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Abstract

Highly focused research programs are currently nmale in CEA Marcoule to develop and optimize vit#tion processes
for the production of waste containment glasseg. mhin issues facing us today are to accommodateypes of waste and
higher waste loading, while enhancing the glasdityuand increasing the production capacity andustbess of the plants.
This requires extensive knowledge of the physical ehemical properties of glassy materials. Acadesearch on glass
melting is conducted to understand the phenomegdiegind the formation of the glass and its evolutifter cooling from
atomic to macroscopic scale. Understanding theipalyand chemical properties of glass in the licand solid state is a major
challenge to allow increased waste loading andd#helopment of new glass formulations. In this pape illustrate the
contribution of this research considering the peasparation and crystallisation process in glagsteed in MoQ. We show
in particular how the thermodynamic and stuctusglegts can elucidate the mechanism of incorporatiolgbdenum oxide
in alkali borosilicate glass.

1. INTRODUCTION

The composition of nuclear glasses are very compietures of elements coming from the nuclear
wastes such as fission products, actinides anesiorr products, with others coming from the glass
precursors (Figure 1). Wastes are integrated invitreous network by reactions occurring in
vitrification furnaces set to operate at tempeeguenerally between 1000°C and 1200°C. The state o
the precursors and waste microstructures evolvie tivite and temperature until a high-temperature
homogeneous liquid is formed. The final glass pgeka then obtained by cooling and solidifying the
liquid into a metallic container.

During the different steps of the process, thdadisproducts and actinides can be integrated imto t
glass structure up to an incorporation limit. Beyaoinis limit, volatilization or heterogeneity formnan
may occur in the case of certain volatile RRPI( %6Cl, 33'Cs, *Tc, °Ru) or for those with a low
incorporation capacity (high oxidation state anioasd cations) [1]. These fission products
incorporations also depend on the glass manufaguconditions such as temperature, mixing
conditions, reaction time.

The waste loading must be limited in order to abtmihomogeneous glass at the microscopic scale
(R7T7 glass is an example of industrial glass eiilyeproduced in La Hague processing plant inside
hot crucible melters) [2],[3]. In order to contdémger quantities of packaged wastes, it is alssibte

to go beyond the incorporation limits by using nescopically homogeneous vitro-crystalline or vitro-
ceramic matrices (UMo glass is another examplendtistrial glass also produced in cold crucible
melter) [4].



Containment properties

FIG 1: lllustration of the nuclear overall glass st& form composition: Elements coming from the
glass frit are represented in yellow and elementsiag from fission products, actinides and
corrosion products in grey

In both cases the best compromises between physidathemical properties (such as redox, viscosity,
electrical and thermal conductivity), glass phenoabegy (calcine formation, chemical reactivity
between precursors, phase separation and cryatalhz processes), process parameters (thermal
homogeneity, hydrodynamic, electromagnetism) (Fidl)rand long term behavior are researched.

One of the major scientific issue is how to contmyistallization and phase separation processeasglur

chemical reaction between glass precursor and githie solidification by cooling. Depending on the
composition, structure, temperature and time, tigstallization and the phase separation are difficu
to be predict. Howevetywo main approaches such as the structural pregatid thermodynamics ones
are relevant and useful informations to describe theseesses. In this paper we will give short
explanations and illustrations about phase separand crystallisation issues in alkali borosikcat

glasses enriched in molybenum oxide (MpO
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FIG 2: Major factors in the optimization of a nualeglass waste form : Physico-chemical properties
of glass and melt, glass phenomenology and prquassneters



2. THERMODYNAMIC DESCRIPTION OF PHASE SEPARATION

2.1. Ideal solution, solubility

Two entities A and B are miscible in any proportioat a given temperaturd)(when they mix
completely with each other. From an energy stamdptiie formation of such a mixture is charactetize

by the free energy of mixing\ixG) which corresponds to the difference betweendtad free energy
of the solution after mixingGm) and before mixingGor), defined by the following equations:

