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SUMMARY

Nuclear wasta forms presently used for the disposal of high-
level liquid wastes and other potential waste forms under development
were studied using information available in the literature and by visits
to the laboratories.

The following waste forms were considered: Borosilicate glass,
high-silica glass, glassceramics, supercalcine ceramics, synroc ceramics,
borosilicate glass beads in a metal matrix, supercalcine and synroc
ceramics in a metal matrix and coated ceramics.

Methods are discussed for assessing the waste forms using the
following selection parameters.

Product Parameters Process Parameters

Leachability Process Complexity
Thermal Stability Process Tolerance
Radiation Stability Process Flexibility
Thermal Conductivity Quality Assurance
Was+e Loading Process Safety
Mechanical Strength Development Status
Transportation Safety
Development Status

Based on the above considerations, the following conclusions
have been reached.

. To date the best developed waste form, both in terms of overall product quality
and process development, is monolithic borosilicate glass. However,
hydrothermal instability is a major concern.

. Of the alternative waste forms under development the most promising are:

. Borosilicate glass in metal matrix

. High silica glass

. Supercalcine ceramics

. Synroc ceramics

. Ceramics in metal matrix

. Coated ceramics

. Borosilicate glass in metal matrix waste form has better properties than
monolithic borosilicate glass waste form. The process has been proven
on a pilot scale. Hence, it is considered very close to monolithic glass
in terms of overall development.

. The product qualities of the other waste forms are bettar than bcrosilieate
glass. However, process development for these alternative waste forms is
still in a conceptual stage.

. The technological basis for procession ceramic waste forms exists in a
well developed state. Nevertheless, adaptation of the technology to
continuous hot-cell operation, although feasible, has not been demonstrated.
In view of the product potential of ceramic waste forms it is felt that
their development should be given emphasis at this time.
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RESUME

Une étude a été faite des matériaux actuellement utilisés et des matériaux
actuellement en développement pour éliminer les déchets nucléaires de haute
radioactivité sous forme liquide ou autre, en consultant les ouvrages accessibles K
sur la question et en visitant des laboratoires. I

Les matériaux suivants ont été étudiés: le verre borosilicatë, le verre riche
en silice, le verre-céramique, la céramique supercalcinée, la céramique synroc, les V
perles de verre borosilicatë à matrice de métal, la céramique supercalcinëe et synroc •
à matrice de métal et la céramique à revêtement protecteur.

Les méthodes qui ont servi à l'étude des matériaux sont discutées en fonction
des paramètres suivants:

Paramètres liés aux produits Paramètres liés aux procédés _

Résistance à la lixiviation Complexité des procédés 1
Stabilité thermique Tolérances des procédés

Stabilité sous rayonnement Souplesse des procédés j
Conductivité thermique Contrôle de la qualité
Mise en place des déchets Sécurité des procédés
Résistance mécanique Etat de développement . !,
Sécurité de transport •
Etat de développement

Compte tenu de ces critères, les conclusions suivantes ont été atteintes: jl
i I

- Jusqu'ici, le meilleur matériau pour les déchets, tant du point de vue de la qualité
globale du produit que de celui de l'état de développement du procédé, est le verre ,.
borosilicaté monolithique. Il pose toutefois un problème de taille: l'instabilité jl
hydrothermique. "

- Parmi les autres matériaux à l'étude, les plus prometteurs sont les suivants: M

- le verre borosilicaté à matrice de métal, II
- le verre riche en silice,
- la céramique supercalcinée, jt
- la céramique synroc, ij
- la céramique à matrice de métal, et
- la céramique à revêtement protecteur.

- Le verre borosilicatë à matrice de métal a de meilleures propriétés que le verre ]|
borosilicaté monolithique. Son procédé de fabrication a été éprouvé à l'échelle pilote.
Il est, par conséquent, considéré comme étant très près du verre monolithique du »
point de vue du développement global. U

- Les qualités des autres macériaux sont supérieures à celles du verre borosilicaté.
Toutefois, leurs procédés de fabrication ne sont encore qu'au stade conceptuel. «

- Les connaissances techniques sont déjà bien avancées en ce qui concerne la •
fabrication des produits céramiques destinés à l'élimination des déchets nucléaires.
Cependant, l'adaptation des techniques au fonctionnement continu en cellule chaude M
n'a pas encore été démontrée, bien qu'elle soit possible. Etant donné les •
possibilités que représentent les produits céramiques pour l'élimination des déchets
nucléaires, il faudrait qu'en soit accéléré le développement.

I
I



1. INTRODUCTION

In July 1978, the Ontario Research Foundation submitted an
unsolicited proposal (P-2919-G) entitled "Nuclear Waste Immobilization"
to the Department of Supply and Services for consideration and
financial support. This proposal was accepted in principle by the
Atomic Energy Control Board according to the letter dated October 23,
1978 from the Department of Supply and Services.

Several meetings were held with the representatives of the
Atomic Energy Control Board to more clearly identify their needs and
interests. The discussions resulted in the identification of the
objectives and scope of this program.

The final contract arrangements were completed effective
April 9, 1979 and the work commenced in June, 1979.

1.1 Objectives

The objectives of the program are:

a) To conduct an information search to address
the chemical durability and mechanical stability
of various matrices, such as glass-ceramics,
ceramics, synthetic rocks and minerals, glass-
metal, ceramic-metal and cement, which are being
considered by the world community for immobilizing
reorocessed radioactive wastes.

b) To evaluate the methods which will aid in a
regulatory assessment of the materials outlined
in (a) with respect to: (i) conditions encountered
during preparation, and (ii) post-preparation
testing techniques.

c) To submit a report incorporating a critical
assessment of the information generated in (a)
and (b).

d) To present a seminar at the conclusion of (a),
(b) and (c).

1.2 Work Statement

The following Work Statement was to be used as a guide in
preparing the Final Report.
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A. Information Search and Crit ical Assessment of
Materials and Methods Used for 'Packaging1 Nuclear
Hastes

Three types of sources were to be used for gathering
information and developing a cr i t ica l assessment of the
various matrices used for the immobilization of radioactive
wastes. These sources were:

- Reports and papers dealing with nuclear waste
disposal published by organizations and
investigators who are specifically working in
this area.

- Scientific l iterature on the properties of
the various matrices such as glassceramics, ceramics,
synthetic rocks and minerals.

- Personal discussions with investigators actively
working in this area, including visits to their
organizations and laboratories.

Particular emphasis was to be given to reviewing the scientific
principles underlying the reasons for the use of different
matrices to incorporate the radioactive wastes.

The advantages and disadvantages of alternate solid waste
forms, specifically from the point of view of chemical
stabil i ty and mechanical integr i ty, were to be identif ied.
The thermal, geochemical and chemical parameters that govern
the ultimate disposal of the 'packaged' nuclear wastes in
geological repository were to be established.

Special attention was to be directed towards identifying
and assessing the re l iab i l i ty of the methods that have been
used to determine chemical durability and mechanical
stabi l i ty.

B. Final Report

A final report was to be submitted which would address the
objectives l isted earlier and provide:

a) A cr i t ical assessment of the ideal criteria for
solid waste forms.

b) Information and data on the stabil i t ies of alternate
waste forms and the limitations in predicting their
long term performance.
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1.3 Note to the Header

There may appear to be a definite bias towards nuclear waste
disposal programs of the United States in this report. This is because
the great majority of documentation in the field has been produced
by researchers and agencies in the United States. At the present time,
there are no published guidelines in Canada concerning nuclear waste
disposal. This is in spite of the fact that Canada pioneered
nuclear waste disposal by burying glass blocks containing radioactive
wastes over 20 years ago.

2. NUCLEAR WASTE MANAGEMENT

2.1 General

The management of nuclear wastes has become an issue of
intense interest to both policy makers and the scientific community
in the last few years. This interest has increased for two main
reasons. Firstly, the dramatic increases in the costs of fossil
fuels in the last decade and the problems of curtailment and
eventual exhaustion of supplies of oil and natural gas have prompted
a re-analysis of alternate energy sources. Secondly, nuclear
energy ii no longer being perceived as the major alternate energy
source, due to concerns about the safe disposal of nuclear wastes.
Although nuclear power has been used for the commercial generation
of electricity for the last two decades, the problem of closing
the nuclear fuel cycle remains. Opponents of nuclear power interpret
the situation as evidence that necessary technology is lacking to
make nuclear energy safe. Proponents of nuclear power argue that
the required technology is available, but that specific policy
decisions are necessary for nuclear waste disposal to be successfully
undertaken'. It appears that policy makers sense that both viewpoints
may be influenced by the special interests involved and there is
recognition that the public (which has become increasingly aware that
there is no such thing as a risk-free mode of life) is particularly
suspicious of technological advances which are unfamiliar. The
policy makers' task will be made easier if the purely technical issues
surrounding the safe management of nuclear wastes are clearly
evaluated. Foremost among these technical issues, is the manage-
ment of the high level nuclear wastes, both high-level liquid wastes
and spent fuel, in a way which will ensure that the radioactive
components in these wastes are effectively prevented from reaching
the human environment^. To achieve this end, the policy makers
have increased substantially the financial commitments for research
into nuclear waste disposal.

2.2 Technical Considerations

The central scientific fact about radioactive materials is
that there is no method of altering the period of time in which a
particular species remains radioactive, and thereby potentially
radio-toxic and hazardous, without changing the species. Only with
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time will that material decay to a stable (non-radioactive) element.
The pertinent decay times vary from hundreds of years for the bulk of
the fission products to millions of years for certain of the actinide
elements and long-lived fission products. Thus, if present and future
generations are to be totally protected from potential biological
damage, a way must be found to isolate the waste from the biosphere
and the human environment.

A comprehensive nuclear waste management system to achieve
the foregoing requirements can be schematically shown as follows:

NUCLEAR WASTE
PRODUCTION AND

STORAGE

T
R

A
N

S
P

O
R

T

SOLIDIFICATION
OF NUCLEAR

WASTES

T
R

A
N

S
P

O
R

T

Nuclear waste production, storage and transportation, although
important, fall outside the scope of this report.

The present plans in the United States for the solidification
of high-level wastes and their geological disposal are based on the
premise that ideally the nuclear wastes can be solidified into chemically
stable waste forms and that these waste forms can be disposed of in
a suitable geological repository such that the radioactive species
cannot reach the biosphere at all, or at worst, the speci&s will have lost
all their radioactive toxicity, if and v/hen they reach the biosphere.
Although specific designs are incomplete and facilities are unavailable
for disposal of HLLW, it appears that disposal in rock can be safely
achieved and that technology exists for the identification of specific
sites for such disposal. A number of major institutional issues
must still be resolved, however, to demonstrate the safe disposal
of nuclear wastes.

Until very recently, the research and development programs
on the development of the waste forms and their geological disposal
have been, to a large extent, carried out independently of one another.
That is, scientists working on the development of the waste forms
had assumed that the waste form should act as the ultimate barrier
to the radioactive species reaching the biosphere with the 'geological
repository1 assuming a secondary role. This concept has changed
radically in the last one to two years and the concept of multiple
barrier has been adopted^.
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WASTE FORM / OVERPACK
/

ROCK
(PR)

CONTAINER BUFFER ISOLATION
IP1)

In this concept, the waste form by i t se l f is not expected to
prevent the radioactive species from reaching the biosphere, instead the
multiple barriers w i l l isolate the species from the biosphere.

2.3 Environmental Considerations in the U.S.A.

In the U.S.A., the Environmental Protection Agency
has been active in establishing environmental standards for manage-
ment and disposal of spent nuclear f ue l , high-level l iqu id and
transuranic wastes. An interagency working group has prepared a
working draft (Document 1779A-DIXC 0059A) for discussion and the
following information has been obtained from i t .

2.3.1 Applicabil i ty

These definit ions apply to radioactive materials released
into the accessible environment as a result of the disposal of high-
level or transuranic radioactive wastes.

U.S. E.P.A. Definitions

(a) "Disposal" means isolation of radioactive wastes with
no intention to recover them.

^b) "Barriers" means any materials or structures intended
to prevent or substantially delay movement of the
radioactive wastes towards the accessible environment.
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(c) "Disposal system" means any combination of engineered and
natural barriers which is used to provide containment
or radioactive wastes after disposal.

(d) "Accessible environment" means those portions of the
environment directly in contact with, or readily available
for use by, human beings. It includes the earth's atmosphere,
the land surface, surface waters, groundwater sunplies
capable of providing water in excess of one gallon per
minute from a single well, and the oceans.

(e) "Expected Processes11 means natural forces or degradations
of engineered barriers which can be identified and projected
at the time of disposal as expected modifications of the
barriers of the disposal system. Expected processes include,
but are not necessarily limited to: thermal stress
modifications of the host rock, erosion, dissolution of
soluble strata, glaciation, ocean currents, ocean tides,
and degradation of shaft and borehole seals.

(f) "Unintended Events" means natural or human-induced
occurrences which are not intended to take place, but
which could cause release of radioactive wastes to the
accessible environment if they were to occur. Unintended
events include, but are not necessarily limited to: human
intrusion into the disposal system, fault movement, and
failure to detect deficiencies in the barriers of the
disposal system.

(g) "Reasonably foreseeable releases" means unintended
releases of radio-active wastes to the accessible
environment which are projected to occur with a cumulative
probability less than about one chance in 100, but greater
than about one chance in 10,000 over 10,000 years.

(h) "Comprehensive Risk Assessment" means an analysis which
identifies those events and processes which might affect
the disposal system, examines their effects upon its
various barriers, and estimates the consequences of the
events. Occurrence probabilities for these consequences
shall also be estimated as necessary to determine compliance
with this subpart. The analysis does not need to evaluate
all identified events. However, it should provide a
reasonable expectation that the risks from events not
considered are small in comparison to the risks from
events which are addressed in the analysis. The analysis
shall also assess the uncertainties in the estimates
and shall indicate the sensitivity of ths estimates to
the various input data and expert judgments. To provide
reasonable confidence in its results, the analysis shall
be subjected to a systematic peer review process by
technically competent individuals independent of the
organization preparing the assessment.
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Generai Design Principles

U ) Disposal systems for high-level or transuranic radio-
active wastes shall consist of multiple passive
engineered and natural barriers designed to retard
radionuclide migration to the accessible environment.

(b) Each such barrier shall separately be designed to
isolate the wastes from the accessible environment
to the extent reasonably achievable, taking into
account technical, social, and economic considerations.
However, these designs shall consider interactions
among the barriers in the disposal system to prevent
degradation of an individual barrier's capability by
other barriers.

(c) Disposal systems shall be designed so that most of the
wastes may be recovered if this is found necessary in the
future.

(d) Disposal systems shall be designed to deter unintentional
intrusion by establishing the most permanent markers and
records practicable to communicate the nature and hazard
of the material and its location.

(e) In addition to these general principles, disposal systems
shall be designed to comply with the provisions of "Standards
for Exoected Processes" and "Standards for Unplanned Events".
In assessing the caDability of the disposal system to meet
these requirements, institutional controls shall not be
relied uoon for longer than 100 years after disposal.

2,4 Canadian Considerations

In Canada, the Atomic Energy Control Board is in the process
of writing guidelines for radioactive waste disposal. Their basic
principle is that radioactive releases shall be kept as low as
reasonably achievable (ALARA), keeping in mind social and economic
factors.

The definitions which the AECB are considering are:

(1) Storage - A form of waste management which
utilizes institutional controls and, in which
there is intention to retrieve the waste.

(2) Disposal - A form of waste management which, after
a reasonable period of time, places no reliance on
institutional controls and in which there is no
intent to retrieve the waste.
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2.5 Nuclear Regulatory Considerations in the United States

In order to meet the Standards set by the Environmental Protection
Agency described above, the U.S. Nuclear Regulatory Commission has set
up criteria for the disposal of high-level radioactive wastes in geologic
repositories*. The information presented below was obtained from working
documents which are still under discussion but are exnected to become
law in the near future.

In the formulation of the performance objectives and technical
requirements, the U.S. NRC has followed the principle established by
the Panel on the Implementation Requirements of the Environmental
Radiation Standards of the National Academy of Sciences^:

"The over-riding requirements in the design process
should be to provide an exceptional degree of safety
and stability; designs that reduce uncertainties and
rely on easily demonstrable assumptions and calculations
are justifiably preferable to others that may seem more
economical."

TABLE 2-1 - CUMULATIVE RELEASES TO THE ACCESSIBLE
EXPECTED PROCESSES OVER 10,000 YEARS

Radionuclide

Americium-241
Ameri c i um-243
Carbon-14
Cesium-135
Iodine-129
NeDtunium-237
Plutonium-238
Plutonium-239
Plutonium-240
Plutonium-242
Radium-226
Technetium-99
Any other a lpha-emi t t i ng rad ionuc l ide
Any other rad ionuc l ide

ENVIRONMENT FROM

Release L i m i t
(Curies)

2.
1 .

700.
300.
50.

2.
50.
50.
50
50.
0.5

1000.
5.

100.

Ref. 5

* Both the EPA Standards and NRC criteria are still in discussion
stage.
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TABLE 2-2 - CUMULATIVE RELEASES TO THE ACCESSIBLE ENVIRONMENT
FROM UNINTENDED EVENTS OVER 10,000 YEARS

Radionuclide

Americium-241
Americium-243
Carbon-14
Cesium-135
Cesium-137
Iodine-129
Neptunium-237
Plutonium-238
Plutonium-239
Plutonium-240
Plutonium-242
Radium-226
Strontium-90
Techneti um-99
Any other alpha-emitting
Any other radionuclide

Release Limit
(Curies)

200
TOO

70000
30000
6000
5000

200
5000
5000
5000
5000

50
3000

100000
radionuclide 500

10000
Ref. 5

Due to the comolexity of the qeologic disposal oroblem and the
long times over which performance must be assured, a conservative
stepwise approach to licensing of a geologic repository is being taken.

On the first level, minimum performance requirements are
specified. These minimum performance requirements serve as a basis to
reject candidate waste disposal systems at each stage of the development
process or to continue on to the next, more detailed step in development.

The second tier requirement of the regulation is intended
to promote parallel development and characterization of those systems
exceeding the minimum performance requirements to the degree reasonably
achievable. This forms a basis for comparison of alternatives. This
approach involves proceeding to characterize in detail several waste
disposal systems each of which is selected initially based on the
minimum performance standards. As each of these systems becomes more
fully characterized, a basis for comparison emerges and an informed
selection of the preferred alternative, considering all factors,
can be made*.

Minimum performance requirement are stated in terms of the
overall performance objectives and technical requirements of major
components of the system. Due to the complex interaction of the many
variables which could affect performance, no attempt is made to specify
design details or unduly restrict individual attributes.

* The performance requirements of the draft rule discuss evaluation
of alternative waste forms. The requirement to consider alternative
sites stems from the National Environmental Policy Act (NEPA) and will
be addressed in Part 51 of the Commission's regulations.
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The performance objective for the operational phase requires
compliance with the safety standards of the Commission's
regulations and the generally applicable environmental standards
for disposal of high-level wastes that are being developed by the EPA.
Likewise, the long-term performance objective following closure of the
repository requires that the EPA standard be met. While the EPA standard
has not yet been promulgated, the NRC staff has been in close contact
with the EPA staff and has developed its performance standards so as to
ensure sufficient redundancy and flexibility in the repository waste
disposal system to enable the EPA standard to be met.

A multiple barrier approach is adopted to compensate for
the uncertainty in predicting the behavior of geologic systems over
long periods of time^. The primary barrier to release of radioactive
materials is the waste package. The waste package includes the waste
form, canister, vverpacks, absorbent materials. Interaction with the
near field surrounding rock (first few inches)should be considered
in assessing the performance of the waste package. The waste package
is required to contain the radioactive materials for 1000 years and
as long thereafter as is reasonably achievable, assuming early
saturation of the repository after closure. This requirement will
allow the short-lived nuclides that control the initial hazard
associated with the waste to decay to innocuous levels. Beyond that
period of time, the engineered system is required to maintain releases
as low as is reasonably achievable but less than one part in one
hundred thousand per year. The limit of one part in one hundred
thousand per year for the release rate is considered by the NRC to
be achievable based on information presented in the DOE GEIS on
Commercial Waste Management and to be sufficiently low to protect
the public health and safety. A number of studies have been conducted
by the NRC, DOE, and EPA dealing with leach rates, the results of
which are currently being reviewed by their staff to verify that this
leach rate would indeed be acceptable. The NRC also considers that
a comparison of alternative waste form systems should be conducted
to determine if a lower rate is reasonably achievable. This leach
rate limit is one of the matters on which the NRC particularly desires
public comment.

The second major component of the multiple barrier system
involves the facility design* and hydroqeologic and geochemical
characteristics of the repository site and far field geology. These
are required to provide an independent system capable of meeting the
overall long term performance objectives, in the event of failure of
the waste package at any time after repository closure.

* Include the design of the subsurface mine,its accesses and closure,
and the deposition of the waste.
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As the final measure to protect the health and safety of
the public, the design of the reDository facility and the stability
of the site is required to allow the waste to be retrieved throughout
the life of the reDository, and 50 years thereafter**. The design
should be such that the waste could be retrieved with the same effort
and in the same overall time frame in which it was emplaced. Waste
cannisters should remain intact during this period. In this manner,
if some unfavourable information is develoDed during the operational
life of the reoository that indicates the long-term performance
objectives will not be achieved, the waste can be removed. It also
provides future generations the option to maintain surveillance of
the wastes before closure of the repository, if they choose to do
so. Public comment is particularly invited on the length of time
for which retrievability should be maintained.

The U.S. Department of Energy has been assigned responsi-
bilities for all defense nuclear waste, commercial spent fuel, and
high-level nuclear waste in Federal custody. Thus DOE is responsible
for formulating strategies and implementing a program for the long-
term management of the wastes. The magnitude of this responsibility
is shown when consideration is given to the current and projected
inventories of defense and commercial waste volumes listed below:

HLLW Solid
l ri6ft^10 T t Liquid

TRU

10 6 f t 3

LLW

106ft3

Defense

Current^

6.28

3.45

9.01

61.17

Projected to
Year 20002

10.4

2.7

15 to 125

70 to 250

Commerci a 1

Current

0.2

.082

.6

17.91

Projected to
Year 20003

4.0

.082

.23

100 to 280

Ref. 5
1 As of October 1, 1978

Defense HLLW estimated only to 1985

Commercial solid HLLW reflects spent fuel. Currently there are
about 4,000 metric tons of reactor spent fuel being stored
in reactor basins. There could be as much as 95,000 metric tons
of spent fuel discharged by the year 2000 if the spent fuel were
reduced and stored as HLLW, the volume would be reduced by a factor
of about 10.

It is assumed that waste may not be retrievable on a first-in, first-
out basis.
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3. SOURCES, TYPES, COMPOSITIONS AND PROPERTIES OF HIGH-LEVEL NUCLEAR
WASTES

High-level nuclear wastes originate from three important
sources: R & D laboratories conducting research and development on
nuclear materials and technology, defence oriented activities (e.g.
nuclear weaDons) by military organizations of different countries;
and commercial nuclear power reactors used by electric utilities for
the generation of electric power. The major classes of nuclear wastes
are high level wastes and transuranic wastes.

High Level Wastes

High-level wastes can be divided into two categories, namely
'high-level liquid wastes' (HLLW) and 'spent fuel'.

'Spent fuels' are intact fuel assemblies that are being
discarded after having passed through one cycle in a nuclear reactor.
In some countries*, these "spent fuels' are reprocessed to recover
the plutonium value which results in the production of high-level
liquid wastes.

'High-level liquid wastes' (HLLW) are obtained as a product
of reactor fuel reprocessing ODeration(s) and occur in the form of an
acid aqueous waste stream in the separation of Plutonium and uranium.
HLLW has been definedl as " those aqueous wastes resulting from the
operation of the first cycle solvent extraction system or equivalent
in a facility for reorocessing irradiated reactor fuels,". Almost
all the defence wastes fall into this category.

'Transuranic wastes' (TRU) are obtained from the reorocessing
of scent fuel, SDent fuel reorocessing and the fabrication of plutonium
to Droduct nuclear weapons. TRU waste is currently defined as
material containing more than ten nanocuries of transuranic activity per
gram of material2. These wastes have to be disposed of in a manner
similar to that used for high-level waste disposal.

In England and Europe, the spent fuel is being reprocessed thus
generating HLLW. In the U.S.A., the program to reprocess commercial
spent fuel was established in West Valley, N. Y., but this was
stopped in 1977, leading to the storage of spent fuel. In Canada,
spent fuel is stored for the present.
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In this report, the discussion is limited to the disposal
of high-level liquid wastes.

Depending upon the details of the primary extraction step, the
waste solution arising from the first cycle of extraction is usually
fairly dilute (typically 5m3 of solution per ton of fuel processed).
This solution is normally evaporated to reduce its bulk and the volume
reduction factor depends critically upon the many elements that may be
present in the solution with the fission products. In some cases, the
volume reduction factor may be less than 10 because the solutions are
near saturation in one or more components. In other cases the volume
can ba 70- to 100-fold, depending upon the burn-up and cooling period.
The volume reduction factor also depends upon the heat release from the
solution and the heat removal means in storage.

The high-level liquid wastes, as generated, are nitric acid
solutions and/or slurries. In the early years of waste production
they were stored in steel tanks. Subsequently, however, the practice
has changed in many countries, especially the United States*. In some
instances, the nitric acid slurry is neutralized with sodium hydroxide
to prevent acid corrosion on the tanks. In such instances, the HLLW
is a slurry and provision for keeping the slurry from settling is
achieved by providing stirring mechanisms. Where stirring is not
Dracticed, the solids settle down to the bottom.

The radioactivity and heat-generation rate of HLLW decreases
\, eh time. A typical fission product decay curve illustrating the
effect of cooling period on the reduction of activity and corresponding
releases is given in Figure 3-1.

The storage tanks are usually equipped with cooling coils
and'or an outer jacket to remove fission product decay heat.

The composition of the HLLW depends upon the type of fuel
used, the 'burn-up1 period and the flow sheet used in the reprocessing
step. In the past three decades, significant changes have taken
place in all the three parameters listed above and, therefore, the
actual HLLW in storage are complex and their compositions vary
considerably.

In the U.S.A. high-level liquid wastes are generated in three
locations, namely Savannah River, Hanford and Idaho Falls. They
were initially stored in carbon steel tanks but subsequently
stainless steel tanks have been used. All of these are defense
wastes. All the HLLW in Savannah River are stored in steel
tanks. In Hanford, most of the HLLW are stored in the tanks as
originally produced although in some instances the supernatant
liquid containing Cs and Sr has been separated and converted
into Cs and Sr salts which are stored separately. In Idaho Falls
considerable amounts of the Hl.LW have been converted into calcines
to reduce bulk and stored in stainless steel bins.
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TABE 3-1: RADIOACTIVITY OF SELECTED FISSION-PRODUCT NUCLIDES
IN HIGH-LEVEL WASTE FROM REPROCESSING TYPTICAL HIGH
BURN-UP LWR FUEL FOR VARIOUS COOLING TIMES
(33,000 V

Nuclide

Strontium-90

Y t t r i um-90

Zirconium-93
-95

Niobium-95

Technetium-99

Ruthenium-103
-106

Rhodium-106

Antimony-125

Tellurium-125m
-127m

Iodine-129

Caesium-134
-135
-137

Barium-137m

Cerium-144

Praseodymium-144

Promethium-147

Samarium-151

Europium-152
-154
-155

W-d/t U, 20 MW/t

Ha l f - l i f e

28a

64h

1,5005000a
65d

35d

210,000a

40d
1.0a

0.5mi n

2.7a

58 d
100 d

1 ,700,000a

2.0a
3,000,000a

30a

2.6min

280d

17min

2.6a

90a

12.5a
16a

1.8a

Total curies of a l l f iss ion
products/t uranium

7

7

1
5

1

1

1
2

2

6

2
6

3

1
2
1

9

3

3

7

1

1
6
4

1

PWR fue1)
Curies/t reprocessed uranium after

at

la

5x104

5x104

.9x10°

.7x103

.3xlO4

.4X101

.5xlO2

. I x lO 3

. l x l O 5

.2xlO3

.6xlO3

.0x10^

.8xlO~2

.5xlO5 ,

.9x10"'

.0x105

.8xlO5

.2xlO5

.2xlO5

.5xlO4

. l x l O 3

.1x10^

.bx lO,

.3xlOJ

.7.x!06

6.

6.

6'
0

I .

0
4.

101 a

Oxl 4 4

OxlO4

9x10°

4x101

2x102

4.2xlO2

6

2
0

3

7
2
8

7

1

1

7

1

6
4
1

3

2xlO2

5xlO2

8x10"2

3xlO3

9x10"'
.5xlO4

.9xlO4

.OxlO2

.OxlO2

.OxlO3

. l x lO 3

.4x10°

.4x102

.4x10^

.1x105

102 a

6.

6.

1 .
0

0

1 .

0
0

0

0

0
0

3

0
2
1

5xlO3

5xlO3

9x10°

4x101

8x1O"2

9X10"1

. i x lO 4

9.9xlO3

0

0

0

5

3
8
0

3

.2xlO2

.5xlO"2

.9x10'

.4xlO4

0

0

1.
0

0

1.

