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RÉSUMÉ

Ce rapport comporte une étude bibliographique des déchets solides, princi-

palement les coques de déchets, provenant de la dissolution du combustible

dans les installations de recyclage du combustible. On y met l'accent sur

les renseignements susceptibles de se rapporter au recyclage futur du com-

bustible de réacteurs CANDU. On a rédigé le rapport dans le cadre de la

documentation à l'appui d'évaluation du traitement des déchets de combus-

tible et des choix d'évacuation (stockage permanent) de ceux-ci dans le

cadre du Programme Canadien de Gestion des Déchets de Combustible Nuclé-

aire.
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ABSTRACT

This report reviews the literature on the management of solid residues,

principally Zircaloy fuel hulls, arising from fuel dissolution in nuclear

fuel recycle plants. Emphasis is placed on information likely to be rele-

vant to possible future recycling of CANDU fuel. The report was prepared

as part of the supporting documentation for the evaluation of fuel-waste

treatment and disposal options in the Canadian Nuclear Fuel Waste Manage-

ment Program.
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1. INTRODPCTION

If Canada ever undertakes commercial recycling of used CANDU"* nuclear
fuel, the recycling would most likely involve a derivative of the Purex
process, in which the fuel is dissolved in acid and fissile elements are
recovered by solvent extraction. Many of the wastes from such a process —
fission or transmutation products and process chemicals — can be combined
in a single glass or other refractory waste form (Lutze and Ewing 1988).
However, some waste components are not readily incorporated into such a
waste form. These include the four most volatile radionuclides (tritium,
carbon-14, krypton-85 and iodine-129), as well as undissolved residues,
which consist mainly of metal fuel-sheath fragments. Options for handling
iodine-129 have been reviewed elsewhere (Taylor, in preparation), and a
report dealing with the other three volatile radionuclides is being prepar-
ed.

This report reviews published information on the management of undissolved
residues; it draws heavily from Bohme et al. (1982) and IAEA (1985) for
information on international experience in managing and characterizing the
residues. Any unreferenced factual statements in this report can be traced
to these sources except where CANDU-specific information is discussed.

Since the CANDU fuel cladding is Zircaloy-4, the report will be limited to
this material. The option of chemical decladding and the incorporation of
resulting wastes into the high-level waste (HLW) stream is recognized but
is not discussed. In general, chemical decladding of Zircaloy-clad fuels
produces large amounts of chemical wastes containing fluoride and chloride;
these wastes are difficult to handle (Drent and Delande 1983).

2. NATDRE OF THE WASTE

The fuel elements are usually chopped into short lengths (typically 20 to
50 mm) prior to the dissolution step in a fuel recycle plant. The result-
ing fragments of fuel sheath that remain after dissolution are
commonly known as hulls. Other fuel-bundle components, e.g., end plates,
would probably be handled together with the hulls, although they may be
separated from the fuel elements before chopping and dissolution since they
are not in contact with the U02 fuel.

Fuel hulls are the second most active waste arising from a recycle plant,
and are usually classified as intermediate-level waste. The radioactive
inventory, discussed in some detail below, is around 0.12 of that in a
corresponding high-level waste stream, although the proportions vary for
different radionuclides. The mass of Zircaloy in CANDU fuel is about
120 kg/t U, roughly half of that in most other Zircaloy-clad oxide fuels
(Table I of IAEA, 1985). Densities of uncompacted hulls are typically
about 1.1 g/cm3, roughly 152 of the theoretical density. The uncompacted
density of CANDU fuel hulls may be slightly different from hulls arising
from fuels of different design.

CANDU is a registered trademark of Atomic Energy of Canada Limited.
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The dissolver residues also include a significant quantity of fine par-
ticles, with sizes ranging from less than one micrometre up to a few milli-
metres, amounting to a few kilograms per tonne of recycled fuel. These
fines, too, are mainly Zircaloy, but they may also include fuel particles,
segregated fission-product phases, and zirconium oxide. Concerns about the
pyrophoric nature of Zircaloy fines are discussed below. Particles of
noble-metal fission-product alloys (Mo-Tc-Ru-Rh-Pd) have been found in
dissolver residues from recycling of fast-reactor fuel (Jenkins and Brown
1984, Broothaerts et al. 1985, De Regge et al. 1985), and would likely also
be present in CANDU fuel residues. Alloy particles of this type are
commonly observed in metallographic examinations of used oxide fuels
(Hastings et al. 1976, Johnson and Shoesmith 1988).

