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Abstract 

Phase separation in sodium borosilicate glasses containing molybdenum oxide has been 

studied in a compositional range of interest for nuclear glasses. Two series of quaternary 

compositions (63.5SiO2-19.6Na2O-16.9B2O3)1-x(MoO3)x with 0  x  3 mol.% MoO3 have been 

synthesized and characterized, by a range of complementary experimental techniques both in 

situ in temperature, by viscometry and hot stage SEM, and ex-situ, by HRTEM, PXRD, EPMA 

and dissolution calorimetry. The phase separation temperatures between silicate and 

molybdenum oxide rich liquids were determined for each composition. Molybdenum oxide 

solubility limits were established for quenched and annealed glasses.For molybdenum oxide 

contents exceeding these limits, crystalline sodium mono-molybdates precipitate in the glasses 

as shown by XRD results and the fractions of precipitates were indirectly quantified by MoO3 

mole balance and enthalpy balance relying on solution calorimetry experiments. The 

experimental results were compared with thermodynamic calculations performed with Thermo-

Calc software and a CALPHAD database of the SiO2-Na2O-MoO3 ternary system. The ternary 

model allows the calculation of the nature and quantity of the precipitated phases in reasonable 

agreement with the experiments, even if, in the current state of development of the 

thermodynamic database, the absence of boron restricts the relevance of the calculations. 

Thus, for the construction of a predictive thermodynamic calculation tool, the addition of boron 

to the database is the most promising prospect. 
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1  Introduction 
In multi-component oxide glasses, complex phase separation phenomena may occur between 

stable or metastable liquid phases by spinodal decomposition (1) (2) or by nucleation and 

growth (3, 4). The spinodal decomposition mechanism, which leads to a microstructure formed 

by an intimate interweaving of the 2 phases, is used industrially for the manufacture of glasses 

with high thermal resistance, such as Vycor® and Pyrex®, and of porous glasses (5, 6). Phase 

separation by nucleation and growth leads to the appearance, within the glass matrix, of a 

dispersion of secondary phase precipitates, spherical in shape and disconnected from each 

other. This mechanism is observed in some radioactive waste glasses containing molybdenum 

oxide. Molybdenum, which is present in significant quantities in Uranium-Molybdenum spent 

fuel, in waste coming from the reprocessing of Uranium-OXide fuel and in waste coming from 

dismantling, has generally a low solubility, of the order of a few mol.% MoO3, in borosilicate 

glasses.  

Whereas, in R7T7 glasses, the molybdenum content remains below the solubility limit, in the 

above examples of industrial UMo glass (7-9), glass ceramics for the TRUEXplus waste stream 

(10-12) and glass for dismantling waste (13), the solubility limit is exceeded, liquid-liquid phase 

separation occurs and secondary phases are precipitated during cooling. Contrary to the case 

of glass-ceramics in which the as-cast glass is homogeneous and the microstructure is 

optimized by controlling the precipitation of the secondary phases by an adapted heat 

treatment (14, 15), the glass will be here heterogeneous at the microscopic scale from the as-

cast state. 

However, it is still possible to optimize the heterogeneous microstructure of nuclear glass by 

adjusting the composition of the glass matrix. For example, in a sodium-calcium borosilicate 

matrix, increasing the calcium content will promote the trapping of molybdenum in the form of 

calcium molybdate and enhance chemical resistance to water alteration (8, 16, 17). Calcium 

molybdate phase is less detrimental than sodium molybdate, whose lower melting point allows 

it to aggregate in liquid form, leading in the end to the presence of macroscopic secondary 

phases (18). 

To carry out this fine optimization of nuclear glass compositions, it is therefore essential, firstly, 

to understand the thermodynamics of the processes involved, based on the structural 

knowledge of the glasses studied, and secondly, to progress in the construction and validation 

of a suitable thermodynamic calculation tool. 

Structural studies of borosilicate glasses containing molybdenum oxide provide a first 

explanation for its low solubility. More specifically, it was shown that the Mo6+ species was the 

most thermodynamically stable when the glasses were synthesized under the air oxygen 
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partial pressure. EXAFS studies carried out by at the K threshold of Mo further showed that 

the Mo6+ ion is four-fold coordinated under the form of molybdate units (MoO4
2-) and does not 

share any bridging oxygen with other network former cations (Si4+
, B3+

, Al3+). The length of the 

Mo6+-O2- bond, of the order of 1.8 Å, varies little with the chemical composition of the silicate 

and borosilicate glasses and with the nature of the alkali and alkaline-earth metals present in 

the glasses studied (19) (20, 21) (8). These observations are completely consistent with the 

studies carried out by solid state MAS NMR of the 23Na, 11B, 28Si, 95Mo isotopes and by Raman 

spectroscopy which show, on the one hand, the presence of depolymerized zones of the glassy 

network, enriched in MoO3, alkaline and alkaline-earth elements and, on the other hand, the 

presence of polymerized zones enriched in network former elements and depleted in MoO3 

(22-27). Although not fully proven by experiments probing the glass medium range order, these 

atomic scale structural arrangements are most likely the beginnings of phase separation 

between molybdate units and silicates. 

After cooling and whatever the quenching rate, scanning and transmission electron microscopy 

observations of the microstructure of alkali or alkaline earth borosilicate glasses containing 

high levels of molybdenum oxide show that the MoO3-enriched zones systematically have the 

appearance of spherical precipitates, dispersed in the matrix and disconnected from each 

other (9, 23, 28-31). It was also shown that these MoO3 enriched zones were composed of a 

mixture of molybdate crystals of different natures such as, depending on the chemical 

composition of the initial glass, Na2MoO4 (24), CsNaMoO4 (29) or CaMoO4 (10, 23, 32), and a 

residual glass phase (15). 

In the studies quoted above, the concept of MoO3 solubility limit does not have a precise 

thermodynamic meaning, it simply represents the content of incorporation beyond which, after 

cooling, the observed glasses are no longer homogeneous, without specifying the 

temperatures at which the phenomena of phase separation occur, which are the phases 

involved, nor at what spatial scale(s) these phases are observed. On the contrary, in our study, 

we propose to clarify from an experimental and theoretical point of view the thermodynamics 

of phase separation in a simplified glassy system of nuclear interest containing MoO3. 

