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FOREWORD

The safe management and disposal of high-level wastes/ those generated
from irradiated nuclear fuel reprocessing or the fuel itself, is a critical
activity in the future of nuclear power. Many countries are actively
conducting research and development programmmes in this area to be able to
evaluate the behaviour of waste disposal options.

An IAEA Co-ordinated Research Programme (CRP) from 1979-1983 which
addressed glass high level waste forms was the first CRP established in
this technical area. Three documents were issued by the IAEA following the
research coordination meetings:

Characteristics of Solidified High Level Waste Products, Technical
Reports Series No. 187 (1979)

Evaluation of Solidified High Level Waste Forms, IAEA-TECDOC-239
(1981)

Chemical Durability and Related Properties of Solidified High Level
Waste Forms, Technical Reports Series No. 257 (1985).

A second IAEA CRP, the subject of this report, was established in 1984,
and ended in 1989. The second CRP, based upon recommendations of the
first, was expanded to include irradiated nuclear fuel and SYNROC waste
forms, and also to include the effects of the disposal environment, such as
ground water, candidate host geologic media, and engineered barriers.

Research laboratories from 10 Member States participated in the second
CRP: Australia, Belgium, Canada, China, Federal Republic of Germany,
India, Japan, Sweden, United Kingdom and the United States of America.
Research co-ordination meetings were held in Japan (1985), Australia
(1987), and Canada (1989).



The IAEA wishes to express thanks to the participants in the programme.
The IAEA officers responsible for the meetings in turn were D. Saire (first
2 meetings) and W. Baehr, Division of Nuclear Fuel Cycle and Waste
Management. The final report was the responsibility of W. Baehr and the
work was completed with the assistance of V. Tsyplenkov of the same
Division.
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1. INTRODUCTION

The use of nuclear power as an energy source has also brought the
responsibility for safe management of the waste materials generated from
the nuclear fuel cycle. Of particular importance to the use and growth of
nuclear power is the management and disposal of those wastes generated from
the reprocessing of nuclear fuel or in the case of those countries choosing
not to reprocess, the irradiated spent nuclear fuel itself. These
materials, called high-level wastes, are the subject of extensive research
throughout the world, in order to develop disposal systems and assess their
safety.

Systems to contain the high-level wastes are generally referred to as
waste packages, which may be made up of several components to provide for
human and environment safety during transportation, interim storage and
final disposal phases of waste management. Final disposal, although not
yet achieved in any country, is the subject of extensive R & D, and is
primarily focusing on placement of waste packages and engineered barriers
in deep geologic strata.

The IAEA initiated a Co-ordinated Research Programme from 1977 to 1983,
to address the subject of high-level waste, titled, "The Evaluation of
Solidified High-Level Waste Products". Recognizing the current interest in
the field, the IAEA, in accordance with the recommendations of the
participants of the first programme, initiated a second Co-ordinated
Research Programme on "The Performance of High-Level Waste Forms and
Engineered Barriers Under Repository Conditions". This second programme
started in 1984 and terminated in 1989. Research laboratories from 10
Member States participated in the programme, Australia, Belgium, Canada,
China, Federal Republic of Germany, India, Japan, Sweden,
United Kingdom and the United States of America.

The chief scientific investigators met in three Research Co-ordination
Meetings: Tokyo, Japan 1985, Sydney, Australia, 1987, and Winnipeg,
Manitoba, Canada, in 1989, to present the scientific reports from the
member laboratories, discuss results, and provide recommendations for
future work.

This report summarizes the information presented in this second
Co-ordinated Research Programme, and consists of a brief scientific



background (Chapter 2), the scope of the Co-ordinated Research Programme
including the scientific projects of the individual participants (Chapter
3), conclusions and recommendations (Chapter 4) and a collection of the
scientific reports of the participants which represents the essential part
of this document (Appendix). The reader is referred to the authors'
complete papers for a thorough treatment of the individual member countries
contributions.

2. SCIENTIFIC BACKGROUND

One of the major problems arising from the use of nuclear power is the
disposal of the resulting radioactive wastes containing fission products
and actinides which must be segregated from the biosphere for periods of
the order of a million years. In some countries, these wastes will result
from reprocessing of spent fuel (in order to recover the unused uranium and
in-bred plutonium) followed by solidification of the resulting high-level
waste. Some other countries do not intend to reprocess fuel and the waste
form will be the spent fuel itself.

The degree of isolation of radioactive waste achieved depends on the
performance of the waste disposal system as a whole. The system consists
of the immobilized waste form in a suitable container (the waste package),
any engineered barriers within the repository (i.e. backfill, buffer
materials, etc.) and the natural barriers of the site (i.e. the host rock
and the surrounding geological media). Together as a total system, these
components must be selected and designed to provide the isolation required
to protect the human environment.

Where reprocessing is undertaken, it is generally agreed that the
high-level wastes should be immobilized by conversion to a monolithic solid
for greater safety during interim storage, transport and disposal. A
number of processes for solidification of these liquid wastes are currently
being developed, and 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, they
must be understood and shown not lead to premature deterioration of the
desirable features. This is one of the subjects of high importance to the
development of nuclear power and waste management.
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The IAEA initiated in 1977 a co-ordinated research programme on the
"Evaluation of Solidified High Level Waste Forms" which was terminated in
1983. The participants of the programme developed a number of stable
formulations that are suitable as forms for disposal of high-level
radioactive wastes. The physical, chemical and radiation-resistance
characteristics of the waste forms were evaluated by a large number of
techniques and the results compared. The evaluation techniques were
improved and made more consistent through the programme. In addition, a
number of new waste forms with improved characteristics evolved from the
programme.

As there was a continuing need for international collaboration in
research on solidified high-level waste forms and spent fuel, the IAEA
initiated a new programme in 1984 as a natural extension of the former
programme. The new programme, besides including spent fuel and SYNROC,
also placed greater emphasis on the effect of the engineered barriers of
future repositories on the properties of the waste form. These engineered
barriers included containers, overpacks, buffer and backfill materials etc.
as components of the "near-field" of the repository. Thus the focus moved
towards consideration of the release of radioactive materials from the
repository as a whole instead of from the waste form only, considered in
isolation.

The geologic formations considered for future repositories included
hard-rock (granite, basalt, or tuff for example), clay and salt. In
hard-rock and clay, some water will "flow" through the repository, with the
emphasis on the effect of fissures in the former and on diffusion in the
latter. This water will react with the waste package and will eventually
reach the waste form. Radioactive material will then start to be released
from the repository, the rate depending on:

(a) The composition of incoming water resulting from its reaction
with the geology and with the other components of the near-field;

(b) The rate of reaction of the water with the waste form (the
"leach-rate" for each isotope times the available surface area);

(c) The solubility of each element or isotope in the water under the
prevailing pH (acidity or alkalinity) and Eh (oxidation potential);

(d) The sorption of the isotope on the materials of the near-field and
host geologic media;

(e) The water flow-rate.



In a repository in salt, there will be no water-flow under normal
conditions. Even if the salt-dome or -bed is breached it will take many
millenia for the salt to be completely dissolved. The salt does however
contain pockets of brine which may migrate up the temperature gradient.
Since this brine will react with the waste package and ultimately with the
waste form, the results of this reaction should be studied. In the
unlikely event of the repository being breached, it is this altered product
that will provide the source-term for the release.

The programme therefore included:

(a) Studies of solidified high-level waste and spent fuel, both
simulated and fully active;

(b) Studies of physical/mechanical/chemical properties of the waste
package or its components including the waste forms and any
liners, canisters and overpacks;

(c) Near field (backfill, rock, groundwater) effects on the waste
package or components performance;

(d) Near field conditions including the influences of radiation,
thermal, mechanical, hydrologie, and geochemical environments as a
function of time;

(e) Scientific/empirical models describing performance of the waste
package and/or its components were related to the results of
experiments.

3. SCOPE AND OUTLINE OF THE CO-ORDINATED RESEARCH PROGRAMME

The Co-ordinated Research Programme un the Performance of High-Level
Waste Forms and Engineered Barriers Under Repository Conditions had the
objectives of promoting the exchange of information on the experience
gained by different Member States in experimental performance data and
technical model evaluation of solidified high level waste forms, components
of the waste package and the complete waste management system under
conditions relevant to final repository disposal. The programme included
studies on both irradiated spent fuel and glass and ceramic forms as the
final solidified waste forms. Terms of reference for the Co-ordinated
Research Programme (CRP) under which contracts have been executed between
the Agency and laboratories/institutions of Member States include:
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- Studies of physical/mechanical/chemical properties of the waste
package, its components or engineered barriers (waste form,
liners, canisters, overpacks and buffers);

- Near field effects on the waste package and components performance
including the influences of radiation, thermal, hydrogeological,
geochemical environments, etc. as a function of time;
Scientific/empirical models describing performance of the waste
package and system evaluated against actual test results.

The CRP was composed of research agreements with Australia, Belgium,
Canada, Federal Republic of Germany, India, Japan, Sweden, United Kingdom,
and the United States of America. A representative from China attended the
first meeting as an observer, and China joined the programme on 1 December,
1985.

The main objectives of the three meetings held during this CRP were:

- to provide an open forum for discussion on the subject matter of
the meeting between the CRP chief investigators;
to give each participant the opportunity to formally present their
programme and to receive the benefit of a review of their results
and proposed work by experts from other countries;

- to consider the selection of papers presented by participants for
publication as an IAEA-TECDOC; and

- to determine the future activities of the CRP including programme
direction.

The scientific projects of the individual Member States are briefly
listed as follows:

Australia (D.M. Levins)
- Investigation of leaching and mechanical behaviour of both

inactive and radioactive SYNROC including actinides and selected
fission products;
leaching of SYNROC in the presence of geologic media such as
granite/-
systematic investigation of the effect of leaching parameters such
as Eh and pH, ground water composition, temperature, and presence
of engineered barriers.
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Belgium (P. Van Iseghem)
- Leaching performance of high-level and transuranic glass waste

forms primarily in the presence of clay-related disposal media;
Investigation on the effect of time, temperature, redox potential
(Eh) radiation field, and surface layers on radionuclide release.

- Modelling studies on the interaction of waste glass and aqueous
solutions;
Monitoring and evaluation of in-situ tests in clay.

Canada (L.H. Johnson)
- Evaluation of leaching and dissolution mechanisms for spent

nuclear fuel;
Studying the dissolution of spent fuel in the presence of
oxidants, radiolysis effects, and the use of electrochemical
techniques to help determine dissolution mechanisms;
Modelling the radionuclide release behaviour of spent fuel.

China (S. Luo)
Leach testing of simulated HLW glasses under elevated temperature
and pressure;

- Studying the crystallization of waste glasses as a function of
temperature and time;

- Investigation of leaching behaviour as a function of waste glass
composition.

Federal Republic of Germany (L. Kahl, G. Malow, B. Luckscheiter,
B. Kienzier)

- Characterization and property measurement, such as thermal
stability, leachability, and cracking of simulated and actual
high-level waste glass;

- Interaction of canister materials and waste glass with salt brines;
- Geochemical modelling studies.

India (N.S. Sunder Rajan, M.T. Samuel)
- Studies on simulated high level waste glass to include

crystallization, thermal, mechanical and leaching behaviour;
Leaching studies on simulated high-level waste glass in repository
environment conditions.
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Japan (H. Nakamura, S. Tashiro/ T. Banba)
Investigation of the leaching behaviour of simulated high-level
waste glass (doped with actinides);
Evaluation of radiation effects on waste glass leaching in the
presence of simulated ground water/ rock and buffer materials;
Evaluation of SYNROC as a candidate waste form, with respect to
radiation and long-term stability.

Sweden (L. Werme)
Leaching studies on spent nuclear fuel in synthetic ground water
and measurement of radionuclide release;

- Studies on the corrosion of the oxide layer on spent fuel;
Characterization of irradiated nuclear fuel with respect to fission
products and actinides distribution;

- Effects of radiolysis, repository components and engineered
barriers on spent fuel dissolution.

United Kingdom (J.A.C. Marples)
- Evaluation of high-level waste glass (simulated and actual)

leaching behaviour;
- Measurement of leach rates and equilibrium concentrations of key

radionuclides under simulated repository conditions;
- Studies of the radiation stability of high-level waste glass.

United States of America (D.J. Bradley)
Evaluation of radionuclide release from irradiated nuclear fuel in
simulated candidate repository environments;
Effects of radiolysis, solution composition, and the presence of
engineered barriers;

- Characterization of fission products and actiniae elements
distributions in irradiated nuclear fuel;

- Repository system and geochemical modelling studies on radionuclide
release.

13



4. CONCLUSIONS AND RECOMMENDATIONS

4.1 STUDIES ON GLASS

The work reported during the programme was primarily concerned with the
behaviour of the vitrified high level waste after disposal. There was
comparatively little work on glass compositions, although a glass has been
formulated by the Chinese to solidify sulphate-containing wastes.

The majority of the countries taking part in the collaborative programme
favour disposal in hard rock (India, Japan, UK) but disposal in clay is
being studied in Belgium and disposal in salt in Germany.

All countries favour the multi-barrier approach to disposal, with the
glass being the first barrier, an overpack (usually metallic) the second,
the repository the third and the surrounding geology the fourth. The work
discussed covered the first three barriers: migration through the rocks
surrounding the repository was outside the scope of the programme.

Throughout the work there was an increasing tendency to study
fully-active or doped glass samples. It was realised that the potential
hazard from the vitrified waste would be dominated by Cs and Sr up to 300
years, by Am up to a few thousand years and by Pu and later Np and Tc
thereafter.

CONCLUSIONS

On disposal in clay;

The glass dissolution in clay media increases with increasing clay
content. In pure water, leaching of soluble elements stops when Si
saturation is reached but this is not true in the presence of clay. Si
equilibrium concentrations were much lower than the expected saturation
concentrations: 20-40 mg.L compared to 100 mg.L or more in pure
water.

Multiple surface layers are produced during leaching which appear to be
formed by reactions within the glass surface and not by reprecipitation.
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Pu, Cs and Sr leach congruently with the glass matrix but, particularly
-9for Pu, the solution concentration was small, ranging from 2 x 10 M to

IG'11 M.

In an integral test using the European Commissions Repository Systems
Simulation Test (RSST), with Mol clay as the geological material and
sand/smectite as the backfill, no firm indication of the long term behaviour
was obtained after a year but the depletion depth at 90 C was only
1.8 urn and the leach rate based on soluble elements (B.Mo) decreased
steadily with time.

An external gamma-irradiation field slightly reduced the glass corrosion.

The mass-losses in the first in-situ tests in the Mol underground
laboratory in a clay stratum were 25 to 100 % higher than comparable
laboratory simulations. The presence of canister and overpack materials
appeared to increase the mass losses.

On disposal in salt;

It is expected that plastic flow, assisted by the rise in temperature
following the emplacement of the waste, will result in closure of the gaps
and voids in the salt round the canister within less than 3 years. Canister
corrosion is expected to be high.

For long-term radioactivity release scenarios, only the solubilities of
radionuclides in the presence of the salt need be taken into account.

A thick carbon steel overpack will reduce the irradiation of the
surrounding salt and reduce the production of H and HO.

fi. £A £

The presence of simulated canister material (stainless steel) lead to an
increase in the release of Cs and Sr.

Highly-radioactive glasses produced essentially the same results as
simulated samples as far as crystallisation and corrosion is concerned. The
chemical corrosion of borosilicate glasses in concentrated salt solutions is
accompanied by the formation of surface reaction layers in which
precipitating phases control the silicon concentration in solution. This in
turn has a strong influence on the rate of corrosion of the glass.
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On disposal in granite;

Leaching at high V/SA ratios showed that there was little difference in
the leach-rate whether granite or iron oxide, representing a corroded
canister, was present or not.

The water flow rates through simulated cracks in glass blocks decreased
by over one thousand times over a few days, presumably due to blocking by
glass corrosion products.

Using a bentonite "backfill" reduced the weight losses of glass
specimens by one to two orders of magnitude compared to those in distilled
water and at 40 C they were below the detection limit over one year (leach

_o „o —irate <3 x 10 g.cm . d ).

The bentonite sorbed large amounts of the actinides and the resulting
concentrations in the leachate (which control near-field release) were low:
in the case of Pu, this release is controlled by solubility. The
diffusivities of plutonium in compacted bentonite varied according to the

-4 -2 -1type: in sodium bentonite it was lower than 10 m S (ie.
undetectable) but in an impure bentonite containing chloride it was

—13 2 —1up to 6 x 10 m .S

Specimens were doped with Cm-244 and Pu-238 to test their radiation
stability. Their densities decreased by about 1.1% after a dose equivalent
to 10000 years for the real waste. There was no effect on their mass-loss
leachabilities and 98% of the helium generated was retained in the specimens
at room temperature.

In MCC-1 leach tests in distilled water, the leach rate of Pu increased
much more slowly with temperature (E = 22 + 10 kJ.mole ) than did Na,

-1 a
Cs and Sr (E = 7 8 + 9 kJ.mole ).a —

The release rate of the given radioisotope from a repository can be
estimated as the leach rate for that isotope times the glass surface area
accessible to the water times the time. Alternatively, it can be calculated
as the water flow rate times the concentration of that isotope in the water
in the repository. This "steady-state" concentration may be less than the
solubility for elements that are readily sorbed on near field materials.
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In the presence of a backfill containing one part of Ordinary Portland
Cement (OPC) to 3 parts Pulverised Fuel Ash (PFA), the steady-state
concentrations of Te, Np, Pu and Am were respectively 0.1, 4, 1 and 45 times
the "Limiting Concentration" for that element. This is the concentration
which is present in drinking water would lead to an annual dose of 1 mSv to
someone drinking 2 litres per day.

Other cementitious backfills gave similar results but bentonite was
shown in be poorer as a backfill for Tc and Np, the steady state
concentrations after 12 months being ca. 5 times and ca. 10 times greater
respectively than those observed with an OPC(1)/PFA(3) backfill.

Under oxidising conditions, the steady state concentration for Tc was
about 500 times greater than under the reducing conditions that are expected
to be typical of a sealed repository.

The steady-state concentrations of Np, Pu and Am in the presence of Mol
clay were about 30, 8 and 5 times respectively those in the presence of OPC.

The weight loss leach rates were also decreased by the presence of OPC
despite the high resulting pH (12.5). In particular, with the proposed
backfill OPC(1)/PFA(3), the leach rate at 60°C after a year was less than

-8 -2 -1 -5 -2 -17 x 10 g.cm .d compared to 2 x 10 g.cm .d found in a
70-day static leach test in pure water. The weight loss leach-rate in Mol
clay was about 100 times higher than when OPC was present.

RECOMMENDATIONS

It is recommended that the following topics are given preference in
future programmes:

Leaching under conditions likely to occur after disposal of the
solidified waste, ie. in the presence of all the components of the
repository and at realistic solid/water ratios.

- The study of leaching mechanisms should in particular also be
relevant to repository conditions. It is by no means certain that
the mechanisms will be the same (or even related) in distilled water
as they are in water equilibrated with geological materials and
backfills nor will they necessarily be the same at high V/SA ratios

17



as they will be at the low V/SA values characteristic of a well
chosen repository.

Although the behaviour of the main inactive constituents of vitrified
HLW (Si, B, Na, Li) is important in studying the rate of
deterioration of the glass, it is the release of the active isotopes,
particularly Sr-90, Tc-99, Cs-137, Np-237, Pu and Am, from the
repository that is really important. If the primary waste form is
altered to a stable secondary form that also retains these elements
then that will be satisfactory.

Leaching of fully-active waste in order to assess the effect or
radiation, but again, under repository conditions.

A study of the effect of cracks on the leaching process.

Thermodynamic calculations of equilibrium concentrations of elements
in repositories need to be refined and some additional data on
relevant elements of the waste and of the glass frit need to be
obtained, particularly at elevated temperatures - and at high ionic
strengths when considering disposal in salt.

4.2 STUDIES ON SYNROC

CONCLUSIONS

Numerous leach tests on SYNROC have been carried out and the effect of
process variables and leaching parameters on the chemical durability of
SYNROC has been studied. Some conclusions from this work are as follows:

Studies of SYNROC durability indicate that the leaching mechanism is
complex and involves a number of processes that occur simultaneously:

1) For short times, the release is dominated by the initial 'spike1
from radionuclides at grain boundaries or in non-equilibrium
phases.

2) For immediate times, leach rates of the more soluble elements
decrease rapidly because the titanate matrix provides a barrier
against further attack.

18



3) In the long term, congruent matrix attack and
precipitation/recrystallization processes are likely to dominate.

The chemical durability of SYNROC is relatively insensitive to
changes in temperature. The overall leach rate of SYNROC increases by
a factor of 25 over the temperature range of 45-250 C whereas the
rate for waste glasses typically increases by a factor of 250.

There is an initial, near instantaneous, release of a very small
percentage of some waste elements (e.g., Cs, Tc, Mo) from SYNROC. The
rate of release of these elements then decreases rapidly with time
and is kinetically controlled for times up to several hundred days.
In contrast, the release of the less soluble elements (Ti, Zr, Al,
rare earths and actinides) appears to be solubility-limited even for
short times.

The initial leaching of SYNROC is incongruent (with different
elements being released at different rates). Leachability decreases
in the following order: Mo > Cs ~ I ~ Tc - Ba > Sr ~ Ca >
Ru > Np > Zr ~ RE > Am - Cm ~ Pu.

Leach rates are usually slightly higher in deionized water than in
groundwaters but are relatively insensitive to the composition of the
groundwater or its pH.

Fabrication conditions can affect the chemical durability of SYNROC.
The more important parameters are hot-pressing time and temperature,
precursor type, homogeneity of mixing, and redox control during
calcination and hot pressing.

RECOMMENDATIONS

The following study areas are recommended to more fully develop our
understanding of radionuclide release from SYNROC:

Studies of the performance of SYNROC should shift away from leach
testing "per se" to research into the interactions between SYNROC
leachates and repository rocks.
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Research also must be carried out on speciation in SYNROC/repository
rock systems, adsorption of leached species onto candidate repository
rocks and transport of contaminants via groundwaters.

- Studies will need to continue on investigating the fundamental
mechanisms of element release from SYNROC.

4.3 STUDIES ON SPENT FUEL

CONCLUSIONS

Conclusions drawn by the authors with respect to studies on the
disposal performance of spent fuel and associated engineered barriers are
as follows:

On contact with water, radionuclide release from spent fuel occurs
via three overlapping mechanisms, which operate on very different
time scales:

1) A rapid release of fission products such as Cs and I from the
gap region which occurs on a time scale of hours or days to a
few months.

2) A slower release of fission products such as Cs, I, Sr and Tc
from grain boundaries which is thought to occur on a time scale
of tens to even several thousands of years.

3) A very slow release of actinides and the majority of fission
products due to the dissolution of the UO grains, which is
controlled by the redox condition at the fuel surface.

- Modeling studies have indicated that the dominant factor in the
performance of spent fuel as a waste form is whether the UO

£f

matrix releases radionuclides incongruently or congruently. For the
congruent matrix release scenario rates are lower, in some cases by
factors of 10 orders of magnitude.

- Under reducing conditions, the absence of fuel oxidation and a very
low uranium solubility leads to a stronger tendency towards
congruent releases, controlled by the solubility of the fuel matrix.
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- The primary effect of distributed containment failures for spent fuel
waste packages is to diminish and delay the spike-like maxima in
fractional release rates that are observed when instantaneous
containment failure is assumed. For gap and cladding surface-layer
nuclides, distributed container failures can significantly reduce the
maximum release rates.

Alpha radiolysis was found to have little effect on the mass loss of
U from UO when tests were conducted in the presence of an air
atmosphere. Tests conducted under anoxic conditions might lead to
quite different results.

Element releases for U, Pu, Te, and Cs exhibited very little time
dependence in the total release from spent fuel in salt brines.
Nearly as much was released in 20 to 60 days as in 180 days.

- Cesium release exhibits the largest temperature dependence with the
90 C release being about 3 times the 30 C release in salt brine.
Pu release is essentially independent of temperature in the range 30
to 90°C.

- The presence of iron has no effect on total release due to
dissolution of spent fuel in salt brines, but it does greatly reduce
solution concentrations for all elements tested except Cs. Zircaloy
appears to have no noticeable effect on leaching in salt brine
environments.

Studies continue to show significant reductions in the release of
most radionuclides from slit or hole defected spent fuel than from

14 99bare spent fuel. Exceptions are C and Tc.

14The chemical form of C in the UO is not known, but some
apparently exists as the element . In the Zircaloy cladding, the
14C probably exists as interstitial carbon or zirconium carbide. In
the fuel rod gas, it is probably present as CO or CH . In an
atmosphere of nitrogen or helium gas, only a negligible amount of
14C is released from heated, intact spent fuel. When heated in air,
14C on the external surfaces was oxidized to CO and released.
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TEM examination of spent fuel samples generally reveals high
densities of sub-micrometer-sized gas bubbles and particles within
the UO grains and along grain boundaries. The predominant fission
product phase was a solid-solution alloy composed of Mo, Ru, Tc, Pd,
and Rh. Xenon and krypton were concentrated in what appeared to be
particles of a distinct phase which appeared to be noncrystalline.

- For high burnup BWR and PWR fuel, uranium saturation in groundwater
appears to be attained at a level of l mg L . However, there is
some evidence that this level can be raised by factors such as fuel
oxidation prior to leaching, fuel morphology and stoichiometry.

In deionized water, uranium saturation appears to be attained at a
level about a factor of 1000 lower than in groundwater. This is not
reflected in a correspondingly lower plutonium release, indicating
that fuel oxidation/alteration continues after the leachant has been
saturated with uranium.

RECOMMENDATIONS

The following study areas are recommended to more fully develop our
understanding of radionuclide release from spent fuel:

- Verify that congruent release of radionuclides from the UO spent
fuel matrix is the likely long-term dissolution mechanism, and that
the UO matrix of spent fuel i;
package repository conditions.
the UO matrix of spent fuel is stable under realistic waste

- Studies to assess the behavior of spent fuel interaction, to include
radiolysis effects, with waste package component materials and
appropriate groundwater, should be continued.

Development of a spent fuel release model to incorporate spatial
variability, using geochemical codes and mass transfer relationships
to the extent possible, should be continued.

A methodology for achievable validation of waste form/ engineered
barrier performance assessment models needs to be developed.
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The thermodynamic database for input to geochemical and engineered
barrier interactions modeling efforts must be expanded and a critical
review of the data base may be necessary. The thermodynamic data base
for minor components of spent fuel, either in solid solution or in
separate phases/ are insufficiently established. Further work will be
required to validate data bases for actinides and important fission
products.

Alpha radiolysis of water at the fuel surface may cause locally
oxidizing conditions in a geologic repository. The possible effects
of radiolysis on UO dissolution are still not sufficiently
understood and need to be studied.

In order to better understand uranium oxidation/reaction kinetics, it
is essential that spent fuel specimens are well characterized with
respect to actiniae and fission product distribution before and after
experiments so that releases of a specific element can be correlated
with matrix alteration and selective leaching.

Nearly all experiments have been performed on PWR and BWR fuel types.
New fuel types may have to be investigated in the future.
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I. GLASS WASTE FORM

PERFORMANCE OF VITREOUS WASTE FORMS
AND ENGINEERED BARRIERS
UNDER CLAY REPOSITORY CONDITIONS

P. VAN ISEGHEM
SCK/CEN,
Mol, Belgium

Abstract

Early in the 1980's an experimental programme started at the SCK/CEN
Mol, to investigate the interaction between high-level waste forms and the
expected clay repository in Belgium. During the 1981-1984 period,
attention was focused on the interaction of distilled water with the waste
glass. In the 1986-1989 programme, the attention was shifted to the system
waste glass/claywater/clay, with interest in the influence of an external
gamma-irradiation field and canister/overpack corrosion products. The
reference glasses of actual interest to Belgium were studied- the Cogema
glass SON68, and the DWK-Pamela glasses SM514 and SM527. A test procedure
to measure the concentrations of matrix constituents and radionuclides
released from radioactive waste forms under simulated geological repository
conditions has been developed. The repository conditions referred to the
Boom clay host rocm, further constituents were the Cogema canister, and a
backfill based on sand and smectite. Glass powder was used to accelerate
glass dissolution. As a result of the tests it was concluded that the test
procedure provided a valuable means of investigating the glass performance
in simulated repository conditions. Within the test durations (1 year), no
firm indication of the long-term behaviour was obtained. The influence of
an external gamma-radiation field on the interaction between waste glass
and clay was investigated for doses up to 1,3 x 10 gray. It was found
that the gamma-radiation field slightly reduces the glass corrosion.

In addition to the laboratory tests, two different kinds of in-situ
tests were designed. Some preliminery results of the in-situ tests are
reported in the paper.
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l. INTRODUCTION

Early in the 1980's an experimental programme was started at the
SCK/CEN Mol, to investigate the interaction between high-level waste forms
and the expected clay repository rock in Belgium. Understanding of the
waste glass performance in its geological surroundings, including
additional components such as canister/overpack corrosion products,
backfill, the presence of an irradiation field, together with the
determination of the source term for the radionuclides involved, were
expected to contribute to the safety analysis of the geological disposal of
conditioned high-level waste. This programme also was expected to evaluate
the waste form, as part of a multi-barrier approach.

Due to the complex nature of the system, consisting of waste glass,
clay, and a number of poorly defined components such as canister, overpack,
backfill, and the time dependent parameters (temperature, radiation), a
matrix approach to the problem was chosen. During the 1981-1984 period,
attention was focused on the interaction of pure (distilled) water with the
waste glass - in Belgium, three types of high-level waste glasses are
actually of concern: the Cogema R7/T7 glass SON68, and the DWK-Pamela
glasses SM513 and SM527 (designed for Low and High Enriched Waste
Concentrates, respectively). In the 1986-1989 programme attention shifted
to the system waste glass/claywater/clay, with interest in the influence of
an external gamma-irradiation field and canister/overpack corrosion
products. Later on, the fully integrated system, including among others
the backfill, will have to be considered.

The present document reviews the main achievements during the 1986-1989
programme. The reference list may be helpful to the reader to obtain more
complete information on the various topics.

Part of this R & D work was performed and funded in the frame of the
research programmes of the European Communities. Also sponsorship from
NIRAS/ONDRAF is acknowledged.

2. CORROSION IN DISTILLED WATER

Experiments in (static) MCC-1 test conditions were performed to provide
a basis for comparing the corrosion resistance of the reference waste
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FIG. 1.
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Comparison of the normalized boron releases (28 d, MCC1 test)
for various candidate HLW forms:
UK 209 was proposed by the United Kingdom, C31 - GP98/12 by
the F. R. Germany, SON58-SON64 by France, SAN-60-SM58-SM513
for the Eurochemic HLW, and SRL131-PNL7668 by the US.

glasses with each other and with other types of glasses in standard
conditions. They were also expected to provide an understanding of the
corrosion processes involved in relatively large quantities of pure water
i.e. with a surface area to solution volume ratio: SA.V = 10 m

Using the MCC-1 standard test, the glasses were ranked according to
their "short term quality", relying upon the normalized mass loss data for
boron, after 28 days corrosion. Differences of up to a factor of 20 were
measured (see Fig. 1), The mechanism controlling the corrosion is matrix
dissolution.

In the longer term, however, the MCC-1 data diverge from the short term
data. Phenomena such as saturation in solution and layer formation
intervene, so that the relative performance of the glasses becomes
different from the short term indication (see Fig. 2). Other salient
observations are:

thick surface layers (75 ym after 8 months) develop;
leaching of a number of waste elements (Cs, Sr, U, Fe, Al), but also of
the frit constituent, Mg, proceeds much slower than for elements such
as B, Li.
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(A) in distilled water at 90°C, 10 m .

After geologic disposal in clay only small quantities of water are
expected in the surroundings of the waste packages, therefore it was

-1 -1 -1decided to consider SA.V = 100 m (1 cm ) as a reference
condition. It was observed that the net amount of glass dissolved before_^saturation was about 10 times smaller than at 10 m ; the surface layers
were correspondingly thinner. There were indications that the leaching
mechanism was controlled by diffusion instead of by matrix dissolution.
However, the major indication from the corrosion tests at 100 m is that
saturation phenomena in solution stop glass dissolution after a few weeks.
This is true for all HLW glasses investigated so far. Saturation in
solution for relatively less soluble elements such as Mg, AI, Fe, and even
Si was expected, but it has been found that this saturation prevents
further leaching of the soluble elements (B, Li, Ha, Mo).

However, the saturation "situation" in the case of one of the glasses
(SAN60) was completely different:
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- equilibrium concentrations for, e.g., Si, were 16 (SAN60) compared
to 90-160 mg.L (other glasses);

the "saturation" stage was followed by a "final" dissolution stage
(see Fig. 3).

Modelling the quite different corrosion behaviour of two reference
glasses (SAN60 and SM58) was quite successful. This work was performed in
collaboration with HMI in Berlin. The model used the PHREEQE computer code
to establish the reaction path, and the GLASSOL computer code to calculate
corrosion kinetics. Fig. 4 shows the results obtained for the two glasses
at 100 m . One of the outcomes of this study was that it demonstrated
that the high Al 0 content (18 wt %) of SAN60 induces the creation of
analcime (NaAlSi-0,.Ĥ O) crystals after SiO_ has reached its

£. O fi £.

saturation concentration in solution, which cause an enhancement of the
final rate of dissolution of the glass. For SM58 on the contrary the
SiO saturation is a stable condition. These findings on the different
long term corrosion behaviour of glasses SAN60 and SM58 may correspond with
the observation of a Al-Si-Na enriched subsurface layer in the case of
SAN60, about 10pm thick after 2 years at 100 m ).
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Experimental data upon corrosion in distilled water (glasses
SAN 60 and SM 58), and calculated results.

The thickness of glass dissolved is about 10 pm after corrosion for
two years at 100 m , 90 C and the dissolution depths decrease by about
4 times when corroding at 40°C.

To further accelerate corrosion phenomena, some experiments were
carried out at temperatures in excess of 90°C (120, 150, 200°C) and or
at higher SA.V , using powdered glass. The conclusions with reference
to the application of high temperatures are:
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FIG. 5. SEM cross-section view of glass CAW 60 corroded at 190 C
during 28.d in a 50% pre-concentrated leachate.
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FIG. 6. Time-temperature relation for the onset of cristallization at
the interface glass-water (tests with powdered glass SAN 60)

- there is no simple Arrhenius-type dependence of the corrosion
between 40 and 200 C; kinks in the plots are suggested at 90 C.
As a consequence temperature cannot be used as a simple acceleration
parameter;

- tests at high temperatures, using monolithic or powdered samples
revealed the occurrence of crystalline phases at the outer glass
surface for some glasses. In case of glass SAN60, there was a clear
correlation between the crystalline phase formation and an enhanced
glass dissolution (see Fig. 5). Crystal formation can be
extrapolated to the whole temperature regime (see Fig. 6).
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FIG. 7. Normalized mass losses upon corrosion of powdered glass in
distilled water

Corrosion experiments performed on (washed) SAN60 and SM58 glass
powder, at 90 and 120 C (see Fig. 7) confirm the data on monolithic
specimens concerning the final rate of corrosion, but also show that the
increased rate at long times (see SAN60, 120 C), is correlated with
crystallization phenomena.
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TABLE I. Composition of the synthetic interstitial claywater

MgS04
KC1
Na2S04
NaF
NaCl
NaHCO.
CaCO,

12.0
20.0
1.50
8.0
44.0
1250
saturated

humic acids 150

pH 8.4 - 8.7
Eh < -200 mV

3. CORROSION IN CLAY MEDIA

Based on the experience gained during the first experimental programme,
performed during 1981-1984, a new programme was defined. Besides the
inclusion of the reference glasses of actual interest to Belgium (the
Cogema glass SON68, and the DWK/Pamela glasses SM514 and SM527), major
changes were:

- the application of controlled atmosphere conditions and the use of
synthetic interstitial claywater, composition (Table I), instead
of pure water to prepare the diluted Boom clay media,

- the appropriate separation, after the corrosion experiments, of the
liquid fraction of the leachate, so that the determination of e.g.
the mobile inventory of radionuclides leached was possible.

The understanding of glass corrosion mechanism in clay media is not yet
finalized. Basic indications are : (1) an increase in glass dissolution
with increasing clay content, and (2) the initial stage (varying from a few
days to years, depending on the clay concentraton and the type of glass) of
corrosion corresponds with matrix dissolution (see e.g. Fig. 8 for glass
SON68). The picture is very complex, however. In general, corrosion rates
based on mass loss or boron release decrease with time, while the
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FIG. 8. Normalised boron mass losses upon corrosion of glass SAN 68 in
distilled water of clay/claywater mixtures (corrosion at 90 C,
100 m"1).

concentration in solution for Si, Fe, Al is constant (or even decreases
with time in the case of Al). This means that, whereas in pure distilled
water, leaching of soluble elements (fi, Na, Li) was stopped when Si reached
saturation this is apparently not true in clay media; on the other hand the
Si equilibrium concentration was much lower than the expected saturation
concentrations: 20 - 40 mg.l. in a 1:4 clay/Synthetic Interstitial
Claywater (SIC) mixture compared to 100 mg.L or more impure water. The
decrease in corrosion rate with time is not due to a saturation of clay
with respect to sorption of the leached glass elements. During the whole
test duration, leachate pH values stay quite constant : between 9.0-9.5

—1 —1(10 g.L clay/SIC mixture), and between 8.5-9.0 (500 g.L clay/SIC
mixture).

It may be justified to take into account similar long term phenomena
(final rate of dissolution, phase formation) upon corrosion in clay as in
distilled water. Fig. 9 shows the occurrence of analcime crystals on the
surface of glass SAN60 after 6 months corrosion in clay, which are to be
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correlated with an enhanced glass corrosion. The importance of the
determination of the long term dissolution rate is that it enables the
expected life-time of glass blocks to be deduced (see Fig. 10).

Analysis of the glass surface after corrosion does not so far enable
leaching mechanisms to be deduced. These analyses did reveal that quite
thick surface layers (several microns thick) developed. But, subsurface
layers are present in some cases (see in Fig. 11 the Al-Si-Ti enriched
zone), which are believed to be more indicative of the leaching mechanism,
e.g. because it reduces diffusion out of the glass or controls phase
formation. The nature of these layers may change with time; whereas in
Fig. 11 (80 days corrosion) the subsurface layer was still an integral part
of the sample, it transformed into a removable surface layer after longer
durations (one, two years). This suggests that this particular layer is
formed by reactions within the glass surface, and not by, e.g.
precipitation.

Data on the radionuclide leaching from the waste glasses are available
for Pu-239, Cs-137 and Sr-90. These nuclides are found to leach quite
congruently with the glass matrix. Only a very minor fraction of the
active inventory leached is in a mobile form, however: e.g. for Pu this
ranges from 1 to 0.001%. The mobile concentration for Pu is between 2 x 10
—9 —1 —11 —1mol.L (initial durations) and 10 mol.L (longer durations).

The present experimental programme is directed towards the
investigation of Np-237 and Tc-99 doped glasses, to the evaluation of the
influence of canister/overpack corrosion products, and to the extrapolation

o oof the corrosion behaviour to lower temperatures (40 C instead of 90 C).

4. CORROSION IN INTEGRATED CONDITIONS

Within the framework of an action organized by the Commission of the
European Communities, the SCK/CEN participated in the establishment of a
test procedure and in an experimental programme for a "Repository System
Simulation Test" (RSST). The SCK/CEW contribution in particular concerned
the clay option. The objective was to provide a test procedure
(experimental set-up, see Fig. 12) to measure the concentrations of matrix
constituents and radionuclides released from nuclear waste forms under
simulated geological repository conditions. The repository conditions
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FIG. 10. Scenario's for the long term corrossion of high level glass,
based on the present knowledge.

referred to the Cogema reference glass SON68, and the Boom clay host rock;
further constituents were the Cogema canister, and a backfill based on sand
and smectite. Glass powder was used to accelerate glass dissolution
(SA.V"1 = 600 nf1).

As a result of the tests it was concluded that the test procedure
provided a valuable means of investigating the glass performance in
simulated repository conditions. Within the test durations reached so far
(one year), no firm indication of the long term behaviour was obtained.
The corrosion rate based on soluble elements such as B and Ho decreased
steadily with time; a normalized depletion depth for the glass of 1.8 }im
was calculated after one year corrosion, based on these elements. The
concentrations of less soluble elements in solution stayed almost constant
with time (for Si, e.g. between 30 and 50 mg.L ).

Further efforts will be made to determine the leaching behaviour of
radioisotopes (Pu, Up, Tc), and to compare the performance of the waste
glass in the clay option test with the other test options (granite and
salt), as performed in other laboratories.
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FIG. 12. Experimental set-up for the repository systems interaction
test-clay option.

The influence of an external gamma-irradiation field on the interaction
between waste glass and clay was investigated for doses up to 1.35 x 10

3 -1gray (using a dose rate of about 10 gray h ). It was found that the
gamma radiation field slightly reduces the glass corrosion. H
radiolytic gas production is significant in pure claywater, but is much
less upon inclusion of Boom clay; (G(H ) values drop from 0.65/0.21 in
claywater to 0.21/0.04 for a claywater/clay mixture, respectively for 42
days/90 days irradiation periods).

5. IN-SITU TEST PROGRAMME

The in-situ test programme effectively started at the beginning of 1986,
by introducing various tubes loaded with waste glass specimens into the
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FIG. 13. Views of the dismantled in-situ test tube, before (upper picture)
and after (lower picture) removing the outer tube and adjacent clay.
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TABLE II. Mass losses (in gm~2) after two years interaction at 90°C
with Boom clay

waste glass

I.

II.

III.

SON68
SON68 together with
canister/overpack*

SAN60
SAN60 A**
SAN60 together with
canister/overpack*

SM58
SM58 A**
SM58 together with
canister/overpack*

in-situ

370
483-650

102
120
190-310

640
705
1222-1440

lab simulation

271
-

53
-
-

516
-
-

* Hastelloy-C4, C-steel or titanium
** partially crystallized by annealing for 10 d at 700 °C (SAN60) and

800 °C (SM58), respectively

clay rock surrounding the Mol underground laboratory. The tests however
were preceded by intensive screening tests among others, in a surface clay
quarry. Finally, two different kinds of in-situ tests were designed:
interaction with a clay derived, humid atmosphere-simulating possible
phenomena during the operational phase of the repository and interaction
with solid clay simulating the long term phenomena. In both cases four
tubes of each between 5 and 6 m long were manufactured, to perform tests at
different temperatures : clay rock temperature, 90 C, 170 C.

The interaction tests in the clay derived atmosphere were not
successful so far; they had to be re-installed due to an excessive water
intrusion into the tubes.

The first in-situ tube for the direct clay contact test was retrieved
in Summer 1988. Retrieval was performed by overcoring; the tube had been
in place for about two years at 90 C. The tube section with the waste
form samples is shown in Fig. 13. By consideration of a number of
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parameters on the tube operation, clay characteristics during operation and
waste glass data, it was concluded that the test was quite successful in
terms of meaningfulness and reliability of the results. Data on mass
losses for some of the main waste glasses are given in Table II, together
with some data from parallel laboratory simulation tests.
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EVALUATION OF SOLIDIFIED HIGH-LEVEL WASTE FORMS

Shanggeng LUO
China Institute of Atomic Energy,
Beijing, China

Abstract

Two glass formulations were developed for vitrification of liquid
high-level waste with a high content of sulphate. These optimized glass
formulations incorporated 20 wt% waste oxides and contain no "yellow phase"
resulting from the melting process of devitrification. Some properties of
the glass matrices as density, viscosity, thermal expansion coefficient,
characteristic temperatures, electric conductivity, chemical durability were
investigated. Three kinds of leach tests, namely ISO, MCC-1 and Soxhlet
were performed. The surface layers of the glasses were analyzed by
electrone microprobe (EMP), scanning electron microscope 9SEM) and energy
dispersive X-ray analysis (EDX). The crystallization behaviour of the
glasses was studied for the determination of casting and storage conditions,
cooling procedure and design of canister. The temperature region, dynamics
of crystallization, the morphology and structures of the crystalline phases
were determined. The crystallization was found no marked effect on the
leachability.

1. INTRODUCTION

Isolation of a solidified high-level waste form in a deep underground
repository by a multibarrier system has been adopted worldwide. In order to
predict the release of radionuclides incorporated in the solidified waste
forms from a repository and to assess the long-term behaviour, it is very
important to investigate the source term of the multiple barrier system.

The principal strategy has been established that HLW are to be
solidified and disposed of in a geological formation. Borosilicate glass
was selected as a first generation waste form and vitrification technology
is under development.
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2. GLASS MATRICES

It is well known that borosilicate glass is not very suitable for the
incorporation of HLW with a high content of sulphate because of the so
called "yellow phase" which is easy to dissolve in the water that could be
present in the underground repository [1-2].

To avoid phase separation, two principal measures can be taken. One is
to reduce the loading of waste oxides, in which case the total waste volume
for disposal would be increased. Another is to decompose the sulphate and
drive it out. Because our HLW contains a high content of sulphate, we
developed two glass formulations with additives (Ad-1 or Ad-2, 1 wt %).
These optimized glass formulations incorporated 20 wt % waste oxides

2—(containing 0.13M SO. ) but contain no yellow phase resulting from the4
melting process or devitrification.

2.1 Glass Composition and Laboratory Fabrication

The composition of glass frit GC-12/9B which could serve as the matrix
for solidification of HLW is listed in Table 1. The appropriate amounts of
oxides were mixed thoroughly and meltei
then crushed into powder (< 100 mesh).

o ooxides were mixed thoroughly and melted at 1400 C, annealed at 500 C,

The composition of the HLW oxides is also listed in Table 1. The waste
oglass forms were melted at 1100 C with a refining time of 3 hrs. The

specimens used in tests were poured into cylindrical graphite moulds and
annealed for 1.5 h at 500 C., then cooled slowly to ensure that the
monolithic glass block will not crack. The glass products have no
appearance of yellow phase not only in lab scale experiments but also in
demonstration tests with a pilot pot process facility.

2.2 Study on Disposition of Sulphur in the Vitrification Process

The following conclusions have been drawn:

(1) The solubility of sulphur in borosilicate glass is quite low
(0.12 - 0,53 wt %)., which agrees with the value of (< 0.6%)
described in the references (4,5).
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Table 1. Glass Composition

Component

Si02

B20~

Na20

Al?03

MgO

CaO

Ti02

Li20

ZrOp
C.

HLW oxides

Ad-1

Ad- 2

ontent in

glass frit

wt %

57.7
16.8

5.0

3.1
1.9
3.1
6.2

4.3

1.9
-
-
-

Content in glass form

GP-12/9B

46.2

13.4

4.0

2.5
1.5
2.5
5.0
3.4

1.5
20.0

1.0

-

GP-12/7B

46.2

13.4

4.0

2.5

1.5
2.5

5.0
3.4

1.5
20.0

-

1.0

Comp. of HLW oxides

Component

A1205

Cr20j

Pe205

KpO

KnOp

Na^O

NiO
1)

PuOp

so3')
SrO

TiOp

U3°8
Zr02

R.E.oxides

wt ^

1.70
0.11

5.24

0.02

0.04

5.07
0.08
0.01

1.55
0.09
0.12

4.73
0.50

0.75

1) Pu02 replaced by U^O
2) S05 by addition of

(2) Where no yellow phase appeared in the glass the fraction of
sulphur going into the off-gas system was 70-80%. while
20-30% stayed in the glass.

(3) The sulphur went into the off-gas as SO at > 900 G.
The mechanism of eliminating the yellow phase is
reduction-decomposition of sulphate.

(4) The ratio of SO to NO is quite small. An average
•j jC

value for 7 tests is 4.6%.

2.3 Glass Formulations & Properties

Two glass formulations were developed using two kinds of
additives. The yellow phase, which was present in earlier glass products
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did not occur in the new formulations. Based on electron microprobe
analysis, the yellow phase is a kind of crystalline substance and
contains mainly sulphate and chromate of alkali and earth-alkali elements
(no molybdenum was present in our simulated HLW) (Table 2).

Table 2. Composition of yellow phase (%)

Formulation

55*
704*

206*

504*

Na

37.9
35.1
33.4
33.2

K

0.10

0.61

0.24

0.34

Mg

0.001

0.04

0.17

-

Ça

0.05

2.37

3-58

0.11

s

8.62

8.35
8.89

6.98

Cr

0.88

1.05

0.76

0.69

2.3.1 Density

The density increased with waste loading as shown in Table 3.

Table 3 Density Versus Waste Loading

1
| Waste Loading (wt%)
1
| Density (g. cm"-*)
1

1 1
| 20 | 25
1 1
1 1
| 2.71 | 2.76
1 1

30

2.78

2.3.2 Viscosity

The viscosity of glass GC-12/9B decreased with temperature but
increased with waste loading as is shown in Table 4.

Table 4 Viscosity (Pa.S) versus temperature

1
| Temperature (°C)
1
1
| 20 % HLW
j 30 % HLW
1

1
| 1050
1
1
| 250
| 300
1

1
| 110011
| 130
| 150
1

1 1
| 1150 |
1 1
1 1
1 90 |
1 100 |
1 1
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2.3.3 Thermal Expansion Coefficient

The thermal expansion coefficient increased linearly with
temperature from 6.6 x 10~6 K"1 at 20°C up to 9.4 x 10~6 K"1 at
400°C.

2.3.4 Characteristic temperatures

Differences in the characteristic temperatures of glass products were
found when using different experimental methods (see Table 5). Comparison
with other glass products shows that the characteristic temperatures of the
Chinese glass are similar to those of Pamela-513 glass, higher than those of
AVB-glass, but lower than those of R7T7-glass.

Table 5. Characteristic Temperatures

1 D
1
1

Glass | Tg
1
1

GC-12/9B | 499
PAMELA 513 | 503
R7T7 | 513
AVB 1 467

1

SC

Mg

525
527.5
537
496

TMA

1
Tg 1 Mg

1
1

516 j 552
517.5 | 545
528 j 578
468 | 497

1

DTA

1
Tg | Mg

1
1

573 | 602
566 | 599
584 j 616
537 | 564

1

1
1
1
1

Tc |
1
1

715/794 j
720 1
853 |
685 |

1

Tg —— transformation temperature; Mg —— softening temperature;
Tc —— crystallization temperature

2.3.5 Electric Conductivity

The electric conductivity of the melting glass form is an important
parameter for the design of joule heated ceramic melters (JCM's). The
electric conductivity was measured by using a platinum electrode probe. The
conductivity (Fig. 1) increases rapidly with temperature and shows that this
glass form is suitable for use in a JCM.

2.4 Chemical Properties Relevant to Disposal

In order to evaluate the performance of the initial barrier it is
necessary to conduct both static and flow experiments. For the first stage,
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the glass specimens were subjected to three kinds of leach tests, i.e. ISO,
MCC-1 and Soxhlet [6-9].

2,4.1 ISO-static leach test

ISO-static leach tests were performed with deionized water at 40, 70
and 90 C. The ratio of surface area of glass to volume of leachant (SA/V)
was 0.1-0.2 cm . Leach rates from these tests are given in Table 6.

Table 6. ISO Static Leach Rates (pg.cm day"1)

1
Glass I

1 Sr
1

GP-12/7B | 0.21
GP-12/9B | 0.23

1

1 1
40°C (380d) 1 70° (380d) | 90°C (55d)

Li I B 1 Si I Sr 1 Li ] B I Si I Sr 1 Li I B I Si
1 1 1 i 1 1 1 I 1 1

0.18 | 0.11 | 0.08 | 1.3 | 1.5 | 1.0 | 1.3 | 5.7 | 5.6 | 4.1 | 2.7
0.18 | 0.13 | 0.08 | 1.5 | 2.5 | 1.1 | 1.5 | 31 | 53 | 48 | 42

1 1 1 1 1 1 1 1 1 1
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From this test the following conclusions were made:

(1) Glass products of GP-12/9B and GP-12/7B have good durability in
deionized waters;

(2) The leach rate decreases with time. For the first few days it
decreases rapidly, but becomes more stable after about 20 days.
This supports the thesis that leaching leads to the formation of
a surface layer with a complex composition and structure. This
gel-layer plays an important role in protecting the underlying
glass against further attack;

(3) The temperature exhibits great influence on the leach rate which
rises 1-2 order of magnitude from 40 C to 90 C. The leach
rate increase between 70 C and 90 C is much higher than from
40 C to 70 C, giving a non-linear Arrhenius plot. The pH of
the leachant after 28 days increased from 5.9 at 40 C to 6.1 at
70°C and to 8.1 at 90°C.

2.4.2 MCC-1 static test

In this case we used distilled water with
SA/V =0.1 cm" and time duration of 3, 14, 28 days at 90°C.

After each leach test, the specimens were dried at 110 C for l h and
the gel-layer was scraped off. The specimens were then weighed to
determine the weight loss. The results are listed in Table 7.

Table 7. Mass loss leach rates (90 C)

duration,
day

3

14

28

leach rate, g/cm2.d
MCC-1

3.3- ICT**

7. 3' 10̂

g.o-io'1*

Soxhlet

2. 9' XT1*

2.3'TO"^

I.6-10-4*
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Table 8. Soxhlet dynamic leach tests (90 °C)

Duration
d.y

3
14
28

leach rate , g/cn2.d

Sa

4.9-, 0-<*
l.8-io"3
5.6-10-3

B

s.s-io-^
,.3-10-3
1.7-10-3

Li
•».9.10-"
1 . 1 - 10"3

1.6- '0~3

Si

6. 3-10-''

1.3-10-3

1.6-10"3

Al

3.5-10-'1

6.3-IO-"

1.0-10-3

Ca
7.1 -10-**

8.2- 10-"

6.5-10-4*

Sr
2.3-10"1*

2.1-10

i.a-io-1*

F«
0.01 '10"3

0.01-10

0.9-10-3

IC'* -

•pVE

oc
O

10 J_

Fig. 2
TIME (DAYS)

Varriation of leach with time (Soxhlet method)

2.4.3 Soxhlet Dynamic Leach Test

Similar to the MCC-1 test, the Soxhlet dynamic leach test was
carried out in distilled water, SA/V = 0.1 cm , for 3, 14, 28 days.
The results are listed in Table 8 and shown in Fig. 2.

found:
From a comparison of the leach rate of individual elements, we

(1) The Na leach rate increased with time faster than those for
the other elements;
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Table 9. Comparision of dynamic with static leach tests

Leach test

method

Soxhlot teet
(90*C/28d)
ISO-test

(90'C/27d)

Leach rate, g/ CB2.d

Sr Li B Si

I.8-10-4 1.6- 10-3 .. 7-10-5 1.6.10-5

3.7.IO-? 6.0MO-? 5.9-JO-5 |,.9.|0-5

(2) The leach rates of Li, B, Si and Al increased slowly with
time while those of Ca and Sr decreased slightly;

(3) Fe and V leached only slightly.

Comparing the dynamic leach rates with the static leach rates
(Table 9) the former is much higher than the latter. A possible
explanation is that in the Soxhlet test the specimens are continuously in
contact with fresh leachant, consequently saturation effects and the
protective function of the surface film would be weakened.

2.4.4 Analysis of the Surface Layer of Leached Glass

The surface layers were analysed by electron microprobe (BMP),
scanning electron microscope (SEM) and energy dispersive X-ray analysis
(EDX). The BMP diagrams indicated:

(1) The formation of amorphous phases on the glass surface was
observed first, followed by crystalline phase formation. The
thickness of the surface layer was about 30 ym after leachingo55 days at 90 C;

(2) Si, Na, AI, Ca, Sr, Mg are depleted in the surface layer;

(3) Ti, V, Fe, Mn, Ni, Cr, are enriched only in the outer part of
the layer;

(4) U, Ce are enriched in the whole layer.
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The SEM and EDX diagrams are given in Fig. 3-4. These show that:

(1) The corrosion of the glass surface is greater by the Soxhlet
method than by the MCC-1 method (see Fig 3).

(2) Na, Si, Al are depleted in the surface layer (see Fig. 4);

(3) Ü, Fe, Ti, Zr, Ce are enriched in the surface layer (see Fig. 3);

(4) Crystalline phases were formed on the glass surface during the
oleaching test for 28 days at 90 C. Two kinds of phases at

least were found, one is an Fe-rich phase, another is a U-rich
phase (see Fig. 4).

The findings mentioned above are similar to those reported in the
literature [10-12],

2.5 Devitrification Behaviour

2.5.1 Introduction

It is extremely useful to study the crystallization behaviour in
assessing the long-term performance of high-level waste forms as well as
for the determination of casting and storage conditions, cooling
procedure, design of the canister and even for design of the disposal
repository [13-19]. The present work investigated the crystallization of
the simulated borosilicate waste glass GC-12/9B, examining the
temperature region and dynamics of crystallization, the morphology and
structures of the crystalline phases as well as the effects of
crystallization on glass properties.

2.5.2 Experimental method

GC-12/9B glass samples containing 20 wt % waste were melted at
1100°C for 3 h in alumina crucibles, then annealed at 450 C for 2 h
and furnace cooled. The annealed glass bars were cut into samples of
10 mm in diameter and 5 mm thickness using a diamond saw and acetone,

400, 500, 650, 700, 750, 775, 800 and 900°C for between 4 hr and 480 h,
water wash before heat treatment. The specimens were heat treated at
400, 500, 650
respectively.
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Fig. 3 EDX analysis of glass surface
(D.S. water, 0.1 cm-1, 90°C)
top: unleached glass;
A), B), C): leached with Soxhlet;
D), E), F): leached with MCC-1
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Fig. 4 SEM/EDX of glass surface
(Soxhlet method, D.S. water, 28 days, 90°C)
A) SEM diagram;
B) EDX spectrum of glass in spots 1,2,3,4 of SEM
C) EDX spectrum of glass in spots 5,6,7 of SEM
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A) 900 °C ,
B) 800 °C ,
C) 700 °C f
D) 700 °C ,
E) 600 °C ,
F) 600 °C ,
G) 500 °C ,
H) 500 °C ,

4 h.
4 h.
120 h.
5 h.
120 h.
18 h.
240 h.
120 h.

