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FOREWORD

One of the objectives of the IAEA waste management programme is to
coordinate and promote development of improved technology for the safe
management of radioactive wastes. The Agency accomplished this objective
specifically through sponsoring Coordinated Research Programmes; its
seminars, symposia and publications also contribute to this accomplishment.

Coordinated Research Programmes are initiated by the Agency to
investigate specific technical areas that are believed to merit international
attention, such as the evaluation of solidified high-level waste forms
discussed herein. In these programmes the Agency seeks to coordinate
research among principal investigators at various institutes to develop
appropriate answers to technical concerns. The technical work is
performed at the participating institutions, technical reports are
inter-changed, and the results are reported and discussed among the
participants at meetings held at one- to two-year intervals.

The first meeting of the subject Coordinated Research Programme,
held in June 1977 in Richland, Washington, USA, was highly successful
in exchanging current information on solidified high-level waste forms
among the leading scientific investigators of the world. Because of
the high-level of new information and active participation, the Agency
was able to convert the information obtained into a useful technical
report, "Characteristics of Solidified High-Level Waste Products", IAEA
Technical Reports Series Wo. 187. This report brings together, under
one cover, the technical information developed by many Member States.

The second meeting of the Coordinated Research Programme was held
during 15 - 19 October 1979, at the Hahn-Meitner Institute (HMl) in
West Berlin. This informal report, compiled and edited by K. J. Schneider
of the Division of Nuclear Safety and Environmental Protection, IAEA,
is a summary of the key information disseminated at this meeting.
It is hoped that this report will be of value in helping Member States
to consider their future research and development activities with
regard to high-level waste immobilisation.

The IAEA gratefully acknowledges that the preparation of this
publication was partially funded by the United Hâtions Environment
Programme (UNEP) under its Project No. 0102-7̂ -002 with the IAEA.
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l. INTRODUCTION

Since the earliest days of nuclear energy, radioactive waste
management has been a major concern, both for the public and for those
engaged in the industry, particularly with regard to the release of
radioactive materials to the environment and possible risks of contamination.
Over the next few decades there will be a significant increase in nuclear
generating capacity in many countries, and therefore the consideration
of the long-term management of the high-level wastes from the reprocessing
of irradiated nuclear fuel is receiving world-wide attention, highlighted
at the recent Salzburg International Conference on nuclear power and
its fuel cycle.

While the majority of these waste solutions from reprocessing
commercial fuels are currently being stored in stainless steel tanks,
a continuing high-level of effort is being devoted to developing
technology for the conversion of these wastes into stable solids. A
number of full scale solidification facilities are expected to come into
operation in the next decade. Since mid-1977, a demonstration plant
has been converting high-level wastes to glass on a routine basis in
Marcoule, France;; and a programme has been successfully completed where
conversion of real high-level wastes to glass has been demonstrated
at Richland, Washington in the USA. Also a plant for vitrification of
high-level wastes is expected to start up in the near future at
Tarapur, India.

Many solidified waste forms are being investigated. Because of
the long half-lives of some of the radioactive isotopes, it is important
that the solidified waste forms have certain desirable properties initially
and that they retain these properties for the necessary periods of time.
If there will be alterations in these properties with time, these must be
understood and shown not to lead to a premature deterioration of the
desirable features. Changes could occur due to the effects of temperature
and radiation. Generally, temperature will only be a factor for the
first hundred years or so, whereas the radiation dose will continue
to accumulate over the lifetime of the final solid waste form.

In concert with many Member States, it is believed in the IAEA
that this is one of the subjects of high importance to the development
of nuclear power. As a result, the IAEA initiated in 1977, a
Coordinated Research Programme on the "Evaluation of Solidified High
Level Waste Products". The primary objectives of this programme are
to review and disseminate information on the properties of solidified
high-level waste forms, to provide a mechanism for analysis and comparison
of results from different institutes, and to help coordinate future
plans and actions.
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The first coordinated research meeting of this programme, held
in June 1977 in Richland, Washington, USA, was highly successful in
exchanging up to date information on this subject among the leading
scientific investigators of the world. Because of the high-level
of participation, the IAEA was able to convert the information
obtained into a useful technical report, "Characteristics of Solidified
High Level Waste Products", Technical Report Series No. 187. This
report brings together under one cover, the technical information
developed "by many Member States.

This report is a summary compilation of the key information
disseminated in the second meeting of this programme. The meeting
was held during 15 - 19 October 1979, and hosted by the participants
of and held at the Hahn-Meitner Institute in Berlin, (West).
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2. SUMMARY

This second meeting of the Coordinated Research Programme was
attended by twenty participants from 8 countries and 2 international
organisations, including the 8 participants having agreements with
the IAEA in the programme. The attendees are listed in Appendix E.

The meeting was conducted in the order of a pre-arranged topical
agenda according to the titles of the main sections of this report and
as detailed in Appendix A. The specific schedule for the discussions
is given in Appendix B. In most cases the subjects were introduced
by participants with prepared remarks, usually accompanied by written
information that was distributed to the participants. The material
distributed at the meeting is given in the list of references.

The business part of the meeting was started by having a participant
from each country represented, review briefly their current plans (which
in many cases were tentative) for eventual disposal of high-level
radioactive waste. All countries present were currently planning on
disposal of the waste after solidification into deep geological formations
as follows :

Belgium, disposal into clay; allowing local temperature increase of
the clay of maximum 100 C; also, maximum temperature increase
of 5 C at the interface between the clay and the overburden;

Canada, disposal into hard rock; maximum waste surface temperature
150°C;

FRG, disposal into salt; maximum waste glass surface temperature 200°C;

France, disposal into granite; maximum waste centerline temperature
150 C; eventually expect to have a second canister;

India, disposal into crystalline rocks such as granite and
gneisses after 20 to 30 years of near-surface storage;

Japan, disposal into granite;

Netherlands, disposal into salt;

UK, disposal into granite at a depth of about 300 meters;
maximum waste temperature about 100°C, less than 1 kW/can.

USA, disposal into salt or hard rock; maximum waste surface
temperature about 150°C.
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No country present was seriously considering disposal of high-level
wastes into the seabed.

A general discussion was held on compositions and fabrication of
waste forms. The generally favoured waste solids are glasses, although
there has been somewhat increased attention since the prior meeting on
ceramics or other forms in an attempt to develop forms that may be
superior to glass. Based on current knowledge, borosilicate glasses
remain as the preferred waste forms. Some investigations have been
initiated on "Synroc", but investigations are too preliminary to
compare with other waste forms. The main difference between "Synroc"
(which is crystalline) and glass forms is the use of TiO base versus
borosilicate base in most glasses. j

Only minor changes have evolved in recipes for waste forms over
the past two years. Those described in IAEA Technical Report No. 187
are generally valid. Only "borosilicate glasses are being investigated
in India, UK, France and Japan; theFRGand USA are also investigating
glass-ceramics as well as borosilicate glasses and glass beads incorporated
into a lead alloy matrix (prior work on aluminium phosphate cermets
was stopped about one year ago); the USA is investigating glasses,
titanate ceramics, "Synroc" materials; Canada is investigating
borosilicate and aluminosilicate glasses, glass ceramics and crystalline
waste forms.

Simulation of actual waste constituents with appropriate non-
radioactive chemicals is an important consideration in waste form
investigations. It was agreed that chemical element substitutions
that are made depend upon the objective of each specific experiment.
Also, certain radioactive elements that behave uniquely (e.g, Ru
and other noble metals, Cs, Tc, Mo), cannot be appropriately substituted
for to learn of their behaviour in making or evaluating waste forms.

Increasing numbers of evaluations are being made on solid waste
forms under irradiation conditions. In general, only minor and insignificant
changes occur in the properties of the preferred waste forms upon
irradiation. In addition, a number of investigations are evaluating
leach rates of waste forms under geohydrothermal conditions (i.e. at
high pressure and at temperatures up to about 350 C). Leach rates appear
to increase rapidly as the temperature of the leach water is increased
beyond about 100°C. (However, it is not known if the behaviour in
laboratory tests is the same as in actual disposal conditions).

In several countries (Belgium, FRG, USA) Joule-heated melters
have been developed for converting wastes into glass. Experience has
generally been good with this technique to date.

10
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Some of the participants had important concerns and were critical
about the two leach test methods recently proposed by the International
Standards Organisation (ISO). Comments are to be sent to ISO from the
participants. A versatile modification of the standard Soxhlet leach
test equipment was proposed by the delegate from India. The ad hoc
ISO meeting in Columbus, Ohio in May 1979 proposed that several
laboratories perform leach tests according to the proposed ISO long
term leach test, on a number of samples to be prepared by Battelle-
Northwest, USA. This activity has not yet been started. A suggestion
was made that ISO start developing a standard high-temperature
hydrothermal test for determining leach rates on solid waste forms.

The CEC is about to start on their second 5-year programme for
evaluating 8 basic solidified high level glasses from several countries.

The USA has started a National Materials Characterisation Center
to develop standard test methods in all property areas and compile a
"Materials Data Handbook", on compositions and properties of waste
forms and barriers to release of radionuclides from the waste forms.

The group agreed with the IAEA's recommendation that this
Coordinated Research Programme be continued for at least several more years.

It was agreed that each participant will send appropriate
technical reports from his country to each of the other participants.
The IAEA will be responsible for keeping all participants informed
of changes in participation in the programme.

Part of one afternoon was utilised by visiting the facilities at
the Hahn-Meitner Institute where they are doing research in this field.
They have a number of non-radioactive laboratories committed to these
studies and are preparing a complex of 3 hot cells where they will
be able to perform a wide range of waste form evaluation studies on
samples with up to 1000 Curies*of radioactivity. They have a full
complement of complex instrumentation, and a professional staff of
about 10 persons employed in this area of work.

* Note: 1 Curie = 3.7 x 1010 Becquerels

11
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3. WASTE AND TYPES OF SOLIDIFIED WASTE FORMS

The composition of high-level wastes as generated may have an
important impact on the formulation of the preferred final waste form.
The following sub-section summarises the information discussed on these
subject areas.