There are several sources of radioactivity in fuel hulls:

(a) Activation products of the alloy elements and impurities in
the Zircaloy, possibly including carbon-14 generated in the
CANLUB fuel/sheath lubricant.

(b) Fission products that have recoiled from the fuel and pene-
trated the inner surface of the fuel sheath.

(c) Actinides and fission products sorbed on the sheath surfaces
during fuel dissolution.

(d) Undissolved fuel particles, possibly including segregated
fission product phases (e.g., noble-metal alloys).

(e) Tritium originating either as a ternary fission product in the
fuel or an activation product in the coolant.

Activation products (except carbon-14) and tritium will be more or less
uniformly distributed within the Zircaloy matrix, whereas the other radio-
active materials will be concentrated at surfaces or in discrete particles.
Some radionuclides arise from more than one source, e.g., Sb-125 (see
below).

Table 1 shows calculated quantities of radioactivity generated in the U02

and Zircaloy components of reference Bruce "A" fuel, and Table 2 lists
radionuclides expected to be produced in Zircaloy-4. Both tables are
derived from calculated inventories reported by Tait et al. (1989).

Information on the actual activities associated with Zircaloy-4 fuel hulls
is limited. Some data for hulls from German boiling-water reactor fuel
(Wiirgassen reactor), recycled at the French plant at La Hague, have been
summarized by Gue et al. (1982). These data refer to a 10-L sample of
hulls that received nitric acid and water washes as part of the normal
process after fuel dissolution. The fuel burnup was 13.1 GW.d/t (1132
GJ/kg), and the cooling time after discharge was 3 to 4 years. Gue et al.
(1986) also reported more recent data for a larger sample (100 L) of hulls
originating from German pressurized-water reactor fuel (Obrigheim reactor,
30.1 GV-d/t burnup), also recycled at La Hague.
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Measured activities on the WUrgassen hulls were <1 mCi/kg of a-emitters
(1 Ci = 37 GBq), <5 mg/kg of Pu, and 0.5 to 2 Ci/kg of 0,7-emitters, mainly
Ru/Rh-106 and Sb-125. Other 0,7-emitters detected, in decreasing order of
activity, were Cs-137, Ce/Pr-144, Co-60, Cs-134, Eu-154 and 2r-95. Direct
comparison with the calculated values in Table 1 is difficult because of
the different fuel design and burnup, but some general observations can be
made:

(a) The large contribution from Sb-125 is consistent with
Table 2. This antimony isotope is an activation product of
tin, which is an essential alloy component (up to 1.7 wt. X)
of Zircaloy-4. Antimony-125 is also a significant fission
product of uranium. Contamination levels in hulls from this
source are likely much lower than quantities produced within
the Zircaloy, but are also likely to be leached more readily.

(b) The large calculated contributions from Fe-55 and Co-60
(Table 2) were not observed. The calculations are based on
maximum permissible concentrations, rather than typical
values, and thus may be conservative for cobalt, which is
present in Zircaloy only as an impurity (but note the further
comments on Co-60, below). Iron, however, is a low-level
alloy component (-0.2X: IAEA 1985, Tait et al. 1989), so the
reason for the Fe-55 discrepancy is unclear.

(c) Ruthenium-106 and its daughter rhodium isotope appear to be
the most significant fission-product contaminants. These two
isotopes are known to dominate the activity of noble-metal
alloy inclusions in fuel after a year of cooling (Jenkins and
Brown 1984). The one-year half-life of Ru-106 indicates that
this may be an operating problem when handling dissolver
residues from fuel with short cooling periods, but is not
likely to be significant in radionuclide releases from the
treated residues after disposal. Cesium and rare-earth con-
tamination are probably more important in the long-term con-
text.

(d) Actinide concentrations were low but not trivial.

Gue et al. (1982) give estimates, but no measurements, of tritium levels in
the hulls. Bohme et al. (1982), however, cite measurements (subsequently
published by Bleier et al. (1984)) of about 1 Ci/kg for German fuel hulls.
Comparable values were found in Belgian studies by Broothaerts et al.
(1982), as cited by Broothaerts et al. (1985) and Frotscher and Bohme
(1988). These values are far in excess of the calculated concentration in
Table 2 (7.8 (iCl/kg), indicating that sources outside the sheath are the
major source of tritium in the hulls. In light-water reactors, the princi-
pal source of tritium is ternary fission in the fuel. In CANDU reactors,
substantial quantities of tritium are also generated by neutron activation
of deuterium in the moderator and coolant (Holtslander and Yaraskavitch
1981, Maan et al. i980). Rough calculations given in Appendix A, however,
indicate that this process is responsible for only a small fraction of the
expected tritium inventory of the fuel sheaths.
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Gue et al. (1986) comment on the varied shape and length of the Obrigheim
hull sections, many of which are shredded, broken or crushed, and bear
little visual resemblance to simulated hulls used in some experimental
studies. Their observations on radionuclide inventories are broadly simi-
lar to earlier measurements, and can be summarized as follows.

