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Incipient formation of zircon and hafnon during glass alteration at 90°C

Layered zircon and hafnon are observed at the surface of gels resulting from the complete alteration of Zr-or Hf-bearing borosilicate glasses at 90°C and pH 1. The unusually low temperature of formation may arise from the similarity of the local structure around Zr in the gel (from the altered glasses), the leaching solution and the zircon structure, in particular, the majority 8-coordination of Zr and the connectivity of Zr-sites with their surroundings. Similar behavior is expected for Hf, which mimics Zr speciation in solution and hafnon structure. This work expands the known formation methods of zircon and hafnon at low temperature, underlining the importance of amorphous precursors to facilitate crystal growth under unusual conditions.

INTRODUCTION

Zirconium and hafnium possess similar electronic structures and ionic radii, which explains the similarity of most structural, physical and chemical properties of Zr-Hf compounds, such as the orthosilicates, zircon (ZrSiO 4 ) and hafnon (HfSiO 4 ). [START_REF] Cota | MD Solution properties of the system ZrSiO 4 -HfSiO 4 : a computational and experimental study[END_REF] Due to the high thermal stability of these phases, a formation via a direct reaction between oxides by a solid-state reaction, a diffusion-controlled process, requires temperatures in the 1400-1500° C range. [START_REF] Sales | Low temperature synthesis of pure and Fe-doped HfSiO4: determination of Si and Fe fractions by neutron activation analysis[END_REF] . Addition of impurities or sol-gel routes can reduce the synthesis temperature by 500° C or more. [START_REF] Sales | Low temperature synthesis of pure and Fe-doped HfSiO4: determination of Si and Fe fractions by neutron activation analysis[END_REF] Since the pioneering work of Frondel and Colette, [START_REF] Frondel | Hydrothermal synthesis of zircon, thorite and huttonite[END_REF] zircon has been observed down to 120 °C under pseudo-hydrothermal conditions and 100 °C under refluxing conditions, often after an amorphous precursor. [START_REF] Vilmin | Lowering crystallization temperature of zircon by nanoheterogeneous sol-gel processing[END_REF][START_REF] Kido | Hydrothermal processing of zircon[END_REF][START_REF] Mosset | A new route to silicates, Part 4-Submicron zircon powders[END_REF][START_REF] Veytizou | Preparation of zircon bodies from amorphous precursor powder synthesized by sol-gel processing[END_REF][START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] Overgrowth of porous zircon has been observed around reactive metamict zircon at temperatures evaluated at 100°C in geological formations. [START_REF] Hay | Zircon alteration, formation and preservation in sandstones[END_REF] The formation of hafnon is more elusive. Indeed, although predicted by the phase diagram, HfSiO 4 is rarely observed. A sol-gel route results in only small amounts of hafnon and dopants are useful for the formation of hafnon at high temperature. [START_REF] Sales | Low temperature synthesis of pure and Fe-doped HfSiO4: determination of Si and Fe fractions by neutron activation analysis[END_REF][START_REF] Kanno | Effect of dopants on the formation of hafnon via a sol-gel route[END_REF] This was interpreted as arising from the instability of aqueous Hf 4+ complexes, even at low pH, leading to the hydrolysis and polymerization of the [Hf(OH 2 ) 8 ] 4+ complexes. [START_REF] Mcgilvery | Investigation of crystallization processes from hafnium silicate powders prepared from an oxychloride sol-gel[END_REF] Zirconium is an important component of nuclear glasses, [START_REF] Galoisy | Evidence for 6-coordinated zirconium in inactive nuclear waste glasses[END_REF] the alteration of which leads to the formation of Zr-containing gels [START_REF] Pèlegrin | Structural evolution of glass surface during alteration: application to nuclear waste glasses[END_REF] that partly govern their long-term behavior. [START_REF] Poinssot | Long-term Behavior Science: the cornerstone approach for reliably assessing the long-term performance of nuclear waste[END_REF] In simplified borosilicate glasses, Zr also plays a key role in dissolution kinetics. [START_REF] Cailleteau | Insight into silicate-glass corrosion mechanisms[END_REF] The gel that develops at the interface between the glass and the alteration solution shows pH-dependent structural relationships between Zr-sites and the silica network. [START_REF] Jollivet | Zirconium local environment in simplified nuclear glasses altered in basic, neutral or acidic conditions: Evidence of a double-layered gel[END_REF] In particular, acidic conditions favor [START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] Zr coordination in the gel. It has been shown earlier that Hf has a similar influence on the chemical durability of soda-lime borosilicate glasses. [START_REF] Bergeron | First investigations of the influence of IVB elements (Ti, Zr, and Hf) on the chemical durability of soda-lime borosilicate glasses[END_REF] In this study, we show that crystallites develop at the surface of alteration gels obtained at pH 1, reporting the first observation of the incipient formation of zircon and hafnon at temperatures lower than 100°C.

