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Abstract

Among the large number of matrixes explored as hosts for high-level nuclear wastes, conditioning of fission products and minor
actinides into a homogeneous borosilicate glass is the most promising technique already implemented at the industrial scale. The
advantage of this vitrification process is the volume reduction of the high level waste coming from the spent fuel reprocessing
and its stability for the long-term storage. Nevertheless, some fission products are poorly soluble in molten glasses:

e  Platinoids (Pd, Ru, Rh) which precipitate as (Pd-Te, Ru-Rh) metallic particles and (Rh,Ru)O, oxide phases with

acicular or polyhedral shapes during the vitrification process.

e Molybdenum oxide (MoQOj3;) which can form complex molybdates.
In order to point out the chemical interactions between the glass and these precipitated phases issuing from the calcinated waste,
a thermodynamic approach is developed using the Calphad method. The objective of this work is to calculate thermodynamic
properties for complex fission product systems in order to predict the precipitation of platinoids or molybdate phases.
This thermodynamic database is being developed on the Mo-Pd-Rh-Ru-Se-Te-O complex system. This flexible tool enables to
predict phase diagrams, composition and relative stability of the metallic or oxide precipitated phases as a function of both
temperature and oxygen potential in the glass melt.
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1. Introduction

During vitrification process of high level radioactive glasses, slightly soluble Pd-Rh-Ru platinoid metals and
molybdenum as complex oxides exhibit low loading rate (Figure 1) [1-3]. Platinoids mainly form (Pd-Te, Ru-Rh)
metallic particles [1-5] and/or (Rh,Ru)O, oxide phases [3-5] in the vitreous matrix of high level waste containment
glasses. At high concentration, molybdenum oxide tends to demix as a complex molybdate phase enriched mainly in
sodium molybdates, calcium and other alkalines (Cs, Li) and alkaline-earth (Ca, Sr, Ba, Mg) [6-9].

18pm WO S

Mt ™ 57 e 100 . - = N LH#:-I‘};‘ L 3

Figure 1: Crystallized metallic and oxide phases in nuclear borosilicate glasses: a) Ru-HCP and RuO; polyhedra, b) Pd,Te,
Intermetallics observed by ESEM and c) Visual observation of a complex yellow phase obtained by high temperature reaction between
glass frit and calcine

This paper presents the development of a thermodynamic modelling for typical nuclear waste compositions. Using
the Calphad method [10], a database was developed on the Mo-Pd-Rh-Ru-Se-Te-O system. The objective is to use a
thermodynamic approach to develop solution models for fission products and oxide melts systems that are predictive
with regard to composition, phase separation, and volatility observed during vitrification of nuclear waste glasses.

In this work, the Gibbs free energy function of each phase (solid, liquid and gas) is modelled to provide an overall
thermodynamic description of the stability of the molybdates and the platinoid phases in nuclear waste glasses:

= Because platinoids are sparingly soluble, their thermodynamic properties can be calculated without
considering the glass chemistry. In this case, the melt is only taken into account through its oxygen
potential.

=  Concerning molybdenum, the interactions with the oxides from the melt (CaO, Na,0O, SiO,) are considered
through the assessments of the CaO-MoQO;, Mo0O;-Na,O and MoOs-SiO, binary and Mo0O;-Na,0-SiO,
ternary phase diagrams.

The main objective of the database is to calculate phase diagrams and thermodynamic properties: stability and
composition of the phases at equilibrium, eutectics and demixing phenomena. This flexible tool also enables to
predict the relative stability between metallic and oxide phases as a function of temperature and oxygen potential
(RedOx equilibrium) somehow fixed by the glass frit.

The present thermodynamic database was used to predict the platinoid fission products and the molybdenum oxide
behaviours at high temperature. These calculations partly explain the precipitation phenomena of platinoid metallic
droplets and the demixing of molybdates in nuclear waste glasses.



S. Gossé et al. / Procedia Materials Science 7 (2014) 79 — 86 81

2. Thermodynamic Modelling

To take into account the influence of platinoid and molybdate phases formed during vitrification of nuclear waste
glasses, the thermodynamic approach is investigated using the Calphad method. The modelling consists in
describing a complex chemical system by coupling both phase diagrams and thermodynamic properties [10,11,12].

For each (solid, liquid and gas) phase, a Gibbs energy function is defined by a polynomial function of temperature
and composition. During the modelling procedure, these Gibbs energy functions are adjusted by a least-square
method on the basis of experimental thermodynamic (enthalpies, activities, heat capacities, vapour pressures) or
phase diagram data.

Then, for given temperature, pressure and number of component moles, the thermodynamic equilibrium is
calculated by minimization of the total Gibbs free energy of the system. In the current approach, the glass phase is
considered as a CaO-Mo00;-Na,O-Si0; liquid solution (the glass transition is not explicitly considered). Then, phase
diagrams and thermodynamic properties can be calculated by extrapolating the liquid to low temperatures.