3.1 HIGH-LEVEL WASTE COMPOSITIONS AND THEIR EXPERIMENTAL SIMULATION
In general, the compositions of wastes as generated are the

same as those in IAEA Technical Report Series 187. The main point
brought out about these waste compositions is that at Eurochemic in
Mol, Belgium, there is waste that contains about 2 tonnes of mercury.
They have a special study in progress to remove mercury from the waste
by pre-treatment before the waste is solidified. They feel mercury
must be excluded during solidification because of its volatility and
the resultant processing problems. One difficulty in most countries
represented is in obtaining representative samples of real high-
level waste and in getting good analyses of the samples.

Simulation of actual waste constituents has received significant
considerations. It is obviously best technically to simulate real
compositions as closely as possible. General rules on substitutions
of selected chemical elements for those that may be in the waste have
not evolved. Substitutions must be tailored to what one is trying to
learn from each experiment. Certain elements that behave uniquely
(e.g., Ru and the noble metals, Tc, Mo) can not be appropriately
substituted for to learn of their behaviour in making or evaluating
waste forms.

In Karlsruhe, for the semi-technical use with a ceramic melter, U, Am,
Cm, Pu, Ag, Cd, Sn, Sb and Hg are not added to the simulated wastes because
of handling difficulties or costs; Nd is substituted for Sm, Eu, and Gd; Mn
is used to substitute for Tc and Ru (Fe is believed to be a poor substitute
for Ru in LWR wastes); Ni is substituted for Rh, Pd; no substitutes are
used for other waste constituents. In labroatory-scale work the glass is
prepared with all the waste constituents except the actinides Pu, Np, Am,
Cm, the natural radioactive elements Tc and Pm, the very volatile elements_2Se and I and the elements with the very small amount of _ 10 gram/liter
(As, Ge, Nb, In, Tb, Dy, Ho, Er). The actinides are substituted by U, Tc
by Mn and Pm by Hd.

In Canada, any materials present in concentrations less than
1 ppm in fuel are ignored in waste form evaluation studies. In the
USA, when Ru or Pd are to be studied, RuO? is incorporated into the
solid form and Pd as the metal; also, they have attempted to incorporate

12
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Tc in glass "but it goes into pores in the glass matrix as water-soluble
material. They suggest that further study of Tc behaviour is needed.
No other country is known to have information on Tc in waste forms,
but France is expected to have data within about 1 year.

Japan has given limited considerations to substitutions. They
are incorporating all constituents in wastes except for noble metals,
which are generally not included or substituted for; most noble metals
(especially Pd) stay in the undissolved phase in their studies; they
feel Mn is not a good substitute for Tc. In the UK, Ru is not
substituted for when they are studying Ru behaviour; they substitute
Mo for Tc; they feel that Ce may he an acceptable substitute for U.

In France, all the appropriate chemical elements are used for
special studies, especially for detailed characterisations, but some
substitutions are used in gross screening studies. In India, minor
constituents are left out; Ru is used in some cases; uranium is
generally not included. This latter consideration by the participants
who use uranium range from assuming about 0.025 to about 1% uranium
waste loss during fuel reprocessing.

3.2 WASTE FORM COMPOSITIONS UNDER STUDY, PREFERRED, OR USED AS REFERENCE
At Eurochemic in Belgium, two waste forms are getting the most

attention: a borosilicate glass as a block 30cm in diameter by 1.2 m long
such as produced by the French AVM process and by the German PAMELA process;
and 60 volume % borosilicate glass beads in a Uo volume % lead alloy matrix
(called "vitro-met") in blocks of the same dimensions as above. This latter
waste form will be demonstrated in the German Pamela installation to be
built at Mol. In Belgium, two processes are considered for demonstration
on a radioactive basis in the future: the AVM process for Eurochemic MTR
wastes and the Pamela Vitromet process for Eurochemic Purex waste.
Prior work on aluminium phosphate cermets was discontinued about 1 year ago.
The Federal Republic of Germany has done considerable work on borosilicate
glasses, but current emphasis is on glass-ceramics; they are also starting
a small effort on pressed calcine. Their basic glass composition for
LWR waste is borosilicate glass GP-9812 in which they are now investigating
reducing the fission product content from 20 to 15 weight % for better
durability. For wastes from Mol, HMI borosilicate waste formulations are used.

In Canada, borosilicate and aluminosilicate glasses are receiving
the most emphasis. Their compositions are based on wastes from CANDU
UOp or advanced thorium-fueled reactors. They are now looking for
formulations with low formation temperatures; they are also actively
investigating combining high-level wastes with intermediate-level
wastes or other special wastes (such as C-lU or H-3) to result in a

13
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fission product content of 2 to 8 weight % in the glass. In addition,
the maximum durabilities of glasses are being sought without primary
regard to processability. Crystallised or devitrified glasses have
received some attention to evaluate thermal stabilities of potential
waste glasses.

In the USA, work is continuing on borosilicate glasses. They have
also initiated detailed studies of alternative forms such as non-glasses:
Sandia Laboratory is investigating titanates; Lawrence Livermore
Laboratory is investigating 'Synroc B'; Oak Ridge National Laboratory
is investigating cermets and cement; Battelle-Northwest is investigating
glasses, coated and uncoated super-calcine and coated particles; they are
also studying the manufacturing of metal matrix and coated particle
forms. Savannah River Laboratory is investigating a variety of forms
for defense wastes.

Japan is doing most of their work (all of which is on a laboratory
scale) on borosilicate glasses, but is also starting a low effort level
on 'Synroc B'.

The UK is working primarily at variations in borosilicate
glass compositions to be compatible with the "Harvest" process. They
are starting a low effort level on 'Synroc B1 to provide a reference
comparison with their glass compositions.

France is studying only borosilicate glasses, and have recently
reduced waste oxide and fission product oxides to 19 and 13 weight %,
respectively, to improve glass durability and to reduce thermal effects.

India is also looking only at borosilicate glass compositions.
Although they have done extensive work on the incorporation of SOi into
lead borosilicate glasses, they have discontinued that work for the
time being.

Mr. Vaswani presented a paper on "Development of Suitable Vitrified
Radioactive Waste Products with Low Formation Temperatures and Improved
Leach Resistance - A Practical Approach". The summary of the paper is
quoted:

"In contrast to normal practice of employing theoretical
considerations, a scheme based on practical approach has been
evolved for the development of suitable glass compositions
to produce vitrified radioactive wastes with low forming
temperatures of around 1000 C and low leach rates of the order

-5 -6 -2 -l(a)of 10 to 10 gm-cm day

(a) To convert to SI units, kg = g___ x 1.15-7 x IQ~̂
2 2m .S cm .d

14
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After fixing the percentage of the waste content at a moderate
value, a number of formulations in the sodium borosilicate
system are studied for their melting and leaching characteristics
by simple and quick laboratory techniques.

Based on the results, a composition with scope for further
lowering of melting temperature and improvement in product
durability is subjected to the introduction of different
durability enhancing and/or melting temperature lowering
oxides as well as the waste oxides so as to obtain an optimum
composition.

This composition is further subjected to variations in its
Na_0, B_0, and SiO- content to get a region of compositions
with optimum leaching and melting characteristics. A composition
selected from the central portion of this region will retain
its properties even if the proportion of waste oxides and glass
forming additives vary during the commercial production of
vitrified radioactive wastes. Such compositions can then be
adopted on plant scale after checking their acceptability with
respect to other desirable product characteristics".

Mr. Dé gave a presentation on "Characterisation of Glass and
Glass Ceramic Nuclear Waste Forms", the conclusions from which are
quoted:

"The preparation of glass ceramics may be an optional step for
proposed vitrification plants if tailored glasses are used.

Glass ceramics exhibit some improved properties with respect to
glasses, e.g. mechanical and thermal stability. The overall
leach resistance is similar to that of glasses. An increased
leach resistance may become effective for single radionuclides
being hosted in highly insoluble crystal phases mainly when
higher melting temperatures are applicable in order to get
more leach resistant residual glass phases.

The development of glass ceramics is going on. The technological
feasibility is still to be demonstrated.

The potential gain of stability when using glass ceramics qualifies
the material as an alternative nuclear waste form. However, the
pros and cons discussed in the paper do not justify a decision
against glasses".

15
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Mr. Marples presented some data from their early work on "Synroc B".
The overall conclusion was that to date the material appears to have
good properties as a high-level waste form, "but its manufacture on a
large scale is expected to "be very difficult. The primary difference
in the composition of 'Synroc' and borosilicate glasses is the replacement
of boron with titanium in the former. The leach rates (ca 10~ g«cm .d)
are about the same by the Soxhlet test or in 200 C water/steam mixture.

3.3 CONTAINER CONSIDERATIONS
It was agreed that waste container evaluations should be part of

the evaluations of the waste forms because of the close relationship
between them. A few countries are including such evaluation studies
with their product evaluation iudies, while most are not. In general,
it was agreed that such container studies should not currently be within
the scope of this Coordinated Research Programme. (Note also that the
IAEA definition of waste form does not include the container).

16
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h. OVERVIEW OF TECHNOLOGY FOR MAKING WASTE FORMS

Discussions were presented on making waste forms as summarised
in the following subsections.

U.I METAL MATRIX AT MOL, BELGIUM
Mr. Van Geel presented the functional flowsheet of the German

Pamela process for the production of borosilicate glass "beads and
their subsequent embedding into a lead-alloy matrix, yielding the
VITROMET waste form. The process involves a continuous Joule-heated
ceramic melter into which the liquid waste and glass frit are added
to yield a borosilicate melt containing 15 to 20 weight-^ waste oxides.

The melter has an underflow weir followed by an overflow weir
in series. The molten glass leaves the melter via the overflow weir
system and flows into a high-temperature-resistant metal pot from
where the melt drips through a number of nozzles onto a slowly
rotating disk, where the drops solidify into beads. The beads are
collected into a double-walled stainless steel canister. Lead shot
is then added to the annulus of the canister which is heated to
about 500° C (above the lead alloy melting temperature), by an
induction furnace. The molten lead flows into the center of the
canister from the bottom, filling up the voids between the waste
beads, thereby surrounding the beads with metal. Additional lead is
added to completely surround the inner container by a layer of pure
lead alloy.

