranium) system[END_REF] and Wang et al. [START_REF] Wang | Thermodynamic modeling of the Al-U and Co-U systems[END_REF] are plotted as horizontal dashed and solid lines respectively.

At this stage of our critical analysis, we select the value of Labroche et al. corrected by us ∆ = -145.4 ± 6.4

as a reliable estimate of the partial mixing enthalpy of U around 1000 K. This value, obtained by one of us 20 years ago, is consistent with the determination of both Dannöhl and Lukas and Lebedev et al.

The exothermic character of the measured thermal effects recorded during the calorimetric experiments implies that a chemical reaction did occur when the solid U samples are immersed in liquid Al. To ensure that this effect corresponds to the actual dissolution of U, we performed a kinetic calculation.

At 980 K, the solubility of uranium in liquid aluminum is approximately 50 times higher than the one of zirconium. Moreover, and in contrast to what occurred in the Zr drop-solution experiments, this solubility limit was not crossed during the U drop-solution experiments of Nagarajan et al. (and of other studies). So, there was a non-zero thermodynamic driving force for U dissolution. It is then interesting to check if the kinetics of this dissolution is fast enough to allow the calorimetric measurement of its associated heat effect. A dissolution model has been developed by our team [START_REF] Barrachin | Critical evaluation of experimental data of solution enthalpy of zirconium in liquid aluminum[END_REF] to estimate the duration of the thermal effect in case the dissolution process is driven by diffusion and natural convection induced by the density difference between the metal (M) to be dissolved and liquid aluminum. More details on the model and the input parameters can be found in Appendix A. We have simulated the experimental conditions of the three drop-solution calorimetry studies (Table 5). In the experiments of Nagarajan et al. [START_REF] Nagarajan | Enthalpies of formation of UAl4 and UAl3 by calorimetry[END_REF] as well as in those of Colinet et al. [START_REF] Colinet | Enthalpies of formation of rare earth and uranium tin compounds[END_REF] and Labroche et al. [START_REF] Labroche | New Thermodynamic Measurements in the U-Fe system[END_REF], the geometry and then the surface area S of the dropped uranium samples are not known. We will assume a spherical geometry. According to the isoperimetric inequality [START_REF] Andreescu | Geometric problems on maxima and minima[END_REF], for a given mass (so for a given volume at fixed density), the spherical geometry leads to minimize the surface of the sample and then to increase the dissolution time. The calculated dissolution time will have to be considered as an upper bound.

Table 5. Experimental conditions in the different dissolution calorimetry experiments of uranium in liquid aluminum and reported duration of the heat effect.

is the calorimeter temperature.

Our calculations (Figure 3) show that, for all experimental conditions, dissolution is achieved in less than one hour. In high-temperature calorimetry, the occurrence of drift and/or baseline fluctuations is very likely over durations longer than one hour. The short durations which are calculated indicate that the dissolution enthalpy can be measured without too much uncertainty. Moreover, the calculated dissolution times are of the same order of magnitude or lower than the reported experimental ones. For example, in the experiments of fast, even at 986 K. We conclude that the dissolution kinetics is not the phenomenon that limited the return of the calorimetric signal to its baseline. 

UZr2 solution in liquid aluminum

The enthalpy of formation of UZr2 at room temperature, which can be calculated combining our assessed solution enthalpies of zirconium (Section 2) and uranium (Section 3) in liquid aluminum with the solution enthalpy of UZr2 reported by Nagarajan et al., is again strongly positive. It would be indicative of the unstable character of this phase at 298.15 K, in remarkable contradiction to the state of knowledge on the U-Zr system which establishes the stability of this phase at room temperature. So from this first argument, it seems doubtful that the thermal effect reported by Nagarajan et al. could correspond to the effective dissolution of UZr2 samples in liquid aluminum assumed by the authors.

