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PREFACE

One of the key factors in the future of nuclear energy is the
development of safe waste disposal technologies. The Nuclear Regulatory
Commission (NRC), in December 1978, held a Conference in Denver entitled
"High-Level Radioactive Solid Waste Forms" to audress aspects of this
important topic. The proceedings for this Conference cre contained
herein.

The Conference included presentations by speakers prominent in
their field, three workshops, and luncheon and banquet presentations
as well as informal evening discussion groups. The leading individuals
were invited to summarize ongoing research at appropriate institutions.
Speakers presented the full range of new information, as well as their
own work. In addition to including complete coverage of relevant
topics, an objective of the Conference was to provide a comprehensive
record that encompassed a broad range of views extending from cautious
to optimistic.

Presentations and discussions concentrated on developments and
applications of materials sciences for high-level radioactive waste
disposal and included solidification of wastes, waste canisters, and
potential buffering overpacks. The speakers were from both national
and international programs and included representatives from government,
academia, private industry, and public interest groups. Presentations
covered U.S. developments in vitrification, calcination, cementation,
and crystallization; a joint German-Belgian effort designed to develop
matrices of high-level waste " pebbles" in an inert metal; a review of
France's large scale vitrification program; and Swedish developments
in the area of advanced canisters and surrounding overpacks.

The three workshops provided an opportunity for open discussions
consistent with issues presented by the two Issue Presenters at each
workshop. A goal of the workshops was to apply technical facts to ,

policy development.

The more than 200 participants were provided background information
prior to attending the 3 day conference. Included was a sunmary of the
recent 1978 report, " Solidification of High-level Radioactive Wastes"
by the National Academy of Sciences.

The Nuclear Regulatory Agency would like to express its gratitude
to the many individuals who contributed to this Conference. We are
especially indebted to the Conference organizers, Ms. Leslie A. Casey,
Dr. R. B. Leachman and Mr. R. Dale Smith as well as to the Program
Committee, Dr. Robert B. Leachman, Dr. Thomas B. Cochran, Mr. William
F. Holcomb, and Dr. Goetz H. Oertel. We would also like to thank the
speakers for their excellent contribution. SCS Engineers, Reston,
Virginia 22091, provided Conference support and assistance in preparing
the proceedings.
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Introductory Remarks

Robert Leachman - U.S. NRC

Comments:

This is a conference sponsored by the Nuclear Regulatory Commission, more

specifically by the licensing part of the Nuclear Regulatory Commission.

We should like to start this morning with some words of welcome by a

representative of Governor Lamm of Colorado. This is Mr. Malcolm Murry,

who is the Governor's assistant for Natural Resources Matters.

Mr. Malcolm Murry

Comnents:

On behalf of Governor Lamm, I would like to welcome you to our lovely

city of Denver, one that is also a very innovative city. Those of you

who arrived yesterday or read the paper this morning may have noticed

that we have a very novel way of disposing of some of our nonradioactive

hazardous waste. We disperse them widely into the atmosphere so that

everybody gets a chance to breathe them. Air pollution is certainly a

problem in Denver, and I think that it is one that we wrestle with quite

often. This brings to mind a comparison to the issues that you are

dealing with today. Air polution is a relatively short-term problem.

We, in Denver -- with some technological solutions, some changes in the

way we use the automobile -- hope to solve our air pollution within the

. _ .

_
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next ten to twelve years if all of the engineering projections come out

right. We are very optimistic. Ten or twelve years seems a long time,

but it is nothing in terms of the period of time that the problems that

you are dealing with are going to be with the public and with mankind.

You are dealing with periods of thousands of years rather than periods

of ten to twelve years. The other thing that struck me when I looked at

the brochure for this presentation was that I have virtually no

knowledge of most of the subjects to be discussed, and that as a layman

I am relatively ignorant and very dependent on scientific and

engineering wisdom and knowledge of you people. I think I am certainly

not any different from the public at large. And I would urge on you

that one of the issues to keep at hand, while you discuss many of the

issues that will be before you, is that success dealing with nuclear

waste will deal as much with the technical solutions that you will come

up with, as with the public's ability to understand and perceive a sense

of security from the solutions that you come up with. As a member of

the public, I look on the debate that surrounds nuclear waste management

with a good deal of interest, although not much understanding. I think

that is a feeling which you will find in a large part of the public. So

I urge you to consider how you will translate your solutions to these

issues to the public at large.

Thank you and welcome to Denver.
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Robert Leachman

Comments:

Denver has sonie relevance to other matters of waste management, although

not planned in our location of Denver as a conference site. As some of

you who read the news might have followed, the Rocky Mountain Arsenal

just a little bit to the Nort'+ast of the city was the site where there

has been experience with deep geological injection of hazardous waste,

namely nerve gas waste, with an unplanned consequence of some regional

earthquakes or disturbances. Secondly, Denver has experience with

regard to nuclear waste from the Rocky Flats location, a subject that

has aroused very understandable public interest because some wastes on

the storage pad leaked and were transmitted outside the confines of the

Rocky Flats site. So Denver is a city that has had some little

experience with waste management that are relevant to our conference.

I should like to start by saying a few words about the people who are

involved and about the procedures that we will be following and then I

should like to say a few words about the purpose of the conference and

what we hope to achieve from it. The conference planning was done by

me, and by Leslie Casey. We both have been in the licensing part of the

Nuclear Regulatory Commission, but have recently moved to other waste

management activities. Dale Smith has continued these tasks with regard

to the planning of this conference.
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As you probably noticed in the Conference brochure, a new journal of

Nuclear Waste Management and Technology is appearing. Lawrence Cranberg

is the editor of it. Their inaugural issue will be using the prepared

talks given at this conference.

We feel it is very important in this conference to have accurate recordings

of what is taking place in the conference. The verbatim discussions of

the Conference will be recorded and will be written in the Proceedings

of this Conference, the Proceedings going to all of you who are registered

and reaching you in the course of 2 or 3 months. Now let me go to

something of more substance, the purpose of the Conference. We all know

that nuclear waste management is a very important subject in the nation's

energy picture, it being a key point in the future of nuclear energy. We

are all aware that there are many studies that are underway and many

considerations -- and, indeed, reconsiderations -- by the Federal Government.

Reports with very high level of authorship are appearing, for example,

from the Interagency Review Group. The National Academy of Sciences has

released one report on solid wastes and has also issued one on geological

siting criteria, both sponsored by the Nuclear Regulatory Commission. A

supplement to the later report is actually underway which will go beyond

just the geological site criteria and questions how they relate to what

goes into the repositories. So we are finding that there is a trend of

greater attention to the waste management in general, but specifically
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to the solid form of the waste and how the solid form of the wastes tie

into the overall picture of nuclear waste management. Licensing is, of

coursa, 3 very imporcant subject in the conduct of the energy business

of our country. It is very important that the licensing procedure go

fairly, pronerly, legally, and (hopefully) smootht and expeditiously.

One of our purroses in being here is to try to assure that we, in a

thorough and fi.ir way and also expeditious way, take care of the licensing

problems. Our purpose is to establish a public record -- a report,

something for reference. So I have asked the people who are giving

presentations to provide broad surveys, as much as they can, of the

different work that is being done and make comparisons as much as possible.

I urge you to speak up, raise your questions, have your questions thereby

in the public record in the form of the Proceedings of this Conference.

Those of you who think that some things have not yet properly been

considered should raise these and so thereby have the fact in the public

record that you have stated that certain things are inadequate, need

attention, should be reconsidered, or whatever is the thrust of your

point.

There are different categories of responses, so we hope that you will

adhere to them. In these plenary sessions, we will be considering

rather highly technical aspects of the waste management. In the workshops,

there will be more of applications and policy, and so there will be

broader ranging discussions. We have alotted rooms for Wednesday evening

--

_
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for discussion groups. Those subjects that people feel have not been in

the schedule should properly be considered then. Let me mention one

other thing. When you are recognized for a question, I ask you to state

your name and your affiliation. It is quite adequate to have your

affiliation be private citizen if you wish.

Bob Watt - Physicist interested in nuclear wastes, retired from Los

Alamos

Question:

I am curious as to the relation between this group and Bill Bishop's.

Robert Leachman

Response:

The Nuclear Regulatory Commission staff has had many changes recently.

Bill Bishop is now at the National Aeronautics and Space Administration.

It was indeed Bill Bishop's group in the licensing part of the Nuclear

Regulatory Commission that was the location where Leslie Casey and I

started this conference activity and where much of the work is continuing.

The answer is that we are one and the same.

Bob Watt

Question:

In relation to radioactive gases, and particularly krypton-85, does the

NRC plan to regulate that or does the EPA?
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Robert Leachman

Response:

It is my understanding that the regulations of that will be from the

Nuclear Regulatory Commission. To go into more detail about the way we

are presently structured in the Nuclear Regulatory Commission, one group

handles the high level radioactive wastes, another handles other things.

The other things happen to include gases, but that is only an internal

detail of the organization within the Nuclear Regulatory Commission.

The answer to your question is the Nuclear Regulatory Commission will

regulate it, but in the same way that the regulations apply for other

subjects. Specifically, the Environmental Protection Agency will write

the regulations that apply to the effects upon the public and the

Nuclear ";gulatory Commission in general will write regulations as apply

to the repository themselves, with these regulations consistent with the

overall requirements of the EPA regulaticas.

Bob Watt

Question:

Part of the reason I asked about the relative storage of volatile versus

solid wastes has to do with iodine. Iodine is normally of course in

HEPA filters. Is it expected then that this Conference should cover

iodine as a solid waste, or will that be regulated elsewhere?

--

..
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Robert Leachman

Response:

In the specific case that you mentioned, of iodine as a solid or

prepared in what is intended to be a solid, yes we will be covering

that.

Dr. Lawrence Cranberg - Editor of Nuclear Waste Management and

Technology

Coment:

The journal is in the process of appearing. It will initially be a

quarterly It will be international, and it will be devoted to the

topics in this field.

Robert Leachman

I should like now to go into the invited presentations. The committee

that put together our program provided guidance on our program. This

Program Committee was Tom Cochran from the Natural Resources Defense

Council, William Holcomb from the Environmental Protection Agency, Goetz

Oertel from the Department of Energy and myself. We thought it would

be a good orientation in starting this series of technical talks on

solids themselves to have a presentation by a person who is very

familiar with the overall situation, to show us how solids fit into the
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overall repository concern. We'are very fortunate to have a person who

has an unusual ability to make this relationship. This is Dr. Fred

Donath from the University of Illinois.

e
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FELATION OF SOLIDS TO NUCLEAR WASTE ISOLATION

Fred A. Donath
University of Illinois

ABSTRACT

In a geologic repository the solid waste form will be subjected to
demanding physical and chemical conditions that reflect both geologic
and engineered factors. These conditions are an effective confining
pressure of about 10 MPa, possible differential pressure up to 35 MPa,
possible temperatures up to 400 C, and the likely presence of water in
a reducing environment. Behavior of the waste form in the selected
geologic environment must be predicted over unprecedented periods of
tiu". From the standpcint of both the waste isolation system and of
the waste form in that systen, the thermal period of a geologic repos-
itory is the most critical. It is during the first several hundred
years after closure of the repository when heat production is dominated
by the decay of fission products that the repository contents and sur-
roundings are likely to be subjected to the greatest thermal, mechan-
ical, and chemical stress. Thus, rest physical and chemical changes
within the waste form or host rock that would affect the relationships
among the waste, the host rock, and contained flv.ds would be expected
to proceed at the highest rate during this period. Although thermal
loading can be controlled, a maximum thermal loading that will not
compromise the isolation system is desirable because this would mini-
mize waste form and repository volumes. The higher temperatures that

'will result can be expected to contribute to increased rates of was%
rock / fluid interactions within the repository, higher stress levels,
and other effects. The waste form must therefore be thoughtfully
tailored to the host medium, contained fluids, and other characteris-
tics of the specific geologic system selected for waste isolation.

INTRODUCTORY REMARKS

I have been asked to comment on the importance of solid waste forms to
nuclear waste isolation, the conditions to which these might be sub-

jected during burial, and changes that might occur in the waste form or
in its immediate environment which could significantly affect the

security of waste isolation. This is a tall crder, and in the time
allotted one car. only touch on a few of the more important general
points. My comments will be directed to the isolation of high level
reprocessing wastes emplaced in a deep geologic repository, and are
based in part on several recent studies in which I have participated.
More entensive discussions can be found in the reports that resulted
from these studies.1,2,3

E
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The potential hazard from deeply buried radionuclides depends upon
three important aspects: first, the amount and rate of supply of
radionuclides to a transport medium (i.e., groundwater) ; second, the
pathways and rate of groundwater movement; and third, the degree of
retardation of radionuclide movement caused by chemical interactions
with the geologic media through which the groundwater moves. All three
aspects influence, and any one of the three conceivably could indepen-
dently control, the potential hazard imposed by radionuclide migration
from a geologic repository. For example, if the waste form were com-
pletely stable and inert, no radionuclides would be available to the
groundwater for transport. Or, if the pathways were sufficiently long
and the rate of groundwater movement were sufficiently slow, any
radionuclides ditsolved in the groundwater would decay to innocuous
levels before reaching the biosphere. Finally, if strong coupling
occurs between dissolved radionuclides and the geologic media through
which the groundwater moves, by e,rption or other processes, the radio-
nuclides would be immobilized and would not reach the biosphere. The
waste form has its greatest influence on the first important aspect
of the waste isolation system--viz., the availability of radionuclides
for transport--but the waste form can be an influential factor with
respect to groundwater transport and radionuclide retardation, as well.
A waste form could be designed to reduce hydraulic conductivity locally
and to enhance geochemical retardation.

As implied by my preceding remarks, the supply of radionuclides, the
groundwater flow regime, and geochemical retardation constitute the
important aspects of a waste isolation system. The solid waste form is
but one factor, albeit an important and even in some instances con- *

ceivably a controlling one, in a complex system of many factors that
can affect the security of waste isolation. It cannot be emphasized
strongly enough that the geologic disposal medium, the waste form, or
any other waste isolation factor cannot be evaluated without due con-
sideration to the total system of which these are a part. Because of
the variability among geologic environments potentially suitable for
nuclear waste isolation, no single waste form is likely to be most
satisfactory for all possible waste isolation systems. The waste form
must be thoughtfully tailored to the host medium, to its contained

fluids, and to other characteristics of the specific geologic system
selected for waste isolation. I shall return to this concept later,
but it might be helpful first to consider the general conditions of
pressure, temperature, and water that could exist in a sealed geologic
repository and to which the solid waste form might be subjected.

PRESSURE ENVIRONMENT OF A GEOLOGIC REPOSITORY
'

The state of stress in the host rock at the depth of ourial will
largely reflect the weight of the overburden, the tectonic history of
the region, and rheologic properties of the rock. Figure 1 shows the
observed variation of vertical stress with depth based on the available
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data from strain-relief measurements.4 The line corresponding to an
average density of overburden of 2.7 gm/cm is shown for comparison.
The data are generally consistent with the assumption that the vertical
stress corresponds to the weight of the overburden. Thus, the vertical
stress at a depth of 600m, roughly 2000 ft, would be about 16 MPa
(160 bars or 2,300 psi). The horizontal stress will equal the vertical"

stress only if the rock is incapable of sustaining shear stress, a
situation that at a depth of 600 meters would likely be true only for
rock salt. The sustained differential stress, or strength of rock, can
be a function of time, as well as of rock type and environmental con-
ditions such as pressure and temperature. The systematic decrease in
strength of a marble as the strain rate is decreased by several orders
of magnitude is shown in Figure 2. The lowered resistance to deforming
stresses at slow strain rates--or, to stresses sustained over long
periods of time--would be characteristic behavior for any rock that
deforms primarily by intracrystalline processes. For most common rocks
intracrystalline flow requires confining pressures well in excess of
16 MPa, or very nigh temperatures. The results shown in Figure 2 are
for tests at 25 C and 200 MPa, a pressure depth equivalent of about
7.5 km (about 25,000 ft). At the likely depth for a geologic repos-
itory most common rocks subjected to high differential stress will
deform by processes dominated by fracture and intergranular movements--
i.e., cataclastic processes. Figure 3 shows the results of some exper-
iments on a sandstone under conditions identical to those for the
marble just discussed. The sustained differential stress is indepen-
dont of the strain rate. One can conclude from these results that
rocks which deform by cataclastic (as contrasted with " plastic") pro-
cesses, will sustain existing stress differences for indefinite peri-
ods.5 For this sandstone at these conditions the sustained differen-
tial stress could exceed 400 MPa. I have confirmed the time-indepen-
dence of cataclastic processes in several ways, including the deforma-

,

tion of marble under lower confining pressures at which cataclastic
processes predominate. It appears that time-independence may be char-
acteristic of fricticnal processes in general. Figure 4 presents some
results of laboratory experiments on faulting in several com.non rock
types,6 These results show the lack of effect of displacement rate
both on the differential stress required to cause displacement on pre-
existing shear fractures and on the coefficient of friction.

Except possibly for rock salt, cataclastic processes will dominate in
rucks at repository depths. If this is so and the existing stress dif-
forences can be expected to exist for indefinite periods, what are
these stress differences likaly to be? The extent of departure of the
horizontal stresses from the vertical stress is limited only by the
strength of the rock. For gravitational loading alone, the horizontal
stresses would be predicted to be much lower than the vertical, and
would be expected to fall along the line at the left side of Figure 5.
The data given in Figure 5 are for in-situ stress measurements in
South Africa.4 The values at depths below 500 m fall between that pre-
dicted and the overburden pre =1ure; at more shallow depths the
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horizontal stresses exceed the vertical. Stress determinations in
Canada are given in Figure 6 and indicate that horizontal stresses
always exceed the overburden stress in those areas where measurements
have been made.4 Indeed, the horizontal stresses could show very high
values at shallow depths. In one area 3n which I've worked recently,
along the southern shore of Lake Ontario, the horizontal stresses were
typically 11 MPa and occasionally as high as 20 MPa (nearly 3000 psi)
within 200 feet of the surface. A summary of the then-existing data on
in-situ stress measurements was made by Hoek and Brown 7 and is shown in
Figure 7. From such relationships it is clear that at depths of 600 m
or less, one could expect the horizontal stresses to exceed the over-
burden stress by several times. At a depth of 600 m this could mean
horizontal stresses of possibly up to about 40 MPa, compared with a
vertical stress of 16 MPa, which could result in a differential stress
of 24 MPa. Recall, however, that except for salt, most rocks at this
depth could sustain significant differential stress indefinitely--for
the sandstone mentioned above this might be of the order of 35 MPa at
that depth. The observed variation of the maximum component of shear
stress, as determined from in-situ measurements,4 is shown in Figure 8.
The maximum shear stress is equal to one-hair the differential stress.
The data for rocks such as shale and sandstone are shown in Figure 8 as
circles; those for granites and similar rocks are shown as triangles.
As seen in this figure, at depths up to 600 m the shear stress has been
measured to be as higt as 15 MPa (i.e., a differential stress of 30
MPa), but this is still below the strength of most ::mmon rocks at
those depths.

Two other factors that affect the local state of stress perhaps deserve
mention. One is the change in stress distribution caused by excavation
of the mined cavity, which could magnify the strass locally. Tais
phenomenon is, in part, a function of the cavern geometry and will be
analyzed as part of the depository design. The second is the effect
of fluid pressure in pore spaces within the rocks. This might be more
difficult to evaluate.

It has been well demonstrated that the effective stresses to which the
rocks will respond are equal to the stresses in the solid framework
minus the pore pressure in the vcids.8 Thus, if the pressure of fluids
at a depth of 600 m were the normal hydrostatic head (about 6 MPa) , the
effective vertical pressure at that depth would be the weight of the
overburden (16 MPa) minus the pore pressure (6 MPa), or 10 MPa. The
strength of the saturated rock at 600 m depth would be lower than that
of the unsaturated rock. This is because the rock strength is directly
proportional to the effective pressure which is lowered by increased
pore pressure, whereas the existing differential stress is not affected
by pore pressure because the increased pore pressure reduces both the
maximum and minimum principal stresses by equal amounts. As the pore
pressure approaches the 4erburden pressure, the effective vertical
stress approaches zero. In sedimentary basinn the compaction of sedi-
ments can lead to pore pressure in excess of the normal hydrostatic

. .._ _ _ _
--
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head, as in the Gulf of Mexico sediments. There, the ratio of pore
pressure to overburden pressure can exceed 0.9 at depths below about
3000 m; even at depths less than 1500 m the pore pressure exceeds the
normal geostatic ratio. High geostatic ratios reduce the strength of
rocks and could contribute to fat' ting which, in turn, might be of con-
sequence to the hydraulic transport characteristics of an area. How-
ever, in older sedimentary sequences it is likely that, except for rock
salt and possibly shale, rock and fluid pressures that might exist at
repository depths would not be sufficient to cause rock flow. With
regard to rock behavior, the state of stress will be >f concern pri-
marily as an engineering consideration during the operational stage of
the repository, but of less concern subsequent to its closure and decom-
missioning.

THERMAL EINIRONMENT OF A GEOLOGIC REPOSITORY

The temperature of the repository will most certainly be dictated by
the thermal loading produced by the high-level waste emplaced in the
repository. Individual areas might have higher or lower gradients than
the normal geothermal gradient of 25 /km, depending upon the geologic
characteristics and history of the region, but it seems unlikely that
the temperature at depths less than 1 km would exceed 50 C. More
likely, they tould be of the order of 35 C. Because higher ambient
temperatures will result in higher predicted temperature distributions
for a given planar heat density, the ambient temperature of a potential
repository site is an important parameter for design considerations.

From the standpoint of both the waste isolation system and of the waste
form in that system, the thermal period of a geologic repository is the
most critical. The thermal period extends from the time of closure of
the repository for several hundred years, during which time the heat
production of the high-level waste is dominated by decay of the fission
products. It is during this period that the repository contents and
surroundings are likely to be subjected to the greatest thermal, mechan-
ical, and chemical stress. Thus, most physical and chemical changes
witPin the waste form or host rock that would affect the security of
isolation would be expected to proceed at the highest rate during this
period. A maximum thermal loading of the repository that will not com-
promise the isolation system is desirable because this would minimize
waste form and repository volumes. However, excessive thermal loading
coald adversely affect the integrity of the waste form, as well as the
hydraulic characteristics of the surroun_ ding media and their retardation
capability.2

It is not possible to say in terms of thermal power just what would con-
stitute excessive thermal loading. That will depend on the particular
waste form selected, on the configuration and thermal characteristics of
the canister and its overpack, and on the thermal and mechanical prop-
erties of the host medium, among other factors. Depending largely on
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the planar heat density and on the geologic configuation and thermal
properties of the geologic media, excessive thermal loading could lead
to the opening of fractures and significant changes in the hydraulic
properties of the media with resultant increased groundwater move-
ment.2,3 The planar heat density can be controlled in several ways:
for example, aging of the wastes before emplacement, lower waste
loadings of individual canisters, and wider spacing of canisters in
the repository. Because the principal concern of this conference is
the solid waste form, I will not elaborate further on thermal loading
of the repository. However, it might be worth noting that thermal
analyses have shown that the temperature distributions outside the
repository do not differ greatly even between such disparate rock types
as sait and granite. Indeed, although the thermal conductivity of salt
is approximately twice that of granite, the maximum temperature devel-
oped in granite could be lower than that in salt because the larger
volumetric heat capacity in granite more than offsets its lower thermal
conductivity.

Of more concern with regard to the waste form is the temperature that
may develop within it or, perhaps even more important, at the canister
wall where reactions with the host' media are most likely. Here again,
this temperature can be controlled--principally by adjusting the power
level of the canister and by improvement of the heat transfer capacity
near the canister. For example, analysis has shown that a canister
containing 3.5 KW at 10 years (2.5 MTHM) would have a maximum surface
temperature of about 375 C, but if emplaced when it is 30 years old the
maximum temperature would be about 200 C (s. C. Slate, pers. comm.).
Because almost che entire temperature rise above ambient occurs across
the backfill between the canister and the host medium, the thickness
and thermal conductivity of the backfill is very important. From the
standpoint of possible reactions, the chemical makeup of this material
is equally important. Without specifying the power level of the can-
ister and the thermal characteristics of its environs, it is not pos-
sible to specify the temperatures that will develop in the immediat _
vicinity of the canister. Moreover, such factors as the power level of
the repository and geometric configuration of canisters and media would
be needed to predict the rise of media temperatures above ambient.
Suffice to say that both canister and repository temperatures could be
kept quite low if higher temperatures were to present a problem for
either the endurance of the waste form or with regard to possible
chemical reactions among the emplaced materials, the host medium, and
any contained fluids.

.

GENERAL CONDITIONS IN THE REPOSITORY ENVIRONMENT

In addition to pressure and temperature there is a third general factor
that must be considered in evaluating possible repository conditions
to which the solid waste form might be subjected following burial--
vi~., the precence of water.
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Over geologic periods of time it is reasonable to assume that no geo-
logic medium is completely impermeable. It can further be assumed
that, in general, rocks at depth are saturated--that is, any existing
pore space is filled with water or other fluid. With some finite per-
meability and some finita hydraulic gradient, water will move through
these rocks. Ths normal hydrostatic pressure at a depth of 600 m would
be about 6 MPa (870 psi). Immediately upon closure of the repository,
6 MPa is the pressure differential that will exist at the margins of
the repository. It seems highly unlikely that any water present in the
surrounding media would not move into the repository in such a pressure
gradient in an attempt to equalize this pressure differential. Thus,
it would seem reasonable to assume that possible reactions between the
waste form and the host medium will take place in the presence of
water. Except for a brief period immediately after closure, it is
likely that this water will be anoxic--i.e., the waste form will be in
a reducing environment.

In summary then, the general environmer.tal conditions that could exist

for any waste form emplaced in a geologic repoei tory at a depth of
600 m are an effective confining pressure of about 10 MPa (about
1FJO psi), possible differential pressure up to 35 MPa (about 5000 psi),
temperaturc3 up to 300 -400* in the near field and up to 200 C in the
far field (out likely to be engineered to significantly lower values),
and the presence of water in a reducing environment.

WASTE FORM ENDdRANCE

What is likely to happen to the waste form under conditions such as

those described? What changes are likely to occur? Clearly, answers
to these questions cannot be advanced without specifying, as a minimum,
the waste form and any engineered overpacking, the geologic medium into
which it is to be placed, and the nature of contained fluids. Never-

theless, some general comments might be of value in developing per-
spective in this matter. By way of introduction and to provide some
insight into the behavior of glass in a geologic environment, I wil)
describe briefly some experiments I have run on a mixture of quartz.
grains and natural volcanic glass in connection with studies of dia,'-
genesis of sediments. In these experiments we subjected samples cc|n-
sisting of egral mixtures of silt-sized grains of quartz and basaltic
glass to hydrostatic confining pressure and temperature in the presence
of distilled water. The effects at a given confining (solid) pressure
and pore pressure were studied as a function of time and temperature.
The physical changes that took place in the solid fraction were deter-
mined by means of scanning electron microscopy, and mineralogic and
chemical "hanges in the solid and liquid -hases were determined by
x-ray and atomic absorption spectroscopy, respectively. Figure 9 shows
sevaral silt-sized grains of basalt glass which had been subjectad to
20 MPa effective jressure (40 MPa confining pressure, 20 MPa pore pres-
sure) at 200 C in the presence of distilled water for a period of

!

i
4

9

V

. - , - - _ _ _ . -



26

.m, r u n ., . -

,.
' ||' NYY ' . e-

.

*

Yt;rnf.:.f.,4 9 f .z., -
4 ;. '

;

.c - . t
. ; ;,, s.Q |

. ..s_

. A' gg[n'.
r. . , , .. .(

-

' ' ^

. . .

h|| :5? .$ki5 ~
.

,~$ ~
>~ L,

- ' k. .& . _ ^Q ';;''- '

-f)
,

. .. >
. .. .- ,

....y .g x- ..a
''

,.
,

:* . ,

k.- .

~ ' f,. 9/i ~
,. \ | *

' '

4 4,

|"y,44:J' f,',Q,.s. 24,. *g ,; , _ :r,Q: ^ 3
,

ce , . 4 .. v
''

%
. . m. .

,r .aw..e p ]t.~;,)'AtyL=, Q TY':n m ;t.-
*

.

ii
.. ..

?yT ~ 'e'3;; ?, :V, .,: '
**,. .i jy-;', 3 <

_

.'';. 7- ':; t'

t'd; 'M
,

,,
I~ ^ '' . * ,- | . y1 '| % .jk* '' Iy*

. ;

y, , j. .iq qQ: h~ :.
'

z
~ 0% . .: -- 1 y ,g z ; , a~

. y,p .e rr( tid. 3 C .

Figure 9. Silt-sized grains of basaltic glass with overgrowth of clay
minerals.

/ K ?~t - = [C"', j " . -

.

. ,

. . .

, + - i ' .n . >;g
.

4
.

'

*| r ' . _y
''

I '.A -,,

p g ? "s $" ?f ,j;),; '; . . .
.

..

-

,
.

.

M -

'

. p - . . .

.%
.' . + ~ ..a* '- v- ap. .

. * * s -A
- y. -

,

3 u s. .- ,,

v .. ,- /. , . a
- a

''|(f<4.T
' ' '

s ; *r ..g- 'y
g ,_~t *}, ..j .

"-*t \ , . .

, m- ...

e, ss .,.

' f. ' $O - ~~ if % '
^

' ~;
!

,.

,

. .- . 'r *h ~ -

,

. . 3. = g. _ ..

-

; k $ %'

_
'y

es
. . . . . ..

. _ . .

Figure 10. Enlargement of Figure 9 showing portion of grain of
basaltic glass with clay mineral overgrowth.



27

30 days. An extensive overgrowth of clay minerals has developed on
these grains, which is more clearly seen in Figure 10. The cl.y min-
erals have formed from the breakdown of the basaltic glass and tend to
be preferentially deposited on the glass rather than on the quartz sur-
3ces. This phenomenon has been observed for temperatures as low as#

100 C and for periods as short as 14 days, but, as would be expected,
the clay mineral development is more extensive with longer periods of
time and at 200* rather than 100 C.

Waste-form philosophy to date has been almost exclusively directed at
the development of stable and inert waste forms, with the greatest
effort having been made on the development of a suitable glass waste
f o rm . It has been demonstrated that glass is unlikely to remain unal-
tered in a typical repository environment, but would likely devitrify,
crack, and, ultimately, break down to form new mineral phases.9 These
changes could occur within a relatively short time after closure of the
repository. Thun, glass does not appear to fulfill the desired crite-
rion of long-term endurance. However, experiments such as those I
described above suggest a totally different waste-form philosophy--viz.,
to develop a waste form that is deliberately intended to break down and
whosa decomposition products provide advantageous characteristics for
waste isolation. Glass would certainly be a leading candidate for such
a waste form. Any cracks developed in the glass during processing or
subsequent to burial would soon become coated with minerals that could
serve the dual function of reducing permeability and of providing
numerous available sites for exchange and sorption of any radionuclides
that might be releared from the original matrix. Thus, the altered

waste form could in this way contribute significantly both to reduced
movement of fluids through the radionuclide source material and to
enhanced retardation.

As mentioned earlier, the waste form has its greatest influence on the
availability of radionuclides for transport. Presumably, it is recog-
nition of this fact that has led to emphasis on long-term stability and
inertness of waste forms. Considerable attention has been devoted to
the development of waste forms that are characterized by low leachabil-
ity because, clearly, the most important concern regarding the waste
form is the rate at which radionuclides will be leached and transported

away by groundwater. The leaching mechanism will depend upon the chem-
ical reactions that proceed between the groundwater and components of
the waste and waste form. Because of the large number of variables
involved--such as waste type, waste form, overpacking material, host
rock composition, groundwater composition, environmental conditions,
rate of groundwater flow, and the like--it is not possible to specify
the rate-controlling mechanisms. Some analyses indicate that nuclide

solubility might be a far more important rate-limiting factor than
leachability of the waste form. Although the "aste form might break
down completely, such that the contained radi&iuclides would be avail-
able for 2ransport, the limited solubility of these nuclides in the
repository environment would greatly restrict the rate at which these
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are transported away from the repository. If near-saturation of a
radionuclide can be assumed to occur in the groundwater adjacent to
the waste, the rate of transport of that radionuclide away from its
source will be a function of its saturation concentration and the
groundwater flow. Thus, those factors having the greatest influence on
the saturation concentration would seem to deserve considerable atten-
tion. Not the least important among these factors is the groundwater
chemistry which, of course, will be site specific. Once a potential
site is identified, it would seem imperative that the important mineral
phaces in the geologic media and principal reactions taking place among
them be identified. By determining stability fields of the dominant
natural phases in the existing Eh-pH environment, it should then be
possible to tailor a waste form with or without overpacking that will
interact with the host rock and its contained fluids in such a way as
to produce new thermodynamically stable and low solubility phases.

The ultimate objective of the solid waste form in nuclear waste isola-
tion is to prevent radionuclides in the waste from becoming available
to the transport medium--i.e., to the groundwater. As I've attempted to
indicate in this brief overview, this objective can be achieved in
several different ways. Which way might be most appropriate can only
be determined after the total waste isolation system has been adequately
characterized.
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Discussion Following

RELATION OF SOLIDS TO NUCLEAR WASTE ISOLATION

Presented by Fred A. Donath

Bob Watt - Los Alamos, private citizen
Question:
Can you say, in general, that below some depth, perhaps 500 meters, you
will expect vertical fractures as opposed to horizontal?

Donath
Response:
No, I think as a generalization one would have to make a different statement:
namely, that they are likely to be horizontal, because the horizontal stresses
tend to exceed the vertical stresses in the vast majority of measurements.

Bob Watt
Question:
At depth? I thought your graph showed that the horizontal stress was less
than the vertical for fairly deep systerc.

Donath
Response:
Well, when you say fairly deep I assume that you are still referring to
reasonable repository depth levels.

Watt
Comment:
At the moment I am considering 500m. I thought your break point was in the
neighborhood of 500m.

Donath
Response:
If you wish to consider much greater depths, such as deep hole emplacement,
then there may be situations in which the horizontal stress, or one of the
horizontal stresses, will be the minimum principal stress and there will be
vertical fractures.

Barry Naft - hUS Corporation
Question:
In your discussion you mentioned that one performance factor which would
influence waste form criteria is groundwater flow rates. Isn' t the
physical separation of the repository (i.e., the distance from radwaste
insertion in an aquifer to the nearest discharge point of the aquifer into a
waterbody just as important a factor? What about engineered barriers; have
you given up that as an influence on the waste form criteria?

Donath
Question:
Would you state again the specific aspect of your question with regard to
the aquifer?
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Naft
Question:
If I place one aquifer five miles, and another one 10 miles from the discharge
to a water body, this might have more of an effect especially if they all
have similar flow rates than the actual flow rate through the aquifer. In
other words, in siting of the repository, the physical separation for any
water bodies may be a significant factor too. You didn't discuss that at
all. I was wondering if there was a reason for that.

Donath
Response:
I did not discuss aspects of groundwater transport for obvious reasons: in-
sufficient time and the fact that emphasis here is on the solid waste form,
but I would point out that there are only two ways which one can get
radionuclides back to the biosphere. One is by physical transfer of the
mass that contains those radionuclides or by solution in the groundwater
and movement of that groundwater back to the biosphere. And the subject of
analysis of groundwater flow is, of course, receiving a great deal of atten-
tion now. Simple generalizations cannot really be made about that. You
have to understand boundary conditions and the hydraulic characteristics
of the region in order to analyze this. Obviously distance to potential
sources of aquifers or deep wells for irrigation or municipal purposes will
be taken into consideration in risk analysis and assessment.

Naft
Question:
How about engineered barriers, would that be a consideration for the waste
form?

Donath
Response:
Of course. I thought I had alluded to that at least, if not made direct
reference, by speaking of the overpacking materials that would be taken into
consideration with the waste form itself.

Larry Penberthy - Penberthy Electromelt Co.
Conment:
You referred to glass, but I think it is important throughout this whole
meeting, that we keep in mind that not all glass is the same as all other
glass. The glasses which have been in the forefront are those which are
suited to in-can melting and hence are very high in fluxes, hence tend to
be soluble, as opposed to the glasses which can be made in ceramic melters
which are somewh t higher in temperature, but make much better use of the
properties of silic' and alumina. Alumina, in particular, is amphoteric,
and it has possibil ties of latching onto some of these ions we would like
to hold.

Donath
Response:
That appears to be a conment rather than a question, and I would say that my
reference to glass is not to either endorse or comment that it may not be
appropriate. The message that I was trying to get across is that the waste
form needs to be tailored to the environment and glass may be very appropriate
and can be considered for different purposes in that.
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Gregory McCarthy - Pennsylvania State University
Comment:
I can give some direct experimental evidence of just what Fred Donath said.
We have studied a reference PNL glass after a 300 C hydrothermal treatment
and found that it indeed is totally altered and devitrified in a matter of
weeks. Materials are transported within the reaction capsule. But, if

the alteration happens in the presence of basalt--and by analogy, shale,
and granite--the crystalline waste-rock phases fonc.ed look as though they
might be indefinitely stable at those temperatures and pressures. It is

most important to consider that we could use even a reactive waste 'orm if
we know the total waste-rock interactions picture. Some of these concepts
are in a reprint (G. J. McCarthy, et al., " Interactions Between Nuclear
Waste and Surrounding Rock," Nature, 273, p. 216,1978) that I will leave
out at the desk during the break.

Leslie J. Jardine - ANL
Question:
Excessive thermal loadings of repositories may be avoidable by an alterna-
tive waste management strategy than is currently advocated. That is,

separate only the Cs and Sr decay chuins from the primary HLW stream.
Removal of only these two isotopes reduces the heat content of the bulk
of the waste by a factor of =100. The long-lived waste of fission products
and actinides would be buried in the conventional geological repository.
Problems and uncertainties pertaining to solid waste forms and/or geo-
logical formations caused by excessive thermal loadings provide serious
obstacles to the licensing and NEPA requirements for future repositories.
Removal of only the Cs and Sr should reduce the obstacles, since the thermal
loading is reduced by==100 times. The separated Cs and Sr fraction could
be either stored or used as beneficial isotopes until burial ultimately in
a repository. A second separate repository with a high thermal loading
specifically designed for accommodating the =30-year half-life of Cs and
Sr might also be proposed since long-term geological stability for Cs and
Sr isolation is not as critical as for long-lived actinides and select
fission products. The technical feasibility and benefits of such a waste
management strategy has not been given adequate evaluation but should since
it offers an option that may help provide solutions to future licensing
requirements for wast; repositories. Do you have an opinion or comment?

Robert Leachman - NRC
Response:
The Nuclear Regulatory Commission did have a Ccnvention on the question of
partitioning in Seattle two years ago. Indeed, it is a worthwhile subject,

but it is not our intention that it be a central part of our presentations
here.

Jardine
Comment:
At that conference in Seattle no one really addressed the subject of only
cesium and strontium.
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Donath
Comment:
I would add to Leachman's comment that you still do have the problem of
isolating the heat producing fission products for a given period of time.
You may remove the problem of dealing with the effects of those in rela-
tion to the isolation of long-lived radionuclides, but you do have to
isolate for a few hundred years, certainly, those fission products.

Jeff Stokes - IRT Corporation
Question:
What is your method of in-situ stress determination?
Comment:
I believe you also have to consider, in your definition of expected
repository conditions, the possibility that in some kinds of formations
the rock will flow and close around the waste, thus bringing the rock into
intimate contact with it and the full overburden pressure to bear on it.

Donath
Response:
In response to your question, rather than going into detail, I would refer
you to the article " State of Stress in the Earth's Crust," by A. M.
McGarr and N. C. Gay, in the Annual Review of Earth and Planetary Sciences,
Vol. 6, pp. 405-436, 1978, from which these figures were taken, which des-
cribes the techniques for stress measurement. In regard to your coment,
one of the points I was trying to make is that it may not, in fact, happen
that there will be pressure of the rock around the waste forms. That
depends on the strength of the rock and the rheologic characteristics. If
the processes of deformation are cataclastic processes, then they can sustain
rather significant differential stress for significant periods of time, such
that in granites and other silicate crystalline rocks--very likely in shale
as well (certain types of shale)--that is not going to occur. In rock salt,
it will certainly occur.

Judith Danielson - American Friends Service Committee
Question:
You mentioned tests on glass taking place over a period of 15 days. I
wondered if this is the longest period of testing that has been done and
if not, what is the length of time that the glass has actually been tested?
Are there plans for more extensive testing?

Donath
Response:
There are extensive tests of a variety, some of which Gregory McCarthy
mentianed. There is nothing significant about the period of time that I
referred to, other than that is a very short period of time for glass to
show the effects that it did. That is only one specific natural type of
glass.
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Jack McElroy - Battelle Pacific Northwest Laboratory
Question:
Most of the recent high-temperature, high-pressure tests on waste forms
have been carried out at temperatures that exist in a dry repository. You
said that the temperature of the waste canister is very dependent upon the
heat transfer near '" canister. Is it not true that the presence of
water, in quantities sufficient to be of concern, till improve the heat
transfer near the canister so that the canister temperature will decrease
to be more nearly equal to that of the repository rock, which is much
lower in temperature?

Donath
Response:
Those are very important points you are making. I hope everyone caught
them. I would add further that the tests that I illustrate here were done
at 200 C. We did some at 100 C and there is clay formation on that parti-
cular glass.
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ABSTRACT

Physical Properties of Waste Glass

The physical properties of borosilicate glass make it a suitable
waste form for the storage and disposal of high-level radioactive waster.
Waste glass has excellent radiation stability. As the result of over
10. years of testing it is known that the physical properties are rela-
tively unaffected by high doses of contained radioactivity. Similar
detailed studies have shown that the effects of self-heating in canisters
of properly-formulated waste glass are also relatively minor. Glass is
only one of a number of potentially satisfactory waste forms. It differs
from the other waste forms mainly in that its processing has been developed
to the point that a waste glass production plant is now operating in
F ra nce. Using the known properties of waste glass as a baseline for
comparison, important factors in the evaluation of alternate waste forms
can be delineated. Among the factors that enter into the evaluation are:

ability to deal with changing waste compositions, process complexity,
waste loading, canisterinteractions, thermal stability, radiation sta-
bility, transmutation effects, and leachability.

-
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1.0 INTRODUCTION

Various review groups have concluded that glass is a satisfactory first
generation waste form.(I'2) Thus, the physical properties of waste

glass, which have been studied enough to be well understood, can be used
to illustrata the desirable generic properties of solid waste forms for

all types of wastes destined for geologic isolation. A benchmark for
comparison is needed because of the large number of waste forms that
have been put forth as candidates.

We include in the generic properties not only the properties of the final
product, but also considerations of the feasibility of making the solid

form in a practical manner. These considerations consist first of obtain-

ing an understanding of what has to be irmobilized, that is, the source

of the wastes. The process for treatment of the wastes must have the
flexibility to accommodate a changeable, ill-defined, heterogeneous feed
stream and convert it to a product with relatively homogeneous properties.

The relatively homogeneous product must have certain properties. Those
properties should not degrade with time due to thermal or radiation
effects. Glass appears to meet the requirements adequately; other waste
forms undoubtedly do too, although as yet none are well enough charac-
terized to warrant selectior, as a viable near-term waste form. Cha acter-

ization is procaeding on several of these candidate waste forms. The goal
is to demonstrate that the waste forms have acceptable properties when
the total waste management system, which emphasizes multiple barriers,
is considered.

2.0 RADI0 ACTIVE WASTES

National policy provides that all transuranic (TRU) wastes will be trans-
ferred to government custor for final dispostion in deep geologic iso-
lation. The major classifications of TRU wastes and their treatments

are shown in Figure 1. Transuranic wastes are generated in two basic
forms: (1) liquids, sludges and slurries which are pumpable and are
temporarily stored in tanks, and (2) solids such as filters, miscellaneous

.

1

. _ .
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scrap and trash, a large proportion of which is combustible paper, plas-
tic and rubber, and failed equipment. Spent fuel belongs in this cate-

gory, if it is declared a waste. This paper will not discuss spent fuel,

however it is the subject of some other papers in the conference.

Both liquid and solid wastes ray require treatment before final packaging
for shipment to the federal repository. Treatment of high-level liquid

warte (liLLW), and the properties of the waste fonn to which it is con-
verted by the treatment, has received the most attentinn, since this one
stream contains over 99 percent of the nonvolatile fission products.

liigh-level liquid waste is generated as a nitric acid solution. At the

Hanford and Savannah River plants, HLLW is neutralized and stored in
mild steel tanks. Neutralizing the wastes causes fonnation of a pre-
cipitate which contains most of the radioactivity,except Cs. One
proposal for treatment of these wastes is to remove and purify the super-
nate and to ir. mobilize and package only the precipitate, called sludge,
for transfer to a federal repository . The radioactivity removed during

137
purification of the supernate, mainly Cs, would be combined with the
sludge. In contrast, the HLLW at the Idaho National Engineering Labora-
tory (INEL) is not neutralized and is stored as an acid solution in
stainless steel tanks. Part of the INEL waste inventory has been con-
verted to a granular calcine, which is also stored in stainless steel

tanks at the site. The HLLW from reprocessing scent power reactor fuel
will also be stored for an interin period as an acid solution. This

latter liLLW, which is 1-3 orders of magnitude more radioactive, is
usually called commercial or power HLLW to distinguish it from the
" defense" HLLW's of the Hanford, Savannah River and Idaho plants.

In a few hundred years most of the fission products will decay, leaving
the long-lived TRU activity dominant. The non-high-level TRU wastes,
which contain over 50% of the total TRU waste activity, are then equally
as significant as high-level waste (HLW). Thus, it is important to

recognize that although HLW has received most attention to date, there
are other waste streams with equal long-tenn stability requirements
for their waste fonns. An example of such a waste stream is combustible

2
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solid TRU waste, a very heterogeneous and voluminous stream. Techniques
are being developed to incinerate these wastes in the future. The TRU

incinerator ashes are very fine powders which require further consolida-
tion to be stable forms comparable with those being developed for HLW.
There are current programs to develop techniques for converting incin-
erator ash to glass.

From the foregoing discussion, the diversity of the waste streams that
are candidates for conversion to stable solid forms is apparent. Exam-

ples of the major constituents of the waste streams and representative
concentration ranges are given in Table 1. The full importance of the
diversity of compositions shown in Table 1 comes when it is recognized
that: (1) the liquid wastes are really slurries with variable solids
content, (2) variation from feed batch to feed batch may be large (de-

.

pending on the process design a feed batch may represent a few days to
several months operation) and (3) because of analytical difficulties
with highly radioactive multicomponent slurries or powders, the chemi-
cal analyses of any given feed batch will have only limited accuracy.
In essence what we are dealing with are nuclear 'efuse plants. Like
other types of refuse plants, it is difficult to predict ahead of time
what will be received at any given moment. The treatment plants simply
have to be flexible enough to handle it.

The basic difference between cammercial and defense HLW, that the com-

mercial waste has much higher concentrations of fission products and
actinides, is shown in Table 1. The remairder of this paper will empha-
size comnercial HLW because it represents the extreme case as far as
self-neating and radiation effects are concerned.

3.0 RADI0 ACTIVE WASTE TREATMENT

Radioacitve wastes will be converted to solids possessing certain pro-
perties before they 6re placed in geologic repositories.

3

--
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TABLE 1. Composition Ranges in Representative TRU Wastes

HLW Incinerator
Constituent Commercial Defense Ash

N 0/N C0 0-10 0-10 0-30
2 2 3

Fe 0 3-29 6-61 0-1123

Cr 0 1-2 0-27 0-1023

Ni0 <1 1-11 0-3

Al 0 0-86 17-33---

23

Mg0 0-8--- ---

Mn0 --- 4-402
---

Ca0 --- --- 0-24

TiO --- 0-182
---

SiO --- --- 10-552

Gd 0 0-3123 --- ---

C 0-28--- ---

CaF 0-5 0-54 ---2

Na SO --- 0-5 0-52 4

Nacl --- --- 0-5

U0 0-12 2-14 ---38

FP 0xides 39-88 <l ---

Actinides 5-15 <1 ---

4
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Waste Form Criteria

The desirability of converting liquid HLW to a solid is widely recognized
and is a specific regulation which currently applies to commercial high
level wastes. The regulations,as given in 10 CFR 50 Appendix F, specify:

" . . . High level liquid radioactive wastes shall be converted to
a dry solid . . . and placed in a sealed container prior to transfer
to a Federal repository in a shipping cask meeting the requirements
of 10 CFR Part 71. The dry solid shall be chemically, thermally,
and radiolytically stable to the extent that the equilibrium pres-
sure in the sealed container shall not exceed the safe operating
pressure for that container during the period from canning through
a minimum of 90 days after receipt (transfer of physical custody)
at the Federal repository. All of these high-level radioactive
wastes shall be transferred to a Federal repository no later than
10 years following separation of "ission products from the irradi-
ated fuel ."

The sealed containers for solidified HLW have come to be called cani-
sters. The canister and its contained solidified waste form make up
the waste package that will be held in interim storage for a short time
and then transported to a geologic repository for disposal. Figure 2
shows a generic HLW waste package giving typical dimensions, and pro-
bable maximum heat generation rates and radiation doses. The dimeasions
of the canister can vary but those shown have come to be considered

prototypical, and much of the waste management system is being designed
around packages of these approximate dimensions.

Process Criteria

Manufacture of the HLW packages must be adaptable to routine, reliable
operation in a radiation environment where materiais may suffer damage,
and where maintenance is expensive and time consuming.

5

.
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4.0 WASTE FORM SELECTION

There are a large number of potential solidified radioactive waste
forms.(3,4) Investigators have been addressing the problem since the
early 1950's, and new suggestions continue to be made. '

Historically the first waste foms considered were crystalline clay
shapes upon which radioisotopes were adsorbed, and then fired. Later,

to get higher capacity, tailor-made ceramic sponges were substituted
for natural clays. But glass was also an early candidate. Studies

started in the mid-1950's at MIT in the U.S. and at Chalk River in Can-
ada. Development of glass has continued until now there is an opera-
ting production plant for the preparation of waste glass monoliths
at Marcoule, France, and a ;. ocess is scope designed for the vitrifi-
cation of Savannah River defense waste. The tem monolith for the
glass castings is used loosely since thermal and r-chan' al stresses
will produce some cracking in waste glass.

Although many different solidified waste foms have been proposed for
radioactive waste, they all fit in a few categories, shown in Table 2.
It is convenient to consider internal structure and physical fom
separately since solidified wastes with different internal structure
can have the same outward physical fom. Currently, most of the atten-

tion concerning internal structure is focussed on differences between
qlass and crystalline foms; the attention in physical form is mainly on
" monolithic" glass compared with many small spheres of solidified waste
imbedded in a metal matrix.

6
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TABLE 2_ Waste Form Categories

Internal Structure

Disordered - Borosilicate glass
Phosphate glass

Ordered - Supercalcine
Titanate ceramic
Synthetic minerals

Mixe. - Glass ceramics

Physical Form

Calcine powder
Monolithic glass or ceramic
Glass orceramics in metal matrix
Coated particles in metal matrix

It is apparent that there are many waste forms which are probably satis-
factory forms for the wastes sent to Federal repositories. The properties
of some waste forms may make them more applicable to certain wastes than
to others, but there are common factors involved in the selection of

waste forms for all repository wastes. The most importai: selection
factors are sho'.; fa Table 3.

- TABLE 3 Factors in Selection of Radioactive
Waste Forms.

Waste acceptance flexibility
Process adaptability to radioactive service

Canister interactions
Thermal stability

Radiation stability

Leach rate

The factors are interrelated. Probably not one of the factors can be
optimized without adversely affecting one or more of the other equally

7
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important factors, therefom, compromises are required. Such compro-

mises form the basis of the ALARA procedure.

The remainder of this paper will consider the waste form selection
factors from Table 3 in more detail, and using HLW glass as a baseline,
show how the factors can apply in the selection of alternate, backup,
or second generation waste fonns.

4.1 WASTE ACCEPTANCE FLEXIBILITY

Waste acceptance flexibility refers: (1) to the ability of a waste form
to incorporate the large number of diverse components characteristic of
radioactive waste streams, and (2) to the ability of the waste solidifi-
cation process to operate with an ill-defined feed stream that will fre-

quently fluctuate in composition.

Glass has the required processing flexibility because it is a nonstoichio-
metric material which accepts most cations in a random atomic network.

R 'atively large compositional variations in the waste streams are readily
accomodated. The major exceptions to this omnivorous compatibility
are anions, and many of these such as fluoride, are significantly soluble
in waste glass.

Crystalline materials would appear to have less process flexibility
because of their requirements of certain stoichiometries to achieve
the desired properties. Solid solutions yield some processing flexi-
bility within given crystals. Another route to processing flexibility
would be to provide an excess of the reactants for each desired crystal
form, such as is done in the proposed Synrock process.

An important corollary to processing flexibility is that any waste
form selected will not be a single defined composition. It may be a
certain class of material, but it will have a range of compositions
to accomodate the variations in waste composition shown in Table 1,
and hence a range of physical properties. This is really what the
development of a waste form is all about, to dtmonstrate that the waste

8
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form can have relatively homogeneous properties over tha entire range
of waste compositions it can be expected to incorporate. The practi-
cality of making waste glass with relatively homogeneous proper *.ies
over a wide range of waste compositions has been demonstrated, and the
range is continuing to be expanded. The development of crystalline waste
forms is as yet limited to a few selected waste compositions.

4.2 PROCESS ADAPTABILITY TO RADI0 ACTIVE SERVICE

Process complexity is of utmost importance, because the process has to
be operated with cranes and remote mechanical arms on the other side

of five foot thick concrete walls. With this sort of design requirement
it is essential that the equipment be reliable, have a long life expec'-
ancy, and be maintainable by remote means. Obviously, the more complex
the equipment the more difficult it is to satisfactorly meet these design
requirements. It must also achieve reasonable processing rates, otherwise
several parallel units would be required with a proportionate increase
in complexity. Waste loading, usually expressed as wt% waste in the final
solidified product, is also an important processing parameter. Low waste

loading increases processing costs and decreases processing safety, since
more canisters must be handled. Waste loadings of 45-50 wt% are sanetimes
possible in waste glass; 30 wt% waste loading is more typical. Discussions
of waste loading, and heat dissipation from the loaded canisters, are
presented in reports by McElroy( } and Jardine(8)

,

Most glass-making processes are quite simple, being two- or three-step
operations. An example it the in-can melting process developed at PNL.
This is a two-step process in which the liquid waste is first calcined
to a dry powder in a spray calciner. The spray calciner is simple,
being essentially a heated chamber into which the waste is sprayed as
finc droplets. The dried powder is canbined with glass-making additives
and dropped into one of two melters through a diversion valve. The valve
permits the process to run continously since, while glass is being made
in one melter, the previously filled melter on the other side can be
disconnected, removed, and replaced with a new melter. Note that in this ,

9
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process the melter also becomes the container, or canister, for the waste
glass, hence the name in-can melting. The non-radioactive pilot plant
unit at PNL, shown in Figure 3, can handle nver 220t of waste / hour and
convert it 50 kg glass / hour.

Many different waste glass processes have been developed. Some, such as

the French AVM process described in another paper at this conference,
are three-step processes, in that the glass is melted in a separate
vessel and then discharged into the storage canister. The separate
melting vessel can be a metallic melter, as in the AVM process, or it
can be a ceramic melter, such as used by the glass industry. Ceramic

melters have been under development for radioactive waste vitrification
for about five years at PNL and in Europe.

The well-developed vitrification processes can be looked upon as examples
forabernativeprocessestofollow. In addition to producing a durable
waste form in three steps or less, the alternative processes should have
many of the features described at the beginning of this section.

Neerly all processes will have similar off-gas treatment requirements,
because they all involve drying, denitrating, and consolidating of liquid
wastes. These steps will almost always require temperatures up to, or
in excess of, 1000 C. In general, crystalline waste forms will introduce
requirements of sintering or pressing at elevated temparatures and pressures.
Glass-ceramic waste forms may be achievable by anneaH .g specially prepared
vitrified waste forms. Cermets will require extrusion.

In sunmary, in designing and operating a remotely operated facility the
objective is to keep it simple and make it reliable. In case of failure
the equipment must be easily replaced or repaired. A major failure
can shut down even a relatively simple remotely operated facility for
many months.

4.3 CANISTER INTERACTIONS

The canister must be rugged for handling and it must be sealed by welding
to contain the waste and prevent water from entering during interim
storage. The canister must maintain its integrity during interim storage

10
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and be suitable for transporting the waste within a shipping cask to the

final repository.

In many instances the waste canister may also be the processing vessel.
In this case the canister must be able to withstand the processing condi-

tions ?qd then be suitable for storage. For in-can melting the canister

is made of 304L stainless steel,if the vitrification temperature is limited
to about 1050 C. Above this temperature a higher strength more corrosion
resistant material, such as Inconel 601 is required; the upper limit is
then about 1200 C. When the canister is not the process vessel, such as

for casting monliths from a continous melter, the upper temperature
requirement is about 700 C. This temperature will assure uniform filling
of the canister. For this type canister it may be possible to use carbon
steel if it is found acceptable for interim storage and final isolation.

No metal has been found that is optimum as a canister material in all
parts of the waste management system. All proposed materials appear
susceptable to some fonn of corrosive attack at some point in the system.
Generally, 304LSS is the preferred canister material because of its ex-
tensive use in the nuclear industry. While 304LSS performs well during
processing and can be protected during interim water storage by water
quality control, it is generally accepted that stainless steel will stress
corrison crack soon after being placed in salt.

Overpacks are one way of obtaining a canister that is compatible with
the final isolation media. These can be installed around the canisters
after the geologic media in which the canisters are to be emplaced
has been detennined, or the emplacement holes can be lined with sleeves

of the preferred material. Overpacks can also be used for repairing
a defective canister if a leak occurs during interim storage.

It is anticipated that waste canisters for other alternative waste

forms will have the same considerations and requirements as those just
described in another paper at this conference by Slate. A report by
Slate and Maness is also recomended for the interested reader.

11
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4.4 THERMAL STABILITY

The thermal stability of HLW waste forms is important because the waste
is self-heating. However, it is important to recognize two factors.

First, as shown in Figure 2, the heat generation rate decreases rapidly.
Second, handling heat transfer is a standard engineering problem. The
system can be engineered to avoid undesirable temperatures.

All of the infonnation is available to engineer the system for waste glass.
The thennal conductivities of many waste glasses have been measured.
At 100 C, the conductivities fall between 0.8 and 1.0 W/m C, and at
400 C the range is between 1.0 and 1.2 W/m C. Above the softening
point of the glasses, about 600 C, the conductivity rises rapidly.
The thermal conductvity of unconsolidated calcine is about a factor
or four lover than that of glass; metal matrix waste forms usually have
a thermal conductivity about 10 times higher than glass.

Thermal conductivity determines the temperature profile within the cani-
ster. Figure 4 shows a canister of borosilicate glass made in the WSEP
program at PNL over 8 years ago by the in-can melting process. The radio-
activity in this glass was designed to simulate commercial HLW. The

glass, as initially made, was generating 90 watts / liter of self heat.
The At between the canister surface and centerline was in agreement
with engineering predictions. If desired the heat transfer in waste
glass canisters can be increased approximately by a factor of 2 by the
use of internal metal fins.

The plugged boreholes from which samples of radioactive glass have been
taken are visible on the surface of the canister in Figure 4. In the
8 years since this glass was made examination of core drilled samples
has shown that there has been no degradation in properties of the waste
glass, even though during most of the time the glass was stored at 400-
500 C. Degradation would not have been expected at these temperatures.

Thermal stability is a prime consideration in the comparison of glass and
crystalline waste forms, because glasses are metastable and under some

conditions can partially convert to crystalline materials. This crys-
tallization, known as devtrification, has been studied thorougnly in
several waste glasses. The maximum rate of devitrification of waste glasses
usually occurs at about 700-750 C.

12



55

The two curves in Figure 5 serve to illustrate glass devitrification.

We use leach rate to measure the effects of waste glass devitrification
because this is the only physical property that changes significantly.
In properly forumulated waste glasses the physical strength does not
change appreciably. Most important, the glass does not fall apart, as
is sonetimes implied.

When waste glass is held at temperatures between 550 and 850 C., devitri-

fication which causes an increase in leach rate, can occur. The effect

is controlled by kinetics. If the canister is cooled through this tempera-

ture range at a cooling rate of greater than about 20 C. hour almost all
devitrification can be avoided. The samples in Figure 5 were held two
months at the temperature shown, then the leach rates were measured at

25 C. It is noteworthy that the two waste glasses in Figure 5, designed

for quite different waste compositions, have differences in their base-
line leach rate which are as great, or greater, than the maximum effect

of devitrification.

13
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In summary, the process can be designed to cool the canister fast enough
to avoid almost all devitrification. At storage temperatures the thermal
devitrification rate is so low that it can be discounted. Devitrification,

if is does occur, has never been observed to cause more than an increase

of a factor of 10 in leach rate, well within the leach rate variations

observed oetween waste glasses of different compositions.

5.0 RADIATION STABILITY

It has been recognized from the earliest studies that the intense radia-
tion fields within solidified nuclear wastes could cause measurable
property changes. Consequently, all waste forms under serious consi-
deration have been, or are being, evaluated with respect to radiation
effects. Waste glasses have been most thoroughly studied, with specific
reports of stored energy (10) and helium diffusion (") as well as more
general discussions (4'" 'I2) being recently presented.

Table 4 shows some displacement rate calculations from the various radia-
tion damage sources present in radioactive wastes. These estimates show
that damage from alpha-decay of the actinides is several orders of magni-
tude more important than any of the other contributors. For this reason,

the work undertaken at PNL and elsewhere relies heavily on doping methods,
244 238 244using short half-life alpha emitters such as Cm or Pu. Using Cm,

and doping levels in the 1-8 wt% range, it is possible to simulate in
5a few years the damage which would occur in >10 years in commercial HLW.

6Because of its lower alpha activity, even longer times, beyond 10 years,
have been simulated in defense wastes. Although there are still some
unresolved questions concerning radiation effects (for example, a study
of transmutation effects is only just beginning), it is clear for waste
glasses, at least, that property changes are small.

Alpha-Recoil Damage

Although understanding of radiation damage in ceramic materials is not
well developed, estimates concerning an expected damage rate are possible,
both from simple theoretical estimates and empirically from previous

14
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TABLE 4. Energy Dissipated in Elastic Collisions by Various Nuclear
Radiations, and Accumygions of Elastic-Collision-Energiesin Radioactive Wastest

Cumulative Number Cumulative Amount of
of Particles in Collision Energy

Energy Dissipated Wastes, Aged 12 and Dissipation in Wastes,
Nuclear in Elastic 80 Years Aged 12 and 80 Years
F. 'ticle Collisions, kev (1017/cm3) (1019 kev /cm3)

12 yr 80 yr 12 yr 80 yr

a-RN(a) 100 kev 100 8.1 17.1 8.1 17.1

a(6 MeV) 4 to 8 8.1 17.1 0.3 to 0.6 0.7 to 1.4

% 8(>0.5 MeV;
average = 1.5 MeV) < 0.1 3 5 < 0. 3 < 0. 5

y(2 MeV) 0.1 <3 <5 0.3 0.5

Fission recoil 5000 2 x 10-5 4 x 10-5 0.001 0.002

(a) Recoiling product-nuclei fomed in alpha disintegrations.
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experimental work. The simplest models(I4) and more sophisticated con-

cepts both suggest that a single s5 MeV alpha event will cause about
3000 displacements, with the alpha particle contributing only 10-20%
of the total damage.(16) in a homogeneous glass there are s2 x 10 2

3"SiO " units per cm glass. Consequently, one expects that the entire
x l9 3

glass network will have been affected at ml0 Am and that saturation
of effects should be observed by this dose, providing secondary effects
(e.g. , defect clustering) do not become important. Saturation of effects
is observed experimentally. For instance, in work on alpha decay damage
in solids, a number of crystalline compounds have been studied for volu-
metric changes. All showed exponential tailing to a saturation, or
equilibrium volume change, beyond which additional radiation had no effect.
A review of work on pure actinide compounds was presented by Fuger.(U)

Some wastes won't contain enough alpha-active isotopes to cause radiation-
induced effects to reach saturation even in 106 years. Others will
contain sufficient concentrations of aloha active isotopes so that satura-
tion of effects will be reached in less than a thousand years. Emohasis

in the radiation effects studies using actinide doping of waste forms
is on defining saturation effects.

Effects of Damage

With respect to radiation stability, parameters relating to physical
and chemical durability must be evaluated. In work on waste glasses
to date, radiation effects on density, microstructure, stored energy,
physical strength and leachability have been measured. Figure 6 summarizes
the density changes measured in several waste glasses and a supercalcine
as a function of alpha dose. Both positive and negative density changes
have bem observed in waste glasses; the behavior is clearly composition
dependent. The important point, however, is that in all waste glasses
studied to date, the saturation density change is no more than about one
per cent. This is as expected since the effect of alpha radiation is to

promote amorphization and glass is already amorphous. More limited studies
of glass-ceramics and crystalline supercalcine have been completed. In

16
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244
each of the latter studies, crystalline phases concentrate the Cm

dopant and rather quickly become x-ray amorphous, i.e., they become glass-
like, with larger volume changes than occur in glasses. The importance
of these changes has not been fully assessed; the samples did not crack
or otherwise visually change. However, the effects of nonuniform density

changes in adjacent crystals of a crystalline waste form are of concern,
since they could degrade physical strength and integrity. Many examples
exist in the literature of radiation-induced amorphization of crystalline

components. The volume changes reported range from very small to as much

as 30% at saturation.

A summary of the effects of radiation on waste glass is shown in Table 5.
Stored energy is latent energy deposited in the glass when atoms are
displaced from their original locations by radiation. The latent energy
is released when the glass is heated. Calculations show that even if the
stored energy were all released at once, which cannot occur, the increase
in temperature of the glass would be less than 200 C, not a serious occurrence.
The leach rate of highly irradiated waste glass changes by less than a
factor of two. Limited measurements show no change in physical strength;
more measurements are planned.

Transmutation refers to effects that could occur at the sites of radioactive
decay, where a new chemical species, with a different ionic radius and
valence than that originally present is produced. Examples are the decay

of Cs to Ba+2 and Sr+2 to Zr+ . Beccuse of its random structure,

transmutation is not expected to affect glass stability, except perhaps
in some devitrification crystals, if they tended to conce ntrate a particular
isotope. Transmutation could have more serious consequences in crystalline
waste forms if the lattice could not readily accept atoms with characteristics
of the newly formed ones.

6.0 LEACH BEHAVIOR

Leaching of activity from the waste form, with subsequent migration of
the water containing the dissolved radioisotopes into locations used by
man, is the most important pathway that must be analyzed in assessing
the risks of radioactive waste management. Befort leaching can conmence

the waste canister must be breached, and water must be present. The waste

17
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TABLE 5 Summary of Radiation Effects on Waste Glass

* Stored Energy

< 60 Cal / gram

* Density Change

1 one percent

* Leach Rate
#- factor of two increase

* Physical Strength
No change (limited data)

* Transmutation
No effects expected

Investigation continuing

18



61

management system will be designed: (1) to prolong the life of the
canister, and (2) to minimize the presence of water. In addition the
repository will be designed so that water leaving the repository will
have to travel long distances, oerhaps 10 or more km, before entering the
biosphere. Tests have shown that all radioisotopes in waste, except

Tc and I, have significant retardation factors, that is, they will
migrate slower than the water " carrying" them by factors, ranging from
5 to more than 10,000. When all of these factors are considered, the

preliminary analyses that have been made indicate that the geology provides
sufficient retardation so that the leach rate of the waste form may be a
relatively insignificant element in assuring waste isolation in a geologic
repository. Nevertheless it is important to understand the leaching
behavior of the waste form it is an important element in our multi-
barrier, defense in depth, waste management system.

The rate of release of activity is dependent on the surface area of the
waste fonn which is exposed to water and on the rate of leaching per unit
area in the prevailing environmental conditions. As is described by Slate,
et. al., in another paper in this conference, waste glass in canisters
is not monolithic. Thermal and mechanical stresses will typically produce
cracking which increases the surface area about a factor of approximately

10 over that of a monolith. However, if the glass is held tightly by
its surroundings the surface of the cracks will not be easily accessible
to leaching.

In an evaluation of the effects of prevailing environmental conditiors upon
the rate of leaching of waste glass, temperature and pH are found to pre-

dominate over all others.

The effect of temperature on the rate of leaching is similar to the
temperature effect in many chemical reactions. The reaction rate increases
a factor of 10-100 for every 100 C increase in temperature. The type of
reactions which control the release of radioisotopes also are affected by

temperatu re. Below about 80 C a siliceous layer forms on glass surfaces,
which acts to retard further leaching. Metasomatic reactions, in which
new crystalline compounds form from some of the glass constituents, can
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also occur at the glass surface, particularly at elevated temperatures.
The new compounds, which can be either clay-like, and absorptive, or be
themodynamically-stable hosts for certaia radioisotopes, may actually
be beneficial.

A large amount of work to define the hydro:.hennal reactions of waste forms
has begun in the last two years. The major preliminary conclusion
from this work is that both glass and crystalline waste forms are altered
rapidly if the temperature is sufficiently high, as indeed are most
inorganic oxide or silicate substan<.es, including many candidate repository
host rocks. Table 6 shows that neither waste glass nor supercalcine

7 90provide a barrier to the release of Cs and Sr at extreme hydrothennal
conditions in salt brine. Figure 7 shows that the hydrothermal attack
on several other materials, including granite, is of the same order of
magnitude as that on waste glass. The tests shown in Table 6 and Figure
7 were accelerated by using very high temperatures to obtain results
quickly. Maximum possible temperatures at which water can contact a
solidified waste form in a repository are more likely in the range of
150 C, or less. As mentioned earlier, temnerature control is a standard
engineering procedure. The question of the maximum allowable temperature
in the repository requires, and is getting, more engineering study. A
maximum reference reporitory temperature of only 80 C has been selected
for granite repositories in England and Sweden.

The effect of temperature on the leach rate of waste glass is shown in
Figure 8. Representative leach rates at 25 C are 1 x 10 s of glass /cm -day.2

Representative leach rates at 40-50 C, the ambient temperature at repository
-

2depths, are 5 x 10 6 to 5 x 10 59 of glass /cm _ day. If the latter leach
rates are assumed to remain constant with time it can be calculated that
leaching of the total activity from glass chunks of typical dimensions of
4-10 cm diameters would require sev':ral thousands of years. Actually the
leach rate will continue to decreat , and lifetime of hundreds of thousands
of years are possible. The leach rate of waste glass buried at Chalk River

g of glass /cm -day in just five years. 8)decreased to 5 x 10 11 2

20
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TABLE 6. Hydrothermal Leaching Rates in Salt Brine at 350 C

Percent in Original Sample Released to Brine in 7 Days

Supercalcine Waste Glass

Cesium 46 80

Rubidium 80 82

Strontium 3.3 3.4

Silicon 0.5 0.2

.
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The pH of the groundwater at Chalk River is 6.4. Waste glass is formulated

to have a relatively constant leach rate over the pH range 4-9, considered
the probable extremes to be nonnally found in nature. In non-salt
repositories, the rock and surrounding soil will act as buffers and
probably maintain the pH in an even narrower range. Salt repositories

represent a separate case. The possibilit- of pH's as low as 2 in salt
repositories has been reported. Glass generally has excellent resistance
to acid attack. Waste glass, however, with a silica content usually
in the range of 30-50%, has poorer acid resistance than high silica glasses.
Below pH 4 the leach rate of waste glass can increase significantly.
Even though the potential for a higher leach rate may exist in salt
repositories, overall leaching will be limited because the amount of water
present will be very low.

7.0 STATUS OF WASTE GLASS DEVELOPMENT

After twenty years of development waste glass technology has reached the
stage of widespread implementation.(I9) In France, England, Germany and

the U.S., major vitrification programs are well advanced. Research and

development is devoted to expanding the physical property data base to
include more waste glass formulations, extending knowledge of expected
behavior in geologic isolation, and refining the design of process equip-
ment.

In the United States the vitrification technology previously developed
for cormiercial HLW is being transferred for potential initial use with
existing defense wastes at Savannah River, Idaho Falls and Hanford. If

a decision is made to remove the liquid HLW from the storage tanks at
Savannah River, the program currently underway will pennit having a full
scale vitrification plant in operation by 1988.(20) The plant will employ
spray calcination coupled to either a continuous joule heated melter
or to an in-can melter. The borosilicate glass will be contained in 2 ft.
diameter by 10 ft. long stainless steel canisters. The canisters will
probably be sent to a federal geologic repository.
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In France, the AVM vitrification plant started operation this past summer.

It employs a rotary calciner and continuous metallic melter to convert
Marcoule HLW to a borosilicate glass. The 30 cm diameter by 1 cm long

stainless steel waste canisters are stored in air cooled pits on site.

Plans are underway to construct a vitrification plant (AVH) at the la
Hague, France, reprocessing plant by 1983. The process would be similar
to that used at Marcoule and higher activity HLW from reprocessed LWR
type spent fuels would be vitrified.

In England, a full-scale radioactive demonstration plant is planned for
operation at Windscale in the mid-eighties.( I) Construction of a fully
radioactive pilot plant is now nearing completion and of a full-scale
inactive development facility is underway. The process is a type of
in-can melting where liquid waste is converted directly to glass in a
stainless steel canister.

Gemany also plans to vitrify its HLW. Two orocesses(I ) VERA and PAMELA

have been developed for converting the wastes to borosilicate glass. It

is likely that a radioactive version of one of these processes will be

constructed and operated at the WAK reprocessing plant at Karlsruhe. A
larger version of the WAK process, or another well developed process,
would be used to vitrify the HLW that will be produced at the planned
Gorleben nuclear park in lower Saxony.

Several other countries (e.g., Belgium, India, Japan, and Italy) have
active programs directed toward the incorporation of HLW in borosilicate
glass.

While much of the research and development to date has been directed

toward incorporating highly radioactive commercial type wastes into
glass, it should be noted that initial use is occurring with lower activity
HLW. Thus, while the results clearly show that high activity, high heat

generating wastes can be safely immobilized in glass, the technology is
being implemented in a conservative manner. This conservatism will also
follow through to the repositories; high temperature storage conditions
will not likely exist during early repository operation because of the

23
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backlog of aged fuel and low-heat waste. In the meantime, the R&D programs
developing waste immobilization techniques need to be closely integrated
with the repository programs to define repository design conditions
that are acceptable for both the waste package and the host rock.

8.0 SUMMARY

There is a general consensus that the physical properties of glass make
it a satisfactory choice as the waste form for the first generation of
high-level waste solidification facilities. Glass can accanodate a very
wide range of chemical elements. It is stable to very large radiation

doses. It is formed at high temperatures, so it is free of volatiles.
It possesses sufficient thermal stability at storage temperatures. Waste

glass his a low leach rate at the perpetual repository temperature
(approximately 40 C); it has a somewhat higher leach rate at the higher
temperatures that will exist in the repository during the first few decades
or centuries, but contact of water with the solidified waste form during
this period will be minimal.

The development of alternative solidified waste forms is directed mainly
toward further reductions in the release of activity which will occur
if water contacts the waste form, particularly at elevated temperatures.
The development of these alternative waste forms will benefit from the
existing understanding of the physical properties of waste glass. The

waste glass properties will serve as a bench mark for comparison during
their development. One, or more, of the alternative waste forms may be
available for use in second generation waste solidification plants.
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Discussion Following

PHYcICAL PROPERTIES OF WASTE GLASS

Presented by John E. Mendel

Bob Watt - Los Alamos, private citizen
Question:
You mentioned several possibilities, one of them to maintain temperature
controls and one of them to maintain dry conditions. From the calculations
presented in various places, I think the duration of such activities would
be several centuries. Does that agree with your thinking?

Mendel
Response:
Well, the temperature drops quite rapidly in the first 500 to 1,000 years;
it does not reach the ambient temperature for several thousand years. It

is just a 10 degree difference or so.

Watt
Question:
You have answered the question; the control per J which we are talking
about is rnany centuries. In general, I believe, one of the conditions that
one should not plan on is social institutions having any kind of significant
control for more than one century. Do you see that as a serious problem?

Mendel
Response:
No, I do not think that is a serious problem, because most of these
techniques I mentioned could be installed and be in place within that time
period--less than 100 years.

Watt
Question:
Would they continue to operate without hunian care?

Mendel
Response:
Yes. Engineered barriers, systems included in the barrier to either
absorb water or be impermeable to water--those kinds of systems would be
installed during the hundred years or so and then the system could last
for at least 500 years.

Fred Schmidt - University of Washington
Question:
A geologist in Australia whose name is Ringwood has made an alternative
suggestion instead of using glass or sequestering material. If you are

familiar with it, could you just make a spot judgment as to what you think
of his proposals?
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Mendel
Response:
In essence, I do not believe his proposal is much different from the
supercalcine concept that has been under investigation at Pennsylvania

'
State University for some time under subcontract to PNL. As I indicated,
I believe that this hydrothermal stability is really the only area where
alternative waste forms have a potential. The problem is whether you can
do it practically and do it very soon. The complexity of the waste composi-
tions makes it difficult to design minerals that will contain all of the
constituents in the waste.

Eugene N. Cramer - Southern California Edison Company
Question:
For several years, at least at Hanford, the defense waste has been separated
so the cesium and strontium is stored under water in the form of a titanate.
Is there any ongoing effort to design a waste form specific to this cesium
and strontium?

Mendel
Response:
There has been some work. The cesium and the strontiLm are not being stored
as a titanate; they are being stor.ed as chlorides and fluorides. There is
some work going on at Hanford to either develop glass compositions for the
cesium and strontium or other waste forms.

Cramer
Question:
Is it premature to discuss that?

Mendel
Response:
It is premature for me to discuss that, because it is being done by Rockwell
and I am not up to date on the status of their work.

Larry Penberthy - Penberthy Electromelt International, Inc.
Comment:
I can answer the question on cesium and strontium. Well over 100,000 tons
of soda lime, that is, sodium calcium silicate glasses, are being mad?
every day. The cesium and strontium are counterparts of sod' .,and calcium.
And hence, no special glass structures is required.

Robert Williams - EPRI
Question:
Having heard John Mendel's assessment of the systems approach to waste
engineering and the many compromises that have gone into selection of glass,
both because of the practicality of production and its tolerance for varia-
tion in waste composition as an input stream, I would like to ask Fred
Donath if he would concede that glass is an adequate first generation waste
form for our waste disposal systems. I was not sure where he stood by the
end of his presentation here this morning.
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Fred Donath < iversity of Illinois
Response:
I am already on record in the APS study as stating that glast is an
acceptable first generation waste form. I think that the point I made in
response to a question after my presentation was that glass may have many
different possible applications in the waste isolation system. And I only
drew attention to another possible, totally different type of philosophy
of deliberately designing a glass that would break down to provide different
types cf components which might be more stable in the long term. But in
terms of the short term and initial emolacement and concern over transpor-

tation and placement, glass certainly is acceptable.

Williams
Comment:
Thank you, I just wanted to make sure that the record reflected that point.

Bernard Cohen - Argonne National Laboratory
Question:
Could you be a little more explicit on methods of keeping the waste dry,
and of also controlling the temperature?

Mendel
Response:
The methods of controllirg the temperature involve the distribution of
the canisters, how far apart they are, and how much heat is in each canister.
If you are making glass, this can be done either by simply diluting the
glass or by longer interim storage on tl.e surface before you place it in
the repository. As far as the methods of keeping the repository dry, again,
one method certainly i,. solves selection of the repository. This gets to
the question of location of aquifers and so forth. Another technique is
using ventilation, leaving the repository open for a longer length cf
time, and using forced ventilation to dry the repository out. In a non-
salt repository, there is a good likelihood that the heat from the canisters
will tend to keep the repository dry for some length of time.
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STABILITY OF FIXATION SOLIDS FOR HIGH-LEVEL

RADIOACTIVE WASTES

Abstracts

Mechanisms which control the rate of release of toxic materials
from both amorphous and crystalline solids used for the fixation
of high-level radioactive wastes are reviewed. The expected
chemical and structural stabilities are evaluated and compared
under typical repository conditions such as temperature rise, a-
radiation, transmutation and an aqueous environment. Experimental
results are presented which evaluate the stability of glass
materials against crystallization. The results of the evaluation
show that high-silica glasses offer the best combination of good
chemical and structural stability and very low corrosion rates.
Borosilicate glasses give higher corrosion rates but still have
good chemical and structural stability. The crystalline ceramics
exhibit good resistance to chemical corrosion at high temperature
but are expected to undergo extensive structural damage under the
conditions of a-emission and transmutation. It is shown that this
damage leads to increased release rates of toxic materials and
raises grave doubts about the use of crystalline materials for
radwaste fixation.

Summary

This paper presents an evaluation of the factors which influence
and control the release of toxic substances from fixation solids
used in the disposal of high-level radioactive reprocesser wastes.
The evaluation is comparative and considers the relative expected
performance of the various solid forms proposed, including
crystalline media such as the supercalcines and synrocs and
amorphous media such as borosilicate and high-silica glasses.

The rate of release of toxic materials from fixation solids is a
f unction of the specific dissolution rate of the solid, the
exposed surface area and the elapsed fixation time. All three
factors, as demonstrated here, have a strong influence on the
rate of release. The specific dissolution rate of a material is
a funccion of its chemical composition, its physical state (poly-
crystalline, amorphous or partially crystallized) , its micro-
structure, its temperature and the chemical nature of its
surroundings, specifically the bath which contacts its surface.
Since the materials contain radioactive isotopes, some of these
conditions may change with time (physical state, temperature,
etc.). These changes are discussed in detail below.

The mechanisms of dissolution of solids in aqueous media have been
shown to cause variations in the dissolution rate with time.
These mechanists consist of the formation and possible subsequent
peeling and cracking of a hydrated layer or depleted layer on the

iii
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outside surface of materials. These may result in a cyclic
variation in leach rates, with cycle periods from several months
to several hundred years. These mechanisms are discussed in
detail, here, and extrapolation methods are presented which allow
setting meaningful long term limits for maximum dissolution rates.

The exposed surface area of the fixation solids affects the rate
of release of toxic materials to the same degree as the specific
dissolution rate. In fact the release rate is a function of the
ratio of dissolution rate to average particle radius. Therefore
a decrease in particle radius of a factor of 1000 by breakage
will increase the release rate as much as would an increase by
the same factor in the specific dissolution rate. Most materials
can be designed to expose a minimum surface area initially.
Iloweve r , changes in exposed area depend upon the physical stabil-
ity of the material and are expected to occur with time during
the storage period. Changes in exposed area result from local
stresses in the materials and produce microcracking. These phase
changes occur as a result of a-emission and radiation damage,
transmutations, and long term exposure to weathering conditions
and high temperatures. Cracking can also occur in the fixation
media as a result of the formation of hydrogen and helium gas
internally as a product of radioactive decay. Increases in
surface area by factors of 103 to 106 are possible.

In comparing the relative performance of the various fixation
modia let us first consider chemical stability, since this'is
determined by the material's initial state, and does not appear
to be altered drastically by radiation or transmutations. The
chemical durability of solids varies greatly with chemical com-
position. In the selection of fixation materials, however, this
variation has been recognized and most proposed solid forms have
been selected to optimize chemical durability. Mostmate{{als 2fall within the range of dissolution rates of 10-4 to 10- g/cm
day, at room temperature. In general, the initial physical state
of the material (crystalline versus amorphous) does not have a
large effect on the initial chemical durability of the solids.
We find that chemical composition has a more pronounced effect
and that materials of a specific general composition exhibit
similar specific dissolution rates whether crystalline, amorphous,
or partially crystallized. For example, at room temperature, the
borosilicate glasses or partially ciystallized glasses have dis-
solution rates of 10-4 to 10-7 g/cm2 ay and the cryd
ceramics of synroe and the supercalcines are at 10-gtallineto 10-6 g/cm 2

day. On the other hand, the high silica glasses are at 10-9 to
10-11 2g/cm day whether completely amorphous or partially crystal-
lized. These similarities in behavior only occur initially. If
storage conditions allow the material to heat up, changes in
specific chemical durability will take place. Under a-emission
and transmutation, however, the major effect appears to be a
change in surface area through cracking rather than a change in
specific chemical durability.

Looking first at the effect of temperature rise, we find that the
specific dissolution rate of materials in water behaves as an

iv
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activated process. This means that temperature increases are
extremely detrimental to the chemical durability of materials.
With an activation energy of only 9 kcal/mol, which is generally
a lower limit, the dissolution rate will increase by a factor of 10
between 200 and 70 C and by a factcr of 30,000 between 20" and
6000C.

The concern with the temperature dependence of dissolution rate
arises from the high thermal output of commercial solidified
wastes. It is possible under some storage conditions proposed for
scaled mines that the temperature of the storage medium will
exceed 6000C. This is highly detrimental to the chemical stabili-
ty of all fixation media. In this case, the crystalline ceramics
exhibit a smaller degradation than the borosilicate glasses.
However, neither material is sufficiantly resistant. This prob-
lem is not unavoidable, and in fact it is possible and desirable
to select storage sites which are not sealed and can be cooled
through air circulation. Additional precautions such as aging
the wastes or spent fuel before processing and fixation and re-
ducing loading levels can insure that the ambient temperature of
the waste solids remains below 80 C. The use of cladding con-
tainers with lifetimes exceeding 50 years is also possible and
will reduce the corrosion at high temperatures.

The chemical nature of the bath in contact with the fixation solid
has a large ef fect on the dissolution rate. It is, of course,
desirable to select repository sites where the ambient bath is as
non-corrosive as possible. Of all possible storage sites con-
sidered, salt mines offer the most corrosive bath to all materials
except possibly for titanium, since the bath will form hcl and HF
acids as a result of the irradiation f rom the radioactive vastes.
Granite mines with cooling systems and air recirculation appear
to offer a repository site more suited to the long term survival
of both the amorphous and crystalline fixation materials.

While the effect of high temperatures can be avoided by design,
the effect of chemical and structural instability cannot. The re
is a large effect on chemical durability arising from the presence
of microstructure with phase or grain boundaries. When phases or
grains differ markedly from each other structurally, the interface
energy is generally high, which enhances dif fusion along the
boundary and dissolution of the material through the boundary.
This ef fect is expected to be small initially in polycrystalline
materials, where the grains differ only in orientation, but can
become significant when different phases or crystals are formed
as a result of structural instability of the material.

The structural stability of the fixation materials is of equal
importance to the chemical stability, since it controls the amount
of surface area exposed to the external environment. In the case
of glasses, several tests have been conducted with borosilicate
compositions identical to those proposed for fixation and contain-
ing Am and Cm to accelerate the a-radiation damage. Little struc-
tural change was observed in the samples, and the chemical dura-
bility or dissolution rate of the materials remained unchanged.

v



86

Tests on borosilicate glasses loaded with fission products (25% by
weight) showed no cracking and no degradation in dissolution rate
over a storage span of 11 years, which is the time period for
high rates of transmutation. Therefore the oxide glasses have
demonstrated good structural stability under actual and simulated
storage conditions, i.e., while undergoing a-emission and transmu-
tation.

The question of physical stability of the metastable amorphous
state over very long periods of time has been studied. The re-
sults, which are presented in this paper, are based on actual data
and well established phase transition theory. They show that if
the ambient temperature is 500C below the glass transition temper-
ature of the material, the projected times to crystallization in
a dry environment are much longer than storage times. This is
the case regardless of specific composition for the borosilicate
and the high-silica glasses. The presence of water in the glass
has the ef fect of lowering the viscosity, which requires an in-
crease in safety margin of 75 to 1000C below the glass transition
temperature of the water-f ee glass.

The question of structural stability of the crystalline forms
proposed for disposal is not as clearly answered, since the
actual systems have not been tested. There are, however, a num-
ber of similar minerals and man-made ceramics from which some
conclusions may be drawn. Due to a-emission, minerals containing
uranium have in general undergone a metamictic phase transition
to an amorphous state with high stress development and micro-
cracking. These 'inerals contain some of the basic elements of
the proposed cer. de fixation media and have shown an increased
susceptibility to metamictization when silica and rare earths
are present. Rare earths are essential components of the radwaste
fixation media, and silica is often used as a major component of
the ceramic host. It is expected that under actual fixation
conditions, the additional presence of Am, Cm and Pu, which have
a higher a-emission than uranium, will further aggravate the
damage. In many cases, the studied natural minerals exhibited
fracture surfaces as close together as fractions of microns. The
increase in effective surface crea associated with a fracture
structure consisting of cracks several microns apart is of the
order of 106 times. In the unlikely event that recrystallization
occurs instead of metamictization, grains will be formed with high
interfacial energy and will undergo rapid dissolution and end up
as powder also with a large associated increase in area.

The expected effect of transmutations in crystals can be evaluated
from basic crystallographic concepts, some phase diagram studies
of similar systems, and a valence change experiment on a system
containing some of the basic elements of synroc. Combined, these
analyses show that transmutation from Cs+1 to Ba+2 and fron Sr+2
to Zr+4 will cause large structural damage which will likely re-
sult in a metamictic phase transition and in powdered samples.
Again the expected result is similar to that of radiation damage
and the surface area will increase by large factors.

vi
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Un fo rtuna te ly , these results are obtained by inference. We suggest
that tests be conducted on the crystalline ceramic waste forms
containing the a-emitters and some fission products. However, the
clear conclusions of the evidence available cause concern about the
physical stability of all crystalline waste forms in the presence
of a-emission and transmutation.

The final question of structural stability of waste forms concerns
the presence of internally formed hydrogen and helium gas. We
have not at this time estimated the rate of gas fo rma tion . There-
fore, the only conclusions possible are based upon the measurements
of diffusion of these gases through materials. The results show
that amorphous materials, due to their open structure, have a
higher coefficient of gas diffusion for hydrogen and heliun than
do crystals. There fo re the glasses will be less likely to suf fer
damage from internal pressure build up.

