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RESUME

Ce document décrit sommairement le programme de mise au point de

systèmes de confinement avancés pour l'évacuation du combustible irradié

dans une enceinte, à grande profondeur, dans la roche plutonique. Les

concepts de confinement avancés possibles, la stratégie adoptée dans le

choix des matériaux à conteneur possibles et les programmes expérimentaux en

cours ou envisagés y sont présentés. On oriente actuellement les travaux

vers la mise au point de systèmes de confinement à long terme basés sur des

matériaux non métalliques et des conteneurs en métal massif. En outre,

l'emploi de barrières indépendantes supplémentaires destinées à prolonger la

durée de service utile de systèmes de confinement simples y est évalué.
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ABSTRACT

This document outlines the program on the development of advanced

containment systems for the disposal of used fuel in a vault deep in

plutonic rock. Possible advanced containment concepts, the strategy

adopted in selecting potential container materials, and experimental

programs currently underway or planned are presented. Most effort is

currently directed toward developing long-term containment systems based on

non-metallic materials and massive metal containers. The use of additional

independent barriers to extend the lifetime of simple containment systems

is also being evaluated.
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1. INTRODUCTION

The major objective of the Canadian Nuclear Fuel Waste Management
Program (CNFWMP) is to assess the basic safety and environmental aspects of
the concept of isolating immobilized fuel waste by deep underground
disposal in plutonic rock. The disposal concept incorporates the use of
multiple engineered barriers around the fuel waste to supplement the
natural isolation provided by the geosphere [1,2,3].

An important component of the fuel waste package for deep
underground disposal is a durable container [4,5,6,7] that can provide
isolation for a significant length of time. The container Is the primary
engineered barrier and determines the time at which radionuclides first
become accessible to groundwater. The container, as long as it has not
been penetrated, constitutes an absolute barrier, in contrast to other
barriers in a disposal vault that rely on very slow rates of radionuclide
dissolution and transport.

At present, the Canadian container development program Is focused
on the design and evaluation of long-term containment for intact used-fuel
bundles and is, at least indirectly, equally applicable to the provision of
containment for solidified fuel recycle waste. Two design lifetimes for
absolute containment are being considered [4,8]. The first, referred to as
simple containment, has a target lifetime of about 500 years and is
intended to provide isolation during the high-toxicity phase of the used
fuel. The second, to prevent radionuclide release for > 10* a, has a
lifetime determined by factors such as duration of the thermal transient in
the disposal vault.

This report outlines the studies being performed on advanced
containment systems. Both the scope and direction of the research for this
program have been reviewed and more clearly focused since the publication
of the Fuel Isolation Program 'Document [4], which provided only a brief
description of the advanced containment research activities.

In the advanced containment program, two options are currently
being considered :

(1) the development of additional barriers, and

(2) the development of very long term containers.

In the "simple" container designs, described in detail in a
previous program document [4], the outer metallic shell Is assumed to be
the only barrier to the release of radionuclides. The reliability of these
container designs in meeting the required lifetime (̂ 500 a) could be
increased significantly by incorporating another independent barrier.
Moreover, the actual container lifetime could be extended significantly by
additional barriers. Existing information suggests that a metal matrix or
packed particulate, two components in the proposed simple container
designs, offer the potential for development as an additional barrier.
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Attention Is also being directed to the possibility of providing additional
corrosion protection for a metallic container by applying a protective
coating to the outside of the container. Such a coating might also provide
a further barrier to radionuclide release.

Current research in the area of very long term containment is
concentrating on two concepts. One involves the use of either ceramic
materials possessing high corrosion resistance or ceramic materials with
comparatively low corrosion resistance but that can be used economically at
considerable thicknesses to make allowance for corrosion losses- The
second concept involves the use of a thick-walled copper container to
provide a massive barrier.

2. ADDITIONAL BARRIER DEVELOPMENT

2.1 INTRODUCTION

The primary objective of this work is the development of
additional barriers for metal-shelled containers, to provide greater
reliability and integrity for such designs. These additional barriers
Include metal matrices, packed particulates, and protective coatings. In
this section, the properties required for an effective additional barrier
are discussed, and the current status and future direction of research on
them are outlined.

2.2 METAL MATRICES

Castable metallic materials are being evaluated for their ability
to provide Internal support to a thin-walled container shell, to enable the
shell to maintain its integrity under the hydrostatic and buffer-material
swelling pressures that will develop in the disposal vault. An important
secondary function of the matrix, however, could be to extend the life of
the simple containment system by providing another barrier to radionuclide
release. Thus, if the outer shell were perforated by localized corrosion,
the matrix could significantly delay Interaction between the used fuel and
the groundwater in the disposal vault.

The performance of a metal matrix as an additional barrier will
depend on the integrity of the matrix and on the corrosion resistance of
the metal selected. A sound matrix without shrinkage voids, significant
porosity or cracks Is required both to limit the extent of container
deformation and to provide a reliable barrier.