I) not previously heated

200 40O 600 800

Fig. 5: DTA results on glass following heat treatment (A-H) and with
no previous heat—treatment

2.5.3 Temperature region and dynamics of the crystallization

During heat treatment the samples developed a dull grey surface
layer which was more pronounced at higher temperatures and heat treatment
times. After heating to various temperatures between 400 and 900 C for
different time periods, the glass samples were examined using DTA, XRD
and SEM to determine temperature region, incubation periods and the
volume fraction of the crystallization in the glass. The DTA
measurements, shown in Fig. 5, indicate that there is a wide exothermic
peak in the temperature range 510-660°C, resulting from crystallization
in the glass. Optical and scanning electron microscopy showed that bulk
crystallization took place during heating between 500 C and 775 C.
Micrographs in Fig. 6 show small crystals formed at 500, 650 and 750°C,
respectively. The average volume fractions from ten measurements of each
sample are given in Table 10.
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(c) 2.5 /« m
Fig. 6: SEM micrographs of the specimens heated at 750°C, 4h (a);

650°C, 10h (b); 500°C, 120h (c).

Table 10 Volume fraction of crystals in the heat-treated glass

1
| 500
| 550
| 600
| 650
| 700
| 750
| 775
1

Heat Treatment
°C, 72 h

30
18
4
5
4
4

1 Volume fraction * %
| 8 ± 3
| 5 ± 2
\ 21 ± 9
I 6 + 1
| 12 ± 5
I 7 ± 3
| 7 ± 2
1

1
1
1
1
1
1
1
1
1

* Average value by 10 measurements

No crystals were found in samples heated at 400 C for 480 h
either by X-ray diffraction (see Fig. 7) or by microscopic observations.
This is also the case for samples heated at 800 C, 4hr and 900 C, 4 h.
Glass-in-glass phase separation took place during heating in the
temperature range 550 - 775 C, but no obvious effect on the
crystallization was detected.

2.5.4 Morphology and structures

Fig 8 shows the SEM photos of the crystal morphology of
heat-treated glass at 650 °C, 10 h. SEM/EDX analysis indicated:
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400 *C,

800 'C, 4h

900 *C,

100" 30° 20

FIG. 7. XRD patterns of the glass specimens heat-treated at
different temperature and duration

(1) The glass matrix (containing no crystals) is comprised
mainly of the oxides of Si, AI, Na, Mg with some Ca, Ti and
Fe (see Fig. 9).

(2) The cross-like crystals were enriched in Ü, Ti and Ca (see
Fig. 10, spot A);
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(A) 10/4IB

FIG. 8 Crystal morphology of heat-treated
glass at 650°C for 10 h

Si

K Ca Ti Fe

0.000
400

VFS *= 512 1O.240

FIG. 9 EDX spectrum of glass matrix
(no crystal area), bulk sample

(3) The crystal-B located in the centre of cross-like crystal
was also enriched with U, Ti and Ca, but there were some
differences between the compositions of crystal-A and
crystal-B;

(4) A big plate-like crystal-C was found. It contained a small
quantity of Ti, similar to the glass matrix.

(5) There are only a few cubic crystals enriched with U, Ca and
Ti. This kind of crystal is mainly present in the glassospecimens heat-treated at 700 C
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VFS » 64- 10.240

FIG. 10 EDX spectrum of glass in spot A
of SEM, bulk sample

XRD analyses have indicated at least 3 types of crystalline phases
formed during the glass heat treatment. Crystals (type 1) in the
specimens heated at 700 C were nucleated inhomogeneously and grow in a
higher temperature range.

Apart from the above crystals, a second crystalline phase (type 2)
formed in the glass specimens heated at about 650 C. Large numbers of
these crystals are distributed inhomogeneously in the glass matrix.
According to the primary results of XRD analyses the type 2 crystal is a
hexagonal with:

a = 4.934 ( A ), c = 7.589 ( A ), c/a = 1.54

When a glass sample was heat treated at 500°C for 120 h a large
number of small crystals were formed which showed only a few wide small
peaks in X-ray diffraction patterns. Further work is required to clarify
the nature of dispersed particles. Thus, the wide exothermic peaks in
DTA results (Fig. 5) are responsible for the crystallization of the above
3 kinds of crystals. The temperature regions, in which they nucleate and
grow, are different but close to each other. The endothermic peak of DTA
curve C in Fig. 5 probably resulted from the dissolution of a large
quantity of crystals.

In addition, optical microscopy detected a few large crystals
grown on the free surface or in cracks. The crystals (grey plates) are a
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Table 11: Results of Soxhlet leaching tests,
-4 2mass loss ( 10 g/cm .d)

1 Heat
1
1 treat
1
1
1
| Mass
1 loss

J
None

1.68

400/1 550 |
/ 1 Xl

1 1
2.84| 1.91|

1 1

Heat

Z'
M \

1
^v |-

1
1.24 |

1

treatment,

650 J 700/Xi /
"' 10 | '120

1
1.151 1.36

1

°C/hr

750,

/10

2.45

1
1

800 | 900/1

' 4 1/4 |
1 1

1.63| 1.96|
1 1

kind of kirschsteinite containing Si, Ca, Mg and Fe. The crystals B
(dark rodlike) consist of Ti, U, Ca and Fe.

2.5.5 Effects of crystallization on glass properties

Leaching experiments on heat-treated glass specimens were
performed using the Soxhlet test in 200 mL deionized water at 95 °C for
7 days. After the leaching tests, the samples were dried and their mass
loss was determined by weighing. The results of mass loss (listed in
Table 11) indicated that the crystallization of these glass samples has
no marked effect on the leachability.

The colour, density and Vickers diamond hardness of heat-treated
specimens were determined and are listed in Table 12. The hardness of
the glass samples decreased as the volume fraction of the crystalline
phases increases, but little effect on their density was observed. The
glass colour develops towards brown-yellow with crystallization.

3. CONCLUSIONS

(1) The glass formulation GC-12/9B could incorporate 20 (wt %) of
2_waste oxides which contain 0.131 M SO. without yellow

phase appearance.

(2) The viscosity of the glass at melting temperature is suitable
for casting and the electric conductivity is suitable for use in
a Joule heated melter.
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Table 12: Colour, density and hardness of
heat-treated specimens

No.

1
2
5

4
5
6
7
8
9
10

11
12

13

14
15

heat treat
°C/hr

400/360
500/5
500/18

500/72
500/1 20
600/18
600/72
600/1 20
600/240
700/5

700/18

700/72

?00/1 20

800A
900/4

surface colour

black
black

black with yellowish
vein
yellow brown

brown
grey yellow
grew yellow
grew yellow
grew yellow

black with yellowish
vein

black with yellowish
vein

black with yellowish
vein

black with yellowish
vein

black
black

Y- hardness2kg/mm

935
920
907

858
855
894
855
815
782
855

815

782

752

808
782

density
g/cm^

2.74
2.7-1
2.71

2.70
2.71
2.70
2.71
2.70
2.70
2.72

2.70

2.68

2.67

2.72
2.71

(3) The glass showed low leach rates. During leaching tests some
elements such as Na, Si, Al etc. are depleted in the glass
surface, but others such as U, Fe, Ti, Zr etc. are enriched in
the glass surface.

(4) The glass specimens heat-treated at 500 - 775 C for different
time durations formed at least three kinds of crystals, one of
which is kirschsteinite.

(5) The temperature range of rapid crystallization is between
o o600 C and 750 C. Most crystals are enriched in U, Ti and Ca.

XRD analyses results indicated that hexagonal crystal were
formed with lattice parameters of a = 4.934 (A), c = 7.589 (A),
C/a = 1.54. The crystallization has no marked effect on the
leachability.
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PERFORMANCE OF VITRIFIED HIGH LEVEL WASTE
RELEVANT TO A REPOSITORY IN SALT

B. KIENZLER
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany

Abstract

For long-term radioactivity release scenarious in a case of disposal
of the high-level waste forms in the rock salt formation, only the
solubilities of radionuclides were taken into account. For modelling the
source term for radionuclide release into the biosphere, hydrolytic
reactions between a HLW glass and the brines in a repository which might
convert radionuclides into transportable species were examined. The
hydrolytic durabilities of different simulated HLW glasses evaluated by
Soxhlet leach tests at temperatures of 100 C for 30 days were compared.
In order to qualify corrosion resistant materials for HLW packagings
acting as long-term barriers, the corrosion behaviour of a titanium alloy,
Hastelloy C4 and unalloyed steel was investigated. Due to the predictable
corrosion behaviour and considering easy manufacturing of containers,
unalloyed steel seems to be the most promising material for a long-term
barrier.

Experimental and theoretical efforts were made to develop cooling
procedure for cast HLW glass melts which guarantee a minimal number of
cracks. Perfect agreement between computed and measured cooling processes
was obtained.

1. CHARACTERIZATION OF THE NEAR-FIELD OF THE HLW FORM IN A SALT REPOSITORY

In the FRG, it is planned to dispose of the high-level radioactive
waste forms (HLW) in the rock salt formation of the Gorleben salt dome.
The heat-generating waste will be vitrified and encapsulated in stainless
steel canisters having a diameter of 0.43 m and a wall thickness of 5 mm.
The initial thermal power of the HLW glass will come to about 17 W/L.
After an interim storage period of about 40 years, the canisters will be
emplaced into 300 m deep vertical bore holes. The disposal galleries are
planned at a level of 800 m below the surface. Rockbolts will be
installed to avoid deformation of the canisters which have some 10% void
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volume. Filled bore holes 50 m apart from each other will be sealed by
concrete/salt plugs of about 10 m length. After the operation period the
galleries will be backfilled with crushed salt.

The decay heat of the HLW form will cause a time-dependent temperature
rise in the repository. Regulations do not allow the temperature of the
rock salt to exceed 200 C. At the walls of the bore holes, the
temperature will increase rapidly after the emplacement of the canisters,
and after 80 years the temperature pressure will cause viscoelastic
deformations in the rock salt which can be described by a thermoelastic
material model with temperature-dependent secondary creep. The
deformations result in a closure of the remaining voids. The time taken
to close the 5 cm air gap between the canisters and the bore hole wall
varies with the depths from 200 days to about 3 years [1], Compression on
the backfill material in the galleries will compact these materials
(mainly crushed rock salt) and close these openings, too.

In safety analyses of the Goreleben repository, it is assumed that the
most effective barriers protecting the human environment from an exposure
of radionuclides are the salt as host rock for the repository, and the
surrounding strata. The potential of the waste form and the canister as a
barrier have not so far been considered in detail. It is assumed that the
canisters will corrode away within a short period of time. For long-term
radioactivity release scenarios only the solubilities of radionuclides
were taken into account [2]. For modelling the source term for
radionuclide release into the biosphere, hydrolytic reactions between a
HLW glass and the brines in a repository which might convert radionuclides
into transportable species must be examined. The source term can be
divided into the primary local interaction between waste form and brine at
high temperatures and the transportation of dissolved species through the
repository and overlying strata with decreasing temperatures.

Factors influencing the radionuclide release from vitrified waste
forms are:

- Leaching (chemical reactions at the surfaces)
Kind of brine and composition

- pH at the corroding surfaces
- SA/V ratio
- Temperature and temperature gradient
- Synergistic effects in the presence of glass and canister material
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- Radiolyses within the brine and gas production
- Brine migration, permeability of borehold plugs

A difficult problem in long-term safety analysis for repositories in
salt formations is the prediction of brine pathways. These pathways do
not exist in undisturbed rock salt, but they can be created by thermal
stresses, particularly if there are larger anhydrite inclusions in the
near-field of the HLW bore holes.

2. TEMPERATURE DISTRIBUTION IN A CANISTER FILLED WITH HLW GLASS PRODUCT

Experimental and theoretical efforts were made to develop cooling
procedures for cast HLW glass melts which guarantee glass blocks having no
or, if not possible, a minimal number of cracks. To calculate the
temperature distributions, the heat flow equation was solved by means of
the finite element (FE) program ADINAT [3]. This program takes into
consideration the initial temperature distribution, material properties
like heat conductivity, and specific heat and boundary conditions
depending on the coordinates, time and temperatures. So it was possible
to simulate the heat flow through convection in ambient air as well, as
heat radiation. Cooling experiments were performed at KfK-INE on
simulated HLW canisters and at PNL (USA) with hot, heat-producing glass
canisters. The time dependent spatial temperature distributions were
recorded for canisters with diameters of 0.3 m (inactive and active) and
0.43 m (only inactive). As an example measured and calculated changes of
temperature as a function of time are plotted in Fig. 1 for a canister of
0.43 m diameter filled with simulated glass form. This canister was
allowed to cool in ambient air. There is almost complete agreement
between calculated and measured curves. Details of these experiments are
described elsewhere [4, 5], From radial cuts through canisters filled
with simulated waste glass the crack width was evaluated. It was found
that, in the radial cracks, the surfaces of corresponding grains remained
in close contact because of compression by the steel canister. The
maximum crack width was measured to be about 0.2 mm. Model calculations
on a given crack system (five concentric cracks, 0.43m canister) were

operformed. The increase in the center-line temperature was 13 C for
0.1 mm crack width and to 27 C for 0.2 mm width, in comparison with an
unfractured glass block.
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Cooling of hot HLW canisters was measured for several cooling
procedures [6]. When the canisters had been filled, they were stored in a
furnace for annealing (CNTL) or in an insulated cooling pot (ICP), and
after reaching equilibrium temperature they were moved into an air cooling
frame (ACF). The canisters had thermal powers to 17.7 and 20.4 W/L
(1063 and 1227 W/canister), respectively. One of the canisters was lined
with a layer of 3 mm Al 0 wool. An acoustic wave guide was installed

£• »5
in one canister for acoustic emission analysis. As expected a temperature
gradient developed in the HLW glass volume. The center-line temperature
was shifted when the heat transfer conditions changed at the surface of
the canisters. The temperature difference between the center-line and the
canister surface depends only on the thermal power, the canister diameter
and the heat conductivity of the glass.

Calculations based upon hot HLW canisters of 17 W/L thermal power
(about 2500 W/canister) showed that the temperature level in the glass
volume, and the canister surface temperature depend on the heat flow
conditions. Applying free cooling in ambient air at 20 C, the surface
temperature will be about 160 C and the center-line temperature will be
about 320 C. In the case of canisters with 0.3 m diameter and a thermal

opower of 20.4 W/L the calculated center-line temperature is about 234 C
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and the surface temperature about 141 C at the surface. Calculations
for a thermal power of 17.7 W/L result in 204 C in the center-line and
126 C at the canister surface. These temperatures differ slightly from

o othe measured values (210 C and 120 C, respectively) because of the
unspecified thermal properties of the lining material. Fig, 2 shows the
calculated time dependent decrease of center-line temperatures of canister
in ambient air having thermal powers corresponding with the experiments.

3. CALCULATED STRESS DISTRIBUTION IN A CANISTER FILLED WITH HLW GLASS

The same FE mesh used for temperature calculations and the previously
calculated nodal point temperatures were applied to a stress-strain
analyses by means of the ADINA code [7]. The displacements induced by
changing temperatures and the resulting stresses were computed with a
thermoelastic material model. The cooling process of a canister filled
with a glass melt starts from the outer segments so that these regions
first reach temperatures below the transition temperature Tg. Below Tg,
glasses can be considered as elastic solids, whereas above Tg stresses
relax quickly. The radial and axial segments being time dependent above
or below Tg were taken into account by the "quick freeze" model. Boundary
conditions for the stress calculations were modelled by defining
constraints for some nodal points.
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in the center—line of an simulated HLW glass product

For numerical stress analyses the complex thermal initial conditions
were neglected, and isothermal conditions as well as selected cooling
procedures were assumed:

3.1 Initial temperature below Te and stress-free state

In this case, the glass volume was considered as a thermoelastic solid
body. As expected, compression stresses developed in the inner zones of
the block, while tensile stresses developed near its cylindrical surface
during the cooling period. With a decreasing radial temperature gradient,
both stresses decreased, and vanished when the temperature equilibrium was
reached. Depending on the cooling rates, tensile stresses exceeding 50
MPa could develop.

3.2 Initial temperature above TR; without heat production

For this case, the development of permanent stresses has been studied
numerically. Considering free cooling, e.g. heat transport by convection
and radiation, the computed tensile stresses amounted to about 160 MPa in
the center-line. Such high tensile stresses are fictitious because
glasses will fracture at considerably smaller values. Maximum tensile
strength of borosilicate glasses range between 50 and 60 MPa [8]. After
cracking, stresses are redirected depending on the location and depth of
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cracks. The location of the first crack is random, and local
inhomogenities such as pores or insolubles may give rise to its formation.

Applying a cooling rate of 2 K/h, (dT - 20 K) cracking of themax
glass product has been avoided and monolithic glass blocks have been
obtained repeatedly. Different cooling procedures weresimulated using the
ADINAT/ADINA codes. Figure 3 shows a calculated time-dependent evolution
of radial and axial stresses for several cooling procedures. At a cooling
rate of 2 K/h, only compression stresses induced by the steel canister
develop. Cooling at 4 K/h, however, gives rise to tensile stresses of

2about 7 MPa (axial stress). In contrast, cooling at a rate of 5 W/m K
causes tensile stresses up to 80 MPa (axial stress). The time scale in
Fig. 3 shows the duration of these cooling runs.

3.3 Initial temperature above Tg; with heat production

Calculations relating to real HLW canisters show that radial and axial
temperature gradients are always present. In the state of equilibrium,
the temperature gradients only change if the thermal power is reduced due
to the radioactive decay. Variation of the heat flow conditions changes
the temperature gradient only temporarily. Fig. 4 shows the variation of
the axial stresses which will develop in an HLW glass block when its
ambient temperature is changed instantaneously from 200 C to 250 C.
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In that case, tensile stresses in the center-line grow to a peak value of
about 20 MPa above the equilibrium stress. Transferring HLW glass
canisters from a higher ambient temperature level to a lower one changes
the gradient temporarily in the way that compression stresses develop in
the center line.

Due to the half-life of the HLW nuclides incorporated in the vitrified
waste form (depending on the age of the waste between 10 and 30 years), a
decrease by a factor 0.5 in the thermal gradient results. This leads to
additional tensile stresses (axial stress) of about 35 MPa in the
center-line of the glass volume. Further decrease of the thermal power
due to the radioactive decay increases the tensile stresses. Fig. 5 shows
the increase in axial stress distribution. These calculations are based
on fully thermoelastic material properties corresponding to the material
behaviour of glass at temperatures below Tg, Time-dependent processes are
not considered in these simulations and so the results depend only on the
variation of the temperature gradient.

4. INTERACTIONS OF CANISTERS AND WASTE FORMS WITH BRINES

In order to qualify corrosion resistant materials for HLW packagings
acting as long-term barriers, the corrosion behaviour of a Titanium alloy,
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Hastelloy C4 and unalloyed steels was investigated [9]. The resistance of
the materials to general corrosion, local corrosion and stress corrosion

o ocracking was examined. Temperatures from 90 C to 200 C, gamma
irradiation of 1000 Gy/h (1.0E5 rad/h) and different brines were applied.
Titanium (Ti 99.8-Pd) and Hastelloy C4 showed a very low corrosion rate at
temperatures below 200 C. At 200 C and under gamma irradiation,
crevice and pitting corrosion of Hastelloy C4 was found. The stability of
the protective passive layer was reduced with increasing temperature.
This effect may give rise to local corrosion processes.

The unalloyed steels were resistant to local and stress corrosion
cracking in the absence of gamma irradiation. The general corrosion rates
differ between 30-40 ym/y at 90 C and 500-600 ym/y at 200 C.
Thick-walled self-shielding packages made of unalloyed steel will be
required in order to ensure long-term stability of these barriers. Due to
the predictable corrosion behaviour and considering easy manufacturing of
containers, unalloyed steel seems to be the most promising material for a
long-term barrier.

HLW in canisters having only 5 mm wall thickness (COGEMA canister),
will cause irradiation of the near-field with a dose rate of about
50000 rad/h (500 Gy/h). The G-values for the H and the HO
production in a brine amount to 0.45 and 0.7, respectively. If brine
comes in contact with the HLW by migration or in the case of an accident,
0.13 mol H /year/L and 0.2 mol H„0 /year/L will be produced. The
application of a thick metal overpack avoids the irradiation of salt and
brine. Feasibility tests have shown that carbon steel corrodes uniformly
at a significant corrosion rate but in a predictable way. During the
reaction between Fe and HO, water will be consumed and H be
produced. Assuming a corrosion rate of 100 ym/year about 35 mol
H /year/L will be formed. The build-up of gas pressure depends on the
void space in a bore hole, the permeability of the bore hole plug and the
surrounding salt formation, and the solubility of hydrogen in the brine
under the conditions in the bore hole.

Gamma irradiation or the presence of packages showed unexpected
results. Leaching experiments were performed with simulated HLW glass
specimens coated with 50 ym stainless steel foils. The foils were
exposed in an potentio-static device to produce pitting corrosion of the
steel foil. These leaching experiments resulted in significantly higher
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Tab.1 Composition of simulated HLW product GP 98/12
(in wt.%)

Basic frit

SiO2 48.2
Na20 14.9
B2O3 10.5
Ti02 3.9
A1203 2.2
MgO 1 . 8
CaO 3 . 5

Waste oxides

Rb20
cs2o
SrO
*2°3
Ce02
Pr203
Nd203
Sm203
Gd203
Zr02
TeO2
M003
Mn02
Ru02
Rh203
PdO
uo2

0.
0.
0.
0.
I.
0.
1.
0.
0.
1.
0.
1.
0.
1.
0.
0.
1.

14
91
35
22
08
49
70
36
06
78
25
84
27
00
16
58
08

Corrosion products

Cr203 0.10
Fe2O3 0.23
NiO 0.10

Cs and Sr release compared with those experiments using uncoated
specimens 110]. There is no simple interpretation of this effect but it
is assumed that between the corrosion layer of the glass surface and the
corroded steel the pH value is changed locally.

5. STATIC INTERACTIONS OF SIMULATED GP 98/12 WITH GRANITIC WATER

An important parameter influencing the long-term release of
radionuclides may arise from saturation effects. However, it is not
obvious that saturation effects which slow down the hydrolitic attack will
hold over long periods of time. Within a joint research program between
KfK-INE and VTT/REA (Finland) details of the primary interactions of a
glass waste form and granitic waters were investigated [11]. Static
experiments have been carried out testing the German GP 98/12 waste

-1 oglass. The SA/V ratio was fixed to 10 m , at temperatures of 100 C,
150 C, and 200 C, respectively at the corresponding vapor pressure.
The procedure applied was following the EC Static High Temperature Leach
Test [12], The composition of the GP 98/12 glass is given in Table 1.
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T a b . 2 Composition of the OLKILUOTO water

Elements

AI
Na
K
Mg
Ça
Fe
Mn
SK)2
U
F
N03

N02

P04

HC03

C03

S04

NH4

Concentration
[ppm]

O.U
86
16
44
82

0.01
1.2

17
34

0.48
2.2
0.02

0.17

340

200
0.05

Concentration
[mole/kgl
5.2-10-"
4.0-10-3

4.HO-*
2.0-10-3

2.0-10-3

8.6-10-«
2.2MO-»
2.8-10-*
1.4-10-*
2.5-10-3

not used In
EQ3/6 calc.

The test specimens were cut from cylindrical rods having fire polished
curved surfaces and polished cuts. Leaching periods lasted 3, 7, 14, 28,
56 and 112 days. Two specimens were used in each case. The leachants
were a synthetic groundwater, a natural granitic ground water from
Olkiluoto and a distilled ion-exchanged water. Under these conditions
SiO saturation will be expected to be reached after a few hundred days.

Here only the results of the tests in Olkiluoto water will be
presented. The composition of this granitic water is given in Table 2.
Weight loss measurements of the specimens, B and Si concentrations, and
final pH and conductivity of the leachants were determined for each
sample. In the leachants exposed for 112 days the concentrations of Sr,
Ce, Al Nd and Ti were measured, too. For selected specimens corrosion
layers have been analysed in detail by means of REM/EDAX and X-ray
diffraction.

The different corrosivities of the applied leachants is the main
finding of these investigations. The most effective leachant is deionized
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water followed by granitic water and brines. The very low corrosivities
of concentrated salt brines are due to their buffering capacities keeping
the pH during the experiment in a neutral or slightly acid region, which
is close to the minimum of the solubilities of the glass products. The
influence of the SA/V ratio applied is as expected, so the saturation
effects are retarded and have not come to an end after 112 days. The mass
loss of the glass product at 100 C and at 150 C differs only slightly
but at 200 C in Olkiluoto water the mass loss is increased by a factor
two. In distilled water, the mass loss variation between 150 C and

o200 C amounts to more than one order of magnitude. Fig. 6 shows the
normalized mass losses of GP 98/12 samples in Olkiluoto water.

Solubilities are extremely dependant on the pH of the system. The
best control would be to monitor this value directly. However, this was
not possible in the chosen experimental design so only the final pH-values
at room temperature have been recorded (Fig. 7).

The chemical compositions of the leachants vary with time. Tracing
individual element concentrations provide therefore a partial control of
the progress of the reactions. In Fig. 8 and 9 the concentrations of
silicon and boron are plotted. Both curves show a corresponding trend.

78



9.5-

1C
Q_

8.5-

8-

<
7.5-

C

«
«

"' , *

• i
• * T

> - j Î
I , ,-e o f Legend

o 100°C

• 150°C

3 • 200°C

) 20 40 60 80 100 120
Time [d]

FIG. 7. pH-values of OKILUOTO water in contact with
GP 98/12 HLW glass at different temperatures

After some 30 days the slopes change and become less steep indicating a
reduction of the dissolution rates. The silicon to boron ratio indicates
a congruent dissolution process.

Important information results from analyzing the corrosion layers on
the surfaces of the samples. The highly dispersed insoluble noble metal
compounds (Ru,Rh)0 do not change their distribution in the reaction
zone. All particles remain in their original positions. The crystalline
phases formed in the corrosion layers can be analyzed by X-ray diffraction
techniques. These layers attain a thickness of some 20 ym.

6. GEOCHEMICAL EQUILIBRIUM CALCULATIONS

Recently the application of geochemical codes was investigated to
simulate the long-term behaviour of HLW glasses in a repository by
modelling the experiments. The geochemical equilibrium software package
EQ3/6 (version 3245) with the supporting thermodynamic data base version
3245R46 was applied. A description of the EQ3/6 code is given by Wolery
[13], Simulations of reactions between vitrified waste forms and
leachants are reported by several authors (Grambow et al. [14] using the
PHREEQE code and Savage [15] and Bruton [16] applying EQ3/6 for example).
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Chemical modelling, when applied to aqueous solutions, simplifies
attempting to understand the properties of these solutions in terms of
aqueous species:

- simple ions
- oxyions
- hydroxyions
- neutral species

ion-pairs
complexes

A speciation-solubility model like EQ3 (EQ3NR) is a static model of an
aqueous solution and estimates the concentrations and activities of all
aqueous species as well as the saturation indices for various minerals.
This model is used to test whether heterogeneous reactions are at or near
a state of thermodynamic equilibrium. The saturation indices of the
solution with respect to mineral phases are measures of thermodynamic
disequilibrium. The saturation indices (SI) are defined by the ratio of
the ion activity product (IAP) and the thermodynamic equilibrium constant
(K). The speciation-solubility model cannot predict the change of
concentrations in the aqueous solutions in response to disequilibriums.
Therefore a reaction path or kinetic model (EQ6) is needed. It calculates
changes in total concentrations, concentrations of aqueous species and
their activities and the appearance and disappearance of minerals due to
the progress of the reactions or with time.

The model calculations were started by the speciation of the Olkiluoto
water at the relevant temperatures by means of the EQ3NR code. Fig. 10
shows the saturation indices log(IAP/K) of the most supersaturated
minerals in this leachant at 3 temperatures, This figure indicates that
the Olkiluoto water is not in a state of equilibrium. Minerals with
positive saturation indices (SI) should precipitate. The differences of
the SI between 100°C and 200°C are minute. The existence of the

ominerals birnessite and todorokite is predicted only at 100 C. Both
minerals are typically formed from colloids at low temperatures, and they
contain several mol of water. The EQ3/6 programme with the chemical data
base may give rise to the computed over-saturation of the Olkiluoto water,
because the formation of colloids cannot be considered.

Assuming congruent dissolution of GP 98/12, glass speciation
calculations were performed applying the concentrations shown in Table 3.
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T a b . 3 Compositon of the HLW glass GP 98/12
only elements of the EQ3/6 database

Elements

B
Na
Mg
AI
SÎ02

Ça
Cr
Mn
Fe
NI
Sr
Cs
Ba
U

Composition
feVkg]
32.6

110.5

10.9

11.6
482

25

0.68

2.09

1.61
0.79
2.96
8.58
5.91
9.52

Composition
[mole/kg]

3.02
4.81
0.45
0.43
8.02

0.62

0.01

0.04

0.03
0.01
0.03
0.07

0.04
0.04
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FIG. 11. Saturation Indexes of minerals in OLKILUOTO water
before and after GP 98/12 dissolution at 100°C

Elements like Ti and the waste elements not incorporated into the data
base must be neglected. For 100 C the change of saturation indices is
given for pure Olkiluoto water and dissolved GP 98/12 (184 mg/L) in Fig.
11. The amount of dissolved glass represents the mass loss after 112 days

oat 100 and 150 C (see Fig. 6). It corresponds with the boron
concentration in the leachant. As a result the saturation indices of some
SiO -rich minerals increase. The SI (log IAP/K) values of todorokite
and birnessite increase due to the elevated manganese concentration,
amesite because of additional Fe and Al, Fig. 12 shows the Sis of some
minerals of elements which originate from the HLW. Typical are insoluble
Ni compounds, Ba and Sr carbonates and noble metal oxides. Phases (for
example CaMoO.) which are detected experimentally cannot be found by
model calculations TJith the 3245R46 data base due to lack of specific
data. In the case of RuO„ thermodynamic data do not exist for elevated
temperatures.

Applying the EQ6 code, it was possible to calculate the concentrations
of the relevant elements under equilibrium conditions. Fig. 13 shows the
amount of minerals which should precipitate to reach equilibrium. In Fig.
14 the computed aqueous species of the saturated Olkiluoto water are
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FIG. 12. Saturation Indices of minerals from waste elements in
OLKILUOTO water after GP 98/12 dissolution at 100°C
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FIG. 13. Precipitation of minerals in OLKILUOTO water with
and without dissolved GP 98/12 at 100°C
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FIG. 14. Concentrations of aqueous species in OLKILUOTO
water with and without dissolved GP 98/12 at 100°C

given. Differences between the natural Olkiluoto water and solutions with
additional GP98/12 corrosion products are obvious not only with respect to
minerals and species of waste elements but for carbonates and magnesium
containing species, too. But it must be kept in mind, that the reactions
do not only depend on states of chemical equilibrium but also on the
kinetics of the precipitation.

A comparison between an X-ray diffraction analysis and the computed
(equilibrium) precipitation of minerals at 100 C gives the following
results (Fig. 15). From EQ6 computations 0.23 g/L dolomited, 0.08 g/L
Ca-saponite and 0.01 g/L calcite should precipitate. The calcite mass
amounts only about 5% of the dolomite mass and 30% of the saponite mass,
nevertheless calcite dominates the diffraction curve. The calcite signals
of the diffraction curve show shifts to higher theta values. These shifts
can be explained by assuming the existence of smaller ions like Mg in the
calcite crystals. The difference between the shifted signals and the
signals of pure calcite indicates that about 5% to 10% of Ca is
substituted by Mg.

85



u CTETutrwc * 29-351 CALCIUM MOLYBDENUM OXIDE / POHELLITE. SYN
*2i£MtNtj 24-27 CALCIUM CARBONATE / CALCITE.DIFFRAC 500 PE0373.SHO OUKILUOTO w. IOOSRQ 1120 3cfiIE?: l OFF.-ET: ^,C/u

C/J T
Q.

t- o .
>-« »HOT.
CO

UJ

c

A

•
r : Ru02

p : Powellite

c : Calcite

33. 40. 47. 54.

TWO - THETA (DEGREES)

6l. 68. 75.

FIG. 15. X-ray diffraction analysis of a GP 98/12 glass sample
leached in OLKILUOTO water at 100°C for 112 days.

RuO„ and CaMoO, (Powerllite) can also be detected. The other2 4
minerals give no significant signals. On the other hand, clay minerals
show a poor crystallization behaviour leading to colloidal particles.
More sophisticated methods are required for their analysis.

7. SUMMARY OF THE RESULTS OF THE COORDINATED RESEARCH PROGRAMME (CRP)

7.1 Summary of the results reported on CRP meetings at Tokyo and Sydney

Most of the work in our Institute concerns the HLW vitrification
process in the planned reprocessing plant at Wackersdorf. An inactive
ceramic melter with dimensions for the Wackersdorf facility was realized
and borosilicate glass frits appropriate for this special melter and waste
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were developed (GP 98/12, GP 98/12.2, GP 98/12.2Li, etc.). These frits
guarantee the optimum viscosity for the bottom draining system and the
required electrical resistance for the direct heating in the ceramic
melter. The frits and waste glasses were characterized in regard of their
densities, homogeneities and their waste loadings. Investigations
concerning the devitrification depending on temperature and time, and the
hydrolytic durability of these waste forms in different waters and brines
at elevated temperatures were performed.

The hydrolytic durabilities of different simulated HLW glass products
oevaluated by Soxhlet leach tests at temperatures of 100 C for 30 days

were compared. The results of static leach tests in salt brines under
repository conditions were reported at the meeting in Tokyo. The tests
were performed at a temperature of 200 C at 13 MPa. Leachants of
distilled water, a 7 molar rock salt brine and a Q-brine (24.8 wt%
MgCl2, 2wt% MgS04, 2.4 wt% NaCl, 3.9 wt% KC1 and 66.9 wt% H2<» were
used. The sequence of corrosivities is distilled water, rock salt brine
and Q-brine. In the case of the brines, the pH's are buffered close to
the minimum in the solubilities of the glass waste forms.

7.2 Summary of the investigations concerning the cooling of HLW canisters

Perfect agreement between computed and measured cooling processes was
obtained. It could be shown that monolithic glass blocks can be produced
applying simulated glass products. In these cases stainless steel
canisters without lining material were used. The real cooling procedures
of hot canisters depend on the intended manipulations in the hot cell of
the vitrification plant. Resulting temperatures will be influenced by
uncertainties of the boundary conditions. Computations of the influence
of a given crack system on the center-line temperature of a vitrified HLW
canister showed only a minor increase.

Computations yielded quite high tensile stresses in the glass product
during the cooling procedure and if the heat flow conditions were
changed. Even for reduced thermal power due to the radioactive decay
tensile stresses will rise. It must be kept in mind that the model
applied here considers only two temperature-dependent states of the glass,
the elastic one below Tg and the fluid one above Tg. In reality,
viscoelastic states must be considered, too.
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The release experiments of radionuclides in a fractured glass block
during leaching are currently being performed.

7.3 Summary of the leaching experiments and equilibrium computations

It is to the best advantage to start geochemical equilibrium
calculations with a system like Olkiluoto granitic water. It is rather
dilute, so the standard activity models of the EQ3/6 code could be
applied. Nevertheless the comparison between the results of the static
leach tests in Olkiluoto granitic water and the geochemical equilibrium
calculations give rise to new questions (for example the disequilibrium of
the Olkiluoto water).

From reaction path computation it was found that:

- Ionic reactions are fast. e.g. formation of calcite;

- The kinetics of silica bearing phases are slow;

- Competition between equilibrium and kinetics must be considered;

If the formation of some minerals is retarded due to the kinetics,
these minerals should be suppressed in model calculations (for
example quartz);

Clay minerals could not be identified in leaching experiments in
Olkiluoto water but only in distilled water.

8. FUTURE ACTIVITIES AT KfK-INE

Extension of the EQ3/6 data base concerning relevant elements of the
waste and of the glass frit (e.g. Mo, Ti) and extensions to elevated
temperatures.

Leaching out of simulated fissures, investigations on the influence of
cracks on the total release of radionuclides.

Local measurements of pH-values in cracks (for large SA/V ratios).
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Computation of chemical equilibrium at elevated ionic strength.
Application of Pitzer coefficients to compute equilibrium in saturated
brines.
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CHARACTERIZATION OF HIGH ACTIVITY WASTE GLASSES
AND A COMPARISON WITH SIMULATED AND NATURAL GLASSES

G. MALOW
Hahn-Meitner Institut Berlin GmbH,
Berlin

Abstract

The study compares a highly radioactive glass with a simulated

inactive product in terms of devitr i f icat ion and leaching behaviour in
order to map possible differences. Highly active waste glass were
prepared in Marcoule, France. The results of comparison showed that the

crystallization and corrosion of the highly active glass is much the same

as that of the inactive simulated glass. The chemical corrosion of

borosilicate glasses in concentrated salt solutions is accompanied by the

formation of reaction layers. The corrosion rate is indirectly influenced
by the layer in that the precipitating plases control the silicon

concentration in solution. It is pointed out that there are various

difficulties in the interpretation of glass corrosion in solutions with

high ion strengths, when activity coefficients are not known.

Natural basalt glasses were used as analogues for predicting the

long-term behaviour of waste borosilicate glass. The experimentally

studied corrosion products of basalt glasses, their natural long-term

corrosion products and those of borosilicate glasses were compared. Data

on naturally altered basalt glasses (e .g . time dependence of corrosion,

role of layer formation in release of elements and identif ication of

stable phase in the precipitates) can be used in presently available

release codes (QTERM).

1. Introduction

The characterization of HLW waste forms can be considered
under two aspects: The first one includes properties which can be
related to constraints set by the production process. Viscosity,
resistivity, formation of a yellow phase, devitrification and
crystallization of the glass melt and the glass, respectively, are
important properties when the glass is produced by means of a
liquid fed ceramic melter (LFCM) [1], The second aspect concerns
the fixation of radioactivity in the waste form. In this respect,
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the chemical durability is most important. Properties affecting
the release of radionuclides are the waste form's composition,
extent of devitrification and fracture toughness. Cracking-,
crystallization- and radiation effects may increase the corrosion
rate of the glass but not more than by a factor of five [2].
Fracturing, i.e. an enlargement of the surface area causes a
proportional increase of the total corrosion rate. For
borosilicate glasses a factor of < 25 is a reasonable estimate.

In the last few years there has been remarkable progress in
understanding of the corrosion process of nuclear waste glasses.
However, most of the experiments have been performed under
non-realistic final repository conditions. This was done, on the
one hand, because of the lack of a definition of the storage site
parameters and on the other hand due to the complexity of
simulating storage conditions. Thus it is difficult to accurately
interpret the experimental results and to resolve the release
mechanism. Despite this unpromising situation, it is necessary to
perform experiments with solidified high-level waste forms as near
as possible under repository conditions.

2. National strategy for managing high-level waste

In the Federal Republic of Germany, the government has de-
cided to reprocess spent fuel elements. The high-level radioacti-
ve liquid waste will be converted into a solid leach-resistant
form (borosilicate glass) and disposed of in an underground repo-
sitory. Only in cases where reprocessing of special fuel elements
is technically not feasible or economically not reasonable, spent
fuel may be disposed of directly.

The German strategy for the management of spent fuel consists of
three different options.
Reprocessing abroad, e.g. at COGEMA facilities in France or by BNFL
in the United Kingdom. In this case wastes will have to be taken
back, HLW will be converted into borosilicate glass. The glass
will shipped to a German repository for ultimate disposal. This
option should only be considered for a transition period.
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The German utilities have decided to build a reprocessing
demonstration plant at Wackersdorf, in Bavaria. At this site, re-
processing, refabrication of fuels and waste treatment will be
performed. The annual throughput will amount to 350-500 tons UO,.

£

(In 1989, the proposal to build this plant was cancelled).

Finally, some particular spent fuel elements will be dis-
posed directly without reprocessing in a repository constructed
in a salt dome after their packaging in an appropriate container.

The German concept of high-level waste disposal is based on
a multi-barrier principle, e.g. a series of barriers between the
radioactive material and the biosphere.

The first safety barrier is the borosilicate glass itself
followed by the second barrier the container. Safety barrier num-
ber three is the backfill material and the repository, and final-
ly the fourth barrier is the geologic environment. It is possible
that either one of the barriers could by themselves provide the
necessary isolation for the wastes. However, it is generally
agreed in Germany that the waste form should be made as chemically
and physically resistant as possible to yield maximum protection
of the biosphere.

3. Summary of results under previous work

The aim of the previous research work was to produce data to
calculate the activity release from waste products under the
attack of salt solutions.

The compositions of the leachants (brines) were derived from
observations and mining experience. As a consequence of screening
tests, only a few solutions, NaCl-, Q- and Z-brines (NaCl-KCl-
MgCl2-Na2SOit-solutions), have been selected [3]. Present model
calculations of the heat release from HAW glass blocks comprise
temperatures up to 200°C at the canister.salt interface. After
leaching glass samples at 200°C in saturated salt brines, weight
losses were estimated and leachates were used for quantitative
analyses by ICP. The surface layers were investigated by SEM/EPMA
and XRD.
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Surface layers are a common feature of leached surfaces of
borosilicate waste glasses. They are of particular importance to
the resistance of waste glasses against aqueous solution attack.
Therefore, investigations were performed to study in detail the
morphology and structure of the surface layers [4,5,6,7]. Prom
the results of these experiments it could be concluded that
leaching with various leachants leads to the formation of various
surface layers. Their composition and structure are complex.

After leaching samples of the glass C-31-3-EC [for composition
see 3,6,7 ] in saturated NaCl-solution at 200°C for 10 days, EPMA
concentration profiles revealed at least two different surface
layers with different element concentrations. Elements like Ca,
Ba, Cs are nearly completely leached from the layers, whereas Mo
and Zn are strongly depleted in the inner layer, but their con-
centration increases again in the outer layer. Si, AI, Mg are
also depleted in the inner layer but again have a higher concen-
tration in the outer layer, whereas U, Ni, Fe are enriched in the
outer layer when compared with the pristine glass. The elements
Ti, Zr, La, Ce are enriched in both layers. The results from
semiquantitative EPMA of the surface layers are given in the
following compilation [8]

Elements
Depleted Enriched

Leachant Outer Layer___Inner Layer Outer Layer_____Inner Layer

NaCl-brine Ca,Ba,Cs,Mo, Ca,Ba,Cs,Mo, Mg,Ti,Zr Ti,Zr
Zn Zn

Q-brine Ca,Ba,Cs,Mo, Ca,Ba,Cs,Mo, Al,Mg,Ti,Zr Al,Mg,Ti,Zr
Zn Zn

Z-brine Ca,Ba,Cs,Mo, Ca,Ba,Cs,Mo, Al,Mg,Ti,Zr Mg,Ti,Zr
Zn Zn

Water Ca,Ba,Cs,Mo Ca,Ba,Cs,Mo, Zn,Al,Mg,Ti, Ti
Zn Zr

It can be concluded that the tendency towards selective leaching
decreases and congruent dissolution increases in the order H2Û,
NaCl, Q- and Z-brine. From the relative concentrations of the
elements in the layers leached with Q-brine,it must be assumed
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that these layers do not represent a partially leached glass
phase and are formed by instantanious precipitation of insoluble
compounds formed upon leaching.
When leaching the glass, the glass network is nearly completely
destroyed and the layer formed on the surfce is assumed to have
no longer structural similiarities with the original glass struc-
ture. This presumption was further supported by the fact that the
surface layers were partly crystalline and did not look homo-
geneous .

The formation of surface layers was studied in more detail for
glass leaching in NaCl-solution and in deionized water [5]. In
NaCl-solution after 5 h leaching at 200°C,an amorphous layer,
300 nm thick, had formed with tiny needle-shaped crystals just
beginning to grow on the outer surface. The presence of crystals
in the surface layer shows that solubility limits have been
reached shortly after the process had begun.

Surface layer formation on the borosilicate
waste glass in a closed system could this be divided into a sequence
of overlapping processes. The formation of amorphous phases on
the glass surfaces was observed first, followed by crystalline
phase formation with new phases still appearing after one year
in NaCl-solution [5].

The main effort was made to identify the phases and to understand the
effect of phase formation on glass leaching.

X-ray diffraction patterns were collected using a powder diffrac-
tometer. Bulk mounts and prefentially oriented "clay mounts" of
the type normally used for X-ray identification of phyllosilica-
tes were used.

A summary of experimental conditions, results and lists of ob-
served phases is given in [9].

4. New Research Agreement Programme

The first part of the paper reports on the results of fully radio-
active waste glasses. Specimens from highly radioactive glass
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and glass ceramic were prepared and studied. Therefore a tech-
nique was developed to prepare samples small enough to be removed
from the hot cell for chemical analysis and identification of
crystalline phases within the glass. The available results were
compared with those obtained from non-radioactive glass samples.

In the second part of the paper the influence on the kinetics of
alteration layers on the glass surface, saturation of some ele-
ments in solution and phase formation controlling the concentra-
tions of Si,Mg,Al,3n,Cr and Fe will be discussed. It has to be
pointed out that there are various difficulties in the interpretatioi
of glass corrosion in solutions with high ion strengths, when
activity coefficients are not known [10] .

Finally natural basalt glasses are used as analogues for
predicting the long-term behaviour of nuclear waste form
borosilicate glasses. The experimentally studied corrosion
products of basalt glasses, their natural long-term corrosion
products and those of borosilicate glasses were compared [ll].

4.1 Highly radioactive glassy waste forms

Ideally, a highly radioactive waste form should have the
same properties as a simulated material. The present
investigation compares radioactive and inactive materials in
terms of devitrification and leaching behaviour in order to map
possible differences. Highly active waste glass blocks were
prepared as described in [?] by CEA in Marcoule, France. The
dimensions and activities are given in Tab.l. The glass C-31-3-EC
was converted into a glass ceramic by heat treatment (3 hours at
600°C for nucleation, and 10 hours at 800°C for crystal growth).

In order to study samples by SEM outside the hot cells,
small pieces were taken from the blocks. Their weights were about
ISjig and their total ß-, Y~activit;i-es were less than 2 p,Ci. The
dose rate at the surface was about 40 mrem/h. Some samples were
cut with a low-speed saw and polished to get tiny low activity
thin sections.
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TABLE 1. DIMENSIONS AND ACTIVITIES OF THE RADIOACTIVE GLASS
BLOCKS

Glass

Weight (g)
Diameter (mm)
Height (mm)
Total ß, y activity (Ci)
Measured (month/year)

C31-3-EC-
SPF-Na

1920
84
110
415

7/78

SON 64
1920F3G3

1695
84
110
671

6/78

UK 209

1610
84
110
498

5/78

Figure 1. SEM micro-
graph of the high ac-
tive glass SON 641920
F3G3 (a) at low
(lOOx) (b) at high
(5000x) magnification

The As Cast Glasses

Fig. la shows a piece of the glass SON 64 as received. At
higher magnification inhomogeneities became visible as shown in
Fig. Ib.

Electron microprobe analysis revealed phases containing the
noble metals Ru and Pd, known from the simulated inactive glass
[7,13], Some phases were found in the radioactive sample, not
detected so far in the inactive glasses (Fig. 2).

Fig. 2A shows an EDX spectrum of a phase containing
Cr-Fe-Ni, probably a spinel. The spectrum in Fig. 2B belongs to
an unidentified phase high in tungsten and Fig. 2C is the EDX
spectrum of a phase which contains rare earth phosphates and some
Cr, Fe, Ni. The origin of the tungsten in the glass is not known.
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Figure 2. EDX spectra of the various phases shown in Fig. 1.

TABLE 2. CONCENTRATIONS OF OXIDES (WT.-%) IN THE HIGH ACTIVITY
GLASSES AND GLASS CERAMIC

SON 64.19.20.F3G3 UK 209
C-31-3-EC

glass ceramic
VSA4. VAC

Na2O
MgO
A1203

Si02

ZrO2

Mo02

CaO
Cs2O
BaO
CaO2

Nd2O3

Gd2O3

Fe203

NiO
Cra03
MnO2

ZnO

11

1
43
1
2
0
1
0
1
1
5
5
0
0
0

1

.4

.2

.8

.9

.1

.01

.2

.6

.3

.8

.9

.9

.5

.5

.6

*6

*4
*43

*1
*2
0
0

0
*3
*5
*6
1
0
0

2

.7 ±

.1 ±
+

.9 ±

.6 ±

.06±

.06±
n.m

.5 ±

.9 ±

.6 ±

.1 ±

.4 ±

.2 ±

.4 ±

0.6

0.2
2
0.1
0.3
0.06
0.07
.
0.3
0.5
0.5
0.5
0.2

0.1
0.1

1

8.3
6.3
5.1

50.9
1.4
1.8

0.3
0.4
1.0
1.8

2.7
0.4

0.6
0.7

2

8.4 ± 0.9
4.5 ± 0.3
2.4 ± 0.1

5 4 ± 1
1.0 ± 0.1
3.3 ± 0.3

n - in»
n .m*

1.0 ± 0.3
5.1 ± 0.5

3.1 ± 0.2
n • in »
n »m •

0.7 ± 0.1

3
1

10
34

3
2
3

**!

15
1
2

1

4

1

.3

.4

.3

.8

.3

.36

.85

.86

.2

.31

.40

.47

.91

5.5
1.5

10.5
38
2.0
2.2
1.9
0.5

12.3
0.2

2

± 0.6
± 0.2
± 0.7
± 2
± 0.3
± 0.2
± 0.2
± 0.4
± 0.6
± 0.2

1.45± 0.5

1.6

4.3

± 0.2

± 0.3

1 = Theoretical values
2 = EPMA measurements
number of measurements 10

n.m. => not measured
* =» number of measurements=20

** « Rb2O, CsO2

In Table 2 concentrations of some major constitutents of the
glasses and glass ceramic respectively are listed as measured by EPMA,
The measurements were made with at least 3 different samples in
order to get representative results. There is no indication of a
systematic impact of the radiation on the EPMA measurements. This
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is not trivial and requires tiny samples in a non-shielded SEM-
EPMA to keep the radiation background low. The smallest difference
between theoretical and measured values in all products was found
for SiO2 and Fe2O~, whereas the highest deviation was
measured for Nd2O3. Due to the compositional deviations of the
individual constituents of SON 64 and UK 209 (Table 2) new batches
of simulated glasses were prepared. These simulated glasses were
analysed and the compositions found to be the same as those of the
active glasses within the analytical errors. This inactive
material was used for further investigation.

Leaching and devitrification experiments have been started
with the high active glass SM513LW11 from the PAMELA plant in
Mol/Belgium. Some properties of the inactive glass described in
the literature have been used for the comparison of the results of
the active and inactive glass. The crystal phases formed during
the annealing of the inactive glass at the temperature of maximum
crystallization velocity were identified as titanite, pyroxenes,
amphiboles and Si02 polymorph. Summarizing the results it may be
concluded that the crystallization of the highly active glass is
much the same as that of the inactive simulated glass [13 ].

The Annealed Glasses

Pieces of the glasses SON 64 and UK 209 were annealed in the
hot cells up to 30 days at 80°C and 700°C, respectively.
Fig.3a and m are SEM micrographs of polished and non-processed
surfaces, respectively, Various crystalline phases with different
morphologies and compositions can be seen in the X-ray mappings in
Figs. 3 b-i, n, o. Figs. 3 b,c and d-f indicate the existence of
the already mentioned Fe-Cr-Ni phase. The X-ray mapping of Ca
(Fig. 3h), Sr (Fig. 3n) and Mo (Fig.30) suggest a (Ca,Sr)-molybdate
phase.

Pieces of the glass UK 209 were annealed for about 10 days at
700°C, Fig. 4 shows a SEM micrograph. Several crystalline phases
formed. Some major constituents of the phases detected by
electronomicroprobe are shown in the EDX spectra in Fig. 4A-D.
Phase A in Fig. 4 shows a high concentration of Cr and some Fe, Ni,
Zn, Mg and Si (Fig. 4A). Phase B seems to be a magnesium iron
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Figure 3. SEM micrographs (a and m) and X-ray mappings (b-l,n,o)
of HAW-glass SON 64.19.20.F3G3 annealed 5 days at 800°C

nickel silicate (Fig. 4B), identified in the simulated inactive
glass 13 . Phase C contains mainly Si and Nd and some Na, Mg, Al,
Zr, Mo, La and Ce (Fig. 4C). In Fig. 4D the spectrum of the small
bright needles (phase D) is shown, the major constituents are Si
and Mo with minor amounts of Na, Mg, Al, Zr, Ce, Nd and Mn. All
phases except phase A consist of very small crystals preventing
quantitative analysis.

As far as devitrification is concerned inactive and radioac-
tive waste forms show many similiar features. It is, however, too
early to conclude from this study that no significant differences
are encountered.

Leaching Experiments

The experiments were performed with chips of 10x10x1 mm di-
mensions in NaCl solutions and deionized H2O at 200°C under sta-
tic conditions in autoclaves. Four parallel experiments were run
for each time, temperature and leachant. After the experiments
the samples were dried and their mass losses determined by weigh-
ing in the hot cells. The glass samples of SON 64.19.20 F3G3 were
leached for 3, 10 and 30 days. The results are shown in Fig. 5.
Data points from leaching experiments with inactive glass samples
are connected by dotted lines in Fig. 5. The bars of the inactive
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Figure 4. SEM micrograph (white
bar = 10|im) and EDX spectra (A,B,C,
D) of HAW glass UK209 annealed lOd
at 70QPC.
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experiments represent the highest and the lowest value respecti-
vely. There is no significant difference between the results of
the highly radioactive and the inactive samples. In water the to-
tal mass loss increases from about 220 g»m~2 after 3 days to
about 460 g-m~2 after 30 days, that is a factor of two, whereas
the factor in time is ~10. The curve in the middle of Fig. 5
shows the leaching results in saturated NaCl brine at 200°C under
static conditions. Temperature has a strong influence on the total
mass loss as shown by the values at 100 C and 200 C.

Fig. 6 shows the leaching results of the glass UK 209 and the
glass ceramic C-31-3-EC. Again the results from inactive leaching
experiments are included in Fig. 6 (dotted lines), showing no
remarkable deviation from the data points of the radioactive waste
form. The data points of the inactive C-31-3 were obtained from
the parent glass of the glass ceramic. As for the SON glass, and
the glass ceramic. The mass loss of the UK 209 glass in sat. NaCl
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Figure 5. Total mass losses of
radioactive and simulated inactive
(dotted lines) HAW glass SON 64,19.
20.F3G3 in DI H20 and in saturated
NaCl solution at 200°C.
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Figure 6. Total mass losses of
radioactive and simulated inac-
tive (dotted lines) HAW glass
UK 209 and glass ceramic C-31-3-
EC in DI H20 and saturated NaCl
solution at 200°C. Values of in-
active C-31-3 are for the parent
glass of the glass ceramic.

brine is about 2 times higher than for the SON glass. A comparison
between the leaching in H_0 and NaCl solution of the SON and UK
209 glasses shows about a 4 times higher mass loss of the UK glass
in H_O. When leaching the glass ceramic there is no significant
difference between H9O and NaCl solution.

"
The mass loss of 100

gm is lower than that of the two glasses.

Leaching experiments were performed according to MCC-1 with
the PAMELA glass. The mass losses estimated from activity
measurements, weighings and normalized mass losses of the simulated
inactive glass were compared. The agreement of the normalized mass
losses of the inactive glass and the calculated mass losses from
the Cs-activity measurements was good.

4.2 Simulated Glass Waste Forms

Materials and Experimental

The chemical compositions of the glasses listed in Table 3 are
given elsewhere [12,7 ]. The glasses were prepared from glass
frits and waste oxide mixtures. Chips and to a minor extent
powders and beads were used as samples. The beads (size and shape
comparable to the beads produced in the German prototype
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TABLE 3. FRIT-, FISSION- AND WASTE OXIDE CONTENTS (wt%) OF THE
GLASSES

Waste Glass C 31/3-EC- SON 641920 UK 209
SPF-Na F3G3

Glass frit oxides 80.00 78.11 74.29
Fission product
oxides
Other oxides
Waste oxides

15.20
4.78

19.98

13.14
8.24

21.38

9.75
15.26
25.01

vitrification plant PAMELA) were used for crystallization and
static hydrothermal leaching experiments in Teflon-lined autoclaves,

The glass samples were leached at 200°C at equilibrium pres-
sure, i.e. ~15 bar for saturated salt solutions. Their composi-
tions are given in Table 4. The ratios of sample surface area to
solution volume were between 1 :75 cm"1 and 1 : 0.1 cm""1. The
mass losses of the corroded samples were determined and the solu-
tions analyzed quantitatively by ICP optical spectroscopy. In
parallel experiments the layers were not removed from the sample
surfaces and investigated by scanning electron microscopy (SEM)
and electron microprobe analysis (EPMA).

Some leaching experiments were carried out with glass powder
of grain size <60 (im in addition to the chip in order to increase
the amount of corroded glass [7,9]. In the powder experiments
leaching solutions were NaCl brine saturated at 200°C with or
without small amounts of MgCl2 and also a quinary brine having
KC1, MgCl2, MgSO^ and NaCl saturated with NaCl at 200°C.

Phase Formation and Identification

The morphology of the surfaces was investigated in greater
detail and phase identification was attempted» Chips were
investigated by SEM without further preparation after being

103



TABLE 4. COMPOSITIONS OF BRINES USED FOR LEACHING EXPERIMENTS

Solution NaCl
Moles per 1000 moles H20

KC1 MgCl2

NaCl-H2Oa

Q brineb

Z brine

113.4

6.8 17.4 77.3 3.2

1.0 2.6 111.2 2.1

This solution is saturated at 55°C. An extra 60 g NaCl
per liter is added so that the solution would be satu-
rated at 200°C.
This solution is saturated at 55°C. An extra 71 g NaCl
per liter is added so that the solution remained satu-
rated at 200°C with respect to NaCl.

Figure 7, SEM micrographs of a glass surface (top view) after 10
days (a and b) and 30 days (c) corrosion in NaCl brine
at 200°C.

removed from the autoclaves. Fig. 7 shows the surface after 10
(Fig. 7 a and b) and 30 days (Fig. 7c), respectively, in NaCl
brine.

The sample surface is covered with a layer of crystals of
various kinds. The cubes in Fig. 7a and 7b are analcime,
Na(AlSi206) «i^O. Light clusters in the middle of Fig. 7b, at
higher magnification seen as rosettes in Fig. 7c, were found to
be a phyllosilicate probably vermiculite and the light long small
needles in Fig. 7c are Ca-uranyl silicate [5,9]. These phases
are already visible after 3 days of corrosion but they are small
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Figure 8. SEM micrograph of
C31-3 glass wafer leached in
NaCl brine (200°C, S:V >
2.1 cm-1, 90 d) (black bar
10 urn)

and continue to grow as leaching continues. However, glass powder
had to be used to get sufficient material to identify the
phases. Additionally zinc silicate was detected. Figure 8 shows
zinc silicate in the center of the SEM micrograph [15, 9]. Initi-
ally it was present as spherical clusters of needles [l4]« After
longer leaching times (1000 d) this phase developes a crystal
morphology willemite, Zn2SiOit, normally shows.