Unlike the problem of temperature rise in the repository due to
the thermal output of waste materials, which can be adjusted by
suitable ccoling, the problems of a-emission, transmutation and
gas formation are an inherent part of the radioactive decay
process and cannot be alleviated by reporitory design. Therefore,
we see that there are no ideal materials for the disposal of
radioactive wastes. However, with careful control over composition
and thermal loading conditions, some glass candidate materials
such as the high-silica glasses of fer the combination of high-
chemical durability below 100 C, high chemical stability and high
structural stability essential to the suitable fixation of high-
level radioactive wastes in solids for long time periods. The
borosilicate glasses of fer high structural stability. However the
best chemical durability achieved is 1000 times lower than in the
high-silica glasses. The crystalline ceramics show moderate
chemical durability at room temperature and a smaller degradation
of this with increasing temperature than glass, but they are not
likely to exhibit the necessary structural stability during
storage and therefore cannot be considered suitable candidates at
this time.

An interesting aspect of the long term stability of the amorphous
state was recently present by J.A. O ' Kee fe , B.P. Glass and
S. Alterescu, who evaluated the stability of geological, lunar and
ancient man-made glasses. They find from lunar glass evidence
that in general, for a wide range of compositions, the amorphous
state is stable over long time periods, of the order of 3 to 4
billion years, at temperatures from a few degrees to several hundred
degrees Kelvin when no water is present. When water is present
in the environment glasses with low silica concentrations are
found to dissolve and reprecipitate over long time periods, as
in ancient man-made glass. However if the content of network
formers such as silica and alumina is above 80%, as in the North
American tektites, the glass have survived in aqueous environments
without structural change for over 35 million years. These glasses

vii
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demonstrate extremely low dissolution rates and exhibit losses of
less than 10 microns from their surface after 35 million years at
the bottom of the ocean, despite the expected corrosive action of
sea water. The reasons for this high structural and chemical
stability appear to be the high silica content of the glasses and
the low ambient temperatures ( < 50 C) .

vi n
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I. INTRODUCTION

The suitability of various fixation media for the safe disposal of
high-level radioactive wastes is determined by the chemical and
structural stability of each material under disposal conditions.
The primary concern is with the release of radioactive nucleides
to the environment by chemical leaching of the fixation medium.
The release of toxic materials from solids is a function of the
dissolution rate, surface area and time. The re fore , while it is
desirable to use materials with very low dissolution rates, it
is necessary to also minimize surface area.

Dissolution rates are determined by the chemical composition of
the material, by the physical state (i.e., crystalline, amorphous,
partially crystallized), by the microstructure (grain size, grain
boundaries, interfaces) by the ambient temperature and by the
chemical nature of the mediun in contact with the surface of the
material. This requirement of chemical stability has long been
recognized and there is sufficient data at present to draw
conclusions regarding the relative performance of the various
fixation media.

The performance of dif ferent fixation media in maintaining a
minimum external surface area may be evaluated by determining
their structural stability and their tendency to break up into
small pieces or powder during the storage period. Conditions
which will affect the structural stability of materials during
storage are particle radiation such as a-emission from the actinides,
transmutations of the fission products and actinides, and internal
gas formation (H He). The behavior of some radwaste glass2,
candidates has been investigated with tests on real and simulated
wastes. The effect of transmutations on physical and chemical

propertiesofaborosilicateglasswasmeasuregbyloadingthe
glass with actual radioactive waste materials. Long-term
radiation demage was evaluated in borosilicate glasses through
accelerated tests using Am and Cm isotopes which have a short
half-life and therefore emit a high a-dose. 2,3 Unfortunately,
similar tests are not available fo r the crystalline ceramic waste
forms. In our evaluation of their expected performance, we use
evidence from phase diagram studies on similar compounds and
crystals and from analyses of mineral samples containing low
levels of uranium and thorium. The evidence from mineral samples
however must only be taken as an indication of the best possible
behavior of waste solids since the minerals investigated do not
contain the short-lived isotopes of Am, Cm and Pu which emit high
u-doses and are likely to cause far more damage than uranium or
thorium. In this vein, we recommend that suitable tests be
undertaken soon, using real loading levels and the entire spectrum
o f a-emitters present in the wastes.

The effect of time, temperature and water on the rate of crystal-
lization of glasses will be discussed in detail. The results are

1
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based on experiments described in this paper. The time and tempera-
ture extrapolations presented are based on the well established
formalism of physics of phase transitions and on the analysis of
the behavior of very old geological samples and minerals.

Finally, we will show data on geologic model glasses to demonstrate
the general long-term behavior of amorphous materials and to test
the predictions of long term structural stability in aqueous

_

environments.

In this paper, all the attention will be focused on the waste
solids and not on the geologic repositories. We will only discuss
properties of some geologic sites in so far as they affect the
waste fixation solids.

As a fi nal restriction, we are only evaluating the properties of
crystalline ceramics and glasses as waste forms. Other forms
such as concrete and calcines have such a high initial dissolution
rate 4 that their long term chemical and structural stability is of
no consequence since they will totally dissolve in the short term.

2
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II. STORAGE CONDITIONS

After the waste materials have been incorporated into the structure
of the fixation medium, certain unusual conditions will be created.
These must be considered first in order to determine the physical
and chemical stability problems of the fixation media during
extended storage. The storage conditions considered are as
follows:

1. High heat output in commercial wastes.

2. Emission of various particles including a-particles from
within the storage media.

3. Transmutation of the radio isotopes into new elements.

4. Gas production (Hydrogen and helium).

5. Presence of an aqueous environment in the repository.

A. Thermal Output

The large production of heat in commercial wastes is due to the
decay of the fission products and has a relatively rapid exponential
decrease. Temperatures of several hundreds of degrees for over a
hundred years have been estimated for commercial wastes deposited
in sealed mines.5 While the actual temperatures reached will
vary depending on the properties of the repository, it has been
proposed that the thermal output problem may be solved, if
desired, by cooling the repositories, by reducing waste loading
levels, and by aging the wastes above ground for 10 to 30 years.
A workable scheme has been devegoped to maintain waste media
temperatures at and below 80 C. If cooling is not desired, the
large thermal output of commercial wastes will cause a temperature
rise in the fixation media. Their properties and stability must
be investigated as a function of temperature in the range of 80
to 600 C to determine if the decrease in stability with increasing
temperature for each material warrants the expense of cooling the
wastes to maintain relatively low temperatures such as 80-100 C.

B. Radiation

The radio isotopes present in the fission products and actinides
in the wastes emit all forms of radiation including elementary
particle, a-particle and photon emission. Of these the most
potentially damaging is the emission of a-particles and its
associated nucleus recoil.

3
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The potential effects of a-particle and nucleus recoil damage on
physical and chemical stability at high radiation levels must be
assessed. This problem is not significantly reduced by long term
surface storage and therefore is an inherent part of the storage
condition. Some reduction of the effect is possible by decreasing
the concentration of actinides in the waste media.

C. Transmutations

As the radioisotopes decay with time, they lose nuclear particles
which results in a change of their elemental form and therefore

their valence, their bond states and configurationi3gnd theirequilibrium coordination numbers. Por example, Cs decays by
the emission of an electron to Bal37 Cesium is a monovalent
element while barium is divalent and needs to form two atomic
bonds to remain in equilibrium. Sr90 which is divalent decays
similarly to Y90 which rapidly decays to Zr90 which is tetravalent.
The formation of new bonds or dangling bonds and the decrease in
nuclear size strongly affect the structural equilibrium and the
stable coordination of the atoms. The actinides also decay to
new elements, however, due to their high valences and their large
number of possible valence states, it is difficult to predict
what will happen. Some authors have suggested that transmutation
effects in the actinides are relatively less severe than for the
fission products,7 but others suspect that the naturally occuring
metamict minerals containing actinide elements may be a result of
transmutations of the actinides rather than radiation damage.8
Aging of the wastes for long time periods before fixation in
solids can help reduce the effect of transmutations of the fission
products. The effect from actinides is not known.

D. Gas Production

The emission of protons and a-particles forms hydrogen and helium
gases, within the fixation medium. A survey of gas diffusion in
solids can be examined to determine potential problens. The
formation of these gases may have an in fluence upon waste loading
levels and the design of canisters.

E. Agueous Environments

If the wastes are stored on earth, whether on or below ground level,
it is very likely that they will rest in an aqueous bath at some
time during the storage period. The nature of this bath regarding
temperature, trace element content, acidity, etc., will be deter-
mined by the geological fixation site. However all these
parameters can be varied to desired values by the proper choice
of burial site and backfill. In this case, the material property
of importance is the chemical durability of the fixation material
in an aqueous environ.:ent.

4
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III. CHEMICAL STABILITY

A. General

The chemical stability of the disposal materials is related to
its tendency to dissolve in its aqueous environment. One of the
major drawbacks of the use of salt mines for repositories, from
the standpoint of the fixation materials is the highly corrosive
aqueous environment fo rmed. The liquid present will consist
of water containing hcl and HF formed by radiation and can
dissolve all glass, ceramic and most metallic materials except
possibly for titanium. Therefore in considering the chemical
stability of the various disposal fixation media, since the
geologic repository has not been selected and may vary from site
to site and from country to country, it is necessary to consider
simple aqueous solutions to be only used as guidelines in evalu-
ating the various materials. These would consist of neutral,
clean deionized water, and water buffered at a low, acidic pH
(2.3) a close to neutral pH (5.7) and a high, basic pH (9.5).
This work is presently undertaken for the International Standards
Organization.9 Data is available on some materials soaked in
neutral, clean deionized water.

to 10 groposed fixation media 10-4theIn general at room temperature,
2exhibit release rates of 10-2 g/cm d for cement;

g/cm d for the multibarrier supercalcines; 10-4 to 10-72to 10-6
g/cm2d for the borosilicate glasses; and to 10-11 g/cm2d
for the multibarrier high silica glasses.go-9,10 In comparing
initial chemical durability at room temperature, differences
appear according to chemical composition. There do not appear
to be large dif ferences due to the physical state of the material,
whether it is totally crystalline, totally amorphous or partially
crystallized. As the temperature is raised to 100 C, we find that
the leach rate or material dissolution rate increases, somewhat
like an activated process. The activation energy is generally

9 to 15 kcal/ mole.ll The increase in rate is shown in Table 1.
is quite obvious that with an activation energy of 15 kcal/mol,It

the material is totally dissolved in a very short time at temper-
atures near 600 C regardless of the chemical durability at room
temperature. If the activation energy is higher, then, the
temperature for rapid total dissolution will be lower.
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Table 1. Increases in Dissolution Rates with Temperature

Temperature Dissolution Rate Dissolution Rate
(15 kcal/mol) (9 kcal/mol)

20 C 1 1

40 C 5 3

70#C 40 10

100 C 240 30

4 2
200 C 10 3 x 10

6400 C 2 x 10 6 x 10

4600 C 2 x 10 3 x 10

Experiments conducted on borosilicate glasses and ceramic samples
at 400 C in aqueous environments have borne out these calculation
and have shown that glasses will dissolve and reprecipitate as
crystals under these conditions. Reprecipitation obviously
occurs in cooling and the results do not necessarily indicate
that the precipitated products have a greater chemical stability
than the glass. A comparison of the behavior of supercalcines
and borosilicate glasses shows that the formec have a greater
stability at the higher temperatures, although as shown in
Table 1, the activation term is overwhelming and both will
dissolve far too fast to offer real containment capabilities, at
high temperatures.

Careful examination of Table 1 and the high temperature results
of dissolution measurements on glasses and ceramics indicates
that aqueous environments at high temperatures are not desirable
conditions for storage of fixation materials. It is possible
either to avoid self-heating of the wastes by suitable cooling
measures as chosen by the Swedish Waste Disposal (KBS) Report,6
or to prevent the waste fixation media from resting in an
aqueous environment when the temperatures are above 100 C. The
former solution is more likely and the waste fixation solids
may be maintained below 100 C for more than 100 years by either
cooling the repositories through air or water circulation,
aging the wastes before fixation or decreasing the loading levels
and increasing the thermal conductivity of the waste material-
canister system.

6
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B. Ef fect of Layer Formation on Long-Term Predictions

In evaluating the dependability of chemical durability tests
conducted under short term laboratory conditions in establishing
well founded upper limits for the prediction of long term
corrosion rates of the various materials used in nuclear waste
fixation, one must be very careful to consider the possiblity
of cracking and peeling of the depletion of hydration layer.
For example, it has been shown that materials, when undergoing
dissolution, release different components of the composition at
different rates.13 The alkali metals having a high ionic
diffusivity in general are released at a faster rate than the
matrix is dissolved. In return, protons or hydroxyls from the
bath penetrate into a surface layer. Thus are formed a depletion
and a hydration layer on the surface of the material during
exposure to corrosive environments. This process is crucial
to the evaluation of long term dissolution rates because these
layers as they grow become stressed due to swelling or contrac-
tion and may crack or peel from the material, thus exposing a
new fresh surface to the corrosion environment. As a result,
calculations of material release rates based on an extrapolation
of short-term leach rates may be too low by many orders of
magnitude. The effect is two-fold. First, as most materials
are exposed to aqueous environments, the leach rates have been
observed to decrease in time.13,14 This decrease which is in
f act a manifestation of the formation of a depleted of hydration
layer will continue until the layer peels off and the leach
rate will return to its initial value, with a resulting cyclic
variation in leach rate, between a high initial value and a
low value prior to the layer peeling. This gives a higher
ef fective leach rate than predicted by the extrapolation of the
lowest leach rate observed. The differences are clearly related
to the length of the cycle time. Second, the material in the
cracked or peeled layer has a high surface area and very small
size. Its dissolution will be rapid, the re fore , it must be
.ssumed to be disseminated to the bath when cracking or peeling
occurs. In this case, the thickness of the layer determines the
magnitude of the increase in ef fective release rate.

The mechanisms and rate of formation of these layers have been
investigated in detail for some glasses,15 but there is little
work available on the behavior of crystalline materials. In
glasses, the formation of a hydration layer generally occurs
simultaneously with the depletion of alkali ions. This is
sometimes complicated by crystallization occurring in the layer.
The final effect is the same however, as the crystallization
leads to cracking and peeling. We do not know what happens in
crystalline ceramics.

It is generally recognized in studies of corrosion of that in
the case of relatively durable alkali-containing silicate glass
dealkalization due to selective leaching during the first

7
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stage of attack leads to the formation of a silica-rich protective
layer.15 Under steady-state conditions, this layer achieves a
constant thickness when the rate of dif fusing out of alkali ions
through this layer has slowed down until it is equal to the rate
of dissolution of the siliceous network of the protective layer.

If a leaching test is carried out on a glass sample until such
steady-state conditions are achieved, i.e., until the rate of
both alkali and silica dissolution are constant and the ratio
of alkali-to-silicate in the dissolving material is equal to the
corresponding ratio in the solid glass, it can be expected that
the steady-state rate of dissolution will furnish a reliable
basis for long-term prediction of durability, because under
steady-state conditions the dealkalized layer reaches a constant
composition, a constant thickness and a constant level of stress
due to hydration and swelling.

On the other hand, with certain glass compositions the stress
may rise during the build-up of the dealkalized layer to such
high levels that the layer will crack and even peel off before
the rate of dealkalization has become equal to the rate of net-
work dissolution . An ex;'ssive increase in stress is particularly
likely if the hydrated layer undergoes crystallization, promo ted
by the lower viscosity of the hydrated layer and possibly by a
reduction of size of the crystallizing unit of structure in
this layer as compared with the solid glass. If excessive
stresses can develop one can expect to see that the rate of
dissolution or weight loss of the glass will decrease during the
initial stages of the leach test due to the build-up of the
protective layer; however, instead of stabilizing at a level
which will correspond to the steady-state conditiens, i.e., at

level controlled by the dissolution of the network, the ratea
will rise abruptly due to cracking and partial or complete
peeling off of the protective layer. This sequence can be
expected to be repeated continuously, with the rate of dissolu-
tion showing a series of sharp increases followed by gradual
decays. The effective rate of corrosion should in this case
be obtained by integration over a period corresponding to a
representative cycle.

When cyclic variations in dissolution rate are not observed in '

the course of a leaching test, i.e., the dissolution rates are
not observed to increase at any time interval during the test,
the dissolution rates obtain; in the final stages of the test
can be used for long-term evaluation of the chemical durability
of the specimen only if the criteria for a steady-state situa-
tion are met, i.e., the rates of dissolution of both the major
component such as silica and alkali have leveled off and the
composition of the dissolving material is identical to that of
the solid glass.

However, practical problems may render continuation of the test

8



.. _._.____ _ _ _ _ _ _

99

until steady-state h as been established dif ficult, if not
impossible. The major difficulty is the time it may take for
the dealkalized layer to grow until it reaches its maximum
thickness and begins to regenerate at a constant rate.

Corrosion experiments were conducted in our laboratories speci-
fically to investigate the layer formation problem. Two
glasses were chosen. One was a borosilicate glass containing
only sodium oxide as added component. This allows fo r a ve ry
high coefficient of ionic dif fusivity and is used to represent
an example of low layer stability. The second glass was Pyrex
Brand which contains more components including other alkali and
alumina. These components lower the ionic dif fusivity of the
glass and would tend to reduce the problem of layer formation.
Actual radwaste glasses contain many components including the
alkali metals Na, Rb, Cs and the alkaline earths Sr and Ba
which interact with each other to reduce the ionic diffusivity
in glasses. Thic tends to reduce the .ayer formation problem
in glasses. The behavior of crystalline ceramics is not known.
We are presently conducting tests of layer formation of both
borosilicate and high silica glasses to determine their
behavior.15

Measurements on a borosilicate glass containing cnly sodium
(0.44% Na20) have been carried out for a period at 20 days at
22 C in distilled water (pH 5. 7) . The results of these measure-
ments are presented in Fig. 1 and in Table II. It can be seen
that after 8 days the rate of silica dissolution becomes

2approximately constant at a level of 5 ng/cm d (the accuracy
during the later stages of the test is low due to the extremely
low levels of dissolved silica concentration). The rate of
sodium dissolution during the 20 day test period is approximately

20.5 ng/cm d, very close to the analytical detection limit for
sodium. Between the first day of the test and the end of the
20 day period the rate of silica dissolution decreases by a
f actor of 8, while the rate of sodium leaching is reduced by
a factor of more than 400. Correspondingly, the Na:SiO2 molar
ratio in the dissolved material drops from 14 :1 during the
first day to 3:1 after 9 days and to about 0.2:1 after 20 days,
while the corresponding molar ratio in the glass is only
0.009:1. In terms of layer thickness, at the end of 20 days,
assuming the concentration of sodium throughout the rod to be
uniform, a surface layer 662 nm thick has been completely
dealkalized while the thickness of the dissolved silica layer
is only 1.5 nm.

The results of the experiment on the corrosion of Corning 7740
glass (Pyrex) are qualitatively similar to the results obtained
for the sodium glass, but in the case of Pyrex the initial rate
of specific sodi"m leaching is lower and this rate falls of f
less steeply in the couse of the test. The test on Pyrex has

9
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been carried out at an elevated temperature of 70'C. Parallel
tests have been carried out in distilled water (pH 5.7) and in
a buffered pH 5.7 solution, and the results of these two tests
are identical within expe.:imental error. The test period is
90 days. After 5 days the rates of both silica and sodium dis-

2solution become stabilized at levels of 61 ng/cm d SiO nd
2 2

10 ng/cm d Na, The rate of silica dissolution decreases by a
factor of 2. The rate of sodium dissolution by a factor of 8.3,
and consequently the Na:SiO2 ratio decreases from an initial
value of 3.5:1 to a plateau value of 0.75:1. The corresponding
ratio in the solid glass is 0.096:1. In terms of layer thick-
ness, at the end of 90 days a 145 nm thick layer has been
dealkalized while the equivalent thickness of dissolved silica
is only 15.4 nm.

Both the tests reported above show that the dissolution rates of
both sodium and silica, as well as the ratio of sodium to silica
in the dissolving materials, decline steadily in the course of
exposure without showing any sign of rising again. However, in
both cases the build-up of the hydrated layer has not been
completed at the end of the test period. In the case of pyrex
glass at 70 C the rates of both sodium and silica dissolution
have become nearly constant after a 5 day period and in the case
o f the sodium glass, silica dissolution also appears to approach
stabilization after 8 days, but in both cases the ratio of
soditmi to silica in the dissolved material is still higher by
an order of magnitude than the ratio in the solid glass. The
rate of silica dissolution, although it shows only a small drop
during the course of the test compared with a much larger drop
in the case of sodium, is still too low by the end of the experi-
ment relative to the rate of leaching of sodium. The only case
where steady-state rates have been approached is that after 5
days, and up to at least 90 days of exposure, the rates of
dissolution of both sodium and silica are observed to be constant
with a sodium-to-silica ratio of 0.16 :1 in the dissolved material
compared with 0.096:1 in the solid glass.

The finding that extremely long periodt are required for the
establishment of steady-state conditions is in agreement with
results obtained in zine borosilicate radwaste glass, where
the rate of corrosion is observed to decline by about one order
of magnitude during a period of 100 days of immersion in a
neutral solution, and is still declining at the end of this
period.14 The observed rates of corrosion in this case are
considerablyhigherthaninourexperiments, levegingoffatabout 650 ng/cm d at 22 C and at about 7500 ng/cm d at 70 C.
In the case of Na2 -Cao-SiO0 2 and K 0-Cao-SiO2 it has been2
demonstrated that as long as the mole fraction of Ca0 is below
10% the silica to alkali ratio in water extracts remains low
compared to the ratio in the solid glass even when dissolution
becomes linear with time.13 In the extreme case of the low-
durability glass 3K 0:17SiO2 potassium is leached out in strong2

10
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preference to silica throughout the course of the attack until
the entire glass becomes completely dealkalized.17

It has been concluded above that in the case when a periodic
abrupt rise in corrosion rate, indicative of rupture of an
overstressed hydration layer, is not observed during the course
of a leaching test, it is necessary to carry out the test until
steady-state criteria have been met and the layer has been
regenerated at least once in order to make certain that such
rupture will not occur in the long term. However, the experi-
mental evidence described above shows that the achievement of
steady-state conditions in the case of durable glasses and
neutral leachants may take extremely long periods. In particular,
the data obtained for the soda glass at 22 C appears to show that
regeneration of a leached layer will take much longer than
20,000 days (the apparent thickness after 20 days divided by
the silica dissolution rate at this stage). In the case of
pyrex at 70 C the corresponding time is at least 900 days.

The question now arises as to whether it is possible to take
into co nside ration a possible rupture of the hydration layer,
without observing it experimentally and without reaching steady-
state, in establishing meaningful upper limits for predicted
long-term rates of corrosion. In order to do that, one can
rake a worst case assumption, i.e., assume that rupture would
have occured if the exposure to the leachant was carried out
for a slightly longer time than the actual test period.
Assuming that such rupture would occur periodically, the upper
limit for corrosion is then estimated by integration over a
period corresponding to one hypothetical cycle of rupture and
renewed build-up of the layer, and this period is taken to be
equal to the actual tir of the test.

A further question is how high can the corrosion rate rise
during such a cycle, i.e., how much material can be lost from
the glass when the rupture occurs. We will cast the following
discussion in terms of the rates of loss of only sodium and
silica. Experimental evidence shows that the alkali metals
behave like codium and the other elements like silica to a
first approximation.18 Four hypotheses are possible:
1. The rate of dissolution af ter the termination of the actual
test will remain constant or continue to decrease indefinitely.
According to this model, the build-up of the hydrated layer will
continue until steady-state conditions are established without
becoming over-stressed and without rupturing. In this case, the
long-term upper limits for the rates of dissolution of sodium,
silica and any other components of the glass are direc ly
obtained from the respective observed rates at the end of the
actual test.
2. The rate of dissolution immediately following_the repture
will return to its maximum value at the beginning of the test

11
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and then decline in the same manner which has been observed
-

during the actual test. The corresponding physical model is
that of a gradually thickening protective layer, with a resulting
decline in dissolution rate. When the layer becomes over-
stressed, it cracks, loses its protective capacity and leaves
an exposed pristine surface which is similar to the original
surface. In this case, the rate of dissolution of both sodium
and silica during one hypothetical cycle are calculated by
integration of the respective observed dissolution rate over the
time of the actual test.
3. During a rupture, an extra amount of silica will dissolve,
which will be equivalent to the amount of sodium leached during
the previous cycle. According to this model, every time a
sodium atom is leached c.way from a Si-O-Na group it leaves
behind a labile hydrated silanol group, which has a much larger
tendency to dissolve away than a network Si-O-Si group. As soon
as the protective layer is cracked, the silanol groups can pass
into the solution. The assumption of greater solubility of the
hydrolyzed Si-O-Na group compared to that of the network is
supported by the large body of evidence (see Refs. 13,17)
pointing to the fact that the kinetic patterns of silica dissolu-
tion are in many cases very similar to those of sodium leaching
during the same test even though the rate of silica dissolution
may be low compared with that of sodium with respect to the
solid glass composition.

Alternatively, it is possible to visualize such a result
assuming that during leaching the Si-O-Na bond is broken, both
f ragments break away but while sodium passes into the bulk of
the solution hydrated silanol is trapped and becomes loosely
adsorbed on the network of the dealkalized layer (possibly as
silica gel). As soon as this layer is ruptured, the silanol
groups dissolve away.

In case 3 the upper limit of the amount of silica dissolved
during a hypothetical cycle is therefore taken to be equal to
the molar quantity of sodium leached away during the buildup
of the layer, and is calculated by integration of the observed
dissolution rate of sodium over the time of the actual test.
4. During a rupture, the extra amount of silica lost will be
equal to the entire silica content of the leached layer.
According to this mechanism, when the stress in the growing
hydration layer becomes excessive the entire layer may peel
of f and break away either as a solute or as solid fragments.
One way of estimating the dissolution rate during such a cycle
is to assume that the rate of dissolution of silica renair
ef fectively constant at its initial high value; however, this
estimate is not reliable because of specific characteristics of
the original surface before immersion and because of the possi-
bility of silica re-adsorption even at the initial stages. To
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estimate the rate of dissolution in case (4) it is therefore
pre ferable to use the entire silica content of the dealkalized
layer. In this case the thickness of layer is calculated from
the integrated sodium leaching data during the actual test.
Since the concentration of sodium in the glass is low, such an
estimate is higher than the one obtained in case (3) where the
leaching of one Na atom is assumed to lead to the loss of only a
single SiO group.

The results of estimates based on models (1), (2), (3) and (4)
together with the observed rate of dissolution at the end of the
actual test, are shown in Table 2.

Table 2. Estimates * of the Long-Term Rate of Corrosion Assuming
Rupture of the Leached Layer

Sodium Glass Corning 7740
22 C, 20 Jays 70 C, 90 days

nm/d nm/d
Observed rate at beginning of test 0.19 0.28

Observed rate at end of test

Case 1 0.032 0.16

Case 2 0.064 0.163

Case 3 0.535 0.174

Case 4 33.1 1.611

(A triangular, rather than exact graphica], integration was*

carried out; this results in slightly increasing the calculated
upper limits) .

- _ . _

One observation regarding the two dif ferent samples is that while
in both cases the rate of dissolution of silica has decreased
by a similar factor before appearing to level off, and while the
final sodium-to-silica ratio in the dissolved material relative
to the solid glass is comparable, the rate of sodium leaching
has dropped in the course of the test on the sodium glass factor
of 424, while in the case of the Pyrex sample the corresponding
decrease is only by a factor of 8.3. This is the reason why
even the highest estimate (Case 4) for the matrix dissolution
rate is higher than the observed rate only by a factor of 10, in
the case of Pyrex, while in the case of the sodium glass the
corresponding estimate is higher than the observed rate by a
factor of 1000.
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One possible reason for the much higher initial rate of release
of sodium from the sodium glass is a non-uniform concentration
profile of sodium across the sample, with a high concentration
of sodium in the outer layers of the original surface. In
general, such variations in the composition of the surface rela-
tive to inner layers of the glass will lead to large discrepancies
between the observed final rato of dissolution and the estimates
of the upper limit of this rata based on the extent of hydration.
Surface nonuniformities can be minimized by mechanical grinding
or chemical etching and the concentration profiles verified
prior to the beginning of the test. The proposed methods of
estimating upper limits of rate of dissolution lu the case of
excessive lea:hing stress are also inapplicable te phase-separated
or graded-composition glasses.

The results obtained in the corrosion test on pyrex show that
in this case the highest estimates for the long-term dissolution
rate, based on the assumption of periodic complete destruction
of the entire hydration layer, are higher by only a factor of 10
than the final dissolution rates observed during the test period.
In order to further narrow down the additional extent of corro-
sion due to possible crystallization and/or overstressing and
cracking of the leached layer, it is necessary to gather more
experimental data on several aspects of the problem including:

a. Accurate corrosion tests on glass samples with various
durabilities pretrcated to ensure uniformly flat com-
position profiles across the sample. Accurate data on
representative components of the radwaste solid such as
Na, Cs, Sr, Si and at least one actinide should be
obtained for the longest possible test periods.

b. Dissolution tests on glass compositions which are likely
to show the phenomenon of periodically enhanced corrosion
due to rupture of the leach layer. Analysis of the used
leachant has to be carried out on total silica and sodium
removal both in solution and in solid fragments. The
results can be used to test the models of fered above for
es timation of excess matrix dissolution.

c. Composition e f fects. Since several multivalent elements,
such as ca and Ba are known to reduce the extent of
selective alkali leaching (see Re f. 13,15) the presence
of such components may reduce the danger of the buildup
of an excessively thick leached layer. Systematic
studies of the ef fects of various components on the
rates of hydration as well as the rates of dissolution
have to be carried out.

*d. Characterization of the composition structure, thickness
and sharpness of the hydrated layer at dif ferent stages
of the exposure.

e. Attempts to estimate the characteristic stress relaxation
time in the hydrated layer. If it can be shown during
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any stage of exposure that further buildup of stress
due to hydration and possible crystallization becomes
so slow as to be comparable with the stress relaxation
time, then the possibility of rupture can be discounted.
This is the case even if steady-state conditions have
not yet been reached. Experimental studies along
several of these lines are carried out at present in
our laboratory.

In conclusion, we have shown that layer formation during leaching
can be detrimental to long term dissolution predictions. Short-
term tests must be conducted to determine the extent of layer
formation and its effect on steady-state leaching. If steady-
state is not achievable during the short-term tests, we have
shown how one may predict 'f fective release rates for the long
term. The results can che ige the actual rate of release of
materials. Por example, we have shown how a sodium glass may
exhibit a dissolution rate in the long term which is 1000 times
that actually measured in the laboratory. In the case of
glasses used for fixation, due to the lower ionic diffusivity,
we expect changes by a factor 10 at most, as was shown to occur
in Pyrex glass. Tests are presently under way on borosilicate
and high silica storage glasses. We suggest that similar tests
be conducted on the polycrystalline ceramics if they are to be
considered as serious candidates for radwaste fixation.

C. Fixation Capability Based on Leach Rates - Effect of Composi cion

In order to deternine the relative safety of various materials
regarding their performance as fixation solids, from measurements
of their respective leach rates, a calculation may be conducted
to evaluate, as a function of storage time, the amount of each
radioactive isotope accumulated in an aqueous bath surrounding
a fixation medium as shown below. This will give a better basis
f rom which to evaluate the comparative ef fects of various leach
rates.

of each radioisotope, i, present in the wasteThe amount Mi,
which is accumulated in the surrounding medium may be calculated
as a function of storage time, t, and initial concentration in
the waste, Moi, by the following expression:

N 22-t/Ti g 2Dt _ Dti - . e 2)Moi o p r1 Of
o
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where the isotope i is the decay product of the isotope j; D is
the effective matrix dissolution rate (i.e., the rate of release
of silica in the discussion above); o is the density of the
fixation medium; ro is tne radius of the cylindrical fixation
medium; T i and Tj are the mean lifetimes of isotopes i and j
respectively; t is the storage time, and ai and nj are the
fractional concentrations of isotopes i and j in the dissolved
material. Generally, ai and aj are unity, unless a multibarrier
protection system is used at which point ai take on theandakopesinthevalue of the fractional concentrations of the iso
barrier until it is dissolved and then revert to unity when the
barrier is totally removed.

At present, storage conditions and loading levels are still
uncertain and subject to change, therefore, in the calculations
to follow, we will assume two types of thermal conditions.
First we will consider a room temperature storage for the entire
disposal period and second a disposal period with samples at
100 C for the initial 100 years. The calculations are conducted
for two specific isotopes: Csl37 and Pu239 Csl37 is chosen to
represent the short-lived isotopes (half-life of 30 years) and

Pu 39 is chosen to represent the long-livedjggtopes (hal f-li fe2

of 24,400 years) in the waste solutions. Pu is expected to
bc the worst case, since in addition to its long life, it is
also a decay product of Am243 with a half-life of 7,400 years.
The calculations for room temperature storage were made using
3 different dissolution rates obtained following model 1 in
Section B above: 1 x 10-5 2g/cm d which represents a typical
value for borosilicate glasses and supercalcine solids,
2 x 10-7 2g/cm d which is the best borosilicate glass value, and
5 x 10-10 2g/cm d which represents the best high-silica multi-
barrier glass.

In the calculation, samples are assumed to be' cylinders 1 cm
in radius which is the expected shape of most samples including
the borosilicate glass samples following breakage during cooling
after fabrication.14

The values of constant assumed in these calculations are repeated

forCs{ggrecaptions.in the f The results are plotted in Figs. 2 and
amd Pu2393 assuming room temperature dissolution

rates. The graphs clearly show that the accumulation of Pu 392
is much higher than that of Csl37 At a dissolution rate of
1 x 10-5 g/cm2d, the maximum dissolved Csl37 accumulated in the
bath af ter 40 years is 8% of the original amount loaded. Pu239,
after 800 years, reaches a maximum near 90% of the initial
loading. The dissolution rate of 2 x 10-7 2g/cm d which is the
best achieved with borosilicate glasses is improved in its
safeguard against Cs137 reaching a maximum of 0.1% of the initial
amount. Iloweve r , it is not ef fective in the fixation of Pu239,
After 20,000 years the accumulated dissolved Pu239 reaches an
amount which is 70% of the initially loaded amount. Levels of
1% are reached in 200 years. It is obvious from these data, that
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~7 2 239
at dissolution rates above 2 x 10 g/cm d the fixation of Pu
and other long-lived isotopes is not obtained over long time
periods.

Figures 2 and 3 also show the fixation characteristics at room
temperature of the best high-silica multibarrier glasses with a

2dissolution rate of 5 x 10-10 g/cm d. The maximum accumulations-3
lfor Cs 37 and 80 ppm (8 x 10achievedare0.ggpm (10-5 percent)

percent) for Pu These levels are extremely low and can be
considered to offer safe fixation of both short-lived and long-
lived radioactive isotopes.

The second storage condition considered here begins with an
initial temperature of 100 C for 100 years followed by a drop to
room temperature for the remainder of time. The dissolution rgtes
of the borosilicate glass and supercalcines are near 10-4 g/cmd
while the high-silica glass has a rate below 2 x 10- g/cm 6
a t 10 0 C . Calculations were made using these two rates for the
first 100 year period to evaluate the resulting decrease in
safety.

l37
The accumulation of released Cs in the environment surrounding
the glass fixation materials for storage at 100"C is shown in _4
Fig. 4. The dashed curve represents the dissolution rate of 10

thegggidcurverepresentsthehighsilicaglass.2g/cm d while
released to the environment by the boro-The accumulated Cs

silicate glass reaches a maximum af ter 30 years of 40% of the
total amount loaded in the glass, clearly posing a serious
hazard. The high silica multibarrier glass, however, only
peaks at 0.03% and remains well within safe limits.

239A calculation of the rate of release of Pu from the borosilicate
glasses shows that all of the Pu239 will be released to the
environment within 40 years. The high-cilica glass, however, does
not exceed a maximum accumulated level of 0.2% at any time during
the storage period despite the 100 years at 100 C.
In conclusion, the chemical stability of storage media can be
increased to suitable levels for safe long-term disposal of
radioactive wastes by a judicious choice of composition of the
solid fixation media. However, the temperatures must be kept
low due to the behavior of the leaching process as an activated
process. Obviously, dissolution will occur at all temperatures,
but manageable levels can be maintained if the temperatures are
kept below 100 C. There is a large difference between the
chemical stability of various materials, however, the use of
durable canisters, multibarrier storage, and minimized surface
area may lower release rates to suitable levels. The high-silica

glasses appear to offer the best chemical stability.
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IV. STRUCTORAL STABILITY

Structural stability as applied to solids for waste containment
refers to the ability of the materials to remain in a given phys-
ical state and to oppose changes from that state. Phase transi-
tions such as immiscibility, crystallization of amorphous materi-
als, recrystallization or metamictization* of crystalline materi-
als, and phase decomposition are demonstrations of structural
instability. These transitions generally form phases with dif-
ferent physical properties such as coefficient of thermal expan-
sion and specific volume, and therefore are accompanied by large
volume changes which stress the material and often lead to micro-
cracking. The formation of powder or microcracks in a material
can increase the total exposed surface area by 1000 to 1,000,000
times. The effect that this has on the rate of release of toxic
materials from a fixation medium is shown in the equation above.
The direct effect of powdering or cracking is to reduce the effec-
tive size of the particles formed. This is represented as r in
the equation. Examination of the equation reveals that the amount
of accumulated isotopes is proportional to the ratio of dissolu-
tion rate to particle radius, therefore a 1,000 fold decrease in
radius is identical to a 1,0C, fold increase in dissolution rate.

If cracking does not occur, the phase transitions result in the
formation of new interfaces with high surface energies which
results in a highly accelerated chemical attack at the interfaces,
with a similar increase in release rate as when powdering occurs.
Below, we present discussions of the sources and forms of insta-
bility in crystalline materials such as the newly proposed super-
calcines of McCarthy19 and Ringwood20, and the sources and forms
of instability in amorphous glasses such as the borosilicate
glasses and the high silica glasses.

A. Crystal Instabilities

The major potential sources of instability in crystals are trans-
mutations arising from the radioaccive decay of the waste materials
and the radiation damage of a-particle emission and its associated
nucleus recoil.

1) Transmutations

As transmutations occur in the fission products, new crystalline
forms are generated. Since the new elements have a different
valence and a different size from their parent elements, they
will likely require a different equilibrium nearest-neighbor con-
figuration and coordination. In ionic crystals, each coordination
state is associated with the ratio of the cation to anion radius
as shown in Table 3. Since the materials proposed for waste fixa-

2tion are oxides, the anion radius for 0 will be: 1.40A. The

*Metemictization is the transformation of crystalline materials
to an amorphous state.
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Table 3. Dependence Coordination States on Cation / Anion
Radius Ratios.

Coordination No. Rc/Ra AR6 1/2 AR6

2 0 - 0.155 0.22A 0.11A

3 0.155 - 0.225 0.10A 0.05A

4 0.225 - 0.414 0.26A 0.13A

6 0.414 - 0.732 .45A 0.22A

8 0.732 - 1.00 .38A 0.19A

12 1.00

maximum radius change calculated for each range of sizas corres-
ponding to the same coordination number is shown in the AR6 column.
However, since good stability is achieved when the radius ratios
are in the middle of the range, the best estimate of a maximum
allowable ionic radius change is 1/2 ARb of 1/3 AR6. The ionic
radius change of the transformation from Csl+ to Ba2+ in -0.34A
while the change from Sr2+ to Zr4+ is -0.33A. Both of these are
significant size changes and must cause a large change in local
coordination in the crystals based upon the size change alone!
Therefore c; a result of the chances in valence and ionic radii,
new crystals will be formed.

These new crystals can be accommodated in the original structure
by the formation of a solid solution. Solid solutions may be of
two forms, substitutional and interstitial. A subsLitutional
solid solution results when the solute atoms take up the position
of the solvent atoms in the crystal lattice. If the respective
atomic radii differ by more than 15% the range of solubility is
very small. However, even for differences in radii as low as 8%,
solid solutions do not cover a wide range of compositions until
the two atoms have the same valence and the compounds have the
same crystal structure. The cesium-barium pair has a difference
of 24% and the strontium-zirconium pair is at 29%. Therefore a
substitutional solid solution is out of the question. Interstitial
solid solutions involve atoms where the interstitial atom is very
small such as H, B, C or N, and therefore are not applicable here.

Since solid solutions cannot be formed, recrystallization or
metamictization will occur. The extent of structural damage re-
sulting from recrystallization depends upon the volume change at
the transition, the respective initial and final crystal struc-
tures and the temperature of the material. For example, a material
may recrystallize at high temperatures but will either become
amorphous or break up into fine powder if the transition occurs at
room temperature.
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Experiments have been conducted by R.S. Roth et al. on the systems
K-Al-Si-O and Ca-Al-Si-0.21 These systems readily simulate the
radwaste fixati*on conditions with the substitution of K for Cs and
Ca for Ba. Both the radius change of 0.34A and the valence change
are identical to the Cs-Ba transformation. In addition, this sys-
tem is well suited for a first-step simulation of proposed systems
of supercalcine since it contains both Al and Si which are the
major components of many of the supercalcine ceramics. It was

found that the system does not allow for the formation of sglidsolutions over any range at low temperatures (see Fig. 5).2 g
solid solution was only formed at one composition between the K
crystals and the Ca crystals, however, when there was a concurrent
substitution of Al for Si giving the following: KAISi 038+
CaAl Si 08 The Al/Si ratio therefore had to be changed from2 2
1:3 to 2:2. In the waste storage condition, however, this concur-
rent Si to Al exchange cannot take place. Under conditions of
fixed Al/Si ratio, no solid solutions could be found and the
materials formed were weak and readily crumbled to powder.23

Further evidence of the effect of transmutations on crystalline
ceramic materials is provided also by Roth et al.24 They studied
the effect of the valence change, Ce3+ to Ce4+ on the structure of
cerium titanates (note some Ringwood Synroc compositions are pri-
marily titanates) tantalates and niobates. The authors observed
large changes in the respective crystal structures, and the build
up of hign stresses. They concluded that the presence of cerium
in the phases of minerals structurally related to sheelite and
fergusonite but found naturally occurring in the metamict state
without the presence of radioactive elements gives a strong indica-
tion that metamictization resulted from decomposition at low tem-
peratures associated with the slow oxidation cf Ce3+ to Ce4+.
Metamictization of crystals is generally accompanied by a large
volume change (increase) and microfracture due to the build-up of
local stresses.

It is therefore evident that the occurrence of transmutations in
the crystalline ceramic waste forms is extremely destructive to
the structure through the formation of new crystals when the trans-
formations are at high temperatures or through metamictization or
powdering when the transformations are at low temperatures (i.e.,
several hundred degrees below the melting point) . In either case
the rate of release of toxic materials will increase drastically.
For example, powdering will increase the exposed surface area from
1,000 to 106 times. Metamictization will either lead to powdering
or will form a structure of microcracks as shown in Fig. 6 for
Zircon 25 where the cracks are fraction of a micron apart. This
will result in similar increases in exposed surface area as pow-
dering. Recrystallization is unlikely to occur since the tempera-
ture will not be sufficiently high, however, if it does occur it
can lead to powdering or the formation of highly energetic grain
boundaries which raises the rate of chemical dissolution by many
orders of magnitude before the material breaks into a powder.

Since transmutations cannot be avoided in the storage process, this
is a serious problem for radwaste disposal in crystalline ceramic
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solids which must receive consideration and must undergo thorough
testing. The problem may be somewhat reduced for transmutations
of the fission products by the storage of spent fuel for extended
time periods beyond 30 to 50 years before fixation in crystalline
ceramics. The probler of transmutations of the actinides which
is less well defined at present cannot be alleviated.

2) Radiation Damage

The major potential sources of radiation damage in radwaste fixa-
tion materials are the emission of a-particles by the actinides
and the associated collisions and nucleus recoil. The a-doses at
the proposed loading levels are near 2 x 1018 particles /cm3 over
the first 100 years with a quarter occurring in the first 10 years.
Each primary collision is absorbed by 100 to 1,000 displacements
in solids. Therefore, there is a significant amount of lattice
rearrangement.

Experiments to test the a-radiation damage of oxide ceramics with
typical structures for nuclear waste fixation have not yet pro-
duced results. However, minerals containing actinides can provide
an excellent basis for the present evaluation of the lonc-term
effect of a-radiation damage on the structure of crystalline solids.
In general, minerals which contain a-emitters in concentrations as
low as or below those proposed for the fixation media, have under-
gone covere metamictization over long periods of time. The condi-
tionc wnich appear to favor metamictization are:26

a. The original structure is weakly ionic and possibly
susceptible to hydrolysis.

b. The structure contains one or more ions that are readily
susceptible to changes in ionic states.

c. The crystal generally contains a-emitters.

Crystals of structures similar to quartz, zircon, gaddolinite,
thorite and scheelite are very susceptible to metamictization.
These represent some typical crystal structures p.roposed for the
supercalcine materials and the results should warn us of this
potential danger. Further, the transformation to a metamict state
appears to be enhanced by the presence of silica or by the presence
of rare earths, even in low concentrations.27 Both of these are
essential components of supercalcine ceramics. A detailed evalu-
ation of the susceptibility of natural minerals to metamictization
is present in a paper by Rodney C. Ewing 28 in this issue.

The evidence from mineral sources however shows only a part of
the problem and one cannot assume that geologic minerals which
contain uranium and do not exhibit metamictization such as Hut-
tonite vill be structurally stable when used for radwaste contain-
ment. The reason is that these minerals only contain uranium
which has a long half-life and therefore a low a-dose. However,

the waste materials include Pu, Am and Cm all of which have iso-
topes with shorter half-lives and will subject the fixation
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materials to a much higher dose of a-particle emission and radia-
tion.

In conclusion, the results clearly show that a large number of
crystal structures including many similar to those proposed for
supercalcines are unstable under a-radiation and nucleus recoil,
and that the presence of elements which are an essential part of
the radwaste solution, such as the actinides and the rare earths,
will greatly enhance the transformation. As the crystal undergoes
metamictization its specific volume increases leading to a large
density of microcracks in its structure. As was shown above,
microcracking is extremely detrimental to the fixation performance
of materials since it can drastically increase the exposed surface
and lead to high release rates of toxic materials. In the super-
calcine approach, the formation of crystals further aggravates the
problem since it requires the concentration of actinides and rare
earths in localized volumes which are the same size as the a-par-
ticle penetration range. This increases the local concentrations
and reduces the time to metamictization.

The problem of a-radiation cannot be alleviated by storing the
unprocessed wastes in cooling vessels above ground for a long
time since the actinides have half-lives of the order of thousands
of years. Therefore, this is a storage condition which must be
evaluated thoroughly with accelerated tests using Cm244, Pu238
or Am241, as was done for some glass candidates.1,2,3

3) Thermal Output in an Aqueous Environment

The supercalcines will experience higher local thermal production
than glasses due to the segregation of materials caused by the
crystal precipitation process, but the average value will equal
glasses with the same loading levels. Below 1000C, the super-
calcines appear to exhibit a similar chemical durability to the
borosilicate glasses. The supercalcines appear to have a better
durability than borosilicates at higher temperatures; however,
they also undergo chemical degradation at high temperatures in an
aqueous environment. Therefore high thermal output and its asso-
ciated temperature rise when cooling is not present will not
affect the crystalline oxides as adversely as the borosilicate
glasses.

B. Instabilities in Oxide Glasses

The potential sources of instability in glasses are also trans-
mutations, and a-particle damage as in the crystals. Glasses,
however, are thermodynamically metastable with respect to a crys-
talline state. The metastability arises from kinetic hindrance,
which corresponds to a marked decrease in diffusion coefficient
with lowering temperature. The amorphous glasses are therefore
prevented from crystallization at room pemperature by two pro-
cesses: nucleation of the crystal phase and growth. The kinetic
or growth hindrance is often the most effective of the two con-
straints as nucleation generally can occur at temperatures where
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little growth is possible. As the temperature is raised, nucle-
ation and growth of crystals will take place and the material
crystallizes. There are, however, many glass compositions which
exhibit great difficulty in crystallizing.

Below, we will discuss the tendency of glasses to crystallize
function of ambient temperature and report data taken on aas a

typical borosilicate glass for radwaste fixation. Lifetimes or
times to crystallization will be estimated. Then we will discuss
the effect on structural stability of transmutations in glasses
and the results of experimental investigations of a-radiation
damage and. gas diffusion in glasses. Finally, we will describe
the properties of some geological glasses known as Tektites and
compare their performance characteristics to those expected for
glass fixation media.

1) Crystallization of Nuclear Waste Disposal Glass

a. Background

Products of glass crystallization are considerably more dense
than the parent glass. Because of this stresses develop during
crystallization, which can eventually lead to fracture and expo-
sure of increased surface area to environmental attack. Therefore
for nuclear waste disposal glass it is vital to have reliable
estimates of how long it takes for a given volume fraction X of
glass to crystallize well below the glass transition temperature,
Tg.

In approaching this problem we note that a glass is formed from
a melt which experiences two failures as it is cooled. First, it
fails to crystallize at the liquidus temperature (Tg), and second,
it fails to retain the equilibrium liquid structure below Tg.
Both failures take place because of kinetic reasons. In Fig. 7
is shown schematically the temperature dependence of a typical
properties, volume V, or enthalpy H,during cooling.

The time scale of crystallization of a good glass former at a
temperature Ti well below Tg is orders of magnitude longer than
the human lifetime. Hence values for the extent of crystalliza-
tion at such a temperature can be obtained only by calculation.
We will use a method which has proven extremely successful in
kinetic prnblems in glasses and liquids - the time-temperature
superposition principle. This principle rests on the assumption
that the form of the kinetic laws governing processes in liquids
and glasses is temperature invariant; changes in temperature
merely alter the time scale of the process. We can determine
the rate of crystallization of a glass at a high temperature
where it can be conveniently measured experimentally. If we
know the temperature dependence of the kinetic parameters govern-
ing crystallization rates, we can then calculate the crystalliza-
tion rate at a lower temperature where it cannot be measured.
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b. Theory of Crystallization

The time t required for crystallization of a volume fraction X of
29a glass or liquid is given approximately by

t= (3X/nI u3)l/4 g)
y

where u is the crystal growth velocity and Iv the overall crystal
nucleus formation rate. I is the sum of the homogeneous and het-y

H H(I o + I e). According to the kineticerogeneous nucleation rates,
V Vtheory of crystallization 30,31

u= (fD/a )[1 - exp(-AG V/kT)] (2)
g y

Ho
(N D/a ) [exp(-16ny /3kTAG )] (3)I =

y

He
I = A N v [exp (-16ny g (0) /3kTAG ) ] (4'g

where f = fraction of crystal surface sites at which atoms can
be added or removed

D = coefficient of diffusion across liquid-crystal or liquid-
nucleus interface

a : molecular diameterg

Gibbs free energy difference per unit volume betweenSG =
v liquid and crystal

U = molecular volume

k = Boltzmann constant

number of molecules per unit volumeN =
y

i crystal-liquid interfacial tension=

surface area of nucleating substrate per unit volumeA =
y

number of molecules per unit area of substrateN =
g

v = frequency factor

g(0) numerical factor which depends on crystal-liquid=

-heterogeneity interfacial tensions
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AG is proportional to (T - TM), so that at sufficiently lowy

temperatures the expressions in brackets in Eqs. (2) (4) become-

unity. Since we are considering crystallization well below TM, we
shall henceforth assume that this low temperature condition is
satisfied. The diffusion coefficient and frequency factor may be
approximated by the Stokes-Einstein equation:

D = a v = kT/3na n (5)g

where n is the shear viscosity. Introducing these two assumptions
into Eqs. (2) - (4) we get

2u = fkT/3na n (6)o

I" = N kT/3na n (7)v v o

I"* = A N kT/3na n (8)v vs o

Substituting those into Eq. (1) we get

t = KTX4 (9)

where K is a constant. The shear viscosity n of a silicate melt
typically changes by an order of magnitude every 200C in the glass
transition region, so that the explicit dependence of t on T in
Eq. (9) is negligible compared to its implicit temperature depen-
dence arising from q. Hence if a time t(Tref) is required for
volume fraction X to crystallize at a reference temperature Tref
where the viscosity is q(Tre f) , then the time t(T) for the same
amount of crystallization at some other temperature T with vis-
cosity q(T) is given approximately by

t(T) t(Tref) n (T) /q (Tref) (10)=

Eq. (10) is an example of the time-temperature superposition prin-
ciple. To calculate t(T) for a given glass we thus require two
pieces of information:

a. the time t(Tref) for crystallization of the volume fraction
of interest at a sufficiently low temperature that the terms
in brackets in Eqs. (2) - (4) become unity, and

b. the shear viscosity temperature dependence in the range
T to T.ref
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In the following sections we shall describe the acquisition of
this data for a typical nuclear waste disposal glass and its ap-
plication t6 the calculation of crystallization times at storage
temperatures.

c. Experiments and Results

i. Sample

The glass studied was a simulated nuclear waste disposal glass
(SNWDG) received from Battelle Pacific Northwest Laboratories.
It was formed by blending 67% borosilicate glass frit with 33%
Purex-type waste calcine (Type PW8a-2) from a low temperature
spray calciner. The blend was melted in a stainless steel con-
tainer for 2 h, cooled to room temperature and crushed. The frit
and calcine compositions are given in Tables 4 and 5.

ii. Heat Capacity and Electron Microscopy Studies

Determinations of the time t(Tre f) required for crystallization of
a given volume fraction of the SNWDG and rough determinations of the
viscosity temperature dependence in the glass transition region
were obtained by measurements of the heat capacity C in the glass
transition region. The C determinationswerecondubtedoverthe
temperaturerange427to$270C at a heating rate of 20 K/ min using
a Perkin-Elmer Model DSC-2 differential scanning calorimeter (DSC).
Glass samples of approximately 35 mg encapsulated in gold sample
pans were used. Single crystal Al O3 was us.i as a heat capacity2
standard.

Typical C results are shown in Fig. 8. Detailed explanations ofp
the shapes of the C curves are given in previous papers from thisplaboratory 32-34 and will be discussed only briefly here. At high
temperatures (above 6000C in Fig. 8) the time scale for rearrange-
ment of the liquid structure is sufficiently fast at the applied
heating rate (20 K/ min) that the system is in thermodynamic equili-
brium and exhibits the equilibrium liquid heat capacity C Atpe.
low temperatures (below 475 C in Fig. 8) the time scale for rear-
rangement of the structure is so slow that it does not occur on the
experimental time scale and so makes no contribution to C At lowp.
temperatures the system thus exhibits a lower, solid- or glass-like
heat capacity C Generally the heat capacity exhibited by a glass.

and that exhibiSSd by the corresponding crystal differ very little,
if at all. The intermediate temperature region (475 to 6000C in
Fig. 8) in which during heating C rises fairly rapidly above the

pg, passes throSgh a maximum, and then assumesglass-like value C
the equilibrium liquid value C is called the glass transition re-pe
gion. The complicated behavior of C in this region is due top
structural relaxation effects explained in the previously cited

32-34papers and need not concern us here.

If a part of a glass has crystallized, the crystalline portion will
make no contribution to (C -C the part of the high tempera-
ture heat capacity associaEed wies) s,tructural rearrangement in the
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Table 4. Frit Glass Composition Used in Forming Simulated Nuclear
Waste Disposal Glass. SNWDG is 67% Frit.

Component SiO B0 "20 ZnO Ca0 TiO
2 2 3 2

wt % 59.70 14.20 11.20 7.95 3.00 4.45

Table 5. Calcine Composition Used in Forming Simulated Nuclear
Waste Disposal Glass. SNWDG is 33% Calcine.

Oxides kgs Oxides /MTU

Na O 14.057
2

Fe O 29.0082 3

Cr 0 1.1512 3

NiO 1.471

P0 1.3422 5

KO 1.1412

Sr0 1.059

ZrO 4 9442

moo 6.375
3

coo 0.304

Ag2O 0.088

CdO 0.097

TeO 0.7252

Ba0 1.567

Rare earth 21.307
mixture
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liquid. Thus the fact that C for the SNWDG heat treated forpe
330 h at 8700C is lower than C e for the SNWDG "as received" in-p
dicates that during its high temperature heat treatment the melt
underwent partial crystallization. We thus propose that the
decrease in (C e - C g) can be used as a measure of the extent ofp p
crystallization. That is the fraction of glass, 1-X, in a par-
tially crystallized sample given by

I Pe Cpg)t (11)-X-
(C - pg}ope

where (C e - C treated for time t attemperature whbg)t refers to a glass heatp
re crystallization may occur, and (C e - Cpg)op

refers to the uncrystallized (as received) glass.

To test this method for determining the amount of crystallization
samples of the glass encapsulated in gold DSC pans were heat
treated in a furnace at 8700C for times ranging from 162 to 564 h,
after which C was measured in the range 427 to 627 C. The samep
experiment was also carried out for heat treatment for a single
time interval, 162 h, at 8000C. Measured values of C Ce andp(C e _ Cpg) are given in Table 6. The statistical sca$ter in thep ,

p
C values for the "as received" and heat treated samples is suf-pg
ficiently large that the C values for all the samples in Tablepg
6 can be considered identical within experimental error. For
samples with a given heat treatment, random errors which led to
a large measured value of C in a given DSC scan also tended topg
give a large value of C so that the statistical scatter in thepe,
(C e - Cpg) values is generally smaller than the scatter in thep
C or C values.pg pe

The slow crystallization of the SNWDG at 8700C is reflected in
the decrease (C -Cpg) with increasing heat treatment time.
The % glass in Eehese samples, calculated from Eq. (11), is plotted
versus heat treatment time in Fig. 9. It appears that even after

0some 600 h at 870 C the fraction of sample crystallized has not
reached its equilibrium value for that temperature.

Shown in Fig. 10 is a replica electron micrograph of the SNWDG
after 120 h of heat treatment at 8700C. Crystallized regions
appear as the isolated, light colored regions in the micrograph.
Comparison of the areas of the crystalline regions and areas of
the glassy regions in Fig. 10 indicate that 88% of the sample is
glassy, i.e., that 12 volume % of the material crystallized in
162 h at 8700C. This point is plotted in Fig. 9 and falls within
experimental error on the curve determined from C data, showingpthat Eq. (ll) is a reliable way to determine the amount of crystal-
line material in a glass.

Having established this, we determined t(Tref) to be used in cal-
culations involving Eq. (10) by heat treating a SNWDG sample for
40 h on the DSC at 627 C, i.e., t(Tref) = 40 h and Tref = 6270C.
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Table 6. Heat Capacities Cp (cal /g K) of Simulated Nuclear Waste
Disposal Glass. C Measured at 4670C, Ce at 5970C.pg p

History No. Det'ns Egg Epe Spe - Epg

as received 14 0.243 1 0.007 0.348 1 0.007 0.105 1 0.004

162 h @ 8700C 2 0.235 1 0.001 0.329 1 0.003 0.093 1 0.003

330 h @ 8700 C 2 0.236 1 0.002 0.317 1 0.001 0.082 1 0.004

402 h @ 8700C 3 0.228 1 0.003 0.307 1 0.005 0.079 1 0.003

564 h @ 8700 C 2 0.229 1 0.001 0.303 1 0.001 0.074 1 0.001

330 h @ 8000C 2 0.240 1 0.008 0.327 1 0.009 0.087 1 0.001

40 h @ 6270C 4 0.231 1 0.002 0.339 + 0.003 0.108 1 0.001

This comparatively low value of Trf about 50 C above the glass
transition region, was picked for $wo. reasons: (a) it shortens the
temperature region over which viscosity needs to be known for
extrapolation to lower temperatures, and (b) for silicate glasses
the temperature of maximum nucleation rate, below which the terms
in brackets in Eqs. (2)-(4) can be set equal to unity 35,36is close to
or about 50 C above the glass transition temperature. The
(C - Cp) value for the sample treated for 40 h at 627 C is givenpe
in Table 6 and within experimental error is equal to (C e - Cpg)p
for the "as received" glass. More precisely, taking two standard
deviations as indicative of the maximum upper and lower bounds on
these two (Cthe very moske7% okg)he glass could have crystallized in 40 h at

-C values, we calculate via Eq. (ll) that at
t

627 C. 7% crystallization or less is too small to cause fracture
of a glass. Hence we may take 40 h as a " safe time limit" (STL)
for exposure of the glass to a temperature of 627 C, if fracture
due to crystallization is to be avoided.

The behavior of the C curves in the glass transition regionp
r e flect. the response of the property enthalpy H to the structural
relaxat1_n process, as explained in detail elsewhere.32-34 The
rate of approach of enthalpy (or any other property) to equilibrium
is controlled by a mean structural relaxation time, T, whose
temperature dependence is found experimentally 32-34 to be equal
to that for the shear viscosity n:

41nn/d(1/T) = dlnT/d(1/T) = AH*/R (12)
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where AH* is the activation enthalpy for structural relaxation
and viscous flow and R the ideal gas constant. The more slowly a
melt is cooled through the glass transition region, the lower the
temperature at whic.. the V or H vs. T curve breaks away from the
equilibrium liquid curve (cf. Fig. 7). This in turn results in
a decrease in the so-called limiting fictive temnerature Tf (defined
in Fig. 7) with a decrease in cooling rate q. Ine interdependence
of these two quantities is given by:33

ding /d(1/Tf) = -AH*/R (13)

We cooled a sample of the "as received" SNWDG on the DSC through
the glass transition region (627 to 4270C) at a variety of rates q
ranging from 1.25 to 40K/ min. After each cool C was measured whilep
reheating the glass over the same temperature range at 20 K/ min.
The value of Tf attained by the glass at a given cooling rate was
calculated from the C data obtained during reheating using thepexpression:33

T< <T C -C
[ 9 E( E9)dT (14)T =

g
C e- CpgT) >T pg

In Fig. 11 is shown the semi-logarithmic plot of q vs. 1/T
The slope gives via Eq. (13) an activation enthalpy AH* kS9

.

=

kcal/mol.

iii. Shear Viscosity Measurements

Shear viscosity of the "as received" SNWDG was measured over the
temperature range 525 to 7000C (viscosity range 107 to 10 3 p)1

using a Perkin-Elmer Model,TMS-1 thermomechanical analyzer as a
parallel plate viscometer.a7 In this method the rate of compres-
sion (dh/dt) under a load of mass m of a cylindrical sample posi-
tioned between two parallel plates is monitored; the viscosity is
given by

q _ 2nmgh5

3V(2nh3 + V) (dh/dt)

where h is the sample height, g the acceleration due to gravity
and V the sample volume. Our sample had dimensions 0.572 cm
diameter, 0.833 cm height. Changes in h of as little as 2 x 10-6
cm could be detected.

The experimental viscosity data are shown in the form of an
Arrhenius plot (log n vs. 1/T) in Fig. 12. It is typical of both

38organic and inorganic 39 melts to exhibit linear Arrhenius plots
(i.e., constant activation enthalpy AH*) at high viscosities near
the glass transition region. At higher temperatures and lower
viscosities, however, the Arrhenius plots curve upward, correspond-
ing to an apparent decrease in AH* with increasing temperature.
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In Fig. 12 the linear region covers the temperature range 525 to

5900C. In this region n is well described by the equation

ln n(P) = A + AH*/RT(K) (15)

with A = -60.01

4AH*/R = 7.178 x 10 K

The linear portion of the line through the data is the graph of this
equation. The value of AH* (=143 kcal/mol) from viscosity measure-
ments is, as expected, in reasonable agreement with AH* (=159kcal/mol)
assessed from'the dependence of Tf on cooling rate.

d. Calculation of Viscosity and Safe Time Limit at Low Temperatures

log n responds to the structural relaxation process in the same
fashion as do properties such as volume V and enthalpy H. In
recent detailed treatments have been developed for calculating
the time-temperature evolution of glass properties due to structural
relaxation.34,40 In addition extensive experimental studies have
been carried out on the effect of structural relaxation on shear
viscosity of silicate glasses in and below the glass transition
region.41-44

For our purposes in the present section, it is sufficient to note
that if a melt is cooled at a constant rate the shape of the log n

1/T plot resembles the shape of the V or H vs. T plot, as isvs.
shown in Fig. 7. That is, as the melt departs from structural
equilibrium in the glass transition region during cooling, the
measured viscosity becomes lower than the equilibrium liquid vis-
cosity, and well below Tg the log n vs. 1/T plot is linear with a
slope considerably less than that for the equilibrium liquid. Ex-

perimentally the activation enthalpy for the glass viscosity well
below T^ is approximately half the activation enthalpy just above
the glass transition region i.e.,

dln q/d(1/T) |T<T = 0. 5 H*/R = 0. 5 din n/d (1/T) ( T>T (16)
g g

Note from Fig. 7 that the low temperature glass viscosity line
can be considered to have departed abruptly from the equilibrium
liquid line at the limiting fictive temperature Tf. Consequently
the location of the glass viscosity line depends,-via Eq. (13),
on-the cooling ~ rate. ~In Fig. 13 we show an Arrhenius plot over a~

temperature range extending down to ambient temperatures of the
viscosity of the SNWDG cooled at a typical rate of 3K/ min. The
glass viscosity line (curve B) has been made to depart from the
equilibrium liquid line (curve A) with an activation enthalpy of
71 kcal mol (= 0.5AH* from Eq. (15)) at a temperature of 5080C
(= Tf for q=3 K/ min from Fig. 11). The safe time limit t(T) for
volume fraction of crystallization X < 0.07 can now be calculated
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from Eq. (10) using the data from Fig. 11 and from the previous
section with

Tref = 627 C
t(Tref) = 40 h = 0.0046 yr

8
n(Tref) = 6 x 10 p

The log t(T) vs. 1/T plot for the SNWDG cooled at 3 K/ min is the
same as that for log n vs. 1/T except for a shift in scale; the
log t(T) scale is shown on the right side of Fig. 13. The STL
for avoidance of fracture due to crystallization of the SNWDG at
ambient temperature is about 1035 yr, considerably longer than the
estimated remaining lifetime of the solar system (5 x 109 yr).
Even at a temperature of 4500C the STL is about 104 yr, much longer
than the estimated 10 yr period that the glass might experience this
temperature due to self-heating during storage.45 Note that
changes in the glass cooling rate q by a few orders of magnitude
on either side of the 3 K/ min rate for which Fig. 13 was constructed
will change only the temperature Tg at which the glass STL curve
departs from the equilibrium liquid curve. Since Tg for a given
q must be selected from Fig. 11, it should be clear that such change.,
in q affect the calculated STL by a negligible amount on the scale
of Fig. 13.

e. Discussion

i. Effect of Low Temperature Structural Relaxation on Safe Time
Limit

Fig. 13 gives the STL at each temperature for the case in which
the viscosity is constant at the initial value attained during the
3 K/ min cool. In fact, if a glass is cooled to a temperature well
below Tg and then held isothermally, properties such as V, H or
log a will not remain constant. Rather, because of structural
relaxation the property will move in time toward the equilibrium
liquid value at that temperature. In the present case this means
that the viscosity will increase with time, thus increasing the
STL at a given temperature above the values given in Fig. 13.

Of importance here is the fact that the time required for the
viscosity of a glass to approach its equilibrium value is much
shorter than the time required for an appreciable fraction of the
glass to crystallize. For example, from typical structural relaxa-
tion times measured for silicate glasses in the glass transition

4region 6 and the temperature dependence of the viscosity of the
SNWDG, we estimate via Eq. (12) that at 627 C the viscosity of a
non-equilibrium SNWDG melt would relax by 99% of its initial devia-
tion from equilibrium in roughly 0.2 s. This is to be compared
with the 40 h required for a volumeefraction of crystallization
X< 0.007. The STL values in Fig. 13 thus undoubtedly underesti-
mates the actual STL's by an appreciable number of orders of mag-
nitude.
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11. Previous Work on Glass Crystallization at Low Temperatures

45Turcotte and Wald have studied crystallization in a zine boro-
silicate SNWDG of somewhat different composition than the one
studied here. These results are summarized in Fig. 14, which
shows the fraction of Zn2SiO4 crystallized from their glass as
a function temperature for various different heat treatment peri-
ods (1 to 365 da), For a given time period the fraction crystal-
lized initially increases with decreasing temperature, passes
through a maximum in the 600 to 7000C region, and then falls to
extremely small values at around 5000C. The reason for this
behavior is the opposing effects of the AG and n terms iny
Eqs. (2) - (5) on the fraction crystallized X in a given time
period. The former term tends to increase X with decreasing
temperature, while the latter term tends to decrease it. Turcotte
and Wald's data of Fig. 14 are thus taken in a temperature region
where the terms in brackets in Eqs. (2) - (4) cannot be set equal
to unity and in and of themselves cannot be used for reliable
estimation of crystallization times at very low temperatures.

Kny and Nauer31 have recently reported calculations of the
extent of crystallization of alkali silicate glasses at ambient
temperature (300 K). For dry Na2O 2SiO2 glass they estimate-

that heterogeneous mucleation could lead to crystallization of
a fraction X = 10-6 in as little as 1 x 106 yr. From Eq. (1)
this corresponds to crystallization of a fraction X = 0.07 in
1.6 x 107 yr.

The 28 order of magnitude discrepancy between this crystalliza-
tion time and the one calculated by us in Fig. 13 is not due to
the difference in compositions of the two silicate glasses.
Rather it is because Kny and Nauer used the unrealistically low
but commonly quoted value of 1020 P for the ambient temperature
viscosity of their glass. A silicate glass which is stressed at
ambient temperature will show a time dependent strain which
fre10guentlycorrespondstoanapparentshearviscosityofaround2 P. This apparent viscosity is due, however, not to irre-
coverable viscous flow, but to recoverable delayed elastic
effects. If the stress is removed from the glass, the strain
disappears in the same time it took to develop.

Our method of extrapolating glass viscosity to ambient tempera-

ture, ontheotherggng4 is based soundly on experimental vis-
cosity measurements in which great care was taken to ensure
that delayed elastic effects made no contribution to the ob-
served values of n. The equilibrium viscosity of the Na2O-
2SiO2 melt has been measured close to the glass transition region;35
n = 1013 P at 4150C and AH* = 94 kcal/mol. If we assume that the
glass viscosi&v curve during a 3 K/ min cool effectively departs
from the equi.'ibrium liquid curve at about the 1013 P tempera-
ture with La I the equilibrium liquid activation enthalpy (as-

in Fig. 13 and at observed experimentally for a soda-lime-silica
glass 44), then we calculate that the 300 K viscosity of Na2O -
2SiO22 glass is 2 x 1032 P. This corresponds to a time of
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3 x 1019 yr for 7% crystallization, in considerably better
agreement with our 1035 yr estimate ~,r the SNWDG at ambient
temperature.

iii. Effect of Water on Safe Time Limit

Of the possible variations in composition of borosilicate nuclear
waste disposal glasses which might affect markedly the viscosity
and the STL the only one of importance is variation in the water
content. This might come about if the calcine were imcompletely
dried and sufficient melting time was not allowed for escape of

47 on B 03 andthe water from the melt. Experimental measuremerts 2
alkali borate melts showed that in the glass transition region 1%
H O in the melts decreased n by 2-3.5 orders of magnitude, AH* by240-50%, and the glass transition temperature by 40 to 500C. If

we take 1% as reasonable estimate of the maximum amount of H O2
that might occur in the SNWDG, the 3 K/ min cooling rate Tf might
be lowered to 4600C and AH* to 100 kcal/mol. This would give

3STL values of about 1024 yr at 25 C and 10 yr at 450 C, still
very much on the safe side.

iv. Eigh Silica Glasses

A high silica waste disposal glass, which should have consider-
ably improved chemical durability compared to borosilicate waste
disposal glass, has a Tg of around 7500C and AH* of around 140
kcal/mol at T This means that the STL for high silica glass isg.
likely to be even greater than that for the SNWDG studied here.

2. Transmutations

The generally disordered structure of oxide glasses enables them
to better withstand than crystals the ionic size and valence
changes associated with transmutation. Valence changes in
glasses, particularly of the transition metals, have been studied
and show no structural effects. The effect of transmutations and
a-radiation on vitrified wastes was investigated at Harwell on
Fingal glass containing 25% waste oxides and stored in a vault
for 11 years.1 The glass showed no change in chemical durability
from that of a freshly prepared version. Its structural integ-
rity also was not affected and the samples appeared intact.
Some devitrification was observed in the aged radioactive sample,
however, it was not known whether this devitrification arose
during fabrication or aging. The effect of devitrification on
the chemical durability of this glass was investigated and could
not be detected.

In conclusion, experiments show that glasses since they are amor-
phous and have less well defined local coordination than crystals,
can readily accommodate the ionic size and valence changes which
result from nuclear transmutation. Therefore, glasses appear to
offer a more viable alternative than crystals when the storage
condition of transmutation is considered.
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3) Radiation Damage

A number of glass compositions have undergone accelerated a-
radiation damage tests. Borosilicate glasses were prepared with
Am241, Pu238 and Cm244 in order to simulate a 1000 year expected
dose for waste materials in periods of only 1 to 2 years.2 Tests
showed no change in mechanical properties and chemical durability.
The formation of He gas was not a problem and did not cause a
change in brittleness. Tests with Cm isotopes show that no
significant change can be expected of borosilicate glasses even
af ter storage periods of 10,000 years. 3

While both expansion and contraction of glasses have been observed
under high levels of a-radiation, the glass compositions used
for the fixation of radwastes have exhibited little dimensional
change. It is clear, therefore that tests must L^ conducted on
the specific alternative compositions for glass fixation media.
However, the data to date shows that glass exhibits good
structural and chemical stability under simulated a-radiauion
storage conditions.

35
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V. TEKTITE GLASSES

When amorphous materials are proposed for fixation of nuclear wastes
over periods of several hundred thousand years the question of
thermodynamic stability with and witnout an aqueous environment
becomes important. The oldast artificial glasses are less than
4,000 years old, and while their leach rates are typically a few
microns per year, their age is only a small portion of the total
storage period for glasses used in the fixation of radwastes.
Information about the behavior of glasses over longer time periods
come from lunar minerals, volcanic glasses and Tektites.

Glass minerals (beads) found on the moon demonstrate that the
metastable amorphous state is long-lived (4 billion years) at
temperatures from a few to several hundred degrees Kelvin (Fig. 15).48
However, the lunar surface provides a dry environment. These
data experimentally confirm the conclusions of IV B on the rates
of crystallization of glasses.

Volcanic glasses (obsedians) can be found up to 60 million years
old without traces of crystallization. Their chemical durability
or hydration rate is at a few microns per hundred years. However,
because of their high water content: 1000 to 10,000 ppm of water,
and their low silica content (60%), they do not present the best
behavior achievable. Low water content (100 ppm) and high concentra-
tion of glass formers such as silica and alumina (70 to 90%) as may
be produced industrially at this time 10,49 are found in Tektites
collected both from the earth's surface and the bottom of the o-
cean.50 These tektites show a complete lack of devitrification
over 35 million years and leach rates below 0.5A per year. For
example, Bediasite Tektites from Texas were melted 35 million
years ago and show no sign of devitrification.51 Some of these
samples have interior voids a few millimeters in diameter which
contain some neon, helium and oxygen but no argon. Since argon
is more abundant in air than either neon or helium, but has a lower
coefficient of diffusion through glass, it can be concluded that the
structure of the glass around the void has remained impermeable
and therefore free of microcracks or interface boundaries for
35 million years.

North American microtektites have survived for 35 million years in
the Gulf of Mexico and the Caribbean at depths of 2 to 4 km and
show neither traces of crystallization nor dissolution greater than
10p indepghoverthe35millionyearsspentattheoceanbed2(Fig. 15).

The high chemical and structural stability exhibited by the North
American tektites is a result of their composition and in particu-
lar their high concentration of glass formers. (See diagram Fig.
17.$0) The composition of tektites found on earth is shown in
Table 3 with their estimated age. It is clear that one common
property is the high content of silica and alumina combined. The
fact that they were found at this time is primarily an indication
of low dissolution rate. Since they are totally amorphous, the
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high-silica and alumina contents also help prevent cievitrif.4 cation
in an aqueous environment. The North American Crystalline
Spherule is an example of good durability in partially crystallized
glass, however, the lower silica and alumina content explains the
devitrification. Therefore, this is clear evidence that glasses
can romain amorphous in the presence of water over long time
perious and can be fabricated to exhibit extremely low dissolution
rates also in the presence of water at room temperature. The
critical characteristic for thic chemical and structural stability
is high content of silica and other glass formers. Since the
radiation field (a-emission and transmutations) does not appear
to affect its properties, a glass material with high glass former
content proves to be an excellent candidate for the fixation of
radioactive wastes if the temperature is maintained near room
temperature or below 100 to 200 C.

37



Table 7. Tektite Compositions and Age 50
Total Total

SiO ^1 0 TiO RO RO Formers Modifiers
2 23 2 2

Australite 700,000 70 14 1 4 10 85 14 g

Indochinite 700,000 73 13 1 4 9 87 13

Aouelloul 18,600,000 85 6 1 2 3 93 6

North American Microtektite 34,000,000 64 17 1 5 12 82 17

Georgia Tektites 34,000,000 84 10 4 3 94 7

Lybian Desert Glass 28,000,000 98 1 0.5 0.5 99 1

Moldavites 14,000,000 84 8 3 5 92 8

Ivory Coast 1,000,000 68 17 4 11 85 15

Badiasite 34,000,000 76 13 1 4 5 90 9

North American 34,000,000 58 5 1.5 33 64 35

Crystalline Spherule
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Expanded Figure Captions

Figure 1. Corrosion tests on borosilicate glasses in water

A - dissolved SiO2 from sodium glass at 22 C
B - dissolved Na from sodium glass at 22 C
C - dissolved SiO2 from Pyrex at 70 C
D - dissolved Na from Pyrex at 70 C

Figure 2. Accumulated Cs in the ecosphere resulting from
the dissolution of the fixation medium, given as a
percentage of the amount initially stored in the
medium. The dotted line represents a fixation

2solid with a dissolution rate of 1 x 10-5 g/cm d.
The dashed line represents the best borosilicate
data with a dissolution rate of 2 x 10-7 g/cm d.2
The solid line represents the high-silica glass with
multibarrier protection and a dissolution rate of
5 x 10-10 g/cm2d.

Figure 3. Accumulated Pu in the ecosphere resulting from
the dissolution of the fixation medium, given as a
percentage of the amount initially stored in the
medium. The lines are drawn as in Fig. 2.

Figure 4. Accumulated Cs in the ecoshpere resulting from the
dissolution of the fixation medium, given as a
percentage of the amount initially stored in the
medium. The dashed line represents borosilicate

2glasses with a dissolution rate of 1 x 10-4 g/cm d
at 100 C. Tne solid line represents high-silica
glasses with multibarrier protection and a dissolution
rate of 2 x 10-6 g/cm d.2

Figure 5. Phase diagram of the K 0-CaO-Al O -SiO2 system.2 2 3
Reprinted from Ref. 22.

Figure 6. Illustration of microfracture patterns in Zircon.
Reprinted from Ref. 25.

Figure 7. Schematic plots of volume or enthalpy versus tempera-
ture and of logarithm of viscosity versus reciprocal
temperature fo r (1) equilibrium liquid, (2) glass
formed by cooling of equilibrium liquid, and (3)
crystal.
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Figure 8. Heat capacity versus temperature measured at a heating
rate of 20 K/ min for "as received" simulated nuclear
waste disposal glass and (A) SNWDG heat treated for
330 h at 870 C. Prior to C measurements glasses werep
rate cooled at 20 K/ min through the glass transition
region.

Figure 9. Percent of glass remaining in SNWDG af ter heat treat-
ment at 870 C versus heat treatment time.

Figure 10. Replica electron micrograph of SNWDG heat treated for
120 h at 870 C. Bar represents um.

Figure ll. Arrhenius plot of cooling rate versus glass fictive
temperature for SNWDG.

Figure 12. Arrhenius plot of shear viscosity versus temperature
for SNWDG.

Figure 13. Extrapolation of shear viscosity n and safe time
limit log t(T) for 7% crystallization or less of
SNWDG to low temperatures for a cooling rate of
3 K/ min. (A) equilibrium liquid curve, (B) glass
curve.

Figure 14. Wt % Zn2SiO4 crystallized versus heat treatment
temperature for various heat treatment periods for
zinc borosilicate SNWDG of Turcotte and Wald 45.

Figure 15. Glass spheres from lunar fines. Reprinted from
Ref. 48.

Figure 16. SEM of a test of an arenaceous Foraminifer found
3.5 km below the ocean surface, containing a North
American Microtektite 35 million years old.
Reprinted from Ref. 51.

Figure 17. Phase diagram showing the composition of many of
the tektites in Table 7. Most contain a large silica
concentration. Reprinted from Ref. 50.
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Discussion Following

STABILITY OF FIXATION SOLIDS FOR HLRW

Presented by Pedro B. Macedo

Gregory McCarthy - Pennsylvania State University
Question:
Do you have, besides the Battelle studies, any other a_ priori evidence that
glasses are more forgiving to radiation effects than crystals with similar
loadings or greater loadings, etc.? I have not seen a great deal of in-
formation and we have looked very hard in the peer-reviewed literature.

Macedo
Response:
I would like to point out a couple of things. One, if you look at metamict
transitions, the material that has high radiation and long geological
time ends up being vitreous (or amorphous, if you do not want to call it
glassy). The second thing I want to point out is that there has been a
significant amount of work done by the ISO (International Standards
Organization, Test Number ISO /TC/85/SC5N28) on radiation damage in glasses.
They have found that we really do not have a problem there. We are con-
tinuing to work on leaching studies, but the ISO material unfortunately has
not reached the open literature. It represents laboratories from all over
the world. Also see reference 1 of my paper.

McCarthy
Coment:
This is very important and encouraging and we look forward to seeing
those reports. I should point out, and you will hear a great deal more of
this from Professor Ewing, that while zircon and quartz and perhaps several
dozen other materials in nature are indeed very susceptible to metamictiza-
tion from radiation effects, nature provides us with hundreds of other
examples of crystals which are not susceptible to it. Several of them,
fortunately, are known to contain actinides and to have radionuclide load-
ings similar to or greater than any conceived for nuclear waste storage.
So the case from nature for metamictization, even if it were proven a
problem, is indeed very good.

Macedo
Response:
I would like to point out to you that the metamictization has to do with
the total alpha particle energy absorbed by the solid and not the composi-
tion. A crystal could, for example, tolerate 100% uranium replacement, but
the alpha particle activity of some of the actinides are sometimes 10,000 times
higher than uranium. So you would have to have an impossible 5,000 percent
uranium replacement to be able to simulate the nuclear waste loading.

Donald Cameron - Atomic Energy of Canada - Whiteshell Nuclear Research
Establ ishment

Comment:
I would like to emphasize this question of radiation stability of

- - -
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crystalline phases with a personal exanple from another field. In the
early 1970's, Dr. Schulson and I proposed using the intermetallic com- .

pound Zr Al as a pressure tube material. This material should be more3
creep resistant than either of its two component parts, zirconium or
aluminum. We were looking for creep resistance. We did all our out-
reactor tests and the material was superb. The creep resistance was
excellent, the oxidation resistance was good, strength was good, ductility
was good. We then exposed it to radiation, in the reactors. It became
amorphous. It grew. It achieved zero ductility. Its fractured tough-
ness was lousy, and the creep resistance was poor. So I would emphasize
very strongly not to design material forms on the basis of thinking
pertaining to non-radioactive environments. You have to consider the
radioactive environment and do the test to demonstrate the effects of
radiation.

John P. Sokol - Westinghouse Electric Corporation
Question:
This is, in a way, related to the questions about Ringwood's work in
Australia. His work has been entirely with non-radioactive materials
and my question is (and I think I know what you are going to answer) that
when we discuss these glass forms and talk about new waste forms, shouldn't
we clearly point out--in this conference and in everything else people
write--that some of these forms have been tested (such as glass) with
radioactive materials and some of them have only been tested with non-
radioactive constituents? Shouldn't you do radioactive tests of all these
forms before you can really make judgments about their suitability. After
all, the proof is in the pudding.

Macedo
Response:
I want to point out two things: one is that your coment is absolutely
correct; second, is that you have to be very careful how you do this
testing, because the results are very dependent upon the level of loading.
It turns out that one of the problems which I did not spend much time on
is that the glasses do fall apart in a water environment unless you keep
the temperature low. So if you lower the level of loading to 10 percent,
as the Swedes do, you have a good chance of survival in an aqueous environ-
ment. The same possibilities are useful in keeping crystals together.
However, you can have a crystal which is very stable with uranium present
but the addition of a small amount of rare earth causes the structure
to become unstable. Our nuclear wastes are loaded with rare earths.

M. K. Murphy - Ontario Research Foundation
Question:
You said you showed one of the slides of the PNL glass which is phase
separated. Now when one talks of leachability of the glass (PNL glass),
is it related to the amount of phase separation or is it only homoge-
neous glass?

. _ . _ _
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Macedo
Response:
It turns out that the phase separated PflL glass is closed spheres.
Closed spheres are not a real bad problem in leachability. It is when
you have an interconnected structure that the situation is difficult.
I have not done a leach study as a function of heat trwtment, but
most of the PNL numbers that are published deal with s lass which has
already been phase-separated. They have done leach riite studies as
a function of annealing and have found that the leach rate increases
by a factor of ten.

Rodney Ewing - University of New Mexico
Comment:
I would like to make several comments. You talked about using natural
analogs to predict what might happen in a waste form and you referred
to tektites. I would simply caution anyone doing that to be aware that
it is very difficult because the natural analogs will have very dif-
ferent thennal histories as well as perhaps having existed in very
unusual environments. In the case of lunar glasses, of course, water
is not available. If you looked at other glasses, say volcanic glasses,
which are exposed to water you could make a strong case for the early
devitrification, crystallation, and alteration of a glass waste form
on the surface of the earth. Tektites are an example where this
apparently does not occur.

Another comment is that it is not entirely useful to categorize
materials as being stable, metastable, or unstable. Putting them into
these categories, that is, saying the material is metastable in
particular, does not mean that over the long run it will not be there
and will not perform its job. Perhaps the best example would be dia-
monds, which is definitely a metastable phase, but which persists for
long periods of time.

Macedo
Response:
I agree with most of your cocments. The important thing is that in
the case of tektites, they were in an aqueous environment. The bottom
of the sea is beautiful; we know exactly what the temperature was, we
know it was in contact with water, we know the salinity of water, and
the amount of water it was in contact with. I do agree that tektites
are different in composition than Battelle's glass. They are very similar
in composition to the Catholic Ur.iversity nuclear waste glass.

Alexis Parks - Boulder, Colorado, private citizen
Question:
A question about lowering the temperature: Is this a temperature
lowering by mechanical means and if so, for what length of time?

- - - -

_ . .
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Macedo
Response:
The source of heat in nuclear waste is strontium and cesium primarily,
and the two of them have a decay time (life time) on the order of 30
years. So the Swedes have proposed, for example, cooling for twenty
years after processing the canisters. In this way they hope to keep
the temperature below 80 C.

Parks
Question:
What if there is a mechanical failure within that system?

Macedo
Response:
In this system the canisters are not deep. They are relatively high up.
There is a certain large relaxation time to this building so that the
temperature increase will occur relatively slow. You can have mechan-
ical failure of a week or a month before you get major damage. If you
do get damage and water does come into the building, because we are
not deep, the boiling point of water is 100 degrees C and you are
basically controlling the exposure to the material to below 100 degrees
C where glasses behave well.

. . . _
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ABSTRACT

The Marcoule Vitrification Plant (so called A.V.fi) started up in June
1978.

The process is based on the french continuous technique and supplies a
fin 11 glass through two steps : a calcination one, operated in a rota-
ry kiln and a melting one in a metallic pot.

The plant was designed to cope with a maximum flow-rate of 361/h of
fission products solution that it converts into 15 to 18 Kg/h of glass.

Every day a container loaded with aoproximately 360 Kg of glass is sea-
led and outside decontaminated, then it is stored in a nearby air coo-
led disposal facility.

The amount of the released radioactive materials is very low : the li-
quid wastes are concentrated and fed back. The possible solid wastes
will be cut and put in container in order to be melted afterv'ards.

The first active campaign which lasted 26 days gave rise to 8.4 tons of
glass corresponding to 18 n3 of fission products solution and 530 tons
of spent fuels.

|i0 activity was noticed in the stream exhausted from the gas off
treatment equipment. A similar plant devoted to the LA HAGUE reproces-
sing plant is presently in design and ought to be running in 1985.

_ _ .
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1.

LARGE SCALE WASTE GLASS PRODUCTION

HISTORICAL BACKGROUND

The research and development of the solidification of high level radio-
active wastes has been under investigation in France for over 20 years.

First radioactive glasses and synthetic micas were made in 1958 [1].
Glass blocks weighting 5 to 15 Kg and having specific activity of about
1000 Ci/1 were achieved in 1963 by a gel technique in graphite crucible
for examination purpose. In the meanwhile, processes of industrial in-
terest were under development : a batch and a continuous one [2] [3]
[4] [5] [6] [7] [8]. The first in operation was the batch one, a pot
vitrification technique which lies in performing drying, calcination
and vitrification in the same vessel, a metallic pot heated by induc-
tion. In 1969, a pilot plant called PIVER using this process was ope-
rated under fully active conditions at Marcoule Nuclear Center. Until
1973 it has processed wastes solutions from spent natural uranium fuel
yielding 12 tons of glass of a maximum activity of 3000 Ci/1.

Because of tne successful operation of PIVER, it was decided in 1972 to
built an industrial vitrification plant at Marcoule. The continuous
process was chosen in preference to the pot technique, as it was found
to be more flexible, cheaper and easier to scale up for higher through-
puts. A plant called AVM was built and started up in active operation
in June 1973 [91

BASIC PROCESS

The process lies in performing the vitrification in two stages. Fig 1.The
first one is a calcination. The feeding solution is introduced in a ro-
tary kiln in order to be transformed into solid form. The calcined pro-
ducts are then mixed with suitable raw materials in an electric furnace
to make the wanted glass.

The glass is poured at stated intervals in containers which are trans-
fered to a disposal facility. The off gas released during the fabrica-
tion are processed in a specific off gas treatment equipment.

MARC 0VLE VITRIFICATION PLANT (A.V.M.)

Glass involved in the vitrification process.

The main liquids to be vitrified at Marcoule fall in 3 types related to
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2.

the reprocessing of MTR speat fuels, military and commercial natural
uranium spent fuels (graphite gas reactor system).

Table 1 gives the characteristics of these wastes. As it is impossible
to determine any single glass dealing with the various composition of
the wastes, 3 differer,t groups cf glass comcositions, all of borosili-
cate type, have been selected after researches carried out in cold and
hot laboratories [3] [4] [6] [10] [11] [12] [13].

