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INTRODUCTION 

A research and development program on the 
vitrification of radioactive high-level waste 
(HLW) solutions has been under way m France 
for approximately thirty years and the first 
radioactive glass was produced in 1958. Glass 
blocks weighing 5 to 15 kg with a specific activity 
of about 1.000 Oldml were then made in 1963 
by a process using gelification in a graphite 
crucible to permit laboratory examinations. 

Industrial-scale continuous and batch 
vitrification processes were being developed at 
the same time. Their first application was at the 
Piver industrial pilot plant, which operated at 
the Marcoule Nuclear Center between 1969 and 
1973 to vitriry HLW solutions produced by the 
UP1 reprocessing plant. During this period the 
Piver facility, wmch used a metallic pot batch 
vitrification technique, produced 12 tonnes of 
glass with a maximum activity of 3,000 Cudm3 
corresponding to 820 tonnes of spent gas cooled 
reactor (GCR) rjel. Piver was returned to sendee 
m 1979 and also treated 4 m3 of HLW solutions 
resulting from -eprocessmg of fast breeder 
reactor (F3R) fuei. 

In view of the satisfactory results obtained, it was 
tnen decided :o increase :he treatment capacity 



fay extrapolating a continuous process to the 
industrial scale. This led to construction of the 
Marcoule vitrification facility (AVM) with SGN 
acting as architect-engineer on behalf of the 
operator Cogema. 

AVM entered active service in 1978 and vitrified 
the backlog of stored waste. It is still 
continuously treating the HLWsolutions 
produced by the UP1 plant. 

As of January 1988. AVM has vitrified a total of 
1,213 rr,3 of concentrated fission product 
solutions. These operations generated 530 
tonnes of glass packaged in 1,533 metallic 
canisters. 

Two virtually identical facilities. R7and 77, have 
been designed to vitrify HLW solutions from the 
UP2 and UP3 reprocessing plants at the La Hague 
site. These racilities, also built by SGN for 
Cogema. are- either complete (R7) or in the final 
construction phase (T7). They employ the same 
process as the A VM facility 

THE SOLIDIFICATION MATERIAL 

Glass has been selected as a suitable 
solidification material that comcines 
radionuclide immobilizing capaoility with ease 
of manufacture. Sodium borosilicate glass is 
used, and the exact composition is adjusted 
according to the nature of 'he liquid to be 
solidified [11. The formulation is determined 
according to the desired properties, the waste 
composition, the planned volume reduction and, 
m certain cases, the thermal capacity of the 
materials to be vitrified. 

Several glass compositions were devised forAVM 
[2]. Efforts were then focused on the glass 
intended for vitrification of HLW fission product 
solutions generated by LWR fuel reprocessing at 
the La Hague UP2 and UP3 plants. 

Like the ones produced at Marcouie, this glass 
satisfies the following requirements: 
• compatibility with solution composition; 
• significant liauid/soiid voiume reduction: 
• ease of faoncation m m industrial 
environment; 
- prooerties consistent with interim and long-
term storage soecifications (thermal stability, 
cnemicai resistance to natural agents, stability 
under irraaiation etc.}. 

Table I shows the composition of this glass. 

Glass composition % by weight 

Si0 2 452 

B 2 0 3 13.9 

A l 2 0 3 4.9 

Na20 9.8 

CaO 4 0 

Fe 2 0 3 2.9 

NiO 0.4 

C r 2 0 2 0.5 

P20 5 0.3 

Zr0 2 (filings) 1.0 

L i 3 0 2.0 

ZnO 2.5 

FP oxiaes 11.0 

Actinide oxides 0.9 

Metallic particles 0.7 

100.0 

TABLE I : R7-T7 Glass composition 

SOLIDIFICATION MATERIAL R&D 

Manufacturing Process Compatibility 

The most important aspects are the corrosiveness 
of the molten glass with regard to metals, the 
viscosity of the molten glass and volatilization 
during glass fabrication. This research is 
essential, especially to determine the effect of 
the glass on storage equipment (material life 
and gas processing design). 