Lead, a lead-antimony alloy, zinc, and aluminum-7 wt% silicon
were selected as candidate matrix materials, since they showed the least
interaction in the molten state with the fuel cladding material, Zircaloy-4
(see Figure 1). Similar tests with candidate container materials
established compatible combinations of matrix and container materials [9].
Since the attack of liquid matrix materials on Zircaloy-4 and on some of
the candidate container materials increased with time, cooling techniques
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had to be investigated to minimize the interaction time during casting and
solidification. In the proposed technique for matrixing disposal
containers [10], partial cooling of the container side walls, together with
water cooling of the container base, would be used to decrease the
interaction time. Finite-element solidification modelling, combined with
small-scale experiments using lead, showed that the to ;al solidification
time, which is a measure of the interaction time, can ne reduced
substantially using this method, without compromising the matrix integrity.
Heat transfer coefficients have been determined [11] to model the matrix
solidification in full-size containers.

To function as an additional barrier, the matrix must possess
high corrosion resistance in the disposal vault environment, in which high
chloride concentrations in the groundwater are expected. Data are
available on the long-term corrosion behaviour of lead, zinc and aluminum-7
wt.% silicon in seawater and in some Canadian soils (see Table 1) f12-15].
These show a tendency toward pitting in some soils fl2] , although the
pitting rate decreases with time [16]. The data in Table 1 show lower
corrosion rates for load than for zinc and aluminum-7 wt.% silicon. Even
though lead in seawater has a relatively anodic open-circuit potential
(-0.75 V SCE), it shows high corrosion resistance in chloride environments.
Chloride ions, in spite of their ability to break down passive films on
metals, generally decrease the rate of lead corrosion [15], due to the
formation of insoluble protective films [17]. Lead coupons tested at the
Whiteshell Nuclear Research Establishment (WNRE), at 150 C under static
conditions in Standard Canadian Shield Saline Solution (SCSSS) and
WN-1-solution (see Table 2) [17] also showed low corrosion rates [18]. The
leach rates decreased with time in both solutions. Scanning electron
microscopy (SEM) and X-ray diffraction analysis of the precipitates on the
coupon surface showed, predominantly, highly insoluble PbOHCl. The
presence of bentonite in the disposal vault may also influence the
corrosion of lead, since lead is adsorbed by montmorillonite clays [19],

Archeological evidence on buried Roman lead pipes [20] and lead
artifacts found in seawater after several hundred years [21] also indicates
that lead exhibits a high corrosion resistance in chloride environments.
For lead to be corrosion resistant in soils for several years, a grain size
of less than 0.5 mm has been recommended [22].

In addition to providing corrosion protection in chloride
environments, a lead matrix would also reduce the gamma-radiâtion field at
the container surface. This would reduce the amount of hydrogen produced
by groundwater radiolysis and its potential effect on the container
materials, such as hydrogen embrittlement in titanium-based materials [23].
Electrochemical corrosion studies of lead in the presence of UO2 in
carbonate solution show that lead could corrode preferentially, inhibiting
the UO2 dissolution [24].

Future research will study the corrosion of matrix materials in
the presence of container and buffer materials. Experiments to study the
effect of gamma radiation on the corrosion of candidate matrixing metallic
materials have started in the Immobilized Fuel Test Facility (IFTF).



Fundamental research to study matrix corrosion is also planned, so that
complex mechanisms occurring in multi-component systems can be explained.

2.3 PACKED PARTICULATE

A second concept for providing structural support to thin-walled,
metallic, fuel isolation containers uses a compacted particulate material
to transfer external loads to a tubular support structure or to the fuel
bundles themselves [6]. To provide primary structural support, the
particulate material must have high mechanical strength and good
thermo-mechanlcal, chemical and radiation stability. A secondary, but
highly desirable, property is the ability of the material to retain, or
sorb, radionuclides and, thus, retard their migration. A particulate
possessing good sorptlon properties could function as an additional
engineered barrier to radionuclide release.

If the particulate material is composed of perfect spheres, all
of Identical radius (r) and compacted to maximum theoretical density,
(cubic or hexagonal close packed), the resulting voids are Interconnected
such that a sphere of radius not exceeding 0.1547r car flow through the
packing [25], Furthermore, smaller spheres of an adsorbent material could
be accommodated within the interstices of the structural packing,* to
occupy up to 11.2 volume percent of the free volume in the container.t
For an actual situation, In which packing Is unlikely to be ideal and,
hence, void space is higher, this volume of adsorbent material (of radius
less than 0.1547 r) could be added to the structural particulate and occupy
only interstitial sites. The mechanical strength of the packing would not
be prejudiced, but the ability to limit radionuclide release in the event
of container perforation could be greatly enhanced.

A number of candidate particulate materials are being evaluated,
including sand, soda lime glass beads, sintered bauxite, ceramic zirconia,
garnet, rutile and resin-coated particulates [26,27]. Because of the wide
range of chemical properties of the radionuclides in nuclear fuel waste, no
one particulate would be effective in retarding all radionuclides.
However, some general conclusions can be drawn from studies to date:

(1) The affinity of sand and glass beads for most radionuclides is
very low.

(2) Generally, iron and aluminum oxides have a high affinity for a
variety of chemical species [28], Therefore, materials composed
of these oxides would likely be relatively good adsorbents for
many radionuclides. Such materials include bauxite, ceramic
zirconia, and garnet.

* Approximately 43% of the container interior volume is occupied by packed
particulate.

t Similar estimates can be made for non-spherical particulates based on
equivalent spherical parameters.



(3) Hydrous titanium oxide is an effective adsorbent for many
radionuclides [29]; however, it is unknown if rutile is equally
effective.