0
0

0

0

0
0

3

0
2
0

0

0

0

0

1

0
0
0

2

103 a

9x10°

4x101

8xlO"2

9x10"1

.4X10"1

.IxlO1

Ref. 7



TABLE 3-2: KADIOACTIVITY OF URANIUM TOGETHER WITH SELECTED TRANSURANIC
ELEMENTS AND DAUGHTER PRODUCTS IN HIGH-LEVEL RADIOACTIVE
WASTE AFTER VARIOUS COOLING PERIODS
(Reprocessing 150 days after removal of the fuel from the
reactor and assuming 0.5% loss of uranium and plutonium)
(33000 MW-d/t U, 30 MW/t PWR fuel)

Nuclide Half-life la 10'a

Curies/t re

102a 103a

>rocessed uranium after

104a 105a l06a

Uranium-234
-235
-236
-238

Septum" um-237
-239(

Mutonium-236
-238
-239
-240
-241(
-242

mericium-241
-242(
-242m
-243

urium-242
-243
-244

240,000a
700,000,000a
23,000,000a

4,500,000,000a

2,100,000a
2.3d

2.9a
88a

24,000a
6,600a

14a
370,000a

430a
Ibh

150a
7,400a
160d
30a
18a

4.0xl0"3
8.6x10-5
1.4xlO"3
1.6x10-3

3.4x10"!
1.8x101

1.3xlO-3

9-OxlO1
1.6x10°
2.6x10°
4.8x102
6.9x10-3
1.5x102
4.0x10°
4.0x10°
l.BxlO1

6.6xlO~3
8.6xlO"b
1.4xlO-3
1.6x10-3

3.4x10"!
1.8x10'

1.4x10-4
1.0x102
1.6x10°
4.5x10°
3.2x102
6.9x10-3

4.1xlO3
5.3x10°
2.4xlO3

.6x102

.9x10°

.9x10°

.8x101

3.2xlO3

4.4x10°
2.4xlO3

2.6x10"'
s.exio'13

1.5x10-3
1.6x10-3
3.5x10"!
l . /x lO l

5.3x101
1.7x10°
8.9x10°
5.0x10°
6.9x10-3

1.4x102
2.6x10°
2.6x10°
1.7x10'
2.0x10°
6.3x10-'
1.7x103

4.6x10"*
8./X10"5

1.7xlO-3

1.6x10-3

3.7x10-'
1.6x101

0
8.2x10-2
2.0x10°
8.3x10°
2.6x10-1
7.2x10-3
3.4x101
4.2x10-2
4.2x10-2
1.6x10°
3.5x10-2
0
5.5xlQl

4.5xlO"3

1.2xlO"4

3.1x10-3
1.6x10-3

3.7x10-1
7.1x10°

0
0
4.0x10°
a. 3x10°
1.3x10-1
7.6x10-3

1.3x10-1
0
0
7.1x10°
0
0
0

3.5xlO"2

3.5x10-4
4.0x10-3
1.6x10-3

3.6x10"!
2.0x10-3

0

° ,
5.6x10-!
3.2x10-4
1.6x10-4
6.7xlO"3

1.6x10-4
0
0
2.0x10-3
0
0
0

4.2xlO"3

3./X1O-4
3.9xlO"3

1.6x10-3

2.7x10"'
0

0
0
0
0
0
1.3x10-3

0
0
0
0

0
0
0

otal Ci of all heavy
lements and selected
aughter products

7.3x10' 2.4x10' 3.1x10' 7.8x10 1 2.3x101 2.7x100 3.2x100

MOTES: 1) :f 10-5 designated as zero for purposes of~this table.
2) Data taken from BNWL-1900-High-Level Radioactive Waste Management Alternatives (SCUNEIDER, K.J.,

PLATT.A.H. Eds), May 1974
3) Data arranged as in Status Report of Swedish(Aka) Committee on Radioactive Waste (4 June, 1974).

Ref. 7
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A wide range of types of nuclear power reactors are now in
operation or due to be commissioned shortly. These range from Magnox to
AGR type gas cooled reactors, LWR, BWR and PWR water cooled reactors,
SGHWR and CANDU type reactors, high temperature reactors and ultimately
fast breeder reactors.

The burn-up of the fuels gradually increases from 400 MW.d/t
for Magnox, 30,000 MW.d/t for LWR up to 10,000 MW.d/t for fast reactors
and high temperature reactors. Ratings would follow a similar increase
from 4 MW/t for Magnox, 15-30 MW/t for LWR and 100 MW/t for fast
reactors and high temperature reactors. In addition to the metallic
and oxide fuels used for the majority of the power reactors, a number
of alloy fuels are used in special reactors such as:

enriched uranium/aluminum alloy
piutonium/aluminum alloy
uranium/1% molybdenum alloy
uranium/zirconium alloy.

The f ission product spectrum can be calculated for each type
of reactor and operating conditions and allowance can be made for the
di f fer ing spectrum of fission yields from uranium and plutonium fuel .
However, these differences are generally small and the chemical process-
ing can have a far wider effect on the comDosition of the high-level
waste solutions. Each of the constituents which nake up the high-
level waste solution w i l l be considered in turn.

Typical computed data for the fission product spectrum from
an LWR fuel with a burn-up of 33,000 MW.d/t and rating of 30 MW/t in a
solution concentrated to 381 l i t r e / t fuel processed is given in
Table 3-3.

The figures are given as g ox~des of each element/litre
solution. A comparable set of figures from an LMFER fuel show
higher concentrations of ruthenium, palladium and caesium and lower
concentrations of zirconium and molybdenum. (Dua to the shir t in
the fission yield curve for plutonium compared with uranium). Figures
for a HTR fuel show minor changes due to the use of thorium instead
of uranium.

Unextracted Uranium and Plutonium

Although the basic objective of the chemical separation
olant is to remove the uranium and plutonium from the dissolved
fuel solution for subsequent re-use, the separation can never be
perfect and some unextracted uranium and plutonium w i l l end up with
the fission products in the waste solution.
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TABLE 3-3: TYPICAL COMPUTED DATA FOR FISSION-PRODUCT SPECTRUM
FROM LWR, LMFBR AND HTR

(Figures are expressed as g f i ss ion -p roduc t ox ide/1 waste s o l u t i o n )
Ref. 7

^ S . Reactor
> . System

Fission-^s,.
product ^ N .
element ^ s .

Rb

Sr

Y

Zr

MO

Tc

Ru

Rh

Rd

Ag/Cd/In/Sn/Sb

Te

Cs

Ba

La

Ce

Pr

Nd

Pm

Sm

Eu

LWR

33000 MW-d/t

30 MW/t

1.02

2.87

1.60

13.92

14.87

2.91

8.37

1.29

4.07

0.63

1.99

8.54

4.96

4.13)

8.20)

3.85)

13.16) 3 2 " 6 5

0.22)

2.45)

0.63)

LMFBR

100 000 MW-d/

200 MW/t

0.67

1.53

10.06

12.84

2.90

10.94

2.83

7.29

1.27

2.01

11.02

3.87

)

)

)
.32.75

)

)

)

HTR

100 000 MW-d/t

100 MW/t

0.69

1.98

0.45

8.01

7.65

1.92

3.18

0.6

0.36

0.12

0.87

5.64

2.34

)

)

)
,20.55

)

)

)
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Transuranic Elements

Ihe transuranic elements neptunium, americium and curium
are formed by neutron capture. The amounts formed are small in the
lew burn-up fuels, particularly uranium, but the yields become s ign i f i -
cant as the burn-up increases in fast reactions and also when plutonium
is used as a fue l , part icularly when the high isotopes of plutonium
(<^uPu, <^lpu and 242pu) a r e recycled in fast reactors.

The elements are of particular concern in long-term waste
management because their half- l ives are very long.

Alloying Elements

Many of the fuels, particularly uranium metal, require the
addition of alloying elements such as i ron, aluminum, si l icon and molyb-
denum in quantities ranging up to 10%. When the fuels are dissolved
and processed, these elements remain with the fission products and end
up in the waste solution.

Materials besting reactors are often fuelled with enriched
uranium- or piutoniurn-alloy fuel elements. In such cases, aluminum
or zirconium are often used as the alloying elements and these wi l l
constitute 95% of the fuel element. These are normally processed
in special separation plants, and the waste solution w i l l be very
largely made up of thase elements.

Corrosion Products

The processing plants are normally constructed from stainless
steel and minor corrosion of the inner surfaces takes place, hence
the solutions will primarily contain iron, chromium and nickel from
corrosion.

Contamination from Fuel Cans

The majority of irradiated fuel elements are mechanically
decanned. Inevitably, some traces of the canning material adhere to the
fuel and go into the dissolver. Thes? end up in the waste solution.
A particular example of such contamination is the magnesium in the waste
solution from the Windscale reprocessing plant which arises from traces
of the Magnox can adhering to the irradiated uranium and not stripped
in the mechanical decanner.

Additives from Chemical Reprocessing

Many of the tarly reprocessing plants required the use of
chemical additives in various extraction stages and these additives
eventually go into the waste solution. The most notable additives
which present problems in solidification processes are sodium, iron
and sulphate. Some phosphate also arises in certain processes.
The designs of modern reprocessing plants using the Purex process
avoid the use of any chemical additives which could end up in the
waste solution (other than nitric acid).
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Soiuble Poisons

The chemical processing of enriched fuels require either
the use of oversafe equipment or else soluble poisons can be added to
the solutions so that they can never become critical. The two most
common soluble poisons being considered at present are gadolinium
and boron. The concentrations could be high enough to have a
significant effect on future solidification processes.

Organic Impurities

The waste solution may contain organic materials such as the
degradation products dibutyl phosphoric acid and monobutylDhosphoric acid
dissolved in the solution, as well as kerosene and tributyl phosphate,
present as an emulsion. These components, if present in significant
amounts, could present difficulties during the subsequent process
steps.

In order to illustrate the wide range of possible waste
solutions that could require solidification, a variety has been chosen
and the concentrations expressed in the same units for comparison.
Table II summarizes these examples which have been itemized to give
the following information^:

(a) Source of fuel, e.g. type of reactor, country;

(b) Burn-up and rating;

(c) The weight of constituents expressed as the oxide/t fuel
processed;

(d) The volume of solution/t fuel processed;

(e) The weight of waste as oxides/1 solution (this is a
useful figure for judging the solidification processes
as it bears on the volume throughput of the process
and the production rate of solidified product);

(f) The normality of the waste solution (all are HNCL
solutions unless otherwise stated);

(g) The composition of the solution, sub-divided into four
groups:
(i) Non-radioactive additives, corrosion products, etc.

(ii) Transuranics
(iii) Anions and volatiles
(iv) Fission-product elements.

It is readily seen from Table 3-4 that the nuclear waste
solutions contain most of the chemical elements from the periodic
table. These elements belong to various groups of the periodic table
as shown below.
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The major constituents of the waste streams and represent-
ative concentration ranges are given below.

Constituent

Na2O/Na2C)

Fe2°3

NiO

MgO

CaO

TiO2

SiO2

Gd203

C

CaF2

Na2S04

NaCI

U3°8
FP Oxides
Actinides

"of. 9

HLLW
Commercial

0-10

3-29

1-2

<1

—

—

—

—

—

—

0-31
—

0-5
—

___

Defense

0-10

6-61

0-27

T-TT

0-86
—

4-40
—

0-18
—

—

—

0-54

0-5
_ • • V

Incinerator
Ash

0-30
0-11

0-10
0-3

17-33

0-8
—

0-24
—

10-55

—

0-28
—

0-5

0-5

0-12

39-88

5-15

2-14
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From the point of view of incorporating these elements into
the crystal structure of a suitable nuclear waste form it is important
to consider their ionic charge and ionic size properties. These
two parameters, along with 'polarizability', govern not only the types
of crystal structures into which the ions can be incorporated, but
also the stability of the structures themselves, be they glass,
glassceramics or ceramics. In Table 3-5, the ionic size and ionic
charge properties of the elements that occur in nuclear waste
solution (Table 3-4) are listed. It can be seen that the ionic charge
varies from 1 to 6 and the ionic size from 0.41 to 1.69^. The rules of
crystal chemistry enunciated by Pauling can be used to develop
structures to accommodate the varieties of ions discussed above and
will be discussed in the appropriate section.

The isotopes of the elements, as well as their half lives,
are also given in Table 3-5. These parameters are important from the
consideration of nuclear waste form because they influence and
control both the amount of heat and radiation generated during
storage, the stability of the structures of the waste forms and
the time period for which the waste form is 'unsafe' from the point
of view of release of radioactive species into the environment.

From the foregoing, the diversity of the waste streams
that are candidates for conversion to stable solid form is apparent.

The full impact of the tremendous diversity of the composition
shown above will be recognized if the following factors are taken
into consideration:

- Liquid wastes are really slurries wi\.h
variable solids content.

I - Variations from feed batch to feed
• batch may be large.

I - The chemical analysis of any given feed
is limited in accuracy because of the
extreme difficulties in the analysis of
highly radioactive multicomponent
slurries or powders.
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Figures i n grammes per l i t r e except where
ind icated otherwise

Country:

"'Fuel type or source:

Burn-up (MWd/t)

Rilini (MW/l)

k| oihlci/i Fuel
I ioln/1 fuel

I wute oxtdet/l soln

Solution norinilily
Oxide of f-'e

Al
Cr

Ni

Nt

Ml
Zn
Mo

Si

LI

Hg
7-r
Cu
CJ

Oxide or U

Pu

Np

Am

Cm

5 0 ,

PO,
BO,

F

Nil ,
OKI<II of Rb

Sr

Y

Zr

Mo

. Te

Ru

Rh
Pd

Al , Cd, In, Sn, Sb

Te
Cl

Bi

U
Co

ft

Nd

Pm

Sm

Eu

Cd

Toll* v>! FP oxldel

USA

PW-I

20000
IS
33.7

378
142.06

3.7

74.1

O.S

0.91

0.37

4.34

<0.2

2.7

-

0.2S

0.65
1.55

J O

9.J5

1.82

4.28

0.8}

2.09
O.I
0.96

4.93

2.91

' 19.92

J
17.4]

USA

PW-2

20000
15

ao.s
378
112.96

3.9
35.55

O.S
1.82

0.74

28.8

<0.2

2.7

83.6

0.S7

0.65

I.SS

8.0

9.55

1.82

4.28

0.89

J.09

O.I
0.96

4.93
2.91

' 19.92

57.45

USA

PVMm

4S00O

30
5.1.0*

378
140.47

0.5

4.0

O.S

0.91

0.6

1.1

<0.2

2.7

-

0.28

1.3
3.2

17.2

18.7

4.0

11.0

1.6
5.3

0.3

2.2
11.0

6.3 .

|

r<4.8

1

126.9

USA

PW-4b

33 000

30
. 40.8

378.S
IOS.35

• 3.99
-

0.91

0.37
. _

3.09

0.03

0.23

o.os
0.01

1.8

0.94

3.BO

i.ss
13.06

13.67

3.41

7.«S

I.IT

3.'>2
0.49

I.VI
7.61
4.14
1.91

8 78

3 9 2

i 1.95

032

1.14

0.S3

fl.36

94.87

USA

PW-6

33 000

30

83.8

378.S
221.48

39.9
-

3.41

1.48

63.0

15.44

' 0.14

1.15

0.24

0.05

1.8

0.94
J BO

l.SU
13.OS

13.(7

3.41

7.SJ
1.37

3.92
0.49

1.92
7.61
4.14

3.91
8.711

392

II.VS

0.32
2.44

0.53

0.36

94.6/

USA

PW-7

33 000

3 0

6S.S

378.5
172.94

7.98
-

0.91

0.37

0.31

J7.37

3O.U8
0.27

2.29

0.48

0.11

7.10

0.94

2.80

1.58

13.06

13.67

3.41

7.85 .

1.27

3.92

0.49
1.92

7.61

4.1«
3.91

8.78

3.93

11.95

0.32
1.44

0.53

0.36

94 87

USA

PW-7i

33000

30

75.9

378.S
200.44

7.98
-

0.91

0.37

18.16

27.37

30.88

0.27

2.29

0.48

0.11

16.75

0.94

2.BO

I.S8
13.06

13.67

3.41

7.85
1.27

3.92
0 4 9

1.92
7.61
4.14

3.91

8.78
3.92

11.95

0.32
2.44

0.53

0.36

»4.87

USA

PW-7D

33000

30
90.5

378.5

239.2&

46.8
-

0.91

0.37

18.15

27.37

30.88

0.27

2.29

0.48

0.11

16.75

0.94

2.80
1.38

13.06

13.67

3.41

7.8S
1.27

3.9J

0.49

1.9:
7.61
4.14

3.91
8.78
3.92

11.9]

0.32

2.44

0.53

0.36

94.87

USA

PW-Bl

33000

30

93.2

378.)

246.2

71.93
-

3.04

1.50

37.14

30.88

0.46

2.28

0.48

0.11

3.55

0.94

2.B0

I.5S

1.1.06

13.L-7

3.41

7.85

1.27

(.92

0.49
1.92

7.61
4.14
3.91

».7S
3.92

11.95

0.32

.2.4.;

0.53

0.36

94.87

USA

LMFBR

100000

200

111.4

378

294.77

0.5

12.8
-

3.5

S.7

3.1

2.7

-

0.57

1.8

4,1

27.1

34,]

7.8

29.4

7.6

19.6

3.4

5.4
29.6
10.4

1

1
T8B.0

168.7

USA
Idlho

Acidic

siuminium

vrnle

87.77

1.0

0.4

8I.S)

1.55

2.6

0.96

0.71

Ifica

USA

Idlho

Basic

aluminium

waste

75.2
O.I (basic]

71.4

0.3

2.8

-

0.7

18.04

C u t

USA

Idlho

Zirconium

fluoride

Wlltc

92.9

I.S

b.3

35.7

0.3

55 4

_

1.2
eo.B

rant

USA

Idlho

ss
sulphite

waste

65.5
3.2

5.6

1.52

0.7S

57.6

I n n

I
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TABLE 3-4: (Cont'd)

Country:

Fuel type or source:

Burn up (MW d/l)

Rating (MW/I)

k| onides/l fuel

1 uln/l fuel

I wane Ofcidei/I solit

Solution normality

Oxide of Fc

Al '
Cr

Ni

N i

M l
Zn

Mo

Si

Li

H i
Z I

Cu

Cd
Oaide of U

h i
Nu

. Am

Cm

SO,

PO,
HO,

F

Ni l ,

Oxide ol Ru

Sr

V
Zr

Mo

Tc

hu

Kli

Fll
A(. Cd, In, Sn. Sb

Te

C>

l l j

U
Ce

Pi
Nil

f in
Sin
Eu

GJ

Tout wt I-H ujudeft

UK

M4|IIOJI

1000

241 18

26 II
48.61

5 33

3.17

60.275

4 11

0 511
0 004!

0045

0 165
0 0041

-

0 944

3.005

1.711

11.45

11.16

2 7 2
6 271

1.796

2 13

0 4 0

1.47

7.13

3.61

4.12
8 93

3.95

13 51
1 10

2 3S

0.157

92.58

UK

Mixed

MjgnoR
• oxide

Av»e 5000

200

151 14

26 65

.982
108

0.78
-

8.61

0 65

74.7

19?

-

0.41

0 30

0 9 1

0 54

4.14

4.14

0.76

1 97

0 56

0 7S
0 14

0 40

2 27

1 08

1.21

2.S9
1 17
4 20
0 12

0 H I

0 0 8

284S

J-'rince

U/Sl/AI

4000-6000
2

100

90-100

1.0

7 - . 4

19-38

0-1.5
0-13

7-11
1-7

-

-

14

11021

11.23

1-2

!-4

052

1.16

0 84
6 2 6

7 67

1 27

2 9 5

0 8 1

1.0)
0 18

0 80

5.71
1.75

1.71

] i 9
1.67
541

0 38

0 89
0 08

0 04

IS 1

* » , . • *

U/Mo

1000-3500

1

110

170-190

0.7

6-10

2 - 4

0-1.5

0-1 .1
7-11

1 - 7
-

ISO

2.3

0.023
O i l

30-45

-

0 4 7

1.10

0 9 0

5 8 7

4 5

0 94
1.12

O i l

0 14

0D>

0 51

•> so

1.18

I I I

2 5!>

1 JO

4 I I
0 3 1

0 6 1

01) IS

0 U I

30 42

Fr.nc.

U/Si/AI

1500

3

40

140-160

20

21.5-24

57-66
I.S-1

1.3-26
25-11

7 - 8
_

-

1.4
0021
O i l

1-2

• I B

0 28

1 1 1

0 6 5
4 12

1 75

0 12

1 60

0 37
0 II

llJLt

Uiv'e

2 97
1.00

1.05
281

1 US
161

<JJ7
0 J5
-

26.14

Fiante France

l l /AI or Pu/AI UOj- l 'uO,

FUR
S O O M W d / k i U 60 0 0 0 - B 0 000

12 in 1 2000

160-180 9S-15U

-1.0 I.S
0-) 21-57
151 0-2
0-1.5 1.5-5
0-1.1 1.1-2.6

2.7 11-16
-
_

-

0-10

2.1

1-23

2 - 3 J _ J

8-12

luce

Funtc

LWR

31000

10

500

75-160

I.S

1-30
0 - 2

I.S-1
1.1-2.6
7-30

-
-

0 - 1

o-io
2.5

2

0.45

2 - 1

_

0 7 ]

2.09

1.18

9 89
7 98
2 0 7

1 IS

0 38

1 20

0 S 8

1.56

5 68

3 17

2 98

<iSI

2 8 1
9 1J

0 21

0.4 2

0 >4

63 30

luly

Mixture

5700

4863

1.6

245
0 38

0 15
-

_

1 9

I . I
7 6
7.0

2 8 5

1 45

5 8

17

1.9

3 8 5

0 3

3 6

0 8

3985

Inly

Tunu

VeiteUoe

14 613

240 9

1119

2 3
2.7

I . I
155

1 2

_

4.9

2.9
19.4
17.9

7.1

3 7

148

4.4

4 8

9 9

0 8

9 2

2.0

102 0

l u l ,

Tnno

Vcrcellex

14 633

127 1

11.35
0.15

2 6
1.7

9 3

_

4 9

2.9
19.4
1 7 9

7 3

3 7

148

4 4

4 8

1IU

0 8

•J 1

2 0

102 0

luly

Cini lunu

12000

118 95

2 4 0

0 1 5
0 7

0 4 5

9 1

I.I

4 0
2 35

SS 1
14 7

S95

JO

12 1

3 6

3.9

8.1
U 6

7 6

1.6

8 1 4

lilini

Miinox

1000

104 1

24.0

0 15
0.7

0 4 5
9 1

43 2

101

0 6
4 0
1.7

I S

0.75

3 l l l

0 9

1.0

2 0

0 16
1 9

0 4

2U9S

Ref. 8



TABLE 3-4: (cont'd)

Counliy:

Fuel typ< or wurce:

Built-up (MW-d/t)
Riling (MW/i)
k| oxid«/l fuel
1 wln/l lutl
g waste oxides/1 soln
Solution normality
Oxide of Fe

At
Cr

' Ni
Na
Mj
Zn
Mo
Si
Li
Hg
Zr
Cu
Cd

Oxide of U
hi
Np
Am
Cm
SO,
?O,

no,
F
Nil,

Oxide of Kb
Sr
Y
Zr
Mo

/Tc
Ru
Rh
Pd

A|, Cd, la. Sn, So
Te
Ci
Bl
LJ

Ce
Pr
Nd
Pm
Sm
En
Cd

Tolil wl FP onldit

Japan

LWR

28000
35

JO.J
500
I00.S7

•2.0
3.19
-
0.56
0.38 .

30.37
_
_

l.M
0.15 '
1.80
0.32
0.07
-

-
-
-
O.6I
1.67
0.99
8.40
8.74
2.17
4.83
0.76
2.93
0.34
1.13
4.87
J.3S
2.61
4.96
2.31
8.11

o.os
1.74
0.J9
0.22

61.12

Ccrmany
F.R.

Kirliruhe
WAK

100

7.29

2.08
1.15

10.79

0.005
1.03
0.02
0.007
0.23

0.78
2.95
1.68

12.50
11.72
2.58
4.S8
1.30
0.57
0.13
1.28
8.46
3.43
3.30
6.51
2.97

10.31
0.54
1.03
0.09

76.61

Germany
F.R.

HTR

100000
100
50-190
2400
89.5

2.4
9.2

0.42

20
1.4

1.7

0.69
1.98
0.45
8.01
7.65
1.92
1.18
0.6
0.36
0.12
0.87
5.64
2.34

•»

- ...
• 20.55

54.36

India

TP3

20000
IS
116.39

800
120.49
3.5
24.0

0.05
4.60
2.24
6.20
_

_
_

-
_
_
-
4.6

up la 44
-
-

-
0.47
O.H'I
.
5.54
5.JJ
0.88
1.40
0.J8
1.96
_

0.31
2.82
2.05

•8.77

30.80

India

TFI

20000
15
39.52

80C
49.40
3.5

5.75
_
1.38
0.67
6.20
-
_

_

_

_
_
4.6

-
-

-
-
0..I7 "
0.8V
_

5.5't
5.J3
0.8U
1.40
0.38
1.96
_

0.31
2.8]
2.05

•

• 8.77

30.80

Eurochemie

LEWC'

9-14
7
0-0.5

8-10.4

1.0-1.4
0.03-0.05

0-1.0

Eurochemie

HEWC

85-120
0.5-2.0
0-1.7
84.110

0.05
0.03

0.1-3.0

<0.l
0.002

0.24

<0.7

I
ro
en
i

Ref. 8



Group

1A .

B

IIA

B

I1IA

B

Rare

Earths

IVA

B

V A

VI A

B

VII A

B

VIII (a)

VIII (b)

Aetlnides
Transurani(
Elements

talons

1

Element

U
Na
Sb
Cs

Cu

Hg
Sr
Ba

Zn
Cd
Hg

Al
In

y

La
Ce

Pr
Hd
Fn
Sm
Eu
Gd

St
Sn

Zr

Sb

Te

. Ho
Cr

I

Tc
Mn-

Kr

Fe

Hi

Ky
Sb
Pd

0
? u
Np

An
Cn

S 0 4
P 0 4

F

HH4

- 2 7 -
TABLE

Ionic C
Charge

+1
+1
+1

+1.+2
+1

+2
+2
+2

+2
+2
+2

+3
+3

+3

•i-3

+3

+3
+3
+3
+3
+3
+3

+4,*4
+2 ,+4

+4

+5

- 2

+S
. +2 ,+3,

+4

0,-1
-

2.3,4

-

+2 ,+3

+2,+3

+4
4 4

+2 ,+4

+3 ,+4
+3 ,+4
+3,-5-4

+3 ,+4
-

-2

- 3

- 1

+1

3-5

Ionic
Radius

;6-£old '
Coordination)

0.60
0.95
1.48
1.69

1.26

0.65
1.13
1.35

0.74
0.97
1.10

0.50
0.81
0.93

1.15
1.02

1.00
0.99
0.98
0.97
0.97
0.97
0.41
0.71
0.80

2.21
_

0.84,
0.63,
0.56

-
-

O.SQ.
0.66,
0.54

-

0.80,
0.64
0.69,
0.62
0.63
0.68
0.80,
0.65

1.04,0.89
1.01,0.85
1.02,0.33

1.00,0.85
-

Isotopes

22,24

134,135,
137

64
110,111

131,133

197,203

114

140
141,143,144

143

147

154,155
153,159

99

129,131

-

40,42

55,59

63,59

103

237,239

243,245,
24?

[sotopes

Half
Life

2.6y,15h

2y.3xl06y,
30y

12.8h
24s,7.5d

12d,7.2y

65h,47d

30d

40.2h
32d,33h,
285d

13.8d

2.by

16y,1.8y
236d,lSh

67h

10?y,8d

109y,12.4h

2.6y,45d

125y,8xl0«y [

17d

1
i '.

2.33d

35y,93OOy, ]
10 7y

Ref. 9
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4. RLQUIREMENTS OF SOLID HASTE FORMS

4.1 General

In the previous section, it was pointed out that high level
wastes can be comprised of (aj high-level liquid wastes
generated during reprocessing, (b) spent fuel rods or (c) transuranic
wastes. In Canada, most of the waste is spent fuel rods. This
discussion will be limited to the solidification of HLLW primarily,
because at present, the bulk of the wastes awaiting disposal -
and to be generated - belong to this category. In any case, these
same considerations will apply perhaps in a modified way.

High-level liquid wastes occur as voluminous slurries and
are stored in stainless steel tanks near the site of production,
or calcined and stored as powders in stainless steel containers.
Conversion to suitable solid waste form(s) gives three important
advantages. Firstly, to achieve containment of the radionuclides to
eliminate safety problems associated with the wastes in the liquid
or powder form which are highly dispersible. Secondly, to reduce
the bulk volume which contributes to cost reduction in the overall
waste management system. Thirdly, and most importantly, to convert
the wastes into a chemically stable form which can retain the
radionuclides for indefinite periods of time and thereby contribute
to the success of the last act of the waste management cycle -
the geological isolation of the radionuclides.

The committee on Radioactive Waste Management of the
National Research Council U.S.A.'0, has formulated the following
definition for the solid waste form:

"The total unit,which as the product of a
solidification process, will be transported
to and emplaced in a repository for permanent
storage or retrieval."

The solid form can provide both primary and secondary
levels of containment for the radionuclides within the waste.
This is illustrated schematically below.

Primary-

Secondary

-t—Container

V5 ^ v
FIGURE 4-1
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I
I

The solid waste form shows three levels of containment:
0 ) a primary phase, which contains the radionuciides at the atomic and
molecular level; (2) a secondary phase, which binds the primary phase
particles in a matrix of a second material, and (3) a tertiary level,
the container. In the case of glass as a waste form, orimary and
secondary phases become one and the same.

The sealed containers for solidified wastes have come to be
called 'canisters'. The canister and its contained solidified waste
form makes up the waste oackage which will be held in interim storage
for a suitable period and then transported to a geologic repository
for disposal. A generic HLLW waste package giving typical dimensions
and probable heat generation rates and radiation doses is shown
below.

10 FT

PRIMARY WASTE FORM

HEAT GENERATION

1YR

10 YR

100 YR

1.000 YR

10000 YR

100,000 YR

RATE.kVV

22

3.1

0.36

0.02

0.006

0.003 .

CUMULATIVE
a DOSE/GRAM

1.0x10*7'

2.5xlO17

7.1 xlO17

1 5 x l 0 1 8

3.0xl01 8

6.1 xlO1 8

DOSE-RATE
1 FT FROM
SURFACE

l . lx lO 5 Whr

.6.2x10*

5.8X103

1.6

13

0.6

Ref. 11

4.2 Criteria for the Selection of Waste Forms

The technical criteria to be used in the selection of
suitable waste forms can be classified into two categories:
(a) factors that are governed by material properties, and (b)
factors that govern process suitability.

The selection factors for waste form
listed as follows:

products can be

a) leachability and chemical stability
b) thermal stability
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c) radiation stability
d) thermal conductivity
e) waste loading, acceptability, flexibility
f) mechanical strength
g) transportation safety
h) development status.

The selection factors for determining the process suitability
are:

i) process complexity
j) process tolerance
k) process flexibility
1) quality assurance
m) process safety
n) development status

o) cost.