In the corrosion experiments with NaCl brine, the major
crystalline silicate phases were identified. After considerable
reaction, 10g of glass reacted in 1:1 NaCl-brine, for example, the
ratios Mg:Si, Al:Si are nearly the same in the glass and in surface
layers. No more than 1-2% of these elements were found in
solution. Hence, if Mg, AI and Zn are consumed by the
crystallization of silicates, a simple "limiting case" mass
balance for Si can be calculated [l5,9 ]. Approximately 20% are
contained in the phyllosilicate, 1% in the zinc silicate and 70%
in the analcime phases, respectively.

Mass Losses and Solution Analysis

The mass losses NLc (Fig. 9) of chips and beads were
measured after drying and removing the surface layers. The
leachates were analyzed by ICP optical emission spectroscopy.
From the analysis of the component 'i' the normalized mass loss

(Fig. 9) was calculated. As shown in Fig. 9 the
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Figure 9. Normalized mass loss NL^ and normalized elemental
mass loss NL^ for glass C-31-3-EC-SPF-Na in saturated
NaCl solution at 200°C as a function of time.

corrosion rate decreases with time. The various elements behave
differently. The curves for Si (and for Al, Mn, not shown in
Fig. 9) exhibit a maximum [12]. After an initial increase their
NL^ values decreased after about 30 to 60 days and at 90 days
NLgi and NLA1 are constant or slightly increasing. After 90
days the normalized elemental mass losses for these elements
and for Mg and Zn are considerably smaller than for E,
Li, Ca, Sr and Ba. The leachates were also analyzed for Zr, Ti ,
Te, Nd, Ni, Ce and U but their concentrations were below the de-
tection limits. Some semiquantitative EDX analyses of the surface
layers revealed enrichments of these elements relative to the
glass, indicating that solubility limits were exceeded.

Leaching Model

The basic assumptions of the leaching model in NaCl-brine for
the glass C-31-3-EC are derived from experimental results. Within
the depth resolution of the microprobe all analyses of surface
layers of leached samples show that the disintegration of the
glass is a congruent process if the surface layer is considered
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as a corrosion product [4,5], A number of phases, amorphous and
crystalline,precipitate from the leachate on the glass surface
(place of highest supersaturation) and form a complex layer. The
silicon concentration of the leachate appears to be strongly
correlated with the glass corrosion rate. It is assumed that the
silicon concentration determines the reaction rate of the glass
by a first order reaction [ 16, 17]. Furthermore, in brines of hi'gh
ionic strength,the pH is almost independent of the concentration
of corrosion products. If no precipitation of phases containing
silicon is considered,the first order reaction equation can be
easily integrated. The formation of phases containing silicon
requires a consideration of the silicon concentration as a func-
tion of reaction progress, i.e. of the equilibrium ion activity
products of all phases containing silicon. The data are not known
for concentrated salt solutions. So concentrations for the pure
systems have been used instead. The result of the calculation is
presented elsewhere [7, 15, 17] The leaching rate is suitably des-
cribed by this model. In short term experiments oversaturation
might play an important role. A temporary increase or decrease of
the leach rate as observed in the experiment (Fig. 9) can be in-
terpreted by phase formation but may also be caused by oversatu-
ration and crystal growth.

CONCLUSIONS

The highly radioactive borosilicate glasses studied, pro-
vided essentially the same results as the simulated samples, as
far as crystallization and corrosion is concerned. However, the
data base is small and more studies of the radioactive materials
are necessary/ to justify a full comparison.

The chemical corrosion of borosilicate glasses in concen-
trated salt solutions is accompanied by the formation of reaction
layers. The corrosion rate is indirectly influenced by the layer
in that the precipitating phases control the silicon concentra-
tion in solution. The quantitative modelling of the processes is
less advanced than in diluted systems. This is due to the lack of
thermodynamic data for concentrated brines.
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4.3 Natural Basalt Glasses [ll]

The long-term stability of nuclear waste form borosilicate
glasses must be predicted from extrapolations of short-term la-
boratory data and then verified, which is only possible by com-
paring the glasses with their natural analogues of geological
age. Observations on the alteration processes for natural basalt
glasses are combined with the experimental data on the alteration
of basalt glasses and borosilicate glasses and are used to gener-
ate radioactivity release curves for nuclear waste form borosili-
cate glasses using the QTERM computer code [10, 18-20 ].

Hydrothermal leaching experiments were completed on three
glasses: two basalt glasses (KL 9 and 11) from Kilauea, Hawaii
(SiC>2 = 50 wt%, 24 kyr old) and a simulated borosilicate nuclear
waste glass, C-31-3EC-SPF-Na (SiO2 = 35 wt%). Results of experi-
ments at 200°C in saturated synthetic NaCl solution for 30 days
are reported here. The compositions of the surface layers and
solutions were determined by optical emission spectroscopy (ICP)
and the surfaces examined by scanning electron microscopy. The
compositions of a basalt glass and its palagonite surface layer
(deep-sea dredge sample, USNM 113715, from the Mid-Atlantic Ridge
near the Kane Fracture zone, 2889-2475 m depth) are compared with
the experimental results. This basalt glass is almost identical
in composition to the normal Mid-Ocean Ridge Basalt (MORE) and
the surface layer is similar to the "average" palagonite [21].
The dredge sample was altered by natural processes at low tempe-
ratures (~3°C) in contact with sea water.

The most striking evidence for the similarity in the corro-
sion behaviour of basalt glass (KL 11) and waste form borosilica-
te glass (C-31-3-EC) is shown in the series of scanning electron
micrographs (Fig. 10). In both cases, isometric analcime crystals
were formed as surface precipitates (Fig. 10 a,b). At higher mag-
nifications, the repetitive sheet-like structures are apparent
for both (Fig. 10 c,d) and, at the highest magnification (Fig. 10
e,f), each sheet is covered by a mat of crystal rosettes (probab-
ly clay). More importantly, a similar multiple surface layer
structure (Fig. 10 e,f) is common in naturally altered (~3°C, sea
water) basalt glasses (Fig. 10 g,h) . The same type of surface
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Figure 10. Scanning electron micrographs of surface of basalt
glass, KL 11, (a,c,e) and borosilicate nuclear waste
glass (b,d,f) leached in NaCl solution. Dredge sample
of basalt glass, USNM 113715, (g,h), altered in sea
water.
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morphology on naturally altered basalt glasses "has been well
illustrated in previous studies [21,22,23].

The chemical similarities in the corrosion process are sum-
marized by comparing the concentrations of major constituents of
surface layers with the corresponding unaltered glass for basalt
glasses, a borosilicate glass and a basaltic glass dredge sample.

All surface layers show depletion in SiO2 and CaO, alumina
(A12O3) concentrations are approximately constant and there are
increases in the concentrations of TiC>2/ FeO, MnO and Na2O in the
surface layers. For the experimentally corroded glasses, the
basalt glass and borosilicate glass behave similarly in terms of
the amount of altered glass (as determined by weight loss and
solution chemistry) and calculated depth of reaction. For all
glasses, surface layer formation is related to glass composi-
tion. The higher the ratios of Mg, AI, Fe and Ti to Si in the
glass, the higher is the fraction of the surface layer relative
to the total reacted glass.

Finally, if the alteration processes and products of natural
basalt glasses are satisfactory analogues of what one expects for
the long-term alteration of borosilicate glasses, can this infor-
mation be used to generate (or verify) models used to predict the
behaviour of borosilicate glasses? Figure 11 illustrates this
application by using the QTERM code (described in refs. [10, 18-20]

10-*

Oas i«-4
eo

10-«

10-«
10-2 10° 102 10*

Tim« (yr)
10» 10«

Figure 11. Fraction of ac-
tivity inventory released
from the glass at any time
(radioactive decay and
thermal history of the
waste form, with maximum
temperature of 90°C, in-
cluded in the calculation
of the curves). Case 1 is
for parabolic time depen-
dence; case 2 is for line-
ar time dependence.
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to generate the fraction of radioactivity released for two test
cases. The boundary of the shaded area in the upper portion of
the figure represents the decay of the radionuclides in the
canister and marks the maximum fraction of released activity if
there were no borosilicate glass waste form and all activity were
released immediately on contact with water. The experimental data
for both cases are taken from data published by the joint re-
search project of Japan, Switzerland and Sweden [25] where a
radioactive glass with an SiO2 content of 45 wt% was used.
Experiments were performed in water at 90°C following the MCC-1P
test procedure. The complete composition and experimental
conditions are summarized elsewhere [25J. Data are available for
up to 182 days. The essential questions are what model of
corrosion is applicable, and how widely will results vary as a
function of the model selected? In case 1, the time dependence is
assumed to be parabolic, t1/2 [26, 27J, where the most important
consideration in the corrosion of the waste glass is the
formation of a 'protective' layer that then becomes a diffusion
barrier to further release. Beyond the 182-day database, the
parabolic time dependence have been continued which has been used
to describe the hydration of rhyolitic glasses [28]. In case 2,
the time dependence is linear, t , based on the analysis of Si
and B data [25J, assuming an initial first-order dissolution
reaction for the glass with silica approaching saturation.
Between 28 and 182 days, glass corrosion proceeded at a low but
constant rate as indicated by boron release. Beyond the 182-day
database, the linear time dependence have been continued as
required in describing the formation of palagonite rinds on
basalt glasses [29], The latter case is the most conservative
(maximum) estimate of the released activity. The curves for cases
1 and 2 are only illustrative (as the temperature dependence of
palagonitization of natural basalt glass and the alteration of
waste glasses is still under investigation), but they do provide
important examples of time-limited experimental data combined
with information derived from the alteration of natural glasses
over long periods of time.

Three important points may be made. (1) Depending on the
model used to extrapolate the long-term release or radionuclides,
there are wide variations in the fraction of released activity
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(for example, at 10 kyr, an order of magnitude). (2) There is
little difference between the two cases in the fraction of
activity released during the first 100 yr, but afterwards there
is an increasing difference. At 1 Myr, for case 2, there is
little difference between the fraction of activity released and
the total fraction of remaining activity due to radioactive decay
(the intersection of the release curve with the shaded area),
whereas at 1 Myr, for case 1, the waste form is still able to
reduce the fraction of activity released by two orders of
magnitude. (3) Data on naturally altered basalt glasses (that is,
time dependence of corrosion, role of layer formation in release
of elements and identification of stable phase in the
precipitates) can be used in presently available release codes
(QTERM). The use of the appropriate natural analogue is of
immense value in designing and verifying release codes over long
periods of time.
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Abstract

A project expected to span about 10 years has been initiated in India to
study the long-term effects of the storage environment on full scale
vitrified active waste packages. Simulating environment will consist of the
granite blocks taken from the candidate repository sites and ground water
prepared as per the analysis of the actual ground water from the disposal
site. After certain period of storage, the samples from the canisters will
be taken out by ultrasonic core drilling machine and will be examined for
crystallization behaviour, homogenity, radiation effects etc. and subjected
to different methods of leaching studies. Leaching experiments are carried
out in different environmental conditions. An experimental set-up was
designed for investigating of influence of cracks in a glass sample on
leaching behaviour. From the experiments carried out so far, it is observed
that the flow rate across the simulated cracks reduces rapidly with time.
The leaching mechanism was like dynamic leaching in which the solubility
limits are not reached. The experiments started to study the leaching in
the cracks in full scale glass canister. First results of the studies are
reported.

1. INTRODUCTION

The high-level radioactive liquid waste stream generated during the
reprocessing of spent fuel requires special treatment to ensure its
isolation from human environment for extended periods of time. A three step
strategy for managing this high-level waste has been adopted in India [1].

1. Immobilisation of the waste radioisotopes into a vitrified form.

2. Interim storage of waste packages under cooling and surveillance.

3. Ultimate disposal in an underground geological repository.
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The plants for the first two steps are in operation and extensive
experimental work has been going on before implementing the third step of
the programme.

A geological repository for disposal of vitrified high-level waste will
be a multi-component interactive system containing a waste form and its
package, buffer and backfill material, host rock and the geological
formations in the near and far fields.

The major sub-systems in the geological repository system are the
conditioned waste (waste form, canister, overpack) and the geological
formations. Due to the interaction of one sub-system on the other, the
characteristics of both the sub-systems are altered. The evaluation of the
migration and release of the radionuclides into the human environment should
be based on the net effect of the altered properties of both the sub-systems
in the overall containment system.

As stated in the earlier report of the CRP, the Indian investigations
for establishing an acceptable criteria for disposal of vitrified waste in
an underground geological repository are being conducted in three stages.

In the first stage, the basic properties of the waste form and the
geological components will be evaluated independently.

In the second stage, on the one hand, the changes in properties of the
waste package due to geological components under long term storage, and on
the other, the alteration of the properties of the geological components due
to the storage of high level waste, on an extended time scale will be
studied by simulating the conditions as realistically as possible.

In the third stage, the combined effect of the altered properties of
both these sub-systems is the most important criteria of the acceptability
of the system, i.e. the release of radioactivity to the environment in a
geological time span should be evaluated.

The work with respect to each of these three stages are covered in this
report. However, more detailed information is given regarding the effect of
repository environment on the long term durability of the waste form which
is the topic of the current CRP.
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2. BASIC PROPERTIES OF THE SUB-SYSTEMS IN THE GEOLOGICAL REPOSITORY SYSTEM

2.1 Production of Vitrified Waste Form and Its Basic Properties

The process adopted for the vitrification plant in India for the high-
level waste is the modified pot glass process [2] in which the glass making
additives in a slurry form and the waste stream are fed into a metallic
induction heated melter which is subsequently drained into a stainless steel
storage canister. The basic requirement of this process is that the pouring

otemperature has to be maintained below 1000 C. The efforts of development
of suitable glass matrices were aimed at achieving this without appreciably
affecting the chemical and mechanical properties of the glass.

In the earlier report, the details of the characteristics of glass IR-10
were given [3]. For carrying out the detailed long term investigation on a
full scale active plant, a new glass composition was developed after
modifying the IR-10 composition. Because the waste contains about 50%
Na 0, the main change made was to remove the sodium from the glass forming
slurry. The final composition is given in Table 1. The final product will
have an initial activity of 700 Ci/kg and the major properties of the glass
are listed in Table 2.

TABLE 1
COMPOSITION OF GLASS IR 110 N25 MODIFIED FOR U

Nas te oxide
Si02
B203
Na20
MnO
Ti02

Mola %

16.0
43.5
7.0
17.50
10.0
6.0

Wt. %

30.32
34.11
6.36
13.70
9.26
6.25

NOTES
Out of 13.70 e NaoO/100 g of glass, 13.50 has been adjusted from the
waste, whereas only 0. 2 gm is being added in slurry.
Volume of waste/100 gm of glass = 2.114 lit.Density of this glass = 2.90 g/cc.
Elemental concentration for leaching calculation
Si02 = 0.3411 g/gm of glass, B = 0.0197 g/gm of glass.Na = 0.141 g/gm of glass.
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TABLE 2.
COMPARISON OF MAJOR PROPERTIES OF IR-110 AND IR-110 N 2.5

Sr.
No.

1.
n

-j_

4.

Property

Fusion Teaperature *C
Pouring Temperature *C
Thermal Condutti vi t /
at 100'C, W/«/*K
Coefficient of thermal

IR 110

850
1000
1.0

102 x 10~7

IR 110 N 2.5

35Q
900
1.014

-
expansion (C )

5. Softening paint CO 5u0 540
6. Impact Strength RIAJ 1.09 1.86
7. Average leach rate on 1.5 :< 10~4 2.3 „ 1S~4

s o di u m iJS5 basis at
130'C.

8. Density (g/cra3) 2.992 2.9

2.2. Studies on the Basic Properties of the Geological Repository

Fairly detailed information on the various properties of the granite
rock of a typical candidate site was included in the previous report.
Detailed characterization investigations have been initiated at a few
candidate sites.

As detailed elsewhere, many of the experiments at the Solid Storage
Surveillance Facility (SSSF) in Tarapur for evaluation of the behaviour of
the waste forms stored in a granite medium are carried out.

The studies on thermo-mechanical behaviour of the host rock, being
conducted at Kolar Gold Fields in the abandoned chambers of Mysore and
Numdydoorg mines at 1000 meters depth are continuing [4]. Preliminary
reports of the studies have already been prepared and some of the problems
encountered during the above experiments have been identified. It has been
observed that temperature profile of the surrounding rock have been
generally as per the projected model. The report of the validation of the
stress model is under preparation.
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TABLE 3 CHEMICAL COMPOSITION OF SYNTHETIC

GROUND WATER

SR. NO.

l

2

3

4

5

6

7

8

9

10

t.l

COMPONENTS

Ça

Mg

Na

K

Si02

C 1~"

N03~

2_
S04-

HC03-

TDS

PH= 7-58

CONCENTRATION, ppm

459-0

302-0

263-0

19-4

5-0

160-O

1-3

2500-0

265-0

2000-0

—

NOTE:-
THIS SYNTHETIC GROUND WATER WAS PREPARED

ON THE BASIS OF ANALYSIS OF GROUND WATER

COLLECTED AT THE DEPTH OF 100Om IN MYSORE

MINE OF KOLAR GOLD FIELDS.

Granite blocks of approximate size l m dia x 1.2 m high have been taken
from the candidate site and brought to the SSSF for use in simulating
conditions of waste forms storage under a repository environment. Studies
have been carried out on these granite blocks to determine their
composition, chemical properties, permeability, hydraulic conductivity,
porosity etc. These figures will be utilized in interpretation of the data
during the long term experiments.
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3. CHANGES IN THE PROPERTIES OF ONE SUB-SYSTEM DUE TO INTERACTION WITH THE
OTHER

Chemical durability of the waste form under long tern» storage in
repository environment is being treated more extensively since this is a.
main subject in the present CRP, even though the other aspects of study
cannot be entirely divorced from this aspect.

Some details of the programme for the above studies have been included
in the earlier report of the CRP. However, salient features are described
here in brief for reference.

A project expected to span about 10 years has been initiated in India to
study the long term effects of the storage environment on full scale
vitrified active waste canisters. In this experimental programme, storage
canisters containing vitrified high level waste will be stored in an
environment simulating the repository conditions for varying durations. The
samples from these canisters will be taken at different intervals and will
be examined for crystallization behaviour, homogeneity, radiation effects
etc. and subjected to different methods of leaching studies.

3.1 Description of the SSSF

The above programme is being carried out in the SSSF at Tarapur,
constructed for storage of the vitrified waste for an interim period under
cooling and surveillance.

The facility contains about 2000 locations for storage of the
overpacks. A part of the facility has been designed and constructed for
housing the experimental storage assemblies containing the storage
canisters, without overpack, in simulated environmental conditions. The
reference high-level waste glass will be produced in a specially constructed
facility in which the glass will be produced by the modified pot glass
process with controlled additions of active and inactive chemicals in the
waste and in the slurry feed to obtain a standard reference glass [5].
Separate hot cells are provided to house the experimental assemblies where
the storage of these canisters will be under pressure and temperature
simulating the repository conditions. Hot cells are also used for taking
the sample from the storage canisters after storage for different durations.

120



Several shielded boxes have been provided in the adjoining laboratories for
preparation of the sample for active SEM, XRD, EDX studies and for different
leaching experiments of active samples.

The standard reference glasses are made in the production facility. The
temperature profile for cooling the canisters is controlled with insulation
for all the canisters used for the experiments. Some canisters are produced
with cut outs for exposing part of the glass to the storage environment.
The canisters are then assembled in the experimental storage unit in another
hot cell where it is stored in different media. After an initial period of
storage of one to three years, the unit will be brought back to the hot cell
where the canister will be taken out and the core drill sample will be taken
from the exposed and unexposed parts of the glass.

The core drill samples will be transferred to the shielded boxes in the
laboratories where the samples for the SEM, EDX, XRD and leaching
experiments will be prepared. The samples will be transferred to the
different stations by pneumatic rabbit-carrier system and subjected to
different studies.

The active canisters are housed in the experimental storage unit,
details of which are given in Fig. 1. A granite block from a candidate
repository site at Patna, with a central hole, is housed in the shell of the
experimental unit. The canister is lowered into the hole and the annular
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FIG. 1. EXPERIMENTAL UNIT FOR LEACHING STUDIES UNDER
GEOLOGICAL ( HIGH PRESSURE a TEMP. ) CONDITION
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space is filled with granite powder, granite with ground water and corrosion
products as the case may be. Provision is made to insert thermocouples at
the surface of the canister to measure and control the temperature, if
required, by heating/cooling. The canister will have circular cut outs
through which the medium can interact with the glass. The whole assembly is
lowered into a secondary enclosure with provision for cooling/heating to
maintain the glass at a constant temperature. The storage of the canister
in the experimental unit is primarily meant for studying the effect of the
repository environment on the glass at its surface and at the canister/glass
interface. The glass will be affected by the chemical and radio-chemical
environment, variation in the crystallization kinetics and crystal growth
due to temperature and radiation and presence of alteration products,
increase in surface area due to cracking and micro-cracks (where the
leaching mechanism can be different compared to the fully exposed surface)
and due to the high radiation effect. After a period of storage ranging
from one year to three years, the canisters from the experimental assemblies
will be retrieved and the samples from the exposed and unexposed parts of
the glass block will be taken to the hot cells for analysis.

3.2 Production of Reference Standard Glass for Carrying Out Experiments

As mentioned in the earlier CRP report, detailed procedures were worked
out and full scale simulated reference glass blocks were produced for the
experiments.

3.3 Leaching Experiments on the Plant Scale Glass Samples in Different
Environmental Conditions

The aim of the leaching experiments are:

- To compare the leaching behaviour of the glass samples taken from the
canisters stored under varying storage environment with the reference
glass.

- To establish the leaching behaviour of the glass samples from the
stored and unstored canisters in simulated repository conditions.

The approach for these leaching studies will be such that each component
of the repository environment will be added cumulatively in different sets
of experiments to identify the effect on each component and its interaction
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with the other components. For example, a repository component of granite
will be added to the glass in one set of experiments and in the second set,
additional components of corrosion products will be used along with the
glass and granite. In the next proposed stage, a third component of
bentonite, which is suggested as the backfill material, will be added as an
additional component to the experiments. The full range of studies of all
the components will be made in different steps starting with inactive lab
scale glass, active lab scale glass, inactive full scale plant glass, and
ultimately active full scale glass products. These steps are expected to
give comparison of the results as well as to provide adequate information
for modifying and refining of the experimental procedures during the course
of the experimental programme. The different types of leaching experiments
will include conventional leaching techniques for quick estimation of the
basic leaching properties of the glass samples taken out from the
environment in different intervals of time as well as studies on the basis
of ISO and MCC-1 test methods. Major studies of experiments will be carried
out in the different environmental condition in combination of the
repository components as explained earlier.

In this report, the details of the experiment and the results of the
analysis of leaching studies carried out in the samples taken from full
scale inactive plant glass with composition of IR-10 are covered.

3.3.1 Experimental Procedures

The experiments were carried out using two methods generally based on
the ISO MCC-1 tests. Some changes from the exact procedures have been
adopted to suit laboratory requirements. Hence caution should be exercised
while comparing these results with standard ISO and MCC-1 experiments.

The samples of vitrified waste product (VWP), both in the pellet form
and grain form, after grinding are subjected to the leaching experiments
with distilled water (DW), DW -4- granite (G), DW + granite and corrosion
products (CP) at three different temperatures. The samples were also
subjected to leaching with the same environment with synthetic ground water.

Glass IR-10 was used, with the composition as given in Table 1. For
sample preparation, core drilled samples were taken from the glass canister
and cut into 600 micron slices and these slices without polishing were used
for leaching. In another set of experiments, the similar glass samples were
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crushed to get 16 - 25 mesh grains in stainless steel mortar with SS
pestle. The grains were sieved through standard sieves and single quick
water wash was given to remove any fins or attached dust. Then the grains
were washed with acetone to remove water and dried. One gram of grains was
packeted in 400 mesh SS packets and used for leaching.

Granite was also crushed similarly and treatment was given as above.
They were also packeted in 400 mesh SS packets. The corrosion product used
was rust, which was collected from rusted carbon steel and ground to
powder. Ground water and distilled water were used as leachant.
Composition of the ground water used as a leachant is given in Table 2.
Three different temperatures were used for leaching. They are 50 C,
70°C, and 85°C.

3.3.2 Results
Results for both the ISO and MCC-1 tests were given in the full

reports but only the latter are presented here for B, Sio and Na in Fig.
2-4 as examples. The leach rates determined by the two methods agreed
closel;
lower.
closely for B and Na but the MCC-1 results for SiO were factors of 2-5

The MCC-1 results for B and Na (Figs. 2 and 4) are fairly similar with
the SiO results being about a factor of 4 lower. The presence of the
repository components increases the leach rates of B and Na, although the
effect is small, but appears to decrease the leach rate of SiO .

3.4 Leaching Behaviour in Cracks in the VWP

3.4.1 Background
A major parameter to be considered in any source term model is a

realistic assessment of the surface area to volume of leachant. Many
investigators have considered the increase in surface area due to the cracks
within the glass block and estimated the mass leached by directly
multiplying the experimental leach rate results with the increase in surface
area. Since an increase in surface area of the glass block to the extent of
10 to 15 have been found due to cracks in glass, a more realistic assessment
of the cracks on the 'mass leached' is essential to arrive at a realistic
source term. This will depend on the size of the cracks within the glass
block and the fact that the volume of ground water associated with the
leaching within crack can be very low resulting in a very high S/V ratio.
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Also, the experiments where the leaching mechanism is studied with the glass
samples (either pellets or grains) exposed to the leaching medium by
immersing the samples in the leachant with static or dynamic leaching need
not be applicable in cases where the leaching takes place within the
confines of crack and with high S/V ratio. Hence separate experiments are
required to assess the effect of the cracks in the glass product initially
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by simulating the cracks on a laboratory scale and subsequently on the full
scale glass block.

In order to plan and design the different experiments required to find
out the effect of cracks and the leaching behaviour within the cracks of the
vitrified product, a realistic scenario in which the leaching can take place
in the repository was investigated with reference to the presence of cracks
within the glass body. Two cases were postulated as shown in Fig. 5.
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In case one, (in the most simplified form) the storage canister is directly
emplaced in the host rock with backfill material (bentonite) packed in the
annular space between the canister and the host rock. In the presence of
moisture, bentonite is expected to swell and completely seal the gap. Any
ground water which enters into the hole after passing through the bentonite
packing will enter the glass body where a high surface area to volume ratio
exists.
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In case two, as shown in the figure, the storage canister is housed in a
secondary overpack and the backfill material is provided outside the
overpack (if it is provided). In this case, the water enters after passing
through the bentonite into the annular gap between the overpack and the
storage canister through the breaches in the overpack material. Due to the
lower frictional resistance provided by the annular gap, the flow of ground
water will be mainly through this gap and the liquid which enters the cracks
in the glass due to the hydraulic pressure will be more or less stagnant and
the transfer of the leached species from this stagnant liquid to the moving
liquid in the annular gap will be mainly by diffusion. Hence, in this case,
the leaching will be mainly along the outer surface of the glass canister,
if we consider the breaches of the canister material. However, this
estimation of case two is likely to be altered in case where extensive
breach of the overpack and storage canister material takes place resulting
in blocking of the annular gap.

In the experimental studies being carried out at present, case one has
been considered so that leaching in cracks, can be extensively studied.
Before starting these experiments it was necessary to study the nature of
cracks in the storage canister, in order to estimate realistically the
surface area of the cracks in the glass as well as the volume associated
with these cracks where the leaching will take place. The amount of
cracking in the glass in a canister depends upon many variables like
composition of the glass, size of the canister, viscosity and the pouring
time and most importantly cooling rate and annealing history of the storage
canister after the glass is cast into it. Detailed experiments were carried
out to estimate this and a computer programme DYSK-3 was developed to
estimate the surface area of the cracks and the volume associated with them
in a few cases of known cooling rates. Even though more experiments are
required to establish the values of crack length and width, these estimates
are useful for the present experiments.

The effect of cracks is to increase the surface area available for
leaching. However, due to the limited volume of leachant associated with
these cracks and due to the fact that the leaching behaviour within the
confines of the cracks can be different, separate experiments have been
undertaken simulating the cracks in glass samples. The results of these
experiments will be used to predict the leaching behaviour within the cracks
of the full scale glass blocks which will be verified by experiments at full
scale. The results of these experiments are expected to provide valuable
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FIG. 6. EXPERIMENTAL SET UP FOR * LEACHING IN CRACKS '

data in the development of a source term model for the glass block in the
repository environment.

3.4.2 Experimental Set-up

The basic unit for simulating the crack is shown in the upper section of
Fig. 6, Two circular glass samples of suitable thickness with central holes
are separated with a definite gap ranging from 5 micron to 20 micron by
inserting shims of the required thickness and tightened together. All the
parts of the unit are of teflon. A leachant collecting trough is provided
integral with the bottom half of the unit from which a teflon tube is taken
out. This leaching unit is immersed in a container with provision for
maintaining constant pressure or liquid heat. The leachant flows across the
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small gap between the glass samples into the central hole and to the
collecting trough from where it is collected continuously for analysis. The
whole unit is kept in an oven maintained at the required temperature and the
leachant can be collected outside the oven.

3.4.3 Results

From the experiments carried out so far, it is observed that the flow
rate across the simulated cracks reduces rapidly with time. This is
believed to be because of the blocking of the flow of water due to the
formation of the hydrated layer on both the leach surfaces which closes the
gap. After about 20 days, the flow decreased and in many experiments had
stopped. Even though, flow resumed with a little disturbance of the
hydrated layer, it had further reduced or stopped again after a few hours.
However it has to be verified whether the resistance to flow offered by the
hydrated leach layer still occurs with a higher hydraulic gradient and
further experiments are planned in which the container will be pressurised.

In the present set up, there was no effort to control the flow of
the leachant. Hence a high S/V ratio was not reached. The leaching
mechanism was more or less like dynamic leaching in which the solubility
limits are not reached. A graph showing the variation of flow rate through
the crack and the Na leach rate versus time is shown in Fig. 7. The leach
rate figures generally follow the dynamic values obtained for similar glass
during earlier experiments. Further experiments are planned with reduced
flows of leachant.

3.4.4 Full scale leaching in cracks experiment

Fig. 8 shows a set up to study the leaching in the cracks in full
scale glass canister. Demineralized water is passed through the canister
from top to bottom. The water passes through the cracks in the glass and
is collected when it leaves the pot. The leachant is analysed for Fe, Si,
B, Na, Mo, Cr.

Graphs showing the concentrations of the above elements in the
leachant are given in Figs. 8 and 9 along with the flow rate which was
adjusted to about 2 L/d.
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It can be seen from the graph for the first few days, that the
concentration of elements which form the 'yellow phase' in the glass is
higher in the leachant. (The initial high peak is due to some stagnant
water which remained in the pot for about 3 weeks before the experiment
started.) The concentration of these elements decreases continuously even
after 27 days. It is expected that these elements will become undetectable
after some days by which the major part of the yellow phase will have been
discharged from the pot. The concentration of the other elements, B,
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Si02 and Fe was found to be more or less constant even though there is
some increase in silicon concentration. The experiments are still
continuing and interpretation of the data with the surface area of the
cracks and the volume of the leachant associated with it are computed with
the programme DYSK-3 (explained earlier) are yet to be done. Further tests
are planned for detailed investigation on full scale blocks.
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GLASS PROPERTIES AND SOURCE TERM MODELS
RELEVANT TO DISPOSAL
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Abstract

Static leach tests with fully radioactive high-level waste glasses were
carried out in distilled water and in bentonite solutions. Waste glasses
were produced by using a small Joule-heated ceramic melter at the Chemical
Processing Facility, Tokai. The results of leach tests were compared. It
was found out that large amounts of actinides and lanthanides leached from
waste glasses were absorbed in the bentonite or on the walls of the leach
vessels. Static MCC-1 type leach tests of simulated waste glasses using
certain underground water were carried out for a period of up to one year
at different temperatures and compared with those in distilled water.

The alteration of basaltic glasses was investigated in order to
evaluate long-term stability of waste glasses. Alteration rates were shown
of a few microns per 1000 years. Corrosion behaviour of overpack materials
was investigated by performing immersion tests in the presence of
bentonite. The tests in aqueous solutions without bentonite were also
conducted for reference. The diffusivities of plutonium in water-saturated
compacted bentonite were measured.

1. INTRODUCTION

PNC has extensively conducted research and development on geological
disposal of high-level radioactive wastes (HLW), as the lead organization
for establishing this technology in Japan.

Evaluation of a source term for multi-barrier waste packages and
long-term stability of waste forms are significant matters for the
performance assessment of geological disposal.

This paper describes recent studies on the performance of solidified
high-level waste form and engineered barriers carried out at PNC.
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2. GLASS COMPOSITION

As of April 1989, about 350m3 of high-level liquid waste (HLLW)
generated from the reprocessing of spent LWR fuels are being stored at the
Tokai Reprocessing Plant (TRP) of the Power Reactor and Nuclear Fuel
Development Corporation (PNC). PNC is planning to solidify this HLLW into a
borosilicate glass waste form at the Tokai Vitrification Facility (TVF).
The construction of the TVF has already started in 1988 and is scheduled to
begin hot operation in 1992.

PNC has been developing vitrification technology since 1975. In
particular, full-scale cold mock-up vitrification tests and
laboratory-scale hot vitrification tests for the process development and
waste glass characterization have been performed since 1981 and 1982,
respectively [1-5],

Extensive development work on TVF waste glass was carried out, and
about 700 simulated waste glasses have been evaluated against the following
criteria!

Homogeneity of waste elements in the glass.
- Sufficient viscosity at the process temperature range.

Durability of the glass.

As a result of the work, an optimum composition of borosilicate waste
glass have been developed. The composition of the glass additive for TVF is
shown in Table I. The fiberglass form of the additive has been developed to
reduce the amount of particles released from the melter to the off-gas
line. Besides the components of glass additive, sodium is added to HLLW in

Table I. Glass Additive Composition

Component(wt%)

SiO,
B,03

A*,03

LijO

CaO
ZnO

62 .3
19.0
6 .7
4.0
4.0
4 .0
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Table II. Standard Waste Composition
(0.5m'/MTU, 28,OOOMWd/MTU)

Fission Actinides
Products
(g/ O (g/O

Se 0.1
Rb 0.6
Sr 1.6
Y 0.9
Zr 6.6
Mo 5.9
Te 1.5
Ru 3.5
Rh 0.8
Pd 1.9
Te 0.7

Cs 4.4 U 11 .6
Ba 2.9 Np 0.8
La 2.2 Pu 0.1
Ce 4.2 Am 0.1
Pr 2.0
Nd 7.1
Pm 0.1
Sm 1.5
Eu 0.2
Gd 0.1

Corrosion Additives
Products
(g/ O (g/O

Fe 8.4 N a 4 4 . 5
Ni 2.2 P 0.8
Cr 2.2

TVF to adjust the sodium oxide content in the waste glass to 10 wt% in
order to get the correct viscosity for melting and pouring the glass.

The standard HLLW composition shown in Table II was fixed on the basis
of analytical values, process parameters in TRP, and ORIGEW calculation.
Average burn-up of the spent fuel is 28,000 MWd/t, and cooling time before
vitrification is 5.5 years. HLLW contains fission products, unextracted
uranium and plutonium, transuranic elements, corrosion products and
additives from reprocessing.

The standard waste glass contains 25 wt% of waste oxides as shown in
Table III. In this case, the fission products content is about 10 wt%. The
300 kg of waste glass is produced from one metric ton of heavy metals of
spent fuel.

3. GLASS PRODUCTION

3.1 Development of Process Technology

The vitrification process consists of pretreatment, glass melting,
off-gas treatment, and vitrified package handling. The conceptual structure
of the melter is shown in Fig. 1.
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Table III. Composition of Standard
Waste Glass

Component

Glass Additive 7 5 . 0
SiO.
B,0.
A*,0.
Li,0
CaO
ZnO

Waste 2 5 . 0

Na,0
PA

FeA

NiO
Cr,0>

fission products
actinides

(wt%)

4 6 . 7
14 .3
5 . 0
3 . 0
3 . 0
3 . 0

9.6
0.3

1.9

0 . 5

0 . 5

9 . 8
2 . 4

Since 1979, the vitrification process has been developed to demonstrate
its performance with an engineering scale by using a full-scale testing
system and simulated solutions.

3.2 Hot Tests

Hot vitrification tests have been performed since 1982 in the
Chemical Processing Facility (CPF) by using actual HLLW generated
in TRP. These hot tests have been carried out in a liquid fed
Ceramic Heiter (LFCM) and physical properties of the resultant
vitrified wastes were determined.

3.3 Tokai Vitrification Facility (TVF)

The facility is built to demonstrate the vitrification technology by
compiling the results of development carried out to date. The features of
the TVF are as follows:

3|| Treatment capacity of HLLW melter is 0.35 m /day.
|| Storage capacity for vitrified waste is 420 packages.
|| As to the plant design, LFCM equipment are placed in a large

remote-maintenance cell with rack module systems.
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4. CHEMICAL PROPERTIES RELEVANT TO DISPOSAL

4.1 Leaching behaviour of simulated high level waste glass in the presence
of buffer material

The interaction of simulated HLW borosilicate glass with static
bentonite media has been investigated.

The purpose of the present investigation is to clarify the leaching
behaviour of the glass in contact with bentonite, particularly at
bentonite/water weight ratio (B/W) of 1/2 under simulated disposal
condition in limited water. The enhancing effect of bentonite on leaching
rate has been reported [6-9]. In a previous report [10], the waste content
in bentonite was shown to be one of the factors which affected the leaching
of glass. This short report provides the results for long period (364 days).

Experimental conditions are given in Table IV and the following results
were obtained.
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Table IV Experimental conditions

(1) Specimen
Glass

• Bentonite

(2) Leaching
conditions

• Bentonite/
water weight
ratio (B/W)

• Temperature
• Leach time
• Static tests

(3) Measurement

PNC reference glasses
(P0500,P0798)
size : 10 x 10 x 10 mm
surface : finely polished
Na-montmorillonite
("KUNIPIA")

1/2
1/200, Distilled water

(D.W.)
40°C, 98°C

Max. 364 days
• 1 glass block/50 g gel
bentonite (B/W=l/2)

• SA/V=0.1 cm
(B/W=1/200, D.W.)

• Weight loss
• Surface analysis

(SIMS etc.)

Weight loss

Figure 2 shows the weight losses of PNC reference glasses leached in
various media at 98 C. Weight losses at high bentonite/water ratios

—4 2(B/=l/2) were lower than 1x10 g/cm and one or two orders lower than
those in distilled water (D.W.) and B/W=1/200. Weight losses at 40°C for

-5 2364 days were below the detection limit (1x10 g/cm ).

Secondary Ion Mass Spectrometer (SIMS) analysis

Depth profiles of boron in the leached layer are shown in Figure 3 for
P0500 glass leached in various media for 364 days at 98°C. The thickness
of surface layer estimated from boron depletion depth was about 0.3 pm
(B/W=l/2) and 2.5 ym (D.W., B/W=1/200). The thickness of the layer is
proportional to the weight losses.

Figure 4 shows elemental depth profiles at B/W of 1/2 for 364 days at
98 C. Boron, lithium and caesium were depleted from the glass surface. On
the other hand it was observed that sodium and silicon, both of which are
major constituent elements of the bentonite, remained in the surface layer.
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Amount of glass leaching at high bentonite/water ratios much smaller
than that in distilled water. Leaching behaviour at such a high ratio of
bentonite to water may be different from that in distilled water.

4.2 Agitated powder leach test (MCC-3 type)

As one of a series of leaching tests, an agitated powder leach test has
been carried out in various leachants. The purposes of this test are (1) to
obtain the maximum concentration of elements dissolved in leachant, (2) to
identify alteration substances after leaching.

The resulting compositions of leachate solutions are shown in Table V.
Most of solute elements reach the maximum concentration within one year in
this condition and the maximum concentration of each element was not
influenced by the kind of leachants. (Table V).

The X-ray diffraction pattern of the alteration substances was similar
to that of smectite.
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Table V Analyses of leachate solution after agitated powder
leach tests of P0500 glass at 98°C for different leachants

Si
B
Li
Na
K
Ca
Al
Zn
Fe
Ni
Cr
Rb
Cs
Sr
Ba
Zr
Mo
Ru
Rh
Pd
Te
Y
La
Ce
Nd
Sm

1 year
Granite

128
3800
740
4200
288
11.0
36
7.8

< 0.6
< 1.0

6.8
9.8

28
2.6
—

< 0.4
1300

10.0
< 1.0
< 0.6

0.56
< 0.2
< 0.4
< 0.4
< 0.4
< 0.4

Bentonite
116
4000
760
4600
328
14.8
40
—

< 0.6
< 1.0

6.8
11.2
34
2.8
—
—

1420
10.6

< 1.0
—
0.52
—

< 0.4
< 0.4
< 0.4

—

D.W.
134
3800
740
4200
294
11.0
38
7.4

< 0.6
< 1.0

6.6
10.2
30
2.6
1.2

< 0.4
1320

10.4
< 1.0
< 0.6

0.44
< 0.2
< 0.4
< 0.4
< 0.4
< 0.4

2 year
D.W.
110
4000
740
4300
280
15
39

< 0.05
—
—
11.3
11.5
21
2.8
1.5
1.2

1500
4.2

< 0.5
< 0.3

—
< 0.1
< 0.2
< 0.2

0.5
< 0.2

< Under detection limit

5. LEACHING BEHAVIOUR OF FULLY RADIOACTIVE HIGH-LEVEL WASTE GLASSES

Fully radioactive waste glasses of high-level radioactive liquid wastes
(HLLW) generated in Tokai Reprocessing Plant were produced by using a small
Joule-heated ceramic melter at the Chemical Processing Facility (CPF),
Tokai Works, PNC. Static leach tests using these fully radioactive waste
glasses were carried out in distilled water and in bentonite solutions.

5.1 Compositions of the HLLW and the waste glass

4The HLLW contained approximately 10 GBq/L of radioactivity. The
composition of the HLLW is shown in Table VI measured by direct coupled
plasma spectrometry (DCP). The radioactivities of several important
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Table VI The composition of the HLLW
( A* g /m £ ) (HBq/m i )

Na
Fe
Cr
Ni
Sr
Ba

9.3
3.5
2.8
4.2
5.7
1.4

XlO3

XlO3

XlO2

XlO2

XlO2

XlO3

La
Ce
Nd
Ho
Te
Ru

1.1
1.8
3.1
9.0
4.3
1.1

XlO
XlO
XlO
XlO
XlO
XlO

3 233pu
3 2 4

3 2H

2 24

2

3

-h^°Pu 3.
'Am l.
2Cm 1.
'Cm 1.

3x10-'
9x10
5
9x10

io4Ru

1 3 <Cs
137 Cs
'•"Ce
l s<Eu

4
4
2
9
7

.8xl02

.8xl02

.OxlO3

.3xl02

.0x10

Table VII (a) Composition of the glass (Wt%)
Frit Si02 B203 Li20 CaQ ZnO A1203

49.0 17.4 2.9 2.2 2.8 5.0 *
Other Na20 Fe203 NiO Cr203
Oxides 10.0» 2.0 0.2 0.2

Fission SrO Mo03 Ru02 Rh203 PdO Y203 La203 Nd203 Ce02 Pr«0u Sm203
Products 0.2 0.3 0.1 0.2 0.2 0.1 0.5 1.1 1.1 0.3 0.2
* Calculated values from initially additive amounts.

Table VII (b) Radioactivity of radionucl ides in the glass (MBq/g)
Fission
Products

Actinides

<"Sb
3.7 x

239pu

10

•f 2-1

1.0

13*CS

6.3x10

"Pu
7

i
2 3.6

2 < l A m
.4x10

37 Cs
XlO3

m
9.3

z ^ 2 C m
6.0

'Ce '
XlO2 7.

2 «Cm
6.7 x

S,Eu lS5Eu

8 XlO 8.1x10

10

60 Co
7.0

isotopes are also shown in Table VI, analysed by alpha and gamma
spectrometry. Table VIKa) shows the composition of the waste glass
analysed by DCP, and Table VII(b) shows the radioactivity of radionuclides
in the glass analysed by alpha and gamma spectrometry after the glass
samples were dissolved with Na 0 at 900 C.

5 . 2 Leaching behaviour of the glasses in distilled water

Static leach tests were carried out for 28 and 91 days in doubly
distilled water at 30°C and 90°C by the MCC-1 test. Table VIII shows
the total mass losses and the normalized elemental mass losses for elements
i (NLi) of glass matrix elements B, Si, Al and Li. In the case of simulated

2waste glasses , the total mass losses were 6 . 4 and 10 g/m , and pH values
were 8.9 and 7.6 at 90 G for 28 and 91 days. Thus, the effect of
radiolysis was not significant for the total mass loss as well as indicated
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Table VIII. The total mass losses, NU of elements and the pH values of leachates

Leaching

30°C
90°C

time
28
91
28
91

(days)
6
6
7
7

PH

.8

.9

.1

.9

Total
(g/m
—
—
7.
9.

mass loss
2)

0
1

Nli
B Si
— —
— —

10.0 7.2
13.2 8.9

(9/m2)
Al
—
—
—

6.6

Li
—
—
—

11.6

Table ix (a). NLi and NLi/NL3 for fission products and 6°Co

Analyzed
solution

Leachate

Leaching
time
(days)

30°C 28
91

90*C 28
91

1 34

NLi

0.29
0.54
8.53
11.3

Cs
NLi/NL8

0
0

—
—
.85
.86

137
NLi(g/m2)

0.28
0.57
8.48
11.9

Cs
NLi/NL3

0
0

—
—
.85
.90

60Co
NLi(g/m2)

2
2

. _ .
——

.55

.78

NLi/NL3

0
0

_ .
——

.26

.21

Table ix (b). NLi and NLi/NL3 for fission products
Analyzed
solution

Cs-removed
solution

Leaching
time
(days)

30'C 28
91

90'C 28
91

i
NLi

(g/m2

_
—
3.90
4.30

25Sb
NLi/NLE

)
_
—
0.39
0.33

1 44

, NLi(g/m2)
. _ ,

__

0.86
2.06

Ce
NLi/NLB

_
—
0.09
0.16

i
NLi

(g/m2

—
0.06
1.70
3.38

54Eu
NLi/NL3

)
. _ ,

——

0.
0.
17
26

i
NLi

(g/m2
. _ .

0.06
2.00
3.40

55Eu
NLi/NLa

)
—
—
0.
0.
20
26

in previous work 111], Table IX(a) shows NLi of Cs-134, Cs-137 and Co-60
determined by gamma spectrometry of the leachates. The ratio of NLi to the
normalized mass loss of the non-solubility-limit element, B(NL ) are alsoB
shown in Table IX(b). Table IX(b) shows those of Sb-125, Ce-144, Eu-154 and
Eu-155 determined by gamma spectrometry of the solution after the chemical
separation of Gs in the leachate.

Leaching behaviour of Cs-134 and Cs-137 indicates congruent leaching,
whereas that of Co-60, Sb-125, Ce-144 and Eu-155 indicates incongruent.
Table X shows NLi and NLi/NLD for actinides Pu, Am and Cm. Their NLi areD
one or two orders of magnitude lower than those of congruent leaching
elements, e.g. Cs-134 and Cs-137.
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Table X. NLi and NLi/NLa for actinides

Analyzed
solution

Leachate

The 1st
acid
cleaning
solution

Leaching
time
(days)

30°C
90°C
30«C
90°C

X

28
91
28
91
28
91
28
91

239pu+2

NLi
(9/m2)
0.04
0.07
0.32
1.89
0.50
0.71
3.45
4.54

"°Pu
NLi/NLB

—
—

0.03
0.14
—
—

0.35
0.34

84 »Am
NLi NLi/NL8

(9/ra2)
—

0.03
0.21
1.81
0.04
0.05
0.53
0.49

—
—

0.02
0.14
—
—

0.05
0.04

24<

NLi
(9/m2)
—
—

0.22
1.81
—
—

0.37
0.44

Cm
NLi/NL8

—
—

0.02
0.14
—
—

0.04
0.03

*These values mean the total amounts of the adsorbed actinides en the wall of the
leach vessels calculated by subtracting the amounts of actinides in small amounts
of the leachates which were contained in the 1st acid cleaning solution.

5.3 Leaching behaviour of the glasses in bentonite solution

Static leach tests were carried out in the bentonite solution at low
bentonite/water weight ratio (B/W=1/200), and the results were compared
with those in distilled water. The total mass loss was two or three times
higher than that in distilled water as was also the case for simulated
waste glasses as shown in Fig. 5. NLi values of TRU and FP nuclides in the
bentonite solution are shown respectively in Figs. 6 and 7 compared with
those in distilled water . The NLi values increased a few times more than
those in distilled water. Large amounts of actinides and lanthanides
leached from waste glasses were absorbed in the bentonite or on the walls
of the leach vessels, and the nuclide concentrations in the leachate which
control near-field nuclide release were quite low.

6. LEACHING BEHAVIOUR OF WASTE GLASSES IN CERTAIN UNDERGROUND WATER

Static MCC-1 type leach tests of simulated waste glasses using certain
underground-water were carried out for a period of up to one year at 19 C,
o o o40 C, 70 C and 90 C, and compared with those in distilled water. The

underground water was Na-HCO type. The glass leaching rate and its
temperature-dependence were nearly the same as those in distilled water as
shown in Fig. 8. The total mass losses increased with leaching time and
became nearly saturated after one year in the case of 90 C (see Fig. 9).
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The normalized mass losses of Si, B are shown in Fig. 10 which indicates
the same time-dependence, but those of Ça, Al were soon saturated as shown
in Fig. 11. This tendency has been found in the computer simulation [12],

7. NATURAL ANALOGUE STUDY OF VOLCANIC GLASSES

The alteration of basaltic glasses was investigated in order to
evaluate long-term stability of waste glasses. Basaltic glass is similar to
waste glass with respect to alteration product, alteration layer
morphologies and alteration rates in laboratory experiments [3]. The
alteration is considered as a long-term leach test carried out by nature
with rain water as leachant and ground water as leachate. In this study,
the young aged samples were selected to discuss the alteration of basaltic
glasses in clear environmental conditions and of well known ages.

The results have been published in [13] and show alteration rates of a
few microns per 1000 y.

8. DEVELOPMENT OF SOURCE-TERM MODELS

Nuclide release from the near-field is controlled by both the glass
leaching rate and by diffusion through the surrounding bentonite. Zavoshy
has proposed an equation evaluating whether the nuclide concentration in
the liquid phase at the glass surface surrounded by bentonite reaches the
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Table XI. Calculation conditions

Parameters Input data

• Nuclide

• initial leaching rate
(jo)

• Solubility
(N*)

diffusivity
(Da)

Radius of the glass
(r)

Porosity (e)

Pu-239

1.2X10" g/m'day

4.4X10" g/m1

Oie XI O'1 m'/day

0.33 m

D.40

saturation concentration [14]. But this equation was obtained for an
infinite porous medium, and so the exact calculation of nuclide migration
in the 30cm bentonite layer was carried out for Pu with low solubility by
PNC computer code (RELEASE). The calculation conditions are shown in
Table XI using leaching data for fully radioactive waste glasses measured
at PNC. The solubility is nearly equal to the value given by Rai [15]. The
calculation results are shown in Fig. 12 and Fig. 13. It takes a few tens
of thousands of years before the nuclide concentration in the liquid phase
at the glass surface reaches a steady state, but the amount of nuclide
released from the near-field is nearly the same as when initially saturated
conditions are assumed. Therefore, in the case of Pu, the release from
near-field can be said to be controlled by solubility.

9. CORROSION BEHAVIOUR OF OVERPACK MATERIALS

9.1 Immersion tests

In order to investigate the corrosion behaviour of candidate overpack
materials, immersion tests were carried out in the presence of bentonite.
The tests in aqueous solutions without bentonite were also conducted for
reference. The following materials and aqueous solutions were used in these
tests :

Sheet specimens: carbon steel
commercial purity titanium (Ti Grade 2)
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bentonite:

aqueous solutions:

sodium bentonite (Na-bentonite)
calcium bentonite (Ca-bentonite)
distilled water, 3% NaCl solution (equilibrated
with air before testing) and synthetic groundwater
(Table XII).

Carbon steel

Observations and conclusions are as follows:

(a) No significant differences in corrosion rate were observed between
in Na-bentonite and Ca-bentonite.

(b) The corrosion rate of the specimen decreased when the specimen was
embedded more deeply into the bentonite (Fig. 14).

(c) Corrosion rate in bentonite depended on water content (Fig. 15).
(d) There was no significant influence of Cl on the corrosion rate.
(e) X-ray diffraction revealed that corrosion products formed on the

surface of specimens were mainly Fe 0 .
J ^9

(f) No localized corrosion was observed in any of specimens.
In short, supply of oxygen to a specimen seemed to be a

rate-determining factor of the corrosion in bentonite.
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Table XII.Chemical composition of synthetic
groundwater (ppm)

Na

56

K

37

Si

24

Ca

3.2

Fe

1.2

S

8

CI

<10

Titanium

Significant weight changes were not observed either in bentonite or in
synthetic ground water.

No localized corrosion was observed.

9.2 Electrochemical studies

In order of investigate the crevice corrosion resistance of Titanium
(Ti Grade 2) and its alloy (Ti Grade 12), critical conditions [16] of
crevice corrosion, such as the critical potential of the metal, the lower
limit temperature and the lower limit concentration of Cl , were surveyed.

The experiments were undertaken in deaerated NaCl solution with
metal/metal crevice specimens and metal/bentonite crevice specimens.
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Metal/metal crevice

Critical potentials of crevice corrosion in the solution of 25% NaCl
were approximately -460tnV(SCE) in the case of Ti Grade 2 and abouto-400mV(SCE) in the case of Ti Grade 12 in the range of 70 to 100 C. The
potentials were decreasing with decreasing temperature below 70 C. No
crevice corrosion occurred at 40 C. It is recognized that critical
potentials in 25% NaCl solution were constant in the pH 5 to 11 region at
100°C.

The study of critical potentials was also undertaken in various
concentrations of NaCl solution at 100 C. The result is shown in Fig. 16.

Influence of temperature and concentration of Cl on the crevice
corrosion were investigated. The potential of specimen was kept constant
(-200mV) in this experiment.

The result (Fig. 17) reveals that Ti Grade 12 had more crevice
corrosion resistance compared to Ti Grade 2, particularly at high
temperature and high concentration of Cl .
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Metal/bentonite crevice

Sodium bentonite mixed with 3% NaCI solution was packed in the hole of
metal/bentonite crevice specimen. Crevice corrosion did not occur even at
high specimen potentials up to +500mv(SCE). It suggested that bentonite was
a relatively mild crevice-forming material.

10. MIGRATION OF PLUTONIUM IN COMPACTED BENTONITE

The diffusivities of plutonium in water-saturated compacted bentonite
were measured.

The compositions of bentonite used in this experiment are listed in
Table XIII. A sodium bentonite (Na-bentonite) was prepared by purification
of a natural bentonite from Tsukinuno mine in Japan. A 'H-bentonite' was
prepared by washing the sodium bentonite with hydrochloric acid. A natural
bentonite from Kuroishi mine in Japan contains impurities such as chlorite.
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Table XIII. Chemical composition of bentonites used inPu diffusion tests

Na-bentonite H-bentonite Na-bentonite Na-bentonite
(purified) (washed from Tsuki- from Xuroi-

with HC1) nuno mine shi mine
Si02
Ti02
A1203
Fe2°3
MnO
MgO
CaO
Na20
0̂

H2°

55.68
0.23
19.96
1.95
0.01
3.64
0.41
3.22
0.07
14.23

58.29
0.12
20.45
3.71
0.003
3.14
0.08
0.26
0.035
12.27

53.02
0.09

18.23
2.90
0.02
2.51
0.74
2.40
0.09
18.67

53.62
0.53
17.75
5.68
0.02
7.43
0.89
1.65
0.57
11.54

Experimental conditions are listed in the first four columns of
Table XIV.

Diffusivities can be determined by the following procedure.

- Cylinders of water-saturated bentonite are prepared in diffusion
columns as shown in Fig. 18.

Plutonium tracer is introduced into each column by placing 30 yL
of PuCl. coi
eyelinders.
of PuCl. containing HCl solution between the two bentonite

oAfter time intervals in the range of 28 to 36 days at 20 C the
bentonite columns are sectioned and analyzed by alpha-counting in
order to determine the final plutonium concentration profiles. The
resulting concentration profiles were used to calculate apparent
diffusivities.

159



Table XIV. Experimental conditions and measured diffusivities

No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

material HC1 concentration packing
in Pu solution density

(M) (kg/m3)

Na-bentonite
Na-bentonite
Na-bentonite
Na-bentonite
Na-bentonite
H-bentonite
H-bentonite
H-bentonite
H-bentonite
Kuroishi bentonite
Na-bent. /Quartz (85/15)
Na-bent . /Quartz •( 70/3 0 )
Na-bent. /Quartz (50/50)
Na-bent. /Quartz (30/70)
H-bent. /Quartz (85/15)
H-bent. /Quartz (70/30)
H-bent. /Quartz (50/50)
Tsukinuno bentonite
H-bent ./Heamatite (99 . 5/0 .5)
H-bent. /Heamatite (99/1)

0.1
0.5
0.5
0.5
1.0
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

1600
1400
1600
1800
1600
1200
1400
1600
1800
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600

dif fusivity

(m2/s)

-
-
-
-
-

7 x 10~13
3 x 10~12
3 x 10~13
1 x ID"13
6 x IQ'13
-
-
-
-

5 x IQ'13
3 x IQ'13
3 x IQ'13
-

3 x IQ'13
3 x ID'13

* Na-bentonite from Kuroishi mine
** Na-bentonite from Tsukinuno mine in ( ): wt% less than 10-14

The resulting concentration profiles were fitted to curves derived from
one-dimensional diffusion from a constant concentration source.

where
C
~ZCo

x
- . . .. _ _ - - -f\^v* t2/D t

CL

C = concentration of plutonium at distance x, mole/nT3C = constant concentration of the source, mole/m0 2D = apparent diffusivity, m /s
Si
x = distance from constant concentration source, m
t = time after introduction of the source, s.

The value of D that yielded the best fit was chosen to
cl

characterize the concentration data for each experimental column.
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1} Diffusion column within water-saturated bentonite

Bolt

Compacted bentonite
cylinder

Pu source
(center of column)

2) Assembled column

FIG. 18. Compacted bentonite cylinders assembled in
stainless-steel column.