(4) Since organic material has a high affinity for many chemical
species, the possibility of coating some of the above
particulates with a resin has been considered [30], However,
whether a coating of resin increases or decreases the ability of
a particulate to retain a given radionuclide would depend on the
nature of the particulate.

An alternative, and probably more effective, method of enhancing
the retention of radionuclides within the container is to add a small
amount of an absorbent with a high specific surface area to a relatively
inert particulate such as quartz, sand, or glass beads.

Q

In the long-term disposal of nuclear fuel waste, I29 I is
potentially the greatest hazard to man and the environment [31]. This is
because of its long half-life (107 a) and the fact that it exists in
solution as an anion and is not strongly sorbed by clay material (sodium-
bentonite), which is being considered for the buffer, or the surrounding
rock. Hence, of the radionuclides present in used fuel, 129i has the
greatest potential of reaching the biosphere before decaying to very_low
levels. Research is underway to identify effective adsorbents for I that
could be mixed, in small amounts, with the buffer and/or the container
filler to retard the transport of 1 Î 9I.

A number of minerals (for example, those containing copper, lead,
silver and mercury) have been found to be effective in removing I from
solution. With these minerals, coprecipitation and/or incorporation into
the crystal lattice may be the mechanism involved in the sorption of I .
This is indicated by the relatively high degree of sorption by minerals
containing metal ions that form iodides of low solubility: the -log K
(solubility product) values of Cu , Pb2 , Ag and Hg iodides are 11.3,
7.9, 16.1, and 27.9, respectively [32]. Activated_charcoal and graphite
have also been shown to be effective in removing I from solution [33].

Work on the physical and chemical properties of candidate
particulate and potential sorbent materials is continuing.

2.4 " .ti/fG TECHNOLOGY

Ci... ting the container is one approach to providing additional
corrosion protection for the metal container. The important physical
function of the coating is to act as a hydrological hairier, preventing the
access of groundwater to the metal container. To accomplish this, the
coating must be stable under disposal-vault conditions, dense, free of
defects, and adhere well to the metal substrate during the operating life
of the container. The coating should also maintain its integrity under
gamma irradiation.
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The first activity undertaken was a review of coating
technologies to explore suitable coating materials that may resist, or
retard, degradation of the metallic container and to summarize
state-of-the-art techniques for applying such coatings [34]* From this
survey, ceramic coatings such as AliOj, stabilized ZrOj and Cr20j were
selected for evaluation [35]. These oxide ceramics are used as coating
materials in a variety of environments. They are hard, very resistant to
abrasion, and fairly resistant to corrosion. They are recommended for use
in corrosive chemical environments [34].

The survey of coating technology indicated that the plasma-spray
technique is suitable for applying ceramic coatings, particularly on large
components (see Tables 3 and 4) [34]. Further, ceramic coatings produced
by plasma spraying are harder and have considerably better corrosion
resistance than metallic coatings. They also offer a wide range of
oxidation, abrasion-erosion, and thermal-shock-resistant properties. The
plasma-spray technique can also be used remotely, which may be required for
coating fuel waste disposal containers.

The research program to evaluate plasma-sprayed ceramic coatings
on candidate container metals is divided into two phases. In the first
phase, work is directed primarily at determining the integrity of selected
ceramic coatings produced by plasma spraying. Electrochemical methods are
being used to determine the corrosion behaviour of ceramic-coated metal
systems. Results to date with coated coupons have confirmed that the
ceramic coating must be free of discontinuities, cracks and pores to be
effective, because these defects can create conditions that lead to rapid,
local degradation of the metal substrate [35,36,37].

The physical characteristics of the coating, particularly its
integrity, will determine the future work on the coating development
program.

In the second phase, the corrosion performance and mechanical
properties of the ceramic coating will be evaluated in detail, including
the effects of the disposal-vault environment and gamma radiation.

A critically important coating property is its degree of
adherence to the substrate. Effort will be concentrated on determining the
mechanism of adhesion of plasma-sprayed ceramic coatings and will make use
of fracture mechanics methods [38]. A double cantilever beam specimen
configuration will be used and a crack forced to propagate either along the
interface between coating and substrate, to determine the sLrain energy
release rate of adhesive failure, or within the coating, to provide a value
for cohesive failure. Complementary studies will be carried out using SEM
to examine the fracture surface and to determine the fracture modes.
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3. VERY LONG TERM CONTAINMENT

3.1 BACKGROUND INFORMATION

A second containment objective in the Canadian Nuclear Fuel Waste
Management Program is to prevent radionuclide release for very long times,
>10 a. Most of the activity in the used fuel, in particular that due to

Cs and Sr, decays during the first 300 years. However, many of the
remaining radionuclides decay at a much slower rate and some persist for
millions of years (see Figure 2). After 300 years, nearly all of the
radioactivity derives from actinide elements [39].

Using the most recent radioactivity data, it has been shown that
the potential health hazard to man due to used fuel after 1000 years
following disposal is about ten times that due to the equivalent amount of
uranium ore [40], while after about 105 years, the two hazards are
comparable (see Figure 3) [41]. The corresponding values for fuel recycle
waste are about 400 and 1000 years. The potential health hazard is based
on the probability of carcinogenic and genetic effects assuming that the
material is ingested.