2.1. Description of the noble metal metallic systems

In the thermodynamic description of the quaternary Pd-Rh-Ru-Te-Se system, the most relevant binary systems were
modelled using critically assessed thermodynamic data from the literature. Many of these binary phase diagrams
were already presented elsewhere; the Pd-Te, Pd-Ru, Rh-Ru and Rh-Te systems were investigated and modelled in
the framework of previous studies [13-15], the Pd-Rh [16] and Se-Te [17] assessments come from the literature; the
metal-oxygen or chalcogen-oxygen binary systems are considered too. All these descriptions were combined to
calculate the thermodynamic properties of higher order systems by extrapolation of the binaries.

In the Pd-Rh-Te system, an optimization process was performed to fit the data of Hartmann et al. [21] who
performed thermal treatments in this ternary system. The thermodynamic modelling considered the results obtained
on annealed samples in the 1023 K-1523 K temperature range. The isothermal sections calculated at 1173 K and
1273 K are consistent with the phase equilibria experimentally observed (Figure 2a & 2b).
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Figure 2: Pd-Rh-Te isotherms calculated at a) 1173 K and b) 1273 K. Comparison with experimental data from Hartmann et al. [21]

In the case of the Pd-Rh-Ru [18,19] system, an additional step was performed to assess this phase diagram according
to Raevskaya et al. [18] and Paschoal et al. [19]. Raevskaya et al. studied the interactions of platinum group metals
to establish phase relations at 1673 K [18]; the arc melted samples were annealed for 500 hours. Paschoal et al. [19]
studied the Pd-Rh-Ru system at 1973 K by metallography, X-ray diffraction, and electron-probe microanalyses.
Both isothermal sections calculated at 1673 K and 1973 K are consistent with these experimental results [13].
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Due to the selenium tendency to form intermetallic compounds, the Pd-Se phase diagram was assessed [20] (Figure
3a). The Te-Se binary system (Figure 3b) is calculated using the assessment of Ghosh et al. [17]. The modelling of
the interactions between Te, Se and Pd makes it possible to calculate Pd-Se-Te isothermal sections (Figure 4a) and
to predict the thermodynamic properties of the ternary mixtures. These calculations are useful to predict the Se vs.

Te affinity towards Pd when liquid metallic droplets form and precipitate as complex intermetallic compounds
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Figure 3: Calculated Pd-Se (this study) and Se-Te [17] phase diagrams. Dark grey corresponds to the single phase liquid and light grey
corresponds to the two-phased liquid domains

Considering a Te/Se molar ratio of 10 typical of some nuclear waste, it is possible to calculate the respective Te and
Se chemical activities (referred to the gas phase) at the glass melt temperature (1373 K) as a function of the Pd
atomic fraction. As shown below (Figure 4b), Se and Te activities are negligible when the Pd-FCC solid solution is

stable (see labels 2 & 3). Then, once the liquidus line crossed (see labels 1 & 4), both Te and Se activities increase
but in different proportions along the Te/Se = 10 line.
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Figure 4: a) Pd-Se-Te isotherm calculated at 1373 K. b) Calculated Te and Se activities along the Te/Se=10 line
(Reference states for Se and Te are gas at 1373 K)
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2.2. Description of the CaO-MoOj; and Na,O-MoOj; oxide systems

In order to calculate the thermodynamic properties of CaMoQO,4 and Na,MoQO,, the CaO-MoO; and Na,0-MoO;
systems were modelled using data from the literature. The CaO-MoQ; phase diagram (Figure 5a) was assessed using
the experimental results from Yanushkevich et al. [22]. Many other thermodynamic data were used to calculate the
Gibbs energy functions of CaMoQ, [23-25]. The Na,0-MoO; phase diagram (Figure 5b) was assessed using phase
diagram data from Caillet [26], Groshuff [27], Hoermann [28], Baloshov et al. [29] and Mudher et al. [30].
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Figure 5: Calculated phase diagrams a) CaO-MoO; and b) Na,0-MoO;. Comparison with data from the literature

3. Thermodynamic Calculations

The thermodynamic database was used to predict the platinoid fission products and the molybdenum oxide
behaviours at high temperature. These calculations partly explain the precipitation of platinoid metallic droplets and
the molybdate formation observed in nuclear waste glasses.

3.1. Effect of RedOx on the Platinoids at equilibrium

Considering a Pd-Rh-Ru-Te-Se-O mixture, the stable phases were calculated as a function of oxygen potential
(Figure 6). The retained composition corresponds to a typical waste coming from an UOX spent fuel [31]. To
perform this calculation, the masses of the fission products were: SeO, =77 g, RuO,=2846g, Rh=488 g,
Pd =1245 g and TeO, = 592 g (usually referred to one ton of uranium). The temperature was fixed to 1473 K in
order to be representative of the glass melt.

