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FOREWORD 

The reprocessing of spent fuel from power reactors based on chop-leach 
technology produces a solid waste product of cladding hulls and other metallic 
residues. A considerable amount of research and development work on the 
treatment and conditioning of hulls and fuel hardware has been undertaken in 
several Member States of the Agency. However, as no country has established 
a final disposal route and the corresponding repository, a Technical Committee 
Meeting was held at the Agency's Headquarters in Vienna from 2 to 6 July 1984 
to collectively review the various developments and ensure the dissemination 
and exchange of the current, most up-to-date technology. 

The Technical Committee Meeting on Management of Cladding Hulls and 
Fuel Hardware was attended by ten experts from seven Member States and one 
international organization. The participants discussed and commented on a 
draft report, prepared for the IAEA Secretariat by two consultants, on waste 
management activities, including treatment, conditioning and disposal for hulls 
and fuel hardware. After the meeting, the report was revised by the IAEA 
Secretariat and the consultants, and the final draft approved by all participants. 
This report will be of use to persons considering waste management options 
for handling and disposal of cladding hulls and fuel hardware resulting from 
reprocessing power reactor fuels. 

The Agency wishes to thank all those who took part in the preparation 
of the report. Particular acknowledgement is due to the consultants, W. Baehr 
(Federal Republic of Germany) and I.L. Jenkins (United Kingdom), to the 
Chairman of the meeting, W. Heafield, and the Working Group leaders, 
W. Hebel and R. Kraemer. The officer responsible-at the IAEA for this report 
was D.E. Saire from the Waste Management Section of the Division of Nuclear 
Fuel Cycle. 





CONTENTS 

1. INTRODUCTION 1 

2. CHARACTERIZATION OF SPENT CLADDING HULLS AND 
FUEL HARDWARE 1 

2.1. Composition of cladding hulls and hardware 2 
2.2. Volumes and weights of hulls and hardware 3 
2.3. Radiation and contamination levels 8 
2.4. Heat generation in hulls and hardware 18 
2.5. Changes in properties as a result of irradiation 18 

2.5.1. Chemical effects 18 
2.5.2. Irradiation effects: physical and mechanical properties ... 21 

2.6. Monitoring methods 21 

3. TREATMENT AND CONDITIONING OF HULLS AND 
HARDWARE 25 

3.1. General 25 
3.2. Actual operating practices 27 
3.3. Facilities under construction or planned 30 
3.4. Concepts under development 30 

3.4.1. Improved cement matrices 30 
3.4.1.1. Roll compaction and embedding in cement ... 31 
3.4.1.2. Embedding in low water ceramic cement 34 

3.4.2. Other immobilization matrices 35 
3.4.2.1. Embedding in graphite by press compaction 35 
3.4.2.2. Press compaction with or without lead cuttings. 36 
3.4.2.3. Conditioning cladding waste by press 

compaction and embedding in lead alloy 37 
3.4.2.4. Embedding in metal alloys using powder 

metallurgy 37 
3.4.2.5. Embedding in glass 40 
3.4.2.6. Encapsulation in ceramic alumina 41 
3.4.2.7. Cryogenic temperature methods 41 

3.4.3. Conversion processes 42 
3.4.3.1. Conversion to zirconate 43 
3.4.3.2. Conversion to zirconia by oxidation and 

embedding in cement or bitumen 43 



3.4.3.3. Conversion of Zircaloy hulls to hydrous 
zirconia by ammonium fluoride followed by 
solidification with cement or by hot pressing ... 45 

3.4.3.4. Conversion of Zircaloy hulls to zirconium 
silicate 46 

3.4.3.5. Zircaloy hull melting process (inductoslag 
melting) 46 

3.4.3.6. Zircaloy hull melting process with additives 49 
3.4.3.7. Conversion to zirconia by oxidation or 

chlorination 49 
3.4.3.8. Hot isostatic pressing (HIPOW) process 50 
3.4.3.9. Ceramic solidification method 52 

3.5. Evaluation of processes 52 
3.6. Decontamination processes 52 

3.6.1. High temperature methods 53 
3.6.2. Mechanical methods 54 
3.6.3. Electrical methods 54 
3.6.4. Chemical methods 54 

4. CHARACTERIZATION OF CONDITIONED WASTE FORMS 58 

4.1. General 58 
4.2. Characterization of compacted hulls embedded in cement grout.. 59 
4.3. Characterization of compacted or uncompacted hulls 

embedded in graphite/sulphur 64 
4.4. Characterization of compacted hulls embedded in lead alloy 67 
4.5. Characterization of compacted or uncompacted hulls embedded 

in metal or metal alloys 68 
4.6. Quality assurance 69 
4.7. Evaluation of waste form 70 

5. STORAGE AND DISPOSAL: GENERAL CONSIDERATIONS 71 

5.1. Disposal concepts 71 
5.2. Characterization of treatment and disposal schemes 73 

5.2.1. Simple treatment 74 
5.2.2. Complex treatment 74 
5.2.3. Intermediate cases 74 
5.2.4. Factors influencing the choice of treatment, storage 

and disposal methods 74 
5.2.5. Secondary wastes 75 



5.3. Requirements for the quality and stability of conditioned 
packages 75 
5.3.1. Quality of the waste form 75 
5.3.2. Volume of final waste form 77 
5.3.3. Transport requirements 78 

5.4. Safeguards, safety and environment 78 
5.4.1. Safeguards 78 
5.4.2. Radiation protection 79 

5.4.2.1. Occupational exposure 79 
5.4.2.2. Radiation dose to the public 79 

6. CONCLUSIONS AND RECOMMENDATIONS 80 

6.1. Conclusions 80 

6.2. Recommendations 81 

GLOSSARY OF SOME BASIC TERMS USED IN THIS REPORT 83 

LIST OF PARTICIPANTS 91 





1. INTRODUCTION 

Nuclear fuels and their associated fuel hardware may be categorized by the 
two principal reactor types: those used in thermal reactors and those used in fast 
reactors. Most thermal reactors in use today are of the LWR type, employing 
oxide fuel clad in Zircaloy, while the AGRs and FBRs, although employing oxide 
fuels, use stainless steels as the cladding. 

Many of the early thermal reactors, the majority of which are still in com-
mercial operation, employ magnesium alloy claddings. Prior to reprocessing, this 
cladding is removed by either mechanical or chemical means. The material 
removed mechanically is placed in silos for interim dry or underwater storage. 
In chemical dissolution of the cladding/hardware, the cladding waste solution is 
treated to remove activity. These particular wastes, together with those arising 
from the treatment of materials testing reactor (MTR) fuels (many of which 
are also subject to dissolution processes), are not considered in this report, which 
is mainly concerned with LWR, AGR and FBR fuels. 

With the chop-leach method of processing irradiated fuel, the cladding 
materials remaining after leaching are known as the hulls, but the wastes 
for disposal include other metallic residues such as grid spacers and end pieces used 
in the fuel assemblies (the hardware). In the short term it is possible to store hulls 
in silos without any special treatment but, owing to the presence of fission products, 
activation products and, in particular, alpha emitters, their ultimate disposal would 
need an appropriately conditioned waste form. Alpha emitters (mainly U, Pu, Am 
and Cm) are found in hulls for a variety of reasons: e.g. (a) as undissolved irradiated 
fuel protected from acid attack; (b) as material driven into the cladding as a result 
of fission recoil; (c) as a result of diffusion from the fuel; and (d) as surface 
contamination due to deposition during the fuel dissolution stage. 

This report describes the current situation in the management of fuel cladding 
hulls and hardware. Information is presented on the material composition of such 
'waste together with the heating effects due to neutron-induced activation 
products and fuel contamination. As no country has established a final disposal 
route and the corresponding repository, this report also discusses possible disposal 
routes and various disposal options under consideration at present. 

2. CHARACTERIZATION OF SPENT CLADDING HULLS 
AND FUEL HARDWARE 

Neutron irradiation causes many changes in the properties of fuel cladding 
and associated hardware, the most obvious being that the fuel assemblies, when 
discharged from the reactors, dissipate large quantities of heat and are intensely 
radioactive. Although the magnitude of these effects can be calculated from the 

1 



known irradiation histories of the assemblies, practical determination is also 
desirable. Heat generation in hulls and hardware is discussed in Section 2.4, and 
methods for monitoring the fissile contents of hulls are given in Section 2.6. 

2.1. COMPOSITION OF CLADDING HULLS AND HARDWARE 

Fuel hardware consists of end pieces, grid spacers, etc., some of which may 
enter the dissolver. In some plants, e.g. the British Nuclear Fuels plant at 
Sellafield, United Kingdom, and the Cogéma plant at La Hague, France, complete 
fuel assemblies are sheared without any preliminary breakdown [1], while at 
others, e.g. the WAK plant at Karlsruhe, the fuel elements are disassembled before 
pin shearing. Figures 1 and 2 show Zircaloy hulls and waste from the dissolver of 
the Cogéma plant at La Hague. The differences in head-end treatments of fuel 
assemblies lead to different amounts of metallic components entering the dissolver 
and can have an important bearing on the choice of disposal method as it may be 
feasible to dispose of components of relatively low activation or contamination 
levels separately from hulls. Details of the compositions of individual fuel assemb-
lies for reactors in the European Economic Communities have recently been 
published [2, 3], and Table I provides a summary of the weights of the main 
components for this range of reactors. This table also gives values for typical 
BWRs and PWRs in the United States of America. 

The normal range of chemical composition of various components used in fuel 
elements is given in Table II [4], It should be noted that although most materials 
may contain only traces of 5 9 Co (which on thermal neutron irradiation gives rise 
to 60Co), some materials, e.g. Inconel 718, can contain up to 1% (by weight) of 
cobalt, which will give rise to very high activities of 60Co in the waste. 

FIG.l. Samples of Zircaloy hulls, Cogéma plant, La Hague, France. 
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FIG. 2. Zircaloy cladding scraps from fuel dissolution at Cogéma plant, La Hague, France. 

2.2. VOLUMES AND WEIGHTS OF HULLS AND HARDWARE 

Estimates have been made [2] of the quantities of fuel cladding and associated 
wastes that are likely to arise up to the year 2000 in the European Economic 
Communities. Uncertainties in reprocessing programmes may be such that these 
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TABLE I. SUMMARY OF WEIGHTS OF FUEL ASSEMBLY COMPONENTS 
(in kg per tonne of heavy metal (U or Pu)) 

Materials 
BWR 
USA 

BWR 
Fed. Rep. 
Germany 

PWR 
USA 

PWR 
Belgium 

PWR 
Fed. Rep. 
Germany 

PWR 
France 

PWR 
Italy 

SGHWR" AGR FBR 
UK 

FBR 
Italy 

Zircaloy (2&4) 263 322 227 271 294 236 218 

Stainless steel 44 38 66 47 90 20 341 146 1422 1660 

Inconel 27 35 27 13 17 22 

Special steel 5 9 1.4 34 

Other materials: 
AGR: 8 kg alumina. 
FBR (Italy): 52 kg boron carbide. 

3 Steam-generating heavy-water reactor. 



TABLE II. PROPERTIES OF ZIRCALOY, STAINLESS STEEL AND INCONEL ALLOYS USED IN FUEL ELEMENTS [4] 

ASTM-B-353 
Gr Ra-1 
(Zr-2) 

ASTM-B-353 
Gr Ra-2 
(Zr-4) 

304 stainless 
steel 

Inconel 718 Inconel 600 

Chemical: Sn: 1.2-1.7% Sn: 1.2-1.7% Cr: 18-20% Ni: 50-55% Ni: 72% min. 

Fe: 0.07-0.20% Fe: 0.18-0.24% Ni: 8-10% Cr: 17-21% Cr: 14-17% 

Cr: 0.05-0.15% Cr: 0.07-0.13% Mn: 2% Mo: 2.8-3.3% Fe: 6-10% 

Ni: 0.03-0.08% Ni: 0.007% max. Si: 1% Nb + Ta: 4.7-5.5% Mn: 1% max. 

Zr: Remainder Zr: Remainder Fe: Remainder Co: 1% max. 

Ti: 0.65-1.15% 

Al: 0.2-0.8% 

Si: 0.35% 

Mn: 0.35% 

Cu: 0.3% 

Fe: Remainder 

Si: 0.5% max. 

Cu: 0.5% max. 

S: 0.015% max. 

C: 0.15% max. 

Density: 6.55 g/cm3 6.55 g/cm3 8.0 g/cm3 8.21 g/cm3 8.43 g/cm3 

Melting range: 1800-1850°C 1800-1850°C 1400-1450°C 1260-1335°C 1354-1413°C 



TABLE III. NUCLIDE SPECIFIC ACTIVATION (kCi/t ALLOY) AND HEAT GENERATION (W/t ALLOY) IN REFERENCE 
LWR WASTE MATERIALS AT DIFFERENT COOLING TIMES [2] 

C o o l i n g t i m e ( y e a r s ) 

1 3 10 2 5 1 0 0 5 0 0 1 0 0 0 

N u c l i d e N u c l i d e 

k C i / t a W / t k C i / t W / t k C i / t W / t k C i / t W / t k C i / t W/t k C i / t k C i / t 

Z i r c a l o y 4 Z r - 9 5 2 . 7 14 < 0 . 0 0 1 _ _ _ — _ _ - - _ 
N b - 9 5 5 . 5 2 7 < 0 . 0 0 1 - - ' - - - - - - -

M n - 5 4 0 . 0 5 0 . 5 0 . 0 2 - < 0 . 0 0 0 1 - - - - - - -

F e - 5 5 0 . 4 4 0 . 6 0 . 2 6 0 . 3 0 . 0 4 - < 0 . 0 0 1 - - - - -

S b - 1 2 5 0 . 1 4 0 . 6 0 . 0 8 0 . 3 0 . 0 1 - < 0 . 0 0 1 - - - - -

T e - 1 2 5 m 0 . 0 6 - 0 . 0 4 - 0 . 0 1 - < 0 . 0 0 1 - - - - -

C o - 6 0 2 . 2 3 4 1 . 6 9 2 6 0 . 6 8 11 0 . 0 9 1.5 - — - -

T o t a l s 11 .1 7 7 2 . 0 9 2 7 0 . 7 4 11 0 . 0 9 1.5 - - - -

S t a i n l e s s M n - 5 4 2 3 1 8 7 4 . 6 3 7 0 . 0 2 _ — — _ _ _ — 

s t e e l F e - 5 5 2 9 8 3 8 9 7 8 2 3 2 3 0 
V 3 9 0 . 6 3 0 . 8 - - - -

A1SI 3 2 1 C o - 6 0 1 1 0 1 7 2 3 8 5 1 3 3 1 3 4 5 3 2 4 . 7 7 4 0 . 0 0 1 - - -

N i - 6 3 6 . 2 1 6 . 1 1 5 . 8 0 . 9 5 . 3 0 . 8 3 . 1 0 . 5 0 . 1 9 0 . 0 0 6 

N i - 5 9 0 . 0 4 - 0 . 0 4 - 0 . 0 4 - 0 . 0 4 - 0 . 0 4 - 0 . 0 4 0 . 0 4 

T o t a l s 4 3 7 2 3 0 0 1 7 3 1 6 0 1 6 9 . 8 6 5 7 2 1 0 . 6 7 75 3 . 1 4 0 .5 0 . 2 3 0 . 0 5 



I n c o n e l C o - 5 8 2 5 3 4 2 0 . 0 2 0 . 3 _ _ _ _ _ _ 
7 1 8 T a - 1 8 2 2 6 8 1 9 1 3 3 . 3 2 4 - - - - - - - -

M n - 5 4 5 .5 4 4 1.1 9 < 0 . 0 0 4 - - - - - - -

F e - 5 5 7 9 1 0 3 4 7 6 1 7 . 8 10 0 . 1 7 0 . 2 - - - -

C o - 6 0 1 1 0 1 7 2 3 8 5 1 3 3 1 3 4 5 3 2 4 . 7 7 4 0 . 0 0 0 2 - - -

N i - 6 3 3 3 5 3 3 5 3 1 5 2 8 4 17 3 1 . 0 0 . 0 3 

N i - 5 9 0 . 2 - 0 . 2 - 0 . 2 - 0 . 2 - 0 . 2 - 0 . 2 0 . 2 

T o t a l s 5 2 1 4 1 3 0 1 7 0 1 4 3 0 7 3 5 4 7 3 3 7 8 1 7 . 2 3 1.2 0 . 2 3 

I n c o n e l C o - 5 8 3 5 4 7 9 0 . 0 3 0 . 4 _ _ _ _ - - - -

7 5 0 T a - 1 8 2 4 8 3 4 3 0 . 5 9 4 - - - - - - - -

M n - 5 4 2.1 17 0 . 4 1 3 0.001 - - - - - - -

F e - 5 5 3 1 4 0 19 25 3 . 1 4 0 . 0 7 - - - - -

C o - 6 0 1 1 0 1 7 2 3 8 5 1 3 3 1 3 4 5 3 2 4 . 7 7 4 0 . 0 0 0 2 - - -

N i - 6 3 4 5 7 4 4 7 4 2 7 3 8 6 2 3 4 1 .4 0 . 0 4 

N i - 5 9 0 . 3 - 0 . 3 - 0 . 3 - 0 . 3 - 0 . 3 — 0 . 3 0 . 3 

T o t a l s 2 7 1 2 6 0 9 1 4 9 1 3 7 0 7 9 5 4 3 4 3 8 0 2 3 . 3 4 1.7 0 . 3 4 

3 1 Ci = 3 . 7 0 X 1 0 ' ° B q . 



values may have been overestimated, but, bearing this qualification in mind, the 
approximate quantities are: 

t _ 
France 7500 
United Kingdom 2000 
Federal Republic of Germany 1500 
Italy 800 
Belgium 300 

The USSR nuclear programme can produce up to 1000 m3 per year of cladding 
waste [5]. The Indian nuclear programme projects the volume of uncompacted 
cladding waste to be about 1500 m3 per year by the year 2000. To date, most of 
the fuel reprocessed in the United States of America has been chemically decanned 
so that only relatively small quantities of cladding wastes have been produced. A 
changeover to the use of the chop-leach head-end treatment would provide 
approximately one tonne of Zircaloy for every four tonnes of uranium in LWR 
fuel [6]. It has been estimated [7] that the volume of primary (hull) waste generated 
from reprocessing a 1000 MW(e)/a LWR is about 15 m3 per year. 