ApixG = Gy — Gror = nA(HA - G_/(l)) + nB(MB - G_l(a))

whereAmixG is the Gibbs free energy of mixingy andng the number of moles of components A and
B, na andpes the partial molar free energies of entities A &nd

AmixG = D H — TAppineS
whereAmixH is the enthalpy of mixing artilixSis the entropy of mixing.
Mixing results in an “ideal” solution if the volumand enthalpy variations are zerdmk\V/?=0,
AmiH® = 0). The variations of the ideal entrogym4S") and the Gibbs free energg«(xG) of mixing
during the formation of the solution thus depenty @m the concentrations of its constituents:

ApmixS™® = R[X,InX, + XginXp]

Xa and Xg are the mole fractions of substances A and B,edsmly. The free energy between
compounds A and B varies monotonically with the position as shown in Figure 3.
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FIG 3: Variation of Gibbs free energy, and entragymixing during ideal mixing of two pure entities
A and B.

The solubility is defined as the maximum concerdradf an entity (solute A) that can be contained i
a phase (solvent B) under specified conditionsofgterature, pressure, and chemical composition of
other entities in the case of complex mixtures.



2.2.Regular solution and immiscibility

The thermodynamically description of phase sepamati a glass is closely the same to that in suflid
same structure or liquid solutions. From the enstggdpoint, the appearance of two immiscible dqui
in a binary system is associated with a positiwtaapy of mixing (Figure 4a).

At a given temperature the solution will be stablihe Gibbs free energy of mixing\(ixG) remains
negative over the full composition range (Figurg. #s the entropic contribution largely overcome in
term of absolute value the enthalpic positive tdhma,solution remains stable (Figure 4b).
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BAmiH>0
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FIG 4: (a) Variation of4mixH versus composition. The deviation from idealityid = 0) is negative or
positive. (b) Variation of Gibbs free energyixG, without any phase separation, contributions of a
positive deviation of enthalpy of mixing(H), counterbalanced by an higher entropy contribnt(-
T'Amixs)

A higher mixing enthalpyAmixH > 0) results in instability of the solution at loaniperatures, because
of the relative decrease, in absolute value, ofrtfagnitude of the entropic termAfixS. At high
temperatures the entropic term predominates anGithies free energy has a single minimum (Figure
5-a). At lower temperaturesTd) the entropic term diminishes and the enthalpientddecomes
predominant. This effect results in immiscibilityh@n Xa; > Xm> Xg1 at T, for example. These
mechanisms are revealed by the existence of twabopf different compositions separated by a benod
or solvus coexistence curve that defines the extiethie miscibility gap as a function of the tengiare
(Figure 5-b). Above a critical temperatufk:), also known as the consolute temperature, th#esta
phase is a unique liquidX and the Gibbs free energy of mixing.xG (T) exhibits only a single
minimum. Lowering the temperature bel@aresults in a change in the Gibbs free energy winithis
case exhibits two minima responsible for the semaranto two phases.

Most often, solutions deviates from ideality andyniehave as “regular” or “real” solutions. In this
cases, the thermodynamics functions of the soludifiar from the ones of a weighted mixture of the
references having the same global compositionesdtution

The deviation from ideality and its effect on thregess of phase separation can be indicatethhiy
functions taking into account the characteristicapzeters of the interaction forc, between entities
A and B. The function enthalpy can often be charétd by a strictly regular solution.

ApixH = AX X

N2, By (Bt o))



whereZ is the coordination number of the entities in $b&ution, assumed to be identical for A and B
entities,Na is Avogadro’s numbeiEag is the energy of hetero-interactions betweeniesth and B,
andEaa andEgs the energies of homo-interactions between A onties.