According to the Calphad modelling of the Al-U-Zr system of Rabin et al. [START_REF] Rabin | Thermodynamic modeling of Al-U-X (X = Si,Zr)[END_REF], it can be checked that Nagarajan et al. investigated in their UZr2 dissolution experiments at 991 K, ranges of uranium and zirconium concentrations, leading to solid precipitation and this, from the first drop. Indeed, using Rabin's modelling, the calculated thermodynamic equilibrium is found to be biphasic, liquid + Al3Zr (Table 6), and this equilibrium is calculated to prevail after each of the five UZr2 additions. The corresponding equilibrium points are labelled as QN, N=1, 2,… 5 on the isothermal ternary section of Figure 4. The solubility limit of Zr in the ternary Al-rich liquid is so small that it appears as a line almost merged with the U-Al binary border in Figure 4a and its value is almost constant in the explored composition range (Figure 4b). As this limit is largely exceeded from the first drop during the calorimetric experiments of Nagarajan et al., it can be assumed that the dissolution of UZr2 in liquid Al is accompanied by the re-precipitation of the excess quantity of Zr in the form of Al3Zr aluminide. The calculation from Rabin's Calphad model shows that after the first drop, assuming that the Q1 thermodynamic equilibrium is established and then the liquid composition is at P1, about 85 wt% of zirconium from the UZr2 dropped sample is not dissolved in the liquid and have precipitated as Al3Zr while 15 wt% of zirconium is dissolved in liquid. For the following drops, according to the phase equilibrium is given respectively Q2, Q3, Q4 and Q5 no more zirconium dissolution in liquid phase is possible and then zirconium introduced in the bath fully precipitates in Al3Zr.

This chemical process then occurring in the calorimeter could be written as:

〈 〉 . + ( ) → ( , ( -6) ) + 2〈 〉 (6) 
The enthalpy of reaction ( 6), ∆ , can be estimated by the following Hess cycle:

∆ = -∆ ° , .
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In which ∆ ° , .

= -193.6 ± 5.2 , ∆

, .

= 69.8 and ∆ , .

= 30.7 as already reported in section 2. From the assessment presented in section 3, we

For ∆ ° , the values calculated by DFT are spread over a large range, including both exothermic and largely endothermic values. However, considering that the compound is stable at room temperature but decomposes at a rather moderate temperature around 880 K [START_REF] Akabori | The lattice stability and structure of delta-UZr2 at elevated temperatures[END_REF], the absolute value of its formation enthalpy should be small. Moreover, considering that values close to zero were adopted in the most recent CALPHAD assessments (Table 2), a reasonable estimate of the formation enthalpy could be: ∆ , .

° 0 ± 5 .

Neglecting the uncertainties on the enthalpy increments of Al and Al3Zr expected to be small compared to the ones affecting the other terms in the sum, it follows that ∆  -539.2 ± 13.2 (-179.7 ± 4.4 ), in rather good agreement with the value reported by Nagarajan et al., -554.7 ± 9.6 (-184.9 ± 3.2

). Moreover, it can be checked that the reported uncertainty ± 3.2 is in fact the standard deviation of the five measured values given in Table 2 of [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF]. The expanded uncertainty corresponding to a 95 % confidence interval is then ±4.0

. So the uncertainty range of both values largely overlap and that means that the thermal effects measured by Nagarajan et al. can also be interpreted quantitatively in terms of dissolution of uranium and precipitation of Al3Zr. Table 6. Phase mass fractions at thermodynamic equilibrium during the calorimetric experiments of Nagarajan et al. [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF] at 991 K, as calculated with the Calphad modelling of the Al-U-Zr system by Rabin et al. [START_REF] Rabin | Thermodynamic modeling of Al-U-X (X = Si,Zr)[END_REF]. Initial mass of aluminum equal to 595.59 mg as reported by Nagarajan et 

Discussion

The single available experimental value of the formation enthalpy of UZr2 measured by Nagarajan et al. [START_REF] Nagarajan | Enthalpy of formation of UZr2 by calorimetry[END_REF] (∆ , .