The actual volumes of wastes will depend very much on the fuel to be treated 
and on the degree of segregation of hulls from the rest of the hardware. The average 
volume of uncompacted hulls and cladding wastes is about 0.3 m3 per tonne of 
heavy metal (tHM) but can vary widely (e.g. 0.2-0.6 m3/tHM [8]), depending on 
the type of fuel assembly being sheared. The bulk density of hulls is approximately 
1.1 t/m3 but, again, this will depend on the actual waste; densities of 1.8-2.5 t/m3 

have been quoted by workers in the USSR [5]. 
The surface area-to-mass ratios for BWR and PWR hulls have been reported [4] 

to be 0.8 cm2/g for stainless steel end fittings, 5.7 cm2/g for Inconel, 3.7 cm2/g 
for BWR Zircaloy hulls, and 4.9 cm2 /g for PWR Zircaloy hulls. 

2.3. RADIATION AND CONTAMINATION LEVELS 

The activities produced in various fuel element assembly components by 
reactor irradiation of typical PWR fuel elements in a 1300 MW(e) reactor are 
given in Table III [2]. The fuel is assumed to have reached a burnup of 34 GW-d/tHM 
during 1000 days' irradiation, and the reference material composition per tonne of 
uranium is: 

kg wt% 

Zircaloy 4 288 72 

Stainless steel (AISI 321) 88 22 

Inconel 718 16 4 

Inconel 750 8 2 
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FIG. 3. Activities in hull and structure materials (HSM) associated with a PWR and a BWR reactor 
[P] (FP: fission products; 1 Ci = 3.70X 10w Bq). 

The overall changes in activities with time for mixtures of hulls and hardware 
for a PWR (33 GW-d/tHM) and a BWR (27.5 GW-d/tHM) are shown in Fig.3 [9], 
The rapid decay of tritium is clearly illustrated, and after about 500 years the major 
activity is due to actinides associated with the hulls. The curves assume a 0.1% 
fuel residue in the waste. 

Calculations of the amounts of actinide elements generated by the neutron 
irradiation of impurities in Zircaloy cladding have been made [4] using the 
ORIGEN code. During irradiation, 238U is converted to 239Pu and 232Th to 233U, 
and absorption of more neutrons produces some of the higher actinides. Studies 
in the United States of America have shown that the expected amounts of actinide 
products are present in irradiated Zircaloy 4 cladding [10, 11]. See Table IV, which 
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TABLE IV. CALCULATED (ORIGEN CODE) AND ANALYSED 
SIGNIFICANT TRU ELEMENTS IN BASE METAL OF TWO PWR FUEL 
HULLS 

PWR-1 PWR-2 

Predicted Found Predicted Found 
(nCi/g)a (nCi/g) (nCi/g) (nCi/g) 

Pu-238 2.5 2.7 0.46 0.63 

Pu-239 0.35 0.49 2.6 2.8 

Pu-240 0.44 0.69 0.94 1.4 

Pu-241 167 250 104 200 

Pu-242 5.7 X 10~3 6.5 X 10'3 4.5 X 10 - 4 7.1 X 10"4 

Am-241 0.6 1.0 2.6 3.0 

Am-243 0.16 0.064 0.002 -

Cm-242 16 9.4 0.013 0.019 

Cm-244 49 10 0.058 0.079 

a 1 Ci = 3.70 X 1010Bq. 

refers to the 'base metal' of two fuel hulls ; the term is used in the sense that it 
considers only the actinides generated in the Zircaloy and takes no account of any 
surface contamination. The activities represent the lowest levels that can be 
reached by conventional decontamination methods. 

Workers from the United States of America [12] and the United Kingdom [13] 
have shown that Zircaloy hulls are contaminated with alpha emitters on both inner 
and outer surfaces but that although the main concentration of fissile material is 
on the inner surfaces the distribution tends to be variable [13]. Stainless steel 
hulls from thermal (AGR) and fast (FBR) reactors show a roughly similar type 
of distribution. The main differences between the Zircaloy and stainless steel 
hulls were: (a) fissile material (due to original U and Th impurities and to actinides 
formed by neutron irradiation of the U and Th) could be detected in bulk Zircaloy, 
whereas no fissile material could be detected at depths greater than 1-2 //m in 
stainless steel (AGR or FBR) hulls; and (b) the fast reactor hulls were always 
more heavily contaminated than thermal hulls. The latter finding is consistent with 
the higher concentration of fissile material in fast reactor fuel. 

Experimental data obtained in the United Kingdom [13] on the activities 
associated with thermal and fast reactor hulls are given in Table V. In the work 
at Harwell the activities present after typical fuel dissolution and washing procedures 
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TABLE V. PERCENTAGES OF INVENTORY OF VARIOUS NUCLIDES IN 
FUEL REQUIRED TO BE ASSOCIATED WITH CLADDING TO ACCOUNT 
FOR OBSERVED ACTIVITIES 
(Assuming no diffusion of any nuclide out of the fuel) 

PWR BWR 

Nuclide Nuclide 
KWOa KWO 2 a KWO 3a KRBb 

Zircaloy H-3 32.5 43.3 29.7 23.0 
hulls Co-60 0.56 0.087 0.021 0.18 

Sr-90 0.14 0.12 0.066 0.072 

Ru-106 1.10 0.41 0.42 0.36 

Sb-125 3.94 8.2 4.05 0.93 

Cs-134 0.13 0.11 0.021 0.063 

Cs-137 0.19 0.17 0.073 0.11 

Ce-144 0.18 0.10 0.039 0.047 

Pu-239° 0.016 0.025 0.0032 0.0085 

Pu-239d 0.044 0.061 0.0042 0.023 

Fast reactor Thermal 

SCOF26 SCOF3e DFR f WAGR8 

Stainless Sr-90 0.19 0.20 _ 0.33 
steel 
hulls 

Ru-106 

Sb-125 

0.11 

0.19 

- 0.88 

0.46 

0.01 

0.01 

Cs-137 0.076 0.059 0.048 0.19 

Ce-144 0.012 0.013 0.055 0.12 

Pu-239 0.030 0.020 0.009 0.065 

Pu-239c 0.20 0.091 0.003 0.33 

U-235 - -
0.036 

0.14 
-

a Hull sample, Kernkraftwerk Obrigheim. 
b Hull sample, Kernkraftwerk RWE Bayernwerk Grundremmingen. 
c Assuming fissile material is U-235 + Pu-239 present in the same ratio as in irradiated fuel. 
d Assuming fissile material is all Pu-239. 
e Steel clad oxide fuel samples. 
f Hull sample, Dounreay Fast Reactor. 
g Hull sample, Windscale Advanced Gas Cooled Reactor. 
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TABLE VI. PERCENTAGES OF INITIAL AMOUNTS OF FUEL REQUIRED 
TO BE ASSOCIATED WITH THE HULLS TO ACCOUNT FOR OBSERVED 
ACTIVITIES 

Basis of calculation 
Zircaloy hulls Stainless steel hulls 

range range 

Fission product activities 0 . 0 2 - 0 . 1 9 0.01 - 0 . 3 6 

Total fissile content 0.0042 - 0 . 0 6 1 0.033 - 0 . 3 3 

Pu-239 content 0.0032 - 0 . 0 2 5 0.009 - 0 . 0 6 5 

FIG.4. Distribution of ssKr in fuel hulls. 

were determined. The hull samples came from two sources: (a) experimental, 
batch, small-scale laboratory dissolutions of fuel; and (b) plant-scale dissolutions 
(the WAK plant at Karlsruhe). In both cases the hulls examined were undamaged 
and it was clear by visual examination that no gross amounts of fuel were present. 
These results probably represent the lowest contamination likely to be encountered, 
and more activity (or fuel) is likely to be associated with hulls from large-scale 
commercial reprocessing plants. 

Examination of the hulls produced clear evidence that some of the alpha 
activities were present as a result of deposition on the hulls during dissolution. 
The deposited matter could have been either finely divided undissolved fuel or 
hydrolysis products formed during dissolution. Estimates were made of the 
amounts of fuel that would need to be associated with the hulls to account for 
the observed activities. With the exception of 3H, 106 Ru and 125 Sb, there was 
reasonable agreement between calculated and observed quantities. The results 
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TABLE VII. MEAN CONCENTRATION LEVELS OF HULLS FROM 
SURFACE SPECTROMETRY RESULTS [13] 

Type of hull 
Burnup 

(%) 

Average total contamination on both surface 
Gross alpha activity 

(mCi/m2)a (Ci/t) 

Fast reactor 4.1 - 5 . 8 9.02 2.79 

Fast reactor 5.2 3.16 0.98 

AGR 2.2 7.64 2.36 

PWR* 2.45 7.3 3.74 

PWRb 2.45 8.32 4.27 

PWR 3.75 29.7 15.23 

PWR 3.04 5.79 2.97 

BWR 1.87 9.91 3.81 

SGHWR 2.3 10.26 5.05 

a 1 Ci= 3.70 X 1010Bq. 
b This hull was a separate specimen from the same batch as the hull labelled PWR* but it 

had been cleaned in dilute nitric acid. Note the variability in contamination levels. 

were expressed as percentages of the fuel initially present and are summarized 
in Table VI; the values correspond to the percentages of the initial inventory of 
the nuclides required to be present to account for the observed activities. 

The high tritium content given in Table V for Zircaloy hulls is due to the 
retention of tritium by Zircaloy - the observed tritium contents have been found 
to differ widely. Thus, about 60% of the initial tritium inventory was retained 
in hulls examined in Belgium [ 14], and similar results have been found in the 
Federal Republic of Germany [15], Correlation of the data from different 
laboratories is difficult since tritium retention depends strongly on the linear 
power rating of the fuel rods [16, 17 ], which in many cases is not precisely known. 
The tritium content of stainless steel hulls are two to three orders of magnitude 
lower than for Zircaloy [13], as would be expected since the diffusion of hydrogen 
and tritium through steels is rapid at elevated temperatures. 

Recent investigations [18] on contamination of hulls by volatile fission 
products have shown that up to 0.1% of the total8 5Kr produced during irradiation 
may be present in Zircaloy hulls. Measurements of the controlled corrosion of 
Zircaloy hulls [19] have shown that the distribution of 8SKr shows a peak at about 
2 jitm from the hull surface which had been in contact with fuel. No 85Kr was 
detected at a depth of 10 jum (the results are given in Fig.4). 
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OUTER H U L L 
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INNER HULL 
SURFACE 

s I O r j i 

FIG.5. (a) Autoradiographs of second batch of Dounreay Fast Reactor stainless steel hulls 
before cleaning, (b) Autoradiographs of PWR Zircaloy: four hulls. 

The concentration of fissile material is proportional to the density (note uneven distribution 
of density). 
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FIG. 6. Zircaloy hulls from irradiated fuel rods. Typical deposits present on the inner surface after a HNO3 leach. Magnification X 500. Note 
uneven distribution of density. 



The mean concentrations of gross alpha emitters on various hull surfaces are 
given in Table VII [13]; it should be noted that the values were obtained from a 
small number of samples and it is known that the distribution of materials on the 
surface is very variable. This point is illustrated in Fig.5 which shows the distri-
bution of fissile material on stainless steel and Zircaloy hulls [13], The uneven 
distribution of deposits on Zircaloy hull surfaces is clearly shown in Fig.6 [20]. 

2.4. HEAT GENERATION IN HULLS AND HARDWARE 

Heat production from the various components of hulls and hardware is shown 
in Table III. In all materials (Zircaloy, stainless steel and Inconel), by far the 
greatest source of heat is from the decay of 60Co. Since this nuclide has a relatively 
short half-life (5.3 years), the heat initially generated in cladding hulls (as a result 
of the activation products) decreases rapidly with time. 

The changes in heat outputs with time for hulls and associated hardware from 
a PWR (33 GW-d/tHM) and a BWR (27.5 GW-d/tHM) are illustrated in Fig.7 [9], 
The curves for the overall heat output show a fall of two orders of magnitude in 
the first 50 years followed by a smaller change over the next 1000 years. These 
curves are based on a fuel residue of 0.1% in the waste. 

Experimental determinations of the heat output from PWR and BWR irradi-
ated hulls and hardware have been made in the Federal Republic of Germany, and 
the observed rate of heat generation for various waste components cooled for 
7.7 years are as follows [21]: 

W/tHM 

Hulls 11 

Grid spacers and general hardware 29 

End pieces 5 

2.5. CHANGES IN PROPERTIES AS A RESULT OF IRRADIATION 

Much of the information on these properties is of a proprietary nature and 
there is relatively little published information on the subject. 

2.5.1. Chemical effects 

Surface coatings of oxide are commonly formed at elevated temperatures, 
and Zircaloy hulls are coated on both sides with a thin film of zirconia. The inner 
surface coating is the result of reaction with the fuel, while the outer coating is due 
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FIG. 7. Heat generation in hull and structure materials (HSM) associated with a PWR and a 
BWR reactor [9] (FP: fission products). 

to reaction with the surrounding air, water or steam. Typically, the oxide layers 
are of the order of 5-50 jum. The oxidation can cause embrittlement and increased 
hardness but very little published information is available on these topics. Another 
effect due to the oxide layer is the trapping of actinides and fission products in 
the zirconia layers. This makes decontamination, especially of the actinides, 
very difficult. 

Hydriding can also cause embrittlement, but this effect is considered to be 
of only minor importance [3]. In the case of stainless steel clad fuels, hydrogen 
and tritium will diffuse through the cladding and appear in the coolant. Hydriding 
is more likely to occur in Zircaloy cladding, where tritium diffusion from the fuel 
is immobilized in the cladding. Thus, tritium contents of the order of 
1.6 X 1013-4.4 X 1013 Bq/t (450-1200 Ci/t) have been found for PWR and BWR 
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TABLE VIII. EFFECTS OF REACTOR IRRADIATION ON 
PROPERTIES OF ZIRCALOY 

Property Effects of irradiation in reactor 

Tensile and yield strength 

Impact and fracture toughness 

Ductility 

Surface hardness 

Embrittlement 

Corrosion 

Experimental increase with exposure: 30% increase 
for 1 0 2 1 n c m ~ 2 at 250 - 300°C. 

Stress fracture strength increases with exposure: 
10% increase for 3 X 10 2 0n cm"2 at 250 - 300°C. 

Decreases with exposure: 12% decrease for 
5 X 102 0n-cm~2 and 15% decrease for 
2 X 1021 n-cm"2 at 280°C. 

Increases with exposure: 20% increase for 
5 X 1019n-cm"2 and 30% increase for 
1021 n-cm"2 at 50°C. 

Increases as a result of the other physical property 
changes. The increase is further enhanced by oxide 
film formation and hydrogen adsorption. 

Increases with exposure: weight increase of 
300 mg-dm - 2 for 102 1n-cm"2 and 1200 mg dm"2 

for 5 X 102 1n-cm"2 at 280°C. Involves oxide and 
hydroxide formation. 

80 
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FIG.8. Density as a function of pressure: Zircaloy. 0 =diameter of press (mm). 
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hulls, but the tritium contents of AGR and FBR hulls were only in the range 
2.2 X 1010—1.7 X 1012 Bq/t (0.6-46 Ci/t) [13]. These figures are important when 
considering elevated temperature processes for hulls, as tritium will be released in 
melting Zircaloy hulls. 

2.5.2. Irradiation effects: physical and mechanical properties 

Work on changes in Young's modulus of elasticity, the ductility and hardness 
of Zircaloy resulting from irradiation is reported in Ref.[3], Extensive work has 
been carried out in Belgium on Zircaloy (using, for example, the BR2 and BR3 
reactors) and stainless steel, using the fast reactors at Dounreay (DFR) and 
Marcoule (Phénix). Work on creep and swelling of steel cladding is reported in 
Ref.[22], which also gives details of studies on Zircaloy. 