The above selection factors will be briefly described,

a) Chemical Stability and Leachability
The most important reason for converting the high-level

waste into solid waste(s) is to immobilize the radionuclide ions so
that when placed in a suitable geological repository their movement
to the biosphere will be more effectively retarded. It is, therefore,
obvious that chemical stability and leachability properties of the
'waste form1 are very important requirements.

Until very recently the waste management system approach
required that the 'waste form1 retain and contain the radionuclide
ions permanently and act as the principal and only barrier between
the geological repository and the biosphere. Hence, considerable
efforts have been made by scientific investigators alI over the world
to develop waste forms which are chemically stable and have very
low leachability properties. As pointed out in section ?., the present
American approach to waste management has significantly changed in
that a multibarrier approach is being adopted to compensate for the
uncertainty in predicting the behaviour of geologic systems over
long periods of time. The principal barrier to release of radio-
nuclides is not the 'waste form' but the 'waste package'. The
waste package includes the waste form, canister, overpacks and
absorbant materials. Even interactions with the nearfield
surrounding rock (first few inches) are to be considered in assessing
the performance of the waste package.

The waste package proposed by the US NRC is required to
meet the following two conditions:^

« 1) Contain radionuclides for 1000 years and as
I long thereafter as is achievable assuming

early saturation of the repository after
closure This requirement will allow the

I
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short-lived nuclides that control the initial
hazard associated with the waste to decay to
innocuous levels.

2) After the initial 1000 years, the waste package
is expected to maintain releases as low as is
reasonably nossible.

The foregoing requirements4 nevertheless, do not change or
alter the fundamental requirements of the waste form, i.e. chemical
stability and Teachability, because in the "waste package1 system
it is still the 'waste form1 that prcvides the bulk of the 'leach-
ability' protection, the other barriers providing second level
protection by absorbing the leachants from the waste form to meet
the waste management criteria. The question then arises as to the
criteria that could (and should) be used to judge the relative
merits of the different waste forms that have been (and are being)
developed.

It is necessary to define the terms 'chemical stability1 and
Reachability1 before one can set up meaningful criteria. It is not
sufficient to state that the waste form is chemically stable based on
a single test, say leachability. Whereas a Reachability' test gives
a quantitative number which can be used to judge 'chemical stability',
it does not define it.

For the purpose of this report, the term 'chemical stability1

means:
'the stability of the waste form to resist
chemical decomposition and/or phase change
when subjected to heat radiation or reactions
wi th the envi ronment'.

The term 'Teachability' means:

'release of the constituent ions from
the waste form into a solution1.

It is well recognized that the waste form will be subjected
to heat generated by the decay of the radionucTides contained in it.
The amount of heat generated, depends upon waste Toading and age of the
waste when the waste form was developed. The temperature reached and
the time-temperature-heat treatment that the waste form is subjected
to depends not only on the above two parameters but also on the waste
form and on the thermal conductivity of the waste form and its immediate
surroundings. During this heat treatment period, the waste form must
be chemically stable, i.e. it should not decompose or undergo any phase
transformation.
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Intuitively, low leach rates are desirable. Two questions
arise, however, in quantifying this: (1) how low must the leach
rates be? and (2) can leach rates measured in the laboratory be inter-
preted and extrapolated to predict long-term behaviour in actual
geologic situations?

The first question is quite complex and is the subject of
on-going risk analyses which are outside the scope of this report.
Answering the second question, however, is the ultimate goal of the
leach tests that are being made on waste forms.

Factors which can significantly affect the leach rate
value obtained for a waste form are given below:13

Intrinsic Extrinsic

Material Structure Temperature

Material Composition Pressure

Thermal Effects Composition of Leachant

Physical Form (including pH and Eh)

Surface Characteristics Flow rate of Leachant

b) Thermal Stability

Because of the high heat generation rates of some of the
radioactive wastes, thermal stability of the waste form is very
important. The relationships between thermal stability, chemical

I stability and Teachability have been described in the previous
section.

I c) Radiation Stability

An important consideration in selecting the waste form for

I the containment of radioactive waste is its stability under continuous
exposure to the radiation generated by the radionuclide ions it
contains. Radiation induced effects that can have potentially adverse
consequences for waste forms are: Radiochemical damage; expansion

I and dimensional changes; possible catastrophic release of stored
energy; enhanced chemical reactivity and solubility, and transmutation
effects.13

I The period during which radiation is of major concern is
approximately the first ten years after the spent fuel bundles are

I removed from the reactor. The rationale for placing emphasis on the
first ten years is that a substantial fraction of the total radioactive
decay occurs during this time. Existing knowledge on the radiation
levels necessary to cause substantial structural damage indicates that

I after this first high-flux regime, structural damage will be minimal.

I
I
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During the first ten years, the major adverse radiation effect is
on chemical reactivity which promotes release of gaseous products;
the incremental effect on such behaviour is expected to be insigni-
ficant afterwards.

In studying stability of waste forms to radiation, the types
of radiation to be considered are: Gamma and Beta radiation; alpha-
particles.

Gamma and Beta rays interact with solids predominantly
by ionizing atoms or ions. Hence, their major effect is radio-
chemical. Both gamma rays, acting through the intermediary of
energetic Compton or photo electrons, and beta rays are capable of
directly displacing lattice atoms by momentum transfer during
elastic collisions. However, the cross-section for this direct
'knock-on' process is quite small and such direct displacement
effects caused by gammas and betas are expected to be of little
importance.

Alpha-particles lose their energy over a very short
range in solids (about 10~3cm). Although the bulk of the energy
is lost in ionization, a significant portion (1 or 2 percent) goes
into elastic collisions with the atoms of the surrounding solid,
thereby initiating displacement cascades. The result is a region
of lattice damage in crystalline solids or network damage in glasses
in the areas surrounding the alpha-particles. For reprocessed
nuclear fuel wastes, the cumulative dose is expected to be
2 x 10^8 alpha particles per cubic centimeter during the first
100 years14, and about one-fourth that for the first ten years,
Hence, the possible damage to the crystal lattice or glass network
and its influence on the stability of the waste form are important.

Radiochemical Effects. Ionizing radiation can cause
radiochemical decomposition of molecular species and molecular ions.
The most familiar of these is the decomposition of H2O and OH", which
results in the release of atomic hydrogen H. Because of its small
size hydrogen atoms can diffuse readily through most materials and
become attached at other locations. The most common fcnn in which
it is immobilized is as H2 in some pocket or pore.

Expansion and Dimensional Changes. Since extreme expansion
could rupture the waste canister, it must be considered as a harmful
effect of radiation. Expansion can be classified into two categories:
(1) that caused by expansion of the crystal lattice or glassy network
from accumulated atomic scale strains associated with lattice or
network defects and (2) that caused by void or bubble formation.
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Catastropic Release of Stored Energy. Introduction of
interstitials, trapping of electrons and holes and rupturing of
chemical bonds, all increase the internal energy of crystal or glass,
This increase is referred to as 'stored energy'. Annealing at
elevated temperature causes much of the lattice damage to be removed.
Vacancies recombine with interstitials, and electrons and holes are
released from traps and recombine. These recovery processes are
accompanie by a release of stored energy, which appears as heat.
If a substantial amount of stored energy is released in a narrow
temperature interval, a temperature transient may result leading
to a catastrophic or runaway release of energy.

One material with a stored energy release spectrum
favourable for catastrophic release is graphite, which exhibits a
sharp release peak at 200°C. Evidently, it was the combined
effect of the large amount of energy stored in this peak and a
sharp temperature excursion that resulted in the catastrophic
energy release and the rupture of the fuel slugs in the Windscale
reactors some 20 years ^

Enhanced Chemical Reactivity and Solubility. Since the
internal energy is enhanced by radiation damage, enhanced chemical
reactivity and solubility (leach rate) are to be expected.

Transmutations. Another consequence of radioactive decay
of fission products is their transmutation into other elements with
a different chemical behaviour. These daughter products may or
may not be stable in the particular phase used to contain the
original nuclides. For example, 90Sr decays into 90y which is also
unstable decaying with a 64 hour half-life into 90Zr, a
stable nuclide. Also of interest is the 30 year half-life decay of
137cs into 137Ba which is stable. Although the decay products in
these cases (90Zr and 137Ba) are stable and are of little concern
in themselves, the structural chemical effects of their substitution
may render the chosen waste form structure unstable.

d) Thermal Conductivity

The waste form is subject to self-heat due to
the radioactive decay of the nuclides. Hence, it should have high
thermal conductivity so that the heat can be dissipated to the
surroundings and the centre-line and surface temperatures of the
canister containing the waste form can be kept at desired low values.

e) Waste Acceptance, Flexibility and Loading

In the previous section, it was pointed out that the high-level
liquid wastes contain more than 40 elements with different ionic
size and ionic charge properties, and that the composition is variable.



-35-

The selected waste form must be such that all the elements
in the HLLW can be incorporated into the crystal structure either in an
atomic or molecular scale. Also, the structure must be capable of
accommodating the variations in the compositions of the elements
which can occur due to process variations.

More important, however, is waste loading. In the overall
cost of the waste management cycle, the combined cost associated with
all aspects of transportation, repository development, emplacement
and sealing is quite high compared to the cost of the waste form
production alone. As the waste loading in the waste form increases
the heat generation due to radioactive decay will increase. This can
be accommodated by cooling the waste form for sufficient time before
geological disposal. In practice, the waste loading factor deoends
upon the nature and type of HLLW. For example, defense waste contains
less than about 1 wt% of actinides and fission products each, whereas
commercial wastes contain 39-88 percent fission product oxides and
5-15 percent actinides.

f) Mechanical Strength

The waste form is usually contained in a metallic canister
which provides strength and safety during storage, transportation to
the geological repository site and finally emplacement in the
repository. Since the canister is highly radioactive, it has to be
handled by remote control equipment in all the above operations. There
is always the possibility, however slight, that an accident can take
place resulting in mechanical impact (e.g. collision, fall). The
consequences of such an accident are particularly dangerous during
the transportation and emplacement cycle. During transportation,
the waste canister will be above surface and probably not too far
from populated areas for some length of time. If a canister ruptures,
exposing the waste form, there is the risk of the waste form disinte-
grating and being exposed to water. Hence, it is important that the
waste forms have good mechanical strength, particularly impact
resistance.

The next factor to be considered is an increase in effective
surface area of the waste form after the waste form is placed in the
repository. If the metal canister is breached either due to accident
during emDlacement subsequently due to geological phenomena, and the
waste form shatters, the rate of leaching will be much higher than if
the canisters were to be slowly corroded away from a Dristine waste
form.

g) Transportation Safety

During transportation, the waste is closer to larger numbers
of people and is in a less secure situation than during processing
or emplacement. Therefore, the safety measures required for trans-
portation appear to be greater than those for other phases of the waste
management system16-18.
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Risks of accidental dispersal of radioactive material are
greater during transportation than during either processing or emplace-
ment, as are risks of sabotage and terrorism, although the latter are
small in absolute terms. Therefore, the number of transportation
steps entailed by any particular system will be important in determining
the demands made on the solid waste form. It is during transportation
that it is most important for the solid waste form to have a low
solubility in surface waters and be non-dispersible.

h) Development Status

In most countries with nuclear capability for defense and/
or commercial purposes, considerable amounts of nuclear wastes already
exist and are expected to accumulate at a rapid rate. The temporary
measures used to-date, such as storage of spent fuel bundles in
water tanks and storage of high-level wastes in stainless steel tanks,
are no longer acceptable as long-term solutions. There is increased
public and political pressure on policy makers to find other suitable
ways for idsposal.

There is unanimity of opinion on the present and expected
future shortages of conventional energy resources such as oil and
gas. By the end of this century, the energy short-fall from these
sources will be considerable and nuclear energy is one option that
is available to fill the gap. However, unless the safety aspects
of nuclear waste disposal are clearly and unambiguously demonstrated
by the technical community, public and political acceptance will not
be forthcoming. Given the situation, the time available for the
development of waste form(s) is fairly restricted. Hence, the
development status plays a key role in the selection of the waste
form. Obviously, the waste form that is well developed to-date will
be preferable to the one which may take 10-20 years.

i) Process Complexity

Process complexity is of utmost importance because the
process has to be operated by remote control mechanical arms on the
outer side of five foot thick concrete walls. With this sort of
design requirement, it is essential that the process be such that the
necessary equipment will have a long life expectancy and be maintain-
able by remote means. Obviously, the more complex the process and
process equipment requirements, the more difficult it is to satisfact-
orily meet these design requirements. Processing rates must also be
reasonably high as otherwise several parallel units would be required
with a proportionate increase in complexity. The probability of
successful production in remote nuclear facilities is increased by
using manufacturing technology that has proved reliable in industry.
Waste loading is also an important parameter because low waste loading
increases processing costs and decreases processing safety since more
canisters must be handled.
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j) Process Tolerance

Since the feed material (HLLW) can vary both in composition
and in consistency, the process should be capable of handling the
input stream and produce satisfactory waste forms to meet the established
criteria without reworking which increases cost and decreases safety.

k) Process Flexibility

The process must be flexible to accommodate changes in unit
operations that may be desirable during production.

1) Quality Assurance

The process must be such that quality assurance of the waste
form product can be determined and established to meet the set criteria
on a routine basis. This involves quality assurance at each stage
of production and the final product.

Quality assurance for large monolith waste forms may be
very difficult. All of the characteristics required may not be uniform
throughout a monolith and representative samples may be difficult
to obtain. Waste forms made in small units are much more attractive,
because that whole unit may be analysed destructively. Another
consideration is the ability to perform the analyses routinely to
assure that the solid phases (in the case of ceramic waste forms)
are present in the proper proportions and with proper grain size.

m) Process Safety

The process must have an acceptable risk factor, especially
in light of the adverse publicity which the nuclear industry has
received over accidents such as TMI in the past few years. The
aerospace concept of "zero defects" must be adopted. Process designs
should encompass all possible 'failsafe' options.

n) Development Status

The development status of the process is very critical if
a process is going to be used in the near future. Processes which
have years of commercial acceptability will be given priority over
processes which may not reach pilot stages for decades to come.

o) Cost

Recent public discussions in the United States have emphasized
that cost must be considered last after safety and other factors which
are needed to prevent escape of radiation to the environment.
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5. NUCLEAR WASTE FORM OPTIONS

5.1 General

Studies on the disposal of high-level nuclear wastes have been
in progress for more than three decades. Ceramics based on clays were
considered in the very early days but were discarded in favour of
glass. For more than twenty years, glass has been the principal
material studied as a vehicle for the incorporation of nuclear wastes.
However, in the last few years, several new options have become
available, largely as a result of the participation of material and
earth scientists in the design and development of new materials with
tailor-made properties.

Six distinct waste form options are now recognized as
shown in Figure (1). Glass, Glassceramics, Ceramics and Synroc have
been designated as 'primary1 waste forms1 because they form the host
crystal structure into which the radionuclide ions in the nuclear
wastes are incomorated i.e., the radionuclide ions form Dart of the
crystal structure of the waste form.

Metal matrix comDosites and cement comoosites are designated
as 'secondary' waste forms^ because they serve as matrices for
incorporating the different tyDes of orimary waste forms.

These different waste form options are described below:

5.2 Glass as a Nuclear Haste Form

5.2.1 Historical and General

Glass has long been recognized as a promising medium for
the immobilization of radionuclide ions present in nuclear wastes.
Development of glass compositions and technology for the incorporation
of high-level wastes started at about the same time as the first
commercial nuclear power was generated over 20 years ago20-22.
Development of processes which could reliably produce the wasta
glasses, while being operated remotely behind heavy shielding,
began shortly thereafter. Radioactive pilot plant demonstrations of
HLLW vitrification were conducted during tne sixties in England",
France 24 and the United States25. The latter two demonstrations
in particular, involved exhaustive testing which extended over several
years. About 15,000 kg of borosilicate glass containing 5 million Ci
was produced in the French pilot plant. Over 2200 kg of phosDhate
and borosilicate glass containing 24 million Ci was oroduced in the
U.S. pilot olant.
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5.2.2 Structure of Radioactive Waste Glass

Glass can be defined as an inorganic product of fusion
which has been cooled to a rigid condition without crystallization.
This definition holds true for almost all commercial glass products.
From a crystal structure point of view, however, glass is an amorphous
product, i.e., it has only short range order but no long range order.
For scientific use, the above definition is perhaps too restrictive
but it is adequate for the purpose of this discussion.

The difference between glass and crystalline materials is
illustrated in the Figure below:

TEMPERATURE

FIGURE 5-1: Volume-Temperature
Relationships for Glasses,
Liquids, Super-cooled Liquids,
and Crystals Ref. 7

I
As a crystalline material is cooled in the molten state,

it solidifies uniformly at one temperature, shown as line AA in
Figure. If super-cooling occurs, the temperature of solidification will
be somewhat lower. But when solidification is initiated, it still goes
to completion at one temperature, as shown in line BB. In contrast,
as a glass material is cooled, it gradually becomes more viscous. At a
viscosity of about 10"!3 poise, the change from a super cooled liquid
to glass occurs. The temperature at which this occurs is known as
the glass transition temperature (Tg). Above Tg, the glass is plastic;
below Tg, the glass is brittle. The exact value of Tg depends on
the rate of cooling, being lower for a slower rate of cooling. Thus
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(Tg)] would result from a slower rate of cooling than (Tg)2. Slower
rates of cooling in the range of the glass transition temperature are
said to "stabilize" the glass, and result in a denser glass. Glass
is always less dense than a crystalline material of the same composition
because in glass the atoms are arranged in a random fashion rather
than being locked in a symmetrical array as they are in crystalline
materials.

The structure of glasses is amorphous because the aperiodic
structure of the liquid state has persisted essentially unchanged during
the cooling into a rigid condition. The formation of a glass rather
than of a crystalline solid is entirely a matter of kinetics: that is,
when the temperature is reached at which a crystalline phase could form
(the liquidus temperature) the cooling rate must be fast enough to bypass
the thermodynamic crystallization tendency of the melt. If the viscosity
reaches approximately 1 0 ^ poises (the so-called transformation region)
without crystallization occurring, the formation of a glass is virtually
assured; that is, the amorphous structure is effectively frozen in,
and the rate of further cooling is not critical. However, it is
important to realize that the glassy state remains perpetually metastable
with respect to crystallization. If a glass is reheated above the
transition temperature range but below the liquidus long enough, a
progressive conversion to one or more crystalline phases will usually
occur. This conversion is known as devitrification. In glasses that
contain crystalline inclusions such as unmelted or insoluble components,
crystallization begins on these internal surfaces as well. If the
glass composition and thermal history are such that these internal
nucleants are finely divided and evenly dispersed, crystallization may
be orderly leading to a fine-grained glass-ceramic. On the other
hand, if the internal nucleating phases are coarse or unevenly distributed,
volumetric changes accompanying crystallization will probably lead to
internal fracturing and loss of mechanical coherence of the material.

The first successful theory of the structure of glass was
that of Zachariasen26. He based his theory on 'internal energy1

requirements. The internal energy of a material depends upon its
structure. The structure of an oxide may be conveniently considered
in terms of the nature of the oxygen polyhedra which it contains and
the way in which these polyhedra are joined together. The nature of the
polyhedra depends on the number of oxygens surrounding the "cation" thus:

Number of oxygens
surrounding "cation" Type of polyhedron

3 Tri angle
4 Tetrahedron
6 Octahedron
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In crystals, the polyhedra may be joined at corners, along
edges or across faces and in some materials more than one mode of
joining is to be found. Zachariasen believed that if the glassy form
is to have an internal energy only slighly higher than that of the
crystalline form, it must contain polyhedra of the same type as the
crystal and they must be joined together in a similar way. Thus
the crystalline forms of silica contain SiO4 tetrahedra joined
at their corners. The only difference between the crystalline and
glassy forms is that in vitreous silica the relative orientation of
adjacent tetrahedra is variable whereas in the crystalline forms, it is
constant throughout the structure. The difference is shown in the
figure below.

FIGURE 5-2: Schematic two-dimensional
representation of the
structure of (a) a hypothetical
crystalline compound /UO., (b)
the glassy form of the same
comDound. Ref. 26

Oxides such as SiC^, GeO2, B2O3 and P2O5 which form glasses by
themselves were called "glass forming" oxides; here the coordination
number of the cation is 3 or 4; oxides which can participate in the glass
network, such as A l ^ , TiC>2 were called "intermediates", and oxides such
as alkali and alkaline earth oxides were called 'modifiers' because
the cations (e.g. Na, K, Ca) from these oxides occupy the holes in the
network formed by the glass formers and intermediates. The concepts
of Zachariasen were confirmed by the x-ray diffraction studies of
Warren27 who arrived at the following structure of sodium silicate
glasses.

FIGURE 5-3: Ref. 27

00
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5.2.3 Glass as a Waste-Form

Glass has many attractive features as a form for the solidifi-
cation of nuclear wastes. The three very important reasons are: Firstly,
inorganic glasses are good solvents for nearly all metallic oxides, owing
partly to the high temperatures at which the solutions are formed and
partly to the non-specific nature of the amorphous glassy structure.
Because glass is made by super cooling a viscous liquid,nearly all
metallic oxides can be dissolved in it in reasonably quantities. The
concentration of the metallic oxides ,particularly radionuclides ,can be
varied over a wide range without affecting the glass forming properties
too seriously, a feature of prime importance in the disposal of
nuclear wastes whose compositions vary over a wide range. The amorphous
nature of glass permits the individual ions of the radioactive waste to
become a coherent part of the glassy structure. The waste is not just
encapsulated in glass; each waste atom is separately bound in the glass
structure by a chemical bond. There are certain minor exceptions
to this statement, e.g., ruthenium and palladium remain as discrete
particles encapsulated in the glassy matrix.

Secondly, glasses with high chemical durability, i.e., resistant
to attack in acid and alkaline environment based on complex borosilicate
compositions have been known for more than half a century and are used
for laboratory and chemical process apDlications. The silicate glasses
tend to be relatively insoluble owing to the three dimensional nature
of the silicon-oxygen network. Thus divalent and trivalent cations are
also effectively made insoluble, because they are, electrostatically,
a part of the network. Monovalent cations tend to remain less
tightly bound, but the rate of their extraction by water is substantially
restricted at ordinary temperatures by the network cages in which
they are enclosed. Natural glasses such as obsidian furnish some
evidence of the chemical durability of the high-silica glasses over
geologic time periods though the significance of this evidence has
been overrated.

Thirdly, and most importantly, processes for the manufacture
of large tonnages of glass have been well established and are
comparatively inexpensive - an important economic consideration.

Other characteristics which make glass a good nuclear waste
form are: (1) zero Dorosity - well made glasses are nonporous, which
avoids wasted volume, improves thermal conductivity and minimizes the
area exoosed to chemical attack; (2) resistance to radiation damane -
both ionizing and displacing radiation and helium (from a-decay) diffuses
out fairly rapidly within the open crystal structure of the silicate
glasses.
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Despite the foregoing advantages, glass as a waste form
exhibits a number of limitations which must be taken into account.
Its thermodynamically metastable nature can produce chemical and
physical changes by phase separation, devitrification and hydrothermal
decompositions.

5.2.4 Types of Radioactive Waste Glass

Waste glasses are most conveniently categorized according to
the preponderant glass-forming oxide used in the formulation. Silica
is the most commonly used glass-former in industry and also in waste
glasses. Different types of silica-based and phosphate waste glasses
are described below. Glasses in which borate is the primary glass
former are too water soluble for consideration, but borate in lesser
concentrations act? as a valuable fluxing agent in waste glass
formulations. The table below lists typical compositional ranges for
components in the most important waste glass types.

TABLE 5-1 Ref. 25

Oxide

SiO2

B2°3
P2°5
Alkal i metal oxides

Alkal ine earth oxides

Fe?0o, Cr^O,, NiO

A12C3

TiO2

ZnO

CuO

PbO

Gd2°3
Fission products

Actinides

j

Glass Composition, Wt2!

Borosilicate

25-50

9-22

0-2

8-19

0-6

1-20

0-10

0-3

0-22

0-3

0-50

0-12

30

10

Alumina
Sil icate

33-40

18-22

13-16

26-30

5

1

Glass-
Ceramic
32-60

1-11

0-13

2-33

10-24

0-3

0-13

20

7

Phosohate
0-6

30-55

5-25

0-30

0-35

0-30

30

10
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Borosiiicate Waste Glasses

Throughout the world, most of the radioactive waste glasses
that are developed to the point of process application are borosilicate
formulations. Chosen because of their low melting point, borosilicate
glass has long been used industrial ly and commercially. Pyrex (82% Si02>
12% B2O3, 4% Na20) is a borosilicate glass, although, as can be seen
by comparison with the table, i t has quite a different composition from
typical borosilicate waste glasses. Boron serves two major and desirable
purposes in borosilicate waste glasses: 1) i t lowers viscosity and
hence processing temperature, and 2) i t increases the solubi l i ty of
many waste constituents in silica-based glass. For these reasons, most
waste glasses as shown in the table contain from 5 to 15% wt% B2O3. There
are few potential problems in using boron in waste glass and they are
relat ively insignif icant. In some processes, i t is desirable to mix
the glass-making additives with the l iqu id waste prior to v i t r i f i ca t i on .
When this is done, a flocculant precipitate of boric acid may occur
and care must be taken to assure that boron is homogeneously distributed
in the feed to the v i t r i f i ca t i on process. Liquid-liquid phase separation
occurs in borosilicate glasses of certain compositions.

Alumino-Silicate Waste Glasses

Some of the f i r s t waste glass formulations investigated
were of the alumino-silicate type^l. Of particular interest is
the Canadian nepheline syenite glass shown in the table above. Blocks
of this glass were prepared in 1960 and buried a few feet below ground
level as bare glass in a swampy area on the Chalk River Atomic Energy
Establishment. Leaching of 90Sr from these alumino-silicate glass
blocks has been monitored by removing water from nearby test holes28.
By 1968, the leach rate had reached a steady-state value of 5 x lOllg
of glass/cm2-day29.

The advantaqe of alumino-silicate waste nlasses is their
excellent chemical durabi l i ty. There are several reasons why in
recent years development of waste glasses has gone in other directions,
however:

, The process used to make the Canadian glass was a
slow batch process, not easily convertible to use
in a high capacity modern plant.

. High glass melting temperatures (1350°C) were required.
At these temperatures, even i f the new continuous waste
v i t r i f i ca t i on processes using ceramic melters could be
adapted, there would be increased vo la t i l i t y perhaps
requiring extra scrubbers in the off gas. Cesium and
ruthenium process vo la t i l i t y losses amounted to 30 and
15%, respectively, in the Canadian runs.
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. Waste loading is limited. While a large amount of
alumino-silicate glass formulation has not been done,
indications are fission product oxide loading is
limited to less than 10 wtS.

Phosphate Waste Glasses

Phosphate glasses have found little industrial application;
therefore the large body of commercial experience and well-developed
technology that exists for the various silica-based glasses do not
exist for the phosphate glasses. Nevertheless, phosphate glasses
have been quite widely investigated for use in radioactive waste
immobilization. This is because:

. low-melting glasses are formed readily

. all-liquid processing is possible, reducing the dusting
problem sometimes associated with silicate glass manufacture

. the solubility of some waste constituents is higher in
phosphate glasses than it is in silicate glasses.

The major development of phosphate waste glasses started at
Brookhaven National Labcratory30 and culminated in the manufacture of
11 canisters of radioactive phosphate waste glass during the Waste Solid-
ification Engineering Prototypes (WSEP) program at PNL^T. The WSEP
program showed that phosDhate glass had several shortcomings when
compared with silicate glasses. The shortcomings included: 1) high
ruthenium volatility during denitration of the liquid waste slurry,
2) extreme corrosivity of the phosphate melt, which
required use of platinum melters and placed limitations on the melt
temperature in metal canisters, 3) rapid thermal devitrification at
temperatures above 500°C, and 4) a factor of 1000 increase in the
leach rate of the glass after devitrification. Soviet development
is emphasizing alumino-phosphate glass formulations which decrease
this problem32.

Stuffed Glasses

A new technique which is being considered is the formation
of "Stuffed Glasses"33. in this process, a solidified porous high-
silica glass is used to fix radioactive high-level wastes inside cf
a cylinder of glass by ion exchange.

The porous glass matrix is prepared by leaching out the
modifier cations from the glass. Then the glass is mixed with a waste
stream where dissolved wastes are deposited in the glass pores.
The glass powder is then dried and heated to collapse the pores and
finally sintered inside of a high-silica glass tube to give the
final product. Both the core and outer glass have very good chemical
durabilities (10-7 - 10-10) and high mechanical strengths.
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5.2.5 Haste Glass Processing

Even though chemical composition is the factor most controlling
glass properties, the properties will also be affected significantly
by processing parameters. Therefore, any consideration of glass
properties must include information on how the glass was made or processed.
Significant process parameters include:

. degree of mixing of constituents prior to
melting

. processing temperature

. degree of melt agitation

. time at processing temperature

. materials of construction for melt
containment

. rate of cooling from processing temperature
to storage temperature.

Radioactive waste glass processing must be done remotely, therefore, it
is important that the process be simple and reliable. The steps
common to most waste glass processes are shown in Figure (5-4).
The process must bring the HLLW and glass-making additives together with
heat to form molten glass. The molten glass can be made either in the
canister in which it is to be stored (batch melting) or it can be made
in a continuously-operating melter that discharges melt to the storage
canister (continuous melting).

Feed Preparation (Premixing and Calcination)

Many different methods of feed preparation are used in
waste glass processing. The methods range from: 1) mixing the glass
additives with the HLLW and feeding the liquid slurry directly to
the melter, to 2) converting with dry glass-making additives and
fed to the melter as a dry mixture. All evidence indicates that the
method used for feed preparation is without effect on waste glass
properties. Adequate mixing of waste and glass-making additives can
be achieved by liquid or solid feed preparation, or combinations of
the two.

. Melting

Melting is the crucial processing step. Several factors
must be considered in selecting the melting conditions to use in waste

I glass processing.