To this end, a series of quaternary SiO2-Na2O-B2O3-MoO3 model glasses with varying 

molybdenum oxide content are synthesized and studied using a wide range of complementary 

experimental techniques. Quaternary compositions are obtained by adding a controlled 

amount of MoO3 between 0 and 3 mol.%, to a reference ternary glass of composition 63.5SiO2-

19.6Na2O-16.9B2O3 (mol.%). Two distinct thermal paths are compared: the so called 

“quenched glasses” are cooled rapidly from 1300°C at an estimated rate of 103°C·min−1, the 

so called “annealed glasses” were maintained 10 h at 650°C. A first series of investigations 
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was carried out on the glasses after cooling. The glass compositions were checked by EPMA. 

The morphology and the nature of the formed phases were determined by optical microscopy 

and TEM. Measurements by acid solution calorimetry at room temperature (33) allowed to 

determine the solubility limit in MoO3 and to quantify the fractions of molybdate phases 

precipitated in the glasses. 

The glasses were then analyzed according to temperature in order to specify the liquid 

demixing temperature for each MoO3 content. Thus, the evolution of their microstructure during 

heating from room temperature to 900°C at constant rate (30 °C/min) was observed by hot 

stage scanning electron microscopy. Viscosity values were measured in isothermal mode at 

temperatures between 900 and 1350°C. 

The acquired experimental data are finally compared to previous experimental results obtained 

on industrial borosilicate glass compositions of UMo type (9) and to the results of 

thermodynamic calculations performed with the Thermo-Calc software based on an available 

CALPHAD description of the SiO2-Na2O-MoO3 ternary system (34). 

2  Methodology 

2.1. Preparation method and compositions of glass samples 

The glasses are synthesized from a mixture of oxide (SiO2, MoO3,), borate (H3BO3) and 

carbonate (Na2CO3) precursor powders. After homogenization, a 100 g charge of mixture 

contained in a platinum-rhodium crucible is heated to 1300°C for 3 hours in a muffle furnace. 

The liquid obtained is then quenched by casting on a cooled copper hearth immediately 

followed by a crushing on this hearth with a second copper plate. The cooling rate reached is 

estimated to be 103°C·min−1. 

The optically homogeneous glasses are subsequently annealed. During this heat treatment, a 

mass of 100 mg of glass is taken, coarsely ground and loaded in an Au-Pt cup. The cup is 

placed in a tubular furnace at room temperature and heated at a rate of 1.5°C min-1 to 650°C, 

held at this temperature for 10 h and then air cooled. 

2.2. PXRD (Power X-Ray Diffraction) 

The analyzed samples are finely ground in order to avoid any preferential orientation of the 

grains. The diffractometer used is a Philips X'Pert Pro model in - geometry, equipped with 

a copper anticathode of wavelength 1.54 Å. Powder diffraction patterns are acquired in the 10-

80° 2 range with an angle step of 0.017° and time step of 2 s. The identification of the 

crystalline phases is carried out with the help of the EVA® software and by comparison of the 
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diffractograms with the crystallographic databases of the International Center of Diffraction 

Data (JCPDS files). 

2.3. HRTEM 

The HRTEM analyses were performed with a JEOL JEM 2010F UPR22 microscope (CP2M 

Aix-Marseille University, France) on the samples Na-Mo0 and Na-Mo1,5. The beam diameter 

is in the nanometer range under an accelerating voltage of 200 kV. The samples are crushed 

and dispersed in absolute alcohol. They are then deposited on a copper grid. This equipment 

allows high resolution analyses to be performed (HRTEM). 

2.4. EPMA 

The chemical compositions of the glasses were measured with a CAMECA SX100 electronic 

microprobe, using crystals LPET for the measurement of molybdenum, LPC3 for boron, and 

LTAP for sodium and silicon. The electronic beam operating voltage and current were 12 kV 

and 10 nA respectively. The analysis conditions were optimized to minimize sodium migration 

under the beam. The acquisition time was set at 70 seconds and the defocused beam size at 

45 micrometers for all analyses. 10 analysis points per sample were performed. 

2.5. Solution calorimetry 

Solution calorimetry consists in measuring the enthalpy associated with the dissolution 

reaction of a solute sample in a liquid solvent at controlled temperature. This enthalpy evolves 

with the chemical composition of the solute and the concentration of the solute in the solvent. 

The thermodynamic functions of a solution, a phase with variable composition, necessarily 

evolve with the chemical composition of the solution (33). 

Experimentally, the study by dissolution calorimetry of a binary A-B, ternary A-B-C or 

multicomponent solution, whose extension in composition is sometimes not well known, is 

most often carried out by dissolving a series of samples with increasing content of one of the 

constituents of the solution, for example A. 

If all the samples in the series are single-phase, the curve of evolution of the measured 

enthalpy vs. A content does not present any remarkable accident, the slope of the curve 

remains continuous in the explored composition interval as shown in figure 1 by the 

experimental enthalpy curve at 1450 K (scatter symbols).. On the other hand, if a fraction of 

the samples of the series are, for example, biphasic, the recorded thermograms correspond to 

the weighed sum of two, one for each phase, independent dissolution effects. As, in the general 

case, the enthalpy of dissolution of the second phase differs from that of the studied solution, 

it is observed a slope break on the enthalpy curve vs. A content. This slope break is a thermal 
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signature of the crossing of a solubility limit, associated with the presence of a non-zero fraction 

of the second phase. 

If the solution is a binary mixture A-B, the enthalpy will evolve linearly with the content of A (or 

B), within the series of two-phase samples, as shown in figure 1 by the linear segment of the 

calculated enthalpy curve at 1380 K (black solid line). If the solution is a ternary mixture A-B-

C, the situation is more complex. The compositional trajectory followed with increasing A 

content is in general not aligned with the conodes in the two-phase domain. The evolution of 

the enthalpy is then no longer constrained to evolve linearly with the A content. However, as 

in the binary case, a slope break can still be observed when the solubility limit is crossed. 

This method is used here to characterize the precipitation of molybdates in the Na-Mox glass 

series. 