The characteristics of the glasses are plotted in Table 2. The examina-
tion of the glasses were carried out in respects of the behaviour of
the structure under irradiation and thermal conditions and their phy-
sical and chemical properties connected to the technology of fabrica-
tion and radioactive hazarda in a final disposal.

Description of A.V.' .

The vitrification plant, designed jointly by C.E. A and S.G.N was built
for the sake of COGEMA (1) in order to solidify all the solutions of
fission products generated by the local reprocessing olant, including
those already in storage for over 20 years.

A.V.M is located close to the storage tanks. The construction which
started up on summer 1974 ended en January 1977 with the first non ra-
dioactive run and gave rise to the actual radioactive operation on Ju-
ne 1978.

The plant is made up of two different parts , the so called plant and
a nearby storage facility.

The building made of reinforced concrete and partially counter-
sunk is 22 meters long,18 meters wide and 33 meters high,14 meters
of which beeing underground.

Figures 2 and 3 show a vertical section and a cross section. The main
part is the vitrification cell which is 10.5 meters high,12.5 meters
long and 3.5 meters wide. Its walls nade of concrete are totally lined
with stainless steel. Their thickness is 1.55 meters. It contains the
chief equipment of the process : feeding device, calciner, melting
furnace, dust trapping column and condensor. It encloses also the ap-
paratus ensuring the welding of lids of the glass containers and the
cutting of used metallic materials.

Every part of the equipment located inside the cell was designed to
_____________________________________________________________________

(1) Compagnie G6n6 rale des MatiEres Nuclsaires

'

..
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be removed for taking off or refitting by means of the following devi-
ces :

- a 20 C bridge-crane which supplies the whole cell and ensures the
needed tools to be sustained.

- specific tools in the range from a mere hook to a more elaborate tool
as an electrical screw driver. The principle of the dismantling of the
calciner is showed as an example by figure 4.

- eight couples of master-slave manipulators distributed on the ope-
rating side and twinned with eight windows.

The vitrification cell is connected to :

3 buffer tanks.- a solution storage cell which comprises two 10 m

- a deccntamination cell which also plays a part in the transfer of
the glass to the storage area.

- a maintenanr cell which is used in addition to drain the equipment

in and out and 5. a garage for the bridge-crane.

- a gas off treatment cell (showed on tne cross section of the figu-
re 3) which centains a column for the recombination of nitrogeneous
stream and another one as a washing column which collects als: the gas
issued frcn various breather tubes.

Surrounding the main cell, there are (as plotted in figure 3) the
container supplying room,the medium frequency power generator room, and
the control room,

r

lhe glass storage facility is close to the vitrification cell .
It is laid out in order to provide conditions of safety, to give rise
to a low operational cost and to make possible any further retrieval .

It has been designed as a " clean" one to a'.oid filtration after a ra-
ther long-tem disposal when the natural convection cooling is applied
in substitution of the forced air cooling.

The facility is made of 3 engineered vaults made of concrete which are
t .derground. The vaults are stuffed with impervious stainless steel
barrier. The one meter high containers are piled up in ten eters high
vertical pits fitted in the vaults.

Two vaults are presently equipped with respectively 80 and 60 metallic
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pits. The third one is in stand b. (with 80 pits). The 2 0 pits take
a ground surface area of 415 m2 a;nd correspond to the need of Marcoule
until 1990. A further extension is available.

The ventilation has been designed in order the maximum temperature of
the forced air is not in excess of 100 C when the maximum specific po-
wer (50 W/l) is applied to the glass. The reason is to limit the tempe-
rature of the concrete at 60 C and those of the glass at 500 C (forced
air cooling) and 600 C (natural convection)at the center line.

Each vault is equipped with its ot.n ventilation device. The stream
flows first along the walls of the vaults to cool the concrete and then
is injected at the bottom of the pits to flow in the annular space
which is located between the wall of the pit and the container (figu-
re 6). The total flow-rate is 80 000 m3/h.

Every pit is fitted with a throttle valve which can lessen
the stream according to the directions of thermocouple located in

the valve stand.

An absolute filtration is operated on the exhausted air. This one is
drained out to a stack fitted in each vault.
Practical experience has already pointed o'ut this filtration is not ne-
ces sa ry.
Due to the level of the steady tem erature, the inside frames of the
vaults are wholly metallic and the upper biological shielding lies in
metallic caissons filled with concrete.

The storage facility is hence totally underground. It is capped with a
metallic shed in which the handling of the containers is operated.
A 350 KN bridge crane ensures the transfer of the containers put in
shielded casks from the way out of the vitrification building to any
storage pit. '

Vitrification plant operation

The plant runs continuously by all day round with a staff composed of a
score of workers distributed in 5 shifts of 3,plus five persons.
Figure 5 pictures the diagram of the operation.

Thg solutions coming from the liquid storage tanks are transfered
in 10 ma batches in the 2 A.V.M tanks. These tanks are cooled and me-
chanically stirred. The solutions are sampled for analysis and eventu-
ally chemically adjusted to cope with the composition of the raw mate-
rials.
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A double air-lift exhauts them to the vitrification cell into a mete-
ring device which is able to feed the calciner with a ficw-rate in the
range of 30 to 361/h ar' ding to the concentration of the liquid.

At this step, a chemicai additive is introduced at a rate of 21/h.
This additive is an organic product (azodicarbonam le - Trade mark =
Ferupore -) the ain of which is to prevent caking on the wall of the
calciner and to improve the size distribution of the calcined product.
A solution issued from the first cleaning gas equipment is also fed
back at a flow-rate of 41/h . Consequently the total liquid flow-rate

can vary frca 36 to 421/h.

The calcination is operated in a rotary kiln made up of a metallic
tube 3.6 meters long, 0.27 cm diameter and 12 mm thick, made of uranus
65. It is electrically heated along 2.5 m by a 4 zones furnace. The
power is 25 KW for each of the two first zones devoted to the drying
and 10 KW for each of the two others related to the calcination.
In fact a total of 40 to 45 KU are actually used.
The tube is set with a 3 % tilt and rotates at a speed of 30 rpmn.
The two ends are fitted with an end-fitting where is fixed the device
which ensures the tightness. This device comprises a grainite ring.

The feeding solution is injected continuously through the u per end-
fitting. The consequent calcined product (8 to 9 Kg corresponding to
301 of solution) falls straight in the melting furnace through the
lower end-fitting. A loose rod, located inside the tube makes the cal-
cination easier and gives contribution to avoid caking.

The calcined product is partly granular partly powder and still con-
tains 20 5 of the initial nitrates of the solution.

The lower end-fitting is also used for the connection to the melting
furnace and to feed the raw material in the forn of a primary glass

(frit). The frit is fed at a mean rate of 9 to 12 Kg/h at stated in-
tervals in 400 to 600 g batches through a lock chamber.

The melting pot is a metallic cylinder 11m long, 0.35 m diameter and
1/4 inch thick made of Inconel 601. A drain tube is fitted at the bot-
tom.

The heating is supplyied by a medium frequency induction (10 KHz) fur-
nace which is made up of 4 main induction coils.

A variable voltage can be applied to each coil. The voltage depends of
the glass level which is controlled in measuring the temperature at se-
veral places. The available power is 100 KW but the actual need is only
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60 KW. The through-put is about 1: <g/h of glass relted at 1100 -
1150'C. The pouring is initiated everyS hours by heating the cold glass
plug located inside the drain tube. Every eight hours,120Kg of glass
are cast.

The gas elaborated in t.1e melting furnace and the calciner is
drained out through the upper end-fitting. They are composed of steam,
nitrogen compounds generated by the denitration and an amount of dusts
the main cart of which beeing soluble in nitric acid. For this reason
the first step of the gas off trer.~ent is a counter current washing in
a "deduster". The used liquid is continuously recycled in the calciner
(Figure 8).

The strean flows then in a condensce and in a standard equipment con-
rosed of . an absorption calumn, a vashing column, an absolute filter
and a fan ensuring the wanted negative pressure.

The class is cast in metallic containers made of refractory stain-
less steel. They are 50 cm diameter and 1 m high. They receive 3 casts.
The weight of the glass is measure: during pouring.
One container loaded with 360 Kg c' glass (150 liters) is thus yielded
per day. This is equivalent of abc;; 200 liters of fission products
solution.

Some hours af ter filling, the container is shif ted to the welding area
where it is covered with a lid welded with a plasma torch. The cleaning
is operated one day later by washing the surface with high pressurized
water (200 bars).

To this purpose, the container is cut in a tank. Then a moving cylin-
drical hose washes it from top to bottom.

The decontamination is checked by injecting air flowing around the con-
tainer and measuring a possible air contamination. A further checkirg
is operated in rubbing the wall of the container during its transfer
to its storage pit and counting.

The process of the liquid wastes depends of their specific activi-
ty.

- The condensate and used liquids ~ssued from the first column are
estinated as highly radioactive liquids and are recycled to the fission
products solutions concentration unit in order to be finally fed back
and vitrified.
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- The used liquids of the washing column and of jhe container de-contamination (500 1/d) have an activity below 1 mci /m and are there-
fore deemed only as dubious wastes and transfered to the Ic./-level was-
tes treatment plant. They are in a way the only liquid wastes released
by A.V.M.

The solid wastes are possibly generated by any failure or by the remo-
ving of predeterminated life-time implements or vessels. The latter in-
cludes especially the vitrification pot which has to be re oved every
2000 hours.

The wastes are able to be submitted to a previous decontanination in
the vitrification cell by dipping in a special tank. It is also possi-
ble to cut then partially to shorten their overall size, they are then
either transferred to the maintenance cell to be conditioned in con-
crete in drums or put in containers similar to the glass ones.

The latter is the case of the pot vitrification which is, .. hen used,
out in a c;ntainer. This one is welded and disposed in a carticular
storage pit orior to be conditioned by melting as the majcc rart of the
metallic wastes will be later on.

The f 3ss storage coolilg system facility does not nee:, when it
runs norrally, any workers. The air stream must be only fe: .;c, accor-
ding to the temperature of the exhauted air when a pit ws t filled.
Control is automatically oprated. The main itens involve in it are
as following .

- pressure drops in the loops, in order to nanage the flow-
rate at various points.

- air flow-rate at the stack level

- presence of liquid in the bottom of the vaults

- tenperature of in and out airstream and tenperature of
concrete at hotest places.

- activity of the stream before and after filtration.

The safety related to a possible fan failure is provided in duplica-
ting fans and electric current supplying generators.
In spite of these safety devices, if the cooling were stcpped, the sto-
rage heat capacity could give the possibility to keep for 3 hours the
temperature below the permissible ones, viz. 60'C everywhere in the
concrete of the frame and 650 C everywhere in the glass.
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If the failure is extended over 3 hours, the vaults can be cooled by
natural convection. The values of the temperatures when the steady sta-
te is reached are plotted on figure 7.

Outcomes and performances

From January 1977 to April 1978, cold running tests have been achieved.
Their target was :

- to vitrify simulated solutions similar to the 3 types stored
3 c" solution were vitri-at Marcoule. During this period of tine,18.1 m

fied to yield 8.8 tons of glass (see table 3).

- to perfect automatized devices and to look for better safe-
ty conditions in case of failure cf various feedings (raw material,
electric current, air, steam etc....).

- to achieve every available remotely handlings to check the
feasability of each operation. These tests required over 10 000 hours
of working time.

The plant was gradually put in active condition in increasing the ra-
dioactivity of the feeding solution. The first campaing using concen-
trated fission products solutions started up on June 28, 1978 and en-
ded on July 24, 1978 for staff vacation reasons. The processed solu-
tion was an old one of 30 Ci/l of specific activity generated by the
reprocessing of SICRAL type spent fuel (concentration 351/ ton).

,

An other campaign related to the reprocessing of the same type of so-
lution was initiated at the end of September 1978 and stopped 1000
hours later, to remove the pot vitrification. This was a scheduled
operation due to the age of the pot (over 2000 hours).

After the remplacement of the pot, a third campaign began, involving
6 to 8 times more active solutions.

The whole performance of the plant is shown on Table 4.

The composition of the solution vitrified ir, the course of the 2 first
campaigns is plotted on Table 1.

A total volume of 50 200 li6ers were processed during a 1644 hours fee-
ding time. This correspont to 1400 tons of spent fuels giving rise to
23.4 tons of glass disposed in 70 containers lodg:..g 330 Kg to 360 Kg
of glass each. The factor of volume reduction is 5.4 as it was fore-
seen. The loading factor of the plant was 98 %.

--

. . . _
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Water was substituted to the fission products solution during 2 % of
the feeding time. at the same flow-rate,

The reason is the failure of the ancillaries equipment and troubles re-
lated to the raw material feeding device.

Feeding, calcination and melting experience

Every equipment ran satisfactory.
The liquid feeding is very accuratelt nsured by a metering wheel .

campaign and 331/h for the 2nd5tThis one was set at 301/h for the 1
one. The linear expansion of the rotary tube has kept the same value
( 213 mm). The inside pressure (-15 cm water) was also very stable.

The raw materiais feeding device is the more overworked one of the
plant. It has run during the 2 campaigns almost 40 000 times, introdu-
cing over 18 tons of frit. Some troubles obliged to stop the fission
oroducts solutions for a total of 16 hours (out of 1650).
It must be noticed that as a non radioactive equipment, its removing is
very easy. Nevertheless, the use of a more liable device, presently un-
der testing, has been planned.

The melting of the glass in the pot was operated, in keeping the tempe-
ratures of the wall below 1130 C. The casts initiated every 3 hours
drained out 110 to 120 Kg of glass during 15 to 20 minutes feeding ti-
me viz.at a mean flow-rate of 350 Kg/h.

210 casts were performed in 70 containeps (3 casts in each). The contai-
ners were filled at 76 % during the is campaign and 84 during the
2"d one, in order to cope with the increasing of the feeding flow-rate.
Figure 9 pictures the steps of the filling benaviour of a container re-
lated to a liquid feeding flow-rate of 331/h.

Welding, decontamination and transfer of the containers to the storage
facilty.

The welding is operated some hours after the last cast. This operation
did not suffer any difficulty except two occasions where an additional
pouring has be done.

Every container was washed with 450 liters of pure water under a 200
bars pressure during g minutes. The radioactivity of the used water wasfound out below 2.10~ pCi/ml which in the value of the limit detection.
There was no activity in the air stream injected around the container
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previously to the transfer to the storage area,

The 70 containers were piled up in 7 storages pits,
The released thermal power from each pit is 1 Kw that is not high enough
to make possible any alteration of the temperature of the cooling air -

between the injection and the exhaust levels.

Gas off treatment data

- The efficiency of the recombination of nitric acid and nitrates
reached over 90 3 in the condensor and over 82 ^. in the first column.
This meets the data from the non-radioactive campaign.

- About the non radioactive cations, no insoluble dust was noticed
in the liquid of the deduster. Chemical analysis of this liquid and of
the condensate pointed out an average draining out of 5 t and a trap-
ping efficiency of 96/98 5. This also meets the results of the non ra-
dioactive runs [14].

- Table 5 gives the most important information related to the re-
leased nuclides. Figures 10,12 and 13 show the activity of Ru, Cs and
Sr germane to one curie of every element processed, collected in various
olaces of the equipment and the decontamination factor of the apparatus.
Attention must be paid to the large quantity of the 106 Ru car-
ried by the off gas (38.7 ^!) and the poor corresponding efficiency of
the deduster (DF = 2.3) which gives rise to a content in the condensate
of 17 , of the initial Ru.

In spite of that fcct, the ruthenium volatilization does not appear as
a shortcoming since the condensate and the wastts generated by the re-
combination column are recycled to the fission products concentration
unit (see table 5). The only ruthenic waste which is taken into ac-

count by the plant is the used liquid generated by% of the initial Ru.the washing column,
Ru concentration of which is not in excess of 10-
Similar values were found out in the pilot plant ATLAS which is an half
scaled A.V.ft equipment.
The following table shows the comparison of the data.

escaping of the fed back through content in
calciner the deduster the condensa-

te

A.V.M. 38 % 22 % 16 %

ATLAS 50 % 30 % 20 %

__
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- Some ways to overcome this were looked for. The use of sugar in
substitution of ferupore seems to lessen the problem.

Figure 11 shows the marked effect of the use of sugar upon the volati-
lisation of Ru that reduces total draining out of the calciner to 2 %
and the content in the condensate to less than 1 %.

- About 137 Cs (see figure 12), rather high volatility and poor
efficiency of the deduster are noticeable. This results call for con-
firmation and will be checked in the course of the next campaign. The
same remark is to be applied to 144 Ce.

- 90 Sr on the other hand (see figure 13) appears to behave like
non volatile element.5.2 % of Sr is released from the calciner, 96 5

of which is fed back. Consequently the balance, 0.2 % is found in the
condensate.

In any case, the chief liquid waste which is composed of the 101/h of
the used water of the washing column contains nothing but

10- #; of the initial Ru

-7
10 5 of the initial Cs

-65.10 C of the initial Ce
-87.10 5 of the initial Sr

This ought to be considered satisfactory and to be credited to the good
decontamination factors of the recombination column and the condensor.

Gaseous wastes

In order to evaluate the decontamination factor of the gas off trea-
ment equipemnt, some samples were taken in various places of the line
(see figure 10, A, B and C locations). They were not able to give rise
to any value owing to the very small activity of the off gas, but they
gave the possibility to assume minimun values to A and C prints (see
figures 10 and 12)and as following .

A point C point

6 7Ru DF > 3.10 > 1.2.10

8 9Cs DF >1.8.10 7 1.2.10

6 7Ce DF 7 8.6.10 > 2.10

_.
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The mgasurement at A point was dcne by counting the gas sampled in
60 cm capsules To improye the accuracy,111ter capsules were used at C
point, but the activity was nevertheless too small.

As the stack control pointed out, the activity of the stream was smaller
than the normal background, i
nation factor was at least 10g is assumed that the ruthenium decontami-. The next campaign which will involve
more active solutions (30 times more for Ru) should give the possibili-
ty to reach the real value of Ru DF,

Findings

The A.V.M running has been very satisfactory during the 70 days wor-
king time. No contamination occurence happened and the contamination
rate of the cell atmosphere varied from 0 to 60 counts per second that
is an indication cf a very low level contamination.

LA HAGUE NEXT VITRIFICATION PLANT

A vitrification plant, assigned to vitrify fission products solutions
of La Hague current reprocessing clart, is presently in design.
Another one is scheduled to vitrifj the fission products solutions
generated by the next reprocessing plant which will be located on the
same site.

Scaling up to cope with the need of a 800 t/ year reprocessing plant
could be done according to the diagram shown in figure 14 with the
following assumptions :

- the spent fuels are reprocessed after 3 years cooling time
- the fission product solutions are concentrated at a rate of

5001/t that sets a specific power of 7 w/l (at the time of reproces-sing).

The vitrification plant will have then to face up solutions of a spe-
cific power of 5 to 6 watts per liter that will give rise to 25 to 30
watts per liter of glass, taking into account a reduction volume factorof 5.

Two processing lines will be necessary. Each line will be composed of
one calciner connected with a melting furnace. The rotary tube might be
heated by induction in order to shorten the time needed to reach the
steady state and to shut off. This heating device could by the way,
when used, becomea less bulky solid waste than a resistance furnace.

. _ _ _ _
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Every calciner will be fed at a flow-rate of 501/h with a 5001/t con-
centrated solution. Every connected melting furnace will produce 25 Kg
of glass per hour,

3The whole through-put of the plant will be 600 m Per year with a loa-
ding factor of 250 days a year.

The glass could becast in 50 cm diameter cylindrical containers by 200
Kg batches running. After welding of a lid, tightness test and outside
decontamination, they will be transfered to a storage facility to be
cooled for 2 years by forced air and further on by natural convection.

The arising liquid wastes (mainly condensates), will be concentrated
and recycled to the storage tanks to be vitrified. The only generated
liquid wastes will be dubious ones which will be directed to the low
level processing unit on site.

The gross decontamination factor of the plant about the off gas could
reach 1011 for ruthenium and at least matching values for the other nu-
clides.

CONCLUSION

The commission of A.V.M. has opened the industrial development era for
the continuous vitrification process.

The very good results which have been obtained about the running
aspect of the plant, as well as the very small level of the activity of
gaseous and 1iquid wastes, indicate that the problem of the mana-
gement of fission products solutions is going to be overcome.
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Table 1 : CHARACTERISTICS OF MARC 0VLE HLW

Commercial GG Military GG M.T.P.
spent fuels spent fuels spent 1sels

4000 to 5000 1000 to 1200 500Burn up
mwd /t mwd /t mwd /Kg

F.P. 35 to 40 20 to 25 very low
5 U 2.5 to 3.5 1.5 to 2.5 very low
's flp = 0.2 = 0.1 very low
'; Pu = 0.02 = 0.02 very low
RR Al 8 to 12 30 to 35 81
8 'cn Cr = 0.4 = 1.5 4 0.5
" - Fe 6 to 10 15 to 17 0.5 to 2
% fii = 0.3 == 1 4 0.5
.S fla 4 to 6 19 to 23 1 to 3
5 F -- == 8 == 12
5 Mg 2 to 3 4 to 5 --

Acidity 1.0 M 2.0 M - 1.8 M (depleted)

Specific

activity
# 1600 to 1700 500 to 1000 lowears coo-
ling time

(Ci/l)
Specific
power after
2 years 4 to 5 2 to 3 low
cooling
time (W/1)

= 100 30 to 40 12 000t n /t

._
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Table 2 : CHARACTERISTICS OF MARCOULE GLASSES

Commercial GG Military GG M.T.R.spent fuels spent fuels spent fuels
SiO 42.5 40.0 37.0

2

g Al 0 8.5 13.0 23.523
3 B0 17.5 16.0 16.523
{ Na 0 14.0 17.0 19.5

2

$[ MgG 1.0 2.0 -

g5 Fe 0 1.6 5.0 0.223
,o E F 1.4 2.0 1.8

( NiO+Cr0 0.5 1.0 0.2
3

5 FP oxides 13.0 4.0 1.3

Current volume
reduction
(related to the 7.0 5.4 3.5
concentrated
liquid)

313 to 15 litres 5 to 6 litres 3.4 m
r n of fue

Specific gravi- 2.50 2.61 2.43ty of the glass

scgsityat 150 100 4301100 (Po)

Thermal conduc-
tivity at 100 1.25 1.25 1.25
(W/m. )

Range of the -7 -6 -7 -6 -7 -6leaching rate 10 /10 10 /10 10 /10
(1) (g/cm2/d)

(1) Leaching operated at room temperature with tap water

_ _ .
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WORKING TIf1E VOLUME OF UEIGHT OF NUMBER OF GLASS
SOLUTION TREATED GLASS CONTAINERS FILLED

3
97 h 2.4 m 1.15 t 3

FIRST PER OD

3
649 h 19.2 m 8.96 t 28

PERIOD

3
SECOND PERIOD 994 h 31.0 m 14.44 t 42

3 *
TOTAL WORKING TIME 1643 h 50.2 m 23.4 t 70

* Which are generated by the reprocessing of 1400 tons of uranium spent fuels

TABLE 4 - FIRST AND SECOND HOT RUNS OF A.V.M.

G
w



194

e
Z
~

I v f% LD rs
WZ l I 8 I
<E ,O O O O
~ -e e-4 & ~3D

J

L.3 O M. .

LO fN
=y .

H m O O

Z
w

Z Z
Z O
D M M LO *-d

O _J I I I H
~O O O O cf F-
UU e-4 M - E Z
< r% ' F- Z Ld

'M V M ZO EO. = LLJ W F- Z
>-

Ld Cf
I La O M O UH < D
H> Z ct LU %

O OU C4
ZU UM F- F-
W LJ LL. W

Cr' Q- W %
LL. Cf CC -

F-- O LL.
W t W e-*

H Z X ';> LL. K
Z Ld F-- LL. *

Ld O O O >
Z Z fN O CD N < OZ *

= a ' F-- < LJ <LJ O La
.J U F-- O e-* M O I
La cf e-4 M F- LJ

LJ W U Z
Z ct La F-

LJ F- CQ O
I Lt.
H Z >- O

~ U
Z W

LL. Ld &
O LJ w J

I U D
H ~ W

hR LL. LJ
Z Cf LL. m
o.-4 Ld e-4 LU

Z *

O~ N O c LD
LJ U N e-4 ..

3J
U cf LD
>- U
U Ld
L.I J
Q" CQ

cf
F-

E Cf
O LJ
Cf Z
La. M f% LO Q N

y . . . .

Qt CO e-4 LD LD
Ld ct M M
Q. O
CC
U LJ
WI
LaJF-

3 th CJ 1
CE U U W

W r% C O
O M V v
e-4 s e-4

.



195

Discussion Following

LARGE-SCALE WASTE GLASS PRODUCTION

Presented by Claude Sombret

Thomas Cochran - Natural Resources Defense Council
Question:
We had heard rumors. I do not know if these are true or not. I would
like for you to comment on the validity of them. In the early hot
tests that you ran you were experiencing difficulty with the glass
fracturing when it was cooled down. In your talk you did not conment
on the analysis of the hot glass after the vitrification process.
Would you conment on observations you have made on that and whether
or not you do have fractures?

Sombret
Response:
I must confess we did not have the possibility of taking samples of the
hot glass and we did not have any idea of the state of the glass inside
the container either. This is not a large problem, because this is our
defense waste. The main problem for us in France is commercial wastes
generated by the reprocessing of LWR reactors. We have in design now
the AVM vitrification plant. In that plant we shall manage to get some
samples of glass in order to perfont hemical analyses and also to have
a device to check the tightness of tne containers. But we can imagine
the state of the glass in the container by performing some cold
(non-radioactive) tests under the same thermal conditions.

Cochran
Question:
But you have not looked at any of the hot glass?

Sombret
Response:
Not the hot glass, no. We have already performed simulated cold tests.

Cochran
Question:
How do you plan to handle very high burn-up fuels? I notice you only

went to 400 megawatt days per metric ton, and yet the light water
reactors are planning to move up towards 50,000.

Sombret
Response:
We hope to build an AVM plant in 1982 or 83. We hope it will be in
operation in 1934 or '85.
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Cochran
Question:
For the high burn-up fuels, do you plan to dilute them by another fac-
tor of ")? I speak in terms of the designs that the U.S. light-water
reactor program uses.

Sombret
Response:
Yes, we use exactly the same, because we use the American system in
France. So we plan to use what you saw in the picture which depicted
the diagram related to the LWR plant. In France, we have two reproces-
sing plants. The one which will be used for reproc::ssing of the LWR
waste is located in La Hague. Today , presently, we have in La Hague
a facility which is designed only for 400 tons per year. And in the
future we will have two other plants. One which is devoted to 800
tons and another one for 800 tons also.

Cochran
Question:
That was not my question. My question was when yoJ go to higher burn-
up by a factor of 10, do you, in order to meet your thermal loading
limitations, plan to dilute t:it waste by a factor of 10?

Sombret
Response:
Yes, in the picture I showed you, the maximum specific power of the
glass will be 35 to 40 watts per liter. We can cope with the thermal
release by cocling the glass containers by air. But we could imagine
cooling the glass with water, it is not impossible. Formerly, we had
in mind a glass containing maybe 20% of fission product oxide, which
would give a very high specific power. In that case, that maximum
power muld rise to maybe 80 or 90 watts per liter of glass. In that
way it would be neces:ary to cool by water, but if we use only 12,13,
or 14 percent of fission product oxides in the glass we could solve
the cooling problem with air only.

Donald Lorenzo - Oak Ridge National Laboratory
Question:
I was wondering if you would explain a bit more why fluorine appears in
some of your waste, and what effect it has had on your glass system
and the product glass?

Sombret
Response:
The fluorine is used in Marcoule, not in La Hague. It is a process
specific to Mar ( oule. It is used to avoid foaming on the interface of
liquid / liquid separation in the reprocessing of the spent fuels.
Therefore, in order to avoid corrosion of the material we add aluminum

-

._
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to complex the excess of fluorine. We have a lot of aluminum and
fluorine in the waste, but the amount of fluorine is not very high, and
so the content of fluorine is below 1.5 percent. You know the well-
known effect of fluorine in glass: the first effect is to decieasethe viscosity of the glass. This is not a problem for us because we
like to allow viscosity in order to transfer the glass very easily
from the glass melting furnace to the container. We want to have less
than 600 poises at 1100 degrees C , which is a maximum value for our
process . So if wo have fluorine, this is not a problem from that
standpoint. But the other well-known effect of fluorine upon the
vitreous structure, is to give rise to devitrification, especially in
the form of sodium flourate. But the quantity of fluorine is not
sufficient to produce this type of crystal. We have carried out some
tests, leaching tests in our leaching cell, and there is no effect
from fl uorine on the leachability of the glasses.

Lorenzo
Question:
The aluminum adequately complexes tha fluorine so you do not see any
corrosive effects in your off-gas system, calciner or melter?

Sombret
Response:
That is correct.

Barry Naf t - NUS Corporation
Question:
Could you comment on what specific quality control or process control
procedures you use to meet your glass specifications?

Sombret
Response:
This is a good question. The specific composition of the glass has
been set up in a laboratory, of course, so we need to have the desired
composition of the final glass. The first thing, which is very diffi-
cult, is to know the chemical composition of the liqLid. You know how
people in charge of management of fission product solutions are.
Sometimes they make the transfer of the liquid from a storage tank to
another one. So it is very difficult to know even the average value of
the chemical in that vessel. But this is the reason for which we
transfer the liquid by batches of 10 cubic meters in AVf1 and we per-
form chemical analysis from this liquid. Of course, we can not change
the composition of the raw material, because we order the raw materials
in quantities of tons. We then address the chemical composition of the'

liquid stored in the AVM tanks. Oi 'ourse. if there is a lack of
sodium we add a little bit of sodiu.. aitrate and so on in order to have
the right composition we expected. By the way, we control the compo-
sition of raw material and we weigh the glass during the casting;
they are the only way we have to control the specific quality of the
glass.

.

. _ . _ . . .
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SURFACE LEACHING OF GLASSES AND GLASS-CERAMICS

Larry L. Hench, David E. Clark and E. Lue Yen-Bower

Ceraalcs Division
Department of Bbterialt Science and Engineering

University of Florida
Gainesville, Florida 32611

Abstract

An experimental approach is presented which enables one to predict the stability
of glass and glass-ceramic waste forms for long periods of time. The method is
based upon a theoretical correlation of changes in thickness of leached layers
with given changes in ratio of surface area (SA) exposed to a specific solution
volume (V). The validity of this method is est ablished by comparing results for
a range of silicate glass compositions with varying SiO /M 0 + MO ratios with2 2
measurements on 200, 300, 400 and 1700 year old buried glasses and the weather-
ing of various geologic silicates. The effect of crystallization on leaching is
examined by comparing rares of attack on polycrystalline and glassy materials of
equivalent compositions. Ef fects of surface passivating agents on s1.owing down
leaching mechanisms are related to overpack design and selyction of storage
location. Results of the above variables on leaching are applied to understand-
ing the behavior of a BPNL zinc-boro-silicate glass (72-68(pW-4b-7(2.9)73-1) with
simulated waste loadings.

Introduction

The primary objective of this paper is to describe where we stand with respect
to developing a scler.tific methodology which will enable the long tern predic-
tion of the leaching of a nuclear waste form in contact with water and the
geologic storage environment.

Leaching is a primary factor in establishing long term stability. The rese..s
of leaching s tudies of nuclear waste storage forms are summarized in the
following sec tion. Because of large variations in experimental procedures used
in leaching studies, scientific comparisons are difficult. For example, various
laboratories have used either powders, grains, or bulk surf aces in obtaining
data. The aqueous media has been changed at various sequences for analysis.
Various temperaturea, pressures, water quality, and duration of experiments are
resorted. Results are often based upon weight loss or single ionic tracers.
Variations in the heterogeneity of samples have cften been present and are
seldom reported. Likewise comparison of leach rates under hydrothermal condi-
tions with data from low temperature exposures may not be valid and the ratio
of surface area of sample to the volume of reaction solution of ten is not described.

Thus, only a few generalizations from the earlier literature should be emphasized.
2 2Leach rates reported for room temperatures vary from 10-" g/cm d to 10-8 g/cm d

depending upon waste form and method of measurement. Leach rates increase
rapidly with temperature and decrease with time; the mobile species Cs and Sr
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have the highest leach rates; actiniden have lower leach rates; and hydro-

thermal conditions tend to alter surface reaction mechanisms and leach rates.

The introduction of new instrumental analytical approaches makes possible the
development of a scientific methodology for long range prediction of leaching.
Neutron activation studies recently reported by Flynn (1) show that release of
individual ionic species can be followed at very low concentrations, and the ion
beam spectrochemical analysis of White and co-workers (2) show that chemical
profiles of ionic species can be mapped on the sample surface. Data shown in
the bulk of this paper will also show that Auger electron spectroscopy, SIMS,
infrared reflection spectroscopy, and SEM-EDXA analysis together with solution
analysis can provide the data base we need to achieve long range predictive
relationships.

previous Leaching Studies

The l ea ch ab i l i t., ,f radionuclides from the different nuclear waste forms is of

extreme importance in the determination of the suitability of the chosen form
of containment. A widely used method of obtaining leach rates involves the use
of a Soxhlet apparatus with a continuous reflux of distilled water. The leach
or corrosion rates of various materials are compared in Fig. I which shows that
BpSL 72-68 borosilicate waste glass composition (3) is similar to durability

to other stable materials. Cesium concentrations determined by this method and
converted to a bulk leach rate show that over a period of one year, the leach

2 2rates dropped nearly an order of magnitude from 10-0 g/cm d to 10-7 g/cm d.
BpSL 72-68 which has been devitrified at 700 C showed an increase in Soxhlet

leach rate of nearly an order of magnitude.

Another BpNL borosilicate glass composition, 76-68, containing 13 wt % fission
product oxides was treated with ten fold excess by weight of water in a sealed
Au capsule at u300 C and v300 har for one to four weeks (4). The pressure and
temperature were chosen to simulate the upper range of conditions to which the
glass might be exposed upon burial in some geolog ical f orma t ion. After one
week the glass spheroids contained numerous cracks and several areas of discolora-
tion, and after 2-4 weeks the samples had broken into several fragments. Approx-
Imately 5 wt % of Cs originally in the glass was in solution after one week and
the interior of the Au capsule was covered with crystals of acmite (NaFeSi;O ) asg

well as Na-Cs-weeksite (Na, Cs)2 (U0 )2 (SiO )3*4H 0.5 27

In other experiments (4) carried out at high temperature (150 -200*C) and
pressure (s300 bar), simulated calcine was treated under hydrothermal conditions
with a shale and a basalt. Cs and Na in the calcine quickly reacted with

aluminosilicate minerals in the rocks to produce Na-pollucite, (Cs, Na) AlSi;0 g

r"70 This is a desirable reaction since the Cs is fixed in a form thermo-
dynamically stable with its environment.

De and co-workers (6) prepared several borosilicate glasses containing 15-60
wt Z fission products. A few of these glasses were melted, crystallized and

the product reduced to a powder (grain rize 0.0 315-0.0 5 cm) . Two grams of the
powder was boiled in distilled water for one hour and the loss of alkalles from
the glass determined by tit rat ion. The leaching rates were found to be 8-12

_
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2ag/cm d and did not vary drastically from their glass counterpart which had
2leaching rates 3-10 ug/cm d. SEM investigations showed preferential leaching

in the residual glass phase in the glass-ceramic, while the large pollucite
crystals which were formed during crystallization remained comple tely un-
attacked.

Soxhlet extraction of a 50 wt % waste loading of a quartz-calcine mixture
was in the range 5-20 wt L which is unacceptable ( 7) . Addition of a small
amount of glass frit allowed incorporation of 20-30 wt % waste loading which
led to reduced leaching. One particular composition (llP-41) showed only 1-
1.4% weight loss after 72 hours of Soxhlet extraction. The concentration of
Cs in the extracted solution was 6 Lg/ml in 300 ml of leachant (this is
equivalent to 6-9% of the Cs in the sample) . The test was continued for 10
days af ter which time 17% of Cs in the specimen was leached into solution.
After 3 and 10 days leaching, the crystalline phase showed no difference
from the unleached specimen. The X-ray diffractogram of the 3 day leached
specimen gave indications of the presence of cristobalite which is the residue
renaining after leaching of Cs from the Cs-silicate glass.

Watson et al. (8) have developed a method for incorporating high level liquid
wastes in a nepheline syenite glass. A laboratory study of leaching rates
from blocks of the glass proved to be satisfactory and was therefore extended
to an in-field study (9-13) . A burial site was chosen below the water table
in a sandy permeable soil of pH 6, a mean temperature of 6 C and a total solids
content of 30 ppn (Fe 5 ppm; A1 5 ppm; Ca 3 ppm; Sio; 10 ppm; with lesser
amounts of Na, K and Mg). Relatively larger amounts of radioactivity as Sr3C
was released the first year, but since then the amount leached has levelled.
Continuous studies over a period of two years (1961-1963) showed average
leaching rates of Sr?C of 0.06 cc/d i.e., 1 part in 1010 of Sr30 present

92leaving the sample of block glass each day. Assuming no diffusion of Sr into

the glass, calculations showed the mean daily erosion per unit surface area of
glass was 6.5 x 10-3 g/cm d. During the years 1970-1977, the leaching rate of2

Sr remained constant at 5 x 10-11 g/cm d. The concentration of Cs diminished3 2

rapidly with distance f rom the block indicating it was strongly fixed on the
soil. In contrast, the concentration of Sr was high close to the blocks,
diminished along a 5. 5 m path, and rose to a peak concentration at 7.3 n. Beyond
this, the Sr concentration decreased until the front was reached at 11.8 m.
This suggests that Sr was only temporarily held on the soil.and was eluted by
the passage of ground water containing reduced concentrations of Sr.

Soxhlet leach results from a titanate ceramic and zine borosilicate glasses

studied at Sandia Laboratories ( 14) showed the former to be the most durable.
After three months of extracting at 95 C, there was no detectable Cs in the

leachant. After three weeks there was no detectable Sr, but in the second
month an appreciable amount of Sr appeared and by the third month the amount
of Sr leached declined to only 2 -g/g. No explanation was offered for this
unusual behavior.

A crys talline ceramic prepared by casting a melt of ortho-and pryophosphates
showed increased water leachability of 10-100 times that of high level waste
borosilicate plasses (15). In another borosilicate composition, Cs and Sr
were found to leach at similar rates from the as-formed glass while leach rates

. . . _
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of both were increased ten fold by devitrification (16). The data were
obtained using IAEA suggested methods (17).

A high level waste supercalcine (72-2) fornulated by McCarthy (18), was pre-
pared by firing at 1110 C for 1 hr and subjected to Soxhlet leaching. The
product was seen to undergo strong physical weathering as well as dissolution.
A small amount of clay was added to a batch of 72-2 before cold pressing and
firing to give a product with a six fold decreased leachability. If the same
formulation, without clay, was prepared by hot pressing, the Soxhlet leach-
ability was even less than high level waste glasses.

Moore et al. (19) have prepared a grout consisting of Portland cement, fly
ash, Attapulgite -150 clay, Grundite clay and delta gluconolactone and in-
corporated simulated nuclear wastes. Leach studies using the method prepared
by IAEA (17) or a modification of that method, showed that the cumulative
fraction of Cs leached as a function of time was significantly dependent on
the sampling frequency. Curing time of the grout also had a marked effect
on the cumulative fraction of a leached species--longer curing times led to
a decrease in the fraction of Cs leached. In addition, leaching of Cs was
greater if curing was carried out in a dry atmosphere as opposed to a humid
one. For all specimens studied the cumulative fraction leached followed the
order Cs ~ Sr > Cm > Pu, and the amount of each species leached found to be
dependent on the leachant composition in the order: distilled water > tap
water > grout water.

A comparison of the leaching results obtained for grout to previous work re-
lating to the leaching from glasses (20) showed that calcines have the highest
and glasses the lowest leach rates for alkali and alkaline-earth elements
(see Figs 2 and 3). The comparison shows that bitumens, cements and grouts
can have leach rates as low as those for glasses (10-" - 10- ' g/cm d f or Cse

and Sr; 10-E - 10-9 g/cm d for rare 2arth and actinide elements). For a given2

waste product, the leach rates for rare earths and actinides are a factor of
1103 less than for alkali or alkaline-earths. The data obtained for the grouts
indicate that the total fraction leached varies with t the square root of time.

In addition to Soxhlet extraction with atomic absorption and emission, neutron
activation has recently been used in the study of leach rates (1). Radio-
activity was induced in elements of interest in simulated waste forms, and
y-rays and S-rays detected using GeLi detectors or gas proportional counters,
respectively. A coupling with radiochemical separation is carried out when
necessary. Leach rates of 10-9 - 10 10 2g/cm d for specific elements can be
obtained in one week using a one gram sample. This study showed that different
leach rates for several elements for a variety of waste forms as a function of
temperature, time and leaching media were observable but not dramatic.

The leaching process in nuclear waste glasses have also been determined
indirectly by measuring compositional profiles of different elements in the
glass by sputter induced optical emission, also known as ion beam spectro-
chemical analysis (IBSCA) (2). The use of IBSCA has revealed that Li, Na

and K all had identical profilea which suggests a common leaching mechanism.
In addition, there was a pile up of Ca and Mg at the surface and very little
variation for Si and Al. Since the density of Si and Al apparently remains
constant throughout the sample after leaching, it appears that the alumino-
silicate layer remains intact during leaching under neutral conditions.
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Determination of the amounts leached from a solid over a long period of time
is often carried out by fitting the data to various functions and extrapolat-
ing the results (17,19,21). The expressians used are based on mass transport
theory which assumes that diffusion through the solid is the only or. rate
limiting process. These expressions fit leach test data over the midrange
of time but for longer times other mechanisms such as dissolution of the

matrix or reversible and irreversible chemical reactions are overlooked. An
attempt has been made (22) to model the system using mass transport theory
which takes into account diffusion as well as one of the following: 1) surface
concentration of mobile species which is time dependent, 2) initial concentra-
tion of mobile species which is a function of position in the specimen,
3) dissolution and precipitation of mobile species, or 4) dissolution of
matrix material.

Numerous other types of materials such as the fresnoite glass-ceramic
(Ba2TiSi;0 ) ( 23) and a B-spodumene glass ceramic (24) have shown decreased3

leachability when compared to nuclear waste glass. A synthetic rock, Synroc ( 25) ,
composed of some or all of hollandite (BaA1 Tic 016), cubic zirconia (Zr0 -Ca,2 2
Ti ss), perovskite (CaTIO ), celsian (Baal Sip 0 ), "kalsilite" (KAISIOq) and3 2 3
leucite (KAISi 06 ss) has shown low porosity and high resistance to alteration2

and leaching in geological environments. This also appears to be superior to
borosilicate nuclear waste glass.

A multibarrier means of storage involving vitreous beads (26) or a supercalcine

ceramic core (27) in various metal matrices have been examined in distilled
water, dry salt and brine solutions. The metal matrix serves as added improved
resistance to impact as well as the environment. A different multibarrier
approach (28) has been taken by the Swedish nuclear power industry. Unreprocessed
fuel is loaded into canisters made of copper. The space between the fuel and the
canister walls is filled with lead, and each canister deposited in its own tunnel
which is lined with compressed bentonite. When contacted with water the bentonite
swells to ten times its own volume and,1f constricted, becomes compressed and
seals the tunnel.

This summary is by no means a complete survey of the literature but gives an
indication of some of the types of materials being considered for nuclear waste
storage and the information gathered so far. Interpretation of leach rates is
an extremely complex matter because of the many factors involved such as
variation of the rates with time and temperature, sample form, preferential
leaching of certain elements, flow rate of leachant, and the pH and compositi n
of the leachant. Preliminary studies have shown that leach rates in ground
water are greatly decreased from that in deionized water which is commonly used
in laboratory experiments. Feasible temperature and pressures used in laboratory
corrosion studies are far removed from the actual temperatures and pressure to

which the waste glass will be exposed. In addition, the total amount of a

species leached from the glass is a function not only of leach rate but also
of the surface area which could easily be increased by fracturing due to thermal
or mechanical shock.

Another parameter which must be considered is the effect of radiation on the
behavior of glasses and other waste forms. Unfortunately, leaching tests are

usually carried out independently of irradiation effects. However, irradiation
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tes with high-level gamma ray irradiation have shown that the effect on the
leaching rate from nepheline syenite glass is minimal (12).

A proposed Method for Long Range prediction of Leaching of Nuclear Waste
Storage Materials

It is clear f rom the above review that a science based, comparative method of
predicting the long term leaching of alternative nuclear waste forms (NWF) is
needed. The method being developed in our laboratory is summarized in this
section. Scientific evidence being accumulated to make the eventual long
term predictions is sunearized in subsequent sections of this paper.

Figure 4 is an illustration of the leaching predictive method being developed.
The ordinate of the graph represents a leaching index that can be measured
quantitatively for a variety of materials. The thickness (d) of a leached
surface or the concentration (C ) of a specific ion leached from a surfacei

are examples of measurable leaching indices. Although weight change is a
possible index for leaching studies it is not preferred for several reasons:
1) surface reactions can lead to a sequence of loss and gain in weight due to
combinations of solution and reprecipitation from solution onto the surface of
a material; 2) the initial weight of many analog materials discussed below is
not known; 3) leaching data of radioactive species is more important than over-
all weight loss.

The abscissa of Fig. 4 is log time and represents the years of storage of a
NWF, years of simulated s torage condition, or years of burial, etc. of analog
materials.

The scientific hypotheses underlying the use of a graphical method for predict-
ing long term leaching behavior of nuclear waste forms are as follows: 1) it
is assumed that mechanisms of surface reactions of a given NWF can be related
to the mechanisms of surface reactions of other materials of siuilar or re-
lated composition; 2) kinetics equations valid over a range of neasured time
can be extrapolated to longer times by use of the kinetics constants as long
as the mechanisms of surface reactions controlling the kinetics do not change
during the extrapolated period; 3) comparisons can be made of predicted extents
of leaching of a variety of materials using measured leaching kinetics and the
measured leaching indices from equivalent or the same materials removed from
long term burial conditions; 4) such comparison studies on "NWF analog
materials" provide verifiable evidence that surface reaction mechanisms do not
change over long time periods under certain specified conditions of storage:
5) simulations of varied geologic storage renditions of candidate NWF materials
can be created in the laboratory or in fielm trials; 6) leaching indices from
the candidate NWF materials and analog materials measured during simulated
laboratory or field trial conditions can be compared with the measured indices
f rom the long term burial of the analog materials to obtain " worst case" and
"best case" storage acceleration factors; 7) specifications and margins of
safety for cumulative radioactivity loss from leaching of NWF's can be based
upon the kinetics extrapolations and comparisons with analog materials obtained
using hypotheses 1-6.

. . . . _ _ _ _ .
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Several graphs are presented in Fig. 4 to illustrate the use of the long
term predictive method described. The lines in the center of the figure,
marked A and A', represent a range of leach rates measured on analog

_

materials. Data points are shown. It is evident from lines A and A' that
data points for leach indices of analog materials, such as thickness of
leached layers, can be obtained over an enormous range of time. For periods
up to 2 x 10 2 years it is very easy to conduct highly controlled laboratory
leaching studies. Field tests involving burial in various geologic sites
can be conducted realistically for periods of several years. Results
obtained from sampics acquired from highly accurately dated museum, restora-
tion and archeological locations include a time range from tens of years to

3approximately 2 x 10 years. Measurements fromgeologic field samples with4reasonably accurate datings extend from 10 to 10 years.

Therefore, curves A and A' illustrate that for a wide range of compositions
of materials the p edictions of laboratory kinetics studies conducted from
10 8 to 10-2 years can be compared with measurements made on the same materials
exposed to buried environments for 1 to 100 years. It is obvious that the
environments of the buried analog materials are not equivalent to those to
be encountered in the long term storage of NWF materials. However, curves
B and B' in Fig. 4 illustrate that a range of possible storage conditions
anticipated for NWF materials can be simulated in the laboratory. If such
storage environment simulations are based upon geochemistry computer modelling
studies it is conceivable that "best case" and " worst case" extrema can be
investigated with results such as B and B'. The magnitude of difference in
leach rates on analog materials observed between low temperature surface burial,
non-radioactive conditions (A and A') and the " worst case - best case" condi-
tions that include elevated temperature, radiation, and water chemistry effects,
etc. can provide the basis for adjusting the kinetics equations to include
various combinations of environmental terms. Confidence in the extrapolation
of the "best case - worst case" laboratory data from the analog materials to
long times is based upon the scientific kinetics relationships. As long as
mechanisms of reactions remain unaltered in the more severe environments, the
cu rves of B-B ' remain parallel to those of A-A' and the extrapolations of B-B'
are valid. If there is a potential for mechanisms to change under the more
sevcre storage conditions it is assumed that the changes can be induced during
the laboratory range of experiments. Our data obtained on glass NWF samples
to date, described below, indicates that this assumption appears reasonable.

The final set of comparisons in the methodology involves obtaining laboratory
kinetics data on candidate NWF materials under the same non-severe conditions

the analog materials of A-A' and under the simulated severe storage condi-as

tions of B-B'. Thus, extrapolations of the laboratory leaching results of the
NWF materials, C and C', to long times are directly based upon the comparison
of the kinetics relationships between the analog materials and the NWF materials
verified by the measurements trom the 1 to 100 year buried analog materials.

The concentration of radioactive constituent leached for a given period of
time under the environmental condition tested, or the storage condition
planned is represented by the ordinate values in Fig. 4. Therefore, it should
be possible to specify an acceptable level of cumulative loss of radioactive
species f rom a MJF, i.e., a fixed value on the ordinate based upon biological
tolerance levels and projected distribution rates under various storage

. _ _ _



209

conditions, and predict the time required for that value to be reached using
the intersection of the appropriate kinetics curves of Fig. 4. For example,
if distribution rates are projec ted for a geologic storage site it might be
predicted that a leaching loss represented by X on Fig. 4 is acceptable. In

such a case the kinetics analysis shows that "best case" response of a given
NWF, represented by curve C, would be acceptable for 10" years. However, a
" worst case" response, C', would not be acceptable beyond 10-4 years. Addi-
tion of an overpack to adsorb the loss of radioactive species before they
could enter the geologic distribution system could well increase the accept-

case, under "best case" reactionsable loss level to a value of X'. In such a
8the NWF, curve C, would be acceptable for greater than 10 years and even under

5" worst case" conditions an acceptable response could be predicted for 10 years.
In this manner the relative merits of alternative geologic storage sites, over-
pack compositions, multibarrier concepts, alternative nuclear waste forms, and
variations in leach rate kinetics for different NWF's can be compared quanti-
tatively. Since it is impossible to test such combinations of variables for
other than very short periods of times the confidence in such a predictive
approach rests upon the scientific accuracy of the kinetics measurements and
relating the kinetics results to the durability of glasses, ceramics, and
geologic materials of related compositions that have been buried for long
periods of time.

A brief synopsis of some of the experiments being conducted to produce the
predictive methodology described above follows. Because of our previous efforts
to understand the durability of glasses and the technology potential of glass
as a nuclear waste encapsulant the bulk of the following discussion will be
devoted to glass. However, the predictive methodology described above and the
types of experiments summarized below are relevant to glass, polycrystalline,
glass-crystalline, and composite waste forms.

Types of Glass Surfaces

It is vital to recognize that a glass surface is usually markedly different
in composition from the bulk. Consequently, the leaching of a glass NWF is
largely a function of the surface composition and the rate of change of the
surface under a given set of environmental conditions. It is known that

surface composition differences can extend many micrometers into the glass.
It must be recognized, however, that the surf ace layers fc,rmed on a glass
depend upon the bulk composition, processing history, surface roughness, and
environmental history including time, temperature, pH, exposure atmosphere,
and water chemistry, etc.

Various glass corrosion processes yield several different kinds of glass sur-
faces that may vary in composition and structure during exposure. All of the

surface types obtained during corrosion are summarized in Fig. 5. There are

five types of surfaces that are characteristic of a silicate glass at ang ' e

in its history (29,30). A type I surface has undergone only a thin, 50 A
surface layer hydration. No significant surface compositional change by either
dealkalization of silica network dissolution has occurred and hence the surface
composition is nearly the same as the bulk composition. Nearly pure vitreous

silica exposed to neutral pH solutions exhibits a Type I surface.
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A Type II surface possesses a silica-rich protective film due to selective
alkali ion removal. Dealkalization of alkali-alkaline-earth silica glasses
with low concentration of alkali results in a Type II surface. A glass with

this type of surface is reasonably durable, especially in solutionp, of pH < 9.
The kinetics controlling formation of a Type II surf ace are Q = kt1 because
the alkali loss mechanism is diffusion controlled (31,32).

Two layers of protective surface films are characteristics of Type III glass
surfaces. Adding A1 03 or Ca0 to a glass composition can result in dual2

surface layers, such as alumina-silicate or calcia-silicate species on top of
a silica-rich layer. Such glasses are very durable in both acid and alkali
solutions. These protective films can be produced by dealkalization, surface
structural modifications, or precipitation from solutions. Kineticp of
formation of Type III surface a:e also diffusion controlled and a t1 relation-
ship exis ts.

Type IV glass surfaces also have a silica-rich film but the silica concentra-
tion is insufficient to protect the glass from rapid attack from dealkaliza-
tion or network dissolution. Binary sodium-silicate or potassium-silicate
glasses rich in alkali form Type IV surfaces and have poor durability.

A glass that is undergoing congruent dissolution with equivalent loss of
alkali and silica exhibits a Type V surface. Because of the uniform attack,

the surface composition of a Type V glass is equivalent to the bulk composi-
tion. Thus, there is little difference in the surface SiO2 compositional
prcfile between a Type V and Type I glass. However, a glass exhibiting Type V
behavior is losing considerable quantities of ions into solution. Thus,

chemical analysis of the corrosion solution distinguishes the two types. Also,

a heterogeneous attack of the surface often results under Type V conditions
and is visible by various microscopy or infrared reflection spectroscopy tech-
niques. Silicate glasses exposed to conditions with pH > 9-10 tend towards
Type V behavior.

Type IV and Type V glass surface behavior is especially undesirable for nuclear
waste encapsulants for two reasons:

l
1) The kinetics of network dissolution is linear with time, Q = kt and

therefore more rapid than diffusion controlled processes.

2) All constituents of the glass are released into solution. Since

this includes the long half-lived actinides it is an undesirable
mode of attack. In contrast the diffusion controlled processes

generally result in the loss of the more mobile species such as Cs
or Sr from the glasses.

Higher valence ions within the glass structure often tend to concentrate within
the silica-rich film formed on the glass surface complexing structurally with
Si-0-S i bonds. This behavior results in a Type III protective dual film sur-

face. Such a condition tends to occur for the complex zinc borosilicate nuclear

waste encapsulant glass 72-68 developed by BPNL laboratories. Figure 6 shows
a compositional profile of the glass surface af ter hydrothermal corrosion in
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water at 120 C for 5 hours at 15 pgi. The Ca, K, and Ba ions have been
depleted to depths of 500 to 800 A. The heavy elements, simulating leng-
lived radioactive constituents have accumulated in a surface layer. As
long as this layer continues to exist, the kinetics of diffusion remain
slow and the glass rer.ains durable.

Kinetics Transitions

Under certain environmental or projected storage situations, conditions can
exist whereby a glass NWF can undergo transition from a protective Type III
surface to a rapidly deteriorating Type IV or Type V surface. Static
leaching conditions are especially severe in this regard. This le because
loss of alkali or alkaline earth species from the glass to an aqueous media
occurs by means of hydrogen ion or hydronium ion exchange (33). The net
effect is a gradual increase in the OH concentration of the static solution
and a corresponding increase in solution pH. The progressive increase in
solution pH for BPNL glass 72-68 under static leaching conditions at 120 C,
15 psi in distilled water is shown in Fig. 7.

At some value of pH, dependent upon the concentration of network formers in
the glass, the protective silica-rich surface film begins to break down and
the glass network begins to be attacked, e.g., Type IV and V behavior results.
By use of Auger electron spectroscopy-Ar ion milling analyses of surface
changes of BPNL glass 72-68 in combination with infrared reflection spectros-
copy, it has been shown (34) that the transition pH from th kinetics and

ldiffusion controlled reactions to t kinetics and network dissolution con-
trolled reactions is at pH % 8.5 for BPNL glass 72-68.

That such a transition time exists has now been demonstrated for a wide range
of glass compositions (30). Its importance lies in the fact that three parameters
must therefore be known for glasses, glass-ceramics, and probably polycrystalline
ceramics as well in order to construct long term predictive curves such as in Fig.

4: 1) You must measure the kinetics constant of the diffusion controlled
regime over the range of environmental and storage conditions of concern; 2) The
kinetics constants for the network dissolution regime must be measured; and

3) The time for transition between th l be determined for the conditionsto t must

of interest.

Kinetics Dependence on Surface Area to Solution Volume (SA/V)

Recent research findings (35) show clearly that a geometric parameter, the ratio
of glass surface area exposed to the solution volume in contact with the glass
surface (cm /cm3 = cm-1),is a primary variable in controlling noth reaction2

kinetics and traasition times. This importance is amply illustrated in the

(SA/V) dependence of the time changes of pH of BPNL glass 72-68 shown in Fig. 7.
The transition from tU kinetics, below pH = 8.5, to t kinetics, above pH = 8.5,l

occurs very rapidly at high (SA/V) ratios and progressively more slowly at low
(SA/V) ratios.
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Thus, increasing the (SA/V) ratio of a static leaching experiment has the
highly useful effect of accelerating the transition time without altering
reaction mechanisms. Kinetic theory (36) shows that one can plot the
logarithm of the time for the kinetics transition as a function of log
(SA/V) and obtain a straight line such as shown in Fig. 8. The ordinate on
the graph in Fig. 8 represents the time requireu for the solution in contact
with the various NWF to reach a specific pH. This pH corresponds to the time
where a changeover in corrosion kinetics occurs and hence is referred to as

tc. The value of pH at which a changeover in kinetics takes place is

dependent on several properties including composition and microstructure.
In general this pH is between 8.5 and 9.5, but can be measured by monitoring
solution ion concentrations as a function of solution pH. The pH at which
certain species are in solution in the same ratio as in the glass is the pH
at which network dissolution is rate controlling (i.e., Q : kt l). It is

lassumed that the longer the t kinetics can be suppressed, the more stable
the NWF will remain. For a specified (SA/V), higher values of tc indicates
longer times of expected stability. The graph in Fig. 8 illustrates change-
over times for several materials over a wide range of (SA/V). It can be
seen that the transition to network dissolution occurs very rapidly for binary
alkali silicate glasses at high (SA/V) values. For example, at (SA/V) = 1.0 cm-1,
less than 10 minutes are required for changeover in a 33 mol % Na20 - 67 mol %

2 glass at 25*C. This time can be increased by decreasing the percentSiO
Na20 Additionally, as illustrated by the 33 mol % Li 0 - 67 mol % SiO2 2 (33L)
system, the changeover time can also be increased by a suitable nucleation-
crystallization schedule. Environmental storaga temperature assumes an
important role in the corrosion behavior. As the temperature increases, te
decreases as illustrated with the BPNL 72-68 composition.

Surface Passivation

Aqueous solutions containing certain species, especially aluminum, have a strong
inhibiting effect on glass corrosion (36-38). Experiments performed in our
laboratory have shown that the presence of A1+3 ions in the corrosion solution
retards the most danaging form of corrosion, namely network dissolution (39).
The rate of selective leaching or ion exchange is relatively unaffected by the

3 4presence of A1 + in solution. Figure 9 shows the rate of S1 + being leached
into solution as a function of time for a simple 33 mol % Li 0 - 67 mol % SiO2 24(33L) glass. As expected, the S1 + concentration increases in solution with
increasing exposure time. The only mechanism by which this network forming
ion can go into solution is through network dissolution (i.e., breakdown of

4Si-0-Si bonds). Significantly, the rate of Si + dissolution trom 33L glass in
3the corrosion solution containing 100 ppm A1 + is lower than in the pure water.

Auger electron spectroscopy and Ar ion milling revealed the presence of an
alumina-rich film on the 33L glass corroded in the 100 ppm A1 +. The presence3

of this film, resulting in a Type III surface, apparently passivates the glass
surf ace against extensive network dissolution.

--

_ . .



216

*g. i,

M N 70aogoN

? 4 *o s
o9Wp
b co 5 O- a

-

@$h
N J

V o$ 3
'

o W< t$9E* -

i a eco 8

l O E A Eb "o ;_ sum - - o-

8 / 3
*-

i N >

U/ i 8
*

//
/ $ .o 8

"
/ ^

/u i 7 s-

,
/ 0 $9 h- 9 El-

/ ''/ /bb i .h 3 St
/ < N x : 8-

/ ! f~

/ / h a m/
- f / M M // *o Aw

/ / / / / D :
~

/ / / // / *

/ / / / / fo no/ // /o/ / "

,/ / ,/ // @ g

//||/ / ' T ;/

/,|| ,/
S

h
~

~

,

/ / / | w 2
// / i ,

// /
z e
m ;

// N wM

// / - o i'-

// / %
~

/ i

'| / / "

/
.

/ *
a a, , , ,

e m e m N - O C
9 9 9 9 9 O-

0
I' Ul.l11 'i 4s

~

. . _



217

80 . . . i i

70 BULK STATIC CORROSION-
-

33L GLASSm
M 6O 100 c-

-

g SA/V = 0.77 cm-l
* 50 - -

>-
,

E 40 O PPM Al+3-
-

4 (3D-H O)
] 2

O 30 -

-

100 PPM Al*3

+4
20 -

~

( Al Cl3)._.

10 -
-

' ' ' ' ' 'O
O 2 4 6 8 10 12 14

CORROSION TIME (days)

Fig. 9. Time dependence of S1 + concentration in solution for 33L4

glass exposed to distilled water and water containing
3100 ppm A1 +.



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . . _ _ _ _ . .

218

Evaluation of Nuclear Waste Form Analog Materials: Prehistoric
Archeological and Geological Samples

Because of the long burial times of prehistoric archeological artifacts and
geologic materials we have initiated an investigation of the leaching behavior
of these materials in order to use them as NWF analog materials in predic-
tive plots such as Fig. 4. Materials covering a wide range of S10 content

7
as well as both glassy and polycrystalline nature have been chosen for study
in order to compare with the alternative NWF materials being considered for
waste storage. The experimental procedure for these investigations is
described in some detail in the following section in order to illustrate the
method used in producing the predictive relationships described in Fig. 4.
It is the development of new instrumental techniques such as Auger electron
spectroscopy, infrared reflection spectroscopy, the electron beam microprobe,
and scanning electron microscope with energy dispersive X-ray analysis for use
with glasses and other insulating materials that make quantitative kinetics
studies possible (32).

2Specimens approximately 1.5 cm x 0.5 cm thick were sliced from the materials
described in Table I. One surface from each of these specimens was polished
to a 600 grit finish using sic paper in order to eliminate previous environ-
mental effects and to provide a standard surface on which to perform weather-
ing experiments. The specimens were placed onto corrosion cells as shown in
Fig. 10 prior to assembly, the cavity of each corrosion cell was filled with
distilled water with a pH of 6.5. The ratio of the surface area of exposed
material to the volume of solution was 0.77 cm-1 The entire assembly was
placed into a constant temperature water bath and maintained for the duration
of the experiment. As illustrated in Fig. 10, the type of corrosion cell used
in this investigation permits the evaluation of synergistic interactions
between various materials, for example between nuclear waste glass and
geological materials. The corrosion cell also allows the environmental
reactivity of a singic material to be determined. This can be accomplished
by placing a teflon specimen over one end of the cell. Both modes were
utilized in the experiments described in this ucction.

Initially, the corrosion cells were used in the single material mode (i.e.,
comparable to placing a teflen specimen over one end of the cell).

Figure 11 shows the infrared reflection spectra before and after weathering
for a tabular chert material (high crystalline) from Florida. The percent
reflection is indicated on the y-axis and the wavenumber, which directly
corresponds to the vibrational frequency of certain chemical bonds, on
the x-axis. The percent reflection is the specular reflectance off the
specimen surface compared to a mirrored surface. Alsa shown in this figure
is the spectrum for a vitreous silica standard used for the purposes of
calibration and to illustrate s imularities in the spectra of materials contain-
ing SiO2-

There are several regions of interest in the spectra shown in Fig. 11. In
the s pectra region from 1400 co-l to 1000 cm-1, the peaks are due to the
silicon-oxygen symmetrical stretch vibration and in some cases to the silica-
nonbridging oxygen stretch vibrations. The well defined peaks that occur at

._
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1200 cm-l are characteristic of materials exhibiting a crystalline microstruc-
ture. Note the absence of the well defined 1200 cm-l peaks in the vitreous
silica spectrum. Af ter corroding the Florida chert, it can be seen in Fig. 11
that the peaks in the infrared reflection spectra have changed slightly in
Juth percent reflection and wavenumber position. These changes are character-
istic of materials that have undergone a surface alteration. The extent of
surf ace reaction on Florida cherts is small on laboratory weathered specimens.
However, extensive reaction can occur in the natural environment over long
periods of time. Electron microprobe data is presented in Fig. 12 for a Florida
chert similar in composition to that discussed for Fig. 11. The data in Fig.
10 was obtained from a sectioned chert specimen buried 90 cm below the surface.
Thermoluminescence analysis indicated that the specimen was approximately
30,000 years old. As illustrated, the iron is leached from the surface causing
a patina to form. The thickness of this patina, which represents the depth of
1 caching, is N700 pm for the 30,000 year old chert specimen.

Figure 13 shows the inf rared reflection spectra of an obsidian f> om Mexico
before and after corrosion. As with the vitreous silica, there is an absence
of well defined peaks at 1200 cm-l. These spectra are characteristic of
materials with microstructure that consist primarily of glassy phase. As
observed with the chert sample, there is a change in both the percent reflec-
tion and wavenumber portion, again suggesting the alteration of the surface.
This specimen was weathered under the same conditions as was the chert specimen
discussed in Fig. 11. It appears that the extent of reaction is not much
different for the two materials under the conditions that they were evaluated.
The solution data presented in Table I also suggests nearly identical dissolu-
tion rates for the elements analyzed.

In order to determine the interactive behavior of two materials in close con-
tact the corrosion cell shown in Fig.11 was again used. In this experiment, a
33 mol % Na20 - 67 mol % SiO2 (33N) specimen was placed over one end of each
of five corrosion cells. A different type of geological specime n was placed
over the other end of each cell as listed in Table II. A sixth corrosion cell
was also prepared containing a 33N specimen on both ends. All corrosion cell-
specimen assemblies were maintained at 25 C for 66 hours.

The concentrations of SiO2 and Na+ in solution and the final solution pH after
66 hours are listed in Table II. The concentration of SiO2 in the corrosion
solutions exposed to the geological samples were much less (% or less) than
that exposed to 33N only. Of interest are the relatively low concentrations of
SiO2 and Na+ found in the solution exposed to the obsidian in comparison to the
other specimens. Although additional work is required before a definitive
statement can be made, it appears that the obsidian imparts a passivating
effect to the corrosion solution, thus slowing down the rate of attack on the
33N specimen on the other end of the corrosion cell. The infrared reflection
data presented in Fig. 14 further suggests the presence cf a film on the sur-
face of the 33N glass corroded in the same corrosion cell with the cbsidian.
The spectra for the 33N glasses corroded in t.he presence of the other geological
materials is characteristic of extensive Na+ 1 caching. In contrast the spectrum
for the 33N glass corroded with obsidian is nearly identical to that for 33N
corroded alone. This type of spectrum is common of specimens on which total
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Table I

Concentration of Ions in Solution After Exposing Various
Geological Fbterials to Distilled Water for 170 Hours at 100*C

Contentration (ppm)

Sample Ba Ca Na SiO2 Zn

Chalcedony (Nevada) 22.0 5.0 6.0 8.0 0.4

Jasper (Idaho) 45.0 7.3 18.8 15.3 1.8

Flint (England) 15.5 3.4 8.0 31.5 -

Flint (Wyoming) 155.0 45.0 4.8 42.5 -

Novaculite (Arkansas) 5.3 1.6 14.0 4.8 0.2

Obsidian (Mexico) 6.8 2.2 2.0 5.5 0.2

Chert (Florida) 4.6 1.6 4.2 2.3 0.1

Table II

Data for a 33 mol % Na20 - 67 mol % SiO2 (33N) Glass * Corroded at
25*C for 66 Hours in Water with an Initial pH = 7.1, SA/V = 0.77 cm-I

Final

Sample pH S107 (ppm) Na (ppm)

33N - English Flint 11.71 1750 2100

33N - Arkansas Novaculite 11.87 2250 1350

33N - Mexican Obsidian 11.35 1450 420

33N - Florida Chert 11.79 1875 440

33N - Nevada opal 11.53 2725 700

33N - 33N 12.21 5025 1300

*The 33N glasses were in close contact wich geological specimens during
exposure (Fig. 10).
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surf ace breakdown has occurred and on specimens where a dual passivating
film has developed. The solution data suggests that the latter is the case
for 33N corroded in the presence of obsidian.

Scanning electron micrographs of the obsidian and chert samples corroded in
the presence of the 33N glass are shown in Fig. 15. The surface attack appears
to coincide with the polish scratches on the chert specimen, whereas the attack
is much more locallized on the obsidian specimen. In fact there is very little
evidence of attack in the polish scratches on the obsidian.

Analor Materials: Leaching of Medieval and Ancient Glasses

Many iedieval and ancient glasses buried or weathered for a wide range of time
are eing studied as analog materials for nuclear waste forms. One series of
ni glasses containing variable contents of SiO2 (Table III) have been buried
it so types of soil (pH = 4.8 ana 7H = 9.5) in England and removed after 1, 2,
and 8-9 years. Figure 16 shows one of the authors (LLH) and English colleagues
removing the 8 year burial samples from the Ballidon mine location which is a
crushed lime rock burial (soil pH = 9.5) (40). A photograph of the nine samples
removed from the 8 year burial is presented in Fig. 17; almost no leaching is
visible. Detailed surface analyses of the thickness of the reaction layers
using I' S and AES are in progress for these samples and will be compared with
equivalent analyses on the 1 and 2 year samples for the same site. Similar
studies are in progress for 1, 2, and 9 year buried samples of the same compo-
sition removed from the Wareham Heath burial site (soil pH = 4.8) (41).
Controlled laboratory leaching experiments on the same samples for short terms
are also in progress. Reaction zone thickness obtained from this sample
series will thus extend over a time range of 6 orders of magnitude when plotted
as in Fig. 4. Comparison of a wide range of other glass composition studies of
glass-crystal interfacial attack using glass-ceramics of varying volume fraction
of crystal phase, and leaching of BPNL glass 72-68 samples with and without a
clay overpack are being conducted by burying 30 samples in the Ballidon Mine
location for removal in November 1979 af ter 1 year.

Also shown in Fig. 17 are other glass samples that have been removed from well
dated archeological digs dating from 300 to 1700 years ago. Surface analyses
f rom these glasses compared with laboratory experiments will thus cover a time

3range on Fig. 4 to a value of %2 x 10 years. Samples labeled A and a are two
different compositions of stained glasses from the old St. Michaels Cathedral
Coventry, England which are approximately 400 years old. The other samples
are glasses from archaeological digs in England dating from 300 to 1700 years
old. IRRS analyses at various locations on the surface of sample A have been
made. The thickness of attack of the glass surface was determined by progres-
sive mechanical polishing followed by IRRS scans revealing a total reaction
thickness ranging from 6 to 12 um. Removal of alkali from the glass is the
primary mode of attack. This is determined by measuring the change in
reflected intensity at 950 cm-1, the location of the silicon-non-bridging
oxygen-alkali molecular stretching vibration discussed in the previous section
and in detail in another publication (42), in glasses of this compositional range.
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Table III

Percentage by Weight in Sample No.

1 2 3 4 5 6 7 8 9

Sio 68.5 50.1 46.5 72.7 72.7 54.3 79.1 70.1 54.2

Al 03 3.6 4.3 3.5 1.1 1.1 14.4 1.8 0.8 -

2

Fe2O3 G.49 0.95 1.2 0.09 0.09 0.42 0.03 very low

P0 - - 4.6 - - - - - -

2 5

Cao 7.3 18.6 21.6 9.2 9.2 17.4 0.2 9.5 -

Mgo 0.5 4.7 5.4 3.1 3.1 4.4 - 1.0 -

Na20 18.2 2.6 0.7 13.3 13.3 0.25 4.2 10.6 8.0

K0 1.3 16.7 16.4 0.5 0.5 0.35 0.3 5.1 4.1
2

Pb0 - O.1 - - - - - - 33.6

Mno 0.34 0.63 - - - - - - --

Cu0 - 0.08 - - - - - - -

Coo - 1.03 - - - - - - -

B03 - - - - - 8.0 14.3 0.6 -

7

F - - - - - 0.5 - - -

Bao - - - - - - - 2.0 -

Sbp03 - - - - - - - 0.3 0.05

As303 - - - - - - - 0.06 0.1

W. W. Fl e tche r , "The Chemical Durability of Glass. A Burial Experiment at Ballidon in

Derbyshire," J. Glass Studies X] , 149-151 (1972).

.
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The magnitude of change in intensity associated with dealkalization of the
surface is plotted for the various locations on the sample in Fig. 18.
Connecting the surface locations with nearly equivalent extents of surface
leaching produces a leaching topographic map. The upper left corner shows
a channel of extensive pitting due to leaching whereas a region in the
middle right shows very little change, only 6-8 intensity units.

This topographic surface leaching mapping procedure provides a quantitative
method for determining whether heterogeneous attack of silicate materials
has occurred. Because of the possibility of heterogeneous attack due to
variations in the environment in contact with a M4F surface, compositional

variations within the NWF, preferential attack at phase boundaries, or
differences of surf ace roughness, it is important to follow the area
dependence of surface leaching with time using a procedure such as that of
Fig. 18. Such variations in leaching of both analog and candidate NWF
materials must be taken into account in constructing long term predictive
curves s imilar to that described in Fig. 4.
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Discussion Following

SURFACE LEACHING OF GLASSES AND GLASS-CERAMICS

Presented by Larry L. Hench

Pedro B. Macedo - Catholic University of America
Comment:
In terms of your talk, I just wanted to point out to the audience that
there are even more complications than the ones that were already
mentioned. For example, the groundwater may have a definite pH. If

that happens, one has all kinds of interesting surface reactions. For
example, a lot of these glasses have aluminum in them. Additions of
aluminum to the glass composition will increase the chemical durability
for neutral conditions. However, the aluminum addition reduces the
chemical durability for both high and low pH. So one has to be very
careful in terms of checking the pH and other ground chemistry. For
example, one cf the interesting things that we have done is to leach
pyrex in acidic pH. We found that instead of the layer becoming more
protective, it becomes progressively worse. In other_words, the chemical
durability of the glass as a function of time gets progressively worse;
more and more silica comes out instead of less.

Hench
Response:
I could not agree more with the importance of small concentrations in
either the solution or the glass. One of the areas that there was not
time to cover is that you can put a few parts per million aluminum in
the solution to which the glass is exposed and it will complex with
the surface film and form a much more protective surface film and
crank all these kinetics down. So there is great potential of design-
ing passivating concepts into overpacks, for example, without having to
give all of the slow-down of leaching from the glass itself.

Heinrich D. Holland - Harvard University
Coment:
First of all, I think you have done some beautiful experiments, but
secondly, I think you may be overinterpreting them. I would like to
suggest two ways in which you have done this. One, you have shown that
during the initial stages of alteration you have a t5 relationship.
This could be due to diffusion. On the other hand, it could be due to
other things as well, and--as you probably know--thgre has been a great
deal of argument about the interpretation of such t relationships. This
is particularly true because in your experiments the silica concentra-
tion varied with time over several orders of magnitude, and may in
itself have affected the kinetics of the reactions. Secondly, and I
think this is more serious, in your experiments you are dealing with
distances of microns. The things that I believe all of us here are
worried about are distances on the order of millimeters or centimeters.
At this point, the only way I know for getting at these thinas at such
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distances is to look at geologic materials. We can do that now. We
can look at alteration sequences over periods of thousands of years
that are reasonably well dated--say in glacial tills. We have done
this. You can look to the sort of thing that Dr. Macedo referred to.
Look at glasses in oceanic environments. He has looked at '.ektites.
We have looked at basaltic glasses and it is obvious that over long
pericas the processes that go on are extremely complicated, the kinetics
are not well understood and I would simply like to caution that taking
your short-term data and extrapolating them to thousands of years may
be extremely dangerous.

Hench
Response:
I could not agree more and time did not permit me to go into the data
that we are getting on the geologic samples and the medieval and ancient
glasses. I hoped to leave an impression in the final comments that I
made that the approach that we are taking on the short-term is to try
to confirm any predictions with data from samples in the longer term.
That may or may not be possible. But we feel that is the only real
hope there is of establishing scientific credibility to such pre-
dictive relationships.

Bob Watt - Los Alamos, private citizen
Question:
I wonder whether you studied the effects of other ions and solutions.
For example, sodium, cesium--things like these that are also found in
groundwaters, perhaps.

Hench
Response:
Yes, time just did not permit going into those.

Watt
Question:
What has been, and will be, studied?

Hench
Response:
We generally find that the effect of ions in solution as well as in
the glass is a direct function of the field strength of the ions. At
a high field strength the ions will complex with the active silica film
and tend to slow down the kinetics; at low field strength the ions tend
to have little effect on the early stage diffusion processes.

._
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High-Level Waste Canister Corrosion Studies
Pertinent to Geologic Isolation *

Jeffrey W. Braithwaite and Martin A. Molecke
Sandia Laboratories **

Albuquerque, New Mexico 87185

ABSTRACT

The compatibility of candidate high-level waste (HLW) canister
materials with deep geologic isolation environments is addressed.
Results are presented which are applicable to the following reposi-
tories or test facilities: bedded and domed salt, sub-seabed sediment,
and various types of hardrock. Such studies are an essential portion
of the technological basis for terminal waste management. These
studies will identify HUN canister or overpack materials satisfying
appropriate requirements for barrier lifetime. Mechanical properties,
as well as constraints on cost and consumption of critically liniited
materials, are also selection criteria. Lifetime objectives range
f rom a minimum of several years. for retrievability constraints up to
several hundred years for retardation of near-field interactions
(e.g., waste form leaching with potential radionuclide release to the
geosphe;e) during the period of greatest HLW thermal output. A review
of present and prior applicable corrosion results is presented.
However, emphasis is on the results obtained from current laboratory
and in situ HLW canister / corrosion programs at Sandia Laboratories.
The effects of multiple variables on corrosion susceptibility and
rates are briefly discussed and some applicable data given. It is

possible to provide a canister /overpack barrier which can survive
geologic isolation environments for periods of several hundred years.

*This work is supported by the U. S. Department of Energy
under Contract AT (29-1)789

**A U. S. Department of Energy facility
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High-Level Waste Canister Corrosion Studies

Pertinent to Geologic Isolation

Jeffrey W. Braithwaite and Martin A. Molecke
Sandia Laboratories

Albuquerque, New Mexico 87185

INTRODUCTION

.

Disposal of high-level wastes (HLW) in stable, deep geologic formations
is presently considered the most viable method for ensuring the isola-
tion of radionuclides contained in the waste. The dispersal of radio-
nuclides is blocked by many barriers which include the waste form, the
canister, possible chemical or physical sorptive barriers, and the
geologic environruent. However, because all waste forms and canister
materials have finite lif etimes in contact with ground water, the
geologic formation itself must be the ultimate long-term barrier for
all concepts of terminal geologic isolation. The geologic environ-
ments being investigated for HLW isolation in the United States

include bedded salt, domed salt, sediments beneath the deep ocean
floor, and various hardrock formations. Sites receiving the most
intensive evaluation recently are the bedded salt deposits in
southeastern New Mexico (the site of the proposed Waste Isolation
Pilot Plant), the ocean sediments in a mid plate / gyre region of the
deep North Pacific, basalt formations on the Hanford reservation, and
a number of hardrock formations at the Nevada Test Site.

The primary focus of this paper is on the HLW canister barrier and its
impact on the overall multi-barrier concept.

Canister Lifetime Definitions

Metallurgical compatibility studies are being conducted to evaluate
the adequacy of materials for use as HLW canisters and/or canister
overpacks under the environmental conaitions which may be encountered
during geologic isolation. Adequacy of waterials for HLW canisters
must be assessed relative to the intended purpose of the canister.
Such purposes and corresponding barrier lifetimes are as follows:

1. reprocessing and interim storage: The waste canister is
optimized for waste reprocessing requirements and temporary
engineered storage (up to 10 years). Studies of corrosion
duriag these stages of the f uel cycle are not considered in
detail in this report.
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2. O to 5 years after emplacement: The waste canister can be
optimized for transportation requirements and/or for
mechanical properties during handling and emplacement opera-
tions in a waste repository. Rapid canister corrosion
resulting in compromise or loss of this engineered barrier is
not considered of major impact for this defined lifetime.
This may be the most desirable canister design philosophy
f rom an economic point of view, but assumes the geologic
medium will function as the only absolute barrier.

3. 5 to approximately 25 years after emplacement: Materials may
be selected to facilitate HLW canister retrieval in the event
retrieval becomes necessary during the early operational
phases of a geologic waste repository. Retrieval may be
required as a safety guarantee to cover any unexpected condi-
tions which may arise in a repository, or if waste buried on
a terminal basis (e.g. spent-fuel assemblies in the "once-
through" fuel cycle) is later viewed as a resource. It must
be emphasized that an intact, non-corroded HLW canister is
not an absolute requirement for retrieval. Techniques are

lbeing developed to retrieve degraded waste canisters in
saltbed isolation by means of overcoring.

4. approximately 300 years: If a canister material can be
selected that survives throughout the major heat generation
phase of the HLW, it can provide a significant retarding
action against thermally driven interactions, e.g. hydro-
thermal leaching. The physical breach of the canister and
subsequent leaching of the waste form by any intruding
leachant is the source for aqueous migration of radio-
nuclides. The major heat producers in HLW consist of fission

137product Cs and 90Sr, both having a half-life of about
30 years. If the waste canister remains unbreached for about
10 half-lives, 300 years (or longer), the fission product
concentration and thermal output of the waste is reduced by a
factor of 1000 (or more) . The thermal driving force for
subsequent interactions is consequently also reduced. The -

canister also prevents the release of any radionuclides until

the radiotoxic hazard measure 2 of the 90Sr and 137Cs is
241less than the radiotoxicity of Am remaining in the

waste; this requires an intact canister barrier of 300 to 400
years after emplacement. Essentially, the fission products
would be partitioned in the canister.

Westik and Turcotte 3 found that high temparature, high pressure
(hf rothermal) leaching of HLW glass and supercalcine quicklyi

solabilizes a signficant amount of fission product Cs, Rb, and Mo into
the aqueous phase. They recommended that hydrothermal (leaching)
conditions be avoided for HLW forms if possible. An intact canister

-2-
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can prevent such conditions for the necessary time. Providing this
canister lifetime option as part of the overall multi- barrier system
must be viewed as a desirable goal. It is not an absolute require-
ment, particularly if a waste isolation site can be selected with a

very low probability for water intrusion during the thermal period.

Objectives:

The basic objectives of compatibility studies of candidate alloys for
canisters are:

1. To determine the extent of operational phase and long-term
interactio' between the waste canister, the surrounding
geologic meula, and any intruding leachant or reactant. This
includes an identification and modeling of compatibility
interaction mechanisms and kinetics under geologic isolation
conditions.

2. To provide information whien can be used for repository
engineering design.

3. To supply measured parameters for overall repository safety
analysis studies. Experimental data and the formulated,
predictive models should permit the assessment of conse-
quences of all interactions.

4. To select materials which have adequate mechanical strength
for handling and emplacement operations in a particular
repository. Material selection criteria should also consider
material costs and consumption of critically limited mater-
ials. It might be concluded that the high cost of some
materials is of secondary concern if the long-term benefits
of such materials are substantial. The primary concern is
the required / defined canister lif etime, in conjunction with
the overall safety of terminal waste isolation.

Various segments of the canister corrosion studies involve laboratory
testing primarily, plus bench-scale and in situ / field heater tests.

Most studies are in progress now and will be described.

Finally, confirmatory testing requires in situ emplacement of actual
canistered HUR into a geologic waste repository or test f acility.
Such testing is now in the planning stages at Sandia Laboratories (HLW
in bedded salt), Rockwell Hanford Laboratory (spent fuel in basalt /
hardrock), and the Office of Nuclear Waste Isolation (HLW and/or spent
fuel in various geologic f ormations) .

-3-
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Effects of Environmental Parameters on Canister Corrosion

Environmental parameters acting upon HLW canisters vary with the
geology of the repository and can have a major impact on resultant
corrosion rates. Several isolation environment parameters for various
repository geologies are summarized in Table 1. Further discussion as

to the eff ect of these variables on resultant corrosior. rates is as
follows:

+

Temperature- Increases in temperature generally increase the
6corrosion rates of metals.4,5 However, as Shannon noted for

steel in geothermal brines, the corrosion retarding passivating film
sometimes b2comes more protective as temperature is increased and the
observed corrosion rates decrease. Also, increases in temperature in

an open system will cauce a depletion in dissolved oxygen in aqueous
solutions. This will decrease the corrosion rate of metals whose rate
is controlled by dif fusion of oxygen (for example, 1018 mild steel).

Pressure: The restraining pressure which an HUN canister is subjected
to in a waste repository affects the corrosion rate primarily in that
it influences the physical state of intruding water and the concen-
tration of dissolved gaseous species. The lithostatic (rock overburden)
pressure combined with the gas impermeability in a bedded salt reposi-
tory or the nydrostatic pressure in the deep ocean sediment will
prevent water vaporization even at high waste temperatures. HLW

emplaced in hardrock formations will not be exposed to liquid water
because of the lack of a confining pressure. These arguments, of
course, depend upon the sealing and reflux properties of the
formations.

Solution Chemistry: Waste canisters will be exposed to any thermal
decomposition products of the geologic isolation formation (CO, SO2'

(0 , N , HC1,etc.) and any dissolved and gaseous species present 2 2
H2, etc.). In general, species in solution which increase the
oxidizing power of that solution (0 , H+, H S, NO , etc.)2 2 3
will increase the corrosion rate. The exceptions are that some alloys
will not support an oxygen current, form a stable sulfide, etc.
Hydrogen ions can also reduce the thickness and therefore the effec-
tiveness of a metal's passivating layer.4 Basic pH conditions can
cause caustic stress corrosion cracking or even rapid dissolution if
the metal is amphoteric.4 Chloride ion is potentially the most
aggresive of the ions in that it promotes localized passive film break-
down (which leads to pitting), and is a key constituent in causing
stress corrosion cracking of many alloys.4 Large concentrations of
chloride can inhibit the corrosion rates of many alloys by salting out
dissolved oxygen and/or by adsorbing and blocking many active surf ace
sites.4

-4-

--

__



251

TABLE 1

REPOSITORY ISOLATION ENVIRONMENTS *

Geologic Formation Maximum Lithostatic /
and Interface Hydrostatic

Waste Type Temperature Pressure Chemistry

Bedded Salt:
Spent Fuel 70-1000C 18MPa 98%NaC1, 1/2% H O2

Commercial HLW 250 C 18MPa 98%NaC1, 1/2% H O2
with potential
localized intrusion of

brine **Nacl-MgCl2

Sub-seabed Sediments: 2000C 55MPa Seawater saturated
Commercial HLW sediments (40% solids)

Hardrock, Shale, 250-300 C Atmospher ic Air and steam for about
Tuff: 100 years, then
Commercial HLW possibly inundated with

ground water

* does not take radiolysis into account
**due to thermally induced migration of brine inclusions

.

-5-
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Stress: The tensile stress present in the canister wall is one of the
essential requiremente icr stress corrosion cracking.4,5,7 Not all
alloys are susceptible to stress corrosion cracking in geologic isola-
tion conditions. For the candidate alloys the environment-specific
experimental study needs to be conducted. For susceptible alloys, the
threshold tensile stress depends strongly on temperature, solution
composition, and the presence of an aqueous phase.

Sensitization and Welding: Alloys containing carbon and chromium can
be susceptible to sensitization. For example, sensitization in
stainless steels refers to the thermally induced formation of chromium
carbide at or near grain boundaries. This increases the suscepti-
bility of the alloy to intergranular attack and intergranular stress
corrosion cracking.4,5 Welding, because of the high temperatures
involved, often leads to sensitization and tensile stress in welded
regions. Stainless steel 304, for example, undergoes sensitization at

0temperatures above 400 C.

Radiolysis Products: A study of gamma-radiolysis and hydrolysis in
bedded salt brines was conducted by G.H. Jenks.8 His conclusions
included the following: (1: the principal corrodant is hcl which

forms from MgCl2 hydrolysis, (2) 2/3 of the MgCl2 Present in the
brine can hydolyze to produce hcl (if the hcl is removed or consumed
as it is formed), (3) important radiolysis products may include small
amounts of C1 , Br2, HNO , ClO3 , and bro -. The chlorates2 3

-

3and bromates will probably not be stable at the high temperatures of
high-level waste. The net effect of the radiolysis products would be
to increase the oxidizing power of the brine to some degree. Similar
studies on the radiolysis of ground water or seawater under repository
conditions have not been performed.

Water Intrusion

There exist two major sources of waters / brines for the corrosion of

RLW canisters in a geologic repository (excluding intervention by
man) : (1) intrusion or hydrologic flow into the repository; this is of
extremely high probability for both sesbed-sediment and hard rock
repositories and of extremely low proLability for a bedded (or domed)
salt repository; and (2) for a bedded salt repository, migration of
brine inclusions (micrometer to millimeter in diameter) up the thermal

9gradient, toward the HLW canister, has been identified . Since this
migration (rate) is a function of the thermal gradient, brine migra-
tion into the canister vicinity would be most rapid for the first
several years after emplacement. Flow would cease in less than 20
years as the thermal gradient between canisters in the repository
decreases. The quantity of brine inflow per canister has been
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calculated (for salt) to be less than 0.4 liters / year.30 Purther
determination of the actual inflow quantity and development of tech-
niques for eliminating any potential consequences of the inflow (via
venting, sorption, pre-heating, etc.) are in progress.