The effects of reactor irradiation on the properties of Zircaloy are shown in 
Table VIII [23]. With the exception of corrosion, the data were obtained at ambient 
conditions. The studies have shown that, in all cases, increasing the temperature of 
the specimen during measurement, while not eliminating the property change 
completely, does have a tendency to reduce the magnitude of the differences. To 
compare the tabulated data with actual conditions, the neutron exposures in 
typical LWR conditions will be about 1021 n/cm2 . 

Experiments by Belgian workers [24] on changes in physical properties of 
ferritic steels as a result of heat treatment and irradiation have shown that heat 
treatment (between 410°C and 480°C) increased the yield and tensile strength, 
and a further increase was observed as a result of irradiation. Heat treatment 
decreased the ductility of the alloy, and irradiation caused a further decrease. 
The differences in applied pressure required [20] to compress unirradiated Zircaloy 
tubing and active Zircaloy hulls to about 60% of theoretical density are relatively 
small (Fig.8); further studies are under way in Belgium. 

2.6. MONITORING METHODS 

It is essential for process control that accurate information is available on the 
amount of fuel or fissile material associated with hulls and hardware. Methods that 
can be used to provide this information are discussed below. They may be classed 
as passive or active. The former involve measurements of: 

(a) the spontaneous neutron emission from irradiated fuel, or 
(b) neutrons produced as a result of (a, n) reactions with any light elements 

(e.g. oxygen) associated with the hulls, or 
(c) gamma emission from fission products. 
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TABLE IX. METHODS FOR MONITORING HULLS 

Method Advantages Disadvantages Detection limits Comments Refs 

Passive neutron 
measurement of 
neutrons from 
spontaneous fission 
or from a, n reactions 

Active neutron 

T-emission based on 
the 2.18 MeV Pr-144 
energy 

7-emission based on 
C e - 1 4 4 - Pr-144 
0.133 MeV 

7-emission based on 
Cs-137 and Ru-106 

Can be used for 
long cooled fuel 

Gives direct 
measure of fissile 
content 

High energy y-ray 
easy to detect 

Can be used for 
longer cooled 
fuel (up to 8 years) 

Assumes fuel remaining 
on the hulls has the same 
composition as original 
fuel; calibration difficult 

Neutron generator required; 
difficult to apply to 
industrial scale plants 

Limited to fuels cooled 
< 5 years (Nal detector); 
calibration needed either 
by reference to a standard 
irradiated fuel element 
or by analysis of 
dissolver solution 

Relatively low energy; 
y emission from induced 
activities can interfere 

Relatively low energy 
emissions; Ru-106 has a 
short half-life (1 year), 
therefore not viable for 
long cooled fuel 

0.05% of fissile 
material in hulls 

Pr-144/U ratio, 
0.1% of original fuel 
in dissolver; 
Pr-144/Co-60 or 
Pr-144 /Mn-54 ratio, 
about 0.2% of fuel 
charge to dissolver 

Not used in industrial plants [26] 

Used at Dounreay, UK, and in [ 2 7 - 2 9 ] 
the ATI prototype post-repro-
cessing facility, La Hague, France 

Used at Windscale, UK, the [ 2 8 - 3 1 ] 
WAK plant, FRG, La Hague 
(for thermal hulls) and in the 
ATI facility for post-reactor 
hulls 

Not generally useful unless [30] 
structural materials are 
segregated 

Used at Tokai Mura, Japan [32] 



In active methods the hulls are irradiated with thermal neutrons, and the 
resulting fissions give rise to prompt and delayed neutrons. Although the technique 
for measuring prompt neutrons has been studied [25] it has not been used 
industrially. Most users of neutron techniques have opted for measurement of 
the delayed neutrons. Active neutron methods generally suffer from two dis-
advantages: they are difficult to adapt to large-scale operation, and they can be 
affected by the presence of water associated with the hulls. The passive neutron 
method assumes that the fissile material remaining with the hulls has the same 
composition as in the original fuel; it also suffers from the disadvantage that 
only in the case of very low burnup fuel or very long cooling times is spontaneous 
neutron emission from plutonium important. For other conditions the main 
neutron source is 244Cm, and, to estimate the fuel present, the relationship 
between U, Pu and 244Cm needs to be established. 

Neutrons are generated by (a, n) reactions in the hulls, but it would be very 
difficult to obtain a correlation between the fuel content and the neutron count 
since variable amounts of oxygen (in water) would be present. 

The most commonly used monitoring technique is detection of the emissions 
from the 144Ce 144Pr 144Nd chain. 144Pr has a short half-life (17.3 min) and is 
effectively in equilibrium with 144Ce. In principle it would be possible to determine 
the 0.133 MeV gamma energy from the decay of 144Ce but this is difficult in the 
presence of large quantities of other gamma-emitting nuclides. On the other hand, 
the 144Pr -*•144 Nd decay is associated with a very energetic gamma emission 
(2.18 MeV), which is easily measurable. Consequently the method has found 
general favour and is widely used. Table IX summarizes the main monitoring 
methods. 
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3. TREATMENT AND CONDITIONING 
OF HULLS AND HARDWARE 

3.1. GENERAL 

Any treatment and conditioning process can give rise to unacceptable levels 
of radiation exposure either to operators or to the general public unless appropriate 
safety precautions are taken during the design and operation of the facility. The 
minimum standards of radiation protection are laid down in the International 
Commission on Radiological Protection (ICRP) Recommendations and, in general, 
the aim should be to limit exposures to levels significantly below those permitted. 
In this context it should be noted that zirconium and stainless steel hulls are conta-
minated by alpha emitters and therefore have to be handled by procedures appro-
priate to such materials. 

A major factor to be considered in the management of cladding hulls from 
LWRs is the pyrophoric nature of finely divided Zircaloy. (This problem does 
not arise with stainless steels.) Although cladding hull fires have been reported [1] 
at the Nuclear Fuel Services (NFS) plant at West Valley, New York, USA, the 
conditions were exceptional; most fires occurred in the dissolver and were confined 
to hulls generated during the reprocessing of Zircaloy-clad uranium metal fuels. 
Changes were made in the dissolution conditions, and after the hulls were dipped in 
caustic soda solution no further problems were encountered. No fire arising from 
the reprocessing of Zircaloy-clad oxide fuels has been reported, either at the NFS 
plant or elsewhere. 
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FIG.9. Ignition temperature of zirconium and Zircaloy as a function of specific surface [5]. 

The ignition temperatures of various zirconium alloys in air are similar to that 
of zirconium metal [2]. The dependence of the ignition temperatures on specific 
surface area (and therefore on particle size) is illustrated in Fig.9 [3]. At a specific 
surface area of 10 cm2 /g (~ 1000 /xm) the ignition temperature for zirconium in 
air or oxygen is in the 800-900°C range compared with around 200°C in the case 
of a specific surface area of 104 cm2 /g (~ 1 jum). 

The ease of ignition of Zircaloy fines is also related to the mass of material 
present, and attempts have been made to evaluate the interrelationship of individual 
(spherical) particle sizes, the mass of agglomerates, and the ignition temperature. 
A 'critical mass' of zirconium, i.e. a minimum mass which can ignite under given 
conditions, has been calculated and this critical mass for an ignition temperature 
of 60°C ranges from 20 800 kg for particles with a mean size of 25 ßm to 1.33 kg 
for l-/nm particles [4]. 

Zircaloy fines can be generated in two principal ways: by mechanical 
pressure during shearing, especially if the cladding has become embrittled during 
irradiation, and by mechanical attrition during movement and transport. Fines 
produced by shearing may remain with the dissolver solution, from which they can 
be separated for treatment. 

Separation of those fines which remain with the hulls may be possible, 
although no work on this topic has been reported, in which case they could be 
converted to a chemically inert form, for example by oxidation in air or by 
dissolution. 

26 



The presence of Zircaloy fines in storage and treatment processes may 
therefore require consideration of the following: 

— Avoidance of dry and intermediate moisture levels (damp) by maintaining 
the hulls fully wetted; 

— Avoidance of accumulations of fines; 
— Avoidance of possible sources of ignition; 
— Use of inert materials; 
— Maintaining the processing temperature as low as possible; 
— Removal of fines for separate treatment. 

Another problem with Zircaloy hulls is the potential for release of tritium at 
temperatures above ~ 600°C. Treatment processes operating above this tempera-
ture will need to include provision for off-gas treatment. At higher temperatures 
(above ~ 800°C) release of volatile caesium is also a possibility from any cladding 
waste containing residual fuel. 

Until a conditioned waste form suitable for disposal can be defined, the 
management of hulls and hardware should be based on one of the following 
policies: either the hulls and hardware should be placed in a retrievable storage 
facility - in some cases they may be immobilized - or the generation of hulls 
and hardware should be deferred by storing the irradiated fuel intact. 

Many processing options have been, and still are, under serious consideration 
in several countries for conditioning hulls and hardware into a form suitable for 
disposal. Figure 10 broadly illustrates the options described in this chapter by 
classification into processes: mechanical, thermo-mechanical and chemical. The 
boxes with heavy lines indicate the practices currently in use. It is intended that 
the wastes stored without a matrix will eventually be retrieved for conditioning 
prior to disposal. Hulls and hardware can be immobilized in a cement-based 
matrix, but the suitability of this waste form for disposal has not yet been 
established. However, work on the process is continuing and, so far, one facility 
is using it. 

Figure 10 also indicates where additional process steps such as decontamination 
of hulls and the separation of certain fuel hardware from the hulls might be 
employed. In some reprocessing plants, the greater part of the hardware is 
separated before the fuel is sheared and does not enter the dissolver. 

3.2. ACTUAL OPERATING PRACTICES 

Zircaloy hulls arising from LWR fuel reprocessing operations at the UP2 
plant, La Hague, France, are stored in bulk in a water-filled, stainless steel lined 
concrete silo of 1500 m3 capacity. This facility has been in operation with oxide 
fuels since 1976 and the total fuel processed, up to May 1984, amounted to about 
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FIG. 10. Process options for hulls and hardware. Heavy outlines indicate practices currently in use. 



900 tHM. Although the fuel assembly end pieces are not routed through the 
dissolver, they are transferred to the silo with the hulls, spacers, grids, etc. The 
silo is fitted with direct viewing facilities in readiness for future retrieval operations. 
Similarly, Zircaloy hulls arising from initial oxide fuel reprocessing operations at 
Sellafield, United Kingdom, have been stored in bulk in a water-filled concrete silo 
without incident for more than ten years. 

Zircaloy hulls are also stored under water in sealed, water-filled stainless steel 
containers. This method was employed at Mol, Belgium, where LWR grids and 
end plugs were put into stainless steel containers 3 m high and 0.3 m in diameter, 
filled with water. The 82 containers are closed by a lid fitted with a gasket and 
contain 18.5 m3 of waste. In addition 7.2 m3 LWR hulls left from incomplete 
dissolution of the cladding are disposed of in a similar way in 56 containers of 
0.23 m diameter. All the containers have been arranged in racks under water since 
reprocessing ceased in 1974. At Tokai Mura, Japan, 93 m3 of hull wastes are held 
in 400-L containers in a stainless steel lined concrete tank. The hulls represent 
arisings from reprocessing operations up to Dec. 1983. No reprocessing has been 
carried out since then as operations are planned to resume in 1985. 

Stainless steel hulls have been stored dry in bulk in a stainless steel lined 
concrete silo at Sellafield, UK, for over ten years. Dry storage in containers is 
employed for fast reactor hulls at Dounreay, UK, which uses 200-L stainless 
steel high-integrity containers, and at Marcoule, France, where the containers 
have 220 L capacity. Zircaloy hulls arising from operations at the Nuclear Fuel 
Services plant, West Valley, New York, USA, amounting to about 190 m3, are 
stored in 110-L steel containers and buried in soil to a depth of 10-15 m. 

Zircaloy hulls from CANDU fuel reprocessing have been cemented into 
containers of 2 m3 capacity, each weighing about 14 t, at Saluggia, Italy. This 
preliminary operation, now ceased, resulted in the production of about six such 
containers which are stored dry in an engineered above-ground facility. 

The present waste management practice in India is based on immobilization 
of Zircaloy hulls along with the hardware in 200-L carbon steel barrels in a cement 
matrix. The barrels are stored near the surface in specially engineered holes. 

Zircaloy hulls from reprocessing operations at the WAK plant, Karlsruhe, 
Federal Republic of Germany, are cemented into 170-L steel drums, painted with 
epoxy resin and lined with polyethylene bags. Initially, however, the containers 
are filled with water so that some buffer storage capacity is provided and cement 
grouting can be carried out intermittently on batches of 15-20 drums. End pieces 
are removed from the fuel by sawing prior to shearing, and these, together with 
the metal fines produced (which are collected under water in a fine sieve), are 
cemented together with the hulls. The 170-L drums are then inserted into 200-L 
standard steel drums which are stored dry in an engineered above-ground facility. 
Since 1971 the WAK plant has processed about 150 tHM. No serious problems 
have been reported. 

Volume reduction is not employed in any of the practices described above. 
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3.3. FACILITIES UNDER CONSTRUCTION OR PLANNED 

A new LWR fuel reprocessing plant (UP3), with an annual capacity of 800 tHM, 
is being constructed at La Hague, France, and active testing is planned for 1988. 
End pieces will be removed from the fuel assemblies and will bypass the dissolver 
for a separate washing stage. Chopped fuel rods will be introduced into a con-
tinuous rotary dissolver from which the leached hulls will be discharged via a 
continuous washing system. Both hulls and end pieces will be charged into a 
perforated basket placed inside an 800 L stainless steel container. After monitor-
ing, a cement grout will be run into the container and allowed to set. The con-
tainer will then be capped and fitted with a lid prior to transfer to an engineered 
above-ground storage facility. A cementation facility of this type would be likely 
to receive and condition hulls arising from UP2 after its extension is complete in 
1990. It is intended that this procedure will be adopted for at least the first five 
years of active operation while further studies are undertaken on the cemented 
waste and on alternative conditioning processes. 

Encapsulation in a cement-based matrix is also being considered for the 
Zircaloy and stainless steel hulls arising from the oxide fuel reprocessing plant, 
THORP, currently under construction at Sellafield, UK. 

The proposed 350 tHM/a plant to be built in the Federal Republic of Germany 
for LWR reprocessing will, if present plans are followed, also employ a cement 
grout for the encapsulation of Zircaloy hulls. This proposal is currently under 
review by the national licensing authorities. 

A prototype 5 tHM/a reprocessing plant (TOR) for FBR fuels is being 
constructed at Marcoule, France. The reference process for conditioning the hulls 
in this facility is based on the cold crucible melting technique. An important aim 
of the TOR facility is to provide information and experience for the MAR 600 FBR 
reprocessing project with a design capacity of 50 tHM/a. 

3.4. CONCEPTS UNDER DEVELOPMENT 

This section discusses pilot and laboratory scale operations for treatment 
and conditioning of spent fuel hulls and hardware. It also deals with new concepts 
that have not been investigated in detail. The methods that are or have been under 
investigation in various countries are summarized in Tables X-XII and are divided 
into three categories: improved cement matrices, other immobilization matrices, 
and conversion processes. 

3.4.1. Improved cement matrices 

The conditioning techniques described in this subsection have cement or 
improved cement matrices (see Table X). Both are relatively simple and are easy 
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TABLE X. IMPROVED CEMENT MATRICES 

Concepts 
Temp. 
(°C) 

Where 
developed 

Refs 

Roll compaction and 
embedding in cement 

Embedding in low water 
ceramic cement 

Ambient 

100 

FRG (KfK) [3] 

FRG (KfK) (a) 

R&D work performed at Kernforschungszentrum, Karlsruhe, for CEC; no 
publications available. 

TABLE XI. OTHER IMMOBILIZATION MATRICES 

Concepts 
Temp. 
(°C) 

Where 
developed 

Refs 

Embedding in graphite 150 
blocks by press compaction 

Press compaction with or Ambient 
without lead cuttings 

Press compaction and 450 
embedding in lead alloy 

Embedding in metal alloys 450 
using powder metallurgy 

Embedding in glass 900-1150 

Encapsulation in ceramic 1200 
aluminia 

Cryogenic temperature methods — 100 

[ 5 , 6 ] 

[ 7 , 8 ] 

[9] 

[7] 

[10, 11] 

France (Fontenay-aux-Roses) (a) 

FRG(NUKEM) 

FRG (KfK) 

Belgium (SCK/CEN) 

FRG (KfK, NUKEM) 

France (CEA, Marcoule) 
USA (BNWL) 

Japan (JNFS) 
USA (BNWL) 

[12] 

R&D work supported by CEC; no published reports available. 

to operate. Cementation will be at relatively low temperatures (< 100°C), which 
ensures that there will be no tritium release from the hulls. 

3.4.1.1. Roll compaction and embedding in cement 

Single hulls are fed uniaxially into the rolling mill via vibration chutes. After 
compaction by rollers, the flattened hulls are collected in a drum. A vibration 
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TABLE XII. CONCEPTS FOR CONVERSION OF FUEL HULLS 

Concepts 
Temp. 