Hydrofluoric acid being the only acid that attacks siliceous compounds at room temperature, 

its presence in the solvent is unavoidable. The ground samples are therefore dissolved at 25°C 

in 8 ml of an aqueous acid solution HF-6M, HNO3-4M in a high sensitivity (15.6 µW/µV) tilting 

calorimeter calibrated in energy by the dissolution reaction of THAM in an aqueous solution of 

0.1 M HCl (35). 

In aqueous solvents, the enthalpy of dissolution can vary greatly with solute concentration and 

enthalpy of mixing at infinite dilution is obtained by extrapolation of measurements at varying 

concentrations. However, by carrying out the dissolutions at a fixed and low concentration, the 

curve obtained can be assimilated, without much error, to the curve at infinite dilution. In our 

experiments, the solute concentrations were between 10.2 and 11.8 mmol (of oxides).L-1 (of 

solvent). 

In the samples, the major phase, which is the borosilicate glassy matrix, dissolves easily in the 

acid mixture and the recorded thermograms always show a correct return to the initial baseline. 

Moreover, even in the case of biphasic samples, no cloudy solution, which would be indicative 

of insoluble phases, was ever observed after dissolution. Thus, it appears that all the samples 

studied are completely dissolved under the experimental conditions of our calorimetric 

experiments. The secondary phase crystallized in small quantities was identified as mono-

molybdate Na2MoO4. As an additional precaution, dissolution tests of this pure compound in 

the same solvent allowed to verify its complete dissolution. 

At high and constant dilution, the measured thermal effects are not disturbed by possible 

interactions between solute elements in the solvent. From one sample to another, the 

concentrations reached in the solvent after dissolution, as for example the concentrations of 
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MoO4
-2 molybdate ions, are very close and thus the final states and the measured energies 

are representative of the initial states of the samples. 

2.6. Viscometry 

Since the early 1970s (36) (37, 38), (39) viscosity measurement has been used to demonstrate 

the onset of liquid-liquid phase separation in sodium borosilicate glasses. More recently (9), 

and for the same purpose, the technique was applied to the case of sodium borosilicate 

glasses containing phosphorus and high amounts of molybdenum oxide (> 6 mol.%). The 

same methodology is used again for the series of Na-Mox glasses studied in this work. 

The rheological behavior of the liquid is measured at high temperature with a co-axial 

cylindrical rotating viscometer of the Searle type. The viscometer consists of two coaxial 

cylinders. The platinum-rhodium crucible of 27 mm inner diameter is fixed. The platinum-

rhodium rotor of diameter 9 mm, is coupled to a Rheometric Scientific rheometer which ensures 

the control of the rotation speed and measures the torque resulting from the immersion of the 

rotor in the molten glass. 

A glass volume of 21 cm3 is needed for the viscosity measurement. The filling of the crucible 

requires several successive operations of addition/melting of glass, operations carried out in 

an auxiliary furnace beforehand heated to the glass synthesis temperature. The measurement 

protocol is as follows. After filling and cooling, the crucible is placed in the viscometer and 

heated at 5°C/min until the target temperature is reached. This temperature is measured by a 

type S thermocouple in contact with the crucible. 

For each temperature, after a thermal stabilization of 30 to 45 min, the rheological behavior of 

the liquid is analyzed at increasing rotor speed from 0 to 100 rpm and then decreasing from 

100 to 0 rpm. The duration of this isothermal analysis is 5 min with a total of 240 measurement 

points acquired. The viscosity of the liquid is determined by linear regression between shear 

stress and strain rate. If the liquid is homogeneous, the viscosity curves measured at 

increasing and decreasing rotor speed are superimposed, indicating a Newtonian behavior. 

On the other hand, as soon as the liquid undergoes a phase separation, two distinct curves 

are recorded during the measurements at increasing and then decreasing rotation speed 

because the viscosity continuously drifts with time during the measurements. This 

characteristic evolution indicates a transition from a Newtonian to a non-Newtonian behavior. 

The range of measurable viscosities is between 0.5 Pa.s and 240 Pa.s corresponding, in the 

case of sodium borosilicate glasses, to the temperature range 900-1500°C. The isothermal 

measurements are first performed at decreasing temperatures and then, at the end of the 

experiment, the glass is heated up to a temperature between 1250°C and 1350°C to evaluate 
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the reversibility of its rheological behavior after a stay below the phase separation temperature. 

The overall uncertainty of the viscosity measurement is < 10%. 

When the MoO3 content of the glasses is less than or equal to 1 mol.%, the phase separation 

temperature becomes lower than 900°C, the viscosity higher than 3000 dPa s-1 of the mixture 

at this temperature is then likely to block the viscometer rotor. It is necessary to use an 

alternative experimental technique to determine the phase separation temperature. The ESEM 

technique was then adopted for in situ analysis of the glasses during heating.  

2.7. In situ electron microscopy 

The microscope used is a FEI QUANTA 200 ESEM FEG equipped with a heating stage (25-

1500°C) (40), (41) and a measurement thermocouple of S type. The difference between the 

set and measured temperatures is estimated at 25°C between 600 and 800°C. The quenched 

glass to be studied is placed in an Au-Pt crucible of 5 mm diameter, itself placed on the heating 

stage of the microscope. The crucible is then heated at a constant 30°C/min rate from room 

temperature to 850°C under an air pressure of 250 Pa. The electron beam is accelerated under 

a voltage of 30 kV. Images are acquired every 5 seconds. 

Preliminary tests of in situ observation of the evolution of the microstructure of the glasses on 

heating were carried out. For glasses containing a MoO3 content < 1 mol.%, no phase 

separation could be detected. For glasses with a MoO3 content > 1 mol.%, a crystallization of 

silicate phases on the surface of the sample occurs under the electron beam. These 

precipitations are an artefact linked to the observation technique, the observed phases are not 

representative of the behavior of the glass under classical heating conditions. It is therefore 

not possible to obtain a reliable estimate of the phase separation temperature for these 

glasses. Thus, relevant results could only be obtained for the Na-Mo1 glass containing 1 mol.% 

MoO3. 

2.8. CALPHAD calculations 

In order to gain a better insight into the observed demixing phenomena, thermodynamic 

calculations have been performed with the CALPHAD methodology (42) using the Thermo-

Calc software (43). The calculations are based on the MoO3-Na2O-SiO2 ternary database 

developed by S. Bordier during his PhD thesis (44). In this database, the description of the 

Na2O-SiO2 binary is taken from (45) while the modelling of the two other binary subsystems, 

MoO3-SiO2 and Na2O-MoO3, is an original assessment from the thesis. The two MoO3-Na2O-

SiO2 isothermal sections determined experimentally by Stemprok (46) (47) were used for the 

optimization of the ternary system. 
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Although B2O3 is not included in this database, the phenomena of demixing and precipitation 

of molybdates can be calculated. Indeed, these phenomena have their origin in the repulsive 

interaction that exists within the liquid phase between MoO3 and SiO2. This binary repulsive 

interaction extends in the Na2O-MoO3-SiO2 system and results in a large ternary miscibility 

gap. 