I
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Processing Temperature and Melter Residence Time

The liquidus temperature is defined as the maximum temperature
at which equilibrium exists between the molten glass and its primary
crystalline phase, i.e., at temperatures above the liquidus temperature,
the primary crystalline phase is completely soluble in the melt. Waste
glasses are usually raised to a temperature of 100OC or more above the
liquidus temperature. In a composition as complex as that of waste
glasses there may be minor crystalline phases whose liquidus temperature
is not exceeded at the operating temperature. Examples of crystalline
phases that may exist in minor concentrations (total less than 5 vol%)
at the melting temperature are RuO2, or ruthenium metal, palladium
metal, spinel and CeO2- These are all inert crystalline phases and do
not affect the quality of the solidified waste glass. Raising the
operating temperature as much as 300 to 400°C does not dissolve any
of these phases except CeO^s which is usually completely dissolved
in waste glasses melted above 1200°C. Waste vitrification processes
emphasize low melting temperatures to increase operating reliability.
By melting in the range of 950 to 1150°C, corrosion is reduced and
volatilization from the molten glass is decreased. Waste glasses, ,
because of their relatively low ratio of network formers to inter-
mediates and modifiers, have relatively low viscosities (5 to 200
poise) at the operating temperature. The low viscosity assists in
establishing equilibrium conditions quickly. Experience has shown
that a residence time of 2 to 4 hr at the operating temperature is
sufficient to produce good quality waste glass. Agitation of the
melt has been experimented with to increase the capacity of low
residence time melters. Conceptually melt agitation could increase
the homogeneity of the product glass, but because of increased
operating complexity, it is not included in any well-developed
waste vitrification process.

Volatility During Melting

Although volatility is minimized by the low melting
temperatures used in waste vitrification, some waste constituents
do have a significant vapor pressure in the melter. This means
that some constituents of HLLW will not be incorporated in the
waste glass but will go with the off gas. In particular,
volatiles which could later cause pressurization of the canisters
containing the product glass are removed. The product glass
contains less than 0.001 wt% nitrate and 0.2 wt% H20.
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Another significant constituent that is volatilized is the
long-lived fission product 129\. It is estimated that about 0.5%
of the 129j in spent fuel will be in the HLLW. It will all be
volatilized during vitrification. The volatilized 129j will be
scrubbed from the off gas and disposed of separately. Most chloride
present in the HLLW will also volatilize during vitrification.
Fluoride exhibits a lower volatility and can be incorporated in waste
glass; a small fraction may volatilize but it can be recycled.
Radioactive waste constituents which are partially volatile can also
be recycled back to the glass process to achieve almost total
incorporation in the glass. Recycling is usually done by returning
an off-gas condensate stream to the HLLW. HLLW constituents having
radioactive isotopes and which exhibit a minor volatility that will
be recycled include cesium, ruthenium, technetium, antimony, and
tellurium. Solid adsorbents have also been used to collect volatile
ruthenium, which can be recycled directly to the melter. In summary,
the minor fraction of the radioisotopes in the HLLW that are volatilized
during vitrification are recycled so that they all are incorporated
in waste glass. The exception is 129j, which is not retained in waste
glass.

Corrosion During Melting

Waste glass is melted either in refractory ceramic meHers
or in metallic melters. The refractory ceramic melters are designed
for a lifetime of several years. The corrosion rates are <0.001 mm/hr.
The corrosion product concentration is too low to have any effect on
waste glass properties. The corrosion rate of metallic melters, other
than platinum melters, may, however, result in minor and apparently
inconsequential effects in the solidified glass. Continuous metallic
melters are designed to have lifetimes of 3 to 6 mo, and typically
are made of high nickel alloys such as Inconel 601 or Inconel 690.
Batch metallic melters such as used in the in-can melting process and
the HARVEST process, are typically made of stainless steel. Spalling
of oxide from the stainless steel surfaces above the melt has been
observed. The spall collects as inclusions in the glass towards the
bottom of the melter, but does not affect the durability of the glass?.
Canister corrosion rates beneath the melt surface are <0.01 mm/hr.
Corrosion creates a reducing potential at the stainless steel/melt
interface, which on a microscale has been observed to change glass
properties. For instance, CeO2, which is partially insoluble at
the melting temperature, is not observed near the stainless steel
surface because the cerium is reduced to Ce+^ which is more soluble
in the glass.
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Oxielation-Reduction During Melting

The example cited above is one effect that changing the oxygen
potential in waste glass can have. Normally waste glass is in a highly
oxidized state because of the nitrate in HLLW. In some situations, it
may be desirable to reduce the oxidation potential in waste glass. For
instance, at high fission product loading, liquid-liquid phase separation
of a mixed alkali-alkaline earth molybdate salt can occur in borosilicate
waste glasses. Reducing the molybdenum to a tetravalent or lower
state, or tr the metal, prevents phase separation of the water-soluble
molybdate salt. It has been demonstrated that silicon metal added
to the melt batch can affect the desired reduction of molybdenum. Some
other constituents of the waste glass melt may also be reduced to the
metal when silicon is added. The reduced metal then appears as globules,
usually less than 2 mm in diameter, suspended in the solidified glass-
The metal globules are alloys, often rich in tellurium, which do not
affect the overall properties of the waste 3^

5.2.6 Physical and Mechanical Properties of Waste Glass

The physical and mechanical properties of radioactive waste
glass are innate properties which may be treated generically. They
are relatively independent of composition and are of much the same
magnitude for most waste glasses. Friability of waste glass is usually
measured by impact tests of various kinds, in which either weights
are dropped on a glass specimen , or the glass specimen itself is
dropped onto an unyielding surface. The most comprehensive impact
tests on waste glass yet performed are described by Smith and Ross3°.
In these tests, the glass was cast in stainless steel canisters
either 2 in. in diameter by 4 in. long or 6.6 in. in diameter by 52 in.
long. The large canisters were dropped onto a concrete pad from
heights up to 30 ft (maximum impact velocity equalled 44 ft/sec).
The smaller canisters were released in the path of a 75-1b granite
block mounted on a rotating arm. Impact velocities up to 117 ft/sec
(80 mph) were achieved in this apparatus. None of the large canisters
failed in the impact tests; seme of the small canisters had small
cracks after impacts at 76 and 117 ft/sec, but weight loss measurements
showed that no glass escaped through the cracks. After the tests, each
of the canisters was opened and the particle size of the contained
glass was determined. The figure below shows the amount of sub
10 vim particles formed as a function of impact velocity.
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It should be noted that both vitreous and denitrified specimens
of the same glass composition were included in these tests and no
difference in fracture behavior was observed. Therefore, the curve
shown is based on data from both vitreous and devitrified glass.
Friability is also a function of internal stresses. These are
difficult to define but include residual thermally-induced stresses
and, over the long term, radiation-induced stresses. As mentioned in
the preceding section, radiation can cause slow changes in density.
Particularly in devitrified qlass pr crystalline materials differinq
radiation-induced density changes in adjoining phases could lead to
localized stresses. Friability is relatively independent of glass
composition. Impact tests comparing waste glasses and commercial
soda-lime-silica glasses yielded similar results^.

Thermal Conductivity

Thermal conductivity is another physical property of waste
glass that is relatively independent of glass composition. The
thermal conductivity of most waste glasses falls within the limits
shown in the Figure 5-6. The thermal conductivity increases gradually
with temperature until the softening point of the glasses is reached.
Above the softening point, the increase in the thermal conductivity
as a function of temperature is more rapid.
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Thermal conductivity is important because i t determines
the temperature prof i le between the glass at the center of the canister
and the glass at the canister wal l . Higher thermal conductivities
give less steep temperature profi les.

Thermal Expansion Coefficient

The thermal expansion coefficient of wasta glasses is
similar to that of commercial soda-lime-silica glasses. Representative
thermal expansion coefficients of waste glass are shown in the
Table below:

TABLE 5-2

I

Waste Glass Type

Borosilicate

Glass-ceramic

Phosphate

Thermal Expansion
Coefficient (25-400°C),
a x 10-7/QC

80-100 (b)
100-120(c)

9o-no(d)

(a) For comparison, the values for soda-
l ime-si l ica bottle glass and Pyrex
are 90 x 10"7 and 30 x 10-7,
respectively. Ref. 34

The low thermal expansion coefficient gives increased
thermal shock resistance and decreases the time required to anneal
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a block of glass., and thus would appear to be a desirable characteristic.
On the other hand, a low thermal expansion coefficient will further
increase the mismatch in thermal expansion coefficient batween the
waste glass and its canister, and thus will increase the stress in the
canister wall. The thermal expansion coefficients of waste glass,
as shown in Table 5-2, represent a good compromise between the opposing
requirements. In any event, effecting significant cnanges in the thermal
expansion coefficient would probably be very difficult.

5.2.7 Thermal Effects and Devitrification

The facilities for waste vitrification and handling of
the canisters of waste glass are designed to avoid deleterious temperatures.
Thus design limits, based on known glass and canister properties, are
placed on the maximum temperatures allowed during waste glass manufacture
and storage. For accident analyses, it is necessary to know what will
occur when the design temperatures are exceeded.

Volatility

After manufacture, volatility from waste glass is a factor only
in accident analyses. Waste glass manufacturing temperatures are
several hundred degrees above the maximum design storage temperatures,
which assures that any volatiles that might pressurize the canisters
during storage have been removed. However, accidents can be postulated,
involving external haat sources or clusters of v-ncooled waste canisters
in which the temperature rises far above normal storage or handling
temperatures. Volatility data are available "or analysis of these
postulated accidents. An example of such data is shown in Fiqure 5-7.

1200
TEMPERATURE, C

1100 1000

7.6

vfinfn*
FIGURE 5-7 Ref. 7
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Volatility experiments with waste glasses show that cesium is the most
volatile radioisotope. Although ruthenium often exhibits significant
volatility in radioactive processes, its volatility from waste glasses
is less than that of cesium. Major thermal effects on waste glass
are devitrification and phase seDaration. Both phenomena are very
dependent on glass composition, but some effects are common to most
compositions.

Devitrification

Devitrification is the formation of crystals caused by the
rearrangement of certain atoms in the glassy matrix. Crystals form
because their ordered structure has a lower free energy. The ordered
structure is more thermodynamically stable than the random network
of the glass. The amount and identity of the crystals formed depends
on the initial composition of the glassy matrix. The rate of crystal
formation is time and temperature dependent. Measurable devitrification
of waste glasses generally occurs only from 950 to 500 C. Above
950°C, the crystals redissolve*. Below 500°C, the viscosity of the
glassy matrix is so high that crystallization is diffusion-limited
to extremely low rates. The maximum rate of formation of most crystalline
species occurs somewhere between 800 and 850 C but the equilibrium
yield of crystals is low. At lower temperatures the rate of formation
dacreases and the experiments cannot be completed in practical times.
But the temperature's effect above 700°C exhibits Arrhenius behaviour
and can be extrapolated to show that the kinetics are extremely slow at
geologic storage temperatures. Below approximately 200 C, raeasurable
crystallization (anhydrous) would require millions of years . The
existance of natural glasses which are millions of years old is an
indication that the extrapolation is justified.

Phase Separation

Liquid-Liquid phase separation is another time-temDerature
dependent phenomenon involving atomic rearrangement. Borosilicate
glasses are particularly susceptible^to phase separation, forming
a boron-rich and a s i l i ca- r ich phase38. There is evidence that some
borosilicate waste glasses are phase separated as formed. Phase
separation is d i f f i cu l t to study because the dimensions of the separated
phases are usually less than 500 A. A photomicrograph of a typical
waste glass i l lus t ra t ing phase separation is shown below in Figure 5-8.

I * There are some exceptions to this statement. Fission products such as
ruthenium and palladium are insoluble in waste glass at a l l
temperatures. The f ission product oxide CeO2 does not completely

I dissolve in waste glass unti l a temperature of about 1200OC is
• reached. Spinels, having the general formula A2BO4, where A can be

I
Fe or Cr and B can be Ni , Zn, Fe( I I ) , e tc . , apparently may even
exhibit a retrograde solubi l i ty above 950°C in certain waste glass
compositions. Regardless of their high temperature behavior, the
effects of these species are indistinguishable from the other

( devi t r i f icat ion species at the handling and storage tenroeratures we
are concerned with here.
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FIGURE 5-8: Transmission Electron Micrograph
of Phase-Separated Waste Glass Ref. 38

Two types of phase separation are known in borosilicate
glasses. In one, the borate-rich phase is distributed as discrete
disconnected globules in the silica-rich pha^e. In the other,
the borate-rich globules are connected to form a continuous network.
It may be postulated that the former type of phase separation
occurs in waste glasses, since if the "borate-rich phase was
continuous, higher leach rates would be expected than those actually
observed.

Molybdenum and sulfate also exhibit phase separation in
borosilicate waste glasses. A molybdenum-rich salt phase that also
contains sodium, cesium and strontium separates. As is typical of
phase separation phenomena, the .Tiolybdenum-rich phase is completely
miscible in waste glasses above about 1150°C. At lower temperatures,
the phase separation is composition dependent. If the concentration
of molybdenum and sodium is high enough in borosilicate waste glasses,
the molybdenum -rich phase will separate out on a macroscale and float
to the surface of the molten glass. Reducing conditions can be used
to avoid the separation of the molybdenum salt phase.

As in the case of molybdenum, sulfate tends to separate
as a sodiurr salt phase, which may also contain other alkali metals,
alkaline earths, and chromates. Immiscibility of Na2S04 becomes
apparent when the S03 content of borosilicate waste glass exceeds
1.2%. If the sulfate content is expected to be higher than this,
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the presence of soluble Na2S04 in the product glass can be prevented
by adding reducing agents, such as C, to the melt. Sulfate will then
be reduced to gaseous SO2 at glass melt temperatures. Lead-borosilicate
glass compositions have also been described for the immobilization of
sulfate-containing radioactive waste39. Phosphate glasses are less
susceptible to phase separation. In particular, molybdenum does not
separate out in phosphate glasses. The French have developed phospho-
silicate glass compositions for the incorporation of very high molyb-
denum-content radioactive wastes.

5 2.8 Radiation Effects on Glass

Perhaps the most unique feature of waste glass is the high
levels of contained radioactivity potentially possible. Depending
on the type and amount 0* radioactivity incorporated in waste glass,
the total beta-gamma dose to the glass may reach 10^2 rads in the
first one thousand years; the aloha events due to decay of the
contained actinides, many of which have long half-lives, may exceed
lO^/cm 3 of glass in 250,000 years. Hence, it is necessary to
understand the influence of self-radiation for thousands of years
on the properties of waste glasses and to establish that no deterious
effects will occur. Radiation can potentially cause:

. stored energy buildup

. bulk or localized density changes

. changes in rates of devitrification

. amorphization of crystalline species (Metamictization)

. changes in mechanical strength

. changes in leach rate

. helium buildup (from alpha decay).

Comparison of Types of Radiation and Experimental Techniques

Waste glass will oe subjected to a mixture of gamma, beta,
neutron and alpha radiation. Except for the associated heat generation,
the effects of gamma and beta radiation on waste glass are minimal.
This is according to theory and was demonstrated in the WSEP program.
The contained isotope responsible for the major portion of the doses
received by the WSEP waste glasses was 144Ce-Pr, a combined beta-
gamma emitter. Neutrons also contribute little to the potential
radiation damage mechanisms for waste glass, because the neutron flux
associated with a-n reactions and spontaneous fission is comparatively
low^O. The alpha particles from decay of the actinides, and Darticularly
the recoil particles associated with alpha decay, have the major
potential for creating radiation effects in waste glass4'. Therefore,
it is the effects of actinides in waste glass that are receiving
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emphasis in studies being conducted at several sites in the U.S. and
elsewhere. The actinide content of waste glass is made up of a mixture
of uranium, neptunium, plutonium, americium, and curium isotopes,
plus their decay products. The relative amounts of the actinides in
a waste glass depend on the source of the radioactive waste incorporated
in the waste glass. In all cases, however, the actinide alpha-decay
effects will continue for long times. The Table below lists the
alpha decays during the first million years for one representative
waste glass.

TABLE 5-3

Time Distribution of Alpha Decay in
a Representative Haste Glass Ref. 41

Alpha Events
Time of Vitrification Percent of Total

First 100 yr 3.4

100-1,000 yr 3.4

1,000-10,000 yr 6.8

10,000-100,000 yr 16.7
100,000-1,000,000 yr 69.7

It is apparent that the effects of the actinides cannot be
studied when glasses are simply prepared with representative actinide

, concentrations. The doses achieved in practical experimental times
I would be relatively insignificant in terms of the overall dose, so

techniques to accelerate the effects must be used.

I Two basic accelerating techniques are available: external
" bombardment and interal bombardment. External bombardment with

protons, alpha particles, or heavier particles can yield a very high

I dose rapidly, but since the effects are concentrated in a surface layer
less than 100 ym deep, they are difficult to interpret. Fast neutron
bombardment can give "knock on" particles with effects somewhat

( analogous to alpha recoil particles, but quantification of the effects
is difficult because of the assumption that must be made. Slow neutron
bombardment can be used to give high energy fission fragments

(
internally, but again somewhat tenuous assumptions have to be made to
interpret the results. The conclusion is that the most realistic
simulation of the actual situation is accomplished by internal bombardment
using alpha decay. This the approach that has been used in most glass

( studies. Alpha effects are accelerated experimentally by preparing waste
glasses containing actinide isotopes with short half-lives. Isotopes
which have been used include 238 Pu(t i = 87 yr), 242(t \ = 162 days),

• and 244 Cm(t \ = 18 yr). The question then arises: What total dose is
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required in the accelerated experiments? The answer is simplified, because
radiation effects tend to reach an equilibrium or saturation value, which
changes very little with additional radiation doses. Thus for many of
the effects, the goal can be simply to define the saturation values. The
saturation doses can then be related to the doses expect in waste glass.

Stored Energy

Stored energy is latent energy stored in a substance by
radiation-induced displacement of atoms from their normal lattice
position. The latent energy is released as heat when the temperature
of the substance is raised sufficiently. The specific heat of waste
glasses is usually about 0.2 cal/°C-y. The maximum stored energies
in waste glasses are in the range of 30 to 60 cal/g, thus under
adiabatic conditions, the maximum additional temperature rise that could
occur due to rapid release of the stored energy is only 150 to 300°C.
It may be concluded that the stored energy levels in waste glass are not
a hazard. Stored energy buildup is an inverse function of temperature
as shown below:

o an «o
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FIGURE 5-9 Ref. 41

The release of stored energy is fairly uniform over a temperature range
from 150°C up to the softening point of the glass, at which temperature
all of the stored energy has been released. The formation of stored
energy reaches an equilibrium value at 25°C after an integrated dose
of less than 4 x 10'8 a/g of glass, as shown below:
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The data shown above was obtained for a specific zinc borosiiicate
waste glass containing 1 and 8 wt% 244cm. Similar results have
been obtained within a factor of 2 to ̂ 4

Density Change

Density change is a commonly observed radiation effect in
ceramic substances. The density changes observed in waste glasses,
which are a maximum of about 1%, are much smaller than those observed
in some very stable ceramic materials. Density changes of 14% occur
in irradiated crystalline silica^ and 8% in irradiated alumina^. The
density change in waste glass reaches an equilibrium value after about
2 x 10'8 a/g. Only minor density fluctuations occur with further
increases in radiation dose. As shown in the Figure below density
change in waste glass can be positive or negative; the glasses can
either shrink or swell. The direction of the density change is
apparently a function of composition. Conceptually, it may be
possible to formulate waste glasses that exhibit no density change.
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Two potential effects of radiation-induced density change need to
be evaluated: 1) possible canister s t ra in , and 2) possible stresses in
the glass which wi l l cause some spontaneous fracturing. Tests indicate
thatnei ther effect is l ike ly to cause problems. Increased canister
strain results only with glass formulations where density decreases
with radiation. At the maximum density decrease observed of 1%,
the circumference of a 12 in diameter canister would be increased
about 1/4 i n , a strain readily accommodated by the canister metal.
The potential for spontaneous fracturing is greatest in devi t r i f ied
glass. No radiation-induced cracking has been observed in devitr i f ied
^44Cm-doped waste glasses. The investigations are continuing.

Radiation Effects on Devitr i f ication and Metamictization

Radiation seems to have l i t t l e effect on thermal dev i t r i f i -
cation of waste glasses. Neither the species of devi t r i f icat ion
crystals formed nor their rate of formation is believed to be s ign i f i -
cantly altered. Specimens of four different PNL glass compositions
have been prepared with f u l l levels of radioactivity. Similar
specimens, but with nonradioactive isotopes of the fission products
and chemical stand-ins (rare earths) for the actinides, have also
been prepared. The nonradioactive and radioactive specimens have
been subjected to the same thermal devi t r i f icat ion conditions. Prelimin-
ary results confirm expectations; devi t r i f icat ion behavior is similar.
Radiation would not be expected to affect thermal devi t r i f icat ion since
radiation effects are annealed out at the temperatures where the
devi t r i f icat ion rate is significant (above 500°C). Over the long term,
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however, radiation can potentially be expected to affect some
crystals in thermally-devitrified glass. This conclusion is based
on evidence from the metamict minerals. Metamict minerals are
naturally-occurring minerals which, when examined by x-ray diffraction,
are found to be amorphous. When heated, they release stored energy and
become crystalline. The metamict minerals were probably originally
crystalline and became amorphous over many millions of years due
to radiation effects from small amounts of contained uranium and/or
thorium. This is why over the long term, the contained radioactivity
in waste glass may tend to reverse devitrification by converting
some crystalline phases back to an amorphous glass-like state.

Raciation Effects on Leach Rates

Radiation effects on leach rates will be discussed in the
next section.

5.2.9 Chemical Stability and teachability of Glass Waste Forms

In an earlier section, it was pointed out that 'chemical
durability' of the waste-forms as affected by heat and radiation
effects will, to a large extent, define chemical stability. Since
chemical durability is measured in terms of 'Teachability', one could
use Teachability as a measure of the chemical stability of the waste
form.

The leachability properties of waste-glasses have been
studied by a number of investigators in several countries to establish
experimental data which can be used in predicting their long-term
stability. It is beyond the scope of this report to discuss all
the published information. A brief summary, however, outlining important
results and conclusions sufficient to establish the merits and
liabiTities of gTass-waste-forms will be given.

The experimental test techniques used in generating Teach
data can be divided into two types, namely, dynamic tests and static
tests. In dynamic leach testing, the specimen is either exposed to
flowing leachant or to aliquots of leachants which are replenished
periodically. The goal is to minimize interfering surface reactions
by removing the products of reaction; relatively dilute conditions are
maintained in the leachant contacting the specimen. The standard
leach tests proposed by the IAEA44 and the Soxhlet45 test are both
dynamic tests.

The proposed IAEA test uses waste glass specimens immersed in
water at room temperature. The water is removed, analyzed, and replaced
with fresh water at set intervals between leachant chanqes which are one day
initially, but are gradually increased as the test continues*. In the

* Users of the proposed IAEA test find that the leach rate they measure
is somewhat dependent on the frequency at which the water is changed.
The IAEA test is being modified by a working group of the International
Standard Organization (ISO) and it will probably be recommended that
the frequency of water changes be kept uniform throughout the duration
of the test.
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Soxhlet test the waste glass specimen is contacted with flowing
distilled water at a temperature that depends on design of the
apparatus, but is usually in the range of 80 to 100°C. Because of
the elevated temperatures employed, test results are obtained quickly;
duration of the tests is usually 72 hr or less. In static leach tests,
the test specimen is exposed to stagnant water. Static leach tests
are of most value in evaluating the behavior of waste glass in the
event of water intrusion into a waste repository, where the water flow
rate would usually be very low. The high temperature-high pressure
tests being made with waste glasses are usually static tests. The goal
is to determine the final equilibrium state of the system. Leach tests
usually measure either, 1) weight lost by the glass specimen as a
function of time, or 2) the concentration in the leachant of one or
more of the leached ions as a function of time. If weight loss is
measured, the results are reported simply as percent weight loss or
as a corrosion rate, penetration depth per unit time. Such results are
useful for comparison purposes, but are an over-simplification since
congruent corrosion of all waste glass constituents is assumed. In
actuality, incongruent leaching always occurs, at least in the initial
stages of leaching. Some alkali metal and alkaline earth ions may
leach at rates 10 to 100 times faster than cations of higher valence,
such as the rare earths. The extent of incongruent leaching can be
determined if the concentration of different ions in the leachant is
determined. This is the procedure used to obtain fundamental data
which give information about leaching mechanisms.

To be useful, leachability data should provide quantitative
data governing the release of radionuclides from glass which can be
used in predicting long-term stability of the waste form. Since real
time experiments cannot be done to understand long-term behavior,
it becomes necessary to use the data generated from short-term laboratory
experiments to predict long-term storage stability of glasses. The
validity and usefulness of such extrapolations are, of course,
heavily dependent on accurate data and even more on their interpretation.

Two types of accelerated tests are used in the study of
glass durability. A high-temperature test is one means by which corrosion
kinetics may be hastened. In this test, long exposure times at low
temperatures are simulated in the laboratory by studying the system for
short times at high temperatures. High temperature tests ( >100 C)
require autoclave conditions which often change the mechanism from those
known to occur at the lower temDerature conditions being modelled4".

A second type of accelerated glass durability test uses a high
ratio of surface area of glass (SA) to volume of the leaching medium (v).
The high SA/V accelerates the rates at which ions that are leached from
the glass accumulate in solution, thus reducing the time needed for
characterizing glass durability. This method also has the advantage that
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it does not affect the corrosion kinetics unless the concentrations of
leached species in solution exceeds their solubility limits or the pH of
the solution increases to a value which alters the mechanisms. Recently,
this method has been used as an approach towards long-term prediction of
stability of nuclear waste glass.

The leach rate, as calculated from analysis of the ions in
the leachant is usually expressed as follows:

I ~ /cm -day

Where: a = amount of a specified
isotope leached during the nth
leachant renewal period

A = amount of the specific isotope
initially present in test
specimen

W = weight of teat speciment, grams

S = geometrical surface area of
test specimer , cm

t = duration of leachant renewal
period, for-R days

' ' ' • ' ' $ • >

] ^ ratS?,e4ri-j?a.ls,p" be Expressed as a penetration rate,
cm/day, which, re•. obtained 'by ;.d-iyid;-ng if-by the density of the glass.
Leach rates for a,.number;'of representative glasses from various
countries is -Hsfe^d n'n Table S-A. , •'.

rates

. . , , . -- . • -.,. .. . ,'resembl-
ences to the 'I#tA tg|b; , :" An indicat ion is also' giv^r, of ttie usually
observed reJationshTss i'ti the 'each behavior o^ important rad io- '
isotopes, teach r a t e r s qui te ^deo-en'dent.-&n gl^s.s comlcstition,
but the leaich- beRavio'r of nwst ^saste'glIsses .lres • somewhere wi
the range shown- in the • f i gu re .

thin
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TABLE 5 - 4 . CHARACTERISTICS OF SOLIDIFIED HIGH-LEVEL HASTE Pf.ODUCT5

SOLIDIFICATION PRODUCT
PROCESS SOURCE FORM

TEMPERATURE THERMAL LEACHABILITY
WTS WASTE OF FORMATION DENSITY CONDUCTIVITY IN COLD WATER
OXIDES* (°C) (G/C43) (CAL/S-CM-°C) (G/CM^d)"

SISING LEVEL USA
GUSS

BOROSILICATE 30-50
GLASS

900 2.9-3.1 10"5-10"6

SPRAY USA
SOLIDIFICATION

CALCINE 80-100 aoo

SPRAY
SOLIDIFICATION

PHOSPHATE
GLASS

STOPPER

THERMALT

NEPHELINE
SYENITE

FINGAL

HARVEST

USA

USA

USA

USA

CANADA

UK

UK

GLASS

GLASS

SILICATE OR
ALUHINO
SILICATE

ALUHINO
SILICATE

GLASS

BOROSILICATE
GLASS

BOROSILICATE
GUSS

20-40

30

0.1-3

25-40

25

1200

1200

UP TO 501

2000

1350

1050

900-1050

3.0 10"2-T0"4

2.7-2.9 2-3.5 x 10"3 10'4-10"6

10~7-10"8

2.9

2.8

10"7-10'8

10"!.INITIALLY;
10'"FIFTEEN YEARS

LATER

2.5-4 x 10"3 10'5-10"7

2.6 2.75-4 x 10"3 1O'5-1O"7

PIVFR FRANCE BOROSILICATE 20-30
GUSS

1150 2.5-2.9 2.3-3.6 x 10"3 10"5-10"7

CONTINUOUS FRANCE BOROSILICATE 20-30
PROCESS (AVM) GUSS

VERA FRG BOROSILICATE 20-30
GLASS

1100 2.5-2.9 2.8-3.5 x 10'3 10"5-10"7

1100-1200 2.5-2.7 10"3-10"7

PHOTO FRG PHOSPHATE
GUSS

25-35 1000 2.6-2.9 2.4 x 10"3 10"5-10"7

THERMITE

LOTES

FRG CERAMIC

EUROCHEMIC PHOSPHATE
CERAMIC IN
METAL MATRIX

25 2000

30 CERAMIC 500°C 5.0 2.5 x 1O"Z 10"6-10
INCORPORATION
IN METAL MATRIX
400°C

PAMELA EUROCHEMIC PHOSPHATE GUSS 25-35
AND GERMANY IN METAL MATRIX
FRG

GLASS 1000°C 5.5 2.5 x 10"
INCORPORATION
IN METAL MATRIX
400°C

"-10"?

POT INDIA
SOLIDIFICATION

ESTER

ESTER

ITALY

ITALY

BOROSILICATE
GLASS

BOROSILICATE
GLASS

PHOSPHATE
GLASS

22-28

20-25

20-25

900-1050 2.5-3.0 2.5-3.5 x 10'3 10

1000

900

2.7-3.0

2.3-3.5

io-6-io-7

10-5

INCLUDES FISSION PRODUCTS AND ALL OTHER CATIONS PRESENT IN THE WASTE SOLUTION, EXPRESSED AS OXIDES.

BLEACHABILITY DATA ARE BASED ON SPECIFIC TEST METHODS ANO ARE TIME DEPENDENT. Ref. 45
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Effect of Flow Rate and Potential for Back Reactions

Various situations can be hypothesized in which waste glass
would come in contact with water. The flow rate of water oast the waste
glass can vary widely in the hypothesized situations, ranging from the
rate of a river running past particles of waste glass to zero flow
rate in a repository containing water that never moves. The short-term
effect of flow rate is that the leach rate decreases as the flow rate
decreases. This is because of "back reactions", including formation
of a saturated hydrous film on the surface and even the possible formation
of precipitates which protect the surface from further reaction. Such
short-term effects are well known in waste glass leaching. The figure
below shows an example of this effect.

