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Phase equilibria in the system U-Zr-Si were established at 1273 K by optical microscopy, X-ray micro analyses (XMA) and X-ray diffraction. One novel ternary compound was observed, UZr4Si4, extending at 1273 K from U8Zr47.6Si44.4 to U12Zr43.6Si44.4 (in at.% from XMA).

The crystal structure was elucidated by X-ray single crystal data refinement and found to be isotypic with the tetragonal Sc2-xRe3+xSi4-type (space group P41212). Uranium atoms partially and randomly occupy (~0.5U+0.5Zr) only the Zr-site 8b (~0, 0.35, 0.21) of the Sc2-xRe3+xSi4type structure. UZr4Si4 is in equilibrium with all the many modifications of defect uranium disilicide (AlB2-type; U3Si5-x derivative structures) and forms a series of three-phase triangles, which characterize phase equilibria in the U-Zr-Si system at 1273 K: UZr4Si4 + (U1-xZrx)3Si2 (3 at.% Zr, x~0.05) + L (~10 at.% Si, 1 at.% Zr), UZr4Si4 + (γU~90βZr~10) + (Zr1-xUx)3Si2 (3 at.% U, x~0.05). Mutual solid solubilities are small and reside below about 3 at.% for Zr in U3Si2 and U in Zr3Si2. Due to the equilibrium tie-lines, Zr3Si2 + (γU,βZr) and Zr2Si + (γU,βZr), no compatibility exists between the U-rich silicides U3Si or U3Si2 and zirconium metal.

Introduction

Transition metal (TxSiy) silicides -and particularly those of the electropositive early transition elements -have gained considerable attention as high and ultrahigh temperature ceramics with high melting points well above 2273 K combined with a remarkable oxidation resistance and good thermal and electrical conductivity [START_REF] Liu | Research progress of ultra-high temperature ceramic coating[END_REF][START_REF] Starosta | Studies on magnetron-sputtered zirconium-silicide coatings deposited on zirconium alloy for the enhancement of their high-temperature oxidation resistance[END_REF][START_REF] Yeom | Evaluation of steam corrosion and water quenching behavior of zirconium-silicide coated LWR fuel claddings[END_REF][START_REF] Perepezko | Environmental resistant coatings for high temperature Mo and Nb silicide alloys[END_REF]. It is not surprising that the high chemical reactivity of uranium metal in combination with transition metals, T, and silicon yielded so far a rather large group of ternary U-T-Si compounds: whereas compounds with electropositive metals essentially form in the region of about 20 to 50 at.% Si [START_REF] Yu | Die Kristallstruktur von U2Cr3Si, U4Mn5Si3 und U2Co3Si (in German)[END_REF][START_REF] Ya | Crystal structure of the compound U2Mn3Si5[END_REF][START_REF] Akselrud | Crystal structures of U4Re7Si6 and U4(Re0.17Si0.83)13[END_REF][START_REF] Akselrud | The new representatives of CeNiSi2 and ThMn12 structure types in the ternary systems of uranium and thorium with the refractory metals and silicon or germanium (in Ukrainian)[END_REF][START_REF] Ya | Crystal structure of U5Re5Si9[END_REF][START_REF] Bara | Crystal and magnetic properties of U(Mn1-xFex)2Si2[END_REF][START_REF] Chevalier | Structural chemistry and magnetic behaviour of the ternary silicides U2TSi3 (T = Mn[END_REF][START_REF] Lebihan | The Crystal structure and magnetic behavior of the ternary rare earth compounds RE2Nb3X4 with RE = rare earth and X = Si,Ge[END_REF][START_REF] Le Bihan | Crystal structure and magnetic behavior of the Laves-type phases U4Mo5Si3 and U4Cr6Si2[END_REF][START_REF] Lebihan | The Niobium -Silicon -Uranium system[END_REF][START_REF] Rogl | Phase equilibria and magnetism in the Mo-Si-U system[END_REF][START_REF] Weitzer | The ternary system: Silicon -Titanium -Uranium[END_REF][START_REF] Weitzer | The ternary system: Hafnium -Silicon -Uranium[END_REF][START_REF] Rogl | The ternary system: Silicon -Tantalum -Uranium[END_REF][START_REF] Noël | The ternary system: Silicon -Vanadium -Uranium[END_REF][START_REF] Lemoine | Unexpected magnetic ordering on the Cr substructure in UCr2Si2C and structural relationships in quaternary U-Cr-Si-C compounds[END_REF], ternary phase diagrams with more electronegative metals (such as iron-group elements; see for instance [START_REF] Ya | Ternary compounds of uranium with Group VIII transition metals and silicon (in Ukrainian)[END_REF][START_REF] Akselrud | atoreferat of thesis, Investigation of the crystal chemistry of ternary uranium silicides[END_REF][START_REF] Perricone | Syntheses, crystal structures and magnetic properties of novel intermetallic compounds from the binary system U-Ni and the ternary systems U-Ni-X (X = Ge[END_REF][START_REF] Berthebaud | Phase relations and stabilities at 900 °C in the U-Fe-Si ternary system[END_REF]) reveal a large population of phases with a U-content less than about 35 at.% U. Many of the ternary systems U-T-Si are characterized by the formation of thermodynamically rather stable high temperature compounds U2M3Si4, which may adopt three different but closely related structure types with variable stoichiometries (U2Nb3Si4 [START_REF] Lebihan | The Niobium -Silicon -Uranium system[END_REF], U2-xTi3+xSi4 for 0.7<x<1.3 [START_REF] Weitzer | The ternary system: Silicon -Titanium -Uranium[END_REF] with Sc2Re3Si4-type, U2-xNb3+xSi4, x = 0.25 with Ce2Sc3Si4-type [START_REF] Lebihan | The Niobium -Silicon -Uranium system[END_REF] and U2Mo3Si4 with Y2Mo3Si4type [START_REF] Rogl | Phase equilibria and magnetism in the Mo-Si-U system[END_REF]. In case of M = Hf a continuous solution UxHf5-xSi4 of U in binary Hf5Si4 (Zr5Si4-type) was observed at 1273 K up to x≤1.3 [START_REF] Weitzer | The ternary system: Hafnium -Silicon -Uranium[END_REF]. Furthermore, it should be noted that the U-{V,Mo}-Si systems comprise a U-rich ternary compound U4{V,Mo}Si3 with W5Si3-type [START_REF] Rogl | Phase equilibria and magnetism in the Mo-Si-U system[END_REF][START_REF] Noël | The ternary system: Silicon -Vanadium -Uranium[END_REF].

