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ABSTRACT

Vitrification of high-level liquid waste is intertianally acknowledged to minimize both the
environmental impact resulting from waste dispesal the volume of conditioned waste. In France, the
high-level liquid waste arising from nuclear fueprocessing has been successfully vitrified foramor
than 20 years with three major objectives: durablgainment of the long-lived fission products,
minimization of the final waste volume, and opeligbin an industrial context.

To improve vitrification performance, AREVA has leped the existing melter in one of the cells & th
R7 line at La Hague with a cold crucible meltereTold crucible is a compact water-cooled vessel in
which the radioactive waste and glass additivesreaked by direct high-frequency induction. Because
the heat is transferred directly to the melt, higierating temperatures can be achieved with nodhipa
the melter itself. The new process allows us tofyitegacy high level liquid waste from reprocedse
spent U-Mo-Sn-Al (UMo) fuel used in gas cooled teex: the high molybdenum content of the waste
makes it very corrosive and also requires a spbaattemperature glass formulation to obtain
sufficiently high waste loading factors (10-12% wimlenum oxide).

A glass-ceramic matrix has been developed by th& GEmmobilize UMo solutions: it comprises a
vitreous major phase encapsulating secondary phasasuring less than a hundred micrometers. The
secondary phases are formed by phase separatiamyetallization phenomena during cooling of the
molten glass in the canister. The physical andestcuctural properties of the UMo glass in thedsalid
liquid states were determined over the full spedifiange of compositions and process operating
parameters. The impact of the sample positiohércanister was also taken into account, given the
sensitivity of crystallization phenomena to therthal cooling scenario. A demonstration of the loagn
behavior of UMo glass-ceramic has also been caotitd

The industrial feasibility of this process has bdemonstrated in a full-scale pilot facility withaictive
surrogate solutions. The process was qualifiechbyfdllowing tests:

» Nominal, sensitivity, and transient-mode testsiges of glass compositions and parameter valaes
defined that ensure the production of glass withstlime properties as the laboratory reference, glass
and with acceptable element volatility.

» Degraded operationrmanagement modes were defined to prevent anycingmethe material
properties after the return to nominal conditions.

» Endurance testinga 21-day endurance test demonstrated that tleegsas not subject to variations
and that the material properties remain constaat tme.
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More than a hundred UMo glass canisters were pextidaring the test campaigns in the inactive pilot
facility. This paper presents the results obtaindtiese qualification programs.

INTRODUCTION

In France, the vitrification of high-level liquidaste produced by nuclear fuel reprocessing has been
successfully performed for more than 30 years thitbe major objectives: durable containment of the
long-lived fission products, minimization of thadil waste volume, and operability in an industrial
context. As a result, CEA and AREVA have acquiraitjue experience in the field of high-level waste
vitrification through continuous efforts to improteeth the technology (from hot to cold crucible tegl
and the associated matrix formulations, with camtstéanphasis on quality and volume reduction, legdin
to the design and qualification of the cold crueibielter (CCM) technology. Some legacy solutions
obtained by reprocessing spent UMo fuel in the farkhP2-400 plant during the 1970s are still stated
La Hague. These solutions are less radioactivetti@maurrent fission product concentrates cominmfr
ongoing reprocessing activities, but are very nicmolybdenum. AREVA is committed to conditioning
these wastes using the CCM technology [5].

With this objective, a glass-ceramic matrix hasnbeéeveloped by the CEA to immobilize these UMo
solutions: it comprises a vitreous major phase gsulating secondary phases measuring less than a
hundred micrometers. The secondary phases areddmgnphase separation and crystallization
phenomena during cooling of the molten glass irctr@ster. The physical and microstructural prapert
of the UMo glass in the solid and liquid statesevgetermined over the full specified range of
compositions and process operating parametersinipeect of the sample position in the canister was
also taken into account, given the sensitivityrgstallization phenomena to the thermal coolinghacie.

A demonstration of the long-term behavior of UMagg-ceramic has also been carried out. The industri
feasibility of this process has been demonstratedfull-scale pilot facility with inactive surrotga
solutions.