°= -4.0 ± 10.1

) is widely used in literature as input data in the Calphad assessments of the U-Zr binary system and as a benchmark for DFT calculations.

As already mentioned in the introduction section, values of the formation enthalpy of UZr2 very close to zero were adopted in the most recent Calphad assessments of the U-Zr system, allowing a good description of this binary. These values hence appear to be consistent with that measured by Nagarajan et al. taking into account the large experimental uncertainty, whose absolute value is greater than that of the measured enthalpy itself and does not allow to have certainty on the sign of the enthalpy of formation A wide range of values are obtained by DFT depending on the various calculation methodologies. It is possible to directly compare these values calculated at 0 K with the single experimental value obtained at 298.15 K without introducing significant error due to the small excess heat capacity of the compound between 0 and 298.15 K (see Appendix B). The ab initio calculations have been the subject of intense debate on whether the addition of the Hubbard U potential to the standard functional, in the so-called DFT + U approach, could better model the energetics of binary U-Zr alloys and in particular UZr2. Without further analysis of the DFT calculations, one can recognize that some of these values are again consistent with the experimental result of Nagarajan et al.

This apparent consistency between the experimental, the CALPHAD and some of the DFT enthalpies explains why no critical analysis of the experimental value has been undertaken so far. However, the thorough analysis of the calorimetric experiments of Nagarajan et al. presented in the preceding sections shows that this agreement is largely coincidental. Indeed, three (U, Zr and UZr2) drop solution enthalpies must be measured to determine the formation enthalpy of UZr2. We have shown that it was impossible to dissolve Zr and UZr2 in liquid aluminum at 991 K because, in both cases, the solubility of Zr in the Al-rich liquid was largely exceeded during the experiments of Nagarajan et al. In addition, it was also shown that the enthalpy of drop-solution of U was underestimated because its linear dependence on the mole fraction of U was masked by the large dispersion of the experimental points.

Considering that we cannot carry out new measurements, because of the drastic constraints related to the handling of uranium, an interesting issue is whether it is possible to propose a new estimation of the formation enthalpy on the basis of our critical analysis. Assuming that the thermal effect measured by Nagarajan et al. during the "dissolution" of UZr2 corresponds to reaction (6), the standard enthalpy of formation of UZr2 can be calculated from the following equation:

∆ ° , . = -∆ + 2∆ ° , .

+ 2∆

, .

+∆

, .

, -6∆ , .

Taking ∆ = -184.9 ± 4.0 and other auxiliary values already used in previous sections, we finally estimate: ∆ ° , .

= 15.5 ± 17.1 = 5.2 ± 5.7

The reaction is endothermic and again the absolute values of the enthalpy and its uncertainty are comparable.

The presence of the delta phase in the U-Zr binary diagram is undeniable. This phase is considered as the only stable intermediate phase in the system as mentioned page 17 of the Metallic Fuels Handbook [START_REF] Janney | Metallic Fuels Handbook, Part 1: Alloys Based on U-Zr, Pu-Zr, U-Pu, or U-Pu-Zr, Including Those with Minor Actinides (Np, Am, Cm), Rare-earth Elements[END_REF], while the '-orthorhombic and -hexagonal phases are commonly accepted as being metastable (pages 20-21 of Janney's Handbook). So, if we rule out the possibility that theδphase, like Fe3C in the Fe-C system, is metastable, then the sum of the enthalpic and entropic contributions to its Gibbs energy of formation should be negative.

With the CALPHAD description of [START_REF] Xiong | Thermodynamic modeling of the U-Zr system -A revisit[END_REF] taken as an example, the formation entropy for the UZr2 composition is calculated to be ∆ ° = 0.773 ( ) at 298.15 K and then the entropic contribution -∆ ° = -298.15 × (0.773) ≈ -230 ( ) is negative. These authors could adopt a very slightly endothermic formation enthalpy (see table 2).