Alpha-activities (cpm) that represent plutonium concentrations are
plotted versus longitudinal distance from the center in the column
(Fig. 19). Plutonium diffusion was not observed in each column of sodium
bentonite and bentonite from Tsukinuno mine. Apparent diffusivities of

-14 2plutonium will be lower than 1x10 m /s in these cases assuming
that plutonium diffused less than the 1 mm of the cylinder slice
thickness. This value is similar to those reported by Torstenfeld et al.
[17,18]. In the case of 'H-bentonite*, plutonium diffusion was observed

—13 2and an apparent diffusivity D = 3 x 10 m/s was chosen as a best
fit. In the case of the bentonite from Kuoishi mine, an apparent

—13 2diffusivity D = 6 x 10 m/s was chosen as a best fit. Results
for these diffusion experiments are given in the fifth column of Table 9.
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FIG. 19. Plutonium concentrations represented by alpha-
activities (cpm) versus longitudinal distance
from the center in the column.

-13The measured value of apparent diffusivities were in the range of 10
-12 2to 10 m /s in 'H-bentonite' columns. Apparent diffusivity in

'H-bentonite' had a tendency to decrease with increase in its density but
was hardly influenced by quartz content up to 50% or haematite content up
to 1%. These values were approximately an order or more larger than those
in purified sodium bentonite.
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Abstract

The JAERI studies on the properties of the high-level waste glasses,
which have been done in the last several years/ are described briefly. In
connection with the glass storage, volatilization behaviours of radioactive
substances from glass forms were investigated. For the long-term
evaluation, leachability has been studied on glass forms containing various
radionuclides such as transuranic elements. Radiation stability of glass

244forms has been studied using a Cm-doping method for > 10,000 years
equivalent. Temperature effect on Pu leach rate was studied on a
238Pu-doped glass and non-radioactive waste glass. The dissolution
kinetics of the plutonium compound in the leached surface layer is examined

237by the leaching data. Release of neptunium from Np-doped borosilicate
waste glass was studied with deionized and solicate water leachants. The
one-dimensional diffusion model of leaching was developed on the basis of
the Soxhlet-type leaching experiment of waste glass. Emphasis was placed
on proposing a model for the growth of surface layers and for an
immobilized reaction inside these layers. The equations derived from the
modelling were solved numerically and the resulting equations were
implemented in a computer code named LEACH. The computed and measured
leach rates of sodium, cesium, calcium and strontium were in good agreement
under the Soxhlet-type leaching condition.

1. Introduction

The Japan Atomic Energy Research Institute (JAERI) has
contributed to the establishment of the national system for the high-
level radioactive waste management with developments of safety
assessment methods and accumulation of useful data. Besides, JAERI
is responsible for researches of new technology to be acceptable to
the Japanese environmental circumstances.
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In the present document, the JAERI's studies on the properties of
the nuclear waste glasses, which have been done in the last several
years (presented at Tokyo, Sydney and Winnipeg), are described
briefly.

2. Volatilization of 137Cs and 106Ru from Borosilicate Glass
Containing Actual High-Level Waste [1]

In the study, attention is focused on safety in relation to
operation of a storage facility. The volatilization of some
radionuclides from borosilicate glass containing actual HLW generated
at the Tokai Reprocessing Plant of the Power Reactor and Nuclear Fuel
Development Corporation (P\'C) was examined in an almost closed
canister.

The HLW glass used for the present study was borosilicate glass.
The reagents for the glass additives and the simulated HLW which
should be converted into 1300g of oxide glass were mixed
simultaneously and placed in a vitrification apparatus with about one
liter of a denitrated actual HLW solution. About 50g of various
oxides were assumed to come from the actual HLW solution. This
mixture was calcined at about 750°C, melted at 1200°C for 2 h in the
vitrification apparatus. Half the molten glass was poured into an
8.1-cm-i.d., 24.4-cm-high stainless steel canister, kept at 600°C for
2 h, and then cooled to room temperature at a cooling rate of less
than 40°C/h.

The experimental details in relation to the furnace and the
sampling of the air inside the canister were described in Ref.[2]
(Fig.l). The following is a summary, and additional information. The
furnace temperature was raised in steps from 25°C to 1000°C. The
temperature rise by the decay heat of the HLW was so small in the
present study that it did not affect the temperature control of the
glass.

During the course of heating, part of the air in the upper space
of the canister was collected in an evacuated sampling bottle with a

nvolume of about 7 cm0. An important factor is the position of the
hole in the sampling needle. It should be placed in the side of the
needle in order to prevent it from being blocked by silicon rubber
when the needle is inserted into the sampling tube. Radioactivity
from volatile elements trapped by both the sampling bottle and the
sampling needle was measured by an intrinsic Ge solid state detector
which has a better resolution than the NaKTI) detector used in the
previous study [23. 107Figure 2 shows the temperature-dependence of volatility of 10'Cs

1 Ofiand Ru at a fixed time of 24 hours when both nuclides are at
apparent saturation concentrations. The solid line in the figure
represents the data obtained in our previous work [2] in which the
activation energy of about 140 kJ/rool was obtained on simulated HLW
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FIG. 2. Temperature-dependence of the v o l a t i l i t y of and 106Ru

glass containing about 1.6 x 10 Bq of Cs. The present data shows
fairly good agreement with this.

The volatility of 106Ru measured at 600°C and 800°C is about one
fifth that of 137Cs. Since Gray [3] has pointed out that the
activation energy for various elements are almost the same as each
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other, the air contamination of Ru at a usual storage temperature
of 400°C is also expected to be one fifth that of 137Cs; thus, the
normalized concentration of 106Ru would be about 5 x 10~10 at 400°C.
This extrapolated value may be conservative, since 400°C is below the
softening point of the present glass and diffusion may not be a
significant mechanism at this temperature. It should be also
mentioned that the volatility of 105Ru at 1000°C could not be
measured; it was under the detection limit of 5 x 10 Bq/cm . This
is probably an example that the backward step plays an important role;
the stainless steel canister is markedly oxidized at around 1000°C and
reacted with 106Ru in the air inside the canister. It is also
probable that RuO^ is not stable at high temperatures, and this is one
of the causes that 106Ru disappeared at around 1000°C. The results
described above will be published shortly [1].

3. Accelerated Alpha Radiation Stability Test [4]

An accelerated alpha radiation stability test started in
connection with characterization of returnable waste forms from
overseas reprocessing, and the test equivalent to 10,000 years aging
of actual waste forms has been finished.

Curium-244 and plutonium-238 were added to a simulated waste
substituting transuranium elements and 90% of rare-earths ( C m : 43.3700GBq/g-glass, Pu: 4.4 GBq/g-glass). The waste was molten with
borosilicate glass in three platinum crucibles of 14 mm in diameter.
Twenty-four specimens were prepared by cutting the crucibles into
pieces 5 mm thick, and each specimen was stored in a helium leak-
protective capsule.

Four or five specimens were taken out from the storage pits for
each time-equivalent test including zero time tests. The tests were
performed with a mass spectrometer, a differential scanning
calorimeter (DSC), Soxhlet type leaching apparatus and a microscope
for measurement of helium remained in the matrix, stored energy in the
matrix, leachability and fine-structure alteration, respectively.

It was found by measuring the amount of helium released from the
specimens that 97-99% of helium remained in the matrix at the room
temperature. The total amount of helium generated in the specimen
was obtained from the amount of helium released from the specimen kept
at 600°C for 15 min and that at room temperature, because at 600°C the
helium was completely depleted from the glass specimen.

Density of the specimens decreased slightly with the increase of
time and the decrement of 1.1% was observed at 10,000 years equivalent
(Fig.3). Regarding leachability based on the total weight losses,
some fluctuating results were obtained in the initial stages of the
test but subsequently the curve is flat to the 10,000 years equivalent
(Fig.3). Microscopic observation also did not show any change in the
microstructure. Those results seem to suggest that alpha radiation
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FIG. 3. Results of accelerated alpha radiation stability test for
the waste glass.

has no s i g n i f i c a n t in f luence on the a b i l i t y of glass forms to c o n f i n e
high-level wastes.

4. Temperature Effect on Pu Leach Rate of the Nuclear Waste Glass [5]

238
In the study, the ISO leach tests [6] were carried out on a

'Pu-doped glass and non-radioactive waste glass at temperature
between 23°C and 90°C. The dissolution kinetics of the plutonium
compound in the leached surface layer is examined by the leaching
data.

Experimental
(1) Preparation of waste glasses

Two kinds of waste glasses with a similar composition were
prepared, separately. The non-radioactive simulated waste glass,
which was melted in a platinum crucible at 1150°C for two hr, was
annealed at 550°C for one hr in a graphite mold and slowly cooled down200to room temperature. The Pu-doped glass was prepared using the
mixture of powdered simulated waste glass and plutonium oxide

) jn a platinum crucible of 14 mm in diameter under the same900~°°
heating conditions as above.

109 Bq/g-glass).
The content of Pu00 was 1.35 wt%

(238Pu: 6.6 x 10" Bq/g-glass). The compositions of both waste
glasses are shown in Table 1.
both glasses were prepared by cutting and polishing.

The test specimens (14 mm^ x 8 mm ) of

(2) Leach test method
ISO type leach tests [6] were carried out in distilled water.

The leach containers of Teflon were used for all tests. The ratio of
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Table 1

Composition of Simulated High-level Waste Glasses

Component

Additive
S102
BZ°3
M203
CaO
Na20
ZnO
L120

Waste
Rb20
SrO
Y203

Zr02
Mo03
Mn02
Ag20
CdO
Sn02
Sb20,c. o

Content
Non-doped

Glass*

45.15
13.90

4.89
4.00
9.79
2.47
2.00

0.12
0.34
0.20
2.64
1.73
0.26
0.03
0.03
0.02
0.01

(wtï)
238Pu-doped

Glass

45.15
13.90

4.89
4.00
9.79
2.47
2.00

0.12
0.34
0.18
2.64
1.73
0.26
0.03
0.03
0.02
0.01

Component

Waste
Te02
Cs20
BaO
La203
Ce02
Pr6°ll
Nd2°3
Sm203
Eu203

Gd203
Se02
Ru02
Fe2°3
N10
Cr203
P2°5
Ru
Rh
Pd
Pu02

Content
Non-doped

Glass*

0.23
0.98
0.62
0.50
1.91**
0.49
1.65
0.32
0.06
0.04
0.02
0.80
2.90
0.40
0.50
0.30
0.12
0.15
0.43
-

(wtS)
Z38Pu-doped

Glass

0.23
0.98
0.62
0.45
0.90
0.44
1.48
0.29
0.05
0.03
0.02
0.80
2.90
0.40
0.50
0.30
0.12
0.15
0.43
1.35

This represents the non-radloactfve s imulated waste glass.
This value Includes the total content of act lnlde oxides (0.9 wt%) simulated by
Ce02.

surface area to leachant volume (SA/V) was 0.1 cm-1 Tests
conducted at temperatures between 23°C and 90°C for up to 64 days.

were
A

single specimen of non-radioactive simulated waste glass and fiveoooseparate specimens of Pu-doped glass were independently immersed in
leachant at each test temperature. These specimens were cleaned by
ultrasonic washing with ethyl-alcohol for 10 min, and dried at 110°C
for one hr. After predetermined intervals each specimen was
withdrawn from the leach container and immediately transferred to a
new leach container filled with fresh leachant. Solution analyses
were carried out for the leachates of non-radioactive simulated waste
glass using the inductively coupled plasma spectroscopy CICP) and the
atomic absorption spectroscopy (AAS). Plutonium-238 concentrations
were determined through a combination of gas flow proportional
counting and surface barrier spectrometry techniques.

The pH of leachate was measured with a pH meter of TOA
Electronics Ltd, Model HM-10K.

Results and Discussion
In the case of short-term leaching, in which the protective

effect of the leached surface layer is neglected, the dissolution of
the glasses in aqueous solution can be described as a first order
reaction proposed by Rims t id t and Barnes [73:

Si02(s) + 2H20(1) = H4Si04(aq). (1)
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Assuming this f i r s t order reaction, the d issolu t ion rate r ( t ) is:
V dcsi

r ( t > =- —— = K(c s i > s a t - csi) (2)
SA dt

owhere V is the volume of solution Cm ], SA is the surface area of2 ?specimen [ml, csi is the concentration of Si in solution [g/m ], t is
the time [sec], k is the rate constant [m/sec] and Cgj ga^ is the
saturated concentration of Si in solution [g/m ]. In the case of
cSi"^ cSi sat' Eq.(3) is obtained from Eq.(2) and the following
equation,' NLgi = cgi V MG/(SA MGSi), where NLgi, MG and MGSi are the
normalized elemental mass loss of Si, the mass of glass specimen and
the atomic mass of Si in the specimen, respectively.

d(NLSi) MG
———=*'cSi,sat——

dt MGSi
The integrated form of Eq.(3) is

MG
—— * = *'*MGSi

where k' = kcsi>satMG/MGSi [g/(m2sec)3.
If the equation (4) is applied to the present leaching data, the2rate constant k' can be obtained in term of g/(m day) and their

temperature dependency can be calculated. Figure 4 shows the
normalized elemental mass loss of Si, NLgj, in the initial stages of
the ISO-test as a function of time at 23, 45 and 70°C. From the
initial positive slopes of the curves in Fig.4, which are uninfluenced
by the saturation effect, the rate constant k' at each temperature can
be determined for the leaching process. The normalized elemental
mass losses of the other elements in the initial stages of leaching
are also represented by the equation (4) as shown in Fig.5 and Fig.6.
Therefore, the rate constant of the initial release of each element at
each temperature can be determined in a similar manner as above.

Figure 7 shows the rate constants k' of Si, Na, Sr, Cs and Pu as
a function of reciprocal temperature. The rate constants of four
elements except Pu, can be adequately approximated by one straight
line, so that an activation energy can be determined according to the
Arrhenius relation: k' = A-exp(-E_/RT), where A is the frequencyafactor, Ea represents the activation energy [kJ/mol], R represents the
gas constant [8.318 J/(moleK)], and T is the temperature [K]. Its
value was 78±9 kJ/mol, which agreed with the activation energies of
around 60 to 80 kJ/mol previously observed in the nonsaturating case
18]. This result implies that Na, Sr and Cs are released from the
waste glass with the same mechanisms as the dissolution of the glass
matrix in the initial stages of leaching, and that the effect of the
leached surface layer on the initial leach rate of these elements can
be neglected.
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FIG. 4. The normalized elemental mass loss of SI In the Initial
stages of the ISO-test as a function of time at 23°C. 45°C and
70°C.
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FIG. 5. The normalized elemental mass loss of Ha, Sr and Cs In
the Initial stages of the ISO-test as a function of time at 23°C,
45°C and 70°C.

On the other hand, an activation energy obtained for Pu is 22±10
kJ/mol, which is much lower than the above activation energy of
dissolution of glass matrix. This means that the release of Pu is
not controlled by the glass matrix dissolution even in the initial
stages of leaching. Based on the comparison between Pu concentration
in solution and solubility of hydrous plutonium dioxide, Pu02 • xf̂ O,
Apted et al. have predicted that the amount of Pu released from the
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waste glass as a function of reciprocal temperature.

glass is controlled by the formation of amorphous Pu02-xH20 on the
glass surface during the leach test [93. If the amorphous Pu02-xH20
is formed in the leached surface layer, and its format ion rate is much
faster than the d i s so lu t ion rate, the release of Pu should be
control led by the f o l l o w i n g react ion.

Pu0 Pu4+ 40H" (x-2)H20 (5)
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Table 2

Composition of 237Np- doped JAERI glass

Component

Additive
Si02
B203
AtjOj
CoO
Na20
ZnO
LijO

Woste
Rb20
SrO
Y203
Zr02
Mo03
MnOz
Ag20
CdO
Sn02
Sb203

Content twt %)

45.15
13.90

4.89
4.01
9.79 +
2.47
2.00

0.12
0.34
0.19
2.64
1.73

0.26
0.03
0.03
0.02
0.004

Component

Waste
Te02
Cs20
BaO
Lo203
Ce02
PfsOu
Nd203
Sm20j
Eu20j
Gd203
SeC^
RuOz
Fe203
NiO
Cf20j
P20j
Ru
Rh
Pd
237Np02

Content (wt%;

0.23
0.97
0.62
0.48
0.95
0.46
1.55
0.31
0.06
0.03
0.02
0.80
2.90
0.40
0.50
0.30
0. 12
0.15
0.43

1.15

* : Component contains both additive and waste.

This reaction is also supported by the results reported by Rees and
coworkers. That is, at 25°C and 90°C, a significant Pu4+
concentration of the leachates in the initial stages of leaching was
measured [10]. Therefore, the activation energy obtained in the
present experiments is suggested to be the activation energy of the
reaction (5). Up to date, no experimental data on the temperature
dependence of rate constants for this reaction can be found.

9075. Release of Neptunium from a Np-doped Borosilicate Waste
Glass [11]

707The MCC-1 static leach tests were performed for a Np-doped
borosilicate waste glass at 90°C with deionized water and silicate
water leachants. We determined the concentrations of dissolved Np in

*5 *3 ̂the solutions contacting the Np-doped glass in 3-day to 91-day
leach tests. An attempt was made to speculate the release mechanism
of Np from waste glasses.

Experimental
The composition of the Np-doped glass is shown in Table 2.

Standard MCC-1 leach tests were performed at 90°C. Teflon vessels
were used as leach containers, which were cleaned enough to remove
hydrofluoric acid to a negligibly low level. About 30ml of leachant
were added into a container, resulting in the SA/V ratio of 0.1 cm" .
Deionized water and silicate water were used as leachants. At the
desired leach durations, the Np concentrations in the leachates were
determined by gamma-counting with a high-purity germanium detector.
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FIG. 8. The normalized elemental mass losses as a function of
time for Hp released from the ^'Np-doped borosilicate waste
glass in the HCC-1 static leach tests at 90°C.

Results and Discussion
(1) The release of neptunium

The amounts of Np released from the glass are plotted as a
function of time in Fig. 8 in terms of the normalized elemental mass
loss (NL)jyfp. Although the release behaviors as a function of time are
appreciably different between the deionized water and silicate water,
the (NL)jyjp values of about 5g/m2 are similar for the two leachates
after 91-day leaching.

In Figure 9 comparison was made of the release behavior of Np
obtained in this study with those of other elements from Ref.[12]. A
linear relation between log(NL) and log(time) is observed for Na, B
and Cs within the studied leaching durations. As time proceeds, ML's
for Np and Sr approach to constant values.

According to our previous study [133, Na, B and Cs were found in
the leachates but not found in the surface layer; they are released
from the bulk glass by decomposition of the glass and diffuse
through the surface layer without being trapped. Strontium was
detected both in the surface layer and in the leachates. Probably Np,
representing a similar time-dependent release behavior to that for Sr,
is also present in surface layers.

(2) Solubility limits to the Np release
It is reasonable to assume that Np concentrations in leachates

are controlled by the solubilities of Np solid phases formed in the
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FIG. 9. The normal I zed ei einen ta l mass losses as a function of
time for Na, B, Sr, Cs and Np released from JAER! glasses in the
MCC-1 statte leach tests. Data on neptunium In Ffg. 8 for
detonlzed water were replotted. Data on Ma, B, Sr and Cs were
cited from Ref.(lZ).

surface layer. This assumption leads to that the solid phases formed
in surface layers must be primarily identified in order to predict Np
concentrations in glass leachates. Since none of present analytical
techniques is applicable to wet surfaces, the Np species in the
surface layers can not be identified directly. Then, an attempt was
made to speculate it based on the predicted species in the bulk glass
and that in leachates.

In bulk glasses either the tetravalent [14,153 or the
pentavalent [16] species possibly exists. Neptunium species in
aqueous solutions can be estimated by pH and Eh of the solutions.
Hovever, such redox parameters have not been studied for solutions
contained in surface layers. Instead, we use pH and Eh values of the
leachates. The measured pH and Eh of the leachates in the present
experiments are plotted in Fig. 10. These values change with time, but
they are similar for different leach durations except 3 days.
Referring to available pH-Eh diagrams, the tetravalent and the
pentavalent species are possibly present in comparable amounts in the
present leachates, and the trivalent and the hexavalent species are
probably absent. Since the tetravalent and/or the pentavalent species
are expected to exist in both the bulk glasses and leachates, the
valence of Np in the surface layer is also likely to be tetravalent
and/or pentavalent.
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FIG. 10. Measured pH and Eh values of the g lass leachates.
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"Initial's denote the values for leachants.

Considering the above estimation on the valence and OH as a
predominant complexing anion present in the leachates, we take
Np02xH20(am) and Np02OH(aro) as Np solid phases in the surface layer,
and assume the following three types of solubility equilibrium; (1)
Np02OH(am)=Np02+, Np02OH(aq), and Np02C03~, (2) Np02 xH20(am)=Np02'1',
(3) Np02-xH2OCam) =Np(OH)4(aq).

Apparent steady-state concentrations of Np from MCC-1 leach tests
are plotted in Fig.11. Solubilities of NpOnOH(am) and Np02 xH20(am)
calculated from equilibrium constants at 25 C are also shown in the
same figure by dotted and hatched regions, respectively. These
regions include the predicted solubil i l ties for different ionic
strengths of aqueous solutions. As seen in Fig.11,
in the leachates are apparently limited by the
Np09xH20(am); the above-mentioned equilibria (2) and (3) are expected.
Neptunium concentrations obtained from the leachates are
distinguishably lower than the solubilities of Np02OH(am). If Np in
the surface layers had been Np02OH(am), the Np concentrations in the
leachates should have been higher, approaching to the Np02OH(am)
solubilities. These facts imply that Np exists as the tetravalent
solid phase Np02-xH20(am) rather than the pentavalent solid phase
Np02OH(am> in the surface layers of leached waste glasses.

Np concentrations
solubilities of
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Fig. 12 Scanning electron microphotographs of the surface of the unleached specimen (a) and the surface of the specimens leached in
actual groundwater (b), in synthesized groundwater (c) and in deiomzed water (d) for 1 year

6. Leaching Behavior of Simulated High-Level Waste Glass
Groundwater [17,18,19]

in

The purpose of the work is to examine the leaching behavior of
simulated high-level waste glass in actual groundwater in Japan. In-
situ burial tests were carried out by immersing the sample in
groundwater coming through schalstein-type rock in southwestern Japan.
The results were compared with the ones of laboratory test obtained
using synthesized groundwater and deionized water.

Figure 12 [17] shows the scanning electron microphotographs of
the surface before and after leaching. In the case of actual
groundwater (Fig.l2(b>) and synthesized groundwater (Fig.l2Cc)), many
grooves occur on the specimen along with the surrounding flat surface,
indicating that some parts of simulated high-level waste glass
dissolve more easily than others. On the other hand, in the case of
deionized water (Fig.l2(d)), such grooves are not clearly observed,
which means that leaching is progressing more uniformly than in the
case of groundwater.
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We assume that the leaching behavior of the simulated high-level
waste glass is divided into two categories; one is leaching from the
flat surface and the other is that from the grooves. The extent of
leaching from the flat surface can be measured by SEM-EDX [183. Here
we define the C/C0-values as the ratio of the concentration of Na on
the flat surface of a leached specimen (C) to the initial
concentration of Na before leaching (CQ).

We pave the way for estimating the order of normalized elemental
mass loss of Na (NL[yja> of the glass leached in groundwater by
measuring the C/CQ-value and measuring the size and the number of
grooves without leachate examinations. For instance, in the case of
the specimen leached in actual groundwater for one year and seven
months, the C/C^-value is about 0.86 which corresponds to NL â of 6.5
x 10 g/cm for the flat surface. On the other hand, by measuring
the size and the number of the grooves, we obtain KLWa of 3.9 x 10~4
g/cm which corresponds to the amount of Na leached from the grooves.
The sum of 6.5 x 10"5 g/cm2 for the flat surface and 3.9 x 10~4 g/cm2
for the grooves is 4.6 x 10 g/cm , resulting in a leach rate of
about 8 x 10~7 g/(cm2day) £193.

7. Continuous-Flow Leach Tests of Simulated High-Level Waste Glass in
Synthetic Basalt Groundwater [21]

The present study aims at examining the leaching behavior of the
HLW glass under reproducible laboratory conditions which simulate
actual disposal situations as closely as possible. For instance, one
type of synthetic groundwater, the composition of which is similar to
Grande Ronde basalt groundwater, is used as leachant. The MCC-4
continuous-flow leach test method is adopted, since this method was
developed for dynamic testing and has the possibility of being widely
accepted as a standard method. Linear flow rates of the leachant are
adjusted to values of less than 0.55 cm/d as such rates are believed
to occur in geologic disposal sites. From this point, the
experimental scheme is divided in three phases.

Phase 1: Simulated HLW glass is used without gamma irradiation.
Phase 2: Simulated HLW glass will be used with gamma irradiation.
Phase 3: Actual HLW glass will be used.

As of now, the phase 1 experiments have been completed and their
results are described here as reference data for future comparison
with those from phases 2 and 3.

The continuous flow leach tests were carried out at 90°C + 1°C
for up to 180 d using an MCC-4 type leaching apparatus. The leachant
stored in the reservoirs was pumped into the leach containers throughOperistaltic pumps at fixed volume flow rates of 2.74 and 27.4 cm/d.
(These corresponded to linear flow rates of 0.00055 to 0.55 cm/d,
since the total surface area of the specimens in one leach container
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owas about 5000, 500 or 50 cm .) The leachant then made contact with
the specimens which were held on supports, was moved away by periodic
siphonic motions and stored in receiver bottles. The whole leachate
from one outlet for about 20 d was stored in one receiver bottle and
re-stored in a different bottle for leachate analyses.

The apparatus was further improved in four ways as follows:
(i) The shape of the leach containers was designed to provide

three glass-surface-area to leachant-volume ratios of 10, 1 and 0.1
cm" . These required fifty pineapple-sliced specimens, five
pineapple-sliced specimens, and one discoid specimen, respectively.
When the pineapple-sliced specimens were placed in one leach
container, the distance between each specimen was 0.15 cm.

(ii) The leach containers and the connected leachant-inlets and
outlets were made of stainless steel capable of enduring gamma
irradiation of about 1 MGy, which would be one possible experimental
condition in our future work.

(iii) The movable parts of the apparatus, such as the receiver
bottles, which had to be handled throughout the experiments, were
designed to be easily manipulated in a hot cell so that leach tests
could be operated under a high gamma irradiation field.

(iv) All outlets were covered with heaters to maintain their
temperature at about 90°C in order to prevent any re-precipitation
of elements dissolved in the leachates while being transported to the
receiver bottles.

Figure 13 shows the expected variation of the normalized leach
rates of silicon. This is the same kind of figure as that used by
L.A. Chick et al. [20]. The solid line in the figure is the maximum
NLgj. This solid line holds true if the leachate around the specimens
has been nearly saturated by silicon from the specimens before being
replaced by freshly pumped leachant.

The results above conclude that the normalized leach rate of
silicon would increase in proportion to a linear flow rate of up to
0.01 cm/d. Above a linear flow rate of 0.1 cm/d, normalized leach-*> -irates of silicon tend to level off at about 6 ug cm " d . This value

— A — O — 1is lower than a reported value of about 1 x'10 g • cm • d (in
deionized water [20]) by more than one order of the magnitude. Thisqis because about 30jug/cm of silicon are contained in the synthetic
groundwater and are effective in suppressing part of the leaching in
the present study. A full paper in relation to this study will be
published shortly [21].

8. Adsorption on Various Leach Container Materials of Plutonium and
Curium Leached from Nuclear Waste Glasses [22]

Some difficulties have been pointed out in obtaining accurate
data in leaching experiments due to the large adsorption property of
the actinides. The plutonium and curium leached into the solution
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would be adsorbed on the wall of leach containers during leaching of
the waste glasses. Therefore, in the case of leaching experiments
for the waste glass containing plutonium and curium, it would be
essential to use a material which adsorbs a small amount of plutonium
and curium from leachates and/or desorbs these nuclides adsorbed
easily. The leach rates measured from leachate concentrations can be
corrected by the amount of plutonium (or curium) adsorbed on the wall
of leach container.

p«DC}In order to estimate the adsorption tendency of leached-out Pu
and Cm on the wall of leach containers during the leaching of waste
glasses, the test pieces of quartz glass, PFA Teflon, gold and
stainless steel, which are candidates for a leach container, wereoooimmersed in deionized water with the waste glass containing "'Tu or
244Cm in a Pyrex glass container at 100°C. And then they were
decontaminated with dilute nitric acid. The quartz glass was found238D„ „.., 244,to have the smallest contamination of 600Pu and '""Cm. The

*) A Aadsorption amounts of Cm on the PFA Teflon and quartz glass wereoqoapproximately the same, and for ̂ °Pu the Teflon showed about twice
amount of adsorption as much as that measured on the quartz glass.
The gold and stainless steel showed 30~40 times adsorption amount ofoqoPu as much as that on the quartz glass (Fig.14). Adsorption and
desorption of curium and plutonium were discussed in relation with
difference of materials, time dependence and acidity of leachate.
Curium, which has been previously leached out from waste glasses,
showed a relatively simple adsorption and desorption behavior. In
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the case of plutonium, the colloidal species would take a large part
in the adsorption and desorption processes. The relationship between
the ratio of the colloidal to the ionic species of plutonium and the
adsorption-desorption behavior was discussed. The observation of
alpha autoradiographs elucidated that the ionic adsorption was
desorbed more easily than the colloidal one (Fig.15).

9. Effect of Devitrification on Leach Rate [23]

The Soxhlet leach test was carried out for a devitrified
borosilicate glass containing simulated high-level waste (HLW) oxides.

A HLW glass was composed of 20 wt% of simulated HLW oxides and 80
wt* of glass additives [243. The devitrified HLW glass was prepared
by keeping at 750°C for 1000 h. As samples of leach test, a couple
of about 5 mm cubes were cut out from the devitrified and the as-
prepared HLW glasses, respectively.

Seven crystalline phases were newly formed by devitrification in
addition to two phases, (Ru, Rh)02 and (Pd, Rh, Te), which had already
occurred in the as-prepared HLW glass: (RE)BSi05, Ce02, Si02, (RE)P04,
(Sr, Ba, RE)Mo04, an unknown phase rich in Si, Cr and RE, and the
other unknown phase rich in Ni and Cr, where RE stands for rare earth
elements [253.

Figure 16 shows the leach rate of Na with time. Each of symbols
in this figure indicates the average of two values for the two samples
of each of the two kinds of HLW glasses. Both the devitrified and
the as-prepared HLW glasses show constant leach rates of Na in early
stages of the leach test. The averages of these constant leach rates
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FIG. 15. Alpha autoradiographs of quartz glass immersed in leachate for 10 hours before (A) and after (B) desorption of "Tu in
HNO, (0.2 M) for I day.

10

TIME (d)
102

FIG. 16. Leach rate of sodium as a function of time. Solid
and open circles stand for the values of the devitrified and the as-
prepared glasses, respectively. Error bars attached to some of the
symbols indicate that differences between the leach rates of
sodium for the two different samples of each kind of the glasses
are larger than sizes of their symbols. Arrows show the ends of the
periods in which leach rates are constant. The average values of the
leach rates during these periods are 6.1 X IO"J and 2.1 X 10"3

g/cm* day for the devitrified and the as-prepared glasses, respec-
tively.

of Na are 6.1 and 2.1 x 10~3 g/cm2d for the devitrified (till 11 days)
and the as-prepared (till 7 days) HLW glasses, respectively. This
indicates that glass matrix dissolution rate of the devitrified HLW
glass is about three tiroes higher than that of the as-prepared HLW
glass. Subsequently the leach rates of Na for the devitrified HLW
glass decrease more steeply than that for the as-prepared HLW glass.
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FIG. 17. Dependence of normalized elemental mass loss on time. Solid and semi-solid symbols with asterisk stand for the results of
the devitrified glass. Open symbols represent the results of the as-prepared glass. Error bars attached to some of the symbols indicate that
differences between normalized elemental mass losses for the two different samples of each kind of the glasses are larger than sizes of their
symbols. The slope of each solid line has a value of one.

Figure 17 shows relative leach rates on the basis of leach rates
of Na. This figure reveals that in the as-prepared HLW glass the
leaching behavior of B is the same as that of Na. In this glass, the
averages of the relative leach rates of Mo and Cs are, respectively,
1.16 and 0.8 all through the test period. The relative leach rate of
Cr is constant nearly through the period. The relative leach rates
of Sr and Ba vary widely and decrease gradually.

In the devitrified HLW glass, the leaching behavior of B is the
same as that of Na nearly through the test period. The relative
leach rate of B however decrease at the end of the test period. This
implies that as the result of leaching of a considerable amount of B,
the characteristics of (RE)BSiO- have become apparent: (RE)BSiOç is

V \)

hard to be attacked by water. A significant decrease in relative
leach rates of Sr and Ba by devitrification indicate that (Sr, Ba,
RE)MoO^ is difficult to be leached out.

10. Moving Boundary Model for Leaching of Nuclear Waste Glass [26]

The surface layers formed on glass surface during leaching play
an important role in the leaching mechanisms of glass waste forms.
We have carried out Soxhlet type leach test and proposed the leaching
mechanisms based on the characteristics of the surface layers and the
leach rates of elements[27,133. In the study, we propose the
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mathematical leaching model which uses one-dimensional diffusion.
The model can treat the growth of surface layers as a moving boundary,
and also treat chemical reaction in surface layers.

The concept of the model is shown in Fig.18 schematically. Any
given substance diffuses in accordance with Pick's law in bulk glass
and in surface layers which grow with time during leaching. In the
surface layers, some substances participate in the formation of sheet
silicate [273(i.e. chemical reaction) and become immobile. The other
diffusing substances go out into the solution.

The model adopts the following assumptions: 1) The leaching
system is restricted in one-dimensional geometry. 2) The velocity of
the moving boundary between the bulk glass and the surface layers
depends on time alone. 3) Chemical reaction in the surface layers is
considered as an irreversible first-order reaction. 4) A fictitious
film exists at the solution-surface layers interface.

With these assumptions, the following equations are obtained.
Bc 92c

= D
dt 'Al

= D

3x2
'2̂ A

RACA

A2——I3t 9x2
X = f(t).

The initial condition is
CA = CAO- x>0, t = 0
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The boundary conditions are

-DAl - KA(CA X=0 "-As
bc=0

= DA2'
X=X-0 x=X+0

CA = CAO-

x = 0

x = X

x = oo

Where CA is the concentration of diffusing substance A, DA1 and DA2
are the diffusion coefficients of A in the surface layers and the bulk
glass, respectively, RA is the reaction rate in the layers, t is the
time, x is the space coordinate, X is the position of the moving
boundary, "AO is the initial concentration of A, CAS is the
concentration of A in the solution and KA is the film mass transfer
coefficient of A.

The above equations were solved by using the Crank-Nicholson
implicit method. As for the treatment of the moving boundary, we
used the method proposed by Crank [28] who gave special finite-
difference formulae based on Lagrangian interpolation.

Calculations based on the proposed model was carried out
utilizing the experimental data obtained by Soxhlet type leach test
for the simulated waste glass [13]. The calculating procedure was as
follows. First, the velocity of moving boundary was determined by a
trial-and-error method using the leach data of Na which did not
participate in the chemical reaction and was depleted from the surface
layers. Second, the diffusion coefficient, the reaction rate and the
film mass transfer coefficient were calculated using a trial-and-error
method so that the calculated leach rates were fitted to the
experimental ones.

The calculated results revealed that the position of moving
boundary from the solution-surface layers interface was represented by
X = f(t) = 8.83 x 10~2{1 - (0.7)(t"2)/30> [cm] and the values of DA1,
DA2' RA and KA were obtainecî as shown in Table 3. Doremus [29] gave
the value of about 10~13 cm2/s for the diffusion coefficient of Na in

TABLE 3
Values of DAt, DAt, RA, and KA for Some Elements

Element

Sodium
Cesium
Calcium
Strontium

DA*
(cmVs)

4.1 X 10- I0

9.3 X 10- lo

2.9x10-'°
4.6 x 10- I0

D b
Al

(cmVs)

8.1 xIO'13

4.6 x 10-'3
5.8 x IO-'3
9.3 x IO-'3

RA°
($-')

0
0

1.0 X HT2

1.5 x W2

K A'
(cm/s)

4.1 X IO'3
9.3 x IQ"2

2.9 x 10-*
4.6 x 10-'

'Diffusion coefficient of A in the layers.
""Diffusion coefficient of A in the glass.
'Reaction rate constant.
dMass transfer coefficient.
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soda-lime glasses at 100°C, which was in good agreement with our value
_10of 8.1 x 10 . Very small mass transfer coefficients of Ca and Sr

might result from low solubility of them because chemical processes
such as solubility occurred at the solution- surface layers interface,
namely, in the fictitious film which was assumed in order to simplify
the mass transfer process.

With the values in Table 3, we can reasonably explain leaching
mechanisms of Na, Cs, Ca and Sr. Namely, Na and Cs diffuse much more
rapidly in the surface layers than in the bulk glass and leached out
into the solution. Calcium and Sr participated in the chemical
reaction in the surface layers and remain there. This study shows
that the model is valid for calculation of the leach rates of the
waste glasses when surface layers grow during leaching, and this study
also implies which variables should be measured experimentally to
predict the leach rates.
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REPOSITORY SOURCE TERM FOR
VITRIFIED HIGH LEVEL WASTE

A. HOUGH, J.A.C. MARPLES
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United Kingdom Atomic Energy Authority,
Harwell, Didcot, Oxfordshire,
United Kingdom

Abstract

Samples of glass were made up containing a full inactive simulant of
the high-level waste. These were doped with Am, Pu, Np and Tc
radioisotopes to concentrations, respectively of 1,10,0.01 and 0.03 times
those expected to occur in the fully-active glass. After crushing, samples
were mixed with possible components of the repository and with water,
loaded into capsules, and the capsules were held in an oven at 60 C for
periods up to a year before they were opened and the water overlying the
solids sampled and analysed. The results for each element are compared
with the "limiting concentration " which, if present in drinking water,
would lead to an annual dose of 1 mSv to someone drinking 2 litres per
day. In the presence of a backfill containing 1 part of OPC to 3 parts PFA
the equilibrium concentrations of Te, Np, Pu and Am were respectively 0.1,
4, 1 and 45 times the "limiting concentration". Other cementitious
backfills tested gave similar results but bentonite was shown to be poorer
as a backfill for Tc and Np. The equilibrium concentration for Tc was 500
times greater under oxidising conditions than under reducing conditions.
The weight-loss leach-rates were also reduced by the presence of OPC
despite high resulting pH.

1. INTRODUCTION

BNFL plan to vitrify the High-Level Waste (HLW) arising from the
reprocessing of fuel from Magnox reactors using the Windscale Vitrification
Plant (WVP), starting in about 1990 [1,2], The glass composition to be
used, known as MW, contains 75wt% glass formers and 25wt% calcined waste and
is given in Table I. After it has been formed, the molten glass will be
cast into cylinders of 309 stainless steel holding about 400kg of glass and
incorporating the waste from 8 tonnes of Magnox fuel.
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Table I

Weights used to make 1kg of MW (Magnox) (grams)

Oxide
Se02
Rb20
SrO

Y,0,
ZrO,
MoO,
TcaO,
RuO,

PdO
Ag,0
CdO
SnO
TeO,
Cs,0
BaO
LaaO,
Ce02
PrtO„

Wt

0.2

1.2
3.4
1.9
15.9
16.5
4.2
8.6
2.1
3.5
0.2
0.2
0.2
2.1
9.1
4.9
4.7

9.8
4.7

Compound
used
SeOa
RbaC0l
SrCO,

*,°,
Zr02
HoO,
«oO,
Ru02
Pd
Pd
Ag2C03
Cd(NO,)2
4H,0
SnO
TeO,

2H20
BaCO,
La20}
CeO,
Pr.0„

Wt

0.2

1.5
4.8
1.9
15.9
16.5
3.9
8.6
1.8
3.0
0.2
0..5
0.2
2.1
11.7
6.3
4.7
9.8
4.7

)20.4
>

)12.3 (b)
)(39% Sol)

Oxide
Nd20,
Pn,20,
Sra20,
Eul0l
Gd20,
Fe.O,
AÎ20,
MgO
Cr20,
NiO

"A

so^'-
ci-
F-
Si02
B,03
NaaO
Li20

Wt
15.2
0.5
2.5
0.4
0.2

24.9

49.3
54.1

3.8
2.5
0.4

2.2
0.7
0.3

0.1

463.1
164.1

82.9

40.0

Compound
used
NdaO,
Nd20,
Sm10J
NdaO,
Gd20,
Fe203
AÎ20S
MgO
Cr(OH),
iliO
Uranyl
Nitrate

H2SOt
NaCl
NaF
Si02
H.BO,
NaaCOJ
LiOH.H,0

Wt
15.2)16.1
0.5)
2.5
0.4

0.2
24.9

49.3

54.1
7.4(b)
2.5
0.7(b)
3.0

0.7
0.5
0.2

463.1 (a)
291.3 (a)
141.8 (a)
112.3 (a)

(a) These oxides will be added as a glass
calcined waste.

1000
frit: the remainder are in the

(b) Weight of non-stoichioraetric compound of known metal content.

2. REPOSITORY CHARACTERISTICS

It is expected that this vitrified HLW will be stored for at least
50 years before disposal. One option is that it will then be emplaced in a
deep underground repository [3,43. Once this has been done, the main routes
by which the contained radioisotopes could return to the biosphere all start
by water attacking the glass. In the early stages after disposal, say between
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50 and 300 years after vitrification, the isotopes posing potentially the
most hazard are Sr-90 and Cs-137. These both have half-lives of about
30 years and after 300 years will have decayed to insignificant levels.
However, both Sr and Cs form compounds which are soluble in water and
although the glass matrix is resistant to leaching it is possible that, in
addition, the glass cylinders would be encased in 'over-packs' designed to
prevent water reaching the glass for at least 500 years. This overpack
would be either a thick layer of material which will corrode at a known slow
rate (probably cast iron or mild steel) or a thinner layer of an extremely
corrosion resistant material (probably titanium) [5].

The overpacked cylinders would be emplaced in galleries or bore holes in
the repository and the surrounding volume 'backfilled' with a clay or a
cement based material thus forming another barrier in the near-field [6].
The back-fill has several functions: (a) to locate the cylinders in
position; (b) to restrict the access of water from the geology of the
far-field to the glass and (c) to chemically condition the water so that the
radiologically important radioisotopes are better retained.

The activities of the isotopes from l t of irradiated Magnox fuel after
reprocessing are listed in Table II for times of 1000 and 10000 years.
These activities assume that 0.1% of the U and Pu that were in the spent
fuel will remain in the HLW after the rest has been extracted with tributyl
phosphate in odourless kerosene (TBP/OK) and also that the volatile and
gaseous elements Kr, Xe and I will not be contained in the glass. Some of
the neptunium will be extracted with the Ü and Pu and will appear in the
medium active waste from the reprocessing plant [7,8]. However, since the
exact amount is uncertain, the data in Tables II and III assume that all the
Np remains in the HLW.

Also included in Table II are the effective dose equivalents per unit
intake by ingestion for adults in Sv.Bq . These give a measure of the
potential hazard per unit activity for each isotope. The two columns have
been multiplied together to give an ingestion hazard index in Sieverts per
tonne of fuel for each significant isotope in the waste. These have been
added together for the isotopes of Th, U, Pu and Am to give the totals for
these elements and then all the hazard indices were normalised (arbitrarily)
to Tc=l. These final values are then listed in decreasing order in Table III.

The values in Table III show that the potential hazard of the waste at
lOOOy is dominated by Am with Pu and Np also being significant. At lOOOOy
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Table II
Total ingestion hazard for Magnox HLW

Isotope

Se-79
Sr-90/Y-90
Zr-93
Tc-99
Pd-107
Sn-126
Cs-135
Cs-137
Sra-151
Pb-210
Rn-222
Ra-226
Th-229
Th-230
Pa-231
U-234
U-235
U-238
Kp-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-2A2
Ara-241
Ara-243
Cra-242

Sv/Bq
(a)

2.3x10-» (b)
3.3x10-» (c)
4.2xlO-i»(b)
3.5xlO-i°(b)
3. 7x10- "(b)
4.7x10-» (b)
1.2x10-» (c)
1.2x10-» (c)
9.2xlO-»»(b)
1.8x10-« (b)
3.1x10-' (b)
3.1x10-' (b)
1.1x10-* (b)
1.5x10-' (b)
2.8x10-« (b)
7.0x10-» (b)
6.6x10-» (b)
6.7x10-» (b)
1.1x10-* (b)
8.6x10-' (c)
9.5x10-' (c)
9.5x10-' (c)
1.9x10-» (c)
9.0x10-' (c)
9.8x10-' (c)
9.8x10-' (c)
3.0x10-« (c)

Bq/te
IHA

at lOOOy
(d)
1.7x10»
1.8x10*
1.7xlOi«
8.1x10»»
6.3x10«
4.0x10»
1.0x10«
5.0x10*
7.4x10«
1.3x10»
l.SxlO5
1.3xlOs
1.3xl05
7.8x10*
4.8x10*
1.0x10«
2.8x10*
1.2x10'
8.1x10»
8.5x10«
4.6x10*
5.8x10»
3.1x10'
6.7x10»
3.5x101»
7.9x10«
3.3x10»

Sv/te
at
lOOOy

3.9
5.9x10-»
7.1
28.5
0.02
18.8
12.0
6x10-*
0.07
2.0
0.04
4x10-'
0.14
0.12
0.13
7.0 )
0.02 )
0.8 )

890
730 )
4400 )
5500 )
0.06 )
6.0 )
3.4x10* )
7.7xlOJ )
10

Sv/te at
lOOOy
relative
to Tc-1
0.1-
0.2
1-
0.6
0.4
-
-

0.1
-
-
-
-
-

0.3

31

370

12300

0.3

Bq/te
IHA at
lOOOOy
(d)
1.5x10«-
1.7x10»«
7.9x10»«
6.3x10«
3.7x10»
1.0x10«-
-
6.9x10«
6.9x10«
6.9x10«
1.3x10»
1.3x10'
9.3x10'
1.0x10«
3.3x10*
1.2x10'
9.0x10»
_
4.8x10»
2.2x10«
1.5x10*
6.8x10«
1.8x10«
3.4x10«
-

Sv/te
at
lOOOOy

3.5-
7.0
27.6
0.02
17.4
12.0
-
-

12.3
2.1
2.1
14.3 )
2.0 )
0.03
7.3 )
0.02 )
0.8 )
990
_
4530 )
2120 )
0.03 )
6.1 )
1.7 )
3312 )
-

Sv/te
at 10.000y
relative
to Tc=l

0.1
0.3
1
-
0.6
0.4
-
-
0.4
0.1
0.1
0.6
—

0.3

36

240

120

-

(a) For ingestion by adults.
(b) From Annals of the ICRP 2(3/4), 3, 4(3/4), 5, 6, (2/3), 7. 8
(c) From SM Haywood. National Radiological Protection Board Report NRPB GS8 (1987).
(d) Bq. per tonne Initial Heavy Atoms (IHA) of Magnox Fuel irradiated to 4800 MWD/te,

assuming 99.9% of U and Pu and all the I, Kr and Xe are removed in reprocessing.
From DR Goodill and BJ lymons DOE/RE/83. 112(1984)

most of the Am-241 has decayed to Np-237 and Pu is the most significant
element. Thus over the period between 1000 and 10000 years, over 99% of the
potential hazard is due to Am, Pu, Np and Tc and it was decided to determine
the behaviour of these four elements when they were released from the
vitrified waste.

In order to make a safety assessment of the repository, it is necessary
to know the rate at which these radioéléments are released. It is assumed
that soon after the repository is sealed, water will seep in and the
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Table III
Total ingestion hazard for Magnox HLW

(Relative to Tc=l)
(Data taken from Table II and arranged in descending order)

At 1000 years
Element

Am
Pu
Kp
Te
Sn
Cs
U
Cm
Zr

Relative
Hazard
12000
370
30
1

0.6
0.4
0.3
0.3
0.2

At 10000 years
Element

Pu
Am
Np
Tc
Sn
Th
Cs
Pb
Ü
Zr

Relative
Hazard
240
120
36
1

0.6
0.6
0.4
0.4
0.3
0.3

overpack will start to corrode. However, conditions deep underground are
normally fairly reducing and corrosion will be very slow due to the low
availability of free oxygen and to the presence of Fe 0. in the
granite. When the vitrified waste is initially emplaced, y-raaiolysis may
lead to a greater availability of free oxygen but it is assumed that the
overpack would last at least until the j-flux had dropped to one thousandth
of its original value after 300 years [9]. Eventually the overpack will be
breached and water will begin to leach the glass and the radioisotopes
contained therein will start to be released.

There are two possible approaches to calculating this rate of release.
The first is to measure the rate at which the glass is attacked by the water
and to assume that all the radioisotopes are released at this rate:
certainly for the actinides this is a pessimistic assumption since they are
preferentially retained in the gel-layer that forms on the surface of the
glass [1], Another difficulty in using this approach is that it is not
certain how much of the surface of the glass will be accessible to the
water. Some of the outer surface will still be protected by the remains of
the canister and overpack and the degree of penetration of water into cracks
in the glass is also uncertain.
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The second approach to estimating the rate of release of a radioisotope
is dependent on a very slow flow of the water through the repository. In
this situation the rate of release of the isotope must be less than the
water flow rate multiplied by the 'equilibrium concentration1 of the isotope
in the water. This equilibrium concentration is the amount of the isotope
in solution in the water under the appropriate conditions of pH and redox
potential (Eh) and also in the presence of the selected backfill since
sorption on the latter can have a considerable influence.

Since the establishment of a repository is still a long time in the
future, no firm decisions have been made on the details of the construction
- in particular, the choice of backfill is still open. In the present work,
we have investigated bentonite and various cement mixtures.

As mentioned above, the conditions deep underground are likely to be
reducing once the repository has been sealed and also, in the near-field,
the redox-potential will be reduced and buffered by the remains of the
canister and overpack, particularly if the latter is cast iron or mild steel
[10]. The pH of the repository will also be buffered by the backfill.
Water in contact with bentonite has a pH = 8.3 and with cement the pH = 12.5.

Two series of capsule experiments have been carried out.

3. FIRST SERIES

3.1 Experimental

3.1.1 Preparation of specimens

A large batch of glass MW (Magnox) was prepared according to the formula
listed in Table I and samples were doped separately with the active isotopes
Tc-99, Np-237, Pu-238 and Am-241 to give the following concentrations:

Isotope mCi/g Bq/g wt% wt% expected in real
vitrified waste

Tc-99
Np-237
Pu-238
Am-241

0.05
0.003
0.01
0.05

2 x 106
1 x 105
3.7 x 105
1.8 x 106

0.30
0.42
5.8 x 10~5
1.5 x 10~

0.27
0.050
6.4 x 10~3
5.4 x 10~2
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3.1.2 Preparation of components

3.1.2.1 Glass

The doped glass samples prepared as in Section 3.1 were cut into
slices about 2mm thick with a slitting wheel. The resulting discs were used
for leach rate measurements and as a convenient starting point for preparing
the powder. The latter was made by crushing the glass to a size of less
than 200 ym.

3.1.2.2 Iron

Degreased iron filings were used with a size range between 200 and
700pm. This simulates the cast-iron overpack that is suggested for the
stainless steel cylinders [5],

3.1.2.3 Cement containing backfills

Ordinary Portland Cement (OPC) was mixed with the appropriate
second component (Blast furnace slag (BFS), Pulverised Fuel Ash (PFA) or
limestone) in the weight ratios specified below. 45% by weight of water was
then added and the mixture was allowed to set and cure for 28 days at room
temperature in a sealed container (100% relative humidity) before being
crushed in a steel percussion mortar to less than 200jim.

The weight ratios used were:
OPC: BFS -1:3
OPC: PFA - 1:3
OPC: limestone - 1:6

3.1.2.4 Water

The water used had been held over granite chippings at room temperature
for at least 3 months, except for the clay experiments when deionized water
was used.

3.1.3 Capsule details

Sealed capsules used were made of glass with a ground glass stopper
sealed in place with a rubber-based sealant. These capsules were 2.5cm
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diameter and 12 cm long, volume 60 mL. Each was used once only and was then
broken open and sampled. For each component combination, a batch of five
identical capsules was made up and opened after different lengths of time.

3.1.4 Contents of Capsules

The weights used in the experiments were:

Glass powder Ig
Iron 5g
Backfill 10g
Water 20g

The only exception to this was in the set of capsules where the backfill
was omitted in order to try to isolate its effect.

The weights of the solids were selected approximately on the basis of a
42cm diameter glass cylinder, overpacked with a 15 cm thick layer of iron
(outer diameter 72 cm) emplaced in a hole 92 cm in diameter with 2 cylinder
lengths axial spacing between each cylinder. The annular gap between the
overpacked cylinders and the walls and the spaces between the cylinders was
assumed to be filled with backfill. The glass, iron and backfill were
powdered and mixed to speed up the approach to equilibrium. In the
repository, when the water reaches the glass, the backfill will have boon
leached for hundreds of years and only a proportion of the overpack will
remain as metal. The selection of a given set of weight (or surface area)
ratios is therefore rather arbitrary. However, the measured equilibrium
concentrations will probably not be very sensitive to the ratios chosen.

The volume of water added to each capsule was set at 20 mL in order to
have sufficient water above the solid layer for sampling for analysis. In a
repository, it is expected that there would be proportionally much less
water than this, only enough to fill the pores in the backfill.

3.1.5 Loading of the Capsules

The capsules were loaded in an argon 5% hydrogen filled glove-box. The
opowders (glass, iron and backfill) were heated to about 120 C to drive off
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much of the adsorbed air and the water was boiled and allowed to cool in the
box for the same reason.

Some capsules also contained a small solid glass sample of the same
composition (12 mm diameter, 2 mm thick) supported on a stainless steel mesh
in the leachate so that the mass-loss leach rate could be measured.

3.1.6 Concentration Measurements

After 1,3, 6 and 12 months one capsule from each batch was removed from
the oven and posted into the Ar-5% JHL filled sampling box. There the
capsule was opened and the Eh and pH measured (Section 3.7). If that
capsule contained a coupon of glass, the 'gel-layer' was removed and it wasodried at 100 C and weighed and the weight loss since the start of the

-2 -1experiment used to calculate the leach rate in g.cm .day . The fifth
capsule was opened after a time between 13 and 18 months.

Samples of the water were taken:
a) Unfiltered
b) after filtering through an 0.45 ym millipore filter. This removed

particles but not colloids.
c) After filtering through a 25000 molecular weight cut-off (MWCO)

Amicon membrane. The filters were prewetted and some of the
leachate filtered and discarded before the sample for counting was
taken. This filter removed both particles and colloids.

Examination of the three results showed whether the active isotope was
present as particles, colloids or in true solution. It is not however
possible to distinguish true colloids or, for example, PuO , from
•pseudo-colloids' where the plutonium is sorbed onto colloids of another
substance - for example SiO .

