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Abstract 

Highly focused research programs are currently underway in CEA Marcoule to develop and optimize vitrification processes 
for the production of waste containment glasses. The main issues facing us today are to accommodate new types of waste and 
higher waste loading, while enhancing the glass quality and increasing the production capacity and robustness of the plants. 
This requires extensive knowledge of the physical and chemical properties of glassy materials. Academic research on glass 
melting is conducted to understand the phenomenology behind the formation of the glass and its evolution after cooling from 
atomic to macroscopic scale. Understanding the physical and chemical properties of glass in the liquid and solid state is a major 
challenge to allow increased waste loading and the development of new glass formulations. In this paper we illustrate the 
contribution of this research considering the phases separation and crystallisation process in glass enriched in MoO3. We show 
in particular how the thermodynamic and stuctural aspects can elucidate the mechanism of incorporating molybdenum oxide 
in alkali borosilicate glass.  

1. INTRODUCTION  

The composition of nuclear glasses are very complex mixtures of elements coming from the nuclear 
wastes such as fission products, actinides and corrosion products, with others coming from the glass 
precursors (Figure 1). Wastes are integrated in the vitreous network by reactions occurring in 
vitrification furnaces set to operate at temperatures generally between 1000°C and 1200°C. The state of 
the precursors and waste microstructures evolve with time and temperature until a high-temperature 
homogeneous liquid is formed. The final glass package is then obtained by cooling and solidifying the 
liquid into a metallic container.  

During the different steps of the process, the fission products and actinides can be integrated into the 
glass structure up to an incorporation limit. Beyond this limit, volatilization or heterogeneity formation 
may occur in the case of certain volatile RN (129I, 36Cl, 137Cs, 99Tc, 106Ru) or for those with a low 
incorporation capacity (high oxidation state anions and cations) [1]. These fission products 
incorporations also depend on the glass manufacturing conditions such as temperature, mixing 
conditions, reaction time.  

The waste loading must be limited in order to obtain a homogeneous glass at the microscopic scale 
(R7T7 glass is an example of industrial glass currently produced in La Hague processing plant inside 
hot crucible melters) [2],[3]. In order to contain larger quantities of packaged wastes, it is also possible 
to go beyond the incorporation limits by using macroscopically homogeneous vitro-crystalline or vitro-
ceramic matrices (UMo glass is another example of industrial glass also produced in cold crucible 
melter) [4]. 
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FIG 1: Illustration of the nuclear overall glass waste form composition: Elements coming from the 
glass frit are represented in yellow and elements coming from fission products, actinides and 

corrosion products in grey 

In both cases the best compromises between physical and chemical properties (such as redox, viscosity, 
electrical and thermal conductivity), glass phenomenology (calcine formation, chemical reactivity 
between precursors, phase separation and crystallization processes), process parameters (thermal 
homogeneity, hydrodynamic, electromagnetism) (Figure 2) and long term behavior are researched. 

One of the major scientific issue is how to control crystallization and phase separation processes during 
chemical reaction between glass precursor and during the solidification by cooling. Depending on the 
composition, structure, temperature and time, the crystallization and the phase separation are difficult 
to be predict. However, two main approaches such as the structural properties and thermodynamics ones 
are relevant and useful informations to describe these processes. In this paper we will give short 
explanations and illustrations about phase separation and crystallisation issues in alkali borosilicate 
glasses enriched in molybenum oxide (MoO3). 

 
FIG 2: Major factors in the optimization of a nuclear glass waste form : Physico-chemical properties 

of glass and melt, glass phenomenology and process parameters 
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2. THERMODYNAMIC DESCRIPTION OF PHASE SEPARATION  

2.1. Ideal solution, solubility  

Two entities A and B are miscible in any proportions at a given temperature (T) when they mix 
completely with each other. From an energy standpoint, the formation of such a mixture is characterized 
by the free energy of mixing (ΔmixG) which corresponds to the difference between the total free energy 
of the solution after mixing (Gm) and before mixing (Gtot), defined by the following equations: 
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where ΔmixG is the Gibbs free energy of mixing, nA and nB the number of moles of components A and 
B, μA and μB the partial molar free energies of entities A and B.  

