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I - INTRODUCTION 

The reprocessing of spent fuels generates several types of 
wastes. Among these wastes, the aecladding materials viz.points, spacers, 
hulls, grids, springs, etc., must be stored under stringent condi
tions. Particular attention has to be paid more especially to the 
hulls because these materials pertain to TRU wastes as well as 
By waste owing to the activation of some elements, to the presence 
of undissolved fuel, an to the diffusion of fission products, tri
tium included, through che matrix. In addition, a fire hazard is 
associated with the hulls related to the light water reactors. 

The most generally operated storage system lies in filling 
silos witn the decladding materials under water. This procedure must 
be considered as an interim one, and a conditionning process provi
ding waste materials having properties suitable enough to allow a safer 
and more compact disposal has to be elaborated. 

A number of techniques are at present under investigation in 
several nuclear countries, in particular mechanical compaction asso
ciated with an embedding in concrete or lead, and melting. This latter 
has been investigated in theU.S. and in France. The French work carried 
out by the Commissariat à l'Energie Atomique at Marcoule, and sponsored 
under contract by the Commission of the European Communities is presented 
in this paper. Both stainless steel and Zircaloy hulls were taken into 
consideration. 
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II - LABORATORY RESEARCH STAGE 

11-1. ZIRCALOYJ4ELIINÇ 

As the melting point of Zircaloy alloys used for the cladding 
of spent fuels is high (1800°C range) it was attempted to decrease it 
in order to make easier a further industrial operation. 

Fe, Ni, Cu were chosen as basic additives because they make 
low melting point entectics with Zirconium. Inconel ana Stainless 
steels ougnt therefore to be used too in so far as their Cr content 
is not too high. 

Experiments were carried out, submitting 200 gr. of mixed 
materials to various temperatures. They were kept at a given tempera
ture for 4 hours under argon atmosphere. The examination consisted 
of visual inspection to determine whether the product had been melted 
and whether a homogeneous ingot was formed. 

For Zircaloy 4, a 1200°C melting point was reached with the 
addition of : - Cu (21,5 Z) 

- Ni (17,0 Z) 
- Stainless steel 316 L (15 - 17,5 and 20 %) 
- Inconel 600 (15 Z). 

II-2. STAINLESS_STEEL_MELTING 

The melting points of stainless steels involved in cladding 
are lower than those of Zircaloy, but high enough to justify an attempt 
to decrease them» Two ways were investigated : 

- Eutectic formation with C, Si, B or ferroboron 
- Dissolution in a low melting point alloy (Sb, Cu). 
Experiments were conducted in the same way as for Zircaloy. 
A 1050°C «lilting point was reached with : 

- Stainless steel 305 + 90 % Sb and 10 % Cu 
70 to 80 Z 20 to 30 % 

- Stainless steel 316 L + 90 Z Sb and 10 Z Cu 
50 to 70 X 30 to 50 Z 

- Inconel 601 + 90 % Sb and 10 Cu 
70 to 80 Z 20 to 30 Z 

- Inconel 601 + 76,5 Z Sb and 23,5 Z Cu 
80 Z 20 Z 

A 1250°C melting point was reached with : 
- Stainless steel 316 L + C 

94 to 98 Z 2 to 6 Z 
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- Stainless steel 316 L + B (under ferroboron form) 
95 to 96 % 4 to 5 % 

- Stainless steel 316 L + Silicon 
75 to 85 % 15 to 25 Z 

Cinetics of melting are in most cases less than an hour. 

II-3. Ç0RR0SI0N_RESISTMÇE_OF_V^IOyS_^^ÇTQRY_MATER^LS 

Refractory materials which will be used in industrial.equip
ment will have to withstand the effect of molten material during a 
period long enough not to hinder a normal operation. 

Experiments were therefore undertaken to provide a prior 
selection of suitable refractory products. 

II-3.1. Zircaloy, 

11 materials were submitted to specific tests. The basic 
components were : 

- MgO (trade marks : C 104 and Anker Dl) 
- AI2O3 (trade marks : Magma 1 ox and /.lcor.) 
- AI2O3 + Zr0 2 (trade marks : ZAC 1681 and ZAC 1711) 
- Cr2Û3 (trade marks : C 1215 and Cr 100) 
- C (graphite and CSi) 
- Ca F 2 

The alloy involved in the experiment was Zr 80% - Cu 20%. 
The tests consisted of putting samples in the molten metal 

contained in zircona crucibles. These crucibles were put in a furnace 
under argon atmosphere and at a temperature of 1200°C for 100 hours. 

It was found after visual inspection and microscopic examina
tion that every kind of refractory material had behaved satisfactorily 
apart from CaF2 and CSi. Graphite even appeared to be absolutely inert. 