3.1.7 Eh and pH measurements

Immediately after the capsules had been opened, the Eh and pH were
measured. Although these are not expected to be affected by the dopant
isotopes, the equilibrium concentration results are listed below
(Tables IV to VII) so that any possible effect of Eh or pH on the equilibrium
concentration can be assessed. The electrodes used were calibrated
immediately before use.
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OO
TABLE IV

Equilibrium concentrations for Tc
(/1(T8 molar)

Backfill
Filter

Time(months)
1

3

6

12

13
14
18

None (Fe only)
None

no
10
31
12
16
47
11

1.12. k

0.45pm

12

8.6
11
2.5
4.3
4.6
3.6

1.82.1

25000
MWCO

8.6

7.4
13
1.5
1.9
2.1
2.6

1.10.5

OPC(1)/BFS(3)
None

1.9

1.74.7
0.4
1.4
130
130
3.2

0.45
Vira

1.0

3.9
4.5
0.3
1.2
130
120
1.6

25000
KWCO

1.2

2.7
1.9
0.2
0.3
100
100
1.6

OPC(1)/PFA(3)
None

2.9

1.9
1.9
0.6
0.8
0.9
1,1
5.5

0.45ym

1.7

2.6
1.9
0.6
0.1
0.5
0.9
0.7

25000MWCO

1.4

2.5
1.9
0.3
0.3
0.4
0.3
0.5

Bentonite
None

9.4

63
76
4.1
4.0
790
760

7.1
9.1

0.45jjm

9.9

16
23
2.13.3

-

2.6
2.8

25000
MWCO

7.1

17
22
2.5
4.0

11.0
11.0

3.3
3.6

OPC(l)/Limestone(6)
None

4244
20
21
630
620
180
170

8700
9000

0.45
l-JTl

32
49
17
17

570580
170
160

8700
8700

25000
MWCO

3039
17
17

570
570
160
160

8200
8500

The limiting concentration for Tc is 6.7 x 10~8 molar. The pairs of values are repeat analyses on the same leachate.
Corre spending Eh and pH values (Eh versus Standard Hydrogen Electrode (SHE) in mV)

1
3
6
12
13
14
18

Eh pH
-450 9.8
-260 9.8
-300 9.9
-270 9.6

-515 8.8

Eh pH
-505 13.0
-550 12.6
-420 12.5
-290 12.1
-280 12.6

Eh pH
-50 12.4
-200 12.2
-4.5 12,2
+60 11.4
+40 11.9

Eh pH
-260 8.4
-120 8.6
-290 8.1
+10 8.1

-450 7.7

Eh pH
-75 12.8
-220 12.6
+5 11.5
+40 9.1

+102 11.9



TABLE V
Equilibrium concentrations fqr neptxjnium

</10-"> molar)

too

Backfill
Filter

Time
(month»)

1

3

6

12

18

None (Fe only)
None

-

960
4900
240
900
600
550
2300
1300

0.45
pro

no
BO
590
190
190
380
430
1500
1900

25000
MWCO

74

51
580
81
92
87
120

1000
720

OPCU)/BFS(3)
None

-

2
66
11
3

150
A3

1300
34

0.45
Vim

3

1
7
6
4

22
29
490
14

25000
MWCO

6

2
<7
5
3
5
A
40
20

OPCU)/PFA(3)
None

-

12
8
4
16
12
12
15
6

0.45
pun

6

1
7
4
3
7
6
A
13

25000
MWCO

5

6
2
5
3
15
3
B
6

Bentonite
None

49

20000
6400
55
51

16000
1AOOO
930
640

0.45
Urn

4400
6500

250
1500
70
40
130
96
14
20

25000
MWCO

2100
2200
220
1300
75
88
110
92
4
5

OPC(l) /Limestone (6)
None

3

140
26
21
110
140
200
1900
1400

0.45
\m

1

3
12
11
5
16
5
6
22

25000
MWCO

2

18
7
7
10
8
3

24
9

The limiting
leachate.

concentration for neptunium is 2.1 x molar. The pairs of values are repeat analyses on the same

Corresponding Eh and pH values (Eh versus Standard Hydrogen Electrode (SHE) in mV)

1
3
6
12
18

Eh pH Eh pH
-450 9.3
-415 10.2
-280 9.3
-390 8.7
-630 8.8

-560 12.8
-570 13.0
-570 12.2
-395 11.5
-640 11.8

Eh pH
-200 12.6
-250 12.6
-175 11.5
- 20 11.4
- 50 11.5

Eh pH
-300 B.2
-250 8.7
-280 8.4
-270 8.0
-550 7.9

Eh pH
-190 12.7
-200 12.6
-20 11.5

•»•140 9.1
+ 50 12.0



N»
O TABLE VI

£guüibr.ium concentrations for
(/10-13 molar) - (Pu-238 used)

Backfill
Filter

Tirae(months)1
3

6

12

16
18

None (Fe only)
None

_
-

210
34
380
340

0.45
\m

45
22

34
9
12

10
9

25000MWCO

5
8

33
86

54

OPC(1)/BFS{3)
None

_
-

27
538

0.45
Vim

20
15

22
139

11
11

25000
MWCO

1
0.4

3
2
5
5

2
1

OPCCD/PFAC3)
None

_
-

4
4
330
120

0.45
\m

n
-

2
4
22
21

17
12

25000
MWCO

1
1

23
4
4

14
22

Bentonite
Hone

6
930220
76

400
360

0.45pm

85
3
10
8

10
3
15
9

25000
MWCO

20
35
5

4
3
6

OPC(l)/Limestone(6)
None

2
910
1900
8593

150000
5100

0.45
\m

.
2
2
17
30
7
10
7
8

25000
MWCO

2

2
4
4
3
5
11

The limiting concentration for plutonium (Pu-239 +• 20% Pu-240) - 23 x 10""1-3 molar. The pairs of values are repeat analyseson the same leachate.
Corresponding Eh and pH values (Eh versus Standard Hydrogen Electrode (SHE) in mV)

1
3
6
12
16
18

Eh pH
-260 10.0-140 9.8
-190 9.9
-250 9.4
-500 9.4

-600 9.2

Eh pH
-430 12.7
-550 12.8
-490 12.8
-410 12.4
-530 12.2

-790 11.8

Eh pH
-120 12.5-180 12.4
-190 12.7
-50 12.6
-60 12.5

-140 11.9

Eh pH
-250 8.4

-90 8.5
-210 8.6
-130 8.2
-600 8.2

Eh pH
-80 12.5

-50 12.4
-50 11.6
+170 9.1
+105 12.2



TABLE VII
Equilibrium concentrations for americimg

(/10-12 molar)

Backfill
Filter

Time
(months)1

3

6

12

14
18

None (Fe only)
None

-
_

240
970
260
170

0.45
\m

4.8
28

15
13
19
17

39
67

25000
MWCO

1
8

6
10
7
5

57

OPC(1)/BFS(3)
None

—
_

54
8
5

0.45
Urn

-
_

1
1
2
2

3
2

25000
MWCO

1
1

11
23

386.5

OPC(1)/PFA(3)
None

—
_

4
7

37
59

0.45pro

19
6

11
2
2

2
3

25000
MWCO

1
0.4

21
3
2

1
2

Bentonite
None

4.1
750180
290

180
75
3558

0.45jim

4
5
A
23
46
4
5
3
2

25000
MWCO

1
1
1

42

23
22
2
2

OPC(l)/Limestone(6)
None

-
30960
18
11
390
100
790
1700

0.45Vim

-
5
1
2
2
11
2
2
2

25000
MWCO

1
4
2
3
2
1
4
10.7

The limiting concentration for Am-241 is 0.047 x 10 12 molar. The pairs of values are repeat analyses on the same
leachate.

Corresponding Eh and pH values (Eh versus Standard Hydrogen Electrode (SHE) in mV)

1
3
6
12
14
18

Eh pH
-350 9.8
-480 9.8
-300 9.4
-220 8.7

-480 9.1

Eh pH
-550 12.6
-500 12.5
-530 12.3
-390 11.6

-140 11.7

Eh pH
-120 12.5
-120 12.4
-140 12.2
•HO 10.6

+30 11.4

Eh pH
-370 8.2
-150 8.6
-340 8.9
-440 8.0
-390 8.2

Eh pH
-65 12.5
-65 12.5
+10 11.6
+150 9.1
+88 11.9



BFS seemed to be particularly effective in giving reducing conditions.
In all the capsules, the Eh seemed to be increasing (i.e. becoming less
reducing) with time. It is possible that this was due to a slow diffusion
of oxygen into the capsules, perhaps through the seal. There was however
no visible sign of the iron powder becoming oxidized.

The presence of OPC gave a very high pH (ca.12.6) while bentonite
buffered the pH to a lower value (ca.8.3) than the glass on its own
(ca,9.5). There was a slight tendency for the pH of the cement based
systems to decrease. This may have been due to the evolution of the cement
chemistry.

3.2 Results

3.2.1 Mass loss leach rates

These were obtained by weighing coupons of the glass before and after
the experiment. The results are given in Table VIII. It is not thought
likely that the presence of small amounts of Te, Np, Pu or Am will affect
the results: the dopant element is included in Table VIII for
identification purposes only. The leach rate in a 70-days MCC-1 test on

-2 -1this glass has been found to be 20 vg.cm .day , very similar

TABLE VIII
Leach rates measured by mass loss at 60"C

nr3 .day*1)

Tiroe/
month

1

3

12

Dopant
element

Pu
Pu
Average
Tc
Np
Pu
Am
Average
Tc
Np
Pu
Ara
Average

Backfill
Fe
only
22
25
23
30
12
8
22
18
12
5.6
2.5
6.5
6.6

OPC/
BFS
7.0
5.9
6.5
9.0
8.6
A. 9
7.0
7. A

5.0
2.7
1.6
l.A
2.7

OPC/
PFA

1.2
0.3
0.7

0.8
gain
gain
0.9

<O.A

0.05
gain
0.09
gain
<0.07

OPC/
limestone
-
-

6.2
5.5
7.7
7.0
6.6
2.2
2.1
A. 5
2. A
2.9

Bentonite

-
-

12
25
18
38
23
27
27
29
2A
27

A typical leach rate for MW glass measured by an MCC-1 test at 60'C is
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to the value obtained after 3 months in the presence of bentonite or where
only Fe was present. When OPC was present the leach rates were at least a
factor of three lower and especially so for the OPC/PFA containing capsules
- the glass coupons from these appeared almost unaffected after even the
year-long test. The reason for this difference between the behaviour with
OPC/BFS and OPC/PFA is not clear.

Typical compositions of the backfill components are given in Table IXa
[12,13] and analyses of water that had been equilibrated with OPC(1)/PFA(3)
and with OPC(1)/BFS(3) are compared in Table IXb. The only large
difference between the analyses is in the Al, Ca and SO concentrations
but it is surprising that any of these should affect the leaching results
to such an extent.

3.2.2 Equilibrium concentrations

The equilibrium concentrations, measured by radiochemical analysis, are
given in Tables IV to VII, together with the values of Eh and pH as
measured when the particular capsule was opened.

The equilibrium concentrations may be compared as a 'yard-stick* with
the 'Limiting Concentration' [14]. This is the concentration of that
isotope which, if present in drinking water, would lead to an annual dose
of ImSv to someone drinking 2 litres per day. Natural background radiation
in the UK leads to an annual dose of about 2mSv.

3.2.2.1 Technetium

For technetium (Table IV) the equilibrium concentrations for most of
the capsules containing backfill were independent of whether the liquid was
filtered or not. Certainly there was little or no difference between the
results after the 0.45jjm filtration and after using the 25000 MWCO
membrane filter. This indicates that the technetium was in solution not in
collodal form.

For most of the backfills, there was also no increase in the
concentrations with time, suggesting that equilibrium was reached within a
month under these conditions. It seemed possible that the equilibrium
concentration with OPC/PFA might be limited by the low leach rate of the
glass (Table VIII) in the presence of that backfill. However, similar
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TABLE IXa
Typical Compositions of Backfill Components C18,1*)

(weight X)

Oxide
SiO,
Al.O,
Fe.O,
CaO
CaCO,
MgO
K20+Na,0
K.-.0,
TiO,
SO,
S

OPC
22

5.6
3
65

1.4
0.7

2

PFA
49
28
11
2

2
6

2

BFS
34
17
1
40

6

1

1.7

Limestone
3
1
0.3

95
0.3

Bentonitc
68
22
3.3
0.6

3
2.3

0.2

Table IXb
Analysis of water equilibrated with
cement backfills for 70 h at 75oC
(parts per million by weight)

Na

K

Si
Al
Ca

MB
Fe
SO.

OPC (I)-/
FFA(3)
200
710
3.8
32
77
<0.2
•vO.2
110

OPC(l)/
BFS (3)
280
700
1.3
2
190
<0.2
<0.07
25

concentrations were observed for some of the other capsules, containing for
example OPC/BFS, where the leach rates were much greater.

Some of the capsules seemed to have leaked, leading to a high oxidation
potential (Eh) and in most cases this also resulted in a much greater Tc
equilibrium concentration. In particular, the series of capsules
containing OPC/limestone seemed to have leaked after about 3 months. The
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only capsules where a high Eh was not accompanied by a high Tc
concentration were those containing OPC/PFA after 12 and 13 months. Tc is
expected to have a high solubility under oxidising conditions because the
heptavalent (TcO form is much more soluble than the quadrivalent one.

3.2.2.2 Neptunium

The measured equilibrium concentrations are given in Table V. For
neptunium also, there was little difference between the equilibrium
concentrations measured after filtering through a 0.45pm or a 25000 MWCO
membrane although both usually gave somewhat lower values than the
unfiltered solutions. When OPC was present, the equilibrium concentrations
were close to the detection limit (ca,10~ molar) and were appreciably
lower than when there was no backfill or when bentonite was used. The
equilibrium concentration in the bentonite-containing capsules seemed to
decrease with time up to 6 months. By a similar argument to that used for
Tc, it can be shown that the measured concentrations were not limited by
the leach rate of the glass.

OPC/BFS and OPC/PFA backfills gave equilibrium concentrations after
filtration close to the limiting concentration.

3.2.2.3 Plutonium

The measured equilibrium concentrations are given in Table VI.

In many cases, the solutions contained less plutonium after filtering
through a 25000 MWCO membrane than after an 0.45jjm filtration, indicating
the presence of colloids. This effect was less pronounced in the 6 month
samples except for those with an OPC/limestone backfill: possibly the
colloids had coagulated. The observed equilibrium concentrations after
filtration were generally lower than the limiting concentration for Pu-239
containing 20% Pu-240.

3.2.2.4 Americium

The measured equilibrium concentrations are given in Table VII.

There was a suggestion of the presence of colloids if no backfill
material was present. In the few cases where the capsule had leaked, as
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indicated by a positive Eh value, there was no apparent effect on the
equilibrium concentration.

The equilibrium concentrations after filtration were about fifty times
the limiting concentration.

3.3 Discussion

3.3.1 Inventory of the active isotopes in the experiment

The proportions of the four active isotopes in the glass samples are
given in Section 3.1. The proportion of Tc is approximately the same as
that expected in MW glass containing 25 wt% of Magnox waste, while the
proportion of Np is about a factor of 10 higher than expected. This was
because, for consistency, a batch of doped glass was used that had been
prepared for leach rate measurements and an excess of Np was used to
improve the sensitivity. It is not thought likely that the excess of Np
will have had any deleterious effect on the results. The proportions of
Pu-238 and Am-241 were only about 1% and 3% respectively of those expected
in real waste in order to reduce the radiation doses in handling the
samples.

The weights of each isotope in the Ig of glass that was contained in
each experimental capsule are given in Table X. For each isotope, two
concentrations are also given in Table X, representing the smallest and
largest values found experimentally taken from Tables IV to VII. These
have been used to calculate the weight of the isotope in solution in the
20 mL of water in the experiments and this is given in the fourth column of
Table X. In the final column, the ratios between the weight in solution
and the original weight in the glass are listed. It can be seen that in
all cases only a very small fraction of the total experimental inventory is
in solution. The largest proportion is that for Tc when conditions were
oxidizing when 7% of the inventory was in solution. For the lowest
concentrations found for the actinides, only 1 part in 10 was in
solution.

3.3.2 Use of filtration

In all the experiments, the 'leachates' were filtered through an
0.45 vim filter and also through a 25000 MWCO membrane with a pore size of
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TABLE X
Quantities of the active isotopes in the experiments

Isotope

Tc-99

Np-237

Pu-238

Aro-241

Weight in
1g glass (a)
(g) (»g)

3 x 10-»

A x 10-'

6 x 10-'

1.5 x 10-»

Cône, in
solution (b)

1 x 10-8
9000 x 10-«
10 x 10-'°

2000 x 10-'°
5 x 10- »à
20 x 10-13
2 x 10-'a
60 x 10-'*

Weight in
20mî water (a)
(g) <ve)
2 x 10-»
2 x 10-*
5 x 10-»
1 X 10-»
3 x 10-»»
1 x 10- »i
1 x 10-*»
3 x 10- »c

Ratio of wt.
in water to wt
in glass (we/w )

7 x 10-*
0.07
1 x 10-«
3 x 10-»
5 x 10-»
2 x 10-*
7 x 10-'
2 x 10-*

a) Each experimental capsule contained Ig of doped glass and 20m! water.
b) Two values are given, approximately equal to the smallest and largest

concentrations found in the experiments, after filtration, taken from
Tables IV to VII.

notionally l.Snm. In Tables IV to VII the results are given for the
unfiltered leachate and for the two filtrates. For most of the experiments
where a backfill was present, there was little difference between the
results obtained with the two filter sizes indicating that any solids were
present as particles rather than colloids. Exceptions to this were found in
some of the plutonium results where the l.Snm filter reduced the apparent
concentration by up to a factor of 5. The Tc results in general were not
affected by filtration, indicating that it was present in true solution.
For the three actinides however, filtration often reduced the concentration
by several orders of magnitude, indicating that the active material was
associated with suspended particles that in the absence of filtration were
included in the radiochemical analysis sample. The site for a repository
would be chosen, among other criteria, for its low water flow rates.
Typical values in granite at depths between 250 and 540m were found to be
between 3.4xlO~n and 2.7xlO~10m.sec.~1 (1 to lOmm.y"1).[15]. At
these low water flow rates, any particulate matter will settle out and not
be carried along with the 'flow1. Colloids may diffuse but the present
work suggests that this will not be a problem.

3.3.3 Trends in pH

The pH of the water in all the sets of capsules decreased by between
half and one pH unit over the 18 months of the experiment. The pH of those
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containing OPC changed slightly more than the others although a much
greater absolute change in OH concentration would have been needed to
bring this about. This may have been due to the evolution of the cement
chemistry - the slow formation of calcium silicate hydrates for example.
The change in pH was not reflected in a corresponding change in the
equilibrium concentration of the actinides however, although Ewart et
al [10] have shown that the solubilities of Np and Am increase rapidly with
decreasing pH over the pH range 13 to 9: that of Np by about 20000 times
and that of Am by about 2000 times.

3.3.4 Trends in Eh

The oxidation potentials in some of the capsules opened after a year or
more were found to be considerably higher than those opened earlier. In
particular, the Eh of the set of capsules containing OPC/limestone
increased steadily with time, suggesting that they may have leaked. This
set of capsules were sealed at a different time to the others and the batch
of sealant used may have been defective. The capsules containing bentonite
were a different type to the others being made of steel, with a screw-on
lid sealed with an O-ring. With one exception, the Eh of these remained
strongly negative throughout the test, as did the glass capsules containing
only glass and iron, and OPC/BFS and, with two exceptions, OPC/PFA.

Although the specific activity of the Am-containing glass was about a
factor of twenty higher than the Np-containing glass the oxidation
potentials were not significantly different, suggesting that there was no
effect of alpha radiolysis at these low dose rates.

3.3.5 Comparison of the backfills tested

For Tc, the oxidation potential had a much greater effect on the
equilibrium concentration than the choice of backfill but both
OPC(1)/PFA(3) and OPC(1)/BFS(3) gave lower equilibrium concentrations than
did bentonite or OPC(l)/limestone (6) by factors of about 5 and 30
respectively.

For Pu, all the backfills resulted in similar equilibrium
concentrations, little different to the situation when no backfill was
present.
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For Am, all the backfills also gave similar equilibrium concentrations
but they were about a factor of 5 lower than when no backfill was present.

For Np, both OPC(1)/BFS(3) and OPC(1)/PFA(3) gave equilibrium
concentrations lower by a factor of between 15 and 50 than when no backfill
was present. OPC(l)/ limestone(6) gave equilibrium concentrations a factor
of two higher than OPC(1)/PFA(3) while for bentonite the factor was about
ten, although the 18 month capsules gave lower results than the earlier
ones.

The presence of OPC(1)/PFA(3) led to mass-loss leach rates after 12
months lower by about a factor of 100 than when no back-fill was present.
Both OPC(1)/BFS(3) and OPC(l)/limestone(6) reduced the mass-loss leach rate
by a factor of 2.5 but bentonite increased it by a factor of 4.

To sum up, the order of preference from a chemical viewpoint of the
four backfills tested would be OPC(1)/PFA(3) (best), OPC(1)/BFS(3),
OPC(l)/limestone(6) and bentonite (worst) but the equilibrium concentration
measurements were all within one order of magnitude.

3.3.6 Comparison with Limiting Concentrations

The Limiting Concentrations (LCs) for the four elements are included in
Tables IV to VII.

For Tc, when conditions were reducing, the equilibrium concentration
was a factor of 10 lower than LC.

For Np, the observed equilibrium concentrations after filtering were
between 4 and about 10 times LC except for the earlier values for bentonite
when they were up to 50 times higher.

For Pu, the equilibrium concentrations again after filtration were
equal to or lower than LC.

For Am, the filtered equilibrium concentrations were about a factor of
40 higher than LC.

When considering the safety of the disposal of vitrified high-level
waste, it must be considered satisfactory that the equilibrium
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Table XI

Measured activities in doped glasses

Glass

MW + Tc-99 Powder
Disc

SON68 + Tc-99
MW + Pu-238 Powder

Disc
SON68 + Pu-238
MW + Np-237 Powder

+ Am-241
MW + Np-237 Disc

+ Ara-241
SON68 + Np-237

+ Am-241

Isotopic concentration
mCi.g"1 MBq.g*1

0.027
0.031
0.042
0.017
0.020
0.015
0.0055
0.065
0.0059
0.058
0.0055
0.055

1.00
1.15
1.55
0.63
0.74
0.56
0.20
2.41
0.22
2.15
0.20
2.04

Wt.%

0.16
0.18
0.25

1.0x10-*
1.2x10-*
0.9x10-*

0.78
1.9x10-'

0.83
1.7xlO->

0.78
1.6x10-'

concentrations in the near-field will be either comparable to the limiting
concentration or, for Np and Am, do not exceed it by a very large factor.
Before it reaches the biosphere, the water that has penetrated the
repository deep underground has still to flow through the geology of the
far-field. Further sorption and dilution will occur there which will
provide a large additional margin of safety.

4. SECOND SERIES

4.1 Procedures

Batches of MW and SON 68 glass were crushed and remelted with Tc-99,
Pu-238 or Np-237/Am-241 to give samples with the concentrations given in
Table XI. These samples were then crushed to less than 200pm and mixed
with the 'repository components' in the proportions given in Table XII.
The OPC(1)/PFA(10) and Mol clay were also crushed to less than 200pm
whilst the metallic powders had a size range from 200 to 700pm. The
components were then sealed in glass capsules and held in an oven at 60°C
or 90 C for periods of 1, 3, 6, 12 and 13 months.
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TABLE XII

Weights of components used in the capsules(/grams)

Component

Glass (a)
Iron (b)
Fe,0,
Titanium (c)
Stainless (d)
Steel
OPC(l)/
PFA(IO)
Clay (e)
Huraic Acid (f)
Water

Ref

1.0
5.0

10.0

20.0

Oxidising
Conditions

(g>
1.0
5.0

10.0

20.0

90°C

1.0
5.0

10.0

20.0

SON68

1.0
5.0

10.0

20.0

Ti
Overpack

1.0

0.10
0.12

10.0

20.0

Clay

1.0
5.0

10.0

20.0

Humic
acid

1.0
5.0

10.0

0.005
20.0

Fe,0,

(g)
1.0

7.15

10.0

20.0

(a) MW except for set A (SON68)
(b) Commercial purity Fe filings supplied by BDH Ltd.
(c) Ti - 0.2wt.%.Pd
(d) 316 Stainless steel
(e) Boom clay from Mol in Belgium
(f) Humic acid supplied by A Fluka
(g) Air atmosphère (otherwise Ar-5%Hz)

In the second series, the effect of several different variables was
being investigated i.e.:

(a) Oxidizing versus the normal reducing conditions. Where reducing
conditions were required, the capsules were sealed up in a
glove-box with an argon 5% hydrogen atmosphere: For oxidizing
conditions, an air atmosphere was used but, initially, Fe metal was
put in the capsule. This still gave reducing conditions and,
subsequently, additional capsules were set up containing Fe 0 .

»•• *J

(b) Temperature (90 C versus 60 C).

(c) The French glass SON68 versus the BNFL glass MW.

(d) Titanium overpack versus iron. In this variant, a small amount of
stainless steel was added to represent the canister in which the
glass will be cast.
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(e) Clay versus granite geology. It is assumed that some clay will be
replaced in the repository as backfill rather than using bentonite
or cement.

(f) The presence of humic acid at the concentration in which it is
present in some ground waters.

4.2 Steady-State Concentration Experiments Containing Active Isotopes

The results from sampling at 1, 3, 6, 12 and 13 months are given in
Tables XIII to XVI for Te, Np, Pu and Am respectively. The Tables also
include the Eh and pH measurement, the solubilities measured by other
workers (10, 17, 18) the ImSv.y" Limiting Concentration and the
radioactive inventory of the system.

4.2.1 Technetium

The concentrations of technetium were strongly affected by the redox
conditions. However, the two sets of capsules with an air atmosphere gave
very different results. Where Fe 0 had been used to represent the

—8oxidised over-pack, the concentration was about 9000x10 M. This was
still much less than that would have been if all the Tc in the glass powder

—8had gone into solution (ca 150000x10 M) and was moderately constant
with time over time periods between one month and one year. Where Fe
powder had been added to the capsules to represent the overpack, the Tc

-8concentrations were much lower, ~lxlO M, similar to that in the
'reducing' capsules. This suggests that the Fe had not oxidized during the
year, despite the air atmosphere, and was still reducing the Tc leading to
the low concentrations.

The set of capsules containing stainless steel and Ti metal powders,
representing a canister with a 'corrosion resistant* overpack, also
resulted in higher Tc concentrations. These were initially about

_o
1600x10 M for the first 6 months but then dropped by a factor of
10 over the second 6 months despite the fact that the Eh values were slowly
increasing. The high concentrations seem to be associated with the absence
of Fe metal: although Ti should thermodynamically be a better reducing
agent, in practice it seems not to be so efficient.
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TABLE XIII
Tc Concentration (molar/10'*)
(Limiting Concentration: 6.7)

Components

OPC(1)/PFA(3)
[10.11]

OPC(1)/PFA(10)

Oxidising(Fe)

Oxidising
(Fe,03)

90°C

SON68

Ti/SS

Clay

Huznic acid

Tiroe(months)

1
3
612
1
36
12
13
1
3
6
1213
1
3
6
12
13
1
3
6
1213
1
36
12
13
1
3
6
12
13
1
3
6
12
13
1
36
1213

Eh(mV)

-50
-200
-50+60
-550
-670-570
-70
-500
+60
+ 1AO
+155
+165+ 120
+225
+280+315
+240
+210
-245
-170
-220
+240
+120
-250
-295
-40
+135+160
-290
+80

+120
+105+140
-360
-360
-440
-420
-420
-200
-350
-160
+45
-50

PH

12,4
12.2
12.2
11.4
11.1
11.0
10.8
10.510,7
11.4
11.0
10.810.4
11.0
10.610.7
10.5
10.3
10.3
11.0
10.6
10.2
9.2
9.6
12.0
11.2
10.9
10.5
10.9
11.6
11.2
10.9
10.5
11.0
6.06.47.1
7.7
7.9
11.5
11.0
10.7
10.510.8

Filter
None
2.9
1.90.7
1.1/0.9
9.9/6.6

3.0/2.9

2.2/0.7

3.6/2.8

1150/1130

34/29

0.3/1.3

0.45pm
1.7
2.30.3
0.9/0.5
2.1/2.2
2.5/1.8
1.4/1.0
2.1/2.4
13/24
3.0/3.3
3.5/3.2
0.9/0.9
11.1/8.8
0.7/0.4

11500/11400
9400/9500
8000/7900
11100/10700
6600/6900
1.3/0.9
5.7/0.8
1.0/0.9
4.9/4.0
2.0/1.6
0.4/1.3
4.8/1.6
1.0/1.1
2.0/2.1
5.0/2.3
1140/1120
1390/1430
1670/1680
132/135
240/240
0.4/0.5
14/15
65/62
6.7/5.5
9.2/4.5
0.3/0.3
2.3/1.0
0.9/1.0
4.1/2.817/10

25000 MWCO
1.4
2.2
0.3
0.4/0.3
1.6/2.2
3.8/1.9
0.9/1.1
1.9/2.09/3
2.1/2.9
1.0/2.6
1.0/1.210.1/10.4
0.9/0.9

11300/11200
9300/9400
7700/8000
9900/10000
6500/6200
0.8/1.1
2.5/5.6
1.1/0.9
4.8/3.7
0.9/0.5
1.4/1.7
1.8/5.3
1.4/1.3
3.2/2.7
1.6/3.5
1070/1070
1380/1370
1610/1630
132/137
270/260
1.2/1.1
14/13
63/66
7.3/6.4
3.5/3.6
0.3/0.8
2.1/1.8
0.6/1.1
3.2/2.8
2.1/5.6

Inventory:Solubility:Reducing :
150.000 x 10-« molarfrom reference [13]10 x 10'• molar (Independent of pH)
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TABLE XIV
Np Concentration (iholar/10'10)

(Limiting Concentration: 2.1)

Components

OPC(1)/PFA(3)
[10,11]

OPCU)/PFAUO)

Oxidising
(Fe)

Oxidising(FeaOs)

90"C

SON68

Ti/SS

Clay

Huraic acid

Time
(months)

1
3
6
12
1
3
6
12
13
1
3
6
12
13
1
3
6
1213
1
3
6
1213
13
6
1213
1
3
6
1213
1
3612
13
1
3
6
12
13

Eh(mV)

-200
-250
-175
-20
-170
-700
-390+50-570
+ 120
+ 185
+ 165
+250
+165
+215+240
+330
+220
+210
+ 120
-140
-10
+ 160
+230
-350
-240
-220
+ 165
+80
-30
-70
-80

+105
+85
-280
-390-400
-150
-140
-450
-10
+105
+35

PH

12.6
12.6
11.511.4
11.210.910.7
10.5
10.8
11.4
11.1
10.9
10.5
10.8
10.6
10.7
10.510.3
10.3
11.210.7
10.29.4
9.6
124
11.110.810.6
11.0
11.5
11.2
10.9
10.510.9
4.8
7.37.7
7.8
11.6
11.10.
10.
10.

Filter
None

12/8
4/1612/12
570/12500

150/110

140/70

12/11

690/200

2000/1100

310/120

0,45pra
6
1/7
4/3
7/6
9/8
7/132.1/1.36/-9/12
130/60
21/20
20/5
25/535/4
8/5
7/1.4

12/5
10/15
36/26
24/16
11/518/7
8/3023/8
6/170
3/8
6/5

85/-6/10
5/2

45/15
4/4
66/7
7/13

680/540
280/150270/240
-/-1300/1100

33/10
40/14
2/12
31/29
19/7

5000 MWCO
5
6/2
5/3

15/3
4/0.2
2/2

1.6/1.4
l.l/-
4/-
70/34
8/7

0.8/22/-
2/14
6/3

11/2
6/3
21/45

1.5/<1
6/6
1/2

11/1112/19
5/8

20/5
1.5/1
60/116/7

3/5
4/7
4/2
9/14
3/8

660/300
320/480400/380
2700/3200
1700/-

4/4
19/17
2/2
82/30
12/21

Inventory: 9,000,000 x 10"l° molar
Solubility (/lO'10 molar). From references [12]

pH
Solubility
Eh « +200mV
Eh - -450raV

13

8
100

12

200
100

11

6000
100

10

10»
100

and [15]
8

8x105
100 100

Ref

[12]
[15]
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TABLE XV
Pu Concentration (molar/10'13_)_

(Limiting Concentration: (Pu-239:20% Pu-240):23)

Components

OPC(1)/PFA(3)
CIO. 11]

OPC(1)/PFA(10)

Oxidising
(Fe)

Oxidising(Fe,0,)

90"C

SON68

Ti/SS

Clay

Huraic acid

Time
(months)

1
3
6
12
136

12
13
1
3
6
12
13
1
36
12
13
1
3
6
12
13
1
3
6
12
13
1
36
12
13

1
3
612
13

1
3
6
12
13

Eh (mV)

-150
-190
-50
-60
-320
-680
-560
+40
-250
+125
+ 140+180
+60
+235
+220
+205+340
+240
+220
-410
+ 100
+ 130
+120
+235
-280
-250+5
+170
+ 125
-430-260
+60
-170
+50

-20
-380
-450
-410
-430

-180
-390
+85
+165
+220

PH

12.412.7
12.6
12.5
11.3
11.010.810.4
10.7
11.4
11.1
10,8
10.8
10.8
10.6
10.710.4
10.1
10.3
11.110.6
10.1
9.7
9.5
11.8
11.110.8
10.8
10.1
11.6
11.210.9
10.6
10.7

5.57.6
6.97.8
7.6

11.9
11.3
10.8
10.7
10.8

Filter
None

4/4
330/120
41/39

4300/4000

30/58

820/80

2900/1600

530/510

19/17

0.45HJB
11
2/4
22/21
6/6

0.9/2.60.9/0.3
0.4/0.02
0.3/0.02
15/194.8/5.5
3.1/1.7
0.3/0.2
2.0/0.2
7.7/28
1.4/0.8
0.8/0.20.2/0.08
1.8/0.05
12/67
4.8/6.7
3.7/3.2
0.05/0.1
0.02/-
10/9
4.1/7.0
2.0/5.9
0.03/0.07
0.2/0.03
23/16
7.4/6.9
1.7/4.2
0.05/-
0.01/0.02

260/1508.3/9.6
16/12
3/3
8/6

6/12
4.4/5.0
3.3/0.7
0.01/0.03
0.02/-

25000 MWCO
1
1 2/3
4/4

2.5/3.2
3.5/4,0
0.7/0.9
0.05/0.1
0.01/0.02
9
4.7/6.4
5.9/5.3
0.2/0.1
0.02/0.01
10.0/4.8
0.4/1.5
1.4/0.6
0.04/0.02
0.4/0.2
6.1/14
3.4/5.8
1.2/0.9
0.08/0.04
0.2/0.01
3.3/5.3
6.2/2.01.7/2.7
-/0.030.01/0.01

3.7/15
4.3/2.6
0.8/0.2
O.l/-

140/210
7.9/7.4
16/13
2.5/2.5
1.7/2.0

3.7/4.93.6
2.9/1.5
0.01/0.03
0.01/0.003

Inventory,: 2000000 x 10'IJ molar
Solubility (/1Q- 1 JM [15]: Eh - + 300mV, Carbonate: 3 x 10-*M

pH 13 12 11 10 9 87
Solubility 1000 1000 1000 1000 1000 2x10* 10»
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TABLE XVI
Am Concentrations C m o l a r / l Q - l a )
(Limiting Concentration: O.OA7)

Components

OPC(1)/PFA(3)
[10,11]

OPC(1)/PFA(10)

Oxidising(Fe)

Oxidising
<F«.0,)

90°C

SON68

Ti/SS

Clay

Huraic acid

Timemonths)

1
3
6
12
1
36
12
13
1
3
6
12
13
1
3
6
12
13
1
3
612
13
1
36
12
13
1
3
6
1213
1
3
6
12
13
1
36
12
13

h(mV)

-120-120
-140
+ 10
-170-700
-390
+50
-570
+ 120
+ 185
+ 165
+250
+ 165
+215
+240
+330
+210
+210
+ 120
-1AO
-10
+ 180
+230
-350
-240
-220
+165
+80
-30
-70
-80
+105
+80
-280
-390-400
-150
-140
-450
-10
+105+35

PH

12.512.4
12.2
10.6
11.2
10.9
10.7
10.5
10.8
11.4
11.110.9
10.5
10.8
10.610.7
10.5
10.310.4
11.2
10.7
10.2
9.4
9.6
12.1
11.1
10.8
10.6
11.0
11.5
11.2
10.9
10.5
10.9
4.8
7.37.7
7.8
11.611.2
10.8
10.5
10.9

Filter
None

4/737/59
410/2410

13/9

27/29

3.5/4.6

104/68

210/60

66/37

0.45pm
196
1/12/2

4.0/4.9
1.5/0.8
0.1/0.3
0.2/0.1
0.4/0.4
96/503.1/5.2
0.4/0.3
0.3/0.4/0.6
0.2/1.3
3.8/3.30.5/0.1
0.3/0.3
0.9/0.1
0.2/0.1
6/18
3.8/4.30.6/0.6
0.2/0.1/0.3
0.4/0.2
3,7/3.5
6.8/3.30.5/0.1

0.6/0.1/2.2
0,2/0.5
2.8/3.1
12/2.5
0.4/0.4

0.2/0.2/0.7
0.7/0.4
45/190
185/700.9/1.9
-/-2.0/1.8

6.0/8.14.4/2.7
0.1/0.6

0.4/0.1/1.1
0.1/0.05

5000 MWCO
1
0.4
2/1
3/2
2.5/1.9
1.1/1.4
0.2/0.4
0.4/0.4
0.2/-
38/19
14/3.3
0.1/0.4

0.2/0.1/0.6
0.2/0.02
1.7/2.0
0.5/0.3
0.2/0.2
0.3/0.3
0.02/0.01
7/232.7/1.7
0.1/0.1

0.2/0.1/0.50.3/0.1
1.8/2.7
3.1/2.9
0.4/1.2

0.1/0.3/0.04
0.2/0.5
5.5/2.6
3.6/2.6
0.3/0.1

0.2/0.1/0.20.04/0.1
110/25
90/321.2/0.7
2.4/1.9
l.O/-
3.1/1.31.4/2.4
0.1/0.10.1/0.05/0.02
0.1/0.05

Inventory: 3,000,000 x 10"lt molar
Solubility C/IO'1* molar) From reference [15]

Eh - + 200mV Carbonate: 3 x 10"s molar

pH 13 12 11 10 9 8
Solubility 10 30 200 3000 3x10» 10*

7
4x10*
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All the other sets of capsules gave low Tc concentrations except for
those containing Boom clay. Despite the low values of Eh (ca -400 mV), Tc

—8concentration increased to 60x10 M after 6 months before decreasing to
-8about 6x10 M after a year. The reason for the higher values is not

clear. They may result from the presence of some unidentified complexing
agent in the clay although the addition of humic acid did not normally
result in such high values.

4.2.2 Neptunium

After filtering, the concentrations for all the capsules except those
containing clay were generally in the range 2-40x10 M i.e. about 1 to
20 times the Limiting Concentration. The concentrations increased somewhat
between 6 and 12 months, presumably because of the increased solubility of
Np with increasing Eh (10,18). Sorption is however still having a marked
effect as the measured concentrations are about three orders of magnitude
less than the solubility.

In the capsules containing clay, the concentrations were about
two orders of magnitude greater than those containing OPC/PFA,
probably due to the lower pH.

With the possible exception of the oxidizing atmosphere
capsules containing Fe powder, none of the concentrations were
significantly less after filtering through the 1.8nm filter than
after 0.45pm filtration, i.e. there is no sign of the Np being
present as colloids.

The Np inventory in each capsule would give a concentration of
—49x10 M if it were all in solution i.e. only about 1 part in one

million is in solution.

4.2.3 Plutonium

The concentrations in all the capsules (see Table XV) have decreased
steadily with time. In those containing OPC/PFA, Pu decreased from
~ 10x10 M at 1 month to 0.001-0.5xlÔ13 M after 12 to 13 months,
i.e. ~ 2 orders of magnitude less than the LC for Pu-239/20% Pu-240 (the
measurements were made on Pu-238). It might have been through that this
was partly due to the increase in oxygen potential - Allard [18] calculated
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that the solubility of plutonium is about one to two orders of magnitude
lower under oxidising than under reducing conditions. However, the
'oxidising conditions' capsules followed the same pattern so this cannot be
the explanation and it must be due to a settling phenomenon.

As with Np, the Pu concentrations in the capsule containing clay were
higher, probably because of the lower pH: the solubility increases
markedly below pH 8.5 - see the footnote to Table XV, The concentrations
in these capsules also decreased with time but were 1-2 orders of magnitude
greater throughout than in those containing OPC/PFA. Humic acid, at the
concentration used, did not affect the concentration.

The concentrations after filtering through the l.Snm filter are similar
to those obtained after the 0.45 pm filtration which suggests that the
plutonium is not present in colloidal form.

If the inventory of Pu in each capsule were all in solution, the
concentration would be ca 2x10 M i.e. only about one part in 20 million
of the Pu in the system is in solution.

4.2.4 Americium

In most of the capsules, (see Table XVI) the Am concentrations were
constant after the first three months, although those with an oxidizing
atmosphere containing Fe_0_ gave constant answers after the first month.

The concentrations in all the capsules containing OPC(1)/PFA(10) were
-12similar, most lying in the range from 0.05 to 0.6 x 10 M with a mean

-12value of about 0.25x10 M. This concentration is about one thousandth
of the solubility and about 5 times the Limiting Concentration. The
concentration in the capsule containing clay was about ten times that in
those containing OPC/PFA.

If the amount of americium in the glass had all been in solution, the
concentration would have been 3xlO~ M, about ten million times that
actually observed.

4.2.5 Leach rates from weight losses

The capsules opened after 3 months and after one year each contained a
disc of glass 12.5mm diameter and 1.5-2mm thick. This was dried at 100 C
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and weighed before the start of the experiment. It was then held in a wire
inesh frame in the water above the surface of the rest of the powdered
contents of the capsule. At the end of the experiment, the discs were
again dried at 100 C and reweighed. Apart from those from the capsules
containing clay, at this stage the discs were found to have changed very
little in weight - less than 0.2mg with some gaining and some losing. The
discs from the capsules containing clay had lost 12mg in 3 months and 16mg
in a year. The 'gel-layer' was then scraped from the surfaces of the discs
which were then reweighed. The layer weighed between 0.1 and 0.4mg, the
weight for the samples from the capsules containing clay being also within
this range.

The total weight losses are given in Table XVIIa. The losses from the
discs from the capsules containing OPC-PFA were almost all in the first 3
months - there was very little change between the 3 month and one year
losses.

-2 -1These figures were used to calculate the leach-rates in g.cm d
2by dividing by the surface area of the disc (ca..2cm ) and by the

duration of the experiment. The results are given in Table XVIIb.

The following conclusions may be drawn:

(a) For glass MW, in capsules containing OPC(1)/PFA(10), none of the
variables used in this experiment affects the leach-rate. In
particular, increasing the temperature by 30 C did not alter the
leach-rate. In a Soxhlet or MCC-1 test in pure water the leach
rate at 90 C would have been a factor of about seven times higher
than the value at 60 C.

(b) Within experimental error, the weight losses from SON68 were the
same as those from MW. In the Repository System Simulation Test
(RSST) the weight losses from MW were about 10 times those from
SON68 [19].

(c) The leach rates with the clay backfill were higher than those with
an OPC/PFA backfill by a factor of about 50 after 3 months and a
factor of about 100 after a year.

(d) The leach rates with the OPC(1)/PFA(10) backfill were about a
factor of two higher than with an OPC(1)/PFA(3) backfill.
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TABLE XVIla

Weight losses from glass discs
(60°C except where stated)

Components

OPC(1)/PFA(3)
[111. [12]

OPC(1)/PFA(10)
Oxidising
(Fe)
90°C
SON68
Ti/SS
Clay
Huraic acid

Glass

MW

MW
MW

MW

SON68
MW
MW
MW

Weight losses (g/lO"5)
3 months

(a)
23

33
15

16
40
14

1249
17

(b)

Gain

26
15

17
25
24

1244
27

(c)

Gain/26

32
25

20
23
40

1196
31

Mean
<10

30
18

18
29
26

1230
25

12 months
(a)
9

15
31

12
71
31

4214
33

(b)
10

20
23

31
16
29

1655
26

(c)
<10

19
14

30
25
9

2292
34

Mean
•v-10

18
23

24
37
23

2700
31

(a) Tc doped glass
(b) Pu doped glass
(c) Np/Ara doped glass

Means and standard deviations for capsules containing OPC(1)/PFA(10)

Glass
MW
SONoS

No of
Samples

15
3

3 Months
23±8
29±9

12 Months
24±8
37±29

(e) The leach rates in Table XVTIb were obtained from the weight losses
including the removal of the gel-layer. It is debatable whether it
is justified to do this as the layer will remain in place in a
repository.

5. CONCLUSIONS

(a) In the period from several hundred to over 10000 years, the
potential ingestion hazard from vitrified high-level waste is
dominated by Am, Pu, Np and Tc. The equilibrium concentrations of
isotopes of these elements have been measured in the presence of
possible components of the near-field of a geological repository.
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TABLE XVIIb

Weight loss leach rates from glass discs
(60'C except where stated)

Components

OPC(1)/PFA(3)
til). [123

OPC(1)/PFA(10)

Oxidising
(Fe)
908C
SOK68
Ti/SS
Clay
Huraic acid

Glass

MW

MW

MW

MW

SON68
MW
MW
MW

Weight losses (g/10-*)
3 months

(a)
0.8

1,2
0.5

0.6
1.4
0.5
A3
0.5

(b)
Gain

0.9
0.5

0.6
0.9
0.9
45
0.9

(c)
Gain/

0.9
1.1
0.9

0.7
0.8
1.4
42

1.1

Mean
<O.A

1.1
0.6

0.6
1.0
0.9
43
0.9

12 months
(a)
0.08

0.13
0.26

0.10
0.59
0.26
31

0.28

(b)
0.09

0.17
0.19

0.26
0.13
0.24

15
0.22

(c)
<0.1

0.17
0.13

0.25
0.21
0.08

19
0.29

Mean
<0.1

0.16
0.19

0.20
0.31
0.19
21

0.26
(a) Tc doped glass (b) Pu doped glass (c) Np/Am doped glass

Means and standard deviations for capsules containing OPC(1)/PFA(10)

Glass
MW
SON68

No of
Samples

15
3

3 Months
0.82±0.28
1.0±0.3

12 Months
0.2010.07
0.31+0.2

(b) In the presence of a backfill containing 1 part of Ordinary
Portland Cement (OPC) to 3 parts of Pulverised Fuel Ash (PFA) the
equilibrium concentrations of Te, Np, Pu and Am were respectively
0.1, 4, I and 45 times the Limiting Concentration which, if present
in drinking water, would lead to an annual dose of ImSv to someone
drinking 2 L per day.

(c) Other cementitious backfills tested gave similar results but
bentonite was shown to be poorer as a backfill for Tc and Np, the
equilibrium concentrations after 12 months being ~ 5 times and
~ 10 times greater respectively than those observed with an
OPC(1)/PFA(3) backfill.

223



(d) The equilibrium concentration for Tc was ca. 500 times greater
under oxidising conditions than under reducing conditions and was
then ca. 1000 times the Limiting Concentration.

(e) The steady state concentrations of Np, Pu and Am in the presence of
Boom clay were about 30, 8 and 5 times respectively those in the
presence of OPC.

(f) The weight-loss leach-rates were also reduced by the presence of
OPC despite the high resulting pH (12.5). In particular, with the
proposed backfill OPC(1)/PFA(3) the leach rate at 60°C after a

—8 —2 —1year was less than 7x10 g.cm .d compared to a value of
-5 -2 -12x10 g.cm .d found in a 70-day static leach test in pure

water. The leach rate in the presence of Boom clay was about 100
times higher than when OPC was present.

(g) The steady state concentrations and leach rates were similar for
the BNFL glass MW and the French glass SON 68.

ACKNOWLEDGEMENTS

This work was carried out with the financial support of the UK
Department of the Environment, British Nuclear Fuels pic and the Commission
of the European Community. In the Department of the Environment context,
the results will be used in the formulation of UK government policy but
views expressed in this report do not necessarily represent Government
Policy.

Reference to the use of a particular manufacturers product does not
necessarily imply a preference for that product.

REFERENCES

11] MARPLES, J.A.C., Glass Technology, 42 (1988) 1.

[2] LARKIN, M.J., Nuclear Energy 25 (1986) 343.
[3] ROBERTS, L.E.J., Atom (1979), (267) 2.

[4] HODGKINSON, O.P., LEVER, D.A., RAE, J., Prog. Nucl.Energy 11(1983)
183.

224



[5] MARSH, G.P., PINARD-LEGRY, G., SMAILOS, E. , CASTEELS, F., VU QUANG,
K., CRIPPS, J., and HAIJTINK, B., in Radioactive Waste Management
and Disposai 1985, SIMON, R., Editor. Cambridge university Press
(1986) 314.

[6] LAKE, L.M. DAVIES, I.L., GERA, F., JORDA, M., McEWEN, T., NEERDAEL,
B., and SCHMIDT, M.W., in Radioactive Waste Management and Disposai
1985. SIMON, R., Editor, Cambridge University Press (1986) 562.

[7] REES, J.H. and SHIPP, C., Nuclear Energy 22 (1983) 423.

[8] McKAY, H.A.C., (Ed) EUR 5801e (1977).

[9] MARSH, G.P., AERE-R 10439 (1982).

[10] EWART, F.T., HOWSE, R.M. , THOMSON, H,P., WILLIAMS, S.J., and CROSS,
J.E. in 'Scientific Basis for Nuclear Waste Management IX', WERME,
L.O., Editor Materials Research Society (1986) 701.

[11] MARPLES, J.A.C., HALL, A.R., BOULT, K.A., in 'Testing and Evaluation
of Solidified High Level Waste Forms' HALL, A.R. Editor, EUR 10852
(1987).

[12] GROHNSDORFF, G.T. Ed. Blended Cements, ASTM 1986.
[13] LEA, P.M. 'The Chemistry of Cement and Concrete'. Edward Arnold

(1983) pp 16, 522 and 455.
[14] FITZPATRICK J, and HUNT, A., Department of the Engironment, UK,

Report ILWRP/87/pl3.

[15] BARBREAU, A., BRERETON, N.R., and PEAUDECERF, P., in 'Radioactive
Waste Management and Disposal 1985' R. Simon, Cambridge University
Press (1986) 523.

[16] MEYER, R.E., et al USDOE Report NUREG/CR-4309 (1986).

[17] EWART, F.T., TASKER, P.W., in Waste Management '87 Vol. II. RG Post
and M. Wacks Editors (1987).

[18] ALLARD, B., KBS Report 83-35 (1983).

[19] BOULT, K. A., HOUGH, A., MARPLES, J.A.C., ROBERTSON, G. P., Harwell
Laboratory, VIC, Report AERE R B369 (1988).

225



II. SYNROC WASTE FORM

PERFORMANCE OF SYNROC UNDER CONDITIONS
RELEVANT TO REPOSITORY DISPOSAL

D.M. LEVINS
Lucas Heights Research Laboratories,
Lucas Heights

B.W. SEATONBERRY, K.P. HART,
L. VANCE, V. GUTHRIE
University of Tasmania,
Sandy Bay, Tasmania

Australia

Abstract

A new method of making the SYNROC precursor has been developed which
involves direct hydrolysis of ethanolic mixed titanium, zirconium and
aluminium alkoxides into an aqueous slurry of barium and calcium
hydroxides. Summary of major findings of about 4000 leach tests carried
out with SYNROC and the effect of process variables and leaching parameters
on the chemical durability of SYNROC are presented in the paper. Most of
the results summarized were obtained for the early developed precursor.
Recent changes in the precursor and processing conditions have necessitated
limited further testing to determine the effect, if any, of these changes
on chemical durability. Leach testing of SYNROC doped with fission
products has continued with the aim of measuring long-term rates that
cannot be reliably measured using non-radioactive specimens. Release of

Cs dominated the fission products source term. The study on
transuranic elements has concentrated on neptunium, the most leachable
actiniae element in SYNROC, short-term release is dominated by the initial
spike from Cs and other readily soluble species at grain boundaries and in
non-equilibrium phases. Long-term release is probably controlled by matrix
solubility. A phenomenological model is developed which accounts for both
short-and long-term release.

Research has also been carried out on the interactions between SYNROC
leachates and granites. The controlling mechanisms for fixation of
radionuclides on granites appear to be adsorption and ionic exchange.
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1 INTRODUCTION

Synroc is being developed in Australia as a second-generation, high-
level waste form with superior chemical durability to conventional glass
waste forms. R&D on Synroc has now been in progress at ANSTO for a
decade. The current program (termed phase II) involves operation of a 10
kg h'1 Demonstration Plant as well as facilities for small-scale preparation
of samples containing transuranic elements and mixed fission products.
The production facilities are supported by more fundamental studies of
Synroc fabrication, properties and performance (including chemical
durability). The phase II program, which ends in June 1991, will culminate
with the preparation of a major state-of-the art report on Synroc
technology, including conceptual design and costing of a full-scale
radioactive facility.

1.1 Demonstration Plant

A total of 27 short-term campaigns have been carried out in the
Synroc Demonstration Plant. All operations involved in the production-
scale fabrication of Synroc have been successfully tested. Much
engineering data has been collected which will be applied to the design of
the conceptual radioactive facility. In particular, it is now apparent that
economic and operational advantages accrue from introducing the
precursor/waste slurry in a semi-dry form rather than as a dilute slurry.
The advantages include smaller equipment, lower evaporative
requirements and a corresponding smaller load on the off-gas plant. Also
there are advantages in carrying out drying and calcination operations as
separate stages. To evaluate this option further, a smaller, dry-feed rotary
calciner is being installed to operate in parallel with the existing slurry-fed
dryer/calciner.

A new method of making the Synroc precursor has also been
developed. Previously, the Sandia route (Dosch and Lynch 1980) was
adopted which involves hydrolysis of alkaline methanolic solutions of
titanium and zirconium alkoxides in an acetone/water mixture to form a
"sodium titanate-sodium zirconate" powder. The new route, which
involves direct hydrolysis of ethanolic mixed titanium, zirconium and
aluminium alkoxides into an aqueous slurry of barium and calcium
hydroxides, is cheaper, simplifies processing and eliminates problems
associated with acetone-bearing wastes. The new precursor is now
produced as required for ANSTO's needs in a small plant at Lucas Heights.

Calcined precursor-was te powder produced by the new route has a
much higher tap density than Sandia-based powder (1,350 kg nr3 cf 700 kg
rrr3) thereby resulting in increased packing density in the bellows and
accordingly a larger output per pressing. The only penalty is that the
powder is not as sinterable so that a slightly higher hot pressing
temperature is required.

1.2 Active Fabrication

ANSTO's glove-box and hot cell facilities for fabrication of Synroc
containing actinides and fission products have been described in detail in
previous reports (Reeve et al 1987, Levins et al 1987).
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In the phase I program, the Synroc precursor/waste slurry was
dried by a flash-drying process without mixing. This method gave
variable results because of partial calcination of some of the powder and
segregation of soluble and insoluble species. Microstructural studies and
a-track imaging of actinide-doped specimens of Synroc prepared in this
way showed some inhomogeneities (Reeve et al 1987). A new method of
dry ing/calcination was developed that uses a pneumatically-driven paddle
enclosed within the original vessel. New equipment to carry out these
operations was installed in both the glove-box and hot-cell lines in
February - April 1988.

In the phase II program, it was decided to introduce a number of
changes to ensure better control of redox conditions during Synroc
manufacture. This involved the use of a finer grade of titanium (<400
mesh powder) to provide better redox control during hot pressing and
modifications to the calciner to allow introduction of pure hydrogen as
well as 3.5% H£ in N2- These changes were completed about six months
ago and a number of batches of Synroc have been fabricated using the new
precursor and the modified glove-box line.

Chemical Durability

About 4000 leach tests have been carried out at ANSTO and the
effect of process variables and leaching parameters on the chemical
durability of Synroc has been reported in detail (Ringwood et al 1988). A
summary of the major findings of earlier work (Levins et al 1985, 1987) is
as follows:

• The chemical durability of Synroc is relatively insensitive to
changes in temperature. The overall leach rate of Synroc increases
by a factor of 25 over the temperature range 45-250°C whereas the
rate for waste glasses typically increases by a factor of 250. The
activation energy for elemental leach rates from Synroc varies from
15 to 35 kJ-moH compared with values of 40 to 80 kj-mol'1 for
borosilicate waste glasses.

• The initial leaching of Synroc is incongruent (i.e. different
elements leach at different leach rates). Leachability decreases in
the following order :

Mo > Cs -1 « Tc » Ba > Sr - Ca > Ru > Np > Zr * RE > Am « Cm « Pu.
The most leachable element, molybdenum, is not of radiological
concern since it has no long-lived, fission product isotope. Note
also that iodine is not a normal component of high-level waste.

• Leach rates are usually slightly higher in deionised water than in
groundwaters but are relatively insensitive to the composition of
the groundwater or its pH.

• Fabrication conditions can affect the chemical durability of Synroc.
The more important parameters are hot-pressing time and
temperature, precursor type, homogeneity of mixing, and redox
control during calcination and hot pressing. Good-quality Synroc is
a dense black ceramic without measurable open porosity.

• There is an initial, near instantaneous, release of a very small
percentage of some waste elements (e.g. Cs, Tc, Mo) from Synroc.
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The rate of release of these elements then decreases rapidly with
time and is kinetically controlled for times up to several hundred
days. In contrast, the release of the less soluble elements (Ti, Zr, Al,
rare earths and actinides) appears to be solubility-limited even for
short times.
Most of the results summarised above were obtained using Sandia-

route precursor. Recent changes in the precursor and processing
conditions have necessitated limited further testing to determine the
effect, if any, of these changes on chemical durability.

Leach testing of Synroc doped with fission products has continued
with the aim of measuring long-term rates that cannot be reliably
measured using non-radioactive specimens. The research program on
transuranic elements has concentrated on neptunium, the most leachable
actinide element in Synroc (Levins et al 1987). Research has also been
carried out on the interactions between Synroc leachates and granites.

2. LEACH TESTING OF NON-RADIOACTIVE SYNROC

A number of different methods for preparation of the Synroc
precursor have been evaluated. In the early stages of the Australian
program, the precursor was prepared by the 'oxide route' which entailed
mecahnical mixing of anatase, oxides of Zr and Al, and hydroxides or
carbonates of calcium and barium. Precursor prepared in this way is
inexpensive but, because of its relatively low surface area, it is unreactive
and must be hot pressed at 1250°C. The 'Sandia' route produces a high
surface area powder (200 m2 g'1 before calcination) which hot presses at a
relatively low temperature (1150-1200°C). However, the low bulk density
of the powder (700 kg m~3) is a disadvantage in large-scale production since
it limits the weight in each bellows. The reference alkoxide precursor now
used at ANSTO combines a high surface area with a high bulk density but
the minimum hot pressing temperature for full densification is higher
than that for precursor prepared by the alkoxide route. Only limited work
on the sol gel route has been carried but it is promising since the precursor
is a free-flowing spherical powder with a high tap density (1700 kg m~3).
Table 1 compares the leach rates prepared from these precursors. All
precursors are capable of producing good quality Synroc but oxide-route
Synroc requires higher temperatures and pressures, even then it has a
somewhat higher leach rate for cesium.

The effect of waste loading on the leaching of Synroc prepared by
the Sandia route was reported previously (Levins et al 1985). Recently a
study has been undertaken using Synroc prepared by the reference
alkoxide precursor. The results are summarised in Table 2. Clearly, there is
a sharp dividing line between leach-resistant and leachable Synroc which
occurs at a loading between 35 and 40 % HLW (PW-4b) calcine.

For laboratory studies, Synroc is produced (for convenience) by hot
pressing in graphite dies whereas, on an engineering scale, it is hot pressed
in 300-400 mm bellows (Levins et al 1986). Cores have been trepanned
from various regions of 300 mm diameter bellows and their densities and
leach rates measured. The densities were over 98% of the theoretical value
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TABLE 1
COMPARISON OF LEACH RATES OF SYNROC

DERIVED FROM DIFFERENT PRECURSORS
(MCC-1 test at 90°C for seven days).

Precursor type

Calcination conditions
Temperature (°C)
Time (h)

Hot pressing conditions
Pressure (MPa)
Temperature (°C)
Time (h)

Leach Rates (g nv2 day1)
Al
Ba
Ca
Cs
Mo
Sr
Ti
Zr

Oxide

1100
16

37
1250

3

<0.02
0.013
0.031
0.25
0.53
0.009

<0.0001
<0.002

Sandia

750
2

21
1200

2

<0.02
0.093
0.023
0.082
0.31
0.026

<0.0001
<0.002

Reference
Alkoxide

750
2

21
1200

2

<0.03
0.057
0.022
0.054
0.10
0.029

<0.0001
<0.002

Sol-gel

750
2

21
1200

2

<0.02
0.018
0.013
0.055
0.2
0.017

<0.0001
<0.002

TABLE 2
EFFECT OF WASTE LOADING ON LEACH RATE OF SYNROC

(MCC-1 leach test at 90°C)

Waste Loading
Wt% Calcine

20
30
35
40

Al
<0.05
<0.05
<0.07

5

Normalised Leach Rate (g nr2

Ba Ca Cs
0.1 0.04 0.2
0.2 0.06 0.1
1.0 0.2 0.1
0.1 0.7 300

day1)
Mo
0.9
1
2
10

Sr
0.2
0.2
1
2

for fully consolidated material. Table 3 compares the leach rates of Synroc
produced in the demonstration hot press with that produced in the
laboratory. The leach rate of Synroc produced in the laboratory using a
graphite die is only marginally lower than that for the large scale pressing.