APPLICABLE CORROSION RESULTS FROM RELATED PROGRAMS

A substantial quantity of high-temperature aqueous compatibility infor-
mation has been accumulated. Such data serve as a basis for HLW canis-
ter corrosion studies. Data are available from corrosion programs
involving geothermal energy, seawater desalination, waste isolation
testing (Project Salt Vault)3, and light water nuclear reactor
cooling cycles.

Project Salt Vault

A waste-isolation experiment in a salt mine which was conducted in the
mid-1960's by the Oak Ridge National Laboratory, Project Salt Vault,
produced results most relevant to bedded salt isolation. Conclusions
f rom the corresponding laboratory segment of the Oak Ridge corrosion
programl0, indicated that the austenitic stainless steels were
sufficiently resistant to relatively dry bedded salt at typical
storage temperatures to enable all critical components to be con-
structed from stainless steel (SS) 304L. Typical maximum general
corrosion rates at 200-3000C in synthetic salts with 1/2% water
added were 0.02 mm/yr for SS-304L and 0.1 mm/yr for mild steels. Many
expensive nickel-based alloys and titanium showed substantially better
corrosion resistance than SS-304L. A major problem, however, was the
obaerved susceptibility of the SS-304L to pitting and stress corrosion
cracking in aqueous chloride environmentslo. Results from Project
Salt Vault in situ heater experiments conducted in a salt mine near

Lyons, Kansas confirmed this problem. Significant stress corrosion

cracking of SS-304L heaters and SS-304 thermocouples occurred in
regions where water condensate was present (normally on the top
unheated heater sections) . Only moderate rusting of similar carbon
steel heaters occurred with no apparent reduction in wall thickness.

7Kegley and Dmpson pointed out that four of the five necessary
requirements for stress corrosion cracking (residual stress, elevated
temperature, chloride ion, and parts per billion dissolved oxygen
concentration) were present when the hot SS-304L HUR canisters were
placed in bedded salt. The fifth, the presence of an aqueous liquid
phase, may or may not be present in an actual repository because the
canister thermal loading is not localized or cyclic as it was with the
heaters. It was observed that brine inflow was most significant
immediately af ter the heater was turned off and that this inflow was
due to thermal shock fracturing.9 A determination that ptior

60
exposure of the candidate metals to a Co gamma radiation field did
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not aff ect the corrosion rates of the metals was another signficant
finding of this study.

Geothermal Brines and Seawater

A significant number of studies have addressed metal compatibility in
very corrosive hot geothermal brines because of the role such materi-
als will have in tapping the vast energy source geothermal energy
represents. The data collected in these studies are at least quali-
tatively applicable to the worst-case inundated condition for bedded

6 has screened over 30salt and sub-seabed sediments. Shannon
different alloys for resistance to high temperature brines. This
screening was conducted in a refreshed autoclave apparatus. The
effects of the following variables on corrosion rates were investi-
gated and reported: temperature, salinity, dissolved H S, and2
dissolved silica. Variables making the most signficant contribution
to the corrosion rate of steels were pH, temperature, and film
composition. The alloys which withstood 2500C oxygen free brine
best were Ebrite 26-1, SS 446, high chromium alloys, nickel alloys,
titanium alloys, and zirconium. Chromium additions above 23% appear

llto notably improve corrosion resistance. Carter and McCawley were
led to similar conclusions based on their results from in situ tests

12in the California Salton Sea area. Banning and Oden surveyed the
literature and obtained a compilation of corrosion data for most alloy
systems in hot brines and seawater. This survey included most of data
available at that time concerning both geothermal and desalination
corrosion programs. A brief summary of the major corrosion character-
istics of the various candidate alloy f amilies in hot brines and hot
seawater taken from this survey plus a few related articles
follow.12,13,14,15,16

1. Aluminum alloys: susceptible to stress corrosion, galvanic,
metal ion, and pitting attack. Oxygen must be supplied to
passivate.

2. Copper alloys: most alloys are immune to stress corrorien
with good resistance to marine fouling and general corrosion.
Oxygen discharge usually controls the corrosion rate.

3. Mild, low strength steels: hot brines are very corrosive
with the corrosion rate increasing with increasing brine
velocity, oxygen concentration, temperature, and other
oxi dants . These steels usually do not pit severely nor
stress corrosion crack.

4. Stainless steels: the overall general corrosion rate is much
lower than for mild steels, but the austenitic types are
susceptible to pitting and stress corrosion cracking. The
pitting potential is reduced in many molybdenum stabilized

-8-

_ _ _



255

stainless steels such as Carpenter 20Cb3, Nitronic 50,
SS-316, and Ebrite 26-1.

5. Nickel based alloys: a few of the super alloys (Hastelloy
C-276, Inconel 625) are virtually immune to damage by hot

bri ne s. As the temperature is increased, some of the high
nickel alloys become susceptible to stress corrosion and
localized attack. However, most of the nickel based alloys
have been shown to be very resistant to hot salt stress
corrosion cracking.

6. Titanium alloys: at ambient temperatures, these alloys are

also immune to general corrosion, pitting and crevice attack.
Pitting and crevice corrosion problems usually limit service

0temperature to below 250 C (above 250 C, titanium is not
vastly superior to stainless steels). Many titanium alloys,
such as the TIMET alloy Ticode 12 and Ti-0.2% Pd, were de-

0veloped to increase the service temperature to above 250 C.

Galvanic couples can cause signficant corrosion problems.
17 investigated this problem with long term (greater than 16Southwell

yr) tests in tropical seawater and f rom these results made a compila-
tion of bimetallic couple corrosion data. For example, carbon steel

was shown to protect the mild steels, the stainless steels, and
Monel. Incidentally, the excellent corrosion resistance of commer-
cially pure lead was demonstrated during these tests.

Archeological Data

Archeological corrosion data are of interest when attempting to pre-
dict the long-term integrity of the canister (af ter the thermal output
of the waste had diminished) in a seawater environment. R. F.

Tylecote recently reported on the archeological metal corrosion18

evidence gained f rom exploring historical shipwrecks (dated 400 to
2000+ years old) . His conclusions include: (1) lead and copper or

some copper-base alloys can last for over 1000 years in a submerged
seawater environment; (2) a 5-10 cm casing of lead could be used for
periods up to 2000 years; (3) a 1000-year lifetime could be provided
with a 1- to 2 cm thick wrought copper shell, or alternately, a 14%
tin bronze shell. This type of data must be used with a great deal of
caution, however, because of differences in seawater chemistry which
occur on the ocean floor and in sediments which have been heated and
irradiated.

Retrievable Storage for HLW

Mecham, Seefeldt, and Steindler19 comprehensively studied factors
influencing the reliability of HUN canisters in retrievable storage
configurations. Certainly, many of the considerations explored in
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their study may be applicable to waste isolation in deep geologic
media. Some of these considerations include waste form characteri-
zation and associated chemical effects on canister properties,
fabrication and closure of canisters, conditions and methods of
control of both external and internal attack, and reliability
establishment methods.

CURRENT CANISTER CORROSION PROGRAMS AND RESULTS

Several DOE funded corrosion studies related to HUN isolation canisters
are now in progress. Such studies include corrosion related to waste
solidification processes (internal canister corrosion), water basin
storage, and compatibility of the candidate alloy with both the
vitrified HLW and expected isolation environments.15,20,21,22,23

It has been found that corrosion effects in water basin storage are
either insignificant or can be controlled by proper water process
control.20,21 However, a problem which transfers to the isolation
site is the high tensile stress in the canister wall which results
f rom glass solidification processes due to different coefficients of
thermal expansion of the waste glasses and the metal canisters.

A long-term (50,000 hour) compatibility study of candidate HLW glass-
metal-rocksalt interactions is being conducted at the Savannah River
Laboratory.21,22 This study includes internal canister corrosion
measurements (f rom in-can melting of glass) as well as long-term, dry
salt interaction evaluations. Very few results from the long-term
interactions segment are presently available.

The compatibility of seven metals and eight alloys (Ta, Hf, Au, Ag,
Pb, Ti, Cu, 1018 mild steel, 316 stainless steel, Everdur bronze,
Monel, Coronze, Hastelloy C, Zircaloy-2, and alpha-brass) with 2500C
concentrated brine is being studied at Pennsylvania State University
to determine relative corrosion resistances.23 The only result to
date is that no catastrophic breakdown has been observed with any of
the metals tested.

The Swedish Nuclear Fuel Safety Project task group has recommended the
following canisters for disposal of spent fuel placed in hardrock
formations:24

(1) Reprocessed waste will be packaged in a 6mm-thick titanium
canister with a 100mm-thick lead lining.

(2) Spent unreprocessed fuel will be encapsulated with a 200mm-
thick copper canister.

(3) Spent fuel assemblies might also be enclosed in ceramic
alumina canisters produced by sintering under hot isostatic
press ure.

-10-
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Sandia HLW Metallurgy Program

The emphasis of the remainder of L is paper is on results obtained in
a broad scope MLW metallurgy program being conducted at Sandia
Laboratories. This program addresses candidate canister and overpack
metal corrosion in deep geologic isolation environments. It nay be
considered necessary to provide a corrosion resistant overpack in
order to satisfy future lifetime design requirements. For example,
the susceptibility of a SS-304L canister to stress corrosion cracking
and pitting makes it unacceptable for 20-year retrievable storage in
salt or sea-sediments.

The corrosion program at Sandia consists of both laboratory and field
testing phases. Only the bedded salt and sub-seabed environments need
to be simulated in the laboratory because the poor sealing properties
of hardrock coupled with the high operating temperature at the
hardrock-canister interface (200 ~00 C) will ensure that extensively
studied air and steam oxidation processes will be dominant. The field
or in situ experimental results will be used to confirm the predictive
analytical models based on laboratory data (bedded salt or sub-seabed)
or the high-temperature oxidation data presented in the literature

0(hard rock). Tne 70 C data presented in the Laboratory Results
section on crushed salt and weld effects are also applicable to the

case of spent fuel disposal in bedded salt, and to long term corrosion
of the alloys af ter the th;rmal output of the waste has diminished.

A wide range of metals representing many dif ferent alloy groups have
been considered as candidate commercial HDW containment materials for
this program. The alloy selection was based on published corrosion
results in chloride media at both low and elevated temperatures. Some
of the alloys, notably copper, lead, and cupronickel, must be con-
sidered only as canister overpack materials because of their very low
mechanical strength. A list of candidate metals and their chemical
compositions are given in Table 2.

Sandia Laboratory Results

Most of the data to be presented resulted f rom coupon weight loss
experiments under static inundated solution conditions. These high-
temperature hydrothermal experiments were conducted for periods of two
to eight weeks in SS-316 and Hastelloy C-276 autoclaves. The coupons

were machined from 0.62cm plate and were sealed in either pyrex or
fused quartz tubes along with an aliquot of solution (sea-sediments
and crushed bedded salt were added to seawater and brine experiments,
respectively). The experiments with oxygen were conducted in open
ended fused quartz tubes. At the completion of the experiment,
corrosion products were removed by either vapor or low pressure glass
bead surface boning.

- 11-
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TABLP 2

NO'1TN A; CHr. :10/tL CO::EWI rION OF CANDIDir' ALUHS

Alloy C Mn Si Cr Hi Mo re Cu Others

1018 Mild Steel .18 0.75 0.25 - - - cal - -

4130 Carbon Steci .3M* 0.5 .3 1.0 - .2 Bal - -

Cotten A Steel * .1 0.4 0.5 1.0 - - Dal - .02T1

2 1/4 Cr-1 Mo .2 0.8 0.3 2.2 - 1 In1 - -

Naval Brass - - - - - - - 60 39' n,1Sn2

90-10 Cupronickel - - - - 10 - 1.3 88.7 -

SS-304 .0BM 2.0" l.0M 11 10 - Bal - -

SS-3]G .08M 2. 0;! 1.0A 17 12 i.5 1 .- 1 - -.

SS-Nitronic 509 .06M 5 - 22 13 2.25 Bal - .2Nb,.2V

ISS-20-Cb3) .07M 2.0" 1. C!! 2C 34 2.5 Dal 3.5 -

SS-Ebrite 26-Id .01:1 0.4M 0.4M 26 0.5M 1 Bal 0. 2i4 -

Monel /.003 .2 1. 0 0.2 - C6.5 - 1.2 31.5 -

Incoloy 825a .03 0.5 0.2 21.5 42 3.0 30 2.2 0.9Ti

Ir.conci 6003 .04 0.20 0.20 15.5 '/ G . 0 - 0.0 - -

In'conel 6250 .05 0.2 0.2 21.5 C3 9.0 2.5 - 4% 0.2 ri

Hastolloy C-276C - - 15 59 .7 5 - 4.1

Zi:.caloy 2 .12 - - 0.1 0.05 - - - 1.SSn,90.22r

Ti ta:i t um , C.P. - - - - - - - - 99.5Ti

T i t-W 12f .012 - - - D.84 0.34 69 - 98.9Ti

MP3hM - - - 20 35 13 - - 3500

*M denote s :r ;ximun

D .u re n: m T-d nol o;v C~ p.Ti edenw kc : j!unting ton 1.1]ovs; C
f'Ccl'a t Corp; ";.31t]herly tr ?lu . In?un L r isc . C U.S. s(cel; ylger;

9/d a o ) ! teel Corp
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The inundated environment is extremely improbable for bedded salt and
represents the worst-case condition of brine / water intrusion af ter
repository closure. Sub-seabed sediments contain approximately 60%
seawater; therefore, a highly corrosive inundated situation is more
probable. Static conditions should prevail because large solution
convections in either repository are very unlikely. Some corrosion
results of both welded and unwelded coupons in more probable dry salt
environments will also be presented.

A principal objective of the laboratory studies to date has been to
provide preliminary scoping data and to select 6 to 8 metals for
further comprehensive study from the previously mentioned list of over
20 candidate metals; the selected alloys are presented in a later
section. Data gathered f rom tests on all of the candidate metals are
presented here.

Effect of Solution Composition: The effect of two near-saturated
brines along with seawater plus sea sediments on the corrosion rates
of many alloys in 250 C, deoxygenated solutions is shown in Table
3. The composition of the two brines and seawater is given in Table
425,26 Brine "A" is a high Mg/K/Na chloride brine and is repre-
sentative of watet which might intrude into the proposed Waste
Isolation Pilot Plant (WIPP) site by percolation through an overlying
potash zone; it is also considered tentatively representative of minute
brine inclusions found in bedded-salt formations. Brine "B" is a

near-saturated, predominantly Nacl brine representative of dissolved,
bedded salt at the 800m horizon of the proposed WIPP site.

The interesting observation f rom these data is that the solution

corrosiveness increases in the order: Brine B < Seawater < Brine A.
This result is due to the diff erences in pII of the hot solutions, as

shown in Table 5. These reported pH values were measured at 25 C
af ter heating the solutions to the indicated temperature and quenching.
These pH values are not to be taken as the actual values at tempera-
ture, but are indicative of an irreversible acid producing reaction

which occurs in Brine 7. and seawater. This reaction is the hydrolyses

of MgCl2:

MgCl2 + 2H O Mg(OH) 2 + 2 hcl+
2

The actual pH will be somewhat higher than the values in the table due
to bisulf ate and bicarbonate equilibria.6

Localized attack on mirror polished coupon surfaces was minimal for
most of the candidate alloys studied in the three solutions.
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TABLE 3

CORROSION RATES OF CANDIDATE ALLOYS IN
DEOXYGENATED SOLUTIONS (250 C, P = SMPa)

Brine A Brine B Seawater
Alloy (mm/yr) (mm/yr) (mm/yr)

1018 Mild Steel 1.7 0.07 0.4
Corten A Steel 0.9 0.05 0.2
2 1/4 Cr-1 Mo Steel 1.0** 0.l** 0.2
Lead 0.5 0.3 0.3
Copper 0.07 0.05 0.05
Naval Brass 1.0 - 1.0
90-10 Cupronickel 0.14 - 0.07
SS-304L 0.018 0.01 0.006
SS-316L 0.015 - 0.005
SS-Nitronic 50 0.008 - 0.003
SS-20Cb3 0.007 - 0.005
SS-Ebr ite 26-1 0.016 - 0.005
Monel 400 0.03 - 0.1
Incoloy 825 0.006 0.004-

Inconel 600 0.009 0.007 0.005
Inconel 625 0.005 0.001 0.012*
Ilastelloy C-276 0.007 - 0.0015
Zircaloy-2 0.001 - -

Titanium C.P. 0.003 - 0.006
Ticode 12 0.0006 0.005-

* itting corrosion; ** crevice corrosionp
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TABLE 4

REPRESENTATIVE SOLUTION COMPOSITIONS
(major ions)

Seawater Brine A Brine B
Ion (ppm) (ppm) (ppm)-

Na+ 10,651 42,000 115,000
K+ 380 30,000 15
Mg+2 1,272 35,000 10
Ca+2 400 600 900
Sr+2 13 5 15

Cl- 18,980 190,000 175,000
-2

SO4 884 3,500 3,500

I- .05 10 10

Br 3 ~
HOO

65 400 400

B03
- 1200 10

pH 8.1 6.5 6.5

Total Dissolved
297 /1Solids: 35g/l 306 /1 99
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Effect of Oxygen: The effect of a substantial quantity of dissolved
oxygen on the corrosion rates of selected alloys in Brine A and sea-
water is shown in Table 6. A constant partial pressure of 1 MPa
oxygen was used during the course of the experiment to maintain a high
level of dissolved oxygen; this should represent an overtest of the
worst-case effects of oxidizing radiolysis products on corrosion. The
eff ect of oxygen was greater in the case of seawater than Brine "A"
because of greater oxygen solubilty in seawater than Brine "A". It is
interesting to note that the oxygenated corrosion rates of all alloys
studied (Table 6) increased over their corresponding deoxygenated
rates (Table 3). Many of these metals have been shown not to support
an oxygen current at 25 C15; this apparently is not the case at
250 C. This effect and the unexpected discovery that Hastelloy
C-276 pitted in these solutions will be investigated further using
electrochemical techniques.

Effect of Temperature: The effect of temperature on the initial
corrosion rate of 1018 mild steel in deoxygenated seawater and brine B
was determined using linear and Tafel DC electrochemical polarization
techniques. The temperature range considered was 25 to 200 C.
These calculated rates were an order of magnitude higher than measured
similar long-term weight loss results (Table 3). This difference
resulted because the electrochemical derived value represents an
instantaneous initial rate. However, useful quantities are the
apparent activation energies which were calculated using these initial
results. These values equaled 5 kcal/ mole for Brine B and 4 kcal/ mole
for seawater. A more extensive study of temperature effects on the
corrosion of selected candidate metals is presently in progress.

Effect of Moisture Content (Dry, Moist) : An experiment was conducted
in which coupons were placed in crushed salt at 200 C with 100%

relative humidity present. The following corrosion rates (mm/yr) were
measured at the conclusion of this test: 1018 mild steel = 0.15;
SS-304 = 0.004; SS-20Cb3 = 0.004; Inconel 600 = 0.004; and Ticode 12 =
0.004. As expected, all of these rates were less than those under

inundated Brine B conditions (Table 3), but still not insignificant.

The corrosion rates of 1018 mild steel and SS-304L in dry crushed
bedded salt with 1/2% water added were not measurable at 25 C,
70 C, or 200 C after 5 months of exposure. At 70 C and 200 C
the steel samples showed only slight surf ace corrosion. The SS-304L
samples were marked with a few small pits. Of course, experiments
such as these only confirm well known observations that relatively dry
salt mines are not corrosive to even susceptible alloys like 1018 mild
steel.

-16-
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TABLE 5

EFFECT OF TEMPERATURE ON QUENCHED SOLUTION pH

Temperature Seawater Brine A Brine B
(OC) 25 C pH 25 C pH 25 C pH

25 8.1 6.5 7.2

100 8.6 7.0 7.6

200 5.5 - 6.6

250 3.9 3.4 -

270 3.3 - 6.3

TABLE 6

CORROSION RATES OF CANDIDATE ALLOYS
IN OXYGENATED SOLUTIONS

(250 C and P=7MPa)
(0 ) =600 ppm in Brine A and 1750 ppm in Seawater.2

Brine A Seawater
Alloy (mm/yr) (mm/yr)

1018 Mild Steel 7.0 11.0
Copper 1.2 5.0
Lead 1.2 1.0
90-10 Cupronickel 0.4 0.7
SS-Ebrite 26-1 0.24 -

SS-20Cb3 0.1** -

Inconel 600 - 0.1

Haste 11oy C-276 0.06* 0.2*
Ticode 12 0.004 -

* pitting and crevice corrosion
** crevice corrosion
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Effect of Solution Volume and Hydrostatic Pressure: Most of the
coupon experiments were conducted with a solution volume / alloy surf ace

2area ratio of 2-3 ml/cm and a pressure of 5 MPa (700 psi).
Lowering the solution volume / surf ace area ratio by a f actor of 10

doubled the corrosion rate of 1018 mild steel. This result was
probably due to the lower observed pH of the small volume experiments
(3.2 versus 4) . While this effect on the more corrosion resistant
alloys is unknown, it is not expected to be as great. The effect of
increasing the hydrostatic pressure on a wide range of alloys under
deoxygenated conditions was to increase slightly the corrosion rate.
This increase, however, was within experimental error and, therefore,
the determination of its signficance requires further investigation.
This work is in progress.

Effect of Welding and Crevices: Welded coupons with clamped crevices
made f rom 1018 mild steel, SS-304L, and Hastelloy C-276 were exposed
to deaerated Brine B at 700C, and 200 C. Crevice corrosion
problems were nonexistent in these deaerated solutions. The 1018
steel samples exhibited general. corrosion but no weld attack. The
SS-304L specimens showed numerous pits around the welded areas at
70 C only, whereas the Hastelloy C-276 samples were virtually immune
from attack. Corrosion rates were again unmeasurable at 700C. =

Measured corrosion rates at 200 C are as follows: 1018 = 0.1 mm/yr;
SS-304L = .005 mm/ year; and Hastelloy C-276 = 0.0001 mm/yr. The
surprising lack of pitting of SS-304L at 2000C must be due to a
significant separation between the rest and pitting potentials in
deoxygenated high temperature brine. This electrochemical effect will
be explored in greater detail.

Field Testing Results
,

Full-size heater experiments are being conducted or are scheduled at
the following times and places:

1. January 1978 to August 1978, in the Conasauga formation in
Tennessee

2. June 1978 to December 1978, in the Eleana shale formation at
the Nevada Test Site

3. Summer 1979, in bedded salt in New Mexico
4. Summer 1981, in the deep North Pacific Ocean (sub-seabed

sediments)

Conasauga Experiment: The Conasauga experiment has been completed.
Galvanically isolated metal coupons were attached to the bottom of an
electrical heater. The heater was placed into a forced dry hole in
this hardrock formation. The following metals were evaluated:
SS-Nitronic 50, SS-20Cb3, zirconiun, Kovar, Hastelloy C-276,

-18-
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aluminum 2024, 1018 mild steel, 4130 carbon steel, Inconel 600, MP35N,
titanium C.P. and SS-304L. The samples were held at about 200 C for
180 days. Only surf ace oxidation with superficial corrosion occurred
during this test indicating that thermal decomposition products of the
formation are not corrosive. However, another heater was placed in a
very wet hole; the SS-304L heater shell tarnished, but corrosion was
insignificant. A problem did occur near the top of the heater where
condensed water existed. Here, all the thin SS-304 sheathed thermo-
couples, which had been severely deformed to fit alongside the
canister, stress corrosion cracked. In the future this thermocouple
problem will be avoided by using Inconel sheathed thermocouples.

Bench-Scale Salt Block Experiment

In order to scale-up laboratory corrosion testing for the bedded-salt
(WIPP) corrosion study, an electrically heated bedded-salt block
(a 1-meter cube) was utilized. The salt block (halite) was obtained
f rom a southeastern New Mexico potash mine at approximately the
300m-deep borizon. Fourteen candidate corrosion coupons were picked
to represent a wide range of classes. Included were the following:
(1) titanium C.P., (2) titanium-6V-4Al, (3) Hastelloy C-276, (4)
Inconel 600, (5) zirconium, (6) Zircaloy-2, (7) Zircaloy-4,
(8) SS-20Cb3, (9) SS-Nitronic 50, (10) SS-304, (11) 17-4 pH stainless
steel, (12) 70-30 brass, (13) aluminum 6061, and (14) 1018 mild
steel. These alloys are listed in order of expected decreasing
corrosion resistar.ce. One surf ace of each coupon was mirror polished
and photographed. This would enable a qualitative visual determina-
tion of any corrosion to be made. Power was supplied to the heater
for 99 days. The temperature at the bottom of the coupon hole was
maintained between 100 C and 150 C for most af the duration of the
experiment. Examination of all coupons confirmed what might have been
expected, that is, nothing corroded. Most of the coupons and the
plain carbon steel heater shell appeared exactly as they did four
months earlier, except for the 70-30 brass, 1018 steel and 304
stainless steel coupons. Each of these three had a thin, nonadherent
oxide film on the polished surf ace. The weight change was below
experimental detection limits. This indicated the presence of
moisture at one time or another, but the abscnce of pitting on the
SS-304 and aluminum sample showed that the moisture was present only
temporarily, most likely before startup.

Selection of Candidate Metals for Further Study

Eight candidate alloys have been selected for further comprehensive
study. The selection criteria included corrosion resistance under a
variety of conditions, along with metal cost and availability. The
selected prime candidate alloys are as follows (listed in order of
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increasing corrosion resistance): 1018 mild steel, Corten A steel,
lead, 90-10 cupronickel, SS-Ebrite 26-1, Monel 400,Inconel 600, and
Ticode 12.

ONGOING AND FUTURE RESEARCH

The following studies are currently underway at Sandia Laboratories or
are planned to commence by early FY 1980:

Bedded Salt and Sub-Seabed Compatibility Studies

1. More sensitive corrosion measurement techniques for use on
very corrosion er sistant alloys are needed. Techniques under
consideration include ion implantation of markers, radio-
chemistry, and instrumental analytical chemistry methods.

2. Further, comprehensive investigations on the effects of
geologic isolation environment variables on the corrosion
characteristics (type of cortosion) and corrosion rate are
being conducted on the eight prime candidate alloys identi-
f l ed. The types of investigations and variables studied are
as follows:

(a) temperature (25 C - 250 C)

(b) dissolved 02 concentration (0 - 1000 ppm).
Electrochemical methods will be used to determine
whether metals will support an 02 current

(c) welding and sensitization
(d) solution composition (Brine A, Brine B, Seawater)
(e) solution volume / surf ace area ratio
(f) hydrostatic pressure
(g) flowing vs. static solution systems
(h) prior radiation damage
(1) intense gamma irradiation /radiolysis product effects

on the canister-salt-brine system (at low and elevated
temperatures)

(j) stress corrosion cracking susceptibility at low and
elevated temperature through use of slow strain rate
technique

(k) long-term ( greater than 1 year) 250 C exposure to
brine and seawater.

3. Long-term compatibility studies of selected alloys will be
conducted with the more probable dry bedded-salt condition.

This part of the study will complement the similar ongoing
program at the Savannah River Laboratory.21,22
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4. (a) An in situ heater / corrosion test in bedded salt, in
southeastern New Mexico (not the proposed WIPP site),
will begin late in fiscal year 1979. This test will
complement the ongoing laboratory tests, but on a
larger scale. A similar heater experiment in the deep
North Pacific will be conducted in late 1982.

(b) In situ demonstration testing with actual canisters of
reprocessed, commercial HUN will commence at the
bedded-salt WIPP facility when the first quantities of
HLW are received for experimental purposes, in approxi-
mately early 1986. Experimentation only, not terminal
isolation, is scheduled for HUN in the WIPP. Corrosion
testing, overtesting, and demonstrations are but a
small portion of the overall in situ experimental
program perceived for the WIPP. Such testing and
demonstrations will help confirm previous laboratory,
bench-scale, and in situ heater testing results and
further verify analytical models based on such data.
In situ real-waste experiments provide a real- world
final test, with no assumptions or simulations, and
are considered an absolute necessity for a totally
conclusive compatibility evaluation.

Hardrock Studies

In situ heater experiments to verify expected environmental effects on
corrosion and canister alloy recommendations will be continued.

ECONOMIC IMPACT OF CANISTER MATERIAL

Certainly, the cost of a HUN canister /overpack and the impact of that
metal on available natural resources should be selection criteria.
For comparative purposes only, the proposed reference high-level waste
canister for the WIPP program will be assumed to be a 9tandard cani-
ster design. This canister is a double-shell right circular cylinder
with a 15-foot (4.6m) overall length and a 14-inch (0.36m) outside
diameter. This canister allows for the accomodation of commercially

reprocessed high-level wastes and/or spent-fuel assemblies. The
selected diameter (along with the assumed vitrified HUN composition)
limits the maximum canister-bedded salt interface temperature to
approximately 250 C. An assumed overpack is made from schedule 10
(0.25-inch wall) pipe. The inner-waste stainless steel canister is
made f rom 12.75-inch O.D. schedule 40 (0.406-inch wall) pipe.
Obviously, these dimensions may be altered in the future, based on
many dependencies or requirements. The inner canister provides the
necessary mechanical strength for handling, emplacement, and for
withstanding geologic overburden pressure. The effective volume of
the canister is 295 liters. Kisner et al27 proj?cted that

-21-
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10,400 m3 of commercial IILW glass will have been processed by the
year 2010 (assuming HLW reprocessing). This waste will fill 35,200
canisters, corresponding to the generation of 9X1013kwh of power. A

stainless-steel inside canister will be assumed in order to meet the
requirements of in-can melt reprocessing requirements. The remainder
of this section will address candidate corrosion resistant overpack
metals.

Comparative Reference Overpack Costs

Comparative reference overpack costs for a variety of metals are shown
in Table 7. Overpack f abrication charges are not included. The very
high costs of the corrosion-resistant alloys can be quite misleading
because most lifetime design requirements would not require a full
quarter inch of these metals for corrosion protection. Utilizing data
in Table 6 for the worst-case, brine inundated, 250 C, oxidizing
environment, overpack material costs were recalculated for a "l-year
(transportation, handling)," "25-year (retrievability) ," and "300-year
lif etime" barrier. These costs, relative to the cost of a Ticode 12
overpack, are shown in Table 8.

Uniform corrosion rates generally decrease with time; this would make
long-term extrapolations based on our short-term experiments somewhat
conservative. However, this type of extrapolation is not well sub-
stantiated and therefore the data presented in Table 8 should be taken
as semi-quantitative for comparative purposes only. Thin coatings of
the corro2 ion-resistant alloys can be very effectively submerged arc
deposited or plasma sprayed onto less expensive substrates. Clearly
future design requirements or lifetime options will eventually dictate
which alloys and which methods of application are most economical or
desirable.

Material Requirements vs. Resource Reserves

Another important area which needs to be addressed is the impact of
the materials selection on availability and total-world natural
resource reserves. The annual raw material requirements for a number
of alloys is shown in Table 9. These figures are based on a 20-year
linear production schedule of the required 35,200 ref erence (1/4-inch
thick) over packs. The impact of this annual requirement on present

28U.S. availibility and the overall 20-year requirement on world
29reserves is shown graphically in Figure 1. The large impact on

annual consumption of titantium is not as signficant as it appears.
Titanium production facilities are currently not being run at full
capacity because of low demand. Additionally, a full quarter inch of
overpack may not be necessary, as mentioned previously.

-22-
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TABLE 7

COMPARATIVE REFERENCE OVERPACK ALLOY COSTS
(all based on 1978 dollars, excluding final fabrication charges)

S/Overpack Total Overpack Alloy Cost
Alloy S/lb (0.25-inch wall) by Year 2010 (Millions)

A36 Mild Steel 0.26 145 5

Corten A Steel 0.31 167 6
Lead 0.81 650 23
Copper 1.88 1195 42
90-10 Cupronickel 2.54 1614 57
SS-Ebrite 26-1 2.53 1394 49
Monel 400 3.72 2180 77
SS-20Cb3 3.72 2050 72
Incoloy 825 3.62 2041 72
Inconel 600 4.11 2613 92
Titanium C.P. 5.96 1917 67
Ticode-12 7.15 2300 81
Hastelloy C-276 7.65 4860 171
SS-304L (Canister) 1.04 778 27

TABLE 8

RELATIVE ECONCAIC OVERPACK DESIGN DATA, BASED ON CORROSION RATES
IN WORST-CASE INUNDATED, OXIDIZING, 250 C BRINE "A" ENVIRONMENT

Relative Alloy Cost for Overpack Required
to Provide Stated Lifetime **

Alloy 1 year 25 years 300 years

A36 Mild Steel 0.3 7 83
Lead 0.3* 5 64
Copper 0.5* 10 117
90-10 Cupronickel 0.7* 4 52
SS-Ebrite 26-1 0.6* 3 28
Hastelloy C-276 2.0* 2 24
Inconel 600 1.l* 1.2 14
Ticode 12 1.0* 1.0* 1.0*

minimum wall thickness 1.6mm (1/16-inch sheet)*

** wall thickness calculated from corrosion rate or taken as
1.6mm,* whichever is greater. Cost of 1.6 mm Ticode 12
overpack is $580 (1978).

-23-
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TABLE 9

ANNUAL RAW MATERIAL REQUIREMENTS THROUGH YEAR 2010
(20-YEAR OVERPACK PRODUCTION SCHEDULE)

Critical Annual Tonnage (tons)
Alloy Component Required

A36 Mild Steel Fe 490

Lead Pb 710

90-10 Cupronickel Cu 501

SS-Ebrite 26-1 Cr 126

Hastelloy C-276 Ni 330
W 22
Mo 95

Ticode-12 Ti 283

-24-
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It should be stressed that the most cost-effective material can only
be identified af ter a site-specific environment is fully defined and
lifetime design requirements are chosen. For example, if bedded salt
repository conditions could be predicted to remain dry indefinitely,
then a 1018 mild steel canister would provide a substantial period of
isolation.

SUMMARY

Disposal of high-level waste in stable geologic formations is presently
considered the most viable method for insuring the isolation of radio-
nuclides contained in the waste. Although the waste canister is only
one of several physical / geochemical barriers which block the dispersal
of radionuclides towards the biosphere, it may play a significant role
during the first several hundred years after emplac2 ment. The compati-
bility of candidate waste canister mater'.als with Ceep geologic
isolation environments is being investigated in a series of inter-
related laboratory, bench-scale, and in situ experiments. Results
presented are partially applicable to bedded and domed salt, sub-
seabed sediment, and various types of hardrock geologic waste reposi-
tory or test f acilities. Emphasis in this work is on bedded-salt and
seabed environments.

Candidate HLW canister and overpack metals which satisfy appropriate
requirements for barrier lifetime, costs, and mechanical properties
have been identified using data presented. Lifetime objectives
generally range f rom 0-5 years for transportation and handling require-
ments, to 5-25 years for waste retrievability constraints, and
approximately 300 years for retardation of near-field, thermally
driven interactions such as wasteform leaching, followed by potential
radionuclide migration.

Objectives of metallurgical compatibility testing include: further
defining interaction kinetics and mechanisms under appropriate condi-
tions; providing data necessary for repository design and overall
repository safety analysis studies; and, making and testing predictive
analytical models based on such data. Corrosion data from the Project
Salt Vault waste isolation test in bedded salt, data from geothermal
brine testing, and other existing data are incorporated where
applicable. The bulk of data (and emphasis) is on corrosion studies
in progress at Sandia Laboratories.

Several series of laboratory tests were conducted to evaluate the
effects of environmental parameters on resultant corrosion rates. The
parameters represent both optimized emplacement conditions and
credible, worst-case (e.g. , water intrusion) boundary conditions.
Variables tested include: temperature (25-250 C) , pressure,
solution composition, oxygen concentrations, solution volume / surface
area ratios, welding and crevice effects, and dry and moist salt
e ff ec ts. Several conclusions may be based on this data.

-26-
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1. Solution corrosiveness increases in the order

Brine B (Nacl) < Seawater < Brine A (Mg/K/Na chloride)

These differences are probably due to a pH effect (conclusion

#2).

2. The pH of seawater and Brine A decreases (from 8.1 and 6.5 at
25 C) as the solution temperature is raised (quenched,
250 C pH values are 3.9 and 3.4, respectively) . Brine B pH
values changed less than one unit.

3. The presence of substantial amounts of oxygen increases the
corrosion rate of all alloys in seawater and in brine.

4. Localized attack (crevice corrosion and pitting) in deaerated

200 C and 250 C seawater and brine has been minimal even
for 304L SS. This is surely due to a signficant separation
between the rest and pitting potentials of these alloys at
the high temperatures investigated. The high temperature
electrochemical properties of these alloys are presently
being studied. In the presence of oxygen, however, signi-
ficant localized attack has been observed even in the very
corrosion resistant alloys such as Carpenter 20Cb3 and
Hastelloy C-276.

5. The eff ect of radiolysis products (due to high dosage gamma
irradiation) is an area that is still insufficiently quanti-
fl ed . More investigation is planned.

6. The economic impact of utilizing several candidate canister
and canister overpack materials is also addressed. Overpack
costs were calculated for possible 1 , 25 , and 300-year
design lif etime requirements under worst-case, brine inun-
dated, 250 C oxidizing environments. The most expensive
(per unit weight) alloys appear to be cost-effective for both
the 25- and 300-year lifetime alternatives. Alloy require-
ments can be satisfied with present U.S. production capacity.

7. A wide range of approximately 20 candidate metals was
initially tested for corrosion rates under appropriate
simulated HLW isolation conditions. Based on these initial
results, published data, and alloy costs and availability,
eight prime candidate alloys were selected for further
comprehensive study: 1018 mild steel, Corten A steel, lead,

90-10 Cupronickel, SS-Ebrite 26-1, Monel 400, Inconel 600,
and Ticode-12.

-27-
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In conclusion, it appears possible to provide an HLW canister-overpack
system which can survive the potentially corrosive environments of a
terminal isolation geologic facility for desired periods of time. A
canister /overpack can protect the HLW form from aqueous leaching
(assuming an intruding leachant) during the period of greatest waste
thermal output--and greatest reactivity. The canister /overpack system
can thus be a valuable segment of the multibarrier concept for HLW
isolation. Studies are in progress to both further assess and then
conclusively demonstrate the utility of this engineered, metallic
barrier.

-28-
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Discussion Following

HIGH-LEVEL WASTE CANISTER CORROSION STUDIES PERTINENT TO
GE0 LOGIC ISOLATION

Presented by Jeffrey W. Braithwaite

Robert Leachman - NRC
Question:
It is conceivable, and I emphasize the word conceivable, that the
licensing process might require the canister designer to certify its
reliability on its own accord--not as part of a system of barriers.
Is it possible to certify the canisters for the lifetime of the hazard
for the fission products (namely 500 or 1000 years), for example, under
the worst case conditions of salt--perhaps also the worst case conditions
of basalt. If it is not possible to certify this, what more needs to be
done?

Braithwaithe
Response:
I would think, with the scope of the present studies expanding as we
hope they will, that it is definitely possible. I think that approxi-
mately 500 years is the limit. The DOE sponsored a symposium in
Washington last year in June, and a lot of corrosion experts got together
and talked that over--what was the maximum lifetime that anybody would
dare sign their name to. That is what you are talking about, that
thermal period plus a touch. I think that is very possible and very
achievable, but no more than that.

Robert Anderson - San Jose State University
Question:
I am curious about your corrosion rates. What would happen if there
was a radiation field. Would corrosion increase or decrease in a
radiation field? Also, will candidate materials maintain the same
order of performance in a radiation field as they do without radiation?

Braithwaite
Response:
I kind of rushed through that, but we were trying to overtest that
with the oxygen. With all the materials that we tested, the corrosion

rate increased by about a factor of ten when the tremendous amount of
oxygen was added to these solutions. The rad' or :,uld not effect

the material's passive layer, but it will e adiolysis products.
That is what you need to worry about, what w! .i *c, ser to these solu-
tions that are around the canister. We pret* Lly ' ave that under study.
We are trying to work out a joint program w' e. th Uni ted Kingdom, also,
to put autoclaves into a high gamma field and Jo +' er tests in-situ.
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We currently have those tests going at a lower temperature, in approxi-
mately the range of 80 or 90 degrees centrigrade. It is a problem we
are trying to further quantify, but it is the radiolysis products that
you need to worry about. We think that we overtested it with that
increase in oxygen that we put in. Everything seems to be susceptible
to that great quantity of oxygen.

Pedro Facedo - Catholic University of America
Question:
My question was more or less asked before. I was going to ask about
radiolysis. Specifically, when you have salt in the water you are
going to be making hcl, and if you also happen to have fluorine in the
water--because some of these salts we are talking about have fluroide--
you would also be making HF. Would that not attack your passifying
layer?

Braithwaithe
Response:
The pH drops quite significantly due to magnesium chloride hydrolysis
at these high temperatures and produces hcl. The acidity of the
magnesium brine for which I showed the corrosion results drops down to
a little bit less than three. It is very acidic just due to hydrolysis,
and the radiolysis will also produce more. The hcl is produced from
hydrolysis, and so that should be taken care of. A low concentration
of fluroide is present in the test brine, so these corrosion rates should
represent realistic conditions.

Macedo
Comment:
The other element which is bad in hydrolysis is peroxide.

Braithwaithe
Response:
Certainly most theories state that peroxide is an intermediate in oxygen
discharge and that peroxide formation is the slow step. Certainly when
we swamp the conditions with one gram per liter of dissolved oxygen,
we should have certainly seen that effect there.

Fred Schmidt - University of Washington
Question:
The Australian geologist, Ringwood, has suggested another kind of
material which he claims is known to be stable against corrosion for
millions of years. It is an iron nickel alloy. I guess that would
even satisfy the NRC licensing requirement if it is true. Do you
happen to know anything about this particular suggestion?

Donald Cameron - Whiteshell Nuclear Research Establishment
Cornent:
Can I comment on that? I have some information. The material was an
intermetallic compound Ni Fe. A recent rebuttal by J. B. Lewis in3
Nuclear Engineering International, Vol 23, No. 278, pp. 28-29,1978, says
that it will perform worse than stainless steel in most geological environ-
ments which you might encounter.

--
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Larry Hench - University of Florida
Question:
There is an enormous variability in the welding characteristics of the
lists that you presented. Are the criteria of ease of welding under
remote conditions and reliability of weld one of the factors that are
being considered in rating materials?

Braithwaithe
Response:
It was not in the present list. We have learned that the titenium alloy
is not much harder to weld than nickel-base alloys. The technology exists
that can do that. The fabricability of canisters is something that cer-
tainly needs to be looked at. Our intent and I think the intent of every-
body was to limit the number of materials for which we can look at that
detailed sort of thing. Yes, fabrication certainly is a consideration,
along with the welding itself and its effect on corrosion. We have
done some of that and it is in our paper.

Alexis Parks - Boulder, Colorado, private citizen
Question:
There is increasing scientific controversy over the use of salt or salt
domes for repositories. Assume, for example, DOE is proceeding with WIPP
to allow the licensing process in California and elsewhere to simply con-
tinue. If the emphasis is changing, then what percentage of the total
research efforts are being applied to study canister integrity for other
types of geologic media--basalt, shale and others--and what problems are
associated with the other potentially more desirable media?

Braithwaithe
Response:
Martin fiolecke might be able to answer.

Martin Molecke - Sandia Laboratories, Albuquerque
Response:
A large fraction of the work that is under progress at Sandia is funded
by the WIPP and is specific to salt. There is also a significant seabed
effort. As far as corrosion studies for granite goes, I think I probably
should defer to the Swedes. Sandia is not looking at tnat aspect spe-
cifically. There are some in-situ tests in progress which are described
briefly in the paper, however. The majority of the work in Sandia is on
salt beds and seabeds, very little on other media.
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CERAMIC AND PURE-METAL CANISTERS IN BUFFER MATERIAL

by Per-Eric Ahlstrum, KdrnbrHnsles kerhet, Stockholm, Sweden

ABSTRACT

Within the Swedish KBS-project a great effort has been devoted to the
development of canisters for the encapsulation of high level vitrified
waste or spent unreprocessed fuel. The canisters will upon final
disposal in deep geological formations provide an extra engineered
barrier against the dispersal of radioactive nuclides in the groundwater.
Comprehensive studies have been made on two types of pure metal
canisters i.e. lead-titanium for the high level vitrified waste and
pure copper for spent fuel. The final disposal is made in hard
crystalline rock where the waste canisters are embedded in a buffer
material - a clay with good long term stability. For the lead-titanium
canister a mixture of quartz sand and bentonite is proposed whereas
for the copper canister highly compressed bentonite is preferred.
Careful evaluations predicted a lifetime of at least thousands of
years for the lead-titanium canisters and probably tens of thousands
of years in the actual environment. For the copper canister it is
realistic to expect a lifetime of hundreds of thousands of years.
Comprehensive studies have also been made of a ceramic canister of
alumina for spent fuel. Through hot isostatic pressing it is possible
to make a completely tight and joint-free alumina container. Alumina
has a very high chemical and mechanical resistance over very long
periods of time. Preliminary studies have also been made of a glass
ceramic material of the beta-spodumenetype.

II

_.



287

CERAMIC AND PURE-METAL CANISTERS IN BUFFER MATERIAL

by Per-Eric Ahlstr6m, K rnbrunslesHkerhet,
Stockholm, Sweden

1. BACKGROUND

In April 1977 the Swedish Parliament passed a Nuclear Stipulation Law
which requires that prior to the loading of fuel or operation of any
additional nuclear reactor in Sweden, the reactor operator shall
either:

1. produce a contract which adequately provides for the reprocessing
of spent fuel and also demonstrate how and where the final deposi-
tion of the highly radioactive waste resulting from the reproces-
sing can be effected with absolute safety, or

2. show how and where the spent but not reprocessed nuclear fuel can
be finally stored with absolute safety.

In response to the Government bill proposing the Law, the Swedish
nuclear power industry decided in December 1976 to give top priority
to the investigation of the high-level waste problem. The Nuclear Fuel
Safety Project (KBS) was therefore organized within the legal framework
of the Swedish Nuclear Fuel Supply Company (SKBF).

The KBS-project has investigated both the alternatives mentioned in
the Stipulation Law. A report on the hcndling and final storage of
high level vitrified waste was published in Dece;ocer 1977 /1/. This
report was submitted as evidence by the utilities in Sweden in applica-
tions to load fuel to the reactors Ringhals unit 3 and Forsmark unit
1. The Swedish government rejected the applications because the geologi-
cal field investigations did not prove that there was a suitable rock
formation in Sweden big enough to host the total amount i' aigh level
waste. Additional drilling and field measurements are now being made
in order to show a larger rock mass with the required properties.

In September 1978 a report on the final disposal of unreprocessed
spent nuclear fuel was published by KBS /2/.

The Swedish nuclear power industry also has decided to continue the
work started by KBS on a more long term basis. This research and
development work is performed within the SKBF-company with a slightly
modified organization as compared to the original project. The continued
work includes studies within the geological and hydrogeological field,
on buffer materials, on properties of vitrified waste, on medium and
low level waste and on safety analysis. Included are the on-going
studies in the old iron-mine at Stripa, which are performed jointly by
KBS and University of California, Lawrence Berkely Laboratory and
sponsored by the US Departement of Energy /3/.

1
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2. GENERAL PREMISES

A general premise for the work on high level waste in Sweden during
the last years has been that the final storage should be made in the
precambrian bedrock (gneiss, granite) which is abundant in Sweden /4/.

The factors that will determine the suitability of a rock formation
for final storage are its permeability and strength, the composition
of the groundwater and its flow pattern and the delaying effects on
:adioactive substances when groundwater passes through fissures in the
-

rock. Of special interest is also the risk of rock movements which
could affect the pattern of groundwater flow or damage the encepsulated
waste.

Assessing these factors, a depth of about 500 meters is considered to
be suitable. At this depth, the bedrock contains fewer cracks and has lower
water permeability than closer to the surface. This depth also gives a
satisfactory protection against acts of war and such extreme events as
meteorite impacts and the effects of a future ice age.

The nuclear reactors which are in operation or under construction in
Sweden are all of the light water reactor type. Three of them are of the
pressurized water reactor design whereas the others are boiling water
reactors. At present six units are in operation, six are under various
stages of construction and an additional unit was authorized by the
parliament in the 1975 energy program. Thus it is expected that around 1990
about 300 metric ton (uranium weight) of spent nuclear fuel will be un-
loaded each year from the Swedish reactors. The burnup of the fuel will be
33 mwd /kgU for PWR fuel and 28 mwd /kgU for BWR fuel on the average. The
proportions will be 25% PWR and 75% BWR fuel.

There is no capability for reprocessing of spent fuel in Sweden. The nuclear
power utilities do, however, have reprocessing contracts with the operators
of the British reprocessing plant at Windscale and of the French plant at
La Hague. For the KBS studies the existing (or planned) French processes
were used as reference in order to define the waste product. The high
level-waste separated in the reprocessing is stored for some time as a
liquid in stainless steel tanks. It is then solified first to calcine and
then to borosilicate glass. The glass will contain about 9% fission products
and about 1% actinides. Each metric ton of reprocessed uranium in spent
fuel will give one glass cylinder with a glass volume of 150 liters; see
figure 1. The waste cylinders will be shipped back to Sweden about 10 years
af ter the fuel was unloaded from the reactor.

2
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3. SAFETY PRINCIPLES FOR FINAL OISPOSAL

There are no universally accepted criteria for evaluating the safety of
a repository for final disposal of radioactive waste. The bill proposing
the Swedish Stipulation Law stated that "the primar, consideration is
whether the storage method can meet requirements for satisfactory ra-
diation protection". Furthermore, the repository should " permit the
isolation of the waste for as long time as is required for the radio-
activity to decay to a harmless level".

Disposal of highly radioactive waste at 500 m depth in granite or
gneiss of good quality will give a very good isolation of the radio-
active substances. The watep flow in such rock is very low - of the
order 0.1 - 0.2 liter per m and year or less /1, 2/. Radionuclides
which ate leached to the groundwater are strongly retarded by the rock
and by clay material in the rock fissures /5, 6/. Transit time for the
ground water at this deoth to the biosphere is probably several thousand
years.

In order to achieve the very high degree of safety expressed by the
Stipulation Law it was, however, considered prudent to provide addi-
tional isolation by engineered barriers. These should give redundant
safety during the time period when the waste has its largest heat
generation and toxicity. The difference in toxicit) between spent fuel
and high-level vitrified waste is illustrated by figure 2. The residual
heat from the waste follows similar curves. Considerations with respect
to such decay curves and to temperature increases in the bedrock lead to
the conclus. ion that any engineered barrier should have a lifetime of at
least 500 to 1 000 years in order to provide redundancy. Furthermore the
requirement on the engineered barrier is larger for spent fuel than for
vitrified waste. A contributing reason for this is that the waste structure
is less homogeneous for the fuel then for the glass:

Within the KBS-project a great effort has been devoted to the deve-
lopmant of engineered barriers for the high level waste. The basic
concept has been to enclose the waste in a canister with long time
resistance against corrosion in groundwater. These canisters are then
deposited in holes drilled from the floor of tunnels in the rock. The
deposition holes, the tunnels and the shafts are backfilled with a
buffermaterial. Both the buffermaterial and the canister should be
considered as engineered barriers in contrast to the rock itself, which
would be a natural barrier.

For the canister both ceramic and metallic materials were investigated.
In the two main reports from the KBS-project /1, 2/ the proposed mate-
rials was a combination of lead and titanium for the vitrified waste /l/
and copper for the spent fuel /2/. Considerable work has also been made
on a canister of alumina for spent fuel /2/. Preliminary studies were
also made on a glass ceramic material of the beta-spodumene-type.
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As buffermaterials the leading candidates were mixtures of quartz sand
and bentonite, pure bentonite and various zeolites. The studies were
at an early stage concentrated to bentonite and to the sand / bentonite
mixture.

The remaining part of this report summerizes the main results of the
KBS studies of buffermaterials and canisters as engineered barriers
for long term isolation of high level waste.

4. BUFFER MATERIAL

The material used to backfill deposition holes and seal tunnels and
shafts should possess the following properties:

- bearing capacity; to keep the canisters in place in the deposition
holes and to hold back pieces of rock which may break off from
the rock surface.

- plasticity; to maintain the homogeneity of the material despite
minor movements in the bedrock.

- Icw permeability; to minimize groundwater flow in deposition
holes and in backfilled tunnels and shafts.

- good thermal conductivity; to transmit the heat generated by the
waste canister to the rock without the canister becoming excessive-
ly hot.

- high ion exchange capacity; to retard the migration of radioactive
nuclides which may leak out from the canister.

- long-term stability against weathering, cementation or other
changes; so that the material will retain the above properties
throughout the service life of the repository.

Another condition is that the buffer material shall not contain com-
ponents which can decisively reduce the corrosion resistance of the
canister.

Tests and stuaies have shown that the requirements on the buffer
material can be met either by pure bentonite at rather high density or
by a mixture of quartz sand and bentonite. Both materials are available
in the required quantities. They can also be mixed to a homogeneous
material without difficulty, e.g. in an ordinary concrete mixer.

Bentonite is a naturally occuring clay which is characterized by the
fact that it swells upon absorbing water. As a reference material, KBS
has chosen a bentonite of the type Volclay MX-80, which is mined in
Wyoming and South Dakota in the United States. (Other types of natural
or synthetic bentonite can probably also be used.) MX-80 is a so-
called sodium bentonite whose main constituent (90%) is montmorillonite.
It has a large number of uses, for example within foundry and oil-drilling
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technology. The annual quantities required in the final repository
comprise a very small portion of the current annual production and
adequate reserves exist.

Bentonite of high density is characterized by the fact that it gives
rise to very high swelling pressure when the bentonite absorbs water,
if swelling is restrained. This provides a guarantee that water-
bearing fissures cannot open up in the buffer material. Owing to this
swelling pressure, the bentonite also penetrates into and seals fissures
which may exist (or which may open up at a later time) in the walls of
the storage holes.

In the KBS studies the high density bentonite is proposed /2/ to be
used as backfilling material for the deposition holes for copper ca-
nisters with spent fuel, see figure 3. Further as sealing plugs in
shafts and tunnels in the repository, see figure 4.

The hign density bentonite is obtained by pressing bentonite powder
under very high isostatic pressure, 100 MPa, to blocks of the desired
dimension, see figure 5. The blocks are stacked on each other and the
spaces between the blocks and the rock and between the blocks and the
canister are filled with bentonite powder.

3The bulk density of water-satur ted bentonite is about 2 300 kg/m for
the blocks and about 1 750 kg/m for the powder in the spaces. The
meandensity,whenallbentoniteinthestoragegolehasbeenwater-
saturated and swelling has ceased, is 2 100 kg/m . It is determined by
the increase in volume which results from the fact that the joints
between the blocks are filled up, the bentonite in the spaces is
compressed and bentonite from the storage hole displaces and compresses
the sand / bentonite fill in the overlying tunnel to some extent.

Natural deposits of bentonite which have been exposed to the tempera-
tures, groundwater conditions and pressures which prevail in the final
repository show that the bentonite can be counted on to remain stable
for the period of time during which the buffer material must retain
those of its properties which are vital to the function of the final
repository.

The penneability of the n ni e nes wig inmasing densi4 M
3a density of 2 100 kg/m , the permeability coefficient of the bentonite

is about 2 x 10-14 m/s. This means that the material is virtually
impenetrable by water and that diffusion is a controlling meachanism
for the transport of ions through the buffer material.

The blocks of highly-compacted bentonite which are placed in the storage
hole prosess very high bearing capacity. In appearance and to the touch,
the material resembles sopa-stone. Its shear ::trength is comparable to
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that of sedimentary rocks. Its water content, i.e. the ratio between the
weight of the water and the weight of the solid material, is approxi-
mately 10% in the blocks.

Bearing capacity is a function of the material's density. The final
average density of tne material in the storage hole when it is fully
water-saturated (water content about 20%) is, however, so high that the

1 400 - 1 500 kg/m3, years, is negli-
subsidence caused by gravity, even after one million
gible. Even at a bulk density of when the consis-
tency of the bentonite is comparable to that of solid modelling clay,
its bearing capacity is sufficient to prevent the canister from sinking
through the underlying bentonite, even over a very long period of time.
This means that, even assuming improbably high material losses through
fissures and the like, the bentonite still possesses sufficient bearing
capacity.

Bentonite, which absorbs water under restrained swelling exerts a
swelling pressure which is a function of the density of the material.
The ratio between swelling pressure and density has been determined by
tcsts for MX-80 and verified by means of theoretical calculations. At a
tulk density of 2100 kg/m3, the swelling pressure is on the order of 5
MPa.

Its high swelling capacity in connection with water absorption gives
bentonite a "self-sealing" capacity in that it is forced into fissures
in the walls of the storage holes and prevents the opening of water-
bearing fissures oe cavities in the buffer material.

The highly comgacted bentonite has alsg a reasonable thermal conducti-vity, 0.75 W/m C at density 2 000 kg/m , and a substantial ion exchange
capacity. More details on the properties of bentonite are given in
volume II of /2/ and in several of the KBS Technical reports referenced
there.

A mixture of quartz sand and bentonite has been proposed by VSS as a
backfill material in the deposition holes for lead-titanium canisters
with vitrified high level waste from reprocessing /1/ and also in the
tunnels and shafts in both studies /1, 2/.

In order for the mixture to possess good bearing capacity and thermal
conductivity as well as low permeability, it is desirable that the sand
and bentonite fractions be mixed in such proportions as to provide a
good (morain-like) particle size distribution.

A high bentonite content increases the plasticity and ion exchange
capacity of the mixture. It also improves the material's density, since
its swelling will fill the pores in the material. At the same time,
however, a higher bentonite content reduces the bearing capacity and
thermal conductivity of the mixture and it becomes more difficult to
handle.

6
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Tests have shown that mixtures of 80-90% quartz sand and quartz filler
and 10-20% bentonite provide a good balance of the desired properties.

Thesandispurequartzsand(9;%SiO)withapartfclesizedistribu-2
tion of 0.063-2 mm. It has a sintering point (1400 C) which lies well
above the temperature encountered in the repository.

The results of field and laboratory tests on the mixture can be summa-
rized as follows:

- The strength and deformation properties of the mixture are approx-
imately the same as those of a clayed moraine. The bearing capacity
of the material is composed of a cohesion component and a friction
component. An increase of the bentonite content increases cohesion
and reduces friction. _g _j)

- Permeability varies between 10 and 10 m/s when swelling is
restrained. With unrestrained swelling, permeabflity is higher.

- Thermal conductivity is between 0.3 and 1.7 W/m Cwhen the water
content varies between 5 and 25%.

3
- Maximum dry solids density is 1 900 - 2 000 kg/m at an optimum

water content of 8-12%.
- Unrestrained swelling when the material is in contact with water

leads to an increase of its original volume by 5-20%. The swelling
pressure of the material under restrained swelling conditions is on
the order of 30-150 kPa.

The major advantage with the highly compacted bentonite is that the
water permeability is much lower and because of that all transport of
ions through the buffer is governed by the diffusion. The diffusion rate
in the compacted bentonite has beer, measured and found to be about 100
times lower than in water /7, 8/.

A disadvantage with the highly compacted bentonite is of course the
cost.

As was previously mentioned some investigations of zeolites as buffer-
material have also been made /9,10/. The advantage with zeo? ''es is
that the ion-exchange capability is much better than for in particular
the quartz / bentonite-mixture. Of particular interest from this point of
view is clinoptilolite /10/. The studies showed, however, that there
were several objections against using zeolites in the buffer material
/9/. Thus cementing properties have been observed, the permeability of
pure zeolites is too high, the heat conductivity is poor and too little
is known about the mechanical properties in mixtures with other mate-
rials.
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5. LEAD-TITANIUM CANISTER FOR VITRIFIED WASTE

For high level vitrified waste from reprocessing KBS has proposed to use
a canister of lead-titanium. The titanium is a special quality with low
(<20 ppm) hydrogen content.
grain size not less than 10-{he lead is high purity oxygen free with am in order to minimize the creep.

The design of the canister is shown on figure 6.

The titanium shell has a thickness of 6 mm with 12 mm end plates. The
lead has a minimum thickness of 10 cm.

With the grain size specified above the creep of the lead will be so slow
that the lead encasement will keep its shape and dimensions for thousands
of years. Even if a canister during handling is damaged by a mechanical
impact, which will reduce the grain size locally, a large and rapid
increase of the grain size will then occur at the temperature the
canister will have in the final repository. Thus there is no risk that
lead could creep out through holes or cracks in the shell /12/.

The titanium sheets are produced from slabs with hot rolling. They are
then annealed, blasted and pickled. Welding shall be performed under
protective gas.

The lead canister is produced by extrusion. The canister is assembled in
a hot cell which provides radiation protection for the operators.

The thickness of the lead has been chosen in order to reduce the radiolysis
of the groundwater that comes into contact with the canister. Calculations
have shown /11/ that equilibrium concentrations will g+ot exceed: ox gen 3
ppb, hydrogen 8 ppb, hydrogen peroxide 0.2 ppb and Fe 3 ppm. Furt ermore
it may be noted that of all hydrogen formed should be adsorbed by the

4titaniumtheguantityofhydrogenformedduring10 years will be as low
as 1.8 ppb /cm , which would give an additional 0.7 ppm of hydrogen in the
titanium. The amount of oxidants formed will be of the same order of
magnitude.

The lead-titanium canisters with vitrified waste are deposited in
vertically drilled holes which are backfilled with quartz sand mixed with
10% bentonite. The maximum temperature on the surface of the canisters

0will not exceed 80 C.

The expected corrosion lifetime of the canister has been evaluated by a
group of specialists appointed by the Swedish Corrosion Institute. They
have summarized their findings as follows /11/:

"On estimation of the life of the titanium sheath a general corrosion
rate of 0.25 pm/ year has been taken as a conservative value, which would
lead to a life of at least ten thousand years. Pitting and crevice
corrosion have been considered very unlikely at the foreseen temperatures
and salt contents. Further the risk of delayed fracture, due to hydrogen
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up-take, is considered as small but cannot be completely excluded at the
present state of knowledge. For this reason the titanium sheath cannot
absolvtely be guaranteed an appreciable lifetime.

If the titanium sheath were penetrated due to mechanical damage or
localized corrosion, the exposed lead could suffer localized attack. The
corrosion rate would then be determined by the supply of oxygen from the
surrounding buffer to the canister surface. Conservative calculation:
have shown that perforation of the 100 mm thick lead lining would take
about 4 500 years. In any case the life of the lead lining was estimated
to at least a thousand years.

In total a titanium canister with a lead lining was estimated to have a
life of at least thousands of years, and probably tens of thousands of
years."

The group of experts was unanimous in its judgement with the exception
of one member, who delivered a statement of his own, saying that the
life of the canisters can only be guaranteed for some hundred years.

6. COPPER CANISTER FOR SPENT FUEL

For spent unreprocessed nuclear fuel KBS has proposed to use a canister
of pure metallic copper so-called Oxygen Free High Conductivity Copper.
The design of the canister is shown of figure 7. The fuel in the canister
is imbedded in lead in order to prevent deformation of the canister by
external overpressure. The thickness of the copper was chosen to reduce
the radiolysis of groundwater to a low level. The copper canister is
used in combination with a buffer of highly compacted bentonite.

Before encapsulation the spent fuel assemblies are dismounted and the
fuel rods are placed in special copper racks. Each rack can take 498
BWR-rods or 636 PWR-rods. The rack is then placed in a copper container.
The empty gpace between the fuel rods is backfilled with lead in an oven
at 380-400 C temperature. After cooling the copper canister is sealed
with three consecutive lids The welding of lids is made by electron beam
welding. Welding tests have been made with good result /20/. An ultra-
sonic test of the welds has been experimentally checked and does not
involve any particular problems. The welds are also helium-leak-tested.

In the final repository, a canister is subject to mechanical stresses as
a result of both the external overpressure caused by the hydrostatic
pressure of the groundwater plus the swelling pressure of the buffer
material and the internal overpressure caused by the formation of helium
in the fuel.

The external pressure does not give rise to stresses which can lead to
failure, not even if the swelling pressure should be unevenly distributed
due to uneven water absorption in the bentonite. The lead around the
fuel rods will protect the canister from being deformed by the external
pressure. The internal pressure develops so slowly that critical
deformation cannot occur within a period of one million years.

9
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Any movements in the surrounding rock could also give rise to stresses
on the canister. The elasticity of the buffer material and the ductility
of the canister would, however, prevent failure of the canister in the
event of the small rock displacemen+3 which are possible.

Thus, mechanical stresses cannot be expected to limit the service life
of the canister to less than one million years.

As the copper is thermodynamically stable in pure water corrosion can
only be sustained by some chemical substances which are dissolved in the
groundwater. Investigations have shown that the only substances of
importance are free oxygen and sulfides /13/.

Chemical analysis shows that the groundwater is practically free from
oxygen at some hundred mg+ters depth /14/. This is also evident from the
presence of iron (II) (Fe ) in the rock minerals /2/. It has been con-
servatively assumed that the groundwater will contain 0.1 ppm of free
oxygen. Another oxygen source is the air enclosed in the buffer materi-
al when the repository is sealed. A third source is the oxygen formed by
radiolysis. Using upper limit values it has been calculated that these
free oxygen sources can corrode about 4.5 kg of copper in 1 million years
/13/.

By calculating the corrosion from sulfides it has been conservatively
assumed that the groundwater contains 5 mg sulfides per liter. This is
the highest value observed in any measurement and is too high in the
chemical environment close to a repository. Sulfides could also be
formed by microbiological reduction of sulfates. The sulfate-reducing
bacteria require, however, organic material for their activity. It has
been conservatively assumed that all organic material avaiable i.e. less
than 12.5 mg per liter groundwater and less than 200 mg per kg buffer
material will be suitable for such bacteria. With these assumptions the
maximum corrosion attack from sulfides would be about 55 kg copper per
canister and 1 million years.

Thus in total the copper corrosion would be at most 60 kg per canister
after 1 million years. This is equivalent to 0.5 mm averaae corrosion
depth on the 200 mm thick canister. If itis assumed that the oxidants
coming from the tunnel are attacking only the upper 10% of the canister
surface the average corrosion depth there would be about 2.4 mm in 1
million years.

Copper has a low tendency for pitting corrosion. Experimental observa-
tions show that the pitting factor decreases with increasing corrosion
depth /13/. The largest observed pitting factor in a large study of
copper corrosion in different soils was 25. This would be a very con-
servative value for the copper waste canister. Using this value the
maximum corrosion depth would be 60 ma in 1 million years.

10
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The group of specialists appointed by the Swedish Corrosion Institute
have also evaluated the corrosion life of the copper canister. They
concluded that it is realistic to expect a service life of hundreds of
thousands of years for a copper canister with 200 mm wall thickness.

One of the specialists had, however, a deviating opinion and submitted a
separate statement concluding that the life could only be guaranteed for
thousands of years /15/.

The objections of the dissenting member are base) on, among other things,
the opinion that a future ice age could cause considerable fracturing of
the rock, which would lead to a dramatic increase of the groundwater flow
and thereby of the corrosion rate on the copper canister. This postulated
effect of an ice age on the Swedish bedrock at a depth of 500 m does not
agree with the geological interpretation of the pattern of fractures
which can be observed today /2/. In the hypothetical case that a glacia-
tion would result in extensive fracturing of the rock around the canis-
ters, the buffer material, with its great potential swelling capacity,
will seal new or widened fissures and the reported conclusion concerning
the service life of the canister will not be affected.

7. ALUMINA CANISTER FOR SPENT FUEL

As an alternative to the copper canister KBS has supported development
work at the ASEA company High Pressure Laboratory on a ceramic
canister /2/. Alumina of the a-type - as a mineral called corundum or
'apphire - has many properties which makes it very attractive as material
*'or high level waste canisters..

Next to diamond, corundum and sapphire are among the hardest minerals
occurring in nature, and deposits of these in the form of weathered -
materials in river beds and shingle on sea-shores exhibit a very high
mechanical and chemical resistance over long periods of time, also
geologically speaking.

The method used for producing the canister, hot isostatic pressing, is
one of several high-pressure methods which can be accomplished with
ASEA's QUINTUS presses.

A container and a lid are produced separately by pressing alumina powder
Uat 100 MPa and 1350 C.

The alumina cor,tainer is then examined by non-destructive testing methods.
Ultrasonic examination and proof testing are the methods which can be
used.

Ultrasonic examination can be applied to detect internal cracks as well
as surface cracks exceeding approx. 1 mm size in the containers. This
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inspection can be carried out despite the presence of a surrounding
steel jacket.

The proof testing is performed to ensure that the alumina container does
not have any surface cracks exceeding a certain size. The maximum per-
missible crack deptn is determined, with respect to the risk of delayed
fracture, by the requirements on the canister life in the final reposi-
tory. A fully reliable method of detecting such critical surface cracks
is proof testing of the alumina materiai.

A proof testing method has been developed, where stresses in the alumina
are generated by arranging a temperature difference between the inner
and the outer wall of the container. Containers free from defects are
not influenced by these stresses, whereas defective ones immediately
fall to pieces. Equipment for 1/3-scale containers has been tested.

According to the fracture mechanism theory, a relationship can be es-
tablished for approved containers between the load stress and the
assured life in the final repository with respect to the risk of delayed
fracture.

Before the encapsulation the spent fuel assemblies are dismounted - up-
per and lower tie plates are removed and the fuel rods are withdrawn
from the spacer grids. The length of the fuel rods is reduced by a
specially developed method. Todays equipment does not allow fabrication
of larger canisters than about 3 m length whereas ordinary LWR-rods are
close to 4 m in length. The length reduction is illustrated by figure 8.
The rods are rolled to spiral rolls and the rolls are stacked in a steel
container which is then enclosed in the alumina canister. The proposed
canister is 3 m long and has 0.5 m outer diameter and 10 cm wall thick-
ness. The weight would be about 2 metric ton. Each canister can take 144
BWR rods or 174 PWR rods.

Length reduction by means of spiralling the spent nuclear fuel rods has
been tried out within ASEA-ATOM. Test bending has been done with both
normal and embrittled, nonradiated fuel rod dummies as well as with fuel
rods irradiated to 23 mwd /kgU at Oskarshamn Nuclear Power Station.

The following remarks can be made about the need for reducing the length
of the fuel rods.

During the initial stage of the project it was considered unsuitable
from the geological viewpoint to encapsulate full-length fuel rods in
alumina canisters. It was surmised that rock movements might give rise
to unacceptable stresses in such a long (approx. 5 m) alumina canister.
Increased knowledge of earth movements and a suitable arrangement of the
storage procedure have had the result that the need to reduce the length
of the fuel rods has decreased in importance. Nevertheless, it has been
considered preferable to continue the development work on an encapsula-
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tion process, which permits the containment of spent fuel rods in
alumina canisters about 3 m long. This means that OUINTUS presses of the
necessary size are available today. However, there is nothing in the
process to prevent the production of alumina canisters of a size suf-
ficient for the encapsulation of full-length fuel rods.

Hot isostatic pressing is also used to join together the container and
cover of alumina. In this process the joint between the container and
the cover disappears and a completely joint-free canister is obtained.
Fig. 9 shows the basic principles of this process.

Joiningtogetherghecoverandcontainerinfactrequiresatemperature
of at least 1350 C at the joint. This high temperature is combined with
an external pressure of about 70 MPa, which results in a pressure of
about 100 MPa on the joint surface. At the sage time, however, it is
desirable to maintain a temperature below 900 C on the nuclear fuel. The
specially developed furnace ensures that this temperature gradient in
the canister can be achieved.

Those parts of the canister which are not heated to a temperature above
about 1 000 C can withstand by a good margin the external pressure. The
joint zone of the canister with the highest temperature is subject, on
the other hand, to shrinkage deformation as a consequence of the
stresses arising from the external pressure and thermal stresses. Cer-
tain residual stresses remain here also after the completion of the
pressing and their magnitude must be limited to prevent a slow propa-
gation of cracks.

Very comprehensive theoretical calculations have been made to:

- determine optimum pressing parameters for the sealing operation and
from these,

- calculate the stress distributions occurring during both the heat-
ing and the cooling stages and also

- calculate the maximum residual stresses after the sealing opera-
tion.

It is primarily the nature of the cooling process which is of decisive
importance to the quality of the canister. The canister temperature must
decrease slowly after decompression to ensure that the built-in stresses
can relax.

The sealing process has been demonstrated at ASEA's plant at Robertsfors
in Sweden.

The alumina canisters are deposited in vertically drilled holes which
are backfilled with clay. The detailed composition of this clay has not
yet been specified but a mixture of quartz sand and bentonite would
probably be acceptable.
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In the final repository, the canister will be subjected to the action of
the surrounding groundwater. However, this takes place at a very slow
speed. Tests are currently under way to establish the durability of the
hot-isostatically compacted aluminium oxide in the types of groundwater
in questign. These tests are being conducted at elevated temperature,
100 - 350 C, in order to obtain measurable effects. In the groundwater
in question, however, deposition on the surface of the canister is more
likely than erosion of the surface /17/.

Tests performed to date have shown that a canister of aluminium oxide
with 100 mm thick walls can withstand the action of the groundwater for
at least hundreds of thousands of years with an ample safety margin. The
durability of the canister is only slightly affected by the surrounding
geological environment.

Both theoretical and experimental studies concerning the strength and
thermal properties of large ceramic bodies have also been carried out.
The results show that the canisters can resist the forces to which they
can be subjected in the final repository with adequate margin /16/.

The evaluation of the corrosion life of the alumina canister has not yet
been completed by the Swedish Corrosion Institute and its reference
group.

8. GLASS CERAMIC CANISTER

During the first months of the KBS project glass ceramic materials were
considered as strong potential candidates for waste canisters. Prelimi-
nary studies were started on glass-ceramic code 9617 at Corning Glass
Works in Corning, N.Y. This material was chosen because it was known
from other applications to be fairly tolerant to different chemical
environment. Further it seemed to be reasonably simple to develop a
fabrication technique for large enough canisters. The approach would be
to fabricate a container and a cover of the base material and then seal
the final joint by a frit, which would be ceramed at lower temperature
than the base material.

The preliminary studies were mainly conceuated on corrosion studies
/18/. The code 9617 glass-ceramic is a co.n;osite of several phases -beta
spodumene (Li 0 . A1 07 3 . X SiO X = 5-7; % ru W e W 0p; ~ 3%)
spinel (Mg or Zn . AT 0 ; ~ 3%)2; d residual glass (~5%). Because of

2

24 an
this one would expect the composite material to exhibit different loca-
lized corrosion rates. This appears also to be the case. Scanning elec-
tron microscopy of the glass-ceramic surface erroded in water showed the
glass phase to be removed leaving the crystalline phases relatively
untouched. The preliminary data obtained indicated that the glass-
ceramic would probably meet the requirements on a high level waste
canister. It was, however, concluded that this could not be verified
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within the relatively short time schedule of the KBS-project. These types
of materials should, however, be considered as an economically attractive
alternative for long-time resistant waste canisters. Their development
and verification would, however, require some years of work.

9. CONCLUDING REMARKS

The studies performed by KBS have shown that it is indeed possible to
make engineered safety barriers for high level waste. These barriers
would isolate the waste from contact with groundwater in a hard rock
repository for a very long time period. Copper in combination with
highly compacted bentonite would probably last for millions of years.
Similar life-times seem probable also for alumina canisters.

The highly compacted bentonite is in itself a very efficient barrier.
Calculations based on conservative assumptions show that it would
probably take millions of years after canister penetration before the
actinides in the spent fuel would be transported through this barrier
/19/.

15
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Discussion Following

CERAMIC & PURE METAL CONTAINERS IN BUFFER MATERIAL

Presented by Per-Erick A. Ahlstr6m

Stanley Logan - Los Alamos Technical Associates, Inc.
Question:
I wonder if you have considered mechanical breaching of the canisters
by offset faulting which could, for example, shear a canister in one
direction.

Ahlstr5m
Response:
You mean from a big geological faulting? We have consideced a possible
type of faulting that could occur in the top of the stable bedrock that
we have in Sweden and we have concluded that this would not be a big
concern because to create faulting at this depth you would have an
earthquake that would be very large compared to whatever has been
observed in this part of the world.

Edward Gaffney - Pacifica Technology
Question:
Two questions about your bentonite overpack. One, what is the water
content of it when you press it into the blocks? Two, what is the effect
of the seams between blocks? Are they self-sealing, or is there a poten-
tial hydrologic path between the blocks?

AhlstrUm
Response:
First question, the water content when we press the bentonite blocks

is about 10%. The second question, as I said, you fill powder in
between. The blocks are pressed to a density of about 2300 kilograms
per cubic meter. Then you fill powder between the rock and the blocks
and between the canister and the blocks. This gives you a combined
density of about 2100 kilograms per cubic meter. When the material takes
water and becomes saturated it will swell very strongly. It has a swell-
ing pressure of something like 5 megapascals, so every small crack and
joint that is in between the blocks will be compressed and filled with
the material. It will be a gel-type of material that will exist when it
becomes water saturated.

M. Sombret - Centre de Marcoule, France

Question:
I am very sorry, Mr. Ahlstrom, you were not in a position to finish your
paper in time, because I saw in the abstract of your paper that you
mentioned glass-ceramic materials used as containers. So what I
should like to know is how you can use this material--what I mean is,

^

_ . .
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to make glass ceramic materials you start with glass and then you per-
fonn one, two, or three thermal treatments. I should like to know if
you intend to perform the thermal treatment after you have loaded the
waste, or if it is a ready-made glass ceramic vessel?

Ahlstrbm:
Response:
We investigated various glass ceramics when we started the project. We
found that the one that was most developed was a ceramic code-9617
made by Corning Glass Works in New York. The intention was to make a
canister with the same idea as the ASEA Company was doing with the
alumina canister. You make a container and the lid first. Then you
have some frit that is ceramed at a lower temperature than the base
material. They made preliminary studies on this type of material,
mainly corrosion studies, and we concluded that we were not able
to verify the corrosion rates within the time frame of the project, so
only preliminary work was made within the KBS Project. It has been
reported at the recent Boston meeting by the Corning people.

Bob Watt - Los Alamos, private citizen
Question:
You have rather low temperatures in your design numbers - 85 degrees,
I believe. I am curious how you get this because the packing density
in terms of canisters in space is comparable to that planned for, say,
the WIPP.

Ahlstrdm
Response:
We accompiished the low temperatures in two ways. We negotiated with
the French that they lower the fission product content to 9% instead
of their standard figures (13%). Then we proposed, as was described
in the question this morning, to have an intennediate storage of the
glass for 30 years after it arrives in Sweden so it would be about 40
year-old waste when it is put into the repository. The intennediate
storage is very similar to the one in the Marcoule plant. In
fact, it was designed by the same consultant that made the
Marcoule plant.
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THE EFFECT OF PRESSURE ON INTERFACE INTERACTIONS BETWEEN SOLIDS

R. N. Anderson

G. S. Selvaduray

Department of Materials Engineering

San Jose State University, CA 95192

ABSTRACT

Fission product reactions and transport phenomena across solid-wastei

rock interfaces are being studied in the laboratory under pressures equiva-

lent to the rock overburden of a 2000 foot deep repository. This is important

to understanding the dynamics of the repository since most reactions preferentially

occur at interfaces, and these reactions are sensitive to pressure. A review

of the theoretical aspects of the influence of pressure on interface reactions

and the transport of material across a solid-solid interface is presented.

Related systems that have pressure sensitive chemical reactions are described.

The use of pressure response information to establish the kinetic mechanism

controlling the transport of materials which are too sinw for direct measure-

ment is proposed as well as utilizing the beneficial aspects of pressure in

the repository by designing canister to crush without being breeched.
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Introduction

Understanding the potential release mechanisms for radio-

nuclides from a repository requires that experiments be carried

out to measure chemical solution rates and transport rates. Since,

for any effective waste immobilization system, the transport rates

are extremely slow, indirect experimental methods such as response

to pressure may be used to deduce the pertinent mechanism and

kinetic parameters for a given temperature in a reasonable period

of time.

The effect of pressure itself will be one addi tional consider-

ation in estimating the performance of a geologic repository. The

leach rate of typical glasses has been establish 6d at one atmosphere.

At higher pressures the rate mechanism could change and alter the

leach rate or the glass may transform to a more stable high

pressure form with new properties. These changes will be particu-

larly pronounced at the interf ace areas where the surf ace will help

to catalyze reactions. For these reasons, it is necessary to

understand the effect of pressure to characterize the pathways for

possible relcase of radionuclides.

The pressure experienced by the nuclear waste matrix in the

repository will be due to the consolidation of the back fill and
assumption of the over-burden pressure. If the repository is located

2000 feet below the surface, the over-burden pressure would amount

to about 1933 lbs/in2 (13.8 MPa or 0.139 kb) for a specific density

of 2.3. A specific density of 2.7 has also been used in the
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literature.I The exact period of time for reconsolidation to

occur is a function of the materials involved, the backfilling
technique, the repository geometry and the ra tio of the horizontal
stress to vertical stress. The minimum time may be 150 years for

salt and perhaps 500 years or longer for rock.2 It appears that

the rate of reconsolidation of the host rock cannot be estimated
reliably at the present time.

A number of materials such as glass, ceramics and synthetic

rock have been proposed for use in the waste / canister / rock system.

However, there does not appear to be a clear set of criteria to

evaluate these candidate materials, and each have some attractive
characteristics to offer. The experimental response to pressure

of these materials should help to identify potential nuclide

loss mechanisms and evaluate numerical rates of release from the
various encapsulating m'crive: A discussion of all encapsulation
media and potential canister materials is beyond the scope of this
paper,

Theory

The waste repository can be affected in two ways by the appli-
cation of pressure:

1. Chemical rate change, whare the rate of forma tion of a

compound that exists at low pressure may change, or a new

compound may be formed that is more stable at elevated
pressures;

2. Transport rate change, where the diffusion rate of the
radionuclides changes.
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The problem associated with products of enhanced rate of

chemical reaction is that the waste may be converted at the inter-

f ace to a new form that is more soluble than before. The change

in diffusion rate would affect dissolution and migration rates

due to a temperature or concentration gradient.

Looking first at the effect of pressure on diffusion, the two

Fick's laws are used to define steady and non-steady state

diffusion:

ff=Dfh3J=-Dhc and

In these equations D, the diffusion coefficient, varies as a

function of temperature by the Arhennius relationship. The diffusion

coefficient also varies with pressure as shown by the analysis below:

D=a2 exp (-AGy/RT) exp (AG /RT)v m

for interstitial diffusion, where:

a is the lattice parameter of the crystal structure,

is the crys tal frequency and equal to the Debye frequencyv

for pure metal,

AG is the free energy change in an infinite crystal pery

mole of vacancies added, and

AG is the free energy change in the region where atoms movem

from a normal position to an activated position.

The diffusion coefficient can be differentiated with respect to

pressure to give:
- -

61n(D/a v),'
_-

RT \ 6P / ( 6P /
2 1 [6AGy) , [6AGml

6P
- - - -

--
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Using the thermodynamic relation:

(6aG/6P)T * ^Y
we can write:

261n D/a v)
(AVv + AVm) E 7"

=-

where AV is tne partial molar volume of the vacancies,y

AV is the partial molar volume of the activated atoms, andm

AV is defined as the activa tion volume.a

Since an increase in pressure will tend to reduce the volume

of the crystal structure, the number of vacancies and, to a lesser
extent, the number of activated atoms must decrease. This theory

provides support for experimental evidence that D decreases with
increasing pressure. Self diffusion data for metallic lead have
shown that D decreases one order of magnitude for each increase
in pressure of 980.6 MPa.

Diffusion at a boundary between two different phases (at the

interface between waste form and canister or canister and rock)
can be considered as analogous to a high-di f fusivi ty pa th along
grain boundaries. This enhanced diffusion will be lessened by

increasing pressure because the boundary will tend to collapse.

The interface will tend to become a Matano-like interface which can
be analyzed as such to provide diffusion rates response.

Enhanced transport across a boundary also may be the result of

decreased chemical activity in the second phase. Apparent uphill

diffusion can occur in this way, and the equilibrium concentration

may be higher in a second phase than in the first phase.
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The rate of transport by diffusion across an interface will

decrease with increasing pressure unless the relative solubility

of the two phases is shifted adversely by pressure, i.e., greater

solubility in canister and/or host rock.

The most significant effect of pressure on the repository may

be the change it causes in chemical reaction rates and in the

products formed.

The addition of pressure can produce an altogether new phase,

possibly possessing quite different physical and chemical properties.

The existence of new phases at elevated pressures arises primarily

because some more compact form 1as greater thermodynamic stability.

The Clausius-Clapeyron equation:

dP AS
dT " IV

is used to relate the derivative of the transition pressure to the

difference between the entropies and volumes of the two phases.

The accessibility of high pressure phases is usually limited

by slow rates of conversion in the absence of suitable catalysts.

However, the interface surface in nuclear waste barriers can behave

as a catalyst for the reaction depending on the materials present.

The exact susceptibility of solids to phase change under pressure

will be influenced by the closeness of packing of the atoms in the

low-pressure form. Crystals with particularly open structures and

low densities will most likely rearrange. Those that are already

dense, such as face centered cubic, cannot achieve much change other

than by reducing the lattice parameter.

_ _ . .
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The energies of chemical bonds are on the order of 20-80 kcal

per g-mole. If the material is not very compressible, then a

pressure of 100 kb may only increase the energy by 1 or 2 kcal.

New products produced by catalyzed reactions may be sensitive to

volume change. The change of Gibbs free energy with pressure at

constant temperature is given by the integral of VdP. If there

is an overall volume change associated with a reaction, the equi-

librium constant for the reaction may be considerably shifted by

pressure. The application of pressure may also radically change

the products of a reaction when new paths are favored while old

paths are blocked.

Examples of the effects of pressure in altering reactions are

found in natural silicate minerals. Because so many of them are

buil t ou t of similar s tructural uni ts , e.g. , SiO4 tetrahedra,
many silicate minerals lie relatively close to each other on a

Gibbs free energy scale, even though their chemical compositions

may vary widely. The same melt or solution may crystallize along

different paths, depending upon local pressure; and different paths

can produce very dissimilar mineral assemblages. For example, the

soda feldspar (albite), NaAlSi 038, is stable at low pressure; but

at pressures of 15-25 kb and temperatures between 600 and 10000 C

Birch and Le Comte 3 found that albite changes to a mixture of silica

and jadeite, NaAlSi 0 . A chemical separation can thus occur as26

a result of a shif t in equilibrium under pressure.

Similarly, basalt has been found by Kennedy 4 and Boyd and

5England to change into a mixture of garnet and jadeitic pyroxene

at elevated pressures and moderate temperatures.

-

. . . _
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The general rule for structural change brought about by high

pressure is that the high pressure crystal structures of a given

compound tend to resemble the structures of the analogous com-

pound made up of heavier elements in the Periodic Table. Even if

diamond were not found in nature, one would suspect such a structure

for carbon at high pressures on account of the existing structure

of silicon and germanium.

When oxides are compressed, the larger oxygen atoms tend to

shrink the most. By this means, the ratio of oxygen atoms to

metal atoms is increased and the metal becomes increasingly capable

of holding more oxygen atoms than before. Thus, the phases of

oxides at high pressures are characterized by higher coordination

numbers among their constituent atoms. An example is A1 02 3.SiO2

which is found in three distinct forms: low pressure sillimanite

(containing A106 and A10 ); moderate pressure andalusite (contain-4

6 and A10 ); and the high pressure kyanite (containing onlying A10 5

A106)-

The new material formed at the interface has different physical

and chemical characteristics than the original media. It is not

known whether some of the potential forms have greater or lesser

resistance to hydrologic leaching. It would appea'.' possible to

either develop a pressure insensitive waste form or one that is

easily transformed to a more desirable condition.

McCarthy, et al., have shown that the Battelle Northwest

Laboratories' standard borosilicate glass is converted to the py-

2 6) after two weeks under 30 MParoxene mineral acmite (NaFeSi 0

and 3000 C5 The reaction products presumably are catalyzed at
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the metal interface under these conditions. Similarly, simulated

calcine and shale reacted to produce .stals of pollucite.

A review of the effect of pressure on chemical kinetics is in

order. The transition state theory assumes that there is a transi-

tion state between reactants and products. This can be written for

a bimolecular reaction with reactants A and B as:

A + B Z AB* and AB* + C + D

The activated complex, AB*, is in equilibrium with reactants A

and B, and the rate determining step is the transformation of AB*

to products.

A transi tion s tate, by its very nature, cannot be isolated for

study. It can, however, be investigated indirectly using high

pressure kinetics to provide information on its properties. Con-

siderable work has been done in this area on organic reactions.

The rate of reaction is given by the number of transition

configurations present (the concentration of AB*) times a fre-

quency of decomposition (assumed independent of composition or
pressure). The pressure derivative of the rate constant yields

the equation:

(61 nk
AV**-

6P RT

where AV*, the activation volume, is the difference of partial

molal volumes, evaluated at the reaction condition:

AV* = VAB* - YA-YB
The pressure derivative above is valid only if the rate constant,
k, is expressed in pressure-independent concentration units, such

as mole fraction or molality,or a correction term for compressibility

~

._
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must be included. In addition, there needs to be an expression

for the functional behavior of In[k(P)] . A number of techniques

have been applied, the simplest being a straight-line method which

assumes that AV* is pressure independent. This gives on integration:

In(kp/k1)
-

RT-
_ AV*

P-1

where kp and k 1 are the rate constants at pressure P and 1 atm,
respectively. Such methods are generally valid only for very

limited pressure ranges.

The most common method for relating the rate constant to pressure

is the use of the quadratic series-.

Ink = a + bP + cP2

where a, b and c are constants. Other empirical forms have also

been used.

The activation volume represents the second derivative of the

experimental data, concentration as a function of time, at a given

pressure. It is essential first that the experimental technique

proeides the most accurate data available. High pressure chemical

kinetic experiments involve the determination of four variables-

pressure, temperature, time and concentration. After the effect

of pressure on the rate of a reaction has been measured experi-

mentally and the results reduced to a value for the activation

volume, the structure and properties of the transition sta te must

be inferred from AV*. Often the activation volume is compared to

the volume change upon reaction, and this is o.ned to ascertain

the relative position of the transition state along the reaction

coordinate. Alternately, AV* may be compared with values found
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for reactions of known mechanism and comparisons so made. The

absolute value of the partial molal vulume of the transition

state can be dete,' mined by separate determination of the partial

molal volumes of the reactants. The results can then be compared

with the volume of some model compound.