(°C) 
Where 

developed 
Refs 

Conversion to zirconate 400-800 USA (Sandia) [13, 14] 

Conversion to zirconia by 
oxidation and embedding 
in cement or bitumen 

800-1500 FRG(WAK) [15] 

Conversion to hydrous zirconia 
by ammonium fluoride and 
solidification of the 
precipitate in cement 

100 UK (Harwell) (a) 

Conversion to zirconium silicate 1400 USA [16] 

Melting process 1850 USA (BNWL) 
Japan (PNC and 

Kobe Steel Ltd) 

[17] 

Melting process involving 
additives (eutectic melting) 

1 1 0 0 - 1 2 0 0 France 
USA 
Japan 

[18, 19] 

Conversion to zirconia by 
oxidation 

300-550 USA (ORNL) [20-22] 

Hot isostatic pressing process 
for hulls 

1000 Sweden (ASEA) 
Japan (PNC and 

Kobe Steel Ltd) 

[23, 24] 

Ceramics solidification 1300-1500 Japan (PNC and 
Kobe Steel Ltd) 

[25] 

a MACAULY, K.M.C., unpublished work, and UKAEA. 

table and vacuum techniques provide maximum product density before and 
during the time the cement is supplied (via an injection pipe into the drum). 
After a setting period, the drum is inserted into a 400 L waste barrel, which can 
be kept free of surface contamination by a double lid system. The fuel hardware 
is conditioned separately by cementation with no compaction. Figure 11 shows 
the conditioning cell for this process at Kernforschungszentrum Karlsruhe (KfK). 

The rolling process was developed mainly in order to achieve better volume 
reduction with the help of well established techniques using cement as the matrix. 
The use of a rolling mill reduces the volume of the hulls by a factor of 2.4, but 
the mill represents an additional process step with its associated feeding device 
which decreases the overall reliability of the embedding process. An inert gas 
atmosphere is also needed for the process. 
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FIG.11. Conditioning cell for cladding waste; roller compaction and embedding in cement. 
(1) Slide plate; (2) Waste silo; (3) Hinged valve; (4) Sorting trough; (5) Inset drum for 

spacers; (6/7) Vibration chutes; (8) Rolling mill; (9) Inset drum; (10) Vibration table; 
(11) Pipe for mortar supply; (12) Double door system; (13) 400-L waste barrel; (14) Lifting car; 
(15) Cover plate; (16) 400-L waste barrel; (17) Elevator; (18) Roller-conveyor; (19) Window; 
(20) Manipulator; (21 ) Ceiling door; (22) Shielding door; (23) Blind plug; (24) Crane; 
(25) Heavy duty manipulator. 
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L o a d i n g a n d o v e r g r o u t i n g 
o f t h e h u l l s 

Current situation: The feasibility of the process on a technical scale has been 
demonstrated under non-radioactive conditions. Large-scale units can be produced 
without difficulties. The programme effort is complete and no further work is 
planned on this process. 

3.4.1.2. Embedding in low water ceramic cement 

This process (Fig. 12) is based on embedding hulls in a chemical setting cement 
and drying at about 100°C in order to decrease the water content to less than 1%. 
The waste container is then inserted into a 400 L drum which can be kept free of 
surface contamination by a double lid system. The fuel hardware is conditioned 
together with the hulls or may be treated separately using the same matrix. 

The reaction of alkaline silicates with Al3+ generates amorphous silicates of 
high molecular weight, resulting in a product which is highly corrosion-resistant 
against saturated salt solutions. Radiolytic gas production is low as a result of the 
low water content. The main process steps are identical with embedding techniques 
using hydraulic setting cement; these have already been actively demonstrated on 
a 170 L scale at the WAK plant in the Federal Republic of Germany. The in-drum 
drying technique has not yet been demonstrated on the relevant scale (330 L drum) 
but long drying times are anticipated as a consequence of the small surface/volume 
ratio. 

Current situation: The process has been developed up to the 125 L scale, 
and improvements and modifications of the drying step are continuing. The process 
is being developed as part of the CEC programme on Radioactive Waste Manage-
ment and Storage. 
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FIG. 13. Embedding of spent fuel hulls in graphite blocks by press compaction. 

3.4.2. Other immobilization matrices 

In this section all methods are described which are not based on cement. 
Normally the physical and chemical nature of the hulls and the hardware will 
not be changed by the appropriate conditioning process. The methods are 
summarized in Table XI. 

3.4.2.1. Embedding in graphite by press compaction 

The primary matrix material consists of 80 wt% graphite and 20 wt% sulphur 
in powder form. The embedding process needs the following sequence of opera-
tions. The hull wastes and graphite-sulphur moulding powder are fed into a 
premoulded graphite shell and pressed at 3 MN/m2. The assembly is then evacuated, 
pressed at 20 MN/m2 at 150°C and these conditions held for 15 minutes, after 
which the assembly is allowed to cool and the moulded product ejected at 80°C. 
The product is then fitted into a thin-walled steel can which is sealed by welding. 
The process is illustrated in Fig. 13. 

The final dimensions of the waste packages have not been settled but no 
problems are anticipated on the 200 L scale. The product has excellent physical 
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FIG.14. Compaction of hulls in thin-walled cans and packaging of the compacts in special 
containers. 

properties and excellent corrosion and leach resistance. High (58%) waste loadings 
can only be achieved if the hulls are compacted before immobilization. 

Current situation: The method has been demonstrated inactively at labora-
tory scale. 

3.4.2.2. Press compaction with or without lead cuttings 

The hulls are poured with or without lead cuttings into simple thin-walled 
cans (lead, tin or other metals) and pressed. (The process is illustrated in Fig. 14.) 
At a compaction pressure between 150 MPa and 200 MPa a volume reduction of 
2 to 6 is achieved, depending upon the lead cutting content. Compaction is 
performed under an inert gas atmosphere. The resulting compacts are stored in 
a stainless steel container which is transferred to a welding station where a lid is 
welded on. A decontamination step is carried out if necessary. The fuel hardware, 
including end pieces, is conditioned separately. 

This hull conditioning process is characterized by simple process techniques 
and room temperature technology, and no tritium is released during conditioning. 
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The products have high heat conductivity and high radiation resistance, and there 
is no radiolytic gas production during storage. An inert gas atmosphere is needed 
during loading and compaction. Suitable compaction presses are commercially 
available. 

Current situation: The process is under development at laboratory scale. 
Cylindrical samples, 100 mm in diameter and 100 mm high, were produced and 
the results have been satisfactory. Work is proceeding on this method. 

3.4.2.3. Conditioning cladding waste by press compaction and 
embedding in lead alloy 

From the hopper, which separates hulls from the spacer grids, the hulls 
are fed into a thin-walled perforated compaction can (330 mm diameter, 300 mm 
high). After loading in a 15 MN downstrike press, providing 168 MPa, a volume 
reduction by a factor of 4.6 is achieved. The ejected compacts are stacked in a 
loading basket and lowered into a storage canister which is transferred to a 
welding station where the cover lid is fastened on. The canister is then introduced 
into a resistance heater and the connection on top of the cover lid is coupled to 
the lead supply line and the vacuum system. After degassing, the canister is 
heated to 450°C and lead alloy is poured in from a crucible installed outside the 
cell. Figure 15 illustrates the process. Finally, the cooled storage canister is 
closed, and decontaminated if necessary. The fuel hardware, including the end 
pieces, is conditioned separately. 

The advantages of the process are the high volume reduction factor (4.6), 
the moderate process temperatures, and the chemical, mechanical and radiolytic 
stability of the products. The disadvantages are the lead consumption of 
470 kg/tHM and poor wetting of the hulls by the lead alloy matrix, which could 
lead to the release of certain fission products (e.g. Cs isotopes) in the case of 
mechanical failure of the lead matrix. 

Current situation: The method has been demonstrated with radioactive 
hulls at laboratory scale. A remotely operated pilot installation for hull batches 
of 10-20 kg is being constructed and will be demonstrated under radioactive 
conditions after 1984. The process is being developed as part of the CEC pro-
gramme on Radioactive Waste Management and Storage and will be continued at 
SCK/CEN Mol, Belgium. 

3.4.2.4. Embedding in metal alloys using powder metallurgy 

This process (Fig. 16) makes use of powder metallurgy, i.e. consolidation 
by powder pressing and sintering at moderate temperatures. The press compaction 
can be performed either by isostatic or axial pressing. Current R&D work uses 
either Al or Al alloys as matrix materials and its objective is to reduce the sintering 
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FIG.15. Conditioning cell for cladding waste by press compaction and embedding in lead alloy. 
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FIG. 16. Embedding in metal alloys using powder metallurgy. 

FIG. 17. Embedding hulls in glass. 
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FIG. 18. Encapsulation in ceramic alumina. 

temperatures, pressures and times. Precompaction of the hulls is required for this 
process. The fuel hardware, including the end pieces, is conditioned separately. 

The waste forms produced have a low mass. Only moderate temperatures 
and pressures are needed, and at 450°C little or no tritium should be released. 
The products do not generate radiolytic gas and they exhibit good leach resistance. 
Corrosion resistance against brine is satisfactory for Al and Al alloys. Internal 
stress due to elastic compaction of the hulls may cause cracking of the waste form. 

Current situation: The R&D work for this project is in a preliminary state. 
Small samples (100 mm diameter and 100 mm high) have been produced. The 
project will be continued by KfK and NUKEM, Federal Republic of Germany. 

3.4.2.5. Embedding in glass 

The process (Fig. 17) consists in pouring molten glass on preheated hulls in a 
special metal canister. After drying, hulls and canister are first heated to 900°C 
by a 50 kW, 5000 Hz induction furnace. The glass to be used is made in a melting 
furnace composed of a metal pot heated by medium frequency induction. The 
glass temperature is 1150°C. The fuel hardware, including the end pieces, is 
conditioned separately. 

Glass does not wet the hulls effectively and this, together with the different 
coefficients of expansion of glass and hulls, leads to a product that is unlikely 
to be monolithic, i.e. it will have cracks. The product also has poor mechanical 
and thermal stability. Tritium, caesium and ruthenium are volatilized during 
the elevated temperature stage. 
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FJG.19. Cryogenic temperature crushing method. 

Current situation: R&D work has been conducted on this process in France 
and the United States of America. The process has not been retained as a reference 
process for the development of an industrial-scale facility. 

3.4.2.6. Encapsulation in ceramic alumina 

In this process, the volume of the cladding waste is reduced by flattening or 
rolling. The crushed hulls are embedded in A1203 powder by isostatic pressing, 
which produces a cylindrical core. The core is encapsulated in a very reactive 
A1203 powder by isostatic pressing, followed by sintering at temperatures in the 
range of 1200°C. The fuel hardware, including the end pieces, is conditioned 
separately. A flow diagram of the process is given in Fig. 18. 

The process has been studied at laboratory scale using non-radioactive 
materials. Products of 120 mm diameter and 300 mm height have been produced. 
There are some similarities to the ASEA process (see Table XII). The process is 
operated at high temperature and pressure and is characterized by many steps; 
tritium release is anticipated during conditioning. The products have high chemical 
resistance together with high radiation and thermal stability. 

Current situation: Work on this process has been discontinued owing to 
technological difficulties. 

3.4.2.1. Cryogenic temperature methods 

The brittleness of Zircaloy hulls owing to absorbed hydrogen may be 
increased by cooling with liquid nitrogen. Tension, compression and impact 
tests have been carried out for simulated Zircaloy hull materials cooled by liquid 
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FIG.20. Conversion of fuel hulls to zirconate. 

nitrogen at -100°C or below. The effects of the following crushing parameters 
were examined by means of a double roll crushing machine: 

— Peripheral velocity of the roll 
- Pressing force of the roll 
- Roll gap 
— Synchronization of peripheral velocity of the roll. 

Figure 19 is a flow diagram of this method. The fuel hardware, including the 
end pieces, is conditioned separately. No tritium release or volatilization of 
radioactive nuclides contained in the hulls should occur during the process. 

Current situation: A conceptual drawing for the actual system has been 
prepared. 

3.4.3. Conversion processes 

This section is concerned with all processes and methods which convert 
hulls and hardware into another physical or chemical state (see Table XII). Most 
of the processes use relatively high temperatures and it is assumed that all the 
tritium in the hulls will be released during the high temperature stages. 

42 



3.4.3.1. Conversion to zirconate 

The conversion of hulls to zirconate produces an inorganic ion exchanger 
which can be used for stabilizing high-level waste (HLW) from spent fuel repro-
cessing. The principal steps of the conversion process are as follows (see Fig.20): 

- Reaction of the hulls with fused A1C13. NH4C1 at about 400°C and simul-
taneous distillation of ZrCl4 from the molten salt; 

- Formation of isopropoxides by reaction of ZrCl4 with isopropyl alcohol in 
the presence of NH3 ; 

- Preparation of zirconate by reaction with alcoholic sodium hydroxide 
followed by hydrolysis; 

- Recovery of A1C13. NH4C1 by distillation of the fused salt for further 
processing. 

After washing, drying and hot pressing, a refractory ceramic is obtained 
which is suitable for disposal. The hardware is conditioned separately. 

The conversion of Zircaloy fuel hulls to zirconate offers the possibility of 
stabilizing liquid HLW. In theory, enough zirconate is produced to stabilize all 
the fission products in HLW. The conversion might be accomplished with the 
recycle of all reagents so that no new major waste stream would be created. 

The high temperature process is associated with many steps and the use of 
aggressive chemicals. Tritium release and formation of other volatile products 
are further disadvantages of this process. 

Current situation. Not known. 

3.4.3.2. Conversion to zirconia by oxidation and embedding in cement or 
bitumen 

Owing to its chemical stability, zirconia is potentially a suitable form for 
long term storage. Different processes have been investigated to convert Zircaloy 
hulls to (inert) zirconia and one such process is the oxidation of hulls by oxygen 
or air in the range of 800°-1500°C. The zirconia can be immobilized in cement or 
bitumen. The main purpose of this process is to convert Zircaloy to a non-
inflammable, chemically stable form suitable for long term storage. The high 
temperature, the tritium release and release of other volatile fission products are 
disadvantages of the process. 

Current situation: Only exploratory tests at laboratory scale have been carried 
out. Work on this project has stopped and no further studies will be performed by 
WAK, Federal Republic of Germany. 
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FIG.21. Conversion of Zircaloy hulls to hydrous zirconia by ammonium fluoride followed by solidification with cement. 
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FIG.22. Conversion of Zircaloy hulls to zirconium silicate. 

3.4.3.3. Conversion of Zircaloy hulls to hydrous zirconia by ammonium 
fluoride followed by solidification with cement or by hot pressing 

An aqueous process (Fig.21) suggested by the UKAEA consists in dissolving 
Zircaloy in ammonium fluoride solution followed by precipitation as hydrous 
zirconium oxide using ammonia (Eq.(l)). Ammonium fluoride is recycled after 
concentration. Before storage or disposal, the hydrous zirconia needs to be 
converted to a solidified form. Two processes have been considered: (a) hot 
pressing to form a dense ceramic, and (b) solidification with cement: 

Zr + 6NH4F (NH4)2ZrF6 + 4NH3 + 2H2 

(1) 
(NH4)2ZrF6 + 4NH4OH Zr0 2 2H 2 0 + 6NH4F 

The hardware is conditioned separately. 
The main purpose of this process is to convert Zircaloy to an oxidized, non-

inflammable form. It has many process steps and tritium will be released during 
dissolution. 

Current situation: Process investigations have been limited to laboratory 
scale, and no further work is planned. 
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FIG.23. Zircaloy hull melting process (inductoslag melting). Drawing from Clites and Beal 
Albany Metallurgical Research Center, US Bureau of Mines, Albany, Oregon, USA. 

3.4.3.4. Conversion of Zircaloy hulls to zirconium silicate 

An alternative solidification process for oxidized Zircaloy hulls is their 
incorporation in silicate glass (Fig.22). Zirconia resulting from prior HF0 2 

treatment is melted at 1200°-1400°C with glass-forming agents to yield a dense 
silicate product. Glasses containing up to 15 wt% Zr02 and glass-like products 
containing up to 30 wt% Zr02 have been obtained. The hardware is processed 
together with the hulls. 

The process leads to zirconium silicate, which is a stable chemical form. 
High temperature, the need for aggressive chemicals (HF0 2 ) and tritium release 
are disadvantages of this process. 

Current situation: Not known. 

3.4.3.5. Zircaloy hull melting process (inductoslag melting) 

The inductoslag process consists in induction melting in a segmented, water-
cooled copper crucible. A high purity slag, such as calcium fluoride, and a helium 
or argon atmosphere are required for melting chemically reactive metals such as 
Zircaloy which has a melting point around 1850°C. Stainless steel hardware and 
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FIG.24. Fundamental constitution of electroslag melting furnace. 

FIG. 25. Typical cross-section of electroslag-melted stainless steel. 

fines are separated from Zircaloy hulls and processed separately. The ingots so far 
produced are 130 mm in diameter and 1070 mm long. 

