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Abstract

Vitrification has been selected in France as the immobilization process for high-level waste
arising from spent fuel reprocessing. Several high-level waste solutions from the reprocessing
of legacy UMo spent fuel, used in gas cooled reactors, have been stored in the Orano La
Hague facility in stainless steel tanks since the mid-1960s. A special glass-ceramic
formulation has been developed and qualified through lab and pilot testing to meet standard
waste acceptance criteria for the final disposal of the UMo waste. These solutions are very
rich in molybdenum and phosphorus whose contents make the molten glass quite corrosive
and require a high-temperature glass formulation to obtain sufficiently high waste loading
factors (12% in molybdenum oxide). Molybdenum is known to be sparingly soluble in
conventional borosilicate glass. The formulated glass-ceramic matrix comprises a major

vitreous phase containing secondary phase particles less than 100 um in diameter. These are

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0022311519300558
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0022311519300558

formed by phase separation and crystallization as the molten glass cools. The physical and
microstructural properties of the UMo glass in the solid and liquid states are reported here.
Evolution of microstructure as a function of the cooling profile was investigated, given the
sensitivity of the crystallization process to the cooling profile. The chemical durability of the
UMo glass-ceramic was also studied. The feasibility of this process has been demonstrated in

a full-scale pilot facility with inactive surrogate solutions.

1. Introduction

Glass has several advantages for nuclear waste containment: it guarantees the stability
of the waste package for a very long time and significantly reduces its volume [1,2].
Vitrification has been used for several decades in France, the United Kingdom, Russia and the
United States to immobilize high-level nuclear waste from spent commercial fuel or legacy
waste [3]. The criteria to be considered for glasses developed in this context are that they
should minimize waste volumes and offer ease of processing and good long term stability.
These three objectives define the desired final glass properties, glass melt properties and
process parameters such as the melting temperature, additives specificity and capacity. The
most decisive properties are often the homogeneity and leaching behavior of the glass and the
viscosity of the melt at temperatures compatible with the selected vitrification process. If the
waste contained in the glass is particularly radioactive, the thermal stability and stability
under irradiation of the glass should also be considered. Mixed alkali aluminum borosilicates
are typically preferred because they can durably incorporate a wide range of radioactive

elements and are relatively easy to form. [1-3]

UMo waste solutions are fission products from the reprocessing of U-Mo-Sn-Al spent
nuclear fuel used in Gas Cooled Reactors (GCR). Their specificity is that they contain large

amounts of molybdenum coming from spent fuel composition alloy and phosphorous oxide



used as an additive for reprocessing. The molybdenum and phosphorus loading capacity of
the containment glass is therefore critical. Homogeneous borosilicate glasses cannot be
prepared with molybdenum oxide contents of more than a few mass percent [4-6], so other
types of glass have been investigated for this purpose [7,8]. In particular, durable, easily
fabricated glass-ceramic matrices have been developed at the CEA with higher molybdenum

and phosphorous capacities [9].

The selected glass has to represent the best possible compromise between the three
objectives stated above. The material presented in this paper for UMo-waste containment is a

glass ceramic melted at 1250 °C processed in a Cold Crucible Induction Melter.

This choice results from the screening of a wide range of candidate glass materials with high
molybdenum and phosphorous contents, which have previously been melted at high
temperature and characterized after cooling [9]. Here, we describe the preparation and
characterization of a glass ceramic that can incorporate more than 10 wt% MoQOs. This glass
ceramic was tested using inactive surrogate solutions at the laboratory scale and in a full-scale
pilot facility. Microstructural and rheological properties, electrical conductivity and durability

of the 10 wt% of MoO3 glass ceramic were also investigated.