 
∆���� � ∆���� � �∆���� 

 
where ΔmixH is the enthalpy of mixing and ΔmixS is the entropy of mixing. 
 
Mixing results in an “ideal” solution if the volume and enthalpy variations are zero (ΔmixVid=0, 
ΔmixHid = 0). The variations of the ideal entropy (ΔmixSid) and the Gibbs free energy (ΔmixG) of mixing 
during the formation of the solution thus depend only on the concentrations of its constituents: 
 

∆������ � �����
�� � ���
��� 
  
XA and XB are the mole fractions of substances A and B, respectively. The free energy between 
compounds A and B varies monotonically with the composition as shown in Figure 3. 
 
 

 
  

FIG 3: Variation of Gibbs free energy, and entropy of mixing during ideal mixing of two pure entities 
A and B.  
 
The solubility is defined as the maximum concentration of an entity (solute A) that can be contained in 
a phase (solvent B) under specified conditions of temperature, pressure, and chemical composition of 
other entities in the case of complex mixtures. 
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2.2.Regular solution and immiscibility 

The thermodynamically description of phase separation in a glass is closely the same to that in solid of 
same structure or liquid solutions. From the energy standpoint, the appearance of two immiscible liquids 
in a binary system is associated with a positive enthalpy of mixing (Figure 4a).  
 
At a given temperature the solution will be stable if the Gibbs free energy of mixing (ΔmixG) remains 
negative over the full composition range (Figure 4b). As the entropic contribution largely overcome in 
term of absolute value the enthalpic positive term, the solution remains stable (Figure 4b). 
 

 
FIG 4: (a) Variation of ΔmixH versus composition. The deviation from ideality (ΔmixH = 0) is negative or 
positive. (b) Variation of Gibbs free energy ΔmixG, without any phase separation, contributions of a 
positive deviation of enthalpy of mixing (ΔmixH), counterbalanced by an higher entropy contribution (-
T·ΔmixS) 
 
A higher mixing enthalpy (ΔmixH ≫ 0) results in instability of the solution at low temperatures, because 
of the relative decrease, in absolute value, of the magnitude of the entropic term -T∆mixS. At high 
temperatures the entropic term predominates and the Gibbs free energy has a single minimum (Figure 
5-a). At lower temperatures (T1) the entropic term diminishes and the enthalpic term becomes 
predominant. This effect results in immiscibility when XA1 > XM > XB1 at T1

 for example. These 
mechanisms are revealed by the existence of two liquids of different compositions separated by a binode 
or solvus coexistence curve that defines the extent of the miscibility gap as a function of the temperature 
(Figure 5-b). Above a critical temperature (TC), also known as the consolute temperature, the stable 
phase is a unique liquid (L) and the Gibbs free energy of mixing ΔmixG (T) exhibits only a single 
minimum. Lowering the temperature below TC results in a change in the Gibbs free energy which in this 
case exhibits two minima responsible for the separation into two phases.  
 
Most often, solutions deviates from ideality and may behave as “regular” or “real” solutions. In this 
cases, the thermodynamics functions of the solution differ from the ones of a weighted mixture of the 
references having the same global composition as the solution.  
 
The deviation from ideality and its effect on the process of phase separation can be indicated by ΔmixH 
functions taking into account the characteristic parameters of the interaction force, Λ, between entities 
A and B. The function enthalpy can often be characterized by a strictly regular solution. 
 

∆���� � Λ���� 
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where Z is the coordination number of the entities in the solution, assumed to be identical for A and B 
entities, NA is Avogadro’s number, EAB is the energy of hetero-interactions between entities A and B, 
and EAA and EBB the energies of homo-interactions between A or B entities. 
 
Together with the variation of enthalpy and entropy the variation of the Gibbs free energy function, 
ΔmixG, describes the process of the phase separation in a strictly regular solution which corresponds to: 
 

∆���� � Λ���� � ������
�� � ���
��� 
 
In the sense of the Calphad method, the Gibbs free energy function is written as a sum of the Gibbs free 
energies of the references and of ideal and excess Gibbs free energies: 
 

∆���� � ΔG� � ΔG!�  �  ΔG"  
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The interaction parameter Λ is one of the most important parameter in the phase separation phenomena 
because it determines positive or negative sign of the excess Gibbs energy of the regular solution. In the 
case of repulsive interaction, the parameter is positive and the solution tends to separate into two distinct 
composition sets. This parameter can be correlated to the structure of the glass. 
 