In continuation of our research programme on the phase relations and the crystal chemistry in ternary uranium silicide systems, we herein focus on the ternary system with zirconium.

Uranium silicides, diffusion-clad with zirconium, have attracted early interest as corrosion resistant reactor fuel elements with a low-thermal neutron cross section. Although phase relations in the U-Zr-Si system have been studied by M.S. Farkas et al. [START_REF] Farkas | The solid state constitution of high-uranium alloys of the U-Zr-Si system[END_REF] in a series of isothermal sections (823 K, 933 K, 978 K, 1098 K, 1223 K, all for ≤ 40 at.% Si; the partial section at 1223 K is presented in the upper panel of Fig. 1), our investigation of the entire section at 1273 K by optical microscopy, XMA (i.e. XMA ≡ electron microprobe analysis, EMPA) and X-ray diffraction revealed significant differences in the phase triangulation as well as the formation of a novel compound at 44 at.% Si, namely UZr4Si4. An early study [START_REF] Gorokhov | Reaction of uranium silicide (U3Si) with zirconium (in Russian)[END_REF] of the interaction of Zr with U3Si after annealing up to 1000 h at 1143 K yielded 2 layers: one consisted of Si+Zr in αU, the second of minor amounts of U in Zr5Si3. As far as the phase equilibria and (non-) compatibility of U3Si2 with Zr-metal are concerned, the research reported herein is related to low enriched uranium (LEU) proliferation resistant reactor U3Si2 dispersion fuels widely used in research reactors [27].
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Experimental

All samples, each of a total amount of ca. 1g, were prepared by argon arc melting the elements.

Platelets of depleted uranium (claimed purity of 99.9% by Merck, Darmstadt, D), pieces of 6Nsilicon (99.9999%) and zirconium pieces (99.9%), both from Alfa Ventron, Karlsruhe, D, were used as starting materials. The U-metal was surface cleaned in diluted HNO3 prior to melting.

For homogeneity the samples were re-melted several times and weight losses were checked to be altogether less than 0.5 mass%. A part of each alloy was contained within a small alumina crucible, sealed in an evacuated silica tube and heat treated at 1273 K for 200 hrs, and was finally quenched by submerging the capsule in cold water. The quartz vials were backfilled to 300 mbar Ar so as to reach an inner pressure of ~1 bar at annealing temperature. Further details of sample preparation, of the X-ray techniques used (including quantitative Rietveld analyses employing the Fullprof program [START_REF] Rodriguez-Carvajal | FULLPROF: a Program for Rietveld Refinement and Pattern Matching Analysis, Physica B 192[END_REF]) may be found from our earlier publications on binary uranium silicides [START_REF] Remschnig | Structural chemistry and magnetic behaviour of binary uranium silicides[END_REF] or on the ternary system U-Nb-Si [START_REF] Lebihan | The Niobium -Silicon -Uranium system[END_REF].

As-cast and annealed samples were investigated by XPD, LOM and quantitative EMPA on SiCground and 1/4 µm diamond paste polished surfaces. During the investigations two X-ray microanalysers have been employed for proper identification of the phases and precipitates: (i) a Jeol energy dispersive XMA-EMPA operating at an acceleration voltage of 15 kV at 20 nA sample current measuring the U-Mα, Zr-Lα and Si-Kα radiation (X-ray intensities were corrected for ZAF effects using the INCA-Energy 300 software package [START_REF]INCA Energy-300 and INCA Wave 700[END_REF]), and (ii) a CAMEBAX SX50 (wavelength dispersive X-ray spectroscopy = WDX-EMPA) comparing the characteristic emissions of the three elements, respectively, in the alloys with those from standards of U, Zr, and Si (operating at 15 kV, sample current of 100 nA and spectrometer crystals such as PET for U Mα and Zr Lα and TAP for Si Kα; correction package [START_REF] Pouchou | Electron probe microanalysis applied to thin surface films and deposits[END_REF]).