Material Characterization 

Glass characterization comprises a series of 
operations providing a comprehensive 
assessment of material properties, some of which 
must comply with basic safety regulations 
stipulated by the French authorities for the 
safety of nucear facilities. Other prooerties must 
be determined prior to approval by the French 
agency responsible for long-term storage 
(ANDRA), ana to provide basic data for 
repository design work by Cogema customers. 



Characterization is performed in a complemen
tary and comparative manner on the following: 
• inactive glass prepared in the laboratory; 
- active glass prepared in shielded laboratory hot 
cells; 
• inactive industrial glass made in the full-scale 
process prototype unit. 

The main glass properties measured are detailed 
below. 

• Physical properties 

These measurements are performed en inactive 
samples prepared in the laboratory. They 
include : 

- specific gravity = 2.75; 
- viscosity at 1,W0°C = 8.8N.m-2.s; 
- linear coefficient of expansion between 25 

and300cC = 8.3 x 10<= K<; 
- thermal conductivity at 25X = 1.1 V/ .m- 'K ' ; 
- Young's modulus E = 8.4 x 10'° N.rr2; 
• stress intensity factor KK = 0.9 MNm-3'2. 

• Homogeneity 

Homogeneity is assessed particularly on inactive 
industrial glass samples taken in the pouring 
stream, or in the canister after cooling. The 
investigation methods employed are: 

• visual examination; 
-chemical analysis: 
- light-ootical microscopy; 
• scanning electron microscopy with X-ray and 

microorobe analysis. 

Results show that the glass is homogeneous and 
only rare chromite crystals appear. However, a 
minimum preparation temperature is recuired if 
the presence of a molybdenum-nch phase is to 
be avoiQed. 

• Thermal stability 

This property is assessed by inducing 
crystallization with heat treatments of 15 to 20 
hours at between 590 and 1, 160"C After 
examination and analysis, five cr/stallinc phases 
(only one of which has been formally identified) 
are observed between 610 and 1,160°C: 

• calcium molybdate orpowellite (CaMoOj); 
- silicate complex (Si, Ca. re. Ni, Cr); 
- mixec oxide {Ce, U. Th); 
• chromite pnase (Cr. Fe. Ni. In); 
- Cr- ana Ni-oase phase. 

However, the totai crystallization in the glass 
aoes not reacn m by volume. This result was not 
alterea by longer treatments or 100 h at 780X 
(minimum er/stailization temperature), wnicn 

indicates that the glass has good thermal 
stability. 

• Resistance to water leaching 

This property was measured on the inactive 
laboratory and industrial glasses. It was also 
measured on the active glass. 

The inactive glasses wert treated in static or 
dynamic mode by operating a Soxhlet system 
with boiling water using small cylindrical 
samples of approximately 4 grammes. The mean 
daily leach rates under dynamic conditions (LM) 
after 28 days for various elements are as follows: 

Glass In 
10- 4g.cm-2.j-i 

laboratory glass 
Industrial 

glass 

LM(M) 2.1 2.0 

LM(Si) | 2.0 j 2.4 

LM(B) j 2.7 3.34 

LM(AI) | 2.5 2.57 
i 

LM(Na) I 2.8 | 3.13 

LM(Mo) 
I 

2.6 I 3.00 

LM(Zn) 0.63 0.74 

pH j 9.68 9.53 

TABLE II 

Active glasses were leached in a shielded hot cell 
at laboratory temperature with industrial water 
under dynamic conditions. The tested samples 
are cylindrical and weigh approximately 1.7 kg. 

Total mean activity of the samples is: 
- 480 to 1,040 GBq (13-28 curies) for alpha 

activity; 
• 2,520 to 25,560 TBq (68 690 curies) for beta 

activity. 

The mean daily leach rates after 40 days are: 

CI nrw2^t L x 10-7 
g.cm-2. day ' 

Alpha 1 5 

Beta 1.0 

Sr-90 0.6 

Cs-137 1.4 

Ru-106 5.3 

Ce-: 44 0 5 

TA8L: III 



Glass sensitivity to composition 
variations 

The compositi ; of glass produced during 
operation of industrial facilities may be slightly 
different from the reference composition. The 
reasons for such deviations include: 
- inaccuracies and errors always possible for the 
measurements (analyses) performed; 
- process operational disturbances. 