One of the most useful approaches is the division of AV* into

two parts, AV*j and AV*2 The first term, AV*1, represents a

structural contribution, or an intrinsic difference in molecular

size between aactants and transition state due to changes in

bonding. The second part, AV*2, is hos t matrix dependent (whereas

AVj is not) and represents the change in volume of the matrix

surrounding the reactants as they pass to the transition state.

Most observed values of AV*2 are in the range of -50 to +20 cm 73

mole. Observations of an apparent activation volume greater than

+20 cm3 mole can be due to diffusion control of the reaction. In/

general, mass transfer limited reactions have very low values for
the apparent activation energy.

A number of chemical reaction rates are found to increase
with incressing pressure. It is the objective of this experimental

study to examine the reactions that can occur in the waste / canister /
rock system and predict their effect on waste isolation.

Experimental

An experimental program is necessary to determine the direction
and rate of potential interface reactions. The interfaces of con-
cern are those imposed by design of the waste repository barriers,
i .e. , was te/ canis ter / rock interfaces , as well as internal inter-
faces due to cracking.
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The experimental program should answer the two questions of

what is likely to be produced at the interface and how f ast will

it be formed.

The experimental apparatus is designed to subject specimens

of waste materials, canister metals and rock types to an uniaxial

compression load in the range of 2000 psi at moderately elevated

tempera tures of 200-3000 C for periods of several weeks. The

specimens are then examined by electron microprobe to determine

what concentration changes have occurred and what new materials

have formed.

The samples are cylindrically shaped, 1" diameter by 3/8" to

1/2" thick pieces of glass, stainless steel (4140) and basal tic

or granitic rock. A static load is applied with a modified

Riehle Model CR-12 creep testing machine (S.N. R-84940) by means

of hanging weights on a lever arm with a 20 to 1 mechanical advan-

tage. The samples are maintained in compression by the creep

machine with a cylinder and pisten device.

Any change in axial dimension is recorded with a (Riehle-

84940) transducer located between the bottom of the cylinder and

the bottom of the piston. The output from the transducer is con-

tinuously recorded on the Riehle creep-time recorder. The sensitivity

of the device is ~1x10-3 inches. Tlie spect.nens are maintained af

temperature by a 105V, 15 amp Marshall Resistance Furnace. The

temperature is recorded on a micromax (Leeds & Northrup) time vs.

temperature chart recorder using a Cromel-Alumel thermocouple which

is calibrated with a Leeds & Northrup (8662) Potentiometer using

_.
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the boi' ling point of water as a standard. A temperature profile

of the furnace is determined before each experiment. The tempera-

ture profile of the furnace is determined before each experiment.

The temperature recorded in the test is obtained by direct contact

of the thermocouple with the sample. The furnace thermostat is

0 C. The samplesable to maintain sample temperature within i 7

are stacked in " sandwich" fashion in a 1-1/2 inch retaining

collar in a metal-glass-metal-rock order and then placed between

the top of the piston and the top of the cylinder. The furnace

is then lowered into position and brought up to temperature, and

the load is then slowly applied. At the conclusion of the experi-

ment, samples are sectioned and analyzed for concentration changes

of the fission product simulant and for formation of any new reaction

products. Any new materials formed are characterized with respect

to their physical and chemical properties.

Selection of Systems to Study

A number of systems have been proposed for use in containing

HLLW in solid form. They all have as their objective the long term

immobilization of all or a specific fraction of the fission products

and neutron capture decay elements. The immobilization materials

are in theory backed by a canister of metal or other material. The

engineered barrier concept requires that the integrity of the canis-
ter remain intact for a number of years and that retainment be

backed up by the immobilization material. In this case the canister

must be designed not to crush under overburden pressu'.e since recon-

solidation will occur during the period in which the canister is

required to remain intact.
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High level liquid waste consists of soluble fission products

and actinides in acid or neutralized solutions. A decomposition

or calcine step is normally incorporated to convert the liquid to
a solid. The solid calcine formed at this point has the disadvantage

that it is a finely divided form and can easily dust. Moreover,

it has a high surface to volume ratio and is readily subject to
leaching action. Finally, it has poor thermal stability. As a

result, the calcine is normally incorporated into a secondary
medium such as glass, low melting metal or some other material.

To improve the properties of the calcine, the composition of
the HLLW can be modified by the addition of materials such as

nitrates of calcium and aluminum. The liquid mixture forms a

powder called supercalcine that offers improved properties. The

solubility of the supercalcine is five to six orders of magnitude
lower than that of calcine, and the volatility can be reduced

two to four orders of magnitude; however, it is still easily
dispersed.

A different approach is to add slurries of materials such as
clays and other aluminosilicates to the liquid waste to make a
supersludge. It can be further treated to form a low-temperature
ceramic or incorp> rated into a cement matrix. Perhaps the best

studied system for incorporating wastes has been glass.

The earliest reference on the incorporation of radioactive
wastes in glass matrices dates back to 1955. Multicomponent glass

has the advantage of process simplicity and low-leachability struc-
ture. Because of many components available to make glass, the
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final characteristics can be closely controlled. One disadvan-

tage of glass is that it tends to devitrify, thus increasing the

surface area for leaching.

Ceramics are considered a potential waste form because they

provide a high radionuclide loading in a thermodynamically stable

crystalline phase. Their disadvantages lie in their more complia

cated process requirements and possible sensitivity to transmutation

and stored energy effects.

Another material proposed for incorporating nuclear waste is

a synthetic analogue of natural igneous rock called "Synrock"8,

The host minerals selected for synrock were perovskite, hollandite

and feldspar. The disadvantages appear to be low waste loading

and very limited experience with the system.

Container materials proposed have been lead, copper, alumi-

num, titanium and steel, as well as non-metallic ceramics. It

appears that the various canister materials have been proposed
because of their expected chemical stability in a geologic media

without the benefit of long term qualifying experiments. More-

over, the design of the containers appears to have been focused

solely on sealing and transportation, neglecting consideration of

whether they will withstand the overburden pressures. For some

was te materials, it may be desirable to design the canister so

that it will be readily crushed by the overburden without being

breeched. This would hasten the conversion of the waste material

to a more stable form.
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The presence of water in the geologic repository must be

considered. The water may be present in two forms: brine inclu-

sions in salt, or as water of hydration in rock. Water can undergo

radiolytic decomposition with the products entering into reactions

with the waste / canister / rock system.

The discussion above identifies materials suggested for incor-

poration in a nuclear repository. Each should be studied to show

their interfacial behavior at elevated temperatures and pressures.

Standard reference materials, such as Battelle 76-68 glass,

should be used in all experiments to make the results comparable

under controlled conditions. That standard reference rocks have

not been used, because of inherent difficulties of homogeneity,
is a problem which must be addressed.

The absence of nuclear radiation in these experiments acts to
limit the results. Radiolytic decomposition products and trans-

mutation products are lacking, and radiation induced stored energy
in crystal structures is absent. Ultimately it may be desirable

to repeat a portion of the work using radioactive waste materials

to determine these effects. It is common in experimental kinetic

studies to hold as many variables as possible constant and to vary
only one item at a time. This allows interpretation of the effect

of each parameter in the system.

Application to the Waste Repository

The release of radionuclides from a repository can be considered

as a flux of material across the interfacial boundaries of waste /
canister / rock. This flux may be increased or decreased by changes
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occurring at these interfaces. As with all complex kinetic

phenomena occurring in series, the slowest is the rate controlling

step. It is desirable to identify the rate controlling phenomena

so that potential failure, leading to an increase in release,

can be characterized. At present, it is not possible to say

whether alteration of the waste form is more disruptive to the

mission of the repository than failure of the metal canister. Of

course, breeching of the canister is necessary at some point to

obtain a significant flux of materials to the host rock. Charac-

terization of these reactions is necessary to assure adequate

understanding of the repository dynamics.

Conclusions

Most reaction associated with the nuclear waste repository

will occur preferentially at the waste / canister / rock interfacial
boundaries because of surface energy, enhanced diffusion path

and presence of foreign materials. Those occurring internally

in the homogeneous bulk consist of zero and firs t order decomposi-

tion or conversion reactions.

Increasing the pressure produces new forms that are stable

at higher pressures, and changes the rate of chemical and dif-

fusional processes. Theoretical considerations show that the ,

mass transport of the radioactive material by diffusion will most

likely decrease, but that chemical reaction rates may increase

with increasing pressure. Pressures arising from the repository

overburden and the thermo-mechanical stresses may be sufficient
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to significantly alter the waste forms. The new reaction products

formed at higher pressures may have completely different physical

and chemical properties from the original sys tem.

This experimental study is directed at resolving all or part

of the following questions:

1. What reactions are occurring at the waste / canister / rock

interfaces?

2. What are the characteristics of these products?

3. What are the kinetics associated with the rate of forma-
tion of these products?

4. What are diffusional transport kinetics across these

interfaces?

5. What is the effect of pressure on the above?
6. How might these phenomena for a specific was te, canis ter

or rock material affect the operation of the repository?
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Discussion Following

THE EFFECT OF PRESSURE ON INTERFACE INTERACTIONS BETWEEN SOLIDS

Presented by Robert Anderson

Robert Leachman - NRC
Question
It would appear to me that there are other things that need to be
considered when you talk about the desirability of quickly achieving
high pressure in a repository. One is the possibility of having
super-heated water and so then increase corrosion rates. Do you not
have to consider these other effects too, when you advocate high-
pressure quickly in a repository?

Anderson
Response:
I would think so. One has to consider the radiation effects; one has

to consider the total chemistry. It is a very complex problem. I
feel that the considerations are there that we can use the pressure to

help us. We can, perhaps in some media, prevent water inflow by quickly
establishing pressures, and when we are worried about the effect of
water, one way might be to establish pressures so that we have no
driving force toward a low pressure regime. I have not talked about
that, I am merely looking at the diffusion in the chemical characteristics.

Alexis Parks - Boulder, Colorado, private citizen

Question:
Another question related to the water. Is it possible to create, through
sink holes or depressions on the surface above the repository, unexpected
accumulations of water? Ultimately, if you did have pressure and the
ground surface descends because of the plasticity of some media, such
as salt, would that create a basin to serve as a reservoir for surface
water?

Anderson
Response:
No. I would pass to my geology friends. There could be heave or there
could be slump. My idealized drawing showed no intrusion, showed no
defects at all occurring. I am not sure what amount of slump mignt
occur. I am taxing my menery, but from what I hav~ cecr. Uie repus1 tory
heat loadings have been dmi;;r.cd su uiere will be no surface slump and
there will not be any heave. If you have slump or heave, you are
talking about the physio-elastic properties of rcck, and you want to
make sure that you do not stress the rock or cause cracks. So I believe
one of the design parameters will be to not allow large surface thrusts
or downward slumps.
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INCORPORATION OF SOLID HIGH LE7EL WASTES INTO ISTAL

AND NON-!ETAL ff.ATRICES

van Geel J., Eachrich H., Dobbels F., Favre P., and Sterner H.

ABSTRACT

The main objective of incorporating solidified high level wastes of
high specific activity into a matrix material is to obtain final
waste forms with moderate inner temperatures, even at large waste
loadings per meter length.

The temperature distribution in waste forms of vitreous beads em-
bedded into a metal matrix (vitromets) during short- and long-term
storage, are compared with those in vitreoun blocks of equal heat
generation per meter height.

It go found that for storage under water, inner temperatures below
100 C are assured in vitromets, produced from short cooled high
level wastes, and containing high waste loadings per meter canister
height.

The chemical and mechanical reciativity, as well as the thermal sta-
bility have been examined for various matrix materials whereby em-
phasis is given to lead- and aluminium alloys.

The corrosion of lead- and aluminium alloys in distilled water, brine
solutions and dry salt has been examined at various temperatures.

The deformation behaviour of vitromets under axial compression is

investigated at different temperatures and varying height-diameter
ratios.

The maturity of the vitromet production is finally demonstrated by
presenting process data from hot laboratory scale and cold semi-
industrial scale production units.

iii
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INCORPORATION OF SOLID HIGH LEVEL WASTES INTO METAL

AND NON-ETAL MATRICES

.

1. INTRODUCTION

In many countries the established concept of managing solidified
high level liquid wastes (HLW) includes interim storage for about
10 to 50 years in engineered facilities followed by disposal in
stable geological fomations.

As a result of the radioactive decay, solid waste products con-
tinuously change their chemical and physical properties which
makes evaluation of the compatibility of these products with po-
tential geological environments difficult. Any changes in the
properties with time must be understood and shown not to lead to
a premature deterioration of the required features initially
present.

Tcday, experimental data are lacking on the short-term and long-
term storage behaviour of high level waste forms of high specific
activity, involving high temperatures within the product and high
radiation doses which could enhance the rate of formation of some
detrimental effects of these waste forms.

It is therefore expected that the finst generation of HLW products
will be produced assuring moderato inner temperatures which will
probably tend to increase when more experience is gained.

Low inner tempetatures can certainly be obtained in products of
relatively small dimensions and low waste concentrations. These
measures, however, result always in the production of an increas-
ed number of storage containers and/or unpractical height to dia-
meter ratios.

In the search for alternative solid HLW forms which assure to a
higher degree than glass monoliths the desirable long-term sta-

bility, several composite products were fabricated consisting of
HLW particles incorporated in a metal or non-metal matrix.

Consequently the usual investigations on the chemical, thermal
and mechanical stability as well as the interaction of the soli-
dified HLW with its immediate environment had to be extended to
the matrix caterial and the composite material.
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Introduction (continued)

It 10 cvident that matrix material of high corrocion resistance
have primarily been studied. Amon- these are lead and lead- .

alloya which have shown cince mill, .ia high stability in natural

environments.

The high heat conductivity of metals is, of course, particularly
advantageot s for ELW colids exhibiting a low thermal conductivi-
ty cuch no glasses and calcines.
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2. CURRENT RESEARCH AND DEVELOPMENT WORK

The previous and current R and D work on the encapsulation of
solidified HLW into metal matrices has recently been reviewed by
Jardine and Steindler (1). In the following we therefore give
only a brief summary of representative or new investigations in
this field, especially those carried out at Eurochemic. In addi-
tion we describe come of our preliminary studies on the use of
non-metal matrices for the conditioning of solid and solidified
waste of high cpecific activity.

2.1 Calcine- and ceramic-metal nstrix composites (ceramets)

Rhodes (2) and later Berreth et al. (3) developed processes for
incorporating high level waste calcines in aluminium, iron, zine
and lead-tin to form composjte p{oducts having thermal conducti-
vities between 5 and 40 wm- C depending on the metal used.

The high porosity and waterwsolubility of the calcines, and the
" point to point" contact between the granules in the metal pro-
vide, however, pathways for water to penetrate and to dissolve
the calcine. Furthermore, the high fraction of fines in most~
calcines also these produced in fluidized bed reactors cause non-
uniform poor quality composites that are unsuitable for long-term
st orage.

To reduce the high penetrability of the calcines, studies were
carried out to coat these type of particles, with pyrolytic car-

bon, nickel and molybdenum, chromium carbide and oxide, silicon,
silica and alumina prior to their embedding (4). The remaining
high intraparticle porosity of the granules still put a serious
limitation to the concentration of the waste in the final com-
posite material.

At Eurochemic, the MINERVA Process (5) was developed, among others,
to convert the aluminium containing high level liquid waste to

large sise mineral-type phosphate granules of low solubility at
temperatures no exceeding 550 C. These granules were then incor-
poratedintoleadallofs. Ceramets having leach rates below
1 10-6 g . day-l.cm- were obtained (5).

Figure 1 shows two examples of these ceramet products.

-3-
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An iniIeresting suggestion was made by McCarthy (6) who examined
in cooperation with the Battelle Northwest Laboratories (7) cold
and hot pressed discs of "supercalcines" of high density which
would be suitable for incorporation into a metal matrix, and
could yield composites with waste concentrations comparable to
those in HLW glasses.

2.2 Glass-metal matrix composites (vitromets)

The design concept of the first types of vitromets was aimed at
reducing the large temperature difference to be encountered be-
tween wall and centerline for canisters filled with vitreous
high level waste.
This could be obtained by providing the canisters with metallic
inserts of high thermal conductivity, such as shown in figures
2 a and b.

The homogeneity of these products could considerably be increased
by transforming the glass melt first into small beads and then in-
corporating these beads into a molten alloy. Some examples of
these type of vitromets are shown in figure 3. The techniques
for beads production and incorporation into a molten metal have
been tested at industrial scale at Mol and are described in
paragraphs 5.1 and 3.1 respectively of this paper.

2.3 Cladding and scrout - metal matrix composites

A conditioning process for the hulls and structural components
of spent fuel elements, based on mechanical compaction and en-
capsulation in a low melting filling alloy, is being developed
by the Eelgian Nuclear Research Center, S.C.K./C.E.N., under
contract with the European Atomic Energy Com= unity (8).

Compaction up to 75 % of theoretical density could be obtained
at a compaction pressure of 150 MPa. The compacted briquettes
have been embedded in Pb - 1.5 Sb alloy at atmospheric pressure
and under vacuum. In the air casting tests the Pb-Sb alloy was
heated to about 450 C by an induction furnace. Rest porosi-
ties of 15 to 18 vol.-% were obtained and caused by air bubbles
trapped in the irregularly deformed cladding material. Vacuum
casting has lead to much better results. Rest porosities of
3.5 % were obtained which were shown to be completely isolated
in the composite.

-5-
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a) Canister of stainless steel filled with glass containing
stainless steel tubes embedded in aluminium.

b) Canister of stainless steel provided with a stainless steel
insert, filled with calcine granules embedded into glass.

c) Canister of stainless steel with bore holes, with filled
glass.
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2.4 Non-netallic matrix material

Ggaghilh 51 E8 aB lh_er_mosg}}jpg,ggsjgsd2.4.1 --

Scoping studies were performed by Eurochemic on a laboratory
scale to investigate if non-metallic material could be used to
fill the intra-particle as well as the inter-particle voids of
granular onde calcines and phosphate ceramics. Some of the
products obtained are shown in figure 4.

Graphite combines chemical stability with a relatively high
thermal conductivity and, when properly mixed with a binder like
phenolformaldehyde resin, can form a stable matrix after com-
pression at 20 MPa and hardening at 180 OC.

Good wettability of the granules was observed by a+ ' ding the
granules into pure thermosetting resins like those based on
orthophthalic acid, styrene and glycol.

All further studies were ceased as those containing cubstantial
amounts of organic substances were either believed not sufficient-
ly radiation resistant and fire resistant to house vaste of high
specific activity.

2.4.2 concret e

The use of cements to torm concretes for incorporating solid or
liquid wastes has received widespread attention in the management
of radioactive wastes (9,10). Concrete materials however, are
generally porous and may break rather easily owing to atmospheric
conditions. Proposed post treatments by impregnating the concrete
matrices with a polymer material does not eliminate the internal
porosity of the matrix, does not increase the mechanical strength
and often leads to a product which is not fire resistant.

Eurochemic has developed a process for the purpose of embedding
16 tons of structural material, cut from the fuel elements
(undissolved structural parts + parts of fuel pins), into a
polymer concrete matrix. These residues contain highly activa-
ted matcrial and relatively high amounts of core material.

The matrix material is a mixture of an inorganic aggregate
(SiO , koalin), a polymer as a binder and chemical additives2
such as fire retardants A1(OH)3 and water repellent chemicals
(e.g. paraffins).

8-
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Special effort was made to keep ' e weight fraction of the
polymer low (f 20 %) in order to yield a product with low con-
tent of organic material.

Many combinations of resins, fire retardants and aggregates
were tested which finally resulted in matrix material composed

of 50 wt-% siO ,10 % kaolin, 20 % Al(OH)3 and 20 % of a poly-2
ester based on orthophthalic acid, styrene and glycol.

The incorporation can be performed under water, thereby re-
ducing air born contamination problems.

Water is however an inhibitor for most polymerisation reactions.
The aggregate material was therefore pretreated with water re-
pellent paraffins, prior to mixing the aggregate with the poly-
morisable compounds (11).

Demonstration tests at 1 : 1 scale with contaminated solids with
a radiation doce of 100 R/h at contact have been performed.
An inactive laboratory scale sample of the product is shown in
figure 5.

The matrix material shows excellent flame and fire resistance
( ASTM oxygene index 30), no porosity, high resistance to thermal
shocks, a compression strength of 140 MPa, and go visual change-
tent after an accumulated radiation dose of 10 Rad.

- 10 -
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3. INCORPORATION TECHNIQUES FOR METAL MATRICES

3.1 Vacuum casting

Vacuum casting is of particular interest for solids which have

porosities of small size and difficult accessible by the filling
mat rix.

The casting technique shown in figure 6-a has been applied for
embedding briquettes of compressed cladding material into a
molten alloy (8).

Lamb (12) recently reported the experience with various vacuum
techniques of which one was judged particularly promising.
The canister is attached to the metal casting system by a tube
at the bottom, the molten metal flows upwards through this tube
when vacuum is pulled at the top of th's canister.

The metal freezes in the tube, sealing the lower end of the
canist er. The canister content is now degassed and the pressure
reduced to its desired value. The cooling water to the lower
freeze valve is shut off to remelt the metal. The molten metal
flows up through the canister due to the vacuum and penetrates
the inter-particle voids.

3.2 Technianes developed at Eurochemic

The embedding procedure depends on the physico-chemical proper-
ties of both the matrix and the phase material to be encapsulated.
For instance, incorporation of borosilicate glass beads in molten
aluminium is relatively simple as the beads have a higher density
than aluminium.
The beads can be poured directly into a canister which is pre-
filled with molten aluminium.

For composites in which the metal matrix has a higher density
than the beads, a more complicated procedure has been applied.
This procedure is illustrated in figure 6b.

The inner compartment of a double-walled stainlc9s steel con-
tainer is filled with the waste granules via an inlet tube which
is closed directly after filling. The outer surface of the con-
tainer is then heated by induction to a temperature of about
500 C.

- 12 -
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Lead shot of 3 - 5 mm in diameter is then continuously fed
betwee4. the inner and the outer wall of the container where it
melts. The metal melt rises up via an opening at the bottom,
provided with a grid, into the inner container filling-up the
void space between the granules. Additional lead is added to
completely surround the inner container by a layer of lead.

The container is zone-cooled from the bottom to the top eli-
minating the formation of cavities in the matrix during its
solidification.

A series of products of different composition prepared in
laboratory scale experiments have shown a horogeneous distri-
bution of the granules within the metal matrix, which occupies
about 30 fa of the total volume. The bulk volume of the waste
is not increased, as the matrix material only fills up the
void space between the granules (13, 14) .

- 15 -
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4. PRODUCT CHARACTERISTICS

The assessment of the chemical and physical stability of solid
HLW products which are incorporated into a metal or other matrix
material, includes the study of the compatibility of the matr.x4

mterial with the dispersed phase, the container material and
with the environment in which the container will be stored.

The data reported here are limited to those obtained at Eurochemic
and are related to lead and aluminium alloys as matrix material
phosphate and borosilicate glass as dispersed phase, stainless
steel as container mterial, and water, sodium chloride, and a
rock salt deposit excavated from the ASSE II mine in the German
Republic, as environmental media.

4.1 Chemical compatibility of metal matrix with storage media

Variouc lead and aluminium alloys have been exposed to chemicals
present in potential intermediate and final storage media.

Periodical tests have been carried out in one liter flasks in
whieh samples of pure alloys were contacted with bi-distilled
water, and aqueous solutions saturated with a rock salt deposit
excavated from the ASSE II salt mine. This salt, further called

ASSE II salt, contains 2 99 wt.-f, Nacl and traces of MgCl2 and
CaSO .4

To study the influence of oxygen, nitrogen and CO2 on the corro-
cion rate, part of the aqueous colutions was saturated with these
gases. The alloys were also exposed to the dry ASSE II salt at
temperatures up to 250 C and for periods up to 172 days.

The results of the studies with lead alloys and executed at
different temperatures are shown in Tables I and II. They are
in good agreement with the data from AZIM (15) and GOUDA (16).
Although the studies are sbill in progress, some general lines
can be marked off :
Lead alloyed with antimony and tin, exposed up to 172 days at
110 OC to dry ASSE II salt, r owed a corrosion rate of
f 0.001 mm yr"1 An equal co.msion rate was measured when part
of these alloys were contacted with a saturated solution of this

salt at 50 C (solution saturated with N2 nly).

- 16 -



TABLE 1 : Cwa JSITION OF METAL ALLOY 3 USED IN OUR CORROSION STUDIFE

Alloy identification Corresponding material Maximum weight %
number according
German standards Aq As Bi Cu Fe Sb Sn Zn Pd Total

Pb 99 99 23010 0.001 0.001 0.005 0. 001 0.001 0.001 0.001 0.001 - 0.01

Pb 99 9 Cu 23a21 0.0025 0.001 0.01 0.04- 0.001 0.002 0.001 0.001 - 0.015*
o.08

o.75-0.02-Pb - Sb 23201 - - -- - --

i 0.05 1.25

n
150.050.5Pb 98.5 23085 - - - -- - -

20Pb - Sn 20 - - -
- - - - - - -

- - - - - - - 10 - - -Pb - Sn 10

- - 0.05 - 0.10.05Pb - Q2 - Sn - Pd -- - - -

_

* Excer:, copper and silver
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TABLE 3 : ELECTROMECHANIC E POPElffIALS AT ROOM TEMPERATURE OF

VARIOUS KETALS AND ALLOYS AS MEASURED IN AN AQUEOUS

SOLUTION SATURATED WITH ASSE II SALT AND WITH AIR

ALLOYS (wt.-%) E* ALLOYS (wt.-%) E*

Pt (99 9 %) + 470 Pb + Sb (12%) + Sn(4%) - 367

Au (99 9 %) + 290 Pb + Sb (8.6 %) - 373

Incoloy 825 + 70 Pb + Hg (30 %) - 374

Hast e11oy C4 + 70 Pb (99 9 %) - 376

+ 68 Pb + Te (0.1 %) - 377Ag (99.9 %)
S.S. 304 L passivated - 52 Pb + Ca (0.1 %) - 384

90 Pb + Ag (1 %) - 390Monel 400 -

Cu (99 7 %) - 145 Wrought iron - 396

Sb (99 0 %) - 208 A1 + Si (13 %) - 624

Inconel 625 - 240 A1 (99 5 %) - 629

Sn (99 5 %) - 350 Cd (99 9 %) - 639

Pb+Sn(20%) - 354 A1 + Mg (3 %) - 647

I

*) Electrochemical potential towards normal hydrogen electrode

- 19 -
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,

These low corrosion rates are moat probably caused by the
chloride ions, and also sulphate ions, which act as anodic
inhibitors (15). X-ray diffraction patterns of the lead sum
face layer indeed showed the presence of Pb Na3Cl(SO)32 4
(ASTM 25-706) and Pb 0 Cl2 (ASTM-6-405).43When however, this solution is saturated with air, the corrosion
rate increases to 0.15 mm yr-1 This is cIplained by the fact
that oxygen participates in the cathodic processes underlying
the corrosion of Pb in chloride solutions (17). Our results
indicate that silver and copper as alloying elements are
effective in decreasing the corrosion rate of lead in oxygen
rich chloride containing waters.

Investigations are continued to simulate more precisely the
storage conditions to be expected at large depths at elevated
temperatures and at high pressures.

Pure aluminium seems to be equally corrosion resistant than lead
in certain chloride containing media like the dry salt of
ASSE II and the saturated aqueous solutions of this salt.

Also here chloride ions have a passivating effect by formation
of an adherent and impervious layer.
X-ray diffraction patterns of the passivation layer on the
aluminium alloy (type A-S 13) after a 2 years' contact with the
ASSE II salt, showed the formation of delta- and eta alumina and
the Algj(OH)30Cl3 compound.

The stability and permeability of this passivation layer, by
species controlling the anodic reaction, are under intensive
investigation.

The galvanic effect of matrix material and canister material
on the corrosion of botn metals form also a considerable part of
our corrosion studies. Table 3 shows the measured electrochemical
potentials of metals and their alloys in aqueous solutions satura-
ted with the ASSE II salt and with air. From this table bi-
metallic couples have been selected and recently been submitted
to corrosion in the dry ASSE II salt at temperatures up to
200 OC and pressures up to 20 MPa.

- 20 -
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4.2 Chemical comnatibility of the matrix material with the

canister material and vitreous beads

Microscopic investigation of the interface between lead or
aluminium alloys and stainless steel (AISI 304) did not show any
signs of interaction nor of liquid metal embrittlement of the
canister material.
Corrosion attack and liquid metal embrittlement of liquid lead
on ferrous alloys is however been reported in Literature (18)
and primarily the result of the hign solubility of nickel and
chromium in molten lead.

The rate of interaction is extremely low, reason why Frye (17)
found 304 stainless steel to be unattacked by lead during a
500 hours exposure at 400 C.

As the embedding procedure described above involves liquid
metal contact with canister material for about 7 hours, serious
anmnge at the interface is not believed to occur.

Interaction of molten lead with phosphate glass beads has been
investigated by electron probe analysis. Of the chemical ele-
ments present at the interphase, some minor penetration of lead
into the glass phase was observed after prolonged heating to
72 hours. Tests are continued including aluminium alloys and
borosilicate glasses.

Phosphate glass beads were immerced in commercially pure liquid
lead at 400 OC for different time periods. After contact, the
samples were cut perpendicular to the contact surface and the

interphase was investigated qualitatively in an electron micro-
probe (resolution 1 - 3 pm). After 1 hour contact no inten-
action could be observed but after 72 hours, a slight enrichment
of Na and Al in the glass phase near the interphase could be
detected (~ 10 pm). The lead diffusion into the glass phase
was 40 pm.

The tests have learned that no deterious effects will occur
during the relatively short contact times at elevated tempera-
ture.

- 21 -
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4.3 Thermal oroperties

The study of the thermal properties of the HLW containers is
based on the heat generation data for borosilicate glass,
presented in figure 7-
The thermal data for this reference glass are taken from
Laude (19). Th.is glass results from the vitrification of high
level waste originating from the reprocessing of commercial LWR
fuel, and contains 520 c/l of fission product oxydes.
Simaltaneously, the curves for ELW glass from the reprocessing
of mixed oxyde fuel containing twice recycled Pu are
presented (20).

The specific heat production of this latter glass was assumed
to be equal to that of the reference glass at one year after
discharge from the reactor.

The corresponding data for vitromets, containiv.c 66 vol.-% of
glass beads of 3 - 5 cm of equal composition and embedded in a
Pb-2 % Sb matrix, are also presented.

Figure 8 shows the difference bctween centerline and wall tem-
peratures for cylindrical vitromets, 60 cm in diameter as a
function of time after reactor discharge of non recycled fuel.

A similar curve is drawn for massive borosilicate glass blocks
of 50 cm in diameter, having an equal heat production per meter
block height.

The relatively low temperature difference in vitromets can be
explained by the thermal conductivity of the vitromet
(> 10 W m-l C-1), which is an order of magnitude higher than
for the massive glass blocks (assumed A = 1 W m-l oC-l).

4'3*l I"13fgggjajg_g}ggagg

In figure 9a, the radius of vitromets and corresponding glass
blocks at prefixed centerline temperatures and under natural
air and water cooling, is plotted as a function of time after
reactor discharge. The corresponding data of figure 9b shows
the important decrease of container radius when waste from
coent recycled fuel is considered.
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The centerline te=peratures of vitronetc (p = 60 cm) and of
glaco blocks (# = 50 cm) of equal waste load per meter height,
is plotted in figure 10 as a function of time after reactor dia-
charge for storage under water or in free air. From thece data,
one can derive that the vitromets have centerline temperatures
below 300 C when stored in air, and below 100 C during water
storage, at an age of 4.5 years after reactor discharge.

4.3.2 Long_ term storage
_

Figure 11 chowc calculated centerline temperatures in a vitromet
and a corresponding glacc block during its storage in an infinito
calt formation of the ASSE II type.

The calculations accume a direct contact between the container
and the salt deposit with a temperature dependent heat conducti-
vity, as given by Kuhn (21).

When storage takes place at least 14 years after reactor diccharge,
vitrometc, 60 cm in diameter, have centerline temperaturec below
100 C.

For corresponding glaan blocks, the calculated centerline tece
peraturec amount to 260 C ader cimilar storage conditionc.

Evidently, low centerline temperatures can be accured by apply-
ing small diameters or high waste dilutions. Thece measures how-
ever always imply an increaced number of storage containerc.
This can be illuctrated by calculating the number of canisters
required for storing 335 litera of high level waste glaco, recul-
ting from the reproceccing of 5 tons LWR type fuel, irradiated
to 33,000 mwd / ton and cooled for 4.5 years, and reprecenting in
total a heat cource of 11.7 kW (19).

Thic glaco must be stored in 9 containere of 18 cm in diameter
and of 2 m height, accuming a maximum centerline temperature of

O100 C during water storage. Thic glacc an be housed in one
cingle vitromet, 60 cm in diameter and 2 m height, attaining the
came maximum centerline temperature.

It is believed that the cavings in the required number of
canisters and in their cooling, handling, transport and storage
offset by far the costa #,c the additicral waste conditioning
step, that is the incorporation in a metal matrix.

- 28 -
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4.4 Mechanical nronerties

Although the primary mechanism for the release of activity from
solidified waste products will probably be by leaching, there is
also the possibility of dispersion as a result of external forces
acting on the container.

Mechanical impacts on the final containment can generally be
divided into :

i) impacts over a short period of time, involving high energy
tr1namission to the container (dropping, collision, etc..).
The impact is generally concentrated on a small surface area
of the containment;

.

ii) impacts over long periods of time involving a relatively
large surface area (compressions, bending and torsion forces)
which might be encountered in geological repositories
(tectonic movements).

Both types of impact generally can result in deformation of the
containment and increase of the leachable area.

The deformation of our vitromets was therefore investigated by
compression of samples of different height to diameter ratio and
at different temperatures.

Figure 12 shows the compression strength for vitromet blocks of
different height-diameter ratio.

The vitromets were composed of phosphate glass and Pb-2 % Sb
alloy.

Figure 13 shows the measured compression force at 1 % axial de-
formation and this at different tcmperatures. The compression
had to be continued to 5 - 15 % (depending on the height to dia-
meter ratio) before rupture occurred resulting in release of
potentially respirable particles. This is shown in figure 14.

Prom figure 12 we may conclude that lead as matrix material can
easily cope with the axial pressures caused by piling up vitro-
met containers up to say 10 m height.

- 30 -
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Figure 14 shows that vitromet products can cope with high
axial deformations before dispersion of glass beads or glass
splinters occurs.

The long term creep ,behaviour of vitromets and particularly
those containing leaEl or its alloys as matrix material, are
actually under investigation at Eurochemic.

*
.
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5. INDUSTRIAL APPLICATION OF VITROME?P PRODUCTION

The embedding technology applied in the PAMELA process * (22)
for solidification of liquid HLW has been demonstrated at
1: 3 scale. The process comprises eccentially :

- denitration and concent ration of the liquid waste,

- vitrification and glass beads production, and finally

- incorporation of the glass beads into a metal matrix.

5.1 Vitrification and glass beads production

Vitrification of the liquid waste, without prior calcination
step, is performed in a Joule heated ceramic melter (22).
A glass stream leavec the melter, passes a heated vessel, the
bottom of which has about 10 nozzles. The liquid glass drips
from these nozzles. The droplets are caught on a rotating
steel-disc, where they solidify to fo m glass beads. These
beads are swept by pressed air into a ontainer. The through-
put of the installation testedjras 6 kg phosphate beads per
hour, which corresponds to a reprocessing capacity of 2 tons
of LWR fuel per day.

During bead production continucus sampling was easy.
In case of off-standard glass quality, the beads can easily be
recycled to the melter by a pneumatic transport system.

Incornoration of class beads in a metal matrix52
_

Figure 15 shows the pilot installation used for producing
vitromet products of 22 cm in diameter and 1 meter in height.

The embedding technique applied here was that described in
g 3.2 and shown in figure 6b.
A full scale container is presented in figure 16.

Heating occurs by induction of medium frequency (10 kHz).

* developed by GELSENBERG AG (Federal Republic of Germany) in
cooperation with the EUROCHEMIC COMPANY (Belgium) and with
the support of the German Ministry of Research and Techno-
logy.

- 35 - -
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.

Tne course of the temperature at various spots within the
canister was measured. This showed that the entire embedding
operation lasts less than 7 hours.

During the embedding procedure a fairly homogeneous temperature
distribution over the entire canister was obtained.

Steel canisters, provided with stress gauges, turned out not to
be stressed. This was expected as the thermal expansion co-
efficient of the lead alloy is larger than that of stainless
steel.

,

5.3 Hot cell experience

A lab-scale PAMELA plant was constructed and installed in two

hot cells at Julich from 1973 to 1974. Thirteen hot runs took
place whereby in total, about 200 . Purer type waste colution
(origin : Eurochemic). About 15 kg of phosphate glass beads with
a specific activity of 1 - 4 Ci/g have been produced.

Incorporation of this glass was performed by Eurochemic in a bot
cell unit at Mol. So far, two vitromet blocks with a total
activity of 7000 Ci have been produced. Details are shown in
table 4. It was found that contamination of the outside canister

- and of the hot cell was negligibly low.

5.4 Pull scale demonstration olant

It was recently decided to construct a demonstration facility
for the solidification of 65 m3 of high-level Purex-type waste,
(~ 400 Ci/1) presently stored at Eurochemic and resulting from
earlier operation of the reprocessing plant.

The demonstration facility should be in active operation in
1985 and will be constructed in the framework of a joint venture
of IMK (Deutsche Gesellschaft fur Wiederaufarbeitung von Kern-
brennstoffen abH) and the Ministry of Research and Technologi of '

the Federal Republic of Gerauy.

- 36 - ,
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TABLE 4: ACTIVE GLASS BEADS AND VITRO:GP PRODUCTION

.

I

Period Amount of Total Block dimensions
glass beads p-act ivity of vitromet

(3 - 5 mm) Diameter Height
kg kCi cm em

a

$ Dec.'74 - Dec.'76 15.7 38 - -

I

August '75 1 2.5 8 10

September '75 2 4.5 14 10

c$w

- - - -

- . - . - . . . . .
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Discussion Following

INCORPORATION OF SOLID HIGH LEVEL WASTES
INTO METAL AND NON-METAL MATRICES

Presented by J. van Geel

Larry Hench - University of Florida

Question:
Since you are able to get sampling during the production, how much
variability have you seen in your glass bead production?

van Geel
Response:
No data are available today, apart from a noticed variability of 10% in
our glass bead dimensions.
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ABSTRACT

The purpose of this paper is to discuss the causes and consequences
of cracking of high-level waste (HLW) glass in large canisters. Under
normal operating conditions a certain amount of cracking is expected. The

major causes of cracking are thermal and residual stresses in the glass.
Cracking can also be caused by severe impacts, although this is expected
to occur rarely. In this paper we present data on the cracking of simu-
lated HLW glass in full-scale canisters filled by the in-can melting and
the continuous melting vitrification processes. We discuss how cracking
occurs and how it affects the performance of the glass. Comments on how

alternative waste forms compare to glass are made where information is
available. We conclude that the amount of cracking in HLW glass can be
controlled within acceptable limits.

iii
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SUMMARY

One of the most important aspects in determining the safety of a
waste management system is quantifying the ability of a waste form to con-
tain radioactive elements. Part of the extensive worldwide effort to
characterize this ability is concerned with mechanical durability. The
purpose of this paper is to discuss the area of mechanical durability--
specifically cracking -as it relates to cast waste glass in steel storage
canisters. Cast waste glass was selected because of its advanced state of

development: full-scale demonstrations, including radioactive tests, have
been conducted for a number of years in several countries.

In this pper we discuss the major causes of cracking, which are
thermal and residual stresses and impacts. The conditions found in actual
canisters are so widely varied that theoretical predictions of cracking
are impractical, although they are useful in understanding observations.
We conclude that the best way to understand cracking is to evaluate a
series of full-scale glass canisters that have experienced a range of

conditions. We include data from full-scale canisters of glass filled by
the in-can melting and continuous melting processes that are currently
under development at the Pacific Northwest Laboratory.

It is important to study cracking so that its effect on the safety of
a waste management system can be evaluated. For most situations, the
amount of cracking should have no significant effect on the safety of
surface operations. Also, recent work on glass behavior in disposal
environments does not indicate that cracking causes any adverse effects.

We. conclude that waste glass will crack when it is cast in large

canisters. Under normal conditions, the surface area caused by cracking
2is less than 1 cm /g. Most of the surface area is not available for

environmental interactions because the pieces are tightly packed. This
area is also associated with a small amount of glass; 50% of the surface
area results from about I wt% of the glass. Severe impact accidents

v
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will increase the surface area by factor of 4 to 10. Respirable particles
will also be produced in an impact accident, but they will constitute
0.1 wt% of the glass. The increase in surface area and number of parti-

cles will not directly increase release levels, because the canister and
the facility or shipping cask will contain the glass. We recommend sev-

eral areas of additional work to support studies on the effect of cracking
on the waste management system. These areas include continued evaluation

of full-scale canisters and leach testing of large blocks of cracked
glass.

.
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INTRODUCTION ,

Many groups around the world are developing the technology to manage
high-level radioactive wastes. The goal of this management effort is to
isolate the wastes from man's environment. To achieve this goal, a system
of three major barriers is being developed. The first barrier is a dura-

ble solid waste form. Glass is currently accepted as the reference waste
solid because of its advanced state of development. Other solid forms
have been proposed as alternatives to glass, but they are, as yet, not
completely developed and have not been tested on a full-scale. The second

level of containment is an engineered barrier. The storage canister is an

important part of this barrier, especially during surface operations.
During disposal, the engineered barrier may include overpacks and very-
near field geology modifications. The third barrier is a stable geologic
formation.

An important aspect in evaluating the safety of a waste management
system is determining the ability of the waste form to contain the radio-
active elements. Many countries have been extensively characterizing

glass waste forms to demonstrate their durability under a wide range of
conditions. One important aspect of this work is mechanical durability.
The purpose of this report is to discuss the mechanical durability of cast
waste glass inside steel storage canisters.

Mechanical durability is the ability of a material to resist mechani-
cal failure--which is, in the case of glass, cracking. Cracking in glass

is caused primarily by thermal and residual stresses and impacts. Crack-
ing affects the ability of the glass to contain the radioactive waste ele-
ments by increasing glass surface area and the number of small particles.
The amount of exposed surface area must be considered when evaluating the

effect of leaching on a canister of glass. The exposed surface area

depends on the canister's condition and the packing tightness of the
glass, and is not just the total of the glass area. If a canister fails
by an impact accioent, the primary release will be small particles. It is

important to be able to quantify the number of particles and their size in
order to evaluate the effect of the accident.

1
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We selected cast glass for our study because the technology for its
production has progressed far enough to allow full-scale tests in signifi-
cant numbers. Glass has been at the stage of full-scale demonstration for
a number of years. Radioactive demonstrations have been made by the
United States at the Pacific Northwest Laboratory (PNL) and by France at
the AVM plant. Non-radioactive process development is currently being
conducted in several countries.

Although glass is emphasized in this report, we have included infor-
mation on alternative waste fc.ms where it was available. Most of this

information is based on theoretical studies or lab-scale tests.

,

2



405

PRODUCTION OF GLASS IN LARGE CANISTERS

The goal in developing the technology for large scale solidification
is to reliably produce an acceptable waste form in the simplest, safest
manner possible. Several processes for producing large canisters of glass
have been developed with this goal in mind. The expected ease of produc-

ing radioactive waste glass was one reason why glass was selected for
early development. This expectation has been realized by the production
of radioactive glass in the United States, France and England.

Two basic vitrification processes have been developed. The first is

a batch melting process, where liquid or calcined waste is mixed with
glass-forming frit and melted in the storage canister. This is the tech-
nique used in the in-can melting process, which is being developed at PNL
in the United States. It is also used in the HARVEST process, which is

being developed in England. The second vitrification technique is a con-

tinuous melting process, in which liquid or calcined waste is mixed with
glass frit and continuously melted in a glass melter. The inolten glass is

then poured into the canister. Continuous melting is being developed in

several countries. The most fully developed processes are the joule-

heated cera"lic melter at PNL and the metallic melter at the French
AVM plant. The batch and continuous processes each produce high-quality

waste glass; however, there are some differences that may affect the
mechanical behavior of the glass. We have selected the PNL in-can melting
(ICM) and continuous melting (CM) processes as being representative of the

two types.

IN-CAN MELTING

The ICM process uses the storage canister as the melting crucible for
the glass.(l'2) Figure 1 shows the ICM furnace connected to a spray
calciner. The spray calciner is an integral part of both the ICM and CM
processes. The calciner converts liquid wastes to a fine powder of waste

oxides by spray drying.(3) During the ICM process a stainless steel

3
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FIGURE 1. Schematic of the In-Can Melter Furnace Connected
to the Spray Calciner

canister is placed on the bottom of the furnace and is covered by an insu-
lated top. The canister is then connected to the calciner through a hole
in the furnace top and is preheated to 1050 C before feeding is started.
As the waste oxides fall into the canister, they are mixed with glass-
forming additives. At 1050 C this mixture melts, " fixing" the waste in
the glass. When the canister is filled and feeding has stopped, it is
held for two hours at 1050 C so that the frit can completely react with
the waste and so that bubbles can escape. The canister is cooled to 700 CU

while it is still in the furnace, then it is removed. The canister is
then cooled until it reaches its steady-state temperature for storage.

4
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The ICM process has been under development at PNL for about eight
years. Twenty full-scale canisters of non-radioactive glass have been
produced. These canisters, like those shown in Figure 2, have ranged from
12 in. to 28 in. in diameter. In 1970 two nearly full-scale canisters
were filled with radioactive waste in the Waste Solidification Engineering

Prototype (WSEP) program. Two more radioactive canisters will be produced

in 1979.

CONTINU0US MELTING

A schematic drawing of a CM melter is shown in Figure 3. To date,

most CM tests have been made using calcined waste.(4) However, liquid
Wdste can also be fed directly to the melter.(5) The waste and glass

formers are fed onto the surface of a pool of glass that is contained in a
ceramic-lined cavity. Energy for vitrification is supplied by joule heat-
ing. At high temperatures glass becomes an electrical conductor. Elec-

tricity is passed through the glass between immersed electrodes, generat-
ing heat evenly throughout it. Waste glass is continuously drained from
the bottom of the melter and poured into a storage canister. During fill-

ing, the canister is contained in an enclosure that maintains its canister
'

0temperature near 600 C and monitors the filling prccess. When it is full,
the canister is removed and cooled.

The ceramic melter has been under development for about four years at

PNL, with two full-scale melters currently in operation. About forty
canisters, like these shown in Figure 4, ranging from 12 in. to 36 in. in
diameter have been filled and evaluated. The majority of canisters pro-

duced are 24 in. in diameter, which is the reference size for defense

waste solidification.

STORAGE CANISTER

The basic PNL design for a waste canister is a single-wall pipe with

a flat bottom. The top will be flat, or may be slightly domed for large-
diameter canisters. The top has an opening that is carefully designed to

5
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.

couple to the solidificatica equipment and to be easily sealed. The dia-
meter of the canister will range from 12 in. to 36 in., and its lengtn
will be about 10 ft. The canister material will be a stainless or carbon
steel. Figure 5 shows the current PNL reference design for an ICM cani-
ster for heat-generating wastes. Note that this canister has irternal
fins. These are necessary to achieve the high melting rates needed for
large-scale production and for improved heat transfer through the glass.

The presence of the canister is a very important factor when evaluat-
ing the performance of the glass in any particular circumstance. The

relationship of the storage canister to the waste glass has been reviewed
by Slate and Ross.(6)

IWIST LOCK LID

:::gij5
..I, f

t:
"

FINS

16 INCH SCHD 20

/ 304L PIPE

k

EIGURE 5. Reference In-Can fielting Canister Design
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CONSEQUENCES OF CRACKED GLASS

Liquid HLW is solidified so that it will be in a form that will mini-

mize any chance of radioactivity release. For glass there are three

potential mechanisms for the release of radioactive materials; 1; chemi-
,

cal attack by water (leaching), 2) dispersal of very fine particles, and
3) volatilization of certain radioisotopes. The amount of cracked glass

in a canister affects leaching and the dispersal af particles.

In this section we will briefly discuss the effect of cracking in the

three areas of waste management: the solidification facility (which

includes interim storage), transportation, and disposal.

THE SOLIDIFICATION FACILITY

A solidification facility for high-level waste wi'l be designed to
safely contain all radioactive materials inside, so that if radioactive
materials are released from the glass they will oe contained within the
facility and not released to the environment. While in the facility, the

storage canister is the primary means of preventing a release from the
glass. It is also designed to prevent damage to the glass during normal
operations.

The two major mechanisms for a release are an impact or ieaching. A

release from an impact is very unlikely because current canister designs
can survive a f all of 9 m onto an unyielding surface. If a failure did

occur, the small amou,dm cleased in the form of particles would be con-
tained by the hot cell. If a water pool is used for interim storage a

small number of canisters may be expected to crack from stress corrosion.
A small amount of radioactive material would then be released to the pool

by leaching. However, pool contamination is expected to occur, especially

if spent fuel is stored in it. Any contamination can be easily removed by

standard purification equipment. In either an impact or pool release, it

would be very unlikely that even occupatior,al exposure would measurably

increase.

9
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TRANSPORTATION

The waste must be transported from the solidification facility to the
disposal site. The risk of a release during transportation should be
small because the transportation casks are designed to provide complete
containment of all radioactivity for all but the nearly incredible acci-
dents. However, studies have shown ' hat the greates' poteni.ial for a
release is during transportation. This makes it very important that the
HLW is contained in a durable solid.

If a severe accident does breach the cask, the primary release mecha-
nisms are volatilization and dispersal of respirable particles. Volatili-

zation is only important at temperatures where glass is molten, so the
amount of cracking has no effect. The volatile behavior of glass has been
previously studied and reported. The quantity of respirable parti-

cles that could be dispersed is small and is discussed in the section on
impacts.

Releases from nuclear facilities and transportation casks have been
well studied. We can conclude that such releases are extremely unlikely.

DISPOSAL

It is currently hypothesized that the geologic medium used for final
disposal will provide comp ete contaircent of all radioactive materials
for as long as they are toxic. Many groups are currently evaluating this
hypothesis by studying the mechanisms by which a release could occur. The

most important release mechanism is leaching a91 subsequent transport of
radioactive material along a water pathway. The influence of cracking on
disposal is related to leaching. With increased surface area that results
from cracking, there is a potential for leaching of radioactive material
more rapidly.

The glass surface area in an average canister is estimated to be 10
to 20 times the area of a canister of uncracked glass. However, this area
is on pieces of glass that are tightly packed--something like a three
dimensional jigsaw puzzle. Many surfaces between pieces are also under a

10
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compressive stress caused by the canister. Thus, initially, most of the

glass is not directly exposed to leaching. The water has long diffusion
paths along the cracks between the glass. After a lo g period it is
expected that the canister will no longer protect the glass and that more
surface area will be exposed. Thus, release rates may increase with

time. However, most of this exposed surface area is on small particles
near the can wall; particles that are I wt% of the total glass have over
50 wt% of the exposed surface area. Radioactive materials will be leached
primarily from these particles, while 99 wt% of the glass will remain
intact for much longer periods.

Once the exposed surface area is quantified, the interaction of the
glass with the materials in the repository must be understocd before
releases can be estimated. A salt repository should not have any flowing
water present, so no significant leaching reaction with the glass is pre-
dicted. However, after the mine is sealed a saturated brine may form
around the glass. When the glass becomes exposed af ter the expected even-

tual degradation of engineered barriers, leaching will occur. However,

some studies on leaching have indicated that the quantity of leached
material does not increase directly proportional to surface area.(8,14)

The consequences of increased glass surface area during disposal are

not known. More information is needed on repository conditions and on

leaching in large blocks of cracked glass. However, tests indicate that

cracking should not aversely affect the safety of a repository. The glass

can be further protected by additional barriers, such as overpacks. These

barriers will prevent water contact with the glass during the decay period
of a majority of the fission products. After the decay period of about
500 years, the repository temperatures and resultant leach rates are much

lower.

11
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CAUSES OF GLASS CRACKING

Glass cracks when internal stress levels exceed its bulk strength.
The bulk strength of glass is determined by the size and distribution of
defects within the glass. The effect of the defects in waste glass can be
seen by comparing the strength of defect-free glass fibers (with tensile

4strengths of 10 MPa) with the strength of waste glass (which averages
38 MPa).

Early studies on brittle materials have attempted to predict how
defects affect strength. Griffith used fracture mechanics concepts to
relate the effect of discrete crack-like defects to the reduction of the
theoretical strength of glass and other brittle materials.(9) Weibull
extended Griffith's concepts to consider the effects of distributions of
variously sized defects throughout a brittle material.(10) Although the
concepts from these studies are important in understanding cracking behav-
ior, they cannot accurately predict cracking in waste glass. This is
because there is a great variety of defects in waste glass that generally
cannot be quantified.4 It is necessary to rely upon measured bulk strength
in analyzing glass / canister systems.

It is still important to study internal defects to see what the
effects of the different types defects are and to discover ways of elimi-
nating them. The defects create localized stresses and act as crack
initiation sites. Some defects have very little affect on strength, while
others may cause microcracking that can significantly affect strength.

INTERNAL DEFECTS

Most of the internal defects found in waste glass occur during pro-
cessing. Defects may also result from thermal or radiation damage over
long periods; their effects, however, are expected to be minor.

Structural defects consist of closed porosity (internal bubbles that
are not connected by cracks), voids, and crystals of non-vitrified mate-
rials. There is a minor increase in surface area due to the presence of

12
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these defects, but this is negligible when compared to the surface area
from cracking. Porosity in ICM canisters results from gases released by
the chemical decomposition of anions in the waste. The residual bubbles
are generally 100 pm in diame'ter and are less than 1% of the volume for
the bulk of the glass.(II) A design change that involves placing the
canister in the furnace will allow higher temperatures to be maintained in
the top of the canister so more bub!'les will have a chance to escape,
thereby reducing the size and amount of porosity.

Bubbles in CM canisters are caused by gas release during vitrifica-
tion nd by air entrainment during pouring. Visually, the porosity

appears to be thb same as that in ICM canisters for most glass composi-
tions. Pouring can also cause strings and voids. Strings are very fine
filaments of glass caused by extremely slow pouring rates; they solidify
rapidly and can form voids. In addition, voids,like those in shown Fig-

ure 6, form where the glass has solidified before completely filling the
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canister. These defects occur when the glass does not remain hot enough
during filling. It is possible to reduce or prevent pouring defects by
. keeping the canister at a higher temperature with insulation and supple-
mental heating. Figure 7 compares an insulated and a non-insulated cani-
ster. We are confident that proper temperature control of the canister
will reduce the amount of porosity and will nearly eliminate strings and
voids.
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Crystalline inclusions are insoluble waste components present in both
ceramic and metallic phases. The concentration of phases is determined by
both glass composition and processing temperature. Glass samples from
early full-scale tests have shown insoluble waste components in the glass,
but there has been no evidence of significant cracking. Metal nodules
(' to 4 mm in diameter), shown in Figure 8, are found in ICM canisters.
They do not appear to cause cracking since they have higher thermal expan-
sion coefficients than the glass.

Defects may also occur during high-temperature storage (>550 C) and

from radiation effects. Laboratory tests on devitrification--the major
form of thermal damage--have shown that small crystal phases have little
effect on strength or impact behavior. However, larger crystals can
affect strength because they produce some microcracking. Radiation damage
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in glass is produced by alpha ' aviation. Tests show that damaged glass
will expand or contract up to 1% of its volume. The waste glass button
shown in Figure 9 has received an equivalent radiation dose greater than
that anticipated during storage of commercial waste for one-half million
years. Buttons like this one have remained solid and vitreous, and

exhibit impact behavior similar to that of unirradiated glass.
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Most alternative waste forms also have structural defects. Some ini-

tial studies of ceramic materials have shown effects similar to those seen
in glass. Processing defects in small-grained materials cause less micro-
cracking than in large-grained polyphase materials.(I2) Thermal damage
is not as likely as in glass, but radiation damage does occur in crystal-
line waste forms. The crystals expand whcn irradiated. Some have small
density charges (1 to 2%) like glass. Others have large expansions (up to
14%) which will modify the structure. If these changes are nonuniform,
large stresses will occur, causing cracking.
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THERMAL AND RESIDUAL STRESSES

Thermal and residual stresses will occur in glass as a result of
anticipated normal processing and handling. The stresses are caused by
strain differentials that arise from temperature gradients through the
glass. Temperature gradients occur during filling, cooldown after fill-
ing, and any time the canister changes temperature when shifted from one
environment to another. Gradients also occur if the glass is self-

heating.

The gradients that occur in large canisters of glass vary signifi-
cantly from one canister to the next, and are largely unknown. As a
result, we conclude that it is impractical to accurately predict crack-

ing. The best way to understand cracking is to measure it in as many
full-scale canisters as possible. The data from these measurements is
correlated with the thermal treatments the canisters experience. The

reproducibility of results among similarly-processed canisters is also
evaluated.

There are threc important areas that are considered in evaluating
cracking f rom thermal and residual stresses. These areas are:

- Determine at what time in the processing cycle the different types of

cracking occur so that appropriate processing changes can be made.

- Measure the surface area of the glass pieces.

- Model different thermal cycles to try to predict cracking. This is

important to help interpret quantitative results and to predict the
effect of self-heating on cracking.

Types of Cracking

There are distinct types of cracking that occar during canister fill-
ing, cooldcwn, and storage. The types of cracking are also influenced by
the location of the glass in the canister.

The main causes of cracking during filling of CM canisters are tem-
perature gradients from uneven filling and therma,1 shock from the wall.

17
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Uneven filling causes irregular temperature gradients in the main body of
the glass, so the resultir- ciacks are hard to evaluate. The gradients
are small, so little cr - s:ng is expected.

The cracking near the walls of the canister is usually quite regu-
pouring, glass will contact the cold canister walls,lar. At the star t

where chermal shock causes severe localized cracking. Concentric layers
layers 2 to 4mm thick occur to a depth of 2 cm. Figure 10 shows a piece
of the top layer. This effect is less apparent in the top of the canister

where the wall is much hotter when the glass contacts it. This suggests
that preheating the canister to the glass transition temperature would
substantially reduce localized cracking. If the glass never contacts the
wall, as w th the voids in Figure 6, no cracking occurs and the glassi

retair.s a shiny finish.
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Cooldown from the filling temperature causes most of the cracking
found in glass. Cracking occurs because permanent strains are sat up in
the glass when there is a temperature gradient across the glass as it
solidifies. After this gradient disappears, strains build in the glass.
If there is no gradient when the glass solidifies (as in annealing) no
permanent strains occur. The amount of cracking depends on the tempera-
ture at which cooling begins and upon the rate of cooling.

The initial cooling temperature profile of a typical CM canister is
shown in Figure 11 at 0 hr. The gradient near the wall has little effect
on the glass that is already broken by thermal shock. New cracking occurs

in the glass under the surface layer at approximately 5- to 10-cm
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FIGURE 11. Temperature Gradient vs. Time in a 24 in. CM Canister
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.

intervals, with the larger pieces near the center. If the glass cools

uniformly from about the transition temperature, cracks like those shown
in Figure 12 may occur. In this case, a layer of glass cools and con-
tracts around a hotter central core, causing the nearly symmetric frac-
tures. In CM canisters, cooldown causes cracking at large intervals that
results in a small increase in surface area.
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FIGURE 12. Equally Spaced Cracks from Cooling in a CM Canister

Cooldown of ICM canisters significantly differs from CM canister
cooldown in several ways. The major difference is the fact that the glass
reacts with and bonds to the ICM canister walls. LF'le cooling, the cani-
ster shrinks more than the glass does so it moves txially with respect to
the glass and causes compressive stresses at the glass / canister inter-
face. This effect, coupled with high temperature gradients near the wall,
causes severe localized cracking. Glass fragments like those in Fig-
ure 13a exist to a depth of about 2 cm. Below that, the glass is broken
into large chunks, shown in Figure 13b. Some of this cracking is caused
by removirg the canister wall.
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Another difference is the presence of the internal fins. The fins

cause cracking because they shrink away from the glass during cooling as a

result of their higher expansion coefficient. The glass also sticks to
the fins, which aggravates the effect. Figure 14 shows cracks in a cross
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section of an 8-in. ICM canister. The cracking patterns are symmetric
around the fins. This can be reduc.ed wher, the expansion coefficient of
the fins is matched with that of the glass.

After the canister has cooled,it is sealed, decontaminated, and
placed in storage. The handling operations involve moving the canister
between environments of different temperatures. The temperature changes

.
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may cause some minor additional cracking. Further cracking will occur in
self-heating glass when the temperature gradient through the glass
decreases because of the decay of the heat-producing elements. This has

the same general effect as cooldown although the cracking is modified.
Modeling indicates that cra: king in high-heat glass should not be signifi-
cantly greater than in low-heat glass.

Because of the apparent severity of cracking under expected cooling
conditions, annealing has been considered as a possible remedy. In the

case of waste glass, annealing would limit fracturing and the resulting
surface area increase. Cooling could proceed at any practical rate until
the glass reaches its annealing point, which would be approximately 500 tc
550 C for a typical waste glass. Further allowable cooling rates to pre-

0vent fracture are on the order of 1 C/hr. This would imply that nearly
3 wk would be required to cool a 24-in.-diameter canister. To date,
crack-free annealing has only been achieved in heated 6-in. CM canisters.
The glass / canister band in most ICM cnaisters causes cracking even when

annealed. For example, the canister in Figure 14 was cooled slowly yet
cracking is present at the glass / metal interf aces. Even if the glass is

properly annealed, the subsequent handling steps may cause cracking.

Under normal conditions, severe localized cracking occurs on the sur-

face of the glass with fractures of the inside material spaced 5 to
10 cm. We identified CM canister preheating as being the best method of

significantly reducing cracking. The same factors discussed here apply 1.0

other ceramic materials that would have cracking behavior similar to that

of glass.

Surface Area

Glass surf ace areas and particle sizes have been measured in cani-

sters from 6 in, to 36 in. in diameter. Figure 15 shows that the results
of a series of tests using 6-in.-diameter by 5-ft.-long CM canisters.
There was a 12-fold surface area increase from air cooling. This is

2equivalent to 0.95 cm /g, which is similar to values found in a recent
series of tests using large (16 , 24 , and 36-in. diameter by 10-f t-long)

CM canisters.
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0For each of these canisters, a full-length 120 section of wall was
removed, the glass was removed, and a sieve analysis was made. Figure 16
shows an opened 24-in. canister. The layering and voids in the figure are
due to premature solidification of the glass, because the canister was not
insulated. In all cases the glass was not bonded to the canister wall.
Concentric layers of glass and small particles were near the surface, with
the pieces increasing to 6 in. in diameter near the certer. Force was

required to remove the glass pieces, which caused additional generation of
fines, so the reported data should be considered conservative. Figure 17
shows a log-log plot of the sizing data from the outer inch of glass in a
non-insulated 24-in.-diameter canister. The results and the wide scatter
in the data were similar for the different canisters tested. Sedimenta-

tion size analysis showed the fraction of dispersible, or sub-10 pm,
particles to be 2.7 x 10-3 wt%.
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The glass particles were assumed spherical, so the sizing data could
be used to compute surface area per gram of glass for the different cani-

2sters tested. The calculated area was 0.63 cm fg f,r the 16-in cani-
2ster, 0.91 cm /g for the outer portion of the 24-in. canister, and

20.56 cm /g for the 36-in. canister. These canisters were not insulated
during filling. The ratio of the total surface area in the canister to
that of an uncracked glass monolith was 13 for the 16-in. canister, 27 for
the 24-in. canister and 34 for the 36 in canister. The increase of the
ratio results from the relative constancy of the surface area per gram
values and the lower surface / volume ratio in large canister diameters.
These ratios do not indicate that large diameters are undesireable because
the surface area is constant on a weight basis. Larger diameter canisters
may in fact be better because there are fewer small particles near the
surface on a total glass basis.

Fracture Modeling

We have developed heat transfer and stress models to analyze the pro-
cess of glass solidification and cooling. The objective of the analyses
was to relate stress levels and cracking to processing variables (i.e.,
cooling rates, thermal treatments, canister size, etc.). The analyses
estimate internal stress levels which cannot be measured in the opaque
waste glass by available experimental techniques. They also indicate the

extent to which experimental observations of cracking in nonradioactive
glass can be applied to the radioactive situation.

Finite element codes have been adapted for the prediction of residual

and thermal stresses. Thermal and mechanical interaction between the
canister and glass are simulated using a unified analysis approach for the
glass and canister stresses. Predicted stresses exceed the yield
strengths of canister materials and thus elastic-plastic behavior is
treated. Glass behavior is treated as purely elastic below the softening
temperature range. The instant freezing concept of Bartenev(13) is

employed to simulate the transition temperature range in glass.
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Figures 18 and 19 show predicted stress levels in the glass for vari-
ous cooling conditions. Also, differences between nonheating glass and a
high heat content glass of 100 watts / liter are shown. In all cases, fill-

ing was by the ICM process and glass properties were based on data given
in Appendix A.
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FIGURE 18. Effect of Heat Content on Glass Stress

Figure 18 shows a clear trend of lower residual and thermal stresses
for the self-heating radioactive glass (curve 1) than for the nenradio-
active glass. Thermal cycling (placement in water storage) increases
glass tensile stresses in response to a reduction of tensile residual
stress in the canister wall due to rapid cooling of the hot canister. As
shown in Figure 19, glass stress increases as the heat generation rate in
the glass decreases in response to radioactive decay.
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The analyses suggest that radioactive glass with high heat rates will be
less extensively cracked initially, but may over long time periods
continue to crack due to a decaying heating rate. The cracking would be
similar to that from process cooling.

The calculations have clearly predicted stresses greater than
observed glass tensile strengths. Figure 20 shows the resul of a simu-
lation of the cracking in a canister with internal fins. A nonheating
glass was used and the stresses were caused by the thermal evpansion mis-
match between the glass and the stainless steel fins and canister. Fig-
ure 14 (page 22) shows that the cracking adjacent to the 304L fins in the
sectioned canister is similar to the analysis of Figure 20. The addi-
tional modes of cracking are thought to be a result of cooling rates of
the experimental canister, which are more rapid than the very slow rate
considered in the analysis.
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Energy balance methods have been used to estimate glass surface areas
resulting from cracking. In these calculations it is assumed that the
elastic strain energy associated with stresses in the glass is transformed
to surface energy associated with the newly--formed glass surfaces. How-

ever, the calculated elastic strain energy under typical conditions has
been found to exceed by as much as two orders of magnitude the surface
energy associated with measured surface areas. Evidently, the excess
strain energy either is dissipated as heat and sound, remains as residual
stresses in the fragments, or is transformed to kinetic energy. If one
were to predict surface area increases solely on the basis of gross energy
balances, the results would suggest erroneously that the cooling of a
canister will crack the glass into particles as small as 40 pm. It is

probable that initial cracking at low stress levels during cooling
releases strain energy and relieves stress. The subsequent thermal and

residual stress in the fragments may be below the material strength and
the cracking process will be arrested. Laboratory tests have been made on

the amount of energy needed to form new surfaces. The cracking process is

apparently very complex, because only 1% of the available energy is used
in creatirig new surface area.(14)
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Because of the complex nature of cracking an energy balance may be

the only technique available to actually predict the surface area in a
canister. However, further research is needed before this technique can
be used with accuracy.

IMPACT STRESSES

Cracks in the glass can also result from stresses created by external
mechanical loadings. Under normal storage and handling such stresses will
not be significant. Our focus has been on stresses and cracking from
severe impacts that have a low probability of occurring.

We have conducted experimental impact tests using both full-scale and
subscale canisters filled with glass. Two series of impact tests (J^75
and 1977) have been conducted. The main objective of the 1975 series was
to evaluate the extent of glass fracturing as a result of impact.(15)
In the more recent 1977 series, the focus was on canister integrity. Both

test series showed the capability of canisters to sustain the impact of a
9-m drop (13 m/s) onto an unyielding surface without breach of contain-
ment. The 9-m drop corresponds to federal requirements for the transpor-
tation of nuclear materials (16) and is considered to be a severe impact
with a very low probability of occurrence.

The main objectives of the 1975 tests were to estimate the quantity
of respirable glass fines (<10 pm) produced and the increase in glass sur-
face area. The specimens were annealed nonradioactive waste glass in
cylindrical 304L stainless steel canisters. Six 1/2 scale CM canisters
(6-in.-diameter) like the one in Figure 21 were impacted at room tempera-
ture and at velocities up to 13 m/s. Twenty-two smaller specimens
(2-in.-diameter) were tested at room temperature, and at a elevated

0temperature (425 C) at velocities up to 35 m/s. The tests included speci-
mens that were essentially glassy and specimens which had been partially
devitrified by thermal treatment.
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FIGURE 21. Half-Scale Canister After Impact

Figure 22 shows estimates of sub-10 pm size fines for impact veloci-
ties of up to 35 m/s. Optimistic and pessimistic bounds are shown corre-
sponding to data scatter limits. The velocities represent impact onto an
essentially unyielding target. For impact onto soil or impact in a pro-
tective package, glass breakup predicted by the figure would correspond to
much lower equivalent velocities. It should be noted that the fines pro-

duced in the tests were confined within the barrier provided by the cani-

ster and did not become airborne.

Figure 23 shows estimates of fractional increases in surface area.
Geometric area increases are strongly affected by velocity, ranging from a

few percent for controls to factors of 10 to 100 at 35 m/s. Tests at ele-

vated temperatures consistently led to higher surface areas from more
particles greater than 100 pm; the quantity of par ticles less than 100 pm
was not markedly affected by test temperature. The change in quantities

of larger particles could be due to the presence of the canister. As dis-
cussed in Appendix B, the canister tends to shrink around the glass and
produce compressive stress in the glass. Heating tends to reduce these
compressive stresses,which may make the glass more prone to fracture.
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Analyms of respirable fines and glass surface area have been per-
formed for one of the full-scale canisters impacted in the 1977 test
series. This was a non-insulated canister filled by the CM process. It

was 24 in. in diameter, weighed 2000 kg, and was dropped from 7.5 m. Siz-

ing for glass fines from the most heavily damaged portion cf the canister
is shown in Figure 17 for comparison with data from canisters that had not
been impacted. Only the bottom 0.5 m of the glass in this canister
appeared severely damaged by the impact; the glass above this point
appeared to be in the original condition. The calculated surf ace area of

2the most severely damaged region was 21.3 cm /g, which compares to
20.91 cm /g for as-fabricated glass. A sedimentation size analysis of a

glass sample from this canister indicated that the respirable fraction was
increased to 0.13 wt% from 2.7 x 10-3 wt% by the impact. The canister

was not breached under the above conditions, so there was no release.

~
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Full-scale impact tests are very important in evaluating glass break-
up because it is impossible to create the actual cracked state found in a
canister in a laboratory test. However, laboratory studies are helpful in

comparing glasses of different compositions and are necessary in comparing
radioactive glass with nonradioactive glass. In our lab tests a punch-

and-die apparatus was used to impact 3-gram glass samples at energies bet-

ween 30 and 215 Joules. Figure 24 compares data using this procedure on
particle generation for several glasses.(14) The data indicates that
glasses of widely varying composition have similar impact behavior. Other

laboratory work is currently being conducted using both simulated and
radioactive waste glasses.

.
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CONCLUSIONS AND RECOMMENDATIONS

Glass is the most highly developed of the many waste forms that have
been proposed for the waste management system. It has been shown to be a
durable and stable form that provides the necessary containment of radio-
active elements. Large castings of waste glass have been pr6duced using
actual radioactive waste in the United States and France. Full-scale,

non-radioactive solidification systems are currently being developed and
'

tested in several countries.

Cracking occurs in waste glass that is produced in large canisters.
This cracking increases surface area and produces respirable-size parti-
cles. The importance of the crack', , depends upon the effect it has on
the safety of the overall waste management system. We conclude that
cracking does not have a significant impact on safety in the solidifica-
tion facility or during transportation. Current work cn glass behavior in
a disposal site does not indicate any serious problems. Advanced overpack

designs can prevent waste / geology interactions for long periods (up to
1000 yr) if reduced releases are necessary.

This review of glass cracking has 1 e d to several interesting conclu-
sions, which are summarized below:

Under normal conditions an almost constant amount of cracking is.

found in different size canisters. In canisters ranging from 6 in.
2to 36 in. in diameter the surface area is between 0.5 and 1.0 cm /g.

Severe impacts will cause extensive cracking, but only in a localized.

region. For a standard 9-m drop, the surface area in the canister
will increase by a factor of 4 to 10, depending on the size of the
canister and the original state of the glass.

Most of the surface area in a canister is on the very small parti-.

cles. Particles that are 1 wt% of all the glass in the canister have

50% of the surface area.

35



4 38

Thermal and residual stresses are the major cause of cracking in.

glass waste.

Analytical models of cracking are useful in interpreting observations.

and in estimating self-heating effects. Quantitative predictions of

cracking are currently not possible.

Devitrification or radiation damage generally do not cause cracking..

Typical waste glasses have impact properties similar to comercially.

produced glass.

In preparing this paper we have identified several areas needing more
study. These studies have begun at PNL and elsewhere. We recommend that

evaluations of cracking in full-scale canisters be continued. Efforts
should be made to relate differrat nrocessing conditions to the amount of
cracking. The existing analytical models for predicting cracking should
be refined . Leach testing should be expanded to include large blocks of
glass and other waste forms that are cracked.
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APPENDIX A

PROPERTIES OF SIMULATED HLW GLASS

Extensive work has been done worldwide to quantify the physical pro-

perties of waste glass. Most of the data on borosilicate glass is sum-
marized in the two Annual Reports on HLW glass prepared by the Pacific

O'2)Northwest Laboratory for the U.S. Department of Energy We are.

reproducing here some data on the properties pertinent to understanding
cracking in glass. Most of these properties are, to a good approximation,
independent of composition. The properties continue to be measured on new
glass compositions as they are developed to be sure there are no major
differences caused by compositional variation.

Thermal Expansion Measurements

The thermal expansion parameters of a large number of glass samples
from both full-scale canisters and laboratory tests were determined using

0a push-rod dilatometer. All heating was done in air, at 4 C/ min. A typi-

cal plot is shown in Figure A-1, which illustrates some of the character-
istic parameters of a sample. These parameters are:

the thermal expansion coefficient, determined from the slope of the.

0linear portion of the curve--generally RT-400 C

T , the glass transition temperature--the point at which the.
g

thermal expansion rises sharply, corresponding to a change to the

supercooled liquid state

T , the dilatometric sof 2ening point--the temperature at which the.
s

push-rod sinks into the sample.

The thermal expansion coefficient remains close to 9 x 10-6 joC for

most glasses. The values for T and T varied between samples, but
g s

0usually were near 520 and 550 C, respectively.

A-1
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FIGURE A-1. Thermal Expansion Curve for Typical Waste Glass

Young's Modulus

Young's Modulus has been measured as a function of temperature on one
glass. Figure A-2 shows that the values remain nearly constant over the
range.of 25 -450 C. The curve drops off above 450 C because the glass is
approaching its dilatometric softening point. Above this point Young's
Modulus has no meaning, because the glass cannot support a strain.

A-2
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Tensile Strength

The average strength of a waste glass has been measured to be 38 MPa

with a standard deviation of 7 MPa. This value was obtained by using the
Brazilian Test on 29 samples. The loading speed was 0.05 cm/ min.

Density

Values of density from room temperature to 1300 C have been measured

for several glasses. Figure A-3 shows values for four glasses. The

dashed "s" shaped curve is hypothetical although Tool has found this type
of curve for another silicate glass.(3) The higher values for the 72-68

glass are due to a high Zn0 content, which is no longer typical in waste
glasses.
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Specific Heat

The specific heat as a functirn of temperature is shown in Fig-
ure A-4. The peak sketched in at the glass transition temperature results
from the energy requirement for the glass to change from a super cooled
liquid to a liquid.

Thermal Conductivity

Data on thermal conductivity of waste glasses is limited. The data

presented in Figure A-5 is from one glass composition. some preliminary

experiments indicate that the conductivity does not change much with
respect to composition or the amount of devitrification. Tests are being
developed to measure the effective conductivity of glass at temperatures

0above 500 C and to measure the effect of cracking. '
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APPENDIX B

RESIDUAL STRESSES IN CANISTERS

When considering heat transfer rates and stress states in canisters
of glass, it is necessary to treat the canister and glass as a single
system. It is, therefore, appropriate in this paper to briefly discuss
stresses and possible cracking of canisters.

The basic cause of residual stresses in canisters is that the typical
canister materials, such as 304L stainless steel, have thermal expansion
coefficients which are about twice that of glass. Upon cooling after fil-
ling, the canister tends to contract tightly about the solidified glass,
and tensile residual stresses are created in the wall of the canister.

Residual stresses have been measured in canisters filled by the ICM
process. Electrical resistance strain gauges were attached to the cani-
ster wall, and that portion of the wall was cut free of the canister. The

change in strain as a result of cutting is a measure of the residual
stress in the canister wall. Such measurements have consistently shown

tensile stresses at levels nearly equal to the yield strength of the cani-
ster material.

Recently at PNL, high temperature strain gauges have been used to
monitor strains in a canister during filling by the CM process. These

measurements have also shown a final state of tensile residual stress in
the canister wall. The initial data, however, indicate somewhat lower
levels of canister residual stress for the CM canisters when compared to
ICM canisters.

Tensile residual stress in the canister wall has implications for
glass cracking, as well as for possible canister cracking. Tensile resid-
ual stresses in the wall cause compressive stresses in the glass which
will to some degree reduce the extent of cracking in the glass. The

B-1
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experimentally observed increase in glass cracking in heated canisters
under impact conditions is thought to be due to a reduction in the com-
pressive prestress provided by the canister.(I)

In evaluating canister integrity, tensile residual stresses are a
detrimental factor in some cases. Canister materials of interest are
tough and ductile enough that residual stresses will not have any bearing
on brittle fracture. Also, the number of stress cycles experienced by a
canister are few so that the detrimental effects of tensilc residual
stresses on fatigue life are not of concern. The major concern is the
potential for canister failure by stress corrosion cracking for those
canisters that are stored for interim periods in water basins. However,

cainster cracking under such conditions is considered unlikely provided
water chemistry is suitably controlled and metallurgical sensitization of
canister materials during processing is avoided.(2)

Computer model studies have yielded predictions of canister residual
stresses. Figure B-1 shows predicted trends for glasses with internal
heat generation rates ranging from zero to 100 w/1. For all cases, the

initial air cooling of a canister of molten glass from 1050 C resulted in
tensile residual stress in the wall of the canister. However, the pre-
sence of heat generation tended to reduce the level of this tensile
stress. The consequences of subsequent water cooling on canister stress
levels are also shown in Figure B-1. Immersion of the high-temperature
canisters (50 and 100 w/l curves) results in a quenching action. Thermal

stresses and plastic deformation of the canister wall during the quench
result in a decrease in the canister tensile residual stress. For the
assumed conditions of the analyses, compressive canister stresses are pre-
dicted. However, examination of experimental canisters shows fractures in
the glass at or near the glass-canister interface, and the presence of
such fractures would preclude development of compressive stresses in the
canister wall.

B-2
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A number of techniques for altering the state of tensile residual
stress in the canister wall have been proposed, and some of these have

been studied at PNL. Thermal treatments have been tried. For example,

canisters have been quenched in water after heating to an elevated
temperature and they have been subcooled from room temperature by immer-

sion into a low temperature bath. Reductions of measured tensile stresses
have been observed, but the stresses have not been entirely eliminated.
The benefit obtained from the limited trials at PNL have in general fallen
short of expectations.

Other stress reduction schemes involve modification of the canister
construction. One proposed approach has been to select a canister
material that has a thermal expansion coefficient that more closely
matches that for glass. Special alloys with lower expansion coefficients

B-3
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are available, although factors of costs, availability, mechanical pro-
perties, corrosion and welding characteristics, etc., may preclude their
use for canister application.

In another proposed stress reduction scheme,a conventional canister
is used with an internal liner of a low-strength crushable material. The

concapt is to allow the compliant liner to deform and thereby relieve
stresses in the canister wall. Candidate liners of expanded metal have
been investigated at PNL, but have been subject to excessive attack by
molten glass. Other problems with liners also arise since a liner will
most likely act as a thermal barrier. Melting of glass in the ICM process
will be seriously impaired if a liner is used. Also, cooling of heat
generating glasses during storage will be made difficult by the presence
of a thermal barrier. The use of a liner may be more attractive for the
CM process and with low-heat wastes where the problem of having a thermal
barrier is not severe. Nevertheless, the impact on cooling rate after
filling must be evaluated.
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Discussion Following

STRESSES AND CRACKING IN HIGH-LEVEL WASTE GLASS

Presented by Steven Slate

Pedro Macedo - Catholic University
Comment: -

One thing that you said was radiation damage did not cause cracking.
That is true. Although the heat caused by radiation will give you a
significant additional stress because there will be a temperature gradient
across the sample as cast, or even after cooling, which will only disappear
several years later. So that will increase your cracking situation. That
is something that you cannot anneal out unless you re-melt the glasses
at some later date.

Slate -

Response:
We expect cracking to be similar in appearance to the slide I showed
that pictured large cracking at regular intervals. Our fracture models
are able to predict cracking from self-heating.

Macedo
Question:
What strength modulus of rupture do you put in your glass?

Slate
Response:
The strength we are talking about is 37 MPa (5000 pounds per square
inch) ultimate strength or fracture strength.

Macedo
Comment:
That is relatively high if you assume that there will be water and
there will be stress corrosion which will probably bring it down to
maybe something like 2000 or 1000 pounds per square inch.

Slate
Response:
We have ongoing work that will be evaluating the stress-corrosion type
of phenomena that reduces the strength of glass.

Etienne Roth - CEN, Departement de Recherche et Analyse, Saclay, France
Question:
My question is in the same line as the previous one. When you look at
radiation damage, do you look at intermediate doses or do you always
look at the maximum dose? Because some damages might, though it may
not be very probable, be annealed by radiation itself, so some effect
might appear at intermittent values of radiation doses.
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Slate
Response:
We have looked at glass samples that have received a variety of doses
from less than 5,000 years all the way to 500,000 years.

Jeff Stokes - IRT Corporation
Question:
Have you formulated any ideas as to what constitutes an acceptable
increase in surface area from the point of view of the long-term
integrity of the stored waste?

Slate
Response:
If you are asking for a criterion on glass surface area in a canister,
I do not know if I am prepared to provide one. We feel that a glass
surface area of approximately ten times what you would have in a
canister that was not cracked would be probably acceptable. One
square centimeter per gram in a 12-inch diar:eter canister is about.

a factor of 10 increase.

Most of these data are on canisters that have not been filled in an
entirely prototypic manner. Some of them have been filled without any
temperature control. The canister wall was relatively cold when the
glass contacted it, so thermal shock was greater than would be anti-
cipated under actual conditions. Another factor, which I did not
mention, is our sampling technique. When you look at cracked glass
containers like this, the pieces are packed together tightly. It is
like a 3-dimensional jigsaw puzzle. In fact, the pieces are under
compression because of the canister. To pry the pieces out we use a
big screwdriver. This in itself generates a lot of particles, especially
very small ones. I am going to claim that the data I have presented is
very conservative. I feel comfortable saying that.

David Berick - Environmental Policy Institute
Question:
Could you discuss briefly your experience with homogeneity in the cross
section of the glasses in both of your glass-forming processes--
especially the in-can melting process? Is there separation chemically
or isotopically in your glass formation?

Slate
Response:
There is a difference between the bottem of a canister and the top. I
would feel more comfortable if, after the meeting, you would talk to,
for example, Wayne Ross. He has studied the compositional difference
in the glass between the bottom and the top of the canister. I have
primarily addressed my attention to the type of cracking that you
would find in a canister.
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Berick
Question:
Have you found any additional effect on cracking due to this compositional
difference in the glass formation?

Slate
Response:
We have seen differences in cracking between the bottom and the top
in, for example, continuous melting canisters. However, this is pri-
marily due to the difference in the temperature. When the glass hits
the bottom everything is cold, by the time the glass gets to the top,
the canister is much warmer and things even out. Now as far as internal
defects which are influenced by segregation, I think that the slide I
showed was from an ICM canister. You will have to talk to Wayne Ross,
I think, to really get a good feel for the effect of the differences
in composition.

Wayne Ross - Battelle Pacific Northwest Laboratory
Response:
The in-can melting system operates at a temperature such that there are
residual crystallites in the glass, as was pointed out in one micrograph.
These are primarily materials such as ruthenium, palladium, rhodium,
and occasionally some of the rare earths, particularly cesium. In some
cases, these materials will settle to the bottom of the canister. In
those cases, you do have a higher concentration of crystalline material
at the bottom, but these materials are still uncracked and are much
tougher. It is much more difficult to get them out of the canister
than is a material that is pure glass.

Berick
Question:
Again getting back to the cracking question. Have you noticed differences
in cracking in the glass because of this inconsistency in the composition?

Ross
Response:
No, there is not a major difference.

Lawrence Hench - University of Florida
Comment:
I would like to coment on the phenomena you were describing. It is

perhaps tempting to take a bulk leach rate and multiply it by an effec-
tive increase in surface area and use that for the effective leach rate
of a cracked sample. It turns out that should not be done. The

reason is that, through a series of studies that we have done on the
leaching of mixed powder systems, it turns out that when you have a mixed
size distribution of powders, the fines tend to concentrate around larger
particles and set up heterogeneous corrosion cell effects on the surface,
greatly accelerating the leaching rate at those contact points and often
in scanning-electron-microscoce micrographs you can actually see little
holes burrowed down in the bigger particles caused by the heterogeneous
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cell attack of little particles. In terms of the type of curves that
I was describing this morning, that phenomena tends to throw the
kinetics into an effective, total dissolution mode and often results
in missing the diffusion modes. The net effect is one of going very
quickly in the linear time regime and speeding everything up. So
there is a multiplier effect of the particle size distribution that is
greater than just the effective surface area increased by the fraction.
For the record, it is important not to make just that simple multiplica-
tion in calculating leaching rate.

Ross
Comment:

Obviously, it is not a straight forward phenomena allowing surface area
to be multiplied by leaching rate. It is sometimes interesting for
general comparison, but in reality it does not always hold. One of the
things we have found in powder tests is much lower leach rates than in
samples where we have used polished surfaces. Again, here we have a
granular material, but it does leach at lower rates, possibly because
of the solution that is set up and the back reactions that are pos;ible
within the powders. It is a very difficult situation to understand.
How samples will leach along a crack is still much of a question that
we have not answered yet, but we are planning research in that area.

Slate
Response:
That is one point that is brought out in the paper. The fact that you
say there is so much surface area in the canister--that does not mean
that it is exposed to reactions. It is like I mentioned before--all
the parts are pressed tightly together so when you say a gross surface
area in the canister, that does not mean all that surface area is
available for reaction.

Roy V. Harrington - Ferro Corporation
Question:
Why are you not considering annealing as a means of reducing cracking?

Slate:
Response:
We have considered annealing. We have even tried it. The 6-inch dia-
meter impact canister I showed was annealed, so we could rule out all
external effects in evaluating how much cracking occurs from an impact.
The problem you get intc is that for large canisters, especially 24-
inch canisters which are being considered for defense-waste solidifi-
cation, the cooling times are very long--say, three weeks to cool one
24-inch canister. When you are talking about three canisters per day,
you may have an inventory of 60 canisters, all in different furnaces,
all cooling at different temperatures.

It becomes a very complex problem and you have to weigh that complexity
against the possibilities of release during the canister life. That
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is why I said the factor of 10 increase in surface area may be cllow-
able. It does not really appear that this surface area affects
releases too much. To predict releases you have to look at the amount
of exposed surface area and the fact that most of the surface area is
on small particles.

Bob Watt - Los Alamos, private citizen
Question:
In view of the effect pointed out by Dr. Hench, do you intend to make
some full-scale tests of waste canisters with or without cracks,
characterize the surface area some way, and then measure a leach rate
at elevated temperatures?

Slate
Response:
A leach test with a full canister is currently being planned at PNL.
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ABSTRACT

The weathering of naturally occurring forms of glass provides clues
which can help us understand the variables that control the long-term
stability of man-made glasses. In this regard, the study of obsidian
and tektite glass are particularly relevant to the vitreous forms pro-
posed for high-level waste disposal. For these natural glasses the

leaching rate is quite slow, and their weathering is mainly caused by
surface hydration. The hydration process leads to the loss of alkali
metals and the formation of a surface layer that has a density different
from that of the bulk material. As this layer grows thicker, the strain
at the interf ace with the material in the interior causes cracking and

exfoliation of the hydrated coating. The resulting surface topography

becomes rougher, which because of the increased surface area accelerates
the weathering process. Thus, exfoliation, composition changes, and
cracking are linked to the hydration process and are governed by its
rate. Two of the variables that are directly correlated with an in-

creased hydration rate are alkali metal and intrinsic IL,0 content in
the bulk material, while Ca and Fe contents tend to have an inverse
correlation.
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Weathering of Natural Glasses

It has been known for almost twenty years that a fresh surface of the
volcanic glass obsidian davelops a hydrated surface layer that grows
thicker with time (1) . Archaeologists and geologists have used the
thickness of this layer as a technique for dating the obsidian imple-
ments of primitive societies and the occurrences of volcanic flows (2,3).
The hydrated material (perlite) has about 3.5% H O by weight,2 as com-
pared with about a tenth of that in the bulk material. Thus, the sur-
face layer tries to increase in volume, but this is prevented by its
attachment to the underlying material. The resulting strain at the
interface can be seen in thin sections by viewing the sample between
cross polarizers; the interface appears as a thin, bright band (1). The
stress at the boundary has another consequence; when the hydrated layer
has increased to a thickness of about twenty microns, the stress is
sufficient in natural samples to cause a separation of the layer. This
can appear as extensive cracking or exfoliation of the surface.