Single crystals of UZr4Si4 were mechanically isolated from a crushed alloy with nominal composition U15Zr40Si45, which after arc melting was remelted under argon in a Hukin crucible of a high frequency furnace (350 kHz) at 2273 K and slowly cooled (2 hrs) to 1223 K. X-ray intensity data were collected on a four-circle Nonius Kappa diffractometer equipped with a CCD area detector employing graphite monochromated MoKα radiation (λ = 0.071073 nm).

The crystal structure was solved applying direct methods (Program SHELXS-97) and refined against F 2 (Program SHELXL-97-2) within the program OSCAIL [START_REF] Sheldrick | SHELX -Program for Crystal Structure Refinement[END_REF] Finally, the crystal structure was standardized with the program STRUCTURE TIDY [START_REF] Parthé | STRUCTURE TIDY -a computer program to standardize crystal structure data[END_REF].

Results and discussion

The binary boundary systems

The boundary systems, U-Zr and Zr-Si, were accepted from the compilation of binary alloy phase diagrams by Massalski [START_REF] Massalski | Binary Alloy Phase Diagrams[END_REF]. A critical thermodynamic assessment of the system Zr-Si is due to Chen et al. [START_REF] Chen | Thermodynamic assessment of B-Zr and Si-Zr binary systems[END_REF]. It should be noted, that in contrast to earlier reports, Zr5Si3 (Mn5Si3-type) is a high temperature phase existing within the range 2018 K ≤ T ≤ 2453 K. The U-Si system used herein is from a reinvestigation by the authors [START_REF] Remschnig | Structural chemistry and magnetic behaviour of binary uranium silicides[END_REF][START_REF] Lebihan | Syntheses, crystal structures and magnetic properties of ternary silicides and germanides of uranium or rare earths and transition metals[END_REF][START_REF] Noël | Abstract of a Paper at Int. Conf. on Strongly Correlated Electron Systems -SCES98[END_REF], but the uranium-rich part of the diagram up to 4 at.% Si is taken from refs. [START_REF] Straatmann | Equilibrium structure in the high Uranium Silicon alloy system[END_REF][START_REF] Holleck | Gmelin Handbook of Inorganic Chemistry, Uranium, Supplement[END_REF]. Although a critical and thermodynamic assessment of the U-Si system by Berche et al. [START_REF] Berche | Thermodynamic study of the U-Si system[END_REF] has removed most inconsistencies of the literature, well established compounds like U5Si4 [START_REF] Noël | Abstract of a Paper at Int. Conf. on Strongly Correlated Electron Systems -SCES98[END_REF] unfortunately have not been included. The U-Zr system refers to a thermodynamic modelling by Xiong et al. [START_REF] Xiong | Thermodynamic modeling of the U-Zr system -A revisit[END_REF]. Crystallographic data of the boundary phases pertinent to the system U-Zr-Si are listed in Table 1.