Until recently, inductively coupled plasma/optical emission spectrometry
(ICP/OES) has been used for routine analysis of Synroc leachates. The
availability of ICP/mass spectrometry (ICP/MS) as a technique for

231



TABLE 3
MASS AND ELEMENTAL LEACH RATES (g nv2 day1) OF

ENGINEERING AND LABORATORY SCALE SYNROC
(MCC-1 static test in deionized water at 90°C for seven days)

Mass
Waste elements

Cs
Sr

Matrix elements
Ti
Zr
Ba
Ca
Al

Engineering scale
300 mm diameter

0.041

0.11
0.043

<0.0002
<0.003

0.104
0.035

<0.02

Laboratory scale
40 mm diameter

0.016

0.08
0.026

<0.0002
<0.003

0.090
0.023

<0.02

elemental analysis at extremely low levels has increased the number of
elements that can be detected to include Ti, Al, Zr, Ru, REE and U and,
moreover, has extended the time frame over which the leaching of Synroc
can be monitored using non-radioactive specimens. Only limited data on
leachate concentrations have been obtained to date but it appears that data
on matrix elements, especially Ti and Zr, will be useful in estimating the
long-term 'erosion' rate of the Synroc matrix.

3. LEACHING OF ACTIVE SYNROC

The leaching behaviour of Synroc containing the transuranic
elements — neptunium, plutonium, americium and curium — was
reported in detail at the previous meeting (Levins et al 1987). A number
of problems were apparent in that study viz.,

1. Microstructural studies and a-track imaging showed that the
distributions of matrix and transuranic elements were not entirely
uniform.

2. There was some evidence to suggest that redox conditions were not
properly controlled during calcination and hot-pressing.

3. There was significant shedding of very fine particles from the
unpolished Synroc surface which complicated interpretation of
results.

These problems was addressed as follows. Firstly, the precursor was
changed and the precursor/waste slurry was mixed during drying.
Secondly, provision was made for introduction of hydrogen during
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calcination and a finer grade of Ti metal was used during hot pressing (see
Section 1). Thirdly, all leach specimens were polished prior to leaching to
minimise particle shedding effects.

The research into leaching of transuranic elements has
concentrated on neptunium since this was the most leachable actinide in
the phase I study. Seven batches of Synroc containing Np have been
prepared, three by calcination in a 3.5% H2/N2 atmosphere and four by
calcination in pure hydrogen. Alpha-track imaging showed that the
distribution of Np was very uniform with no 'star-bursts' such as those
obtained in the phase I study ( cf Reeve et al 1987, p 31).

Previously, actinide activities have been measured by electroplating
and a-counting of 'weightless' samples. A more rapid procedure based on
precipitation onto cerium hydroxide has been developed in the last year.
From each leachate, three samples are prepared for counting:— unfiltered
leachate, leachate filtered through a 0.45 urn filter and leachate filtered
through a 1000 MW filter paper. Each of these samples is evaporated to
dryness and the actinides taken up in 6 mL of 0.05M alkaline EDTA.
Samples are placed in boiling water for 2 minutes before adding 0.2 mL of
0.5 mg mL'1 cerous nitrate and mixing, followed by 2 drops of 25% w/v
hydrazine dihydrochloride and 2 mL of 10M NaOH. The samples are
then mixed and digested in boiling water for 10 minutes to allow the
hydroxide to form. They are then cooled for 30 minutes and filtered
through a 0.2 (im filter paper. The filter papers are collected, dried and
then mounted on stainless steel planchettes. The planchettes are placed in
an a-spectrometer and counted for a suitable period of time. The
resolution of a-peaks obtained in this way is only slightly inferior to that
obtained by electroplating techniques.

In addition to these samples, the amount and distribution of a-
activity on the filter papers is measured using the a-track technique.
Activity on the vessel walls is removed by adding 20 mL of concentrated
nitric acid to the leaching vessel and shaking for two hours; this procedure
is carried out three times. The solutions from each wash are combined and
the activity is measured in the same manner as for the leachates.

Figure 1 shows the average distribution of neptunium between the
solution after filtration, on the two filters and that adsorbed on the wall of
the leaching vessel. Less than 5% of the neptunium was removed by the
0.45 urn filter and a further 12% by the colloid filter. The bulk of the
neptunium (-70%) was in true solution. This contrasts with previous
work on Synroc doped with plutonium and curium (Levins et al 1987)
where most of the activity deposited on the wall of the leaching vessels.

Figure 2 compares the leach rates (based on unfiltered leachates) of
Np from Synroc made in pure Ü2 and 3.5% H2/N2- Results for
unpolished specimens from the phase I program (Np-1 & Np-2) are also
shown for comparison. The leach rates are generally lower than in the
phase I study. Moreover, the leach rates have continued to decrease with
time for the first 28 days.

Surprisingly, the leach rates of Np and inactive elements from
specimens calcined in pure hydrogen were higher than those prepared in
3.5% H2/N2- This effect is still under investigation but may reflect on the
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Vessel walls
14.32%

Solution

68.58%

Colloid Filter

12.81%

0.45 jam Filter
4.30%

Figure 1: Distribution of neptunium in true solution, on walls of leaching
vessel and on filter membranes after filtration of leachates. (Leaching
conditions: MCC-1 test in deionised water for seven days at 70°C.)

ageing of the precursor rather than the effects of the hydrogen
atmosphere1.

Long-term leaching of two batches of Synroc doped with fission
products is in progress; batch HA4 has been leached for about 500 days and
batch HA2 for over 1000 days. Leach tests were carried out according to
MCC-1 procedures at 70°C. The leachates were replaced at regular intervals
(7 to 56 days depending on leaching time) and the test continued.

Figure 3 shows the leach rates of four radionuclides from batch
HA4. Leach rates of all elements appear to have reached a plateau after a
few hundred days.

Figure 4 shows that polishing reduces initial leach rates by a factor
of five but long-term leach rates are only reduced by a factor of about two.

Figure 5 compares Synroc leach rates in deionised water, brine,
silicate and bicarbonate waters. Initially, there is little variation in leach
rates for different leachants. For long times, there is significant scatter in
the data but it appears that leach rates are highest in bicarbonate solution
and lowest in brine.

lrThe batches calcined in 3.5%H2/N2 were prepared several months before those in pure
hydrogen. All batches were prepared from the same precursor which was stored as a slurry.
There is evidence to suggest that some gelling of the alumina in the precursor has occurred
and this could be responsible for the higher leachability of recent batches prepared in pure
hydrogen.
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Figure 6 compares long-term leach rates of Cs isotopes from two
batches of Synroc. The data suggests that the leach rate is relatively
constant at about 2 x 10'4 g nr2 day1 after about 500 days.

4 MATHEMATICAL MODELLING OF SYNROC LEACHING

Fundamental studies of Synroc leaching are still in progress but
sufficient information has been obtained to indicate that the mechanism is
complex and involves a number of processes that occur simultaneously:

• For short times, the release is dominated by the initial 'spike' from
radionuclides at grain boundaries or in non-equilibrium phases. This
release is analogous to the 'instant' dissolution of Cs and I when spent
fuel is exposed to water, although the fractional release is much
higher from spent fuel (Reeve et al 1988).

• For intermediate times, leach rates of the more soluble elements
decrease rapidly because the titanate matrix provides a barrier against
further attack. A number of distinct mechanisms for Synroc leaching
have been considered — matrix hydrolysis, gel formation, selective
matrix dissolution, and ionic diffusion in pores and along grain
boundaries. In this period, leach rates from Synroc at 70°C are
typically two to three orders of magnitude below those from
borosilicate glass (Levins et al 1987).

• In the long term, congruent matrix attack and precipitation/
re crystallisation processes are likely to dominate.
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Release rates can be satisfactorily modelled phenomenologically by
an equation of the form (Levins and Jostsons 1988):

Qi = ÎRidt =A{ + qi + -T- (D

where
Qi = normalised release of element i per unit surface area (g-nr2)
RÏ = instantaneous normalised leach rate of element i (g nr2 -day1)
AI = instantaneous release of element i from non-equilibrated phases

(g-m-2)
cji = complex kinetic function that accounts for ionic diffusion,

selective matrix attack etc. (g-nr2)
S = solubility of matrix (g-nr3)
F = groundwater flow rate passed waste form (m3 -a'1)
A = surface area (m2)
t = time (a).

If it is assumed that the quantities released in the first week are
measures of A{, then typical values for the more leachable elements from
well-formed, as-cut Synroc at 90°C are (in units of g-nr2):
Mo = 3, Tc = 0.5, Cs = 0.3, Ba = 0.2, Sr = 0.15, Ca = 0.15 and Np = 0.02.
The kinetic term qf approaches a limiting value with time which is
typically 3-5 times A{.

Equation (1) indicates that the long-term release from Synroc will
be controlled by the groundwater flow rate and the matrix solubility S. It is
not possible to measure S directly from the mass loss since it is too small.
One approach is to extrapolate radionuclide leach rate data to long times
when the final term in equation (1) will dominate. Figure 7 shows the
effect of time on the leach rate of selected elements from Synroc. The data
was obtained from seven-day leach tests in demineralised water under
MCC-1 conditions at 70 or 90°C (Levins et al 1987). To approximate
groundwater flow, the leachate was replaced after each seven-day period
and the leach test repeated. Except for 239Pu, 241Am and 244Cm, the leach
rates of elements appear to converge, after long times, to a value < 10~4

g-nv2 -day1. Data for other elements (e.g. "Tc, 90Sr, 144Ce), not shown in
Fig. 7, show a similar trend.

A long term, seven-day leach rate of < 10'4 g-nv2 -day1 is equivalent
to a matrix solubility of < 0.007 g-m"3 under MCC-1 conditions (surface
area/ leachant volume = 10 m'1) at.90°C. This value is comparable with the
concentration of the dominant matrix element, titanium, in water a s
measured in MCC-1 leach tests (< 0.005 g Ti -nr3).

The release rates of 239Pu, 241Am and 244Cm based on analysis of
leachates are less than the estimated solubility limit of the overall Synroc
matrix (see Fig. 7). Further investigation of this phenomenon has
established that precipitation of the transuranic elements occurs onto the
walls of the leaching vessel (Levins et al 1987). When account is taken of
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Figure 7: Leach rate of elements from consecutive seven day leach tests on
as-cut Synroc specimens in demineralised water. Data for fission product
radionuclides are total leach rates at 90 *C based on y-analysis of leachates
in their own leaching vessel whereas data for transuranic elements were
obtained at 70 *C by analysis of unfiltered leachates using a-spectrometry.

the contribution of adsorbed /precipitated species, the total leach rate of
these elements is comparable with the overall matrix leach rate.

5. ADSORPTION OF LEACHED RADIONUCLIDES ONTO GRANITE

The discussion thus far has dealt with leaching of Synroc alone. In
the actual repository, radionuclides released from Synroc may be adsorbed
onto the components of the waste package, the backfill material and the
host rock. Granite is a leading contender as a candidate host rock.
Accordingly a study has been made of the interactions between Synroc
leachates and three Australian granites.

• Olympic Dam granite (South Australia) - forms part of the
basement to the Olympic Dam Au-Cu-U-Ag deposit although the
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core studied here does not underlie the deposit. It is an alkali-
granite which has undergone intense hydrothermal alteration and
brecciation which has produced a hematitie-sericite rich
assemblage and abundant veins and microfractures. The leach test
sample is from 1000m depth.
Coles Bay granite (Tasmania) - is a porphyritic alkali-feldspar
granite which has suffered later intrusion by a fine-grained
microgranite of equivalent composition, and late-stage
hydrothermal alteration throughout. The sample studied is a
microgranite from 669 m depth which has suffered hydrothermal
alteration and is highly fractured.
Kambalda granodiorite (Western Australia) - is a fine-grained
sodic intrusive, homogeneous through 1300 m of core. It has
undergone retrogressive metamorphism which has produced a
low temperature metamorphic assemblage. The sample studied
here is from 776 m depth and is representative of the whole core.
This core is the least altered material studied.

Initial experiments were carried out by leaching specimens of
Synroc containing mixed fission products in close proximity to granite
specimens of the same size (10 mm diameter x 2 mm thick). The presence
of the granites had little effect on the total activity released into solution.
However, in the presence of the granites, the leached activity was partially
adsorbed onto the granites. For example, in one series of experiments, in
which granites and Synroc were leached together for 28 days at 70°C in
deionised water, the granites adsorbed from 58-76% of the 137Cs and 16-
80% of the 95Zr. However the accuracy of these measurements, especially
for 95Zr, was limited by the low activity in solution.

In order to improve the accuracy of measurements, leachates were
spiked with either 134Cs or 90Sr. These solutions were then contacted with
granite under the same conditions used in leaching experiments. Table 4
shows that Olympic Dam adsorbed the highest percentage of both 134Cs
and 90Sr. The uptake of 134Cs was higher than 90Sr in all cases. Most of the
adsorbed activity was retained after leaching the granite in deionised water
for three days at 70°C.

TABLE 4
PERCENTAGE ADSORPTION OF ̂ Cs AND 90Sr FROM SYNROC

LEACHATES ONTO GRANITE AT 70°C
(Conditions: 3 days adsorption followed by desorption

in deionised water for 3 days)

Percentage
Distribution

Adsorbed
Desorbed
Retained

Olympic Dam Coles Bay Kambalda
Cs-134 Sr-90

61.2% 11.0%
8.7% 0.2%

52.5% 10.8%

Cs-134 Sr-90
11.1% 3.2%
4.5% 0.1%
6.6% 3.1%

Cs-134 Sr-90
3.8% 1.5%
0.8% 0.1%
3.0% 1.4%
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ß-autoradiography was used to determine the distribution of
activity adsorbed on the granites. The distribution was found to be very
non-uniform and dependent on the mineralogy of the different granites.
However, no differences in distribution patterns between 134Cs and 90Sr
could be discerned. The results for the different granites can be
summarised as follows:

Olympic Dam granite. This exhibited the highest adsorption because of
its extensive hydrothermal alteration. The dominant minerals present
were quartz, rutile, hematite, sericite, chlorite, clays and amorphous
iron oxides. Uptake of 134Cs and 90Sr decreased in the following order:

Hematite > Sericite > Chlorite/clays/Fe oxides > Rutile > Quartz.
Coles Bay granite. The major minerals in this granite were K-feldspar,
phengite, biotite and quartz. Fractures were filled with phengite, clay,
siderite and iron oxyhydroxides. Uptake increased in the following
order:

Fractures > Phengite> Biotite > K-feldspar > Quartz
Kambalda granodiorite. This is the least altered material and
radionuclide uptake was relatively low (see Table 4). The major
minerals present were quartz, feldspar, biotite, sphene, epidote and
leucoxene. Uptake decreased in the following order:

Leucoxene » Biotite > Feldspar > Quartz

Actinide-doped Synroc specimens have also been leached in the
presence of granites. The activity in unfiltered and filtered leachates and
that on the walls of the leaching vessel were measured by a-spectrometry.
The distribution of activity deposited on the granite was measured using
the a-track etch technique.

Uptake of plutonium onto granites has been studied in most detail.
The uptake differs considerably between the three granites but correlates
with the occurrence of different minerals on the granite surfaces. For
example, the Olympic Dam granite exhibits a high uptake of Pu by
minerals which are extensively altered to hematite, indicating that the Fe-
oxides adsorbed actinides as well as fission products. 'Stringers' of activity
in the Coles Bay granite correspond to secondary minerals infilling
microfractures, the most significant adsorption occurring on phengite,
clays and Fe/Ti oxyhydroxides. In the Kambalda granodiorite, clusters of
tracks indicate uptake of Pu corresponding to secondary minerals,
particularly Ti-oxides.

The controlling mechanisms for fixation of radionuclides on
granites appear to be adsorption and ionic exchange. The high sorptive
capacity of these alteration minerals appear to contribute significantly to
the retardation of introduced actinides, which implies that
hydrothermally altered granite, with a significant proportion of secondary
minerals present, has good retention capabilities when radionuclide-
enriched solutions are passing through the rock.

Further Directions
In the future, the studies of performance of Synroc will shift away

from leach testing per se to research into the interactions between Synroc
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leachates and repository rocks. Research will also be carried out on
speciation in Synroc/repository rock systems, adsorption of leached species
onto candidate repository rocks and transport of contaminants via
groundwaters.
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Abstract

Three kinds of oxide-route SYNROC samples, which were prepared with
three different methods of hot uniaxial pressing, hot isostatic pressing,
and air sintering, examined with emphasis on microstructures and short-term
leaching mechanisms. Effects of precursor materials and fabrication
process on MCC-1 short-term leach test were investigated. In the test at
90 C for 7 days, the normalized leach rates of Na, Cs and Ca from the
hydryde-route SYNROC were similar to those from the SYNROC prepared by the
hydroxide-route process. This implies that the amount of the glass phase
was very small in both SYNROCS. An accelerated alpha radiation stability
test has been initiated out using Cm-244. Normalized leach rates of
244Cm from Cm-doped SYNROC did not vary significantly with time and

-3 -2 -1averaged 1,1.10 g.m .d . The well-type Nal (Tl) scintillation
spectrometer was found to be convenient for quantitative analysis of
244Cm leached from Cm-doped SYNROC.

1. INTRODUCTION

Ceramic nuclear waste forms are alternatives to glass nuclear waste
forms since they have sufficient thermodynamic and chemical durability.
Among these waste forms, SYNROC is a most probable candidate, which
consists of three main minerals, namely hollandite (BaAl Ti Q ),2. 6 16
perovskite (CaTiO ) and zirconolite (CaZrTi O ) together with minor
and intergranular phases.

The purpose of SYNROC studies at Japan Atomic Energy Research Institute
(JAERI) is to develop a new technology and to assess the applicability. In
the past several years, the following studies have been carried out:

(1) Three kinds of oxide-route SYNROC samples, which were prepared with
the three different methods of hot uniaxial pressing (HUP), hot
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isostatic pressing (HIP) and air sintering (AS), examined with
emphasis on microstructures and short-term leaching mechanisms.
(Presented at the IAEA Research Coordination Meeting, Sydney 1987).

(2) Effects of precursor materials and fabrication process on MCC-1
short-term leach test were investigated (Presented at the Sydney
meeting as above).

(3) An accelerated alpha radiation stability test is going on under the
co-operative program on Research and Development of the Technology
of High-Level Waste Management between JAERI and ANSTO (Australian
Nuclear Science and Technology Organization). (Presented at the
IAEA RCM, Winnipeg 1989).

In the present document, the results of these SYNROC studies are
described.

2. OXIDE-ROUTE SYNROC AND SHORT-TERM SOXHLET LEACH TEST:
MICROSTRUCTURES AND LEACHING MECHANISMS OF SYNROC [1-3]

SYNROC samples were prepared which contained 10 wt% of a nonradioactive
simulated high level waste and 90 wt% of additives (Table 1). These samples
were tailored to consist of 35% of hollandite, 33wt% of perovskite and
32wt% of zirconolite. The additives were composed of titania, zirconia,
ulumina, and Ba- and Ca-nitrates.

TABLE 1. COMPOSITION OF SPECIMENS (wt%) OF SYNROC-C

Component

Additive
TIO,
CiO
ZrO.
DaO
AI.O,
Ti (Metal)

55.41
13.48
9.08
6.20
4.03
2.00

Component

Waste
RuO,
PdO
SrO
MoO,
MnO,
TeO,
Ci.O
Pr.O,,

0.58
0.33
0.18
0.92
0.14
0.12
0.32
1.31

Component

Waste
Nd.O,
N«,O
Fe,0,
Cr.O,
NIO
ZrO,
BaO

1.21
1.69
1.42
0.21
0.18
0.87
0.33
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The fabrication procedures were as follows:

(1) The waste and the additives were mixed by ballmill in ethyl alcohol
for 21 h.

(2) The mixture was calcined in an atmosphere of H at 700 C for
4 h and then further calcined at 1000°C for 16 h.

(3) Titanium metal powder was added to the calcined powder and then
ballmilled for 17 h.

(4) The final mixture was divided into three parts for three
synthesizing methods: HUP, HIP and AS.

(5) The conditions of these methods are as follows: at 1200 C and
f\ _

600 kg.cnT for 3 h in an atmosphere of N for HUP, at 1200 C
_2and 800 kg.cm for 1 h in atmosphere of Ar for HIP, and at

1300°C for 26 h in air for AS.

The crystalline phases of the three kinds of SYNROC were identified by
X-ray diffractometry. The textures of the synthesized phases and distri-
bution of waste elements were examined using scanning and transmission
electron microscopies together with energy dispersive X-ray analysis
(SEM-EDX and ATEM, respectively). Leach testing was carried out using
Soxhlet type apparatuses at 100 C for 10 days. The faces of 5 mm
samples were polished with corundum No. 600. A borosilicate glass sample
was also subjected to the same leach test for comparison of leaching
behaviour with those of SYNROC samples. Leachates were quantitatively
analyzed by atomic absorption spectroscopy (AAS) and inductively coupled
plasma spectroscopy (ICP).

2.1 RESULTS

2.1.1 Phases

X-ray diffractometry (Fig. 1) revealed that the three kinds of
SYNROC consisted of hollandite, perovskite, zirconolite, and
magnetoplumbite. The AS sample also contained rutile and a Zr-rich phase
which may be the residue of zirconia in the calcined mixture.
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FIGURE I. X-ray diagrams for the HUP(A). 1I1P(D). and
AS(C) specimens, and the calcined mixture before synthesis(D). I!
= hollandile, P = pcrovskltc, 2, =» zlrconolite, M = magnetop-
lumblte, R = rulile, ZR =* zirconla, and AA =» alpha-alumina.

2.1.2 Textures

The HUP and HIP samples had a dense texture (Figs. 2 and 3,
respectively) in which the grains of the three main phases were usually
smaller than lym in diameter. Some grains of magnetop lumbite grew up to
10pm long. Small globular alloys (less than 0.1 ym in diameter) were
observed at grain boundaries . Glass phases were formed at the grain
boundary, though dark-field transmission electron micrographs of glass
halos could not indicate clearly the location of the phases.

The AS sample showed a different texture (Fig. 4) from those of the HUP
and HIP samples. Crystals in the former sample had larger grain sizes
(from 1 to 20 jim) than those in the latter samples. The AS sample
contained glasses about 1 ym in diameter between grains of the major
phases, but alloys were rarely observed.
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FIGURE 2. Transmission electron micrograph of the HUP specimen, illustrating its dense nature. H = hollandite,
P = perovskite and Z = zirconolite. Arrows with "B" show examples of metal phases at grain boundaries, and arrows with
"P show examples of metal phases included in the main crystalline phases. The bar indicates 1 pm.

FIGURE 3. Transmission electron micrograph of the HIP specimen, illustrating its dense nature. H = hol-
landite, P = perovskite and Z = zirconolite. Arrows with "B" show examples of metal phases at grain
boundaries, and arrows with "I" show examples of metal phases included in the main crystalline phases. The
bar indicates 1 /ttn.
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TABLE 2. DISTRIBUTION OF ELEMENTS AMONG FIVE MAJOR PHASES*

Perovslcite
HUP
HIP
AS

Hoilandite
HUP
HIP
AS

Zirconolite
HUP
HIP
AS

Magneloplumblle
HUP
HIP
AS

Metal Phase
HUP
HIP
AS

Tl

M
M
M

M
M
M

M
M
M

+
+
+

Ça Zr A! Ba Na Cs Mo Sr Pr Nd Fe Cr NI Mn Te Ru

M -f/- -f/- +/- -f/- +/- -f/- •*•/-
M +/- •«•/- +/- + /- +/- +/- + /- +/-
M +/— -f/- +/- +/- -»•/- +/- +/— +/-

+/- +/- M M +/- +/- +/- +/- + +/-
4-/- M M +/- +/- + +/-
+ + M M + + +/- +/- +/-

M M +/- +/- +/- +/- -f
M M + +/- +/- +/~ , +
M M + +/- +/- -f/- +/- +

•t- M +/- +/- +/- -f/- +/-
+ +/- M +/- +/- +/- +/-* -f/-
+ +/- M -H/- +/-

M M + M
M M +/- M
+ + + + M

Pd

M
M
M

'M a major In phase, + = présent, +/- = present In one particle and not detected In another, blank » not detected.



FIGURE 4 Transmission electron micrograph of the AS specimen H = hollandite, P = perovskite and Z = zirconohte The bar in-
dicates 1 urn Arrows accompanied by "G" show the locations of glass phases

2.1.3 Waste element distribution (Table 2)

Cesium was found in hollandite in the HUP and HIP samples, and in glass
phases in the AS sample (Fig. 5). Molybdenum was present mainly in alloys
in the HUP and HIP samples, and some of Mo of the AS samples was also
present in glass phases (Fig. 5). In the three kinds of the samples,
sodium was accommodated in all phases except for alloys. Strontium was
found in perovskite alone. Ruthenium and palladium were found in alloys.
Praseodymium and neodymium were distributed between perovskite and
zirconolite.

2.1.4 Leaching

The results of the analyses of the leachates were expressed in terms of
the normalized elemental mass loss (NÎ ) and the leach rate (LÎ ):

LR. = w./f.S Ti 1 1
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FIGURE 5. Energy spectrum of a glass phase containing Na and Si in the AS specimen. Zr, Al. Ca, and Ti prob-
ably result from the surrounding Zr-rlch phase.

where m. is the cumulative mass of element "i" in the leaching solution,
f. is the mass fraction of element "i", S is the surface area and w, is
the mass of element "i" in the leaching solution during an interval of
time T. The normalized elemental mass losses (Fig. 6) of Na, Cs, and Mo of
the AS sample were larger than those of the HUP and HIP samples by one or
two orders of magnitude, and even larger than those of the glass sample. The
release of elements from the AS sample occurred mostly within the first day
while that of the glass sample showed continuous release. The normalized
elemental mass losses of divalent ions, for example Ba, Ca and Sr, from the
AS sample were almost equal to those of the HUP and HIP samples, and
smaller than those of the glass sample by two or three orders of magnitude.

In the AS sample, the leach rates (Fig. 7) of Na, Cs, and Mo
drastically changed with time. They were high on the first day and then
rapidly decreased by two or three orders of magnitude on the second day. A
similar trend, but more moderate, was observed in the leach rate of Na of
the HUP and HIP samples. On the contrary, compared with the leach rates of
Na, Cs, Mo and Ba of the three SYNROC samples, those of the glass sample
were nearly constant throughout the leach test.
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2.2 DISCUSSION

2.2.1 Preferential Leaching

The HUP and HIP samples showed no significant differences in texture
and distribution of the waste elements. The AS sample, however, had a
different microstructure from those of the HUP and HIP samples in terms of
the formation of a glass phase. A glass phase of 1 vm in diameter was
formed in the AS sample and contained at least Na, Cs and Mo. A glass
phase was also formed in the HUP and HIP samples, but its quantity seems to
be smaller than that in the AS sample.

The results of the comparison of the leach rates with the observation
of the microstructures suggest that Ma, Cs and Mo in the glass phase of the
AS sample leached out preferentially, causing the high initial leach rates.
High initial leaching of Na also occurred in the HUP and HIP samples. This
implies that the glass phase in the HUP and HIP samples also contained
sodium.

The AS sample had lower density (3.80 g.cnT ) than the HUP and HIP
samples (4.09 and 4.04 g.cm , respectively). The difference in the high
initial leach rates between the AS and the two hot-pressed samples is
believed to occur due to a difference in amount of the glass phases.
Therefore, the fact that SYNROC of higher density has a lower leach rate
may be due to a lower glass phase content.

2.2.2 Leaching Mechanisms

A simple model for the element release from the glass waste forms is
generally expressed by the following equation:

NL. = B/T + CTl

where T is the leaching time, and "B" and "C" are the constants. The first
term of this equation represents the release, which is controlled by
diffusion, while the second term represents the release by dissolution of
the matrix. Leaching of the glass sample was well explained by the
above-mentioned equation, and the value of "B" (Table 3) of a given element
had the same order of magnitude as that of "C" of the element. This means
that the glass leaching can be considered to be controlled by diffusion and
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dissolution in the initial stage, and dissolution is predominant over
diffusion with the leaching time.

The leaching of SYHROC was expressed well by the following equation:

NL. = A + B/T,

where "A" and "B" are the constants. The first term indicates the initial
leaching of the glass phase, while the second term represents the release
by diffusion. The values of "B" (Table 3) of a given element had the same
order of magnitude for the three SYNROC samples while the values of "A" of
a given element vary by up to four orders of magnitude.

This means that the difference in normalized elemental mass loss between
the three SYNROC samples depends most importantly on the amount of initial
leaching from the samples.

3. MCC-1 SHORT-TERM LEACH TEST OF HYDROXIDE-ROUTE SYNROC: TRIAL CALCINER [4,5]

Since fine-grained precursors give high homogeneity and low
leachability to ceramic waste forms, hydrolysis products of metal alkoxides
are used to prepare SYNROC. A drying process is required before
calcination because of the nature of the slurry of these hydrolysis
products. A small trial calciner (Fig. 8), which can dry and calcine the
batch of a SYNROC slurry in the same apparatus, was made for cold test and
will be applied to hot laboratory operation in the near future.

The SYNROC slurry (Fig. 9) was poured into the pot of the present
calciner and dried and then calcined at 770 C for 3.8 h in a stream of
Ar-4% H-, The amount of 2 wt% of titanium metal powder was mixed with
the calcine by a V-type mixer. This mixture was hot pressed in a graphite
die at 1200 C and 300 kg.cm" for 2 h in a stream of nitrogen. The
SYNROC product (Table 4) contained 10 wt% of simulated HLW oxides and had a_3density of 4.14 g.cm

3.1 Results and Discussion

The present calciner produced a dark grey calcine. This colour of the
product indicates that calcination was carried out under a sufficiently

253



TABLE 3

Observed and Calculalccl Values of Normalized Elemental Mass Loss (g-m~ J ) and Values of Constants At fl, and C
(sec text for explanation) for SYNROC Specimens Synthesized by AS, HUP, and HIP, and for Glass Specimen

Element

Cesium

Sodium

Molybdenum

Harinin

Specimen

AS
Observed
Calculated

HUP
Observed
Calculated

HIP
Observed
Calculated

Glass
Observed
Calculated

AS
Observed
Calculated

HUP
Observed
Calculated

HIP
Observed
Calculated

Clnss
Observed
Calculated (1)
Calculated (2)

AS
Observed
Calculated

HUP
Observed
Calculated

HIP
Observed
Calculated

Glass
Observed
Calculated (1)
Calculated (2)

AS
Observed
Calculated

HUP
Observed
Calculated

HIP
Observed
Calculated

Glass
Observed
Calculated

Normalized Elemental Mass Loss

Leacli Time (day)

1

I.77EI?, '
I.77E+2

4.7IE-1
5.58E-I

4.IOE-1
<U3E-t

1.18E+1
1.06E-H

3.76Et2
3.77E + 2

3.02
3.32

6.34
6.43

1.28E+I
I . 2 7 E + I
I . 26EH

I.70E + 3
I .70E+3

3. IS
3.60

4.32
4.76

I .56E+I
I.53E-H
I.5IE-H

3.28E-1
3.30E-I

I .OIE-1
1. JOE-1

9.20E-2
9.98E-2

7.41
7.69

2

I.78E + 2
1.78E+2

7.I7E-1
6.62E-I

5.27E-1
5.23E-1

I . 7 I E + I
I.83E-H

3.80E + 2
3.79E + 2

4.23
3.91

7.52
7.37

2.I5E-H
2.I7E-H
2 . I 8 E + I

I.70E + 3
I.70E + 3

5.13
4.78

7.27
6.98

2.55E-H
2 . 6 I E + I
2.62E+I

3.68E-1
3.69E-1

.54E-1

.5IE-I

.37E-1

.43E-1

.09Ef 1

.31 E f 1

5

I.78E + 2
I.78E + 2

9.67E-
8.69E-

7.42E-
7.43E-

3.89E+
3.95E+

3.84E + 2
3.840+2

5.19
5.10

9.14
9.23

4.69E4 1
4.68E-H
5.00E+I

I . 7 I E + 3
I . 7 I E + 3

7.52
7.12

1.23E-H
I . I 8 E I I

5.67E+!
5.63E+I
5.67E+1

4.55E-I
4.47E-I

2.48E-I
2.33G-I

2.62E-I
2.32E-I

3.23E+I
2.75E+I

10

1.79E+2

1.04
1.10

_ _ _
9.91E-J

7.34E-H
7.28EH

3.90E + 2
3.90IH2

6.32
6.43

1 . I 4 E H 1
I . I 3 E ^ I

8.65E+1
8.65E+I
8.64E^I

I . 7 I E + 3
I .7 IE + 3

9.47
9.76

.76E+I

.79E+I

.04E+2

.OSE-t-2

.04E+2

5.30E-I
5.34E-I

3.I7E-1
3.26E-I

3.22E-I
3.38E-1

4 . 7 4 E + I
4 .97E+I

Constant

A

_ _ _
I.77E + 2

3.06E-I

——
I.45E-1

——

3.70EI2

_ _ _
1.87

4.16

9.97E-I

I.69E+3

_ _ _
7.52E-!

_ _ _

_ _ _
1.52

---

——
2.36E-I

_ _ _
9.6IE-3

——

_ _ _
_ _ _

a

6.95E-I

——
2.52E-I

2.68E-I

_ _ _
4.79

_ _ _
6.22

_ _ _
1.44

_ _ _
2.27

_ _ _
4.59
5.73

_._
5.44

2.85

_ _ _
4.33

_ _ _
5.07
6.80

9.44E-2

_ _ _
I.OOE-I

_ _ _
9.66E-2

_ _ _
3.98

C

——

_ _ _
——

——

5.77

_ _ _
_ _ _

_ _ _
_ _ _

_ _ _
_ _ _

_ _ _
7.10
6.83

_ _ _
_ _ _

_ _ _

_ _ _
4.24E-I

_ _ _
8.70
8.28

_ _ _
_ _ _

_ _ _
_ _ _

_ _ _
3.24E-3

_ _ _
3.71

•Read as 1.77 x JO1.
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TABLE 3 (cont.)

Element

Strontium

Calcium

Aluminum

Iron

Specimen

Gliiv,
Observed
Otlail.tlcd

Ohiss
Observed
Calculiiled

Ola«
Observed
Calculated

Glass
Observed
Calculated

Normalized Elemental Mass Loss

Leach Time (day)

1

I .08EH"
I .H7EH

I.08EH
I . U E f I

700
7.03

5.91E-2
5.12E-2

2

I.70E +
l.83f^

I.65E +
l. 'J3Ef

!.07E-f
I . I8E +

9.14E-2
l.OOE-l

5

4.14E+I
3.93E-H

4.77E+1
4.I9E^ I

2.69E-f 1
2.47E+1

2.49E-I
2.49E-!

10

7.09E+I
7.J9E+I

7.47E+I
7.75E-H

4.33E+I
4 .44E+I

4.97E-I
4.95E-1

Constant

A

_ _ _
_ _ _

_ _ _

—
_ _ _

—
---

fl

——
5.06

4.82

_ —
3.80

_ _ _
2.50E-2

C

_ _ _
5.59

6.22

3.23

4.87E-2

-Read as I 08 x 10'.

reducing condition. Since the calcine was fine enough and did not contain
hard agglomerates, it was not necessary to crush it with a ballmill. X-ray
diffractometry revealed that the present SYNROC contained three main
crystalline phases: hollandite, perovskite and zirconolite.

A Materials Characterization Centre (MCC)-l leach test was carried out
at 90 C for 7 days. Since the results (Table 5) of this short-term leach
test are likely to be affected by initial preferential leaching, small
values of the normalized leach rates may possibly indicate the small amount
of initial leaching of a glass phase. The present SYNROC had better leach
resistance than a reference SYNROC and a waste glass. These results imply
that combination of the present precursor with the present calciner can not
only simplify the fabrication process but also give a SYNROC sample a good
quality in which the glass phase is small in quantity.

4. MCC-1 SHORT-TERM LEACH TEST OF HYDRIDE-ROUTE SYNROC:
HYDRIDE [6]

USAGE OF TITANIUM

The fabrication procedure of SYNROC should be simplified as much as
possible when it is adopted in a hot cell where handling is conducted
remotely and where cell contamination by nuclear waste elements needs to be
minimized. For protection of powder carryover from the calciner and
simplification of the fabrication process, titanium hydride was used
instead of supplying Ar-4%H gas during calcination and adding titanium
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FIG. 8. General view of (he small calciner.
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Lbldjl Calcining
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Titanium Powder
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Hot Pressing |1200"C,
300 kg/cm2. 2 h)

SYNROC Specimen

Leaching Test (MCC-1, 90°C, 7 days)

Liquid Analyses (ICP and AAS: Calcium, Cesium, Sodium)

FIG. 9. Flow sheet of the preparation and leaching test of the present SYNROC.
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TABLE 4

Composition of SYNROC

Component

Precursor
TiOj
CaO
ZrOj
DaO
At,0,

Titanium (melal)
HLW (oxides)

Content
(wt%)

62.74
9.77
5.98
4.84
4.7S
2.00

10.00

TABLE 5

Leach Rates (g-m-'-day"1) of SYNROCs and Waste
Glass Under MCC-I Test Conditions at 90"C

Tor 7 Days in Deionized Water

Element

Calcium
Cesium
Sodium

Hydroxide-Route
SYNROC

S-A"

0.0059
0.051
0.022

S-Bb

0.0051
O.OÎ5
0.014

Sandia
Route

SYNROC'

0.021
0.10

Waste
Glass

PNL 76-68T

0.43
2.1
1.9

•S-A = reference SYNROC.
bS-B = present SYNROC.

metal powder to the calcine before hot pressing. Titanium hydride can
produce hydrogen gas by dissociation at high temperature, yielding Ti only
as the residual element.

The SYNROC slurry contained titanium hydride of 30wt% (in TiO
equivalent) and 7wt% of the simulated HLW. This slurry was dried, and then
calcined at 760 C for 4 h without reducing gas. The calcine was hot
pressed at 1200
uniaxial press.

_ O
pressed at 1200 C and 300 kg,cm for 2 h using an induction-heated

4.1 Results and Discussion

X-ray diffractometry revealed that the SYNROC product contained three
main phases, namely, hollandite, perovskite and zirconolite, plus Ti 0
which was formed due to dissociation-oxidation of titanium hydride. In the

oMCC-1 leach test at 90 C for 7 days, the normalized leach rates (Table 6)
of Na, Cs and Ca from the present SYMROC were similar to those from the
SYNROC prepared by the hydroxide-route process mentioned above. This
implies that the amount of the glass phase was also small in the present
SYMROC as well as in the hydroxide-route SYNROC.
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TABLE 6

Normalized leach rates {g.nT2.day~l) from the two kinds of
Svnroc under MCC-1 conditions in delonlzed water at 90 °C for 7 days

Element

Ça

Cs

Ha

Synroc using T1H2
(a'

1.0 x 10'2

3.4 x 1(T2

1.8 x HT2

Synroc using no T1II2
7.6 x 10~3

4.2 x 10'2

1.3 x ID'2

(a): In the revised process (7 wtX simulated waste).
(b): In the conventional process (10 wtt simulated wate).

5. FABRICATION OF CURIUM-DOPED SYNROC FOR AN ALPHA RADIATION STABILITY
TEST [7]

Alpha decay of the actinide elements in nuclear waste forms results in
the formation of two particles: a recoil nucleus and an alpha particle. In
the waste forms, the former particle has a short range of ~10nm and
produces several thousand atomic displacements, while the latter particle
has a range of ~nm and produces several hundred atomic displacements
[8]. It is generally assumed that radiation damage in the waste form
results primarily from atomic displacements. In SYNROC, the actinide
elements can be incorporated mainly in the perovskite and the zirconolite
phases. Consequently, two alpha damage mechanisms are supposed to exist in
SYNROC which contains actinide elements: synergistic damage due to recoil
nuclei and alpha particles in the actinide host phases, and alpha particle
damage in actinide free phases.

An accelerated alpha radiation stability test was planned at the Waste
Safety Testing Facility (WASTEF) at Tokai, using Cm-244 under a
co-operative program between JAERI and ANSTO. In order to carry out the
test, a set of hot cell apparatuses was installed in the hot cell of
WASTEF, which mainly consists of a calciner (Fig. 10) and a hot press
(Fig. 11). The SYNROC blocks containing Cm-244 were prepared using the
apparatuses in the first week of December, 1987 and then the test was
initiated.
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FIG. 10. General view of Ihc hot-cell calciner.

5.1 Curium Source

A curium source (as dioxides) was enclosed in two small capsules which
were shipped from the Oak Ridge National Laboratory (ORNL), USA. The total
amount of the curium source collected from the capsules was 1.48 g which
corresponded to the total alpha activity of 1.90 TBq (51.3 Ci) and the
244Cm activity of 1.89 TBq (51.1 Ci) as of the beginning date of SYNROC
fabrication (Table 7). These activities were calculated using a mass assay
using the shipping data sheets from ORWL. In this calculation, long-lived3nuclides (half life: more than 8 x 10 years) were regarded as stable
ones, and the elemental impurities were neglected since the total amount of
the impurities was less than 1.5 wt%.
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FIG. 11. lol-ptcssinp apparatus In Hie hot cell.

5.2 Substitution of Curium Source

In order to estimate the accumulated alpha disintegration density of
actual SYNROC in a disposal time and assign it to that of Cm-doped SYNROC
in a storage period, the following assumptions are made:

(1) It is assumed that actual SYNROC contains 10wt% of as-calculated
HLW [9] which will be termed "JW".

(2) The amount of damage to be generated in the current alpha radiation
stability test is equivalent to a maximum disposal time of 10 y.

(3) The Cm content is determined so as to complete the test in two
years.

These assumptions demand that the Cm source of 1.48 g should be
incorporated in 91.7 g of Cm-doped SYNROC. Therefore, the content of the
Cm source in Cm-doped SYNROC becomes 1.61 wt%.

Next, it is assumed that 10wt% of simulated HLW named JW-A [9] is
loaded in SYNROC before Cm-doping. As our Cm source was used without
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TABLE 7

Estimated Assay* of 1.48 g of the Curium Source

Component
2"Cm02:«Cm02248CmOî
M7CmOj
™Cm02
""Pud
"6U02

Total

Content
<g)

0.714
0.011
0.060
0.001
0.001
0.692
0.001
1.480

Activity
(TBq)

1.89_ _ _ »
_ ~ -1

__ •
__ *
0.01
_,._1

1.90

* Values as of November 1, 1987. These are calculated on the
basis of shipping data from ORNL.

•Activity is <0.00! TDq.

TABLE 8

Composition of Simulated JW-A Waste*

Component

Fission products
SeO,
Rb,O
SrO
YjOj
ZrO,
MoO,
MnOj
RuOj
RhjOj
PdO
AgjO
CdO
SnOj
SbjOj
TeO,

BaO

Content

0.10
0.60
1.66
0.98
8.05
8.49
1.26

4.78
0.99
2.61
0.14
0.15
0.09
0.02
1.11

4.79
3.07

Component

ri.ssion products
LajOj
CcO,
Pr^Oii
Ncl,0,"
SnijOj
CiijO,
Gd,0,

Uranium and nctinidcs
CcO,"

Process chemicals
Na20
PjOs

Corrosion products
Fc,0j
Cr,0,
NiO

Total

Content

2.48
4.95
2.43
2.24

"*

15.24 as
(CmO, 4- PuOz)

15.60
1.58

13.05
1.89
1.65

100.00

•Substitution of JW-A waste (see Ref.3) by the curium source is carried out on a mole basis.
"Part of ncodymium Is also replaced by the curium source.
bCerlum was substituted for uranium, neptunium, plutonium, amcricium, and curium in the JW-A waste (see Ref.3).

further purification, it contained an approximately equal amount of Pu,
244being the daughter of Cm. The total amount of Cm and Pu elements was

substituted for all of the actinides and rare earth elements of higher mass
numbers in the JW-A waste on a mole basis. Table 8 shows the composition
of simulated JW-A waste which is partly substituted by the Cm source. From
this substitution, Cm-doped SYHROC is to have 10.59, 87.42 and 1.99wt% of
the simulated JW-A waste, precursor and Ti metal, respectively (Table 9).
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TABLE 9

Composition of Curium-Doped SYNROC

Component

Precursor
TiOj
CaO
ZrO2
BaO
AtjOj

Svibtola!
Titanium (mc(al)
Simulated JW-A waste (oxide)
Total

Content
(wt%)

62.24
9.70
5.95
4.81
4.72

87.42
1.99

10.59
100.00

5.3 Fabrication Process

Table 9 shows the composition of the precursor which was prepared by a
hydroxide-route process [10], Fig. 12 shows the preparation process of
Cm-doped SYNROC. At the beginning, the precursor and the simulated JW-A
waste only, excluding the Cm source, were made up in a cold laboratory. No
nitric acid was added to this waste at this stage, since an adequate amount
was added later as the solvent of the Cm source.

In the hot cell, the Cm source of 1.48 g was dissolved in concentrated
nitric acid (41,7g) with some drops of hydrofluoric acid (O.llg) on a hot
plate at 60 C. This Cm solution was dark green. Although the weight of
the Cm solution was measured, its volume was not measured as the Cm source
was dissolved in a glass beaker to facilitate remote handling. The Cm
solution was divided into three equal parts by eight to mix with the SYNROC
slurry consisting of the precursor and the simulated JW-A waste because the
capacity of the calciner was not sufficient to treat all of the material at
the one time. Each mixture was adjusted to about a pH of 9 with ammonium
hydroxide before introduction into the calciner. Each mixture was dried at
70°C for more than 24h and calcined at 750°C for 2 h.

For one of the three batches of the calcined powder, pour and tap
densities were measured using a graduated polyethylene cylinder, a funnel

3and spatula by remote handling. The capacity of the cylinder was 50 cm3and the minimum graduated scale was 0.5 cm . The calcined powder (44.0
3cm ) was poured into the cylinder to measure the pour density. The
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FIG. 12. Fabrication process of curium-doped SYNROC.

cylinder was then tapped (~1 cm drop) until no further change in powder
volume was observed (320 taps).

Sufficient powder for four SYMROC blocks 20 ram diameter by 10 mm high
was prepared by blending equal weights from each batch of the calcined
powder and adding Ti metal powder (« 44 pm). The remainder of the
calcined powder was stored in Al containers.
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TABLE 10

Densities* of Curium-Doped SYNROC Blocks

Block Number

1 (S87005)
2 (S87006)
3 (S87007)
4 (S8701 1)
Average

Density
(g-cm->)

4.303
4.308
4.305
4.302

4.305

Standard
Deviation*
(g-cm-3)

0.002
0.001
0.003
0.002

•Using the displacement method wiih water at 30"C.
'Among more than six repetitions in the measurement.
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FIG. 13. Normalized curium leach rates from curium-doped Synroo at
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Four hot pressing runs of 2 h duration were carried out at 1200°C and
29 MPa. Graphite moulds were renewed at each run to guarantee safe and
reproducible operations during hot pressing. The SYNROC blocks were ground
to remove the surface skins contacting the graphite moulds. The periphery
of each block was polished with #600 grit abrasive paper and the flat
surfaces were done with 6 \m diamond paste. After polishing, the
densities of the four SYNROC blocks were measured using the water
displacement method.

5.4 Results

The calcined product had pour and tap densities of 0.5 and_30.85 g.cm , respectively. The mixture of a part of the calcined
oproduct, and titanium metal powder was hot pressed four times at 1200 C

and 29 MPa for 2 h. This process made the four SYNROC blocks of 20 mm in
diameter and 10 mm in thickness. The densities of the SYNROC blocks are
shown in Table 10. The average density of the four blocks is 4.304_3
gem . As the amount of scatter in the four densities is less than 0.07%
of the mean, the reproducibility of hot pressing is considered to be
acceptable. If the theoretical density [11,12] of SYNROC containing
another type of HLW is assumed to be applicable to Cm-doped SYNROC, the
present SYNROC blocks are hot pressed to 98% of the theoretical density.

244Normalized leach rates of Cm from Cm-doped SYNROC did not vary
—3 —2 —1significantly with time and averaged 1.1 x 10 g.m. .d (Fig. 13).

The present method using a well-type Nal(Tl) scintillation spectrometer was
found to be convenient for saving labour in quantitative analysis of
244Cm leached from Cm-doped SYNROC [13].
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III. IRRADIATED NUCLEAR FUEL WASTE FORM

ASSESSMENT OF THE PERFORMANCE OF USED FUEL
UNDER DISPOSAL CONDITIONS
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Abstract

Source term is developed to model the release of long-lived
radionuclides from spent fuel following corrosion and penetration of the
container by groundwater. Radionuclides release from spent CANDU fuel is
well understood and a mathematical model based on fundamental mechanisms
has been developed and validated against experiments. Three overlapping
mechanisms affect the release of radionuclides. A rapid release of a
fraction of the more volatile fission products, notably about 2% of the
inventory of iodine and cesium, after failure of the sheath. This "instant
release" occurs from the fuel-sheath gap and connected void space in the
fuel element. This release occurs on a time scale of hours or days to a
month.

Fission products (Cs, I, Sr and Tc) are preferentially released from
the grain boundaries which is thought to occur on a time scale of tens to
even several thousands of years. The rate of release depends on the
irradiation history. There is a slow congruent dissolution, controlled by
the solubility of the uranium dioxide grains.

The third mechanism is a very slow release of actinides and the
majority of fission products due to the dissolution of the UO grains.

£*

The rate of congruent dissolution is strongly redox dependent, lower
releases occuring under reducing conditions.

267



1. INTRODUCTION

Atomic Energy of Canada Limited (AECL) is studying the concept of
the disposal of used nuclear fuel in plutonic rock in Canada. One of the
key issues with respect to the safety assessment of this concept is the
development of source terms to model the release of long-lived radio-
nuclides from used fuel following corrosion and penetration of the
container by groundwater.

It is well established that the thermal history of the fuel in
the reactor causes some fission products in the fuel to Segregate to grain
boundaries or accumulate in the gap (a collective term for fuel cracks, the
fuel sheath-gap itself or the interconnected, open porosity in the fuel).
The remainder of the fission products and actinides remain in solid-
solution in the U02 matrix. It is now widely accepted that on contact of
the used fuel with water, radionuclide release occurs via three overlapping
mechanisms, which operate on very different time scales [1,2]:

(i) A rapid release of fission products such as Cs and I from the gap
region which occurs on a time scale of hours or days to a few
months.

(ii) A slower release of fission products such as Cs, I, Sr and Tc
from grain boundaries which is thought to occur on a time scale
of tens to even several thousands of years.

(iii) A very slow release of actinides and the majority of fission
products due to the dissolution of the U02 grains .

The latter mechanism is controlled by the redox condition at the
fuel surface. Approaches to developing a model for the dissolution of the
U02 grains are described in Section 3 of this report.

For current modelling purposes, the first two mechanisms are
considered 'instant release' (i.e., they are considered to release their
entire inventory immediately on contact with water [1]). This is a
conservative assumption, with several aspects which are currently under
study. The quantity of Cs and I in the gap region and their release rate
are well established [3], however the inventories of radionuclides at the
grain boundaries have not been quantified. Also, the kinetics of release of
this inventory needs further study.
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2. USED FUEL DISSOLUTION

Gap and Grain Boundary Inventories

Leaching of the gap inventory of fission products such as Cs and
I, from used CANDU fuel is now well understood. The quantities of Cs and I
released from the gap in short-term leaching experiments (5 days duration)
have been correlated with measured stable xenon gap inventories [3,4].
Garisto et al. [I] have combined these data on gap release with theoretical
calculations and chemical analogies to derive instant-release fractions of
Cs, I and other fission products for both the gap and grain-boundary
regions.

The relationship between calculated and measured xenon gap
inventories ([Xe]gap/calc and [Xe]gap(ineas) [5,4], expressed as a percentage
of the total inventory, has been determined by regression analysis [1]:

[Xe]gap,meas = 1.04 [Xe]gap(Calc - 0.88 (1)

The relationship between measured I and Cs gap inventories ([I]gap>meag and
lCs]gap,meas) and measured gap inventories for Xe ([Xe]gap>nea3), again
expressed as percentages of the total inventory [4] was also determined by
regression analysis:

[Ilcrap^as = lCs]gap,neaa = 1.58[Xe]0-«|ap/m<>ag (2)

Inventories of Xe at grain boundaries in used CANDU fuel can be calculated
with the ELESIM code [5] Garisto et al. [1], using ELESIM data reported by
Stroes-Gascoyne and Sellinger [4], derived an expression for the grain
boundary inventory for Xe (Fig. 1):

ÎXe] gb,calc

To derive the I and Cs grain boundary inventories Garisto et al. [1]
assumed that, based on the similarity in the migration mechanisms for Xe,
Cs and I in fuel in the reactor, the above equation also applies to these
elements.

The total relative error due to uncertainties, in estimating the
gap and grain boundary inventories for Cs and I with this equation is
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Figure I. Calculated Xenon grain-boundary inventory as a function of
measured Xenon gap inventory.

approximately 75%. Experimental work is in progress to verify the
estimates for grain boundary inventories for Cs and I and other
radionuclides of importance such as Tc and Sr.

Experimental determination of grain boundary inventories in used
CANDU fuel is difficult, since most of the grain boundaries are not readily
accessible to a solution contacting the fuel. To determine grain-boundary
inventories, the grain boundaries were exposed by voloxidizing the fuel
(heating in air) for various times and temperatures. The assumption is
that the fuel at the grain boundaries will oxidize more quickly than the
bulk matrix, causing separation at the grain boundaries due to a lattice
expansion as the U02 matrix is oxidized through U307 to U308. SEM
examination of a fuel exposed for one week at 275°C indicated substantial
fracturing along grain boundaries and only minimal transgranular fracturing
(Fig. 2). Fuel treated in this manner was used in the following grain
boundary leaching experiments.

Two methods were used to determine grain boundary inventories:

(1) Leaching of voloxidized fuel under reducing conditions, in
bicarbonate groundwaters at a solid-to-liquid ratio of < 1 mg/L
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Figure 2. SEM micrograph of used fuel voloxidized at 275 C for one week.

to prevent precipitation of u* and fission products. Analytical
results from these experiments are not yet available.

(2) Dissolving the voloxidized grain surfaces by a short exposure to
strong acid. The remaining 'bare' fuel matrix is subsequently
dissolved to determine its fission product inventory. The grain
boundary inventory can than be calculated from the equation:

grain boundary inventory = total - gap - matrix inventory

The total inventory is determined by completely dissolving the
original fuel, while gap inventories are determined by short-term
leaching experiments [3]. Preliminary results of grain boundary
inventories for Cs were compared with calculated inventories,
using equation (3), with encouraging results. Preliminary values
for Sr and Tc grain boundary inventories are harder to evaluate,
since no theoretical calculations other than the estimates made
by Garisto et al [1] are available. Based on a comparison with
these estimates, the preliminary results for Sr are encouraging.
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More work is needed using this method and a variety of used CANDU
fuels to confirm these initial results.

A radionuclide of concern, for which very few release data are
available, is 14C. In a preliminary experiment to determine the gap
inventory of 14C, used CANDU fuel segments (with the sheath attached) were
leached for one month in 0.01 mol/L NaOH (to avoid loss of 14C in the form
of C02). After one month, the percentage of the total inventory of 14C
released into solution (i.e. gap release) ranged from 0.0045 to 0.011%,
depending on the power rating of the fuel (higher power fuel released more
14C). These numbers are preliminary for several reasons. Leaching in
dilute NaOH could have enhanced 14C release due to the increased solubility
of U02. Also, neither the total inventory nor the chemical state of 14C in
the fuel is known and it is uncertain whether all accessible 14C has been
converted to 14C02. Further experiments will be conducted to determine the
gap and grain boundary inventories for 14C in used CANDU fuel.

Kinetics of grain boundary release

It is difficult to determine release kinetics for radionuclides
residing at grain boundaries from ordinary leaching experiments, for
reasons such as the possibility of adsorption or precipitation of the
released fission products in solution, as well as the masking of grain
boundary release by gap release. Fission gases such as stable Xe and 85Kr
could potentially be good candidates to study grain boundary release
kinetics, because these gases are inert, their grain boundary inventories
can be reasonably well predicted, and the fission gas gap inventory is no
longer present in the fuel segments used in the leaching experiments and,
therefore, cannot interfere with release from the grain boundaries.

Results from experiments in which whole, intentionally defected
used CANDU fuel elements were leached in deoxygenated saline solutions at
100°C for 484 days suggest that both 90Sr and "Tc are preferentially
released from grain boundaries and that 85Kr release is a good measure of
the extent of grain boundary dissolution [6]. The percentage releases of
137Cs, 90Sr, "Tc, 238U and 239Pu/240Pu are shown in Figure 3, for the
chloride-rich groundwaters WN-1 (high bicarbonate; I = 0.27) and SCSSS
(low bicarbonate; I = 1.37). Although difficult to quantify, the release
of Cs to solution is about twice that of Xe measured in a puncture test
prior to the experiment (a one to one correlation should exist if the
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Figure 3. Release of 137Cs, 90Sr, 99Tc, 85Kr, 2fü. 239Pu/24°Pu, and
stable Xe from used CANDU fuel at 100 C under argon pressure.

release is solely from the gap) suggesting significant Cs release from the
grain-boundary region in addition to the gap. About 10 - 12% of the 85Kr
inventory was calculated to reside at the grain boundary region in these
fuels. If 85Kr can be taken as a good indicator of grain boundary release,
the small percentage of 85Kr released in these experiments suggest that, if
it is released at a constant rate, it could take from a few hundred to
several thousand years for the entire grain boundary inventory to be
released. The fact that Sr and Tc releases are higher than U release but
lower than Cs release (since they are not present in the gap inventory)
suggests that they are preferentially released from the grain boundaries.

Multi-component System Tests

In addition to carrying out studies on used fuel dissolution in
groundwaters of various ionic strength under oxidizing or reducing
conditions, the potential synergistic effects of the components of a
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disposal system, including the container material, clay, and granite rock,
on the dissolution of used fuel have been investigated [7]. These results
have indicated that under the probably mild reducing conditions in the
sealed tests, fission products and actinides are rapidly released to
solution only during the initial leaching period of from 5 to 10 days.
Beyond this period the release of Cs, Sr and actinides decreased markedly
due to sorption on the clay. The initial release is attributed, in part,
to gap release of Cs and a short period of oxidative dissolution during
which traces of oxygen were consumed. The results indicated that Cs and Sr
release to solution is highest in high-ionic-strength groundwaters and that
the ion exchange capacity of the clay is less important in determining
short-term release. Cesium was found to sorb more effectively that Sr on
illite and montmorillonite clay, and that Sr sorbed more effectively that
Cs on granite rock coupons.