The comparison of experimental results obtained on MoO3-Na2O-B2O3-SiO2 quaternary 

glasses with calculations based on a purely ternary thermodynamic description, in which B2O3 

is not taken into account, imposes to simplify the composition of the experimental glasses in 

the calculations. Considering that B2O3 and SiO2 both play the role of network formers in the 

glass structure, we have chosen to represent the B2O3 content of the experimental glasses by 

adopting in the calculations a SiO2 content (80.4 mol.%) equal to the sum of the SiO2 

(63.5 mol.%) and B2O3 (16.9 mol.%) contents of the experimental glasses. 

The thermodynamic modeling allows in particular to calculate the extension of the liquid 

miscibility gap in the phase diagram, and as a function of the MoO3 concentration, the liquid-

liquid phase separation temperature as well as the nature and the fractions of the phases 

formed upon cooling under equilibrium conditions.  

Early calculations of the solidification path showed that in addition to molybdate precipitation, 

secondary phases such as crystalline silica and sodium silicates could form from the liquid 

during cooling. However, these SiO2-rich crystalline phases are never observed experimentally 

in rapidly quenched glasses. Furthermore, they do not exhibit any Mo solubility in their 

structures. In order to focus on the molybdate interactions and to compare the thermodynamic 

calculations with the experimental results, the SiO2-rich solid phases were suspended during 

the calculations. The results obtained correspond to metastable equilibria between the 

molybdate phases of the Na2O-MoO3 system and a solidified ternary liquid. 

3  Results 

3.1. Structural and microstructural analyses 

The quenched glasses are visually transparent up to a concentration of 1.8 mol.% MoO3 (Fig. 

2). Above this concentration, white opalescence can be observed. It should be noted that the 

blue and brown iridescences observed are optical artefacts due to glass surface alteration in 

the quenching process. The compositions of the glasses measured by EPMA are in good 

agreement with the theoretical compositions derived from the weightings (see table 1) up to a 

content of 2 mol.%. Above this concentration, glasses containing separated phases dispersed 

in the residual glassy matrix are difficult to analyze. 
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For the quenched glasses, HRTEM analysis shows that the Na-Mo0 glass is homogeneous at 

the nanometric scale. However, spherical precipitates (5 to 10 nanometers) dispersed in the 

glass matrix are observed in the glass containing 1.5 mol.% MoO3. The inter-plane fringes 

highlighted on the magnified image of a precipitate (Fig. 3) testify to their crystalline character. 

The XRD results (Fig. 4-a) show that crystals of di-hydrated sodium molybdate Na2MoO4-2H2O 

of orthorhombic structure and sodium mono-molybdates Na2MoO4 of -hexagonal and -

orthorhombic structures are detected in the glasses containing 1.8 mol.% MoO3. The 

intensities of the diffraction peaks, weak in the Na-Mo1.8 glass, increase significantly with the 

amount of molybdenum oxide contained in the glasses. These results attest to the presence 

of separate phases partially crystallized as sodium molybdates in samples containing 

1.5 mol.% or more of MoO3. The absence of diffraction peaks in the Na-Mo1.5 glass, for which 

crystalline precipitates were detected by TEM, is probably explained by a fraction of crystals 

too small to be detected by XRD. 

The presence of -orthorhombic and -hexagonal crystals can be explained by the high cooling 

rate involved in the quenching operation after synthesis at 1300°C, allowing these high 

temperature forms to be observed at room temperature in a metastable state. The stable 

structure of sodium mono-molybdate at room temperature is the -cubic form which was not 

detected in our experiments, instead a di-hydrate phase was observed. This surprising 

observation can be explained by considering that sodium molybdate, like other alkali mono-

molybdates, is hygroscopic. It is therefore likely that the small amount of cubic phase initially 

present in our sample after quenching was completely converted to di-hydrate. It is also not 

excluded that a fraction of the detected di-hydrate also comes from the conversion of the  and 

 crystal amounts. Nicoleau et al. (24) were able to detect 18-36 wt.% of cubic crystals of 

sodium mono-molybdate in their quenched Na-Mox samples with MoO3 contents between 2 

and 10 mol.%. The reason could be a shorter exposure of their samples to air humidity between 

the quenching operation and the PXRD analyses than in our experiments and/or the higher 

MoO3 content of their samples, thus containing a larger amount of crystals and possibly a 

larger fraction of non-hydrated crystals. 

The annealed glasses (Fig. 4-b) are visually homogeneous for MoO3 contents lower than 0.8 

mol.%. The presence of sodium molybdates of the same nature as in the case of quenched 

glasses is detected from 0.5 mol.% MoO3. These glasses were annealed at 650°C, the 

temperature at which the -hexagonal structure is the stable form. Therefore, we would 

logically expect a larger -phase fraction to be present in the annealed samples. Since the 

Rietveld refinement was not performed, a quantitative assessment of the phase fractions is not 

available. However, it should be noted that the annealed samples were not quenched after 
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annealing, but simply removed from the furnace and allowed to cool in a still air atmosphere. 

During this not so rapid cooling stage, the high temperature -hexagonal form could be partially 

converted to the -orthorhombic form. The presence of the di-hydrate and the absence of the 

other allotropic forms can be explained by the same reasoning as for the quenched glasses. 

3.2. Phase separation temperatures 

Viscosity measurements on Na-Mo0, Na-Mo1.5, Na-Mo1.8, Na-Mo2.5 and Na-Mo3 systems 

as a function of shear rate (̇ߛ) at different temperatures, are presented in Figure 5. For each 

system, are determined i) the maximum temperature TmaxS associated with the observation of 

a non-Newtonian behavior during viscosity measurements at increasing and then decreasing 

shear rate, ii) the minimum temperature TminS (> TmaxS) at which the liquid remains Newtonian. 

The temperature values TminS and TmaxS are given in Table 2 for each glass. The average of 

the two temperatures is used to estimate the phase separation temperature and the associated 

standard deviation. The results show that the liquid is Newtonian over a decreasing 

temperature range as the molybdenum oxide concentration increases. 