A melting process involving a decontamination step is possible by using 
CaF2 + MgF2, glass, or other decontaminating agents. An additional stream of 
waste is then produced. The dimensions of the ingots can probably be increased 
without major problems. The melting process is illustrated in Fig.23. 
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Thermodynamic studies in Japan suggest that melting stainless steel hulls 
in the presence of an adequate slag enables transuranium (TRU) compounds to be 
extracted into the slag. Melting tests using HF0 2 and Ce02 (which have similar 
thermodynamic properties to TRU oxides) were carried out to measure their 
distribution ratios between the slag and the metal phase. The structure of the 
electroslag melting furnace and the typical cross-section of the electroslag-melted 
stainless steel ingot are given in Figs 24 and 25, respectively. Tritium release during 
the melting step is a disadvantage of the process. 

Current situation: The inductoslag process is still under consideration in the 
United States of America. At Marcoule, France, this process will be the reference 
process for the TOR facility, to be constructed. Active and inactive trials are also 
being carried out to examine its suitability for the treatment of Zircaloy hulls 
from the UP2-800 and UP3 plants of La Hague, France. In Japan, studies on 
the electroslag melting process (for FBR hulls) will continue at the Power Reactor 
and Nuclear Fuel Development Corp. (PNC), Japan. 
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FIG.27. Conversion to zirconia by oxidation. 

3.4.3.6. Zircaloy hull melting process with additives 

The melting temperature of Zircaloy hulls (1850°C) can be decreased to 
about 1100°C by additives such as copper, iron or other metals. Graphite crucibles 
are used and, as in the inductoslag melting process, a decontamination step can be 
introduced with CaF2 + MgF2 or glass as decontaminating agents. This produces 
another (slag) waste stream. Fuel hardware can be processed with the hulls by 
this melting process. Figure 26 illustrates the process. Characterization of the 
process is nearly identical with the one described in Section 3.4.3.5. 

Current situation. Inactive and active trials are still being carried out in 
France. This process is considered as an alternative method for the future plants 
under development. Non-radioactive laboratory scale tests have been conducted 
in Japan, and the programme is finished. 

3.4.3. 7. Conversion to zirconia by oxidation or chlorination 

Zr02 can be obtained by the reaction of Zircaloy with HF 0 2 in a fluidized 
bed reactor at a temperature of 550°C (Eq.(2)). Figure 27 is a flow diagram of the 
process. 

After conversion of Zircaloy hulls to ZrCl4 by hydrochloric acid at 300-400°C, 
pyrohydrolysis of the ZrCl4 with steam at about 350°C leads to zirconia (Eq.(3)). 
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Solidification or encapsulation of the product may be by hot pressing or 
cementation. 

Zr + HF + O. '2 550°C Zr02 (2) 

Zr + 4HC1 300-400°C ZrCl4 + 2H: 2 
(3) 

ZrCl4 + 2H 2 0 350°C Zr02 + 4HC1 

The hardware (except the end pieces) is also converted into the oxides of Fe, Ni, 
Cr, etc., which can be handled in the same way as Zr02 . 

The main purpose of this process is to convert Zircaloy to an oxidized stable 
form that has no fire risk. The relatively high temperature process is associated 
with the need for aggressive chemicals. Tritium release and formation of other 
volatile products are further disadvantages of this process. 

Current situation: The process has not been developed in detail. No further 
work is being carried out in the United States of America. 

3.4.3.8. Hot isostatic pressing (HIPOW) process 

The hulls are separated from end pieces under water and, after being flattened 
in a roller, they are loaded into a container which is then removed from the water 
and pumped out. The container consists of a titanium inner container 5 mm thick 
and a stainless steel outer container 5 mm thick. The containers have corrugated 
walls allowing for axial precompression. The next step is welding the inner lid, 
evacuating the container, and simultaneously heating to 150°C. After welding and 
decontamination, the container is heated to ~1000°C and the pressure of the 
transfer medium argon gas is set at 150 MPa. Under these conditions a dwell 
period of three hours is necessary to obtain the final product. After cooling, the 
container is ready for transport and storage. The end pieces must be processed 
separately. 

The HIPOW process gives a product of 100% theoretical density and thus a 
volume reduction of about seven times and surface area reduction of more than 
300 times can be obtained. The disadvantages of this process are the requirements 
of high temperature and high pressure. Tritium, however, remains with the Zircaloy 
hulls owing to the limited gas volume of the process. The resulting products have 
high density, high heat conductivity, high radiation stability and high mechanical 
stability. 

A process similar to the Swedish ASEA method is also being examined at 
PNC, Japan. The hulls are compressed into blocks which are placed in mild or 
stainless steel containers. After degassing and sealing, the containers are subjected 
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TABLE XIII. CRITERIA FOR EVALUATING TREATMENT PROCESSES 

1. Complexity of process: 

— Number of process steps 
— Process control requirements (nature of control system, tolerance of process to 

variations in operating parameters) 
— Materials handling (within or outside the process system) 
— Adaptability of equipment to remote operation (previous experience, complexity) 
— Maintenance requirements (reliability, complexity, decontamination) 
— Internal recycle (product implications) 
— Assessment of feasibility for production use (probability of success of development 

programme) 

2. State of development: 

— Process (scale of operations, e.g. laboratory, pilot plant) 

— Equipment (e.g. whether demonstrated, at design stage) 

3. Safety considerations: 

— Dispersion driving forces (temperature, pressure, chemical stability) 
— Personnel exposures (design, maintenance) 

— Hazardous materials (toxicity, stability) 

4. Process requirements: 

— Final waste volume 
— Process additives and auxiliary materials 
— Secondary wastes (gaseous, liquid, solid) 
— Process latitudes (tolerance to variations in feed materials, process conditions) 
— Quality assurance (operation, measurement, sampling) 

5. Development work required: 

— Type of development (laboratory, pilot plant, full scale, active, non-active) 
— Scale of development (availability and size of facilities) 
— Time required 

6. Facility requirements: 

— Radioactive facilities 
— Non-radioactive facilities 

to static hydraulic hot pressing, and a completely densified waste product is 
obtained after one hour at 1000°C and 100 MPa. 

Another ('Semi-HIP') process using powder as the pressure medium has been 
examined in Japan. An almost completely densified product was obtained after 
five minutes at 1000°C and 300 MPa. 

Current situation. Extensive laboratory experiments have been carried out 
in Sweden to demonstrate the capability of the method. The work has been 
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completed and the final report from the contract published [24]. In Japan, 
conceptual drawings have been prepared. The programme is continuing and 
further work on it will be performed by PNC. 

3.4.3.9. Ceramic solidification method 

R&D work has been carried out on a ceramic solidification treatment in which 
the Zircaloy hulls are oxidized and solidified as stable zirconia-base ceramics 
suitable for disposal. Solidification is by hot uniaxial, hot isostatic pressing or a 
non-pressurized sintering method and uses high temperatures and pressures. 
Tritium is released during the oxidation stage. 

Current situation: Development work is under way at PNC, Japan. 

3.5. EVALUATION OF PROCESSES 

Section 3.4 has described eighteen processes for the treatment and conditioning 
of fuel hulls and hardware in various stages of development. It is clearly uneco-
nomic and unnecessary for any one country or organization to fully develop, for 
example, to a technical scale, all or most of the processes described. Preferred pro-
cesses for such development can be selected by techniques, such as multi-attribute 
analysis, based on quantification of various criteria. This technique was used, for 
example, in an evaluation of alternative solidification processes for treating high 
level fission product solutions in the United States of America [26]. 

Table XIII lists some of the criteria that should be considered in a process 
evaluation exercise. It is not exhaustive, and other factors may need to be taken 
into account. Cost considerations are implicit in many of the criteria listed. 

It should also be recognized that final process selection must involve con-
sideration of the total waste management system, i.e. the treatment process, the 
characteristics of the waste form, and the requirements for storage, transport 
and disposal. 

3.6. DECONTAMINATION PROCESSES 

Decontamination of hulls and hardware can be an important pre-treatment 
step before treatment/conditioning processes are employed. The activities 
associated with cladding hulls and hardware arise from a variety of causes, e.g.: 

— Both types of material may be contaminated with liquor from the dissolver; 
— Active material can be deposited on hull and hardware surfaces during fuel 

dissolution; 
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— Activation products will be present in both types of material (including 
actinides formed by neutron irradiation of trace U and Th impurities in 
Zircaloy); 

— Fuel may be driven (mechanically) into the cladding during shearing; 
— Radioactive nuclides can be driven into the cladding as a result of fission 

recoil; 
— Nuclides may penetrate the hull surfaces as a consequence of either corrosion 

of the hulls or by diffusion, e.g. of mobile species such as Ru and Cs. 

It is virtually impossible to remove all the activity from Zircaloy since traces 
of U and Th in the original unirradiated material absorb neutrons, and actinides are 
generated in the bulk material. Studies have been carried out in the United States 
of America to examine the feasibility of decontamination of Zircaloy with a view 
to re-use of the recovered alloy or to permit disposal as TRU free waste. Aqueous 
and non-aqueous high temperature methods were examined but it was concluded 
that none of the processes considered would reduce the level of transuranic conta-
mination to the very low level required [27], Work on decontamination and melt 
densification of Zircaloy hulls has continued [19], but complete decontamination 
is a very difficult goal. 

The most realistic goal is to remove as much surface contamination as 
possible, using relatively simple techniques. The removal of surface contamina-
tion depends very much on the nature of the surface to be treated. Thus Zircaloy 
cladding normally has a highly adherent and coherent coating of zirconia 
(5-50 ¿um thick) on inner and outer surfaces. This oxide layer tends to trap 
activity in the lattice and also prevents reagents from reaching the metal surface, 
making decontamination more difficult than for stainless steel. 

3.6.1. High temperature methods 

Studies have been made in the USA and France on decontamination of 
Zircaloy cladding. A two-stage process has been developed at Hanford, Washington, 
USA [19]. This included a preliminary treatment of irradiated Zircaloy hulls 
with HF at 600°C which was designed to attack the metal (at the cut edges of 
the hulls) so that the Zr02 coating was undercut and a layer of zirconium oxy-
fluoride formed between the metal and the Zr0 2 . The fluoride layer was then 
dissolved (90°C for 2 h) in a mixture of the following composition [28]: 

0.4M ammonium oxalate 
0.16M ammonium citrate 
0.1 M ammonium fluoride 
0.3M hydrogen peroxide 

By this process, irradiated hulls were decontaminated, leaving a residual alpha 
activity of 1 X 10 4 -3 X 10s Bq/cm2 (3-8 X 10"7 Ci/cm2). 
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A high temperature process for melting and decontaminating Zircaloy and 
stainless steel hulls has been studied at Marcoule, France [29], but has not yet 
been successfully demonstrated with active hulls. 

3.6.2. Mechanical methods 

Surface abrasion is not a practical method as it generates large quantities of 
fines, but it has been used at Hanford, USA, to demonstrate the distribution of 
alpha emitters on PWR hulls [19], 

In ultrasonic cleaning, the rapid succession of shock waves generated by 
the movement of the transducer surface causes cavitation. This effect produces 
a cleaning action, and the associated turbulence brings a fresh supply of decon-
taminating fluid to the surface under treatment. Work in the United Kingdom [30] has 
shown that 79-98% of the alpha contamination on fast reactor (stainless steel) hulls 
can be removed in an ultrasonically agitated bath (3M HN03 at 22°C). The residual 
alpha activity was in the 0.04 X 104-2.2 X 104 Bq/g (0.01-0.6 juCi/g) range (hulls) 
and the residual alpha activity on Zircaloy hulls under similar conditions was in 
the 1 X 104—2 X 104 Bq/g (0.3-0.5 jxCi/g) range. All the early United Kingdom 
studies were carried out using individual hull sections, but attempts to scale up the 
cleaning process were unsuccessful. Larger scale experiments indicated that power 
losses in the system were too high, and it was concluded that although ultrasonic 
cleaning could be used for small scale decontamination it was not practicable for 
the industrial scale [31]. 

3.6.3. Electrical methods 

Electrolytic etching is a well-established technique used in preparation of 
specimens for metallurgical examination, and complete dissolution of the stainless 
steel cladding of irradiated fuels has been used in the USA as a method of decan-
ning [32,33], Avariant on the complete dissolution technique would be to carry 
out only limited electrolysis so as to remove, say, up to 10 jum of the outer hull 
surfaces, but this has not been used as a method of decontamination. 

3.6.4. Chemical methods 

These may be divided into two main types: those using mineral acids and 
those in which more complex reagents or mixtures of reagents are used. As a 
general rule, reagents used for decontamination should be such that the resulting 
liquor can easily be treated either to allow removal and/or recovery of actinides 
or to permit a simple disposal route to be used. 

Most decontamination techniques have been devised for dealing with compo-
nents from water-cooled reactors, and detailed accounts of possible methods have 
been given in the literature, including a recent IAEA Technical Report [34, 35]. 
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Stainless steel hulls can be decontaminated more easily than Zircaloy because the 
Zr02 coating on the hull surfaces tends to trap activity and prevent access of the 
decontaminating reagent to the metal. 

(a) Mineral acids 

The following acids can be used: 

HNO3 Relatively non-corrosive to the base metal 

H 2S0 4 Highly corrosive to stainless steel and Zircaloy 

H3PO4 Highly corrosive to stainless steel and Zircaloy 

HF Very corrosive to stainless steel 

HCl Very corrosive to stainless steel. 

Mixtures of mineral acids, e.g. dilute aqua regia (5M HN03/2M HCl), can 
also be used but are highly corrosive. This reagent has been used in the DAREX 
process for the complete dissolution of stainless steel cladding and oxide fuel [36], 
Other mixtures, e.g. HN0 3 /HF, are also very corrosive and can be used to dissolve 
Zircaloy cladding; preferential dissolution to a depth of only a few micrometres 
would be difficult. The corrosion due to such mixtures can be minimized by 
complexing the major part of the fluoride ions with aluminium; only a very low 
concentration of free fluoride ions is needed. 

Of the mineral acids, nitric acid is commonly used in reprocessing plants 
and it has been shown that simple refluxing with 3M HN03 can remove most of 
the alpha contamination associated with fast reactor hulls [37]. Corrosion of the 
dissolver must be taken into account and a suitable steel selected since refluxing 
for several hours with even 3M HN03 can dissolve about 1% of the hulls. The 
decontamination of fast reactor hulls improves with increasing HN03 concentra-
tion and with the increased corrosion of the hulls [30], Contamination is more 
firmly fixed in Zircaloy hulls. 

Mixtures of nitric acid with Ce(IV) can also be used to decontaminate hard-
ware (and probably hulls), but some stainless steels are rapidly attacked by 
boiling 4M HN0 3 + 0.1 M Ce(IV). The use of such reagents therefore calls for 
special dissolvers, e.g. titanium and tantalum. 

(b) Organic acids 

Oxalic, citric, tartaric and formic acids have been examined as potential 
reagents for decontaminating stainless steel fast reactor hulls [30], Refluxing 
for 6 h with 0.5M oxalic acid removed 96.6% of the gross alpha activity, 100% 
of the 106Ru and 125Sb, and 81.9% of the 137Cs, but at a cost of a 7.9% weight 
loss from the hulls. The other reagents were less corrosive and less effective as 
decontaminants. The corrosive nature of oxalic acid was decreased by the addition 
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of IM H 2 0 2 , and decontamination was equally effective for a weight loss of only 
1.3%. An ammonium oxalate (3M)-hydrogen peroxide (1M) mixture also gave good 
decontamination. 

( c) Alkalis 

Work in the United Kingdom has shown that removal of alpha activity from 
stainless steel hulls was poor using 0.1M sodium carbonate (0.9% removal in 6 h 
reflux) and only 54% was removed with 10% sodium hydroxide -2.5% Na-D-tartrate 
[30]. Alkaline permanganate, especially if used in a two-stage process with ammo-
nium citrate, is very effective; the process [34] consists of, first, refluxing with 
2.5M NaOH-0.2M KMn04 , and then refluxing separately with 10% diammonium 
citrate. Most of the decontamination is achieved in the alkaline permanganate stage. 

(d) Complex mixtures 

Mixtures of ammonium oxalate, ammonium citrate, ammonium fluoride and 
hydrogen peroxide ('Meservey' reagents) have been used by workers in the USA 
as the second stage in decontaminating hulls [19]. Refluxing with such mixtures 
resulted in 92-99% removal of gross alpha activity from fast reactor hulls with 
excellent removal of 106Ru and 125 Sb (~100%); however, 137Cs removal (13-31%) 
was poor. 

Citric acid or citrates give good decontamination of stainless steel equipment 
from Zr/Nb, Ce/Pr, Ru/Rh and Ba/La and, when used in mixtures with ethylene 
diamine tetra acetic acid (EDTA) at pH6-8, can remove high temperature films 
from contaminated stainless steel. 

A range of complex (LOMI) reagents which are relatively non-corrosive to 
stainless steels has been developed at the Berkley Nuclear Laboratories in the 
United Kingdom [38], The rates of dissolution of oxide layers on steel reactor 
components can be controlled by the choice of a suitable reductant - one of 
those currently favoured is vanadous picolinate. Typical penetration rates for 
oxide layers on stainless steel are 0.5 /um/h for AISI 410 steel at a solution pH of 
4.5. The rate of penetration of oxide on Zircaloy 2 at a similar pH (4.7) is very 
much slower (0.005 /Ltm/h). Thus, while these reagents may give good decontamina-
tion of steels, their usefulness for decontaminating Zircaloy hulls has yet to be 
demonstrated. As with other complex reagents, the disposal of the contaminated 
waste stream is likely to be more difficult to achieve than for simple reagents such 
as nitric acid. 
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4. CHARACTERIZATION 
OF CONDITIONED WASTE FORMS 

4.1. GENERAL 

The quality of all conditioned cladding materials obtained from processes 
described in Section 3.4 must be guaranteed by detailed investigations carried 
out either during process control or on the immobilized waste form. 