The possibility always exists, however remote, that a number of
containers may fail during this period of 10s a. If we consider a
reasonable distribution of failure times for long-term containers in the
disposal vault, the release of residual activity to the groundwater will be
spaced out over a long period of time, independent of the mechanism of
waste-form degradation. Futhermore, the inventory of radionuclides will be
further reduced by decay [1].

Heat is generated, by radionuclide decay, leading to a rise in
the temperature of the container and its immediate environment. Figure 4
shows that the heat flux is relatively high initially, but that it declines
with time [42]. The temperature rise in a disposal vault can be controlled
to some extent by the number and spacing of the containers in the vault,
the thermal conductivity of the host geologic medium, and the depth of the
vault below the surface [43]. However, for used fuel disposal, the
temperature in the vault will still be significantly higher than the
ambient temperature at depth for a few tens of thousands of years. Since
the rates of processes leading to the release and migration of
radionuclides, such as leaching, dissolution and corrosion, and diffusion,
increase with temperature, there is considerable incentive to develop a
very long term container that can control the rate of mobilization of
radionuclides for at least the duration of the temperature transient,
>10" a. Both non-metallic and metallic materials for containers are being
studied.

3.2 NON-METALLIC CONTAINER

Thermal considerations suggest that the container for used fuel
should have sufficient physical and chemical stability to last for at least
10* a. The container must be chemically compatible with the disposal-vault
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environment and the buffer and backfill materials. For disposal in a
granitic environment, the container must also be compatible with highly
saline groundwaters of the Ca-Na-Cl type occurring widely at depths below a
few hundred metres.

The need to predict these properties very far ahead in time is
reduced significantly if the container material contains phases that have
natural counterparts of proven durability. Examples of these include
minerals that exhibit little or no alteration in the geochemical
environment characteristic of the chosen disposal site.

It is also advantageous if the chemical resistance of the
container material is based on the durability of the primary material and
not on passlvating phenomena in the surface layer, which are often
difficult to assess. The long-term performance must be determined using
currently available, accepted methods. However, knowledge of how the
selected material, or a natural analogue, has withstood severe environments
during a corresponding period of time in the past can lend support to such
predictions.

Ceramic materials are extremely attractive for very long term
containment in an aqueous environment. They are highly stable chemically,
and they exhibit extremely low rates of dissolution in groundwater within
the temperature range of interest. Few studies of ceramic materials have
been performed in spite of their apparently attractive properties for
nuclear fuel waste containment. Work in the United States [A4], Sweden
[45], the Federal Republic of Germany [46] and Switzerland [47] has shown
that AlîOa, TiOi, graphite and ZrOî have very low corrosion rates (of the
order of 0.1 Vm/a) in various solutions. It has also been demonstrated
that an AIÏOJ container can be fabricated by hot isostatic pressing and,
subsequently, sealed by diffusion bonding with, or without, a thin
intermediate metallic film at the bonding interface [45,47].

In the initial phase of the non-metallic materials program,
various materials were reviewed, based primarily on their chemical
stability [48]. From this study, the groups of materials shown in Table 5
were selected for further study. The table includes both relatively
specialized, highly corrosion resistant ceramics and materials with
comparatively low corrosion resistance for which the fabrication technology
is simple and well established. The latter could be used economically at
considerable thicknesses, to allow for their higher corrosion rate.

Work to date has been devoted to relatively short-term
accelerated corrosion tests, to screen and compare 24 candidate ceramic
materials and to select a short list of materials for detailed study.
Specimens were subjected to a series of leaching tests carried out under
various conditions, to determine their relative resistance to attack
[49-50]. On the basis of this work, a short list of ceramic materials has
been selected for detailed study (see Table 6) [51]. The first five
materials, namely, high purity alumina (A12O3), stabilized zirconia (ZrO2),
cermet (70% Al^Oj - 30% TIC), titania (TiO2), and nuclear graphite,
exibited the highest resistance to leaching in most of the tests [51].



Also, the data available In the literature Indicate that the mechanical and
physical properties of these materials are adequate for fuel isolation
containers [48]. Furthermore, the major raw materials are abundant and
inexpensive.

Techniques for fabricating large, dense, impervious shapes are
available for most materials selected; however, additional development work
would be needed to fabricate full-size containers.

The porcelain and concrete did not excel in any of the leach
tests [51], and were generally inferior to the first five materials shown
In Table 6. However, these materials are still of interest because they
are readily available and inexpensive, and simple techniques for
fabricating large dense shapes are well established.

None of the ceramic materials selected for detailed study is
likely to be uneconomic. However, cost will be important in the final
selection, and will depend on the container material design and fabrication
technique.

The research emphasis on ceramic materials has shifted from
relatively short-term screening to longer term testing. Extrapolation of
measured leach rates to very long exposure time is difficult because, in
most tests, the leach rates varied with time [51]. In static tests, the
leach rate decreased with time, as expected, and in many of the tests, the
concentrations of dissolved species in the leach solutions appeared to
reach saturation levels [51].