The in situ analysis of the Na-Mo1 glass by hot-stage ESEM on heating at 30°C/min from room 

temperature to 900°C allows us to observe the formation then the dissolution of separated 

phases in the glass matrix and to specify the characteristic temperatures associated with these 

phenomena. Between 652 and 702°C (Fig. 6), the separated phases initially present in the 

glass after cooling become liquid. This observation is consistent with the value of the melting 

temperature of Na2MoO4 (680°C) (48) major constituent of these phases. The quantity of 

separated phases subsequently increases between 702°C and 745°C then, the phases 

dissolve between 752 and 802°C, temperature for which the microstructure becomes 

completely homogeneous. We thus determine an average phase separation temperature of 

the Na-Mo1 glass equal to 77725°C. The evolution of the phase separation temperature is 

plotted as a function of the MoO3 content in Figure 12. 

3.3.  Solution calorimetry 

In the glasses studied, as explained above (§ 2.5), the solubility limit of MoO3 results in a slope 

break on the enthalpy curve measured as a function of MoO3 concentration. Beyond the 

change of slope, the measured enthalpy follows a quasi-linear evolution despite the quaternary 

composition of the samples which are mixtures of four oxides. The solubility limit is measured 

at 1.5 mol.% MoO3 in the case of quenched glasses (Fig. 7) and 0.5 % in annealed glasses 

(Fig. 8). The scattering of the measurements, which remains relatively low on the dissolution 

enthalpy curve of translucent and or opalescent glasses (Fig. 7 and 8), becomes relevant for 

samples with a molar MoO3 content higher than 3% (results not presented here). This 
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increased dispersion results from the macroscopic phase separation produced when the 

glasses reach MoO3 contents well above the solubility limit. It is explained by a sampling 

becoming heterogeneous which generates a greater dispersion in the dissolution enthalpy 

measurements. It should be noted that this is also the case for the measurements of viscosity 

in temperature. 

For quenched and annealed glasses, it is possible to estimate the fractions of precipitated 

phases by a molybdenum oxide material balance (ܨ fractions table 3). We consider that the 

glass samples containing a MoO3 content higher than the solubility limit comprise a precipitated 

phase which is a mono-molybdate Na2MoO4 and a residual glass whose composition, close to 

that of the glass at the solubility limit, is not known. It will then be assumed that this composition 

has a MoO3 content identical to that of the glass at the solubility limit. We will make the 

additional approximation that, for all the glass compositions studied in the two-phase domain, 

the composition of the residual glass is the same. 

With the above assumptions, ܨ then reads: ܨ =
௫ି௫ೝ

௫ି௫ೝ
 

In the above equation,	ݔ, ݔ and ݔ௬ are the MoO3 mole fractions in the glass, the residual 

glass and the molybdate respectively. We hence have ݔ = 1.5	% and ݔ = 0.5	% for the 

quenched and annealed glasses respectively and ݔ௬ = 50	%. 

The precipitated phase fractions can alternatively be calculated by enthalpy balance (ܨ 

fractions table 3). We write that the measured dissolution enthalpy is the sum of the dissolution 

enthalpies of the residual glass and the Na2MoO4 precipitates. The exact value of the 

dissolution enthalpy of the residual glass associated to each sample is not known, we will 

assume in first approximation that this glass remains unchanged and thus that its enthalpy of 

dissolution is the one of the glass whose composition corresponds to the measured solubility 

limit. 

With the above assumptions, ܨ then reads: ܨ =
∆ுି∆ுೝ

∆ுି∆ுೝ
 

In the above equation, ∆ܪ, ∆ܪ and ∆ܪ௬ are the dissolution enthalpies of the glass, the 

residual glass and the molybdate respectively. We hence have ∆ܪ =

ܪ∆ ଵ andିݏ݁݀݅ݔ	݈݉	ܬ݇	142.09− 	=  ଵ for the quenched andିݏ݁݀݅ݔ	݈݉	ܬ݇	142.94−

annealed glasses respectively. 

The dissolution enthalpy of the -cubic form of Na2MoO4 was measured and found to be ∆ܪ 	=

−75.56 ±  ଵ. One difficulty arises then from the fact that several allotropic forms ofି݈݉	ܬ݇	0.72

the mono-molybdate are detected in the samples. The transition enthalpies between the 

various allotropic forms are reported in table 4. The values from the CALPHAD assessment of 
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Bordier (44) are in good agreement with the compilation of Barin (49). In the balance 

calculations, Bordier values were adopted to maintain consistency in the comparison between 

experimental and modeling results. We have assumed that, as shown by the results of 

Nicoleau for quenched glasses having a MoO3 content lower than 3 mol.%, the predominant 

form was the -orthorhombic one. Hence, we calculate: ∆ܪ௬ 	= −98.85 ± ଵି݈݉	ܬ݇	0.72 =

−49.43 ±  .	ଵି(݁݀݅ݔ	݈݉)	ܬ݇	0.36

We also assume that orthorhombic crystals are predominant in annealed glasses because of 

the slow cooling after the end of annealing that allows the transformation of the -hexagonal 

phase into the -orthorhombic phase. 

The data reported in Figure 9 show that both methods, material balance and enthalpy balance 

give similar results. 

3.4. CALPHAD calculations in the SiO2-Na2O-MoO3 ternary 

The metastable SiO2-Na2O-MoO3 isothermal section at the synthesis temperature of the 

studied glasses 1300°C (1573K) is shown in Figure 10a. For the ternary composition 

(80.4SiO2-19.6Na2O)1-x(MoO3)x having a ratio SiO2/Na2O  4 and representative of the 

quaternary experimental glasses (63.5SiO2-16.9B2O3-19.6Na2O)1-x(MoO3 )x the MoO3 increase 

above 3 mol.% leads to a separation between a molybdate rich liquid, close to the composition 

Na2MoO4, and a second silicate liquid, depleted in MoO3 with a ratio SiO2/Na2O  4. 

At 990°C (1263 K, Fig. 10b), the metastable isothermal section is very similar to that at 1300°C, 

with the exception of the two-phase domain around Na2O. 

The isothermal metastable section calculated at 650°C (923 K, Fig. 10c) shows that the 

molybdate rich liquid is solidified as crystalline Na2MoO4. The liquid-liquid miscibility gap has 

changed to a two-phase liquid + solid Na2MoO4 domain which occupies the central part of the 

section. 