The requirements for knowledge of the properties of radioactive waste 
products arise from the need for safety during storage or disposal. One of the 
most likely ways of releasing radionuclides from the waste form is leaching by 
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groundwater, e.g. by saturated brine under elevated temperatures. The following 
properties of the waste forms and packaging are important: 

(a) Chemical properties 
- leachability 
- corrosion behaviour 
- gas formation 

(b) Physical properties 
- compressive strength 
- density 
- thermal conductivity 
- porosity 
- formation of cracks 

(c) Thermal stability 
- resistance to fire 

(d) Radiation stability 
- radiolytic gas formation 

Most of the processes described in Section 3.4 are no longer being studied, 
and work on many was discontinued at an early stage. There is therefore relatively 
little information on the characterization of products from the various processes. 
Sections 4.2—4.5 give information on those waste forms which have been studied 
in detail. 

4.2. CHARACTERIZATION OF COMPACTED HULLS EMBEDDED IN 
CEMENT GROUT 

Waste form: Portland cement PZ 450 F and PZ 350 F with plasticizing 
agent added. Water/cement ratio 0.4 (see Fig. 2 8). 

Waste loading: Rolled: 2400 kg hulls/m3 waste form 
Uncompacted: 1000 kg hulls/m3 waste form. 

Extensive investigations have been carried out to characterize compacted 
cladding material immobilized with cement grout. Some of these are reported 
below [1]. 

(a) Chemical properties 

The results on leachability of hulls in cement are summarized in 
Tables XIV-XVII. 

Corrosion of Zircaloy hulls by the cement matrix leads to tritium leach rates 
several orders of magnitude higher than from bare hulls. Table XVIII gives data 
for the leaching of uncemented Zircaloy hulls by distilled water. The tritium leach 

59 



FIG.28. Compacted hulls embedded in cement grout. 

rate of about 1.6 X 10"13 cnvcT1 should be compared with the average value of 
about 2 X 10"7 cm-d"1 obtained for a variety of leachants after one year as shown 
in Tables XIV-XVI. The fact that the latter value is obtained by using 
several leachants indicates that the tritium leach rate is independent of the nature 
of the leachant. 

Investigations on the release of gaseous tritium from cemented Zircaloy 
hulls have been carried out at 25°C and 100°C using argon as carrier gas. Tritium 
release as a function of time and temperature is shown in Fig.29 [1 ]. 

(b) Physical properties 

The compressive strength of compacted hulls embedded in cement is lower 
than for uncompacted hulls in cement, because of the higher loading of the 
cement matrix. This is shown in Table XIX [2]. 

(c) Thermal properties 

The thermal conductivities of Zircaloy hulls/cement products have been 
measured at Kernforschungszentrum Karlsruhe [3, 4] with uncompacted and 
compacted hulls. The thermal conductivity was 0.019 W-cm-1 -K"1 and 
0.035 W'cm~1-K~1 for uncompacted and compacted hulls/cement products, 
respectively [3]. 

1 1 rad = 1 X 10"2 Gy. 
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TABLE XIV. AVERAGE LEACH RATE OF CEMENTED ZIRCALOY HULLS 
IN DISTILLED WATER AT 20°C [ 1 ] 

Leached nuclide R l (365 d) % R l (730 d) % 

Ru-106 3.2 X 10~5 0.12 2.7 X 10"s 0.19 

Sb-125 Not measured Not measured 

Cs-134 7 X 10~3 25.1 4.5 X 10"3 30.8 

Cs-137 6.1 X 10"3 20.6 3.7 X 10"3 25.2 

Eu-154 Not measured Not measured 

H-3 (HTO) 1.9 X 10 - 7 7 X 10"4 1.5 X 10"7 1.0 X 10"3 

Actinides 
(U, Pu, Am, Cm) 

1.1 X 10"7 3.5 X 10"4 7.5 X 10"8 5.6 X 1 0 - 4 

Note: Average leach rate R L is defined by: 
An V 1 

where An is activity after time n 
Ao is initial activity 
V is volume (cm3) 
S is surface area (cm2) 
t is time (d) 

TABLE XV. AVERAGE LEACH RATE OF CEMENTED ZIRCALOY HULLS 
IN SATURATED NaCl AT 20°C [ 1 ] 

Leached nuclide R l (365 d) % R L ( 7 3 0 d) % 

Ru-106 7.5 X 10"4 2.57 3.9 X 10"4 2.76 

Sb-125 2.5 X 10~s 0.085 1.2 X 10~s 0.087 

Cs-134 6.7 X 10~3 23 3.9 X 10"3 27.6 

Cs-137 5.5 X 10"3 19 3.2 X 10"3 22.8 

Eu-154 Not measured Not measured 

H-3 1.6 X 10"7 6 X 10"4 1.9 X 10"7 1.3 X 10"3 

Actinides 
(U, Pu, Am, Cm) 

9.8 X 10~s 0.34 5.8 X 10"s 0.41 
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(d) Radiation stability 

The cumulative dose to the cement matrix can reach values of about 1010 rad, 
and investigations on the radiation stability of Zircaloy hulls embedded in cement 
grout have shown that (a) radiolytic hydrogen production in the Zircaloy/cement 
product is about 0.14 mL H2/g per 108 rad, and (b) retention of hydrogen by the 
cement grout is low: 1-10% of the hydrogen is retained [3]. 

TABLE XVI. AVERAGE LEACH RATE OF CEMENTED ZIRCALOY HULLS 
IN SALT BRINE AT 20°C [1] 

Leached nuclide R l (365 d) % R l (730 d) % 

Ru-106 3.4 X 10 - 4 1.17 1.7 X 10"4 1.18 

Sb-125 2.2 X 10~5 0.08 1.1 X 10"5 0.08 

Cs-134 1.9 X i<r3 6.6 1.0 X 10"3 7.3 

Cs-137 1.6 X 10"3 5.6 8.6 X 10"s 6.1 

Eu-154 3.0 X 10~s 0.11 1.8 X 10"s 0.13 

H-3 2.5 X 10~7 8.6 X 1 0 ^ 2.5 X 10"7 1.8 X 10"3 

Actinides 
(U, Pu, Am, Cm) 

2.3 X 10~s 0.08 1.6 X 10~5 0.11 

TABLE XVII. PERCENTAGE OF ALPHA NUCLIDE AND AVERAGE LEACH 
RATE AFTER TWO YEARS IN DIFFERENT LEACHANTS [ 1 ] 

Pu-239 
Pu-240 

Pu-238 Am-241 
Cm-243 
Cm-244 

Zircaloy cement grout Hull inventory 15.6 31.1 31.8 21.5 
in HjO A 0 (% activity) 

% total activity 17.8 25.0 30.0 21.4 
R L ( 7 3 0 d) 9.2 X 10""8 6.4 X 10"8 7.6 X 10"8 8.0 X 10"8 

Zircaloy cement grout % total activity 6.7 8.1 41.5 41.3 
in saturated R L ( 7 3 0 d ) 2.5 X 10~5 1.5 X 10"s 7.5 X 10"s 1.1 X 1 0 ^ 
NaCl solution 

Zircaloy cement grout % total activity 4.6 6.5 40.0 48.2 
in salt brine R L ( 7 3 0 d ) 4.7 X 10"6 3.3 X 10~6 2 X 10~s 3.5 X 10"5 
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TABLE XVIII. LEACHABILITY OF RADIOACTIVE ZIRCALOY HULLS IN 
DISTILLED WATER [1] 

Nuclide R l (365 d) % R l (730 d) % 

Ru-106 9.1 X 10"6 9.0 4.6 X 10"6 9.1 

Sb-125 2.5 X 10~6 2.5 1.6 X 10"6 3.2 

Cs-134 2.8 X 10"5 28.0 1.6 X 10"5 31.0 

Cs-137 2.1 X 10"5 20.4 1.2 X 10"s 22.7 

Eu-154 1.1 X 10"5 10.8 5.5 X 10"6 10.8 

Co-60 3.9 X 10"s 0.14 1.9 X 10"s 0.14 

U, Pu, Am, Cm 5.4 X 10~7 0.50 3.5 X 10 - 7 0.68 

T 1.6 X 10"13 < 1 0 - 6 1.2 X 10"13 <10" 6 

10"5 

w 

1 0 " ' 

1 0 " ' 

0 100 200 300 365 
Duration of test (d) 

FIG.29. Tritium release from Zircaloy cement samples with argon as carrier gas at different 
temperatures [ I ] . 

TABLE XIX. COMPRESSIVE STRENGTH OF HULLS EMBEDDED IN 
CEMENT [2] 

Average strength Relative strength Volume fraction of 
Specimen related to concrete concrete matrix 

without claddings 
(N/cm 2 ) (%) (%) 

Non-compacted claddings 4215 100 87 

Compacted claddings 2880 70 76 
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(e) Description of the waste package: 

Dimensions of the package: 400-L waste drum 
Diameter 775 mm 
Height 1140 mm 

Waste container: 400-L sheet metal drum with 
330-L inner drum. 

4.3. CHARACTERIZATION OF COMPACTED OR UNCOMPACTED HULLS 
EMBEDDED IN GRAPHITE/SULPHUR 

Waste form: 80 wt% graphite and 20 wt% sulphur. 

Waste loading: 2000 kg hulls/m3 waste form depending on the degree of 
precompaction. 

(a) Chemical properties 

The leach and corrosion resistance of the product were investigated in saturated 
salt brine at 90°C. The following leach rate values were obtained after 270 days [5]: 

Cs: 3 X 10"7 g-cm~2-d-1 (after 480 d) 

Sr: 6 X 10"5 g-cm~2-d_1 (after 90 d) 

The corrosion rate of the matrix material after 480 d was2 X 10"5 g-cm"2-d_1 [5]. 

(b) Physical properties 

The physical properties of the graphite/sulphur matrix material are 
summarized in Table XX [5]. Figure 30 shows the matrix with compacted 
hulls. 

Description of the waste package: The product is enclosed in a steel can. 

Dimensions of package: Steel cans with diameter 500 mm loaded with two 
compacts. 

Waste container: Graphite/sulphur mould of 30 mm wall thickness 
Diameter 500 mm 
Height/diameter 1-1.5 
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TABLE XX. PROPERTIES OF GRAPHITE/SULPHUR MATRIX 
MATERIAL [5] 

Density (g/cm3 ) 2.17 

Theoretical density (%) 97.7 

Heat conductivity (W/cm-K), radial 0.72 

Heat conductivity (W/cm-K), axial 0.21 

Compressive strength (MN/m 2 ) , radial 54.2 

Compressive strength (MN/m 2 ) , axial 59.1 

Bending strength (MN/m2),radial 42.5 

Bending strength (MN/m 2 ) , axial 23.3 

Young's modulus (kN/mm 2 ) , radial 58.7 

Young's modulus (kN/mm 2 ) , axial 22.2 

FIG.30. Compacted hulls embedded in graphite/sulphur (58 wt% hulls in the matrix), NUKEM, 
Federal Republic of Germany. 
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0\ o\ 
TABLE XXI. CORROSION TESTING OF LEAD ALLOYS: VARIATIONS IN THICKNESS OF SAMPLES EXPOSED (in ßtn) 

Alloy 
Temp. 298 K 

4 months 9 months 16 months 

Temp. 323 K 

4 months 9 months 16 months 

Interstitial clay-water 
(Mol, Belgium) 

Pb 1.5Sn 

Pb l .SSb 

Pb 

Pb 2Sn 0.6Ca 

Pb 4Ag 

+0.21 

+0.48 

+0.36 

+0.44 

+0.55 

-0.02 

+0.19 

+0.32 

+0.13 

+0.91 

+2.16 

+0.33 

+0.31 

+0.74 

+ 1.45 

- 0 . 2 9 

+0.68 

- 0 . 1 0 

- 0 . 0 2 

+0.19 

- 0 . 6 2 

- 1 . 3 8 

- 0 . 8 6 

+0.02 

+0.19 

+ 1.31 

- 1 . 7 3 

+0 .79 

- 0 . 7 4 

+0.75 

Asse brine solution 
(Asse, Fed. Rep. 
Germany) 

Pb l .SSn 

Pb l .SSb 

Pb 

Pb 2Sn 0.6Ca 

Pb 4Ag 

- 0 . 4 2 

- 0 . 2 8 

- 0 . 9 2 

- 0 . 5 0 

- 0 . 9 5 

- 0 . 7 8 

- 0 . 4 3 

- 1 . 1 2 

- 0 . 3 0 

- 1 . 5 6 

- 1 . 0 1 

- 0 . 6 7 

- 1 . 3 6 

- 0 . 3 5 

- 1 . 7 4 

- 4 . 4 9 

- 4 . 2 2 

- 6 . 1 6 

- 4 . 0 0 

-6.11 

- 7 . 1 3 

- 2 . 6 1 

- 9 . 1 5 

-6 .10 
- 8 . 5 4 

- 5 . 6 3 

- 2 . 1 8 

- 9 . 8 3 

- 4 . 0 9 

- 7 . 7 3 

Clay (Boom, Belgium) Pb 1.5Sn 

Pb 1.5Sb 

Pb 

Pb 2Sn 0.6Ca 

Pb 4Ag 

- 0 . 1 3 

- 0 . 3 4 

- 0 . 1 9 

- 0 . 2 2 

-0.01 

- 0 . 2 9 

- 0 . 3 9 

- 0 . 5 2 

- 0 . 3 1 

- 0 . 1 0 

- 0 . 4 5 

- 0 . 3 5 

- 0 . 2 5 

- 0 . 5 0 

- 0 . 3 6 



TABLE XXII. ACTIVITIES RELEASED FROM ZIRCALOY HULLS 
EMBEDDED IN LEAD ALLOY Pb 4Sn 12Pb 

Fraction of activity content leached 
(cumulative data) 

Sample I Sample II 

Time a-emitting /3->emitting a-emitting /3-7-emitting 
(d) isotopes isotopes isotopes isotopes 

1 3.6 X 10"6 4.1 X 10"8 3.1 X IO"7 8.9 X 10"8 

2 - 5.1 X 10"7 
- 1.4 X 10"7 

3 6.3 X 1 0 ^ 6.4 X 10"7 1.6 X 10~6 1.6 X 10"7 

4 1.2 X 10"s 7.4 X 10"7 2.9 X 10~6 1.7 X 10"7 

7 1.4 X 10"5 8.0 X 10"7 4.1 X 10"6 1.7 X 10"7 

10 4.5 X 10"5 1.0 X 10"6 5.3 X 10"6 1.8 X 10"7 

17 4.6 X 10"5 1.1 X 10"6 5.7 X 10"6 1.9 X 10"7 

24 4.7 X 10~s 1.2 X 10"6 5.9 X 10"6 2.2 X 10"7 

31 4.7 X 10"5 1.3 X 10"6 6.2 X 10""6 2.3 X 10"7 

38 4.9 X 10~s 1.5 X 10"6 6.5 X 10"6 2.5 X 10"7 

66 5.0 X 10"s 1.6 X 10"6 6.8 X 10"6 2.6 X 10"7 

94 5.0 X 10"s 1.6 X 10"6 7.2 X 10"6 2.7 X 10"7 

121 5.1 X 10-5 1.7 X 10"6 7.6 X 10"6 3.4 X 10"7 

4.4. CHARACTERIZATION OF COMPACTED HULLS EMBEDDED IN 
LEAD ALLOY 

Waste form: Hull compacts are consolidated in baskets which are loaded 
into canisters and embedded in lead alloy. 

Waste loading: 3680 kg hulls/m3. 

Investigations on leach tests and corrosion behaviour of different lead alloys 
and the waste products have been carried out at SCK/CEN, Belgium. The tests 
involve interactions of the filling alloy with cladding hulls and container material. 
A detailed description is given in Ref. [6]. 
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(a) Chemical properties 

The results of thickness change tests where the lead or lead alloy embedding 
materials were exposed to various media for 4-18 months are given in Table XXI. 
In many cases there was a gain in thickness owing to deposition from the water, 
but all the samples exposed to brine lost thickness [6]. Activity releases from 
active Zircaloy hulls embedded in lead alloys are given in Table XXII. 

(b) Physical properties 

Lead has the following properties: 

Tensile strength 10-20 N/mm2 

Density 11.34 g/cm3 

Melting point 327°C 

Description of the waste package: The canister containing the embedded 

hulls will be sealed inside larger cans. 

Dimensions of package: Diameter 360 mm; height 1400 mm. 

Waste container: Stainless steel canister closed by welding. 

4.5. CHARACTERIZATION OF COMPACTED OR UNCOMPACTED HULLS 
EMBEDDED IN METAL OR METAL ALLOYS 

Waste form: The hulls are embedded in sinter metal as Al or Al alloys 
(e.g. A1SÍ12) as shown in Fig.31. 