When the entire canister is full, its contents is allowed to
cool and to solidify. The result is a vitromet (25 cm in diameter)
surrounded by a lead shell (about one cm thick), which is in turn
surrounded by the steel canister.

A movie was shown of the non-radioactive semi-industrial demonstration
unit and of the radioactive laboratory-scale unit for producing
active waste sample beads.

The nonradioactive waste form has been leach tested at Eurochemic
at temperatures up to 230 C and 3-5 MPa in distilled water and various
brine solutions. The overall leach rate of some particular lead alloys
is about a factor of 10 lower than that of the glass beads. Investigations
are underway to study possible galvanic corrosion of the metal matrix
in contact with different canister's material.

The characteristics of borosilicate glass beads has been investigated
for the sizes of 0.7, 6-0 and 28.0 grams/bead. The larger the bead

17
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the higher the risk of cracking during cooling-off. The smallest size
is currently preferred.

A comparison of effective surface areas of the glass in metal
2matrix with that for a glass block in cm .g is:

geometric area
area from cracks
total surface area

vitromet with
glass block 0.7 g beads

0.6 3.0
1.0
1.6 3.0

vitromet with
6 g beads

1.3
1.3
1.3

With the technique used, the vitromet has extremely low penetrability
for air and water. A vacuum of 0.001 torr resulted in no measurable
water or air transmission.

14.2 JOULE-HEATED MELTER AT KARLSRUHE IN THE FRG
Mr. Weisenberger described the development of their non-radioactive

joule-heated melter. Their melter is different from most conventional
joule-heated melters in that it is encased in a stainless steel outer
box, and this outer box is cooled with air. The melter is about 1.8m
high by 1.6m square outside. It has an operating glass surface of
6.km2, and holds about 700kg of melt.

For startup, the walls are heated to about 1000 C by electrical
resistance heaters embedded in the ceramic insulation walls of the melter.
Then heating is done between 2 electrodes by about 500 amperes of direct
current at about 30 volts. The melter is drained batch-wise to discharge
about 200kg over 1 hour. The temperature drop between the center and
inner wall of the melt is about 100 C.

They have observed as much as ^cm of sludge on the bottom of the
melter after it has been emptied. They have observed some cracking in
the ceramic of the melter during operation. Also, after 2 years of
testing, a noticeable amount (several cm) of corrosion/erosion has
occurred at the melt interface and below. They expect a production
melter of this type to last 1 to 2 years.

The melter can be fed with liquid waste or with calcine. From
the melter operational standpoint, it is generally preferred to mix frit
and chemicals with the waste; however, there are also some difficulties
in satisfactorily performing the mixing outside of the melter.

Entrainment losses from the melter are about 3.b%. When feeding
denitrated waste, the Ru loss is about the same as the entrainment;
when feeding liquid waste the Ru loss is about

18



- U.3 -

At Karlsruhe they have recently replaced this melter with one of a
new design that has 0.6Um of glass surface. The new melter has an
underflow plus overflow weir system in series. When feeding this melter
with powder, entrainment is about U.5$; when feeding with liquid waste
so that the melt surface is covered with aqueous phase, entrainment is
only about 0.5$; however, such operation does have some undesirable effects.

k.3 IMMOBILISATION PROCESS AT TARAPUR, INDIA
Mr. Vaswani gave a brief description of the solidification process

and equipment at the Waste Immobilisation Plant connected with the
small reprocessing plant at Tarapur. The liquid waste is fed to a
thermosyphon evaporator where it is concentrated and denitrated. The
concentrated waste and a stream of glass-forming additives are metered
separately into an Inconel 6.0̂ . batch melter. The melter (process pot)
is heated in a three-zone furnace which is initially kept at a temperature
of around 600 C. At this temperature, the waste-additive mixture is
converted into a calcine mass. Feeding is stopped when the pot is
75 percent full of calcine. At this stage, the furnace temperature is
raised to about 1100 C to convert the calcine into a molten mass. For
achieving homogeneity, the mass inside the pot is kept in molten
condition for a few hours. The melt is subsequently drained batchwise into
a storage canister by operation of a freeze valve furnace.

The storage canister is 0.3 m in diameter by 0.75 m in height,
and will store 1+5 litres of solidified wastes containing about 0.6
million Curies of radioactivity at the time of solidification. The
storage container is cooled in a controlleu manner in a 2-zone annealing
furnace to achieve a monolithic block of the final waste form. The
stainless steel storage container is subsequently sealed by remote
welding and shipped to the Interim Storage Facility.

The time cycle is 21 hours for a total of ^5 -£/d of glass. All
the waste treatment equipment is located in a hot cell that is approx-
imately a 10-meter cube.

h.h "SYNROC" SAMPLE MAKING AT HARWELL IN THE UK
Mr. Marples presented a brief description of making non-radioactive

"Synroc B" samples. The correct proportions of oxides were first wet-i~)
ground together using Alo^o with high surface area (100m /g). The
powders were then cold-pressed into a cylinder. The cylinders were
hot-pressed at 1300 C and 150 atmospheres for 2 hours in graphite dies.
The samples were then re-oxidised by heating at 1050 C overnight in air.
This was required to compensate for the reducing condition during the
hot-pressing.
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1+.5 GLASS MAKING IN CANADA

AECL process development is currently limited to evaluation of
the rising-level, in-canister melter and the Joule-heated electric
melter. These will be capable of producing relatively low-melting
glasses (1050 C and 1150 C, respectively), into which high-level waste
may be dissolved or dispersed. Waste forms which may be fabricated by
melting below 1100 C are consequently of particular importance.
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5. LEACHING

Leaching of waste forms "by water is the most likely potential
mechanism for transporting wastes from an underground repository to man's
environment. Thus, leach resistance is one of the most important
characteristics of waste forms, and has received a large amount of study.
Discussions on leaching are presented in the following subsections.

5.1 IMPROVED HIGH-LEVEL GLASS AT KARLSRUHE IN THE FRG
The reference glass composition, GP 98 (given in IAEA Technical

Report Series No. 187, page 21), was improved in simulated non-radioactive
experiments by reducing the weight % of HLW oxides from 20 to 15. The
new composition, GP98/12, and a sfmilar one, GP98/26 with Gd-Q added are
given in Table 5-1.

Table 5-1 Improved Glass Compositions at Karlsruhe*

Components (wt%)______________GP 98/12_________GP 98/6

SiO
Ti02
Al 0A±2U3
B2°3
MgO
CaO

Gd2°3
HLW Oxides

U8.2
3.9
2.2

10.5
1.8
3.5

-
15

U6.2
3.7
2.1

10.1
1.7
3.3

3.7
15

* Prom simulated HLW from LWR starting with 3.5% U-235, burn-up
to 36,000 MWd/t and cooling time 6 years.

Tests with the Soxhlet leach test used at Harwell were performed on
these glasses on blocks about 0.5 cc for 30 days at 100°C. The leach

-k 2rate of GP 98/12 was about 3 x 10 g;cm . d and for GP 98/26 was about
-k -32 x 10 . These numbers should be compared to values of about 2 x 10

for GP 98. Leach rates were higher when using distilled water than when
using brine or carnalite solutions.

Bulk leach rates under pressure at 150°C and 200°C were about the
same as above; the reason can be the development of a corrosion layer which
protects the glass surface against the continual water attack. Also, there
were pH differences. The results are to be published in KfK Report 2721,
part 2.
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5.2 MODIFIED SOXHLET LEACH TEST IN IHDIA
Two leach test units incorporating certain modifications were

developed in India to provide a wide range of test conditions.
Dr. Vaswani presented a description of these units and an abstract
of the written paper on this matter is quoted (with a few later
modifications by Dr. Vaswani):

"In an effort to evolve a standard leaching technique for studying
the aqueous attack resistance of vitrified waste products, two
leaching units viz., 'Dynamic Leaching Unit' and 'Modified Soxhlet
Leaching Unit' have been developed.

Both these units have been described in detail to portray
their ability to offer a good control as well as variability over
important parameters affecting leaching such as leachant temperatures,
flow rate or residence time of the leachant and the ratio of
leachant volume to sample surface area. The Dynamic Leaching
Unit also offers a good control and variability over two
additional parameters i.e. the composition and pH of the leachant.
In the Modified Soxhlet Unit the composition and pH of the
leachant remains close to that of distilled water.

It has been shown that the leach rate results are quite reproducible
and reliable. A need for standardising conditions for adoption
of these units in the evolution of standard leaching techniques
has been indicated".

5.3 LEACH TESTS IK THE UNITED KINGDOM
A significant amount of leach tests has been carried out on possible

waste glasses from reprocessing of Magnox fuels in the UK, studying the effects
of waste composition, glass devitrification, the source and pH of the
water, and the temperature and radiation dose to the glass. Leach rates
were all determined on the basis of total weight loss.

The two reference waste compositions, assuming use of the
"Harvest" solidification process, are in Table 5-2.

Table 5-2 Reference HLW Glass Compositions in the UK
Components (wt$)

SiO
B2°3

Li20
Waste oxides
Formation Temperature

Glass 189 (M5)

Ul.5
21.9
7-7
3.7

25-3
950°C

Glass 209 (M22

50.9
11.1
8.3
k.Q

25-7
1000°C
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Leach tests are made with polished glass coupons (20mm x 10mm x 1mm)
in water, either in a Soxhlet apparatus, or after heating in static
water or after exposure to flowing water. Test times range from about
1 week at 100°C to months at or below room temperature.

The limit of waste content in glass 209 is about 35 weight % for
the "Harvest" process, based on a maximum formation temperature of
about 1050 C. Effects of halving the reference content of MgO and
Al-0_, and doubling the reference content of MgO, A I90q» and SO, (also£. J ^ j 4-
quadrupling the S0_, and 1.5 times and 0.25 times the reference content
of POV were investigated). Only the glasses with double the reference
MgO content exhibited leach rates significantly higher (i.e., more
than a factor of 3) than for the reference glass.