2. Experimental

2.1. UMo glass ceramic compositions
The compositions of the simulated containment glass ceramic melted at the laboratory
scale (L-UMo) and full industrial scale (F-UMo) are presented in Table 1. Considering the
low uncertainties on the weighing of the precursors, their purity, and the volatility of the
species involved, the effective composition of the L-UMo glass was taken to be equal to its

theoretical composition. For the F-UMo glass, the values shown in Table 1 were obtained by



X-ray fluorescence spectroscopy; the average of measurements performed on four samples
with different cooling profiles is shown, alongside the maximum difference between the four

when this exceeded 0.01 wt%.

2.2. Glass preparation

The L-UMo glass was prepared using boric acid (H3BO3) and oxides (SiO2, Al2O3,
MoOs, MgO, CaO, Fe;03, NiO, C0203, Cr203, ZnO, ZrO2, Y203, La;03, Nd203, PreOi1,
CeO2, RuO2, SnO;, TeO,, carbonates (Na>COs, LioCOs), phosphate (AIPO4), nitrates
(Ba(NO3)2, Sr(NOs)2, CsNOsz, Rh(NOs)3) precursors. The difference between the two
compositions is that the F-UMo glass does not contain any manganese (simulating
technetium) or rhodium. The raw materials were mixed in a Turbula blender then added
gradually to an insulated Joule-heated platinum-rhodium crucible. Once all the raw materials
were added and the temperature was stabilized at 1250 °C, the molten mixture was stirred
mechanically for 3 h. About 200 g of the melt was poured into an alumina crucible preheated
to 1250 °C and then cooled in a furnace at 100 °C-h™! from 1250 to 700 °C and then at
25 °C-h™! down to room temperature. A 100 g portion of the melt was poured into a graphite
crucible and annealed by slowly decreasing its temperature near the glass transition
temperature determined by DTA at 518 °C. The rest of the melt was then plate-quenched. The
objective of these two cooling scenarios was to investigate the range of the possible cooling
profiles.

The F-UMo glass was prepared in Marcoule using a full-scale inactive pilot, model of
the cold crucible induction melter operating in the Orano La Hague facility (Fig. 1) [10],
which operates as follows. The initial nitric solution is fed into the calciner heated at about
400°C. The calcine is then mixed with glass frit in a cold crucible melter containing about 400

kg of glass with a 0.33 m? surface with a glass melt capacity up to 45 kg/h. The cold crucible



melter is continuously supplied with calcine and with a borosilicate glass frit especially
manufactured to reach the targeted composition after dissolution of simulated waste. Glass frit
composition is (wt %): 48,50 SiO2; 17,47 B20s; 10,54 NaxO; 7,57 ZnO; 3,80 ZrO2; 7,69
Ca0O; 0,27 Li2O; 0,31 CoO; 0,31 NiO. The glass melt is directly heated in the crucible at
1250°C by the electromagnetic currents generated by the inductor surrounding the shell. The
temperature is monitored during the melting process. After pouring of the melt, the glass cools
in a cylindrical metallic canister of 40 cm diameter containing about 400 kg of glass. After
vertically cross sectioned the canister using a saw with a diamond blade, F-UMo glass was

sampled in the middle and at the edge of the canister for comparison with L-UMo glass.

2.3. Microstructural analysis
The microstructure of the glass samples was observed by scanning electron
microscopy (SEM) using a ZEISS Supra 55 device operating at 15 kV and a probe current of
1 nA equipped with an EDS spectrometer Briicker AXS X-Flash Detector 4010. The objective
is to determine whether crystallization and/or phase separation has occurred. These analyses
were complemented by X-ray diffraction (XRD) measurements (Philips PANanalytical

X’Pert) to identify any crystalline phases.

2.4. Rheological measurements
The high-temperature rheological behavior of the L-UMo glass was characterized
using a Searle-type coaxial-cylinder viscometer. A stationary platinum-rhodium crucible with
an inside diameter of 27 mm is filled in an auxiliary furnace with the molten glass. A
platinum-rhodium rotor 9 mm in diameter is placed in the middle of the glass melt and
rotated using a Rheometric Scientific rheometer that measures the shear stress applied by the
molten glass as a function of rotation speed. Measurements are performed at decreasing

temperatures starting at a temperature high enough to guarantee the homogeneity of the melt.