GENERAL QUALIFICATION METHOD FOR CONTAINMENT GLASS
FORMULATION

Acceptance criteria for the final material mussftfibe defined to orient the glass formulation pdoce
[1]. The following specifications are determined:

» Required standard wasteform composition and variatinge,
» Required process-related fabrication constraints,

» Expected matrix properties after fabrication,

» Expected waste volume reduction factor.

The first formulation step identifies a range dfebus material compositions suitable for incorfioraof
the waste elements. The composition range is selegt the basis of the expertise acquired by thee CE
in waste containment glasses. The compositiongmitie range are tested to assess their poteautidl,
one or more compositions are selected for optinadaatnd more thorough characterization. The tests
focus in particular on the processing temperatiieproperties necessary to ensure satisfactooepso
control (e.g. viscosity and electrical resistivjty)icro-homogeneity, and chemical durability. Faling
this laboratory study of nonradioactive materialsvhich the radioactive species are replaced by
nonradioactive isotopes or surrogate elementdeserce glass is specified. The reference glass is
validated by fabricating a nonradioactive sampla pilot unit at a scale representative of thealctu
fabrication process. A sensitivity study is therrieal out to determine the impact of variationgémtain
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parameter values on the feasibility of fabricating matrix and on the characteristics of the final
material. The operating range is validated by periiog tests in the vitrification pilot facility, king into
account the worst-case operating configurations.firtal phase of the formulation study necessary
before accepting the containment matrix involvéang-term behavior assessment. These findings are
intended to corroborate the chemical durability tesults obtained during the previous studiesy tre
supplemented by studies of irradiation stabilitd am assessment of the long-term alteration phename
liable to affect the material. Depending on thdogactive elements present in the waste and theepiep
of the matrix, it may be advisable to include aditdnal validation step in which the matrix is fadated
and characterized with radioactive waste samples [2

Formulation of a Glass M atrix for Containment of UM o Solutions
Considering elements present in the UMo high-lexedte feed solutionsgple 1), the molybdenum and

phosphorus loading capacity of the glass is undprestly critical for the waste loading capabilitfytbe
containment matrix. Molybdenum loading is limitedabout 4 wt% in R7 glass.

Table |. UMo solution main characteristics

MoO3 137
Composition P,O5 42
(g/L) Na,O 11
Other 15
\olume 250 m

Activity <222 13°Bg/L

At higher values a water-soluble segregated yettaybdic phase could appear in the glass. Phosphoru
cannot be loaded to above a few percent in this offglass because it forms silicates liable toimish

the chemical durability of the residual glass. étswwherefore decided to investigate at laboratoaiesa
different composition range than R7/T7 glass te tako account the specificity of the UMo solution
composition. We chose to begin with a range basedi®,, NaO, Al,Os, P.Os, B,O; and MoQ. Tests

were also conducted with various additives: Ca&tabilize molybdenum in the form of durable calcium
molybdate crystals, Zr{and ZnO to enhance the chemical durability offithe glass and the
homogeneity of the glass melt. The limits of thenposition range were determined from the results
obtained during CEA tests in the 1960s and 197@s edmpositions capable of being fabricated at
temperatures below 1200°C. The target value ofrtbiting temperature is between 1200°C and 1300°C,
however, made possible by the use of a cold creieitdlter. The following simplified composition rang
(less than 6 compounds) was investigated to teatability to incorporate high content of molybdem

and phosphorous:

e SiOy 32 to 44 wt%
o AlLOs: <5 wt%
e B,Os: 15 to 22 wt%
* NaO: 12 wt%
¢ POs: <4 wt%
e MoO3: 10 to 12 wt%

» Tested additives: CaO, ZnO, ZrQ.i,0.
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Over 100 glass samples were fabricated and chaatiean this range. The resuligure 1) for each
composition are normalized for the three constitsi@nth the greatest impact on the final materidhin
the studied range: S¥AILO;, P,Os. Three glass families were identified within tradhin, in addition
to highly refractory matrices unsuitable for falation below 1300°C:

» Glasses that are translucent after quenching (SUMp# glass),
» Opaque glasses (SUMo2-Type glass),
» Macroscopically heterogeneous matrices.