< io'51—

LU
D-

10 -7

: o
•

—

• i it

DYNAMIC
STATIC

( ! /

mil i i t 1

o°

o° •

mil f i 11 mi

1 10 100 1000
DAYS

FIGURE 5-14: Effect of Leachant Flow
on Leach Rate Ref. 7

At slower flow rates, the pH of the solution in contact
with the glass surface rises because hydrogen ions are used up in the
leaching reaction. The rate of attack on glass increases significantly
when the pH rises above 8.5 to 9.0. Waste glass is being further tested,
but present indications are that even though the pH may be quite high,
steady-state stagnant systems exhibit very low leach rates.

Effect of Temperature and Pressure

The effect of temperature on leach rate must be considered
because the waste glasses may be self-heating to various degrees. The
leach rates of commercial glasses increase with temperature, usually
by a factor of 10 to 100 for each 100°C increase in temperature44.
Similar increases are observed for waste glasses with reported rates
of increase of about a factor of 10 for each 100°C increase in
temperature45. In autoclave tests reactions, which can be characterized
as hydrothermal alteration, have been observed with waste glasses above
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about 15O°C. In these reactions, crystalline sDecies are formed at the
surface of the glass. The reactions are probably a combination of
atomic rearrangement in the leached portions of the glass matrix plus
deposition of Drecipitates formed from leached ions. Potential for
the amount and number of latter reactions is greatly enhanced when
the waste glass is in contact with a geologic medium. Hydrothermal
experiments involving waste glass and candidate geologic hosts, in
particular salt, have been underway at PNL for about two years. Most
of these tests have been conducted at 250 to 350OC to obtain steady-
state conditions rapidly (one to three weeks) at the extreme high
end of the potential temperature range. As stated above, the design
temperatures for the repository have not been fixed; data obtained
in the hydrothermal experiments, and at lower temperatures, will
serve as one input factor to the decision on what the design temperature
should be. A recent topical report described the initial PNL
hydrothermal tests?. Data in the report demonstrate the following:

. The reaction rate of waste glass and aqueous
solutions is a strong function of temperature
as shown in the figure below:

10-2

10

f

10
2
S

DEIONIZED
WATER

1x10'

• 350°C250°C 100°C

ZxlO'3 3xl0";

1/T.V1

FIGURE 5-15: Effect of Temperature on HLLW Glass
Leach Rates in Sal t Brine and
Deionized Water Ref. 7
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Other "stable" materials, including candidate
geologic media, react at rates similar to waste
glass in the hydrothermal tests, as shown below:

uo2 >
UNIRRADIATED

ALUMINA

WASTE GLASS

GRANITE

3O4L STAINLESS
STEEL

SODA LIME
GLASS

/////A

/////\

(////////A

V////////A

////////////A
I L IJtuL I i l l l l l l L 1 1

10 10 10 -3

LEACH RATES, g/cnT-day

FIGURE 5-16: Comparative Leach Rate of Several
Materials in Salt Brine at 250°C. Ref. 7

The reaction mechanisms predominant in salt brine
are different from those which predominate in
pure water. The Figure below, (a and b) shows that
reaction with the glass is slower in salt brine than
in water perhaps because of decreased H + activity in
salt brine. However, the ions which are released from
the glass tend to stay in solution in salt brine
because of chloride complaxing, whereas in pure water
they tend to recombine to form new crystalline
comDounds.

*«!•

FIGURE 5-17: Cross Section of Waste Glass After
Exposure to Salt Brine and Deionized
Water for l wk at 350OC. Ref. 7
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The preliminary conclusion is that until the hydrothermal
reactions are understood in more detail, such conditions should be
avoided in the repository since both the geologic host rocks and the
waste glass can be significantly altered. The reaction can be
minimized if only small amounts of water are present while the repository
is hot, or if the repository temperature never exceeds a certain
predLtermined limit,or if a multiple barrier system is used which
prevents water from contacting the waste for several hundred years.

Effect of Leaching Media

Leaching media that need to be considered in evaluating the
leach resistance of waste glass fall into three ma.ior classifications,
as shown in the Table below:

TA3LE 5-5

Potential Leaching Media for Haste Glasses

Classification

l.Deionized Water

2.Nonsaline natu-
ral water

3.Saline natural
water

Potential Method of
Encountering Media

Canister leak in water
basin

Canister failure during
a transportation
accident. Disposal in a
nonsalt geologic repos-
itory. ( a]

Disposal in a salt
repository or in sea-
bedU)

Possible Variations
in Media

Minor

Large major variables are
pH, Eh, carbonate-bicar-
bonate, su;fate, calcium,
and chloride (minor
concentrations of chloride
are ubiquitous in nature)

Large major variables are
pH, Eh, sodium, magnesium,
and sulfate

(a) Canister failure by corrosion is assumed to occur
within a finite time.

Ref. 7

Even though the variations possible in classifications 2 and
3 are very large, prohibiting experimental testing of '.11 the possibili-
ties, it is important to note that in the tests nertormed to date with
various waste glasses, the leach rater measured in deionized water have
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always been equal to or higher than those measured in classification
2 or 3 media*. It may be concluded that the leach rates measured with
the Soxhlet test and the proposed IAEA standard test, using deionized
water, yield conservative results. They represent orobable maximum
leach rates. This conclusion is born out by the results of Canadian
tasts47, which are the only experience to date with the in situ contact
of waste glass with natural water.

Effect of pH

Most natural waters have a pH between 4 and 9. The pH of the
solution in contact with waste glass is frequently increased by the
leachinq reaction to approximately pH 9, the highest pH extreme observed
in nature. In extreme cases, acidic natural waters can potentially
have a significant effect. At pH 4, the leach rate of most waste glasses
is increased only slightly over that at pH 7, but at pH 3 the increases
can be a factor of 2 to 10, or even more depending on the glass
formulation^. Borosilicate waste glasses are appreciably soluble in
mineral acids (1 to 6 N) because of their relative low silica content.
Their solubility in mineral acids is possibly advantageous because it
assures that the solidification can be reversed if, at any time in the
future, it is desired to change the waste form or extract some component
of the waste which has become valuable.

Effect of Salt Brine

Deep salt deposits which underlay extensive areas in many parts
of the world are leading candidates for the location of disposal
sites for nuclear waste. They are obviously free of moving water,
otherwise the salt would have migrated away as saline water long ago.
Salt deposits do contain small amounts of stagnant waters as saturated
salt brine. The total water content is usually less than 0.5% by
weight. Most of the brine is in small fluid inclusions in the salt
crystals. The brine bubbles will migrate toward heat sources because
the crystalline salt is more soluble on the warm side of the bubble
than on the colder side. Thus canisters of waste buried in salt
formations may partially, at least, contact brine solution. It has been
estimated that a maximum of 30 l of brine could migrate to any given
canister7. More tests are being made, but the tests made thus far
indicate that the leach rate of waste glass at 25°C in salt brine, or
in more dilute salt water, such as seawater, is UP to a factor of 10
less than the leach rate of the same glass in deionized water-1. Leach
rates at elevated temperatures may be more pertinent since some exposure
of tha waste glass to salt brine is expected to occur while the
repository is still at an elevated temperature. This is because rapid
stress corrosion cracking that will fully penetrate the walls of the
canister? is likely to occur only a few months after waste burial.
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Effect of Nonsaline Geologic Waters

Other potential hot rocks being considered for disposal of
nuclear waste include granite, basalt, and shale formations. These
differ from salt formations because their chemical and physical
properties are more complex and larger amounts of water may be
present. Examination of the potential interactions between waste
glass and these rocks is less advanced than it is with salt; only
limited data have been reported48. However, based on available data,
it is expected the leach rates of waste glass in these natural waters
will be lower than the leach rate of the same waste glass in
deionized water. Thus the results obtained with deionized water
yield conservative results when apDlied to the analysis of nonsaline
geologic repositories. Hydrothermal reactions between waste glass
and nonsaline repository materials are also being studied49.

Extrapolation of Leach Data-Fitting to Models

It is not practical +o . .in leach tests for longer than a few
months, or perhaps a few years — tests for process control purposes
should not take more than a few days — yet leaching behavior over much
longer periods should be understood. The periods of concern correspond
to the lifetimes of the radioisotopes in the waste. Therefore,
mathematical models, based on postulated mechanisms and observed
behavior, are being developed to extrapolate expected leach behavior to
timesbeyond which it can be experimentally verified. Factors which
should be treated in leaching models are represented graphically in the
Figure below:

t
X

I
5
z

p

LOG TIME •

FIRST CONTACT
WITH WATER

FIGURE 15-18: Consideration in Modeling
Long-Term Leaching Ref. 7



I
I
I

-72-

The location and shape of line AB is determined by the
leaching mechanism, and represents leaching from a semi-infinite
medium. The location and shape of line AB is very deDendent on
temperature and leaching media. It is important to realize that
even though line AB cannot be totally verified, it is possible to
verify the portion AA1 within experimentally practical times, and
thus establish the major behavior pattern with good confidence.
Line AC represents leaching from a finite medium. Models should be
able to predict releases from different sizes (and configuration)
of initial waste forms. In addition, models should factor in
radioactive decay, as represented by line AD. A final refinement
would factor in the effect of leachant velocity. Leaching is
suppressed by a low leachant flow. The low flow situation,
probably most representative of a geologic repository, would be
represented by line AE.

Several models have been proposed for extrapolating the leach
behavior of solidified radioactive waste forms, including glass. Most
include the effects of radioactive decay and specimen size. ' None
include the refinement of factoring in the effect of flow rate. This
may be very difficult.

5.3 Glassceramic Waste Form

Definition

Glassceramics are SDecial types of ceramics which are made
by the controlled nucleation and crystallization of glasses. They
were first invented by Stookey^ of Corning Glass Works and were
marketed by Corning with the tradename 'Pyroceram1. Pyroceram
glassceramics possess low expansion and high mechanical properties
and therefore possess good thermal shock resistance properties.

I
I

In glassceramics, the crystalline phases are entirely

( produced by nucleation and crystal growth from a homogeneous glass
and this distinguishes these materials from traditional ceramics
where most of the crystalline material is introduced when the
ceramic composition is prepared although some crystallization may

I occur or new crystal types may arise due to solid state reactions.
Nucleation and crystallization of the glasses is accomplished

I by subjecting suitable glasses to a carefully regulated heat-treatment
schedule. A typical heat-treatment curve is shown below.
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1400

FIGURE 5-19:

Used intelligently, a glassceramic can combine the advantages
of both a glass and a ceramic. From a process point of view, as
mentioned earlier, manufacture of large tonnages of glasses is well
known and has been practised for more than 50 years. By proper
selection of the starting composition (based on a knowledge of crystal
chemistry and phase equilibrium considerations) glassceramics with
tailor made properties can be made. A detailed description of the
glassceramic process, the types of products that can be made by this
process and the scientific background on the fundamental aspects of
nucleation and crystallization phenomena in glasses are given by
McMillan50-

Only two countries, West Germany and Japan, are examining
the feasibility of using the glassceramic process for the incorporation
of high-level nuclear wastes at the present.

Glassceramic Waste-Form Development in West Germany

The current programme for the development of fission product
containing glassceramics has been described by Lutze et al51 and comprises
of the following:

(a) Search for suitable base glass compositions to meet the
technologically relevent conditions (such as melting
temperature and viscosity) for the preparation of the
fission product containing glass and develop
nucleation-crystallization parameters to obtain the
desired crystalline host phases for the dangerous
fission products when converting the waste glass into
a glassceramic.

(b) Preparation and characterization of laboratory scale
(100 cm3) and of semi-technical scale (up to 1000 cm3)
borosilicate glasses and glassceramics that contain
20 wt% simulated fission product oxides of the WAK type.



-74-

(c) Hot cell demonstration of glassceramic preparation in the
vulcain cell of the CEA at Marcoule, France.

The three important criteria that have to be used in the
selection of the waste glass composition for the ultimate formation of
stable glassceramics are:

i) The composition must contain constituents which will
form good stable glasses under technically suitable
conditions.

ii) The constituents in the glass must be chosen so that, on
crystallization, crystalline phases will be formed such
that (a) the radioactive ions form a stable crystal type
of their own and (b) crystalline phases are formed in
which the radioactive ions can be accommodated in suitable
structure sites.

iii) The composition must be such that the glass can be
homogeneously nucleated and crystallized to obtain the
desired phases.

Lutze et al51 have developed compositions which meet all or
most of the criteria listed above. Work is in oroqress to modify the
compositions to make them more suitable. Particular attention has been
focussed on the digestion of molybdenum. Incomplete digestion of molyb-
denum leads to the formation of water-soluble molybdenum rich phase in
borosilicate glasses consisting of alkaline molybdates as well as
cesium and strontium.

Compositions of some typical base glasses are shown below:

(O,P,D,E re fer to Celsian,
Eucryoti te , respect ively

Constituents C-type

SiO2

A12O3

B2°3
CaO

BaO

Na20

Li20

TiO2

ZrO2

ZnO

MgO

Cs20

As203

32-37

10-17

5-8

5-10

16-23

2-6

0-3

5-11

0-2

4-6

0-3

0-2

0-0.5

TABLE 5-6
Perovskite,

— See Table

P-type

32-50

12-15

5-10

12-14

5-8

0-3

10-14

0-3

0-2

Oiooside, and
IV V

0-type

40-52

10-18

5-10

10-15

0-8

K20 0-3

3-5

Fe203 2-5

0-3

5-10

Ref. 51

E-type

41-60

14-24

4-11

2-9

C-5

0-3

5-10

4-8

ZrO 0-2

1-10

0-2
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Four types of glasses were developed: Celsian type,
Perovskite type, Diopside type and Eucryptite type. The crystal line
phases present in the glassceramics obtained from these glasses are
shown below:

TABLE 5-7 Ref. 51

Crystal phases in
the glass ceramics

Leaching rates

r an 2<r'xio4

parent glass
grain-test
Soxhlet-test

ceramics
grain-test
SoxhleMest

Thermal expansion

"MO-STOK* 10'

glass
ceramics

/•-ceinun
[BaAfcS.,0,1

pollucite
((Cs,Na)AlSi0,O«l

(Ce.ZrtO,

BaMoO*

9
9

7
10

110
97

Glass ceramics

Pcront.le

(CaTiOjl

Mo-nosean
[Nas(AlSiO,)«-MoO4]

(Ce,Zr)O,

SrMoO,

poUucite
[(Cs, Na)AlSiOjO«l

7
11

8.5
7.1

no
89

Diopiide
[Ca.Mg(SiOj),l

(Ce, Zr)Ch

CaMo04

9
11

14
19

100
83

Eucryplile

ILiAlSiCM

CaMoO4

Ca4La,(SiO4)4(OH),

5
14

4
21

100
53

Recently, a Fresncite type glassceramic has been developed
which is compared with previously developed Celsian glassceramic
as shown in Table 5-8.

Most of the phases listed in Table 5-8 are host phases for
long-lived fission products e.g. pollucite for Cs, h-eelsian,
perovskite and calcium lanthanum silicate for Sr, (CeZr)G?, and
perovskite and calcium lanthanum silicate for transuranium elements.
The crystals were found to be embedded in a residual boron-rich glass
phase.

Considerable differences exist in crystal yield from the
glasses. Generally one phase dominates in each glassceramic as shown
in Table 5-8. It is important to note that both lew and high number
densities of host phases may be efficient for the fixation of fission
products depending upon whether the fission product in question is an
essential constituent of its hose phase or whether it will be accommodated
in a substitutional way. In the first case, a considerable enrichment
of a substantial fraction of the respective ion can be expected even
with low crystal yields. This is typical of cesium being accommodated
in pollucite. In celsian and perovskite, substantial accommodation
with low enirchment is expected for strontium which mav substitute for
calcium and barium.
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P2O5

5102
A12>>3
B2O3
CaO
BaO
BajO
U 2 0
1102
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100 j» l a a Map t

Eleetr. cond.
1" c]"1 at
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Cryal. t i n h

Haac unductlvlty
W a-lR-l (500-900 r.)
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Tg K
Dllatoa. tof t .
point E

Coaff. of
ebaraal axp. xlO7

Cryatal phaaaa

Laaeh raalatanca:

Bydrolydc daaa
{Caraaa grala
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powdar
block

b u d
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•Uaaaa*
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30-60
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0 - 1 7

-
-

0 - 3 0
-
-

0 - 5
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1050 - 1400
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0.3 - 1.0

-

-

-

-
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630 - 750

S8D0

?a-phospbaca
Ka-Zr-Pboaphaea

noc appllcaLla
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1.5 10

TABLE 5-3

Borcallleata
glaaaaab

VT. Z

-
27 - 50

0 - 1
9 - 2 2
0 - 4

-
4 - 2 0
0 - 4
0 - 6
0 - 2 2

-
Z0 - 30

1200 - 1300

1200 - 1500

0.5 - 1.0

-

-

-

-

1.2 - 1.4

775 - 875

<800

BO - 120

Sn-Ollda, Pd,
Ca-Oxlda( aploel
Zn-Sllleaco
Sr-Molybd.ce
Cd-Titaoata
Ca-IE-SlUcace
Gd-Ca-Flloiphaca
and othara

1 - 5C

io-3 - «f*"
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350
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S « 1 I
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2 -
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20
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10 -

1.2 -
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13
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..
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d. taf. (7).



-77-

In an optimized glassceramic, all the long-lived radioactive
ions should be accommodated in the crystalline phases in a highly
enriched condition so that the residual glass, which is known to be
less durable, would then be strongly depleted with respect to these
i ons.

As in the case of the ceramic waste forms, when the waste
loading is high, greater than about 20 wt%, the influence of the
transmutation effects must be taken into consideration. When the
ceramics are made six years after reprocessing 30,000 MW.d/t HM
burnup fuel, the ratio '37cs/cs is 0-44. Furthermore if the pollucite
contained all the cesium, then <25% of the total alkali content of
pollucite ( <50% Cs ,>50% Na, K, Rb) would decay to Ba in 300 years.
A similar consideration for strontium leads to even much lower figures
for the respective ratio of Zr/C Ca, Sr, Ba) after 300 years because
of the lower enrichment of strontium in its host phases.

Bulk laboratory scale experiments and semi technical scale
(1000 cm^) experiments have given promising results. One series
of hot experiments have been made using the facilities at Marcoule.

The chemical leach resistance, impact resistance and thermal
stability properties of the glassceramics have been determined. The
chemical leach resistance properties will be discussed in a subsequent
section.

Glassceramics have been demonstrated to possess better impact
resistance properties. Glasses are brittle and under impact disintegrate,
thereby increasing surface area which deteriorates their chemical
leachability.

5.4 Ceramic Nuclear Waste Forms

Ceramics have been defined as inorganic nonmetallic materials
formed at high temperatures. For purposes of the current discussion,
we shall restrict the use of the term "ceramics" to those materials
that, in contrast to glasses, are predominantly crystalline in nature.
The many product types range from porcelain and chinaware to sophisticated
solid state electromechanical components.

As pointed out earlier, the bulk of the studies on the
solidification of HLLW has been on glass. Studies on crystalline
waste forms have received only a very small fraction (perhaps 0.1
to 1 percent) of the funding support that glasses have been given.
This emphasis probably resulted largely from the fact that the glass
forming process appeared to be less complicated and easier to manage
than many ceramic forming processes. It is also likely that the chief
obstacles to early adoption of traditional ceramic technology to
wastes were the expected high processing temperatures and the exceedingly
complex chemistry of high level wastes.



-78-

At present, 'ceramic1 waste form is gaining considerable
support and attention largely as a result of the scient i f ic approach
taken by the researchers at the Pennyslvania State University under the
leadership of Prof. R. Roy and Dr. G. J. McCarthy5^"6'. Active work
is in progress in the United States, Sweden, Russia and Germany. By
far the greatest ef for t is devoted in the USA to develop this waste
form.

5.4.1 Calcine Waste Forms

The unconsolidated loose oowder or granules obtained by a
single step evaporation and decomposition of high-level l iquid wastes
is called "calcine". The calcination temperature is kept to a minimum,
usually below 500-600OC, to prevent volat i l izat ion of radioactive
components such as 137Cs and ™Sr. Rotary, spray and fluidized-bed
calcination processes have been developed in several laboratories in
different countries.

following:
Calcination of HLI.W is done to achieve one or more of the

- Volume reduction of 7-8 fo ld , thereby reducing storage
costs

- Calcine, being less dispersible than HLLW, requires
less surveillance

- As a starting material for other waste forms.

Different calcination processes are linked to different
waste conversion processes. The spray calcination and rotary ki ln
processes are normally considered directly coupled to either an
in-can melter or a joule-heated ceramic melter for producing glass,
although glass can be produced by direct-feeding of HLLW to an
in-can melter or joule-heated ceramic melter. In the French AVM process
for the v i t r i f i ca t ion of HLLW, a rotary calciner is used as shown in
the process flow sheet below:

L U.A33 FRII

,-O-lUlJl£R " * -

RSPROCCSS1HO H.AHT
rOM CONCENTRATION

^'"I^-CF-U-—
CLASS StQXAGC

FIGURE 5-20 Ref. 6
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In the German VERA process, a spray calciner is used coupled
with a ceramic meiter for the vitrification of HLLW as shown in the process
flow sheet below:

FIGURE 5-21 Ref. 6

Calcine produced by fluidized-bed calcination can be stored
in canisters or coupled to other waste form conversion processes.
A schematic of the fluidized-bed process flow sheet is given below:

®©

FIGURE 5-22 Ref. 6
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countries.
The table below lists the status of R & D on calcine in several

TABLE 5-8 Ref. 17

Site and Process

Idaho National Engineering
Laboratory-Fluidized Bed

Defense HLLW
Commercial HLLW

Pacific Northwest
Laboratory -Spray Calcination

Pacific Northwest
Laboratory - Fluidized Bed

Marcoule - Rotary Kiln

Windscle - Pot Calcination

Karlsruhe - Spray Calcination

Eurochemic - Stirred Bed

Eurochemic - LOTES

Japan

Lab-Scale
Research

X
X

X

X

X

X

X

X

X

X

Pilot
Cold

X
X

X

X

X

X

X

X

X

Plant
Hot

X
X

X

Routine
Production Storage

X X
X X

X

X

As shown in the Table above, in the U.S.A. calcination of
HLLW has been done on an industrial scale. At the Idaho National
Engineering Laboratory (INEL) more than 15 years of experience
exists in the processing of calcines and, in this period, more than
2000 tons of radioactive calcines have been accumulated and stored in
underground stainless steel bins.

Over the years, attempts have been made by several laboratories
in different countries to convert the calcines into other types of
waste forms. Basically, two types of waste-form products can be
identified: ceramic waste form and metal matrix waste forms. Ceramic
waste forms will be discussed below. Metal-matrix waste forms will be
discussed in the section on multibarrier waste forms.

In the hot-pressed ceramic matrix product studied by
McCarthy5^, approximately 30 wt% of simulated HLLW calcine was mixed
with powdered quartz and a small amount of low-leachability glass
frit and hot pressed at 1100 -1200°C and 2000-4000 p.s.i. Compared
with glass at the same level of loading, the product had a similar
Teachability but greater thermal stability.
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62Sintered calcine-glass ceramics have been studied by Ross
and Berreth63. These products are made from HLLW calcine (simulated)
and suitable glass f r i t by pressing and sintering techniques.

Crystalline phases resulting from calcine-glass reactions
are given below:

TABLE 5-9
Ref. 62

?\i 'b + Zinc Borosilicate
Glass (PNL)

((Ce, RE, Zr)02 x)

((Sr, Ba5 Ca)Mo04)

( (Ni , Zn, Mg, Co) (Fe, Cr)204)

(REBSiO5)

PW-7 + Ba-Zn-Ti
Aluminosilicate (INEL)

(RE2Zr20?)

(Fe3C4)

(CeC2)

(Gd2C3)

(GdFeC3)

NOTE: RE refers to rare earth cations.

The properties of simulated calcine are given below .

Density, g/cc
Thermal conductivity
Volume, m3/MTHM
Maximum Permissible
Percent Volati les

(after volat i les
Leachability

Cs-Sr
Alkalies
Other elements

Particle Size, mm

, W/m.K

Storage temp. °C

removal state)

Fluid-Bed Sorav
0.01-0.5 0.001-0

2.2
* 0.24
0.03 - 0.05
* 700
< 0.06

High
High

Low to Intermediate
Rotary

.1 0.01-Flakes

From Figure 5-23, i t is readily seen that chemically stable
ceramic waste forms cannot be easily produced from HLLW calcines.
Literature indicated that th is concept has been abandoned. Direct
HLLW calcine products are useful only as intermediates for v i t r i f i c a t i o n .
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FIGURE 5-23 Ref. 58

I

5.4.2 Supercalcine Ceramic Waste Forms

The "Supercalcine Concept" states that all the elements (ions)
present in HLLW - both active and inactive - can be incorporated into
structurally - tailor-made crystalline phase assemblages which are
refractory, thermodynamically stable and leach resistant to water52"51.

The development of ceramic waste forms based on the supercalcine
concept was initiated at the Pennsylvania State University in 1973
in cooperation with the Battelle Pacific Northwest Laboratory in
continuation of earlier research^ into idealized rare earth (RE)
and actinide (An) materials based on billion-year-old sedimentary
resistate minerals as models. The material characteristics specified
for the ceramic waste forms were:

1. Every dangerous nuclide (e.g. 9 0Sr, 137Cs) or trouble-
some constituent (e.g. Ru, Te) be atomic-scale isolated
in an initially stable crystalline phase.

2. Phases be mutually compatible indefinitely at waste
storage temperatures (T <800°C).

3. The phase assemblage be solid with no significant oxide
constituent vapour pressures at 1200°C.
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4. Waste loading be >50%.

5. Leaching resistance be as good as or better than any other
waste form.

Supercalcine ceramics are developed by the addition of suitable
components to the HLLW followed by calcination, and additional heat
treatment. At one extreme the phases may be made up of waste ions
themselves such as SrMoO^ where strontium and molybdenum are both waste
cations or, at the other extreme, they may be merely high stability
hosts for relatively small substitutions of waste species such as
technicium (Tc) substitution for Tungsten (W) in 'SrWC^. An intermediate
case would be CsAl2SiO6 where cesium is a waste cation and aluminum (Al)
and silicon (Si) are additives necessary to form this pnase.

Two distinct steps are involved in designing the supercalcine
waste form. First, suitable crystallizing phases have to be found to
tie up, on an atomic scale, both the 'hazardous' and 'troublesome'
waste species. The most 'hazardous' species are '3'Cs, yuSr and the
actinides because of their high level of radioactivity. 'Troublesome'
species include the oxides of ruthenium (Ru), molybdenum (Mo),
Technicium (Tc) and Cesium (Cs) which volatilize at typical processing
temperatures (1000 - 1200°C). Secondly, once the suitable crystalline
phases are found, it must be demonstrated that they can all be
crystallized from the same complex mixture of waste plus additives.
This second requirement has eliminated many promising phases because
they could not be formed in the complex waste formulation.

The selection of suitable crystalline phases to incorporate
the ions present in HLLW is achieved by using the princioles of crystal
chemistry and rational molecular engineering58. The coordination
polyhedra demanded by the cations typically present in HLLW are shown
graphically below:

0.4 0.3 O* 0.7 0 * 0.9 ID I.I 1.2 1.3 1.4 1.9 1.4 17
IONIC RADIUS i l l

FIGURE 5-24 Ref. 58
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From the foregoing, it is readily seen that the coordination number
requirements of the HLLW ions varies over a wide range. Knowing the
coordination requirements of the ions, it is possible using crystal
chemical principles, to identify and select suitable crystal
structures. However only those crystal structures which can be
identified with naturally occurring minerals with known geological
stability are finally selected in the design of supercalcine
compositions.

The chemical compositions of some supercalcine ceramics
are shown below:

Oxide

Waste
U,O.
CeO,
RE.O,*
ZrO,
MoO,
P,O,
BaO
SiO
Cs,O
Rb,O
Na,O
RuO,
Fe^O,
0,0,
NiO
CdO
Ag,O

Additives
CaO
SrO
Al^O,
SiO,

Waste loading

TABLE 5-10

SPC-2

16.3
19.0
7.6
8.0
4.2
2.4
1.6
4.5
0.5
0.2
0.5
4.7
0.5
0.2
0.2

4.9
1.2
4.4

19.1

70.5%

SPC-2+U

IG.5
13.7
15.9
6.4
6.7
3.5
2.0
1.4
3.7
0.4
0.1
0.4
3 3
0.4
0.2
0.1

4.1
1.0
3.7

15.9

753%

PSU-SPC-
2+U

16.5
4.1

25.7
6.4
6.7
3.5
2.0
1.4
3.7
0.5
0.1

33
0.4
0.2

4.1
ia
3.7

15.9

75.1%

Ref. 5?

SPC-4

6.8
30.2

7.8
8a
4.3
2 ^
1.7
4.6
0.6
0.2
0.5
4.8
0.5
03.
0.2
O.i

2.1
2.6
4.5

17.6

73.2%

SPC-4+U

16.8
5.6

25.2
65
6.8
3.5
2.1
1.4
3.8
0.5
0.2
0.4
4.0
OJ
0.2
0.1
0.1

1.7
2.1
3.8

14.7

77.7%

•RE = La, Pr, Nd, Sm, Eu, Gdr Y (plus RE as a stand-in for
Am + Cm).
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A l i s t of primary containment phases in current supercalcine
ceramics is given below:

TABLE 5-11

Ions

Sr,Lnb

Ln, [PO4}
Cs,Rb,Na
Sr.Ba
U,Ce,Zr
Zr,Ce,U

Fe,Ni,Cr

Ru

Crystal Chemical Roles

Nominal Composition
Of Synthetic Mineral

(Ca,Sr)2Ln8(Si04) 6O 2
C

LnP04
(Cs,Rb>Na)AlSi206
(Ca,Sr,Ba)Mo04
(U,Ce,2r...)02+x
(Zr,Ce,U...)O2+x

(Ni,Fe)(Fe,Cr)2O4
and
(Fe,Cr)2O3

RuO2

Ref. 52
of Waste Ions

Structure Type

Apatite [Ass]
Monazite [Mss]
Pollucite [P]
Scheelite [Sssl
Fluorite [Fss]

• Tetragonal-
Fluorite [Tss]

Spinel [Spss]

Corundum

Rutile

^e.PdjRh.Tc.Pn.Np.Pu.Am.Cm were not included in the-
simulated waste.

bLn=La,Pr,Nd,Sm,Eu,Cd,Y.