The hydration of obsidian and similar artificial glasses is well de-
scribed by the ion-diffusion model of Doremus (4). In this model, the
alkali metal ions move to the surface as hydronium (H 0)+ ions move into3

the material. For soda-lime glass this process has been confirmed by
the data of Lanford anu co-workers at Yale (5). Such a diffusion pro-
cess has the behavior given by the equation below:

Thickness = JK x time, where (I)

K = A exp - "/(temp., K)
*

e

4
For obsidian the activation temperature is typically 10 K and A ~ 3

[( m)2/1000 yrs]. This behavior has been demonstrated forto 20 x 1015
obsidian f or extended periods by Friedman and Long (3). T.n contrast,

Lanford's determination of the time dependence for soda-lime glass shows
that the ultimate thickness of the hydrated layer is limited because of

the competitie 1 of the hydration and leaching rates (5). (Soda-lime
glass hydrates at about the same rate as obsidian but is leached at ten
times the rate of obsidian.)

Table 1 indicates how the hydration layer thickness depends on the time
and the temperature. In the presence of exfoliation the predicted be-
havior is strongly modified because after a 20 m layer grows as Jtime,
the layer flakes off and the process starts over. Thus, at high tem-
peratures the loss of surface proceeds at a rate that is nearly propor-
tional at the time. (It should be noted that the hydration process does
not require the presence of liquid water; even in desert regions there
is sufficient humidity to give rates close to those quoted here.)

As an example of another naturally occurring material, I have considered
tektite glass (6). Its composition is similar to that of obsidian

1
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(see Table 2) with a somewhat smaller concentration of the alkali
metals. Preliminary measurements by Lanford indicate that the hydra-
tion rate for tektites is somewhat lower than typical obsidians
(privata communication).

There is a small amount of information on leaching rates for obsidian
and tektites. For tektite glass the rate (at 250C) is 2 x 10-9 g/cm.d;2

for obsidian the value is 2 x 10-e g/cm d. (For comparison, the corre-2

sponding rate is 2 x 10-7 g/cm .d for soda-lime glass.) One should, of2

course, keep in mind that these rates are strongly dependent on the
temperature.

In general, we see that high silica glass which has a low alkali metal
content has superior properties for both 1 caching and hydration. It
also seems likely that the addition of Ca and Fe retards both processes
(7). None of this is new; it has been known to glassmakers for hundreds
of years. In waste disposal we have tended to use only one property of
glass - that it will hold in solution a wide variety of elements in high
concentrations. It should be obvious that in over-taxing this flexibil-
ity we should not expect a highly durable glass to automatically result.
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Table 1

Calculated hydration layer thickness using A = 10 e [(pm)2/1000 yrs]1
4and an activation temperature of 10 K.

Temp. Time for a Layer 'Ihickness in 1000 years

( K) Y" "Y # U"
(yrs)

from considering
egn. (I) exfoliation with

no increase in
surface area

250 107 0.2 0.2
4300 10 6 6

350 102 65 200
400 3 380 6700
450 0.2 1500 105
500 0.02 4600 106

3
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Table 2

Comparison of the chemical compositions
of several forms of glass

Typical Average Soda-Lime Zinc Interim

Oxide Obsidian Tektite Glass Borosilicate 76-183
72-68

810 75.85 73.87 72.03 27.3 35.5
2

Ala0 12.81 12.69 1.40 -- 1.0
3

Fe 0 0.85 0.47 0.06 --- ---

e3
Feo 0.57 4.16 --- -- ---

F%0 0.16 2.18 2.39 5.9 2.0

Ca0 0.48 2.23 7.86 + Sr0 + Ea0

Na o 3.74 1.38 15.87c .1 0.0
Kc0 4.20 2.28 0. 14

TiO 0.25 0.75 6.02
P0 0.03 ~ 0.04 - - -

23
Mn0 0.05 0.10

11.1 9.5Bn03
Zn0 21.3 ---

Cu0 - -

26.3 33.0Waste
(PW4b) (PW-7a)

4
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Discussion Following

WEATHERING OF NATURAL GLASSES

Presented by Thomas Tombrello

Bob Watt - Los Alamos, private citizen
Question:
What is the composition of the obsidian shown on the slide?

Tombrello
Response:
It is 75 percent silicon dioxide, on the order of 6 to 8 percent akla-
line metal oxides, small amounts--10 to 12 percent--aluminum oxide,
hydrogen at a few tenths of a percent, and calcium at about a percent.
Also, a few percent of a lot of things, and variable. There really is
no such thing as a standard of obsidian. It is a natural product.

Pedro Macedo - Catholic University of America
Comment:
We do make glass with the composition of tektites at Catholic University.
We can incorporate about 15 to 20 weight percent nuclear waste. The
wa.' we do it is by starting with a porous silica material into which we
intorporate the nuclear waste by simple aqueous chemistry techniques
and then after drying, collapse to a monolithic non-porous glass
structure whose leaching rates are approximately 0.5 x 10-' grams per
square centimeter per day.

Tombrello
Response:
Very good. That is within the range of a natural tektite, certainly.

Macedo
Comment:
We have looked at exfoliation. Exfoliation comes basically when there
is a change in volume due to hydration that is big enough to cause the
stress to pop the surface off. That has to do with the amount of alkali
present. The difference between the obsidian that you did and the
tektite is that you decreased the amount of alkali, so you decreased
the swelling and it just can stand there.

Tombrello
Response:
That is certainly true for tektites. If you have managed to make them,
have you made them with as low a hydrogen content, for example, and does
that affect the properties?

Macedo
Comment:
I really thought that was going to be the case. We did this leach study
as a function of water content and the water content dropped down.
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I think our lowest was roughly 20 ppm's and our highest was 2000 ppm's.
No change in leach rate.

David Martin - Iowa State University
Question:
My question is related to the one that Dr, Macedo just asked. Why does
exfoliation occur at 20 microns rather than 5 microns or 100 microns?
The stress state for a thin layer is the same regardless of the thick-
ness of the layers. Is that not the case?

Tombrello
Response:
It is not clear that it is a uniform sort of thing that always occurs at
the stme place. liy guess is it tends to occur because of non-uniformities,
and that if you look at a real sample things will tend to flake off at
different thicknesses. But one seldom finds thicknesses that are greater
than about 20 microns in natural samples, so I use that as a standard
number.

Bob Watt - Los Alamos, private citizen
Question:
Relative to hydrogen not affecting reaction rate of tektites, I am curi-
ous whether the strain field, namely the compressive state from the cen-
ter to the outside of the tektite, has been measured and is known not to
have an effect.

Tombrello
Response:
I do not think it has been measured. There has not been a lot of work
on tektites with this in mina. Most people were trying to find the
source of tektites. They were trying to catalog them. There has not
been much on etching or on the induced strain, except from the point of
view of trying to understand the aerodynamics of them. One idea was
that the etching, the fluted patterns, for example, on the outside,
reflected etching of strained regions in them. One was not sure
whether the fluting was due to just aerodynamic ablation of material, or
whether it occurred af terward on exposure to ground water. The latter
is what geologists think, but I do not think it is by any means conclu-
sive.

Bob Watt
-

Question:
We have seen glass marbles formed by dropping molten glass on steel plates
(previous paper by van Geel). I wonder whether their strain might have
a similar characteristic to that of the tektites and, if so, whether
people have looked at that corrosion rate.

Tombrello
Response:
I do not think so. Not geologists, anyway.
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Robert Williams - EPRI
Question:
First, I would like to acknowledge that EPRI has also been quite inter-
ested in the Jorous glass matrix technology insofar as it may offer
superior leac1 ability. Secondly, I would like to ask you to acknowledge
that to the extent that waste management is a problem, that it is a
systems engineering problem in its broadest sense. Would you not
concede that other parameters in the waste disposal system might
accommodate some of the increase in leachability that you allude to
in your concern about super-high leach-resistant glasses?

Tombrello
Response:
I am afraid I have lookca at this, as someone said, as a typical univer-
sity professor. Picking out a single problem and looking at that, not
at the whole system. However, I think cne mignt well try to isolate a
few of the separate problems. One clearly has to look at the whole sys-
tem, but at the same time, one has to look at the microstructure of what
is going on as a number of papers this morning showed.
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THE PROBLEM OF NUCLEAR WASTES

A solution to the problem of nuclear wastes, E solution which is
environmentally sound, technically possible, economically feasible and
politically acceptable, will be found only if we all use a little common
sense.

Let me try to restate the basic elements of the problem:

Nuclear wastes exist in a variety of forms, a variety of potential
benefits, and a variety of potential hazards. They will not just go
away. More will be created every day for many years to come no matter
what we may do about nuclear energy in general.

Even if we stop all nuclear power and nuclear weapon production this
instant, the tailings, the low level processing debris, the defense
wastes, and the fuel rods would all still exist. Even if we could stuff
the nuclear genie back into its bottle, we would hava O get rid of the
bottle!

Stuffing the genie back into the bottle solves very little and takes away
a great deal. It would take away one option we have for removing a
nationally dangerous dependency on foreign supplies of petroleum. It

would take away one option we have for eliminating an environmentally
dangerous dependency on coal and oil.

Until fusion energy, solar energy and new portable fuels such as hydrogen
are available as technical and economic alternatives to fossil and fission
fuels, uranium, thorium, natural gas and conservation through efficiency
are the most acceptable national and environmental means of surviving as
a nation. For the next few decades, coal can be and must be utilized,
but at environmental costs we all must work to minimize through
technology and appropriate substitutes.

But i repeat, uranium, thorium, natural gas and conservation through
efficiency are our best envircnmental friends for many decades to come.

Large quantities of natural gas and uranium are potentially available in
and near North America and need only common sense in tax, regulatory and
foreign policies to make production of these fuels a reality.

Efficiency is a matter of technology and investment both of which are
traditionally American resources.

Finally, in this context, let me emphasize the importance of greatl+
reducing our dependence 'n foreign oil in our fight against ir.."1 ion.

The recent increase in oil prices by OPEC and the conti.nual decline in
donestic production serve to underline the economic foolishness of the
Administration's persistent discouragement of the production of low cost
domestic energy.

,
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Management of Nuclear Wastes

The major unknown in an environmentally and economically sound energy
policy for the next several decades is the management of nuclear wastes.
If we wish to solve them, problems of natural gas and uranium supply have
obvious solutions as do problems of plant siting and construction. In
the same way, increased conservation through efficiency in general are
matters of R&D, investment and national will.

However, there are not yet any obviously acceptable means for long-term
management of nuclear wastes.

In the short-term we can continue to provide interim above ground storage
until the right long-term answers are found.

In the long-term there are two general options for the management of
these materials. We can reprocess them to extract their useful
components and minimize the actual waste or we can try to permanently
isolate them in their entirety from the human environment.

Deep geologic disposal of all nuclear waste was first recommended by a
National Academy of Sciences panel in 1957. Salt was given as the
preferred medium. On the other hand, whole new technologies and under-
standings of our earth have evolved during the 21 years since this
recommendation was made. Thus, our waste management policy is now held
captive by recommendations that are more than two decades old.

As a geologist, I personally believe that we will be able to demonstrate
that it is technically feasible to safely dispose of wastes in a variety
of deep geologic formations. Whether those formations include salt or
not will not be clear until the Sandia Laboratory's experiment near
Carlsbad, New Mexico, has borne results.

A growing number of geologists feel, however, that there are inherent
physical advantages to geologic media other than salt and at least
equivalent attention should be put into experiments related to those
media. In particular, crystalline rocks, such as granites, and vitric
tuffs have some theoretical advantages over salt which should not be
ignored.

I am encouraged by the interagency review group's recommendations to this
effect.

Nuclear Wastes as a Resource

The nuclear waste management option I consider most exciting, however, is
the potential of beneficial utilization of such materials or specific
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isotopes contained in them. The problem then becomes the more desirable
one of " resource" management, ra',her than " waste" management.

At my request as its ranking Republican member, the Senate Subcommittee
on Science, Technology, and Space held four days of hearings on the
management of nuclear wastes and the scientific and technological base
for their disposal and utilization. The hearings focused on nuclear
waste management alternatives, the composition of the waste forms,
transportation of the wastes, away-from-reactor storage, reprocessing,
and beneficial utilization.

After hearing a good deal of testimony on the subject and talking with a
number of people who are already involved, I believe that the utilization
of the individual components of nuclear wastes has the potential to
supplement significant quantities of our national resource import require-
ments, provide resources for some new beneficial technologies, as well as
making the ultimate management of actual wastes a more manageable problem.

A number of other important conclusions can be drawn from these waste
management hearings:

1. Contrary to Administration policy, public utilities do not now
consider spent fuel rods as wastes that should be permanently buried.
Several witnesses expressed the concern that the energy and other
resources that are contained in spent fuel will not be considered
worthless by future generations. Some witnesses stated perceptively
that simply burying these wastes in the ground now would create a
valuable ore deposit to be mined in the future.

2. Reprocessing and tailoring the waste form to fit a particular geologic
medium hold the promise of providing a secure barrier to waste
mitigation. Crystalline and ceramic hosts for various waste components
appear more promising than glass in this regard.

3. Current policy uncertainties about reprocessing and past neglect of
many waste management alternatives suggest that interim above ground
storage should be utilized until our oolicy and technology become
fully developed.

4. More attention needs to be paid to the transportaton aspects of
waste management and the possible conflicts between the jurisditions
of the Nuclear Regulatory Commission, the Department of Transportation
and states and cities.

5. Photochemical partitioning combined with beneficial utilization is a
potential waste management option which should be further developed.
Techniques for photo-chemical separation, being examined by the
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Los Alamos Scientific Laboratory and others would contribute signif-
icantly to reducing the thermal and radiation output of any actual
wastes that remain after reprocessing.

This partitioning technology is particularly worthy of further development.

Perhaps the most obvious resources that could be recovered from nuclear
wastes are uranium and plutonium. Unless we can make use of these resources,
our dependence on fission energy in the future must be viewed as limited.

Using our present forecasts for uranium requirements and uranium reserves,
it has been projected by a recent National Academy study that we will not
be able 0; meet known requirements for the uranium needed by existing and
planned reactor systems. It is estimated that shortages of uranium
production will be 10% to 20% of the requirements of the 250 conventional
nuclear reactors forecasted by the 1990-2000 time period. If we were to
recover waste fuel resources for future use in light water reactors.
uranium requirements could be reduced by 22% and enrichments by 14%.

Some other uses of the resources in waste include the use of cesiumia7 in
the treatment of sewage sludge to eliminate pathogens and as a non-
carcinogenic means of food preservation; the use of strontium in power9

generators in remote locations; the use of krypton 8s in self-luminous
light sources; and the recovery of catalytic metals which could supplement
our uncertain sources of foreign supply.

Such partitioning also appears to be applicable to the enhanced recovery of
uranium from ores as well as lower cost enrichment procsses. These
results would have the beneficial side effects of expanding our uranium
resource base, reducing the quantity of undesirable mill tailings and
reducing the energy requirements for nuclear fuel production.

In light of the new techniques and possibility for beneficial utilization
of nuclear wastes, it is important that in the short-term we look for
storage cptions that allow retrieval of these wastes so that they can, in
fact, be turned into resources.

Nuclear Politics

We must also be aware of some political facts of life.

Some citizens in many states, not the least of which is New Mexico, are
questioning the advisability of permanent disposal of nuclear wastes
within their borders. These citizens, if they are a majority, have the
right through appropriate legislative means to withhold their approval
for such disposal. We must be prepared to offer them a better alterna-
tive to disposal if nuclear energy is to attract the investment of human
and economic resources most feel it mus'
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In addition, the leaders of the other citizens of the world are committed
to move forward with nuclear energy and waste reprocessing with or without
the United States. Thus, the genie's bottle is broken; it is not just
without a cork.

The Administration's hope that our sacrifice of various nuclear options
such as reprocessing and breeder reactors will significantly affect
nuclear proliferation or the availability of nuclear weapons in the world
is wishful thinking at its best and extraordinarily dangerous at its
worst.

The commercial and military nuclear race we began is still on. The rules
of the race are changing rapidly. If we want to insert our views of
nuclear morality and common sense into these new rules we better be the
dominant competitor in the contest.

Conclusion

In conclusion, it is safe to say that the genie's bottle is here to stay.
We have only begun to explore the waste management alternatives for
either disposal or use of this bottle. It is time to bring discussions
of all reasonable options to the public and with the putlic we must
realisticaliy assess the potential and risks of each such option.

We must think of not only what must be done for managing nuclear wastes
in the next 10 years, but look at the next 20 years, and even 50 years,
to assess what future needs will be and what research and development
must be done today to make the most attractive options available to meet
these needs.

Most of all we must create flexible options. We can never know all that
our children will know or need.
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Abstract

Cements are major candidates for solidification of low-level,
intermediate-level and defense high-level wastes for a combination of
reasons including ease of processing, necessity of only low temperature
for processing, inexpensive materials required, and the resulting pro-
perties of the solidified form. Modified cement processing may be
considered as an option for generating waste forms permitting higher
thermal loading. Previous and current work on the physical, mechanical
and thermal properties; stability; and solubility of the waste forms
relevant to their immobilization of RW species is discussed. Optimally
processed cement-waste mixtures may constitute a durable low tempera-
ture ceramic waste form.
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Introduction

Cementitious conposites and concrete (1) are widely used construction
materials, and have been extensively utilized in the nuclear industry
for reactor structures and shielding. Because of their generally
favorable properties, relative ease of the technical processes in-
volved and low cost they have been extensively used in low level
nuclear waste solidification.

Two major types of hydraulic cement are used for these purposes:
" portland" and "high alumina" cements. Both types of cement can be
used as matrices for incorporating primary waste containment forms,
which may serve to replace the usual " aggregate" of concrete. When

mixed with water, these cements hydrate, causing hardening to form
a dense " cement paste," which compares in strength and hardness to
many types of natural rock.

The most valuable engineering properties of normal cement pastes, ce-
ment composites and concrete are their workability, durability (against
atmospheric weathering, chemical attack), watertightness, and dimen-
sional stability (to shrinkage and/or expansion after setting).

The relevant properties of concrete that should be examined when con-
sidering its usefulness as a material for incorporating radioactive
waste are its ease of forming a monolithic mass, resistance to leach-
ing, thermal stability and conductivity, and radiation stability.
Strength development is frequently correlated with other properties; it
appears generally to be adequate and may be enhanced by special pro-
cessing (2). Many of the basic properties of cement paste and concrete
--e.g. , density, durability, strength, and shrinkage--depend strongly
on the porosity of the cement paste matrix, which in turn depends on
the amount of water used in processing, which will be discussed later.
Volume stability is probably not critical, but in the event that it
leads to the formation of microcracks, a decrease in strength and an

increase in leachability may occur.

Cement Solidification Processes _

A. Summary of Experience

There has been no past experience with commercial high-level waste
solidification in a cement or concrete waste form. However, various
solidification alternatives have been considered (3,4). Among the
alternatives are three that use cement and concrete: 1) conversion
to cement and residual salt, 2) shale fracturing, and 3) shale ce-
ment. In all three cases the wastes would be stored at the NFS site,
West Valley, New York, a federal repository, or both.
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1. Conversion to concrete. In this process, the sludge and supernate
would first be separated by centrifuge. The sludge would be exposed to
a series of drying and washing steps before being finally incorporated
as the aggregate into a cement and placed in steel containers. Liquid
discharged from the centrifuge would be treated by ion exchange to re-
move Cs. The Cs-bearing, ion-exchange zeolite would be periodically
combined with the dried sludge and incorporated into a cement matrix.

Nine of the 23 alternative plans discussed in a recently published
report (5) on the alternatives for long-term management of dense HLW
at the Savannah River Plant consider the use of concrete for waste
solidification. (The average chemical composition of fresh HLW from
the Savannah River Plant is shown in Table 1.) In all nine cases, the
cement, Cs-zeolite, and dried sludge will be combined in a concrete
mixer with water, and poured into carbon steel containers 2 ft (0.6 m)
in diameter by 10 ft (3 m) high. The welded, inspected, and decon-
taminated canisters will be deposited at onsite or offsite disposal
localities. Each canister would consist of 200 pal (760 liter) of
concrete containing 36.4 kCi (0.182 KCi/ gal) of 30Sr 137Cs with a heat
output of 209 watts. The conceptual waste solidification process is
shown in Figure 1.

2. Shale fracturing. In this technique, a grout consisting of liquid
sludge, or dried sludge waste forms mixed with a blend of cement and
other additives is pumped down a well and injected into a shale forma-
tion. The shale is first fractured by pressure from a small volume of
water, and the grout is then injected into the initial fracture. As
the crack propagates, it is filled with grout. Injection continues
until the batch of waste-grout is depleted. The grout sets a few hours

TABLE 1. Average Chemical Composition of Fresh SRP High-Level Wastes.

Constituent Molar concentration

nan 03 3.3
nan 0 <0.2
NaAlf0H)4 0.5
Na0H 1.0
Na2CO 0.13
Na,S0 0.34

Fe{0H)3 0.07
Mn0, 0.02
Hg(dH)2 0.002
Other Solids 0.13a

8
Assuming an average molecular weight of 60. Source: U.S. ERDA (5).
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FIG. 1. Conceptual Waste Solidification Process. Source: U.S. ERDA
(5 ),

af ter injection, permanently fixing the radioactive waste in a rock-
like sheet of cement composite within the shale formation. Subsequent
injections ideally form sheets parallel to and a few feet above the
first.

The shale fracturing technique is illustrated in Figure 2. This process
has been successfully used at Oak Ridge National Laboratory for perman-
ent disposal of locally-generated intermediate-level waste (ILW) solu-
tions.

3. Shale cement process. This concept involves a process carried out
at ambient temperature, and entails combining the liquid wastes with an
appropriate mixturc of cement and solid mineral additives, including a
Cs sorbent such as Conasauga shale, to form a grout. The grout is then
pumped into drums where it solidifies, and the drums are stored in a re-
trievable manner. At present, the shale cement option is only a lab-
oratory tested process.

Each of the above alternatives has its advantages and disadvantages, but
they constitute two rnajor process possibilities plus a number of sub-
options. Additional discussion of the cement concepts and alternatives
is given in a recent NAS/ NAE report (6).
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FIG. 2. Shale Fracturing and Grout Concept. Source: U.S. NRC (4).

B. Reactor Wastes and Defense Wastes

The mrjority of low- and intermediate-level wastes upon which R&D has
been onducted for potential cement solidification processes, are var-
ious reactor wastes and defense wastes. Miscellaneous liquid and sludge
low-level wastes from LWR and BWR waste treatments have been considered
in a number of places (7,8) for solidification in cement. As mentioned
before, Oak Ridge National Laboratory (ORNL) has used cement solidi-
fication processing extensively, having blended over one million gallons
(3.8 million liters) of intermediate-level waste solution with cement
and clays and injected the waste mixture into cracks produced in shale
formations (9,10). The ILW is composed of a mixture of all the liquid
wastes produced in hot-cell, pilot plant, and reactor operations.

The beta-gamma activity after
concentration of the solution is generally <2 Ci/ gal (0.5 Ci/ liter) with137Cs being the major radionuclide; alpha activity is si mci / gal (0.25m
Ci/ liter (il). Aqueous sodium nitrate waste based on neutralized Allied-
General Nuclear Services (AGNS) acid fuel reprocessing waste has been
investigated at Brookhaven National Laboratory (BNL) for incorporation
in concrete (Ba, b). AL'S neutralized waste is 2.5 M nan 03 with
six10-4 ti cesium and stri t1um.

Defense high-level radioactive wastes are stored in underground tanks
as alkaline liquids with precipitated sludge layers at Savannah River (12)
and Hanford (14,15). After the radioactivity decay heat has diminished
to an acceptable level, water is evaporated from the liquid waste to
form salt cake to reduce volume and mobility. The radioactive liquid
waste at Idaho Chemical Processing Plant is presently being converted
to a granular calcine, then stored in underground, stainless steel bins
in reinforced concrete vaults (13).
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Studies on incorporation of simulated SRP waste in concrete have been
conducted by Savannah River Laboratory (16) and by Brookhaven flational
Laboratory (8). These sludges are hydrous oxides of the base metals
fonned by caustic precipitation from metal nitrate solutions. Each
sludge also contained s400 ppm strontium.

Following initial studies with simulated SRP waste sludges, SRL incor-
porated actual radioactive sludges in concrete on a lab-scale basis
(17,18). The sludges were removed from three tanks at SRP. The major
radionuclide activity in the sludges is contributed by 90Sr which
ranges from 16 to 75 mci /g. Gross alpha activity ranges from 10.1 to
0.3 mci /g.

Incorporation of sinulated Hanford wastes in concrete has also been in-
vestigated (14,15). Simulated dried Redox and Purex sludges were used
in the investigations.

Simulated Idaho Chemical Processing Plant (ICPP) calcine has been incor-
porated in concrete by Idaho flational Engineering Laboratory (If1EL)(19,20)
and Bf1L (8a, b).

C. Properties of Cement-Waste Mixes

1. Mixing characteristics. In order to achieve the most favorable
properties in the final product, it is desirable as in all concrete
formulations to mix the cement with the least water possible, consistent
with the requirements of the mixing and placing methods. Workers at SRL
treated mixes by the following formula, where the total amount of water
required for cement / sludge mixtures can be expressed as:

* "s D+ (s/c)]w=w
c

where wc = water required by cement,
w = water required by sludge,s
s/c = weight ratio of sludge to cement,
a = interaction coefficient for each cement-sludge pair.

This equation can also be expressed as:

w/c = (w /c) + (w /s)(s/c) + a(w /s)(s/c)2c 3 s

where w/c = weight ratio of water to cement,
w /c water required per gram of cement,c
W /s = water required per gram of sludge.s

An illustration is given in Table 2, which lists parameters calculated
for combinations of six types of cement and three simulated SRP waste
sludges. The interaction term, a, suggests that some reaction is oc-
curring between cement and sludge when water is added.
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TABLE 2. Parameters Calculated for Various Cement-Sludge Combinations.

SRP Simulated Sludge

Cement Ws/s I II III

Type W /c 0.449 0.341 0.229c

Interaction Coefficient, a

I 0.323 1.49 0.22 1.44
II 0.278 1.07 0.82 0.4n
III 0.303 1.21 0.43 1.18
V 0.286 0.45 0.16 1.05
I-P 0.323 0.59 0.46 0.53
HAC 0.257 0.22 0.00 0.60

It was shown that the relative hydrophilic nature of the SRP sludges can
be ordered:

sludge I > sludge II > sludge III.'

2. Setting time. The addition of waste to cement / water mixtures has
been shown to decrease set times (21,17). A " set" is reached when suf-
ficient hydration has taken place to give a mix friable rigidity. The
set time of neat portland type II cement (w/c = 0.26) has been measured
at ml88 minutes; addition of certain sludges were found by SRP workers
to reduce the set time to as little as 8 minutes. While the behavior
is complex, retarders added in small quantity may be used to increase
that set time to a week. Set time may be increased by using additional
water, but this is generally undesirable. Recent work in this labora-
tory ( 22,23) has been carried out to investiga te the mechanism of action
of water reducing and retarding admixtures.

3. Heat liberation. The setting mechanism of all classes of hyraulic
cements is caused by hydration reactions which are exothermic, of
greater magnitude in calcium aluminate cements than in portland cements.
The magnitude of this effect on the initial cement can be determined;
and it will in general be supplemented by effects of exothermic reac-
tions of wetting of dry sludges. In contrast, certain waste solutions
tend to retard the setting of cement. Further, there may be a dilution
effect lowering the heat effect of hydration, reducing the maximum tem-
perature generated in the early stage. Other factors affect the maxi-
mum temperature generated, including the percentage water used in mixing,
and the final density of the consolidated composite.
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4. Mechanical Properties. Compressive strength and tensile strength
of hardened cement pastes are nomally a function of water / cement
ratio (2,17) composition, as well as curing time, ctnditions, and
temperature. The composition must exhibit sufficient strength to with-
stand handling, transportation, and possible accident situations with-
out major damage. But also, other favored properties are generally
associated with high strength. Addition of a waste form by many has
been shown to decrease the strength of the hardened composite, though
this is not always the case. Investigators using a simulated sludge
containing 50 mole % iron oxide, 50% aluminum oxide (hydrous) reported
the following data for compressive strengths (17), as shown in
Figure 3.

5. Leachability. One of the important properties of any waste form is
its leachability with respect to the RW species contained: 1.e., the

lower the leachability (17,24,25 ) the less the potential risk. One of the
most simple expressions used for leachability is the expression as L,
in g cm-2 -l-d

L = hh
where F = weicht iraction of species in the leach specimen,

A = surface area of the leach specimen,
am = mass of species leached during time t,

At = time interval between changes of leachant.

20 p i i i i

Sludge I
._E

g 10.000 7 p's )
-- 69

~

HAC _ [s
_ s'

Oi _
5.-

$ 5000 -
'N - 34.5s

b -

-

E
! I- P _

O
_

2000 0 10 20 30 40
Sludge Content, %

FIG. 3. Compressive Strength of Concrete-Sludge Specimens. HAC = High
alumina cement; I-P = portland-pozzolanic cement.
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TABLE 3. Chemical Composition of Washed, Dried SRP Waste Sludges.

R % (mol M in sludges kom W tanksaElement
Tank 5

Fe 27.5 (39.6)
Mn 10.8 (15.9)
Al 1.5 ( 4.6)
U 15.4 ( 5.2)
Na 6.1 (21.6)
Ca 0.6 ( l.3)
Hg 0.1 ( -)
Ni 5.0 ( 7.1)

a
Major elements only.

b
Calculated from sum of elements without 0, N, or C.

Cesium, strontium, and alpha emitters are the species of grestest con-
cern in radioactive waste solidification and have received the largest
attention concerning their leachability (17,18,26). Other species in
cement / waste composites that have been leach tested are sodium nitrate
(17) and iodine (27).

Illust'ations of the usual form in which leach data are presented are
given in the 'ollomng figures, in which leachabilities are presented
first of cement-waste mixes [ actual sludge 5, SRL (17)], the com-
positiin of which is given in Table 3. The order of comparison of the
leachalilities of the three types of RW species is always about the
same, although they may be affected somewhat by additives (Figure 4).Figure 5 shows

also the total cumulative fraction leached as a func-
tion of time, which is expressed for Sr from sludge III (composition
given in Table 2) in the data of Figure 5 (16,17). Often, less than
0.01% 90Sr and 0.001% alpha emitters were leached from small specimens
in six weeks.

The leachability of Cs was decreased by initially adsorbing it in a
zeolite, and then incorporating it into the cement-simulated sludge mixes,
as shown in Figure 6. This illustrates thac it is possible to decrease
the leachability by more than two orders of magnitude when a type I-P
cement is used to incorporate the Cs-zeolite end sludge (Figure 6).

Typical compositions of waste sludges which are under investigation for
disposal by hydrofracturing techniques at ORNL are given in Table 4 (28),
while proportions including cements, clays, etc. which were commonly
used are shown in Table 5. While varying in compositional detail from
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TABLE 4. Composition of ORNL

s --- 37.5% sivoge n Waste Sludge.
'f yl-P 2.5% Cs-Zeohte

# 'Nt Cation * wt %.

-., s,N
' u d 'i ., * sp'i Iron 10-50

3
j

q' s ;' - Aluminum 0-7
'e io-s- -

| 'N Lead 0-1
'

2 Chromium 0-1"

9 Ac Calcium 0-1.5
j 5 i
a io-4- % -

3

.! *Present as hydrated oxides and
a | I- insoluble compounds combined

'

with 0-30 wt % water-soluble
'[ material.io-s

k40% cs-zeolite
TABLE 5. Composition of Hydro-'

' * .I fracture Sludge Grout.
i io xo icoo

Leoch Time, hr

Content inComponent
grout (wt %)

FIG 6. Cesium Leachability of
Concrete Waste Forms Cement 27.2
Containing Cs-Zeolite. Fly ash 12.6

Indian Red Clay (or
Conasauga Shale) 2.1the SRL sludges and also in the Simulated sludge 8.8

nature of the additives used, Water 49.0
the Cs leachabilities were shown
similarly to be improved by use
of selected additives.

.

Data presented by ORNL researchers (10) for Cs leachability from the
hydrofracture grout compositions showed the possibility of decreasing
the leachability by 2-3 orders of magnitude by use of the proper sorp-
tion additives (11) as shown in Figure 7. Most data were measured onsamples initially cured for 28 days.

The leachability data of various radionuclides are also presented in a
different manner, fitted to a diffusion equation (29). A theoretical
expression was developed which correlated the cumulative fraction of a
species that had left the waste solid in time t:
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For example, data obtained for 3
-

cesium leached from a hydrofrac- 5
- -

ture grout specimen were fitted 5,,., c o ,, ,,,,, _

to the above equation to give a -
5 " '' E :

De of 1.2 x 10-9 cm /sec. Studies [ ]2

on simulated as well as actual - -

hydrofracture grout showed that - -

the effective diffusivity of - -

strontium was in the order of
10-10 cm /sec. An example il- ir * j, y, ,;,2

, ,,,

lustrates the significance of an r=c. .m
effective diffusivity of 1 x 10-10
cm /sec; with a 200-liter drum FIG. 7. Leach Rates of 137Cs2

filled with this concrete and from Grouts with Var-
all surfaces exposed to running ious Mix Additives.
distilled water for one year.
Using recent data on fixation of
Iodine-129 in such grouts (27) it would mean that only about 0.7% of the
total initial iodine would be removed from the concrete during this
period.

One of the impe cant aspects of the studies is a ccmparison of the
leach rate with that obtained by other forms. Results of the hydrofrac-
ture grout studies associated with the disposal of intermediate-level
radioactive liquid waste showed that grouts can provide leach rates com-
parable to those obtained for waste incorporated ir.to borosilicate
glass. Figure 8 compares the predicted amounts of cesium leached from
a grout containing Conasauga shale (28) (to fix the cesium) with those
for a borosilicate glass. At short times a slightly smaller fraction
of cesium is leached from the glass product than from the grout, where-
as at long times a smaller fraction is leached from the grout product
than from the glass.

Results of BNL research (8b) on low-heat generating high-level waste
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5 using a cement-vermiculite
5; 10-3 _ .-% or cement-zeolite process,

\ presented Cs and Sr releases
"

\ data, as well as those of
&5 '

\ nan 0-5 3 leaching. For the
u p 10 - \ latter composites, type II
E58 portland cements proved to
zE - \ be somewhat superior to high-
28 \ alumina cements, Polymer im--7
ti >_ 10 ~

{ pregnation further improved
h$ - GROUT the properties by 1-2 orders

g of magnitude ( 30).---BOR0 SILICATE GLASSo
a -9 \w 105 An earlier report (7) de-
$ - scribes international wcrk on"

cement solidification of low-
10-11 >>Ap- 0 ' ' ' ' ' 10l ' ' ' '102'' 3 and intermediate-level waste,

1010 10 including in tne UK, in the USSR,
Czechoslovakia, Italy (31),

FIG. 8. Comparison of Calculated France and Germany. Limited
Amounts of 137Cs Leached tests on the leachability and
from a Borosilicate Glass other properties of waste-
and a Cementitious Grout. cement products have been per-

formed in Japan (32-34), re-
lated partly to possible sea
disposal.

Recent work from Germany (35) has used bentonite-containing cement
grouts for reducing Cs leacnability, while Sr leaching was inproved by
naking a dense block.

6. Thennal Properties. Thermal stability of cement forms has been dis-
cussed in detail by others (17,8). There is considerable variation in
thermal stability of cement composites, depending upon composition,
microstructures, heating rate and other factors.

Thermal conductivity of typical cement pastes may range around 0.6
Wm-lK-1 (contrasted with glasses of 0.9 - 1.3 Wm-lK-1)(36,37). ihis limits
the heat transfer, and requires lower thermal loading of the cementitious
materials. An option is to increase the conductivity by densification
of the solid. Research on special high density cements (a true low tem-
perature ceramic) is described in the next section.

7. Special Low Temperature Ceramic / Cement Waste Form. Work at The
Pennsylvania State University with cement pastes processed at elevated
temperatures and pressures resulted in synthesis of materials with un-
unucually high strength (up to 10 times that of normal cements), high
density, and very low porosity. Such materials, having already been
processed at relatively high temperatures, appeared to have special
potential for radioactive waste isolation and disposal (38).
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TABLE 6. Atomic Concentrations of Cations in Calcined Simu-
lated HLW.*

PW-6 PW-4bAtom
(at.%) (at. )

Fe 16.9 14.3
Na 60.5 --

RE 6.4 27.8
Mr 3. 5 15.4
Zr 3.2 13.9
Cr 1.4 1.5
Ni 1.6 4.8
Cs 1.6 7.1
U 1.9 2.6
Sr 0.8 3. 6
Ba 0.8 3. 6
K 0.3 1.3
Co 0.3 1.3
Te 0.4 1.6
P 0.2 0.6
Ag 0.1 0.3
Cd 0.1 0.3

100.0 100.0

* Supplied by John Mendel, Battelle-Pacific Northwest Labora-
tories; calcined at 773K (500 C); XRD shows major nan 03 in
PW-6.

Very modest temperatures [from the standpoint of ease in processing--
in the rance from 373 to 573K (100 to 300 C)] were used for the cement
hot pressing. The products have very low r Ormeability, very low
porosities (s3%) compared with normally hardened pastes (20 to 40%), and
superior volume stability and thermal stability. Two different simu-
lated waste compositions (calcines) studied are given in Table 6: PW-6

and PW-4b analyses [after firing at 773K (500 C) for one hour]. For
some experiments, a sample of PW-6 that had been heated to 973K (700 C)
for 7 hours to remove much of the nitrate was used (38).

The cements used included Portland cements (ASTM Types I, III, and V)
and non-Portland hydraulic cements (white, calcium aluminate, regulated-
set, and expansive). Compositions and properties of these different ce-
ments and other details are given in Refs. (39,40).

Small cylindrical specimens were prepared by hot pressing of cement and
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TABLE 7. Tensile Strength (Splitting) of PW-4c Specimens Mixed with
Different Ratios of Cement, and Hot Pressed at 423K (150 C),
345 MPa (50,000 psi), for 0.5 hours.*

Sample Splitting
Composition Strength

w/c w/s
a bRatio Ratio

% Cement * % PW-4C MPa (psi)

c100 0 34.0 4850 --- 0.10
90 10 35.5 5147 0.100 0.11
80 20 28.0 4080 0.02 0.10
70 30 26.4 3820 0.071 0.10
60 40 15.2 2206 0.062 0.10
50 50 13.5 1955 0.059 0.10

*High-alumina cement. +Similar to PW-4b.
bWater / cement ratio. Water / solid ratio.

cCalculated from the compressive strength. (Tensile splitting strength
is s0.10 compressive strength.)

waste in two configurations: one mixed with the waste, and a second in
which the waste was segregated in the core, either as loose powder or
as a pellet. Typical tensile strengths (ca 0.1 x compressive st.rength)
are given in Table 7, where they are seen to be 5-10 times those of
normal cements. They were shown to be generally thermally stable (to
fracturing).

Various accelerated leach tests (38) were performed, and the high den-
sity forms shown to have considerable improvement over normal cements,
for they were even relatively acid-resistant. PW-6, which contained
substantial NANO , was in some cases successfully encapsulated.3

Work is continuing to study the potential of alternate " low-temperature
ceramic" processing at normai to slightly elevated T,p ambient, at
lower pressures but at elevated temperatures, with the goal of attaining
properties similar to those reported herein, and under various inter-
mediate conditions.

Recent work has begun to address the preparation of low temperature
ceramic waste forms incorporating supercalcine waste, one example
of which is given in Table 8.
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TABLE 8. Compositions of Supercalcine 77.25.

Oxide wt % 0xide wt %

RE 03 19.6 U 0s 11.032

Zr0 4.2 Fe203 2.62

Mo03 4.5 Cr203 0.3
Sr0 0.9 NiG 0.1
Ba0 1.3
Cs20 2.5 Ca0 1.0
Rb 0 0'32 Al 0 3 16.252Cdo Ol 22.45SiO2
A920 0.1
Na20 5.9
P 0s 6.92

Twenty percent of the simulated waste was blended with different ce-
ments, a type III and a high-alumina cement, and comparisons were made
between the effects of nonnal treatment and hot pressing [at 250 C
(523K) and 50,000 psi (345 MPa)] preparations. Strengths of the hot
pressed sa.nples were very high, as expected, although the others were
aJequate. Accelerated hydrotherrnal "lcoching" tests were performed at
200 and 300 C (473 and 573K). In deionized water the alpha-emitter
simulators were almost undetected, Sr was found to be relatively low,
but somewhat variable, dependent upon experimental parameters, and Cs
was larger, as expected. Other elements such as Mo and Cr varied in
somewhat unusual manners. Experiments are also in progress using high
p/T brines as leachant, which in most instances are more corrosive, but
there are exceptions. The preliminary results are thus very encouraging-
especially in deionized water, and, in some respects, in the brines as well.
Other less rigorous processing conditions may be potentially useful as well (421

8. ORNL Studies. Researchers at ORNL (28) are conducting prelimi-
nary scoping experiments to determine the effects of high temperature
and pressure on fresh hydrofracture-type grouts containing a simulated
waste material composed of hydrated oxides of iron, aluminum, and lead.
Durable, homogeneous specimens were prepared with either type I or type
III Portland cement by subjecting the wet mixes to 1600 psi and 250 C
for 24 hours (see Table 9). Qualitatively, the resulting specimens ap-
peared to be quite stable. No apparent deterioration was observed after
heating at 200 C in air for several weeks or after being submerged in a
brine solution at 217 C and 300 psi for 72 hours, and further durabil-
ity tests are now in progress. Continued studies are in progress.

9. Other Relevant Investigations. Radiolysis. It is well known (43)
that water is subject to radiolytic decomposition; and that under certain



16
502

TABLE 9. High-temperature, High-pressure Grout Formation.

Ccmp0nent Content in grout (wt %)

Cement 44
Fly ash 10
Clay 10
Simulated waste 16
Water 20

conditions also the gaseous decomposition products undergo recomuination.
Gases produced by in situ radiolysis of water within concrete in sealeJ,
solidified nuclear wastes during long-tern storage could conceivably
breach containment. Therefore, candidate waste forms (matrices contain-
ing simulated nuclear wastes) were irradiated with Co-gama and 2 " Cm-5

alpha radiation. For cement waste forms exposed to gamma radiolysis, an
equilibrium hydrogen pressure of 6 to 7 psi was reached that was dependent
on dose rate.

It was calculated (44) that alpha radiolysis, which will predominate after
about 300 years, may cause a final hydrogen pressure of as high as 1,600
psi af ter approximately 10 years. Oxygen pressure may reach 300 psi.5

However, for the first several hundred years, the results suggest that
radiolytic pressurization in sealed containers of concrete plus SRP wastes
will be low. Furthermore, these high pressures may never be reached in
the presence of elevated temperatures and a gamma radiation field. The
effects are compositionally dependent, and also vary with dose rate;
therefore relatively long period tests utilizing relevant composition
ranges at relatively low dose rates are needed in order to determine the
best procedures for designing specific cement-waste forms.

Experience in the USSR. Cementation techniques have been utilized for a
long time in the Soviet Union (45) for disposing of low-level nuclear
wastes. Liquid wastes are mixed with portland cement to produce a mono-
lith. Because of the expense of transport, however, a preferred disposal
method has been to introduce liquid wastes into deep geological strata
collectors, which include favorable geologic structures, and mineralogies
including clays, feldspars and other mineral species which are adequate
sorbents of the radionuclides. Monitoring of local temperature build up,
and through wells at distance are used to control the amount of waste
acceptableand prevent transport to the biosphere (46).

Discussion

A summary statement from the recent NAS/ NAE Report by the Panel on Waste
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Solidification (6) (pp.133-137) provides an evaluation of the status of
the R&D on the cement / concrete waste forms. A brief excerpt stresses the
vital point:

"The results of laboratory work described above, especially those
from Oak Ridge, INEL, SRP, Brookhaven, and Pennsylvania State Uni-
versity all suggest that a cement-based composite for incorporating
HLSW is a workable, simple, and tested option."

There are apparent advantages and disadvantages, and some remaining un-
certainties that must be answered before the possibilities and limits of
applicability of a cement or low temperature ceramic waste form can be
esta'olished. Table 10, below, adapted from the Panel's report (6)
suanarizes some of the apparent advantages and disadvantages, of which
the balance is strongly weighted toward the former. The table also
presents someof the areas within which more fundamental information is
needed.

Conclusions

Within the cement or low temperature ceramic waste form there are a number
of sub-options which can be developed. The form selected must be tailored
for the specific waste composition, and also for its potential final stor-
age site. Table 11, also adapted from the Panel's report (6), provides a
matrix of some (but by no means all) of the process options, process para-
meters, and certain of the important property parameters. Future R&D
should be directed to development of composites which will enable maximiz-
ing the waste loading while improving the composite properties to minimize
the potential for leaching of the contained waste. The development in-
volved in such optimization kill also have a pay-off in the field of low-
level waste management.

TABLE 10. Advantages and Disadvantages of Cement Waste Form.

Cement Waste Form Advantages:

1. Employs lowest solidification processing temperatures
2. Simple remate-control processing is possible
3. Can be pressure-injected into geological formations
4. Mixtures can be embedded into metal or concrete containers
5. Cost is low

Disadvantages:

High strength requires temperatures below 350-500"C
(Under some conditions) leachability is higher
Question of radiolysis is not yet settled: needs more work
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TABLE 11. Process-Property ffatrix.d

Parameters
Groutin9

- _-
Cast Concrete Pelletization

Process

Parameters _

Complexity Mixing-
Transport / Mixing-

'

Injection Transpott- Mixing-
Pelletization-Curing: Pos- Transport:sibly Polymer May Impreg-Impregnate
nate or Trans-
port in fietal

Maximum Containers
AmbientTemperature Ambient or Ambient

Steam Curing
(or Pressing)

Ease of Remote
Opera tion High

High
Medium

Property
Parame ters

Leacha-
b Mediumbility ,c Poten tia lly Potentiallytow ; tow *

Thermal Low
LowConductivity Low

Low

Thermal
Stability Very good up to approximately 300 C;

Complete loss of strength between
500-900 CDispersibility

Medium to Low Low
Low

a

Cottrarisons are relative to glass.
Depends on density of cement product.c

Some difference between portland and high-alumina c
* Low temperature ceramic form. ements.

___

'



' s, .
,

- - - - - - - - - - - - - -

.

19
505 '

.

References

1. F. M. Lea, The Chemistry of Cement and Concrete (3rd edn), Edwarde

Arnold, Ltd., London, 1970 (727 pp.).
..

2. D. M. Roy, G. R. Gouda and A. Bobrowsky, "Very High Strength Cement
Pastes Prepared by Hot-Pressing and Other High-Pressure Techniques,"
Cem. Concr. Res. 2, 349 (1972).

3. US Energy Research and Development Administration (USERDA), " Alter-
natives for Managing Wastes from Reactors and Post-Fission Opera-
tions in the LWR Fuel Cycle," ERDA 76-43, Five Volumes, Springfield,
VA: National Technical Information Service (1976b).

4. US Nuclear Regulatory Commission, " Alternative Processes for Manag- .
'

ing Commercial High-Level Radioactive Waste," NUREG-0043, Richland,
WA: Battelle Pacific Northwest Laboratories (1976).

' , US Energy Research and Development Administration, " Alternatives
for Long-Term Managtment of Defense High-Level Radioactive Waste;
Savannah River Plaat, Aiker. SC," ERDA 77-42/1, Springfield, VA:
National Technical Informati , service (1977c).

6. US National Research Council (NAE /NAS), Panel on Waste Solidifica-
tion, Committee on Radioactive Waste Management, " Solidification

'

of High-Level Radioactive Wastes" (Pre-publication copy), NRC-02-
77-003 (1978) (230 pp.).

7. R. H. Burns, " Solidification of Low and Intermediate-Level Wastes,"
Atomic Energy Review 9, 547-599 (1971).

8. a. P. Colombo and R. M. Neilson, Jr. , " Properties of Radioactive
Wastes and Waste Containers," Quarterly Progress Report, BNL-
NUREG-50-64, Upton, NY: Brookhaven National Laboratory (1977a).

b. P. Colombo and R. M. Neilson, Jr. , "Some Techniques for the Soli-
dification of Radioactive Wastes in Concrete," Nuclear Technol.
32, 30 (1977b).

9. H. O. Weeren, " Waste Disposal by Shale Fracturing at ORNL, Nucl.
Eng. Design 44, 291-300 (1977).

,

10. J. G. Moore, H. W. Godbee and /4. H. Kibbey, " Leach Behavior of -

Hydrofracture Grout Incorporating Radioactive Wastes," Nuclear,

Tcchnol. 32, 39-52 (January 1977).

11. USERDA, " Management of Intermediate Level Radioactive Waste," Oak
Ridge National Laboratory, Draft Environ. Impact Statement, ERDA-
1553-0 (1977d). -

.

.'

S

__

f.



20
506

12. USERDA, " Alternatives for Long-Term Management of Defense High-Level
Radioactive Waste," ERDA 77-42/1, Savannah River Plant, Aiken, SC;
Springfield, VA: National Technical Inforration Service (1977a).

13. USERDA, " Alternatives for Long-Term Management of Defense High-
Level Radioactive Waste; Idaho Chemical Processing Plant, Idaho Falls,
ID,"ERDA 77-43; Springfield, VA: National Technical Information
Service (1977b).

14. J. S. Kounts, Ed. , " Atlantic Richfield Hanford Company Quarterly
Report, Technology Development for Long-Term Management of Hanford
High-Level Waste, July-September 1975," ARH-ST-132A, Atlantic Rich-
field Hanford Co. , Richland, WA (1976).

15. J. S. Kounts, Ed. , " Atlantic Richfield Hanford Company Quarterly
Report, Technology Development for Long-Tenn Management of Hanford
High-Level Waste, January-Parch,1976," ARH-ST-132C, Atlantic Rich-
field Hanford Co. , Richland, WA (1976).

16. R. M. Wallace, H. L. Hull and R. F. Bradley, " Solid Forms for
Savannah River Plant High-Level Waste," DP-1335, Aiken, SC:
Savannah River Laboratory (1973).

17. J. A. Stone, " Evaluation of Concrete as a Matrix for Solidification
of Savannah River Plant Waste," DP-1488, Aiken, SC: Savannah RiverLaboratory (1977).

18. J. A. Stone, " Studies of Concrete as a Host for Savannah River Plant
Radioactive Waste," DP-MS-78-35, paper presented at Symposium on
Science Underlying Radioactive Waste Management, Materials Research
Society, Nov. 28 - Dec.1 (Proceedings to be published) (1978).

19. J. R. Berreth, H. S. Cole, E. G. Samsel and L. C. Lewis, " Status
Report: Development and Evaluation of Alternative Treatment Methods
for Commercial and ICPP High-Level Solidified Wastes," ICP-1089,
Idaho Falls, ID: Allied Chemical Corp., TID-4500, R64 (1976).

20. USERDA, " Alternatives for Long-Term Management of Defense High-
Level Radioactive Waste," Idaho Chemical ''rocessing Plant, Idaho
Falls, ID, ERDA 77-43 (1977a).

21. J. A. Stone and d'Etremont, " Measurement and Control of Cement
Set Times in Waste Solidification," DP-1404, Savannah River Lab.,
Aiken, SC (1976).

22. M. Daimon and D. M. Roy, " Rheological Properties of Cement Mixes:
I. Methods, Preliminary Experiments and Adsorption Studies," Cem.
Concr. Res. 8 (6), 753-764 (1978).

23. 9. M. Roy, M. Daimon, B. E. Scheetz and D. Wolfe-Confer, " Role of



21 507

Admixtures in Preparing Dense Cements for Radioactive Waste Isola-
tion," Paper AAl2, presented at Symposium on Science Underlying
Radioactive Waste Management, Materials Research Society, Nov. 28 -
Dec. 1 (Proceedings to be published) (1978).

24. J. G. Moore, " Development of Cementitious Grouts for the Incorpora-
tion of Radioactive Wastes, Part 2: Continuation of Cesium and
Strontium Leach Studies," ORNL-5142, Oak Ridge, TN: Oak Ridge
National Laboratory (1976).

25. W. W. Doerr, R. Filiba and M. Wang, " Leaching of Radioactive
Nuclides from Cement Grouts," ORNL/MIT-194, Springfield, VA:
National Technical Information Service (1974).

26. International Atomic Energy Agency, " Leach Testing of Inmobilized
Radioactive Waste Solid, A Proposal for a Standard Method,"
E. D. Hespe, Atomic Energy Rev. 9 (1), 19-207 (1971).

27. M. T. Morgan, J. G. Moore, H. E. Devaney, G. C. Rogers, C. Williams
and E. Newman, "The Lisposal of Iodine-129," Paper Presented at
Symposium on Science Underlying Radioactive Waste Management, Ma-
terials Research Society, Nov. 28 - Dec.1 (Proceedings to be pub-
lished) (1978).

28. J. G. Moore, H. E. Devaney, H. W. Godbee, M. T. Morgan, G. C. Rogers,
C. Williams and E. Newman, "Fixatior, of Radioactive Wastes in Con-
cretes and Cementitious Grouts," Paper presented at NUCLEX, Session
B-4 (1978).

29. H. W. Godbee, A. W. Kibbey, J. G. Moore and D. S. Joy, "Applica-
tion of Mass Transport Theory to the Leaching of Radionuclides from
Waste Solids," Paper AD-3, presented at Symposium on Science Under-
lying Radioactive Waste Management, Materials Research Society,
Nov. 28 - Dec.1 (Proceedings to be published) (1978).

30. B. M. Manowitz, M. Steinberg, P. Colombo, J. Fontana, W. Bacher,
A. Auskern, W. Horn, J. Pruzansky and R. Neilson, " Development of
Durable Long-Term Radioactive Waste Ct,.nposite Material," Brook-
haven National Laboratory Progress Reports 1-10, Upton, NY:
Brookhaven National Laboratory (July 1972 - March 1975).

31. E. Lazzarini and G. Tognon, " Disposal of Fission Products in Cen-
crete," Energia Nucleare 10, 117-130 (1963).

32. H. Hatta, H. Ohno, T. Nagakura, T. Machida, M. Mimura, T. Seki and
Y. Maki, " Leaching of Radioactive Nuclides from Cement-Solidified
Radioactive Waste in Saline Water, Part 2," Denryoku Chuo Kenkyusho
Hokoku 75, 1-30 (0RNL Transl. 4226) (1975).

33. C. Machida, A. Ito, A. Matsumoto, S. Sakata, T. Nagakura and



22
508

H. Abe, " Developments and Studies for Sea Disposal of Radioactive
Wastes," IAEA-SM-207/16 (1977).

34. H. Matsuzuru, N. Moriyama, Y. Wadachi and A. Ito, " Leaching Behavior
of Cesium-137 in Cement-Waste Composites," Health Physics 32, 529-
534 (1977).

35. R. Koster and G. Rudolph, " Studies on the Immobilization of Stron-
tium and Cesium at the Cement Fixation of Medium Level Waste Solu-
tion," Paper ADl, presented at Symposium on Science Underlying
Radioactive Waste Management, Materials Research Society, Nov. 28 -
Dec.1 (Proceedings to be published) (1978).

36. D. M. Roy (Ed. ), " National Waste Terminal Storage Program, Conference
on Waste-Rock Interactions, July 1977," Y/0WI/SUP-77-14268, Univer-
sity Park, PA: The Pennsylvania State University (1977).

37. R. D. Lokken, "A Review of Radioactive Waste Immobilization in Con-
crete," PNL-2654, US Dept. of Energy: Pacific Northwest Laboratory,
Richland, WA (1978).

38. D. M. Roy and G. R. Gouda, "High-Level Radioactive Waste Incorpora-
tion into Special Cements," Nucl. Technol. 40, 214-219 (1978).

39. D. M. Roy and G. R. Gouda, "High Str ength Generation in Cement
Pastes," Cem. Concr. Res. 3, 807 (1973).

40. G. R. Gouda and D. M. Roy, " Properties of Hot-Pressed Calcium Alumin-
ate Cements," Cem. Concr. Res. 5, 551 (1975).

41. D. M. Roy and G. R. Gouda, " Hot Pressed Cement in Radioactive Waste
Management," Final Report to Nuclear Waste Technology Program, Sub-
contract BSA-481, Battelle Pacific Northwest Laboratories (Aug. 14,
1974).

42. S. O. Oyefesobi and D. M. Roy, " Hydrothermal Cements: Studies of
Special Types of Cement-Quartz Mixes," Cem. Concr. Res. 7, 95 (1977).

43. I. G. Draganic and Z. D. Draganic, The Radiation Chemistry of Water,
Academic Press, New York, 1971.

44. N. E. Bibler, "Radiolytic Gas Production from Concrete Containing
Savannah River Plant Waste," DP-1464, Savannah River Lab., Aiken,
SC (1978).

45. B. Belitzky, " Soviet Science: The Soviet Answer to Nuclear Waste,"
New Scientist, 128-129 (April 1977).

46. V. I. Spitsyn, V. D. Balukova, S. A. Kabakchi and fl. L. Medvedeva,
" Investigation of the Radiation Influence on the Systems: Wastes-



23
509

Geological Formation," Paper AE-7, presented at Symposium on
Science Underlying Radioactive Waste Management, Materials Re-
search Society, Nov. 28 - Dec. 1 (Proceedings to be published)
(1978).



511

Discussion Following

CEMENT BASED NUCLEAR WASTE SOLIDIFICATION FORMS

Presented by Della Roy

Robert Leachman - NRC
Question:
I should like to get a clarification of one thing. I understand that
there is considerable experience for disposal of intermediate-level waste
at ORNL. The number I vaguely recall is that they have injected some-
thing like 0.6 megacuries, which is a rather large amount of activity,
approaching 1 percent of the total inventory of radioactivity in waste
materials. I also have a rather vague recollection that the specific
activity is not too dissimilar from the defense waste. My question is:
if these numbers are right, does this constitute somewhat relevant exp,er-
ience for disposal of defense waste by the grout method?

Della Roy
Response:
Yes. I think the latter statement. is true. I think that the level is
approximately right. I have quoted the figures in the written report, but
will not try to find them right now. A very large amount of activity has
been injected there. There has been very careful monitoring in wells to
see that there has not been transport of the nuclides. Control specimens
have also been made in the laborrtory, and samples have been prepared at
the same time as preparing the grout, so there is adequate control work
carried out. Activity is certainly in the range of the aged defense waste
or, if commercial waste were stored for a while, the thermal loading might
be somewhat similar.

Ray Blanco - Oak Ridge National Laboratories
Comment:
I do not think you can compare the intermediate-level waste disposed at
ORNL, or low-level waste I should say, with the DOE waste. The alpha
content of the ORNL waste is less than 10 nanocuries per gram. Thus, it
is not comparable with DOE waste. As you said, it contains around 1
curie of cesium per gallon. You did not quite describe the operations
at ORNL correctly. All of the liquid wastes at ORNL are concentrated
by precipitation with alkali, the supernate evaporated, and the concen-
trate disposed of by hydrofracture.

Della Roy
Response:
I was quoting directly from a report that may not have contained complete
information. I appreciate your clarification.

Blanco
Connent:
Only very small amounts of higher level waste are produced. They are not
handled directly. They are mixed with all of the other wastes. I think

that may be a little confusing.
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Della Roy
Response:
And the distinction that the transuranics are very low is important.

Leachman
Question:
I should like to ask another question. In the National Academy of
Sciences' report they speak of supergrout just as you did. What is the
range of experience with supergrout? Is this a limited laboratory-tested
concept or does it have testing equal to the other concepts?

Della Roy
Response:
As a broad concept, to some extent you could consider any of the grouts
that have incorporated special additives other than just the waste form
and the cement to be a form of supergrout if they have some component
that is added especially to tie up the waste. There are other approaches
including other processing steps that may be taken. Densification that
would minimize porosity, leachability, or simply physical transport is
another way of generating the same characteristics.

Leachman
Question:
Do I understand, then, that the ORNL experience, where they put various
clays in, is one aspect of what you are terming supergrout? Do I also
understand that there could be other things that are, as of yet, untested
in the field?

Della Roy
Response:
Yes, I think it is true that there are other possibilities untested in
the field. I think that the ORNL work is certainly the best example of
the demonstrated technology, while the other is, so far, just laboratory
demonstrated.

Blanco
Comment:
Dr. Roy has summarized this work very well, but I would like to add a
couple of items. Two of the problems that people have mentioned with
concrete are the radiolysis of the free water, which was mentioned by
the speaker, and the release of the free water with a rise in temperature.
We are trying to do something about these problems by removing the free
water by heating the concrete at about 250 C for about 15 to 18 hours.
We can remove the free water. This will decrease the amount of radiol-
ysis and prevent the release of water vapor with an increase in tempera-
ture. We are also finding that these concretes, that have additives
to hold the radionuclides, have good catalytic properties in recombining
hydrogen and oxygen. We are not ready to publish the results yet, but
we are startled by the very fast rate of recombination. So we are very
hopeful that these two items that have hampered the use of concrete for
higher levels of waste can be overcome.
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Della Roy
Response:
I am delighted to hear you say that. I was aware that the work was going
on. I have heard of those results orally, but I did not want to commit
anything in writing that was just verbal communication. I am delighted
that you could give us that information firsthand.

Robert Pohl - Cornell University
Question:
Can you comment on the use of cement for stabilizin3 uranium mill tailings?
Any work that you have done or that you are aware of, in particular with
regard to long-term stability?

Della Roy
Response:
I think there is potential for such stabilization. Some of our preliminary
work with leaching studies--some of the formulations--were very good for
uranium. Some were not quite as good. We have not, as yet, finally analyzed
all the information. Obviously, you do not want to have uranium in the
highly oxidized state. I think, if you can keep it in the reduced state,
that would be obviously more desirable. I think it has potential.

I. Eugene Reep - Rockwell, Hanford Operations
Comment:
With reference to your advantages of lower cost, I would caution that we
should perhaps go back to the so-called defense waste documents prepared
both at Savannah River, Hanford and Idaho. The ones at Hanford and
Savannah River included alternatives for the solidification of high-level
waste as a concrete or cemer i form. Where we would have to package the
high-level waste for subsequent transportation, handling and placement in
a geologic repository, we find that the added waste volumes increase costs
in numbers of containers and so forth to the point that these costs more
than offset any potentially lower processing costs. However, the risk
may be slightly lower, I do not recall. Where the real advantage to
concrete comes in, we feel--and we have done some preliminary studies
here--is where we handled the waste as a bulk--let us say either in a
vault that may be near the surface or let us say underground in a reposi-
tory that could hold it in a bulk form like pumping it into a tunnel.
But if we have to package the waste, it actually turns out to be more
expensive.

Della Roy
Response:
Yes, I should have reproduced material from the alternative documents,
but I could not get 23 alternatives on one slide.

Bob Watt - Los Alamos, private citizen
Question:
I am curious what might be the activity per gram of grout or some similar
number. I did not see it in your notes.
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Della Roy
Response:
I have it here. It varies with the waste. I think I had better give
you tl.at privately. It will take a little while to find it, but I do
have it.

Watt
Question:
There will be a correlated question, for which I guess you would also
not have the answer, namely, the thickness of the grout layer and the
hazards of somebody putting a well through that particular formation
containing grout.

Della Roy
Response:
I think those potential hazards have been considered in the environmental
impact statement that is written at ORNL. I do not have a copy of it
with me.

Watt
Comment:
But that was for intermediate level.

Della Roy
Response:
Yes.

Watt
Question:
I am wondering whether you have done that for your high-level proposal .

Della Roy
Response:
That has not been done in similar detail for the others, as far as I am
aware.

Chauncy Kepford - Environmental Coalition on Nuclear Power
nuestion:
You mentioned the stabilization of iodine in your grouts and concrete.
Could you perhaps suggest how long the iodine might be retained in the
matrix. What will be the chemical form?

Della Roy
Response:
The most stable form has been making insoluble barium iodate and incor-
porating that in the ceraent. Long-term leaching studies of this form
have been made. The indications are that it would have a very slow leach
rate and, if not incorporated to very high levels, would be very suitable
for sea disposal. Again, I would refer you to the ORNL work on this.
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M. Claude Sombret - French Atomic Energy Commission
Question:
If you would allow, I have two questions. The first is a technical one.
The other pertains maybe more to philosophy. The first one, Dr. Roy,
did you perform your compressive test an the real waste, and if yes, did
you measure the variation of the value versus time?

Della Roy
Response:
No. First, all the work we did was on simulated waste but the Savannah
River Laboratory work used real waste. I believe that ORNL also used somereal waste.

Sombret
Question:
The other question: I am not very well aware of the regulation about the
licensing in the U.S. , but I wonder if such a product containing 20 percent
of water could be acceptable from that standpoint?

Della Roy
Response:
As we indicated, and as Raymond Blanco from ORNL indicated, we want to
decrease the amount of molecular water. Most of what is there should be
tied up as hydroxyl, which will be quite different.

Sombret
Comment:
You have to fear some radiolysis and evolving of hydrogen. This is
exactly the same problem that German people have to face with the incor-
poration of degrading raaterials into cements and concrete.

_
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ABSTRACT

The process technology related to calcination of power reactor wastes is
summa ri zed. The primary calcination processes developed are spray calci-
nation, fluidized-bed calcination, and rotary kiln calcination. Calcines
from the spray calciner and rotary kiln are fed directly to a glassifica-
tion process. The fluidized-bed product can either be fed to a waste form
conversion process or stored. The major process steps for calcination are
feed preparation, calcination and product handling, and off-gas cleanup.
Feed systems for the three processes are basically similar. Gravity flow

and pump pressurized systems have been used successfully. The major problems
are fatigue failure of feed valve bellows, plugging by undissolved solids,
and calibration of flowmeters. Process heat input is by electrical resis-
tance heating for the spray and rotary kiln calciners and in-bed combustion
or in-bed heat exchange for the fluidized-bed system. Low-melting solids
which can cause scaling or solids agglomeration in any of the processes is
a major calcination problem; however, feed blending, process operating con-
ditions, and equipment design have successfully controlled solids agglomera-
tion. Primary off-gas cleanup devices for particulates are cyclones, sintered
metal filters, venturi scrubbers, and HEPA filters. Scrubbers, condensers,
and solid adsorbents are used successfully for volatile ruthenium removal.
The years of pilot-plant and plant-scale calcination testing and operation
of the three systems have shown that reactor wastes can be calcined safely
and practically.

,

iii
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SUMMARY

Calcination processes generally considered to be the most developed are
spray calcination, fluidized-bed calcination, and rotary kiln calcination.
Calcine produced from these processes can be fed to candidate waste form
conversion processes. The major process steps in any calcination process
are feed preparation, calcination and product handling, and off-gas
cleanup.

The spray calciner and rotary kiln calciner are designed primarily for
direct coupling to glassification processes; a fluidized-bed process may
be directly coupled to various waste fonn processes or the calcine can be
stored in canisters.

Spray calcination consists of atomizing the liquid wastes into the top of
a cylindrical calcining chamber. Process heat is supplied by a multi-zoned
electrical resistance heater mounted external to the calciner. Droplets of
a nominal 70-um diameter are required for effective spray drying. The dried
and calcined solids leave the bottom of the spray chamber where they either
fall into the product removal line or are entrained in the off-gas. Solids
in the off-gas are removed by stainless steel sintered metal filters located
in the f;1ter chamber. The filters are blown back based on pressure drop
across the filters, and the solids are discharged at the bottom of the spray
chamber. Additional particulate removal to obtain the required DFs is pro-
vided by a venturi scrubber and HEPA filters. Volatile ruthenium, if present
in significant quantities, is removed by solid adsorbents. Iodine and N0x
removal would also be considered in a plant-scale calcining facility.

The rotary kiln calciner is a rotating barrel positioned at a slight angle
to the horizontal to facilitate the flow of solids through the kiln. Process
heat is provided by a multi-zone furnace. Evaporation and drying occurs in
the upper portion of the kiln and calcination in the lower portion. Average
residence time of solids in the kiln is 30 seconds; solids fall by gravity
from the lower end of the kiln into a glass process. Off-gas exhausted from
the upper end of the kiln first passes through a wet scrubber for particulate
removal. Volatile ruthenium is removed by solid adsorption.

Fluidized-bed calcination occurs by spraying the liquid wastes directly
into a fluidized bed of particles at a temperature of 400-5000C. The bed
is fluidized by forcing air up through a distributor plate located at the
bottom of the bed. Process heat can be supplied by an in-bed heat exchanger
or by in-bed combustion of a hydrocarbon fuel. The product consists of both
bed particles (0.2-0.7 mm) and fines particles (< 0.2 mm). Solids are dis-
charged continuously or intermittently and may be st. ed as calcine or fed
to other waste fann conversion processes. Mo s t c ' ". particulate entrained

in the calciner off-gas is removed by a cyclone and venturi scrubber; HEPA
filters are normally the final particulate removal device prior to release
of the off-gas to the atmosphere. As with the spray and rotary kiln cal-
ciners, volatile ruthenium is removed by solid adsorbents. The amount of

iv
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.

volatile ruthenium requiring removal is minimized by the reducing atmosphere
created by in-bed combustion and the uniform bed temperature of 15000C.

Basic feed system requirements in any calcination process include capability
for feed blending, maintaining undissolved solids in solution, accurate
metering and flow control, and resistance to corrosion and er'sion. Gravi ty
and pump pressurized feed systems have been used successfully. In the
gravity system, feed is transferred by airlif t to a constant head feed tank
connected to the calciner. Feed then flows by gravity through flow meters,
control valves, and to the calciner. A pump-pressurized feed system has
been used in the spray calcination process. A slip stream is taken from
a pressurized feed circulation loop and fed through small diameter tubing
to the atomizing nozzle at the top of the calciner. Major problems experi-
enced with the various feed systems are fatigue failure of metal bellows
valves, feed plugging from undissolved solids, and calibration maintenance
on flow meters. Operating experience based on operation of various pilot
plants and the plant-scale Waste Calcining Facility (WCF) in Idaho has not
revealed problems of sufficient magnitude to jeopardize operability of any
of the calcination processes.

The primary purpose of waste calcination is to convert the liquid wave to
a mixture of oxides. Primary requirements of any calciner are process heat
input at rates consistent with the desired capacity, feed introduction com-
patible with the process, solids generation of the desired form, product
removal, and the ability to accept reasonable variations in feed composition.
Process heat input by electrical resistance heating and in-bed combustion
(fluidized-bed calciner only) have proven reliable. Pneumatic atomizing
nozzles, commercially available or modified, are satisfactory for the spray
and fluidized-bed calciners. Droplets generated by an internal mix nozzle
supplied by Spraying System Company are of the required size (40-70-um
diameter) for drying and calcination in the spray calciner. A standard
flat-faced 1/2-J nozzle by Spraying Systems Company has proven adequate
for feed introduction, particle size control, and generation of " seed"
particles in a fluidized bed. All of the calciners have adequate unit
capacity to be compatible with fuel reprocessing waste production rates or
calcine feed rates required for the various waste form conversion processes.
Low-melting point solids can cause scaling and/or solids agglomeration in
any of the calcination processes. Feed blending, process operating condi-
tions, and equipment design have proven adequate for controlling solids
agglomeration.

Off-gas cleanup is concerned primarily with particulate removal, volatile
fission product removal, and cooling and condensing as required. The off-
gas temperature from the calciners is approximately 5000C and must be cooled
to the range of 150-2000C. Decontamination factors for particulate and
volatile ruthenium in the respective ranges of 10s - 108 and 104 - 107 are
required. Primary cleanup devices used or proposed for plant-scale systems
include cyclones, sintered metal filters, venturi scrubbers, and HEPA fil-
ters for particulate removal and scrubbers, condensers, and solid adsorbents
for volatile ruthenium removal. With the exception of the sintered metal

v
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and HEPA filters, the particulate removal devices are based on many years
of industrial experience. Sintered metal filters are reliable and prac-
tical for the relatively small off-gas flows from the spray and rotary kiln
calciners; use of sintered metal filters for a large volume off-gas system
such as the fluidized bed is questionable. Use of HEPA filters for parti-
culate removal in all the off-gas systems is for final cleanup prior to
stack release; the primary particulate cleanup devices are the cyclone,
sintered metal filters, and wet scrubbers. Controi of volatile ruthenium
to ALARA limits is dependent primarily on minimizing the formation during
calcination and removal of the volatile ruthenium leaving in the calciner
off-gas. Various solid adsorbents such as silica gel, ferric oxide, and
hydrous zirconium oxide are effective in removing volatile ruthenium. Plate-
out of volatile fission products, particularly ruthenium, must be controlled
to prevent major operating problems.

Materials of construction, though often neglected, is one of the most
important areas that must be addressed if process reliability is to be
ob ta i ned . Based on pilot-plant and plant-scale experience to date,
Nitronic-50 and possibly 304L, are candidates for the feed system, 347 SS
for the calciner vessel, and Nitronic-50 for the off-gas cleanup system.

'

A quarter of a century of laboratory, pilot-plant, and engineering-scale
waste solidification experience has shown that high-level power reactor
wastes can be calcined safely and practically. Plant-scale operation of
the WCF since 1963 on defense wastes, and the current hot operation of the
rotary kiln at Marcoule in France, have not revealed problems that would
seriously compromise calciner reliability.

The technology currently is available for calcining high-level or a blend
of high- and intermediate-level power reactor wastes using a spray, rotary
kiln, or fluidized-bed calciner. Calcine can be stabilized (volatiles
removal) or the calciner can be directly coupled to candidate waste form
conversion processes. Near-term emphasis should be on process refinements
and fundamental understanding of the process behavior of existing processes
and large-scale radioactive demonstrations to obtain plant-scale data on
steady-state process behavior, equipment reliability, materials of
construction, and the many safety-related questions.

vi
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CALCINE PRODUCTION AND MANAGEMENT

I. INTRODUCTION

The purpose of this paper is to summarize the state of technology for
calcining high-level liquid wastes from the reprocessing of light water
reactor fuels. Primary emphasis will be on calcination process technology
and calcine management. Major process steps required of any calcination
process are feed preparation, calcination and product handling, and off-gas
cleanup. Significant concerns ir calcine management are calcine storage
(interim or long-term) calcine stabilization (removal of volatiles), inter-
face with calcine conversion processes, and calcine properties.

Many calcination processes have been studied since the early 1950s; however,
the three processes generally considered to be the most developed are spray
calcination, fluidized-bed calcination, and rotary kiln calcination. Some

process variations of these three processes will be discussed, but the state
of technology of feed systems, calcination, and off-gas cleanup as proposed
or applied using these processes will be the main emphasis. Areas not ad-
dressed are remote maintenance and decontamination, safety analysis, other
less developed calcination processes, and the economics of calcination.

Calcination of high-level liquid wastes can be justified using one or more
of the following bases:

Calcine requires less surveillance than liquid wastes.
Volume reduction of 7-8 fold.
Starting material for other waste forms.

Long-tem storage of liquid high-level wastes in tanks requires dedicated
monitoring to ensure availability of cooling for decay heat removal, of t-gas
cleanup, and the integrity of the storage system. While liquid storage is
considered practical and safe for some years, solidification to calcine or
other waste forms is felt to be required for high-level waste management.

A volume reduction of 7-8 fold occurs on calcination of high-level liquid
wastes. Thus, there is an economic advantage resulting from the volume
reduction. An economic disadvantage is the capital and operating costs of
the solidification process and the more sophisticated system required for
heat removal from solidified high-level wastes.

All of the calcination processes discussed herein can be connected to various
waste form conversion processes. The spray calcination and rotary kiln pro-
cesses are nomally considered directly coupled to either an in-can melter
or a joule-heated ceramic melter for producing glass. However, glass can be
produced by direct feeding to an in-can melter or joule-heated ceramic
melter. Calcine produced by fluidized-bed calcination can be stored in
canisters or coupled to other waste form conversion processes. Glass does
not require calcination as an intermediate step; sintered ceramics, metal
matrices, or pellets would normally require calcine as a starting material.
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The process description for the calcination grocesses is given in Section
II. Calcination technology is discussed in Section III: process require-
ments, operating or proposed systems, major problems, operating experience,
and a technology assessment are given. Requirements, operating experience,
and problems are also discussed for materials of construction. ftjor con-
siderations in calcine management are discussed in Section IV.

II. CAf1DIDATE CALCIf1ATI0t1 PROCESSES

Major process steps are common to all solidification processes; these
include feed preparation or blending, calcination, and off-gas cleanup.
A schematic diagram of a generic calcination process is shown in Figure 1.
The primary purpose of a calcination process is to convert the high-level
liquid wastes or a blend of high- and intemediate-level liquid wastes into
oxides which can be stored or converted into other waste forms. The spray
calciner, fluidized-bed calciner, and the rotary-kiln calciner are the
three processes receiving the most attention for near-term application.
Both the spray calciner and rotary kiln are designed primarily for direct
coupling to a glassification unit. The fluidized-bed calciner in operation
at the Idaho Chemical Processing Plant (ICPP) produces a calcine that is
stored in underground bins.1 Processing of the higher neat generating
power reactor wastes in a fluidized bed would require calcine storage in
canisters or coupling of the fluidized bed to a waste fom conversion pro-

Basic process descriptions for the spray, rotary kiln, and fluidizedcess.
bed calciners are given below.

1. Spray Calciner

Liquid wastes are normally pumped to the spray calciner at a pressure in
the range of 1 to 2 atmospheres.2 A basic requirement of the process is
the generation of fine droplets which can be evaporated and calcined in the
short residence time in the 5000C calciner chamber. A simplified schematic
diagram of the spray calcination process is shown in Figure 2. Waste is
pneumatically atomized using an internal mix nozzle at the top of the cal-
ciner chamber; spray droplets of a nominal 70-um-diameter are evaporated,
dried, and calcined as they fall through the spray chamber. Process heat
is provided by electric resistance heaters mounted on the wall of the
calciner; heat is transferred to the droplets by both convection and
radiation. Spray calcine typically contains less than 0.5 wt% moisture.

Some scale buildup on the interior walls of the spray chamber can occur as
a result of too high a feed rate or the presence of low melting point com-
pounds in the feed (e.g., sodium nitrate). A vibrator can be mounted on the
vertical wall of the calciner to minimize solids deposition and maintain
heat transfer rates.

Approximately 50% of the calcine passes from the product removal line at
the bottom of the spray chamber; the remainder is entrained in the calciner
off-gas. The off-gas consists of water vapor, oxides of nitrogen, atomizing
air, some volatile ruthenium, and spray calcine. The primary particulate
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removal device is a series of sintered metal filters. Approximately 0.1 wt%
of the particulates in the off-gas pass through these porous stainless steel
filters. The entrained particulates collect on the filters which are peri-
odically pulsed with air to remove the solids. Solids from the blowback
pulse in the filter chamber are discharged with the calcine falling directly
from the calcination chamber.

Further off-gas treatment steps are required to remove additional particulates
and volatile ruthenium. A reference system is based on a venturi scrubber-
separator followed by a condenser. Volatile ruthenium, if present in suffi-
cient quantities, can be removed by a number of solid adsorbents. The removal
of N0x and possibly iodine would be considered in a production-scale plant.

Storage of the spray calcine has not been seriously considered. Calcine
falling from spray chamber or from the filter chamber is directly coupled
to an in-can or joule-heated ceramic melter.

2. Rotary Kiln

The rotary-kiln calciner is a rotating barrel positioned at a slight angle
to facilitate the flow of the calcined solids.3 Liquid waste is fed by
gravity to the upper end of the kiln. The rotating barrel of the kiln is
approximately 3.6-m long and 27-cm in diameter. Seals at each end of the
kiln are sufficiently tight to result ir. a slight negative pressure inside
the kiln with respect to the surroundings. The basic calcination process
using a rotary kiln is shown in Figure 3.

Average residence time for conversion of HLLW to calcine is 30 seconds; the
relatively short solids holdup time minimizes the generation of volatile
ruthenium. Process heat is provided by a zoned electrical resistance furnace
surrounding the kiln. Evaporation and drying primarily occur in the upper
portion of the kiln at a nominal temperature of 6000C. As the dried waste
flows down the 3-degree incline, further drying and calcination occur at

0temperatures as high as 900 C. Calcine holdup in the kiln is normally 3 kg.
The product, containing little moisture and residual nitrate, flows by
gravity from the lower end fitting into the melting furnace.

Off-gas is exhausted at the upper end of the kiln countercurrent to the
liquid feed. Entrained dust is removed by a wet scrubber and recycled to
the calciner feed. Less than 0.1 wt% of the calcine entering the scrubber
passes to the off-gas treatment system. Off-gas from the scrubber passes
to a partial condenser; condensate is recycled to the feed system. Volatile
ruthenium is removed from the condenser off-gas by adsorption.

3. Fluidized-Bed Calcination 4

Liquid wastes are solidified by spraying the wastes into a fluidized bed
of hot granular solids at a temperature of 15000C. A reference fluidized-
bed calcination process is shown in Figure 4. The bed (particle diameters
from 0.2 to 0.7 mm) is fluidized by forcing air upward through a distributor
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plate at the bottom of the bed. The fluidizing air causes a rapid mixing
of the solids and results in a bed of particles of uniform composition and
tempera ture. Liquid wastes sprayed into the bed in the form of droplets
are evaporated on particle surfaces or spray-dried before coming in contact
with the bed particles.

Process heat is normally supplied by an in-bed heat exchanger or by in-bed
combustion of hydrocarbon fuel . Fuel and oxygen are introduced directly into
the bed where combustion occurs. The bed temperature must be maintained at

0a minimum of 500 C for high combustion efficiency.

Calcine generated in the fluidized bed consists of both bed particles (0.2 -
0.7 mm) and fines particles ( < 0.2 mm). Except during startup, the fluidized
bed is made up of dissolved and undissolved solids present in the feed.
Solids from the bed are discharged continuously or intermittently through
one or more product takeoff ports near the bottom of the bed.

Off-gas from the fluidized-bed calciner contains particulate, water vapor,
atomizing and fluidizing air, oxides of nitrogen, some volatile ruthenium,
and combustion gases (if in-bed combuttion is used to supply process heat).
The primary off-gas cleanup devices for particulate are the cyclone and
venturi scrubber; HEPA filters are provided to supply the DF required prior
to release of the off-gas to the atmosphere. Though some volatile ruthenium
may be removed by the venturi scrubber, removal by solid adsorbents is the
most practical method.

III. EVALUATION OF CALCINATION TECHNOLOGY

1. Calciner Feed System

Considerations important to selecting the calciner feed system include
process requirements, anticipated major problems, methods for controlling
flowrate, feed metering techniques, operating experience, and the status
of the technology.

1.1 Process Requirements

The feed system must be capable of mixing additives with the wastes and
concentrating the wastes as required. Undissolved solids must remain sus-
pended, and the calciner feed must be accurately metered.

To operate reliably, the feed system must be resistant to radiation, must
not result in plugging by suspended solids, and must be resistant to erosion
and corrosion.

1.2 Typical Feed Systems

Simplified diagrams of feed systems (not including evaporation systems)
proposed for fluidized bed and spray calciners are shown in Figure 5. De-
tails of the rotary kiln feed system were not available, but the basic
principles for fluidized bed and spray calciners would also apply to the
rotary kiln calciner.

8
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1.2.1 Candidate Feed Systen for Fluidized-Bed Calciner. Feed to the
fluidized-bed calciner consists of HLLW and ILLW blended and comolexed with
necessary additives (e.g., scrubbing solution recycle, powdered iron) con-
centrated for calcination.

Evaporator Feed System. An airlif t fran each large plant waste tank
is used to transfer the waste through an underground line to an empty waste
blend tank. High-level waste is mixed with intermediate-level waste. Re-
cycle solution from the scrubbing surge tank in the off-gas cleanup system
is pumped into the blend tank and mixed with waste feed at the specified
ratio. Powdered iron and other additives are blended as required anu the
feed solution mixed by air sparging. Some cooling is required during the
addition of powdered iron.

Feed is transferred from a blend tank to the evaporator feed tank
where a constant head is maintained by an overflow. Excess feed overflows
back to the appropriate blend tank. The evaporator consists of a column
and heat exchanger. Evaporator feed flows into the column and circulates
through the shell-and-tube steam heated heat exchanger. The liquid is heated
to boiling and is forced into the column where flash vaporization occurs.
The column would operate on a semi-continuous basis with feed and scrub
recycle metered into the evaporator system until the desired concentration
is obtained.

Calciner Feed Sistem. The calciner feed system is capable of receiving
concentrated waste from the evaporator system and metering the feed through
atomizinq feed nozzles to the fluid bed in the calciner vessel.

Concentrated feed is transferred by air lif ts from the evaporator to
one of the two waste hold tanks and to the calciner feed tank by another
airlift. A constant head is maintained in the calciner feed tank by an
overflow line. Excess feed overflows back to the appropriate hold tank.
The feed is pumped or will flow by gravity through a flowmeter, a control
valve, and finally through a feed nozzle into the fluidized bed. Continu-
ous operation is maintained by filling one waste hold tank while the other
waste hold tank is being enptied.

Two waste hold tanks are provided to supply the feed tank. Each tank
is equipped with a cooling coil or jacket to remove any heat generated by
steam jets or fission product decay heat. Steam is supplied to the cell
jacket for heating the vessel contents. Each vessel has an air-stream
sparger near the bottom and a decontaminat!on ring near the top.

A flowmeter and a control valve in each feed line controls the flow to
each nozzle. The flowmeters are an electromagnetic (EM) type consisting
basically of an unobstructed pipe section, lined with a Kynar insulator.
The end surfaces of the electrodes are flush with the inner surface of the
insulating liner and contact the fluid to be metered. A known problem with
an EM-type flowneter is that electrical fields from adjacent electric
motors affect the calibration. This problem must be considered in designingthe system.

10
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1.2.2 Feed System for Spray CalcinerS. The feed system proposed for
spray calcination has been used successfully during the Waste Solidification
Engineering Prototype (WCEP) and present Waste Fixation Program (WFP) at
Hanford. Waste is jetted batchwise from waste hold tanks to the feed tank.
An electric motor-driven propeller agitates the feed tank. Airlif ts are

used to transfer dilute suspensions; vertical cantilevered shaft pumps used
at Savannah River Laboratory (SRL) have shown more promise for concentrated
radioactive slurries. A pressurized feed recirculation loop is used from
which a slip stream is fed to the calciner. The slip stream flows through
a small diameter tubing which includes a control valve, flowmeter, and atom-
izing nozzle. A single feed tank can be used if the liquid waste volume is
sized for a canister. A strainer is used in the WFP feed system to remove
solids that tend to plug the EM flowmeter and atomizing nozzles.

1.3 Major Problems

a) Fatigue failure of metal bellows valves used for primary contain-
ment of feed solution and feed system plugging sometimes occurs when
processing feed containing undissolved solids in fluidized-bed calciners.

b) EM flowmeters tend to plug and cannot be calibrated to provide
good quantitative values for feeding individual spray nozzles.

c) Storage of spray calciner waste slurries is complicated by undis-
solved solids resulting in heterogeneous melt formations and deposition of
solids in waste tanks causing plugging, hot spots, and accelerated corrosion.

d) Accurate liquid sampling is essentially impossible with air
sparging of slurries containing large amounts of suspended solids.

2. Calciner

The basic function of the calciner is to convert high-level liquid wastes

into a mixture of oxides. Evaporation, denitration, and calcination are
the primary processes occurring in the calciner.

2.1 Process Requirements

Primary process requirements for calcination are process heat input, feed
introduction compatible with the specific process, control of solids genera-
tion for compatibility with the specific process, continuous or intermittent
removal of solids from the calciner, and the ability to accept feed compositions
over a reasonable range.

Other considerations such as the unit throughput capacity, inventory of
calcine in the calciner, the residence time of the solidified waste in the
calciner are important from the standpoint of process economics, safety,
and product characteristics. Key equipment design features of the various
calciners are shown in Figure 6.

11
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2.2 Process Heat Input

Two primary methods are used for heat input to a calciner vessel,
electric resistance heating and combustion of a hydrocarbon directly in
the calciner (fluidized bed only). The spray calciner is normally heated
by a multizone resistance furnace; the spray calciner at Karlsruhe has
been heated by superheated steam. The rotary kiln is also heated by a
multizone resistance furnace. Fluidized beds may be heated by an in-bed
heat exchanger or by in-bed combustion of a hydrocarbon fuel (kerosene).

2.2.1 Spray Calciner Furnace. Multizone resistance furnaces have and
are being used successfully at Pacific Northwest Laboratories (PNL) to cal-
cine HLLW.2 A typical production-scale spray calciner chamber would require
four zones at approximately 70 kw per zone. A temperature control system is
designed to control the temperature of a given zone within the range of 500-
10000C at an accuracy of 110 C. Radial and longitudinal temperature uni-0

formity on the walls of the calciner vessel do not appear to be required for
reliable calciner operation. The furnace is usually held at a temperature
of about 7000C during normal operat: a; some thermal cycling occurs during
startup and shutdown. Furnace cor"osion is minimized by encasement in a
material resistant to vapors and ipills of process solution. Advantages of
indirect heating are the ability to operate at low temperatures and a lower
volume of calciner effluent gases. Disadvantages are the increased complexity
of the system for heat input.

2.2.2 In-Bed Combustion. In-bed combustion, as applied to fluidized-
bed calcination of radioactive wastes, involves burning a hydrocarbon fuel
directly in the bed.6 To obtain an acceptable combustion efficiency, the
fuel is atomized by oxygen and the bed temperature is maintained at a
minimum of 5000C. Advantages of in-bed combustion are the relatively simple
system, capability of high temperature operation without stressing electri-
cal resistance heaters, and efficient heat transfer within the bed, since
no metal heat transfer surface is required. Disadvantages are the inability
to calcine at temperatures much less than 5000C, the increased potential for
solids agglomeration near the fuel nozzle, and the increased rate of fines
generation.

Major problems using in-bed combustion have been selection of nozzle cap
materials to assure integrity during operation and decontamination, fuel
nozzle design required for high combustion efficiencies, particle size
control problems resulting from the increased particle attrition caused
by fuel atomization and burning. External mix nozzles with caps of Haynes
25 or 188 alloys have proven reliable. Oxygen-to-fuel ratios from 1800-
2400 have been used and combustion efficiencies have ranged from 85 to 91%.
Particle size for less attrition-resistant calciles is controlled by
decreasing the feed nozzle air ratio; particle size for attrition-
resistant calcines is controlled by increasing the feed nozzle air ratio.