(a) The mean tritium content of the hulls was 1.15 Ci/kg, cor-
responding to 65% of all the tritium produced in the reactor
(somewhat lower percentages are cited in IAEA (1935)). No
mention is made of C-14 in Zircaloy hulls by Gue et al.
(1986), by the various tables in IAEA (1985), or in any other
source cited in this report.

(b) The mean fission-product content was about 0.2% of the total
fuel inventory. The proportions vary among different radio-
nuclides, from about 0.1% of Kr-85 to 0.4 to 2% of Ru/Rh-106
inventories.

(c) The main fi-y emitters were Co-60, Mn-54, Sb-125, Ru/Rh-106,
Cs-134 and 137, and Sr-90. The Co-60 dominated the p-y ac-
tivity of hulls from five-year-cooled fuel, but had a non-
uniform distribution because it arose in certain non-Zircaloy
(Inconel or stainless steel) structural parts of the fuel
assemblies. This would not be a concern with CANDU fuel,
which contains minimal quantities of alloys other than Zirca-
loy, with cobalt present only at impurity levels.

(d) Total a-contamination was 6 to 8.7 mCi/kg, with substantial
contributions from Am-241 and Cm-244 (17 to 22% and 14 to 20%
of the total contamination, respectively). Neptunium
(0.16-0.36 mg/kg) and plutonium levels (10-12 mg/kg) cor-
responded to less than 0.1% of the fuel inventory. Alpha
activity was greatly reduced by a cold rinse in 3-mol/L HN03
(e.g., 1-3 mg/kg Pu), but p-y activity was reduced by only
about 10%; the authors commented on the greater effectiveness
of dynamic rinsing over static soaking in reducing contamina-
tion.

(e) Gue et al. (1986) also presented information on the ignition
properties of Zircaloy fines, the relevance of which is dis-
cussed briefly in Section 3.1.

The measurements and calculations described above can only give a broad
indication of activity levels that might be expected in Zircaloy hulls from
a CANDU fuel recycle facility. Since the total activity levels in used U02

are about 1000 times higher than those generated in the cladding (on a
per-bundle basis, Table 1), minor contamination of the hulls with un-
dissolved fuel can substantially increase their activity.
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3. MANAGEMENT STRATEGIES FOR FHEL HOLLS

3.1 INTERMEDIATE STORAGE

Experience with management of fuel hulls, as summarized by Bohme et al.
(1982) and IAEA (1985), has not proceeded beyond their interim storage at
most recycle plants. One exception is the Nuclear Fuels Services plant
(Vest Valley, NY), where fuel hulls were loaded in steel drums and placed
in 50-foot (15-m) deep boreholes at the plant burial ground. The accounts
of this experience are somewhat contradictory, and indicate that some
environmental contamination occurred as a result of this practice (Bohme et
al. 1982).

The usual method of intermediate management of fuel hulls is underwater
storage in shielded stainless-steel bins. The volume of Zircaloy has been
reduced by a factor of 2-2.5 by screwcrushing before storage at a pilot-
scale recycle plant at Marcoule, France, but hulls at the large French
recycle plant at La Hague are stored uncompacted. Volume reduction is
discussed further below. At Karlsruhe, Vest Germany, hulls have been en-
cased in concrete within the stainless-steel bins, and a similar practice
is apparently in place in India. Hulls have also been embedded in concrete
at the small EUREX plant at Saluggia, Italy. Similar storage in concrete,
without volume reduction, has been proposed at several other planned re-
cycle plants (IAEA 1985). At Sellafield (Windscale), U.K., Zircaloy fines
have received separate chemical treatment (dissolution in hot alkaline
fluoride) followed by storage of the resulting solution.