The effect of annealing the glass at temperatures in the range
of 500 to 800 C (with some devitrification at annealing temperatures
of TOO and 800°C) had essentially no effect on leach rates.

Extending leach rates based on weight loss with the Soxhlet tests
from 1 week to 11 weeks increased the leach rates only about 20*. The
leach rates in water at temperatures between about 5 C and 100 C were
fit on Arrhenius plots for the two glasses. Leach rates generally
increased by 1.5 to 2 orders of magnitude with temperature increases from
20 C to 100 C. Soxhlet leach rates were generally about 2 times higher
than with the other leach tests. Sea water caused somewhat higher leach
rates for glass 209 and lower for glass 189. Water passed through clay
and granite generally increased the leach rates compared to salt water.
Water with low (acidic) pH increased the leach rates.

Samples were doped with 5 weight % Pu-238 for up to 3 years (to
give an alpha radiation dose equivalent to about 100,000 years). Only
a slight increase in leach rate resulted from the doped samples. Glass
189 doped with ^.5 weight % Pu-239 was leached for 60 days, and the
equivalent bulk leach rate calculated from plutonium leached was
1.5 x 10 g/cm .d, or about half the average rate.

The porous surface layer on glasses resulting from leaching was
measured and found to increase steadily with time. The specific gravity
of this porous layer was found to be about O.U.

Leaching at 100 C by alkaline solutions (pH = 9) was found to remove
the silica network from the glass, and thus accelerated the leach rates.
Because the leach rate remains relatively constant with increasing surface
layer thickness, diffusion through the surface layer is believed to
contribute to keeping the overall leach rate approximately constant with
time. Leach rates in acid solutions are higher than in neutral or
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alkaline solutions, presumably because of preferrential attack on the
cations in the glass matrix. Also, with excess water volumes the
elements in the glass are dispersed in the leachant in the same
proportions as in the glass.

5. it LEACH TESTS IM JAPAN
Leach tests were carried out on simulated high-level waste glasses

at 100 to 300°C using a High Pressure Soxhlet Leachability Testing Device
(HIPSOL). The glass composition was:

Ma^O 9. l
B203 13.5
Zeolite 51.1
Waste
Oxides 20.5

The leach rate for cesium increased by a factor of 20 at 300°C (l.3 x 10~ g/cm .d)
compared to that at 100 C. The higher leach rate is about h times that
for sodium.

5.5 LEACH TESTS AT BATTELLE-NORTHWEST IM THE USA
A large number of leach tests have been carried out in the USA

on a large variety of glass and ceramic forms. Leach tests have been
performed to determine effects of deionised water, salt water, water from
basalt, and pH of water; effects of irradiation including alpha decay;
effects on various elements leach and on bulk weight loss; and effects
of time.

Results of some leach tests on two reference materials at
350°C are given in Table 5.3. The equilibrium solubility in salt brine

Table 5•3 Leachant Saturation Concentrations (ppm) After 3 Weeks of
Leaching at 350°C

Glass 76-68 Supercalcine SPC-U
Deionised Salt Deionised Salt
Water Brine Water___ Brine

Cs 37 500 20 1600
Rb 2h 6h 11 i*70
Sr 1.3 160 k.S, 1300
Mo 9̂ 0 1*5 31* 22

can be up to 100-fold higher than in water. Comparable leach tests in
basalt solution generally give concentrations that are lower than those
for deionised water by a factor of 10 to 100. The use of a fixed volume
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of high-temerature water causes steady-state (solubility-limited)
concentrations of the dissolved materials to be reached relatively soon.
The high-temperature liquids tend to decrepitate the glass more that the
supercalcine, even though cesium and strontium in the latter exhibits
higher leach rates.

A general comparison of leach rates in boiling distilled water and
250°C salt brine is given in Table 5.1*. The depth of the dissolved layer
on the surface of the material from these tests is on the order of 0.6mm.

Table 5•^ Leach Rate Comparison of Materials

oLeach Rate, g/cm .d
Material in 99°C Distilled Water in 250°C Salt Brine

-6 ————————ü——————Al_00 1 x 10 2 x 10
-6 USupercalcine 8 x 10 1 x 10

Waste Glass 9 x 10 T x 10
Granite 1 x 10~5 6 x 10
Soda-Lime Glass 5 x 10 3 x 10

o
Gamma irradiation to 7-^ x 10 R in a fixed volume of deionised

water generally increases leachability from ~ none for many elements in
the reference glass and supercalcine to about a factor of 2 for Si, to a
factor of 3 or more for Ca, Sr, Ba, Na, and Mo.

In general, the leach rate of elements in salt water is less than
in deionised water for short-term tests at 90 C. For longer-term tests
(up to 800 hours) the solubility in salt brine, however, is generally
two- to ten-fold higher than in deionised water. Actinides are
leached from salt brines at a lower rate than from deionised water.

Dynamic tests generally increase the leach rates for Sr and Cs by
factors of 1.5 to 5.

Although an early glass formulation (72-68) exhibits relatively
high leach rates at low pH (e.g., k), newer, more-improved glass compositions
exhibit very little change in leach rate with pH change, since the develop-
ment activities now include leach tests in buffer solutions (pH = ^ and 10).

In leach tests of fully radioactive waste glass using the IAEA
leach tests, leach rates for most elements were lower in salt brine than
in deionised water by up to a factor of about 10.

A new glass formulation had been developed, just before the meeting,
that had a relatively high sodium content, but has a much lower leach rate
than the reference glasses. Additional information was not yet available.
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5.6 LEACHING OF PHOSPHATE GLASSES UNDER HYDROTHERMAL CONDITIONS AT
HMÏ BERLIN
It was pointed out that, with the exception of the USSR which is

actively investigating NaAlPO^ glasses, development of phosphate
glasses has been discontinued world-wide. Hydrothermal tests were made
at HMI to provide a reference for future comparison with other types
of glasses.

Phosphate glass beads (50 Wt$ PgO 15$ FeQ0 , 5% AlgO , 30%
waste oxides, formation temperature 1200 Ci some of which were spiked
with Cs-137, Sr-85 and Ce-lW, were leach tested under hydrothermal
conditions at ^20 to 510 K for 3 days in distilled water, in a bitter
brine (saturated with carnalite, KCl.MgCl.6HpO), and in a solution of
rock salt. Dissolution of all materials increased with temperature. The
bitter brine generally effected the highest dissolution rates, followed
by distilled water and rock salt brine, in that order. Weight loss
of P increased from about 1 wt$ at U20°K to about 20$ at 1+70°K and
above in bitter brine; in salt brine weight loss was about 0.1 wt$
at 500°K and 2% at 520°K. Cesium loss was highest in distilled water
and ranged from about 1 wt$ at h2Q°K to about 90% at 500°K. Strontium loss
in bitter brine was about 3 wt$ at U20°K and about 30% at U70°K; in salt
brine the losses were about 0.1 wt$ at 1*50°K to about 30$ at 500°K.
Cesium losses in bitter brine were about 0.8 to 1.0 wt$ at U30° to U70°K;
in salt brine the losses were about 0.01 wt$ at ̂ 50°K and 0.1$ at 500°K.

Considerable alteration of the glass form was indicated (including
major crystallisation) in most of the tests, based on optical and scanning
microscopy, microprobe analysis, X-ray diffraction and ~<f -radioactivity
measurements.

The general conclusions are that phosphate glasses free of sodium
may offer satisfactory leach resistance at temperatures below 370°K;
at high temperatures the leach resistance decreases rapidly. Other
tests performed showed borosilicate glasses to have about 10-fold better
leach resistance under similar conditions.

An overall summary on the status of studies on leaching under
hydrothermal conditions was presented by HMI staff. It is quoted below:

"Experimental simulations of hydrothermal waste/rock interaction
has begun only very recently. At the moment, only very first
results have been reported from the USA: Pennsylvania State
University, PNL, and Sandia Laboratories; and from the HMI in Ber-
lin. They can be summarised as quoted below:
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1. The aggressiveness of the solutions is generally in the order of
bitter brines deionised vater NaCl brine, but exceptions exist.

2. All of the so far investigated waste forms show signs of
attack under hydrothermal conditions.

3. Phosphate glasses have the lowest stability. Borosilicate
glasses, glass ceramics as well as supercalcines have been
proven to be more stable. Their leach rates - determined
from weight loss for deionised water and brines are in the

Q o o
order of 10~ to 10 g/cm d at U20 to 510 K, in regard to
the beginning of the leach process. In most cases these
values cannot be used for long-time extrapolations.

U. For any waste form the cesium leachability is relatively high
in brines, i.e. for crystalline waste forms pollucite cannot
be considered as a leach-resistant host phase for Cs, due
to ion-exchange with Na.

5. Borosilicate glasses and derived alternatives exhibits very
similar behaviour, when a salt dome is chosen for a final
repository.

6. During a brine attack a protective layer may be formed on the
surfaces of the waste and saturation effects may occur in limited
volumes of liquid".

5.7 LEACH TESTING IM CANADA
In Canada, a wide variety of leach tests has been performed. Non-

radioactive screening studies of borosilicate glasses containing up to
UO weight % waste oxides have been measured. The following general
conclusions are drawn:

1. All the borosilicate glasses tested exhibit roughly the same
final leach rate, about (lOto Uo) x 10~9 kg.nT̂ s"1 at 100°C.

2. All major elements leach at similar rates, except for Zn which
re-deposits, adsorbs or precipitates within the test system.
Dissolution of most glasses is apparently congruent, that is,
limited by the matrix stability.

3. The mole ratio of Na^O, or Na^O plus other modifiers, to
BpO_ should be close to 1.0 to ensure good durability.
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U. Most leach rate data show a minimum durirlg a 60-day period
using the ISO long-term leach test at 100°C without "buffers
and the schedule specified for the leachate change. The
increase observed after a"bout 20 days may be due to: (l)
the increased surface area of the sample (the area used in
calculations is assumed constant and equal to the initial
geometrical area), (2) alteration-layer spallation and re-
dissolution upon acidification of leachate prior to analysis,
(3) a true kinetic phenomenon due to enhanced rates of
dissolution of partially cation-depleted alteration layers.