MATERIALS AND METHODS

Glasses containing 8 mol % ZrO 2 or HfO 2 , previously described, [START_REF] Bergeron | First investigations of the influence of IVB elements (Ti, Zr, and Hf) on the chemical durability of soda-lime borosilicate glasses[END_REF] were crushed down to 2 µm and leached until complete alteration at 90 °C and pH 1 in a 0.1M HNO 3 solution. [SiO 2 ] was around 7.9 mmol.L -1 . The composition (Table 1) of the Zr-bearing gels was also already provided [START_REF] Bergeron | First investigations of the influence of IVB elements (Ti, Zr, and Hf) on the chemical durability of soda-lime borosilicate glasses[END_REF] . For the Hf-bearing gels, it was calculated by the same formalism, i.e. using the mass balance between the mass of the elements added in the form of pristine glass and the quantity of elements found in solution at the end of the alteration. The leaching solution was analyzed by ICP-MS (Thermo-fisher X 7 spectrometer). The composition of the pristine glasses and alteration gels is given on Table 1.

Table 1. Composition (mol %) of the starting glasses [START_REF] Bergeron | First investigations of the influence of IVB elements (Ti, Zr, and Hf) on the chemical durability of soda-lime borosilicate glasses[END_REF] and the gels obtained after total alteration at 90°C and pH 1.

After leaching, the samples were washed at room temperature in deionized water and dried at 40 °C for 12 h and then at 90 °C for 1 day. Samples were analyzed on a ZEISS Supra 55 Scanning Electron Microscope (SEM) fitted with a Brucker Quantax Energy-Dispersive Spectrometer (EDS). Observations were performed at 5.0 kV with a beam current of 200 nA, and EDS spectra were acquired at 15 kV. X-Ray Diffraction (XRD) was performed with Cu Kα radiation on a Panalytical X'Pert equipped with an X'Celerator detector and operating at 40 kV and 40 mA. Cross-sectional TEM samples were prepared by a Focused Ion Beam dual beam FIB/SEM system (Zeiss CrossBeam Neon50 EsB) using standard in situ lift-out 

H8C4 84, 3 1,6 - 14,1 H8C8 82,0 4,6 - 13,5 
technique. A protective platinum strip with 1 µm thickness was deposited before FIB milling.

TEM analyses of 100 nm thick electron-transparent sections were performed using a JEOL 2100F TEM with a 200 kV field emission gun. Both Scanning TEM in High Angle Annular Dark Field (STEM-HAADF) and X-ray Energy Dispersive Spectroscopy (STEM-XEDS) imaging modes were used to characterize the altered surfaces.

RESULTS AND DISCUSSION

The alteration of Zr-or Hf-bearing glasses at pH 1 and 90°C results in the formation of gels, at the surface of which crystallites form. The Z8C4 and Z8C8 gels show the presence of diskshaped crystallites (Figure 1a) of about 200 nm diameter and 80 nm thickness. These particles are homogeneously dispersed at the surface of the Z8C4 gel, where they coexist with rodshaped particles shorter than 200nm. By contrast, they are unevenly distributed on the surface of the Z8C8 gel, forming agglomerates of lens-shaped particles of about 2 µm or constituting a continuous cover at the surface of some grains (Figure 1b). Despite SEM observations on the Z8C8 gel, the concentration of crystallites or their crystallinity are too low to be detected by XRD. However, the Z8C4 gel gives rise to a faint diffraction peak at 26.89° (d-spacing of 3.316Å) (Figure 2). This peak corresponds to the (200) reflection of zircon (3.303 Å: ICDD no. 06-0266), and, being the only diffraction peak, it indicates a preferential crystal growth in the (a,b) plane of the zircon structure. This is in line with the lens-shaped morphology of the nanoparticles observed at the surface of the gel, as shown for zircons synthesized by a low temperature hydrothermal route. [START_REF] Mosset | A new route to silicates, Part 4-Submicron zircon powders[END_REF][START_REF] Veytizou | Preparation of zircon bodies from amorphous precursor powder synthesized by sol-gel processing[END_REF][START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] The slightly larger value of the a parameter, 6.632Å instead of 6.604Å in the reference zircon, may arise from the incorporation of OH groups in the structure, observed in hydrothermal zircons synthesized at low temperature. [START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] Using the Scherrer relation, the size of coherent domains in the (a,b) plane is about 135Å, close to the size of the lens-shaped crystallites. These observations confirm that the formation of zircon at low-temperature, below 250°C, favors the formation of layered crystallites. [START_REF] Kido | Hydrothermal processing of zircon[END_REF][START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF][START_REF] Valero | Mechanism of hydrothermal synthesis of zircon in a fluoride medium[END_REF] Fig. 2. X-ray diffraction pattern of the Z8C4 alteration gel, showing the (200) diffraction peak of zircon that can be extracted using a scan speed of 0.1 °/min (inset).