Waste loading: ~2000 kg hulls/m3 waste form depending on the degree of 
precompaction. 

(a) Chemical properties 

The following leach rates have been obtained for hulls embedded in aluminium 
(270 d in salt brine at 90°C) [5]: 

Cs: 3 XlO - 5 g-cm~2 -d_1 

Sr: 5 XlO - 5 g-cm_2-d_1 

The corrosion rates of the sample under the same conditions are between 1.5 and 
6.1 X 10"4 g-cm"2 ,d - 1 . 
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FIG.31. Compacted hulls embedded in aluminium (63 wt% hulls in the matrix), NUKEM, 
Federal Republic of Germany. 

(b) Physical properties 

The hull aluminium products show the following physical properties [5]: 

Density 
Theoretical density 
Heat conductivity 
Thermal coefficient 

of expansion 
Tensile strength 
Bending strength 
E-modulus 

2.67 g/cm3 

98.9% 
1.26 W-cm-1 -K"1 

23.1 jum-cm-1 -K -1 

95.0 MN/m2 

170 MN/m2 

66.4 kN/mm2 

Description of the waste package: Not yet defined. 

4.6. QUALITY ASSURANCE 

Any waste treatment scheme will include a specification to which the waste 
product must conform. The object of quality assurance is to ensure that the waste 
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TABLE XXIII. CRITERIA FOR EVALUATION OF CONDITIONED WASTE 
FORMS 

1. Mechanical stability (compressive strength, tensile strength, susceptibility to cracking, 

ageing) 

2. Thermal stability (thermal cycling, temperature gradients) 

3. Chemical stability (gas release, oxidation, geological compatibility) 

4. Radiation stability (radiolysis) 

5. Leach resistance (permeability, porosity, effect of different groundwaters) 

6. Biological stability (effect of microorganisms) 

7. Accident behaviour (fire, dropping, flood) 

product will perform to the standards and properties that have been selected, thus 
resulting in a product which is acceptable to the relevant authorities. Quality 
assurance may be defined as "The conscientious use of planned and systematic 
actions which will provide the necessary assurances that the total waste system 
will perform to agreed standards" [7], In general, the term quality assurance 
is applied to process control where the compositions, activities, etc., of the wastes 
can be determined directly, e.g. by monitoring, and the quality of the final waste 
can be assured from the information thus obtained. 

In addition to this assurance, the waste processor will also have to satisfy 
the relevant authorities that the product satisfies the stipulated requirements. 
The quality assurance actions necessary to demonstrate that the processed waste 
corresponds to the reference waste form constitute quality checking. As discussed 
in previous sections of this report, measurements, especially of the radionuclide 
inventory of wastes, can be difficult to make on the immobilized waste forms. 

4.7. EVALUATION OF WASTE FORM 

Evaluation of conditioned waste forms requires consideration of many different 
characteristics in the context of the total waste management system, i.e. including 
storage, transport and disposal. Techniques for such evaluations are available 
(Section 3.6) and would involve assessment of a wide range of parameters including 
those listed in Table XXIII. 
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5. STORAGE AND DISPOSAL: 
GENERAL CONSIDERATIONS 

5.1. DISPOSAL CONCEPTS 

Disposal concepts must take into account the nature of the waste form, 
the method of packaging, storage requirements, transport requirements, and the 
nature of the chosen disposal site. These, together with the choice of immobilizing 
material (matrix), have been considered in a recent IAEA Technical Report [1]. 
Most countries are considering burial of wastes such as cladding hulls and hardware 
in underground repositories, and the choice of repository depends on factors such 
as the activity level and heat generation in the wastes. One important feature of 
any disposal scheme is the use of several barriers (multibarrier concept) to prevent 
the movement of radionuclides from the waste forms into the surrounding geology. 
The extent to which the barriers are effective will depend on many factors; for 
example, a very high integrity matrix may allow fewer barriers to be required. A 
typical disposal concept could call for: (a) an immobilized waste form in which 
the matrix provides a certain degree of retention of the radionuclides; (b) a container 
for the immobilized waste form — again a strong, durable container would protect 
the waste form from attack by the immediate environment for a substantial 
period, possibly of the order of a few hundred years; (c) an engineered barrier to 
provide, for example, a reduction in the access of water to the wastes or to absorb 
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radionuclides that may be released from the wastes; and (d) a geological formation 
unlikely to be liable to severe earth movements and in which physical damage to 
the immobilized wastes is unlikely. The actual choice of container and backfill 
could well be dictated by the nature of the geological formation. For example, 
the environment existing in, say, a granite formation will be quite different from 
that in a salt dome. It is clear, therefore, that as far as is practicable the disposal 
concept should consider the system as a whole and not as a series of individual 
problems. 

Radioactive waste programmes in the United Kingdom have been reviewed 
[2] and examples of possible disposal routes for a variety of wastes discussed. 
It should be noted that such programmes are always subject to modification and 
should not be regarded as definitive. Further information on the management 
of radioactive wastes arising from fuel reprocessing plants in the United Kingdom 
may be found in the Proceedings of an IAEA Conference in 1983 [3]. The 
disposal concepts being considered for hulls and associated hardware in several 
countries are listed below: 

Belgium 

Reprocessing activities under contract with other countries will yield 
cladding hulls and fuel hardware conditioned in concrete blocks. This is 
considered as high-level alpha waste. The compatibility of this form of conditioning 
with the disposal site under consideration - a clay formation at a depth of 250 m — 
is still under investigation. Handling concrete blocks and the volume of those 
wastes might create manipulation problems for the conceptual design of the 
repository, and alternative methods of conditioning such as press compaction 
are therefore being investigated. 

France 

The present reference process for hull disposal is to immobilize the wastes 
from hulls and associated hardware in cement in a suitable container. It is intended 
to dispose of these wastes in geological formations. 

Germany, Federal Republic of 

The repository will be in a salt formation at Gorleben in Lower Saxony. 
The site will have tunnels at a depth of 800 m; boreholes will be filled with waste 
drums and sealed. The salt formation is now being studied to determine its 
suitability as a repository for high-level and alpha wastes, including hulls and fuel 
hardware. 
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India 

It is probable that hulls and fuel hardware will be immobilized and disposed 
of in underground formations. 

Italy 

According to a technical guide now being prepared, cladding hulls and fuel 
hardware are considered as alpha-bearing wastes so long as the alpha contents 
exceed 3.7 X 102 Bq/g (10 nCi/g). The disposal option for alpha-bearing wastes 
has not yet been defined but such wastes are likely to be placed in a repository 
in a deep geological formation. 

Japan 

It is probable that hull wastes will be immobilized and disposed of in 
geological formations. 

Sweden 

The cladding hull and fuel hardware waste from the Swedish fuel which 
will be reprocessed in the UP3 plant at La Hague, France, will be sent back to 
Sweden for disposal. It is intended to dispose of this waste in a deep (500 m) 
rock repository after interim storage. 

United Kingdom 

The present disposal scheme for intermediate-level waste, which includes 
hull waste, has not yet been decided. Consideration is being given to immobilizing 
hull waste from the new THORP plant in cement. 

United States of America 

According to current plans for reprocessing in the USA, fuel hulls are not 
likely to be generated in the near future. When reprocessing begins, fuel hulls will 
be processed and disposed of in a deep geological repository. 

5.2. CHARACTERIZATION OF TREATMENT AND 
DISPOSAL SCHEMES 

The treatment methods applicable to the disposal of cladding hulls and 
associated wastes can be divided into three broad categories: simple treatment, 
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complex treatment, and the intermediate case. Each type of treatment has certain 
advantages but these must be weighed against the corresponding disadvantages. 
Some options applicable to Zircaloy hulls but not to hardware or stainless steel 
could involve chemical conversion to zirconia; such treatments have been discussed 
in Section 3.4.3. 

Measurement of the residual actinides or gamma emitters may be required 
before disposal is carried out and, as discussed in Section 2.6, studies are being 
made to permit these activities to be assessed. 

5.2.1. Simple treatment 

Where only the minimum amount of treatment is performed, the product 
is likely to be bulky. A possible simple scheme is that after being washed, e.g. 
with nitric acid, the solid waste could be dried and packed into high integrity 
containers which are then sealed (the 'strong box' concept). An immobilizing 
medium such as a cement grout could be added if considered necessary. It is 
likely that, where the treatment is simple, some at present unquantified amount 
of undissolved fuel or other contamination will remain with the hulls; this will 
have to be determined. The use of a simple treatment implies increased reliance 
on other parts of the multibarrier system. 

5.2.2. Complex treatment 

Complex operations before disposal would be designed to (a) reduce the 
amount of actinides and fission products sent for disposal, (b) provide a high 
quality waste form with good long-term stability, and (c) reduce the volume 
of waste for disposal. 

5.2.3. Intermediate cases 

For intermediate cases there is a wide range of possible options. Relatively 
simple treatments include decontamination with common reagents (e.g. HN03), 
possibly using a secondary dissolver. If nitric acid were to be used, the generation 
of a secondary waste stream could be avoided by using the decontaminating 
liquor for dissolving the next batch of fuel. Electrochemical decontamination 
using a simple electrolyte (again HN03) may be possible, and would appear 
less likely to produce awkward secondary effluents than if complex chemical 
reagents were used. 

5.2.4. Factors influencing the choice of treatment, storage and 
disposal methods 

Treatment and disposal cannot be treated as separate problems since, to a 
large extent, the treatment governs the choice of disposal and vice versa. It may, 
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however, be necessary, e.g. on safety grounds, to immobilize wastes before the 
disposal option has been decided. In such cases the wastes should be in a form 
suitable for safe extended storage, and the package sizes should be such that 
handling and transport (if necessary with overpacking) can be carried out when 
required. 

The physical and chemical stability of packaged wastes during storage is 
more important than the leaching properties of the waste form, since safe storage 
implies a high integrity container that prevents access of water to the waste. The 
integrity of the container may still be important after disposal, for example, in a 
salt formation where deformation may occur as a result of movement of the host 
rock, but the leaching properties of the immobilized waste will be very important 
after disposal, especially if the container and matrix do not provide a good barrier. 

Although storage in perpetuity may be neither desirable nor realistic, it 
should be possible to show that storage of suitably packaged waste can be 
acceptably safe for several decades. This should allow ample time for the develop-
ment and introduction of acceptable disposal facilities. 

In the simplest treatment it might be possible to segregate some of the hard-
ware, especially what does not enter the dissolver. Such items are relatively bulky 
but are also less hable to be contaminated with fuel. It might therefore be possible 
to decontaminate segregated, non-fuel-contaminated hardware and dispose of it 
as low-level waste (once any induced activities have decayed to a sufficiently low 
level). The disposal route is thus influenced not only by the degree of contamination 
of hulls but by the treatment of the fuel assemblies. It is not practicable to discuss 
individual plant practices here, but all these factors must be borne in mind in 
selecting treatment and disposal route. 

5.2.5. Secondary wastes 

Any treatment is likely to generate secondary wastes which may themselves 
need to be treated before being discharged into the environment or immobilized. 
It is therefore desirable that treatment processes should keep the volume of 
generated secondary wastes low and ensure that any secondary wastes can be 
disposed of safely. 

5.3. REQUIREMENTS FOR THE QUALITY AND STABILITY OF 
CONDITIONED PACKAGES 

5.3.1. Quality of the waste form 

Disposal facilities (e.g. engineered repositories or natural rock cavities) are 
not yet available for wastes such as cladding hulls and associated hardware. The 
development of such facilities and of the waste forms to be deposited in them 
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are therefore proceeding in parallel. Technical, scientific or political problems 
could delay both types of work, but the development of the waste form itself 
may well be more advanced than the design, construction and availability of a 
repository. Any waste form must therefore be capable of being stored safely until 
the disposal facilities are available. 

The requirements for storage and disposal are not necessarily the same; for 
example, heat generation in cladding wastes decreases sharply during the first 
50 years, and radiation levels follow a broadly similar pattern. Radiolytic gas 
formation is thus much more important during the storage period, and the design 
of the package must take into account factors such as pressurization and the 
diffusion of radiolytically generated hydrogen. 

The release of 85Kr from immobilized waste may also be important during 
storage and during the operation of a repository, but its half-life is short enough 
(10.76 years) not to present any problem in disposal. Some of the important 
qualities of conditioned waste for storage and disposal are listed below: 

(a) Mechanical and thermal properties 

The waste must be packaged in such a way that it can be transported safely, 
and the package or outer container must comply with the relevant transport 
regulations [4]. It may also be necessary to move stored waste packages (which 
may be stacked one above another) for inspection; the mechanical properties 
must therefore be assured for extended periods. The transport regulations include 
mechanical strength requirements to ensure the integrity of the package on impact, 
i.e. under accident conditions. The mechanical properties of the package should 
not deteriorate significantly during storage and should also be maintained for the 
period during which the repository is in operational use. 

The thermal properties of conditioned wastes may be of considerable 
importance; for example, in an environment of low thermal conductivity, local 
heat generation can lead to a decrease in the efficiency of barriers in the multi-
barrier system. 

(b) Fire hazards 

The transport regulations give minimum requirements for fire resistance. 
Fire and explosion hazards due to the (slow) generation of hydrogen, e.g. by 
radiolysis of water (in concrete) or of an organic matrix, must also be taken into 
account. The explosion risk during storage can be reduced by adequate ventilation 
of the store. Once placed in a repository (for disposal) the packages are likely to 
be embedded in cement or some other material, e.g. an argillaceous formation. 
Hydrogen is generated slowly by radiolysis and has a very high diffusivity, and 
the implications of the presence of hydrogen in a repository need to be carefully 
considered and investigated. 
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As discussed earlier, Zircaloy hulls do not appear to be a fire hazard, and 
fines, once immobilized, should be safe. 

(c) Chemical stability and leach resistance 

Calculations by the various national regulatory bodies will take into account 
the eventual corrosion of any container and will assume that the waste form will 
be exposed to percolating water. The quality of the waste form will vary with the 
treatment received and with the presence or absence of an immobilizing matrix. 
In principle, a matrix can be formulated to provide a barrier to the leaching and 
movement of some radionuclides from the waste. Thus cement, with a high pH, 
will tend to cause precipitation of actinides but will have little effect on more 
mobile species such as iodine, tritium or caesium. Isotopes with relatively short 
(in geological terms) half-lives, such as 90 Sr and 137Cs, should not present a problem 
since containers and repositories capable of safely containing radionuclides for 
say 300-500 years are available or foreseeable. The leaching and subsequent 
migration of other radionuclides is the subject of a great deal of effort worldwide. 
Studies may be theoretical or concerned with the measurement of leach rates 
and migration rates of nuclides under a variety of conditions (e.g. at elevated 
temperatures), for many types of leaching agents and for different combinations 
of backfill and host rocks [5]. Such studies will lead to a clearer understanding 
of the requirements for the leach resistance of the final package and other com-
ponents of the multibarrier system, and will be valuable in formulating the 
disposal conditions. 

5.3.2. Volume of final waste form 

Small volumes of waste are easier to handle and more economic to transport, 
store and dispose of than large volumes. Engineered storage and engineered 
disposal facilities are expensive, so there is a strong incentive to reduce the volume 
of waste. However, the final choice of disposal method may not be governed by 
the volumes of waste but by considerations such as the simplicity and costs of 
competing processes. There are two basic methods available for hulls and associated 
hardware: mechanical compaction and melting to form an ingot. It may be 
preferable to segregate the different components of the wastes and to have different 
disposal routes for any low-activity, large-volume items such as parts of the fuel 
assemblies not contaminated with fuel. Extensive tests on simulated hulls and 
other hardware have shown that a volume reduction factor of about 5 is possible 
for Zircaloy or stainless steel hulls in association with grid spacers, etc. [6]. Details 
of available compaction techniques have been discussed in Section 3.4. 
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5.3.3. Transport requirements 

The transport requirements may be for two types of movement, one through 
the public domain, and the other 'on-site' transport at the reprocessing, treatment 
and waste packaging plant. In the latter case the requirements for sites are normally 
governed by the operating licences issued to the plant by the national regulatory 
bodies and may vary from site to site. Transport through the public domain is 
covered by Regulations for the Safe Transport of Radioactive Materials, 1985 
Edition, Safety Series No.6, published by the IAEA [4]. 

5.4. SAFEGUARDS, SAFETY AND ENVIRONMENT 

5.4.1. Safeguards 

The handling of wastes prior to disposal must comply with the relevant 
safeguards requirements. 