5. High-waste glasses appear marginally better than low-waste
glasses, particularly if the Al content is significant. The
effect of aluminium addition (as Al-O, or A1F in the waste)
may be dominant.

6. The sensitivities of some analyses are inadequate to detect
the leaching of some major elements (Si, Al, Zn).

Studies are underway to identify potential borosilicate glass
compositions that exhibit and define the lower limits of leaching durability.
The summary of these results are quoted:

"1. At constant Na?0:BpO mole ratio, there is a strong dependence
of durability on SiO^ content. This is especially evident when
the SiO- mole ratio exceeds INa 0:1B 0 -ItSiO-. The temperature
required to prepare the glass also increases rapidly with
greater SiOp content.

2. At constant BgO :SiO mole ratio, there is a strong dependence
of durability on the NapO:BpO_ ratio, particularly when
Na_0:BpO is greater than 1.0. The temperature necessary
to create the glass increases strongly with decreasing Na_0
content at NapO:BpO,, ratios less than 1.0".

In general, aluminosilicate glasses were found to have leach rates
about an order of magnitude lower than those of the borosilicate glasses.

5.8 DISCUSSION ON PROPOSED STANDARD ISO LEACH TESTS
The standard Soxhlet and long-term leach tests proposed by the

International Standards Organisation were discussed briefly. General
dissatisfaction with the proposed long-term test was expressed, based
on technical objections. In general the group did not plan to use the
long-term test but the Soxhlet method was generally accepted as a
comparative test. Canada has performed a number of experiments with
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the proposed test procedures. Some members agreed to send comments to
ISO via the IAEA. It was recommended that such standard procedures
be simple So that many countries could easily use the procedures.

Ho action had been taken regarding the tentative agreement at
an Ad Hoc ISO meeting in Cincinnati, Ohio, USA in May 1979 to
use the standard tests at various laboratories on reference glass samples
to be prepared at Battelle-Northwest.

It was proposed that in 1 to 3 years, after more research is done,
that ISO consider developing a standard test for hydrothermal conditions.
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6. THERMAL PROPERTIES AMD THERMAL EFFECTJ3

In Japan, thermal conductivity measurements were made on borosilicate
glass made from simulated high-level waste and natural zeolite. Measure-
ments were made at temperatures between 350°C and 750 C with waste content
varying from 0 to 25 wt%. Thermal conductivities varied from 1 to 1.7 W/m.°C,
with values generally increasing with increasing temperatures but with
inconsistent values with varying waste content.

In the UK, the crystallisation rates (in this case the time taken
for each separate phase to start) of UK glasses 109 and 209 were
measured at various temperatures using a microscope to view chips of
glass. The microscope could detect crystals as short as 0.001mm.
The time to initiate formation of various crystals varied from almost
10 seconds at 600°C to ^0 seconds at 900°C. Redissolution of the
crystals took place at
seconds, respectively.
crystals took place at 960 to 1000°C and required about 10 to 100

At the HMI crystallisation was studied in glasses containing
fission products. An abstract of the written presentation is:

"Five potential solidification products for high level waste
(four borosilicate glasses and one celsian glass ceramic) have
been investigated in terms of crystallisation. In all glasses
crystallisation and in the glass ceramic recrystallisation was

oobserved by heating above 733 K, however, at very different
periods of time (O.ld ̂ , t ̂ lOOd). The noble metals precipitated
into various phases. Crystal growth proceeded at the phase
boundary glass/noble metal. In all products rare earth phases
crystallised. Silicate phases rarely formed. The leach resistance
(after grain titration and Soxhlet test) decreased after heat
treatment in all cases. The changes were found to be within one
order of magnitude of all products".

The conclusions from the written presentations are quoted:

"1. The solubility of the noble metal in all glasses was
exceeded. Nevertheless, at the glass melting temperatures
at least Pd was soluble; otherwise it could not precipitate
as Pd-Te compounds.

2. The parent glass of the glass ceramic easily crystallised,
in contrast all the other glasses were considerably stable against
heat treatment, however, at high temperatures they also
crystallised. The high crystalline portion in the glass
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ceramic was due to bulk crystallisation, whereby in crystallised
glasses the glassy portion still remained highest.

3. Some waste constituents crucially effected the crystallisation
process but did not lead to comparable results in the various
glasses. Thus the composition of the glass frits was more
responsible for crystallisation than the waste.

b. Crystallisation and recrystallisation in the glasses and
glass ceramics respectively is not expected to have drastic
changes on the safety-relevant leachability under interim
storage conditions (where there are high temperatures)".

Also at HMI, studies were done to determine phase boundary effects
in metal-matrix-embedded glasses. The abstract from the written
presentation is:

"An investigation was performed to study reactions at the phase
boundaries of glass-lead composites at temperatures up to the
softening point of the glass. Sume metal was oxidised at the
boundary and penetrated into the glass. Solid state diffusion
was rate controlling. In the case of a phosphate glass fission
products were depleted in the boundary area. Molybdenum migrated
into the lead and cesium into the glass core".

The conclusions from the written presentations are:
"1. The phase boundary glass/lead of a metal matrix composite
(HLSW form) is subject to chemical reactions above 820 K. The
most important species is oxidised lead penetrating the glass
phase.

2. The depth of the reaction zone is determined by the diffusion
2+coefficient of Pb in glass.

3. Fission products may leave the zone in both directions,
molybdenum e.g. migrates into the lead, whereas cesium migrates
into the glass core.

k. Crystallisation in the reaction zone (borosilicate glass)
prevents the constituents from escaping, i.e. glass-ceramics
as the HLSW form should be less affected by the diffusing
lead and might be preferred instead of glass".

In the United Kingdom, viscosity, thermal conductivity, and
electrical resistivities were measured on simulated waste glasses.

31



Viscosities of three UK glasses in the temperature range of UjO C to
1050°C follow the relationships:

Glass 209: Log-n = -2.919 +
Glass 189: Log10n = -2.7013 + 3852. 5/(T-220)
Glass 198: Log1Qn = -2.1*32 + 3368.6/(T-250)

where n is in poises, T is in °C.

Thermal conductivity measurements were made on 2 simulated waste glasses
in an improved and highly accurate apparatus. The results for the
range 100 to 500°C are:

Glass 189: K = 1.505 - 1.5U8 x 10~3T + 1.956 x 10 T2 - 3.303 x 10~10T3
Glass 209: K = 1. 33*+ - 3.111 x 10'̂ T + 2.717 x 10~TT2 + k.JlO x 10~10T3

where K is in W.m~ .K~ and
T is in K.

Electrical resistivities were made on the above two simulated waste
glasses. Values for glass 209 were slightly higher than for glass 189.
The resistivities decreased with increasing temperature, with values
of about 100,000 ohm-metre at 300°C to about 0.2 at 950°C. There was
a strong relationship between the electrical resistivity and the
viscosity according to the expression:

log viscosity = 3.̂ 77 log resistivity + 5^5-

In the USA, a good correlation between viscosity and volatility
has been noted. They have also shown that the actinide distribution in
waste glasses is very sensitive to phase separation.

In Canada, measurements of immiscibility boundaries have just
been started; some'information is available on liquid phase separation
(given in Figure 1 of report VOTRE ̂ 66). In Canada, experiments have
started on the measurement of thermal conductivity of thin, transparent
sections of glass specimens with known conductivity. Linear thermal
expansion has been determined for a series of simulated waste- and
sodium-containing borosilicate glasses. Additions of Na_0 to the
borosilicate glass or the CaO or ZnO derivatives resulted in a significant
increase in the expansion coefficient while reducing the transformation-
range temperatures. This was due to expansion of the borosilicate
glass network by introduction of metal oxides. The divalent oxides CaO
and ZnO behaved in a similar manner, but the effect was lower for
the equimolar addition. Additions of waste oxides to these glasses
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in most cases reduced the transformation range parameters while again
significantly increasing the expansion coefficient.

In India, a technique based on transient temperature rise of a
line (wire) heat source at a constant energy input has been developed
for the determination of thermal conductivity of vitrified wastes with
good success. Another technique based on steady state heat generation
conditions is to be tested for its sensitivity and adaptability for
the determination of the thermal conductivity of glasses containing
radioactive wastes. For the measurement of viscosity of glasses in

Q -| o
the range of 10 to 10 poise, a beam bending technique has been
employed. A commercially available rotary viscometer is being
adapted for the determination of viscosity in the range of 10 to 10 poise
at elevated temperatures. A commercial dilatometer is being used for
the determination of coefficient of linear expansion and the dilatometric
softening temperatures.
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7. MECHANICAL STABILITY

Drop tests were started in Japan on simulated waste blocks of
glass produced with zeolite. The waste blocks (without canisters)
were found to have 3 to 5% of the glass fragmented from 2- to U-metre
drops and 100% fragmented from 9~metre drops. Particle size distribution
of the fragments from the 9~metre drops was near that of a Gaussian
distribution, ranging in size from about O.OUmm to about 30mm. Similar
tests are planned to be made with waste cylinders in canisters.

In India, impact strength of vitrified waste forms is being
evaluated by dropping a 1.2 kg impact weight having a notch at the
centre of its bottom through a height of 75 cm onto glass pellets that
are 20 mm dia x 5 mm thick. Sieve analysis is then performed on the
fragments. Plotting of cumulative weight fraction versus size in
micrometers on a log-log graph yields a good fit with Schumann's
distribution. The fractional increase in geometric area is calculated
and considered to be inversely proportional to relative impact strength.
Also, a commercially available device for measuring bending strength
is being tested for the determination of bending strength of glass rods,
tubes or bars in terms of modulus of elasticity and compressive
strength. Also, the crushing strength of glass discs is being measured
according to DIN 51030 and 51090. Ho results were reported.

Impact tests have been done at Karlsruhe by dropping a 2kg weight
a distance of 80cm onto a cylindrical sample of glass (12mm diameter x
21mm high). After five drops, for a total of 80 Joules of energy, the
sample fragments are analysed by a sieve analysis and the results
converted to surface area. For glass 98/12, glass 98/26, and glass2ceramics, surface areas were found to be about 8.7, 8.5 and 5 cm /Joule,
respectively.