By performing exploratory CALPHAD calculations with the NUCLEA database [START_REF] Fischer | NUCLEA Thermodynamic Database for Corium, and Mephista Thermodynamic Database for Fuel Applications -Institut de Radioprotection et Sûreté Nucléaire[END_REF], we have estimated that the maximum endothermic value of the formation enthalpy at room temperature consistent with the available phase diagram data is ≈ +340 ( ) . In this case, the stability domain of the δ phase gets narrower around 300 K. However, it was not found possible to counterbalance an endothermic value of the formation enthalpy as large as +5.2 ( ) by a negative entropic contribution.

Our endothermic value is based on the assumption that reaction (6) occurs as a complete reaction. This estimate has an indirect character and its uncertainty is large, including both positive and negative values. We can therefore question whether it can be reduced by refining the estimate of the entropy. To further investigate this issue, the absolute entropy value of the δ phase was estimated from the very recent calorimetric measurements of [START_REF] Ding | Magnetic, transport and thermal properties of δ -phase UZr 2[END_REF] to be If this entropy value is fixed in the CALPHAD optimization, then the formation enthalpy becomes negative ∆

. °= -1503 J (mol at) to keep the phase stable at room temperature.

To definitely conclude, new measurements are necessary and a two-step roadmap could be followed.

First, it is essential to confirm the entropy value at room temperature. Since there is only one experimental dataset below room temperature, it would be of interest to duplicate the low temperature heat capacity measurements of Ding et al. [START_REF] Ding | Magnetic, transport and thermal properties of δ -phase UZr 2[END_REF] extending the temperature range to 298.15 K. Above this temperature, new heat capacity measurements by an alternative technique, such as DSC, for the UZr2 stoichiometric composition would help to check the consistency with low temperature data.

Second, a new measurement of the enthalpy of formation under more favorable experimental conditions than those adopted by Nagarajan et al., such as a higher temperature if solution calorimetry in liquid aluminum is to be used.

Conclusion

The -solid solution is a key phase for the accurate description of the U-Zr system. However, a single experimental determination of the enthalpy of formation of the -UZr2 stoichiometric composition is reported in the literature and the value was measured by dissolution calorimetry in liquid aluminium. Most of the Calphad and DFT models of this phase rely on this value to support their validation. In this paper, we have shown that this measurement must be reinterpreted and proposed a new estimate of the standard enthalpy of formation of -UZr2. This new estimate confirms that the absolute value of 8. The black solid line is calculated with the Neumann-Kopp additivity Rule (NKR) for the UZr2 stoichiometric composition using the SGTE data [START_REF] Dinsdale | SGTE data for pure elements[END_REF] of pure U and Zr.

The absolute entropy value of the δ phase at 298.15 K cannot be directly calculated by numerical integration of the ( )/ experimental data because the high temperature limit of Ding et al. measurements is 270 K. So an extrapolated entropy value was calculated at 298.15 K using the parameter values of Table 8. We obtained 8.

From the SGTE data [START_REF] Dinsdale | SGTE data for pure elements[END_REF], we have ∆ , . = 6.364 and ∆

, .

= 5.566 .

The correction term to add to the calculated formation enthalpy at 0 K to obtain its value at 298.15 K is:

∆ , .
-∆ , .

-2∆ , .

= -0.303 .

Figure 1 .

 1 Figure 1. Partial mixing enthalpy of U plotted vs. U mole fraction in liquid Al at various temperatures. Reference state: both elements at the liquid state at the considered temperature. The dashed and dashdotted lines are linear regressions to the data points of Dannöhl and Lukas (1023 K) and Labroche et al. (988 K) respectively. The corresponding regression equations are superimposed on the graph. The Dannöhl and Lukas data points plotted using empty diamonds exceed the solubility limit at 1023 K and were not considered for linear regression.