Together with the variation of enthalpy and entrdipy variation of the Gibbs free energy function,
AmixG, describes the process of the phase separateastiictly regular solution which corresponds to:

AmixG = AXAXB - RT[XAlnXA + XBlnXB]

In the sense of the Calphad method, the Gibbsefneegy function is written as a sum of the Gibleg fr
energies of the references and of ideal and exXgixdss free energies:

ApmixG = AG® + AG'® + AGE
AmixG = X2 G, + X9 G — RT[X,InX, + XginXg] + AX,Xp
The interaction parametéris one of the most important parameter in the @lsaparation phenomena
because it determines positive or negative sigheéxcess Gibbs energy of the regular solutiothdn

case of repulsive interaction, the parameter igigesind the solution tends to separate into tistrett
composition sets. This parameter can be corretatdte structure of the glass.
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FIG 5: (a) Gibbs free energyAixG (T)) variation as a function of Temperature. ®hematic
representation of a coexistence curve on a binamyperature/composition diagram

3. INFLUENCE OF THE STRUCTURE ON THE PHASE SEPARATIONENDENCY

As it shown by Kracek [5] in silica oxide systerttse tendency to phase separation increased with the
cation field strength of alkali and alkaline eaffhe importance of the lower plateau with two lgpyi
indicating the greatest extent of the miscibiligpg(Figure 6), can indeed be correlated to thel fiel
strength of the cationZ/r (Z = oxidation number, = ionic radius of the cation).

Mazurin [6] has shown similar behavior in the caSkorosilicate glasses (Figure 7) for ternary syst
(RO-B205-Si0,), R = Li, Na, K, Rb, Cs.
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FIG 6: Equilibrium diagram of binary silica-alkalbxide and silica-alkaline-earth oxide systems for
cations such as NaLi* and B&", the S-shaped liquidus curve includes a portiothain inflection
characteristic of nearby underlying metastable ghasparation. For Mg, C&* and Sf* cations with
a higher field strength, stable phase separationliserved at high temperatures (from Kracek, 1930
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FIG 7: Miscibili%gaps_ in isothermal cross sectsoof ternary systems {8-B,0s-Si0,), R =Li, Na,
K, Rb, Cs(from Mazurin et al., 1984,[6]).

The ternary Si@NaO-MoQ; system presents a large immiscibility domain expentally highlighted

by Stemprok [7] at 1473 K. These experimental tesiso reveal that the demixing phenomenon comes
from repulsive interactions in the Me@SiO;, pseudo-binary diagram (i.e. there are no liquisaibility
gaps in both N#®-MoO; and NaO-SiG; systems).

Using the Calphad method, Gossé et al. [8] perfdren¢hermodynamic assessment to highlight the
phase separation in liquid silicates due to molylode oxides. The calculations are in good agreement
with the experimental points from Stemprok (Fig8+ra). For this reason, the binary MeSIO; liquid

is modeled by a regular repulsive interaction patam(+70 kJ/mol/at) between the Mo&hd the Si@
liquid species [8]. This leads to two minima in thibbs free energy, responsible for the separation

two composition sets represented in the 1273-20%hiperature range (Figure 8-b).

It is also seen in Figure 8-a that, in the termagion containing less than 60 molar % of.Qathe
miscibility gap separates in two liquids, one siliich liquid depleted in Mogand the other enriched
in MoOs very close to the N&MoO, composition. Due to this liquid composition, N O, crystals can
precipitate easily on further cooling as indicatgdhe orientation of the tielines in the liquidstibility
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gap. From this thermodynamic approach, a link betwthe extent of the miscibility gap and the
structure of glass can be established in the tgi®i&)k-NaO-MoOs system.

Molybdenum is mainly under at +VI oxidation statesilicate and borosilicate glasses prepared under
oxidizing conditions; molybdenum forms M@ tetrahedral units distributed in depolymerized area
of glass with charge-compensating cations (allais alkaline-earths) [9]-[13].

According to Mo K-edge EXAFS results, the average— distance d(Mo-O) in silicate and
borosilicate glasses4s1.8 A and the calculated cation field strengttf Mo®* calculated by 6/d(Mo—
0)?), corresponds te 1.85 A?[14]. Furthermore according to Pauling’s stabitityes [15], it has been
shown that the Mo specy cannot be directly connected to the silinatevork [16].