Static tests, including both low-temperature and high-temperature
autoclave tests, suffer the common problem of potential solution-saturation
effects. Measured leach rates can be low due to reduced differences in
chemical potential as leached constituents accumulate in the static
solution. An essentially static condition could conceivably exist in a
disposal vault. In this case, however, the extent of attack of the ceramic
material would depend upon the volume of groundwater present, an unknown
parameter for geologic disposal. However, the possibility that the
groundwater will eventually intrude and be non-uniformly distributed to
each container, by channelling to local areas due to convection currents
and crevice flow, cannot be ignored. Therefore, the groundwater could be
undersaturated with respect to chemical components of the container
material.

Further studies under both static and dynamic conditions are
planned, to generate sufficient information on the leaching of ceramic
materials to predict their corrosion behaviour reliably throughout their
expected lifetime. This requires a thorough understanding of the effect on
corrosion of various environmental parameters, such as temperature,
pressure, radiation/radiolysls products, groundwater flow rates, and
interactions with the buffer material.

Corrosion studies will be done in a flowing brine system, to
simulate a severe vault environment and provide a conservative value of
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corrosion rate. A single-pass continuous flow test has been developed to
assess the effect of flow rate on the corrosion behaviour at high
temperature and pressure. This will allow elimination of short-term
transients that influence the leaching data during static tests, and will
provide a data base to characterize the long-tern durability of ceramic
materials.

From our initial review [48], it is evident that, at the
temperatures and in the environments of interest, there Is a paucity of
data on the effect of gamma radiation on the corrosion of ceramic
materials. Gamma radiation from the nuclear waste could cause radiolysis
of any intruding groundwater, thereby introducing new chemical species and
local changes In the chemical environment. The environment immediately
surrounding the ceramic container could be strongly oxidizing, due to
radiolysis. Even if the metal In the oxide ceramic cannot be further
oxidized (i.e., Al' in AljO5), impurities such as chromium, manganese and
boron, present at the grain boundaries, could be oxidized to water-soluble
compounds. Therefore, intercrystalline corrosion would likely be much
greater in the presence of radiolysis. Research is underway to determine
the effect of radiolysis on the corrosion behaviour of ceramic materials
and this will complement the inactive testing program.

Ceramic materials always contain small defects such as pores,
cracks, and inclusions. These defects are generally less than the critical
size for unstable brittle fracture to occur when the material is subjected
to a mechanical stress. However, in a corrosive environment, particularly
in the presence of water and mechanical stress, these defects can grow
slowly until brittle fracture occurs. This time-dependent process is
called delayed failure.

A knowledge of how crack growth takes place in ceramic structures
subjected to mechanical or thermal stresses, or that contain r.jidual
stress, is important in the calculation of the life of the containers.
Tests are needed to study crack growth under different environmental
conditions and loads. From the data obtained, it will be possible to
better estimate the life of the structure. Alternatively, proceeding from
the desired lifetime of the structure, the largest permissible initial size
of defects from which cracks will propagate can be calculated. The size of
these initial defects must then be compared with the size of the defects
that can be detected by available testing methods, such as ultrasonic and
radiographie examination.

The rate of sub-critical crack growth can be described by the
following law:

V = A-Km

where V = crack velocity
K, = stress intensity factor at the crack tip, and
A,m = material and environmental constants.
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Oxide-based ceramics are always subject to corrosion in an
aqueous environment. If there is a crack in the material and a
sufficiently high tensile stress present, the corrosion rate at the tip of
the crack will be faster than that on the side of the crack, leading to
slow growth. This effect is significant when the reaction involves the
inward diffusion of an outside species that creates a reaction product with
a larger volume than the original inclusion.

Susceptibility of the candidate ceramic materials to sub-critical
crack growth (delayed failure) will receive detailed attention in our
research program, and studies will include the combined effect of
groundwater chemistry, temperature and radiation.

Polymeric materials offer an alternative, and potentially
cheaper, option than ceramics as container materials. They combine
excellent resistance to chemical attack with ease of fabrication; however,
their resistance to ionizing radiation is poor. On exposure to radiation,
the polymer either degrades to lower molecular weight compounds by chain
scission or increases in molecular weight by cross linking. Both
mechanisms cause changes in the properties of the irradiated polymer.

Other factors relevant to the use of polymers are their long-term
aging characteristics and their resistance to the combined effects of
temperature, aqueous environment and radiation. Thermal effects could be
particularly important because the thermal conductivities of polymers are
about an order of magnitude less than those of plutonic rock, and
therefore, a significant temperature gradient could develop across polymer
containers. A literature review has revealed a paucity of test results and
practical experience for these materials under disposal-vault conditions.
Polymers have only been developed and used in the past 30 years.
Consequently, the strategy that we have adopted is to establish the
long-term endurance of selected polymers under the combined effect of
temperature, radiation, and the possible aqueous environment in a disposal
vault. A series of experiments to test selected polymers under the
combined effect of gamma radiation, groundwater, bentonite-sand buffer, and
temperature has run continuously for over 2.5 a. Examination of these
experiments is in progress. Depending on the results, further work may be
undertaken on polymers, possibly for use in composite concrete-polymer
overpack systems.