Decay heat from Zircaloy hulls is very much less than that from the U02 or
high-level wastes and, unless cobalt concentrations are extremely low, it
is dominated by Co-60; it is not likely to exceed 10 W/t for hulls from
10-year-cooled CANDU fuel, and should decline steeply over the next few
decades. (Note that heat generation is higher for dissolver residues aris-
ing from fuel with Inconel components; Frotscher and Bohme (1989) cite 200
W/t for seven-year-cooled PWR fuel; see discussions of Co-60 content in
Section 2). The principal reason for immersing the hulls in water is not
decay-heat generation, but the pyrophoric nature of zirconium alloys,
especially fine particles. There have apparently been no zirconium fires
during reprocessing of Zircaloy-clad oxide fuels, unlike metal fuels.
Nonetheless, an inert atmosphere may be necessary for some operations,
particularly where fines are involved. As an alternative to water
immersion, dispersion in sand can prevent ignition of zirconium alloy
fines, and may be useful in intermediate storage. The ignition properties
of Zircaloy fines are discussed by Kullen et al. (1977), Bohme et al.
(1982), Gue et al. (1986), and references these sources cite.

3.2 LONG-TERM MANAGEMENT

It is likely that the final disposal of fuel hulls from a CANDU fuel re-
cycle plant would be in a multi-barrier engineered facility, perhaps as
part of a high-level waste (HLW) vault. The disposal requirements may be
less stringent because of the relatively low activity levels in hulls. It
may also be desirable to dispose of hulls in a cooler environment than the
HLW vault. Although Zircaloy is a highly corrosion-resistant material, the
high exposed surface area of the hulls (about 4 cm2/g, as cited in IAEA
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(1985) and by Frotscher and Bohme (1989)) makes them at. undesirable form
for final disposal because the release of surface contaminants will not be
controlled by the Zircaloy corrosion rate. Also, volume reduction is de-
sirable in the management of most wastes, even if it does not improve
leaching behaviour.

A lot of research and development into fuel-hull management has been de-
voted to various methods of volume reduction and physical stabilization
(Bohme et al. 1982, Chapter 6; De Regge et al. 1986). More drastic treat-
ments, involving complete conversion of the hulls to some other chemical
form of zirconium, such as an oxide or silicate, have also received some
attention, and are reviewed by Bohme et al. (1982) and IAEA (1985). Any
chemical conversion process would entail waste-treatment subprocesses of
its own (particularly for tritium). It is therefore hard to envisage this
approach providing an attractive alternative to simpler physical treat-
ments, unless either there is an economic incentive for recycling zirconium
or the product has some other value (e.g., a zirconate ion-exchanger, as
proposed by Levine and Nowak (1977)). Chemical alteration of the hulls is
therefore not considered further.

It is also unlikely that any chemical decontamination beyond the acid and
water rinses mentioned above would be viable, although Jenkins and Brown
(1984) report that refluxing in 9-mol/L HNO3 gives high decontamination
efficiencies for stainless-steel cladding from fast-reactor fuels. Any
problems with major contamination with fuel would be solved more appropri-
ately by adjusting the mechanics or chemistry of the head end of the re-
cycle plant. Various approaches to chemical decontamination of Zircaloy
hulls were reviewed by Bohme et al. (1982) and IAEA (1985). Details of
processes developed at the Pacific Northwest Laboratory are available in a
series of reports (Griggs and Bryan 1979, Lambright and Montgomery 1980,
Nelson and Montgomery 1980). These processes involve extremely aggressive
chemical conditions for oxide stripping, e.g., HF gas at 600°C or molten
fluoride salts. They were developed as a precursor to the "Inductoslag"
process for melting and possible recovery of Zircaloy.

3.2.1 Volume Reduction

A variety of mechanical methods for volume reduction of Zircaloy hulls have
been investigated. Unless otherwise stated, this discussion refers to
experience gained using sections of unirradiated cladding to
simulate recycle hulls. Although experience with compaction of irradiated
hulls is very limited, compaction of Zircaloy scrap is a routine industrial
operation. Kullen et al. (1977) discuss industrial handling of scrap Zirc-
aloy.

Cold-pressing compaction experiments in the U.S. yielded volume reductions
of 752 at pressures near 100 MPa (fide Bohme et al. 1982). There were some
problems with sections becoming detached during ejection from the die and
subsequent drop-testing. There were also problems with the generation of
fines, especially with highly oxidized cladding. Slightly higher com-
paction was achieved in Belgian (SCK/CEN) studies, which also showed little
effect of hydriding (171 ppm hydrogen) on compaction density (fide Bohme et
al. 1982). Compacted densities were near 602 of the theoretical density
(TD). In more recent Belgian work, De Regge et al. (1986) cite densities
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approaching 75% TD at 300 MPa; they also mention that irradiated hulls are
slightly less compactible than unirradiated simulated hulls, as described
by Broothaerts et al. (1985). An interesting alternative approach to cold-
pressing involves the addition of lead cuttings to the hulls before com-
paction, to make a less porous, more cohesive product (IAEA 1985).