Mechanical damage to glasses has been studied in Belgium. They
have found that without care on cooling, cracks are formed in small beads.
Slow cooling on a disk preheated to 300°C significantly increases the
mechanical strength of the solidified glass beads. The metal matrix
can sustain high deformations in axial compression before collapsing
(ca. 1555 at H : d = 1 and ca. 5% H : d = 5).

Impacts tests have been made on metal matrix materials using a
weight of 10kg dropping from a height of Urn. The remaining compression
strength and the powder distribution have been measured as function of
impact energy, but results were not presented.
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In Canada experiments have been started to determine the extent
and probability of delayed (future) cracking in simulated waste glasses.
Measurements of crack growth rates versus stress are planned. Initial
tests have been measured on soda-lime glass and will be extended to
borosilicate and aluminosilicate glasses, and will also consider variations
with temperature and humidity.
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8. RADIATION STABILITY

In the UK, samples of simulated M23 waste glasses were irradiated
19 2 20 3with 0.5 MeV electrons at a total flux of 10 e/cm (or 10 e/cm ) over

90 and l80 hours. The flux is equivalent to the total from waste from
Magnox fuels that is 3 years out-of-reactor. Specific gravity changes
where less than 1%, with decreases at 125 C, and increases at 300°C.
Following irradiation at 125 C, the leach rate increased by a factor
of about 1.5 to 2 x 10~ g/cm .d. Samples irradiated at 78°C showed
a network of micro-sized cracks and some markings attributed to
electrical discharged within the glass. Five CEC glasses were doped

-i Ywith 2.5 wt% Pu-238 and received eradiation to a dose of 10 d/g.
Four of the glasses had increased specific gravities by 0.2%;' 1 glass
had decreased specific gravity by O.U%. Concern was expressed about the
relative lack of knowledge on actual molecular effects on glasses
from alpha irradiation.

At the HMI Berlin West,helium formation from alpha decay was
studied. The abstract for the written presentation is given below.

"To produce high radiation damage and excessive helium concentra-
tions, the B-10(n, w, ) Li-7 nuclear reaction was applied to a
zinc-borosilicate glass. The number of displaced atoms could be
estimated by using a collision model. The fraction of displaced
atoms in glasses containing actinide elements was calculated to be
orders of magnitude larger from <x -decay than from (? ,X -decay and
spontaneous fission. Helium diffusion was measured between ""120
and ~- 650 C and was found to be dependent upon the «-dose up to
500°C. The activation enthalpy increased from 79 to 111 kJ/mole

17 19 3when the «--dose rose from 10 to 10 per cm . The activation
enthalpy as a function of the number of displacements per atom
(dpa) revealed a saturation at about 0.1 dpa. At higher
temperatures the diffusion dependency upon the ot-dose disappeared
and the activation enthalpy was ^5 kJ/mole. With respect to the
long-term situation, the above results gave evidence that helium
will remain in the waste glass and a saturation of radiation
damage will only be reached after some ten thousand years".

19 3The 10 d/cm is equivalent to about 100,000 years of irradiation of
high-level radioactive waste.

At Battelle-Northwest in the USA, the overall results from
simulated, Cm-2W+-doped (2% Cm-2UU) reference glass 77-260 after

n Q -3
5 x 10 d/cm of alpha irradiation are:
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radiation-induced changes in density (less than 1%) and stored
energy (20 to 30 cal/g) are small;

- the most important change is microfracturing with large
crystals in devitrified fi»ss; very little microfracturing
occurs in glass ceramics (small crystals);
in the worst case, amorphisation leads to microfracturing;
Ca_Gd„ (SiO, ) (PO, )0p (Apatite) "becomes amorphous;
radiation, amorphisation, and microfracturing do not
significantly affect net material leached or impact performance;
actinides generally follow rare earths and concentrate in
devitrification products;
there is essentially no effect of irradiation on leachability
or on fines formation from mechanical impact.

In Japan, simulated glass samples were irradiated with 2MeV
electrons up to 10 rads. After irradiation, the leachability of Na
and SiOp increase from 0 to 16% with the Z-series glass and from 30 -

with the B-series glass; the leachability of Cs decreased by
30~to 60% in the Z-series glass and increased by about lkO% in the
B-series glass.

In Canada, a project is underway to determine effects of irradiation
on glasses, glass-ceramics, or ceramics. Radiation will be simulated
by external bombardment with ion beams of several MeV energy. Work was
commenced at McMaster University in May of 1979.

The proposed ISO standard test on measurement of radiation stability
was discussed briefly, but participants had not been able to study it
sufficiently to provide comments. Comments were to be sent to ISO by
some participants, either directly or through the IAEA.
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9- EXPERIMENTS WITH WASTE FORMS FROM REAL HIGH-LEVEL WASTE

In the United Kingdom, a 6-inch-diameter cylinder of glass was
produced by the FINGAL process from high-level waste (the block
contained lU,000 Ci in UOkg of glass). After 11 years (wherein the
glass received about 20% of its lifetime dose of beta-gamma radiation),
the cylinder was cored. Visual examination showed the sample to contain
no more cracks than when the glass was made. Seven-day leach tests of
the sample and a non-radioactive sample in water at 90 C gave identical

-3 2leach rates of 0.33 x 10 g/cm .d. Examination of thin sections of
the 2 glasses showed small but significant differences in precipitates
that formed.

Also, in the United Kingdom, a laboratory-scale glass 209 sample
(except with only 20 wt$ waste ) was prepared from high-level wastes.
The glass contained lOCi from 15ml of waste. Soxhlet leach tests showed

— "3 's3essentially no difference in leach rates (about 0.3 x 10 g/cm .d)
for the radioactive sample compared to those for a non-radioactive
sample.

At Battelle-Eforthwest in the USA, studies were made on U glass
compositions (72-68, 76-68, 77-107, and 77-260) that were prepared
from waste from PWE fuel exposed to 28,000 MWd/MT and aged 3 years. The
glasses contained about 15 Ci/g. The radioactive samples appeared
visually to be more vitreous than non-radioactive samples, but
microprobe analyses showed very little difference. General conclusions
from the studies are:

melt insolubles and crystallisation products are the same for
radioactive and non-radioactive glasses. Thus the radiation
field appears to have no effect on phase behaviour;

- no significant differences in leach rates are noted between
radioactive and non-radioactive glasses;
glass composition is more important in determining leach
rates than is the extent of devitrification;
elemental analyses in both short-term (at 75°C) and longer-
term (at 25°C) leach tests suggests that congruent dissolution
does not occur.

Also at Battelle-Northwest, spent fuel was tested with the IAEA
leach test in salt brine at 25 C. The leach behaviour of spent fuel is
similar to that of waste glass, although the spent fuel leach rates are
somewhat higher than for the better waste glasses (e.g. from spent fuel,

-3 2 -UCs-137 leach rate is about 3 x 10 g,cm .d; Sr about 5 x 10 ; Pu about_u.1 x 10 ). Uranium dissolution is controlled by the U solubility.
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Major studies have been performed in Canada on spent fuel immobilisation.
Titanium, Inconel 625, and 3l6L stainless steel are under study as
canister materials, with Ti being preferred. Several conceptual designs
of containers have been studied, all of which are designed to withstand
hydrostatic pressure of deep geologic disposal. In a few months, tests
on incorporation of simulated spent fuel bundles in SiO particulates and
in a lead metal matrix will be started. Other matrixing materials being
considered are Al, Zn, and low-melting alloys. Corrosion studies are
underway, with the emphasis on electrochemical experiments. Electrical
potential between U0? and potential canister materials have been measured.
Leach rates in spent fuel have been found to be in the same general order
of magnitude as in glass. The leach rate for Ce is about the same as
for U02.

No other country represented is doing studies on spent fuel.

In Canada, high-level wastes were incorporated into 25
hemispherical glass blocks with nepheline syenite to a fission product
loading of about 1/5. The blocks are 5 inches in diameter, they weigh
about 2 kg each, and were prepared in fire-clay crucible. The blocks
without the crucibles were buried under 10 feet of porous soil in a
single, vertical plane that is perpendicular to the direction of
flowing groundwater. The concentration of Sr-90 was measured downstream
in the groundwater. The Sr-90 concentrations required about 12 years
to reach steady state at a level 0.001 times the early concentrations.
The leach rate is about 1/300 of that from laboratory data. Part of this
decreased leach rate is attributed to the relatively low corrosiveness
and the low temperature (6 C) of the groundwater,and a factor of 50
improvement is believed to be due to mechanical reinforcement by the
soil matrix of friable surface layer from corrosion. The following
general conclusions can be drawn from this study as quoted:

"1. The long-term low-temperature leaching performance of
nepheline syenite-based glass is improved by emplacement
in a sandy soil matrix.

2. The leach rate for the first 17 years of glass burial can be
predicted from extrapolations of continuous-flow laboratory
leach-rate measurements.

3. Sr-90 migration through sandy soil at Chalk River can be
adequately predicted for distances up to approximately tens
of metres by a one-dimensional convective-dispersive model
assuming an equilibrium, linear adsorption isotherm. Migration
over longer distance will require at least a two-dimensional
model to account for radial dispersion.
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137h. Cs migration under similar conditions cannot be predicted
assuming an equilibrium linear adsorption isotherm".

One block from each of 2 in-situ tests was recovered from the
ground and examined. In the case of glass from the I960 (monitored)
experiment, Ha, K and Ca were found to be depleted at the surface
relative to the Si. Surface changes were at a depth of about 1 to
2 nanometers. However, there was essentially no visible change in
the surfaces. Flow-through leach rates are being made in the
laboratory using AECL granite groundwater and brine as the leachants.
The samples that have crushed granite or gabbro upstream show Cs-137

—10 2leach rates of 1 x 10 kg/m .s., or about a factor of 10 lower than
those without the crushed material. The leach rates are constant with
time, which generally indicates that matrix dissolution is the
probable major release mechanism.
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10. LOMG-TERM BEHAVIOUR OF WASTE FORMS

From the HMI West Berlin it is believed that a time range of 1000
to 10,000 years should "be considered for waste form stability. This is
because beyond these time periods, rational scientific predictions cannot
be made, and the ingestion hazard index is lower than for naturally
occuring uranium ore. During the first hundred years or so, heat
generation and beta-gamma irradiation are predominant.