 

 

FIG 5: (a) Gibbs free energy (∆mixG (T)) variation as a function of Temperature. (b) Schematic 
representation of a coexistence curve on a binary temperature/composition diagram  

 

3. INFLUENCE OF THE STRUCTURE ON THE PHASE SEPARATION TENDENCY  

As it shown by Kracek [5] in silica oxide systems, the tendency to phase separation increased with the 
cation field strength of alkali and alkaline earth. The importance of the lower plateau with two liquids, 
indicating the greatest extent of the miscibility gap (Figure 6), can indeed be correlated to the field 
strength of the cations, Z/r (Z = oxidation number, r = ionic radius of the cation). 
Mazurin [6] has shown similar behavior in the case of borosilicate glasses (Figure 7) for ternary systems 
(R2O-B2O3-SiO2), R = Li, Na, K, Rb, Cs. 
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FIG 6: Equilibrium diagram of binary silica-alkali oxide and silica-alkaline-earth oxide systems for 
cations such as Na+, Li+ and Ba2+, the S-shaped liquidus curve includes a portion with an inflection 
characteristic of nearby underlying metastable phase separation. For Mg2+, Ca2+ and Sr2+ cations with 
a higher field strength, stable phase separation is observed at high temperatures (from Kracek, 1930 
[5]). 

 

FIG 7: Miscibility gaps in isothermal cross sections of ternary systems (R2O-B2O3-SiO2), R = Li, Na, 
K, Rb, Cs (from Mazurin et al., 1984,[6]). 

The ternary SiO2-Na2O-MoO3 system presents a large immiscibility domain experimentally highlighted 
by Stemprok [7] at 1473 K. These experimental results also reveal that the demixing phenomenon comes 
from repulsive interactions in the MoO3-SiO2 pseudo-binary diagram (i.e. there are no liquid miscibility 
gaps in both Na2O-MoO3 and Na2O-SiO2 systems). 
Using the Calphad method, Gossé et al. [8] performed a thermodynamic assessment to highlight the 
phase separation in liquid silicates due to molybdenum oxides. The calculations are in good agreement 
with the experimental points from Stemprok (Figure 8-a). For this reason, the binary MoO3-SiO2 liquid 
is modeled by a regular repulsive interaction parameter (+70 kJ/mol/at) between the MoO3 and the SiO2 
liquid species [8]. This leads to two minima in the Gibbs free energy, responsible for the separation into 
two composition sets represented in the 1273-2073 K temperature range (Figure 8-b). 
 
It is also seen in Figure 8-a that, in the ternary region containing less than 60 molar % of Na2O, the 
miscibility gap separates in two liquids, one silica rich liquid depleted in MoO3 and the other enriched 
in MoO3 very close to the Na2MoO4 composition. Due to this liquid composition, Na2MoO4 crystals can 
precipitate easily on further cooling as indicated by the orientation of the tielines in the liquid miscibility 
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gap. From this thermodynamic approach, a link between the extent of the miscibility gap and the 
structure of glass can be established in the ternary SiO2-Na2O-MoO3 system. 
 
Molybdenum is mainly under at +VI oxidation state in silicate and borosilicate glasses prepared under 
oxidizing conditions; molybdenum forms MoO4

2 − tetrahedral units distributed in depolymerized areas 
of glass with charge-compensating cations (alkalis and alkaline-earths) [9]-[13]. 
 