Phase relations U-Zr-Si at 1273 K

Phase relations within the U-Zr-Si ternary system were established for the isothermal section at 1273 K, characterized by the existence of a ternary compound, τ1-UZr4Si4; see Figure 1, lower panel. Micrographs of selected samples are collected in Fig. 2; results of EDX and Rietveld analyses are summarized in Table 2. At 1273 K τ1-UZr4Si4 enters two-phase equilibria with all the many modifications of defect uranium disilicide (U3Si5-x: AlB2-type derivative structures; see also Fig. 2a) and forms a series of three-phase triangles, which clearly document the phase equilibria in the U-Zr-Si system: UZr4Si4 + USi2-x + L (~10 at.% Si, 1 at.% Zr) and UZr4Si4 + (γU~90βZr~10) + (Zr1-xUx)3Si2 (3 at.% U, x~0.05). From optical microscopy, from variation of lattice parameters and particularly from EMPA, only small homogeneous regions are observed at 1273 K, i.e. mutual solubilities of U-silicides and Zr-silicides in alloys annealed at 1273 K are below about 0.6 at. % Zr, except for 3 at.% Zr in U3Si2 and about 3 at.% U in Zr3Si2. These rather moderate maximum solid solubilities contradict the excessively large solution range of Zr in U3Si2 (at 1223 K up to more than 20 at.% Zr) as claimed in the investigation of M.S. Farkas et al. [START_REF] Farkas | The solid state constitution of high-uranium alloys of the U-Zr-Si system[END_REF]; for details see the upper panel of Fig. 1. Some further inconsistencies in the phase triangulation of Farkas [START_REF] Farkas | The solid state constitution of high-uranium alloys of the U-Zr-Si system[END_REF] concern (i) the compound Zr5Si3, which from more recent investigations will not exist at 1223 K, as it was defined to be a high temperature compound only stable above 2018 K (for discussion see [START_REF] Chen | Thermodynamic assessment of B-Zr and Si-Zr binary systems[END_REF]), (ii) the compound "Zr4Si" actually should be Zr3Si, (iii) the vertices of the major 3-phase field Zr5Si3 + (U1-xZrx)3Si2 + U0.7Zr0.3 seem to be Accepted manuscript / Final version quite off the reality: Zr5Si3 (unstable at 1223 K !) may have to be replaced by Zr3Si2, the maximal solubility of Zr in U3Si2 at 1273 K was about 3 at.% Zr only, and the vertex at the (U,Zr) solution range should be about U0.9Zr0.1 (see Fig. 2d); (iv) Farkas [START_REF] Farkas | The solid state constitution of high-uranium alloys of the U-Zr-Si system[END_REF] never investigated the region slightly richer in Si (>40 at.% Si) and thus missed the ternary compound UZr4Si4. Our EDX/XPD investigation clearly revealed a two-phase field between UZr4Si4 and binary Zr5Si4 (see Fig. 2b and Fig. 2e), although both phases adopt the same structure type, UZr4Si4 simply being a partially ordered structure variant with the particular preference of U-atoms to randomly occupy one of the Zr-sites (for details see the section 3.3.1 below: the crystal structure of UZr4Si4). UZr4Si4 exists in a small but significantly wide homogeneity region extending at 1273 K from U8Zr47.6Si44.4 to U12Zr43.6Si44.4 (in at.%, EMPA-data). A sample prepared near Zr3Si after anneal at 1273 K could not be brought into equilibrium and thus rather confirmed Zr2Si with U-rich liquid, therefore the equilibrium Zr3Si + L-(γUβZr) is shown as a dashed line.

As a clear result of our investigation no compatibility exists for the join U3Si2 -(βZr) due to the fact that the rather high thermodynamic stability of Zr3Si2 and Zr2Si as a consequence infers tie-lines for both compounds with (γUβZr) (see Fig. 1). 

Refinement of the crystal structure of hT-ZrSi with CrB type.

During crystal growth operations of the ternary phases, crystals of binary ZrSi were obtained by mechanical fragmentation of an arc-melted alloy with nominal composition U11Zr44Si45.

As the structure of ZrSi was originally defined only via X-ray powder data [START_REF] Schob | Strukturbestimmung an einigen Phasen in den Systemen: Zr-Al-Si und Hf-Al-Si (ZrAl3(Si); ZrSi(Al), Hf(Si,Al); Zr3Si2; Hf3Si2)[END_REF][START_REF] Raman | Über den Aufbau einiger zu TiAl3 verwandter Legierungsreihen. II. Untersuchungen in einigen T-Al-Si-und T 4...6 -In-Systemen[END_REF] and from X-ray single crystal photographs with a rather low confidence level, RF2 = 0.077 [START_REF] Karpinskii | The crystal structure of the compound ZrSi (type CrB) (in Russian)[END_REF], we decided to collect precise CCD intensity data. Structure refinement confirmed crystal symmetry and atom order as suggested by refs. [START_REF] Schob | Strukturbestimmung an einigen Phasen in den Systemen: Zr-Al-Si und Hf-Al-Si (ZrAl3(Si); ZrSi(Al), Hf(Si,Al); Zr3Si2; Hf3Si2)[END_REF][START_REF] Raman | Über den Aufbau einiger zu TiAl3 verwandter Legierungsreihen. II. Untersuchungen in einigen T-Al-Si-und T 4...6 -In-Systemen[END_REF][START_REF] Karpinskii | The crystal structure of the compound ZrSi (type CrB) (in Russian)[END_REF] for the high temperature form of ZrSi with the CrB type. The counter data were sensitive enough, to define the uranium atom site occupation: for the metal atom site 4c of space group Cmcm the refinement yields a random distribution of 0.936 Zr + 0.064(3) U resulting in a final formula U0.06Zr0.94Si in perfect agreement with a small solubility of U determined by EPMA in binary ZrSi at high temperatures (cast alloy): U2.7Zr47.3Si49.9 (in at.%) ≡ U0.05Zr0.95Si. The low residual parameter, RF2 = 0.030, obtained after final refinement with anisotropic atom displacement parameters suggests the absence of any structural defects. Precise atom coordinates and atom distances define the coordination figures for Zr (capped pentagonal prism, CN = 13) and for Si (triangular prism capped on the three lateral sides by 1 Zr and 2 Si atoms, CN = 9). As typical for CrB-type structures, silicon atoms form a continuous chain with silicon-silicon distances dSi-Si = 0.24484 nm.

Refinement of the crystal structure of U x Zr 3-x Si 2 with U 3 Si 2 -type.