The amounts of fissile material associated with packaged waste for disposal 
are relatively low (of the order of 0.05-0.1% of that in the irradiated fuel). 
Secondary treatment either to decontaminate further or to remove any residual 
undissolved fuel would result in wastes with even lower fissile content. National 
regulatory bodies will wish to know the total quantities of fissile material being 
disposed of. This may be determined either by direct chemical determination 
after sampling (e.g. by taking cores from immobilized wastes) or by a non-
destructive method. All processes are made more difficult by the presence of a 
matrix, e.g. cement, and suitable methods are not available at present. The 
chemical method is applicable to homogeneous waste but would be difficult to 
apply to heterogeneous wastes such as cladding hulls and hardware. Non-destructive 
determination of the fissile content can, in principle, be made using either the 
active or passive neutron techniques described in Section 2.6, but the methods 
are much more difficult to apply where the wastes are either compacted or in a 
neutron-absorbing matrix. It may be possible to determine the fissile content of 
packaged, immobilized hulls by a passive gamma counting method; for example, 
using the characteristic 2.18 MeV gamma energy of 144Pr. This method is in use 
at La Hague, in France, for unpackaged hulls [7] and should be capable of further 
development. However, as in neutron methods, the presence of a matrix will 
present a problem. Such a method is likely to be of use only when the history 
of the wastes (irradiation history, burnup, cooling time, etc.) is well known. 
Workers in the United Kingdom [8] have concluded that: (a) the measurement 
of 144Pr emission cannot be used for estimating residual plutonium on leached 
hulls from prototype fast reactor (PFR) experimental fuel for which a detailed 
irradiation history is not available; and (b) the technique might be suitable for 
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use on commercial FBR fuel where irradiation conditions are more constant, 
thus allowing a calibration graph to be prepared using neutron interrogation or 
some other measurement to provide checks on the real plutonium level when 
fuel conditions change. 

5.4.2. Radiation protection 

The radiation protection aspects of the treatment and disposal of radioactive 
waste should conform to the general principles laid down by the International 
Commission on Radiological Protection as formulated in ICRP 26 [9], and all 
exposures should be kept As Low As Reasonably Achievable (the ALARA 
principle), economic and social factors being taken into account. The dose 
equivalent to individuals should not exceed the limits recommended for the 
appropriate circumstances by the ICRP. 

5.4.2.1. Occupational exposure 

Occupational exposure may be controlled by (a) suitable choice of treatment 
and handling techniques and (b) design of plant and equipment. As a general rule, 
simple operations using simple equipment tend to give low operator doses since 
less maintenance or equipment replacement is needed than for more complex 
operations. Similarly the number of operations should be as low as possible, 
consistent with the required quality of the waste package. 

5.4.2.2. Radiation dose to the public 

This could arise under accident conditions; for example, during transport 
of the immobilized waste and from leakage after disposal of the waste. The 
barriers in the multibarrier system must provide sufficient delay of the movement 
of radionuclides into the biosphere. Packages for transport must therefore be 
designed in such a way that in any accident condition, whether in transit or in an 
engineered storage facility, radiation doses to operators and the public should 
be kept low. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1. CONCLUSIONS 

(1) Unconditioned waste hulls and hardware from oxide fuel reprocessing 
operations are held in storage facilities in a number of countries. No incidents 
resulting from these storage operations have been reported. In most instances, 
the wastes will require retrieval for conditioning prior to disposal. 

(2) Although many conditioning processes are being studied, only one is in 
routine active operation; this is cementation without volume reduction. This 
process has been selected for facilities under construction or currently planned, 
although there are some reservations about the suitability of this waste form for 
disposal. 

(3) Final selection of processes and waste forms must take into consideration 
the total waste management system, i.e. the treatment process, the characteristics 
of the waste form and the relevant requirements for storage, transport and disposal. 

(4) Although the radionuclide inventory of conditioned wastes can be 
derived from measurements on the unconditioned hulls and hardware, the 
techniques available are not appropriate for most conditioned wastes. 

(5) There have been no reported fires arising from the generation of Zircaloy 
fines during the shearing and dissolution of oxide fuels. However, the information 
available on the pyrophoricity of active Zircaloy fines may not be sufficient to 
allow a full assessment of this hazard when evaluating conditioning process options. 
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6.2. RECOMMENDATIONS 

(1) The information available on conditioning processes, waste form 
characteristics, transport and disposal requirements is not enough to allow a 
definitive choice of disposal method to be made. Additional work needs to be 
done in these areas. 

(2) Consideration should be given to the development of techniques for 
measuring, directly on the conditioned waste form, radionuclide inventories and 
other characteristics relevant to storage, transport and disposal. 

(3) The possible requirement for further experimental data on the pyro-
phoricity of active Zircaloy fines should be examined so that an appropriate 
programme of work can be arranged. 

81 





GLOSSARY OF SOME BASIC TERMS 
USED IN THIS REPORT* 

actinide: An element with an atomic number from 89 to 103, inclusive. All are 
radioactive. 

activation product, neutron: An element made radioactive by bombardment with 
neutrons. 

adsorption: Adhesion of ions, molecules or particles to the surface of solid 
bodies with which they come in contact. 

alpha-bearing waste: Waste containing one or more alpha-emitting radionuclides, 
usually actinides, in quantities above acceptable limits. The limits are 
established by the national regulatory body. 

backfill: The material used to refill the excavated portions of a repository or of 
a borehole after waste has been emplaced. 

buffer zone: A controlled area surrounding a nuclear installation (e.g. a waste 
repository) established to ensure an adequate distance between the installa-
tion and places used by or accessible to the public. 

canister: A container (usually cylindrical) for solid radioactive waste. A canister 
affords physical containment; shielding is provided by a cask, but extra 
shielding may be required. 

cementation: The process of incorporating wastes into a concrete matrix as a 
means of immobilization. 

chop and leach (fuel reprocessing): A method for preparing irradiated fuel 
elements for reprocessing by cutting the fuel assemblies into pieces and 
subsequently dissolving selectively the fuel material by leaching with acid. 

cladding (material): An external layer of material directly surrounding nuclear 
fuel or other material that provides protection from a chemically reactive 
environment and provides containment of radioactive materials produced 
during the irradiation of the composite. It may also provide structural 
support. 

cladding waste: Radioactive waste comprised of cladding hulls and assembly grid 
spacers for nuclear fuel elements. Generated during reprocessing when spent 
fuel assemblies are disassembled and the fuel is dissolved. (See hulls and 
spacers.) 

* IAEA-TECDOC-264, "Radioactive Waste Management Glossary", provides a complete 
listing and definition of terms. 
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compressive strength: The load per unit of area under which a solid block fails by 
shear or splitting. 

conditioning of waste: Those operations that transform waste into a form suitable 
for transport and/or storage and/or disposal. The operations may include 
converting the waste to another form, enclosing the waste in containers, 
and providing additional packaging. 

cost-benefit analysis: A systematic examination of the positive effects (benefits) 
and negative effects (costs) of undertaking an action. For example, cost-
benefit analysis may be used for optimization studies in radiation protection 
practice. 

criteria: Principles or standards on which a decision or judgement can be based. 
They may be qualitative or quantitative. Acceptability criteria are set by a 
regulatory authority. (Some Member States use terms such as 'protection 
goals' instead of 'acceptability criteria'.) 

decontamination: Removal or reduction of radioactive contamination. 

decontamination factor: The ratio of initial content of contaminating radioactive 
material to the final content as a consequence of a decontamination process. 
(The term may refer to a specified radionuclide or to gross radioactivity.) 

embedding: A process of putting solid or liquid waste into a matrix to form a 
heterogeneous waste form. 

engineered storage: The storage of radioactive wastes, usually in suitably sealed 
containers, in any of a variety of structures especially designed to protect 
them and to help keep them from leakage to the biosphere by accident or 
sabotage. Engineered storage may also provide for extracting heat of radio-
active decay from the waste. 

environment: 
(i) The surroundings of an installation. (The immediate surroundings are 

termed the environs.) 
(ii) The sum total of all the conditions and influences that surround an 

organism, human or otherwise, that affect its life, survival and 
development. 

fissile material: A (radioactive) material containing one or more fissile nuclides. 

fissile nuclide: A nuclide capable of undergoing fission by interaction with 
neutrons. For reactors, nuclides of major interest are 235U and 239Pu. 

fission product: A nuclide produced either by fission or by the subsequent radio-
active decay of a radioactive nuclide thus formed. 

fuel, nuclear reactor: Fissile and fertile material used as the source of energy 
when placed in a critical arrangement in a nuclear reactor. 
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fuel assembly: A grouping of fuel elements and supporting structures which is 
normally treated as a unit for handling and accountability purposes. 

fuel element (or fuel pin): The smallest structurally discrete part of a nuclear 
reactor fuel assembly which has fuel as its principal constituent. 

fuel reprocessing plant: Plant where spent fuel elements are dissolved, waste 
materials removed, and reusable materials are segregated. 

geological disposal: See underground disposal. 

grid spacers: Metallic components used to separate fuel elements in a fuel assembly. 

half-life, biological: The time required for the amount of a particular substance in 
a biological system to be reduced to one-half of its value by biological 
processes when the rate of removal is approximately exponential. 

half-life, effective: The time required for the amount of a particular radionuclide 
in a system to be reduced to half its value as a consequence of radioactive 
decay and all other processes. 

half-life, radioactive: For a single radioactive decay process, the time required 
for the activity to decrease to half its value by that process. (After a period 
equal to ten half-lives, the activity has decreased to about 0.1% of its original 
value.) 

heavy metal (HM) fuel: Thorium, uranium or plutonium component of reactor 
fuel. 

high-level waste: 
(i) The highly radioactive liquid, containing mainly fission products as well 

as some actinides, which is separated during chemical reprocessing of 
irradiated fuel (aqueous waste from the first solvent extraction cycle 
and those waste streams combined with it). 

(ii) Spent reactor fuel, if it is declared a waste. 
(iii) Any other waste with a radioactivity level comparable to (i) or (ii). 
(Note that these definitions are not related to "high-level radioactive waste 
unsuitable for dumping in the ocean", as used in the London Dumping 
Convention. See IAEA/INFCIRC/205/Add.l/Rev.l.) 

host rock (or host medium): A geological formation in which a repository 
is located. 

hulls and spacers: Radioactive waste, comprised of cladding hulls and assembly 
grid spacers, generated during reprocessing when spent fuel assemblies are 
disassembled and the fuel is dissolved. 

immobilization of waste: Conversion of a waste to a solid form that reduces the 
potential for migration or dispersion of radionuclides by natural processes 
during storage, transport and disposal. 
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inspection: Quality control actions which, by means of examination, observation 
or measurement, determine whether materials, parts, components, systems, 
structures as well as processes and procedures, conform to predetermined 
quality requirements. 

interim storage (storage): A storage operation for which (a) monitoring and human 
control are provided and (b) subsequent action involving treatment, transport, 
and final disposition is expected. 

irradiated fuel: Nuclear fuel that has been exposed to irradiation in a nuclear 
reactor. Irradiated fuel contains considerable amounts of radioactive fission 
products. (Also called spent fuel.) 

leach rate: The rate of dissolution or erosion of material from a solid. The term 
may be used to describe the rate of gradual dissolution/erosion of emplaced 
solid waste or the removal of sorbed material from the surface of a solid 
or porous bed. 

leachability: The susceptibility of a solid material to having its soluble, sorbed 
and/or suspendable constituents removed by the dissolving or erosive action 
of water or other fluids. 

leaching: 
(i) Extraction of a soluble substance from a solid by a solvent with which 

the solid is in contact. 
(ii) The term is often used in waste management to describe the gradual 

dissolution/erosion of emplaced solid waste or chemicals therefrom, 
or the removal of sorbed material from the surface of a solid or 
porous bed. 

long-lived nuclide: For waste management purposes, a radioactive isotope with a 
half-life greater than about 30 years. 

long-lived waste: Waste that will not decay to an acceptable activity level in a 
period of time during which administrative controls can be expected to last. 
(See short-lived waste.) 

low-level waste: Waste which, because of its low radionuclide content, does not 
require shielding during normal handling and transport. (See alpha-bearing 
waste and long-lived waste for other possible limitations.) 

Magnox: A magnesium alloy fuel cladding used in Magnox reactors. 

matrix: In waste management, a non-radioactive material used to immobilize 
radioactive waste in a monolithic structure. Examples of matrices are 
bitumen, cement, various polymers, etc. 
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multibarrier: A system using two or more independent barriers to isolate the 
waste from the human environment. These can include the waste form, the 
container (canister), other engineered barriers and the emplacement 
medium and its environment. 

nuclear fuel: Fissionable and/or fertile material for use as fuel in a nuclear reactor. 

nuclear installation (or nuclear facility): Any installation in which radioactive 
or fissile materials are produced, processed or handled on such a scale that 
considerations of nuclear safety are necessary. 

nuclear power plant: A nuclear reactor or reactors, together with all structures, 
systems and components necessary for safety and for the production of 
power, i.e. heat or electricity. 

nuclide: A species of atom characterized by its mass number, atomic number, 
and nuclear energy state. 

operation: All activities performed to achieve, in a safe manner, the purpose for 
which the facility was constructed, including maintenance, in-service 
inspection and other associated activities. 

operations, waste management: Broad classification of waste management activi-
ties in terms of their basic function (e.g. waste storage, treatment, transport 
or disposal). 

primary waste: As-generated form and quantity of a waste. 

quality assurance: Planned and systematic actions necessary to provide adequate 
confidence that an item, facility or person will perform satisfactorily in 
service. 

quality control: Actions which provide a means to control and measure the 
characteristics of an item, process, facility or person in accordance with 
quality assurance requirements. 

radioactive material: A material of which one or more constituents exhibit 
radioactivity. 

Note: For special purposes such as regulation, this term may be restricted to 
radioactive material with a radioactivity level or specific activity 
greater than a specified value. 

radioactive source term: The activities per unit time of radionuclides either leaving 
a nuclear installation or entering the environment or an environmental 
compartment. 

87 



radioactive waste: Any material that contains or is contaminated with radio-
nuclides at concentrations or radioactivity levels greater than the 'exempt 
quantities' established by the competent authorities and for which no use 
is foreseen. 

radioactivity: The property of certain nuclides of spontaneously emitting particles 
or gamma radiation, or of emitting X-radiation following orbital electron 
capture, or of undergoing spontaneous fission. 

radiodecay heat: Heat generated by the absorption of radiation energy emitted 
by the decay of radionuclides. 

repository: An underground facility in which waste may be emplaced for 
disposal. 

Note: Some Member States use the term 'vault' as a synonym. 

reprocessing, fuel: The processing of nuclear fuel, after its use in a reactor, to 
remove fission products and recover fissile and fertile material. 

secondary waste: A form and quantity of a waste that results from applying a 
waste treatment technology to a primary waste. 

shallow-ground disposal (e.g. shallow-ground burial): Disposal of radioactive 
waste, with or without engineered barriers, above or below the ground 
surface, where the final protective covering is of the order of a few metres 
thick. Some Member States consider 'shallow-ground disposal' to be a 
mode of storage rather than a mode of disposal. 

short-lived nuclide: For waste management purposes, a radioactive isotope with 
a half-life shorter than about 30 years, e.g. 137Cs, 90Sr, 85Kr, 3H. 

short-lived waste: Waste which will decay to a level considered to be insignificant 
from a radiological viewpoint, in a time period during which administrative 
controls can be expected to last. Such waste can be determined by radio-
logical assessment of the storage or disposal system chosen. (See long-lived 
waste.) 

solidification: Conversion of liquid or liquid-like materials into a solid. 

specific activity: 
(i) The activity per unit mass of a pure radionuclide. 
(ii) The activity of a radioisotope per unit mass of that element present in 

the material. 
(iii) The activity per unit mass or volume of any sample of radioactive 

material. 

Note: Specific activity is commonly expressed in a wide variety of units, 
and care must be exercised in defining units. 
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spent fuel: Nuclear reactor fuel elements that have been irradiated in a reactor 
and have been utilized to an extent such that their further use is no longer 
efficient. 

storage (or interim storage): The emplacement of waste in a facility with the 
intent that it will be retrieved at a later time. 

transuranic (TRU) waste: Waste containing quantities of nuclides having atomic 
numbers above 92 above agreed limits. The limits are established by national 
regulatory bodies. (See alpha-bearing waste.) 

treatment of waste: Operations intended to benefit safety or economy by 
changing the characteristics of the waste. Three basic treatment concepts are: 

(a) volume reduction ; 
(b) removal of radionuclides from the waste; 
(c) change of composition. 

underground disposal: Disposal of waste at an appropriate depth below the ground 
surface. 

vault: A term used by some Member States as a synonym for repository. (See 
repository.) 

vitrification: Any process of converting materials into a glass or glass-like form, 

vitrified: 
(i) Transformed into a glass or glass-like material. 

(ii) Of waste, immobilized in a glass or glass-like matrix. 

volume reduction factor (VRF): The ratio of the volumes of radioactive waste 
prior to and following treatment. In concentration processes the VRF is 
greater than one; in dilution systems, the VRF is less than one. 

waste arisings: Radioactive wastes generated by any stage in the nuclear fuel cycle. 

waste form: The physical and chemical form of the waste (e.g. liquid, in concrete, 
in glass, etc.) without its packaging. 

waste management: All activities, administrative and operational, that are involved 
in the handling, treatment, conditioning, transport, storage and disposal of 
waste. 

waste package: The waste form and any container(s) as prepared for handling, 
transport, storage and/or disposal. A cask or overpack may be a permanent 
part of the waste package or it may be reusable for any waste management 
step. The waste package may vary for the different steps in waste management. 

Zircaloy: A zirconium alloy used as fuel cladding in some types of nuclear reactor. 
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