SUMo1-10a and SUMo2-12a glass compositions weraaitfrom the first and second families,
containing respectively 10 and 12 wt% of Mg@king into account the whole waste compositidmeyl
were selected for further optimization, togethethv@PNM glass (main components: Si®0s,Na,0,
MoOs) melted in reducing conditions. The qualitieseduced SPNMglass for vitrification of UMo
solutions were observed during another formulasitoialy; although this composition is not part of the
selection range, its advantageous chemical dumahitid viscosity characteristics are related to the
oxidation state of molybdenum, which is reducedid instead of +VI in the general oxidizing
conditions [3]. Following this optimization and chaterization phase, SUM02-10d glass (optimized
from SUMo02-12a) containing 10 wt% of M@@as selected as the reference formulation; itspomition
is also indicated ifable I 1. Due to variations in the waste loading factor andertainties on
compositions of UMo solution and glass additivasoiduced in the process as glass frit, glass
composition variations are also taken into account.

Compositions studied in the 1960s and 1970s

New compositions studied

Homogeneous translucent
matrices

Opaque matrices

@ vacroscopically
heterogeneous matrices

PZ%\ Al,O,

0 10 20 30 40 50 60 70 80 20 100

Figure 1. Glass composition range of the preliminary foratioin study
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Tablell. UMo reference glass composition (wt%)

Sio, 38.7
Na,O 9.4
B,O; 13.9
Al,O4 7.1
P,O5 3.1
MoO; 10.0
ZnO 6.0
ZrO, 3.3
CaO 6.1
Other 2.4

The reference UMo glass, SUM02-10d, is a vitreoatenmal fabricated at 1250°C. It is an opaque glass
ceramic. In the molten state the melt is homogesgout phase separation and crystallization phename
occur after cooling in the canister. The glass+téras characterized by secondary phases dispersed
encapsulating borosilicate glass matrix. The seapnphases are mostly found in beads of nanometer o
micrometer scale, or even in aggregates of a fas/dé micrometersHigure 2). Some beads appear
homogeneous at micrometer scale, while others appde multiphase beads. The “homogeneous”
beads contain mainly molybdenum, phosphorus, qalcainc and sodium. Several crystalline and
vitreous phases can be identified in the “multigid®ads and “aggregates”: calcium molybdate, gaici
or zinc phosphates, as well as an interstitiabeitzis borosilicate phase. Considering the possifpi@dt

of the cooling scenario on phase separation argladligation phenomena, the glass fabricated at
laboratory scale is based on the extreme cooliagatos expected in the waste canister. The same
microstructure is also observed for all possiblepositions of the domain considered. Only slight
differences in crystal size are observed.

The following properties were determined for thierence UMo glass and for UMo glass with maximum
and minimum molybdenum and phosphorous contentttyeecomposition range considered. All these
glasses were synthesized at 1250°C. Chemical dityabsts in Soxhlet mode at 100°C yieldgd/alues
around 2.6 g-ifd™ which is comparable to thgvalue obtained for R7 glass The molten glass ptigse
are also compatible with fabrication in a cold d@olesmelter: a viscosity of around 40 dPa-s at 2250

and an electrical resistivity of about¥?cm at 1250°C. The maximum range molybdenum and
phosphorus content in the final glass determinedrhblting temperature range, which must be higher
than the phase separation temperature in ordeaiatam a homogeneous melt in the crucible. Thespha
separation temperature depends on the molybdendmhasphorous concentrations in the glass [4]. For
the purposes of this formulation study, the serigjtstudy thus consisted in determining the exem
acceptable variations for these parameters: mekimperature, molybdenum and phosphorous contents.
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Figure 2. UMo glass microstructure

Long-Term Behavior

The long-term behavior of the matrix was also itigased, and particularly the matrix behavior under
irradiation and its leaching resistance.