Similar to ZrSi, we also were able to extract a suitable crystal of Zr3Si2 from the mechanically fractured as cast alloy U10Zr50Si50. Although the crystal structure of Zr3Si2 has already been refined to low residual values (for details consult Pearson's Crystal Data file [START_REF] Villars | Pearson's Crystal Data: Crystal Structure Database for Inorganic Compounds[END_REF]), a structure refinement was undertaken to reveal the mode of incorporation of U-atoms into the Zr3Si2structure. Structure refinement confirmed crystal symmetry and atom order in space group P4/mbm and furthermore clearly indicated that U-atoms entered simultaneously both metal sites 4h and 2a in random mode: 0.93 Zr1 + 0.07 U yielding a final formula (UxZr1-x)3Si2, x=0.068, in perfect agreement with a small solubility of U determined by EPMA U3.5Zr57.6Si38.9 (in at.%) ≡ U0.17Zr2.83Si2. Employing anisotropic atom displacement parameters, this structure model satisfactorily refined to RF2=0.068 and a residual electron density as low as 5.22 e-/nm 3 ×10³ (0.003 nm from Zr1). Precise atom coordinates and atom distances confirm the coordination figures for Zr1(U) (atom site 4h: 7-capped pentagonal prism, CN = 17), for Zr2(U) (site 2a: CN14 Frank-Kasper polyhedron) and for Si (triangular prism capped on the three lateral sides by 2 Zr and 1 Si atoms, CN = 9). Consequently, there is only one direct Si-Si distance dSi-Si = 0.24122 nm.
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Conclusion

Employing microstructural analyses by SEM, compositional phase ranges by EMPA and crystal structure data by X-ray diffraction (powders and single crystal), our investigation for the first time provides detailed phase relations at 1273 K for the entire composition range in the system U-Zr-Si. Phase equilibria in the isothermal section are dominated by a novel ternary compound, UZr4Si4, extending at 1273 K in a small but significant homogeneity region from U8Zr47.6Si44.4 to U12Zr43.6Si44.4 (in at.% from EPMA). X-ray single crystal intensity data analysis defined isotypism of the new compound, UZr4Si4, with the tetragonal Sc2Re3Si4-type (ordered structure variant of Zr5Si4; space group P41212; RF2 = 0.0493). Uranium atoms were found to randomly occupy (~0.5U+0.5Zr) one of the Zr-sites, namely site 8b (~0, 0.35, 0.21) in terms of a partially ordered Sc2-xRe3+xSi4-type structure (x~1). Furthermore, UZr4Si4 is in equilibrium with all the many modifications of defect uranium disilicide (AlB2-type derivative structures) and forms a series of characteristic three-phase triangles: UZr4Si4 + (U1-xZrx)3Si2 (3 at.% Zr, x~0.05) + L (~10 at.% Si, 1 at.% Zr), UZr4Si4 + (γU~90βZr~10) + (Zr1-xUx)3Si2 (3 at.% U, x~0.05). In contrast to earlier findings of M.S. Farkas et al. [START_REF] Farkas | The solid state constitution of high-uranium alloys of the U-Zr-Si system[END_REF], mutual solid solubilities between U-and Zr-silicides are generally smaller than 1 at.%, but are below about 3 at.% for Zr in U3Si2 and about 3 at.% U in Zr3Si2. An interesting feature is the two-phase equilibrium between UZr4Si4 and Zr5Si4, as both compounds belong to the same structure type but seem to be part of a binodal decomposition. Comparing the U-Zr-Si system with its homologous systems U-{Ti,Hf}-Si [START_REF] Weitzer | The ternary system: Silicon -Titanium -Uranium[END_REF][START_REF] Weitzer | The ternary system: Hafnium -Silicon -Uranium[END_REF], we see a continuous solid solution UxHf5-xSi4 (0<x<1.6, at 1273 K) with Sc2-xRe3+xSi4-type, for which the binodal decomposition temperature may already be below 1273 K. The system with Ti behaves similar to the one with Zr particularly as it forms an isotypic ternary compound, UTi4Si4. Hafnium and zirconium are the transition metals with the largest atom radii and thus may not be able to form a monoclinic U2T3Si4-compound with Y2Mo3Si4-type, which appears for smaller metal atoms such as T=Ti,V,Ta,Mo and W (see refs. [START_REF] Lebihan | The Niobium -Silicon -Uranium system[END_REF][START_REF] Rogl | Phase equilibria and magnetism in the Mo-Si-U system[END_REF][START_REF] Weitzer | The ternary system: Silicon -Titanium -Uranium[END_REF][START_REF] Weitzer | The ternary system: Hafnium -Silicon -Uranium[END_REF][START_REF] Rogl | The ternary system: Silicon -Tantalum -Uranium[END_REF][START_REF] Noël | The ternary system: Silicon -Vanadium -Uranium[END_REF]).

Besides the structural analysis of the ternary compound UZr4Si4, single crystal intensity data also provided the possibility to elucidate the incorporation of U-atoms in the crystal structures of (i) Zr1-xUxSi (CrB-type; x=0.06; random distribution of 0.936 Zr + 0.064(3) U in the 4c-site of space group Cmcm) and of (ii) (UxZr1-x)3Si2 (U3Si2-type; x=0.068; random distribution of ~0.93 Zr + ~0.07(1) U in both metal sites 4h and 2a of space group P4/mbm).