At high temperatures, the glass melt is homogeneous and behaves as a Newtonian fluid, i.e.
the shear stress is proportional to the rotation speed and the viscosity can be determined by
linear regression of the shear stress against the strain rate. Rheological behavior changes as
temperature decreases and the melt becomes inhomogeneous [12,13]. After cooling, the glass
was heated once more up to 1300 °C to assess whether the Newtonian rheological behavior
was retrieved after a period spent below the phase separation temperature. The uncertainty on
the viscosity measurements was estimated to be less than 10 % considering results of
measurements performed on a reference glass in the same range of viscosity and temperature
with the same technique and device before and after the measurements performed on L-UMo

glass.

2.5. Electrical resistivity measurements

Electrical conductivity measurements in the molten state were performed by
impedance spectroscopy using a four probe electrode cell. The setup for these measurements
is described in detail elsewhere [14,15]. The melt was heated to a temperature high enough for
its viscosity to be below 30 dPa-s, to avoid bending or damaging the platinum electrodes. The
electrical conductivity of the L-UMo glass was measured in 10 °C steps from 1300 down to
1100 °C; the cooling rate was 120 °C-h™!. The four-probe cell was calibrated at room
temperature using aqueous KCI solutions with an electrical conductivity close to that of the
molten oxide studied. The measurements at 1250 °C carry a 20 % uncertainty considering
results performed with the same equipment on a reference glass of same range of resistivity in
the concerned range of temperature and comparison with results obtained with other devices

on this same reference glass.



2.6. Durability tests

Chemical durability of the glass samples was tested in Soxhlet mode in pure water
at 100 °C using a polished coupon a few millimeters thick [16] with a total geometric
surface area of ~10 cm?. After being accurately measured and weighed, each glass sample
was placed in a Teflon net in the Soxhlet apparatus. The Soxhlet apparatus, which
comprised a stainless steel flask (350 mL capacity) containing pure water, was fitted with a
condenser and heated to boiling point by a heating mantle. This ensured that the glass
coupon was continually immersed in condensed water at close to 100 °C. The samples
tested in this way were those of the annealed and slowly-cooled L-UMo glass and the two
F-UMo glass sampled at the edge and the middle of the canister. These were expected to
differ most in terms of their cooling profiles. The leached surface area was considered to be
equal to the geometric surface area of the coupon. The test lasted 14 days. The elemental
content of the leaching solution was measured after 1, 2, 3, 7, 10 and 14 days by
inductively coupled plasma atomic emission spectroscopy to determine the amount of
boron, sodium, silicon and molybdenum lost from each sample and thus the normalized
loss of these elements according to time in g.m™ is calculated. If normalized loss increases
linearly with time at the same rate for all the four elements, then a corresponding initial

dissolution rate in g.m™.j’!, ro, can be determined.

_CV

ry =——

f:S
where Ci is concentration of element i in the leaching solution (g.L™!), V the volume of the
leaching solution (L), f; the mass fraction of the element in the glass (unitless), and S the

surface area of the sample (m?).



3. Results

3.1.Microstructural analysis

The L-UMo and F-UMo glass ceramics have similar microstructures, with secondary
phases dispersed within an opaque borosilicate glass matrix. The secondary phases mostly
consist of “beads” a few nanometers to a hundred micrometers diameter. The smaller beads
(less than 5 um in diameter) appear homogeneous on the micrometer scale and mainly contain
molybdenum, phosphorus, calcium, zinc and sodium. In the larger beads (up to 100 um in
diameter), different crystalline or vitreous phases can be identified by SEM, mainly calcium
molybdate, calcium and zinc phosphates, and an interstitial vitreous borosilicate phase. The
same microstructure is observed for all the samples regardless of their cooling profile. The
difference between the different L-UMo and F-UMo samples lies in the relative proportions
of homogeneous and multiphase beads and the size of the latter. In the plate-quenched L-UMo
sample, the secondary-phase beads are mostly homogeneous (Fig. 2(a,b)) whereas in the
slowly cooled L-UMo glass, mostly multiphase beads are observed (Fig. 2(c), Fig. 3). A
number of dispersed ruthenium and rhodium particles a few micrometers diameter are also
observed. The F-UMo samples contain a mixture of homogeneous and multiphase beads in

relative proportions that depend on their cooling profiles.