3.3 MASSIVE METALLIC CONTAINER

In the Swedish concept for nuclear fuel waste disposal, it is
proposed that very long term containment can be achieved by the use of a
massive copper container [52]. An initial assessment of container
lifetime, based on degradation by corrosion processes, concluded that a
copper container with a wall thickness of 200 mm could last for more than
105 a [53]. A wall thickness of 200 mm was chosen so that radiation
effects at the container surface (i.e., the production of oxidizing species
by radlolysls) could be disregarded in the analysis. A followup study
included radiolysis effects and assessed a range of wall thicknesses [54].
The analysis revealed that the effect of radiolysis on container corrosion
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was small for a 10-nnn thick wall and negligible for a 60-mm thick wall.
The Swedish studies concluded that a container lifetime greater than 10s a
could also be achieved with these thicknesses of copper.

It is instructive to review the Swedish approach toward a copper
container, for very long term containment, since it remains the most
comprehensive study to date and highlights the areas of corrosion research
that require particular emphasis.

Copper is a near-noble metal that should b<> thermodynamlcally
stable (no oxidation) in the disposal-vault environment. However, species
such as dissolved oxygen, sulphide ion, or other oxidizing species, such as
those produced by groundwater radiolysis (for example H 20 2), will cause
copper to oxidize. The maximum corrosion rate of the container could be
controlled by the rate of supply of oxidizing species to its surface. In
the Swedish concept, the container is surrounded by a layer of highly
compacted bentonite clay that acts as a barrier to the mass transport of
oxidants to the container, limiting this process to predominantly slow
diffusion. This condition, that the corrosion rate of the container be
limited by diffusion of oxidants through the buffer, is central to the
prediction of container lifetime and, therefore, its implications should be
carefully examined.

Based on reaction with dissolved oxygen and sulphide only
(radiolysis effects being negligible), an average container corrosion rate
of v̂  0.1 ym/a was predicted over the first 10s a. This rate would decrease
by a factor of about 50 after 105 a. When factors of 5 or 25 were applied
to these rates, to allow for pitting corrosion (considered to be
conservative), the analysis predicted that the maximum penetration after
10s a would be about 6.0 mm [54]. A repeat of the analysis, which included
the thermodynamically possible, but kinetically unfavourable, oxidation of
copper by reduction of SO* in the presence of Fe* , gave a value of
<r 2.0 vm/a over the first 10' a, decreasing by a factor of <*• 30 after
10s a. This leads to predicted maximum penetrations of 20 mm and 100 mm
for pitting factors of 5 and 25, respectively, after 10" a.

In the Canadian fuel immobilization program, copper was also
identified as a potential candidate material for very long term containment
[4-8]. It was recognized that this would be practical only if the wall
thickness could be reduced significantly from the 200 mm proposed in the
initial Swedish assessment. However, containers having a wall thickness in
the range being considered in the Canadian disposal concept (say <50 mm)
could be perforated after 10" a under disposal-vault conditions. It is
important to note that general corrosion accounts for only 8 mm of
penetration, even after 10s a.

A result of applying a constant pitting factor in the analysis of
container failure is that the time to perforation becomes very dependent on
the absolute value of the general corrosion rate. Thus, even a modest
change in corrosion rate can significantly change the time to perforation.
Further, this dependence becomes increasingly important as the required
design lifetime of the container is extended (e.g., from 10* a to 10s a).
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To illustrate this point, suppose the average corrosion rate remains
constant at 1.0 Pm/a. After 10 a, the amount of penetration caused by
general corrosion would be 1.0 mmt and by pitting, between 5 and 25 mm. At
5 x 10 a, the corresponding values would be 5, 25 and 125 mm,
respectively.

A major concern with an approach that requires that the general
corrosion rate be maintained below some minimum value, by restricting the
access of oxidants, is that the lifetime of the container becomes
inextricably linked to the mass-transport properties of the buffer. As a
result, any degradation in the performance of the buffer material with time
could result in accelerated corrosion and premature failure of the
container. In other words, using the above criteria to assess container
corrosion means that the lifetime of this barrier depends to some degree on
the performance of another barrier. This dependency could be reduced
greatly if it were demonstrated that localized corrosion of copper is very
unlikely under these conditions and that pitting factors of 5 to 25 are
gross overestimates.

Localized corrosion of copper Is receiving detailed attention In
our research program. Studies include the combined effects of gamma
radiation, groundwater chemistry, and buffer material, compacted to
representative densities, in contact with the copper. To simulate
disposal-vault conditions, these studies are being performed in
radiation-shielded concrete canisters in the Immobilized Fuel Test Facility
(IFTF) at WNRE and employ both electrochemical and conventional exposure
test methods.

Stress corrosion cracking of pure copper Is not considered likely
under disposal-vault conditions [55]; however, some susceptibility was
observed in constant extension rate experiments when NO2 was present (at
concentrations exceeding ' 70 mg/L) in combination with high values of
applied potential (+0.300 V SCE) [55]. It was concluded that such
conditions are highly improbable in a disposal vault, even If some nitrite
is Introduced during vault blasting operations.

Ontario Hydro, as part of their technical assistance program to
the CNFWMP, has undertaken a comprehensive study of the factors influencing
the corrosion behaviour of copper under conditions relevant to waste
disposal [56,57]. The effects of temperature, salinity, aeration, and
presence of sulphide on general and pitting corrosion were Investigated In
bentonite-simulated groundwater mixtures.

In deaerated solutions at 75°C, the corrosion rate increased with
increasing salinity. However, at 150°C no significant change with salinity
was observed, and rates were less than 2 Pm/a. Surprisingly, some pitting
and crevice corrosion occurred under these conditions on plate specimens
that were Inadvertently in contact with one another.