The new investigations show that the high melting Zr-silicides at 1273 K tie to rather U-rich compositions of the (U,Zr) solid solution (richer in U than earlier reported by M.S. Farkas et al. 

Figure Captions

Fig. 1. System Si-U-Zr; upper panel: partial isothermal section at 1223 K for < 40 at.% Si (after Farkas et al. [START_REF] Farkas | The solid state constitution of high-uranium alloys of the U-Zr-Si system[END_REF]); lower panel: isothermal section at 1273 K (this work). Solution ranges are indicated in red colour. Numbers on sample locations match those in Table 2. 
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 1 Fig. 1. System Si-U-Zr; upper panel: partial isothermal section at 1223 K for < 40 at.% Si (after Farkas et al. [25]); lower panel: isothermal section at 1273 K (this work). Solution ranges are indicated in red colour. Numbers on sample locations match those in Table 2.
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 2 Fig. 2: SEM-BSE micrographs (EDX) for various U-Zr-Si alloys. EDX compositions are in atom %.(a) U27Zr30Si43 (sample location 13 in Fig. 1b), 1273 K: dark phase UZr 4 Si 4 (U12.9Zr46.9Si40.2), grey matrix U 3 Si 5-x (U39.1Zr1.6Si59.3); (b) U5Zr51Si44 (sample location 14), 1273 K: dark phase Zr 5 Si 4 (U1.6Zr52.3Si46.2), grey matrix, UZr 4 Si 4 (U9.0Zr51.2Si39.7), dendrites Zr 3 Si 2 (U3.9Zr60.6Si35.5); (c) U20Zr40Si40 cast; (d) U16.6Zr43.3Si40.1 (sample location 15), 1273 K, dark phase Zr 3 Si 2 (U7.5Zr50.8Si41.7), grey phase UZr 4 Si 4 (U16.4Zr41.3Si42.3), bright phase U89.1Zr9.9Si1.0; (e) U11.5Zr49.3Si39.2, cast, primary dark grey dendrite Zr 5 Si 4 (U5.5Zr53.0Si41.5), light grey seams UZr 4 Si 4 (U8.1Zr50.0Si41.9); black phase Zr 2 Si (U3.3Zr62.5Si34.5), bright matrix U88.1Zr11.5Si0.4.
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 3 Fig.3). It also documents the two-phase equilibrium UZr4Si4 + Zr3Si2.
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 3 Fig. 3: Rietveld refinement of alloy U10Zr50Si40 (at.%) after anneal at 1273 K°C.
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Fig. 3 :

 3 Fig. 3: Rietveld refinement of alloy U10Zr50Si40 (at.%) after anneal at 1273 K.

Table 1 :

 1 Crystallographic data of binary boundary phases of the system U-Zr-Si

	Phase	Pearson Symbol	Space Group	Proto type	a	Lattice parameter in nm b c	Remarks	References
	γ U	cI2	Im 3 m	W	0.35335	0.35335	0.35335-	1408-1049 K,	[34]
									at 1333 K
	ß U	tP30	P4 2 /mnm ß U	1.07589	1.07589	0.56531	1049-941 K	[34]
									at 955 K
	α U	oC4	Cmcm	α U	0.28537	0.58695	0.49548	<941 K	[34]
	ß Zr	cI2	Im 3 m	W	0.3568	0.3568	0.3568	2128-1136 K	[34]
									at 1193 K
	α Zr	hP2	P6 3 /mmc Mg	0.323178	0.323178	0.514831 <1136 K	[34]
	Si	cF8	Fd 3 m	C diamond	0.5431065 0.5431065 0.5431065 <1687 K	[34]
	Zr 3 Si	tP32	P4 2 /n	Ti 3 P	1.101		1.101	0.545	< 1923 K	[34, 42]
	Zr 2 Si	tI12	I4/mcm	CuAl 2	0.6609	0.6609	0.5298	< 2198 K	[34]
	Zr 5 Si 3	hP16	P6 3 /mmc Mn 5 Si 3	0.7903	0.7903	0.5581	2453-2018 K	[34]
	Zr 3 Si 2	tP10	P4/mbm	U 3 Si 2	0.7082	-	0.3714	<2488 K	[34]
	ß Zr 5 Si 4	unknown -	-	-		-	-	2523-2133 K	[34]
	α Zr 5 Si 4	tP36	P4 1 2 1 2	Zr 5 Si 4	0.7123	0.7123	1.3002	< 2133 K	[34]
	ß ZrSi	oC8	Cmcm	CrB	0.3762	0.9915	0.3457	2483-1733 K	[34]
	α ZrSi	oP8	Pnma	FeB	0.6995	0.3786	0.5296	< 1733 K	[34]
	ZrSi 2	oC12	Cmcm	ZrSi 2	0.3725	1.4774	0.3664	< 1893 K	[34]
	γ U 3 Si	cP4	Pm 3 m	AuCu 3	0.4346	0.4346	0.4346	1203-1032 K	[34, 43]
	ß U 3 Si	tI16	I4/mcm	ß U 3 Si	0.60328	0.60328	0.86907	1035 -120 K	[42, 43]
	α U 3 Si	oF32	Fmmm	α U 3 Si	0.8654	0.8549	0.8523	<120 K	[42, 43]
	U 3 Si 2	tP10	P4/mbm	U 3 Si 2	0.73299	0.73299	0.39004	< 1938 K	[34]
	U 5 Si 4	hP18	P6/mmm U 5 Si 4	1.0467	1.0467	0.39124	<1773 K	[37]
	USi	tI38	I4/mmm	USi	1.058		1.058	2.431	< 1853 K	[44]
	USi (*)	oP8	Pnma	FeB	0.7585	0.3903	0.5663		[34]
	U 3 Si 5	hP3	P6/mmm AlB 2	0.3843	0.3843	0.4069	< 2043 K	[34]
	U 3 Si 5 (o1) oP6	Pmmm	dist. AlB 2	0.3869	0.6660	0.4073		[29]
	U 3 Si 5 (o2) oP6	Pmmm	dist. AlB 2	0.3893	0.6717	0.4042		[29]
	USi 2-z	tI2	I4 1 /amd	def. ThSi 2	0.3922	0.3922	1.4154	< 1983 K	[29, 34]
									at 65 at.%Si
	USi 2-z	oI2	Imma	def. GdSi 2	0.3953	0.3929	1.3656	at 64 at.% Si	[29]
	USi 2	tI2	I4 1 /amd	ThSi 2					< 723 K	[29, 34]
	USi 3	cP4	Pm 3 m	AuCu 3	0.4060	0.4060	0.4060	< 1783 K	[34]
	τ 1 -UZr 4 Si 4 tP36	P4 1 2 1 2	Sc 2-x Re 3+x Si 4 0.7172	0.7172	1.3136		t.w.
	* probably oxygen stabilized [29]						