13

.

..



538

2.2.3 Rotary Kiln Furnace. Prncess heat for the rotary kiln is pro-
vided by an electric resistance fur" tce.3 The furnace is divided into four
independently controlled heating s. The first two zones have a heating
rate of 20 kw each, and are used primarily to evaporate the liquid waste.
A heat input rate of 10 kw each is provided in the last two zones where most
of the calcining occurs.

2.3 Feed Introduction
Nth the spray and fluidized-bed calciners require feed atomization;

feed to the rotary kiln is by gravity.

The spray calciner is highly dependent on proper feed atomization for success-
ful operation. Experiments at PNL have shown that a droplet mean diamoter of
1 70 microns is sufficient for calciner operation using LbR-type waste. An
external mix nozzb supplied by Spraying Systems Company has been used to
obtain the required particle size. An acceptable wear rate of the nozzle air
cap was obtained by using an alumina insert.

Ambient temperature air, steam, and hot air were evaluated as atomizing media.
Hot air and steam resulted in nozzle plugging from drying the waste in the
liquid orifice. Similar plugging was experienced at Karlsruhe, Gemany using
superheated steam as the atomizing medium.7 Nozzle plugging at PNL has been
eliminated by using ambient air, a screen upstream of the feed nozzle, and
flushing of the nozzle before startup and after shutdown.

Spray droplets in the desirable range of 40-70 microne can be generated by
using a volumetric air-to-liquid flow rate ratio of about 300. These droplet
sizes can be achieved by miintaining the nozzle air pressure about double
the liquid feed pressure at the nozzle for feed flow rates > 40 L/hr. At
feed rates below 40 L/hr, tLe nozzle air pressure should be about triple the
feed pressure at the nozzle.

A primary requirement for operation of a fluidized-bed calcination procers
is the ability to maintain a steady-state bed weight within the calciner
vessel. A steady state must be reached such that the rate processes of
particle gro9th and seed particle generation are equal to loss of bed weight
through particle elutriation and product removal. A key to maintaining this
balance is the atomization of the liquid feed and deposition on the bed
material. An external-mix pneumatic nozzle has been demonstrated in pilot
plant tests and at the WCF to meet the following requirements:

a) Coating of bed particles at a sufficient rate to provide for
particle growth.

b) Su.ficient production of small " seed" particles to provide nuclei
for particle growth.

c) Acceptable production of fines that are elutriated from the calciner.

d) Acceptable rate of atomizing air requiring off-gas cleanup.

14
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e) Capable of atomizing feed solution resulting from recycled off-gas
scrubbing solution.

A standard flat-faced 1/2-J nozzle by Spraying Systems Company has proven
adequate for feed introduction, particle size control, and production of
" seed" particles. During operation of the WCF, nozzle air ratios from 50 to
900 have been used to control the average bed particle size for calcine pro-
duced from aluminum nitrate, zirconium fluoride, and blends of zirconium
fluoride and 1.5M to 2.0M sodium wastes.

2.4 Calciner Capacities and Feed Compositions
The capacity of a calciner and the ability to process wastes with a

reasonable variance in composition are important considerations in the selec-
tion of a solidification process for a given waste. Feed components such as
sodium nitrate, which is molten over a wide temperature range, can result in
solids agglomeration or scale on calciner vessel internals. The unit capacity
of a calciner should be compatible with the annual output of the fuel
reprocessing plant.

Spray Calcination. Flow rates of 75 L/hr have been verified using a
21-inch ID spray calciner chamber; scale-up calculations show that at least
150 L/hr can be processed through a 3-foot ID by 10-ft-high' full-scale unit.
At spray chamber diameters in the range of 10-30 inches, the capacity of the
calciner increases exponentially with increasing diameter. Also, for a given
diameter, increasing the wall temperature from 550 to 700 C increases the
capacity by approximately 1.5.

Scale from calcine deposition can fonn on the calciner wall and reduce
calciner capacity. To increase the reliability of the unit, vibrators
located on the vertical center of the chamber and mounted on the furnace
shell are recomended. Vibrators have proven effective in preventing scale
buildup while calcining sodium wastes and at conditions imposed and known
to promote scaling.

Fluidized-Bed Calcination. If an in-bed heat exchanger is used to supply
process heat, the rate of heat transfer from the exchanger to the bed limits
the capacity; the WCF using an in-bed heat exchanger, had a capacity of 250
L/hr. In-bed combustion has resulted in the present throughput in the 4-f t-
diameter unit of nearly 400 L/hr. The WCF throughput is currently limited
by the capacity of the off-gas system. Large-scale pilot-plant studies show
that a fluidized-bed calciner, heated by in-bed combustion, can process a net
throughput of 70-30 L/hr-ft2 of bed cross-sectional area.

Agglomeratiori of bed particles and " caking" at feed and fuel nozzles
can occur during calcination of wastes containing significant amounts of
sodium nitrate. Sodium wastes at the ICPP are now being calcined routinely
by blending one volume of sodium waste with 3.5- 4.0 volumes of zirconium
fluoride wastes. Pilot-scale tests using 10-cm and 30-cm-diameter calciners
show that a blend of simulated high-level and intermediate-level power
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reactor wastes (containing sodium) can be calcined using a fluidized bed.
Wastes with sodium concentrations less than 0.20 can be calcined in a
fluidized bed without the use of an additive. High-level wastes with a
sodium cancentra'. ion of 1.lM can be solidified by fluidized-bed calcination
if iron is dissolved in the feed. The maximum sodium concentration calcinable
by fluidized-bed calcination has not been defined.

Rotary _ Kil n. One rotary kiln 3.6-m-long and 27-cm-diameter can calcine
between 40-50 L/hr of concentrated high-level wastes. Based on a high-level
wastes composition with a reasonably low content of non-fission product
salts, 2 or 3 rotary kilns would be required to calcine the wastes generated
by a 1500 MTU/yr LWR fuel reprocessing facility. Studies are underway to
increase the unit capacity to > 50 L/hr and to evaluate the effect of con-
tinuously concentrating the feed by a factor of 1.5- 2 prior to calcination.

Lower melting components in the calciner feed also contribute to wall
scaling and solids agglomeration in the rotary kiln. The equipment and
process are designed to break up agglomerates and scale by two mechanisms.
An organic chemical, azodicarbonamide, decomposes at 2000C and " acts like
popcorn". Also, a long rod inside the kiln is designed to break scale loose
from the walls of the kiln.

3. Off-Gas Cleanup

Considerations important to selecting the calciner off-gas system include
process requirements, particulate removal devices, volatiles removal re-
quirement, and cooling and condensing of the off-gas.

3.1 Process Requirements

The off-gas system must be capable of obtaining particulate (90Sr) and
volatile ruthenium (106Ru) decontamination factors in the respective ranges
of 105 to 103 and 104 to 10 . Of f-gas will exit the calciners at approxi-7

mately 5000C and must be cooled to the approxir3te range of 150 to 2500C.
The off-gas system must accept significant quar.'ities of plate-out products
without plugging. It must operate at less than 10 psi tsp to allow use of a
vacuum system at reasonable blower costs; all equipment must adequately
resist corrosion for reliable operation.

3.2 Basic Of f-Gas Systems

Simplified fluidized bed, spray, and rotary kiln calciner equipment flow-
sheets developed and used for power reactor waste off-gas cleanup are described.

3.2.1 Fluidized-Bed Calciner Off-Gas System ,a. The fluidized-bed4

calciner off-gas cleanup system based largely on WCF operating experience uses
a series of components to remove progressively smaller particles from the cal-
ciner of f-gas. A schematic flowshee;. showing the major components of the
off-gas system was shown in Figure 4. First, a cyclone removes the larger
particles and discharges them into a pneumatic transport system that trans-
ports the solids to storage or to a waste fom conversion process. Next,
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the wet scrubbing system contacts the off-gas with scrubbing solution in
a venturi scrubber, then collects the spray with a vaned swirl separator
followed by a wire-mesh separator. The scrubbing system also contains a ,

quench tower, which cools the off-gas entering the venturi scrubber; other
equipment collects, cools, and recirculates the scrubbing solution. After

leaving the scrubbing system, the off-gas goes through beds of silica gel
(or equivalent) which are designed to adsorb volatile ruthenium; the adsorp-
tion beds also collect particles. Finally, the off-gas is superheated and
passed through HEPA filters which filter essentially all of the remaining
particulate solids from the off-gas.

3.2.2 Spray Calciner Off-Gas System . During the radioactive demon-s

strations of the WSEP program, vapors from the sintered metal filters were
routed through an extensive effluent treatment equipment train. As described
by McEl roy et al . ,9 vapors passed sequentially through a tube and shell con-
denser, the fractionation tower of an acid fractionator, a third condenser,
an air heater, HEPA filters, a caustic scrubber and final filtration prior to
discharge.

As a result of the Waste Fixation Program, the following off-gas treatment
syst3m is receiving strong consideration. Af ter the sintered metal filters,
the off-gas passes through a venturi scrubber, a knockout pot and a condenser;
final particulate removal is by HEPA filtration. The primary volatile fission
product of concern is ruthenium; studies to date have shown that 1-2% of the
ruthenium in the waste can be present in the calciner off-gas. The most
efficient method for volatile ruthenium removal is solid adsorption. There
are two basic adsorption technioues: with and without sorbent regeneration.
Packed beds containing silica gel, ferric oxide, or a hydrous zirconium oxide
gel are candidate adsorbents. Regeneration of an adsorbent requires that the
acid regenerant be recycled to the calciner feed.

3.2.3 Rotary Kiln Off-Gas System. Details of the rotary kiln off-gas

system are not available. However, the general flowsheet (Figure 3) indi-
Cates a wet scrubber, dust recycling vessel, and condenser are included.
Volatile ruthenium is removed by solid adsorption.

3. 3 Particulate Removal Devices

Cyclone Separators. Cyclones are in common use in conjunction with wet
scrubbing systems. Particulate DFs in the order of 2 to 5 are attained.

Sintered Metal Filters. Sintered stainless steel filters have found
broad use in the nuclear industry in applications requiring high-efficiency
filtration of thermally hot and/or highly radioactive vapors. Experience in
spray calcination developments,9 during the last 15 years has demonstrated
high reliability and high particulate removal efficiency at practical operating
conditions. During operation, routinely less than 0.1% of the calcine
particulates penetrates the filter.
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Due to the large filter pore size relative to the calcine particle size,
some calcine initially passes through the filter; filtration efficiency im-
proved after a calcine coating had collected on the filters. During the first
five WFP spray calcination runs, the filters were undisturbed, and the effect
of calcine buildup was observed. During the first run, the average filter
particulate DF was about 700. During each successive run, the DF steadily
improved until during run 5, the DF had improved to 13,000. Following this
run, tests with filter washing were initiated which reduced the DF to near
the clean filter efficiency. Since filters will nomally not be washed, it
is anticipated that in an operating plant, the calciner sintered metal filter
DF for particulates will be well above 10 .3

Wet Scrubber. Het venturi scrubber systems are in common use with
fluidized-bed calciners.l*4 Particulate DFs in the order of 800 to 1000are attained. Pressure drop requirements are approximately 15 kPa. Operation
is reliable; however, some corrosion and erosion occurs.

Condenser. The DFs reported for the spray calciner are s 103 per stage.9

Adsorbers. Silica gel adsorbers result in particulate DFs of 6 in the
fluid-bed calciner off-gas systems.

HEPA Filters. High-efficiency particulate air (HEPA) filters result in
particulate DFs of 103 per stage.

3.4 Off-Gas Cl_eanup

Volatiles Removal 10 The most troublesome radiochemical contaminant in
the oTf-gas stream from a solidification process is ruthenium, which may be
present both as a stable gaseous species or as fine solids. Experience at
the WCF indicates that if the off-gas cleanup system removes ruthenium
effectively, the other radionuclides present no problem. Ruthenium can bevolatilized in at least two foms: as Ru0 , and probably as seme form of4
nitrosyl complex. The amount of volatile ruthenium in fluidized-bed calciner
off-gas varies widely depending on the temperature of calcination, type ofheating, and composition of waste.

Between 350 and 6000C, ruthenium volatility decreases as the calcination
temperature of an indirectly heated calciner increases. Increasing calcina-
tion temperature from 500 to 5700C using in-bed combustion does not decrease
ruthenium volatility. At a given calcination temperature (500 C), calcination
of aluminum nitrate or zirconium fluoride wastes using indirect heating pro-
duces more volatile ruthenium than when using in-bed combustion. The major
proportion of ruthenium produced using in-bed combustion heating is produced
as fine solids; indirect heating produces mostly a stable gaseous species ofruthenium. Ruthenium volatility during calcination also decreases as the
total nitrate concentration of calciner feed is decreased below 6M.

~ Chemicals
such as formic acid or phosphorous added to a waste help keep the ruthenium
fixed in the calcine during calcination.
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A conceptual off-gas cleanup system for a fluidized-bed process for
solidifying power reactor wastes,along with decontamination factors for
particulate (as fine solids) and volatile (as a stable gas) ruthenium pro-
jected across each cleanup device of the system, are given in Figure 7.
The projected DFs are based primarily on WCF operating experience. Expected
particulate ruthenium DFs are: 10 across the calciner and cyclone, 600
across the quench tank and venturi scrubber, 8 across the silica gel adsor-

1across two HEPA filters, for a total DF of 5x10 0 Expectedbers, and 106
volatile ruthenium DFs are: 104 across the calciner and cyclone,10 across
the quench tank and venturi scrubber, 800 across the silica gel adsorbers,
and 1 across two HEPA filters, for a total of 8x10 . The conceptual off-7

gas cleanup system is based on in-bed combustion heating at a minimum bed
temperature of 500 C. The waste feed is assumed to be Barnwell-type waste0

that is one-year cooled from the reactor and generated from 35,000 MWD /MTU
fuel . The daily calcination rate is equal to the waste from processing 7.5
MTU.

3.5 Cooling and Condensing
The fluidized-bed wet off-gas scrubbing system uses a quench tower, a

venturi scrubber, and spray separators to cool the off-gas and remove fine
particles. The dust removed from the off-gas is collected in the scrubbing
solution that drains continuously from the quench tower and the de-entrainment
separators to the scrubbing solution surge tank. Scrubbing solution is con-
tinuously recirculated from this tank to the quench tower and venturi scrubber
by a pump. The heat removed from the off-gas and gained by the scrubbing
solution is removed from the scrubbing solution by the scrubbing solution
cooler. Nitric acid is used as the scrubbing solution in order to dissolve
the collected solids. The scrubbing solution is usually kept at an acidity
of 2H and a density of 1.25 g/mL.

The 1.68-m-diameter quench tower cools the off-gas from about 450 to about
750C by contacting the off-gas with cooled scrubbing solution that is sprayed
from four spray nozzles in the spray ring countercurrent to the gas flowing
up the tower. Although the primary purpose of the quench tower is cooling,
it also collects some of the larger particles.

3 are reported.The spray calciner uses condensers, and particulate DFs of 10

3.6 Decontamination Efficiency

Fluidized-Bed Calciner. The predicted flow of solids through the off-
gas system and the estimated ai Sorne solids concentrations is shown in
Figure 8. The most sensitive c'.eanup dvices in the off-gas system are the
HEPA filters which can deteriorate in service due to age and in contact with
moisture. If filter performance is monitored, and deteriorating filters are
replaced when necessary, a set of filters in series can probably provide
essentially any required collection efficiency. The basis for the assumed

6 is: (1) the filter system contains a pair of HEPAfilter-system DF of 10
filters in series followed by a backup filter system containing another HEPA
filter, and (2) two of the three HEPA filters are in good condition providing
a DF of 103 each. The DF values for the other off-gas components are based
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4. Materials of Construction

Recommended candidate materials of construction, based on present experience,
for calcination of power reactor wastes are generally Nitronic 50 and in some
cases, 304L for the feed system, 347 for the calciner vessel, Nitronic 50 for
the off-gas and solids transport equipment, and 304L for storage of calcined
solids.

Materials recommendations will vary with the type of calciner. Waste charac-
terization of the ILLW is required and the entire calciner systems should be
evaluated for the nethod and types of decontamination required to maintain
and operate the system.

Tests of candidate materials for pneumatic transport piping and bends showed
Nitronic 50 to have acceptable corrosion and weldability characteristics,
and superior resistance to erosion. Nitronic 50 showed a three-fold increase
in erosion resistance over 304L, which were the original materials used in
the WCF. Based on these tests, Nitronic 50 was recommended for replacement
and future applications.

5. Calcination Experience

Methods for calcining liquid radioactive wastes generated during fuel re-
processing have been under development since the early 1950s. Those processes
receiving the most emphasis have been spray calcination, fluidized-bed
calcination, and rotary kiln calcination. Spray calcination work has been
primarily at PNL and at Karlsruhe in West Germany. The basic spray solidi-
fication process was developed and proven as a part of the WSEP program at
PNL from 1967 to 1972. A total of 33 demonstrations were completed and more
than 50 million Ci of radionuclides were processed. As a part of the total
program, the spray calcine was converted to glass and stored in 33 canisters.
The WFP began at PNL in 1972 and has continued to the present.

Spray calcination, both in the United States and West Germany, has been shown
to be a practical process for the calcination of liquid wastes. The process
has been in development at PNL for over 15 years. Aqueous wastes that can be
dried to form oxides can be solidified by spray calcination. Operation of a
spray calciner heated by superheated steam has been demonstrated at Karlsruhe
in West Germany.

Practical feed systems, calciner operating variables, and off-gas cleanup
systems have been investigated sufficiencly to reveal no major technical
problems using spray calcination.

Fluidized-bed calcination has been studied extensively at the ICPP since 1952;
development work was also undertaken at PNL and Japan. Based on development
work at ICPP from 1952 to 1958, a Demonstrational Waste Calcining Facility
(DWCF) was placed on-stream in December 1963. The unit was originally de-

signed to calcine aluminum nitrate wastes at a throughput of 230 Lph; process
and equipment modification has resulted in the present WCF which routinely
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processes zirconium-fluoride wastes and blends of 1-2M sodium wastes. Since
-

6 litres of radioactive wastes.1963, the WCF has calcined greater than llx10
The volume reduction factor has averaged approximately seven. Though major
design changes would be required for processing power reactor wastes, the
basic applicability of fluidized-bed calcination to such wastes has been
demonstrated.

Beginning in 1974, pilot-plant studies were conducted at ICPP to verify
the fluidized-bed calcination of simulated power reactor wastes. The
reference waste composition was a blend of HLLW and ILLW as proposed for
the Barnwell plant. Greater than 1200 hours of pilot-plant operations
revealed no major technical problems.7

Rotary kilns have also been extensively studied for the calcination of high-
level wastes. Early work in the 1950s and early 1960s was done at Hanford
and Brookhaven National Laboratories in the United States. Currently, the
rotary kiln has been selected as the calcination unit in the French continuous
vitrification process. Prior to 1971, approximately 5000 hours of testing
were completed on a prototype rotary kiln calcination unit. A full-size
industrial rotary kiln was designed and built and testing initiated in 1972.
Over 8000 hours of operating experience has been obtained during the last
three years. Gear and seal lifetimes of 3000 hours have been demonstrated.
Currently, a fully radioactive plant is on-stream at Marcoule. Experience
to date with the rotary kiln shows that the process is practical for the
calcination of LWR-type power reactor wastes.

6. Calcination Technology Assessment

All of the calcination processes discussed above are practical for the
calcination of power reactor wastes. Technical problems that would prevent
the confident design of a production-scale calcination facility, based on
any of the processes and the testing to date, do not exist. The particular
process chosen for a given fuel reprocessing plant must be tased on com-
patibility with the total waste management program, economics, safety, and
cost considerations.

Refinements can be made in all the calcination processes; however, the process
and equipment technology for feeding calciners, operation of the various cal-
ciners, and cleanup of the off-gas have been adequately verified. Existing
feed systems tested in pilot-plant units or in actual operation (WCF), are
rel iabl e. Improvements are needed in metering of feed, flow rate control
with minimal plugging, and the ability to manage undissolved solids in the
feed.

The ability of the various types of calciners (spray, fluidized-bed, or
rotary kiln) to calcine liquid wastes has also been verified. Process heat
input by electrical resistance heaters for the spray and rotary-kiln cal-
tiners is acceptable. The fluidized bed can operate using either an in-bed
heat exchanger or in-bed combustion. All of the calciners have the ability
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to evaporate, dry, and calcine the liquid wastes and generate a product for
feed to other waste form conversion processes. Unit capacities need to be
better defined and increased where practical; the fundamental behavior of
the various calcination processes should be studied to further increase unit
throughput and the ability to calcine various waste types; efforts are also
required to decrease capital equipment and operating cost, and increase the
safety of a production-scale operation.

Though off-gas cleanup systems proposed and tested for the various processes
are adequate, further work is justified to both simplify and decrease the
cost of off-gas cleanup. Also, materials of construction for all process
steps (feed, calcination, and off-gas cleanup) should be better defined to
increase plant reliability. The status of technology of the calciners
discussed herein is shown in Table I.

IV. CALCINE MANAGEMENT

1. Calcine Storage

The greatest heat generation rate for high-level waste is during the first
10 years of decay time after reactor discharge, with S90% decrease in heat
generation rate occurring during the first 5 years.ll The conditions for
storing a solidified high-level waste depend on the method of cooling, con-
tainer configuration and wall temperature, product heat generation rate and
thermal conductivity. The very high initial heat output of power reactor
wastes (defense wastes are generally a fif tieth to one-hundredth as much),
the low thermal conductivity (s0.24 W/m-K) and storage temperature limits
(s7000C) of calcined waste dictate the conditions for storing calcine.12
Calcined waste is restricted to about 7000C in storage temperature, due to
potential migration of fission products such as Cs and potential agglomera-
tion much above 700 C. Assuming a mixture of high-level intennediate-level0

power reactor waste as proposed,12 about 91.2 kg/MTHM of calcine would be
produced. Heat generation rates were based on a fuel burnup of 33,000
MWD /MTHM. To store this calcined waste within a reasonable time period
in convection-cooled containers in air or water, long small-diameter cylin-
ders or annular cylinders are required. The number of canisters required
annually for calcine storage from a 1500 MTU/yr plant are shown in Figure
10. Limiting conditions assumed for storing calcined waste in air or water
were, 43 and 21 C cooling media temperature, and 300 and 60 C maximum
canister wall temperature, respectively. Container length assumed was
305 cm.

Based on the above conditions, undiluted calcine can be stored under water
at 4 or 8.5 years in 20- or 30-cm-diameter cylinders, respectively. For
storage in 20- or 30-cm-diameter air-cooled cylinders, the waste would have
to be 6 or 12 years old, respectively. Calcine less than 4 years old can
be stored in a cylindrical container if diluted with a nonradioactive material
such as silica sand. Interim or prolonged storage of calcine, therefore, is
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TABLE I *

STATUS OF TECHNOLOGY FOR CALCINERS m
8

PROCESS
HEAT FEED WASTE IMPROVEMENT

CALCINER INPUT PRODUCT INTRODUCTION LIMITATIONS CAPACITY EXPERIENCE WARRANTED

Spray External Powder Pneumatic Low ~5 mtu/ 15 years Reduced
multizone atomizing: melting day pilot scale scaling:
resistance 70 um droplets point plant Eliminate
furnace solids solids

bridging:

Fluid Bed in-bed Powder Pneumatic Law ~5 mtu/ 15 years Predictable
g combustion and atomizing melting day Plant-scale particle

or granular point plant on defense size control;
in-bed material solids waste reduce bed
heat agglomerates:
exchanger minimize fines

generation

Rotary Kiln External Powder and Gravity Law 2-3 units 15 years increase
multizone granular feed melting for5 unit
resistance material point mtu/ day capacity;
furnace solids plant increase

kiln life
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practical in containers similarly sized to those proposed for other high-
level waste forms, although the decay time before final storage may have to
be 3 to 5 years more, because of repository heat generation limits.13

2. Calcine Stabilization

To store calcined power reactor calcine in sealed containers will require
that the calcine be stable to temperatures of at least 7000C for the first
few years af ter preparation. Calcine usually has residual nitrates of 0.3
to 10 wt%, depending on the method of calcination and the type of waste.
Volatiles such as H O and C02 are also present. These volatiles should be2

removed prior to sealed storage to prevent pressure buildup to unacceptable
levels in storage canisters. Experiments have shown it is possible to suf-
ficientl
storage.{4 stabilize (remove volatiles) calcined waste for sealed containerThe process used to remove volatiles from fluidized-bed calcine
is shown in Figure 11. The experime. used a simulated power reactor calcine
prepared by a fluidized-bed process. Stabilization was also carried out in
a fluidized-bed system, but at low air velocities (6-15 cm/s) to minimize
carry over of fines. The fluidizing air was preheated and the fluidizing bed
was heated with a resistance heater placed in the bed.

,

The rate of NOx liberation and the residual amount of nitrates remaining in
the calcine were measured to determine when the calcine had reached stabilitywith regard to volatiles liberation. Stabilization was considered complete
when the limits of nitrate detection (< 0.06 wt%) in the calcine was reached.
Denitration time varied from 18 to 32 minutes at 725 C for initial nitrateU

percentages of 1.5 and 9.4, respectively. Time required to reduce nitrate
content to < 0.06 wtt varied from 30 to 43 minutes at bed temperatures of
720 and 6200C, respectively, for a calcine initially containing 9.4 wt% NO .

3

At the above stabilization temperatures, no Cs or Ru was volatilized, but
at temperatures above 7500C, Cs started to volatilize. Calculations on
potential pressure buildup with increasing temperature, due to complete
volatilization of 0.02 wt% N02 or 0.006 wt% H O from the calcine, indicate
that at 700 C a pressure of s275 kPa (40 psi)2or 207 kPa (30 psi), resper.-0

tively, could result. If both N02 and H O are present at the prescribed2
amount, a theoretical pressure of 483 kPa (70 psi) could result. In practice,
such pressures would not occur because of chemical equilibrium. Stabilized
calcine stored at 700 C for two weeks in a sealed container indicated no

0

pressure buildup. Properties of stabilized calcine are shown in Table II.

3. Interface with Conversion Processes

Calcine is of ten considered as a starting material for conversion to mora
leach resistant and less dispersible waste forms. The leachability of
alkalies in calcine is high and radioactive cesium and strontium will leach
rapidly. Leachability of other fission products and actinides is generallylow.5 Due to the large surface area of the calcine, the weight percent
leached per unit time is generally higher than, for example, a glass.
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_TABL_E__II__

PROPERTIES OF SIMULATED
COMMERCIAL CALCINE

Density, g/cc 2.2

Thermal conductivity, W/m K ~ 0.24

aVolume, m /MTHM 0.03 - 0.uS

Maximum Permissible Storage temp. C ~ 700

Percent Volatiles < 0.06
(after volatiles removal stage)

Leachability
CS-Sr High
Alkalies High
Other elements Low to intermediate

Particle size, mm Fluid-Bed Spray Rotary
0.01-0.5 0.001-0.1 0.01-Flakes
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To convert calcined waste to other waste forms such as glass, calciners
are of ten directly coupled to the conversion process. The spray calciner
as developed by Battelle Northwest Laboratory is directly coupled to
either an in-can glass melting process or to a joule-heated ceramic
melter.6.7 Fluidized-bed calciners can be either directly coupled or
coupled to temporary storage prior to coupling to either of the above
processes. The rotary kiln calciner is normally directly coupled to
a glass melter.

In cases of direct calciner coupling to a conversion process, provision is
made to feed the product forming materials, such as glass frit, to the out-
put of the calciner, or to the liquid feed as in the case of Supercalcine,18
or the bed of a fluidized-bed calciner.

,

4. Waste Forms Requiring Calcine as Starting ifaterial

Calcine is required as a starting material for conversion of high-level waste
to several waste form alternatives to glass including pellets, pellet-metal
matrix, and sintered ceramics.19,20 Although a direct liquid-to-glass
conversion process has been tested, this process is not perfected; therefore,
for all practical purposes calcine is also required as a starting material
for a glass waste form.

Calcine is very practical for use in preparing the above waste forms, because
it is a concentrated particulate solid with a low percentage of volatiles and
it can be easily metered and mixed to form the desired waste form. The per-
centage of calcine incorporated into these waste forms varies from $25 to
over 70 wt%, and the resultant volume increase is generally between 25 and
100%.

V. CONCLUSIONS

1. Calcination

Based on the documented pilot-plant studies and plant performances, calci-
nation technology is available for processing power reactor high-level and
intermediate-level wastes. Plant throughputs, product properties, and
effluent releases are compatible with fuel reprocessing plant waste pro-
duction rates, waste form conversion processes, and ALARA effluent release
guidelines.

2. Calcine Management

Pilot-scale studies have shown that technology is available for long-term
storage of calcine or coupling of the calcination process with candidate
waste form conversion processes.
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3. Future Needs

Emphasis should be on the following:

Refinements to and fundamental understanding of candidate processes.

Establish specific criteria for final waste forms.

New calcination techniques to increase simplicity and safety and
to decrease cost.

Large-scale demonstrations using radioactive feed to those processes
most compatible with candidate waste forms.
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Discussion Following

CALCIfiE PRODUCTIO!1 Afl0 mat 1AGEMEtiT

Presented by Bill R. Dickey

Larry Penberthy - Penberthy Electromelt International, Inc.
Comment:
Most of the compounds shown on your slide are compatible with glasses.
At Hanford, cesium is being separated as the chloride. Chloride is not
very compatible with glasses in general, the limit being 1 to 2 percent
solubility. If feasible, I suggest that sulfate or carbonate be the
anion if later incorporation into glass is a possibility.

Dickey
Response:
Chloride also presents problems in the off-gas cleanup system of any of
the calcination processes. If you have a significant amount of chloride,
you are faced with corrosion problems in the wet off-gas cleanup systems
of all these processes.
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Properties of Spent Fuel

M. D. Houston
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Abstract

The properties of spent fuel from current commercial nuclcar power
plants are discussed. These fuel rod designs utilize Zircaloy
tubular cladding filled with uranium dioxide (UO ) pellets. During2
reactor operation, various chemical and physical changes take place
in the fuel and cladding due to neutronic and thermal processes.
The processes and changes are reviewed. The najor topics are as
follows: fission product formation, fission product relocation and
release, pellet cracking and relocation, fuel-to-cladding interaction,
and Zircaloy growth and embrittlement. The chemical and physical
properties of reactor fuel after achieving its designed irradiation
exposure are described. The integrity of spent fuel rods 4s dis-
cussed as it relates to short and long tern storage.
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I. Introduction

In practically all light water reactors (LWRs), the fuel designs utilize

uranium dioxide (U0g)tered cylindrical pellets.
fuel enclosed in Zircaloy cladding. The U0 fuel

2is in the form of sin The fuel is of high
chemical purity--typically a total impurity level of 1500 ppm naximum--
and is slightly enriched in U-235 ($1 to 4%). The pellets are sintered
to a high physical density (about 95% of theoretical) and may have flat
or dished ends. The cladding is a zirconium alloy, Zircaloy-2 for
boiling water reactors (BWRs) and Zircaloy-4 for pressurized water
reactors (PWRs). A schematic diagram of a typical fuel rod is shown in
Figure 1. Spatial arrays of multiple fuel rods are held together with
spacer grids, guide tubes or tie rods, and end fittings to form the fuel
assemblies. A phott jraph of such an assembly is shown in Figure 2.

The fuel material, fuel pellets, and Zircaloy cladding undergo various
and complex changes during reactor operation due to irradiation pro-
cesses and to exposure to the pressures and temperatures encountered in
the reactor core. These changes and processes are characterized in
general terms as follows: fission product formation, fission product
relocation and release, fuel densification, pellet cracking and relo-
cation, fuel-to-cladding mechanical and chemical interaction, Zircaloy
growth, and Zircaloy embrittlement. Most of these attributes have both
an irradiation exposure and a temperature dependency. The following
discussion will consider these changes and processes in more detail.

II. Discussion

A. Uranium Dioxide Fuel

The chemical, physical, and mechanical changes incurred in U02 fuel and
Zircaloy cladding during reactor operation are due primarily to fission
and thermal processes. The fission process generates both fission
products and thermal energy within the fuel pellet (1,2,3). The
changes that occur will depend upon the concentration and nature of
these fission products and the fission rate or rate of heat generation.

The exact amount of each fission product present in the fuel at any
given time is a function of the power history. However, a reasonable
approximation can be obtained from the cumulative yields of the long-
lived and stacle isotopes. The expected identity and yield of these
fission products is given in Table 1 (4). The nature and behavior of
these products will be discussed later.

The fission process also generates thermal energy within a UO2 pellet,
and this generation is fairly uniform across any radial plane. This
distribution of fissioning coupled with the low thermal conductivity
(2,3) of the U02 produces high centerline temperabres and steep
temperature gradients in the fuel pellets. A typical radial temperature
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568 Table 1

STABLE (OR LONG LIVED) FISSION PRODUCT YIELDS FOR

THERMAL FISSION OF U-235(4)

% Yield *% Yield *,

Se 0.4 Sn 0.1

Br 0.3 Sb 0.1

Kr 3.8 Te 2.5

Rb 1.3 I 1.0

Sr 6.2 Xe 20

Y 4.8 Cs 20

Zr 36.9 Ba 6.7

Pu 23 La 6.6

Mo 25 Ce 12.3

Tc 6.1 Pr 5.9

Ru 9.3 Nd 20.5

Rh 4.9 Pn 2.3

Pd 1.4 Sn 1.9

Ag 0.2 Eu 0.2

Cd 0.1

_

* Number of atoms per 100 fissions
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profile for a fuel rod operating at 12 kw/f t is shown in Figure 3.
These temperatures and gradients have a najor effect upon the opera-
tional behavior of the fuel. Specifically, thermal processes are
involved in fission product migration and release, fuel densification,
fuel restructuring and grain growth, pellet cracking, fuel-cladding
interaction, and the removal of crystalline lattice damage.

Since the U02 pellets are finite-length cylinders, the ends have more
freedon for thermal expansion under the characteristic temperature
profile than do the midplanes. Also, the pellet ends possess a higher
physical density than do the midsections because of the pressing and
sintering techniques applied for fabrication. These attributes cause
the pellet to change from a straight cylindrical shape into an hour-
glass configuration during reactor operation (5). As the pellet ends
become more flared at higher gradients or power, tensile forces are
developed within the pellet. Ceramic materials are characteristically
weak in tension, thus these forces are relieved by crack formation.
The cracking pattern is expected to be random although some aspects of
crack patterns can be related to operating power, temperature, and fuel
plasticity (2,6-11). Typical transverse and longitudinal cross sections
of cracked pellets are shown in figures 4, 5 and 6. It is believed
that most pellet cracking occurs during the first few ramps to power.
Thus, these open pathways are probably available for fission product
migration over the lifetime of the fuel. Some crack healing may occur
during operation and additional cracks may form during cooling.

Extreme distortion of the fuel pellets as might occur during a large
power ramp may close the fuel-to-cladding gap and result in pellet /
cladding mechanical interaction (PCI) (12,13). Here, the flarred ends
of the pellets push outward on the cladding to cause ridging, commonly
referred to as bambooning (14). At the same time, the pellet is ex-
panding longitudinally so. with the mechanical lockup at the end edges,
the cladding can be stre hned in the axial direction. Some PCI is ex-
pected during the fuel lifetime and will not cause probiens or failures
in the fuel cladding if the strains are maintained at a low level.

Fission product formation was discussed previously. As a result of the
steep temperature gradient in the fuel, some fission products can move
away from the location of the fission event that produced them (3,15).
Because of the broad range of physical and chemical properties of the
fission products, the extent of migration and the mechanism by which it
occurs is peculiar to each species. Some can be transported by thermal
processes, namely, vapor migration and diffusion. The mobility of a
particular fission product may depend on the properties of its precursor
in the fission decay chain as well as its own properties. Thus, the
migration of cesium is undoubtedly influenced by the fact that the
precursors of this species are gaseous xenon isotopes, some of which
have appreciable half-lives. The precurso s of molybdenum, on the other
hand, are zirconium and niobium isotopes, which are not particularly
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mobile in oxide fuels. The fission products that form oxides that are
soluble in the fuel matrix show little tendency to migrate in the
temperature gradient. Solid fission products that remain in the fuel
contribute to fuel swelling. It is found that this swelling is linear
with burnup at a rate of approximately 1.0 volume percent per 10,000
mwd /tU.

The fission products that are present as a gas phase coalesce into
bubbles, which diffuse to grain boundaries, cracks, or interconnected
porosity in the matrix from which ' hey escape to the open spaces in
the fuel rod (16-19). The amount of fission gas generated is approxi-
mately 3.5 volumes of gas per volume of UO2 per 10,000 mwd /tU (20).
At end-of-life conditions (S35,000 mwd /tV), it is anticipated that 5
to 10% of this gas will have been released from the fuel (21).

The details for the chemical elements found on the inner surfaces of
irradiated fuel rod cladding are only known in a qualitative manner
(15,22,23). In an experimental PWR-type fuel rod, a reaction layer
or duplex layer was observed (24) between the fuel and cladding and
contained the elements U, Zr, Cs, Pd, Ba and Te. A photograph of a
typical reaction layer is shown in Figure 7. The following elements
were observed (22) at the fuel-to-cladding interface in PWR fuel rods
of current design: large amourts of Cs and U, smaller amounts of I
and Te, and lesser amounts of Cl, Mn, Fe, Ag, Si, Ba, Cu, Na and Ca.
The appearance of these deposits, some circular in pattern, is shown
in Figure 8. In these and other studies, cesium and/or iodine have
been reported to concentrate at pellet-to-pellet interfaces.

Throughout the fissioning process, the UO2 lattice structure exhibits
a high level of stability. Some lattice damage is observed at fuel
temperatures below 400 C (1). At temper *ures of 500 C and above,
which correspond to the minimum fuel operating temperatures, no sig-
nificant change in the lattice structure has been observed for ex-
posures up to 140,000 mwd /tU (1). X-ray diffraction studies also
show no significant line broadening. The absence of a change during
irradiation was ascribed to the migration of the fission products to
grain boundaries and lattice defects. Thus, it is concluded inat the
lattice structure of UO2 is unaffected by irradiation at temperatures
in excess of 500 C, apparently because of the mobility of the fission-
produced defects and fission product atoms at these temperatures.

Densification and grain growth complete those changes that occur in
the fuel during reactor operation. Fuel densification is caused by
similar o ffusion and mass transport mechanisms encountered during
the sintering of pellets, but densification is enhanced in the
radiation environment (25,26). The process of in-reactor densifi-
cation is active from the initiation of fuel operation and is vir-
tually complete in the burnup range from 5000 to 10,000 mwd /tU.
Above 10,000 mwd /tU, fuel swelling from the fission product accumu-
lation is dominant. The amount of densification will depend upon
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the thermal stability of the as-manufactured fuel. Most current UO2fuel is fabricated to about 95% of its theoretical density and, at
most, will only densify to 96-97% T.D. Stable fuel of lower dersity
has been demonstrated but has not been widely applied in reactor
loadings. Grain growth processes are closely related to those for
densification although the two do not necessarily have to occur
simultaneously. Current fuel as fabricated has an initial average
grain size in the range from 2 to 4 microns; see Figure 9. Grain
growth is usually observed only in those regions of the fuel that
experience temperatures in excess of 1200 C. Final average grain
sizes in the range from 6 to 10 microns are common for these regions;
see Figure 10 (27).

B. Zircaloy Cladding

While the above behavior is taking place in the fuel, the Zircaloy
cladding is also being altered. The alpha-zirconium matrix, which
is dominant in Zircaloy, has a hexagonal crystal structure and, as
such, shows a pronounced anisotropy in its mechanical properties.
These properties for Zircaloy cladding are influenced by texture,
heat treatment and other metallurgical variables (28). During the
neutron irradiation, several material properties of Zircaloy are
changed. The most pronounced effects are associcted with strength,
fracture behavior, and creep. In general, the mechanical strength
increases significantly while the elongation or ductility decreases.
These changes saturate early in the fuel operating cycie and are
essentially completed at an exposure of 5000 mwd /tU (29). As an
example of the magnitude of these changes during irradiation, the
yield strength for annealed Zircaloy 4 has been reported (30) to
increase from 70,000 to 90,000 psi while the total elongation de-
creased from 20 to 5%. The effect on creep depends on other factors,
such as texture or metallurgical state, and can be enhanced or re-
tarded by irradiation (31,32). The physical reason for all of these
changes is thought to be related to the production of vacancies,
interstitials, defect clusters, and dislocation loops. The size and
distribution of the lattice defects have been found to depend on
irradiation temperature, neutron fluence, and chemical composition.

Another phenomenon observed with Zircaloy in a radiation field is
stress-free growth (31-34). The mechanism for this growth is complex
and not completely understood. The current explanation (35) is based
on the formation of vacancy loops on the basal planes, interstitial
loops on prism planes, and differential drift of interstitials and
vacancies to suitably oriented segments of pain boundaries. Fuel
rods and assemblies are designed with n ric ant clearances to accomo-
date this growth.

cladding are due to itsOther changes associated with tk u .

chemical behavior. During the oprationa> lifetime, the cladding
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is exposed to various sources of oxygen, hydrogen and iodine. The
largest single source of oxygen and hydrogen is the reactor coolant,
water or stum, which interacts to form a corrosion layer of Zr02
on the external surfaces of the cladding with the liberation of
hydrogen. Under normal operating conditions with controlled coolant
chemistry, the final corrosive product is a thin, black, adherent
layer that protects the cladding from further chemical reaction.
Sone of the released hydrogen diffuses through the oxide layer and
is dissolved in the Zircaloy. The solubility limit for hydrogen at
operating temperatures is about 150 ppm, but this reduces to a few
ppm at cold conditions (5). At reactor shutdown, any excess hydro-
gen in the cladding is precipitated as a zirconium hydride phase
in the shape of platelets; see Figure 11. The orientation of the
platelets depends on the texture and the stress relationships of the
metal. Since hydrogen embrittels the Zircaloy cladding, it is de-
sirable to maintain a low hydrogen content and to assure that precipi-
tation occurs in a circumferential orientation.

The internal surface of the Zircaloy cladding is exposed to those
elements that are released during the fission process. Each fission
event annihilates a uranium atom, releasing two oxygen atoms that
are available for redistribution. Most of this oxygen reacts with
other fission products or is taken into solution in the U0 +x lattice.2
A small part of the released oxygen reacts with the cladding to form
a Zr02 layer (23). In the early history of Zircaloy application,
numerous fuel rod failures were caused by localized regions of massive
hydriding (2). This hydrogen came from hydrogenous impurities intro-
duced in the fuel dcring fabrication. Higher purity fuel with special
attention to hydrogen (2 ppm limit) has eliminated these failures.
Another internal reaction involves iodine, an element that reportedly
initiates stress-corrosion cracking in the Zircaloy (36,37). Iodine
migrates from the hotter region of the fuel as Csl and deposits in the
fuel-to-cladding gap. Here, the cesium iodide can be decomposed by
gamma radiation to liberate iodine that may react with the cladding
under certain stress conditions. Although this is a recognized
mechanism for cladding failure, operating restrictions have succeeded
in keeping the number of such failures very low.

C. Spent Fuel Storage

The recent policy decision to defer reprocessing of spent fuel has made
it necessary to consider the extended storage of spent fuel assemblies
in various wet or dry repositories. These assemblies after achieving
their design burnup in the range from 28,000 to 35,000 mwd /tU and under-
going the cc.nplex fuel and cladding changes discussed previously,
possess, for the most part, a high integr.ty and are free of fuel rod
failures. Storage of spent fuel assemblies in water pools has been
standard practice over the past 35 years. Zircaloy-clad fuel has been
stored in this manner for periods up to 19 years without evidence of
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cladding degradation (38). Such performance is expected since the
cladding is designed to operate for several years in water at 300 C
yet the cladding temperatures for discharged fuel will be a maximum
of approximately 60 C, and these temperatures will diminish with
storage time.

Several hundred fuel assemblies having rods that developed cladding
defects during reactor exposures are also in pool storage. Radioactive
gases were expelled during reactor operation to the coolant, but
gaseous releases have not been observed from these cladding defects
during pool storage. However, nongaseous fission products have been

in the pool can be maintained in the range 10-gactivity concentrations
observed in the pool water. Steady-state radi

to 10 p curies per
milliliter with ion-exchange and filtration.

The dry storage of spent fuel assemblies after a residence of 5 years
in a water pool has been considered (39). Fuel rod degradation in this
condition is assumed to occur from stresses caused by end-of-life
internal fuel rod pressures (up to about 1120 psia at 25 C) and by
stress corrosion cracking. On the basis of a preliminary assessment,
a maximum allowable cladding temperature of 380 C was recommended with
a caution that stress-corrosion cracking considerations could lower
that limit. The expected maximum temperature in dry storage for a fuel
assembly after ten years of decay was reported (40) to be 240 C. Oxi-
dation of the cladding could be expected at this temperature, thus the
assemblies would have to be protected by an inert atmosphere.

III. Summary

The properties of spent fuel pellets, rods, and assemblies have been
discussed. The changes brought about by fission, themal, and
chemical processes have been described. End-of-life ' fuel rods will
contain columns of cracked fuel pellets. These pellets will have
densified early in their operating cycle and then expanded due to
fission product swelling. A small portion of the fission products,
mostly gaseous species, will have been released from the fuel pellets
to other internal regions of the fuel rod.. The Zircaloy cladding
becomes stronger due to radiation processes but loses much of its
ductility. Oxygen, hydrogen and iodine form corrosion products with
Zircaloy, whenever these elements are present. The expected behavior
of fuel assemblies in wet or dry storage is discussed. Problem areas
are specified that will require considerations for successful storage.
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Discussion Following

PROPERTIES OF SPENT FUEL

Presented by M. Dean Houston

Donald Cameron - Atomic Energy of Canada
Question:
You stated that approximately 1 percent of solid fission products are
released into the gap. But, the elements which are released constitute
a relatively small fraction of the total fission product inventory. What
fraction of cesium, molybdenum, iodine and tellurium are released?

Houston
Response:
I do not believe that has been fully characterized.

Robert Pohl - Cornell University

Question:
I may have missed it. Could you briefly tell us what the burn-ups (in
megawatt days per ton) were for the fuel elements that you showed us?

Houston
Response:
I believe they were fairly low. Around 13 to 15 thousand.
(NOTE added upon review of this transcript: Photos were of fuel
irradiated to 20 and 30 thousand which is not low.)

Pohl
Question:
Have any pictures been taken on burn-up that are 10 times higher, because
you did mention 140 thousand later on in the talk?

Houston
Response:
I do not really believe that would make a large effect upon the nature
of the cracking. The nature of the cracking is more a thermal effect
than a burn-up one. It depends more on the thermal profile across the
pellet than on the burn-up itself.

Pohl
Question:That is your feeling, but you do not really know of any pictures that
have been taken?

Houston
Response:
There may be some. I do not have them here.

Pohl
Comment:
That might be very interesting.



592

Michael Raudenbush - Stoller Corporation
Question:
Could you or someone from NRC briefly tell us about programs to study
the effects of fuel rods in a geologic repository?

Houston
Response:
That is not in an area in which I am involved. I do not know if someone
is here from the NMSS office of NRC that could address that question.

Raudenbush
Comment:
Is that on the program? I did not see it if it is. In that case, I
would make a comroent. In view of the IRG report and other initiatives
regarding non-proliferation and the throwaway fuel cycle, I think that
should perhaps receive more emphasis in future programs.

J. van Geel - Eurochemic, Mol, Belgium
Question:
The central temperatures in the fuel rods reach 1800 F, if I recall.
Are those figures before or after the cracking of the pellets? Do you
have data on the thermal conductivity as a function of the degree of
cracking?

Houston
Response:

There is some benefit from cracking and relocation when you close the
gap and contact the cladding. I do not believe it will make more than
perhaps something of the order of 100 C difference in the centerline.
This particular profile that we show here is a very idealized thing. I
am sure it does not consider relocation. It considers an open gap andthe pellet being solid.

Edward E. pilat - Energy Research Group
Conment:

I think I have part of an answer to that question. I believe the tem-
peratures you showed there were not typical, but were appropriate for
the maximum or accident temperatures that would be assumed. For example,
you quoted that those temperatures were appropriate to 12 kilowatts per
foot, whereas the average kilowatts per foot in a light-water reactor ismore like 5. So those temperatures are not the typical ones. The
typical ones would be more like 1200 to 1500 F.

Houston
Response:
Right, these are the peak levels.

Chauncy Kepford - Environmental Coalition on Nuclear Power
Question:
You mentioned burn-ups and potential burn-ups. Do you have any idea
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what the typical industry burn-up is, as far as fuel goes?

Hous ton
Response:
The current field designs are scheduled for 27,500 megawatt days per ton
for boiling water reactors and about 33 to 35 thousand megawatt days per
ton for pressurized reactors.

Kepford
Question:
But what is experienced and what is typical?

Houston
Response:
They have achieved those burn-ups. It is typical of some lead batches.
It is not typical of the entire industry.

Kepford
Comment:
I would like to second the comment of the gentleman from Stoller Corpora-
tion. It would seem to me that if we are gcing to a spent-fuel disposal
system, that it would be imperative, for instance, to find out the reac-
tions between uranium oxide and salt at elevated temperatures.

Houston
Response:
I agree.

Fred Schmidt - Univesity of Washington
Question:
Do you have any rough statistics on the failure rate of fuel rods during,
let us say, the past five years, when we have had heavy use of these
fuel rods?

Houston
Response:
Well, up to about 3 to 5 years ago there were quite a few failures due
to internal hydriding and there were failures due to pellet / clad inter-
action (PCI) where the cladding was split. Since the reason for intemal
hydriding has been eliminated, and since reactors have been given operat-
ing instructions to stay away from the PCI problem, there have been very
few fuel rod failures during the past 2 to 3 years. If this trend con-
tinues, I think we would see less than a tenth of 1 percent as failures.

Jack McElroy - Battelle Pacific Northwest Laborabory
Comment:
For the record, I want to comment on questions that were put forth by
two of the gentlemen before me. The DOE has had a spent fuel package
program at Rockwell Hanford for over one year. More recently the program
has been put under the jurisdiction of the Office of Nuclear Waste Isola-
tion, a DOE program at Battelle. This program is studying the packaging
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of spent fuel with the potential of eventual disposal in a repository.
Therefore, studies are underway on spent fuel isolation in a waste
repository.

Rustum Roy - Pennsylvania State University
Comment:
I wanted to second what Jack McElroy said. A part of that program is
going on at Penn State to look at uranium dioxide in contact with brine.
That is not the point, though. Our problem is that material scientists
have a lousy characterization of spent fuel at the nanostructure and
microstructure level. That is a nontrivial problem. I wonder if there
are programs on that. Do we have any research, for example, at the
national labs? It is a tough problem to determine what phases exist.
It is ludicrous to proceed on trying to simulate spent fuel until we
know that. I am just trying to find out, maybe there is someone in the
audience that knows what is presently known at any decent material
science level of characterization.

Houston
Response:
I am not really sure they are looking at grain sizes, grain distribution---

Rustum Roy
Response:
Just phases, just phases---

Houston
Response:
---and phases. There are programs--the ones that I am aware of--that are
looking at the stress corrosion cracking phase--looking at the fission
products in the gap. Those might get into what you are looking for.
Those are being carried out at Stanford Research Institute, and I think
that is a very active program supported by the Electric Power Research
Institute.

Rustum Roy
Question:
But are there no papers out yet as to what is actually present in spent
fuel?

Houston
Response:
There are papers--there are reports in that field, yes.

Rustum Roy
Response.
Well, maybe somebody should determine that. That seems like an elementary
question.

Houston
Response:
We shall get those to you.

. . .
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Jack McElroy
Comment:
Spent fuel leaching studies have been underway for about three years
(with actual spent fuel) at Ptil. Groundwater, seawater and distilled
water were used at room temperature conditions. Higher temperature
tests are planned. The results have been reported by Y. B. Katayama
and J. E. Mendel, " Leaching of Irradiated LWR Fuel Pellets in Deionized
Water, Seabrine, and Typical Groundwater." Transactions of the American
fluclear Society, Winter Meeting, November 1977, San Francisco.

----

__
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Uranium Oxides in Ores and Spent Fuels

Heinrich D. Holland and Laurence H. Brush

Department of Geological Sciences
Harvard University
Cambridge, Mass. 02138

This paper can be regarded as a direct sequel to Houston's

(1979) paper,and as a rather preliminary answer to the questions
raised at the conclusion of his paper regarding the storage cf

spent fuel element assemblies. It is well known that even very

delicate objects can be stored without noticeable deterioration

for several thousand years. Tutankhamun's tomb is a spectacular

example of such successful storage. The tomb was designed as

a permanent disposal site, and was closed in about 1325 B.C.,

i.e. ca. 3303 years ago (Edwards, 1977). It was apparently

violated within 200 years of its closure, but was resealed and

yielded a magnificent assemblage of objects that included linen

draperies, leather goods, and a profusion of rush baskets and

wcoden objects.

The storage of spent fuel element assemblies is more

difficult than the storage of such objects because the tempera-

ture of the assemblies and of their surroundings is con-

siderably greater than ambient. However, the maximum likely

temperatures (see for instance Cohen (1977)) are much less than

the temperatures attained during power production. It should,

therefore, be possible to store suitably encased spent fuel rods

safely in dry, stable environments for any desired length of time.
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This is probably not possible where mechanical disturb-

ances can lead to the breakage of fuel element containers and

where aqueous solutions can gain access to the fuel elements.

The effects of such solution access can be divided into two

groups: effects related to the solution of uranium oxide fuel

pellets, and effects related to the interaction of solutions

with gases and with elements and compounds which reside on

grain boundaries and on other surfaces within the fuel rods.

This paper deals largely with the first group of effects.

The composition of the stable uranium oxides at tanpera-
tures up to a few hundred degrees is still not well understood

(see for instance Rich, Holland, and Petersen, 1977). In hydro-

thermal uranium ore deposits uranium oxides have a composition
within the series UO(2+4 where 0 3 x 1 0.67. It is not known

whether the entire range of composition from UO to U 0 is thermo-2 3 8
dynamically stable. In the presence of free oxygen at room tem-
perature UO xidizes to UO w ich hydrates to schoepite in2+x) 3,

the presence of liquid water. In the presence of free oxygen and

at CO pressures in excess of ca. 10-2 a tm rutherfordine, (UO2)CO3'
is stable. Relationships between these phases are shown in Figure
1. The diagram is somewhat schematic, because the thermodynamic
data for the UG -U 0 series and for the various forms of UO nH O2 38 3 2

are presently inadequate. In spite of these shortcomings the

diagram is useful in the discussion of the effect of aqueous
solutions on spent fuel elements.
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Fig. 1. Log f ' "
0 CO

2 2
phases in the system U-O-C-H at 25 C

(Rich, et al., 1976).
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Langmuir (1978) has summarized the available data bearing

on the solubility of UO in aqu us solutions at 25 C. Although
2

these data are som what incomplete, it is likely that in reducing

solutions,where U+ and its complexes are dominant and which are

saturatea with respect to UO at 25 C,the concentration of uranium
2

is less than ca. 0.1 pg/kg solution in the pH range 5-8 even in

the presence of a variety of complexing agents. It is likely that

uranium concentrations in reducing solutions in equilibrium with

UO at 200 -300 C are not much larger (G. McCarthy, personal com-
2

munication) . At first glance it therefore appears that the dis-

solution of uranium oxide pellets can be maintained at very low

levels by buffering the environment of spent fuel elements at low

values of the oxygen fugacity. However, this may not be possible.

Such buffers may remove free oxygen in solutions which gain access

to spent fuel elements, but radiolysis of the solutions adjacent
to the highly radioactive spent fuel is apt to produce local

oxidants which may well oxidize UO to UO I so, the behavior
2 3

the pellets will be governed by the solubility of U+ 6 ratherof

+
than by trat of U compounds.

Data for the solubility of these compounds are still very

sparse. Figure 2 shows the available data for the solubility of

N O at 25 C. At a pH of 5 the concentration of uranium an anUO 3' 2

aqueous solution saturated with respect to schoepite is ca. 0.5 x

10~ moles /kg, (120 mg U/kg), i.e. more than three orders of mag-

in reducing solutionsnitude greater than the rolubility of UO2
where only U+ and U+ - complexes are c esent. At 90 C the solubility ofr
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Fig. 2. Concentration of uranium in solutions
saturated with respect to UO H U

3 2

25 C (Rich, et al., 1977).
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schoepite is smaller than at 25 C,but it is still much greater

than that of UO in r ducing solutions. Figure 3 is a somewhat
2

preliminary diagram showing the solubility of schoepite at 90 C

in dilute aqueous solutions as a function of pH. Above a pH of

6.5 the solubility is apparently independent of pH and isca.

probably determined largely by the stability of the complex UO2 (OH) .

Between pH 4 and 6 the solubility of schoepite increases linearly

with respect to the activity of H+,and is probably controlled largely

by the stability of the complex UO2(OH)+. Below a pH of 4 the

solubility of schoepite increases with the square of the H+ activity,
and is probably controlled by the stability of the complex UO + *

2

If spent fuel rods are stored in salt domes, solutions

which might gain access to the spent fuel are apt to be highly
saline. Figure 4 shows the presently available data for the solu-

bility of schoepite at 30 C in 1 m Nacl solutions. As might have

been expected c.n the basis of activity coefficient calculations,
the solubility of schoepite in 1 m Nacl solation in acid solutions

is greater than in Nacl-free solutions at the same pH. It is likely

that the solubility of schoepite in more concentrated Nacl solutions
at the same temperature and pH will be similar to or 511gntly
greater than in 1 m Nacl solutions. In the near-neutral pH range

the effect of Nacl addition will tend to be quite small, since the
influence of salts on the activity coefficient of neutral species
is much smaller than their influence on the activity coefficient
of charged species.
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Fig. 3. Solubility of schoepite, UO3(H O)2

at 90 C in Nacl-free solutions.
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3(H O)x inFig. 4. Solubility of schoepite, UO 2

1 molar Nacl solution at 90 C;

solubility in Nacl-free solution

shown for purpose of comparison.

.
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The presence of other anions, notably HCO- and SO ,

3

Will increase the concentration of uranium in solutions saturated

with respect to schoepite. The effect of HCO concentration on
3

the uranium concentration in solutions saturated with respect to

is well documented at 25 C (see Rich,rutherfordine, (UO2)CO3,
llolland, and Petersen, 1977); comparable data at higher tempera-

tures are still lacking, but it is most likely that the data in

Figures 3 and 4 represent minimum values of the solubility of

schoepite at 90 C in solutions that may gain acceas to spent fuel.

The rate at which UO is oxidized and passes into solution
2

has been studied most recently by Grandstaff (1976). The rate of

dissolution was found to increase linearly with the surface area

of the uraninite grains and to decrease rapidly with increases

in their th^rium and rare earth content. The rate of disso-

lution was found to increase linearly with the oxygen content of

the solutions, and was less by about a factor of 2.6 at 2C than

at ?3 C. Both the pH and the combined concentration of dissolved

carbon species were found to have a considerable effect on the dis-

solution rate. Figure 5 shows some typical data for the dissolt' ion

of a reasonably pure uraninite at 23 C in the presence of water which

had been equilibrated with air. The observed rate of dissolution,

-5
2 x 10 g /cm / day is by no means trivial compared, say, to the rate

of dissolution of various glasses which have been proposed as re-

ceptors for high level nuclear wastes. At this rate and in the

presence of a sufficient quantity of fluids the spent fuels des-
cribed by Houston (1979) could be dissolved in a matter of centuries.
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Fig. 5. The progressive dissolution of a sample

of uraninite (Grandstaff, 1976).
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-5Whether or not a rate of 2 x 10 gm/cm / day would be character-

istic of the dissolution rate of spent fuels is open to question.

In any given instance the rate would depend on a host of parti-

culars; some of these are apt to increase while others are apt

to decrease the rate of spent fuel dissolution below the suggested

level.

The leaching experiments of Katayama (1976) and Katayama and

1Mendel (1977) have shown that approximately 1% of Cs can be re-

moved in about 1 day from spent fuel pellets by leaching with

1Hanford ground water, and that an additional 1% of the initial Cs

is removed by leaching for approximately 1 year with Hanford ground

water and with artificial seawater. The release rates of Sr 0,
0 239+240 244 241Y Pu Cm and Eu are slower than the re-, , ,

1lease rate of Cs Mechanisms of element release from these.

pellets are not well understood, but it seems likely that the

1rapidly released Cs was present on the surface of the leached

spent fuel pellets, and that the release rate of this isotope

after the first day was determined by the rate at which new inter-

grain surfaces became exposed to the leach solutions. These element

release data, and the likelihood of an uncomfortably rapid disso-

lution rate of UO2p llets in the presence of sufficient fluid
access to spent fuels suggest that spent fuels should be stored

only where the probability of such fluid access is extremely low.
Salt mines are typically very dry. However, there have been

accidents in salt mines during which the ceiling and/or the floor
were breached, so that large volumes of water from adjacent aquifers
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gained access to the mine workings (Baar, 1966). Such an acci-

dent in a spent fuel site could hava unacceptably disastrous

effects. The migration of brines in fluid inclusions in salt

up thermal gradients poses a similar but apparently less serious

threat; the predicted volumes of brine are quite modest, and it

seems likely that desiccants can be developed to absorb these

fluids. The storage of spent nuclear fuels in dry, mechanically

stable areas seems entirely feasible. If stability and dryness

cannot be essentially guarznteed in salt repositories, then it

may be preferable to store spent nuclear fuels in repositories
such as.those described by Ahlstr6m (1979).
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Discussion Following

URANIUM 0XIDES IN ORES AND SPENT FUELS

Presented by Heinrich Holland

Gregory McCarthy - Pennsylvania State University
Question:
Would you not add a buffer, a reducing buffer, as a third consideration
of spent fuel storage in light of all you have seen?

Holland
Response:
I think it would be fine if one could be sure that a buffer would pre-
vent radiolysis from oxidizing the U0, to U0,, but it seems to me, that
it has not been demonstrated that such a buffer exists. I do not know
of one. I do not know there is not such a one. If it could be demon-
strated that there is such a thing, it would certainly be well worth
exploring.

Robert Leachman - Nuclear Regulatory Commission
Question:
You spoke about the uranium oxides, pointing out that under oxygenated
conditions there are solubility problems. I should like to ask a ques-
tion that extends beyond your talk and your subject matter, but in a
related field. I would like to ask a question about other host lattices
that might possibly be able to retain similar elements, similar in the
sense of ionic radius and valence state. More specifically, I should
like to ask the question about host lattices that may be able to retain
the long-lived plutonicms, americiums and so forth and still not dis-
solve under oxygenated conditions. I have heard that the thorianite
structure might be one such. Could you comment on that?

Holland
Response:
Well, you are not talking about spent fuel rods any more.

Leachman
Response:
I am not talking about spent fuel. I am drawing on your knowledge of
these fluorite structures and how they might hold up under solubility,
asking only about how they might be loade'd to retain specifically the
actinide elements, thinking that perhaps canisters might be the safety
feature for the shorter-lived fission products as you somewhat implied
when you spoke of canisters.

Holland
Response:
I am not an expert in this field, and I do not really wish to commit
myself, especially since this is, I understand, part of the record.
However, I think it is quite clear that there are lots of other structures

.
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in which I would much rather see these fission products than UO '
2

Pedro Macedo - Catholic University of America
Question:
I come back to the geological situation. In the Oklo affair, there was
a reaction there that occurred millions of years ago, where the contain-
ment of uranium in shale is still there. Would that not indicate that
we should go to a rock which is definitely reducing, like shale, to bury
fuel elements, if we are ever going to bury any of it?

Holland
Response:
I do not really want to cut into the story that we will hear at noontime.
I do not think the Oklo phenomenon is terribly relevant. I think it is
very clear that if you have a repository, or if you have something wnere
there is no water and where nothing can move in and out, that things do
not move in and out. But that is really not the problem. The problem
is to design a storage facility. I would like to submit that that is
a very different thing from the Oklo phenomenon.

Macedo
Comment:
I thought the situation there was that because of the shale ti.e uranium
was at very low solubility and stayed in place, and that is the way you
originated the situation by precipitating the uranium from groundwater.

Martin Molecke - Sandia Laboratories, Albuquerque
Comment:

There 1,as been a mention of buffer materials in bedded salt repositories,
I believe. I would like to inform you that there is a fairly large
development program in progress at Sandia on such materials referre to
as getter materials, either chemical or physical sorbtive materials, for
use in repositories, if water does intrude and mobilizes either actinides
or fission product radioactivities. Also, in a bedded salt repositcry,
you should be aware that the probability of water intrusion is much less
than it is in essentially all other rock type repositories.
Holland
Response:
I am familiar with that. I am also familiar with some of the accidents
(see p.11 of my paper and my reference to C. A. Baar) that have taken
place in salt deposits. I am simply asking that if a salt deposit is
used, that we try to be extremely sure that accidents like that are
virtually ruled out. I am not telling you anything new. The advantage
of most salt deposits is that they are very dry. The disadvantage is
that if a lot of water does get at it, you make a horrendous mess and
the question then is whether one goes to a salt deposit or whether one
explores, in addition, a sort of repository that Dr. Ahlstr5m described
to us yesterday, where the water problem is more severe but where the
dissolution problem is virtually absent.
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Bob Watt - Los Alamos, private citizen
Question:
I was going to ask basically the same question with a couple of more
aspects to it. You have mentioned, of course, the migration of water
inclusions to the product. I am wondering how much water would be
considered bad. The 1971 environmental statement for the radioactive
waste depository at Lyons, Kansas, WASH-1503, for example, gives about
5 or 10 liters per canister. One of the proposals also just mentioned
has been to react the water with various kinds of compounds. In the
particular case of waste glasses, I have gone through the calculations.
The free energies are such that cesium and strontium will take the water
from, say, calcium. I am wondering whether uranium is in the same cate-
gory, and its heat of reaction is such that it will take water from any
kind of drying agent that you may have in mind.

Holland
Response:
As I indicated, I do not think that 10 liters per canister represents
a serious problem. I am sure that one can put sufficient desiccant
about in a repository in salt to sop up that quantity of water. The

thing that concerns me most is the intrusion of really large quantities
of water such as you would get from a mine failure and the subsequent
break-in of water from an aquifer.

Watt
Question:
As to the sop-up, my calculations of the hydrations of cesium and
strontium were that it would take the water from any amount of dessi-
cant that you put there, so it would have preferential call on those
5 or 10 liters. Secondly, in the particular case of the WIPP, there is
a nearby mine in which water is flowing through the bedded salt. I do
not know what the situation is at the WIPP site proper, so I am wondering
whether the 5 liters of water would form a significant amount of soluble
products if indeed the uraninite can take over the water from any such
desiccants. The number of moles of water in those 5 or 10 liters is
sufficient to completely react all the cesium and strontium in a normal
high-level waste canister. Is this the case with uraninites?

Holland
Response:
This would not be enough water to affect the integrity of the canisters
and my suggestion that there be desiccants is simply for keeping the
repository really dry. We have seen pictures of the repository at Asse
yesterday, where after 12 years you could still read the radioactive
danger signs very nicely. It seems to me that that can be done in
high-level repositories as well, and I do not think there is any danger
from the intrusion of the sort of quantity of water that has been talked
about.
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Thomas Cochran - NRDC
Coment:
The IRG draft report asked for public coments on several policy options
for going ahead with a comercial repository for spent fuel disposal.
The one favored by DOE was to move rapidly ahead with a commercial re-
pository in salt while one explores other options. I would like to have
your professional opinion as to whether that particular option is a good
idea. Do you vote it up or down?

Holland
Response:

I am going to take the fifth amendment, if I may. Let me explain why.
From my point of view and from the point of view of a geochemist working
in these things, it seems pretty clear that if there is a repository in
salt which can be certified to be dry for a very long period, then that is
a fine way to dispose of these wastes. If it cannot be demonstrated
beyond reasonable doubt that the repository will be dry for a long
period of time, then I would say that this is not a good alternative.
So I think it hinges on the particular salt repository which is being
designed, rather than on the principle, per se.

Cochran
Question:
You have to vote up or down on the program before we pick the site. Now
I want you to vote up or down on the program without knowing where the
site is.

Holland
Response:

I will certainly vote up on the program, but I will be extremely cautious
about choosing any particular site that you may cecide should be picked.

Robert Williams - EPRI
Question:
I am at the microphone, in part, in response to Robert Leachman's example
in asking about items somewhat beyond the scope of your talk. I think,
first, I have tc inject a comment on this last exchange, though. From
Senator Harrison Schmidt's talk last night, there are two questions. Oneis the resource potential of the spent fuel' is it a resource or a waste?,

And then secondly, can we technically dispose of it, if in fact, wedecide to dispose of it?

Now the technical question I wanted to get into the record is the issue
of using natural getters and barriers to waste. Other people in this
room know more about them than I do. Dr. Molecke started to introducethat idea. In particular, I wanted to bring up the subject of anhydrite;
i.e. , calcium sulfates, and their possible use as a barrier to water in a
salt repository. Could you comment on that?

Molland
Response:

I think that anhydrite has two major advantages over salt. One, its
solubility is very much lower; if water were to intrude into an anhydrite
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repository in large quantities, it would not have the disastrous effect
that it would have on a repository in salt. Secondly, the brine migration
problem is probably absent because the solubility of anhydrite decreases
with increasing temperature, so that one would expect brines to migrate
away from heat sources rather than toward them. I find anhydrite an
attractive alternative.

Williams
Question:
Do you see a place for using anhydrite as a barrier in a salt repository?

Holland
Response:
Possibly.

McCarthy
Comment:
I can answer that. Refer to the paper by Potter and Clynne, "PTX Relations
of Anhydrite and Brine and their Implications for the Suitability of
Anhydrite as a fluclear Waste Repository Medium," in the proceedings (to be
published by Plenum, New York, June 1979) of the Boston meeting " Science
Underlying Radioactive Waste Management." They went into that in great
detail.
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CRYSTALLINE AND C0ATED HIGH-LEVEL FORMS

Gregory J. McCarthy
The Pennsylvania State University
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University Park, PA 16802

Abstract

It is in the waste form that one has the best opportunity to apply
science to high-level waste isolation. The more stable the waste form
is in its isclation environment, the less need be the dependence on
engineered and geological barriers to radionuclide release. In this
presentation, current work aimed at producing high stability, second
generation, primarily crystalline waste forms is reviewad. Existing
data on the hydrothermal stability of these forms are summarized. It

is noted that partitioning of the waste stream could facilitate further
improvements in these products. Research and development needs for
crystalline ceramic waste forms are described.
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Introduction

You have heard a lot about glass as a high-level waste form in the last
few days, and rightly so. It is clearly the world's leading choice for
a first generation waste form and nearly twenty-five years of work have
gone into its development. For the record, I would like to make the

following statement concerning vitreous waste forms. Glass is an ade-
quate waste form for nest disposal circumstances. I am indeed impressed
by the progress that has been made in developing it. In those circum-
stances where it does not perform well, we must endeavor to understand
what does happen. My colleagues and I at The Pennsylvania State Univer-
sity (PSU) are working with the Office of fluclear Este Isolation and the
Rockwell Hanford Operations to understand the behavior of glass and
other waste forms in various repository scenarios. I agree with J. E.
Mendel (1) and the flational Academy of Sciences Waste Solidification
Panel report (2) that says glass can be made to work within the system
of radioactive waste mant ''n t . However, as a material scientist with
a geochemical background wve believed since 1970 that we can do'

better than glass as a waste form for geologic disposal if we have to.
We have an outstanding opportunity in the waste form to apply stata-of-
the-art materici science and geochemistry to produce solids whose sta-
bility can be verified by thermodynamic considerations and reaction rate
kinetics. We can also utilize the data provided by nature's most stable
and durable minerals to design waste forms that could survive even the
nost severe repository conditions for as long as it takes any of the
radionuclides to decay to harmless levels. These considerations are
discussed further in a recent article (3).

In this talk I shall briefly review the world-wide picture on crystalline
and coated waste form alternatives to glass. I will be distinguishing

between primary containment and secondary containment. The former is the
actual phase, such as a microcrystal, in which a radionuclide is fixed,
while the latter includes coatings, metal or cemnt matrices, canisters
and su on. The materials to be discussed are anhydrous and have been
prepared by processing at high temperatures. D. M. Roy has discussed
other, generally hydrated, cement-based ceramic forms in an earlier talk
(4) and some of the same stability considerations to be presented below
apply to these materials also. Ccaspicuously absent from this presenta-
tion will be tables of "leachabilities" for the various waste forms.
Such data are generally sparce for crystalline waste forms, but it can
be stated that the leaching resistance of each of the products to be d's-
cussed will be at least as high as the best borosilicate glasses. Indeed,
if it were not, the research and development on alternate forms would
not be worth doing. Finally, in order to save time, I shall not repeat
here the material on ceramics and glass-ceramics as high-level waste
forms presented at an ERDA workshop in 1977 (5). Only the nost recent
work on solids for high-level wastes from reprocessing will be reviewed
here.
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C_rystalline Waste Forms

Table 1 lists the crystalline high-level waste forms that have received
some attention over the last two decades. I estimate that the total
world-wide level-of-effort on these waste torms has been 1-2% of that
devoted to developing vitreous forms. The waste forms have been divided
into three categories:

Glass-Cecamics: composites of crystalline and vitreous phases; the-

crystalline component is not ususally greater than 150% by voluae in
the product;

Matrix-Isolation: a fine-grained solid with variable properties and-

crystallinity is isolated in a durable matrix;

Tailored Synthetic-Mineral: us g nature's high stability minerals-

as guides wheriever possible, appropriate compositional modifications
aremade to high-level wastes so that af ter a crystallization-
consolidation step a ceramic consisting of an assemblage of crystal-
line, mineral-like phases is produced.

One important point to make about the first two categories is that while
the enphasis so far in their research and development has been on the
processes, each of the glass-ceramic and matrix-isolation forms has con-
siderable flexibility for tailoring along the lines of the synthetic min-
eral waste forms.

In Table 1, the waste forms marked with an asterisk have been discussed
in detail in the earlier report (5), and will not be discussed further
he re .

Titanate Ceramic

About five years ago, work was initiated independently at Sandia Labora-
tories (SLA) in the US and the Royal Institute of Techno1cgy (RIT) in
Sweden on using sodium-titania-based gels as inorganic ion exchangers
for high-level waste liquid ions. Some work with gels based on zirconia,
niobia and tantala has also been performed at SLA. Two processes can be
applied, continuous column extraction and batch processing. SLA be-
lieves that the batch processing may be more practical for acidic waste
liquids. The loaded titanate ion exchanger is dried and typically hot-
pressed into a largely crystalline, dense ceramic.

Most of the waste ions react with the titania durine the hot pressing to
form titanates, of which many are refractory, low-solubility phases.
However, most of the inertness of the product results from micro-
encapsulation (i.e., encapsulation at the 1-100 pm scale) of the waste
spccies in the rutile-form of TiO2 This microencapsulation is 11-
lustrated in Figure 1. Rutile sits atop most compilations of

. . _ ______.__._._._.
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TABLE 1. Crystallir. High-Level Waste Forms

Waste Forms Feed Processing R&D Site

Glass-Ceramic

* Conventional Glass- Melt Cast Glass, Nucleate, HMI

Ceramic Crystallize

* Sintered Glass- Calcine Press and Sinter PNL & INEL

Cei amic Frit

* Fusion-Cast Melt Cast Glass; Crystal- PNL

Ceramic lizes on Cooling

Matri x-Isolation
* Ceramic Sponge HLW Liquid Absorb on Clay- LASL

Ceramic, Dry and
Fire

* Ceramic Matrix Calcine + Hot Pressing PSU

Isolation Ceramic
Titanate Ceramic HLW-Loaded Gel Hot Pressing (pre- SLA & RIT

ferred)
" Cermet" (Metal Ppct. from Press, Fire under ORNL

Matrix) Molten Urea Reducing Conditions

Tailored Synthetic
Mineral

"Supercalcine- Modi fied Pelletize and Sinter PSU-PNL

Ceramics" Calcine or Hot Pressing
"Syarock" Calcine + Hot Pressing (pre- ANU

Addi ti ves ferred)

*See the 1977 ERDA Workshop Report (5).
HMI = Hahn-Meitner Institut, Berlin
PNL = Pacific Northwest Laboratory, Battelle Memorial Institute

INEL = Idaho National Engineering Laboratory
PSU = The Pennsylvania State University

LASL = Los Alamos Scientific Laboratory
SLA = Sandia Laboratory, Albuquerque
RIT = Royal Institute of Technology, Stockholm

ORNL = Oak Ridge National Laboratory
ANU = Australian National University, Canberra
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FIG. 1. Microencapsulation of HLW 0xides (white spots) in Rutile (dark
matrix) in a Titanate-Ceramic [ photo provided by T. Westermark,
RIT, Sweden].

weathering-resistant minerals (6), so as long as the microencapsulation
is continuous, even an inferior product could be protected (7). Compari-
sons of the leaching properties of current borosilicate glasses and the
SLA titanate ceramic have indicated that the latter are superior (8).

At the RIT, products with 2-4 wt % simulated high-level waste oxides have
been prepared (9) and consolidated by hot isostatic pressing using
industrial-scale equipment (10). A demonstration of the SLA titanate-
ceramic process using acid PUREX waste has been performed at the Oak Ridge
National Laboratory. To date, only tracer-level work has been done on
the corresponding product in Sweden.

Primary Containment. Except for the rutile matrix, the size of the crys-
talline phases in these products is generally smaller than 1 pm. At this
level, chemical characterization by routine SEM and electron microprobe
analysis (EMA) is not applicable. At SLA, sophisticated scanning trans-
mission electron microscopy (STEM) has been used to characterize both the
microchemistry and crystal structure of many of the primary containment
phases. The method is illustrated in Figure 2. Table 2 is a list of
phases identified to date in the SLA titanate-ceramic product. X-ray
diffraction studies have identified the rutile matrix and the pyrochlore-
structure (Ln,U)2il207 phase. In some of the high-Sr waste simulations
used at the RIT, rutile and perovskite-structure SrTiO have been found3
by x-ray diffraction.
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TABLE 2. Primary Containment Phases Identified * in SLA Titanate-Ceramics

Energy Dispersive Est. Vol.Phase Elemental Analysis Fraction

TiO2 (Rutile) Ti <50%

Amorphous Silica Si < 5%
(SiO2) (Trace U, Ti, A1, Na)

Cs20 Al 0 4SiO2 Si, Al, Cs < 1%2 3
(dehydrated (Trace Ti, Rb)
pollucite)

Gd Ti 07 Ti, Gd <10%2 2

(Some U, Nd)
.

(Trace Zr, Y)

Elemental Mo Mo < 5%
(Trace Fe, Ti)

Elemental Pd Pd < 2%
(Some Te and Ti)
(Trace Fe, Mo)

Cubic-Zr02 Zr < 5%
(Trace U, Si)

Amorphous Zeolite, Na, Cs, A1, Si <10%
(Na,Cs) Alu;..ino- (Trace Ti, U, Fe, Mo,
Silicate Gd,Sr)

*At least eight more distinct phases have been detected by electron dif-
fraction and/or x-ray energy dispersive analysis. These have not been
identified, but most appear to be titanates.

Status. Work is proceeding at a relatively modest level of effort in
Sweden with the emphasis being on leaching studies using tracer methods,
microstructure characterization and consolidation by hot pressing. At
SLA, research and development on titanate ion exchangers is currently
focussed on "Sr removal from defense high-level wastes at Rockwell Han-
ford Operations. Some leaching and microstructure studies continue on
simulated and actual HLW products made several years ago.



7
637

Cermet *

The cermet waste form under investigation at the Oak Ridge National
Laboratory (ORNL) (11,12) is designed to fix fission product wastes as
small (%1 pm) particles of oxides or other crystalline host phases,
such as aluminosilicates and titanates, dispersed in an iron-nickel base
alloy matrix. The alloy is composed of hydrogen reducible metals
already in the waste and metal additives from contaminated sources; the
alloy is tailored to have high thermal conductivity and corrosion resis-
tance.

The key to the unique properties provided by the cermet waste form is a
chemical coprecipitation of waste and additives from molten urea which
yields an intimate and homogeneous mixture of all species present (11).
Either acid wastes or simulated neutralized sludges have been dissolved
in molten urea along with chemical additives or such materials as zeo-
lites. Calcination, hydrogen reduction, forming and sintering or hot-
pressing follow in various orders, or in the case of some of these steps,
simultaneously. The products are characterized by high thermal conduc-
tivity which permits relatively high waste loadings with consequent vol-
ume reduction in the solid product.

Primary Containment. To date, there is little direct characterization
of the primary containment phases for various radionuclides. Additives
such as aluminosilicates to improve Cs-fixation and titania for Sr-
fixation have been used and this suggests that such phases as pollucite
(CsAISi 0s) and SrTiO3 will be identified as primary containment when2
detailed characterization is performed. The iron-nickel metal matrix
constitutes secondary containment.

Status. R&D on cermet waste forms at ORNL has been underway for less
than two years, although there is considerably more background in the urea
dissolution-coprecipitation and extrusion-forming technologies. Recently
a sample of actual commercial HLW from the Nuclear Fuel Services storage
tank was processed. Actual defense waste from the Savannah River Plant
is also being studied. Leaching tests and a densification process which
will lead to a minimum porosity product are currently two priority R&D
efforts.

iSupercalcine-Ceramics

The "supercalcine concept" originated at The Pennsylvania State Univer-
sity (PSU). It states that the mixture of elements contained in a

* Portions of this description are adapted from reference (12).

IPortions of this description are adapted from reference (13). Further
detailed information is found in reference (5).
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high-level nuclear waste can be modified with chemical additives and
thereby tailor-made into an assemblage of refractory and leach-resistant
crystalline phases. Wherever applicable, high-survivability minerals are
chosen as models for these phases (13-16). Although the concept is ap-
plicable to all defense and commercial HLW, R&D to date has been applied
only to high-heat, high-loading ceramics of PUREX and TH0 REX wastes in
a joint program between PSU and the Pacific Northwest Laboratory (PNL).
Liquid additives (nitrate solutions of A1, Ca and Sr and colloidal SiO2
in the current ceramics) are mixed with HLLW and calcined to yield x-ray
amorphous supercalcine powder. This powder is consolidated and crystal-
lized directly into a ceramic (or " artificial rock") by hot pressing,
fusion-casting or by forming followed by a firing step. PNL has developed
a disc pelletizer agglomeration method for forming supercalcine powder
into " cores" for the multibarrier waste form (13).

Primary Containment. A list of primary containment phases in current
supercalcine-ceramics is given in Table 3. The formulae in this table are
only nominal. Each of the nominal compositions has been synthesized
separately and its x-ray diffraction pattern matched to the corresponding

TABLE 3. Primary Containment Phases in Current Supercalcine-Ceramics.

HLW Ions rimary Containment m udure
Phases Type

bSr, Ln (Ca,Sr)2Ln (Si_09)s02 Apatitec
e

Ln,[P0%] LnPOS Monazite
Cs, Rb, Na (Cs,Rb,Na)A1Si 0s Pollucite2

Sr, Ba (Ca,Sr,Ba)Mo0% Scheelite
V, Ce, Zr (U,Ce,Zr...)0 +x Fluorite2

Zr, Ce, U (Zr,Ce,U...)0 +x Tetragonal-2

Fluorite
Fe, Ni, Cr (Ni,Fe)(Fe,Cr)20% Spinel

and
(Fe,Cr)20 3 Corundum

Ru Ru02 Rutile
8
Te, Pd, Rh, Tc, Pm, Np, Pu, Am, Cm were not included in the simulated
waste.

bLn = La, Pr, Nd, Sm, Eu, Gd, Y.
c
Additive ions are underlined.

.
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reflections in the diffractogram of the complete crystallized supercalcine-
ceramic.

The major roles given in Table 3 have been determined from more than 200
crystal chemical and compatibility studies (16), but minor solid solution
and partitioning of ions among two ormore phases is to be expected. For
example, Ln is partitioned between the apatite and monazite phases and a
small amount may also be substituting in the fluorite and tetragonal-
zirconia phases. The sub-micrometer dimensicns of most of the crystals
disqualify routine electron microprobe elemental characterization, but
STEM is being successfully utilized for direct characterization of ele-
mental distributions in individual crystals in existing products. One
important finding is that uranium crystallizes primarily in the high in-
tegrity, radiation damage-resistant fluorite structure (uraninite) phase.
By analogy, most or all neptunium and plutonium should also crystallize
in this phase.

Status. Research on supercalcine-ceramics and supporting synthetic-mineral
studies have been underway at PSU for about eight years. Since 1975, several
simulated PUREX-type wastes having waste loadings of up to 40 wt % have been
processed into supercalcine-ceramics at PNL. Millimeter-size pellets of
these products have been coated (see below) and incorporated into metal
matrices to form the multibarrier waste form (13). In addition to the
detailed microstructure and microchemistry characterization, current work
includes development of THOREX-process ceramics and of high-phosphate
aluminosilicate formulations. It is likely that a substantial program of
fundamental studies and processing development for " tailored-ceramics"
will be initiated in the near future.

Synroc

Another version of a tailored synthetic mineral ceramic waste form was
recently introduced (17,18). Termed a synthetic rock ("synroc") by its
originator, A. E. Ringwood of the Australian National University in
Canberra, it differs from existing supercalcine-ceramics in having much
lower waste loadings (<10 wt %) and, in recent formulations, different
primary containment phases. Ringwood recognizes that high waste loading
(>50 wt %) in a HLW ceramic limits the choices of primary containment
phases. His o 3 roach is to crystallize HLW ions into preselected as-
semblages of synthetic minerals as dilute solid solution substitutions
rather than as major constituents. This low waste loading gives a greater
range of possibilities for primary containment phases. Ringwood asserts
that although the much lower waste loadings would mean correspondingly
greater volumes of wastes and greater processing costs compared to other
ceramic or glass waste forms, this is a minor consideration in overall
radioact'ive waste management (17).

Two routes to synroc processing have been proposed: fusion casting (17)
and hot isostatic pressing (HIP) (18). In the former, waste calcine



640

and additives would be melted and cast into a ceramic monolith. More
recently (18), Ringwood has indicated that use of the Swedish HIP tech-
nology (10) would simplify the processing and allow consolidation of new
synroc formulations having very high melting ranges. He has sug-
gested a conceptual process that would utilize this HIP technology. The
conceptual flow sheet is outlined in Figure 3. The step in which the
powders are mixed could offer processing and control difficulties. I
suggest instead that mixing of the HLLW and the synroc-forming additives
be accomplished in the liquid phase and be followed by calcination. Ex-
perience in the ceramic industry and in the hot-pressing of supercalcine-
ceramics (16) indicates that the resulting precursor powder would have far
greater (perhaps atomic-scale) homogeneity, would require lower energy
inputs for consolidation and would result in better microstructures in
the finished ceramic. Additionally, the well-established nuclear waste
calcining technologies could be utilized.

Primary Containment. The primary containment phases in a recent synroc
formulation are listed in Table 4. Electron microprobe analysis and x-ray
diffraction have been used to identify elemental distribution and crystal-
line structure types.

HLW Powder Synroc Powder

Mix Powders

Cold Press Mixed Powders

Hot Isostatic Pressing
in Sealed Ni Container

Having a Cu Lid

}

To Geologic Disposal
,

FIG. 3. Conceptual Flow Sheet for Synroc Processing.
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TABLE 4. Primary Containment Phases in Synroc B Ceramic."

HLW Ions Primary Containment Phases Structure Type

Cs, Mo, Fe, Cr, Ni Baal 2 Tis 01s Hollandite
bSr, U, Ln CaTiO3 Perovskite

Zr, U, Ln, Sr, Na, Cr CaZrTi207 Zirconolite

[P0%] (Ba,Ca)3(P0%)2 ----

Ru, Pd Metals ----

Af ter reference (13).
bLn = La, Gd, Y

Status. Synroc products are currently under laboratory-stage develop-
ment at ANU. Specimens based on several primary containment phase models
have been prepared from low-sodium PUREX-process simulated waste calcines.

Coated Waste Forms

Roy (19) has suggested that the well-known concept of " redundant protec-
tion" or " defense-in-depth," often used to illustrate the radioactive
waste isolation system, be extended to the waste form itself. He termed
such a waste form the " Russian doll" af ter the familiar toy consisting of
nesting wooden dolls that are sequentially removed until a tiny inner doll
is reached. This inner doll would be the hazardous radionuclide ion and
it would be incorporated into a stable crystal at the ngstrom-level which
would be in turn protected by coatings, thenby metal or ceramic matrices,
then one or more metal or ceramic canisters, and so on. This concept has
been reduced to practice in the multibarrier waste forms developed at
PNL (20,21). In one of its options having four barriers, 2 nm supercalcine-
ceramic pellets were coated and then encased in a copper metal matrix in a
stainless steel canister. The development of coatings for supercalcine was
pursued to provide an additional protective layer between the radionuclides
and the environment. These included a " duplex coating" consisting of a
40 pm pyrolytic carbon (PyC) layer as a barrier to enhance leach resistance

layer as a barrier to increase oxidation resistance.and a 60 pm A1 02 3
Chemical vapor deposition (CVD) in a fludized bed (for PyC) and in a
vibrating bed (for Al20 ) was employed. Glass coating of supercalcine by3

frit and glaze, which is a less complex coating process, was also investi-
. gated. Although coatings offer a high level of increased inertness, a
high level of technological complexity is also required (13).
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Primary Containment. The synthetic minerals of the supercalcine-ceramic
core are the primary containment phases. The coatings are secondary con-
tainment.

Status. The coatings portion of the multibarrier program was recently com-
pleted. It produced sufficient coated (simulated) supercalcine-ceramic
cores using bench-scale equipment to yield a one liter product when the
metal mtrix was added (13,20).

Hydrothermal Stability of Crystalline and Coated Forms

Leaching and transport by water is the most plausible mechanism for re-
lease of radioactivity from the waste form into the biosphere. A number
of the well-developed vitreous waste forms exhibit good leaching resistance
in the standard 25 C laboratory tests. However, as the test temperature is
increased, to simulate the hydrothermal conditions that could arise from
groundwater or brine intrusion during the several hundred year thermal per-
iod, vitreous waste forms show vastly increased alteration rates (22-26).
(However, as we have demonstrated [22-24], this does not necessarily lead
to massive releases of radioactivity.) This alteration is due to the in-
herent metastability of the vitreous waste form with respect to the minimum
free energy crystalline phase assemblage having the same bulk composition.