Aeration of the solution caused an increase in corrosion rate,
which was greatest in the most saline groundwater Values were as high as
100 ym/a at 75°C. The effect of aeration on the general corrosion



- 14 -

behaviour of copper in chloride solutions is consistent with the
electrochemistry of copper, whichA under oxidizing conditions, will form
soluble Cu complexes (e.g., CuClj). The corrosion rates between 100 and
150°C in aerated solution were, on the whole, less than those at lower
temperatures. This may be due to the formation of a corrosion product
layer (e.g., Cu20) at elevated temperatures that progressively blocks off
the corroding surface (pseudo passivation).

The presence of sulphide in solution (10 mg/L) had a dramatic
effect on copper corrosion. Pitting corrosion was predominant and more
severe wher» the solution was aerated. Average corrosion rates, determined
by weight loss, were between 20 and 90 Pm/a at 75°C, and preliminary indi-
cations are that, at 150°C, the rate is about three times this value f58].

The influence of gamma radiation on copper corrosion under the
above conditions is also being investigated. The experiments are being
conducted in a fuel storage bay at Pickering Nuclear Generating Station. A
test at 75°C was started in late 1985 and is scheduled to last for four to
six months. Expe: iments at 150°C are also planned.

It appears that a copper container of reasonable wall thickness,
in combination with a compacted buffer material that acts as a barrier to
limit the supply of oxidants to the container, could provide significantly
long containment times. However, it should be recognized that
deterioration in this function of the buffer could result in a major change
in the subsequent corrosion performance of the container. If it were
demonstrated that localized corrosion of copper is unlikely under
disposal-vault conditions, a massive copper container would be a strong
candidate for an advanced containment system.

SUMMARY

This report has described the scientific and engineering approach
being used to develop and assess advanced containment systems for the
disposal of used fuel.

Two advanced containment concepts have been identified and are
the subjects of separate programs. First, the possibility of incorporating
additional independent barriers to extend the life of thin-walled,
metal-shelled containment systems is being Investigated. Second, the
possibility of developing ceramic or thick-walled metal containers to
provide very long term containment is being studied.

An advanced containment materials research program has been
established to provide a basic understanding of the aspects of materials
performance of importance for nuclear fuel waste containers. The
activities in the advanced containment research program are well underway
and data from them will provide a sound basis for the selection of advanced
materials for concept assessment.
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TABLE 1

CORROSION DATA FOR CANDIDATE METAL MATRICES

IN SEAWATER AND IN CANADIAN SOILS

Material

Lead

Zinc

Aluminum-
7 wt%

Silicon

General
Corrosion Rate
in Seawater
(ym/a)

2.4<15>

51(13)

34(14)

Corrosion

Western Canada

Clay Loam

General
Cor-osion
(ym/a)

3.3

27

6.2

Soil

Max.
Pit Depth

(mm)

0.10

1.8

2.7

(14)
in soils after 5 years

Central Canada

Sandy, Clay Loam
Soil

General
Corrosion
(ym/a)

1.8

5.5

3.8

Max.
Pit Depth

(mm)

0.10

0.51

1.6

Eastern Canada

Salt Marsh

General
Corrosion
(ym/a)

3.4

12.0

2.4

Soil

Max.
Pit Depth

(mm)

0

0

2.9

to
O
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TABLE 2

COMPOSITION OF STANDARD CANADIAN SHIELD SALINE
SOLUTION (SCSSS) AND WN-1 SOLUTION

TA1.

ion

Na

K

Mg

Ca

Sr

Fe

Se

H C 03
CL

so4

NO3

F

pH

SCSSS
fmg/L)

5050

50

200

15000

20

-

15

10

34260

790

50

-

7.0±0.5

WN-1
(mg/L)

1910

14

61

2130

24

0.56

-

68

6460

1040

33

-

7.0±0.5
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TABLE 3

MOST USED COATING METHODS

Process
Number

of Steps

Park
Opentat Ion

Slurry

1 or 2

Coating
Materials

Substrate
Matertals

Atmosphere Remarks

Al ,Al-Cr,Al-Cr-X

Multiple Al,A]-Cr,Al-Cr-X

Hot Dipping Multiple Al,A1-Cr

Superalloys, refractory Inert,
metals, or alloys halirle

(both in
sequence)

Superalloys, refractory Inert or
metals, or alloys vacuum

Ferrous, nickel-base Flux or
alloys inert

No special holding fixture
required. Lonp heat-up and
cool-down times required. Coatings
are diffusion bonded, thin, and
reasonably uniform.

Avoids long heat-up and cool-down
times- N'ppds special holrfine fix-
ture- Coatings are diffusion bond-
ed, thin, dense, and reasonably
uni form.

Short reaction times. Process is
basically limited to Al or Al-X
type coatings. Coatings are dif-
fusion bonded, reasonably dense,
and non-uniform.

Intricate shapes can be coated
by this method.

Elect rodeposi tion
-Fused salt 1 or

more

Electro-
phoretic

Multiple

Produces -lding
coatings (e.g.,
berylliding,
titaniding)

Al-Nl.WSi HoSi,,
Al-Cr, borides*"

Any metal with melting
point above 650°C

Ferrous superalloys,
refractory alloys

Chloride
or
fluoride
bath

Inert or
vacuum

Cumbersome method, hut produces
dense, uniform coating.