Sensitivity studies were therefore required to 
determine the impact of inaccuracies, errors and 
operational disturbances on the glass product 
quality. An effort was also made to assess the 
importance of these consequences. 

The variations considered were investigated 
systematically for both the fission product 
solution and the glass frit. These investigations 
included three steps: 
• variation of elements in the fission product 
solution (AI, fission products, Na, Fe, P, Zr, Mg); 
- variation of elements in the glass frit (S1O2, 
Al203, 3203, Li,0, CaO. ZnO); 
- variation of glass frit/glass ratio to take into 
account any variation of the respective 
throughputs of glass frit and solution. 

The glass frit/glass ratio varied on both sides of 
its nominal value. 

As previously, the main properties of the 
laboratory and industrial glasses were measured. 
The results of this study show that the variations 
are acceptable. 

effect of dissolution insolubles 

In/ection of 0.7 gramme of metallic platinoids 
representing the "fines" for 100 grammes of 
glass did not significantly alter the properties of 
the glass. The platinoids consisted of ruthenium, 
rhodium and palladium with a grain size 
between 0.1 and 0.3 microns. 

Compared with the reference glass, the presence 
of fines slightly increases the specific gravity, but 
does not modify the viscosity, alterability or 
mechanical oropemes. In addition, the fines do 
not cause the formation of new crystalline 

| phases. The presence of heterogeneities 
\ moreover tends to increase the mechanical 
i strength of the glasses [2). 

I Resistance to radiation 

i A study was performed on the inactive glass to 
I determine the effect of external beta radiation 

representing an integrated cose of 2 x JO" fads. 
This cose corresponcs to self-irradiation of the 

-» industrial glass for approximately 1,000 

The e. imina tions performed showed no 
evidence of dimensional variation, structural 
changes, devitrification or variation of 
resistances to aqueous corrosion. Only the 
ultimate tensile strength decreased significantly, 
but Young's modulus was not affected. 

Behaviorofactinides 

Various glasses doped with transuranic 
elements of increasing specific alpha activity 
were produced and leached in s:atic mode under 
standard conditions at 90°C[4[. The mean leach 
rates obrervedafter 28 days are: 

Glass LMin 
10-5 g.cm-2. day ' 

No-237 2.1 

P'j-239 0.1 

Pu-238 0.3 

Am-241 0.01 

TABLE IV 

Long-term behavior 

Extensive research under way on the long- term 
behavior of the glasses [5-6] will be continued. 
This research concerns the following; 

1. Study of basic mechanisms and modeling of 
glass corrosion. The goal is to establish a 
theoretical model to assess the influence of the 
mam parameters on the return of the 
radionuclides into the biosphere [7\. 

2. Study of the gijiies under storage conditions, 
which includes aiterability testing of inactive and 
active glasses (doping of glasses with No 2^7 Pu-
229, Pu-238. Am-2'11) and provides suppui i for 

! the aforementioned basic study. 
i 

i Behavior under alpha irradia tion will also be 
• investigated ro supplement previously 
\ completed studies. These investigations will 
' mainly aim at assessing the effects of a high 
! cumulative aioha dose, and the effects of the 
; dose rate on the alpha-traced and alpha-doped 
! glasses (particularly Cm-244 and Cm-2-12). 
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THE PROCESS 

The process employed has already been detailed 
in the literature [1-2]. It enables waste 
calcination and vitrification in two different 
components. 

The waste solution is evaporated and calcinated 
in a rotary kiln heated by a multuone furnace. 
The first step produces a calcinate, which is a dry 
residue with part of the nitrate removed from 
the solution. 

The calcinate is vitrified in the second step, which 
entaiis melting the calcinate with a 
prefabricated glass. This step is accomplished in 
an incuction-heated metallic pot and the glass 
product is poured in batches into an appropriate 
container at regular intervals. 