Several experiments were performed in which used fuel was leached
in deionized distilled water and saline solutions under reducing conditions
at 100°C. These tests are intended to examine the possible synergistic
effects of container components on radionuclide release from used fuel.
The first series of tests were conducted on used fuel alone and subsequent
experiments included the addition of carbon steel and glass beads (fuel
bundle support tubes and filler material for the particulate-packed
container design [8]. Results to date show that neither carbon steel nor
the glass beads have any substantial effect on the release of fission
products and uranium from the fuel and that, as typically observed in other
leaching experiments, release in high-ionic-strength groundwaters (SCSB and
WN-1) are higher than in deionized distilled water (Fig. 4).

Experiments which are now being implemented include a 10-year
sealed leach test on high- and low-power fuels under reducing (hematite/
magnetite) conditions in various groundwaters to provide long-term
validation for the dissolution model for U02. In addition, a program has
been initiated to determine specific radionuclide inventories in a CANDU
fuel for comparison and validation of inventories predicted by the isotope
generation/depletion code ORIGEN-S.

3. MODELLING OF UP, FUEL DISSOLUTION

The development of a predictive model for the behaviour of
nuclear fuel under waste vault conditions is a difficult task. The
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temptation is to rely on empirical tests performed on multi-component
systems. Such tests are valuable in that they can produce data which can
be extrapolated to times of significance in the vault (i.e., 500 to
> 1000 a). However, without a good mechanistic understanding of the
processes involved, such an extrapolation is of dubious value.

Here, we discuss approaches to studying U02 fuel dissolution
which yield a fundamental understanding of the dissolution process and
establish the basis for a predictive model. Since the dissolution of U02
is a redox process, certainly under oxidative conditions, we have used a
variety of electrochemical methods. The range of methods used and the
nature of the information they produce have been recently reviewed [9].

The problem in studying aqueous corrosion reactions is that the
anodic degradation process (solid •* dissolved ions) and the accompanying
cathodic reaction (generally the reduction of dissolved oxygen) occur on
the same surface in a short-circuited reaction which yields no measurable
current in an external measuring circuit. By applying electrochemical
methods we bias the reaction on the corroding surface such that only the
anodic or cathodic reaction is occurring. This reaction is supported by
the required second reaction occurring on a separate electrode, and the
rate is measured as a current flowing between these electrodes through an
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external ammeter. The current flowing is a function of the bias potential
applied giving us a means of determining the mechanisms of both the anodic
and cathodic reactions. By extrapolating the current vs. potential
relationship back to zero bias, i.e., to the natural corrosion condition,
ve can determine the corrosion current. In the case of U02 fuel, this is
the dissolution rate.

By combining a variety of electrochemical methods with surface
analytical techniques such as X-ray photoelectron spectroscopy, we have
determined a detailed mechanism for the oxidative dissolution of U02
[10-16]. The impact of groundwater constituents such as carbonate/
bicarbonate, phosphate, sulphate and chloride were also determined
112,14-16]]. The current vs. potential plot measured under steady-state
conditions fit the fundamental electrochemical relationship, thereby
justifying the extrapolation of such data to obtain dissolution rates under
natural corrosion conditions.

By monitoring the corrosion potential in the absence and the
presence of various oxidants, in particular oxygen, hydrogen peroxide, and
radiolytically decomposed water, we can establish the redox condition
achieved at the fuel surface under a variety of conditions. By combining
this approach with our electrochemical extrapolation we can determine the
dissolution rate of U02 fuel under a variety of redox conditions. Examples
of this approach are given in references 17 and 18.

In this manner, we can define a redox scale of composition and
reactivity as shown in Figure 5. Our corrosion potential measurements
enable us to define oxidizing and "reducing" conditions, as indicated.
Reducing conditions are the deaerated conditions achieved in an anaerobic
chamber.

Under reducing conditions, we feel justified in using a
dissolution model for U02 based on the solubility of the phase on the fuel
surface. This model can be applied for surface compositions oxidized to
the U02 25 (U409) state and may apply for compositions as oxidized as U02 33
(U307). The achievement of a surface composition of U02 33 guarantees that
any subsequent dissolution will be oxidative in nature. Under these
conditions an oxidative dissolution model based on the kinetics of the
dissolution process is required.
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A dissolution model for U02 based on the solubility of the fuel
surface has been developed [19,20]. This model couples a convective
diffusion model for dissolved uranium with a fuel/environment boundary
condition defined by the uranium solubility and a reactivity constant for
the dissolving surface. The solubility is a sum of terms for the molal
concentration of uranium. The impact of parameters such as complexation,
temperature, pH, redox condition and ionic strength are included. The
source term for a given radionuclide can then be determined by multiplying
the dissolution rate determined from this model by the fractional abundance
of the radionuclide in the fuel. Such an approach applies only to
congruent dissolution and terms for instant releases and preferential grain
boundary releases must be added [2].

The adaptation of this model to oxidative conditions requires a
respecification of the input boundary condition at the fuel/environment
interface to take into account the kinetics of the oxidative dissolution
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process. The dissolution process will now be irreversible and dissolved
UVI species may well precipitate as secondary phases. If such phases form
away from the dissolving surface they will drive the dissolution rate to
its maximum irreversible value. If they form on the dissolving surface
they may inhibit significant further dissolution and radionuclide release.
To maintain a conservative approach we assume the first of these two
situations pertains; i.e., dissolution proceeds uninhibited by surface
phase formation at a rate determined by the redox conditions at the surface
of the fuel.

In order to model such a process we need to know the kinetic
parameters controlling both the uranium dissolution (anodic) reaction and
the oxidant reduction (cathodic) reaction. The following factors must be
taken into account:

(i) the electrochemical nature of the dissolution process;

(ii) the effect of groundwater composition;

(iii) the variation in reactivity of U02 from sample to sample;

(iv) the nature and concentration of oxidant;

(v) the relative rates of grain and grain boundary dissolution.

The procedure required to develop such a model has been discussed [21,22],
Our present efforts are concentrated on determinations of the kinetics and
mechanisms of dissolution in the presence of various oxidants. The main
potential sources of oxidants within a waste disposal vault are (i) oxygen
trapped in the buffer/backfill when the vault is closed, (ii) oxygen (and
other oxidants) transported into the vault after closure, (iii) oxidants
produced by the radiolytic decomposition of water close to the U02 surface.
If we assume oxidants from the first two sources are consumed by container
corrosion prior to failure then radiolytically produced oxidants become the
only oxidants which need to be considered. Because containers are designed
to survive the period when y-fields are strongest, y-ra-diolysis will not be
extensive by the time the fuel is exposed to the groundwater. Consequently,
a-radiolysis is expected to exert the biggest impact on fuel dissolution.

We have been studying U02 dissolution in the presence of a wide
variety of oxidants including dissolved oxygen [17,18,23,24], hydrogen
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peroxide, products of gamma radiolysis of water [25], and the products of
alpha-radiolysis of water [23,24,26]. Also, in an attempt to define a
mathematical basis for an oxidative dissolution model we are studying the
reduction of oxygen and hydrogen peroxide electrochemically on a variety of
samples of U02. We hope that this last set of experiments will yield some
understanding of the impact of U02 properties (e.g., conductivity, density,
grain structure) on the dissolution reaction.

In these experiments we have been using the combination of
electrochemical current and corrosion potential measurements described
above to determine the effects of the various oxidants. By analyzing our
electrode surfaces by X-ray photoelectron spectroscopy we can compare these
results to our redox scheme of reactivity determined electrochemically.
Such experiments show major differences in behaviour between the various
oxidants. For solutions of pH ~ 9.5, their ability to cause oxidative
dissolution of U02 appears to increase in the order

02 « H202 < OH < 0-

More detailed experiments are in progress.
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Abstract

The purpose of the programme is to study the corrosion behaviour of
spent UO fuel and release of fission products and actinides under
different, but repository related conditions. Some experiment parameters,
such as redox conditions and water chemisty have a large influence on the
fuel corrosion, the redox conditions being by far the most important ones.
For other parameters, the results of the high burnup fuel series have shown
that the individual behaviour of uranium, actinides and fission products is
to a large extent independent of the applied conditions. The fission
products Cs, Sb, Tc and Mo appear to be selectively leached, most probably
from inclusions or from fuel cracks, fissures and grain boundaries.

The preliminary study of spent fuel/bentonite interaction has shown no
significant changes in the uranium concentrations, no indications of
increased corrosion due to changes in solution or due to sorption. The
concentrations of plutonium and cationic fission products in the aqueous
phase were lowered considerably, by up to two orders of magnitude in the
case of plutonium due to sorption onto the bentonite.

The most important open questions to be answered during further
investigations are listed in the paper.

BACKGROUND

The intention with this report is to summarize the findings from
the past six years of the on-going SKB programme for spent nuclear
fuel corrosion. It will a part of the background material for
identifying areas where additional studies, experimental as well

283



as theoretical/ will be required during the next six years' period
of the 8KB research programme. Most of the reviewed data has been
published elsewhere and the complete publication list of the
spent fuel corrosion programme can be found at the end of this
report.

The spent fuel corrosion programme started in 1982 with experi-
mental work using irradiated nuclear fuel. Later, the programme
has been expanded to include also basic studies of uranium
chemistry and the dissolution kinetics of uranium oxides under
reducing and oxidizing condition aiming at modelling the corrosion
behaviour of spent fuel under laboratory as well as repository
conditions.

INTRODUCTION

The experimental programme, which started at the beginning of 1982,
was formulated on the basis of the quick-look experiments reformed
at Studsvik in 1977 [1] as part of the support for KBS-2, a
survey of the very limited literature (essentially Katayama's
work at Battelle PNL [23 and Vandegraaf's at AECL, WNRE [3]) and
a visit to these laboratories in 1981. The programme was presented
and discussed in the autumn of that year at the first Spent Fuel
Workshop, initiated by SKB and held at Studsvik.

Faced with a multi-parameter problem, a relatively restricted
budget compared with the USA and, particularly, Canada, and a
very small working area (one concrete cell 2x2 m), the programme
was structured initially around:

1) one fuel type (BWR) but from different locations in
the fuel column to take into account probable irradiation
effects which were indicated in the 1977 work.

2) a standardized groundwater (Allard synthetic GW, pH
8.2, 123 ppm bicarbonate).

3) a standardized straightforward experimental set-up (the
250 ml Pyrex flasks used in the 1977 experiments) —
cheap, transparent and un-instrumented to facilitate
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in-cell manipulation and to permit an early start for
the programme.

4) the division into three fractions of possible material
release after each corrosion exposure:

material retained on a membrane filter, apertures
1.5 to 1.8 nm as a measure of the "colloidal"
fraction
material in the centrifugate after such filtering
a vessel strip solution as a measure of precipitated
and/or adsorbed species.

It was anticipated that each of these fractions would
contribute to the measured total release, but some
difficulties in data interpretation for the results
from the strip solutions were expected, due to possible
random loss of fuel particles and fragments from the
open-ended fuel specimens during the experiments.

5) an analytical scheme in which each fraction in each
corrosion experiment would be analysed for U, the
actinides by direct deposition alpha spectrometry, Sr-
90 by separation and beta counting, and by gamma
spectrometry (Ru-106, Sb-125, Ce-144 and Eu-154).

Although the release of these fission products is not
significant for safety analysis considerations, it was
hoped that their determination would help to identify
release mechanisms.

In the cost/benefit choice between duplicate analyses
and an increased number of corrosion experiments, the
latter was selected in order to widen the statistical
base and to increase flexibility later in the programme.

6) a nominal corrosion temperature of 20 - 25°C, the
ambient temperature in the hot cell. The temperature(s)
in the fuel cracks, of course, would be somewhat higher.

As mentioned above, the fuel used in the initial part of the
programme was from a high burnup (42 MWd/kg U) BWR fuel rod.
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Later, when results from tests under reducing conditions <H2/Pd
reduction) showed that although release rates were lower than
under oxidizing conditions, they were apprecibly higher than
those predicted theoretically for reducing conditions in the
absence of radiolysis effects, leaching tests were performed on a
low burnup (0.5 MWd/kg U), short-cooled rod to examine corrosion
rates in the near-absence of alpha radiolysis. Results from these
experiments together with detailed descriptions of the experimental
procedures have been reported earlier [4-111.

Concurrently with continued experiments on the high burnup BWR
fuel, extending the integrated contact times, experiments are
also in progress since early 986 on a PWR fuel rod of about the
same burnup (43 MWd/kg U) [12, 13].

EXPERIMENTAL

The specimens used in most of these experiments consisted of 20
nun long segments of fuel and clad corresponding to about 16 g and
12 g of U02 for the BWR and PWR rods respectively. Each specimen
was suspended in a platinum wire in 200 ml of the leachant in a 250
ml Pyrex flask. In some of the experiments, also selected fuel
fragments have exposed to water. All leach tests were performed
at 20 to 25°C, the ambient temperature of the hot cell. After
removal of the leachant from the flask the pH was measured on one
aliquot and then two 10 ml aliquots were centrifuged through
membrane filters with apertures of 1.5 to 2.0 nm. Both membrane
filters and centrifugates were subjected to analysis. The empty
flask was exposed for a few days to 5M HN03/0.5M HF. This rinse
was also analysed.

Table 1
Composition of the synthetic groundwater

Species HC03~ SiO2 SQ^2- ci~ Ca2+ Mg2+ K+ Na+

ppm 123 12 9.6 70 18 4.3 3.9 65

pH: 8.0-8.2, ionic strength; 0.0085
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In one experimental series, the leachant was deionized water
while a synthetic groundwater was used for the other experiments.
The composition of the groundwater is given in Table 1.

PROGRAMME

A schematic summary of the spent fuel corrosion programme is
given in Figure 1 :
a) Series 3.1 to 3.3: oxidizing conditions.

In experiment series 3.1 (distilled water) and 3.2 and 3.3
{groundwater) three specimens were corroded according to a
modified IAEA procedure, the same specimens being successively
exposed to new leachant after each sample time. This series
is still going on.

b) Series 3.4 and 3.5: oxidizing conditions, static leach test.
In this series, after an initial 14 days pre-leach to remove
most of the gap inventory, separate specimens were corroded
statically during a pre-set contact time.

c) Series 3.6 and 3.7: reducing conditions.
In this series, six specimens were included. Each specimen
was first pre-leached under oxidizing conditions for two
periods of 91 days and 27 days respectively to remove most
of the gap inventory of cesium. In the third stage of
leaching, reducing conditions were imposed on the system by
bubbling 6 % H2/Ar through the leachant in the presence of a
Pd catalyst. Two specimens were leached for 28 days and two
specimen were leached for 55 days.

d) Series 5: bentonite interaction series.
In this series, four fuel/clad specimens were pre-leached
under oxidizing conditions for two periods of 91 and 27 days
respectively and then contacted with new groundwater contain-
ing 1.5 % of crushed and sieved bentonite. Two specimens
were leached for 27 days and two specimens were leached for
266 days.

e) Series 3.13 to 3.18: Replenishment series.
In this series, six specimens were leached in groundwater
under oxidizing conditions. Details of the experiments are
given in Table 2. After initial filling, the flasks were
allowed to stand for 27 days, following which 20 % of the
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Table 2
Replenishment experiment: Summary of test conditions

Experiment

3
3
3
3
3
3

.13

.14

.15

.16

.17

.18

Flask

Polypropylene
«
«
Pyrex
M

Fuel Specimen Wt U02

Fuel/clad segment
Fuel
ti

fragments >4
3.

mm
15-4 mm

Fuel/clad segment
Fuel
N

fragments >4
2-

mm
3.15 mm

<g
16.
5.
5.
16.
5.
3.

)

6
7
7
6
8
9

leachants were removed and immediately replaced by fresh
groundwater. This was repeated four times after different
contact periods.

f) Series 4.1 to 4.14: alpha radiolysis.
The purpose of this experiment was to study the effects of
alpha-radiolysis by leaching specimens from a low burnup
fuel rod (0.5 MWd/kg U, 22 kW/m linear power). This fuel had
an alpha activity of less than one percent of that of the
high burnup fuel. The gamma and beta activities were com-
parable. In this series 14 segments specimens were pre-
leached in oxidizing groundwater for 3 weeks. Six of the
fuel specimens were then, in pairs, leached again under
oxidizing conditions for periods of 2, 4 and 6 weeks. The
remaining 8 specimens were leached, under the reducing
conditions described in o for the same periods.

g) Series 3.23 to 3.26: bicarbonate concentration dependence.
In this series, four specimens were leached under oxidizing
conditions in distilled water and in sodium bicarbonate
solutions (1,2 and 4 mM) respectively. This experiment is
still going on.

h) Series 7.1 to 7.14: PWR fuel leach test.
In this series, experiments were included where the fuel is
contacted with groundwater reduced under more realistic
conditions. In a closed system, the groundwater is circulated
continuously over rock cores from deep bore-holes. When a low
Eh was attained, the reduced groundwater was transferred by
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means of an in-cell manifold to the leaching vessels which
prior to the transfer had been flushed with nitrogen an
evacuated. After groundwater transfer, the vessels were
placed under water in stainless steel cans to minimize in-
leakage of air. Experiment were also carried out under
oxidizing conditions and under reducing conditions as
described in c). The experimental parameters are summarized
in Table 3.

Table 3
Experimental parameters: PWR fuel tests

Fuel

7.1
7.7
7.13

specimens

- 7.6
- 7.12
- 7.14

Experimental conditions

Oxidizing
Reducing: rock cores/GW
Reducing: H2/Pd/GW

i) Diffusion experiments
In this series, ten specimens of spent fuel, ca 3 g each are
corroded in the presence of highly compacted bentonite in
diffusion cells. The experiment parameters are given in
Table 4.

Table 4
Diffusion experiments: experiment conditions

Diffusion medium Duration

Bentonite
Bentonite + 0.5 % Cu
Bentonite + 0.5 % Fe
Bentonite + 1.0 % Vivianite

101, 197, 365 and X days
386 and X days
386 and X days
386 and X days

These experiments are currently being analysed and to date
only preliminary cesium results are available [21].
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DEFINITION OF RELEASE

Dissolved, adsorbed and colloidal species

The experimental procedure described above, involving analysis of
three fractions - centrifugate, vessel strip and membrane filter
- is based on the assumption during experiment design that
adsorption (vessel strip) and colloid formation (membrane filter)
could be significant in these solutions with very low concentra-
tions of highly-charged species. It was also expected that small
fuel fragments and fines could be lost from the suspended open-
ended fuel/clad specimens and later be included in the amounts
found in the vessel strip and on the filter.

Considerable attention has been paid to evaluation of the ex-
perimental results in order to assess the size of such contri-
butions .

The problem is illustrated by the set of results shown in Table
5, which refer to the 350 day static leaching in groundwater
under oxidizing conditions of a BWR fuel segment.

Although the results refer to the total leachant volume of 200
ml, it should be noted that the aliquots actually analysed were
over two orders of magnitude smaller.

It can be seen that, except for the selectively-leached or readily
soluble elements cesium, strontium and antimony, the total amounts
recovered from the leaching vessel are predominantly due to the
vessel strip and membrane filter fractions. For experiments
performed under reducing conditions, when the amounts of uranium,
lanthanides and actinides found in the centrifugates are con-
siderably lower than in the case of oxidizing conditions, this
effect is even more pronounced.

Use of the sum of the measured amounts found in the three fractions
gives a conservative value for release from the fuel. Unfortunate-
ly, however, this may lead to conclusions regarding release
mechanisms which are erroneous. This is illustrated in Table 6,
which presents the sums of the three fractions from experiment
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Table 5
Experiment 3.5.6. Analytical results on centrifugate,
vessel strip and membrane filter

Cs-137
Sr-90
Sb-125

Ce-144
Eu-154

Pu-239/240
Pu-238/Am-241
Cm-244

Centr.

8.60 E07
1.50 E07
6.00 E04

ND
ND

2.00 E02
8.20 E02
2.40 E01

Strip

Bq/200 ml

4.70 E06
4.60 E05
ND

2.20 E05
2.00 E04

4.70 E03
2.30 E04
2.20 E04

pg/200 ml

Filter

2.80
1.60
5.60

ND
2.00

3.90
1.20
1.90

E06
E06
E03

E03

E02
E03
E03

1.40 E02 1.00 E02 4.80 E01

3.5.6 (Table 5) expressed as fuel inventory for each nuclide. The
table also includes corresponding release fractions from an
experiment performed under reducing conditions, where centrifugate
concentrations of lanthanides and actinides were one or two
orders of magnitude lower than in the centrifugate in experiment
3.5.6.

Clearly, although there is some scatter in the results, it can be
concluded that the lanthanides and actinides are released con-
gruently with uranium under both oxidizing and reducing conditions,
while cesium, strontium and to some extent antimony are released
preferentially. Indeed, it appears that the total release fractions
are similar in magnitude in the two experiments in spite of large
differences in contact times and redox conditions. These conclu-
sions are, of course, largely invalid if it can be shown that the
vessel strip and membrane filter fractions mainly represent fuel
fines and fragments under the experimental conditions employed,
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Table 6
Total release fractions (centrifugate, vessel strip and
membrane filter) for experiments performed under
oxidizing and reducing conditions

Release Fraction

Experiment 3.5.6 3.7.1R

Conditions Oxidizing Reducing

Contact time (d) 350 28

Cs-137
Sr-90
Sb-125

Ce-144
Eu-154

Pu-239/240
Pu-238/ftm-241
Cm-244
U

1
4
4

7
7

9
9
9
2

.5

.9

.3

.6

.2

.0

.4

.1

.0

E-03
E-04
E-05

E-06
E-06

E-06
E-06
E-06
E-05

1
2
3

2
5

6
3
4

<9

.7

.3

.8

.8

.3

.1

.8

.0

.8

E-03
E-05
E-06

E-06
E-06

E-06
E-06
E-06
E-06

i.e. with leachants over a pH range of 7 to 8.2, room temperature,
and Pyrex vessels. This will be discussed in the following.

Vessel strip solutions

An evaluation of the vessel strip results in the BWR fuel ex-
perimental series was published two years ago [8] with the
conclusion that the solutions represent with a high degree of
certainty the dissolution of fuel fragments and fines. Now, when
additional results are available, this conclusion still holds.
The results for the entire BWR fuel series are summarized in
Table 7. Uranium contents of the vessel strip solutions ranged
between 3 and 640 j/g/200 ml, with no correlation with experimen-
tal parameters other than a not unexpected tendency to higher
values during the initial contact with the leachant. The ratios
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Table 7
Composition of vessel rinse solutions (ground-
water and deionized water leachants>

U Content
Range:
Mean:
Standard Deviation

(jjg/200 ml)
3 - 640
101
110

Ratio to inventory

Nuclide
Sr-90
Ru-106

Ce-144
Eu-154

Pu-239/240
Pu-238/Am-241
Cm-244

Mean Stand, dev.
1.3 0.9
0.9 0.5

1.8 0.5
1.2 0.6

1.2 0.6
1.2 0.5
1.3 0.7

to inventory given in the table are normalised to the correspond-
ing uranium values. The results for Pu-239/240 are also presented
graphically in Figure 2. Clearly, when allowance is made for
measurement scatter and possible bias, the results strongly
support the hypothesis of fuel fines dissolution.

The results of vessel strip analysis for 28 experiments on PWR
fuel under both oxidizing and reducing conditions have also been
reported [13] and support the same conclusion.

Membrane filters

For the BWR fuel series, the quantities of uranium found on the
membrane filters were usually below the detection limit of 20-40
;jg (calculated for 200 ml leachant). In only 11 experiments of
over 70 performed was a discrete value for uranium reported. The
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Figure 2. Correlation between Pu-239/40 and uranium in
vessel rinse solutions.

average composition (ratio to inventory) of the material found on
the filters in these experiments is listed in Table 8.

Apart from Sr-90 (and Cs), which is clearly over-represented, the
analyses lend little support to any other assumption than that
even the membrane fraction is most likely dominated by fuel
fines.

Reporting units

Because of the difficulty in defining the surface area of highly-
cracked spent U02 fuel, the experimental results are expressed as
fractions of the initial inventory of each radionuclide. For the
leach fraction, the term "Fraction of Inventory in Aqueous Phase"
(FIAP) is used. As was discussed above, only the centrifugate
fraction of the solution is considered as leached material, with
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Table 8
Composition of material on membrane filter
(groundwater and deionized water leachants)

U-Content

Range:
Mean:
Standard Déviation;

(pg/200 ml)

7 - 200
47
56

Ratio to inventory

Nuclide Mean Stand, dev.

Sr-90
Ru-106

Ce-144
Eu-154

Pu-239/240
Pu-238/Am-241
Cm-244

11.0
0.6

0.9
0.7

0.4
0.3
0.7

9.4
0.7

0.5
0.4

0.4
0.3
0.5

thé exception of Sr and Cs which are clearly over-represented on
the membrane filters. For these nuclides, the term "Corrected
FIAP" is used.

RESULTS

The purpose of the experiment programme is to study the corrosion
behaviour of spent UO2 fuel and the release of fission product
and actinides under different, but repository related conditions.
Some experiment parameters, such as redox conditions and water
chemistry (DI water vs. groundwater) have a large influence on
the fuel corrosion, the redox conditions being by far the most
important one. For other parameters, the results of the high
burnup fuel series have shown that the individual behaviour of
uranium, actinides and fission products is to a large extent
independent of the applied conditions. In the following, the
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Figure 3. Uranium concentrations in centrifugate for high
burnup BWR and PWR fue l .

results will therefore be discussed by elements, for oxidizing
and reducing condition respectively, rather than by individual
experiment series.

OXIDIZING CONDITIONS

Uranium
High burnup fuel

The concentrations of uranium in groundwater from the series 3.2
to 3.7, series 5 and series 7.1 to 7.6 leachant centrifugates are
typically in the range 0.5 - 2 mg/1 (see Figure 3). Most of the
BWR data shown in the Figure 3 has been published before [8].
Concentrations measured in the ongoing BWR fuel studies as well
as the PWR fuel studies agree well with the earlier observations
within the relatively large scatter in the data.
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At 482 days contact time, the groundwater series showed increased
concentrations. These data were obtained from the 12th contact
period in the series 3.2 and 3.3. However, the 13th contact
period for these two series (238 days) did not show these unexpec-
tedly high uranium concentrations.

For comparison, concentrations measured in deionized water (series
3.1) are also shown in the figure. The deionized water concen-
trations for earlier contact times (shorter than 200 days) are in
most cases below the analytical detection limit and are plotted
at the respective "less than" value. For the more recently obtained
longer contact times, improvements in the analysis techniques
have lowered the detection limits, but "less than" values are
still recorded in some experiments. The uranium concentrations
found in deionized water are generally in the range of a few yg/1.

In experiments 3.13 and 3.16 in the replenishment series, higher
uranium concentrations were measured. However, both these specimens
were fuel segments cut about two years prior to the start of the
experiment. A tentative explanation for the higher uranium
concentrations is that those two segments had experienced some
surface oxidation during the air storage preceding the leaching.

Successive replenishments lowered the uranium concentrations to
those normally found for the high burnup fuel. The corresponding
replenishment experiments with fuel fragments did not show
initially high uranium concentrations.

Uranium
Low burnup fuel

The uranium results from the low burnup fuel (0.5 MWd/kg U, 22
kW/m) have not been included in Figure 3, but the concentrations
were much higher as can be seen in Table 9.

The uranium concentrations also appear to increase with time and
even after 55 days may not have attained saturation. It seems
unlikely that alpha radiolytical effects, presence or absence,
could have caused these effects. The explanations is probably to
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Table 9
Uranium concentration (ppb) in centrifugate, low burnup
fuel

Contact time <d> 22* 15 28 55

Oxidizing conditions 6380 3700 6250 8250
Reducing conditions 34 37 21

*Pre-leach

be found in differences in fuel morphology, microstructure and
stoichiometry between the high burnup and the low burnup fuel
types.

Plutonium

The concentrations of plutonium in groundwater and deionized
water solutions are shown in Figure 4. The PWR fuel data seem to
follow the previously observed trend for BWR fuel, i.e. the
concentrations observed for shorter contact times drop by about
one order of magnitude at longer contact times. As for uranium
the scatter in measured concentrations is appreciable, but seems
to level out at 0.2 to 0.3 ppb after about 200 days contact time.

It is also worth noting that the unexpectedly high uranium concent-
rations at 482 days contact time (12th contact, 3.2 and 3.3
series) are not reflected in a corresponding increase in plutonium
concentrations.

Contrary to what was found for uranium, the deionized water
leachants have consistently higher plutonium concentrations than
the groundwater. Based on the relatively few measurements avail-
able, the initially observed concentrations of about 3 ppb seem
to remain also at longer contact times.
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Figure 4. Plutonium concentrations in centrifugate for high
burnup BWR and PWR fuel.

Cesium and strontium
High burnup fuel

Cesium, iodine and the fission gases Kr and Xe are the most
mobile fission products in operating reactor fuel and there is
convincing evidence that they are released from the fuel matrix
with about the same fractions of inventory. The measured fission
gas release fraction for the PWR rod was 1.06-10-2 [12] and the
corresponding value for the high burnup BWR rod was 7-10-3.
Hence, the Cs-137 releases during leaching should approach these
value.

In the PWR experiments under oxidizing conditions, the mean FIAP
during the first 82 day contact period was 7.7«10-3, with an
apparent difference of about 10 % between specimens from the two
parts of the fuel column sampled. In the BWR experiments substan-
tial differences in Cs-137 release behaviour were noted between
different parts of the rod [8]. This is probably due to their
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Figure 5. Cesium, cumulative fractional releases in sequential
leaching of BWR and PWR fuel. 3.1 refers to
sequential leaching of BWR fuel in deionized
water. 3.2 and 3.3 refer to sequential leaching of
BWR fuel in groundwater; 3.4 and 3.5 to static
leaching of BWR fuel in groundwater. The 3.1, 3.2
and 3.5 specimens are cut from one section of the
fuel rod. The 3.3 and 3.4 specimens are cut from a
different section of the fuel rod. 7.3 and 7.4
refer to PWR fuel.

different irradiation histories, since the axial power profile in
a BWR rod varies during operation because of control rod move-
ments.

The mean Cs-137 FIAP for the PWR fuel during the second 172 day
contact period was 5.8-10"4, giving a mean cumulative FIAP value
of 8.3-10-3 for a cumulative contact time of 254 days. The
individual results together with the BWR results are presented
in Figure 5. The PWR values are seen to be somewhat lower.

The mean strontium FIAP values for the first 82 day contact for
the six PWR experiments was 4.0«10~4, again with the same spread
between specimens as observed for the Cs-137 results. For the
second, 172 day, contact the mean FIAP was 1.2-1Q-4, giving a
cumulative 254 day value of 5.2'10~4. The individual results are
presented in Figure 6 together with the BWR results for compari-
son.
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Figure 6. Strontium, cumulative fractional releases from
leaching of high burnup BWR and PWR fuel. The
notations are the same as in Figure 5.

The trends in the BWR results for strontium appear to correlate
with the corresponding cesium results, i.e. experiment 3.3 giving
a higher fractional release than experiment 3.2. It should also
be noted that the experiments 3.1 and 3.5 also give fractional
releases in the same range as 3.2. The specimens for these
experiments were cut from the same part of the fuel rod. The
specimens for experiment 3.4 were cut from the same part of the
rod as those for experiment 3.3 and also for these two experiments,
Figure 6 shows comparable release fractions. Although there is no
apparent reason why strontium should be affected by control rod
movements similarly to cesium, no alternative explanation can at
present be offered to this observation.

Cesium and strontium
Low burnup fuel

The irradiation history of the low burnup fuel rod does not give
reason to expect fission gas or cesium release of any importance,
This is also corroborated by the experiment results which show
that apart from some selective leaching of cesium during the pre-
leach, the releases of strontium, iodine and barium appear to be
congruent with the UÛ2 matrix dissolution.
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Antimony, cumulative fractional releases from
leaching of high burnup BWR and PWR fuel. 3.1
refers to sequential leaching of BWR fuel in
deionized water. 3.2 and 3.3 refer to sequential
leaching of BWR fuel in groundwater; 3.4 and 3.5
to static leaching of BWR fuel in groundwater. The
3.1, 3.2 and 3.5 specimens are cut from one section
of the fuel rod. The 3.3 and 3.4 specimens are
cut from a different section of the fuel rod.

Other f iss ion products

All specimens have been analysed for the fission products Ru-106,
Sb-125, Ce-144 and Eu-154. However, at near neutral pH the
lanthanides are expected to be present at very low concentrations
and the analytical detection limits prevented collection of
complete sets of results. Also Ru-106 was in many cases found to
be below the detection limit. Only for Sb-125 a more complete set
of data could be collected (Figure 7 . ) .

When the PWR fuel test series started, the analytical programme
was expanded to include also Mo and Tc-99. These data are, however,
at this time incomplete.
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Table 10
Normalized release in low pH tests

PK

Sr-90
U
Pu
Cm
Ce-144
Eu-154
Cs-137

2.0

100
100
100
260
150
110
70

3.2

100
80
130
90
120
80
90

3.4

100
120
12
230
110
100
80

4.0

100
90
100
170
180
130
80

4.1

100
40
60
140
100
100
60

5.5

100
4
40
60
65
65
70

Low pH tests

A contamination incident occurred during the programme for the
series 3.1 to 3.3 and also for the 91 days preleaches in the
series 3.6 and 3.7. At the end of the contact times, it was found
that the pH had decreased to between 2.3 and 5. Not unexpectedly,
the fractional releases of radionuclides in these leachants were
markedly higher than those measured during the preceding contact
periods with normal pH. However, an interesting feature of the
low pH exposures results was that the substantial differences in
release fractions between different elements observed at higher
pH, and which could be caused by either preferential dissolution
or by saturation/readsorption almost disappeared, indicating
congruent dissolution.

In subsequent tests, shorter (20 days) low pH exposures were
included in the test programme (see Figure 1) to follow a long
exposure at high pH. It was expected in these tests that if the
redeposited material or alteration products were soluble, the
ratios of actinides and lanthanides to strontium (and uranium)
would be enhanced compared with those in the fuel itself. Examples
of results aare shown in Table 10.

The results for curium appear to show some enhancement, but this
is thought to be a combination of experimental error and variation
in local curium inventories. Thus, it can be concluded that the
experiments give no support to the hypothesis of appreciable
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adsorption or precipitation of actinides and lanthanides on the
fuel/clad surfaces. An interesting observation is that at low pH,
the strontium release fraction exceeded the cesium dissolution
fraction, indicating, perhaps, different attack sites on the fuel
surface than those at high pH.

Bentonite scoping tests

The preliminary study of spent fuel/bentonite interaction (series
5) has shown no significant changes in the uranium concentrations,
no indications of increased corrosion due to changes in solution,
or due to sorption. The measured uranium concentrations were the
same as in the experiments where no bentonite was present. This
has been attributed to a very low sorption of anionic uranylcar-
bonate species onto bentonite. The concentrations of plutonium
and cationic fission products in the aqueous phase were lowered
considerably, by up to two orders of magnitude in the case of
plutonium due to sorption onto the bentonite.

REDUCING CONDITIONS

Uranium and plutonium
High burnup & low burnup fuel
For the three fuel types discussed in this paper, a series of
tests at reducing conditions was performed, where the reducing
conditions were imposed on the system using 6% H2/Ar gas in the
presence of a palladium catalyst. The results for uranium and
plutonium are presented in Table 11. In the tests performed under
reducing conditions, the uranium concentrations in solution drop
by up to three orders of magnitude. The corresponding drop in
plutonium concentrations are about two orders of magnitude.

Cesium and strontium
High burnup & low burnup fuel

In general, the release of fission products appear to be less
influenced by the redox conditions in the tests. For high burnup
fuel, both BWR and PWR, the cesium releases are virtually un-
affected by the redox conditions, indicating that at the early
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Table 11
Average concentration of uranium and plutonium in tests
performed under reducing conditions

High burnup BWR Low burnup BWR PWR

U (pg/1) 40* 30 1.5**

Pu (pg/1) 2-10-3* 6-10-3* 6-10-3*

* "Less-than" values included in calculating the average
value.

** Same as in *, but lower detection limit due to improved
analytical techniques.

stages of leaching under reducing conditions, cesium release is
essentially independent of UÛ2 matrix attack.

For low burnup BWR fuel a reduction of cesium release by about a
factor of ten was observed.

Under both oxidizing and reducing conditions, the fractional
release of Sr-90 was always higher than the corresponding value
for uranium for both BWR and PWR fuel. However, the Sr-90 release
fraction decreases under reducing conditions, even though the
effect is relatively small, about an order of magnitude.

DISCUSSION

General

For long-term predictions of releases from a spent fuel reposito-
ry, it is essential to understand the mechanisms through which
the radionuclides are released from the waste form. Radionuclides
in solid solution with U02 or otherwise encapsulated in the U02
grains will be released as the U02~matrix dissolves. For radio-
nuclides segregated to grain boundaries, cracks and fissures in
the fuel, the release may be largely independent of U02 dissolu-
tion. Although some efforts have been devoted to studying fission
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product and actinide distributions in reactor fuel (see e.g. ref
[14], very little has been done with reference to the leach
behaviour of the fuel. It is therefore important to relate the
present spent fuel corrosion data to dissolution mechanisms and
establish which radionuclides are most likely released through
some type of preferential leaching and which ones are released
through U02~matrix dissolution or breakdown.

An important step in this analysis is to establish what is fraction
of material released through leaching/corrosion. As was discussed
previously, we have concluded that only the centrifugate fraction
represents chemically released material. (With some corrections
for sorption of elements such as Sr and Cs.)

Uranium and plutonium

The present data support our previous conclusions that uranium
and plutonium concentrations in oxidizing groundwater seem to be
solubility controlled [8]. For uranium this was also supported by
calculations assuming schoepite to be the solubility controlling
solid [8], However, it must be borne in mind that a number of
assumptions has to be made when calculating the solubilities of
spent fuel. Parameters, such as EH, oxidation state of the fuel
before leaching, precipitating solid phases, etc., are not
determined in the experiments. Thus, agreement between calcula-
tion and experiment must be taken with some caution. Factors,
such as fuel morphology and fuel surface oxidation seem to
influence the initial release of uranium from the fuel specimens
[8], Furthermore, a recent redetermination of the solubility of
amorphous and crystalline schoepite [16] have shown that the
observed uranium concentrations in the spent fuel leach experiments
are about a factor of 20 lower than predicted. In addition to
this redetermination of schoepite solubility, the thermodynamic
database of uranium for EQ3/6 geochemical codes has also been
validated [22].

In Figures 8 to 10, the fractional releases of uranium, plutonium
and some fission products are compared for different fuel types
and leach conditions. In groundwater under oxidizing conditions,
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the plutonium release is lower than the uranium release by one to
two orders of magnitude. Although the plutonium is expected to be
dissolved in the fuel matrix and, consequently, released con-
gruently with uranium, an apparent incongruent release is observed.
For uranium, the data (Figure 3) suggest solubility control of
the solution concentrations and the lower,in the long-term constant
(Figure 4) plutonium concentrations are also most probably
controlled by the solubility of a precipitated solid phase, such
as amorphous Pu(OH)4 [8,15].

In deionized water (Figure 3), the uranium concentrations are
considerably lower than in groundwater. This is to be expected,
since no relatively soluble carbonate complexes can be formed in
deionized water. However, as is evident from Figure 8, although
the uranium release in lowered considerable there is no lowering
of the plutonium releases. In fact the concentrations in solution
are even slightly increased (Figure 4). Compared to the ground-
water case, there is a reverse incongruent release of plutonium
in deionized water. The reasons for this difference in plutonium
behaviour in groundwater and deionized water remain to be resolved.
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Under reducing conditions, all fuel types have near congruent
release of plutonium, as is shown for PWR fuel and low burnup BWR
fuel in Figures 8 and 9. Under reducing conditions, U02 is stable
and limits the uranium concentrations in solution. However,
according to reference 18, plutonium is expected to be redox
insensitive under the test conditions. Thus, under reducing
conditions the leachants must be under-saturated with respect to
plutonium. The plutonium release is controlled by the fuel matrix
dissolution and as the matrix dissolution is greatly retarded
when the leachant is saturated with uranium, no measurable increase
in plutonium concentrations are detected.

However, recent experiments seem to contradict this 113]. In
these experiments it was attempted to obtain reducing conditions
by circulating groundwater over crushed rock until a low EH was
obtained and thereafter transfer the reduced groundwater to the
leach vessels in the hot cell. No monitoring of the redox potential
was performed during leaching, but the observed uranium
concentrations in solution indicated that actual reducing condi-
tions were not achieved. The plutonium concentrations, on the
other hand, were lowered considerably. The reason for this is
not yet established, but sorption of plutonium (IV) onto active
mineral particulates (possibly released from the crushed rock) is
very strong and could be responsible for lowering the solution
concentrations.

In the deionized water case, an equally low uranium concentration
was not reflected in a lower plutonium concentration. Thus, in
oxidizing deionized water, saturating the leachant with uranium
does not stop the oxidation of the U02~matrix to higher uranium
oxides. During this alteration of the solid phase, or formation
of a new solid phase, plutonium appears to be released to the
leachant. Indeed, Stroes-Gascoyne et al. have identified precipi-
tated schoepite (U03-H2Û), or a related hydrate on the surface of
leached spent fuel [17], Also at Studsvik, a yellow precipitate
has been found on specimens leached for extended periods in
deionized water. However, it has not yet been possible to identify
this precipitate yet.
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Strontium

For the low burnup BWR fuel, where no fission product segregation
is expected, strontium and other fission products are released
practically congruent with uranium under oxidizing conditions
(Figure 9). Under reducing conditions an incongruent release can
be seen, indicating that a small fraction of the studied fission
products may be segregated and can be released independent of the
uranium dissolution.

For high burnup BWR fuel, there is an apparent incongruent release
of strontium even after an integrated contact times of nearly six
years (13th contact shown in Figure 8). Two explanations for this
observation can be put forth. (1) Strontium is known to be a
fission product mainly dissolved in the fuel matrix [143. Thus,
the incongruent strontium release is an indication of ongoing
fuel matrix alterations after the leachant has been saturated
with uranium, i.e., strontium is released to the leachant similarly
to the release of plutonium in the case of leaching in deionized
water. (2) The dominating fraction of the strontium detected in
the experiments is preferentially leached segregated material
(from fuel cracks, fissures and grain boundaries).

The first hypothesis seems to be refuted be the fact that in low
burnup fuel, where very little segregation is expected, the
release of strontium is in fact congruent.

The second hypothesis is supported by the fact that the factors
such as fuel irradiation history as well as size and type of
specimens used appears to have a larger influence on the stron-
tium leaching than the saturation state of uranium in solution.

An alternative hypothesis for the strontium has recently been put
forth, where an attempt is made to interpret the strontium release
as controlled by oxygen diffusion into the fuel matrix [193.

In Figure 6, it can be seen that the release of strontium from
BWR fuel depend only on the cumulated contact time. Sequential
tests and static tests give the same cumulated releases after the
same cumulated contact time, even though for a sequential test
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Figure 11. High burnup BWR fuel, comparison between cumulated
fractional releases of strontium and cesium for
fuel/clad segment specimens and fragment specimens
of different fragment sizes.

the leachant was changed several times during the leaching and
thus saturated with uranium several times. Also, there is no
difference between the strontium leaching in deionized water and
groundwater, reflecting the vast differences in uranium behaviour
in the leachants. However, as was mentioned before, two sets of
data points can be distinguished in Figure 6, particularly at
longer cumulated contact times. This difference is related to the
position within the fuel rod from where the specimens were cut.
These different regions within the same fuel rod have slightly
different irradiation histories, depending on control rod movements
etc. A similar difference can also be seen in the cesium release
curves in Figure 5.

In an experiment where fuel segments and fuel fragments of various
sizes were used C 8 ], a correlation between fragment size and
strontium release was observed (Figure 11). The fuel/clad segments,

312



where leachant penetration to crack/ fissures and grain boundaries
is expected to be less effective than in smaller fragments,
showed an initially lower release of strontium. This difference
disappears at longer contact times. For these particular specimens,
the fuel/clad segments had been stored in air for nearly a year
and the exposed fuel surfaces had been oxidized. As a result of
this, the uranium release from the segment specimens was about a
factor ten higher than from the fragments [81.

Based on these observations, the most probable explanation for
the strontium leach data appears to be that the leached strontium
is segregated material from fuel crack, fissure or grain boun-
daries. The fact that imposing reducing conditions on the system
reduces the strontium releases (see e.g. Figure 10) could be then
be a result of reduced grain boundary dissolution in the absence
of grain boundary oxidation. However, scanning Äuger studies of
transgranular/intergranular fracture surfaces in high gas release
(18 %) PWR fuel show no indications of any strontium enrichments
at grain boundaries [20].

Thus, the reasons for the observed strontium behaviour remain to
be resolved.

Other fission products

Only for Sb-125 has a complete set of data been acquired as is
shown in Figure 7. Antimony is one of the fission products known
to form metallic precipitates in the fuel [14]. However, it is
unlikely that the leached antimony fraction in the tests stem
from oxidation and dissolution of such precipitates. Neverthe-
less, the Sb-125 releases correlate neither with the uranium
dissolution, nor with the strontium releases, indicating that
antimony is most probably released from more or less isolated
inclusions in the fuel.

During the past year, technetium and molybdenum analyses have
also been included in the programme. These fission form metallic
precipitates in the fuel. However, the present data indicate that
an appreciable fraction of the technetium and molybdenum are
accessible to leaching. After long contact times, the data for
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technetium and molybdenum appear to be similar to other fission
products (Figure 8). Without a more complete set of data, showing
the evolution of technetium and molybdenum in solution, no definite
conclusion can be drawn from the BWR fuel data. The early data
from the PWR fuel (Figure 10) show releases in the range of what
is found for strontium. However, unlike what is found for stron-
tium, the preliminary data indicate that there is no influence of
reducing conditions on the technetium and molybdenum releases. In
this respect these elements behave more like cesium. A preliminary
interpretation for this observation is that technetium and
molybdenum are segregated in fuel, but are less dependent than
strontium on grain boundary oxidation for their release.

CONCLUSIONS

(1) The present results from the on-going Swedish programme on
leaching of spent UO2 fuel are in agreement with earlier
results from the programme and also with those of other
laboratories.

(2) Leach vessel rinse solutions always show compositions
congruent with the composition of the fuel. In by far the
most cases, this is also found for the fractions retained on
the 1.8 nm filters. The results so far indicate that these
release fractions are composed of small fuel fragments,
probably released mechanically from the fuel and give
therefore no information on the release mechanisms.

(3) For high burnup BWR and PWR fuel, uranium saturation in the
groundwater appears to be attained at a level of 1 mg/1.
However, there is some evidence that this level can be
raised by factors such as fuel oxidation prior to leaching,
fuel morphology and fuel stoichiometry. However, solid
phases or mechanisms controlling the uranium concentration
have not been identified.

(4) In deionized water, uranium saturation appears to be attained
at a level about a factor of 1000 lower than in groundwater.
This is not reflected in a correspondingly lower plutonium
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release, indicating that fuel oxidation/alteration continues
after the leachant has been saturated with uranium.

(5) Under reducing conditions, the absence of fuel oxidation and
the very low uranium solubility leads to a stronger tendency
towards congruent releases, controlled by the solubility of
the fuel matrix.

(6) The fission products Cs, Sb, Tc and Mo appear to be selecti-
vely leached, most probably from inclusions or from fuel
cracks, fissures and grain boundaries.

OPEN QUESTIONS

General
Effects of radiolysis

The most important question is whether the local conditions at
the fuel surface are oxidizing or reducing. The conditions in
undisturbed deep granitic rock are expected to be reducing, but
the alpha radiolysis of water at the fuel surface may well cause
locally oxidizing conditions. The possible effects of radiolysis
on U02 dissolution are still not sufficiently understood. Work in
this field is in progress in Sweden and elsewhere. These studies
must be given high priority for the next three to six years.

However, even though alpha radiolytic effects on U02 dissolution
will be better understood on a laboratory scale, uncertainties
may remain concerning the possibilities to demonstrate that such
data are applicable to the very complex repository environment.
In particular, it may prove difficult to demonstrate that benign,
reducing conditions are prevailing in the very near field.
Therefore, spent fuel corrosion/dissolution must be studied under
reducing as well as oxidizing conditions in order to establish
the behaviour of spent nuclear fuel under realistic conditions as
well as in realistic limiting cases.
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General
Colloids

The membrane filter fractions are currently interpreted as fuel
fines since the data appear not to support any other interpreta-
tion. Only on a few occasions have discrete uranium, values been
obtained and no definite conclusion about the nature of the
membrane filter fractions can therefore be drawn. This should
therefore be further investigated. This may be done by using a
combination of selective filtration and laser induced photo-
acoustic spectrometry. Institut für Radiochemie at the Technische
Universität München, (Dr. Kim et al.) has the appropriate know-
how for this and preliminary studies have been performed. This
programme should be continued.

Oxidizing conditions
Solubilities

The recent remeasûrement of the solubility of schoepite as well
as the validation of the EQ3/6 uranium data base have indicated
that the uranium concentrations found in the spent fuel corrosion
experiments are well below what is predicted theoretically. An
alternative explanation has been put forth [233, where the
corrosion potential is assumed to be controlled by phase boundaries
(either 1)307/0308 or 0307/schoepite). This and other possible
explanations for the discrepancy will have to be explored further.

For plutonium, the observed discrepancy between equilibrium
concentrations in groundwater and in deionized water cannot be
explained satisfactorily using available thermodynamic data
assuming Pu(OH)4 (am) as solubility limiting solid phase. This
must also be resolved.

The thermodynamics of minor components in the fuel, either in
solid solution or in separate phases (metallic ingots) are
insufficiently established. Further work will be required to
validate data bases for actinides and important fission product.
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Oxidizing conditions
Oxidation/dissolution kinetics

The fact that uranium and many other elements present in the fuel
appear to be solubility limited in solution makes it difficult to
directly determine the oxidation/dissolution kinetics. Of the not
solubility limited elements, cesium, antimony, technetium and
molybdenum are known to be segregated or to form separate phases
in the fuel and cannot be used as indicators of U02 matrix
alteration. Strontium is expected to be in solid solution in the
matrix. However, the results obtained so far can be interpreted
in several ways.

In order to better understand the oxidation/reaction kinetics, it
is essential that the fuel specimens are well better characterized
with respect to actinide and fission product distribution before
and after the corrosion experiment so that releases of specific
element can be correlated with matrix alteration and selective
leaching. Capability to some of this work has been established at
Studsvik. However, several experiment techniques will certainly
be required as well as experience of applying such techniques to
the study of highly radioactive materials. This will call for
cooperation with other laboratories and in particular Battelle
PNL, CEGB (Berkeley) and the European Institute for Transuranium
Elements (Karlsruhe) are advanced in this field. In view of the
technical capacity, Battelle would be a very interesting partner
for collaboration.

As a complement, the current UC>2 dissolution studies performed
by KTH could be enlarged to incorporate studies of simulated
spent fuel, SIMFUEL, which is produced by AECL, Chalk River.
SIMFUEL is also being studied the European Institute for Trans-
uranium Elements. Although elements in the fabrication procedure,
such as high temperature sintering, indicate that SIMFUEL may
more simulate high temperature fuel than LWR fuel data from
fission product release in corrosion tests could be a very useful
complement the spent fuel studies. Possibly, a cooperation between
SKB, the European Institute for Transuranium Elements and TVO/VTT
could be established.
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The spent fuel studies performed at Studsvik have shown an
unexpectedly high release of technetium. Technetium is known to
form segregations in the fuel in the form of metallic ingots
together with molybdenum, ruthenium, rhodium and palladium. These
ingot form solid residues in the concentrated nitric acid used in
the reprocessing of nuclear fuel. However, a relatively high
fraction of the inventory of technetium is released into the
groundwater during the corrosion experiments. Technetium can only
be released from the fuel as Tc04~. Consequently, it is very
important to quantify the reaction: Tc(s) - TcC>4 - TcO^j- and to
investigate the factors which may affect the stability of metallic
technetium in the fuel, e.g. the generation of Tc(s) super-fines
at the grain boundaries, with surface tension sufficient to
overcome the redox transition from metallic technetium to pertech-
netate.

Reducing conditions
Solubilities

As for oxidizing conditions, the critical review of the thermo-
dynamic data base is necessary.

Reducing conditions
Dissolution kinetics

The kinetics of U02 dissolution under reducing conditions have
been studied at KTH [24]. These studies could be complemented
with studies on SIMFUEL. Similar experiments could be valuable
also for spent fuel, in order to establish if the build-up of
fission products and actinides together with the structural
changes caused by irradiation change the reactivity of the
material.

Modelling

Work aiming at quantitative modelling of the corrosion of spent
nuclear fuel under repository conditions have started. However,
the mechanisms controlling the corrosion process are not yet
identified and continuous interaction between experimentalists
and modellers will be necessary. In a longer time perspective, a
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fuel dissolution model will have to be integrated with near field
sorption/precipitation models and transport models.

Integrated experiments

Even though the simpler spent fuel/groundwater system is not
fully understood, studies of more complex, repository relevant
systems will have to be started within the next few years. Results
from the scoping study of spent fuel - groundwater - bentonite
interaction (series 5) have recently been reported. Within the
next six months, results from the diffusion experiments are
expected to be available. Based on the outcome of these experi-
ments, more complex experiments can be designed.

Miscellaneous

All spent fuel studies so far have been performed using synthetic,
low ionic strength groundwater, with a few exceptions when
deionized water has been used. It is questionable if this water
type is representative for the waters which may be encountered in
a deep geologic repository. On several sites in Sweden, saline
(5000 to 11000 ppm Cl~) groundwater have been found at the depths
foreseen for a repository. Furthermore, ongoing analyses of
bentonite pore water have shown water compositions very different
from the presently used standard synthetic groundwater. Widening
the scope to considering new water types must therefore be
considered.

Until now, almost all experiments have been performed on two fuel
rod, one from a BWR reactor and one from a PWR reactor. It can be
questioned to what extent these two rods are representative for
fuel that will be disposed of in the repository. Very different
fuel types, such as MOX fuel, as well as U02 fuels with other
burnup and other types of U02 fuel can conceivably have different
corrosion or leach behaviour. Therefore, new fuel types may have
to be included into the programme in the future.
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SPENT FUEL PERFORMANCE IN
GEOLOGIC REPOSITORY ENVIRONMENTS

D.J. BRADLEY
Pacific Northwest Laboratory,
Richland, Washington,
United States of America

Abstract

Experiments are carried out with spent fuel in the presence of the
expected repository disposal environment with and without inclusion of
waste package component materials. Three host rocks were considered for
the underground repository, namely, salt, basalt and tuff. The performance
behaviour of spent fuel in all these environments has assessed and the
following areas of study have been reported: spent fuel oxidation, spent
fuel/groundwater interactions and spent fuel/container material
interactions. Efforts to model the release of spent fuel in a geological
disposal environment have continued. These efforts have primarily assumed
an instant release of a fraction of the inventory of some radionuclides and
a slow, solubility controlled release of radionuclides, due to the
dissolution of the fuel matrix itself. Under oxidizing conditions, the
release of soluble nuclides from the UO matrix may be ultimately limited
by the congruent dissolution of the matrix. Incongruent matrix dissolution
apparently leads to the release of several nuclides, notably Cs-135 and
1-129. Short-lived nuclides that are readily soluble, such as Cs-137 and
Sr-90, can dominate the release from spent fuel if a significant fraction
of all waste packages lose containment prior to 1,000 years after
repository closure.

1.0 INTRODUCTION

The performance assessment of the radioactive waste package is a current
topic of study in the United States to develop a geologic repository for
nuclear waste isolation. The waste package is presently envisioned to con-
sist of the waste form and its surrounding containers. This waste package is
tied to specific performance objectives set forth in regulatory criteria. It
is the goal of the United States Department of Energy (DOE) Office of Civil-
ian Radioactive Waste Management (OCRWM) to develop the necessary information
on the waste package to show that the waste package provides confidence of
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meeting established performance criteria. Figure 1 shows a preliminary
schedule for development of the waste management system (U.S. DOE 1989) of
which this work on the waste package is a part. This paper will discuss the
United States programme directed toward managing high-level radioactive
waste, with emphasis on the current effort to define the behaviour of irradi-
ated spent fuel in repository environments. Spent fuel is of particular
interest since it is expected to be the primary nuclear waste form disposed
in a geologic repository. Current studies are directed toward understanding
the rate and nature (such as valence state, colloid form if any, solid phase
controlling solubility) of radionuclide release from the spent fuel. Due to
the strong interactive effect of radiation, thermal fields, and waste package
components on this release, current spent fuel studies are being conducted
primarily in the presence of waste package components over a wide range of
potential environments.

2.0 BACKGROUND SUMMARY

The first paper in this IAEA Co-ordinated Research Program (CRP) pre-
sented the progress made in the United States program to develop a geologic
repository for nuclear waste disposal up to the summer of 1985 (Bradley
1985). A detailed review was presented of the approach, test methods, and
materials being used by experimentalist in the United States to understand
the behaviour of spent fuel and the engineered barrier system in various geo-
logic media. This entailed a discussion of the experimental progress made in
evaluating spent fuel behaviour prior and after the initiation of repository
site-specific related studies.

The second paper in this CRP was presented in April 1987, and updated
the progress made in the United States on this subject up through December
1986 (Bradley 1987). A detailed review of NRC and EPA criteria with respect
to guiding Engineered Barrier studies was also included in the second paper.
The following points were made in summarizing the research studies discussed
in that paper:

• An analysis based on comparing NRC and EPA performance criteria was
used to determine a list of key radionuclides of importance forassessing repository performance. Americium and Plutonium were the
most critical radionuclides.

• Element releases for U, Pu, Te, and Cs exhibited very little timedependence in the total release data in salt brines. Nearly asmuch was released in 20 to 60 days as in 180 days.
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Table 1. Release Limits for Containment Requirements (EPA 1985)

(Cumulative Releases to the Accessible Environment
for 10,000 Years After Disposal)

Release Limit
(curies per

_______Radionuclide_______ 1000 MTHM1

Araericium-241 or-243 100
Carbon-14 100
Cesium-135 or -137 1,000
Iodine-129 100
Neptunium-237 100
Plutonium-238, -239, -240 or -242 100
Radium-226 100
Strontium-90 1,000
Technetium-99 10,000
Thorium-230 or 232 10
Tin-126 80
Uranium-233, -234, -235, or -238 100
Any other a lpha-emi t t ing radionucl ide 100

with a half-life greater than
20 years.