The solidification path of a MoO3-Na2O-SiO2 ternary glass having a ratio SiO2/Na2O  4 and 

containing 3 mol.% MoO3 is calculated in Figure 11. It is seen that, at 1600 K, two liquids 

already coexist. As the temperature is lowered, the quantity of silicate liquid gradually 

decreases with a corresponding increase in the quantity of molybdate liquid. This second liquid 

then solidifies at 953 K as crystalline Na2MoO4. 

The evolution of the liquid-liquid phase separation temperature as a function of the MoO3 

content is compared for three distinct cases in Fig. 12: a binary liquid (SiO2)1-x(MoO3)x (black 

solid line), a ternary one (80SiO2-20Na2O)1-x(MoO3)x (red solid line) and the quaternary 

experimental compositions (64SiO2-19Na2O-17B2O3)1-x(MoO3)x. It can be seen that the 
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calculation overestimates the temperature of the phase separation most probably because 

B2O3 is only taken into account by an artificial increase in the silica content of the glass. Despite 

this obvious simplification, the shape of the calculated curve is very similar to the experimental 

one. 

Calculations of precipitated phase fractions were also performed at 990°C, for compositions 

with MoO3 content exceeding the solubility limit of quenched glasses, and at 650°C, for 

compositions with MoO3 content exceeding the solubility limit of annealed glasses. These 

calculated precipitated fractions are compared to the fractions determined from the calorimetric 

experiments in Fig. 9. 

4  Discussion 

4.1. Solubility limit of molybdenum oxide 

The experimental results obtained allow us to accurately determine the solubility limit of MoO3 

in two series of quenched and annealed quaternary glasses (63.5SiO2-19.6Na2O-16.9B2O3)1-

x(MoO3)x with 0  x  3 mol.% MoO3. 

The information given by HRTEM and acid solution enthalpy measurements agree to show the 

existence of separate phases in the quenched glasses from 1.5 mol.% MoO3. This limit is 

detected by a slope break of the dissolution enthalpy as a function of the MoO3 concentration 

and by the observation of spherical inclusions of nanometric sizes (Figure 3) dispersed in a 

homogeneous glass matrix. As indicated by HRTEM images, these inclusions are partially 

crystallized in glasses containing 1.5 mol.% MoO3 and the presence of Na2MoO4 crystals is 

detected by PXRD from 1.8 mol.% MoO3. 

This result is in good agreement with the observations of Nicoleau et al. (24) on a series of 

similar glasses cooled under the same conditions. In this study, phase separation with partial 

crystallization into Na2MoO4 had been observed at the nanometer scale from 2 mol.% MoO3. 

On increasing MoO3 contents beyond 2% up to 10%, phase separation was observed at the 

microscopic (1 to 100 µm) and then macroscopic (> 100 µm) scales. 

Compared to this previous study, the present work not only brings new experimental results in 

terms of solubility limit on both quenched and annealed glasses, but, by new in situ 

observations, allows to specify the temperature range in which the phase separation occurs. 

The value of the solubility limit (0.5 mol.% MoO3) measured on the glasses annealed 10 h at 

650°C is much lower than that measured on the quenched glasses (1.5 mol.% MoO3). This 

can be explained considering that a fraction of the sodium and molybdenum amounts that 

remain dissolved, in a kind of supersaturated state, in the vitreous matrix of the quenched 

glasses, separates and forms sodium molybdates when the samples undergo an extended 
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stay in the metastable liquid state at 650°C, 140°C above the glass transition temperature, 

which is about 510°C in this type of glass. 

Viscometry and ESEM in situ measurements in temperature allow to trace the evolution of the 

phase separation temperature up to a content of 3 mol.% of MoO3. The molybdenum oxide 

content of the Na-M1.5 composition (1.5 mol.% MoO3) coincides with the solubility limit of 

quenched glasses. For this glass, the phase separation temperature Ts is equal to 990°C 

(1263 K). We can then estimate that it is the state of the glass at 990°C which is observed after 

quenching at room temperature for this composition. All the quenched glasses having been 

cooled under the same conditions, we will consider that they all have been frozen at a 

temperature close to 990°C. This value can be used as a reference temperature for the 

comparison between the calculations and the precipitated fractions determined experimentally 

on the quenched glasses. 

We have made the further assumption that the annealed glasses have reached a metastable 

equilibrium state after 10 h at 650°C (923 K). With this assumption, it can be considered that 

the solubility limit of the annealed glasses (0.5 mol.% MoO3) has a separation temperature of 

650°C. It can be verified in Fig. 12 that this experimental point extends the consistent trend 

drawn by the other points from the viscometry and ESEM measurements, thus validating 

somewhat the above hypothesis. Fig. 12 also shows that the overall shape of the extended 

experimental curve for quaternary compositions is very similar to that of the calculated curves 

for binary and ternary compositions. The annealing temperature can also be selected as a 

reference value for the comparison of calculated and experimental results on annealed 

glasses. 

4.2. Nature and quantity of precipitates 

Among sodium molybdates, the mono-molybdate (Na2MoO4) is the only secondary phase 

observed in Na-Mox samples containing 0 to 3 mol.% MoO3. It is also the one calculated at 

equilibrium with the Na2O-SiO2 melt using the CALPHAD model. For a more quantitative 

assessment, it is worth comparing the fractions of precipitates in the experiments and in the 

modelling. Fig. 9 shows that the experimental phase fractions are lower than the fractions 

calculated with the CALPHAD model for both quenched and annealed glasses but the 

magnitude of the discrepancy is somewhat larger for quenched glasses. A possible 

explanation could be that the rapid cooling of quenched samples limits the amount of 

precipitates that can nucleate and grow; thus, a fraction of molybdenum oxide is retained in 

the residual glass matrix of these samples. Whereas, in annealed glass, the more prolonged 

duration above the glass transition temperature favors precipitation and the evolution of the 
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precipitate fraction toward its metastable "equilibrium" value: the first solid molybdate to form 

at high temperature is in equilibrium with the Na2O-SiO2 melt. 