,= 4 y

 4 -145.4 ± 6.4 . At 1244 K, the results of Labroche et al. show no y = -444.4x -142.0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050 . U mole fraction. Hence, the value at infinite dilution was estimated by simply taking the mean of all results giving ∆ , = -128.9 ± 3.7

Figure 2 .

 2 Figure 2. Partial mixing enthalpy of U at infinite dilution in liquid Al plotted vs. temperature U mole fraction in liquid Al. Reference state: both elements at the liquid state at the considered temperature.

Figure 3 .

 3 Figure 3. Calculated evolutions of the dissolved fraction of the first dropped uranium sample in the experimental conditions of Nagarajan et al. [38], Colinet et al. [37] and Labroche et al. [39].To conclude this section, and in contrast to the zirconium case, the most likely scenario is that, during calorimetric experiments performed in the range 980-1023 K, uranium, because of its much larger solubility and sufficiently fast kinetics of the reaction, is effectively dissolved in liquid aluminum. So, the resulting estimate of the partial mixing enthalpy of uranium around 1000 K is then: ∆ = -145.4 ± 6.4 . The corresponding drop solution enthalpies at 980 K (temperature of Nagarajan et al.'s experiments on U) and 991 K (temperature of Nagarajan et al.'s experiments on Zr and UZr2) are respectively ∆

Figure 4 .

 4 Figure 4. (a) Al-rich corner of the 991 K isothermal section of the Al-U-Zr phase diagram as modelled by Rabin et al. [45]. (b) Enlarged view at low Zr content.

  .91 ± 0.07 (appendix B). Then the formation entropy can be calculated to be ∆ S .°= -1.22 () and it is concluded that, at room temperature, the entropic contribution -∆ ° = -298.15 × (-1.22) ≈ +364 ( ) being positive, destabilizes the compound.

  increment of UZr2 is plotted in Figure6. At room temperature, the calculated value is ∆ , .= 17.194 .

Figure 6 .

 6 Figure 6. Enthalpy increment of UZr2 calculated vs. temperature with the parameter values from Table8.

Table 1 .

 1 Partial drop-solution enthalpies of zirconium in liquid aluminum at infinite dilution around 1000 K. The references states are solid zirconium at 298.15 K and liquid aluminum at the calorimeter temperature Tcal.

				∆	, ,	.
	References	Tcal / K	xZr	/		-1
	Ansara et al. [19]	984	≤ 0.0014		-212.4
	Nagarajan et al. [14]	991	≤ 0.0267	-220.3 ± 9.5
	Turchanin et al. [20] [21] [22]	1026	≤ 0.0044	-217.4 ± 8.5
	Gomozov et al. [23]	1030	≤ 0.0006	-203.3 ± 4.9

Table 2 .

 2 Description of -phase in the different Calphad modellings.

			Enthalpy of formation
	References	Thermodynamic model	of  for the composition U/Zr=1/2	Selected reference for the enthalpy of formation of 
			/	at 298.15 K
	Chevalier et al. [6]	-phase modelled as U3Zr7	-13.333 (= 10 × -4/3)	[14]
	Chevalier et al. [7]	(Zr)1(U,Zr)2		0	Not explicitly mentioned
	Fischer [8]	(Zr)1(U,Zr)2		-0.675	Not explicitly mentioned
	Kurata et al. [4]	(U,Zr)1(U,Zr)2		-13.394	Not explicitly mentioned
	Xiong et al. [5]	(Zr)1(U,Zr)2		0.016	Not explicitly mentioned
	Quaini et al. [9]	(Zr)1(U,Zr)2		-0.113	[14]
	Table 3. Enthalpy of formation of UZr2 determined from electronic structure calculations. SOC stands
	for Spin-Orbit Coupling.			
	References	∆ ° of  for the composition U/Zr=1/2 / at 0 K		DFT method
	Landa et al. [28]	-18.863			GGA
	Basak et al. [29]	-14.61			GGA PBE

Table 4 .