Any other radionuclide with a half-life 1,000
greater than 20 years which does not
emit alpha particles

• Cesium release exhibits the largest temperature dependence with the
90°C release being about 3 times the 30°C release in salt brine.Pu release is essentially independent of temperature in the range
30 to 90°C.

• The presence of iron has no effect on total release due to dissolu-tion of spent fuel in salt brines, but it does reduce solution con-
centrations nearly to zero for all elements tested except Cs.

• Zircaloy appears to have no noticeable effect on leaching in salt
brine environments.

« The difference in total uranium release values reported earlier for
U02 and spent fuel specimens leached in salt brine can largely be
attributed to differences in the surface characteristics of the
particular specimens used. The degree of surface oxidation of the
leach specimens appears to be an important parameter in spent fueldissolution studies.

• The initial lack of fuel dissolution attack in two to three-month
tests in basaltic groundwaters, and subsequent onset of attack and
formation of clay reaction products, after six months at 200°C, may
reflect the time required to produce significant concentrations of
oxidizing agents by water radiolysis.

• Studies continue to show significant reductions in the release of
most radionuclides from slit or hole defected fuel than from barespent fuel. Exceptions are 14C and "Tc.

• The chemical form of 14C in the U02 is not known, but some appar-ently exist as the element. In the Zircaloy cladding, the 14C
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probably exists as interstitial carbon or zirconium carbide. In
the fuel rod gas, it is probably present as CO or
In an atmosphere of nitrogen or helium gas, only a negligible
amount of 14C is released from heated, intact spent fuel. Whenheated in air, 14C on the external surfaces was oxidized to C02 andreleased.
When the cladding on a fuel rod ruptures, 14C released by escape ofthe pressurized gas may represent about 10~4 of the calculated
total inventory of the rod, but the cladding lifetimes of all the
fuel rods will be distributed in time.
In order to determine whether the NRC 10 CFR 60 release limit can
be satisfied for 14C release from waste packages in an unsaturated
tuff repository, it appears that it will be necessary to measurethe oxidation and release of 14C from the external surfaces andfrom the rod interiors of spent fuel in moist air at temperatures
both above and below the in-situ boiling point of water.
Present estimates of the 14C inventory are based largely on calcu-
lations, which need to be tested against measurements.

3.0 SPENT FUEL PERFORMANCE IN GEOLOGIC REPOSITORY ENVIRONMENTS

3.1 OBJECTIVES AND APPROACH
The overall objective of ongoing research and testing of spent nuclear

fuel is to be able to predict the rate and form of radionuclide release from
the spent fuel and subsequently from the engineered barriers system over the
time period of concern. The approach is generally based on the fact that the
most credible mode of radionuclide release and transport to the accessible
environment is via contact with groundwater associated with the particular
site.

Thus, experiments are being carried out with spent fuel in the presence
of the expected repository disposal environment with and without inclusion of
waste package component materials. Key factors affecting the performance and
dissolution mechanism of spent fuel in a repository are:

• solution chemistry and amount present
• radiation fields
• thermal fields
• presence of other waste package component materials
• spent fuel variability including factors such as distribution of

nuclides, fracturing, grain boundaries, and pellet-clad gap
inventory.
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In light of these factors, it is important to note that spent fuel eval-
uation studies are not based simply on contact with a fluid. Another point
to be considered in spent fuel testing is that compliance with the perform-
ance objectives established by the Nuclear Regulatory Commission (NRC) and
Environmental Protection Agency (EPA) will be based upon models derived pri-
marily from repository relevant testing programs. Therefore, two key factors
contained in the approach to studying spent fuel need to be emphasized:
1) Spent fuel behavior must be examined from the systems point of

view, so that the effects of other waste package components can beunderstood.
2) Spent fuel testing programs must be strongly linked to waste pack-

age performance assessment modeling efforts. Collaboration of
modelers with experimentalists to test basic tenets of models being
developed should be a major guiding force in spent fuel testing.

The testing approach being applied by the repository programs to under-
stand waste package behavior is to study the process of solution ingress
through multiple barriers (i.e., rock, container, canister), contact with the
waste form, then egress through these barriers transporting radionuclides.
This process, and the key issues to be resolved, are generally depicted in
Figure 2 (NRC 1984). Table 2 shows expected near field conditions and spent
fuel waste package designs. A discussion of spent fuel studies is given in
the following sections of this chapter.

3.2 SALT REPOSITORY PROJECT
The study of spent fuel interactions in a salt brine environment in sup-

port of the Salt Repository Project have been concluded in accordance with
the Nuclear Waste Policy Amendments Act (NWPAA) of 1987 (U.S. Congress 1987).
A number of conclusions have been drawn that are consistent with the findings
of other repository efforts in the United States as well as researchers in
other countries. The highlights of the results of these and other studies in
the United States up to the spring of 1987 were discussed in the last paper
(Bradley 1987), and summarized in the preceding section of this paper. The
results of experimental efforts up to the termination of the Salt Repository
Project are summarized in this section.

A summary document of all spent fuel research up to 1985 was completed
and published. This series is a valuable reference on radionuclide release
from spent fuel (Reimus et al. 1988).

Additionally, three different series of leach tests on pressurized water
reactor spent fuel (designated Approved Test Material-101 [ATM-101], [Barner
1985]) and unirradiated U02 have been completed. One leach test series was
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Table 2. Near-Field Repository Conditions and Spent Fuel Waste Package
Designs

Host Rock, Depth

Packing Material

Container (overpack)Material, Thickness
Canister Material ,
Thickness

Area! and WasteLoadings (atemplacement)
Groundwater Flow

Maximum Temperature(at container surface)
Maximum Radiation
Field (at containerouter surface)

Yucca Mountain
Site (O'Neal
1984. DOE 1986a)
Welded VolcanicTuff, 200 m
above saturatedzone(a'
Air gap

None

AusteniticStainlessSteel 1 cm
14.1 W/m2
3.3 MTHM/
container
Maximum of
0.331 liters
per year/canister

250°C

104 rad/hr

Hanford Site
(DOE 1986b,
Soo 1985)

Basalt,900-1200 m

75% Crushed
Basalt
25% BentoniteClay, 19.3 cm
Low CarbonSteel, 8.3 cm
None

13.0 W/m2
1.8 MTHM/
container
Saturated at
time of
repositoryclosure

260°C

Not available

Deaf SmithCounty Site
(DOE I986c)
Bedded RockSalt, 700-760 m

Crushed Salt,
2 cm

Low CarbonSteel, 12 cm
Austenitic 316Stainless Steel ,0.64 cm
15 W/m2
4.6 MTHM/container
No flow,brine
accumulations
of 0.41-0.75 m3/canister
130°C

3 rad/hr

(a) Saturated zone depths range from 490-730 m.

designed to compare the leach performance of spent fuel in different brine
compositions; one brine consisted primarily of NaCl, and the other contained
large amounts of MgCl2 as well as NaCl and other salts. The other two leach
test series were designed to investigate a difference between spent fuel and
unirradiated U02 that was reported previously (Barner et al. 1985). In one
of the latter series, leach tests were performed on U02 that had been doped
with Pu to simulate the alpha activity of spent fuel specimens. In the final
series, leach tests were conducted on spent fuel specimens that originated in
the same reactor assembly as those used in previous tests but were handled
differently following discharge from the reactor (Gray 1988).

The spent fuel leach tests in different brines led to similar results
except for higher Pu concentrations in the high-Mg brine. Most of the dif-
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FIGURE 3. SEM Photomicrographs of Fracture Surface of Two Portions of H.B. Robinson Spent Fuel

ference between spent fuel and U02 observed in previous tests appears to be
attributable to alteration of the surfaces of the spent fuel specimens during
storage after they were discharged from the reactor. Figure 3 shows scanning
electron photomicrographs of fracture surfaces of both freshly declad and
previously declad spent fuel specimens. The previously declad fuel appears
to be completely covered with crystalline-looking material that proved to be
amorphous by x-ray diffraction.

Early spent fuel leaching studies conducted at PNL (Barner et al. 1985;
Gray et al. 1986) have focused on the use of PBB1 salt brine, which is an
artificial brine intended to simulate the saturated solution that results
from dissolving salt from the Permian Basin in deionized water. More recent
spent fuel leach tests were conducted in PBB3 salt brine, which is an artifi-
cial brine intended to simulate the composition of brine inclusions found in
the Permian Basin. The compositions of these brines are given in Table 3.
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Table 3. Composition of Salt Brines and Simulated Tuff Groundwater Used in
Waste Package Testing

Salt Brines (Hesterman 1985) Tuff Groundwater (Wilson 1985)
Synthetic Synthetic PermianPermian Basin Basin Brine J-13 Well Water

Brine No. l (PBB1) No. 3 (PBB3Ua) Nevada Test site(b)
Ions Mq/1 Mg/1 Ions Mi
Na+

Ca"1"1"
?" ++•

,v

Sr*"1"
Zn"1"1"
CT

S04~~
HC03-
Br3

F"

123,000
1,560

134
39
35
8

191,000
3,200

30
32

1

23,200
14,700
53,200
10,500

--
8

210,000
160
--

2,400
--

Na+

Si+"H"t'
Ça"1"1"
K+
Mg"*"*"
AI'1"1"1'
C03"
S04"
N03~crpo4—F-

49.5
31.9
15.0
5.5
2.1

' 0.11
118.1
18.8
8.7
7.3
2.8
2.7

] T ) E q u i l i b r a t e d with undissolved sol ids at 20 .5°C.
(b) Solution filtered through 0.4 ura pores.

The conclusions drawn from these last studies by the Salt Repository
Project were:

• The total mass loss of radionuclides (U, Pu, Te, and Cs) from
unclad spent fuel specimens was about the same for PBB3 and PBB1
brines.

• When iron or mild steel coupons were present in the leach tests
(for both spent fuel and doped U02), most of the U, Pu, and Tcreleased precipitated from solution.

• The addition of Zircaloy coupons to the leach tests made little
difference in the results obtained.

• The fractional mass losses of Pu and Cs in PBB3 brine were about
the same in tests with clad fuel as in those with unclad fuel while
the fractional mass losses of U and Tc were about 10 and 100 times
less, respectively.

• The concentrations of U, Tc, and Cs were about the same in PBB1 and
PBB3 brines in tests with unclad fuel. However, Pu concentrations
in PBB3 brine were higher by a factor of nearly 100.

• Alpha radiolysis was found to have little effect on the mass loss
of U from U02. However, all of the tests were conducted in thepresence of an air atmosphere where the oxidizing indulgence of the
radiolysis products may be relatively minor. Tests conducted under
anoxic conditions might lead to quite different results.

• The primary conclusion regarding solution concentrations of U, Pu,
and Tc was that the kinetics of dissolution and precipitationappear to have played an important role in the tests that were
conducted. Perhaps for this reason, no underlying principle based
on equilibrium solubilities was found to be consistent with all thedata.
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The results of thethe freshly declad
studies described here, particularly those with
spent fuel, indicate that the difference in

total U mass loss values reported earlier for U02 and spent fuelspecimens can be largely attributed to differences in the surface
characteristics of the particular specimens used (Figure 4). The
U mass loss values for freshly declad spent fuel are in better
agreement with those for UO,. This has positive implications for
future spent fuel leach
the belief that U02 cansome types of tests.

testing studies in that it helps to confirmbe used as a surrogate for spent fuel in

It was shown that types of tests that were conducted in these
studies are sensitive to seemingly subtle differences between the
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types of specimens tested. Therefore, other types of tests (e.g.,
dynamic instead of static) might provide better data on the poten-
tial for release of radionuclides from spent fuel placed in a salt
repository.

3.3 BASALT WASTE ISOLATION PROJECT
The Basalt Waste Isolation Project (BWIP) concluded a series of

hydrothermal experiments to characterize waste/rock and waste/engineered
barrier/rock interactions as a part of its study of the Columbia River basalt
as a potential medium for a nuclear waste repository, in accordance with the
Amendment Act of 1987.

Spent Fuel/Groundwater Experiments
In the waste/rock experiments the spent fuel, ATM-101, was reacted with

simulated Hanford groundwater, of composition given in Table 4, in Dickson-
type pressure vessels at 200°C and 25 MPa for periods of up to 9 months. The
pressure vessels were rocked continuously to homogenize the solutions.
Table 5 presents a summary of the starting conditions for each experiment.

Five or six solution samples, each approximately 12 ml in volume, were
extracted from the pressure vessel at the experimental temperature during the
course of each experiment. Each solution sample was cooled to room tempera-
ture, analyzed for pH, then filtered successively through 400nm polycarbonate
and l.Snm membrane filters. An aliquot of each filtrate was analyzed for 14C
and 129I; another aliquot of each filtrate was acidified with concentrated

Table 4. Composition of Reference Cohassett Entablature (RCE) in Basalt
(Alien 1985) and GR-4 Synthetic Groundwater (Dill et al. 1985)

RCEOxide
Si02
Ti02
A1203
FeO(a)
MgO
CaO
Na20
K20

BasaltWeiaht %
53.27
1.80
14.93
11.88
4.92
8.90
2.46
1.13

GR-4 Synthetic GroundwaterSpecies Concentration(ppm)
Na+ 334
K+ 13.8
ra-H- 0 9^d €, » f-

Si02 96

F' 19.9
CT 405
S04" 4.0

pH at 25'C 9.71

(a) All iron is ferrous.
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Table 5. Description of Starting Conditions for Spent Fuel/Basalt
Experiments^3) (Rawson et al. 1987)

ExperimentNumber
BSF-16
BSF-19,BSF-201
BSF-221-2
BSF-231'3
BSF-241

InitialParticle Size(mm)
0.125 to 0.250
0.125 to 0.250
0.125 to 0.250
2.0 to 4.75
0.125 to 0.250
0.125 to 0.250

Fuel Mass(q)
6.48
6.52
3.28
6.56
6.57
6.55

Initial
Water Vol (Ml)

195
196
197
196
197
196

Initial fluid:
Solid Mass Ratio

30:1
30:1
60:1
30:1
30:1
30:1

Duration(hr)
43164315
4339
4320
4341
6523

(a) All experiments were performed at 200°C and 25Mpa.

J The groundwater used in these experiments was sparged with argon to remove dissolved oxyg
2 The fuel used in this experiment was not washed prior to placement in the pressure vessel
3 The groundwater used in this experiment contained approximately 700 ppm of dissolved

methane.

HN03 prior to analysis for U, 90Sr, 137Cs, 239+240pUj 24iAni) and 244Cm (Neal
et al. 1987).

Several conclusions about the radionuclide release behavior of LWR spent
fuel under hydrothermal conditions can be drawn from the results of hydro-
thermal tests conducted as part of BWIP's spent fuel/basalt experiments:

• 400nm filtrates appear to be dominated by particulate spent fuel
and therefore do not yield reliable measurements of dissolvedradionuclides.

• Larger unwashed fuel particles result in a lower initial 14C,
release and higher initial 129I and 137Cs releases to solution.For 14C, this may be attributed to a lower reactive surface area ofthe spent fuel. For 129I and 137Cs, it suggests that part of the
Cs and I inventories are removed by the washing process. Varia-
tions in the concentrations of dissolved oxygen and methane gen-
erally do not appear to have a systematic effect on radionucliderelease behavior. The release of 137Cs appears to be proportional
to the fluid to solid mass ratio.

• 239+240pU} 24iy\m) anc| 244Qm re]ease ratios are consistent with the
ratios expected for stoichiometric dissolution of the spent fuel
matrix (Figure 5). However, uranium exhibits nonstoichiometric netrelease relations with the other actinides; uranium concentrationsin solution are higher than those predicted for stoichiometric dis-
solution of the fuel matrix (Figure 6). Similar results reported
for ATM-101 were attributed to dissolution of oxidized U02+x fromthe fuel surface (Wilson 1987).

• Several lines of evidence indicate that separate sources and/or
release mechanisms exist for the various radionuclides. Theseinclude:
1) the preferential fractional release of UC, 129I, 137Cs, and90Sr relative to the actinides;
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(base 10) of the concentration (ppm) of241 Am in 1.8 nm filtrates. The lines represent the predicted
corresponding concentrations based on dissolution of ̂ ««PU and 244Cm in proportion to their
calculated inventories in ATM-101. Agreement between the lines and the symbols indicates that

j gncj 244Qm were re|eased to solution in their Stoichiometric proportions.

2) the time-dependent concentrations of UC from the experi-ment using larger, unwashed fuel particles, the time-
independent concentrations of 14C from the experiments
using smaller, washed fuel particles, and the time-
dependent concentrations of 129I and 137Cs from allexperiments;

3) the absence of 14C, 129I, and 137Cs in leached spent fuel
particles in the 400nm filtrates;

4) the systematic variations in concentrations of 14C, 129I, and137Cs with time, whereas systematic variations of actinide
concentrations as a function of time were not observed.

Spent Fuel/Basalt/Engineered Barrier Experiments
Spent fuel and groundwater were reacted in combination with candidate

container materials (low-carbon steel or copper) and/or basalt. Starting
materials included ATM-101 spent fuel (Barner 1985), crushed Cohassett basalt
(Alien et al. 1985), low carbon steel (ASTM A27, grade 6030) or copper (ASTM-
F-68-77), and synthetic groundwater (GR-4)(Dill et al. 1985). The ATM-101
spent fuel, unloaded in 1974 from the H.B. Robinson II reactor, has an
assembly-averaged burn-up of 28 MWD/kgM. Basalt and groundwater compositions
are given in Table 4 (Rawson et al. 1987).
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Hydrothermal experiments were conducted in shielded, pressurized,
Dickson-type rocking autoclaves that were operated at 150°C to 300°C and 25
or 30 MPa fluid pressure for durations of 3 to 15 months. In all experiments
containing multiple waste package components except BSF-11, the mass ratio of
fluid to each solid was arbitrarily maintained at 30 to 1, and solid compo-
nents were present in equal proportions. Synthetic groundwater was prepared
in air and introduced to the autoclave after it was sparged with argon to
remove dissolved oxygen. The subsequent redox condition of the groundwater
in the autoclave was established by reaction with the solids. The major
experimental areas are as follows: (Rawson et al. 1987)

Steel
One steel experiment was conducted in the system spent fuel+steel.

In both 1.8 and 400 nm filtrates, 14C and 137Cs were in solution in
detectable quantities. The gradual increase of these elements with time
in the 1.8 nm filtrates in shown in Figure 7.

Steel and Basalt
Two experiments (BSF-15 and BSF-18) were performed in the system

spent fuel+steel+basalt. Detectable quantities of 14C, 137Cs, and 90Sr
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were found in both 1.8 and 400 nm filtrates. The variation of these
elements in the 1.8 nm filtrate with time is shown in Figure 8.

Copper
Experiment was performed with spent fuel+copper. Detectable quan-

tities of 14C, 90Sr, 129I and 137Cs were present in both 1.8 and 400 nm
filtrates. The variation of these elements in the 1.8 nm filtrate with
time is shown in Figure 9. Data for the variation of uranium and the
actinides are shown in Figure 10.

Copper and Basalt
One experiment was conducted in the system spent fuel+copper+

basalt. Detectable concentrations of 14C, 90Sr, 129I and 137Cs were
present in both the 400 and 1.8 nm filtrates. The variation of these
elements in the 1.8 nm filtrate with time is shown in Figure 11.

Concentrations of uranium and the actinides in 1.8 nm filtrates
were detectable and varied as shown in Figure 12.
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FIGURE 7. Elemental Variation With Time For Spent Fuel/Simulated Hanford
Groundwater/Steel Interaction Experiments. Data are for 1.8 nm
Filtrates.
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Comparison to Federal Regulatory Criteria
Measured solution concentrations for certain radionuclides were compared

to concentrations estimated from radionuclide release criteria set by Federal
regulatory agencies. Maximum allowable solution concentrations for
radionuclides of interest were calculated from regulatory release criteria,
using a simple diffusion model (Relyea et al. 1984). The Relyea-Wood model
uses an analytical, one-dimensional, two-media model to simulate the
diffusion of material from the waste form/packing material interface of the
waste package to the boundary with the host rock; the waste package is
modeled as a one dimensional, semi-infinite column. Estimated release from
the waste package at 1000 years was calculated assuming an infinite
radionuclide inventory (Rawson et al. 1987).

The following conclusions were drawn on the effect of waste package
components on the concentrations of radionuclides released from spent fuel:
(Rawson et al. 1987)
• Trends in the concentrations of 14C, 90Sr, 129I, and 137Cs over

time in some systems differ from those observed in the spent fuel-
only experiments. The concentrations of radionuclides are a func-tion of the presence of steel, copper, or basalt in the experi-
ments. In the presence of steel, the concentration of 14C and
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137Cs increased slightly with time, but in the presence of copper,
the concentration of 14C and 137Cs in solution remains essentially
constant. The addition of basalt to the system causes the removalof 90Sr and 137Cs from solution, possibly through incorporation of
those radionuclides in the clay that forms from the alteration of
basalt.
The amount of actinides in solution decreases over time in all
experiments, although the initial release of actinides appears
greater in copper-bearing experiments than in steel-bearing experi-
ments. In the presence of steel, actinide concentrations in solu-
tion were below detection shortly after the experiment began.
Concentrations for the actinides and fission products measured in
these experiments were below the maximum-allowable concentrations
calculated from Federal regulations.

3.4 YUCCA MOUNTAIN PROJECT
The Yucca Mountain Project is investigating the suitability of the

Topopah Spring Tuff at Yucca Mountain, Nye County, Nevada, as the disposal
site for high-level nuclear waste. As a part of the activities for this
project, the performance behavior of spent fuel is being assessed and the
following areas of study have been reported.

Spent Fuel Oxidation
The oxidation state of spent fuel in the moist air environment of a tuff

repository could be a significant factor in determining its leaching and dis-
solution characteristics. Until recently, spent fuel oxidation data were
determined above 200°C and then extrapolated to lower temperatures. The data
indicated little or nothing about the rate of formation of intermediate
oxides prior to the formation of U308. Assuming conservatively that the
container breaches between 300 and 1000 years, the fuel temperature will be
between 160°C and 110°C. A time-dependent extrapolation of the high-
temperature data indicates that insufficient fuel will oxidize to U308 in
3000 years to cause disruption of the cladding. This extrapolation is pre-
dicted on the assumption that no additional low activation energy or a
thermal fuel oxidation mechanisms take place that are insignificant at higher
test temperatures but become dominant at lower repository disposal
temperatures (Einziger et al. 1988).

A set of TGA (thermogravimetric analysis) tests were conducted on well-
controlled samples of irradiated PWR fuel with time and temperature as the
only variables. The tests were conducted between 140 and 225°C for a dura-
tion up to 2200 hours. The weight gain curves were analyzed in terms of
three mechanisms: 1) diffusion through a layer of U307, 2) diffusion into
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the grains to form a solid solution, and 3) a simplified empirical represen-
tation of combination of grain boundary diffusion and bulk grain oxidation
(Einziger et al. 1987).

In order to minimize any effects of material properties variability on
the experimental results, all the fuel samples were from rods 19 and G7 in
Turkey Point Assembly B-17. The fuel is representative of low fission gas
release PWR fuel irradiated to approximately the present day peak burnup.

Weight gain data were taken at sufficiently small intervals so that they
can be interpreted in terms of mechanistic models. Supplemental XRD, ceram-
ography, ion microprobe and TEM examinations was conducted to support analy-
ses for the mechanisms. Attempts were made to fit the weight gain data to a
number of different mechanisms, then use the resulting reaction rate con-
stants to make predictions about the oxidation state of spent fuel in a tuff
repository.

The conclusions which were drawn from these studies are: (Einziger
et al. 1987}

• Possibly due to multiple processes occurring simultaneously, the
weight gain curves do not definitively identify the operative
mechanism.

• There is an uncertainty of ±15% in the measured activation energiesfor the oxidation rate constants. This uncertainty leads to a wide
range of possible 0/M states for the spent fuel at repository times
and temperatures.

• Based on equivalent oxidation, an uncertainty of ±15% in the acti-
vation energy is equivalent to an uncertainty of ±15°C in the con-
tainer temperatures. Further refinement of the errors in the acti-vation energy is only warranted if the temperature history is more
accurate than this.

• Even using reasonable temperature histories, the operative mech-
anism must be identified and the uncertainty in the activationenergy for the mechanisms under consideration reduced in order toimprove our predictions of the oxidation states of spent fuel in a
repository.

Complimentary to the TGA experiment, a series of drybath oxidation tests
have been conducted to confirm, at low temperatures, the predictions of oxi-
dation rates and mechanisms based on results from other oxidation studies of
the influence of important fuel characteristics (i.e., gas release, burnup,
fuel type, etc.) and atmospheric variables (i.e., moisture content). In par-
ticular, the tests reported by Einziger et al. 1988, were designed to ascer-
tain the effects of atmospheric moisture, temperature, and particle size on
oxidation rate and phase formation. These tests will also provide fuel at
various stages of oxidation for comparative leaching tests with as-irradiated
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fuel. The highest temperature drybath test was conducted at 175°C so the
temperature range would overlap that used in the TGA testing and so that at
least one temperature could be directly compared with the results of the
other test. Weight gains in the drybath oxidation tests appear to be 15-20%
less than those measured in the TGA tests, which is fairly good agreement.
Fifty-two PWR fuel samples and empty control crucibles are being oxidized in
air with dew points of ~+80°C and -74°C at 175°C, 130°C and 110°C. While the
tests, which have run between 3200 and 4100 hours, are expected to last up to
16,000 hours, some preliminary observations were made as follows: (Einziger
et al. 1988).

• At temperatures above 175°C, the 0/M is independent of the particle
size as the sample oxidizes. At lower temperatures, however, therate is dependent on particle size, with the largest particles
oxidizing most slowly.

• Over the due point range of -74 to 80°C, the moisture in the air
appears to have no effect on the oxidation rate.

• When multiple identical samples are oxidized, the uncertainty in
the oxidation data is 10-20%. This must be accounted for when mak-
ing extrapolations or doing temperature change oxidation studies
using only a few samples.

Spent Fuel/Groundwater Interactions
Contact of the spent fuel by liquid water will not occur until the

repository has cooled to below the 96°C boiling temperature at the repository
elevation. At that time, which is predicted to be hundreds of years after
disposal, a limited quantity of water infiltrating the rock could potentially
enter a failed waste container and contact the spent fuel where cladding
failures have also occurred. Migration of a limited quantity of such water
from a failed waste container is considered to be the most probable mechanism
of radionuclide release. In addition, there is the potential that C-14 (as
C02), and possibly 129I (as I2), may migrate in the vapor phase.

Spent PWR fuel rod segments containing artificially induced cladding
defects and water-tight end fittings, similar specimens with undefected clad-
ding, and bare fuel specimens were tested for multiple leaching cycles using
a semi-static method. The Series 2 Tests were started in June of 1984 and
were run for 5 cycles for a total testing time of 34 months. The Series 3
Tests were started in February of 1986 and were run for 3 cycles for a total
testing time of 15 months. The results from the bare fuel tests were
recently reported (Wilson 1987).

The Series 2 tests were conducted in reference J-13 well water (see
Table 3) using unsealed fused silica vessels under ambient air (25°C) hot
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FIGURE 13. uranium Concentration Measured in 0.4 urn Filtered Solution Samples From Spent Fuel LeachingTests in Simulated Tuff Groundwater

cell conditions. The Series 3 tests were similar to the Series 2 tests
except that the Series 3 tests were conducted in sealed 304L stainless steel
(304 in Cycle 1) vessels at 85°C (one Series 3 test was run at 25°C). Speci-
mens prepared form fuel rod segments irradiated in the H. B. Robinson (HBR)
and Turkey Point (TP) pressurized water reactors were tested in both test
Series. Periodic solution samples were taken for analysis during each test
cycle of approximately six months and the solution sample volume replenished
with fresh J-13 well water. Conclusions drawn from these series of
experiments were as follows: (Wilson 1987)

« Uranium concentrations measured in 0.4 urn filtered solution samples
are shown Figure 13. The data show the Uranium concentration tend-ing towards an approximate 1 to 2 ug/ml range in the later test
cycles of the Series 2 Tests. Although initially higher, Series 3
uranium concentrations dropped to levels approximately an order ofmagnitude lower than observed in Series 2.

• Initially higher uranium concentrations in cycle 1 are attributed
to the dissolution of a more readily soluble U02+x oxidized surfacelayer thought to be present on the fuel particles prior to testing,
and slow kinetics of formation of secondary uranium-bearing phases
which likely control ultimate U concentrations. Higher uranium
concentrations in the TP-2-25 test relative to the HBR-2-25 test
during Cycle 1 are thought to occur because the Turkey Point fuel
received more extensive exposure to air between initial fuel rod
sectioning and testing, resulting in more extensively oxidized fuel
surfaces. Similar behavior was also noted for Plutonium (239Pu and240Pu) and Americium (241Am) in these tests with releases being
below the 10'5 release criteria for the later test cycles.

• The greater decrease in uranium concentration observed during cycle
1 of the HBR-3-85 test is correlated with an increase in iron con-
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centration in this test and is attributed to corrosion at a weld onthe internal specimen basket.
» A uranium containing phase identified as uranophane

[CaU2'Si209-6H20] was found on both the HBR-3-85 and TP-3-85 Cycle2 terminal rinse solution filters. The uranophane phase is theonly secondary phase containing fuel-source elements that has been
recovered in sufficient quantity for a positive identification by
XRD as of this reporting.

• An analysis of the Pu and Am data appear quite favorable for
meeting the 0.1 Ci/MTHM EPA 10,000-year cumulative release limits
for these alpha emitting radionuclides with a high degree of
conservatism.

« Technetium-99 was also measured in these tests and very little dif-
ference in "Tc activities in filtered or unfiltered samples wasnoted. The present data suggest that "Tc releases greater than 1
part in 100,000 per year could occur for some time from a saturatedfailed waste package.

• The principal soluble fission products 137Cs, 134Cs, 90Sr, 129I,
"Tc and activation product UC all appeared to be released prefer-
entially relative to the actinides.

» Activities of the three major alpha emitting actinides 241Am, 239Pu
and 240Pu dropped below 1 pCi/ml in the 85°C Series 3 Tests, whichare favorable data for meeting release requirements for these
important radionuclides.

• After an initial fast release at the beginning of Cycle 1, continu-
ous preferential releases of "Tc and 137Cs occurred with the rates
of release greater at 85°C than at 25°C. Continuous release of
these soluble radionuclides is thought to result primarily from
dissolution of fission product phases which segregate to the grain
boundaries during irradiation.

Spent Fuel/Groundwater Reaction Simulation Studies
Results of laboratory experiments cannot be extrapolated easily to

extended time periods because of the highly non-linear nature of spent
fuel/chemical interactions. Theoretical simulations of spent fuel disso-
lution have been carried out as an integral part of the Yucca Mountain
Project experimental program to allow a more complete understanding of the
experimental results, and facilitate development of process-oriented model of
spent fuel dissolution with which to formulate long-term predictions of
repository performance.

Geochemical simulations of the degradation of spent fuel waste form in
the presence of groundwater at the candidate Yucca Mountain, Nevada reposi-
tory have been carried out to attempt to predict elemental concentrations in
solution and to identify potential radionuclide-bearing precipitates. Spent
fuel was assumed to dissolve congruently into a static mass of J-13 ground
water at 25°C and 90°C. No inhibitions to the precipitation and dissolution
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of secondary phases were assumed to exist. Degradation of spent fuel in an
aqueous environment was modeled using the EQ3/6 software package and support-
ing thermodynamic data bases. The computer code simulates spent fuel degra-
dation by dissolving small amounts of spent fuel into the aqueous phase.
Equilibrium relations in the aqueous phase are calculated and potential
secondary product phases are checked for saturation. Any phases that are
supersaturated with respect to the aqueous phase are then precipitated.
Similarly, any secondary phases that were precipitated earlier but are no
longer in equilibrium with the new fluid composition are allowed to re-
dissolve. After the system has re-equilibrated, more of the spent fuel is
dissolved, and the entire process is repeated until completion of the run
(Bruton et al. 1987).

Spent fuel was assumed to dissolve congruently through matrix dissolu-
tion. The simulations modeled the gradual titration of 100 grams of spent
fuel into a kilogram of J-13 water. The average PWR spent fuel composition
used includes both fuel and non-fuel components, such as Zircaloy cladding
and assembly hardware, of the spent fuel waste form.The simulations described
should be considered as a first step in using geochemical modeling to simu-
late repository behavior. Radionuclides contributing >0.1% of the inventory
at any time between 1,000 and 100,000 years were considered. Elements such
as Ac, Zr, Nb, Pd, Sm, Mo, Sb and Cm were not considered because no thermo-
dynamic data exist in the EQ3/6 data base for these elements at the present
time. Corrosion products from the container were not provided for in the
simulations. Reaction between spent fuel and J-13 water was simulated at
25°C and 90°C at 1 bar pressure in a closed system. Calculations simulate
spent fuel dissolution into a fixed mass of fluid that has accumulated in the
waste container. Fugacities of 02(g) and C02(g) in J-13 water were fixed at
10"°-7 and 10"3-5 bars to simulate equilibrium between the atmosphere and J-
13 water in the unsaturated zone. Corrosion of the metal container was not
assumed to exert control on the fugacity of 02(g) (Bruton et al. 1987).

The sequence and relative masses of predicted solid precipitates result-
ing from reaction of J-13 water with spent fuel at 25°C and 90°C are given in
Figures 14 and 15 respectively, as a function of the logarithm of the mass of
dissolved spent fuel per kilogram J-13 water. The bars represent the sta-
bility range of each solid phase. The beginning of the bar signifies pre-
cipitation of the solid phase, whereas the end of the bar denotes complete
dissolution of the solid. The stable solid assemblage at any point of reac-
tion is determined by noting which solid phase stability bars are intersected
at the number of grams of reacted spent fuel of interest. The width of the
bar represents the mole percentage of the precipitate in the solid phase
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assemblage at each step in reaction progress. Mole percentages of less than
about 10% are designated by the same reference line widths. The simulations
described in this paper cover a much greater extent of spent fuel dissolution
than current experiments, which have ranged from 10"1-5 to 10"2-° gr spent
fuel/kg water, even if the magnitude of uranium release is underestimated
(Bruton et al. 1987).

Because steady state appears to be reached after times that are short
with respect to those relevant to the repository, it is necessary to find
some means of determining the rate of dissolution at steady state. Of the
elements present in spent fuel, the only elements that are easily measurable
and highly soluble under expected repository conditions are Cs, Sr, I, and
Tc. Unfortunately, these elements tend to be expelled from the U02 matrix
during irradiation in the reactor and are, in part, present in the pellet-
cladding gap and on grain boundaries in spent fuel. A potential solution to
this problem involves an isotope-dilution technique. Uranium with an iso-
topic composition different from that of spent fuel can be used to pre-dope a
leaching solution prior to the start of the experiment to attain an initial
uranium concentration close to that expected at steady state. The isotopic
composition of the uranium in solution will change as spent fuel reacts with
the solution. It appears that the 236U/235U ratio would be the best ration
to monitor for this purpose. Future dissolution tests will incorporate this
technique in an attempt to measure the reaction rate of the U02 matrix
(Bruton et al. 1987).

Recognizing that the results of geochemical simulations of reaction be
tween spent fuel and J-13 water at 25°C and 90°C are controlled by the qual-
ity and completeness of the thermodynamic database, the initial results sug-
gest the following: (Bruton et al. 1987)

• Haiweeite, soddyite, and schoepite are potential U-bearing precipi-
tates that have been predicted as well as observed.

• Uranium concentrations in solution are initially restricted to less
than a few ug/kg when sufficient mass of the Si02(aq) complex exitsin solution to support the precipitation of uranyl silicates. Uran-
ium concentrations increases dramatically when the concentration ofSi02(aq) drops to the ug/kg level after significant amounts ofspent fuel dissolution. Precipitation of schoepite causes uraniumconcentrations to progressively decrease.

• Reaction products tend to shift from silicates and carbonates domi-
nated by components of J-13 water to oxides of elements released
from spent fuel as reaction progresses.

• Increasing temperature from 25°C to 90°C has little effect on the
identity of radionuclide-bearing precipitates, although this may be
an artifact of database limitations.
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Elemental concentrations are not necessarily fixed by equilibrationwith a solid phase; the changing chemical characteristics of thesolution may vary the concentration of a dissolved element.
Isotope dilution techniques may be useful in determining the rateof U02 matrix dissolution.

Spent Fuel/Container Material Interactions
Copper and copper alloys are being considered for use in a tuff reposi-

tory. The compatibility of copper waste package container and the Zircaloy
cladding on spent fuel, however, has been questioned because of two observa-
tions: first, the copper ion has been observed to accelerate zirconium alloy
corrosion in acid environments, as does ferric iron; and second, a phenomenon
called "crud-induced localized corrosion," is observed in some BWRs (Boiling
Water Reactors) where through-the-wall corrosion pits develop beneath copper-
rich crud deposits. The potential tuff repository environment being modeled
is expected to develop as a result of radiolysis of humid air at an air/water
interface. Radiolysis-generated nitric acid would dissolve in available
water and the water in contact with copper would produce a copper nitrate
solution. Depending on the amount of water available, a relatively concen-
trated solution may develop (Smith 1987).

In order to address these concerns an experimental program was recently
conducted. Experiments using a 0.1M copper nitrate solution held at 90°C
were used to accelerate the localized corrosion phenomenon of concern. This
high nitrate concentration exceeds that which could be expected to occur in
the repository, but was considered a useful starting place. The copper con-
tainer incorporating spent fuel was modeled using a small bundle of ATM 101
spent fuel rod sections (4 1/4' long) tied together by a 10-mil-thick, two
inch-wide copper foil wrap, certified 99.999 wt% pure. Three rod sections in
each seven-section bundle were polished on one side to remove the oxide film,
increasing the ability of the Zircaloy spent fuel cladding to react with the
environment. Two such bundles were assembled, one for a two-month experi-
ment, and one for a five-month experiment. Each bundle was immersed half-way
up on the copper foil wrap in 0.1 M Cu(NÛ3)2 solution in a jar, and the tem-
perature was maintained at 90°C ± 2°C by placing the jars in an oil bath.
The jars are made of fused silica and the lids are fabricated from Pyrex
glass parts. Each bundle contained approximately 400 g of spent fuel, which
resulted in a gamma radiation dose rate of about 1000 R/hr near the surface
of the bundle (Smith 1987).

During the course of the two- and five-month experiments, the solution
pH remained at 4.5, while the concentration of [Cu(N03)2] dropped to approx-

350



imately one-half the original level, and the Zr content of the solution
remained below the detectability limit of 25 ppb. Each bundle became
encrusted with a green compound that was identified by x-ray diffraction
analysis (XRD) as Cu2(OH)3N03 (copper hydroxide nitrate, also known as basic
cupric nitrate and gerhardite) during the experiment. The bulk of the
deposit was above the water line and on the copper wrap. When the copper
wrap was removed, the cladding sections appeared unaffected, except that they
had some of the same encrustation by the green copper compound. The polished
metal was still bright and did not show any change of color that would sug-
gest the development of a corrosion scale.

Two important observations were made from these studies: (Smith 1987)
1) There were no indications of discrete copper-containing phases

forming as part of a developing oxide film on the Zircaloy. The
copper observed was on the oxide surface but not, apparently, part
of the oxide film.

2) At the rates observed for Zircaloy oxidation, (about O.OOSum of
oxide film growth between 2 and 5 months) it would take ~30,000years to penetrate the cladding, and the oxidative corrosion rate
with a thicker oxide film in place is expected to be even less than
0.02um/year.

Both metallography and SEM investigations suggest that effects of corro-
sion due to exposure to the model repository environment are not significant.
SEM micrographs show no modification of the metal/oxide interface along the
boundaries of the polished areas, and no topographical expression was
observed in any of the specimens at magnifications to 2000X. The fact that
no well-defined concentrations of copper in metallic or compound form were
identified in contact with the Zircaloy or incorporated into the oxide film,
suggest that under the conditions of the experiment no significant electro-
chemical corrosion processes involving copper were active. The thickness of
the oxide film which had developed on the areas of the spent fuel cladding
which were previously polished, was similar to the thickness of a film that
would be expected to form under similar conditions without copper present
(Smith 1987).

Performance Assessment Modeling
The performance of the waste package is affected by many processes

acting in an interrelated manner over a long time duration. Given this com-
plexity and duration, long-term assessments will necessarily be based on
computational models. It is the task of performance assessment to construct,
link, and validate these computational models and then to analyze waste pack-
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age designs to demonstrate that selected designs perform as required. These
analyses will also guide the design process by allowing comparison of alter-
native waste package designs. Such models can help determine the sensitivity
of performance to environmental and design parameters. These models can also
evaluate the envelope of environmental conditions that the individual waste
package may experience.

The Yucca Mountain Project is developing a performance evaluation model
and program iteratively in several generations. The performance assessment
computer code being developed is called PANDORA (Performance Assessment of
NNWSI Design Omitting Random Aspects) (O'Connell et al. 1986).

The first generation PANDORA computer code examines the interactions of
processes affecting the waste package, including interactions among heat
source, heat transfer, fluid flow, mechanical stress, and general corrosion.
Gamma radiation effects on corrosion can be included via data tables. The
magnitudes of different radiation types--gamma rays, alpha particles, spon-
taneous fissions and neutrons—were calculated over time; their relative mag-
nitudes can be used to guide modeling of their effects in later generations
of the model. The first-order effects of progressive degradation of barriers
upon fluid flow and the effects of fluid flow, temperature, and radiation
upon waste form alteration and waste transport to the boundary of the waste
package are also included. Waste package processes are modeled separately as
far as possible and then coupled through an explicit set of data transfers.
Process models were purposely simplified in order to enhance the integrated
model's feasibility, speed and clarity. Detailed models focusing on one or
two processes are available or are being developed by the Waste Package Task
at Lawrence Livermore National Laboratory. These detailed models can be used
to calibrate the degree of approximation of the simpler models in the system
model (O'Connell et al. 1986).

The purpose of the first generation of model and code development
(PANDORA-1) are: 1) to guide later generations of development and 2) to get
first-approximation results that examine interactions among the processes and
evaluate proposed designs (O'Connell et al. 1986). The first cycle of model
development from a specification to the computer program, PANDORA-1, for
long-term performance assessment of waste packages has recently been com-
pleted. This deterministic model considers one waste package at a time and
incorporates processes specific to the unsaturated environment at the pro-
posed Yucca Mountain, Nevada site. PANDORA-1 models the most likely proc-
esses and several modes of waste alteration and release. The development
identified information needs for future models; many processes, local details
and combinations will have to be examined. The amount of variance reduction
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available from Latin hypercube sampling was calculated and found to be a
limited reduction. A new method, controlled sampling, provides substantial
variance reduction for a broad range of model functions (O'Connell et al.
1989).

PANDORA-1 includes the most expected scenario for the bulk of the waste
packages, i.e., no liquid water contact. Following closure, the near-field
temperature will rise above the boiling point of the vadose groundwater. For
several hundred years, the waste packages will exist within an air-steam
atmosphere; the general uniform corrosion rate will be very low. During this
period, some portion of the containers may be breached due to undetected
fabrication defects or due to rare local variations in the environmental con-
ditions. Even after the temperature of the near field drops below the boil-
ing point, an entrant convective flux of groundwater is not expected because
of the partially saturated condition together with the substantial capillary
suction of the tuff. The expected environment will be humid air and possible
small-area contact with moist tuff. Once containment is lost by any means, a
fraction of the gaseous radionuclides, particularly carbon-14, but also in
early failure cases krypton-85 and hydrogen-3 (tritium), will escape the
waste package (O'Connell et al. 1989).

For a water-contact scenario in PANDORA-1, it is assumed that once the
temperature of the near field drops below the boiling point, some water con-
tacts and, after breach of the container, enters the waste package by unspec-
ified means. The host rock water flux puts a limit on the package water
flux. PANDORA-1 models general corrosion in steam-air and water environ-
ments; this corrosion proceeds very slowly for the container alloys under
consideration, and hence is not a container breach mode. Localized corrosion
modes are a central concern. They are not sure to occur (and indeed a goal
of design and material selection is to avoid or minimize the occurrence of
such modes), but they are conceivable. Predictive alloy-specific models for
localized corrosion modes, and for local variations in container environment-
affecting corrosion, have not yet been developed (O'Connell et al. 1989).

A model of diffusive contact and transport is deferred to the second
cycle, PANDORA-2, because information is not yet available on the possible
extent of continuous diffusive pathways. The likely situation absorbed in
the porous matrix of the tuff; there is not enough water to fill fractures in
the tuff and gaps between the tuff package components. Then fractures and
gaps are predominantly air-filled and serve as interruptions rather than con-
duits for connectivity of the water volume (O'Connell et al. 1989).
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3.5 SPENT FUEL CHARACTERIZATION STUDIES
Spent light-water reactor (LWR) fuels representing a wide range of fis-

sion gas release and burnup characteristics are being examined by the Mate-
rials Characterization Center (MCC) to provide well-documented test material
for waste repository programs. These fuels are designated Approved Testing
Materials (ATMs) and are available to experimenters.

ATMs of low-gas-release (<0.6%), moderate-burnup (31 to 33 MWd/kgM)
fuels from pressurized-water and boiling-water reactors (PWRs and BWRs) have
been examined. To supplement characterizations by ceramography, autoradi-
ography, gamma scanning, and other traditional methods of fuel analysis,
analytical transmission electron microscopy (TEM) has been used to determine
the nature and distribution of the fission products in several ATMs on a
scale approaching the atomic level (Thomas et al. 1988).

TEM examination of the fuel samples generally revealed high densities of
sub-micrometer-sized gas bubbles and particles within the U02 grains and
along grain boundaries. The predominant fission product phase identified by
EDS and electron diffraction analysis of 10- to 1000-nm-diameter particles
was a solid-solution alloy composed of Mo, Ru, Tc, Pd, and Rh--the so-called
"five-metal phase" alloy. Fission gases in bubbles in the low- and
intermediate-temperature regimes were below the detection limits for EDS, as
expected if the bubbles have near-equilibrium gas pressures. However, high
concentrations of xenon and krypton were found in association with intra-
granular particles of the five-metal phase alloy near the high-temperature
centers of all three ATMs. The xenon and krypton were concentrated in what
appeared to be particles of a distinct phase which appeared to be noncrystal-
line (Thomas et al. 1988).

Fission product phases such as the zirconates, uranates, molybdenates,
actinide alloys, tellurides, and Csl observed in fuels with higher operating
temperatures seem to be absent in these low-gas-release fuels. The possible
existence of xenon and krypton as a condensed phase near the high-temperature
centers of irradiated LWR fuel rods is likely to be important to evaluations
of fission gas release during in-reactor temperature excursions and to con-
siderations of potential fuel deterioration under storage or disposal condi-
tions (Thomas et al. 1988).

Recent studies were also reported by the MCC on radiological analysis of
PWR and BWR ATM's on cladding material. Each ATM's power history and as-
fabricated design characteristics were used as input to the ORIGEN2 computer
code to provide predicted radionuclide inventories.

The results of these studies showed that, in general, the measured val-
ues for nearly all the actinide isotopes agreed within about 10 to 15% of the
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predicted values. The measured values for 126Sn, 79Se, 234U, 14C, deviated
more significantly from the predicted values. The amount of 137Cs, and 129I
on the interior cladding surface followed the general power/burnup profile;
however, there were obvious effects of power/temperature combined with higher
fission gas release (Guenther et al. 1988).

Metallographie examinations of the cladding from these ATMs provided
information about the interior and exterior oxide layers as well as the dis-
tribution about the interior and exterior oxide layer as well as the distri-
bution of hydrides in the cladding. The oxide layers on the interior of the
cladding from both the PWR and BWR ATMs were <10 urn thick and existed as
either localized or uniform deposits depending on the sample location and
ATM. The exterior oxide thickness generally increased from the bottom to the
top of the rods, increasing from about 3 to 20 urn. The exterior surface of
the ATM-105 cladding also had localized corrosion with maximum depths of
about 40 urn. Hydriding was observed in all of the ATMs, was generally
greater near the upper end of the fuel rods, and was oriented primarily in
the circumferential/longitudinal plane (Guenther et al. 1988).

3.6 SPENT FUEL RELEASE MODELING STUDIES
Efforts to model the release of spent fuel in a geologic disposal envi-

ronment have continued as an important part of waste package and overall per-
formance assessment activities in the United States. Such efforts, which
were reviewed in detail in the previous paper in this series, have primarily
assumed an instant release of a fraction of the inventory of some radionu-
clides and a slow, solubility-controlled release of radionuclides, due to the
dissolution of the fuel matrix itself. Under oxidizing conditions, the
release of soluble nuclides from the U02 matrix may be ultimately limited by
the congruent dissolution of the matrix. Although the assumption of congru-
ent dissolution of the U02 matrix has not been unambiguously demonstrated and
further experimentation remains to be performed, a majority of researchers in
the United States and other countries have adopted this assumption based upon
current studies (Bradley 1987).

Model Applications
As part of the geologic repository program in the United States, the

Performance Assessment Scientific Support (PASS) program at the Pacific
Northwest Laboratory (PNL) has been directed to evaluate the performance of
spent nuclear fuel in proposed deep geologic repositories. In pursuit of
this goal, the PASS program has developed the Analytical Repository Source-
Term (AREST) code. Conceptually, the AREST model consists of three major
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components, each of which pertains to some stage of the containment-release
process. These submodels are:
• Engineered System Release (ESR) model
• Waste Package Containment (WPC) model
• Waste Package Release (WPR) model.

The AREST code is designed to simulate individual waste packages. The
WPC code simulates those corrosion processes and degradation mechanisms that
ultimately result in the failure of the waste package container (and option-
ally, other metallic barriers such as Zircaloy cladding) to isolate the waste
form. The containment phase of the simulation is completed at the time phys-
ical containment is lost and the possibility for release of radionuclides,
either as solid particles, gas or aqueous species, from the waste package
exists. When the waste package containment phase ends, the WPR code begins
to simulate the mass-transport controlled release of radionuclides and their
migration outward through the waste package. Finally, the ESR code inte-
grates (sums) the simulated radionuclide releases from individual waste pack-
ages with respect to their failure-time distribution to provide an estimate
of the total repository release over time. The ESR code also controls the
flow of information among the various components and submodels of the AREST
code. The AREST code is being developed to aid in the assessment of the EBS
of a geologic repository system. To date, the release models have been
implemented only for spent fuel, but they can also be used to evaluate the
performance of other waste forms (Liebetrau et al. 1987).

Figure 16 shows the major components of AREST and relationships to
1) support codes, 2) models that describe the waste package environment, and
3) required input modules and input variables are also shown. Figure 17
shows the WPC model in relationship to other components of AREST, and Fig-
ure 18 shows the general structure of the WPR model for spent fuel, which
requires the failure time of each simulated waste package container as input.

Preliminary release calculations are based upon two mass transfer
models, one for solubility-limited release and one for inventory-limited
release. The use of currently available mass-transfer models to calculate
releases involves certain limitations such as the models cannot account for
the effect of spatial inhomogeneities on release. A version of the AREST
code is being developed that incorporates information about the joint spatial
and temporal distribution of near-field host rock temperature in order to
develop a performance assessment model for the Yucca Mountain repository site
(Liebetrau et al. 1988). Current mass transfer models in the WPR model do
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not explicitly consider colloid transport. This limitation stems more from
the lack of suitable data than from the limitation of mass transfer models
themselves. Other important assumptions of the AREST code are as follows:
(Liebetrau et al. 1987)

• Diffusion through groundwater, without the effect of tortuosity, isthe assumed limiting transport mechanism. The effect of adjoining
waste packages is not currently considered in the WPR model.

• Current models do not incorporate irreversible sorption althoughthis process could greatly attenuate waste package releases.
• Finally, the mass transfer equations used in the WPR model are sim-

plified. More complex mass transfer models lead to more realistic,and usually, more favorable estimates of expected performance.Given the current availability of information and uncertainties in
the data, the simplified and defensibly conservative models beingused to expedite its iterative calculations are judged to beappropriate.

The AREST code has recently been used to provide an evaluation of the
performance spent fuel as a waste form. For the purpose of this assessment
of spent fuel, the release-rate performance objectives of the DOE's (U.S. DOE
1984) Generic Requirements Document (GRD) have been selected. These objec-
tives are based on the NRC release limits (1) for anticipated events and
processes, but are conservatively imposed at the waste package subsystem
(WPS) boundary rather than at the boundary of the engineered barrier system
(EBS). In addition, compliance with the cumulative release requirement of
the EPA is also assessed at the waste package subsystem boundary (EPA 1985),
assuming anticipated events and processes. It is stressed that compliance
with EPA release limits at the WPS/EBS boundary is not required. It is
believed, however, that this comparison against the EPA release limits can
add a meaningful prospective on the performance of spent fuel as a waste form
(Apted et al. 1987, 1989). A summary of the assumptions used in these model-
ing studies are as follows:

« Compliance with the NRC performance objective for containment (NRC
1983) is assumed.

8 The performance of individual waste packages is independent of theperformance of adjoining packages.
« The waste package and spent fuel eventually come into contact with

continuous hydrologie system with a fixed degree of saturation.
• Under anticipated conditions, transport within the waste package

and in the immediately adjacent host rock is by aqueous-phase
diffusion.
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• The grain boundary of spent fuel is identical in composition to thegap source, and the two sources are treated as the "gap" release.
Two percent of the inventory of fission products is assumed to
reside in the combined gap and grain boundary source.

• The surface concentrations are set by solubilities that occur
immediately upon containment failure; no credit is taken for thetime to reach saturation.

• No credit is taken for potential attenuation of radionucliderelease that arise from container or cladding failure over alimited surface area.
• No credit is taken for the effect of pathway tortuosity on effec-tive diffusion coefficients.
• The U02 matrix dissolves congruently at all repository sites.
• The U02 matrix of spent fuel is stable in proximity to metalliccontainer and waste package materials.

As a result of using the AREST code the following general conclusions
have been reached regarding the performance of spent fuel as a waste form in
a geologic repository: (Apted et al. 1987, 1989)

• The dominant factor in performance of spent fuel as a waste form is
whether the U02 matrix releases radionuclides incongruently or con-gruently. For the congruent matrix release scenario rates are
lower, in some cases by factors of 10 orders of magnitude. Incon-gruent matrix dissolution apparently leads to the release of sev-
eral nuclides, notably Cs-135 and 1-129, above their NRC limits.

• For congruent matrix release, the cumulative release of allnuclides from spent fuel complied with their EPA limits at all
three repository sites for all scenarios of containment failure
that were considered. This includes failure of all waste packages
300 years after repository closure.

• For congruent matrix release, the fractional release rates of all
nuclides from spent fuel are below their NRC limits for cases based
on the distributed containment failures considered. This includes
failure distributions in which 50 percent of the waste packages
have lost containment 1,000 years after repository closure.

• The primary effect of distributed containment failures is to dimin-
ish and delay the spikelike maxima in fractional release rates that
are observed when instantaneous containment failure is assumed.
For gap and cladding surface-layer nuclides, distributed container
failures can significantly reduce the maximum release rates.

• Short-lived nuclides that are readily soluble, such as Cs-137 and
Sr-90, can be dismissed from release rate calculations on the basis
of the NRC inventory cutoff. These nuclides can, however, dominate
the release from spent fuel if a significant fraction of all waste
packages lose containment prior to 1,000 years after repositoryclosure.
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• Additional data on site characterization, waste package design, and
spent fuel characterization are needed to substantiate thesegeneral conclusions.

Plans for future work include the following: 1) develop improved ways
to model spatial variability, 2) use more detailed and comprehensive models
for thermal calculations, 3) improve the numerical efficiency of release
calculations, 4) improve the numerical efficiency of release calculations and
extend their application to other waste forms, 5) introduce models of disrup-
tive geologic events, and 6) addition of modified release models for the pre-
cipitation of radionuclide-bearing phases within the waste package. Verifica-
tion and benchmarking activities are also being conducted (Liebetrau et al.
1987).

Model Comparisons
The first comparison calculations by the AREST code and a similar system

level code SYVAC-Vault models (SVM) was recently performed. The purpose of
this comparison is to further establish the scientific credibility of these
codes for use in predictive assessment of radionuclide release, as well as to
identify deficiencies/limitations and future improvements (Apted et al.
1988).

There are key differences between the SVM and AREST codes. The SVM
codes converts waste package designs to a series of layers and solves mass
transfer for a plane geometry. The AREST code uses analytical mass transfer
equations for a spherical geometry, with the spherical surface area of the
waste form is equal to the surface area of the actual cylindrical waste
container. A conceptual, Canadian waste-package design was selected for this
comparison, with spent fuel as a waste form and a packing (buffer) between
waste container and host rock (Apted et al. 1988).

The results from the analysis were:
• At times <1000 years, the AREST code predicts higher release ratesfrom the U0? matrix than does the SVM code (see Figure 19). Thisis due to discrete (AREST) versus continuous (SVM) sampling of theassumed normally distributed containment failures centered at 1000

years. Between 103 and 105 years the results are in good agreement(within a factor of 10), with identical relative positions ofrelease rate curves. After 105 years the calculated SVM results
decrease more rapidly than those from the AREST code. This is dueto differences in planar and spherical geometries, and the limited
thickness of host rock used in SVM compared to the semi-infinite,
host-rock boundary condition used in AREST.
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• The agreement for instant gap release of cesium, technetium andiodine from the gap source is only fair, within 2 orders of magni-tude, and is attributed to differences in boundary conditions andthe strong sorption of cesium on the buffer/packaging material.

Further sensitivity studies on the effects of sorption, decay constants,
and boundary conditions are being conducted to better understand these
initial results.

3.7 FUTURE PLANS
As part of the effort to develop the basis for licensing of a geologic

repository, continued efforts are needed to evaluate spent fuel behavior
under repository conditions. The following study areas will be needed to
build upon our current understanding of radionuclide release from spent fuel
• Verify that congruent release of radionuclides from the U02 spentfuel matrix is the likely long-term dissolution mechanism, and thatthe U02 matrix of spent fuel is stable under realistic waste pack-age conditions.
• Study the amount and variability of released radionuclides from the

grain boundary/gap sources in spent fuel.
• Continue studies to assess the behavior of spent fuel interaction,to include radiolysis effects, with waste package component mate-rials and appropriate groundwater.
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Incorporate the effects of scale in tests of radionuclide release
from the waste package.
Continue development of a spent fuel release model to incorporatespatial variability, using geochemical codes and mass transferrelationships to the extent possible.
Expand the thermodynamic database for input to geochemical and
engineered barrier interactions modeling efforts.
Develop a methodology for achievable validation of waste form/engineered barrier performance assessment models.
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