II-3.2. Stainless_Steel 

Two alloys were taken into account : 
- Stainless steel 316 L + Si (15 %) 
- Stainless steel 316 L + ferroboron (20 %) 

Stainless steel 316 L is the material used for the cladding 
of the french F.B.R. Phénix fuels. 

11 materials were submitted to a test similar to the above 
mentioned one. The basic components of these materials were : 

- MgO (trade marks Electrex F 55, Anker D 1 and 
Magnorite Mn 197) #••/•• 



- AI2Û3 (trade marks Alcor, Super;tar, Isostal G and pure 
sintered alumina) 

- Zr0 2 (trade mark ZFE) 
- AI2O3 + Zr0 2 (trade mark : ZAC 1681) 
- Cr203 (trade mark C 12!5) 
- C (graphite) 
The difference from the test related to Zr Cu alloy was the 

temperature : 1270°C instead of 1200°C. 
The results pointed out : 

- Roughly structured ceramics were the materials most subjected to 
the corrosion effect. 

~ Chromium oxide was dissolved in the boron bearing alloy. 
- Graphite was dissolved in both alloys. 
- A material containing Cr 20s and another containing graphite as 

secondary components were greatly corroded by the boron bearing 
alloy. 

- Zirconia behaved well but wa» fragile and inclined to crack. 
- The boron bearing alloy was moire aggressive towards most refrac

tory materials than the silicon bearing one. 
- Among the materials involved in the test, the ceramic ISOSTAL G 

(Al 20 3 55 Z,C 30 Z,Si02 15 %) seemed to be the most corrosion 
resistant. Nevertheless the presence of C seemed to be a precau
tion in order to predict satisfactory behaviour for a much longer 
period than that of the experiment. 

II-4. DECONTAMINATION 

It was thought interesting to carry out decontamination du
ring the same stage of the process. Therefore preliminary investi
gations were carried out to estimate the degree of physical feasi
bility of such treatment. 

Glass and molten salts were chosen as decontamination agents 
in order to be collected as slags at the end of the process. Tests 
were first carried out on non radioactive stainless steel and Zircaloy-4 
hulls. 

Severals glasses and particularly a borosilicated one appea
red as suitable materials for stainless steel. On the other hand 
these products are not to be recommended for the decontamination 
of Zircaloy because their composants can be reduced by Zirconium. 
In this case only the use of molten mineral salts (CaF2 and MgF 2 

for example) gives a clear two-phase separation. 
Taking into account the mode of contamination when examining 

the results, the tests are extremely encouraging for stainless steel 
316 L, but negative as for Zircaloy 4 where only the use of molten 
fluoride-type salts could be envisaged. 
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Ill - STUDY OF SEMI-INDUSTRIAL LOADS 

This study was undertaken on a larger scale (30 to 50 kg loads) 
in order to study concrete technological problems. 

The equipment used for the fusion of the loads comprised an 
induction furnace and crucible within a sealed metal glove-box type 
container which enabled the study to be carried out in a controlled 
atmosphere. The furnace had a capacity of 50 kg and was cleaned by 
tilting. 

III-l. ZIRÇALOY_FUSION 

Four types of alloy have been formulated from Zircaloy 4. 
- Zircaloy + 21,5 % copper 
- Zircaloy + 1 7 % nickel 
- Zircaloy +21 % stainless steel 304 L 
- Zircaloy + 1 5 % inconel 600 

The copper bearing ingot was obtained by preliminary fusion 
of the total copper content followed by the addition of the Zircaloy 
in the form of tubes simulating the cut hulls. For the other alloys 
the tests were begun by loading mixture of constituants of a total 
weight of 3 kg. Then by continuing to add the mixture to the ciolten 
bath until full. The temperature was constantly below 1200°C and the 
ingots obtained were always homogeneous. 

111-2. STAINLESS,STEEL_FUSION -
Ingots of stainless steel without additives and alloys were thus 

elaborated from 304 L ingots have been form using : 

- stainless steel + 2,4 + 6 % carbon 
- stainless steel + 15 7. silicon 
- stainless steel + 3,4% boron made either by adding 

boron or by adding ferroboron 
- stainless steel dissolved in a Sb-Cu 50 % alloy. 

The experiments were carried out by melting 3 kg of alloy 
constituents in the crucible then by continuing to feed the molten 
bath until full. Only the Sb-Cu alloy was handled differentjy by 
preliminary fusion of the Sb-Cu and introduction of pieces of 
stainless steel into the molten bath. 

The functioning of the tests was always satisfactory, the 
working temperatures were in the order of 1380°C for the carbon 
alloy, 1250°C for the silicon alloy, and 1300°C for the boron 
alloy. All the products thus obtained may be esteemed satisfactory, 
with the exception of the boron alloy obtained by the addition of 
boron because it marries badly with stainless steel. 