Table 2 :

 2 EMPA and crystallographic data of selected ternary alloys U-Zr-Si annealed at 1273 K or 850 °C, quenched.

	Nominal com-	Location	X-ray	Space	Proto	Lattice parameters in nm	EMPA
	position in at.%	of alloy	phase	group	type				in at.%
	Heat treatment		analysis						
	U -Zr -Si					a	b	c	U -Zr -Si
	10.0 -10.0 -80.0 1273 K	1	Si ZrSi 2 USi 3	Fd 3 m Cmcm Pm 3 m	C diamond ZrSi 2 AuCu 3	0.54310(3) 0.36997(5) 0.40381(4)	0.54310(3) 1.4771(1) 0.40381(4)	0.54310(3) 0.36669(4) 0.40381(4)	---
	37.0 -5.0 -58.0	2	U 3 Si 5	P6/mmm	AlB 2	0.38533(5)	0.38533(5)	0.4066(1)	36.8-0.4-62.8
	1273 K		U 3 Si 2	-	-	-	-	-	56.7-3.1-40.2
			UZr 4 Si 4	-	-	-	-	-	Small amounts
	45.0 -10.0 -45.0	3	U 3 Si 5	P6/mmm	AlB 2	0.38629(16)	0.38629(16)	0.4065(4)	36.7-0.5-62.8
	1273 K		U 3 Si 2	P4/mbm	U 3 Si 2	0.73268(4)	0.73268(4)	0.3898(1)	57.2 -2.4 -40.4
			UZr 4 Si 4	-	-	-	-	-	Small amounts
	5.0-50.5-44.5	4	ZrSi	Cmcm	CrB	-	-	-	1.2-48.9-49.9
	1273 K		UZr 4 Si 4	P4 1 2 1 2	Sc 2 Re 3 Si 4	-	-	-	9.9-45.9-44.2
			Zr 3 Si 2	P4/mbm	U 3 Si 2	0.70899(7)	0.70899(7)	0.37151(9)	3.5-57.6-38.9
	22.2-33.3-44.5	5	UZr 4 Si 4	P4 1 2 1 2	Sc 2 Re 3 Si 4	-	-	-	10.0-46.0-44.0
	1273 K C		U 3 Si 5	P6/mmm	AlB 2	-	-	-	37.0-0.2-62.8
			U 3 Si 2	P4/mbm	U 3 Si 2	-	-	-	56.4 -3.6 -39.9
	11.0-45.0-44.0	6	UZr 4 Si 4	P4 1 2 1 2	Sc 2 Re 3 Si 4	0.71780(3)	0.71780(3)	1.31349(5)	10.7-46.2-43.1
	1273 K		ZrSi	Cmcm	CrB	0.37707(8)	0.99485(22)	0.37903(7)	1.7-50.3-48.0
			Zr 3 Si 2	P4/mbm	U 3 Si 2	0.7229(1)	0.7229(1)	0.4014(1)	2.1-58.4-39.4
	20.0-40.0-40.0	7	UZr 4 Si 4	P4 1 2 1 2	Sc 2 Re 3 Si 4	0.71575(9)	0.71575(9)	1.3105(2)	-
	1273 K		(γU,βZr)	Pm 3 m	W	0.35473(9)	0.35473(9)	0.35473(9)	-
			Zr 3 Si 2	P4/mbm	U 3 Si 2	0.7195(2)	0.7195(2)	0.4057(2)	-
	33.3 -33.3 -33.3	8	UZr 4 Si 4	P4 1 2 1 2	Sc 2 Re 3 Si 4	-	-	-	10.6-46.7-42.7
	1273 K		(U,Zr)	-	-	-	-	-	Small amounts
			Zr 3 Si 2	P4/mbm	-	0.70990(9)	0.70990(9)	0.3729(1)	1.7 -59.7 -39.6
					U 3 Si 2				
	5.0 -70.0 -25.0	9	Zr 2 Si	I4/mcm	CuAl 2	0.66083(5)	0.66083(5)	0.5303(2)	0.3 -68.3 -31.4
	1273 K		(U,Zr)	P6 3 /mmc	Mg	0.32588(7)	0.32588(7)	0.5199(2)	89.7-9.5-0.8
	75.0 -10.0 -15.0	10	(U,Zr)	Pm 3 m	W	-	-	-	88.4 -10.1 -1.5
	1273 K		U 3 Si 2	P4/mbm	U 3 Si 2	-	-	-	56.4 -3.6 -40.0
			UZr 4 Si 4	P4 1 2 1 2	Sc 2 Re 3 Si 4	-	-	-	Small amounts
	75.0 -10.0 -15.0	10	(U,Zr)	Cmcm	αU	0.2850 (2)	0.5871(5)	0.4955(3)	89.4 -10.0 -0.6
	1123 K		U 3 Si	I4/mcm	AuCu 3	-	-	-	75.1 -0.0 -24.9
			UZr 4 Si 4	P4 1 2 1 2	Sc 2 Re 3 Si 4	-	-	-	-
	60.0 -30.0 -10.0	11	(U,Zr)	Pm 3 m	W	-	-	-	93.4 -6.6 -0.0
	1123 K		Zr 2 Si	I4/mcm	CuAl 2	0.6606(2)	0.6606(2)	05304(1)	0.0 -67.0 -33.0
	26.0-35.0-39.0	12	UZr 4 Si 4	P4 1 2 1 2	Sc 2 Re 3 Si 4	-	-	-	9.3-48.0-42.7
	1123 K		U 3 Si	I4/mcm	AuCu 3	-	-	-	75.6-24.3-0.1
			U	Pm 3 m	W	-	-	-	98.7 -0.0 -1.3