The XRD data recorded for these samples show that they are mainly amorphous, with
the only detected crystalline phase being powellite (CaMoQs4). Zinc phosphate and Calcium
phosphate are amorphous or low-crystalized phases. Similar diffractograms are obtained for

all the samples.

3.2.Rheological behavior
The 10 measured values are reported on Fig. 4. according to their order of

measurement. Newtonian behavior is not obtained for measurements below 1180°C.



Measurements numbered 7 and 8 are not stable and the values are not relevant. The
Newtonian behavior of the L-UMo melt above 1180 °C was investigated by comparing the

temperature dependence of the viscosity with the Vogel-Fulcher-Tammann equation (Fig. 4),

log(n) = A + (1)

(T-Tp)

where N is the viscosity of the glass at temperature T (°C). A, B and Ty are adjustment
constants. The viscosity of the melt at 1250 °C was found to be 41 + 5 dPa-s. Fig. 4 shows
that the molten glass becomes inhomogeneous between 1150 and 1180 °C, the latter
temperature being the highest at which Newtonian behavior consistent with the Vogel-

Fulcher-Tammann equation was detected. The dashed line corresponds to the extension of the

VFT fit under 1180°C.

3.3. Electrical resistivity measurements
Fig. 5 shows the temperature dependence of the electrical resistivity of the L-UMo
melt. The uncertainty determination on these values is considered to be less to 10 %
resulting from comparisons of results obtained with different laboratory devices on the
same borosilicate glass in the range of temperature explored for this study. The value of 7

Q.cm at 1250°C is consistent with a UMo glass ceramic production.

3.4.Chemical durability

Fig. 6 shows the amount (g-m~2) of boron, silicon, sodium and molybdenum lost
from the glass samples as a function of the leaching time. The amounts lost increase
linearly with time at a similar rate for all four elements. Within the measurement
uncertainties, the same results are obtained for all the samples. Table 2 lists the initial
dissolution rates calculated for different samples from the normalized boron loss curves.

The initial leaching dissolution rate obtained for these samples is 2.5+0,5 g-m=2.d~".



4. Discussion

At high temperatures, the L-UMo and F-UMo glass ceramics form a homogenous
borosilicate melt with only ruthenium particles remaining undissolved [13]. This means
that at the melting temperature (1250 °C) at least 10.0 wt% MoO3 and 3.1 wt% P>Os are
solubilized in the borosilicate melt (see Table 1). During cooling, rheological data (Fig. 4)
show that liquid-liquid phase separation occurs between 1180 and 1150 °C in the L-UMo
glass. These results are also supported by a previous study in which rheometric results
were compared with in situ measurements of glass melt homogeneity at high temperatures
or after the samples were quenched rapidly [13]. This loss of homogeneity, described in
detail by Schuller et al. [12], results in the formation of beads dispersed in the borosilicate
matrix. Our data show that the beads mainly contain molybdenum, calcium, phosphorus
and smaller amounts of zinc. Quantitative analysis by wavelength-dispersive X-ray
spectroscopy performed on this type of beads formed in a similar UMo glass has shown

that they also contain a large amount of boron in an interstitial silicate phase [17].