Swedish studies (Larker and Tegman 1980, Tegman and BurstrOm 1984) have
been directed at the compaction of fuel hulls by hot-pressing ("HIPOW"
process), and related processes have been investigated in Japan (IAEA
1985). In small-scale inactive tests in the Swedish program, fully dense
and mechanically strong Zircaloy compacts were obtained in about 3 h at
1000°C and 150 MPa. This represented reductions in volume and surface area
by factors of 7 and about 250, respectively, calculated for a one-tonne
block. Prior to hot-pressing, compression to about 60% TD or (less desir-
able) filling with titanium powder is necessary to achieve final compaction
without deformation. The high processing temperature raises concerns about
tritium release, but this is claimed to be minimal (0.1% or less) because
the gas volume in contact with the Zircaloy is both small and closed. A
conceptual process, using one press to handle hulls arising from a recycle
plant with 800 t/a capacity, has been described by the Swedish authors
cited above.

Crushing, rolling, fragmenting, shredding, coining and stamping are all
suggested methods of compaction for Zircaloy hulls. Rolling yields a pro-
duct with about 33% TD, and values near 50% are expected for the other
techniques. In addition to the product having a rather low density, a
further disadvantage of rolling is the generation and accumulation of pyro-
phoric fines (Frotscher and Bohme 1989). More speculative compaction
methods that have been suggested are extrusion and explosive or other high-
energy forming. The latter methods have some promise of producing den-
sities close to theoretical, but they may not be readily adapted to remote
operation.

Melting and casting Zircaloy hulls to form solid metal ingots has one out-
standing advantage: that of massively reducing the surface area to some-
thing approaching the geometric area of the ingots. Additional metals must
be added, however, to lower the alloy melting point from around 1850°C to a
more manageable level, near 1200°C. Copper, nickel, inconel and stainless
steel have been investigated as additives. Bonniaud et al. (1980) report
that a melting temperature of 1200°C can be achieved with additions of
21.5% Cu, 17.0% Ni, 15-20% stainless steel 316L, or 15% Inconel-600. They
also investigated several crucible materials. In a related development,
Sappok (1989) has described a full-scale melting process for volume reduc-
tion of radioactive steel scrap arising from reactor decommissioning. This
process has been licensed in the Federal Republic of Germany for processing
scrap with contamination levels below 2 #Ci/Kg (mainly Co-60 and Cs-137).

Co-melting Zircaloy with a slag material that would incorporate some of the
radioactive contaminants, e.g., the "Inductoslag" melting process, has also
been considered (Nelson and Montgomery 1980, Hebel et al. 1984, De Regge et
al. 1986). Since molten Zircaloy can reduce common glass components, a
molten fluoride slag (e.g., CaF2) is needed. This level of process
complexity appears hard to justify unless the zirconium is recovered for
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further use. Hebel et al. (1984) reported that the decontamination of
molten Zlrcaloy by a CaF2 slag was rather poor.

Substantial release of tritium can be expected during metal melting and
casting with or without decontamination, and would likely necessitate off-
gas treatment. Indeed, degassing at 1200°C has been suggested as a process
for recovery of tritium from Zircaloy hulls (Mueller et al. 1981). De
Regge et al. (1986) indicate that loss of nearly all the tritium can be
expected, as well as some volatilization of cesium. Processing of hulls by
melting is therefore unlikely to find favour, although it has been proposed
at a prototype fast-breeder fuel recycle plant at Marcoule (IAEA 1985). It
is suggested in IAEA (1985) that tritium release would necessitate off-gas
treatment in any process for conditioning of hulls at temperatures above
about 600°C, with cesium release becoming a concern above about 800°C.

3.2.2 Encasement in an Unreactive Matrix

With the exception of melting, hot-pressing and high-energy compaction,
methods of volume reduction are unlikely to markedly reduce the hull sur-
face area. Some method of encasement following volume reduction is
therefore desirable to provide a protective barrier in intimate contact
with the metal surfaces. Concrete, lead alloys and glass are the three
types of material that have received most attention as possible matrices
for encasement of Zircaloy hulls. Various graphite-, alumina- and
aluminum-based materials have also been investigated (De Regge et al. 1986,
IAEA 1985).