Addicive ions are underlined.

The formulae in this table are only nominal. Each of the
nominal compositions has been synthesized separately and its x-ray
diffraction pattern matched to the corresponding reflections in the
diffractogram of the complete crystallized supercalcine ceramic.

The major roles played by the structures given in the foregoing
table were determined from more than 200 crystal chemical and compatibility
studies. Minor solid solution and partitioning of ions among two or more
phases is to be expected. For example, Lanthanides (Ln) are partitioned
between the apatite and monazite phases and a small amount may also be
substituting in the fluorite and tetragonal zirconia phases. STEM
has been successfully used for direct characterization of elemental
distributions in individual crystals of the supercalcine products. One
important finding is that uranium crystallizes primarily in the high
integrity, radiation damage-resistant fluorite structure (uraninite)
phase and by analogy neptunium and plutonium also should crystallize
in this phase.
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By mid-1975, progress in the development of 'supercalcine' had
been sufficient to justify a cold engineering - scale process
demonstration at PNL. The simplified waste formulation chosen for this
evaluation included all of the HLLW ions listed in the Table below
plus potassium as a stand-in for rubidium (Rb), and had the molar
concentrations of PW-4b, a high-level waste simulation composition
used by PNL as a standard for waste development work. The crystalline
phase formation model was also essentially the same as that listed in
the table below except that strontium (Sr) was used instead of
calcium in A,ss- Nitrate solutions of strontium and aluminum and a
colloidal suspension of SiO2 (Ludox AS from DuPont) were used as liquid
additives. The supercalcine number was 75-2.

TABLE 5-12
Ref. 52

Typical Supercalcina Formulatica

mM" in HLW
(mMol)

420 REb \
60[PO,]\

80 Cs

120 Mo

50Sr(
50 Ba (

120 Zr

80 Fe'i
14Cr!>
6Ni )

Phase Formation

60 Ca3RE^SiO,UPO,]O^J

80 CsAlSiA [p] '

120 SrMoO, [S«]

in S,,

120 ZrO* fa,]

6 NUFe.Cr)^, [SP,,]
41 (Fe,Cr]=O3

1000 mM ot waste species requu a
these additives to form the
tailor—siade phase assemblage

i

Required
Additives

160 Ca
300 Si

80 Al
120 Si

120 Sr

-100 Sr

180 Ca
80 Al

420 Si
• 20 Sr

"Millimoles.
*RE = lar.tsnum, cerium, praseodymium, neodyrnium, pro-

methium, samarium, europium, gadolinium, and yttri-
um..

In actual fuel reprocessing, the concentrations of the
ions in the HLLW stream might vary from day to day. TJD allow for this
behavior, all 'supercalcine1 formulations are to be designed with
excesses of the particular additives required to fix the problem ions.
For example, if under transient conditions the cesium concentrations
were expected to be up to twice the normal value, then twice the Al and
Si necessary for Cs fixation as polli'cite (Cs AlSi^Oe) would be built
into the composition. To simulate this more realistic situation,
'supercalcine1 75-2 was designed with a two-fold excess of Sr and
three-fold excess of Al + Si. Because the additive oxides are less
dense than the HLLW oxides, the dilution of the original HLLW to form
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this tailor-made product is less than might be expected. The loading
of 75-2 was 58 wt% HLLW oxides and 52 wt% fission product oxides.
Actually waste product loadings of formulations containing all HLLW
ions will be somewhat higher, typically 65-70 wt%. Many of the ions
left out in the above example do not require additives for fixation
(e.g. uranium, neptunium, palladium, rhodium, ruthenium). The above
waste loadings that can be achieved with 'supercalcines' are much
higher than 15-25 vit% loadings that are normally used in glass waste
forms.

Approximately 50 lbs. of 75-2 composition was routinely prepared
in the PNL spray calciner. As expected, the product was an x-ray
amorphous, fine, low density powder. Consolidation studies on this
powder were done both at PNL and PSU. The amorphous supercalcine was
crystallized by heat treatment in the temperature range 1000-1100°C
for a period of about 1 hour.

The formulation and production of 'suoercalcine' is only the
beginning of the waste solidification process. Since the 'supercalcine'
is produced in the form of a powder, it is clear that as a final waste
form, it is not satisfactory both because it is amorphous and because
it is a fine powder.

At least four final-form products have been proposed to
make supercalcine acceptable. They are:

- crystallized but unconsolidated
- fusion cast ceramics
- hot pressed ceramics
- cores of a multibarrier product.

Leachability

Systematic chemical durability data, as in the case of glass
waste forms, is lackinq. Only a few isolated experiments have been
reported.

Leachability data^^ for supercalcine 75-2 consolidated by
a number of methods is given in Table 5-13.

Several of the leaching solutions were analyzed for cesium
and strontium for comparison. The supercalcine ceramics tested were
prepared by different consolidation techniques such as: cold
pressing and sintering; hot pressing; use of glass and clay binders
before pressing and sintering; disc pelletizing and sintering. Results
for two borosilicate waste forms are also included in Table 5-13 for
comparison.
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TABLE 5-13

Consolidation and Ltacho&MIT of Saprnralcj** 71-1

Ref. 54

Consolidation Method

Cold-pressrrd pellets.
Fired 1100*C, 1 h

Hotpnased 1100'C.
3000 pal. 15 mln

Mlxsri ailli 10 wt% Corning 7740', cold
preaud. and [Ired at 1100'C. 1 h

Wild with 2a wi%lead borosllleate
Irlt, cold pressed. anj llred at 950*C.
Ik

Mlaad with 10 WJ, montmorlllonltg
claf, cold pressed, and Tired at 1200*C,
Ik

tH.U pelletlud. llred at 1200'C. 1 h

IMak pellfclied, (Ired it 12WV. 4 h.
pellets coaled with AliOi

Z15C boroslllcata 11LW glass baaed on
PW-7: 31.5 wfit Ilsslon product QnldM*

Zinc boroalllcate II LW glau based on
PW-7a! 1S.4 wrlllsaion product oxldn*

Duration
(daya)

3
14

3
14

3

3
14

3
14

3

3

3

3

Bulk UaehLMIItr

Percent Weight
Lost

J.7

ia

0.49
1.1

0.67

3.9

O.Cf
3.0

2.4

40.03

1.10

0.73

IAEA'

6 X 10"* (O.«)
OX (J-* (0 5)

BX 10^(0.09)

1 X 10* (d.l)

2X10"* (0.2)
1 X 10 "* (0.1)

1 X 10"* (O.I)
1 X 10"* (0.1)

4X10"* (0.4)

3 X :.v* (0.3)

1 X 10'" (0.1)

Cealun UwhaMllrjr

Percent Total
Cesium

3.3
14

s.o

3.0

l.S

IAEA*

IK lii"* 10.6)
6 X 10"* (0.6)

2 x 10"* (0.2)

! x 10"* (0.1)

1X 10"* (0.3)

•Strontium Leachabllllr

Percent Total
Strontium

4.0

2.2

2.4

1.1

IAEA*

7 x 10"* 10.7)
3 X 10'* ™.3)

7 x 10"* (0.07)

1 X 10"* (OLD

2 X I*"* (0.2)

^UnlU Of gem"1 day"1 (g-m"1 day'1). Sample aurfnee area estimated at 200 cm* g~* (tj 020 in'-g"').
*D»t» from Ref- i l - Sre Table ! for wmslc compositions.

A comparison of the leachability (IAEA) data indicated that
the best results are obtained for hot pressed supercalcine 5-8 x 10-6 gms/
cm^.d. Bo**osilicate glasses with leachabilities in the 10-5 to 10-7 range
have been developed and are being used in France for routine vitrifica-
tion of HLLW. This indicates that supercalcine ceramic waste forms are,
at best, comparable to borosilicate glass under these test conditions.
Cesium and strontium Teachability data also indicate similar behavior.

The advantages of supercalcine ceramic waste forms, however,
become clear when hydrothermal stabilities are considered. McCarthy
et aiol have discussed the hydrothermal stability of supercalcine waste
form. All the experiments were done in gold capsules contained in
autoclaves or cold-seal pressure vessels. The pressure was uniformly
set at 3C0 bars, a value that corresponds to the load pressure in back-
filled repository at a depth close to 1000 meters. The experimental
temperatures were in the range 200-300°C. Under these conditions, water
exists as a liquid phase, although the upper end of the range approaches
the critical point of water, 215 bars, 373°C.

The simulated waste form was treated with two specific
solutions: deionized water and brine solution, with the following
dissolved salt contents: 10 wt% CaCl2, 5% NaCl and b% KC1. The solid
to liquid ratio in the experiments was 1 : 10. For comparison, a
borosilicate glass waste form (PNL-76-68) was also investigated.
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The percent of element in solution after hydrothermal
treatment for four weeks at 3OOQC and 300 bars for glass and super-
calcine are given below:

Ca
Sr
La
Nd
U
Zr
Na
Kb
Ca
Ba
Zn
Si
Mo
B
Fe
Ni
Cr

TABLE 5-14

Deionized Water

PNL-76-68
(Glass)

5.0
0.2
0.5
ND
0.03
ND
45
8.7
1.2
0.1
0.05
4.6
72
93
0.02
4.0
27

SPC-4a

(Sup.Cal.)

0.5
0.1
NDb
ND
NPC

ND
100
7.5
0.2
0.3
NP
3.2
9.8
NP
ND
ND
ND

Ref.

USGS NBT-6a

PNL-76-68

52
49
26
11
18
0.05

53
—
—
33
—
3
48
0.02
10.4
1.1

61

Brine

SPC-4

38
88
2.5
18
NP
ND

85
—
71
NP
0.7
0.4
NP
0.1
9.1
1.9

The supercalcine-ceramic SPC-4 had approximately 4.5 times greater
fission product concentration than the borosilicate glass,
PNL-76-68. Tfce Na concentration In SPC-4 was only 0.1 wt %.

ND «• None Detected. °NP = Not Present.

Except for Cs among the key elements, the percentages of elements in
solution did not differ significantly between the glass and a super-
calcine ceramic (SPC 4). The lionized water extensively altered
the glass and converted it to a largely crystalline mineral like
product (Weeksite (Cs, Na, RG)2(U02)2(Si205)3-4H20; pyroxenes diopside
(Na, Ca) (Fe, Zr, Ti)(Si206)). It had very little effect on the
supercalcine ceramic because of its crystalline nature; the mineral
assemblage present in supercalcine ceramic appears to be stable under
these conditions. Similar stability data have been observed at
400OC for one month and at 300OC for six months on SPC-2 supercalcine
cerami c.

In brine, however, the reactions are quite different. Large
percentages of four of the key elements were found in the product
solutions. X-ray data indicated that while Cs and Sr phases were
reacting with the brine, several of the other phases (e.g. monazite)
appeared re be unaltered after as much as two months at 300°C.
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5.4.3 Titanate Ceramic Haste Forms

Studies on titanate ceramic waste forms are underway in three
laboratories; Sandia Laboratory in the USA; Royal Institute of
Technology in Stockholm; and ASEA, Robertsfors, Sweden.

Development at Sandia Laboratory

A new family of inorganic ion exchange compounds of the
hydrous oxide type was developed for the solidification of aqueous
nuclear wastes^*. The attractive features of these exchange materials
are that they have hiqh affinities for all polyvalent cations present
in the wastes, have high capacities, and (once reacted with the wastes)
may be consolidated to form relatively non-volatile, leach resistant
ceramics. Much of the work has been directed towards an evaluation
of the application of these materials to the solidification of high-
level liquid waste expected from commercial fuel reprocessing. In
addition, minor efforts have been directed at (1) altering operating
conditions in the above process to allow isolation of Cs (and perhaps
other radionuclides) during solidification of the bulk of the waste
constituents and (2) investigating the feasibility of isolating
radionuclides present in DOE managed wastes such as those stored at
Hanford.

The experimental program has included development of the
exchange materials themselves, studies of their reactions with various
wastes: determination of the physical and chemical properties of the
solidified w&ste (both before and after consolidation) to evaluate
alternative consolidation methods and generation of engineering data
sufficient to allow consideration of process scale up and determination
of approximate processing costs.

The effectiveness of various compounds such as sodium titanate
(ST), sodium zirconate (SZ) and sodium niobate (SM) which are made by
reacting the appropriate metal oxide with NaOH and methanol and
precipitation in water for solidifying high-level wastes have been
investigated extensively using non-radioactive and tracer level waste
solutions. After materials and methods had been thoroughly tested,
active demonstration work was conducted at Oak Ridge National
Laboratory (ORNL) using active high-level waste generated by reprocessing
small batches of typical spent light-water reactor fuel.

The ion-exchange materials loaded with the wastes have to be
consolidated into dense ceramics having favourable physical, chemical
and thermal properties. Both cold press-sintering and hot-press
techniques were usad. Two criteria were used in evaluating the performance
characteristics of the ceramic. Firstly, leachability and secondly,
concentration factor, i.e. concentration of waste oxides on a volume
basis which can be as high as 1.2 g/cm3 for a fully dense (4.7 g/cm3)
titanate ceramic. Based on experimental results, hot pressing techniques
have been adopted.
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Typical properties of hot-pressed titanate ceramic waste
forms are given below":

Bulk density

Volume fraction porosity

Effective density of waste
oxi des

Thermal conductivity

Specific heat

4.1 - 4.3 g/cni3

<0.03

0.9 - 1.1 g/cm3

0.0066 cal/cm sec-K.

C.22 cal/g.K

Results of the waste reaction studies and waste consolidation
studies have been integrated with processing considerations to identify
a feasible base l ine high-level waste sol id i f icat ion process suitable
for use for a 5 ton/day AGNS fuel reprocessing plant.

A schematic flowsheet is given below:

IILLW-

NaOH
4-

NEUTRALIZATION
I 0 P H - - 1

CENTRIFUGE
AMD WASH

SUSPENDED
SOLIDS

Off CAS

SODIUM TITANAIE
ION EXCHANGE BED

LOADED ST

T
I SlURRYMIXEH |

[PAN FILTER DRIER |

CONSOLIDATION
BY PRESSURE

SINIERING-UOut. ~

7(011 (EMD
fOll CIMUM

CLEANUP REAGOUI5I
A

CLEANUP of T^
RuAHDtlomoHiCS

EVAPORATOR
DRYER

LOADED
ZEOLITE CLEANUP SOLIDS LOW LEVEL SODIUM

TO DISPOSAL SALT SOLIDS TO
DISPOSAL

SECONDARY WASTES
UNIQUE TO THIS PROCESS

CANISIIRIZATION

FIGURE 5-25 Ref. 65

Most of the waste ions react with the titania during the hot
pressing process to give crystalline titanates, which are refractory
and only slightly soluble. Only a small amount of alumina-silica
from the zeolite and silica from the oxidation of Si metal additive
is non-crystalline. About half of the product is rutile. Silicon
metal is added to maintain a reducing environment, so many waste
constituents occur as metals (Mo, Pd, Rh, and perhaps Te and Fe).
Alkaline earths and rare earths form stable and refractory titanates.
In the early stages of the work, it was found that alkali (Cs, Rb, Na)
titanates were formed during consolidation which had poor leach
resistance and thermal stability. Therefore, the zeolite exchange
step was added resulting in the fixation of Cs and Rb in pollucite
(CsAlSi'206). Other oxides occur uncombined with titania (CeO2, U02+x>
CeO2)- The presence of each of these phases was identified or
confirmed using selected area electron diffraction combined with
scanning transmission electron microscopy.
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Kenna et al66 have studied the long-term leaching of simulated
hot pressed titanate ceramics waste forms developed at the Sandia
Laboratories. For purpose of comparison, two glass specimens, one
prepared at BPNW and one at Sandia have also been studied. The
experiments have been conducted for a period of about 20 months. The
samples contained 25 percent simulated high-level calcined waste (with
the exception of Tc, Pm, and TRU wastes). The leaching of each sample
was done in a quartz Soxhiet apparatus using deionized water (300 ml),
maintained at boiling temperature, which was changed monthly. An empty
quartz Soxhiet apparatus was run in parallel as a blank. The concentrations
of Cs, Sr, Na, Mo, Zn and Si were determined by atomic absorption
spectroscopy. The results are shown below:
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Soxhiet Leaching of Mo from Glasses (SLA, BNW)
and Ceramic (STW) Loaded with 25 w/o Waste
Oxide Simulant.

FIGURE 5-26 Ref. 66
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Loaded with 25 w/o Waste Oxide Simulant.

FIGURE 5-27 Ref. 66
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The results show that the titanate ceramic has much lower
leach rates than the glasses.

More recently, Kenna and Murphy67 have discussed the mechanism
of leaching of Sandia titanate ceramic at elevated temperatures. The
authors report additional data on the earlier investigations for periods
up to 2 years. A cyclic leaching pattern was found for both the
titanate and borosilicate glass waste forms. The cycle was characterized
by concentration maxima in the leach solution of "immobile elements"
(e.g. U, RE, Mo, Zr) which preceded the maxima of mobile elements (e.g.
Na, Cs, Sr) by about one month. Concentration minima for both groups
of elements were temporarily coincident.

Braithwaite and Johnstone^ have studied the chemical durability
of the Sandia titanate ceramic fully loaded to contain 25 wt% simulated
waste to generate data for the WIPP (Waste Isolation Pilot Plant) project
at Sandia.

Both the Sandia titanate ceramic and a copper borosilicate
glass (#199 both unloaded and loaded with 30% waste and obtained
from BPNWL) were studied. The tests were carried out at 250°C and
16.6 MPa (2400 psi) for 7 days. Small bulk samples (30-40 mg) were
enclosed in welded gold capsules along with the leach solution. Four
leach solutions were used: deionized water, a high Mg (35,000 ppm) brine,
a low Mg (10 ppm) brine, and sea water. In addition, tests were also
conducted with an excess of crushed salt or sediment.

The most corrosive environment was D. I. water, causing up to
37% weight loss in the glass/waste and 1,6% loss in the titanate/waste.
The low Mg"1""1" brine was the most benign environment, although the
differences between the two brine solutions was not large. Interestingly,
the titanate/waste always slightly gained weight (0.2-0.5%) in the high
Mg++ brine.

Little or no Sr was detected in either the D.I. water or low
Mg++ brines after leaching. The high Mg++ solutions contained Sr from
the glass/waste, but little, or none, from the titanate/waste. The
addition of crushed saH to the systems resulted in only minor changes in
behavior.

The most significant behavior was observed in the sea water
systems. The addition of sediment (smectite) drastically reduced ( ̂
times) the amount of cesium in solution and no copper was detected in
solution. Weight loss was also reduced but not nearly as much (̂ 2-3
times). The sediment had no effect on the Sr content of the solution.
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Several aspects of the RIT work, however, are noteworthy.
First, they have demonstrated-using SEM techniques - that the radioactive
ions are tied up as titanates and are uniformly distributed in the hot-
pressed ceramic as 1 pm particles in a matrix of TiO2 (Rutile). Since
rutile is a very stable phase, the RIT (and the Sandia) ceramic waste
form is a very stable product°9. Indeed, comparison of the- leach
resistance properties of this material with borosilicate glasses indicate
that they ar^ far superior.

The second aspect of the RIT work that is noteworthy is the
proposal that with the addition of a dense synthetic mineral outer
surface or canister, the appearance of radionuclides in any ground
water contacting the waste could be delayed for times sufficient for all
but the longest lived radionuclides to decay.

Work at ASEA

The work at ASEA is being done in their high pressure
laboratory by H. T. Larker?0, 71.

Whereas the concept that HLLW can be adsorbed on to titanate
gels originated at RIT, the concept of hot isostatic pressing (HIP), seems
to have originated with H.T. Lacker. Anyway, ASEA have developed HIP
techniques to make fully dense blocks of the most suitable synthetic
mineral composition of HLLW as well as for the containment of unrepro-
cessed spent fuel.

HIP is a truly isostatic hot pressing process often carried
out on a particulate material enclosed in hermetically sealed metal cans
subjected to a high argon gas pressure in a high pressure furnace.

Typical pressures are 100-300 MPa and equipment now in
industrial use has a work space of up to 2m3.

It is claimed that the HIP method can produce dense blocks
of a wide range of radioactive waste products as exemplified in
Figure 5-28.

It is claimed that dense, cylindrical bodies can be made. The
starting product (in particulate form) is filled into a metal container
and hermetically sealed under vacuum at a low temperature. The heating
to the temperature required for final compaction is thus done in a
^as-tight-container under a high outside pressure. This prevents
ai.y release of dust or fumes which is a problem in conventional
sintering and hot pressing.
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The temperature required for fuel densification is lower
compared to conventional sintering because of the use of high pressures.
Undesirable grain growth or reactions between different, phases can
thus be minimized. It is also possible to obtain an outer layer of
non-reactive synthetic mineral with a chemical composition similar
to the radioactive core during the same pressing. Blocks of
synthetic minerals have been made successfully on a laboratory scale
from several simulated waste products and these have shown good
mechanical and chemical properties.

A method to make canisters for spent fuel out of high
purity and high density a - A12O3 (corundum) has also been developed.
Development work resulted in the fabrication of full "nisters about
3m in length and 0.5m outside diameter with a 0.1 m wall thickenss.
Such a canister can contain spent fuel having 400 kg of uranium
-ontent The Al?03 selected is 99.8% pure and is processed to over
S3 5% of theoretical density. Sealing the canister with high pressure
bonding technique results in joints equivalent to the wall. A truly
monolithic canister has been made at 1/3 scale Recently, an
irradiated fuel rod has been packaged successfully in a monolithic
half-scale synthetic corundum canister.
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5.4.4 Clay-Based Ceramic Waste Forms

U.S.S.R. appears to be the only country studying clay-based
ceramic waste forms despite the advanced state of development of HLLW
v i t r i f i ca t i on . There are several reasons for this including a desire
to develop waste forms more suitable than glass monoliths which would
specif ically provide guarantees of safe disposal even under less than
optimum disposal conditions and a search for waste forms that can be
produced at a lower cost than glass products but s t i l l meet the more
modest requirements specific to safe transportation of wastes to
burial sites that are located in relatively stable geological
formations.

Clay-phosphate ceramic waste form is being studied as one of
the options72. The impetus for this appears to have come from:
consideration cf avai labi l i ty and low costs of aluminosilicates which
have been successfully used by the ceramic industry in developing
high strength and high durabi l i ty products; existing industrial
experience and the simplicity of the required equipment.

Cambrian clay and kaolin have been used as the start ing
materials. The compositions of the clays and the compositions of the
simulated wastes studied are give below:

TABLE 5-15 Ref. 72

Compositions of the Cambrian Clay and Kaoline (wt.%)

Component

SiO2
A12°3
Fe2°3
MgO

CaO

Na20 + K20

TiO2

Cambrian Clay

57.5 - 59.5

18.0 - 20.5

5.7 - 8.0

1.8 - 2.9

0.7 - 2.8

2.8 - 6.2

% 1.1

Kaolin

65.3 - 73.5

18.5 - 21.5

0.4 - 0.5

0.4 - 2.0

0.3 - 1.1

0.3 - 0.6
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Composition of the Simulated Calcine Used in Experiments
with Clay-Phosphate Ceramic Products

Components

Na20

Cs20

AI2O3

wtX

69.0

9.6

9.5

Components

SrO

Fe203

SiO2

wt*

6.8

3.2

1.9

The nitrates in the waste oxides were reacted with phosphoric
acid and the resultant phosphates were mixed with clays up to 50 wt%.
Available information on work to-date indicates that the experimental
work is primarily laboratory type. Neither large scale experiments nor
work with active wastes have been done. The ceramic developed to-date
had a leachability of the order of 10~5 gm/cm2.d.

In contrast to work in the U.S.A., Sweden and Germany, work
in Russia does not appear to use the concept of stable mineral
assemblage in developing new ceramic waste forms.

5.5 Synroc as a Nuclear Waste Form

'Synroc' is another version of a tailored synthetic mineral
ceramic waste form introduced recently by Ringwood of the Australian
National University73'74. 'Synroc1 has been discussed as a separate
waste form in this report to reflect the views expressed in the literature.
'Synroc' appears to have achieved attention as a new waste form in
contrast to the ceramic waste forms discussed earlier.

There are minor and subtle differences between the
'Supercalcine' approach of McCarthy and Roy and the 'Synroc1 approach
of Ringwood. In the development of 'Supercalcines' the approach was
to synthesize crystalline phases - based on a knowledge of crystal
chemistry and phase equilibrium relationships - into which the ions in
HLLW can be incorporated to achieve 'atomic' scale immobilization.
In this approach, high waste loadings [>S0 wt%) are achieved.

In the "Synroc' approach, the basic objective is to incorporate
the fission products and actinicles as dilute solid solutions in the
crystal lattices of synthetic minerals which are closely related to
natural minerals known to have been stable in a wide range of geological
and geochemical environments for extremely long periods of time, e.g.
109 years. The minerals employed in 'Synroc' formulations are hollandite
(BaAl2Ti60is), zirconolite (CaZrTi207) and perovskite (CaTiO3). It has
been claimed that these minerals have the capacity to accept all HLLW
fission products and actinides into solid solutions in their crystal
lattices. 3ecause of structural limitations only a low (<10 wt%) waste
loading is contemplated.
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Th e proposed structure types, primary containment phases and
the HLLW ions which can be incorporated into these structures in an
early version of Synroc are given below:

TABLE 5-16 Ref. 75

Cs, Mo

Sr, U,

Zr, U,

(P04)
Ru, Pd

HLLW

, Fe,

Lnd

Ln,

Ions

Cr, Ni

Sr, Ma,

Primary Containment

Cr

BaAl2Ti6016

CaTiO3

CaZrTi2O?

(Ba,Ca)3(P04
Metals

Phases

h

Structure Type

Hoilandite

Perovskite

Zirconolite
—

—

Both the processing techniques and mineral host structures
proposed in the original paper73 in 1978 have been substantially
modified in the last two years. In the original paper, for example,
the mineral phases chosen were hollandite, zirconalite and perovskite
and the process chosen for making 'Synroc1 was fusion casting. Subse-
quently, the process was changed to hot isostatic press technique
developed in Sweden^. The conceptual process proposed by Ringwood
is given below?5.

HLW POWDER SYNROC POWDER

MIX POWDERS

COLD PRESS MIXED POWDERS

HOT ISOTATIC PRESSING
IN SEALED Ni CONTAINER

HAVING A Cu LID

TO GEOLOGIC DISPOSAL

FIGURE 5-29 Ref. 75
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McCarthy76 proposed and later Ringwood77 adopted solution
mixing of the HLLW and the Synroc-forming additives similar to the
process used in making supercalcine.

Ringwood and Oversby have argued that 'Synroc' approach is
better than other waste forms/8. They base their argument on the
necessity to demonstrate that the minerals present in the waste
forms are capable of immobilizing the HLLW safely for periods
sufficient to allow the radioactive fission products and actinides
to decay to safe levels. The required minimum immobilization period
is commonly estimated to be between 105 and 106 years. Because this
time scale is beyond human experience, reliance must be placed on
evaluating geological evidence to support safety and stability claims
One of the major advantages of the Synroc approach is that natural
minerals themselves provide the key evidence that safe immobilization
is possible for these long periods.

A key technical question to be addressed in this respect
is the effect of radiation damage on the structures of minerals
proposed for waste immobilization. How much accumulated radiation
damage is necessary to cause metamictization of these minerals? Do
radiation damage and metamictization impair the capacity of the
minerals to immobilize wastes? What kind of weathering and
alteration do the minerals experience in natural geochemical and
geological environments?

Ringwood and coworkers are conducting investigations to
answer some of these questions. By far, the most important source
of lattice damage in Synroc minerals would arise from alpha decay
processes. In Synroc, the quadrivalent and trivalent actinides
are partitioned into the zirconolite and perovskite structures. A
detailed investigation of the geochemistry, crystal chemistry and
lead isotopic systematics of a collection of a natural zirconolites,
Dyrochlores and perovskites of differing ages and uranium + thorium
contents (hence differing accumulated alpha doses) is being conducted.

A natural sample of young (14 million years) zirconolite
has received an accumulated alpha dose of 6 x 10'7 disintegrations
per gram. This is about 25 percent of the alpha dose which would be
received by Synroc containing 10% HLLW over 105 years. The sample
yielded sharp x-ray diffraction peaks and no sign of metamictization
or of evidence for loss of U or Th. Several other older (200 - 500
m.y) zirconolites have been studied. These have received 10 times
the accumulated alpha damage which Synroc containing 10 wt% HLLW
would receive in 10^ years. Although metamict, they appear to have
behaved as closed systems for U, Th and Pb. Limited studies on
perovskite minerals indicate that this crystal structure is mere
resistent to radiation damage than zirconolite or pyrochlore and
can withstand alpha doses greater than experienced by 10° year
Synroc (10 wt% HLLW) without becoming metamict or loosing appreciable
uranium or thorium.
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The above evidence, although limited, demonstrates that
geological-geochemical environments exist in which 'Synroc1 minerals
can confidently be expected to retain HLLW for periods sufficiently
long to decay to safe levels. On the other hand, pyrochlores are
known to have suffered extensive ion exchange and secondary alteration
in some geological environments. Some zirconolites also exhibit
extensive secondary alterations. It seems that secondary alteration
may occur when pyrochlores and natural zirconolites are subjected to
the action of circulating oxygenated ground water in the weathering
zone and that alteration is commonly connected with oxidation of
Fe+2 to Fe+3 and U+4 to U+6 which may be leached from the structure.
These processes are unlikely to affect the Synroc composition designed
for commercial HLLW in which the_ iron and uranium contents are very
low. For defence wastes where Fe and U contents are high, the Synroc
waste form must be buried in a repository deep below the permanent
water-table where oxygenated surficial ground water do not circulate
and where the redox state is buffered by the oxygen fugacity of the
surrounding host-rocks (typically near the quartz-magnetite-fayalite
buffer).