The pressure in geologic repositories (which can reach 100 to
350 atmospheres) should be considered in the development of a waste
package. Thermal loading should be considered to minimise degradation
of the repository from excessive temperatures and to minimise the waste-
rock interactions, including the added effect of water present. Leach
tests should be made to simulate as closely as possible the hydrothermal
effects (See Section 5-6). Where no hydrothermal reactions are expected
(e.g., in salt repositories), crack propagation during the high-
temperature and temperature-change periods are of primary concern (wastes
are expected to be below the waste form transformation temperatures).

Radiation damage in the order of 0.01 displacements per atom will
occur in the first 100 years. Wo significant effects on properties of
waste forms have been found to date from such radiation damage. During
the epithermal period (i.e. 300 tOflO,000 years) after deep geological
disposal, leach resistance is generally expected to be the most important
property of the waste form.

Regarding the long-term stability of waste forms, the following
general listing of disposal plans for solidified high-level wastes for
several countries was presented:

Belgium, disposal into clay; allowing local clay temperature
increase of maximum 100 C; also, maximum temperature increase of
5°C at the interface between the clay and the overburden;

Canada, disposal into hard rock; maximum waste surface temperature
150°C;

FRG, disposal into salt; maximum waste glass surface temperature 200 C;

France, disposal into granite; maximum waste centerline temperature
150°C;

India, disposal into crystalline rocks such as granite and
gneisses after 20 to 30 years of near-surface storage;
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Japan, disposal into granite;

Netherlands, disposal into salt;

UK, disposal into granite at a depth of about 300 meters; max.
waste temperature about 100 C, less than 1 kW/can;

USA, disposal into salt or hard rock; maximum waste surface
temperature about 150 C.

Wo country present was seriously considering disposal of high-level
wastes into the seabed.
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11. OTHER INFORMATION

11.1 HMI HOT LABORATORY TESTS
Studies being carried out in hot laboratory cells in the HMI were

described briefly. The studies include measurements on crystallinity,
dilatometer and leach tests and a number of mechanical tests such as
crack propagation speed by bending glass chips, and hardness by pressure
denting.

The facilities at the Hahn-Meitner Institute were visited by the
participants where the HMI staff are doing research in this field. They
have a number of non-radioactive laboratories committed to these studies
and are preparing a complex of 3 hot cells vhere they will be able to
perform a wide range of waste form evaluation studies on samples with
radioactivity. They have a full complement of complex instrumentation,
and a professional staff of about 10 persons employed in this area of
work. The non-radioactive laboratories include a laboratory with a
number of furnaces for preparing glass samples and a 6-liter ceramic
melter, a hydrothermal testing laboratory with autoclaves and for mounting
samples for analysis by scanning electron microscopes, a laboratory with
a dilatometer and sputtering device, and an X-ray diffraction laboratory.
The hot laboratories include one (not yet commissioned) for working on
alpha-doped samples with an X-ray diffraction unit with equipment and
a differential scanning calorimeter for stored energy measurements; and
three hot cells 'expected to be commissioned in late 1979) to handle
glass blocks (85mm in diameter x 170mm long) with up to 1000 Ci in each
cell. One cell is for sample storage, one for "dirty" activities such
as sawing, and one cell with autoclaves and leach test equipment. These
three cells are expected to provide the capability to do everything that
can be done witji non-radioactive samples.

11.2 CEC PLANS FOR 2ND 5-YEAR PROGRAMME ON SOLIDIFICATION
The first CEC 5-year research programme on radioactive waste

management was initiated in 1975 and was to be completed at the end
of 1979. Plans for the second 5-year plan are being developed, and
include continuation of activities on evaluation and testing of high-level
waste forms.

For the first 5-year plan, 8 glass-based forms developed in
the UK, France and Germany were tested at AERE-Harwell,
CEN-Marcoule and HMI-Berlin. Tests were aimed at
determination of leach resistance, devitrification effects, and alpha
irradiation effects. The simulated waste samples were prepared at
Harwell. A set of the same reference materials was also prepared and
tested at Marcoule; these samples contained radioactive wastes that
originated at the Marcoule reprocessing plant.
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For the next 5 years, it is under consideration to extend the
studies to waste forms other than those that are glass-based. In
addition, testing and evaluation methods will be developed to provide
directly applicable data for deep geological environments. Studies are
envisaged on fully radioactive samples.

11.3 MATERIALS CHARACTERISATION CENTRE IN USA
A Materials Characterisation Centre is being set up at Battelle-

Northwest to provide data on waste forms and associated canisters, overpacks,
and engineered barrier materials by approved methods that include those
representative of the conditions expected in the waste management system,
including interim storage, transportation and disposal. The centre will:

assure that the materials data base and documentation meets
the requirements for repository licensing,
review methods and data from other programmes,
provide approved test procedures for waste materials based on
data needs and previous work,

- compile certified data into a waste materials handbook for
use in all waste management activities.

11.!* QUESTIONNAIRES OK WASTE EVALUATION EFFORTS
The US participant suggested a questionnaire on related research

from each laboratory to be compiled by IAEA and sent to each participant.
Responses to the questionnaire as of July 1980 are given in Appendix C.
Participation is to be voluntary, and IAEA will forward information
received.

Another questionnaire with technical information on specific
waste forms was proposed by the HMI staff to be filled in by and distributed
to participants on a periodic basis, given as Appendix D. Discussion on
the format and/or utility of the questionnaire was mixed, and no
conclusions or recommendations were made with regard to the proposed
form.

11.5 CLOSING ACTIVITIES OF THE MEETING
The IAEA activities related to this Coordinated Research Programme

were described. Most of these are in the IAEA's Underground Disposal
Sub-programme which includes the elements of preparing guidance and
technical reports on (a) general studies including those on safety and
regulatory aspects, (b) site investigations for repositories (c) waste
acceptance criteria, (d) design and construction of repositories, and
(e) operation, shutdown and surveillance of repositories. In addition
there are similar activities on treatment and conditioning of low-level,
medium-level, and alpha-bearing wastes.
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It was agreed that each participant should send, in the future,
appropriate technical reports from his country to each of the other
participants. IAEA is responsible for keeping all participants informed
of changes in participation in the programme.

It was agreed "by the participants that an informal document should
be compiled by the IAEA to summarise the discussions and presentations
at the meeting. This report constitutes that document.

It was proposed by the participants that this programme is sufficiently
important to continue for at least several more years, with rotating
venues for the meetings. The next meeting was proposed to be held
during the first half of 1901, preferably in India or Japan. It was
also proposed that the programme would benefit "by having other countries
participate that are active in the field, such as Australia and USSR.

The Hahn-Meitner Institute was commended on their excellent
arrangements for the meeting. They provided all necessary facilities
and services to allow for efficient functioning of the meeting. In
addition, the institute provided important contributions from observers
of their technical staff. And lastly, Dr. Lutze was a very capable
chairman and guided the discussions to a successful meeting.
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12. DEFINITION OF RELEVANT TERMS

The definitions of relevant terms as currently used in radioactive
waste management within the IAEA are given below.

Borosilicate glass

Canister

Conditioning

Disposal

High-level waste

Leachability

Leaching

Leach rate

- A supercooled liquid based on a random
lattice of silica tetrahedra,
modified with boron and other cations.
A glass composition used as a
solidification matrix.for high-level-
liquid waste.

A container (usually cylindrical)
for remotely-handled spent fuel or high-
level waste. A canister affords
physical containment but not shielding;
shielding is provided by a cask.

Those operations that transform wastes
into forms suitable for transport and/or
disposal. Operations can include
volume reduction, converting the
waste to more stable forms, container-
isation, and additional packaging.
The emplacement of waste materials
in a repository without the intention
of retrieval.

The highly radioactive liquid, containing
mainly fission products but also
actinides, which is separated during
chemical reprocessing of irradiated
fuel (aqueous waste from the first
solvent extraction cycle and those
waste streams combined with it).
Any other waste with radioactivity
levels intense enough to generate
significant quantities of heat from
the radioactive decay process. Also,
spent reactor fuel if it is declared
a waste.
The susceptibility of a solid material
to the removal of its soluble
constituents by the dissolving or
erosion action of water or other fluids.
The dissolution or erosion of material
from a solid. The term may be used
to describe the gradual erosion/
dissolution of emplaced solid waste
or the removal of sorbed material
from the surface of a solid or porous bed.

The rate of dissolution or erosion
of material from a solid. The
term may be used to describe the
rate of gradual dissolution/erosion
of emplaced solid waste or the removal
of sorbed material from the surface
of a solid.
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Long-lived wastes

Package, waste

Radioactive waste

Solidification

Vitrification

Vitrified
Waste form

Waste management

Those wastes that will not decay to
acceptable levels in time periods
during which administrative controls
can "be expected to last.

The conditioned waste form, including
any container(s) and other engineered
barriers (e.g., absorber materials),
as it is prepared for handling,
transport, storage and/or disposal.
A container may be a permanent part
of the conditioned waste or may be
reusable (e.g., shielding casks,
shock absorbers, etc.) for any waste
management step. Also, the degree
of conditioning may vary for the
different steps in waste management.

Any material containing or contaminated
with radionuclides at concentrations
or radioactivity levels greater
than exempt quantities established by
the competent authorities and for
which there is no foreseen use.
Conversion of radioactive waste to
a dry, stable solid.

Any process of converting materials
into a glassy form.
Solidified in glass.
The physical and chemical form of the
waste (e.g., glass, concrete, bitumen)
without its packaging.
All activities, administrative and
operational, that are involved in
the handling, treatment, conditioning,
transportation, storage and disposal
of waste.