Concrete has the advantage of allowing room-temperature processing, and
hence minimal release of tritium during the encasement. Conventional
Portland cement, however, is permeable to moisture and is thus limited as a
barrier to leaching. Indeed, German studies have revealed substantially
higher leach rates from hulls in a cement matrix than from bare hulls
(Graebner et al. 1984, fide IAEA 1985). There are also concerns about
radiolytic generation of hydrogen, and poor hydrolytic stability of con-
crete at elevated temperatures (Bohme et al. 1982, De Regge et al. 1986,
Frotscher and Bohme 1989, Moeckel and Koester 1980); the latter may only be
important if hulls are eraplaced in a waste vault close to the high-level
waste, as suggested by Frotscher and Bohme (1989). Some experiments with
low-water cement formulations give the promise of improved concrete proper-
ties (De Regge et al. 1986). Difficulties arose, however, from rapid set-
ting and the thixotropic behaviour of these formulations (Frotscher and
Bohme 1989).

Lead and many of its alloys are impermeable to moisture and corrosion-re-
sistant, and they melt at relatively low temperatures, but the alloys in-
vestigated do not wet zirconium surfaces well (Broothaerts et al. 1985).
For this reason, shrinkage gaps can appear at the metal interfaces when the
casting cools. Such gaps can provide routes for ingress of water directly
to the Zircaloy surfaces, with rapid release of readily leached radio-
nuclides such as cesium (Broothaerts et al. 1985). Shrinkage could
possibly be averted by selecting alloy compositions that expand upon solid-
ification. The cost of such alloys should be assessed, since it may be
prohibitive. Experiments with printer's lead, which has low shrinkage on
solidification, showed improved but still unsatisfactory behaviour
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(Broothaerts et al. 1985). Whereas shrinkage gaps may be a problem, Mathew
et al. (1983) found that an intact lead-Zircaloy interface is impermeable
to gas penetration. Belgian studies cited by Bohme et al. (1982) showed
that the porosity of a lead-alloy matrix encasing Zircaloy hulls can be
reduced from 15 to 18£ with air casting to a porosity of 1 to 5% (all
closed) with vacuum casting.

Some groundwater anions can improve the corrosion resistance of lead by
forming an insoluble surface layer of corrosion products under c-rtain
conditions. Broothaerts et al. (1985) reported that sulfate-rich ground-
waters were especially effective in this regard; of the several lead alloys
they investigated, Pb-1.5XSb and pure lead were found to be the most cor-
rosion-resistant .

Some release of tritium is expected to occur during lead-alloy casting,
although Belgian tests indicated only 0.6% tritium release in 3 h at 450°C.
In one leaching test with used-fuel hulls, increased radionuclide release
was observed with embedded hulls, as compared with bare hulls. This was
attributed to the detachment of paniculate activity during ultrasonic
cleaning of a sectioned specimen (fide Bohme et al. 1982). As noted above,
Broothaerts et al. (1985) found that leaching of cesium, following inter-
action of hull surfaces with molten lead, was promoted by the network of
shrinkage gaps at the hull surfaces. A further problem noted in small-
scale active lead-embedding experiments by Broothaerts et al. (1985) is
that particulate contaminants became detached from the hull surfaces, and
floated to the surface of the lead alloy where they would presumably be
accessible to leaching.

Glass encasement has been investigated at Marcoule with inactive fabrica-
tion tests up to a 100-k.g scale, but no mechanical properties and only
limited leaching data have been reported (De Regge et al. 1986). Tritium
releases are likely to be severe if glass is employed as an encasement
matrix, since process temperatures would be near 1000°C. This aspect was
not mentioned by De Regge et al. (1986), but they do comment that reduction
of some glass-making chemicals may be problematic. The review by IAEA
(1985) cites poor wetting and mechanical strength, and indicates that glass
encasement is no longer a reference process for industrial-scale use.

A number of other candidate materials for encasement of Zircaloy hulls have
been discussed by De Regge et al. (1986) and IAEA (1985). Hot-pressing
processes with various graphite- and aluminum-based powders were described,
with graphite/sulfur and aluminum being selected for further research and
development. Although molten aluminum has been shown to be too reactive
with Zircaloy to be used for encasing used fuel in a casting process
(Mathew et al. 1983), such reactivity is less likely to be a problem in a
subsolidus powder-metallurgical process. Mathew et al. (1983) also found
that Al-7 wt.% Si is more compatible than pure aluminum with CANDU fuel
cladding. Broothaerts et al. (1985) reported that zinc alloys have better
wetting properties than lead alloys on Zircaloy surfaces because they form
an intermetallic phase at the metal interface. However, their corrosion
resistance is markedly inferior to either pure lead or Pb-1.52 Sb. Even
with zinc alloys, good wetting was only achieved with fresh Zircaloy
surfaces, and only after elaborate chemical pretreatment (Broothaerts et
al. 1985).
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Recent work by Frotscher and Bohme (1989) and Geens and De Regge (1987) has
been directed at containing, rather than embedding, compacted hulls within
a corrosion-resistant metal vessel. The former authors propose stacking
cold-pressed compacts within a welded steel vessel of the type developed
for vitrified high-level waste (PAMELA or Cogema processes). The latter
authors suggest a seamless lead vessel. Advantages of this approach in-
clude the avoidance of externally contaminated surfaces, and full credit
for the corrosion-resistant properties of the container material. Research
and development on this approach is continuing at S.C.K./C.E.N., Belgium
(P. De Regge, personal communication); some details of earlier work have
been reported by De Regge (1986).