According to Mo K-edge EXAFS results, the average Mo–O distance d(Mo–O) in silicate and 
borosilicate glasses is ≈ 1.8 Å and the calculated cation field strength F of Mo6+ calculated by 6/d(Mo–
O)2), corresponds to ≈ 1.85 Å−2 [14]. Furthermore according to Pauling’s stability rules [15], it has been 
shown that the MoO42- specy cannot be directly connected to the silicate network [16]. 
Indeed, the existence of Mo–O–Si linkages between MoO4 and SiO4 units would imply that the sum of 
the bond valences SMo–O + SSi–O ≈ 2.5–2.6 valence units are indeed greater than 2. In such configuration 
the oxygen atom would be strongly overbonded and the linkage between molybdenum and silicon oxides 
is not possible. Consequently, Mo6+ cation apply a strong ordering effect on the surrounding oxygen 
anions and the only cations that can achieve charge compensation around MoO4

2- entities should be 
alkali or alkaline-earth cations. 
 
Then, MoO4

2- entities may easily separate from the silicate or borosilicate glassy network in a 
depolymerized area promoting a repolymerization of the remaining silicate or borosilicate network 
[14],[17]. Moreover, this mechanism occurs probably at an atomic scale by the clustering of several 
isolated molybdate units on one side and silica on the other. Nicouleau [18] has shown that in sodium 
borosilicate glasses enriched in MoO3, a low MoO3 concentration (0.5% molar) leads to a 
polymerization of the silicate network (characterised by 29Si MAS NMR) while a higher concentration 
(up to 2% molar) decreases the number of tetrahedral boron (characterised by 11B MAS NMR). 
Furthermore, it is demonstrated that the non-bridging oxygens, which mobilizes two atoms of sodium, 
is correlated to the quantity of separated phases containing Na2MoO4 crystals after cooling due to the 
repolymerization of the silicate network. 
 

 

(a) 

 

(b) 

FIG 8: (a) Immiscibility gaps in isothermal cross sections 1473 K of ternary systems SiO2-Na2O-MoO3 
modeling by CALPHAD method [8] compared to experimental data from Stemprok [7] (b) ∆Gliq 
evolution with temperature in the binary MoO3-SiO2 system 

4. MECHANISM OF PHASE SEPARATION AND CRYSTALLISATION IN 
BOROSILICATE ENRICHED IN MOLYBDENUM OXIDE 

When the molybdenum oxide content is higher than a solubility limit which is around 1-1.5 % molar in 
simplified borosilicate glasses at room temperature [19], non-homogenous glasses are formed through 
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a sequence of phase separation and crystallization on cooling. The phenomenon starts by a liquid–liquid 
phase separation at high temperature, then the liquid enriched in molybdenum oxide partially crystallizes 
on cooling under the form of alkali and alkaline-earth molybdates [20]-[22]  
 
Depending on the glass composition, crystalline alkali or alkali earth molybdates such as Li2MoO4 [23], 
Na2MoO4, CaMoO4

 [24]-[28], MgMoO4 [29], or more complex poly-molybdates containing two 
different alkali elements such as CsNaMoO4, Cs3Na(MoO4)2 [30],[31] CsLiMoO4 [32] Na3Li(MoO4)2 
[33] are detected after cooling in a wide range of silicate and borosilicate non-radioactive glass 
compositions. 
 
This mechanism of liquid-liquid phase separation has been observed by high-temperature environmental 
SEM in sodium borosilicate glass enriched in MoO3. The influence of MoO3 concentration is illustrated 
in Figure 9. HT-ESEM analyses performed at 750°C (below the phase separation temperature) revealed 
qualitatively that the quantity of the liquid separated phase enriched in MoO3 and Na2O (and also 
depleted in SiO2) increases with the MoO3 concentration as the demixtion is greater. On the 
thermodynamic point of view, this result is consistent with the lever rule. 
 
It has been shown in many glass-forming systems that the mechanism of phase separation differs 
according to the initial glass composition. A description of the Gibbs free energy variation during the 
phase separation process can distinguish two domains where phase separation occurs by nucleation and 
growth or by spinodal decomposition [34],[35]. The nature, the composition, and the morphology of the 
separated phases are different inside or outside the spinode curve defining the boundary between these 
two modes of separation. Separated phases formed by a nucleation and growth process are spherical and 
disconnected. They are characterized by a sharp interface and a composition that does not change with 
time. Conversely, when the mechanism occurs by spinodal decomposition the phases are interconnected 
and their composition and morphology are modified over time.  