Table 3 .

 3 X-Ray single crystal data for U 2-x Zr 3+x Si 4 (x=0.98; Sc 2-x Re 3+x Si 4 -type); (U x Zr 1-x ) 3 Si 2 (x=0.062; U 3 Si 2 -type) and U x Zr 1-x Si (x=0.06; CrB-type); MoKα; room temperature data; redundancy >10; standardized with program Structure Tidy [33].

	Parameter/compound 1)	U1Zr4Si4	(UxZr1-x)3Si2	UxZr1-xSi-hT
	Formula from refinement	U1.02Zr3.98Si4 ≡ U2-xZr3+xSi4, x=0.98	(UxZr1-x)3Si2, x=0.068	UxZr1-xSi; x=0.06
	Formula from EPMA (at.%) U10.7Zr46.2Si43.1 ≡ U0.94Zr4.06Si4 U3.5Zr57.6Si38.9 ≡ U0.17Zr2.83Si2 U2.7Zr47.3Si49.9 ≡ U0.05Zr0.95Si
	Structure type	Sc2-xRe3+xSi4	U3Si2	CrB
	Space group	P41212	P4/mbm	Cmcm
	Crystal size	20×15×15 µm 3	90×90×70 µm 3	120×90×70 µm 3
	LatticeParameters [nm]	a=b=0.7172(2)	a=b=0.72570(2)	a=0.37830(4)
	from single crystal	c=1.3136 (2)	c=0.39653 (2)	b=0.99581(9)
				c=0.37661(4)
	µ abs [mm -1 ]; density g/cm 3	30.44; 7.03	18.56; 5.95	14.45; 6.01
	Data collection, 2Θ range (°)	2≤2Θ≤69.7; 100 sec/frame	2≤2Θ≤83.9; 60 sec/frame	2≤Θ≤73.6; 70 sec/frame
	Total number of frames	240 for 6 sets; scan width=2°	239 for 6 sets; scan width=2°	148; scan width=2°
	Reflections in refinement	29≥4σ(Fo) [1234]	407≥4σ(Fo) [432]	180≥4σ(Fo) of 206 [960]
	[Total # of reflections]			
	mosaicity	<0.45	<0.49	<0.69
	Number of variables	21	12	12
	RF 2 = Σ|F0 2 -Fc 2 |/ΣF0 2	0.0493	0.0625	0.0268
	RInt	0.095	0.0300	0.047
	wR2	0.127	0.1666	0.063
	GOF	0.841	1.126	1.124
	Extinction (Zachariasen)	-	0.0707(9)	0.024(4)
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