De Regge et al. (1986) also report on mullite/corundum-based ceramic ma-
terials for encasement of hulls. The processing temperatures are near
1300°C for these refractory materials, and hence volatilization problems
similar to those discussed above for melting and glass encasement can be
expected. Some loss of ruthenium (<2%) has been reported. Molybdenum
volatility can be controlled by adding Ca(0H)2 to the ceramic precursor to
form involatile powellite, CaMo04. Tritium loss has not been discussed in
this context, but is likely to be high. Good mechanical strength has been
reported for the ceramic bodies, and some preliminary leaching data are
reported. Larger-scale experiments are apparently planned, although IAEA
(1985) cites technological difficulties leading to abandonment of a related
process.

Bitumen has been ruled out as an encasement material on the grounds of
inadequate radiolytic stability (Bohme et al. 1982). Finally, nand appears
to be useful only as a matrix for intermediate storage, as noted above,
because of its high permeability.

4. CONCLUSIONS

The most appropriate method for treating Zircaloy hulls prior to disposal
is likely to be some combination of volume reduction and encasement or
containment in a corrosion-resistant matrix. It should be noted, however,
that Fellingham et al. (1984), in an assessment of methods for handling
hulls arising from the British THORP recycle plant, concluded that volume
reduction before encasement was unlikely to lead to either significant cost
savings or improvements in the quality of the product for disposal. At
present, volume reduction is not performed with hulls arising from any
industrial-scale fuel recycle plant, such as Karlsruhe, Sellafield or La
Hague. In most countries, commercial-scale experience with management of
hulls does not extend beyond interim storage, either under water or encased
in concrete.

Based on the sometimes conflicting needs for process simplicity and low
releases of radionuclides, both during processing and after disposal, the
most promising matrix materials for immobilization appear to be either a
lead alloy (selected for the best combination of wetting, corrosion and
thermal expansion properties and compatibility with Zircaloy) or a low-
porosity, low-water concrete. More advanced materials may well, however,
be proven superior by the time a need might arise for large-scale manage-
ment of Zircaloy hulls in Canada.
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Bohme et al. (1982) concluded that there are no massive economic or ma-
terial-supply impediments to several hull immobilization schemes they
assessed. Detailed characterization of the behaviour of any selected waste
form would be needed before a choice could be thoroughly defended on a
technical basis. Particular concerns include the effects of radiolysis,
hydriding and oxidation on the long-term corrosion behaviour of Zircaloy,
and the long-term stability of the encasement material under disposal vault
conditions.

Full characterization of the leaching properties of Zircaloy hulls is a
complex task because of the varied sources of radioactivity and the result-
ing mix of surface contamination, fission-product Implantation and matrix
activation. Corrosion resistance of the Zircaloy provides a barrier to
release of only the radionuclides generated in the metal matrix, unless the
Zircaloy is converted to a cast or hot-pressed monolith. Although some
sorbed or implanted contaminants may be strongly bound to the surface oxide
layer, control of their release is likely to be achieved by choosing an
appropriate material for encasement. It is extremely important to minimize
contamination levels by effective rinsing after fuel dissolution, with the
rinse solutions preferably being directed to the high-level waste stream.
This will minimize the radioactivity associated with the hulls, and esp-
ecially those forms most vulnerable to leaching. Careful monitoring of
hulls leaving the dissolver is also necessary to detect unusual levels of
contamination as early as possible, and thereby avoid problems in sub-
sequent handling and disposal. Hebert et al. (1982) reviewed the
experience in monitoring hulls.