This phase separation can logically be attributed to the high molybdenum and
phosphorous contents of the glass because, among all the elements in the glass, these two
belong to the least soluble in borosilicate glass [4—7]. This then implies that below 1180—
1150°C, the solubilities of molybdenum and phosphorous oxides are lower than 10.0 and
3.1 wt%, respectively. As the solubility of these elements in the “glass” melt decreases with
temperature, more beads are formed. In a second step, these beads are the site of
crystallization and separation of a secondary phase. The size of the beads and thus the
microstructure of the glass depend on the cooling rate (slower cooling rates leads to larger
particles and more secondary phase), as observed for the different UMo glass ceramic
samples prepared in this study (Fig. 2). In these glass ceramics, previous analyses

performed on a derived UMo glass ceramic formulation has shown that molybdenum is



mainly incorporated in the beads and that there is little molybdenum or phosphorous in the
surrounding glass [17]. Furthermore, in a derived “glass”, an equivalent molybdenum
oxide solubility (~10 wt%) has been estimated from the rate of formation of powellite
crystals quantified by Rietveld analysis at different cooling rates [18]. These results also
suggest that powellite forms even if the UMo melt is plate-quenched and that the beads
formed in fast-cooled samples are more homogeneous than in those cooled more slowly

[18].

The UMo glass ceramic prepared in a full scale pilot vitrification facility with a
surrogate UMo solution and glass frit (F-UMo) shows the same microstructure as the
samples prepared from powders at the laboratory scale (L-UMo). The secondary phase
beads vary slightly in size depending on the cooling profile, in accordance with the
expected variations in cooling rates. These beads, up to several hundred micrometers
diameter, are embedded in a borosilicate glass matrix. An alteration model for this matrix
has already been proposed [17]. It has been demonstrated that if the surrounding glass is
durable, the leaching behaviour of the whole glass matrix is finally governed by that of the
surrounding glass [17]. In the case of UMo glass ceramic, the surrounding glass
composition is close to those of durable peralkaline glass. The leaching rates measured
here at 100°C for F-UMo samples (Fig. 6) are similar to those of nuclear borosilicate glass
typically from 1.6 to 4.1 for R7T7 glass [18]. Given the durability, size and concentration
of the secondary phase beads, an additional release early in the leaching tests could have
been expected but was not observed. This could be because the secondary phase is
efficiently retained in the surrounding matrix [19]. The concentration and size of the
secondary phase particles may also be too low to generate significantly measurable
releases [20]. These results highlight the value of a well-controlled microstructure in this

context.



With a viscosity around 40 dPa.s at 1250°C and an electrical resistivity of about 7
Q.cm at 1250°C the molten glass properties are also compatible with fabrication in a cold

crucible melter and the pouring of the glass into a canister.

This UMo glass ceramic provides a solution to durably contain radioactive waste
rich in molybdenum. Its waste volume reduction factor is about four times better than
conventional homogeneous nuclear glass. Its fabrication on an industrial scale requires
heating to temperatures above the phase separation temperature, which mainly depends on
the chosen molybdenum and phosphorus contents. The tests reported here, performed in an
industrial scale pilot of a two-step vitrification process (using a calciner and a cold
crucible) show that the CCIM is suitable for glass ceramic industrial production. The glass
melt is also shown to have the electrical properties required for preparation in a cold
crucible furnace. Similar glass ceramics devoted to other forms of high level waste are also
being developed elsewhere [21], the objective being, like in our study, to increase the
loading rate in waste and thus reduce the number of glass packages that need to be

produced.

5. Conclusions

A major objective of nuclear glass formulation studies is to minimize the volume of
the final waste. Glass ceramics could be thus advantageous because they can hold more
waste than homogeneous glasses. The UMo glass ceramic studied here can incorporate
substantially more (10 versus just a few wt%) molybdenum oxide than the homogeneous

borosilicate glass that is currently used for waste with high level waste containment.

The vitrification of nuclear waste with this glass ceramic has been shown to be

feasible by cold crucible induction melting, which allows the melt to be heated to



temperatures high enough for it to remain homogeneous, above the phase separation and
crystallization temperatures. These temperatures have been determined to be below 1180°C
for the considered UMo glass ceramic. After crystallization during cooling, the resulting
glass ceramic is macroscopically homogeneous. The type of secondary phases does not

change according to the cooling profile.