For Na-Mox samples containing molybdenum contents from 3 to 10 mol.% MoO3, the study of 

Nicoleau et al. (24) showed that the crystalline phases consisted of a mixture of mono- and di-

molybdates, with di-molybdates representing 13 to 29 wt.% of the total crystals. Regarding the 

considered Na2O-SiO2 ratio of the present experiments, this mixed precipitation is not 

calculated by the model in its current state of development. The addition in the model of boron 

and its interaction with sodium appears to be a prerequisite for further analysis of this 

discrepancy between model and experiment at high MoO3 contents. 

4.3. Relevance of experimental and modelling results for more complex glasses 

In a previous study (9), the viscosity of three AMox glasses with a composition close to that of 

industrial UMo glasses and molybdenum oxide contents equal to 5.1, 5.6 and 6.5 mol.% MoO3 

was measured at high temperatures. The phase separation temperatures could thus be 

determined with a protocol similar to that adopted in the present study. The experimental points 

corresponding to these three glasses have been plotted in Fig. 12 for comparison. 

These experimental points suggest that the phase separation temperature increases slightly 

above 1400 K at high molybdenum oxide contents while the calculated phase separation 

temperature increases more steeply for both the MoO3-SiO2 binary and Na2O-MoO3-SiO2 

ternary cases. The phase separation temperatures calculated in these binary and ternary 

cases have very high values, largely above 2000 K, at the high MoO3 contents of the AMox 

glasses. This is not surprising because, in addition to boron, important chemical elements like 

Ca and Nd, which act as charge compensators for the MoO4
2- units in borosilicate glasses (22, 

30, 31, 50) are not taken into account in the CALPHAD modeling. More realistic estimate of 

the phase separation temperature of AMox complex glasses is provided by simply 

extrapolating the results obtained at low MoO3 contents on Na-Mox quaternary compositions. 

The present combined modeling and experimental approach shows that the key phenomena 

that can affect the proper functioning of the vitrification process, namely liquid-liquid phase 

separation and the resulting crystal precipitations, occur above the glass transition 

temperature. This means that, as a first step, it is not necessary to include the glass transition 

itself in the modelling approach to obtain relevant results and that modelling efforts should 

rather focus on improving the thermodynamic description of supercooled liquid and crystalline 

phases. The priority should be to include more chemical elements in the modelling, starting 

with boron and then calcium, a molybdate-forming element, both of which are expected to have 

a significant effect on the solubility of molybdenum oxide. 
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5  Conclusion and future work 
The present study sheds new light on the thermodynamics of phase separation in sodium 

borosilicate nuclear glasses containing molybdenum oxide. Thanks to the coupling of several 

experimental techniques, both at room temperature and in situ at high temperature, it was 

possible to specify the compositional and temperature solubility limits for two series of 

quaternary SiO2-B2O3-Na2O-MoO3 glasses, quenched or annealed, and to determine the 

nature and amount of the precipitated phases for the compositions beyond the solubility limits. 

Thermodynamic calculations with the Thermo-Calc software and a CALPHAD database of the 

SiO2-Na2O-MoO3 ternary, allowed a better interpretation of the experimental results thanks to 

the calculation of the solidification path of the liquid, even if, in the current state of development 

of the database, the absence of boron, still restricts the relevance of the model predictions. 

The experimental results acquired in this work constitute a first brick for the validation of a 

future more complete thermodynamic model, quaternary in a first step. The experimental 

methodology deployed here could allow the acquisition of data on a larger number of glass 

compositions. 

Within the framework of the development of the 3rd generation databases, the thermodynamic 

description of the liquid phase using a 2-state model has been adopted in the CALPHAD 

community. Initiated on metallic elements, this new description of the liquid has been very 

recently extended to some simple oxides such as CaO (51), GeO2 (52) and SiO2 (53). A 

methodology coupling the 2-state model and the relaxation kinetics (54) has been proposed to 

simulate the glass transition. The integration of these potentially useful recent developments 

is a longer term perspective but the priority remains, for the application of the thermodynamic 

calculation tool to the vitrification process, to extend the current description to a larger number 

of elements. A validated calculation tool should make it possible to calculate a priori the phase 

separation temperature from the composition of the glass, and to adjust the molybdenum 

content of the glass so that the phase separation temperature remains below the synthesis 

temperature of the nuclear glass. 
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Figure 1. Na2O-SiO2 mixing enthalpy. The calorimetric measurements (scatter symbols) by 

Fan at 1450 K (55) shows a smooth curve with a minimum around ݔௌைమ 	= 	0.4 characteristic 

of a sub regular attractive behavior in the liquid phase. The enthalpy curve calculated at 1380 K 

(solid line) using the thermodynamic database of Zhang et al (45) is plotted for comparison. 

The slope break of the calculated curve at ݔௌைమ 	= 	0.4, is associated with the formation of the 

Na6Si2O7 crystalline compound at this lower temperature. In the two-phase region, the enthalpy 

of the solid + liquid mechanical mixture has a linear evolution vs. composition. 
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Figure 2. Visual inspection of the quenched and annealed Na-Mox (x = 0 to 2.5 mol.%) glass 

series. Quenched glasses are visually transparent for MoO3 < 2 mol.%. Above this 

concentration, the glasses are more and more opalescent and even milky white for the case 

of the Na-M2.5 glass. Annealed glasses are opalescent from and above 0.8 mol.% MoO3. 

 

 

Figure 3. TEM images of the Na-Mo0 (a) and Na-Mo1.5 (b) quenched glasses. The dark area 

visible in the central part of Fig. 5a corresponds to a thickening of the glass grain that is 

homogeneous. Fig. 5b highlights the presence of predominantly globular inclusions in the glass 

matrix. A magnified HRTEM image of a nanometric precipitate is shown in the inlay of Fig. 5b. 

The inter-plane fringes show its crystalline character. 
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Figure 4: XRD patterns of the quenched (a) and annealed (b) Na-Mox glasses. 
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Figure 5: Viscosity of the Na-Mox glasses. 
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Figure 6: ESEM images of the Na-Mo1 quenched glass during heating from 652°C to 802°C. 

The liquid is fully homogeneous at 802°C. At 652°C and 745°C the upper images represent 

enlarged views of the zones identified by the black squares in the corresponding lower images. 

At 652°C and 702°C, the same precipitates are seen within the white squares. 
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Figure 7: Evolution of the solution enthalpy of quenched Na-Mox glasses as a function of MoO3 

content. () single-phase domain, () two-phase domain. The dashed curve and the dotted 

line are only guides for the eye. The solubility limit is around 1.5 mol.% MoO3. 