TEM observation of the FIB thin foil corresponding to the surface of Z8C4 gel grains shows that the particles are located in a 150-200 nm porous outer layer, in which the Pt coating penetrated, hindering the identification of the precipitates by any electron diffraction (Fig. 2a andb). This porous gel covers a dense gel, which confirms that the alteration gel is doublelayered. [START_REF] Jollivet | Zirconium local environment in simplified nuclear glasses altered in basic, neutral or acidic conditions: Evidence of a double-layered gel[END_REF] Both gel and particles consist of Zr, Si and O, but the particles are enriched in Zr (Figure 2c). This is consistent with the presence of 100 nm thick particles of zircon on the gel surface, as seen with SEM. The zircon particles found at the surface of the alteration gels, 190 and 75 nm in diameter and thickness, respectively, present a narrow size distribution, as deduced from the analysis of SEM images (Fig. S2). They are smaller by about 50% than the disk-shaped, low temperature, hydrothermal nano-zircons described in the literature, with mean diameter of 300-350 nm and thickness of 60-130 nm, the actual value depending on the synthesis conditions. [START_REF] Vilmin | Lowering crystallization temperature of zircon by nanoheterogeneous sol-gel processing[END_REF][START_REF] Mosset | A new route to silicates, Part 4-Submicron zircon powders[END_REF] The smaller size of the nano-zircons here investigated can be related to their unusually low formation temperature. Acidic conditions favor layered zircon morphology [START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF][START_REF] Lei | Desert Rose-shaped zircon synthesized by lowtemperature hydrothermolysis[END_REF] with a preferential radial growth along the crystallographically equivalent a and b directions, characterized by chains of edge-sharing ZrO 8 dodecahedra. Recently XANES and EXAFS data have shown that the Z8C4 and Z8C8 alteration gels formed at pH 1 consist of SiO 2 -ZrO 2 gels with an outer layer showing Zr mostly present as [START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] Zr. [START_REF] Jollivet | Zirconium local environment in simplified nuclear glasses altered in basic, neutral or acidic conditions: Evidence of a double-layered gel[END_REF] Zircon formation may be described by an interfacial dissolution/precipitation process, according to reaction (1):

H 4 SiO 4 +ZrO 2 ⇔ ZrSiO 4 +2H 2 O (1) 
After 2 months alteration, the solutions at pH 1 show a high concentration of dissolved SiO 2 , 7.9 mmol.L -1 and Zr, 200 µmol.L -1 , which will shift reaction (1) to the right. There is a striking similarity between the [START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] Zr speciation in solutions at pH 1, 20 gel [START_REF] Jollivet | Zirconium local environment in simplified nuclear glasses altered in basic, neutral or acidic conditions: Evidence of a double-layered gel[END_REF] and zircon, with the presence of [START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] Zr sites, short Zr-Si and Zr-Zr distances at 2.99 and 2.95Å and at 3.62 and 3.7-3.8Å in the zircon and the alteration gel, respectively. [START_REF] Jollivet | Zirconium local environment in simplified nuclear glasses altered in basic, neutral or acidic conditions: Evidence of a double-layered gel[END_REF] The gel may act as a structural precursor, providing the Si-O- [START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] Zr linkages needed for the crystal growth of zircon. The formation of nano-zircon may be the final result of the multistage alteration process of the initial borosilicate glass. It is speculated that Hf behaves similarly with the formation of nanohafnon, the concentration of Hf in the alteration solution being the same as for Zr, i.e. 300 µmol.L -1 after 6 months alteration (time needed for the total alteration of the initial glass).