PROCESS R&D 

This R&D was performed at Marcoule in a full-
scale prototype unit perfectly identical to the 
equipment installed in the R7 and 77 facilities. 
The unit consequently accommodated a waste 
solution througnput of SO lih and produced glass 
at a rateor'SOkg/h. 

The mam objectives addressed in recent years 
were tne following: 
- qualification of process options adopted for the 
R7 and T7 projects; 
- verification of process capability to produce the 
selected confinement material, 
- demonstration of normal industrial operability 
and quality of the glass product. 

These efforts require lengthy and extensive work 
taking into account all possible variations during 

: ooeraticn of a continuous vitrification process. 
j They are necessary in order to determine the 

acceptable limits. 

The following R&D was completed: 
- process control optimization to ensure the 
"reacyto-pour glass" concept and provide the 
giass with a chemical composition based on 
operating data: 

; • ce:ermir,aticn of acceptacle ooeratmc para-
I meter sanations 'or the entire vitrification une; 
j - scecificat'.on of accepiaole variations ,n 
j che.mcai composition of the giass product 
I relative -o possiole chemical composition 
\ variations 'or :.".e process input streams. 

The following operating variations were tested: 
- variation of the meiter control temperature 
( IWOX instead of 1,1 SOT); 
- variation of the glass refining time (o h and 12 h 
instead of 8 h); 
- use of glass frit in the form of small flakes 
instead of strips; 
- variation of glass bath stirring conditions by a 
gas flow. 
The parameter variations caused no significant 
change in the glas: prupemes. In addition, 
results demonstn-r-i tr.at tne acceptable 
variations in giass co:np cation are within a 
range much broader than the range considered 
probable. 

All of these efforts related to the quality of 
operating conditions fora full-scale facility, and 
to the quality of the glass product, were 
determined on the bz$:s of the following: 
- preliminary analysis usine fault trees [SJ; < 
- laboratory research enabling specification of j 
confinement glass sensitivity to chemical j 
composition variations. ! 

In addition to all the tests perform ea on the 
process itseif, the CEA earned out extensive work j 
in collaboration with SGN, the architect- ! 
engineer m charge of building the La Hague \ 
reprocessing facilities. This work encompassed ail j 
considerations relative to the glass canister after | 
filling: j 
- drop tests under the worst case conditions j 
(insertion into storage shaft) for not, individual ! 
or stacked canisters, to veriry assurance of ; 
canister integrity and re'.nevability in all \ 
circumstances; 
•development of a canister contamination 
monitoring robot; 
•development of a lid welding process and 
maenme; 
• development of a canister dimensional \ 
checking device to study canister deformation 
before and after fiilmg. i 

Industrial References 

The AVM vitrification facility has been operating j 
under active conditions for W years at Marcoule. ; 
Several other facilities using the ŒA vitrification < 
process are now under construction: 
- the R7 facility with three vitrification unes at 
La Hague for the UP2-3C0 reprocessing plant; 
• the ~ 'acuity, also with three vitrification Unes 
at La Hague for tne UP3 renrocess'.ig piant. 
- tne WVP facility with two vitrification lines at 
Seila field. 'J X. for the existing Magnox 
reorocessing olant ana the ruture Thorp 
reprocessing piant. 



The vitrification facilities located in France are 
briefly described below. 

The AVM facility 

This facility, located in southern France along the 
Rhône River, was commissioned for active service 
in June 1978. To date, it has vitrified more than 
1,200 m3 of fission product acid solutions from 
the Marcoule reprocessing plant (UP1). 

The facility includes only three major active cells: 
- a cell containing the fission product storage 
tanks; 
-a vitrification cell; 
- a decontamination cell. 

The vitrification cell contains a rotary calciner 
and an induction-heated meiter with a glass 
throughput capacity of 15 kg/h. It also contains a 
system for feeding fission products to :he 
calciner, with 3 metering wheel, a pri.nary off-
gas treatment system with a dust scrubber and a 
condenser, a lid positioning and welding 
machine with a plasma torch, and simple 
dismantling equipment. All maintenance and 
equipment replacement in this cell can be 
performed only by means of a 20 kN crane, mas
ter-slave manipulators and simple handling 
devices. 