In the case of phase separation promoted by molybdenum oxide (Figure 9, 10), separated phases are 
already spherical, dispersed ramdomly, disconnected and the morphology remains identical with a 
variation of MoO3 concentration (up to 10 % molar MoO3).  

These microstructural observations reveal that the process occurs near the binodal curve in the zone of 
nucleation and growth.  

 

FIG 9: High-temperature environmental SEM images of phase separation obtained by nucleation and 
growth in sodium borosilicate glass SiO2-Na2O-B2O3-MoO3 containing 1, 1,8 and 3 % molar MoO3 
during a heat treatment at 750°C. 

After cooling, the glass remaining is partially crystallized (Figure 10). SEM analysis of a glass sample 
containing 3% molar MoO3 (61SiO2-19Na2O-16B2O3-3MoO3) shows the presence of separated phases 
with diameters –i-less than 1 μm and –ii-greater than 30 µm which contain visible crystalline phases 
inside the separated phases corresponding to Na2MoO4 and Na2Mo2O7 (see details of the structure in 
[18]) 
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FIG 10: SEM Images of crystalline separated phase obtained after glass synthesis (61SiO2-19Na2O-
17B2O3-3MoO3) containing 3% molar. MoO3 at 1300 °C and cooling at 103°C/min 

 
Based on these results and on previous studies [20],[21],[30], these processes of phase separation and 
crystallization can be represented by the free energy-composition simplified diagram for SiO2-MoO3 for 
a temperature below phase separation temperature (Figure 11-a).  
 
At T<Tc, an initial glass composition (M) can minimizes its Gibbs energy by an equilibrium between 
the phases A and B along the common tangent AB. Liquid-liquid phase separation leads to a liquid phase 
A enriched in SiO2 depleted in MoO3, and a liquid phase B enriched in MoO3 containing a residual 
amount of SiO2. Below the liquidus temperature, the phase B crystallizes. A second equilibrium is 
established along tangent CD. In accordance with the mass balance, liquid phase B evolves toward its 
stable state with the formation of phase C and a new phase D enriched in SiO2. The vitreous phase E is 
never formed at the experimental time scale due to the mestasbility of the glass D. 
 
The mechanism is characterized in alkali, alkaline earth borosilicate glasses by the formation of a 
mixture of crystalline phases (Na2MoO4, CsNaMoO4, Li2MoO4, Na2MoO4, CaMoO4, MgMoO4, 
CsNaMoO4, Cs3Na(MoO4) CsLiMoO4 Na3Li(MoO4)2,…), phase C, and a residual glass enriched in 
SiO2, B2O3 (phase D) within the separated phases (phase B). 
 
Figure 11-b gives an illustration in a sodium, cesium borosilicate glass (62SiO2-16.5B2O3-16Na2O-
3Cs2O-2.5MoO3) containing 2.5 % molar MoO3. After cooling (103°C/min), spherical separated phases 
(phase B) containing crystalline phases (Na2MoO4 and complex sodium cesium molybdates - phase C) 
and a residual vitreous phase (glass beads - phase D) enriched in SiO2 and B2O3 are characterized by 
SEM. 
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FIG 11: (a) Schematic representation of Gibbs free energy/composition diagram of pseudo binary SiO2-
MoO3

 (b) SEM images of cristalline separated phases obtained after cooling in a sodium, cesium 
borosilicate glass containing 2,5% molar MoO3.  

5. CONCLUSIONS 

Experimental and theoretical approaches, based on thermodynamic and structural aspects are relevant 
to better predict the mechanism of phase separation and crystallization of borosilicate glasses enriched 
in MoO3. Explanations related to the low solubility of MoO3 and the two-step processes of phase 
separation and crystallization have been given. This approach highlighted the complexity to stabilize 
MoO3 in borosilicate glass above to 1-1.5 % molar MoO3 and to found the best compromise to increase 
the waste loading in containment glasses. The stimulating challenges in the coming years for the 
international community is to develop new glasses or glass-ceramics waste formed up to 20 % waste 
loading. In parallel, current researches focused on the incorporation of MoO3 and rare earth oxide are 
carried out in a wide range of compositions for the immobilization of fission-product waste streams 
[27][28],[36][41].  
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