Recently Ringwood and Kesson^ have developed a special
Synroc D composition to process U.S. defense wastes. In this process,
i t is proposed that the waste sludge be intimately mixed with the required
amounts of selected oxides (TiO2, Zrd2, CaO, Si02, AI2O3), dried,
calcined and hot pressed or sintered under subsolidus conditions to
produce a specific titanate mineral assemblage together with certain
refractory and inert Fe and Al - bearing phases. As in the original
Synroc A, most of the fission products and actinides in the sludges
are incorporated as dilute solid solutions in a zirconolite-type
phase (Ca(Zr,U)Ti20), perovskite (CaTiO3), nepheline (NaAlSiO ,̂ hollandite
BaAl2TigO]g+3 or an alternative barium phase ("BAIT" Ba(Al,Fe)2.Feg+2Tii3
0 ) h i l t th ii i t t tllid itg ]g + 3

3g), whilst the remaining inert comDonents are crystallized into
comDonents such as hercynite (FeAl204), ferrite SDinel solid solution
((Mn,Ni,Fe)+2 (Fe,Al)+3Q4 - Fe2+2Ti04),, psuedobrookite solid solution

(Al2TiO5-Fe2TiO5)and corundum (A1203).

The waste loading in the above compositions can vary in the
range 20-40 wt%. Thus, i t is readily possible to produce a crystalline
ceramic containing 70 wt% of sludge calcine and having a density of
4.5 gm/cm3.

5.6 Metal-Matrix Waste Forms

In metal-matrix waste forms, the metals such as laad, tin
or aluminum act as a secondary containment matrix for any of the primary
waste forms (especially for glass and ceramics). The principal advantage
of metals as a matrix material is their high thermal conductivity -
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about ten times better than for most glasses. This property is a
primary design parameter in the transportation and storage of fresh
(less than two years) radioactive wastes which generate considerable
amounts of decay heat in the early periods. Other advantages that
will accrue are reduced lrachability and improved impact resistance.
Specific metal properties uf interest are thermal conductivity, thermal
expansion, corrosion resistance, compatibility with the primary waste
form (i.e. glass or calcine) density, ductility, thermal stability in
relation to oxidation and phase changes such as creep and melting.
Process parameters of interest include volume fraction of waste,
distribution of dispersed particles within the matrix, cost, strategic
abundance and transportability.

Metal matrix waste forms are being studied only in two
countries: Eurochemic in Belgium and the United States.

Metal-Matrix Waste Form Study at Eurochemic

Research on metal-matrix waste forms at Eurochemic were
initiated in order to develop a waste package with high thermal
conductivity, in order to reduce the thermal stresses on the basic
waste form. Metal-matrix waste forms allow optimum cooling during
the first 50-100 years when radiative-heat generation is at its highest
level. In addition, experimental data are limited on the short-term
and long-term storage behavior of high-level waste forms of high
specific activity involving high temperatures within the product
and high radiation doses. Hence, it is expected that the first
generation waste forms will be produced to assure a moderate inner
temperature which will probably tend to increase when more experience
is gained.

A detailed description of the previous and current R&D work
on the metal-matrix forms has been given by Jardine and Steindler79
and van Goel t.:t al^O. Rhodes^! and later Berreth et a!82 developed
processes for incorporating high level waste calcines in Al, Fe, Zn
and Pb-Sn to form products having thermal conductivities between
5 and 40 Wm-lOr/1 depending upon the metal used.

The high porosity and water solubility of the calcines, and
the "point-to-point" contact between the granules in the metal provide,
however, pathways for water to penetrate and to dissolve the calcine.
Furthermore, the high fraction of fines in most calcines cause non-
uniform poor quality composites that are unsuitable for long-term
storage. Studies have been carried out to reduce the penetrability
of the calcines by coating them with pyrolytic carbon, nickel and
molybdenum, chromium carbide and oxide, silicon, silica and alumina
prior to their embedding in metal83- The remaining high intraparticle
porosity of the granules, however, puts a serious limitation to the
concentration of the waste in the final composite material.
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At Eurochemic, the MINERVA process^ was developed, among
others, to convert the aluminum containing high-level l iquid waste to
large size mineral-type phosphate granules of low solubi l i ty at
temperatures not exceeding 550OC. These granules were then incomorated
into lead alloy Cermets having leach rates of 1.10"6 g.day-^cnr2.

Two examples of these products are shown below:

FIGURE 5-30: Mineral Type Phosphate Granules Embedded in (a)
Aluminum, and (b) Lead Matrix Ref. 84

Glass-metal matrix waste forms developed at Eurochemic have been
called VITROMETS. The design concept of the first types of VITROMETS
was aimed at reducing the large temperature difference between wall
and centerline for canisters filled with vitreous high level wastes.
This was achieved by providing the canisters with metallic inserts of
high thermal conductivity as shown below.
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(a) (b) (cj

FIGURE 5-31: Waste Products contained in Canisters Ref. 84
Provided with Metallic Inserts to Increase
the Thermal Conductivity

(a) Canister of stainless steel f i l l e d with glass containing
stainless steel tubes embedded in aluminum.

(b) Canister of stainless steel provided with a stainless
steel insert, f i l l ed with calcine granules embedded into
glass.

(c) Canister of stainless steel with bore holes, with f i l l ed
glass.

Subsequently, a new type of VITROMET was designed using
glass beads embedded in a molten metal alloy as shown below:
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(a) (b)

FIGURE 5-32: Vitromets of (a) Borosilicate Glass
Beads - Lead Alloy and (b) Phosphate
Glass Beads - Aluminum Alloy Ref. 84

The technique used for the preparation of VITROMETS depend
upon the physicochemical properties of both the metal and the waste
form to be incorporated in it. Incorporation of borosilicate glass
beads in molten aluminum is simple as the glass beads have a higher
density than aluminum; the composite is prepared by pouring the
glass beads directly into a molten aluminum containing canister.

For VITROMETS in which the metal has higher density than
the waste form beads, a more complicated procedure is used as
shown below.
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FIGURE 5-33 Ref.84

The inner compartment of a double-walled stainless steel
container is filled with the waste beads via an inlet tube which is
closed directly after filling. The outer surface of the container
is then heated by induction to a temperature of about 500°C. Lead
shots of 3-5mm diameter are then continuously fed between the inner
and the outer wall of the container where it melts. The molten
metal rises up via an opening at the bottom, provided with a grid,
into the inner container filling up the void space between the
granules. Additional lead is added to completely surround the
inner container by a layer of lead. The container is then zone
cooled from the bottom to the top eliminating the formation of
cavities in the matrix during its solidification. Homogeneous
distribution of the granules (30 vol percent) in the metal matrix
has been achieved.

Industrial scale VITROMET production using inactive glass
beads produced by the PAMELA process has been demonstrated (1:3
scale). VITROMETS 22 cm in diameter and 1 meter high have been
produced.

Laboratory scale hot cell experiments have been performed
using hot phosphate glass produced by the PAMELA process at Jiilich
in the period 1973-1974. The incorporation of the hot glass beads
was performed at Eurochemic in Mol. To date, two VITROMET blocks
with a total activity of 7000 Ci have been produced.
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A full scale demonstration plant is under construction for the
solidification of 65 m3 of high-level wastes presently stored at
Eurochemic. The demonstration facility is expected to be in active
operation in 1985. It is being constructed jointly with DWK and the
German Ministry of Research and Technology.

The chemical stability properties of VITROMETS are discussed
in a separate section.

Metal-Matrix Waste Form Development in the U.S.A.

Two laboratories in the USA have been investigating metal
matrix waste forms. They are:

(1) Battelle Pacific Northwest Laboratories in
conjunction with the Pennyslvania State University
(PNL-PSU)

(2) Oakridge National Laboratory.

PNL-PSU Work

The metal-matrix waste forms under development at PNL-PSU
have been called MULTIBARRIER waste forms and have been described
in detail by Rusin et a!85. Basically this is similar to VITROMETS
in concept,in that primary waste forms (e.g. glass, supercalcine),
are coated with other protective layers and embedded in a suitable
metal matrix.

The multibarrier concept is shown below:

STORAGE CANISTER (<

•STAINLESS STEEL

flnETAL MATRIX

• IMPACT RESISTANCE
- • CORROSION RESISTANCE .

• HIGH THERMAL CONDUCTIVITY

IMPERVIOUS COATING

•PyC FOR LEACH RESISTANCE
*ALO, FOR OXIDATION

RESISTANCE

SOLID WASTE INNER CORE

•H IGH THERMAL STABILITY
•LEACH RESISTANCE

FIGURE 5-34 Ref. 85
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Multibarrier waste forms have been prepared using both a
glass primary waste form and a supercalcine waste form.

Glass beads of simulated waste glass were produced on a
laboratory scale. Three kilograms of marbles were produced.

'Supercalcine1 waste form was produced as pellets using
disc pel let iz ing techniques. The high density pellets were 1-7 mm
in diameter. The supercalcine pellets were coated to provide
additional barrier(s) before encapsulation in metal. Some of the
coatings used were: PyC and A^C^; PyC and SiO2; Pyc, SiC>2 and
M2O3 Glass; and CVD coatings.

Materials and parameters used for
demonstration tests are given below:

one-liter multibarrier

Inner Core

72-68 glass marble
(<\, 10 mm dia)

supercalcine
(0,7 mm dia)

supercalcine
(^7 mm dia)

supercalcine
(^2 mm die)

TABLE 5 -

Coatincj

none

none

glass glaze
(<1 mm thick)

PyC(40-ym thick)
Al203(60-ym thick)

17

Matri x

Pb-lOSn

Al-12Si

Al-l2Si

Cu

Ref. 85

Encansulation

vacuum cast
400°C

vacuum cast
650OC

vacuum cast
650OC

gravity sintered
900°C, 8 hrs

Two types of processes were considered for the encapsulation
of so l id i f ied HLLW ; gravity-sintered metal powders and vacuum-cast
alloys. Selection of these processes was based on the compatibility
of different metals with the advanced waste forms, the ease of the
encapsulation process, optimization of high thermal conductivity,
impact strength and corrosion resistance.

In the gravity process, the coated supercalcine waste pellets
were poured into a stainless steel canister (65mm D, 305 mm long) which-
was vibrated to fac i l i t a te packing of the particles. Encapsulation
was accomplised by vibrating -100 mesh spherical copper powder into
the voids between the supercalcine part ic les, sealing the canister, and
sintering at 900°C for 8 hours under a dynamic vacuum.
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For vacuum casting, the preheated canisters containing the
primary waste forms (glass, supercalcine) were f i l l e d with molten metal
through a tube at the bottom of the canister.

The properties of the multibarrier waste forms have been
investigated**6^ anc| w j n t,e described in another section.

Oak Ridge Work

The Oak Ridge approach^-90 to metal encapsulation of
nuclear waste is entirely different from those of Eurochemic and
PNL-PSU.

The Oak Ridge composite is a CERMET and is designed to f i x
fission product wastes as small (M ym) particles of oxides or other
stable crystall ine compounds such as aluminosilicates and t i tanates,
dispersed in an iron-nickel-base-alloy matrix. The alloy is composed
of hydrogen reducible metals already in the waste and metal additives
from contaminated sources; the alloy is tai lored to have high thermal
conductivity and corrosion resistance.

The CERMET is produced by a chemical coprecipitation of
waste and additives from molten urea which yields an intimate and homo-
geneous mixture of al l species present. When this molten urea is
heated, a precipitation reaction takes place at 180°C yielding gaseous
products and a solid precipitate of hydrated oxides and amides.
Calcination of this precipitate converts i t into the oxide forms
which, owing to the coprecipitation step, are intimately mixed.
Densification of the calcine and reduction of hydrogen reducible
metals is achieved by a variety of methods such as: (1) hydrogen
reduction followed by densification, or vice versa, or both can
proceed simultaneously; (2) hot pressing, cold pressing, or extrusion
followed by sintering of either the oxide or hydrogen reduced powder.
For continuous processing, extrusion and sintering or hot extrusion
are envisioned as l ikely densification methods.

The CERMET possesses high thermal conductivity (0.02-
0.05 cal . Sec~l ), and high densities (6.2-7.2 q/cc). Waste loadings UD to
70 wt% is expected.

Preliminary leach results are promising.

5.7 Cement Composite Waste Form

Cement and concrete composites have been used for a number of
years for the disposal of low and intermediate level radioactive
wastes91. They are now being actively considered for high level wastes,
particularly 9OSr, 137Cs and T29X 91, 92.

When the proper admixtures are prepared93 dense, materials with
leach rates for Cs and Sr in the range 10~4 to 10"^ can be obtained9^.
Permeabilities of the cementitious waste forms range from mill idarcy
to tens of nanodarcys9*?

These materials w i l l continue to be studied because their raw
materials are inexpensive, elevated processinj temperatures are not
required and only simple mixing operations are required. They also
have the potential of being pumped down deep wel ls, rather than
excavating deep mines for monolithic waste forms .
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6. CRITICAL ASSESSMENT OF NUCLEAR WASTE FORMS

6.1 General

In the previous sections it was pointed out that for over two
decades - from the early fifties to the early seventies - glass was
considered a satisfactory waste form for the disposal of hiqh-level
liquid wastes and that, in the last few years, a number of alternate
solid waste forms have been proposed as having superior product performance
and/or superior process characteristics to those of glass. In this
section the relative merits of the potential waste forms will be discussed.

To-date, two scientific groups - all in the United States -
have critically assessed these waste forms. They are:

- The Savannah River Laboratory of
the E.I. du Pont de Nemours & Co.
(Inc.).

- The Department of Energy Peer
Review Committee.

The conclusions reached by these two studies will be presented
first, followed by an independent assessment.

6.2 Assessment of Waste Forms by the Savannah River Laboratory

The following is a summary of the results of the above study.
Approximately 22 million gallons of defense high-level nuclear wastes are
stored in steel tanks at the site. This waste has come primarily from
the chemical reprocessing of nuclear reactor fuel and tarqet elements
from the production reactors. The Department of Energy, which has ultimate
responsibility for long-term management of all federally-owned waste,
has chosen the Savannah River site for the first demonstration (DWPF)
by FY 1983.

Because of time restrictions, borosilicate glass has been
chosen as the reference waste form. Eleven alternative waste forms
(Table I ), representing all known proposed formulations, were evaluated
in terms of process complexity and potential product performance.

To compare the waste forms, twelve factors were evaluated for
each form, for 132 separate judgements. A numerical scheme was used to
rate each factor for a given waste form on a scale from 1 to 5 (with 5
best). The numerical evaluation data are listed in Table I and the
criteria used in defining the scale are given in Appendix I. Comparison
of these ratings showed that:
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- Borosilicate glass has the highest
combined rating.

- Six of the forms (high-silica glass,
supercalcine, synroc, glass-in-metal,
ceramic-in-metal, coated ceramic) have
potentially betver product properties
than borosilicate glass.

- Coated waste forms have the highest
product scores but are among the poorest
in process characteristics.

- Concrete waste forms have the poorest
product characteristics but have good
process characteristics.

956.3 Assessment of Waste Forms by the Peer Review Committee
Department of Energy (Through Savannah River Laboratory)

The Savannah River Laboratory, as the lead agency for developing
waste forms for the disposal of all high-level liquid wastes in the United
States, has sponsored an independent study of the merits and potential of
11 alternative waste forms using a Peer Review Panel.

The Peer Review Panel consisted o-f eiqht scientists and eng. s
representing independent non-DOE laboratories from industry, govemmen-f-
and universities, covering the disciplines of material science, cerat,, ,
glass, metallurgy and geoloqy.

A numerical rating system was used to evaluate the waste forms.
Nine (9) scientific and nine (9) engineering parameters were used in
studying the relative merits and potential of the waste forms. The rating
forms used are given in Appendix I. Detailed numerical data have not been
published. In Table II the waste forms are listed on the basis of 'least
risk for use to-day1.

The Review Panel also considered research priorities and their
conclusions are given in Table III.

Table IVlists the present and potential engineering practicality.
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TABLE II

Present Scientific Merits
or

Least Risk for Use To-Day

Top Rank

Glass-Commercial Waste

Glass-Defense Waste

Multibarrier

Intermediate Rank

Stuffed Glass

Supercalcine

Synroc

Titanates

Bottom Rank

Cement

Cermet

Pellet ized Calcine

Stabilized Calcine

Top Rank

Multibarrier

Stuffed Glass

Synroc

TABLE III_

Research Prior i ty

Intermediate Rank

Glass-Commercial

Glass-Defense

Supercaline

Titanates

Bottom Rank

Cement

Cermet

Pelletized Calcine

Stabilized Calcine

Top Rank

Glass-Commercial

Glass-Defense

Pelletized Calcine

Stabilized Calcine

TABLEIV
Present and Potential

Engineering Practicality

Intermediate Rank

Cement

Stuffed Glass

Bottom Rank

Cermet

Multibarrier

Synroc

Titanates

Supercalcine

Reference 95
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6.4 Comments on SRL and DOE Reviews

6.4.1 SRL Review

SRL have a mandate to select a waste form for SRL waste
solidification by 1983. Hence, their study is biased towards a waste
form which can be used to meet the time frame requirement.

The reviewers have made an excellent assessment of the waste
forms, taking into consideration both the product parameters and process
parameters. The methods used in the detailed analysis of product
parameters and process parameters are considered good and applicable
towards regulatory assessment of waste forms.

The authors of this report agree with the method of approach
and conclusions of the reviewers.

6.4.2 DOE Peer Review

The DOE Peer Review was not constrained by time frame restrictions.
Their purpose was to conduct an in-depth study of the merits of all the
proposed waste forms and express an opinion as to the best waste forms
available for the solidification of HLLW.

The authors of this report agree with the methodology used by
the Peer Review Group and their findings and recommendations.

It is interesting to note that both the SRL and DOE reviews
identify borosilicate glass as the best developed waste form to-date.

6.5 Assessment of the Haste Forms by the Ontario Research Foundation

6.5.1 Information Source

The source of information used in the ORF assessment was
as fol 1ows:

- Published papers in the scientific
literature and reoorts from various
laboratories listed as 'References' in
this report.

- Personal visits and discussions with the
staff of the following laboratories:
Savannah River Laboratory of E.I. duPont
& Co. (Inc.), Aiken, S.C.; Battelle
Pacific Northwest Laboratory, Hanford,
Wa.; and the United Kingdom Atomic Energy
Authority, Harwell.

- Personal knowledge and experience of the
authors of this report as practicing glass
and ceramic scientists.
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6.5.2 Waste Forms Assessed

The following waste forms which are being actively considered
by many laboratories in the world for present or future use, have been
assessed.

. Borosilicate Glass

. High-Silica Glass

. Glassceramics

. Supercalcine Ceramics

. Synroc Ceramic

. Borosilicate Glass Beads in
Metal Matrix

. 'Supercaline1 and 'Synroc1 Ceramic
in Metal Matrix

. Coated Ceramic

Cement waste form has not been included in this assessment
because it has been considered least desirablp by other investiqators
and, therefore, is not considered as a potential alternate waste form
for the solidification of high-level liquid wastes.

6.5.3 Methods of Assessment

The methods of assessment used by Savannah River Laboratory
and Peer Review Panel of DOE are considered satisfactory procedures
for the selection of waste forms. A similar approach has been adopted
in this assessment.

The waste forms listed above have been asccs;^J using tne
following selection parameters.

Product Parameters Process Parameters
Leachability Process Complexity
Thermal Stability Process Tolerance
Radiation Stability Process Flexibility
Thermal Conductivity Quality Assurance
Waste Loading & Acceptability Process Safety
Mechanical Strength Development Status
Transportation Safety
Development Status

The foregoina selection factors have been discussed in detail
in section 4 of this report (page 28 ).
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The following considerations have been used as a guide in the
assessment of the different W|s±e forms. A similar approach has been
taken by other investigators ..

- Product and process considerations should have about equal
importance.

- Product factors describing ability of the waste form to retain
radionuclides such as Teachability and long term stability
should have greater weights than other product factors.

- Process simplicity should have greater weight than other
process factors. The number and complexity of the components
required for a remotely operated and maintained solidification
process are the most important factors in a successful operation,
Literature indicates that a remote process is more complex
than a normal hands-on process by a factor that may range from
10 to 100. Hence, the complexity of the process will be a
major factor in determining its overall feasibility.

Since nuclear processes must be operated in contained hot cells
behind several feet of concrete it is essential that all
equipment be reliable, simple and remotely operable and
maintainable. There should be as few pieces of equipment as
possible and the equipment should have a long life. Each step
in the process must have a reasonable production rate as
otherwise several parallel units will be required. Finally,
the ideal process would utilize low temperatures and pressures,
would have no moving parts5 would be dust-free to facilitate
easy decontamination and would require no materials transfer.

- Development status of the waste form,both in terms of product
and process factors,should be taken into consideration. If the
disposal of HLLW is an urgent problem, as in the U.S.A., then
one would prefer a waste form which has acceptable product
quality and whose processing is well developed. If, on the other
hand, considerations permit4 one would prefer to develop the
best product form and acceptable process.

6.5.4 Assessment of Waste Forms

6.5.4.1 Borosilicate Glass

i) Product Parameters
A large amount of experimental data, generated by a number of

laboratories throughout the world, exist on the product parameters of
borosilicate glass. The data base is considered sufficient to establish
their reliability in making evaluation judgements.

The product parameters that are considered satisfactory are:
radiation stability, thermal conductivity, waste loading, mechanical
strength, transportation safety and development status 7*24,34.40^
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Concerns and controversies, however, exist as to the accepta- 35 ^
bility of the other parameters, namely thermal stability and Teachability '

Thermal stability of borosilicate glass at high temperatures
(>500 C) is low, i.e. it undergoes crystallization leading to poor
mechanical and chemical properties. The glass, however, is quite stable
below 100 C. The surface temperature of the glass can be maintained
below 95°C by control of waste loading factors, decay prior to incorporation
in the glass or force cooled interim storage, and suitable physical
design of the waste form and the repository conditions. The rapid
radioactive decay of Cs and Sr isotopes during the first 300-500 years
provides assurance that a <95 C surface temperature can be maintajjnedgO^er5i
geologic time regimes if the short term temperature is controlled ' ' ' .

r Bojcosilicate glass is found to have very low leachability
(10 to 10 g/cm.d) values below 100 C. This is considered satisfactory.
Under hydrothermal conditions (300 C, 300 atm. pressures), however, the
glass is unstable and undergoes physico-chemical changes. Since considerable
information is available on the kinetics and mechanism of reaction between
glass and water, it is possible to project Teachability of nlass. Hence,
it is believed that by proper selection of geology, hydrology, and
engineered barrier conditions, it should be possible to assure that the
radioactive ions7are 4so4ated from the biosphere long enough for them to
become non-toxic .

Since glass is thermodynaicalTy unstable, its long term stability
over geological periods of time has been questioned. As long as the
temperature of glass is maintained below 100 C, the kinetics of crystalliz-
ation are so low thaft thermodynamic instability is not a problem. Naturally
occuring glasses on earth,, such as obsidian and moon glasses which are
millions of Vgars old.,are proof that glass can be stable if the environment
is suitable 3^> J b>* u- 4'

ii) Process Parameters
Borosilicate glass waste form meets all of the process

parameter requirements satisfactorily. A principal advantage of a
glass waste form is that it involves basically a one-step processing
operation. The technology and engineering factors governing the
melting and processing of large tonnages commercially are well established.
Millions of tons of glass are made annually and well reputed expert
assistance is readily available in the design, construction and operation
of glass plants. For example, in the float process of making flat glass
more than 1000 tons of glass can be processed in 24 hours. Furthermore
the process easily lends itself to continuous operation, 24 hours per day
and 7 days per week for extended periods of time, an important consideration
when processing in hot-cell conditions is required.

In addition to being relatively simple, the glass melting process
is also flexible in that adjustments for variations in the compositions
of HLLW can be made easily.
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Melting and processing technology for nuclear waste glass is
well developed and established. Both single-step and two-step processes
have been developed. In the former process, HLLW is mixed with glass-
forming components - before or after calcination - and is melted directly
in the 'canister' as in the Harvest Process. In the two-step process
(e.g. French AVM Process) the glass is melted in a metal container as
before and the molten glass is discharged into the 'canisters'. In the
German Pamela Process the glass is melted electrically in a refractory-
lined furnace and discharged into the canisters. In the U.S.A. all three
of the above processes are under development. Some concerns, however,
still exist. Volatilization of Ru and Cs during the melting operation is
a concern. This problem is presently being handled using a closed system
which appears to be satisfactory.-, Yse-igfoa cold batch layer on top of
the melt is also a possibility ' ' ' ' .

Heterogeniety and composition variation in glass due to short
homogenization time in the in-can melting process is a concern. In the
U.K. this has been overcome by mixing the glass-forming chemicals with
HLLW to obtain a homogeneous starting material. In the Joule melting,
heterogeniety is not a problem because of longer melting times.

Cracking of the glass waste form monolith during the cooling
of the molten glass can be a problem. Improved annealing schedules or
use of interior metal fins is considered satisfactory to overcome this
problem.

iii) Overall Development Status
In summary, it can be stated that borosilicate glass waste forms

meet both product and process criteria to a large extent. Some
concerns exist. These concerns, however, are being addressed and
satisfactory solutions are expected in the near future.

6.5.4.2 High-Silica Glass

i) Product Parameters
In high-silica glass waste form the radionuclides are

protectively covered by essentially a pure silica glass. The silica
outer layer offers two distinct advantages compared to the borosilicate ?
waste form. Firstly, it gives a very low leachability rate (5 x 10~12g/cm .d)
compared to 10" - 10" g/cm .d for borosilicate glass. Secondly, the
outer silica layer adds a compressive strength layer to the waste form
due to its lower expansion .coefficient, thus contributing high mechanical
strength to the waste form

Radiation stability and thermal stability are expected to be as
good as borosilicate glass and, therefore, acceptable. However, resistance
co 'nydrothermal attack is not expected to be better than borosilicate
glass. Hence, it is necessary to design both the waste form and the
repository to achieve non-hydrothermal conditions as in the case of boro-
silicate glass waste form.
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This waste form was developed at the Catholic University of
America in Washington, D.C. in the last two years. No other laboratory
in the world is engaged in work on this waste form. Hence, only limited
experimental data are available to base evaluation judgement. Based on
data to-date, it is expected to possess better overall properties than
borosilicate glass.

ii) Process Parameters
The high-silica waste form is still in the laboratory development

stage. The process appears to be limited to a batch type operation.
Also, it has been tested only on small pellets or rods from the standpoint
of processing time. The required process steps are still in the conceDtual
stage and no reliable information exists to make assessment. Several
problem areas and uncertainties have been recognized, however. In the
processing of high-silica glass several handling steps are found to be
necessary. The engineering difficulties to perform each of these steps
remotely in hot-cell conditions have not been tested and, therefore,
considerable uncertainty exists. Larger scale engineerinq data are
required to show that the drying and solvent steps do not remove the
radionuclides from the interior.

iii) Overall Development Status
The high-silica glass waste form is found to possess extra-

ordinarily low Teachabilities and,if achievable in practice, represent
a significant improvement in glass technology for radioactive waste
fixation. However, since the process design and operational parameters
are still in a conceptual stage the overall success depends on the progress
made in these areas in the cominq years. A two-year R&D program is in
place at the Catholic University of America and the results of this study
will establish whether or not the high-silica waste form has a future.

6.5.4.3 Glassceramics

i) Product Parameters
The properties of glassceramic waste form have been studied

extensively to-date by the research group at Hahn-Meitner Institute
in Berlin. Only limited data are available.

Based on literature data on glassceramics in general and the
results of Hahn-Meitner Institute, it can be stated that glassceramic
waste form possesses better thermal stability and mechanical properties
than borosilicate glass waste form. However, Teachability data indicate
that they are comparable. No data are available on radiation stability
but by analogy to other crystalline waste forms (e.g. supercalcine) it
can be inferred that a well designed glassceramic composition will be
stable49'6'
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i i ) Process Parameters
Most of the work done to-date on glassceramic waste form is

limited to small scale laboratory investigations. Since glassceramic
processing is a well established technology and considerable industrial
experience and expertise exist, i t is believed that the process
development for glassceramic waste form is not a significant problem.
Although the process involves two steps, i .e . melting of glass and
subsequent crystallization, i t is not expected to cause problems under
hot-cell conditions.

i i i ) Overall Development Status
Limited available data indicate that the Teachability of

glassceramic waste form is comparable to that of borosilicate glass.
However, the mechanical strength and thermal stability are expected to
be better. Since borosilicate glass meets these requirements adequately,
there is no great impetus to develop glassceramic waste forms at the
present time, as evident from the limited active work in this field. It
is fe l t that if the leachability of the glassceramic waste form can be
decreased significantly to the values obtained for fused silica or
synroc, then i t will be a better alternative than borosilicate glass.
Progress of work in this area should be watched for a breakthrough.

6.5.4.4 Supercalcinr Ceramics

i) Product Parameters
Supercalina ceramic has received considerable attention in

the last two years as a potential rival to borosilicate gl
form. The following product advantages have been identified

. All the dangerous radionuclides (e.g. " Sr, Cs)
and troublesome constituents (e.g. Ru, Te) are
tied up on an atomic scale in stable crystalline
phases.

. Waste loadina qreater than 50 wt.% can be achieved.

. Supercalcine has demonstrated superiority in
leachability compared to glass, particularly at
higher temperatures and pressures.

The foregoing advantages have been experimentally demonstrated
by laboratory scale investigations. Although no direct experimental
data are available i t can be predicted by,analogy to other cermic products,
that supercalcine ceramic will have good mechanical strength. Because
the crystalline phases are chosen to be mutually compatible indefinitely
at waste storage temperatures (<800 C) thermal stability is considered
good.