 4 Comparison of literature values of the partial solution ∆ and partial mixing enthalpies ∆ Al liquid in equilibrium with UAl4 or UAl3 depending on temperature, as calculated using the Calphad modelling of Wang et al.[START_REF] Wang | Thermodynamic modeling of the Al-U and Co-U systems[END_REF]. reported standard deviation, ** reported uncertainty, *** uncertainty not reported by the authors, # value and expanded uncertainty re-estimated by us for a 95% confidence level.

	References	Technique	/			Reported ∆ /	∆ /	,
	Nagarajan et al. [38]	Drop sol. calo.	980	≤ 0.0166 0.0266	-117.5 ± 7.1*	-155 ± 8.8 #
	Colinet et al. [37]	Drop sol. calo.	986	≤ 0.0009 0.0273	-96.65 ± 1.5*	-134.5 ± 1.1 #
	Labroche et al. [39]	Drop sol. calo.	988	≤ 0.011 0.0276	-105.0 ± 2.3**	-142.9 ± 2.3** -145.4 ± 6.4 #
	Lebedev et al. [41]	EMF	1000	≤ 0.0275 0.0291	-138.9 ± 2.9**	-138.9 ± 2.9**
	Dannöhl and Lukas [40]	Isothermal sol. calo.	1023	≤ 0.045 0.0317	-132.4***	-142.4*** -142.4 ± 4.3 #
	Labroche et al. [39]	Drop sol. calo.	1244	≤0.010	0.0611	-79.3 ± 1.7**	-129.7 ± 1.7** -128.9 ± 3.7 #

, of uranium at infinite dilution in liquid aluminum measured at different temperatures .

is the maximum uranium mole fraction reached in the binary U-Al liquid during the experiments.

is the U mole fraction at saturation, i.e. the U mole fraction in the U-*

  Colinet et al. confirmed that the dissolution rate of uranium in liquid aluminum is very

	calorimeter.				
	References	/	Dropped mass of U / mg	Mass of liquid aluminum bath / g	Experimental dissolution time / s
	Nagarajan et al. [38]	980	50	> 0.4	No information
	Colinet et al. [37]	986	20	200	Lower than 900 s
	Labroche et al. [39]	988	28.6 (1 st drop)	3	< 1200
	Labroche at al. [39]	1244	23 (1 st drop)	3	< 1200

Labroche et al. 

at 988 and 1244 K, the observed dissolution time (< 1200 s) is much longer than the few hundred seconds calculated using our model. In fact, this duration of 1200 s probably corresponds to the time constant of the Tian-Calvet

  al.

	22.43	0.921	0.079	Q3 : equilibrium between liquid
				of P3 composition and Al3Zr
	17.57	0.901	0.099	Q4 : equilibrium between liquid
				of P4 composition and Al3Zr
	26.00	0.874	0.126	Q5 : equilibrium between liquid
				of P5 composition and Al3Zr
	Dropped masses of UZr2 / mg	Mass fraction of liquid phase	Mass fraction of Al3Zr	Points on Figure 4
	20.32	0.977	0.023	Q1 : equilibrium between liquid
				of P1 composition and Al3Zr
	24.67	0.947	0.053	Q2 : equilibrium between liquid
				of P2 composition and Al3Zr
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the formation enthalpy of the -phase is small with an uncertainty of the same order of magnitude as the value itself. However, its value is too endothermic to allow the δ phase to appear as a stable phase in the diagram.

The fact that both the available experimental value and our new estimate are questionable underscores the need for additional measurements if a refined value for the enthalpy of formation of UZr2 is desired.

The present work does not invalidate the most recent CALPHAD descriptions.