 

Figure 8: Evolution of the solution enthalpy of annealed Na-Mox glasses as a function of MoO3 

content. () single-phase domain, () two-phase domain. The dashed and dotted lines are 

only guides for the eye. The solubility limit is around 0.5 mol.% MoO3. 
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Figure 9. Precipitated fractions in Na-Mox glasses determined from solution calorimetry 

experiments by MoO3 material balance ( symbols and dashed lines) and enthalpy balance 

( symbols) for both quenched (black) and annealed (red) glasses – Precipitated fractions 

calculated with Thermo-Calc and the ternary Na2O-MoO3-SiO2 database from (44) are plotted 

as solid lines. 
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Figure 10. Metastable isothermal sections of the SiO2-Na2O-MoO3 ternary diagram at a) 

1300°C (1573 K), b) 990°C (1263 K) and c) 650°C (923 K). Solid straight lines are the tie-

lines in the two phase domains. 

 

(a) 

 

(b) 
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(c) 

Figure 11. Calculated metastable solidification path of a MoO3-Na2O-SiO2 ternary glass 
having a ratio SiO2/Na2O  4 and containing 3 mol.% MoO3. 
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Figure 12: Phase separation temperatures calculated as a function of the MoO3 content for 

SiO2-MoO3 binary (black solid line) and SiO2-Na2O-MoO3 ternary (red solid line) compositions. 

Comparison with the phase separation temperatures measured in this work for the SiO2-Na2O-

B2O3-MoO3 quaternary glasses and in previous study on complex AMox glass compositions 

(9). 
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Tables 

Table 1: Compositions of Na-Mox glasses in mol.%. Theoretical compositions (%Th) 

calculated from weighing of the precursors and measured mass loss after the elaboration 

process and measured compositions (%An) determined by EPMA. 

Mol.% SiO2 SiO2 σ% B2O3 B2O3 σ% Na2O Na2O σ% MoO3 MoO3

  (%Th) (%An)   (%Th) (%An)   (%Th) (%An)   (%Th) (%An)
Na-M0 63.49 63.95 0,5 16.91 16.34 0,3 19.60 19.71 0,5 0.00 0.00 

Na-M0.5 63.18 64.39 0,7 16.82 16.35 0,5 19.50 18.76 0,5 0.50 0.51 
Na-M0.8 62.99 -   16.77 -   19.44 -   0.80 - 
Na-M1 62.86 62.74 0,2 16.74 15.96 0,4 19.40 20.28 0,1 1.00 1.03 

Na-M1.5 62.54 63.19 0,3 16.65 15.65 0,2 19.31 19.67 0,5 1.50 1.49 
Na-M1.8 62.35 -   16.60 -   19.25 -   1.80 - 
Na-M2 62.22 62.22 0,3 16.57 16.16 0,2 19.21 19.56 0,1 2.00 2.07 

Na-M2.25 62.07 -   16.53 -   19.16 -   2.25 - 
Na-M2.5 61.91 -   16.48 -   19.11 -   2.50 - 
Na-M3 61.59 -   16.40 -   19.01 -   3.00 - 
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Table 2: Phase separation temperatures of Na-Mox glass series. For viscometry experiments, 

Tmins is the lowest temperature at which the liquid has a Newtonian behavior and Tmaxs is the 

highest temperature at which the liquid has a non-Newtonian behavior. For ESEM experiment, 

Tmaxs is the highest temperature at which the liquid is heterogeneous and Tmins is the lowest 

temperature at which the melt is homogeneous. Ts is the average of Tmins and Tmaxs values. 

Glass Tmins (°C) Tmaxs (°C) Ts (°C) 
 

Estimated 
standard 
deviation 

(°C) 
 

Experimental 
technique 

Na-M1 802 752 777 25 ESEM 

Na-Mo1.5 1000 979 989.5 10.5 Viscometry 

Na-Mo1.8 1021 1009 1015 6 Viscometry 

Na-Mo2.5 1090 1047 1068.5 21.5 Viscometry 

Na-Mo3 1140 1130 1135 5 Viscometry 
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Table 3: Dissolution enthalpies (∆௦ܪ), fractions of precipitated phase in the quenched and 
annealed glasses, determined by mass (ܨ) and enthalpy (ܨ) balances from solution 
calorimetry results. All % are mol. %. 

Quenched glasses Annealed glasses 
MoO3 / 

% 
∆ୱ୭୪H /

	kJ	mol	oxide-ଵ F୦ / % F୫ / % MoO3 / 
% 

∆ୱ୭୪H /
	kJ	mol	oxide-ଵ  F୦ / % F୫ / % 

0 -145.88   0 -143.87    
0 -142.97   0 -142.8    
0 -143.87   0 -142.81    
0 -144.42   0.5 -142.94 0.00  

0.5 -143.57   0.5 -143.43 - 0.00 
0.5 -143.46   0.8 -143.76 -  
0.5 -143.12   1 -141.73 1.29  

0.8 -141.61 
  

1 -140.93 2.15 0.61 

1 -141.62 
  

1 -142.39 0.59 1.01 

1.5 -142.09 0.00 0.00 1.5 -141.03 2.04 2.02 

1.8 -141.67 0.45 0.62 1.5 -140.73 2.36 2.63 

2 -140.84 1.35 1.03 1.8 -139.83 3.33 3.03 
2 -140.51 1.71  2 -140.02 3.12  

2.25 -139.96 2.30 1.55 2 -138.32 4.94  
2.5 -139.9 2.36 2.06       
2.5 -139.96 2.30        
2.5 -140.47 1.75        
2.5 -140.57 1.64        
2.5 -140.8 1.39        
2.5 -139.93 2.33        
3 -138.55 3.82 3.09         
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Table 4. Transition temperatures ( ୲ܶ୰ୱ	) and enthalpies ∆୲୰ୱܪ	 between the allotropic  
(cubic),  (unknown structure),  (orthorhombic) and  (hexagonal) forms of Na2MoO4 
according to Barin (49) and Bordier (44).  

 

Reference Barin Bordier 

Transition ܶtrs	/	°C ∆trsܪ	/		kJ		mol−1 ܶtrs	/	°C ∆trsܪ	/		kJ		mol−1 

’   451 23.430 457 20.623 

   585 2.008 593 2.674 

   635 9.121 640 8.733 

  L 688 22.426 684 20.640 
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