Indeed, the existence of Mo—O-Si linkages betwee@Mnd SiQ units would imply that the sum of
the bond valenceSy-0 + Ssi-o~ 2.5-2.6 valence units are indeed greater tham udh configuration
the oxygen atom would be strongly overbonded aadinkage between molybdenum and silicon oxides
is not possible. Consequently, Maation apply a strong ordering effect on the sumthing oxygen
anions and the only cations that can achieve chesggensation around Ma©entities should be
alkali or alkaline-earth cations.

Then, MoQ? entities may easily separate from the silicateborosilicate glassy network in a
depolymerized area promoting a repolymerizatiorthef remaining silicate or borosilicate network
[14],[17]. Moreover, this mechanism occurs probadiyan atomic scale by the clustering of several
isolated molybdate units on one side and silicshenother. Nicouleau [18] has shown that in sodium
borosilicate glasses enriched in MpCa low MoQ concentration (0.5% molar) leads to a
polymerization of the silicate network (characteddy?°Si MAS NMR) while a higher concentration
(up to 2% molar) decreases the number of tetrahbdran (characterised BB MAS NMR).
Furthermore, it is demonstrated that the non-bniggixygens, which mobilizes two atoms of sodium,
is correlated to the quantity of separated phasetgaming NaMoO;, crystals after cooling due to the
repolymerization of the silicate network.

MoO
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FIG 8: (a) Immiscibility I%aps in isothermal crosscsions 1473 K of ternary systems SMaxO-MoO;
modeling by CALPHAD method [8] compared to expenitaledata from Stemprok [7] (bAGiq
evolution W|th temperature in the blnary MeOIO, system

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

When the molybdenum oxide content is higher thaalability limit which is around 1-1.5 % molar in
simplified borosilicate glasses at room temperafligg, non-homogenous glasses are formed through
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a sequence of phase separation and crystallizati@ooling. The phenomenon starts by a liquid-tiqui
phase separation at high temperature, then thie kguiched in molybdenum oxide partially crystzdts
on cooling under the form of alkali and alkalinethanolybdates [20]-[22]

Depending on the glass composition, crystallinalatk alkali earth molybdates such asNloO, [23],
NaoMoO4, CaMoQ [24]-[28], MgMoOs [29], or more complex poly-molybdates containingot
different alkali elements such as CsNaMpOsNa(MoQy), [30],[31] CsLiMoQ; [32] NasLi(M0Oa).
[33] are detected after cooling in a wide rangesiitate and borosilicate non-radioactive glass
compositions.

This mechanism of liquid-liquid phase separationtbeen observed by high-temperature environmental
SEM in sodium borosilicate glass enriched in MotThe influence of Mo@concentration is illustrated

in Figure 9. HT-ESEM analyses performed at 750%Iaflv the phase separation temperature) revealed
qualitatively that the quantity of the liquid sepi@d phase enriched in Me@nd NaO (and also
depleted in Si@) increases with the MafOconcentration as the demixtion is greater. On the
thermodynamic point of view, this result is consigtwith the lever rule.

It has been shown in many glass-forming systems tttea mechanism of phase separation differs
according to the initial glass composition. A dgstton of the Gibbs free energy variation during th
phase separation process can distinguish two demdiere phase separation occurs by nucleation and
growth or by spinodal decomposition [34],[35]. Tiegure, the composition, and the morphology of the
separated phases are different inside or outselepimode curve defining the boundary between these
two modes of separation. Separated phases formaabgleation and growth process are spherical and
disconnected. They are characterized by a shaggact and a composition that does not change with
time. Conversely, when the mechanism occurs bysiindecomposition the phases are interconnected
and their composition and morphology are modifiedrdime.