The irradiation behavior was studied using a fews tef grams of UMo glass doped with americium and
curium produced in the Atalante complex at Marcaaldetermine the location of the actinides in the
matrix and to ensure that the matrix propertiesveenserved after having accumulated the doseslevel
expected for this type of glass. Americium was adaethe vitrification feed mixture to simulate #ie
actinides and to demonstrate that they tendedrtoerdrate in the calcium molybdates and calcium
phosphates. This result confirms those obtaineithgumactive tests with neodymium as the trivalent
actinide surrogate.

All the leaching experiments were carried out asglsamples synthesized in a cold crucible melter
under conditions representative of the industniatgss. A large body of experimental leaching data
obtained to establish a law describing the vanigtio the initial alteration rate as a functiorttué pH

and temperature. These dynamic-mode experimentis yary high solution renewal rates to maintain
initial rate conditions) were carried out over alavpH range (7 to 11) at 30°C and 90°C. Rate drop
measurements were performed in a static systef®°&t &n the benchmark glass and on a glass with
molybdenum and phosphorus concentrations at therudippit of the range. In each case, canister core
samples and edge samples were taken because $ka sige varies according to the glass cooling
conditions: they are generally larger in the cenf@he canister where cooling is the slowest. d&ia
confirm that the chemical durability of the glagsamic matrix is comparable to that of homogeneous
borosilicate glasses for the alteration rate regimeestigated (initial rate and rate drop).

VITRIFICATION PILOT TESTS

The qualification program was carried out at Mateon the full scale pilot of the future active
vitrification cell (Figure 3). The feed solution and additives are suppliethéccalciner. The resulting
calcine is then mixed with glass frit in the melfEhe off-gas treatment unit recycles particle pradind
purifies the gas streams before stack release.
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The cold crucible melter is continuously supplieithvealcine and intermittently with glass frit. Theass
in the crucible is heated directly by eddy curraggserated by the inductor surrounding the shbei. T
currents dissipate power by Joule effect that hibatsalcine and glass frit to form the glass nidie
main monitored parameters are temperature, sipeed, and gaz flow rate via injectors.

Vitrified Sugar  Reoyded sohoiom
Class “olution of dusi saubber

Frit |—>T1—

Dust

Figure 3. Full scale vitrification pilot

Nominal, sensitivity, and transient operating mogkts covering nominal process operation were
performed first, followed by an investigation ofgdaded modes and an endurance test to finish the
process qualification study.

The glass fabricated in the pilot was characterinadbtail on samples taken during pouring as alin
the canister. Samples were taken at differentipositalong a vertical cross section of the canister
(Figure 4). The samples were analyzed to verify the goodergent between theoretical and analyzed
composition. Several microstructural characterimetiwere carried out on these glass samples. Dityabi
and other properties were also determined on glashkiced at pilot scale in order to verify that ¢feess
produced had the expected characteristics.

Figure4. Location of UMo glass samples taken along a @&lrtiross section of the canister
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Nominal Tests

The objective of the nominal tests was to defirertminal parameters values required to synthesize
homogenous reference glass with the same propesditee laboratory reference glass. The calcining
parameters were defined by prior tests withoutfigaition and could not be modified during the
vitrification process. The temperature in the moli¢ass was fixed by previous results obtained at
laboratory scale. Only the stirrer rotation spewed the flow rate of the gaz injectors were subject
variation. The final choice of the nominal paramgtgas based on the results of glass charactenigati
volatility and stability of process operation.

Nominal CCIM parameters during the synthesis ofsiflected reference glass were:

» ~1250°C for the glass temperature in the cruciliiégined by regulating the generator power,

» ~ 50 rpm for the stirrer rotation speed,

* ~400 L/h (at Normal conditions: 101325 Pa an@)@®r the flow rate from each of the gaz injector.
» ~ 45 kg/h for nominal throughput.