The La Hague facilities 

The R7and T7 facilities will vitrify: 
• fission product acid solutions; 
- insoluble compounds, called dissolution fines, 
resulting from clarification subsequent to the 
dissolution of spent fuel; 
- active sodium-rich solutions coming from 
solvents following treatment by sodium 
carbonate, or from evaporator rinsing at 
completion of the concentration cycle. 

Each facility consists of three vitrification lines 
and has a glass production rate of approximately 
90 kg/h. 

The main active cells of each facility are: 
- a fission product storage cell; 
• three vitrification cells in parallel, each 
including a reeding system, a rotating calciner, a 
melterwnhan mduction-heated crucible and a 
primary off-gas treatment system; 
• a pouring cell; 
• a coolmg-welding-momtonng cell; 
• a decontamination cull; 
• a second monitoring call; 
• a dismantling cell. 

Construction of R7 has Deen completedand —-
inactive tests have been performed. All 
instrumentation nas been calibrated. Mechanical 
and electrical tests have been performed on all 
the equipment. Overall inactive tests have been 
performed on each of the three lines producing 
43 glass canisters. These tests were conducted 
using the automated remote control system with 
simulated waste solutions and actual glass frit, 
while the off-gas treatment system was fully 
operational. 

The remote maintenance operations were also 
performed Every equipment item designed with 
remote replacement capability was actually 
replaced and maintenance manuals were 
valida ted accordingly. 

The future Cogema operators of the facility 
(about 70 people) were part of the team that 
performed all these tests, together with SGN 
personnel in charge of commissioning. 

Due to a deiay in delivery of the in-cell automatic 
cranes, the tests were performed with simple 
temporary cranes. Some complementary testing 
will be required with the actual in-ceil cranes. 

Active operation of the R7 facility is expected to 
start in 1988. 

Construction of the T7 facility has now been 
completed anù inactive tests nave been 
scheduled. Active operation is anticipated m 
1992. 

GLASS STORAGE 

Glass canister storage facilities are available for 
all of the vitrification plants. These facilities are 
also used to store the canisters containing high-
level reprocessing wastes. 

Several canisters are stored in individual vertical 
shafts, each of which has a shock absorbing 
device at the bottom. The canisters are 
transferred from the vitrification plant to the 
storage shaft inside a special cask ensuring 
complete bioiogical shielding. 

Shaft diametsr is designed JO that cccnng air csn 
flow througn the annulus bevween the canister 
and the inner wall. This ensures a glass 

I temperature uniformly lower than its 
i crystallization temperature. 



This air coois the concrete structu.e of the 
storage facility before distribution at the lower 
level oftheshafts. It is collected at the upper 
level and discharged to the atmosphere through 
a stack via filters and ventilation fans. 

The filters and fans can be bypassed to ensure 

ventilation of the shafts during a design basis 
event (earthquake, eieulnc power failure), in this 
'ise, the shafts are cooled by natural convection. 

The following table indicates the main 
characteristics of the storage facilities associated 
with the vitrification plants. 

AVM R7 T7 

Number of canister 
of each shafts 

10 9 9 

Number of shaft 
per module 

80 (2 modules) 
60(1 module) 

100 100 

Number of modules 3 5 4 

Total of canister 
capacity 

2.2C0 4.S00 3,600 

TABLE V : Storage Facilities 

CONCLUSION 

This paper has briefly described the main 
features of the French high-level waste 
vitrification program. These features include: 
- extensive R&D for more than 20 years; 
• successful operation of the A VM facility at 
Marcoule for about 10 years; 
- startup of six vitrification lines at La Hague, in 
the near future. 

The CEA is pursuing R&D for mid-term 
vitrification enhancement. New R&D facilities 
are being built at Marcoule to augment the 
capacity of vitrification equipment, study glass 
preparation at even higher temperatures to 
increase S1O2 andAL2O3 concentration, and 
perform extensive testing of samples with very 
high activity (more than 5,000 Oil). 
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