In the case of phase separation promoted by moiybdeoxide (Figure 9, 10), separated phases are
already spherical, dispersed ramdomly, disconneatet the morphology remains identical with a
variation of MoQ concentration (up to 10 % molar MgO

These microstructural observations reveal thaptbeess occurs near the binodal curve in the zbne o
nucleation and growth.

1 % molar. MoO, 1.8 % molar. MoO; 3 % molar. MoO,

FIG 9: High-temperature environmental SEM imagesgluise separation obtained by nucleation and
groyvth in sodium borosilicate glass Si8a&0-B,0:-Mo0O; containing 1, 1,8 and 3 % molar MeO
uring a heat treatment at 750°C.

After cooling, the glass remaining is partially stallized (Figure 10). SEM analysis of a glass damp
containing 3% molar Mo§(61SiGQ-19Na0-16B0:-3M0o(Gs) shows the presence of separated phases
with diameters —i-less thanyin and —ii-greater than 30 um which contain visidigstalline phases
inside the separated phases corresponding fd®@ and NaMo,Oy (see details of the structure in
[18])



.

3% n'\_olz;l{ MoO,

FIG 10: SEM Images of crystalline separated phastioed after glass synthesis (6151INaO-
17B,03-3MoQs) containing 3% molar. Mogat 1300 °C and cooling at C/min

Based on these results and on previous studieg32]30], these processes of phase separation and
crystallization can be represented by the freeggreomposition simplified diagram for SidoOs for
a temperature below phase separation temperatigner€¢FL1-a).

At T<Tc, an initial glass composition (M) can minies its Gibbs energy by an equilibrium between
the phases A and B along the common tangent ARlidlitiquid phase separation leads to a liquid phase
A enriched in Si@ depleted in Mo@ and a liquid phase B enriched in Mp€bntaining a residual
amount of Si@ Below the liquidus temperature, the phase B alyats. A second equilibrium is
established along tangent CD. In accordance wiéhrhss balance, liquid phase B evolves toward its
stable state with the formation of phase C andwapigase D enriched in SiOThe vitreous phase E is
never formed at the experimental time scale dukdanestashility of the glass D.

The mechanism is characterized in alkali, alkakagth borosilicate glasses by the formation of a
mixture of crystalline phases (M400O,, CsNaMoQ, Li:M0Os, NaMoOs, CaMoQ, MgMoOQOsy,
CsNaMoQ, CgNa(MoQy) CsLiMoO: NalLi(MoO4),,...), phase C, and a residual glass enriched in
Si0O,, B2Os (phase D) within the separated phases (phase B).

Figure 11-b gives an illustration in a sodium, aesiborosilicate glass (62SiQ6.5B03-16N&0-
3Cs0-2.5M0oQ) containing 2.5 % molar Mo After cooling (168°C/min), spherical separated phases
(phase B) containing crystalline phasesAW@0, and complex sodium cesium molybdates - phase C)
and a residual vitreous phase (glass beads - [haseriched in Si@and BO; are characterized by
SEM.
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FIG 11: (a) Schematic representation of Gibbs émergy/composition diagram of pseudo binary.SiO
MoOs (b) SEM images of cristalline separated phasesirgdtaafter cooling in a sodium, cesium
borosilicate glass containing 2,5% molar MoO

5. CONCLUSIONS

Experimental and theoretical approaches, basetdesmbdynamic and structural aspects are relevant
to better predict the mechanism of phase separatidrerystallization of borosilicate glasses ergith

in MoQs. Explanations related to the low solubility of Mg@nd the two-step processes of phase
separation and crystallization have been givens abproach highlighted the complexity to stabilize
MoQ;s in borosilicate glass above to 1-1.5 % molar Ma@d to found the best compromise to increase
the waste loading in containment glasses. The #iing challenges in the coming years for the
international community is to develop new glasseglass-ceramics waste formed up to 20 % waste
loading. In parallel, current researches focusetherincorporation of Mo®and rare earth oxide are
carried out in a wide range of compositions for itmenobilization of fission-product waste streams
[27][28],[36][41].
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