The durability of this type of waste containment matrix is typically governed by the
durability of the surrounding glass. Considering the case of the UMo glass ceramic, the
initial dissolution rate is 2.5 g.m>2d! at 100°C. This issue needs to be carefully
investigated on a case-by-case basis. As developed in [17] glass-ceramic durability
depends on the types of phase which are dispersed, their accessibility, their size and the

surrounding glass durability property.

Qualification of the CCIM process, for UMo glass ceramic production, has been
performed through full-scale pilot tests with inactive surrogate solutions. UMo solutions
processing in the La Hague CCIM has started in January 2013 and is currently ongoing.
Rather than being seen as problematic, the tailored crystallization of the UMo glass ceramic
produced at La Hague plant is beneficial for the immobilization of the specific UMo fission
products allowing significant volume reduction and long-term stability of the nuclear waste

form [22].

Finally, note that there is considerable latitude to optimize this type of matrix,
notably in terms of minimization of the final waste volume for other types of nuclear

wastes
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Table 1

Composition (in wt%) of the glass ceramics prepared at the laboratory scale (L-UMo) and in a
full-scale pilot (F-UMo).

L-UMo? F-UMo"

SiO2 38.67  39.68 +0.07
Na20 9.39 8.93 £0.03
B203 13.93 13.76 + 0.25
ALLO3 7.07 7.49 +0.02
P20s 3.08 3.36
MoOs 10.00  10.15+0.03
Zn0O 6.03 5.82
ZrO: 3.27 3.32
CaO 6.13 5.89 £0.03
Li2O 0.21 0.16
Cs20 0.02 0.01
Nd203 0.52 0.52
MnO: 0.04 -
NiO 0.28 0.30
Cr203 0.06 0.05
SrO 0.05 0.03
CoO 0.25 0.26
BaO 0.05 0.06
La203 0.11 0.12
CeO2 0.12 0.12
PreOu 0.04 0.05
TeO2 0.06 0.03
Fe203 0.28 0.38
MgO 0.14 0.30
SnO2 0.08 0.05
RuO:2 0.10 0.10
Rh 0.04 -

*Theoretical composition.
®Mean and maximum difference between measurements performed on four samples by X-ray
fluorescence spectroscopy.



Table 2
Initial dissolution rates at 100 °C from samples of UMo glass ceramic prepared at the

laboratory scale (L-UMo) and in a full-scale vitrification pilot (F-UMo).

To
(gm™>d™)
L-UMo annealed 23+04
slowly cooled 3.0x£0.5
F-UMo edge of canister 2.8%0.5

middle of canister 2.6+0.5
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Fig. 1. Schematic diagram of the full scale vitrification pilot.



(b)



(©

Fig. 2. Scanning electron microscopy micrographs of the U-Mo glass ceramic prepared on the
laboratory scale (L-UMo) (a, b) plate-quenched samples showing homogeneous beads
containing mainly molybdenum, phosphorus, calcium, zinc and sodium and (c) slowly cooled
samples showing also larger beads including different vitreous and crystalline phases mainly
calcium molybdate, calcium and zinc phosphates, and an interstitial vitreous borosilicate
phase .



MAG: 3056 x.HV:.15,0-kV_WD: 6,4 mm

MAG: 3056 X HV: 15,0 KV WD: 6,4 mm

Fig. 3. Scanning electron microscopy micrographs of a large bead of the L-UMo slowly
cooled sample and SEM elemental MAP
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Fig. 4. Viscosity of the L-UMo melt (laboratory scale sample) as a function of temperature.

The numbers indicate the order of the measurements, the arrows that non-Newtonian
rheological behavior was detected.
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Fig. 5. Electrical resistivity of the L-UMo melt (laboratory-scale sample) as a function of
temperature.
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Fig. 6. Amounts of silicon, molybdenum, sodium and boron lost from a F-UMo (industrial
scale) glass ceramic sample as a function time during a Soxhlet test at 100 °C.
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