Indeed, despite the aqueous chemistry of Zr 4+ [START_REF] Messner | Structure and dynamics of the Zr 4+ ion in water[END_REF][START_REF] Rao | Computational study of the Zr 4+ tetranuclear polymer, [Zr 4 (OH) 8 (H 2 O) 16 ] 8+[END_REF] The deprotonation of these bonds at the surface of the alteration gels allows reacting with monomeric Si(OH) 3 O -species to create plate-shaped crystallites with M-O-M (M=Zr or Hf) oxobridges along two perpendicular directions, starting a zircon or hafnon crystal structure (Figure 4). This shape explains the peculiarity of the XRD pattern, the c crystallographic axis being perpendicular to the main face of the disk-shaped crystallites. oxygen atoms in OH bridging groups, purple; oxygen atoms, red; Si atoms, blue; Hydrogen atoms omitted for clarity. The presence of [START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] Zr-O-Si bonds in the alteration gel may facilitate the transformation of the Zr local structure from a tetramer structure to crystalline zircon. In both cases, [START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] Zr polyhedra share edges in two perpendicular directions.

CONCLUSION

At pH 1, Zr 4+ and Hf 4+ occur as polymerized species. [START_REF] Hagfeldt | Structure of the hydrated, hydrolysed and solvated zirconium (IV) and hafnium (IV) ions in water and aprotic oxygen donor solvents. A crystallographic, EXAFS spectroscopic and large angle X-ray Scattering study[END_REF] The formation of aquo/hydroxo complexes in solution at acidic pH gives these cations the possibility of forming secondary phases. This is consistent with geochemical calculations indicating a preferential precipitation of zircon vs. zirconia under these acidic pH conditions. [START_REF] Jollivet | Zirconium local environment in simplified nuclear glasses altered in basic, neutral or acidic conditions: Evidence of a double-layered gel[END_REF] Starting from a single phase gel of intimately mixed Si and Zr atoms has been recognized to be the most important process controlling the formation of hydrothermal zircon, [START_REF] Kido | Hydrothermal processing of zircon[END_REF] which is the case of the alteration gels of simplified borosilicate nuclear glasses, which contain Zr-O-Si bonds with [START_REF] Lei | Controllable synthesis of layered zircons by low-temperature hydrothermal method[END_REF] Zr sites. Crystal 

Fig. 1 .

 1 Fig. 1. SEM (SE) observations of precipitates forming on the surface of Z8C4 (a), Z8C8 (b) and H8C8 (d) alteration gels after 450 days alteration at T° = 90°C, pH 90°C = 1 and S/V = 15 cm -1 . The backscattered electron image (ESB) of H8C4 (c) shows the morphology of Hf-rich precipitates.

Fig. 3 .

 3 Fig. 3. Cross-sectional FIB plate of a Z8C4 gel grain. (a) STEM-HAADF image showing the external Pt coating overlying surficial precipitates (indicated by an arrow) and the porous gel. The dense gel is at the bottom. (b) STEM-HAADF image at higher magnification showing the precipitates (indicated by an arrow). (c) XEDS profile representing the evolution of Si, O, Zr and Pt concentration along the section represented on b, showing the precipitate enriched in Zr relative to gel.

Fig. 4 .

 4 Fig. 4. (a) Local structure of Zr in the tetramer [Zr 4 (OH) 8 (H 2 O) 16 ] 8+ and in zircon (b). Zr atoms, green;

  that the crystallization of zircon and hafnon at the expense of these gels results from the similarity of the local structure around Zr in zircon, the alteration gel and the Zr-tetramer in acidic solutions. At low temperature, the formation of edge-sharing ZrO 8 polyhedra generates a preferential growth along two perpendicular directions, already present in the Zr-tetramer complexes and which will form the a-and baxes of the zircon/ structure. Due to the structural and chemical similarity between Zr and Hf, the same processes may explain the formation of hafnon at the surface of the gels resulting from the alteration of Hf-bearing borosilicate glasses.The formation of uranium silicate complexes acting as a precursor of U silicate colloids have been recognized to be a dominant parameter for the stabilization of USiO 4 , coffinite, 23 a mineral isostructural to zircon and hafnon. The external surface layer of the alteration gels of Zr/Hf-bearing glasses may play the role of such precursors in the incipient formation of zircon and hafnon at low temperature.
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