Waste package The conditioned waste form, including
any container(s) and other engineered
barriers (e.g., absorber materials),
as it is prepared for handling,
transport, storage and/or disposal.
A container may be a permanent part
of the conditioned waste or may be
reusable (e.g., shielding cask,
shock absorbers, etc.) for any
waste management step. Also, the
degree of conditioning may vary for
the different steps in waste management.
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Appendix A

IAEA Coordinated Research Programme
EVALUATION OF SOLIDIFIED HIGH LEVEL WASTE PRODUCTS

Final Meeting Topics for Berlin Meeting, October 15-19, 1979

1) Introduction
a) "by IAEA Scientific Secretary
b) by Chairman of the Meeting

2) Waste and Product Types
a) High level liquid waste compositions, expected and synthetic
b) Product compositions studied and preferred (glasses, ceramics,

glass-ceramics, metal or other matrix, coated particles,
synthetic rock, cement, other)

c) Preparation conditions and techniques and scale-up
d) Containerisation developments.

3) Overview of Waste Form Making Technology
a) Physical and Chemical conditions
b) General flowsheets and hardware developments

k) Thermal stability (Effects of temperature on physical state
during manufacture and storage/disposal)
a) Phase separation, crystallisation, devitrification and

reerystaliisation
b) Volatilisation (Ru, Cs)
c) Local composition change

5) Chemical Stability (leaching)
a) Developments in fundamental leaching mechanisms
b) Methods and liquids used for lab-scale testing. Results.
c) Testing under hydrothermal conditions
d) Test samples used and results
e) Application of New Standard ISO tests
f) Trends to reduce leaching

6) Radiation Stability
(volume changes, stored energy, helium generation, phase stability,
leach rate changes, mechanical strength changes)
a) Samples and Test conditions

cx-doping
highly radioactive wastes
external irradiation (n,̂  ,Y )

b) Comparisons with non-radioactive tests
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7) Mechanical Stability
(physical and Mechanical Properties and Test Conditions)
a) thermal conductivity
b) thermal expansion
c) electrical conductivity
d) mechanical strength,

include mechanical impact
e) viscosity
f) density
g) other

8) Special Studies
a) Evaluations (other than leaching) using real high-level waste
b) Evaluation comparisons by various laboratories on specific

properties
c) Container performance during storage and disposal
d) Extrapolation of waste form performance during long term

development of tests and analysis of results !

tests under disposal conditions
e) Criteria and/or standards development for waste forms
f) Spent fuel treatment and characteristics
g) Relevance of laboratory data to production data

quality verification
h) Analytical methods and techniques

9) Future plans
a) For national or laboratory or multi-national programmes
b) For international programmes

ÏÏEA and CEC programmes
IAEA programmes

10) Plans for next meeting
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Meeting1 Schedule

Day

1 . Session

2. Session

Lunch
3. Session

4 . Session

Mo 15 Tue 16 We 17 Thu 18

Bus leaves from Hotel "Europäischer Hof" at 8.30
9.00 - 10.30
Introduction,
program.
objectives.
report
10.45 - 12.30
waste simulatio:
waste forms

12.30 - 13.30
13.30 - 15.00
waste forms

15.15 - 16.30
waste forms con

9.00 - 10.30
Overviews,
product
making
techn.
10.45 - 12.30

i session 1
continued

12.30 - 13.30
13.30 - 15.00
leaching

15.15 - 16.30
3 leaching

containers, |
overpack I

9.00 - 10.30
thermal
stability

10.45 - 13.00
Rad. stability
mechanical '
stability
13.00 - 14.00
14.00
tour of the
labs

16.30
IAEA reception
cocktails

9.00 - 10.30
Experiment
with real HLW
waste forms.

10.45 - 12.30
spent fuel
treatment

12.30 - 13.30
13.30 - 15.00
long term
stability
assessment and
evaluation
15.45 - 16.30
special studies

Fr 19

9.00 - 10.10
Nat. and
International
Programs

10.45 - 13.00
information
feedback
future meetings
13.00 - 14.00

"~
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Appendix C

LABORATORY RESEARCH EFFORT (Waste Form) RESPONSES

% Effort Remarks
FRG - Karlsruhe

Chemical properties
e.g. (leaching 65
glass-salt interactions): 15
simulated HLW-glasses GP98/12
and GP98/26 and highly-active
glass VG98

Mechanical properties
e.g. (impact - test Kelley 5
and Wallace
(strength)

Thermal properties
e.g. (decomposition) 15

(phase changes)
(volatiles)

Soxhlet at 100°C. Autoclaves
up to 130 tar and up to 200°C •
with GP98/12 and GP98/26
(simulated HL¥-oxides) and VG98
(highly-active waste oxides, in
HpO, Nad-brine and "quinare
Gleichgewichtslange")

Viscosity, DTA, thermal
conductivity investigation of
leached surfaces, phase
separation and changes ;
crystallisation we let perform
in other institutes.

h. Irradiation effects
e.g. (ot-recoil)

(6 -V )
Others
From 198l we will carry on a ceramic melter (~10 liter glass melt)
with full simulated HLW: Off gas treatment, corrosion of electrodes,
properties of products and container material, volatility from
the melt, material balance.

India
1. Chemical properties

e.g. (leaching) 35
(rock interactions) 0

2. Mechanical properties
e.g. (impact) 10

(strength) 0

3. Thermal properties
e.g. (crystallisation 7

(phase changes) 3
(volatiles) 0

U. Irradiation effects
e.g. ( o". -recoil) 5

(f -V) 0
5. Others: l) Physical proper- 15

ties such as viscosity,
thermal conductivity, density,
coefficient of linear
expansion etc.
2) New glass compositions 20
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Appendix C (cont.)

France

1. Chemical properties
e.g. (leaching)

(rock interactions)
2. Mechanical properties

e.g. (impact)
(strength)

3. Thermal properties
e.g. (decomposition)

(phase changes)
(volatiles)

it. Irradiation effects
e.g. ( <x -recoil)

Effort

35

30

30

Remarks
trends in the future

35

15

20

30

Belgium

1. Chemical properties
(e.g. leaching, rock
interactions)

2. Mechanical properties
(e.g. impact, strength)

3. Thermal properties
(e.g. decomposition, phase
changes, volatiles)

h. Irradiation effects
(e.g.c<-recoil,ß -"&')

5. Others

United Kingdom

1. Chemical Properties
e.g. (leaching)

(rock interactions)

2. Mechanical properties
e.g. ( impact )

(strength)

3. Thermal properties
e.g. (crystallisation)

(phase changes)
(volatiles)

20

50

5

25

ko
0

18
2
0

leach rate as function of crack
formation and thermal loading

thermal conductivity as
function of cracking

effect of metal matrix on
- chemical durability
- thermal conductivity
- mechanical properties
- thermal loading

This item will probably increase

U. Irradiation effects
e.g. (<x -recoil) T

(P-r) 3
5. Others

Physical props 15
(e.g. conductivity, Viscosity
Sp Ht)
New glass compositions 10
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Appendix C ( oont. )

United States of America
1. Chemical properties

e.g. (leaching)
(rock interactions)

2. Mechanical properties
e.g. (impact)

(strength)
3. Thermal properties

e.g. (decomposition)
(phase changes)
(volatiles)

b. Irradiation effects
e.g. (<* -recoil)

Effort Remarks

50

15

25 Especially crystalline
alternatives

5. Others
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Appendix D
QUESTIONNAIRE- WASTE FORMS

1. Product
2. Characteristics, shape, containment
3. Principle of preparation and waste category
k. State of development
5. Chemical properties

a) leach resistance
b) compatibility with media in final repository
c) release of liquids
d) release of gases
e) aging processes
f) resistance against microorganisms

6. Mechanical properties
a) density
b) "brittleness
c) increase of surface
d) stability against gases

7- Thermal properties
a) melting and softening temperature
b) thermal decompositions
c) thermal conductivity
d) specific heat
e) phase transitions
f) volatilisation of F. P.

8. Behaviour upon irradiation
a) density change
b) phases
c) maximum tolerable dose
d) radiolysis

9. Other properties
a) homogeneity
b) segregation upon heat treatment (melting etc.)

10. Waste content.
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Appendix E

LIST OF PARTICIPANTS

BELGIUM

Mr. J. Van Geel

CANADA

Mr. G. G. Strathdee

FEDERAL REPUBLIC OF GERMANY

Mr. L. Kahl

Mr. W. Lutze (Chairman)

FRANCE
Mr. M. Jacquet-Francillon

INDIA

Mr. G. A. Vaswani

JAPAN
Mr. H. Amano

UNITED KINGDOM

Mr. J. A. C. Marples

UNITED STATES OF AMERICA

Mr. R. P. Turcotte

Eurochemic Co.,
Boeretang 200
B-2UOO Mol

Atomic Energy of Canada Ltd
Whiteshell Nuclear Research Establishment
Pinawa
Manitoba ROE ILO

KFZ Karlsruhe GmbH
Postfach 36k9
D-7500 Karlsruhe 1

Hahn-Meitner-Institute
Glienickerstrasse 100
1000 Berlin 30

CEA Centre de Marcoule
Bagnols-sur-Ceze

Bhabha Atomic Research Centre
Engg. Hall No. 5
Trombay
Bombay

Japan Atomic Energy Research Institute
Shirakata, Tokai, Naka-gun
Ibaraki-ken

AERE Harwell
Chemistry Division
Building 220
Harwell, Oxon 0X11 ORA

Battelle Pacific Northwest Laboratories
P. 0. Box 999
Richland
Washington 99352

INTERNATIONAL ORGANISATIONS

Mr. W. Krischer Commission of European Communities
rue de la Loi 200
B-10U9 Brussels
Belgium
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Appendix B (cont.)

OBSERVERS

A. K. Dé
B. Grambow
K. W. Maass
G. Malow Hahn-Meitner Institute
E. Schiewer Glienickerstrasse 100
H. Fuchs 1000 Berlin 30 (West)
L. A. Mertens
P. Schubert
S. Weisenburger Kernforschungszentrum Karlsruhe GmbH

Postfach 36U9
D-7500 Karlsruhe l
Federal Republic of Germany

INTERNATIONAL ATOMIC ENERGY AGENCY

Mr. K. J. Schneider (Scientific Division of Nuclear Safety and
Secretary) Environmental Protection
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