Coatings are relatively porous.
Process is mainly in developmental
stage.

Vapour Deposition
-Chemical 2 or

more
W-Mo,Ni,Ti,Cr,
Al 0 HfO ZrO?,
BNfsiO-.Ta.C,
SiC.SljN taC*

Refractory metals,
graphite, some on
NI- and Fe-base
alloys

Vacuum or Special holding fixtures
inert required. Coatings up to 95+À

could be produced. Complicated
equipment required. Process is
mainly in developmental stage.

-Physical
Vacuum 1
vaporization
Sputtering
Ion plating

All metals,
some ceramics,
Metals, ceramics*
Alloys, metals,
some ceramics*

Metal, alloy, or
non-metal lie
substrates

Vacuum
or inert
partial
pressure

Vitreous or
Glass
Refractory

Plasma Spray

Multiple

1 or
more,
depending
upon
coating
system

Oxides only

Metal, alloy,
aluminides,
suicides,
ceramics, cermets
plastics. Inter-
metal lies

Fe- and Ni-base
alloys

Metal alloys,
ceramics, plastics

Ai r or
inert

Air or
vacuum

Ion plating combines the processes
of vaporization and sputtering; pro-
duces excellent dense, adherent, and,
uniform coatings due to excellent
throwing power. Ton plating Is in
developmental stage and has been used
for coating small components only.

Thermal stresses at tbe interface
Impose a problem. Process produces
thick coatings f~0.25 cm) and is
1nexpensive.

Coatings are uniform, but contain
slight porosity (4-152). Method is
inexpensive and can be used at
plant sites.

* Only In developmental Btage, I.e., not available on commercial scale.



TABLE 4

FLAME-SPRAY METHODS OF APPLYING COATING

Method Process Coating Material

Rod Method

Detonation-Gun

Powder Method

Plasma Method

A solid, 3-6 cm dlam. ceramic rod (the
coating material) is supported and centred in
the special nozzle by >-hree spring-loaded
balls. The rod is mechanically fed into the
the oxyacetylene flame at a controlled rate.
Molten oxide particles from the rod are
accelerated and propelled toward the workpiece
by compressed air.

Controlled quantities of oxygen, acetylene, and
suspended particles of coating material are
admitted into the gun chamber. Detonation of
the mixture by a spark heats the particles to
a plastic condition and propels them at a
supersonic velocity toward the workpiece.

Powdered coating material, propelled by gravity
and a carrier gas, is sprayed through the flame
of a modified welding-type nozzle onto the
workpiece. Fusion is accomplished by the torch
flame, which contacts the work. This process is
also used for capillary brazing of joints.

A high-current electric arc is concentrated and
stabilized in the controlled atmosphere of a
special nozzle. Some of the gas (usually argon)
flows through the arc where it is heated as high
as 16 000 C and accelerated to supersonic speed.
The gas forms a highly ionized plasma Jet.
Particles of coating material, in powder or wire
form, are introduced into the plasma where they
are melted, then accelerated to a high velocity
toward the workpiece. The work is cooled by
Jets of CO. or air.

Any ceramic or refractory material that
melts (rather than sublimes) and forms
droplets (rather than threads). Most
work, however, has been done with aluminum
oxide, zirconium oxide, zirconium silicate,
chrome oxide, and magnesium aluminate.

Formulations of tungsten carbide with
cobalt, nickel, or chromium-carbide
additives, chromium carbide with a nickel-
chromium additive, and aluminum oxide.

Chromium-nickel and tungsten carbide
compositions with boron added.

Tungsten, tantalum, molybdenum, aluminum
oxide and zirconium oxide.

U9
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TABLE 5

CANDIDATE NON-METALLIC CONTAINER MATERIALS

1.

2.

3.

4.

5.

6.

7.

Material Class

Oxide ceramics

Special ceramics

Cermets

Graphite material

Conventional ceramics

Glass-ceramic

Polymeric material

Candidate Material

Alumina (Al-O,)
Zirconia (ZrO^)
Titania (TiO23

Silicon nitride (Si3N4)

Titanium carbide (TiC)
based cermate

Graphite

Porcelain
Concrete

Polyphenylene sulphide
Polyfurfuryl alcohol
ABS polymer
Polysulphone

TABLE 6

CERAMIC MATERIALS SELECTED FOR DETAILED STUDY

A12O3 (99.8%)

ZrO2 (4% MgO -

Cermet (70% AL2

TiO2 (93%)

stabilized)

0 3 - 30% TiC)

Graphite (nuclear)

Porcelain (with

Concrete

high AljO, content)
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FIGURE 1: Thickness of the Reaction Layer on Zircaloy-4 Coupons
Immersed in Aluminum, Aluminum-Silicon, and Aluminum-
Copper Alloys at 700°C, Zinc at 480°C and Lead at 420°C
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FIGURE 4: Volume-Averaged Temperature Rise of the Backfill Materials in a
Fuel Disposal Vault as a Function of Time after Emplacement
[16], This figure illustrates the duration of the temperature
transient. The details depend on the design parameters for the
vault and, to some extent, on the method of analysis.
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