A principal recommendation of the 1985 IAEA report was for more work to
characterize the waste form and define the disposal requirements; this need
slill exists. Nonetheless, although management of hulls is not a trivial
matter (as illustrated by the West Valley experience), radionuclide release
from treated Zircaloy hulls seems unlikely to be a dominant factor in
either the performance of a fuel-waste disposal vault or the relative costs
of fuel recycle and fuel disposal.
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COMPARISON OF TOTAL ACTIVITY GENERATED

Cooling Period
(Years)

10

100

1000

1 000 000

IN UOj FUEL AND ZIRCALOY-4
(1

U02

Ci/kg U

92.3

9.74

0.552

0.007 24

Cl = 37 GBq)

Fuelb

Ci/bundlec

1750

185

10-5

0.138

CLADDING1

Zircaloy-4

Ci/kg alloy

0.903

0.005 78

0.002 39

0.000 470

Cladding

Ci/bundlec

2.05

0.013 1

0.005 43

0.001 07

a Calculated values for Bruce "A" fuel with a burnup of 685 GJ/kg U;
derived from data in Tait et al. (1989).

b Includes fission products, actinides, and impurity activation products.

c Based on initial masses of 2.27 kg Zircaloy-4 and 19.0 kg U (21.5 kg U02)
in a Bruce "A" bundle.
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TABLE 2

CALCULATED CONCENTRATIONS OF MAJOR RADIOISOTOPES IN USED FUEL CLADDING'

Activity (»Ci/kg Initial Zircaloy-4)

Isotope
3H

1 4 C

54Mn

S5F e

«o C o

5 9 Ni

S 3 N 1

9 0Sr

90y

" Z r

«»Nb

9«Nb

"Mo

«Tc

119»Sn

" i - S n

l 2 5Sb

10-yr

7.8

1 700

34

140 000

604 000

40.6

5 360

1.5

1.5

379

148

93.4

2.1

0.4

725

1 310

120 000

29 300

100-yr

1 680

4.4

40.6

2 800

0.2

0.2

379

360

93.1

2.1

0.4

422

1000-j

1 510

40.2

4.2

379

362

90.2

1.8

0.4

• Data from Talt et al. (1989). Only those Isotopes with an activity
exceeding 0.1 /tCi/kg in ten-year-cooled fuel cladding are included.

b < 0.1
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APPENDIX A

ESTIMATE OF RELATIVE CONTRACTIONS FROM FUEL AND COOLANT

TO THE TRITIUM CONTEHT OF CANDP FPET. r.T.AnnTNf!

No data are available on the tritium content of used CANDU fuel sheaths.
Tritium measurements in Zircaloy cladding of light-water reactor fuel show-
ed that a large fraction of the tritium generated in the fuel was absorbed
and retained by the cladding: 63* for PVR fuel and 50% for BWR fuel (Bleier
et al. 1984). Broothaerts et al. (1982) also found about 60% of the tri-
tium partitioned into the cladding in prototype mixed-oxide fuels. Tait et
al. (1989) calculated a tritium content (arising from fission) of 5.18
GBq/kg initial U for freshly discharged reference Bruce fuel, other sources
within the fuel being negligible. If 60% of this tritium is absorbed and
retained by the cladding, this would amount to:

5.18 x 0.6 x 19.0/2.27 = 26.0 GBq/kg Zircaloy,

averaged over all Zircaloy components, based on uranium and Zircaloy masses
of 19,0 and 2.27 kg/bundle, respectively.

Maan et al. (1980) estimated an equilibrium concentration of
2 Ci 3H / kg D20 generated by neutron activation of deuterium in CANDU
coolant (1 Ci = 3.7 x 1010 Bq); this is much lower than the moderator con-
centration because of the lower in-core residence time of the coolant.
This concentration corresponds to a tritium/deuterium isotopic ratio of
7 x 10'7. Data on the deuterium content of used CANDU fuel cladding show
wide variation, but few measured concentrations exceed 200 mg 2H / kg Zir-
caloy (Wasywich in preparation). If we assume that 3H and 2H enter clad-
ding from the coolant at rates proportional to their relative abundances,
then a fuel sheath containing 200 mg 2H / kg Zircaloy should also contain:

(200 x 3/2 x 7 x 10-7) mg 3H / kg Zircaloy,

= 0.21 nz 3H / kg Zircaloy.

The specific activity of tritium is 3.6 x 1014 Bq/g. A tritium concen-
tration of 0.21 /xg/kg thus corresponds to 76 MBq/kg, compared with the
estimate of 26 GBq/kg originating from the fuel.

Although these estimates are crude, they do indicate that the fuel, not the
coolant, is the predominant source of tritium in used CANDU fuel sheaths,
and hence in fuel hulls.
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