Appendix A. Kinetic model to estimate the dissolution time

A dissolution model has been developed by our team [START_REF] Barrachin | Critical evaluation of experimental data of solution enthalpy of zirconium in liquid aluminum[END_REF] in order to estimate the duration of the thermal effect expected in a dissolution. If the dissolution process of a solid metal (M) sample in liquid aluminum process is driven by diffusion and natural convection induced by the density difference between the metal (M) and liquid aluminum, the phenomenon can be described by the Nernst-Shchukarev equation [START_REF] Eremenko | Dissolution Kinetics of the Compound ZrAl3 in Liquid Aluminum[END_REF][START_REF] Yatsenko | Dissolution rates and solubility of some metals in liquid gallium and aluminum[END_REF]:

where C(t) is the concentration of the dissolved metal in the liquid bulk at time t, Cs, the M concentration in the liquid at saturation (as given by the Al-M phase diagram), (t / s) the dissolution time, (S / m 2 ) the sample surface area, (V / m 3 ) the melt volume, and (K / m.s -1 ) the mass transfer coefficient.

After some mathematics detailed in [START_REF] Barrachin | Critical evaluation of experimental data of solution enthalpy of zirconium in liquid aluminum[END_REF], the evolution of the M concentration in liquid aluminum can be expressed as:

where B0 and B1 are defined according to:

And:

with (ρl,i/ kg.m -3 ) the density of 'i' at the liquid state, (ν /m 2 .s -1 ), the kinematic viscosity of liquid, (D0 / m 2 .s -1 ) the diffusion coefficient of solute in liquid, and S, the sample surface.

To simulate the dissolution kinetics of uranium in liquid aluminum, the selected material properties and corresponding references are listed in Table 7. For the uranium solubility in liquid aluminum, Cs, around 1000 K, the experimental data of [START_REF] Gordon | The alloy systems uranium-aluminum and uranium-iron[END_REF], [START_REF] Storhok | A study of the liquidus in aluminum-uranium alloys[END_REF] and Bitsianes and Hayes as reported in [START_REF] Gordon | The alloy systems uranium-aluminum and uranium-iron[END_REF] are rather consistent in the vicinity of the eutectic temperature in the Al-rich region. The solubilities at the different temperatures have been calculated using the Calphad modelling of the Al-U system by Wang et al. [START_REF] Wang | Thermodynamic modeling of the Al-U and Co-U systems[END_REF].

Table 7. References of the material properties used in the dissolution simulations.

Properties References

Density of liquid Al Assael et al. [START_REF] Assael | Reference data for the density and viscosity of liquid aluminum and liquid iron[END_REF] Viscosity of Al Assael et al. [START_REF] Assael | Reference data for the density and viscosity of liquid aluminum and liquid iron[END_REF] Density of solid U Bobkov [START_REF] Bobkov | Thermophysical Properties of Uranium in Thermophysical Properties of Materials for Water-Cooled Reactors[END_REF] Density of liquid U Fischer et al. [START_REF] Fischer | Density of Liquid Uranium and Derived Equation of State[END_REF] U diffusion in liquid Al Hesson et al. [START_REF] Hesson | Diffusivity of Uranium in Various Liquid Metal Solutions[END_REF] Appendix B. Excess heat capacity of UZr2 between 0 and 298.15 K

The heat capacity of an UZr2sample synthesized by arc melting and characterized by TEM and X-ray diffraction has been measured very recently by Ding et al. [47] between 2 and 270 K. Their experimental data were then fitted using a weighed sum of five Einstein functions with the help of the CpFit software [START_REF] Voskov | CpFit program for approximation of heat capacities and enthalpies by Einstein-Planck functions sum[END_REF]. The values of the parameters are given in Table 8. The experimental and calculated heat capacity curves of UZr2 are plotted in Figure 5. For comparison, the data measured above room temperature by Fedorov and Smirnov [START_REF] Fedorov | Heat capacity of uranium-zirconium systems[END_REF]