III-3. ÇÇRROSION_QF_REFRAÇTÇRY_MATERIALS 
III-3.1 ^irçaloj 

Tests have only been carried out on the Zircaloy copper alloy 
containing 22 Z copper. 

It was found that : 
- Graphite-base crucibles suffered practically no effects of cor

rosion from the bath; pure graphite, Superstar and Isostal G are the 
best choices, but Isostal G has however a slight tendency to crack. 

- AI2O3 crucibles are not attacked but are not very resistant to 
thermic scrack (eg. Alcar, Isocreu) 

- Magnesium base crucibles are deeply corroded (Magnorite Mn 197) 
II1-3.2 Stainless_Stee1 

Tests were only run on stainless steel 316 L allied with 15 % 
silicon. Only one vitreous silica crucible was put into operation then 
suddenly cracked after 12 alloy fabrication tests. Its fragilisation 
was probably due to change of allotropie state. 

Other more promising materials are at present being studied. 

II1-4. DEÇ0NTAM1NATI0N_TESTS 

III-4.1 StainlessSteel 

The feasibility of the operation was examined by first using 
non-contaminated hulls,then uranium contaminated ones. 

A series of eight tests was run on voluntarily contaminated 
hulls. 316 L steel was used in the form of hulls with the addition 
of granulated silicon. A single borosilicated glass was used as the 
decontaminating agent. Pure UO3 contamination was used for 3 tests 
and a uranium rich solution (nitrate) was used in the subsequent ones 

The operation was begun by fusing the steel and silicon mix
ture, then the glass was fed in followed by agitation before casting 
in the first 5 tests. For the subsequent tests the glass was placed 
under the initial load. The temperature of the bath varied from 
1300°C to 1500°C. The tests showed that it was preferable not to 
place the whole glass load in the bottom of the crucible since it 
tends to float on the surface and impede the loading. The ingots 
obtained have a satisfactory appearance and the vitreous slags 
separate quite easily. 

The decontamination factor thus obtained is in the region 
of 200. The uranium content of the cast or recuperated slag varies 
from 2400 to 10 500 ppm. and there only remains from 1 to 10/tg/g 
of uranium in the metal. 
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111-4.1. Zircaloy 

Given the problems encountered in the laboratory only the fea-
sibiliy aspect has been considered. The alloy worked out was Zr-Cu 
with 22 Z copper, and the decontaminating agents used were phosphate 
glasses, a mixture of CaFî and MgFj and a mixture of CaCl2 and CaF2 • 

During the 8 tests carried out the operation was always begun 
by first melting the copper alone, then introducing the Zircaloy 
into the molten copper, the decontaminating agent being poured into 
the molten bath at the end of the experiment. 

The tests run confirmed that since it is practically impossible 
to use a glass as a decontaminating agent; the CaF2 MgF2 mixture is 
relatively difficult to use due to volatilisation, and the metallic 
ingot obtained by using a CaCl2 + CaFîmixture presented a relatively 
rough surface state. 

IV - CONCLUSION 

The fusion compaction of metallic waste from spent fuel hulls 
is shown to be easily feasible for both Zircaloy and for stainless 
steel, and volume reduction factors in the region of 5 to 7, corres
ponding to the theoretic density cf the alloy obtained, are arrived 
a t quite easily. 

The Zircaloy coper alloy, put into use to lower the fusion 
point of the Zircaloy appears extremely interesting both as to the 
ease with which it can be used and the possibility which it offers 
of working at temperatures always lower than 1250°C, 

The decreasing of fusion temperature is less spectacular with 
stainless steel, only the use of silicon enabling the lowering of 
the temperature to around 1200°C appears really feasible. 

The use of decontaminating agents either during or at the end 
of the fusion operation seems to be a promising technique, especial
ly in the case of stainless steel where the use of a borosilicated 
glass is easy. The choice of decontaminating agent is more difficult 
for Zircaloy which reduces the principal oxide composants of glasses 
and makes necessary the use of molten salts mixtures, the composi
tion of which has not yet been defined. 

The decontamination factors obtained during the tests run on 
steel are encouraging, although they were obtained using artificially 
contaminated hulls; they should therefore be considered with precau
tion and be confirmed by further tests in hot cells using real hulls. 
It is at this stage that it will also be possible to seriously study 
the treatment of elements brought by the gas produced during fusion. 
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This study has made it possible to determine the principal 
parameters necessitated by the setting up of an industrial furnace 
project. The realisation of fusion compaction units for waste from 
fuel hulls generated by future reprocessing plants seems to be a 
real short-term possibility. 