No direct experimental evidence of radiation stabili ty exists.
Projections are based on the crystalline stability of the mineral species
in the supercalcine. Since i t is proposed to load the waste form with
as much as 50 wt.% of radioactive ions i t is necessary to have more
reliable experimental data to facili tate the decision-making process,
particularly the structural integrity of the crystalline phases due to
transmutational effects, metamization and the influence of radiation
induced structural damages on leachability.
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ii) Process Parameters
To-date most of the experimental work has been done on a

small laboratory scale (about 50 lbs. material). The overall proposed process
comprises of two steps: (1) calcination of HLLW, and (2) fabrication
and sintering. Since more than 15 years of experience exists in calcining
HLLW on an industrial scale, this process step is to be considered as
well established. Quite a few uncertainties exist, however, reqardinq
the second step. All the proposed processes (e.g. uniaxial pressing
or isostatic pressing followed by sintering, hot isostatic pressing),
are routinely used by the ceramic industry. However, they are complex
(e.g. moving machinery) and the number of operations is high. Hence,
adaptation to fabricate supercalcine ceramics under hot-cell conditions
is considered difficult, particularly because of dust problems. Because
the process is yet undemonstrated, even on a pilot scale, c"
conditions and yield are uncertain and are to be established

iii) Overall Development Status
As a product for the solidification of HLLW, supercaline possesses

demonstrated superiority to borosilicate glass waste form in terms of
thermal stability, mechanical properties and Teachability properties
under hydrothermal conditions, although the use of pollucite as a host
for Cs is of concern because of its weathering characteristics. Whether
or not the product potential can be realized in practice depends upon the
success achieved in processing - not only the mechanical aspects of
processing but also product homogeniety. The supercaline concept assumes
that all elements (ions) in the high-level liquid waste can be incorporated
into the desired cyrstalline phase assemblanges. The history of
processing multicomponent ceramic phases such as ferroelectrics and
ferrites in the electronic ceramic industry, shows that extreme caution
must be exercised to produce uniform reproducible products. Consideration
of the compositional complexity of the supercalcine system suqgests
that similar problems will occur because of the kinetic factors that
govern the formation of the desired phases. In solid state chemical
reactions, it is not thermodynamics but kinetics that govern the formation
of reaction products. Active work is in progress at the Pennsylvania
State University and Rockwell International Laboratories for additional
studies to answer these questions and final evaluation has to wait for
the results of these studies 65"71
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6.5.4.5 Synroc Ceramic

i) Product Parameters
Synroc ceramic waste form, just like supercaline, has received

considerable attention in the last two years as a potential alternative
to borosilicate glass. The reasons for this interest are ilso similar.
The identified product advantages are:

. Fission products and actinides can be incorporated
as dilute solid solutions in the crystal lattices
of synthetic minerals which are closely related
to natural minerals known to have been stable
over a wide range of geological and geochemical
environments for extremely long periods of time
(10 years). In contrast to supercalcine where
silicates are used, synroc comprises of only
titanate minerals.

. Waste loading greater than 50 wt.% can be achieved.

. Synroc ceramic has very^lj^ Teachability and good
hydrothermal stability " .

Laboratory scale experimental data have been used to establish
that the HLLW ions can be incorporated into chosen minerals to obtain
homogeneous compositions. Limited available data indicate that synroc
ceramic has lower leachability and greater stability under hydrothermal
conditions compared to all the other waste forms. By analogy to other
ceramic materials it can be stated that synroc will have very good
mechanical properties which is an advantage from a transportation point
of view. Thermal stability is also expected to be good since all the
mineral phases are chosen because of their thermodynamic stability.
Claims on radiation stability are based on analogy to naturally occurring
minerals.

ii) Process Parameters
The process approach has changed drastically since synroc was

originally announced as a potential waste form in 1978. The original
melting concept has been abandoned because of the high melting temperatures
involved. Instead, conventional ceramic processing techniques, similar to
those under consideration for supercalcime,are being proposed. Hence, the
limitations and concerns expressed earlier for supercaline processing
apply equally well to synroc
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iii) Overall Development Status
Scientific considerations, as well as available limited

experimental data, indicate that synroc is a more desirable waste form
than borosilicate glass or supercaline. Whether or not this waste form
becomes acceptable from a practical standpoint, depends upon the success
achieved in the development of suitable process technology at reasonable
costs and satisfactory resolution of some of the important concerns thet
still exist on the long-term stability of synroc.

One of the important concerns is the effect of radiation
damage on synroc. All of the three phases in synroc have natural analogues
that occur in the metamict state, and they are very often altered. The
altered minerals are usually microfractured. Leaching along microcracks
in metamict crystals is well documented. Hence, there is some concern
that the leach resistance of synroc will decrease with time. Also, since
annealing of metamict minerals results in the formation of new phases
there is always the possibility of some of the HLLW ions being precipitated
into soluble phases.

Other concerns that still need satisfactory answers are: Lonq-
term stability of the three phases in synroc B, particularly when the
solid solutions have reached the limit of thermodynamic stability;
availability of only limited Teachability and hydrothermal stability data
to establish reliability; and the practicality of always partitioning
quadrivalent and trivalent actinides into the preferred zirconolite and
perovskite structures.

Work is in progress at Lawrence Livermore Laboratory to address
the foregoing aspects and final evaluation has to wait for these results.

6.5.4.6 Borosilicate Glass Beads in Metal Matrix79'80

i) Product Parameters
Waste forms based on borosilicate glass beads in metal matrix

have several advantages. Some of the important advantages are:

. High thermal conductivity which permits higher waste
loading and reduced thermal stresses in the waste
form.

. Very high mechanical strength and impact resistance.

. Very good leach resistance properties becausx-
the metal matrix will provide additional protection.
Since the glass beads have higher surface area
compared to a monolith of equivalent weiqht (about
30 times higher) the stability of the metal will
influence long-term leaching behaviour.
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ii) Process Parameters
As discussed earlier, an industrial process for making good

quality glass waste form already exists and can be easily converted to
the production of glass beads. However, incorporation of the glass beads
in a metal matrix requires an additional processing step. Pilot scale
experiments indicate that the technology for making this waste form exists
and that it can be scaled up easily to industrial scale.

iii) Overall Development Status
Borosilicate glass beads in metal matrix waste form undoubtedly

has some product advantages over the glass waste form. However, the
process is more complex and expensive. At present only one laboratory
(Mol, Belgium) is putting significant effort into this waste form. It
appears as though this waste form will be used as back-up for the French
AVM process.

Ot Qf.

6.5.4.7 'Supercsiine' and 'Synroc' Ceramics in Metal Matrix '

i ) Product ParametersThe product advantages and limitations are similar to those
l is ted for borosilicate glass beads in metal matrix already discussed.
Since supercalcine and synroc ceramics have better leachability properties
than borosilicate glass the overall leachability is expected to be higher.

i i ) Process Parameters
To date the processes for iupercalcine-in-metai and synroc-in-

metal waste forms are s t i l l in conceptual stage. However, processes
developed as part of the LOTES program have been considered satisfactory
and, therefore, w i l l be applicable.

i i i ) Overall Development Status
The present status of supercaline and synroc waste forms has

been di£cussed earl ier. The ceramic-in-metal matrix approach offers an
alternate packaging approach. Sinre both supercalcine and synroc arp
expected to possess low leachabiVi JJ and high mechanical strength properties
they may not need this type of packaging i f they are made into ceramic
monoliths. I f , however, because of process considerations,they are made
into ceramic pel lets, metal matrix packaging offers definite advantages.

816.5.4.8 Coated Ceramic

i) Product Parameters
Coated ceramic waste form is a multibarrier product consisting

of l-4mm pellets of crystall ine ceramic such as supercalcine ceramic or
synroc. The ceramic is coated with a thin (40ym) layer of pyrolytic
carbon for leach protection and overcoated with e thin '60pm) layer of
alumina (AloO.,) for mechanical and oxidation production.
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Leachability tests on coated pellets have revealed no loss of
radioactivity. The pyrolytic carbon and alumina coatinas give the already
low Teachability properties of the ceramic additional protection.

ii) Process Parameters
The coating technology is well developed in connection with

reactor fuel processing. Convertinn this technology to coat the ceramic
waste form is expected to be straight forward. Conversion of the coated
ceramic powders into sintered ceramic is proposed to be done using
conventional ceramic technology. However, the overall process becomes
even more complex.

iii) Overall Development Status
To date, one preliminary laboratory study on small samples has

been completed by Battelle. Process development is only in conceptual
stage. Whether uniform reliable coatings can be obtained is an uncertainty.
The increased process complexity is of concern from a safety point of view.

6.5.5 Conclusions

1. To date the best developed waste form, both in
terms of product quality and process development
considerations, is based on borosilicate glass.
However, hydrothermal instability is a major
concern. One way of overcoming this problem is by
the proper selection of geology, hydrology and
engineered barrier conditions in the design and
development of the repository.

2. Several alternative waste forms are under development.
The most promising forms are:

. Borosilicate glass in metal matrix

. High silica glass

. Supercalcine ceramics

. Synroc ceramics

. Ceramics in metal matrix

. Coated ceramics

3. Borosilicate glass in metal matrix waste form has
better properties than monolithic borosilicate
glass waste form. The process has been proven on
a pilot scale. Hence, it is considered very
close to monolithic glass in terms of overall
development.

4. The product quality of the other waste forms are
better than borosilicate glass. However, process
development for these alternate waste forms is
still in conceptual stage.
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The techno!oqical basis for processing ceramic waste
forms exists in a well developed state. Neverthe-
less, adaptation of the technology to continuous
hot-cell operation, although feasible, has not
been demonstrated.

In view of the product potential of ceramic waste
forms it is felt that their development should
be given emphasis.

7. WASTE ROCK INTERACTION

7.1 Introduction

In radioactive waste disposal scenarios, it is assumed that
the waste form will, sooner or later, come in direct contact with the
surrounding media. There will be two main types of interactions;
physical-thermal effects and chemical reactions.

The major physical effects of the waste/rock interaction
result from the thermal output of the waste (see Figure 7-1). This
determines the temperature at the surface of the waste as well as in the
rock itself, given the thermal diffusivity of the rock. The effects
consist of thermal stresses, which depend on the mechanical properties
of the rock. The combined properties of the waste and rock will dictate
the number and sDacings of canisters in a particular geological
formation.

Chemical reactions will occur through transport of water
through host rock past the waste form. The reactions will probably occur
under hydrothermal conditions (temperature >100°C under pressure).
Figures 7-2 and 7-3 indicate possible results of such interactions.

There have been only a few qualitative attempts to indicate
the relative reactivity of a given waste form - host rock combination
(see Table 7-1). However, work is underway on the hydrothermal
behavior of candidate waste forms which may prove useful for simulating
repository conditions.
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TABLE 7-1

Qualitative Relative Indication of Haste-Rock Interaction

Supercalcine

Glass

Ceramics

Metal Matrix

Cement Matri

Salt

Very

Very

High

Forms

x Forms

Shale

High Moderate
(Self-
crystallization)

High Very High
(500OC)
High
(300OC)

Very Low
at HT
Very, very
low at LT

Basalt

Moderate
(Self-
crystallization)

Moderate

Very Low

Granite

Moderate
(Self-
crystallization)

Moderate

Very Low

Depends on dispersed phase - Matrix nucleate
effects noted above

Substantial
at HT (500°C
Low-very
low (300°C)

Low - Very
Low

Low - Very
Low

HT = High Temperature

LT = Low Temperature
(From Ref. 96)
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7.2 Hydrothermai Reactions of HLLW - Materials

Most experiments performed on the hydrothermal stability
of waste disposal materials have been done under autoclave conditions,
using either distilled water or brine solutions.

Westsik and Turcotte9? reported the results of tests on a
simulated high-level waste glass which was exposed to high-temperature
salt brine and deionized water. Simulated high-level waste glass, a
supercalcine, and some common ceramic and metallic solids were exposed
to hydrothermal conditions at 350°C and 250°C for time periods ranging
from three days to three weeks. These temperatures are significantly
higher than wou1^ be expected at the waste glass-water interface in a
wet repository9^. They were used in these tests only to accelerate
the rates of reactions. Most of the experiments were done in salt
brine, but the glass study did include deionized water tests so that
the influence of salt could be better understood.

Under the extreme hydrothermal conditions of these tests,
all of the materials examined underwent measurable changes. In the
studies at 350OC, the waste glass, designated 76-68, undergoes
various levels of crystallization depending upon the exposure
conditions. The tests included a solid pellet of glass, powdered
glass, and solution in the ratio 1:4:50. The primary reconstruction
product of the glass is NaFeSi'206. Metallographic examination of
the glass pellets reveals that the rate of alteration is higher in
deionized water than in saturated salt brine by a factor of about
ten. However, Table 7-2 shows that under equivalent test conditions
much more cesium, rubidium and strontium are released from powdered
glass to the salt brine (Tests 1-4) than are released to deionized
water (Tests 5,6). Because of the large quantity and high surface
area, most of the released material originates from the powder in
these tests. The supercalcine (SPC-4), when exposed to salt brine
at 350°C under conditions similar to the glass test, also releases
virtually all cesium and rubidium and ^3% of the strontium to the
solution phase (Test A ) , as shown in Table 7-2.

Results of scouting tests on a variety of materials in
250°C WIPP "B" brine are shown in Table 2-3. In these tests, only
a solid core; {̂ 2 cm3) and the solution were present. Weight losses,
with the exception of the soda-lime glass, fall within a relatively
narrow band. A dependence upon solution volume and the presence
of salt was also suggested.

Braithwaite and Johnstone9^ tested various materials in
a number of different brines. The waste-form matrices which were
evaluated included a copper borosilicate glass (76-199) obtained
from the Battelle, Pacific Northwest Laboratory and a Titanate
ceramic which was fabricated and hot-pressed at Sandia. The glass
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was annealed and tested in both the unloaded and loaded state. The loading
was accomplished by adding a simulated Barnwell chemical plant fission
product oxide waste to the 76-199 frit before melting. Overall glass-
waste composition was 30% waste oxides, 37% SiO2, 9.8% B2O3, 8.4% Na20,
2.1% K2O, 2.1% CaO, 6.3% TiO2, 1.1% A1203, and 3.1% CuO. The titanate
waste ceramic was also fully loaded containing 25 wt% of this simulated
waste, 62.9% TiO2, 2.1% Si, and 10% Zeolon 900.

TABLE 7-2

Leachabilit.y Results at 350°C*

Leach Rate Percent of Element
Based on Weight in Solution(b)

Test Material Solution Time Loss(g/cm2-d)(a) Cs Rb Sr Mo Si B U Zn

1 Glass Brine 7 d 4.0 x 10"3 66 72 3.6 54 0.2 71 <0.1 0.5
76-68

2 Glass Brine 7 d 4.6 x 10"3 80 82 3.4 59 0.2 73 <0.1 0.3
76-68

3 Glass Bvine 21 d 4.5 x 10"3 95 90 4.8 62 0.2 96 <0.1 0.3
76-68

4 Glass Brine 21 d (c) 70 96 3.4 (c) 0.1 89 0.2 0.6
76-58

5 Glass Deionized 7 d 5.3 x 10"3 6 16 0.2 49 2.2 100 0.1 <0.1
76-68 Water

6 Glass Deionized 21 d 4.0 x 10"3 4 20 0.4 63 1.9 86 0.2 <0.1
76-68 Water

7 Super- Brine 3 d (c) 46 80 3.3 0.6 0.5 (c) (c) (c)
calc ine
SPC-4

(a) Weight loss of a cylinder of material divided by its geometric
surface area and time.

(b) Each test included roughly 20% by weight of a solid cylinder and
80% -325 mesh powder. The majority of ions in solution were
leached from the powder.

(c) Not available or not present.

Ref. 9/
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TABLE 7-3
Res u 1 ts of Scouting Autoclave Leach Tests at 250°C.''

Leach Rate, g/cm^-day(a)

Sample Material

Soda-lime-silica glass(NBS Mo.710)

Borosilicate Glass(NBS No.717)

Waste Glass 72-68

Waste Glass 76-68

Granite

U02 Fuel Pellet

Alumina

Sintered Supercalcine (SPC-2)

50 ml Brine
Solution

3 x 10"3

5 x 10"4

7 x 10"4

2 x 10"4

6 x 10"4

2 x 10"4

2 x 10"4

150 ml Brine
Solution Deionized Water

2 x 10"3 8 x 10"3

-4

(a)

4 x 10

Samples immersed in simulated WIPP "B" brine for 72 hr at
250°C and 1000 psi. Leach rate based upon weight loss and
geometric surface area.

* (Ref. 97)

Samples of these waste forms were exposed to simulated repository
hydrothermal environments in autoclaves for periods of one week to three
months. The majority of the experiments were conducted at 250°C and 16.5 MPa
(2400 psi) in gold capsules (9.5 mm and 12.7 mm OD) containing small bulk
waste form samples (3 mm cubes weighing 20 to 60 mg) and the desired solution
(0.5 to 2 ml). A few experiments were also done in static 1-litre and
stirred 1-gal. stainless steel (deionized water tests only) and Hastello^
C-276 autoclaves when a large solution excess was desired.
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FIGURE 7-3: Chemical effects of waste-rock interaction
on a microscopic level. (From Ref. 96)

Four leach solutions were used: (1) deionized (DI) water;
(2) a high Mg+2 (35,000 ppm) saturated salt brine; (3) a saturated
NaCl brine containing low Mg + 2 (10 ppm); and (4) seawater. The sea-
water was considered to be a high Mg+2 (1,270 ppm) unsaturated salt
brine. The first two brines are representative of possible solutions
which may be encountered in WIPP environments.

The results are shown in Tables 7-4, 7-5, 7-6.
results led them to the following conclusions:

These
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TABLE 7-4

Matrix Alteration and Cation Solubilization After
Leaching 3 mm Borosilicate Glass Fr i t Cubes

at 250°C and 17.9 MPa*

Leachant

D.I. Water

D.I. Water
NaCl brine
NaCl brine

Mg+2 brine

Time
Days

79

7
7
7

7

Altered
%

96

23
8
3

13

Solubilized, %
Na Cu

94 0.5

20 L*
I

8

Comments

Final pH = 9.5
Solution to *
solid = 130 cm

Solution to *
solid = 1 cm

* L denotes concentration less than detection l i m i t .

TABLE 7-5

Matrix Alteration and Cation Solubilization After Leaching
3 mm Copper Borosilicate Glass-Waste Cubes

at 250OC and 17.9 MPat

Leachant

D.I. water

D.I. water
NaCl brine

NaCl brine
NaCl brine
Mg+2 brine

Mg+^ brine
Mg+2 brine
Seawater
Seawater
pH 1 H2SO4
pH 1 saturated NaCl
pH 12 NaOH
IpH 12 saturated NaCl

Time
days

79

14
14

14
90
14

14
90
7
90
14
14
14
14

Final
pH

7.7

9.2
7.5

6.8
7.3
4.5

4.5
3.9
4.3
5.0
1.8
1.9

10.2
10.4

Altered
%

75

5
12

3
13
12

10
50
15
49
12
3
3
1

Solubilized %
Cs Sr Cu

11.7 2.5 0.3

1.1 L L
3.9

1.7
1.3

21.0

5.0
4.5
17.0 4.8 0.7
8.4
6.3
1.7
1.4
1.1

Comments

Solution to solid*=
340 cm
%Na = 68
6 mm cylinders

200/270 mesh
Solution to solid*=
0.1 cm

200/270 mesh
Solution to solid*=
0.1cm

* Ratio of solution volume to sample surface area.
t(Ref. 98)
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TABLE 7-6

Matrix Alteration and Cation Solubilization
After Leaching 3 mm Titanate-Waste
Ceramic Cubes at 250°C and 17.9 MPa*

Leachant

D.I. water
D.I. water

NaCl brine
Mg+2 brine
Seawater

Time
days

90
14

90
90
7

Final
pH

10.3
8.3

5.8
6.7

Altered
%

10
4

2
2
0

Solubilized %
Cs Sr

4
0.4 L

5
4
1 0

Comments

6mm cylinder
Solution to solid =
140 cm

* Ref. 98

1. The leaching and devitrification of a simulated copper
borosilicate waste glass with possible hydrothermal
repository environments appear to be so rapid that
these conditions should be avoided if the waste form
is to be an effective barrier to release.

2. The titanate-waste ceramic showed better resistance to
attack than the glass-waste. However, further extensive
study is needed before its suitability for withstanding
hydrothermal environments could be guaranteed.

3. The ability of a solution to alter the glass-waste matrix
and extract cesium increased in the order:deionized water
= NaCl brine <MgCl^ brine < seawater.

4. Solution saturation and equilibrium phenomena appear to be
important matrix alteration and cesium solubilization
parameters. Actual repository conditions of low flow
velocities and low solution to solid ratios would, therefore,
be helpful in improving waste form durability.

5. Lower pH values lead to increased cation solubilization.

6. The composition of the brine leachants is of major importance
with the Mg 2 ion probably playing the key role.

McCarthy et al ' have looked at hydrothermal reactions of a
number of glass and ceramic waste forms. Simulated spent fuel, glass,
supercalcine and a coated ceramic were heated in gold capsules up to
400°C. The results are shown in Tables 7-7 and 7-8.
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All of the materials degrade, with spent fuel and glass
breaking up at the lowest temperatures. The alumina coated supercalcine
was the most durable. The authors concluded that:

The experimental results indicate that with
either the glass or the ceramic, the end
result of hydrothermal conditions in the
repository could be quite similar when viewed
on the scale of the immediate repository. The
glass could interact strongly with the silicate
rocks to form mineral-like substances. The
supercalcine ceramic could interact only
slightly. In both cases, the resulting
solutions could contain l i t t l e of the radio-
nuclides of concern.

TABLE 7-7

Hydrothermal Reactivity Trends in
Bittern Brine**

Waste form

Spent fuel, 200°C

Reference glass
(PNL-76-68),
200°C

Current crystalline
ceramic (SPC-4),
300OC

Coated ceramic
400OC

Alteration of solid j

Not crystallized
Solid intact

Several minerals
altered
New phase formed
Some are stable

Some recrystallization
of AI2O3 outer
coating

Elements in solution

Major* Cs, Sr, Ln,+
Ba, Rb, U

Minor* Mo

Major Cs, Sr, Ln, B,
Rb, Ba, Zn

Minor U, Mo, Si, Ni,
Trace* Fe

Major Cs, Sr, Ln,
Rb, Ba, Ni

Minor Cr, Si
Trace Fe

No detectable Cr or
Rb

* Major indicates >105S of the amount or iginal ly in the sol id;
Minor, 0.5 to 9.OX; and t race <0.5%.

t Ln is lanthanides (La, Ce, Pr, Nd, Sm, Gd, Y)

** Ref. 99
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TABLE 7-8

Hydrothermal Reactivity Trends in Deionized
Water and Silicate Groundwaters**

Waste forms

Spent fuel, 200°C

Reference glass
(PNL-76-68),
300°C

Current crystalline
ceramic (SPC-4)
300°C

Coated ceramic,
400°C

Alteration of
Solid

Uraninite(U02)
Unaltered

Complete

Nonet

None

Elements in
solution

Major* Cs,
Rb, Mo
Trace* U

Major Na, B,
Mo, Cr
Minor* Cs, Si,
Ni, Rb, Ca
Trace U, Ln,
Sr, Ba

Minor Na, Rb,
Mo, Si
Trace Cs, Sr,
Ba, Ca

No detect-
able Cs or
Rb

Waste-rock inter-
action effects

Cs, Rb, Mo fixed by
interactions
UO2 stable in low Eh
solutions

Most elements in sol-
ution fixed by inter-
actions
New Mineral-like
phases

Released elements
fixed by interactions
Solid-solid inter-
actions

None

* Major indicates >10% of the amount originally in the solid,
minor, 0.5 to 9.0%; and trace, <0.5%

t Crystallinity of synthetic minerals enhanced; NCS phase crystallized.

. 99)

One of the waste disposal matrices which has received a lot of
recent attention is 'Synroc173"75. Ringwood and Kesson77 tested a number
of materials along with Synroc.

The relative stabilities- of various waste forms were compared
by means of accelerated hydrothermal leaching in high pressure reaction
vessels in H?0 and 10 2t% NaCl solution at temperatures of 300 to 1000°C
and pressures from 300 to 500 bars. Borosilicate glasses were found to
disintegrate in less than 24 hours at 350°C and 1000 bars, extensive
losses of HLLW elements were observed. The phase oollucite (CsAlSi206),
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which is the host for Cs in bcth "supercalcine" and the Sandia high-Ti
ceramic, likewise decomposes between 400 to 600°C in dilute saline
solutions. On the other hand, the SYNROC titanate ceramic proved to be
resistant to leaching, surviving unaltered in the extreme conditions
of 900°C and 5000 bars. Electron probe microanalysis confirmed
that the hazardous species Cs, Sr, and U were quantitatively retained
by the hollandite, perovskite, and zirconolite phases, respectively.
Moreover, no ion-exchange processes occurred in saline solutions.

A rather different type of waste-rock interaction was
reported by Hlava and Chambers'0°. y\ block of glass was inserted into
a block of microgabbro rock, heated above its melting point, then
cooled. A number of new crystalline phases grew from the melt
(Figure 7-4). A convection cell kept the center of the melt homogeneous.
No leach testing data were reported.

Black Class
(no pactara)

Slus/Ko«k.
Intarfacs

Padi of convectloa
currancs

Blu« Glass uith borac*
crystals (diaioaal
paetacn)

Uhlc* band with I U U
pyroxena ccy seals
(horlxaaeal pactara)

SugnanE zaa« with pymraw
eryacals <no picurn)

Uach Class (no paCCicn)

Variously eoloeed bands at teagnaac (
lacacaparicd wlch save rat wfiica baftjs

Smitrlflad Class (spacklad paecarn)

FIGURE 7-4: Schematic drawing of DRD-1 showing the
locations of various features of interest
(not to scale). (Ref. 100)
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7.3 Conclusions

Under hydrothermal conditions, glass waste forms degrade
rapidly to crystall ine phases. Under stagnant conditions, most of the
radioactive elements remain in these crystall ine phases, however, in
non-stagnant tests, the elements w i l l go into solution.

Ceramics and Synrocs withstand hydrothermal conditions better.
However, much remains to be done before specific waste form-rock
interactions are well understood. The durabil i ty of a material in a
brine solution or d is t i l l ed water is not l ike ly to be similar to its
behavior in a solution containing granite, sh*1 .s or other forms of
rocks.

ltd:es
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APPENDIX I

CRITERIA FOR RATING WASTE FORMS

DEVELOPMENT STATUS

Criteria

4

3

2

1

WASTE LOADING

Product made with radioactive waste and well
characterized.

Product made with representative simulated waste
and well characterized.

Small number of samples available and well
characterized.

Samples available; ratings based on minimal
characterization.

Conceptual product; ratings based on analogous
experience.

Criteria

2 « L

1 < L <2

0.5 < L <1

0.25 < L < 0.5

L < 0.25

LEACHABILITY (of form without damage by radiation, heat, transmutation, etc.)

Criteria

100X less than reference form.

10X less than reference form.

Approximately equal to reference form.

10X more than reference form.

100X more than reference form.
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LONG-TERM STABILITY (effect of radiation, transmutation, heat-induced

Rati ng

5

4

3

2

1

physical changes, corrosion of form, and chemical
or structural changes)

Criteria

Maintains original state and integrity.

Changes state; moderate increase in Teachability.

Changes state; significant increase in Teachability.

Changes state; major increase in leachability.

Fails and quickly releases contents.

THERMAL CONDUCTIVITY

Rating

5

4

3

2

1

Criteria, Thermal Conductivity, Btu/(hr)(ft)(°F)

100 £ k

20 < k <100

1 ^ k <20

0.1 < k <1

« k <0.1

THERMAL STABILITY (short term effects 0 within a day)

Rating Criteria

5 Thermally stable to 800°C; emits no gases.

4 Phase transition above 300°C; emits no gases.

3 Unstable above 800°C; may emit gases.

2 Unstable above 300°C; may emit gases.

1 Unstable above 300°C; will emit gases.
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TRANSPORTATION SAFETY (Fire resistance, strength, f r i a b i l i t y , impact
resistance, dispersibi l i ty)

Ratine

5

4

3

2

1

Criteria

Superior in all factors.

Superior fire resistance; some breakage upon
impact.

Melts or unstable at 800°C; perhaps some breakage
upon impact.

Melts or unstable at 500°C, or moderate breakage
upon impact.

Melts or unstable at 500°C, or high breakage upon
impact.

COMPLEXITY

Ratine

5

4

3

2

1

Criteria

3 or less major steps; all processing temperatures
<300 C; all pressures <10 atm.

(Two of above).

(One of above).

(None of above).

Note: Raduce rating one unit for more than 6 major steps.

STATE OF DEVELOPMENT (applicable large-scale experience)

Ratine

5

3

2

1

Criteria

Industrial experience on similar product, and radioactive
pilot plant.

Industrial experience on similar product, or radioactive
pilot plant.

Nonradioactive pilot plant.

Small-scale experience only.

Conceptual process.
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QUALITY ASSURANCE

Rating Criteria

Representative sample easily secured; analytical work
plant-routine.

3 (One of above).

2

1 (Neither of above).

Note: Reduce rating by one unit when secondary containment
is integral part of form. Example: bond between
glass marbles and metal matrix must be assured.

YIELD AND RECYCLE (rework capability)

Criteria

Product re-enters feed stream without preparation.

Easy preparation step required.

Moderate preparation required.

Difficult preparation (Example: grinding to <10ym).

Multiple difficult preparation steps.

PROCESS SAFETY (including personnel exposure to radiation )

Reduce rating from 5 by one unit for each of the following
conditions:

. Hands-on operations required during operation
and/or abnormally large maintenance on
contaminated equipment.

. Presence of radioactive powdered materials.

. Flammable gas required by process.
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RATING FORMS USED BY PEER REVIEW PANEL

Rating 1-11
SCIENTIFIC MERITS (11 being high)

a) Potential for minimizing leachabi l i ty

b) Potential for achieving a uniform product

c) S u i t a b i l i t y for predict ion of long term behaviour

d) Sens i t i v i t y of properties to radiat ion

e) Sens i t i v i t y to thermal and mechanical h is tory

f) Potential for favourable geologic interactions

g) Potential for quality assurance for licensing

h) Sensitivity to waste composition

i) Thermal conductivity

Overall Scientific Rating

ENGINEERING PRACTICALITY

a) Laboratory evidence that approach is feasible

b) Applicable large scale experience

c) Potential for scaling up to commercial production

d) Sensit ivi ty of approach to variations in waste
composition

e) Ease of handling under hot cell conditions

f) Range of waste loading

g) Yield and re-work capability

Transportation and handling safety •• - |_

i ) Ease of containerization

Overall Engineering Rating
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