Sensitivity Tests

» The first type of sensitivity tests concerned wéséeling. The waste loading is related to the
molybdenum and phosphorous concentration in gldssimpact of variations in the melt stirring
conditions and glass synthesis temperature on iakagerality and on volatility phenomena were also
studied. The tests objective was to validate amatipg range for these parameters over the entire
composition domain, to maintain the nominal thrqugh

Transient Operating M odes

During transient phases, the operating parametess loe adjusted to guarantee the chemical compositi
and microstructure of the final glass and to awbidng volatility. Considering the presence of titda
elements and various startup options, the folloviésgs were chosen:

» Startup tests with glass frit or with glass to deiiee the procedure for obtaining a homogeneoussgla
with acceptable composition

» Short and extended tests of calciner standby pé@&dP). In operation, those periods occur when the
process is no longer supplied with UMo solution &itdFor the melter, the CSP can be considered
equivalent to a glass soaking period.

We have shown that startup with glass frit or glagmssible for the CCIM. The analysis findings thee
first melt show no enrichment or depletion of afyhe glass constituent elements. We may therefore
conclude that any possible high volatility of soatements during the startup phase has no consezgienc
on the glass composition.

Moreover, short and extended CSPs did not dishelztucible and off-gas treatment management cycles
nor were any differences in behavior identified @n@SP operating conditions. It did not affect the
material, as shown by the results of chemical aigbnd microstructural characterization. It wik e
necessary to modify the glass fabrication conditidaring reasonably short calciner standby periods.

Degraded Operating M odes

Operating incidents can cause the process to @édv@h nominal operating conditions. Degraded
operating modes must be examined to minimize thgiact, on the process equipment, and on the
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material quality. Means of detection are determiaied management procedures are defined. In our case
we chose to study five degraded modes:

» the impact on the material of an interruption ia tftass frit feeding: the purpose of this test teas
determine the consequences of glass frit feedréadn the material and its impact on process chntro
another objective was to determine a suitable mefdstecting frit feed clogging;

» the consequences of restarting a full melter, tnafestrate that under the rated operating condit@ans
crucible which had to be cooled down after an iantdvith maximum holdup, can be restarted, and to
determine the impact on material and process;

» the impact of an interruption of stirring and tleintermeasures necessary to guarantee the prepertie
of the final glass;

» the impact of exiting the melting temperature raragel the necessary countermeasures;
» the impact of the loss of gaz sparging, and thessary countermeasures.

It was shown that the management modes appliegie with these situations, successfully preserved t
material quality and did not disturb the crucibhel aff-gas treatment behavior.

Endurance Test

The main objective of the endurance test was toodsinate that the process and the material pregerti
remain constant over the time. The enduranceasttd 21 days compared with 5 days for the otlsts.te

No major operating difficulties were encounteredmty the three-week test. The reference glass
composition was produced under nominal conditioitBomt any problem in the crucible, nor did any
difficulties appear during pouring of the 18 torigjtass fabricated during this period.

No variation in the chemical composition and mitmasture of the glass poured into the canisters was
observed throughout the test including the last.pou

CONCLUSION

The specific feature of UMo solutions (high molyhden and phosphorus content), the objective of
minimizing the final waste volume as far as itéagsonably achievable with respect to acceptance for
ultimate disposal, and the requirement of procgstiis solution in the existing AREVA vitrification
facility were taken into account to develop a higdste loading glass-ceramic matrix which benefasf
the advantages of the Cold Crucible Melter.

The formulation and process qualification prograerevcarried out at laboratory and pilot scale. A fu
scale pilot of the industrial vitrification processs used for the R&D program, as well as to train
operators and to validate the design options.

This process qualification methodology appliedit® Mo solutions allowed us to draft the package
gualification file for new glass-ceramic packagesaddition to the technological data, this filsal
describes the study of the glass composition rangeof its long-term behavior.

The qualification file of the UMo package is curigrunder approval by the French Safety Authority.
AREVA has planed to startup the vitrification oétlegacy UMo solutions in cold crucible melterfs t
La Hague Plant in 2011.
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