Then, the RedOx effect was studied by subtracting or adding some fictitious oxygen to this chemical system at
1473 K. At low oxygen potential -5 < log;o p(O,) < -1.8 (p in bar), the main phases at equilibrium are the HCP-Ru
solid solution and a metallic liquid in which all the other elements are solubilised. Then, the increase of oxygen
pressure (-1.8 <logjy p(O,) < -1.4) reveals the formation of RuO, due to the oxidation of HCP-Ru. The metallic
liquid is still stable and gas appears. At 1473 K, the precise calculated Ru/RuO, RedOx (log;o p(0O,)) is equal to
-1.934. Finally, at high oxygen potential -1.4 <log;y p(O,) <0, the main phases at equilibrium are RuO,, the
metallic liquid and the FCC-(Pd,Rh) solid Solution.

At 1473 K, the oxygen pressure in the glass melt is about log;y p(O,) = -0.4. Under these conditions, the predicted
platinoid phases correspond to the experimental observations: RuO,, the FCC-(Pd,Rh) solid solution and the
metallic liquid. At this oxygen pressure, the proportion of gas begins to be important. This contribution is
synonymous with vaporisation phenomena due to the formation of Se, Te and Ru oxide gaseous species: SeOy),
TeOyy), Te;0x), TeO(y), SeO(,) and RuOj;,. These calculations are in good accordance with the experimental results
from the studies performed on platinoid insoluble fines in nuclear waste glasses [32-34].
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Figure 6: Calculated stable phases at equilibrium as a function of log;o p(O,) in bar. Temperature is fixed to 1473 K

3.2. Demixing of calcium molybdates in the Na,O-MoO;3-SiO, ternary system

The phase separation of calcium and sodium molybdates in simplified complex glass waste forms were studied
thoroughly [34-37]. Nevertheless, the thermodynamic approach was rarely retained to explain this phenomenon. In
their studies, Stemprok et al. [37-39] determined the liquid miscibility gap. This demixing phenomenon is partly
responsible for the precipitation of Na,MoOj in this simple silicate melt.

On the thermodynamic point of view, the demixing phenomena in complex liquids can be explained and modelled
using the Calphad method. These phase separations may occur between two insoluble metallic, oxide or
metallic/oxide liquids. To build the Na,0O-MoOs-SiO, ternary system, the present assessment of the Na,O-MoOj;
system (Figure 5b) and the Na,O-Si0O, assessment by Zhang et al. [40] (Figure 7a) were used. No experimental data
was found on the MoO3-SiO; phase diagram.

At high temperature (1473 K), both Na,0O-MoO; and Na,O-SiO, systems exhibit a single liquid phase.
Consequently, the demixing behavior of molybdates necessarily comes from the MoO;-SiO, system. This binary
liquid was modelled to reproduce a miscibility gap using a repulsive interaction parameter between the MoO; and
the SiO, liquid species (+70 kJ/mol/at). The obtained phase diagram is illustrated in Figure 7b.
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Figure 7: a) Na,0-SiO, phase diagram by Zhang et al. [40]. b) Calculated the M0QO3-SiO, phase diagram with repulsive interactions
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between MoOj; and SiO; liquid species

Then the Na,0-MoOs-SiO, ternary system was optimized on the only data found in the literature; miscibility gap
measurements by Stemprok et al. [37-39] at 1473 K and 1673 K. The calculated isothermal sections show that the
extent of the miscibility gap varies slightly with temperature. At low temperature the two-liquid domain separates in
a phase enriched in SiO, and Na,O and depleted in MoOs;. This phase corresponds to the major metastable vitreous
phase .The second phase enriched in MoO; and Na,O and depleted in SiO, then crystallizes to form Na,MoQ,.
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Figure 8: M0QO3-Na,0-SiO; isothermal sections calculated at a) 1473 K and b) 1673 K.
Comparison with data from Stemprok et al. [37-39]

4. Conclusion

Using the Calphad method, a thermodynamic database is being developed on i) metallic or oxide phases issuing
from fines solution and on ii) Ca and Na molybdates. This database takes into account platinoids Pd-Rh-Ru and Te-
Se fission products, CaO-MoO; and Na,O-MoO; molybdate systems are considered too. To take into account the
effect of the oxygen pressure on the behaviour of the formed phases, the interactions between oxygen and the Pd-
Rh-Ru-Te-Se elements are calculated. In the case of molybdenum, a miscibility gap arising from the MoO;-SiO,
liquid phase makes it possible to calculate the demixing phenomena and the precipitation of molybdates.

Using this database, some application calculations performed on platinoid phases and molybdate systems are
consistent with the phenomena observed during glass formulation or vitrification studies. These results show that the
thermodynamic approach can be considered as an efficient tool to better understand the precipitation of insoluble
phases in nuclear glass waste forms.
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