There are, of course, ways of protecting vitreous waste forms from con-
tact with hydrothermal solutions. One way would be the highly corrosion
resistant metal or ceramic canisters envisioned in the Swedish waste iso-
lation program (27). Other methods, including reduced waste loading of
the glass and/or the repository, have been reviewed by Mendel (28). How-
ever, all of these steps could be eliminated if suitably stable waste forms
were used, i.e. waste forms having demonstrated inertness of their primary
containment and/or secondary containment phases under the worst conceivable
hydrothermal conditions that could occur in a geologic repository.

There is abundant evidence in nature for the extreme stability of crystal-
line minerals over time scales of literally billions of years (29,3,6,9,17),
i.e. orders of magnitude greater than is necessary for all hazardous radio-
nuclides to decay. Some of these even contain substantial amounts of radio-
active actinides and show no obvious radiation effects (3,30). We have sug-
gested monazite, one of the supercalcine-ceramic phases, as an ideal can-
didate for all of these reasons (3).

The testing of the stability of crystalline and coated waste forms under
severe hydrothermal conditions has only recently been initiated. Most of
the work to date has been done at PSU with some work also at PNL, ANU and
SLA. Table 5 summarizes the experimental (and, except for refs. [22-26],
unpublished) results to date. The apparent stability of supercalcine-
ceramics in any non-salt repository, of synroc in salt at very high tem-
peratures, of the rutile matrix of the titanate-ceramics in salt brines
and of duplex ccated supercalcine-ceramics in any environment is very



TABLE 5. Hydrothermal Stability Tests on Crystalline Waste Forms

Location
a

Waste Form Nature of the Test Results of the
Testing

Supercalcine- I. Groundwater typical of basalt No degradation of primary
Ceramics and deionized water; 100, containment phases; en-
(SPC-2,SPC-4) 200, 300 C/300 bars; l-24 hanced crystallization; PSU

weeks only 0.5% of the Cs and (23,24)
0.1% of the Sr in solu-
tion ::#ter 4 weeks

II. Bittern Brine (Ca, Mg, K Na Pollucite and scheelite
PSUChlorides); 200, 300 C/300b; phases altered; substan-
(23)1-4 weeks tial Cs and Sr in solution

III. Saturated Salt ("WIPP B") Brine; Most Cs and a small amount
PNL250 and 350 C of Sr (%3%) in solution (25)after 3 days at 350 C [

Duplex Coated Bittern Brine. %0 C/300b; l-4 weeks No sign of breach of
Supercalcine- coating; no detectable Cs

PSUCeramic Pellets in solution; Al203 outer
coating recrystallizes

Synroc B I. Deionized water; 400-800 C/1000b, No degradation of pri-
1 day mary containment phases;

b
no apparent loss of Cs or ANU
U from solids observable
by electron microprobe

II. Brine (10% Nacl); 400-800 C/1000b Same as above until, 900 C b
ano ovu, suu t/ouuvo; i aay wnere ts extraction ana MU

.

alteration begins

Ti ta na te- Various brines Rutile matrix resistant t
SLA

Ceramic degradation

aAll tests to date have been static tests in sealed noble metal capsules or sealed autoclaves.
bData providedby Professor A. E. Ringwood in December 19/J-- to be published.
c0bservation provided by J. W. Braithwaite of Sandia Laboratories.
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encouraging, but must be considered as preliminary until further testing
and detailed product characterizationare carried out. Yet, based on these
. preliminary results, it is my opinion that if a waste form exhibitint, no
measurable radioactivity release away from the immediate repository were
required, it could be made.

Value of Partitioning

Each of the waste forms described above would contain all of the species
appearing in the HLLW stream. If, however, there were separations or
partitioning of the waste stream into two or more fractions, then better
" tailoring" or " fine-tuning" of the waste forms would be possible (3).
For example, if the vast majority of the lanthanide plus actinide ions were
removed from the HLLW by an additional solvent extraction step (31), then
monazite or some other actinide synthetic mineral could be used as the
host for this long-lived group of radionuclides. The actinide hazard of
the remaining fraction could be substantially reduced, but not eliminated
because no partitioning is completely efficient. Different repositories
having different performance criteria could be used for the actinide and
the residual HLW wastes (3). Removing most Cs and Sr from HLLW and
forming them into high stability synthetic minerals (or using them as
sterilization and heat sources) would vastly reduce the heat output of
the resioual waste and permit vitreous products to be used without concern
for thermal period hydrothermal alteration. It should be emphasized that
the costs of R&D and implementation of these partitioning steps would be
very great and would thus have to be justified by very severe performance
criteria being imposed on the waste form.

General Research and Development Needs

The following R&D needs are common to all of the crystalline ceramic waste
forms just described and are not presently receiving adequate attention.

Processing

Powder handling at some stage of a flow sheet is common to the processing
of every waste form (except perhaps fusion-casting). More consideration
needs to be given to simple, reliable procedures with low dusting potential
for remote, continuous operations. This may involve little more than
adapting well-established ceramic processing equipment.

Hot pressing, especially the relatively simple HIP technology, is probably
the optimum consolidation technology for crystalline ceramic waste forms.
The ASEA Swedish technology (10) is a good start, but more experience with
hot, remote operation, equipment reliability and quality assurance pro-
cedures is needed.
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Reproducible consolidation of products that can contain more than ten oxide
and metal crystalline and noncrystalline phases and whose components may
vary by 50-100% in composition from day to day will need more work. Al-
though this area has received little attention to date, experience in
optimizir.g and characterizing complex ceramics should be quite applicole
here.

Products

More studies of optimum primary containment phases are needed. For ex-
ample, while the Cs-phase in supercalcine-ceramics, titanate ceramics and
(probably) cermets is currently pollucite, and in synroc is currently "Cs-
hollandite," there may well be other suitable phases that exhibit even
better properties. Although there are currently no systematic studies of
such optimized phases, one such study is scheduled to begin at PSU in the
near future.

Conceptually, radiation and transmutation effects could have more signifi-
cance for crystalline than for vitreous waste forms because in the former,
decaying radionuclides are more likely to be concentrated in a small number
of phases. a-Decay in actinide-containing phases could lead to transfor-
mation to an x-ray amorphous state (metamictization) (30) accompanied by
density changes that could cause microcracking and increase the effective
surface area of the product. The threat is that leachability or solubility

of the actinides would be substantially increased. a-Decay also produces
helium which could be a problem. A similar potential threat could occur
from volume changes and structure disruption accompanying transmutation of
Cs and Sr into the very different Ba and Zr atoms, respectively. To date,
there has not been a single experiment reported in which these potential
threats are addressed. Some relevant work has begun at PNL and the Univer-
sity of New Mexico, and will also begin soon at PSU. Note that in the
Academy solidi fication study (2) the potential for radionuclide release in
any waste form due to these effects was thought to be minor compared to
other mechanisms. Also, some of nature's most durable and insoluble minerals
are also metamict minerals (6). This would suggest that their insolubility
is not greatly affected by the x-ray amorphous state caused by a-decay.
Nevertheless, direct and relevant experiments are still needed in order to
access the potential threat from radiation and transmutation ef fects.
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Discussion Following

CRYSTALLINE AND C0ATED HIGH-LEVEL FORMS

Presented by Gregory McCarthy

Bob Watt- Los Alamos, private citizen
Question:
Are the minerals in either of the two lists you made the most stable
minerals under hydrothermal conditions? If not, what are the most
stable minerals, and what might be an estimate of the time required to
produce them?

McCarthy
Response:
That is an excellent question, and I believe we need a real panel of
geoscientists to get together on it. We have done some of this work at
Penn State; i.e., a look at the most stable minerals, but certainly not
in its full comprehensive form. Even more specifically focused field work
would be a big help. Ideas like Oklo can be quite important to us in terms
of stability of radionuclides in minerals. Some of these, however, I be-
lieve right now are good candidates. In this reprint (G. J. McCarthy,
et al. , " Synthesis of Nuclear Waste Monazites, Ideal Actinide Hosts for
Geologic Disposal," Material Research Bulletin,13, p.1239,1978) we
talk about monazite as an ideal candidate for fixation of actinides,
especially if these should ever be separated from other constituents.
So, we are right at the threshold of getting that question answered.

Larry Hench - University of Florida
Comment:
First of all I think that Gregory McCarthy should be complimented on a
very comprehensive talk, especially bringing new data from overseas that
otherwise would not be able to be presented. The question is with respect
to a point that was emphasized in a couple of talks yesterday, which is
the wide variability of existing waste at a coup'e of the on-site loca-
tions. I think you only alluded just briefly to this, so I wonder if
you would comment as to the potential for using the procedures mentioned
to handle the wide variability without going to such a low average loading
as to greatly increase costs.

McCarthy
Response:
I am very glad you asked that. I am happy to expand upon it. I think

it is obvious to anyone who saw that slide with the formulation that the
more constant the reprocessing of waste compositions, the less demanding
is this consideration. However, I feel that built into everybody's
crystalline waste forms should be some ability to accept, say, 50 to 100
percent variations in feed composition. As far as applying today's
ceramic concepts directly to, say, a Savannah River waste with sludges,
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salt cakes mercury, and so forth, there is a bit of a way to go befores

one can just apply current concepts to these divergent waste compositions.

Robert Leachman - NRC
Question:
I have been asked by Professor Ringwood to extend apologies that he
and his associates were not able to be here. I do thank you, though,
Professor McCarthy, for presenting his latest data. Were he to be
here, though, I have a suspicion that he would emphasize what he
considers to be the distinction between your supercalcine program and
hi t. SYNROC program. And as I understand, his distinction is that the
supercalcine program is meant to be one competitive in loading with
glass, that is, high loading and taking whatever compromises in per-
formance that might come from that. I think that he would go on to
say that in his case he is taking deliberately very low loading with
the added cost of fabrication, handling, with what he then considers
to be something that buys greaterpublic confidence and acceptance and
something that he would contend is more compatible with the mineral
state. Finally, perhaps it was inadvertent on your part, but you
contrasted his proom.a with your well-developed supercalcine program.
Is there indeed that much of a difference?

McCarthy
Response
The first two commen;s you made are appreciated. I believe that I
said them, but for the record, let it show that low waste loadings in
a wider range of mineralogies is a characteristic of this SYNROC product.
Does this represent that much of a difference No. We can drop our waste
loadings tomorrow if someone would give us a good reason to do so. We
can also switch to titinate minerals--for example, I would consider using
silicatitinate formulations--for compatibility considerations in certain
repository rock types. There is a vast difference in extent of develop-
ment, and I will be happy to elaborate on that privately any time.
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ABSTRACT

The long term effect of radiation damage on waste disposal mediums,
either crystalline or glass, is a critical factor in the evaluation of
the " integrity" of the waste disposal mediums. Natural analogues, such
as metamict minerals, provide an excellent basis for the evaluation of
radiation damage effects that might be observed in crystalline waste
forms, such as the supercalcine or SYNROC.

special class of amorphous materials whichMetamict minerals are a
were initially crystalline. Although the mechanism for the loss of
crystallinity in these minerals (mostly actinide containing oxides and
silicates) is not clearly understood, damage caused by alpha particles
and re co il nuclei is certainly critical to the metamictization

process. The study of metamict minerals allows the evaluation of the

long-term radiation damage effects, particularly changes in physical
and chemical properties such as microfracturing, hydrothermal altera-
tion and solubility. Comparison of me t amic t and non-metamict poly-
morphs, such as thorite and huttonite (ThSiO ), provides a basis for

4
the evaluation of the susceptibility of different structure types to
radiation damage. Short term radiation damage experiments of these
phases can be validated by comparing the results to long term
radiation damage observed in minerals, such as huttonite, thorite 2nd
zircon. This report summarizes the pertinent lite rature on metamic ti-
zation and proposes experiments that are critical to the elucidation
of structural controls on radiation damage in crystalline phases.
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PREFACE

Estimates of the long term stability of crystalline (i.e. supercalcine
or SYNROC) and glass (i.e. borosilicate glass) waste f o rms are of
paramaount importance in the selection of a waste disposal medium for
high level waste. Both crystalline and glass waste f o rms are subject
to a number of effects. Noncompatible crystalline phase assemblages or

glasses may undergo undesireable solid state reactions under hydro-
thermal conditions. Both crystalline and glass waste f orms may suf f er
changes in composition as a result of groundwater leaching.

Crystalline phases could become glass-like as a result of radiation
damage, while glass waste forms could devitrify (become crystalline)

hydrothermal conditions. Radiation damageas a result of thermal or
possibility. Any waste(fission track damage) in glasses is also a

form may suffer these effects in varying degrees.

All of chese effects are t empe ra t u re and time dependent. While the
effect of temperature may be determined in laboratory experiments, the
necessarily time-limited laboratory experiments offer only restricted
indications of the long term stabilities of the waste forms. For this
reason it is important to examine the long term stabilities of natural
analogues in order to better estimate the effects of devitrification,
recrystallization, alteration and radiation damage. To this end,

an excellent natural analogue for themetamict minerals provide
evaluation of the effect of radiation damage on crystalline phases.

A part of this work was completed while R. C. Ewing was a NORCUS
research associate at Battelle, Pacific Northwest Laboratories, during
the summer of 1977.
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THE METAMICT STATE
RADIATION DAMAGE IN CRYSTALLINE PilASES'

Rodney C. Ewing and Richard F. Haaker
Department of Geology

University of New Mexico
Albuquerque, New Mexico 87131

INTRODUCTION

special class of amorphous materials whichMetamict minerals are a
were initially crystalline (1). Although the mechanism for the transi-
tion is not clearly understood, radiation damage caused by alpha
particles and recoil nuclei is certainly c ri t ica l to the process
(2,3). The radiation damage may result in radiochemical decomposition
due to transmutation, changes in structural dimensions, amorphization,
compositienal changes and mechanical fracturing. The study of

me t arii c t iz a t ion of natural materials allows the evaluation of the
long-term effects that result from radiation damage, particularly
changes in physical properties. Comparison of me t amic t and non--

me tamic t crystalline phases speaks to the question of the suscepti-
bility of different bonding and structure types to ra dia t ion damage
and provides useful insights into defining radiation damage experi-
ments. The purpose this report is to summarize the pertinent
literature on metamictization and to propose experiments that are
c ri t ic a l to the elucidation of structural controls on radiation damage
in crystalline phases.

tilSTORY

The term me tamic t was first defined by Broegger (1) as one of three
classes of amorphous substances. Metamict substances are those which
were originally crystalline but have become amorphous. The original
crystalline state is sometimes indicated by the well f ormed external
morphology of the metamict mineral. While re ta in ing their external
crystalline form, they become less dense, optically isotropic and are
prone to conchoidal fracturing. Some of the phases listed by Broegger
as metamic t are gadolinite, euxenite, fergusonite, thorite and zircon.
These and other metamic t phases tend to contain rare earth elements as
well as thorium and uranium. Broegger, however, made no correlation
between the presence of U and Th and the process of metamictization.

Prior to the concept metamictization, mineralogists had investigated
the thermoluminescence of minerals containing radioactive elements (4)
and observed the annealing of radiation damage by optical techniques
(5). Hamberg (6) was the first to suggest that metamictization is
caused by alpha particles originating from the decay of U and Th
nuclides within the crystal structure. Later work (7,8,9,10,11,12)
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supports this theory, but the exact mechanism for the process of
me tamic t iz a t ion is not clearly understood.

PROPERTIES

The properties of the metamict state have been summarized by others
(13,14,15,16,17). The list below is an amplified tabulation of proper-
ties listed by Pabst (14).

1. They are generally optically isotropic but may show varying
degrees anisotropy. Reconstitution of bire f ringence with heating
is common (18).

2. Metamict phases lack cleavage. Conchoidal fracture is character-
istic.

3. Some mineral species are pyronomic, that is, they glow incandes-
cently on heating. In many cases, however, recrystallization may
occur without observable glowing (19).

4. Crystalline structure is reconstituted by heating. The metamict
material recrystallizes to a polyc rys ta l l ir.e aggregate with a
concomitant inc reased resistance to attack by acid (23,23). During
rec rys ta ll iza t ion several phases may form, the par t ic u l a r phase
assemblage is dependent on the conditions of re c ry s ta l l i za t ion
(e.g. temperature and type of atmosphere) (24). In many cases the
original p re--me t a m i c t phase may not recrysta ll ize due to composi-
tional changes caused by pos t-metamic t alteration (25).

5. Metamict minerals contain U and Th although contents may be quite
variable (as low as O.417 T h o ., in gadolinite from Ytterby,
Norway). Rare earth elements are also common (in some cases over
50 weight percent). Water of hydration may be high (up to 70 mole
percent).

6. They are X-ra y a mo rp ho u s . Partially crysta lline metamict minerals
display distinct line broadening and decreased line intensities. A
shift of lines to lower values of two-theta is observed in
specimens with a reduced specific gravity (26,27).

7. Some phases occur in both tne crystalline and metamict state, and
in these cases there is little chemical difference (14, 28) other
than U or Th content.

METilODS OF STUDY

The physical prcrerties o f metamic t minerals are quite variable. Their
variation as a function of degree of me tamic t izat ion , alteration and
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hydration are oiten measured. Among the commonly determined physical
properties are refractive index (29), birefringence (30), re f le c t ivi ty
(31), Vicker's hardness (31) and density (32).

The most common methods of analysis of the me tamic t state are X- ra y
diffract ion analysis of annealed material (33,34,35,36) and differ-
ential thermal analysis (37,38,39). Most of the effort by mineralo-
gists has been directed at establishing i den t i f ic a t ion criteria. There
has been only a limited effort to use high angle X-ra y scattering
techniques to examine the short-range structure of the " amorphous"
metamict state (40). Other methods of analysis have included optical
ab so rp t ion spectroscopy (41), gamma-ray energy spectrum analysis (42),
inf ra-red spectroscopy (43,44), Mossbauer spectroscopy (45), X-ray
absorption analysis (46), electron microscopy ( 47 ,48 ) , thermolumi-
nescence (49) and measurement of dielectric constants (50). Elemental
analysis is commonly completed by wet chemical means on mineral
separates or by standard electron microprobe analysis. The presence of
water, both s t ruc t u ra l and absorbed and the preponderance of rare

a rarity in theearth elements make a complete chemical analysis
literature. Although ra d ia t i on damage experiments are voluminous,
there have been only limited and unsuccessful efforts to simulate the
process of metamic t izat ion under laboratory conditions (7,51).

SUMMARY OF OBSERVED METAMICT PHASES

In order to understand the compositional and structural controls on
the process of metamictization, it is useful to tabulate naturally
occurring phases which are known to exist in the me t a m ic t state. Table
1 lists those phases which were described as being partially or
completely metamict. This tabulation lists only the major composi-
tional end-members. As one might expect for mineral groups of complex
compos i t ions (e.g., compare the A:B ratios for fergusonite and
samarskite) which are me t a m ic t and much altered, the nomenclature of
any single mineral group is quite complicated and much confused by the
proliferation of varietal names (56). For a mo re detailed listing and
discussion of the mineralogical literature the reader is referred to
Bouska (52). The asterisk by each mineral name indicates it also

partially or completely crystalline phase. In some casesoccurs as a
(e.g. monazite, xenotime and vesuvianite) the inclusion of a mineral
phase as metamict is based on a single or poorly documented

occurrence. In these instances the critical re f erence is indicated. In
other cases (e.g. rutile) the radiation damage is not due to
constituent uranium and thorium nuclides but rather occurred only
along grain boundaries where the rutile was in epitaxial contact with
radioactive davidite.

For those phases which occur in both crystalline and metamic t forms,
it is interesting to compare their uranium and thorium contents. Table
2 gives the average U0 and Th0 c ntents f rthorhombic AB 0 -'YP

3g 2 26
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Table 1: Systematic Tabulations of Metamict Minerals after
Bouska (52)

.

SIMPLE OXIDES

* Uraninite (UO2) (53,54)

*Rutile (TIO2)
2+Nb-Ta-Ti OXIDES (A = U, Th, REE, Ca3*Na, K, Mg, Mn , Fe , Pb;

B = Nb, Ta, Ti, Fe W),

Isometric

AB03 (Perovskite structure)
*loparite
Irinite

*Knopite

A B0 ""20 (Pyrochlore structure)2-x 2 7-Z

kPyrochlore
Betafite

*Mic rol i t e
Djalmaite
Obruchevite
*Zirconolite

Triconal

AB02 5 15 (D vidite structure)
*Davidite

Tetraconal

AB04 (Fergusonite structure)

Formanite
*Fergusonite
Risorite

Orthorhombic

AB 026( " # " "

*Columbite (55,56)
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Table 1r Continued

AB 02 6 (Euxenite structure)

*Euxenite (57)
Pol yc ra se
Delorenzite
*Fersmite

AB. 06 (Priorite structure)j

kPriorite
*Aesenynite
*Blomstrandine
Polymignyte

Monoclinic

AB04 (Samarskite structure)

Samarskite
Chlopinite
Loranskite
Yttrocrasite

26( rannerite structure)AB 0

*Brannerite
Thorutite

2 7 (Zirkelite structure)AB 0

Zirkelite

Pil0S PHATES

*Monazite (58,59)

*yenotime (60)

*Criphite (61)

SILICATES

Neosilicates (Si:0 = 1:6)

* Zircon

*Thorite
*Coffinite
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Table 1: Continued

*Titanite (61)
*lluttonite

*Steenstrupine - Cerite
*Britholite group
*Lessingite
Karnasurite
Karyocerite
Tritomite
Spencite

Rowlandite
Gadolinite

Sorosilicates (Si:0 = 2:7)

Thortveitite group
*Thalenite
Yttrialite
*llellandite

*Rincolite
Epidote group

*Allanite
*Chevkinite
kPerrierite

*Vesuvianite (62)

Cyclosilicates (Si:0 = 1:3)

*Eudialyte
Cappelenite (13)

PMay be partially or completely crystalline.

A reference indicates that the mineral is listed in this table based
only on a single or poorly documented occurrence. Many of the mineral
phases listed are probably alteration products, thus their classifi-
cation based on calculated chemical formulae may be in error.
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Table 2: Uranium and Thorium Content (wt. %) of Non-Metamict and
Metamict AB 0 - Type Nb-Ta-Ti Oxides26

U0 Th03g 2

No n-me t a m ic t

euxenite (63) a a

fersmite (64) a a

aeschynite (65,66) no- detected 0.72

b baeschynite (67) 0.25 2.26

lyndochite (68) 0.08' 3.75

Metamict

euxenites (mean value
of 28 analyses) 9.31 3.08

aeschynites (mean value
of 22 analyses) 1.2 0.73

" semiquantitative analysis, no U or Th reported
b
analysis by R.C.E.

' reported as UO
3
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Nb-Ta-Ti oxides. Although the data in the literature are limited, in
general those specimens of euxenite, fersmite, aeschynite and
lyndochite which are found in the crystalline state have distinctly
lower uranium and thorium contents than their me tamic t euxenite and
aeschynite counterparts. A similar re l a t ion has been demonstrated for
ztrcons (11,70).

Table 3 is a compilation of radioactive minerals which are said to be
always crystalline. Comparison of Tables 1 and 3 quickly reveals
inconsistencies which are present in the literature. Huttonite ir
listed as always crystalline (14) and partially metamict (52). Many of
these inconsistencies may be resolved by detailed and specific
examinations of nomenclature. Also, note that among the phases listed
as metamict (e.g. columbite), some structures probably will not
accommodate either uranium or thorium. Reports of radioactive
columbites are almost certainly m ix t u re s of columbite and metamict
microlite (34,71). A number of the phases (bastnaesite and all
hydrated phases) are alteration products. The primary phases which
consistently occur in crystalline form, even with high concentrations
or uranium or thorium, are indicated by asterisks.

Compilations such as those in Tables 1 and 3 provide an empirical
guide to ctystalline phases that should be avoided in crystalline
waste f o rm s , or indicate which phases might actually be preferred.
Phases that have appeared in waste f o rm "rece ipe s" for which one might
expect long term stability include: monazite, thorianite, xenotime,
uraninite and baddeleyite. Suggested hosts for radionuclides that
would almost certainly suffer radiation damage include: perovskite,
brannerite, zircon, thorite, yttrialite, euxenite, po l yc ra se , fers-
mite, aeschynite, pyrochlore, betafite, microlite and samarskite.

Radiation damage effects in phases such as pollucite, sodalite,
nepheline, scheelite, Ba-feldspar and leucite are difficult to

evaluate from na t u ra l occurrences as these mine ra l s do not contain U
or Th. However, several structural generalizations may be made
concerning radiation damage in na t u ra l minerals. Metamic t minerals
tend to have: (1) complex compositions, (2) some degree of covalent
bonding, instead of being ionic close packed MO structures and (3)
channels or interstitial voids which may accommodate displaced atoms
or absorbed water. On the basis of these empirical c ri teria, minerals
such a pollucite, sodalite, nepheline and leucite warrant careful
scrutiny.

RATE OF METAMICTIZATION

The rate of metamictization of a given mineral is, to a first approxi-
mation, dependent on: (1) the inherent stability of its structure and
(2) the alpha particle dosage resulting from the presence of uranium,
thorium and their unstable daughter nuclides (14).
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Table 3: Radioactive Minerals Reported as Always Crystalline after
Ueda (27).

*
autunite (69,72) Ca(UO )2 (PO4)2 IU-I "2 )0

2

*
bastnaesite (13) (Ce, La) (CO3) F

*
carnotite (69,72) K (UO2)2 (V0 )2 "202 4

columbite (13) (Fe, Mn) (Nb, Ta)2 n

** *
gummite (69) UO nil 0

3 2

buttonite (14) Th:'. iO
4

metatorbernite (69,72) Cu(UO )2 (PO )2 "202 4

monazite (7,13,29,59,69,72) (Ce, Th) PO

stibiotantalite (13) Sb(Ta, Nb)O

*
thorianite (13,29,72) Th0

2

t ho rt ve i t i te (13) (Sc, Y)2 Si u27

Ca(UO )2 (V04)2 "H Otyuyamunite (69,72)
2 2

**
uvanite (69,72) UV0 "20j 6 21

xenotime (7,13,29,69,72) (Y, U) PO
4

yttrofluorite (13) Ca
3 9

titanite (72,62) CaTiSiO
5

*
uraninite (72) UO

2

*
baddeleyite (72) Zr0

2

'' Primary phases which are invariably crystalline, even with high
concentrations of uranium and thorium. Note that in some rare
cases even these minerals iave been reported as being partially

metamict.

**
Typically occur as secondary alteration products.
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Pabst calculated that a minimum of 110,000 years is required for
gadolinite, 4% Th, to become me t a mic t . This figure, which could be
low by a factor of 1000 (15,27,69), was obtained by assuming that all
of the alpha decay energy was spent in disordering the structure and
that this energy was measureable by differential thermal analysis
(14).

Mog /mgzircons become metamict upon receiving a radiat ion dose of about
10 (11). Using this dosage criteria, the following table gives
estimates of the time required for some tadioactive zircons to become
metamict.

Initial ra d i onuc l iile content (wt.1) Estimated time (vrs)
81% Th 14.0 x 10
81% U 3.3 x 10
8lol U .32 x 10

1% Pu236 (does not exist 2.0
in na t u re )

There are, however, zircons and thorites (thorite has the zircon
structure and is expected to show similar ra d i a t ion effects) which
show anomalous ra d i a t i on effects. Some zircons which have had radia-3tion doses of only 2.8 x 10 /mg are metamict (70). On the opposite
extreme is a report of a gonme t a mic t tborite con ta in ing 10% uraniumthat is at least 120 x 10 years old (29). If this age is correct,

thg /mthe thorite specimen has withstood a radiation dose of about 9x
10 g. These data suggest that factors other than s t ruc tu ra l

stability and total alpha particle dosage are important in determining
the rate of met amic t izat ion. Absorbed water, unusual compositions, or
alpha particle dose rate are factors which might result in anomalous
radiation damage effects.

ALTERATION EFFECTS

Minerals that occur in the metamict state are often severely altered,
either as a result of hydrothermal alteration or surface weathering.
The resulting complicated compositional varia t ions a re in part respon-
sible for the very complex mineral nomenclature. Most of the available
data on alteration effects pertains to various Nb-Ta-Ti oxides (25,73)
and zircon (Zr,U)SiO In both cases alteration may be extensive and4
followed by recrystallization of phases quite different from the
original premetamict phase (74).

For metamict, 2+AB 0 -type , gb-Ta-Ti oxides (A = REE, Fe Mn, Ca, Th,
Ta ,6 Ti, Fe ) primary hydrothermal alteration causes a
y

U, Pb; B ,Nb,=

consistent increase in calcium content, generally a decrease in the
uranium and thorium content, a decrease in total ra re earthconcentrations, a slight decrease in B-site cations, and an increase
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in structural and absorbed water. Secondary alteration caused by
weat hering is similar in effect but produces a decrease in Ca content,
an increased leaching of A-site cations and a relative increase in
B-site cations. Refractive index, specific gravity and re flectance
decrease with both types of alteration, but VllN remains approxi-
mately constant. Although alteration effects in thg na t u ra l mater-ese

experimental data onials have been carefully documented, there are no
hydrotbermal alteration effects, solubility as a function of degree of
metamictization, or the kinetics of these reactions.

There is an abundant literature on me t a m ic t i z a t ion and alteration
phase commonly used byeffects observed in zircon, (Zr,U)SiO a4,

geologists in U/Pb radiometric dating. A summary and evaluation of
this literature is beyond the scope of this report and will be
recommended as an important subject of future research. However,
despite the abundant l it e ra t u re , little data is available on the
effect of metamictization on the solubility of zircons. In general,
references in waste disposal literature of changes 1i the solubility
of crystalline phases as a function of metamictization have been
cursory (75). Some studies have indicated that the increase in the
solubility of metamict zircops is negligible (76,77). Other studies
suggest important increases in the solubility and leach rates of
cations in me tamic t zircons (78,79,80). Discordant ages reported for
me t a m ic t zircons indicate that the U/Pb ratios can be disturbed by

metamorphic events (81,82) or by alteration (83). Laboratory experi-
ments involving zircon have demon s t ra t e d that altered regions are
rapidly dissolved by hydrofluoric acid. 7.ircons that have become
metamict are susceptible to attack by solutions that can cause
alteration. Ca, Al, Fe and water are introduced, while Pb is lost

limited and descriptions of natural(83,84). The experimental data are
zircons are seldom complete. This is an area in critical need of
further research.

FUTURE RESEARCH AND DEVELOPMENT

1. Radiation damage effects in natural materials must be evaluated in
orde; to determine the s t ruc tu ra l controls on the process of
me t amic t iz a t ion . The most important phases to examine are the ThSio
polymorphs, huttonite and thorite (28). Iluttonite and isostructuraf
monazite, (Ce,U)PO4, occur only in crystalline form, while thorite and
isostructural zircon, (Zr,U)SiO , are commonly partially or completely

4metamict. Both phases experience approximately the same alpha particle
flux over any given period of time. Radiation damage experiments in
which synthetic thorite and buttonite are doped with radioactive
nuclides (Pu or Cm) can be used to evaluate structural controls on
radiation damage effects. These effects can be monitored by X-ray
diff raction analysis, transmission electron microscopy, differential
scanning colorimetry and variations in physical properties (density,
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refractive index and birefringence). Changes in solubility and
susceptibility to hydrothermal alteration should also be determined as

a function of degree of metamictization. This work is particularly
important as radiation damage effects can be compared to those
observed in natural materials of great geologic age. This provides a
validation of the short term radiation damage simulation experiments.
In addition, crystalline thorium silicates may be compared to
similarly doped thorium silicate glasses, in an effort to resolve the
relative merits of glass versus crystalline waste forms. This work on
huttonite and thorite is presently in progress, supported by Battelle,
PNL (Ewing, Contract EY-76-C-06-1830). In addition, experiments
examining the process of metamictization in apatite are in progress at
Battelle, PNL.

2. Factors affecting the rate of metamictization must be determined.

The experiments outlined in the above paragraph will provide empirical
data for the thorium silicates; but this data must be placed into a
theoretical f ramework, which presently exists in only a limited form
for silicate systems.

3. A careful analysis of the literature and additional experimental
work on zircons must be completed. Zircons are the most studied of the
naturally occurring phases which are found in the me tamic t state. This
data should provide information on the changes in solubility as a
function of metamic tizat ion. As zircon is isos t ruc tu ra l with thori te,
the study of these two phases is an important step in understanding
radiation damage in silicate systems. Lab o ra t o ry experiments on the
alteration of synthetic zircon and thorite as a function of alpha
particle flux can be compared to the alteration observed in na t u ra ll y
occurring zircon and thorite.
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Discussion Following

THE METAMICT STATE: RADIATION DAMAGE IN CRYSTALLINE PHASES

Presented by Rodney C. Ewing

Robert Williams - EPRI
Question:
I have a very short preamble, which I hope will lead to a constructive
suggestion for some research in the area of crystalline waste forms.
First, back to Dr. McCarthy's talk where he correctly pointed out the
difference in level of R & D effort between the glass waste forms and
the crystalline ones. One reason to rationalize that difference is a
judgment on the part of industry that a particular course of research
and development would lead to a fieldable, practical, operating system
ahead of a second waste form, even though the second waste form may be
optimum.

Now my constructive suggestion on which I ask that you comment, is as
follows: we see a lot of discussion of the leachability of glasses.
Once the glass is leached we treat the rest of the earth as a soil
column that is a perfect chromatograph, just like something that we have
in the chemistry laboratory. Are you aware of any research that is going
on, treating the study of crystalline waste forms as a way of looking at
natural methods to immobilize the waste that may migrate from glass
repositories? It occurs to me that this would be a very constructive
ddjunct to these programs, which would otherwise appear to require quite
a number of more years of work before they would produce a waste form in
their own right.

Ewing
Response:
If I understand your suggestion correctly, I think people are already
following up on that, particularly in terms of Professor ficCarthy's
suggestion that the waste form / rock interactions are particularly
important. So I think that geochemists are becoming more involved
in investigating that type of thing. In related way, and separate
from what I have said here, I think it is also entirely appropriate to
look at natural analogs to establish the long-term stability of certain
phases, but whenever we do that we have to do it with a great deal of
care. This has already been mentioned.

Robert Pohl - Cornell University
Question:
You have talked about thorium and uranium-containing materials that
started out crystalline and then turned into amorphous phases, and
you talked about problems of leaching of elements out of these amorphous
phases. Are there any materials containing thorium and uranium that
you think started out amorphous originally and then were left in the
ground? Have they been found? Can one say anything about leaching that
has taken place from those glasses which were glasses and remain
glasses?

--

_
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Ewing
Response:
First, I do not know of any materials like that. Secondly, it would be
difficult to recognize them. If they were initially amorphous and now
are crystalline, it would be difficult to determine that they were
initially amorphous. But I think getting at perhaps what you are asking,
one possibility is to look at uranium and thorium in natural glasses--
say volcanic glasses--and radiation damage effects. It would be difficult
as uranium and thorium concentrations in natural glasses, say, volcanic
glasses, are quite low, and radiation damage effects are minimal. You
do see phenomena such as fission tracks. Of course, we can see fission
tracks because of differential etch rates in the glass versus the
damaged part of the glass.
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THE SAGA 0F NATURE'S REACTOR AT OKLO
Etienne Roth*

I first would like to thank the organizers of this conference for providing
me with the opportunity to attend, especially Dr. George Cowan who suggested my
name to Robert Leachman and Leslie Casey who made this talk possible, and also
wrote this title for me.

Now, in the preface of "the Forsyte Saga" - John Galsworthy wrote:
"The word Saga might be objected to on the ground that it connotes the

heroic, and that there is little of heroism in these pages. But it is used
"with a suitable irony.

This applies perfectly here. But indeed could we expect to find heroism in
the history of a scientific discovery based on scientific analysis of natural
facts? As far as I am aware of, this kind of analysis was developed first in
the mind of a man not at all carried away by the desire to become a Hero.

When Gideon, leader of the Hebrews, received the message that he should
fight the enemies of his people, he was seized by the natural desire of a
prudent, but not necessarily heroic, general to have his orders confirmed. He

asked for the following sign: Should a goatskin be spread before his tent and
found wet with dew in the morning, the desert sand being dry, this he would hold
as the necessary confirmation. He thus already showed ingenuity in conceiving
the idea that sharp differences in effects on neighbouring objects would not be
due to accounted for physical phenomena.

But, what makes Gideon the precursor of scientists is that, when he
observed the anticipated, although perhaps feared, humidity before his tent,
he did not jump all of one piece to any bloody conclusion. Instead he
discussed the results. With verbal precautions, but stubbornly, he expressed
his misgivings as to the validity of the experiment he had conceived, because
this phenomenon could always have occurred that way, unknown to him. So, he
asked for a repeat experience, next morning, showing the goatskin to be dry,
and the desert sana wet. As you know the request was granted; he foucht the
battle and won, having made use "en passant" and for the first time of the
rule that in nature (or scientific experiments), the same causes should produce
the same effects, under the same conditions.

^ Chef du Departement de Recherche et Analyse
DRA-CEN/SACLAY 2,.o-n 2 91190 GIF SUR YVETTE FRANCE
Luncheon talk at the conference on high level radioactive solid
waste forms; DENVER December 20, 1978.
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This method of unravelling the meaning behind an uncertain document
was profusely used several thousand years later in deciphering the Oklo
enigma. In 1972, it was a well established observation that all natural
uranium ores exhibited the same 23s0 concentration within a two per mill
range, with a mean .7202 0.007 in atoms percent.

In France the recorded variations were even smaller, and therefore
no systematic determination of this ratio was made on material from
established natural origin.

So when, on June 7,1972, in Pierrelatte Mr. Bouzigues found that a
natural UFc sample, from a container originating from the COMUREX plant,
showed a 0.7171 23sU content, the message " beware of anormal natural
uranium" was not believed. The messenger (the analyst) was bawled out,
contamination was the accepted meaning of the results and repeat
experiments asked for. Especially as Pierrelatte was producing depleted
uranium, a material error was quite thinkable.

Accordingly, on June 14, a new value, 0.7088, was established and
other containers were measured at 0.7097 and 0.7108.

Still unwilling to accept the meaning of these figures, two obvious
human failures were discussed, i.e., mixing of natural UFs

a) with UFs from the tails of the Pierrelatte uranium enriching
plant, or

b) with ufo manufactured from spent nuclear fuels.

The sought for confirmation of the first hypothesis was not
obtained. A check of containers of UFs tails in Pierrelatte showed that
all of them were accounted for, well filed, and sealed.

However the raw material for the " natural" ufo was UF produced bygthe Malvesi plant. It was also checked and found depleted. But, as
Malvesi was handling depleted uranium from spent fuel, contamination was
still the interpreted message. And by this time (June 15) 700 tons of
uranium had been found to be " contaminated".

So, in order to get the final confirmation of this hypothesis one
looked for the 2360 isotope that is produced in irradiated fuels at the
same time as 23su depletion.

And here came the thundering answer: " contamination not confirmed.
No 23cVFc in the material can be found". So a detailed investiaationwas decided.

Happily, when UF is prepared in Malvesi, samples are taken and4
stored. A survey of the collection soon showed a sharp decrease in 23sU
in all UF produced after May 9, 1972.4
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Good bookkeeping enabled a trace of the corresponding nitrates, and
by June 21 those prepared at the Geugnon plant were identified as
responsible for the anomalies.

They had been prepared by COMUF (Compagnie des Mines
d' Uranium de Franceville). Here again, thanks to the care with which
samples were taken and sent to be stored in France from each lot of ore
mined abroad, it took only a few days to ascertain that some minerals
that were shipped showed isotopic contents as low as 0.44% in 23sU!

Their origin was the open pit quarry at Oklo, and contamination was
all the less probable as the richer the ore appeared to be in uranium
the lower the isotopic content it had!

From there on, I rely mostly on personal memory recollection.

The analysis of the samples had been carried out with the greatest
discretion and now that depletion was established, the cause was to be
ascertained.

Firstly COMUF needed to be sure whether mining the quarry could go
on, as prospective buyers of uranium ore would probably be reluctant to
buy depleted i.uterial. And, as new samples had not been taken in the
field, fugitive assumptions were even made that mixtures of downgraded
materials might have been purposely contrived by malevolent foreign
agents!

On July 19th, concerned people and advisers were convened by
Dr. Frejacques, head of the Chemistry Division. An animated discussion
between participants took place as to the origin of the now well
established effect.

Natural ion exchange chromatography process, an extraordinary
occurrence of transuranium elements that would have finally decreased
into 238U, were among hypotheses enunciated more or less seriously.
Finally, fission was mentioned, but in the context of normal, natural,
spontaneous fission.

I had come to the meeting bringing with me the routine chemical
analysis bulletin provided by the mineralogy department and remarked
that, on the basis of those bulletins, fission did not seem probable as
the amount of fission neodymium that would correspond to the mean
uranium depletion should have been several thousand ppms, and no
neodymium appeared on the analytical sheets, while other, scarcer
elements, such as iron or boron were listed.

"Mais Monsieur" I was answered, "we never look for rare earths in
uranium ores .. " - So it was decided to look for them.
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Melle Neuilly of Cadarache asked to spectrochemically analyse the
ores, and in my laboratory we would look at them with the same
techniques that we were using for spent fuels.

Melle Lucas to whom I handed the samples on the 20th asked. "Am I
to look at Neodymium?" I said "yes" And left on holidays. All
results were to be kept secret and I was supposed to get a copy of them
to issue a report in September. That year I spent a couple of weeks
hiking in the Alps around Mont Blanc and had left word that results of '

the analysis were to be sent to me.

Early in August I simultaneously got two letters from my assistant
M. Nief, who, having taken his holidays before, had not been a party to
this meeting. The first one, for which I would have wrung his neck,
read. "This whole business is probably an analytical artifact" The
second read, "It is not an artifact, it is almost certainly a natural
fission reactor." Finally, I got a compte rendu of the 19 July meeting
that was simply out of tune with what I by now knew and with what I was
supposed to report in September.

August 15 is a national holiday in France. By August 19, I was in
Paris and in the absence of Dr. Frejacques told his deputy, M. Regnaud,
what we thought had occurred in Oklo. In the mean time, I had collected
data on the thickness of the uranium layers richness of the ores,
discussed briefly with Dr. Horowitz, former head of reactor aesign in
CEA, and was convinced that it was altogether credible that critical_

uranium mass might have occurred at Oklo and that it was the onlypossible explanation of the facts.

Dr. Regnaud then told me that Melle Neuilly had already written a
report where she came to the same conclusion from the spectrochemical
analysis of rare earths that showed a chemical distribution of
abundances identical to that of fission products of 235U.

After discussirg those results with reactor physicists such as M.
Bussac working with Ar. Vendryes, MM. Frejacques, Vendryes, Bussac,
leveque, Vidal and I finally flew to Gabon to visit the Oklo quarry,
discuss on the spot with geologists, especially Dr. Pfiffelman, and with
the active head of the uranium plant, M. Guibal.

We all came back loaded with Oklo samples and still shaken by the
realization that what we had all been working on so long, harnessing the
energy of the nucleus, what we had thought were the results of the most
advanced human science and greatest coordinated research and industrial
efforts during the 1940-1945 period, had been quietly and mechanically
achieved by nature two billion years ago.

In the meanwhile, we were rapidly piling up more data, and by the
end of September were publishing results on many more fission elements
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including noble gases. They corroborated the find and established
conditions of its occurrence.

It is interesting to observe that the conclusion, a natural chain
reaction had occurred, was announced to the French press with fanfare
and, therefore, should have been immediately noted. But, again, the
message was only believed by the international scientific community
after many months of delay. And this in spite of the fact that the
possibility of such an event had been predicted years ago by Dr. Kuroda
whose papers I had not only read but even quoted in a 1969 review I had
made of uranium isotopes. Also, alas, I had forgotten by 1972*
Kuroda, unfortunately for him, had perhaps overlooked the necessity of
studying old enough uranium ores that could have been as rich as 3% in
23s u and studied only 600 million year old pitchblende. Even otherwise,
he might not have succeeded as to this day the accidental Oklo find is
the only known one, although the quarry can now be compared rather to a
reactor park as it houses half a dozen units lying next to each other.

After that the study of the phenomenon went on steadily.

in my laboratory we attached ourselves to evaluate, inter alia, the
age of the reactor, the duration and intensity of the reaction, and its
temperature. We tried to find out whether this phenomenon could have
been frequent, or must have remained exceptional, and concluded the
second hypothesis.

An effort coordinated by M. Naudet, a well known reactor physicist,
was devoted by CEA to study this phenomenon. He investigated the site,
unravelled the mechanism by which those reactions were started,
propagated, and finally came to an end.

M. Naudet also supplied many laboratories in France, and abroad
also, with samples for further studies and analysed their results. The
amount of work done by him has been outstandingly put to light by the
two international conferences convened by IAEA in Libreville and in
Paris.

Af ter telling the Saga of its discovery, here is briefly the Saga
of the creation of the reactor for which an article by George Cowan in
Scientific American (July 1977) is a good introduction.

Two billion years ago the earth had lo.'g gone from a reducing
atmosphere, as existing when created, to an oxiaizing one. Water flowed
freely at the surface--temperature was probably warmer, organic life was

*It was called back to my attention by Dr. Labeyrie.

_.
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developing at that time. In Gabon early minerals containing urgium in
a reduced formed started to let it be leached out as oxidized U
carried away by water. ghenanactivebacterialactionoccurreduranium
was reprecipitated as U

Then those deposits started to be buried by sediments. Now
remember that 2 billion years ago the 235 U content of uranium was about
3%, and due to the shorter period of 23sU it never ceased to decrease
down to the present 0.7L During the burial uranium was reconcentrated
by complex exchange with organic material, water was expelled and
finally, critical mass was achieved in locations wnere no natural poison
(boron, rare earth, etc.) were too abundant.

From there on, still sinking deeper those reactions even further
propagated themselves, burning adjoining poison. And the " reactors"
were controlled by a complex thermal circulation of water. Finally they
stopped because of fuel depletion, water depletion perhaps, also of
continuous burying, and stayed buried and essentially intact for
2 billion years in spite of tectonic cosements, and only recently
resurfaced.

The duration of operation of these reactions ranges from 100,000
years to about 1,000,000 years.

With respect to the topic of this meeting let us concentrate on
what happened to the fission products and transuranium elements. During
our studies of the date at which the reaction took place, Dr. Hageman
and I tried to extend the well known rubidium-strontium method to the
fission produced rubidium strontium couple, as the first impression we
had was that all fission elements had stayed "en place".

To our surprise, and dismay because it ruined a " bright" idea,
those particular elements, which were indeed chemically present in about
the expected amounts from 2350 fission, were isotopically almost normal,
in total contradistinction with the previously investigated rare earth
fission products. This demonstrated the fact that large migration of
some elements had occurred.

M. Frejacques was quick to foresee that much could be learned from
the study of the Oklo sites with respect to the stability of elements
from stored waste, and systematic investigation was made of many
elements to find what proportion had remained in the reactor " core".

The Oklo site provides an up to now unique facility to trace what
has become of all fission products. The study showed an exceptionalstability of uranium. For many elements, confinement during the last
stage of operation was good, probably because, as will be seen,
pitchblende turned into uraninite and rare earths were well preserved,
although definite differential migration between these elements, buried
in a natural site over 2 billion years, can be shown.
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Oklo is also informative about iong lived alpha emitters, such as
plutonium. And this in spite of the fact that, when one studies a fossil
reactor, those elements that we are accustomed to finding in spent fuel
of man-made ones, or in wastes can no longer be observed, because they
have decayed away. For example, 239Pu, which has a half life of about
20,000 years has long ago decayed back to 2350, so has 24tPu to 23cU
and further to 232Th.

In Oklo, this concerns no small amounts as, in the explored regions
of the quarry, 4 to 6 tons of 235U underwent fission, and about half
that quantity of 239Pu was formed. If 239pu produced 23sU, 240Pu simi-
larly produced finally 232Th, and 24:Pu decayed into 209Bi. We know
about these elements from their descendants, as Alice in Wonderland
could still know about the cat from his smile long after he had vanished
in the tree.

In spite of many efforts and a few false expectations due to mass
spectrometric artifacts, no enriched 23sU was ever found anywhere in
Oklo. This proves, and is substantiated by ion microprobe investiga-
tions, that plutonium and uranium in Oklo ores, mostly uraninite in the
reaction zones, have truly kept together. The fact that 2380 and 23su
images at the micro level are strictly identical would not occur if the
50%, due to 239Pu, had migrated. In interpretating the data decay it
should be kept in mind that during the nuclear reactions themselves the
ores underwent many changes due to radiation. Although fluxes were low,
107 - 108 2 2n/cm /s, integrated fluxes were high, up to 1021 n/cm ,

Thus pitchblende turned into uraninite. Increasing confinement,
because of a more regular crystalline structure, is demonstrated by the
fact that, outside reaction zones, uraninite is not found but pitch-
blende is.

Also around those zones, sandstone desilicification occurred due to
radiation damage. And clay seems to have but poorly contributed to
confinement, except for zirconium. Finally. quartz was found free from
fission tracks in the immediate neighborhood of the reactor, probably
due to a self annealing effect.

CONCLUSION

What are the lessons of this Oklo story?

1) The first could be the importance of strict analytical proce-
dure and the utmost worthiness of faithful records and of good sample
collections. Red tape is not always futile.

2) The second is that while Oklo still remains an isolated occur-
rence the preservation of such a site is something providential.

--

______
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In a mine, excavation would, most of the time, start with the richer
ores- precisely those that would have reacted if made possible by age,
low neutron capture of the soil, water content during ore formation and
richness.

3) If depleted ore were diluted in large quantities of normal
uranium no tangible effect might have followed its introduction in
either an enrichment plant or a fuel manufacturing plant.

4) With respect to storage, the Oklo uraninite was, in spite of
tectonic accidents for many of the more difficult elements to store, a
good retention medium. But some losses did occur--it is herefore
important to carry out further the study of retention to ascertain when
losses did occur--during the early operation of the reactions, as flux
measurement seems to prove, i.e., before uraninite was formed. But even
small effects should be scientifically interpreted.

How would I define such a task. Edward Teller liked to say that an
expert is a man who knows from personnal experience all the errors that
can be made in a limited field.

I propose that the scientific study should enable us to predict,
from our experts' experience in the laboratory, the results that
experts' experience in the field would provide, but minimize the errors
implied in a pure trial and error method. In this way our hope is that
scientific interpretation of Oklo's data will help in the conception and
design of high level waste storage.
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WORKSHOPS

Workshop #1, Criteria for Solid Waste Forms

Workshop #2, Stabilities of Alternative Waste Fonns

Workshop #3, Limitations

To initiate each workshop, two short talks presented
suggested issues from distinctly different points of
view. The chairperson and a rapporteur wrote the re-
sults for presentation to their workshop at the begin-
ning of Thursday morning, 21 December.
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WORKSHOP #1

CRITERIA FOR SOLID WASTE FORMS

Chairperson: Robert Bernero, NRC

Issue Presenter: Karen Adelson, Westinghouse Electric Corp. -
Optimistic

Issue Presenter: Thomas 8. Cochran, Natural Resources Defense
Council - Cautious

Workshop #1 was set up to discuss the ability of regulators to establish
and to adhere to sufficiently meaningful criteria of solids to achieve
safe regulation in high-level waste disposal.

1. ISSUE PRESENTATIONS

A. Optimistic Issue by Karen C. Adelson

Ms. Adelson indicated that we do have the means to dispose
of high-level radioactive wastes, and that we ought to make
decisions and proceed.

Her objectives for establishing specific scientific and
technological criteria for disposal of high-level waste
include:

o Reasonable short- and long-term environmental
impact;

e Acceptable impact on public health and safety
with minimal risk to future generations;

11aximizatjon of resource conservation;e

e Maximization of wise resources allocation; and

Compatibility with the primary economic, political,e
moral, and ethical goals of society.
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There is consensus in the technical community, in that
regulators, scientists, engineers, consumers, and concerned
environmentalists agree that we should apply current knowledge
to dispose of high-level radioactive waste safely.

B. Cautious Issue by Thomas B. Cochran

Dr. Cochran mentioned three aspects of the issue:

Public attitude about the development of radiationo

protection standards;

e Fonnal decision-making; and

e Religious or ethical considerations.

Dr. Cochran covered only the first two items. and left the
third for discussion in an informal discussion group. He traced
the history of the development of radiation protection standards.
He argued that the public's attitude toward the environment is
one of nondegradation, and the public in its influence on the
development of radiation standards has indicated that no amount
of radiation contamination is considered " acceptable." The
effects of radiation on future generations are of prime impor-
tance and cannot be discounted.

Dr. Cochran discussed formal economica decision theory to
show that it is possible to aggregate individual preferences
in a consistent way into a societal preference function and at
a minimum if decisions are to be fair one must have access to
everyone's feelings about the outcomes. This line of argument
was further developed to show that as a goal for our radioactive
waste management program we should strive to be totally neutral
with respect to the allocation of risks and benefits to future
generations.

In summary, these different approaches to decision-making
relevant to nuclear waste management converge to a control
thesis: that considerations of fairness and reasonableness re-
quire nondegradation of the environment as a fundamental waste
management goal.

Dr. Cochran argued that the systems approach as discussed in
the IRG report is consistent with the defense-in-depth licensing
philosophy, but is being abused by some people to suggest that
performance objectives for individual waste barriers (e.g., waste
forms) do not have to be met as long as the overall system meets
some overall perfonnance objective.
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2. OBJECTIVES OF WORKSHOP DISCUSSION

This workshop session started with certain stated objectives
for the discussion. As the discussion proceeded some modifica-
tions of the objectives evolved. The objectives were to establish
a method for setting waste fonn performance criteria and, if
possible, to set specific criteria or elements of such criteria.

3. WORKSHOP SUMMARY

The discussion revealed an apparent consensus limited to
approach and the basic structure of the consideration.

A. Apparent Consensus

It was generally agreed that one can't set criteria for waste
form alone. One must consider the total objective of waste manage-
ment. There must be an acceptable performance objective for the
disposal system as a whole set first, and then a well thought out
analytical methodology to reduce that overall objective to specific
waste form criteria consistent with it.

B. Range of Specific Views

The range of specific views can be considered on each of the
basic elements of the apparent consensus of structure, namely, the
overall performance objective, the analytical methodology, and the
waste form criteria.

(1) Overall Perfonnance Objective

Four possible objectives were considered, all related
to risk. They are that risk should be no greater than that
from:

the original natural ore bodiese

e natural background radiation

energy-related activitieso

e man-made risks of all kinds

The proposal to relate to the natural ore bodies
(Cochran's Non-Degradation Criterion) suggested that nuclear
operations of all types (mining, processing, and waste isola-
tion) should be conducted so the overall hazards to future
generations are the same as those which would be presented
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by the original uranium ore bodies utilized in those
operations, assuming they were never mined. It was
argued that such an approach obvictes the need to discuss
whether future generations would ac:ept the risks we would
leave them. There were questions about the possible de-
tails of using this criterion, whether it was technically
realistic. Time did not permit pursuit of these questions.

The use of natural background radiation or a fraction
of it was proposed because it too could eliminate dis-
cussior) of whether future generations would accept the
risk.

The relation to energy-related activities is proposed
as a means of doing energy system risk-benefit analysis.
Some raised questions on whether future generations would
accept the same levels of risk, noting that the repository
would be difficult, if not impossible, to change. Others
questioned whether our regulatory system can apply thic.
objective risk-benefit test to all energy technologies.
Some proposed relating the overall performance objective
to man-made risks of all kinds, again using the criterion
of what this generation will accept. The same argument was
made about possible changes in risk acceptability standards.

It was also suggested that the overall performance
objective or elements of the system performance be based on
two time scales, one the shorter time scale associated with
high F. P. activity and the other the longer time scale of
actinide toxicity.

The proposal was also made that it would be prudent to
make an expeditious choice of the most broadly endorsed
performance objective in order to ensure the maximum degree
of public acceptance and support.

(2) Methodology _

The discussion here was on the proper use or combination
of two approaches:

System Analysis (SA) or Defense-in-Depth (DD). Many
argued that SA had to be used for an intelligent considera-
tion of all of the parameters, thus enabling tradeoffs between
them. SA would also permit tailoring the waste form to the
disposal medium and avoid choices of design parameters which
would enhance one aspect of perfonnance at the expense of
another.
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It was argued that economic cost of waste form should
be eliminated from the SA consideration or at least made
only a secondary factor, since even a two- or three-fold
cost change for the waste fonn had only a small effect on
the cost of energy. Some cautioned that good SA would
take care of that.

The propoenents of DD argued that it did not eliminate
SA but made up for uncertainties in the analysis by over-
lapping the performance requirements for each element of
the system. In this way, error in one element would not
lead directly to failure of the overall system. The
counter-argument was that the choice of DD broke up good
SA.

(3) Waste Form Performance

It was acknowledged that high temperature of the waste
form can pose serious problems, but without the other ele-
ments of the approach a temperature limit could not be
simply chosen. Some suggested that temperature and other
specifications for the waste form not be taken as the
criteria, the waste form performance criterion should be
based on release of the radioactivity from the form and
the form's interaction with its surroundings.

4. WORKSHOP DISCUSSION

Suninary presented by Robert Bernero, U.S. Nuclear Regulatory
Commission.

Eugene Cramer - Southern California Edison Company (see Appendix A for
post-Conference communication)

Comment:
I would just simply like to make a clarify;ng question. I
thought when Dr. Cochran proposed what has been called a "non-
degradation criterion" that he was speaking of this natural
uranium ore body only in relationship to the waste disposal,
rather than incorporating the transportation and operation of
nuclear reactor fuel reprocessing plants or lack thereof. I just

wish you would clarify that with Dr. Cochran.

Robert Bernero - NRC
Response:
I would be happy to do that. In his notes which he used for
presenting issues, Dr. Cochran did use the entire cycle. That

which we have added are the actual words from his notes. In our
original draf t it was over-simplified. In Dr. Cochran's original
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notes and in his talk he referred to the risk or impact of the
entire cycle, starting with mining and going on, and in our
original summary we did not include all of it. We just had waste
disposal. So we have altered the text of the summary to reflect
his original remarks.

.
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WORKSHOP #2

STABILITIES OF ALTERNATE WASTE FORMS

Chairperson: Leslie A. Casey, U.S. Nuclear Regulatory Commission

Issue Presenter: Rustum Roy, Pennsylvania State University -
Optimistic

Issue Presenter: Robert 0. Pohl, Cornell University - Cautious

Rapporteur: W. Carl Gottschall, University of Denver

Discussion in Workshop #2 focused on the ability and likelihood of
learning the characteristics of alternative waste forms and utilizing
these in the choice of the optimum form for actual disposal. In-
cluded were: results of the National Academy of Sciences' Panel on
Waste Solidification; scientific and engineering properties; present
knowledge and abilities; schedules; and costs.

1. ISSUE PRESENTATIONS

A. Optimistic Issue by Rustum Roy (see Appendix B for post-
Conference conmunication)

Up to now, waste management strategies have seriously under-
estimated the significance of the waste form, by concentrating on
the isolation system. In sharp contradistinction to the latter,
the waste form offers the possibility of experimental verifica-
tion, on well-established scientific principles, for geological
scale time periods. Furthermore, the use of resistant minerals
as the model desirable hosts has not only scientific significance,
but special value in public interpretation.

The recent report of the National Research Council has
summarized the important consensual findings re the alternative
solid forms available for waste solidification (see next page
for briefest summary) .

The choice of waste form must be made in thee
context of (a) the age of the waste; and (b) the
final host rock

Excellent mineralogical and geological models existe
to demonstrate the survival of specific phases in-
corporating particular ions (including the actinides)
in a very wide variety of near surface ambients.

ALL SUCH "RESISTATES" ARE CRYSTALLINE
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o The existence-theorem of a " safe" solid waste form
in a system must be established within the scientific
community. This is the ONLY route to getting public
acceptance

The concept of " demonstration" of any system wille

require 20-30 years as a minimum, and obviously too
long to defer any policy decisions on nuclear power

e The use of a " Cadillac" model of a mineral-modeled-
ceramic, coated with Al20 and/or Si , and embedded inC3

a metal matrix, is likely to be most important as a
test case

Once the cost becomes evident, especially for DOEe

(or other old) wastes, the modified Oak Ridge super-
grout process, used on-site, will appear increasingly
attractive

B. Cautious Issue by Robert 0. Pohl

(1) Does the System View leave us with too many options?
How can they be reduced?

Don't use salt formations for any radwastes.a.
Less strict requirements for waste forms,

b. Don't use a 40y wait - instead use dilution.
Less strict requirements for waste forms.
Glass may be okay.

Ignore costs in selecting options.c.

d. Don't invest in clearly intermediate solid waste
fonas; this avoids the temptation to define them
as permanent.

(2) Potential Waste Forms: Different wastes will need
different waste forms.

a. Glass - the great disappointment; can it be
salvaged in the public view? This must teach
us caution.

b. Supercalcine, Synrock: basically very appealing.
But unknowns remain: I-129.
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c. Spent Fuel - the reality of high level waste:
far too little is known.

d. Uranium Mill Tailings - an ignored high level
- waste in need of a waste form.

2. WORKSHOP SUMfMRY

It was noted that considerable advance had been made in
the development of new waste forms which, together with metal
or cement matrices, high integrity containers, and overpack
appear to promise the major barrier to radionuclide release.

e The primary concern from the floor was the question
of the relation of the waste form to how soon criteria
will be set (note: the socio-political climate will
not pemit a wait of 10-15 years) and on what basis
or bases they will be set (e.g., length of durability
required). It was stressed that the regulations must
rest on the most defensible part of the system and

_

this was felt to be the radionuclide source; e.g.,
the waste form. This feeling was founded on the
general agreement that materials sciences today can
meet most specifications that might be set and
established.

e For purposes of discussion a benchmark fractional
release rate based on a paper by H. C. Clairborne and
F. Gera, " Potential Failure Mechanisms and their Conse-

quences at a Radioactive Waste Repository in Bedded
Salt in New Mexico," ORNL-TM-4639, 1974, was intro-
duced, and although the proponents of different waste
forms (glass, crystals, metal matrix, etc.) did not
resolve which form met this rate best, it was generally
concluded that" "If a waste form can be made to re-
lease an adequately small fraction under repository
conditions, then the rest of the waste management
system is relegated to being redundant assurance.

e There was general consensus that the U.S. should
return to a policy of reprocessing and even a belief
that with a change in administrative policy reprocess-
ing will become a reality. This was exemplified by
the fact that the discussion centered around the
primary barrier being waste forms which only come
from reprocessing instead of on high integrity.

canisters which would be essential if spent fuel
were believed to be the accepted solution.

- - -

.
__

,
,
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e It was recognized that i.ne mill tailings problem
was comparable to the high-level waste problem for
time scales beyond a thousand years. One view point
stressed as a goal that if mill tailings were placed
in a deep continental waste repository the hazard
should be contained such that it does not exceed the
hazard existing from a natural ore deposit. No con-
sensus was reached as to whether the mill tailings
placed in a waste repository should be immobilized
further than just using the tailings as backfill.
Reference was made to the extensive work performed
at ORNL (M. B. Sears et al., " Correlation of Radio-
active Waste Treatment Cost and the Environmental
Impact of Waste Effluents in the Nuclear Fuel Cycle
for Use in Establishing 'as low as practicable'
Guidelines - Millinq of Uranium Ores." ORNL-TM-

490-4903,1975) on various mill tailings management
options.

3. WORKSHOP DISCUSSION

Summary presented by Leslie Casey, U.S. Nuclear Regulatory
Commission. (No discussion ensued.)
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WORKSHOP #3

LIMITATIONS IN PREDICTING LONG-TERM PERFORMANCE

Chairperson: James C. Malaro, U.S. Nuclear Regulatory Commissi, a

Issue Presenter: Bernard Cohen, University of Pittsburgh/ANL -
Optimistic

Issue Presenter: Terry Lash, Natural Resources Defense Council -
Cautious

Rapporteur: Michalann Harthill, private citizen, Denver,
Colorado

Systems analyses which are used to predi:ct long-term performance
in waste disposal have led to a dominant reliance upon geologic
retention, but an insignificant reliance upon the post-emplacement
durability of the waste solids. These predictions are pertinent
to the extent that all effects have been anticipated and that the
data are measured and accurate. The discussion focused on whether
basic reliance should be placed upon such predictions or whether,
alternatively, the durability of solids has importance beyond trans-
portation and retrievability.

1. ISSUE PRESENTATIONS

A. Optimistic Issue by Bernard Cohen (see Appendix C for
further details.

Dr. Cohen suggested that standards for acceptability of risk
in nuclear waste disposal be compared with the risks society is
apparently willing to take with other forms of toxic substances.

e Problem associated with high-level nuclear waste
is not necessarily as severe as with other forms of
radioactive waste; e.g., radioisotope releases
associated with coal burning, radon gas emittance
from uranium mines

Nuclear waste is not as persistent as some forms ofe
chemical waste (e.g., as Hg.)

e Risks are associated with all aspects of existence

Costs to reduce risk from radioactive waste must bee
justified in comparison to costs to reduce other
forms of risk
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B. Cautious Issue by Terry Lash

Dr. Lash u:d not feel confortable with the current amount
of research done to effectively dispose of nuclear waste.

e Several institutions are researching various aspects
of the problem. A few reports have synthesized
results to date

o Emphasis should be placed on a systems approach
to isolation and disposal

e " Multiple barriers" is a conservative approach
which should be implemented

e Analytic models alone are not capable of demon-
strating long-term safety with adequate certainty

2. WORKSHOP SUMfMRY_

Two major issues were discussed during general commentary.
The first, more subjective, is the basis for determining accept-
ability of risk. Several concepts were considered. Among these
were using for reasonably safe exposure, the occurrence of natural
radioactive ore bodies, or the radioactive waste from mined coal
or phosphate. Strong objection ..as voiced to the use of radio-
active waste from mined coal and potash as a standard on the
grounds that risk from these sources may themselves be unaccept-
able

Another factor to consider is the value placed on human life
and the monetary sum (real dollars) required to minimize damage
from a probable risk. The concept suggests that spending addi-
tional money to meet stringent criteria is a waste if that money
could be spent in other ways to save more lives. It was noted
that the value of the life in question is subject to change; the
value placed on human life varies from one culture to another,
and also from one period of history to another within the culture.

A third concept discussed is our responsibility to future
generations. Given that this generation does not want to openly
expose itself to radwaste, and bearing in mind that the radio-
active component of the waste diminishes with time, should we
ensure that several generations from now the potential radio-
active risk is less than might be expected from natural back-
ground radiation?

Although there was no consensus on the above points, there
was agreement that these determinations should ultimately be
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made by an informed public who makes its value decisions based
on adequate physical, chemical, and biological and cannonical
data generated by scientific investigations.

The second major issue discussed in the workshop was the
ability to predict risk over time from geologic disposal of
high-level wastes with reasonable certainty. Recent reports
including USGS Circular 779, " Geologic Disposal of High-Level
Radioactive Wastes - Earth-Science Perspectives," EPA Report
" State of Geological Knowledge Regarding Potential Transport of
High-Level Radioactive Waste From Deep Continental Repositories,"
and Interagency Review Group on Nuclear Waste Management "Sub-

group Report on Alternative Technology Strateg]ies for theIsolation of Nuclear Waste" [ TID-28818 (Draft) , were referred
to as evidence that many uncertainties still exist.

Some predictive modeling studies now underway in the UK,
Sweden and the U.S. were described briefly. U.S. modeling
studies include DOE : studies at Battelle (WISAP), Rockwell
Hanford Program and TERA (WIPP); EPA studies at the University
of New Mexico (AMRAW) and A. D. Little; and NRC studies at
Sandia and LLL.

Cormion to all of the efforts is a series of analytic models
which address (1) radionuclide availability (waste dissolution);
(2) transport to the biosphere (ground water transport, geo-
chemical retardation); (3) transport through the biosphere; and
(4) dosimetry. All models were predicated on the assumption
that ground water transport was principal potential transport
mechanism. Some models are designed to also consider disrup-
tive events, including intrusion by man.

In the UK it is assumed that only reprocessed waste will be
buried as encapsulated glass.

Work performed to date has been principally aimed at
developing models with sufficient flexibility to accommodate
a variety of possible events so that "what if" questions can be
addressed. Models are now being used to determine sensitivity
of waste disposal systems to different parameters.

It was generally agreed among those familiar with modeling
work being done that modeling capability presently out-strips
the availability of data based on adequate field and laboratory
tests and that such data inadequacies may be the limiting factor
in making predictions.

One member of the group poirted out that the Rasmussen study
(prediction of reactor risks) was still subject to much question
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even though the data base was much larger than that which
exists for geologic repositories.

It was generally conceded that little has yet been done
in the area of model verification. In Sweden field measure-

esments of Sr migrations have been made to verify sorption
models. The agreement between predictions based on laboratory
measurements of K -values and the observed migration time was

dgood.

There was a great deal of discussion as to whether reliance
should be placed principally on natural geohydrologic barriers
or engineered barriers. There was no consensus on the issue.
The use of conservatism to compensate for uncertainties was
discussed. It was generally agreed this presently would be
necessary and that NRC should fulfill its functions. Some
expressed the view that because of the apparent uncertainties
involved in predicting the effectiveness of any single barrier
it would be necessary to rely on a series of barriers which
would be shown to be mutually independent (i.e., no common mode
failures), and preferably redundant.

The potential for making long-term predictions of the
reliability of waste forms was discussed. A number of questions
were raised concerning the certainty with which long-term pre-
dictions could be made by extrapolation from short-term tests
or from " accelerated" or non-integral tests. It was argued
that an advantage of such materials predictability studies is
the opportunity to compare predicted responses with demon-
strated performance of analog materials removed from burial
sites from 1-106 years. Thus, possible verification of
materials predictability models may be achieved in this manner.

There was general agreement that there should be more
effective coupling between the geologic model community and
materials community in specifying anpropriate boundary condi-
tions for laboratory testing of materials and release rates for
the geologic models.

3. WORKSHOP DISCUSSION

Sumary presented by Michalann Harthill, private citizen, Denver,
C0

Fred Schmidt - University of Washington
Conment:

I wonder if you would clarify what you said at the beginning
You said something about some members not subscribing to the
sumary.
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Michalann Harthill
Response:
I am not certain what you are talking about. Originally we were
to be discussing the systems analyses being developed
to predict the long-term performance of waste disposal. However,
there were two issues discussed in the workshop. One of them was
the acceptability of risk. The second half of the workshop we
actually did talk about systems analyses and how we would go about
developing those.

Robert Mason - Boulder, Colorado, private citizen
Comment:
I came here because I personally have been concerned about waste
disposal for quite some time with particular emphasis on the local
issues of uranium mining and milling. There was a problem that was
raised during this workshop session that did not get touched on. I
would like to raise it here as a comment that many of you ladies
and gentlemen are working on. My concern has to do with the
sensitivity of these models to problems of scale, and I am thinking
in terms of scale in basically three ways. These are problems of
scale in individual repositories, problems of scale in terms of the
number of repositories, and problems with scale relating to the
time dimension. That is to say, the projected total interval over
which the nuclear power option might be exercised in something like
its present form. I did not hear in any of the discussions any
attempt to relate possible modelling problems and analysis problems
to this area. I think it is clear that a release rate which might

be conceived to be quite acceptable--let us say 60 gigawatts
electric per year over 50 years--might be totally unacceptable at
10,000 gigawatts worldwide over 500 years. So it seems to me fairly
obvious that these models are at least somewhat sensitive to these
problems. If for no other reason than that, the number of acceptable
repository sites may turn out to be rather small by the time you
applied all of the relevant criteria. I would like to invite your

attention to this issue in your further deliberations. I do have,

if I may, one additional short comment, a more general one. It

has to do with a rather troubling lack of discussion, even by
implication, to me as a member of the general public, of the recent
work and the recent statements that have been made by people like
Karl Morgan and others relative to the new knowledge that is emerging
on permissible limits of exposure to low levels of radiation,
particularly alpha particles. Dr. Morgan, as some of you may be
aware, was out here recently testifying at a trial of . . .

Robert Leachman - U.S. Nuclear Regulatory Commission
Response:
May I interrupt? You perhaps were not here on the first day of
the conference. I, as Conference Co-Chairperson, laid out the
desire that we go in-depth in certain subjects and, to do that, to
leave out other subjects and have those subjects come up in the
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evening discussion groups. I think you are in that now. I am
not trying to detract from the importance of the subject or your
desire to bring it up. I am just trying to play by the Conference
rul es. I prefer that we do not hear you out because I think that
should have been brought up in the Wednesday evening discussion,
just as we laid out this whole program.

Harry Landon
Comment:
Let me entertain that you write your comment. We will see that it
gets into the record. In viet of what our Conference Co-Chairperson
has ruled, I think that is the proper procedure. Are there further
comments?

William Barnard - Office of Technology Assessment
Comment: .

Does it matter if there is any apparent contradiction between any
of the Workshop synthesis documents?

Harry Landon
Response:
If you ask my personal opinion, I would say no, but I will again
refer to the Conference Co-Chairperson. It was his design and his
criteria that we are living to.

William Barnard
Comment:
Maybe I could just elaborate on the point that I would like to make.
If you look at Workshop #2 synthesis at the end of the first para-
graph, concerning waste form it says that "this feeling was founded
on the general agreement that the material sciences today can meet
most specifications that might be set and established." I think
this implies that the testing of materials can tell us whether they
can or cannot perform according to standards. However, if you look
in Workshop #3 synthesis near the end, it says that "a number of
questions were raised concerning the certainty with which long-term
predictions could be made by extrapolation from short-term tests or
from accelerated tests." I assume that the accelerated tests were
those tests performed on the waste forms. It is my feeling that the
testing of the waste form, canister, and overpack materials may
providc the key to providing a safe disposal system. I think perhaps
some discussion of the validity of accelerated tests may be appro-
priate here.

Harry Badad - Rockwell, Hanford
Response:
I think I should answer that question. Our concern in Workshop #3
was not nearly as focused as Workshop #2 on the materials of the
waste forms, but we were really focusing on how do you test transport
characteristics from placement until the materials released might
possibly enter the biosphere, as well as how you model the system

. . _
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and where do we get the long-term assurance. If we test for 30 years--
50 years--do we draw upon migration experience at our various sites?
How do we tie that into possible requirements for 500 years or longer,
in terms of assurance. And we were also asking how does the
scientific conmunity develop tests that do extrapolate, rather
than focusing on materials.

Harry Landon
Response:
Let me say that our purpose was not to have a global consensus of
three workshops. We want to have the talks on these particular subjects
on the record as we have achieved them. Are there further comments?

Pedro Macedo - Catholic University of America
Comment:
Just one slight clarification. The speaker asked the question about
overpack and containers. We considered the solidification, the over-
pack, and the container as all one barrier when we were talking in
Workshop #2.

Larry Penberthy - Penberthy Electromelt International, Inc.
Response:
It is obviously impossible for us to make a physical test of these
systems that will take 500 years and then perform any action today,
after we have completed such a test. The way that we went at it in
general philosophy in Workshop #2 was to say let us do a very good
job of the waste form barrier and let us take a number that we think
might be reasonable. That is, we have a 10-5 possibility of not
having the right choice. We have a good barrier there. Then in addi-
tion, we put on the waste canister and its surrounding overpack and
that is another 10-5, and then we take the geologic formation and it
is another 10-s. 10-15 security is good enough.
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EVENING DISCUSSION GROUPS

WEDNESDAY 7:30 P.M.

Special concurrent evening sessions on issues related to the
Conference theme were chosen and conducted by the Conference attendees.
The subjects chosen are listed below.

Group Subject Organizer

1 Ethics and Political Issues of Disposal Michael Hamilton

2 Ocean or Seabed Disposal Sigurd Nielsen
Bernard Cohen

3 ENGINEERING

- Repository Interfaces Ralph Johr. son
- Engineering Barriers Arthur Bauer
- Electric Melting of Glass Larry Penberthy
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PLENARY SESSION IV

ASSESSMENTS

HARRY LANDON, U.S. NUCLEAR REGULATORY COMMISSION

CHAIRPERSON
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This symposium has been a valuable educational experience for me.
The presentations and discussions have been marked by a general
tone of candor, sincerity, and readiness to consider and respect
other points of view. The wide spectrum of backgrounds and expertise
among the participants has made for lively and useful interactions.
The Statesman-like attitude of the participants is encouraging, even
on the part of strong advocates of one waste form or another. Those
of us who have the jobs of managing and planning nuclear waste
management programs will take home new perspectives and ideas.

When I first looked into nuclear waste management some four years ago
I noticed a strong tendency towards " programmed responses":

nuclear waste - high level waste
high level waste - glass

disposal - salt repository

The current critical review of glass and salt is therefore healthy.
I expect that we will see considerable effort on alternatives to both
concepts.

Our strategy for high level waste is summarized in figure 1. Al ternatives
are assessed for the wastes at each site and their different chemical
and physical characteristics. The immobilization program interfaces
with the repository development program to assure that the waste form
will be compatible with the repository system. A first full scale
immobilization plant at one DOE site has been proposed as the initial
step towards immobilizing all existing high level waste for placement
in a permanent disposal facility. I will address these points in more

detail and will highlight recent changes and the outlook.

The high level waste inventories in the United States in 1978 and the
forecast for 1990 are summarized in figure 2. Note that the activity

content (in Curies) of spent fuel from commercial power reactors now
exceeds that of the defense waste inventory. Note also that the spent
fuel inventory is given in metric tons of heavy metal (MTHM) while the
other entries in the first and third columns are in millions of gallons.
I will not address spent fuel further in this paper.

There has been considerable recent emphasis on the repository system.
Compatibility with this system constitutes one of the major constraints
on high level waste immobilization (figure 3) all of which are intended
to protect public health and safety. The repository system may be
described as a series of barriers between the waste and the environment
(figure 4). It is the goal of the immobilization program to tailor the
waste form to the waste type, repository, and geology so that it will be
compatible with the respository system. This will be assured through
meeting repository acceptance criteria which will be specific to the

1
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repository and subject to regulatory approval. If the criteria cannot
be met, then the waste form technology must be changed or abandoned.
The canister, repository design, and possibly an overpack constitute
additional variables that can help assure compatibility with the
repository system. Failure modes, such as waste-rock interactions
in the presence of corrosive liquids, must be considered.

Transportation is another major constraint (figure 3). Since it is not
practical to ship liquid high level wastes in significant quantities
it is necessary to plan for as many imobilization facilities as there
are locations with high level inventories. Transportation also imposes
requirements on the solid waste form.

Processing must be done remotely to reduce processing risks and radiation
exposure to personnel. This constraint requires a considerable amount of
engineering development before a waste form concept can be applied " full
scale" in a radioactive facility.

The high level wastes at most US sites are stored as solids that are
not easily retrieved and must undergo chemical processing to
concentrate the waste, remove radioactivity from effluents and bulk
chemicals, and prepare the waste for immobilization. These activities
can constitute about 90% of the total immobilization costs.

The immobilization system must satisfy the regulatory standards and
criteria which are still evolving (figure 5). In the interim, technology
development and early design must adhere to the best available criteria
and standards. Communications with their developers must remain active
to assure that DOE's activities remain consistent with the evolving
regulatory constraints.

Selection factors for high level waste fonns are sumarized in figure 6.

The developmental status of a technology detennines when it may be ready
for use. Figure 7 shows some of the waste imobilization technologies
and the times when radioactively cold and hot experience was gained at
'laberatory', ' pilot', and ' full' scales. The entries represent the
laboratories and years when such experience was first obtained. Glass
and cement are seen as most developed. Most of the alternatives are
still in the laboratory development phases. Calcination may be
considered as an interim step in the immobilization to glass, certain
crystalline forms, and other alternatives. The status of some
international imobilization programs is summarized in figure 8.

It is apparent that considerable effort is needed to bring some
promising concepts fron the laboratory phase to the point where large
scale engineering applications with the necessary safety and reliability
demands can be undertaken. I will return to this point.

2
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When could immobilization of the high level waste inventories begin?
There are two primary options: proceed as soon as possible at each
site, or begin at one site and ' phase in' other site programs with
a few years delay to assure availability of specialized personnel,
learn from the experience with earlier operations, and reduce the
peak manpower and funding requirements. Immobilization schedules
for these two options are illustrated in figure 9.

Waste form technology has been affected by several recent developments:
Measurements have shown that glass will leach rapidly at extreme
temperature and pressure in brine and water. The National Academy of
Sciences report on high level waste foms (unpublished, but available
in draft at the Academy's reading room) favors several alternatives
over glass. Synthetic minerals have gained attention as potentially
superior, e.g. by the work at Penn State University (Roy, McCarty) and
in Australia (Ringwood). The Interagency Review Group (IRG) for Nuclear
Waste Management has published a draf t of its report to the President
which focuses attention on the need to consider the waste form in the
context of the repository system, identifies opportunties for developing
alternative technologj, and stresses the need to get on with the long
deferred processing of defense wastes.

The strategy will change in the future (figure 10) as a result of the
IRG report. For example, the further definition of the limitations
and uses of glass will be emphasized. Alternatives to glass, including
' synthetic minerals' will be developed aggressively. The immobilization
program has been modified already to accelerate the development of
alternatives and explore new avenues. For example, a hot laboratory
scale demonstration of Oak Ridge's cermet process has been perfomed
with waste from West Valley, and Ringwood is assessing the applicability
of his Synroc concept to defense waste and may develop a new Synroc
fomula tailored to defense wastes.

In other new developments, the interface between the repository and
waste form development programs, and the testing needs to assure
compatibility of waste fonn with repository acceptance criteria, are
being further defined. The Savannah River Operations Office has
been established as lead office for high level waste immobilization
technology and program planning. They are supported by the Savannah
River Laboratories of E.I. DuPont de Nemours.

In summary, I am expecting a 'new look' in high level waste management,
including waste fom technology. Many of us will probably revisit the
high level waste form scene late in 1979.

3
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HIGH-LEVEL WASTE IMMOBILIZATION

PROGRAM STRATEGY

ASSESS IMMOBILIZATION ALTERNATIVES FOR EACH WASTE TYPE AND SITE

INTEGRATE IMMOBILIZATION PROGRAM INTO TOTAL HLW SYSTEM

FIRST FULL-SCALE IMMOBILIZATION PLANT AT ONE DOE SITE

IMMOBILIZE ALL EXISTING HLW AND PLACE IN PERMANENT DISPi _ FACILITIES

FIGURE 1

.



SOLIDIFICATION VOL.
1978 QUANTITIES 1990 HIGH EST. OF1990UASTESSOURCE PRESENT
6 6 6 6 3

SITE FORM 10 GAL 10 CURIES 10 GAL 10 CURIES (10 CU. FT.)

RHO ALK. SALT / SLUDGE 50 190 65 230 )

LIQUOR ) 660

90 350 425
SEgRATED SR/Y -

)
-

1 Cs/BA

ICPP ACID CALCINE 0.42) 1.3) )
70 ) 500 ) 300

2.4 )) 1.2) )ACID LIQUID

SRP ALK. SALT / SLUDGE 23 560 22 680 200

LIQUOR

NFS ALK. SALT / SLUDGE 0.6 64 0.6 48 )

LIQUOR )
7

)
ACID LIQUID 0.01 2.1 0.01 1.6 )

LWR SPENT FUEL (MTHM) 4,400 1,900 34,800 14,000* 460**

*AFTER AT LEAST 6 YEARS' AGING. ** METRIC TONS OF HEAVY METAL

RHO - ROCKWELL HANFORD OPERATIONS ICPP - IDAHO CHEMICAL PROCESSING PLANT
*

FIGURE 2



HIGH-LEVEL WASTE IMMOBILIZATION
SYSTEMS CONSTRAINTS

5
Variety of Waste Types

over 20 varieties presently in storage--

Waste Removal and Concentration

- up to 90% of processing costs for existing wastes

Remote Processing

Reduce processing risks and exposures-

Transportation

Imposes immobilization requirements-

Necessitate individual site immobilization plants-

Repositories

Form requirements must be matched to repository-

- At least five repository types under consideration

Criteria

Must match to NEPA process, regulatory agencies-

Must demonstrate all criteria are met-

FIGURE 3



BARRIERS TO THE ENVIRONMENT

GLASS
CERAMIC

OTHER

CANISTER
SOLID -OVERPACK

'

WASTE BACKFILL

ENGINEERED \ HOST ROCKCONFINEMENT
HYDROGEOLOGY

GEOLOGICAL

ONWi-78-015R1

FIGURE I4 M.
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HIGH-LEVEL WASIE IMMDBILIZATION: WASTE FORMS

e GOAL: DEVELOP WASTE FORM COMPATIBLE WITH THE REPOSITORY SYSTEM

GEOLOGY - OVERPACK - CANISTER - WASTE FORM

- WASTE / ROCK INTERACTION

e ASSURE THROUGH MEETING REPOSITORY ACCEPTANCE CRITERIA:

IF CRITERIA CANNOT BE MET, THEN THE TECHNOLOGY MUST BE CHANGED

OR ABANDONED.

FIGURE 5



HIGH-LEVEL WASTE IMM0BILIZATION FORMS

SELECTION FACTORS

FCRM DISPERSABILITY AND IMPACT RESISTANCE - TRANSPORT AND STORAGE

LEACHABILITY - MATCH TO REPOSITORY CONDITIONS

VOLATILITY - MATCH TO TRANSPORTATION ACCIDENTS

STABILITY - AGING, RADIATION, TRANSMUTATION

SENSITIVITY TO WASTE LOADING AND COMPOSITION

WASTE VOLUME LOADING

DEVELOPMENT STATUS

PROCESS PROCESS SAFETY - REMOTABILITY

PROCESS SENSITIVITY - QA REQUIREMENTS

FEED PREPARATION REQUIRED ?

PROCESS WASTE GENERATION - OPERATING AND DECOMMISSIONING

CAPITAL AND OPERATING COSTS

ENGIflEERIilG SCALE EXPERIENCE AVAH Am F?

M
"

FIGURE 6



WASTE IMMOBILIZATION

HLW SOLIDIFICATION PROCESSES

U.S. STATUS y

LABORATORY PILOT SCALE FULL SCALE

PROCESS CM ROI C0Q E0I DESIGN CQLH liDI

ID/58 ID/62 ID/63CALCINATION ANL/55 ANL/59 ID/57 --

VITRIFICATION PNL/63 PNL/64 PNL/65 PNU79 SR/78 SR/80 SR/89

CEMENT SR/74 SR/75 SR/75* * -- --

CRYSTALLINE CERAMIC PSU/74 PNL/77 PNU80 -- -- -- --

(INCL. SUPERCALCINE) SANDIA/75

CERMET ORNL/78 ORNU78 -- -- -- --

tiljLTIBARRIER

MARBLES PNL/78

NETAL MATRIX ANL/77

* GROUT OF INTERMEDIATE LEVEL WASTE, OAK RIDGE NATIONAL LABORATORY /60 - COLD AND ORNL/66 - HOT.

ANL - ARGONNE NATIONAL LABORATORY
PSU - PENNSYLVANIA STATE UNIVERSITY

ID - IDAHO
PNL - PACIFIC NORTHWEST LABORATORY

ORNL - 0AK RIDGE NATIONAL LABORATORY

SR - SAVANNAH RIVER

FIGURE 7



INTERNATIONAL

HLW IMMOBILIZATION STATUS

NATION PROCESS STATUS / MAJOR MILESTONE

FRANCE BOR0 SILICATE GLASS "AVM" .5 TON / DAY HOT PILOT PLANT STARTUP 1978-1979
PRODUCTION PLANT STARTUP 1982-1983

GERMANY BOR0 SILICATE GLASS "VERA" .5 TON / DAY COLD PILOT PLANT OPERATION
CONSIDERING FRENCH "AVM" PROCESS FOR LICENSING

EUROCHEM BOR0 SILICATE GLASS FRENCH "AVM" SELECTED FOR PRODUCTION PLANT

METAL MATRIX VITRAMET - LOTES ) PILOT PLANT

VITRAMET - PAMELA) 1981-1982

ENGLAND BOR0 SILICATE GLASS "FINGAL-HARVEST" PRODUCTION PLANT 1990

FRENCH "AVM" UNDER CONSIDERATION

RUSSIA PHOSPHATE GLASS COLD PILOT-PLANT WORK IN PROGRESS

INDIA BOR0 SILICATE GLASS .1 TON / DAY HOT PLANT STARTUP 1979-1980

JAPAN GLASS OR CERAMIC HOT DEMONSTRATION PLANT 1986

SWEDEN CERAMIC LABORATORY STUDIES IN PROGRESS

FIGURE 8 5



IMMOBILIZATION TIMING

FISCAL YEAR

| 180 f 182 [84 |86 |88 190 | |92| |94| 96 | |08 | |00 | |02 | 104 | [06 | 108 | |10 | |12 |

EARLIEST SCHEDULE g
a

SRP f//A @~~6'5'hXO'N N\W%%%%%%\%W ' -4

NFS 7/A f^''''''': - - OM\%%%%%%%j

HANF0RD V/8//888Z d'N2WMDWN%%DDD%%%%D"' AD\''
V88/88/NNNdSD$ENEMh1%%%DD%%DN%%%%%%DNICPP

SEQUENTIAL SCHEDULE

SRP F/d 6 9/3 9 6:6 2 6 2ik % % % % % % % % % % % % % % \N

NFS V///////A:4' ^^";X XO:G h%%%%%%%%\1

V//#////////MW5:D" 95:4CD* :k\%%%%%%%%%%\%%%\\NHANFORD 2 5

ICPP V////////////XH/N6C69XOXx'//k%% L-$N%

INITIAL R&D AND ALTERNATIVE,S ASSESSMENT

V////) SPECIFIC PROCESS ASSESSMENT AND DESIGN STUDIES
X'?*^' FINAL DESIGN AND CONSTRUCTION

k%%l OPERATION TO MINIMUM MOBILE INVENTORY

FIGURE 9



_ _ _ _ . . . . _

HIGH-LEVEL WASTE IMMOBILIZATION: WASTE FORMS

o Technology Status Before IRG:

Glass and concrete most developed, seen as adeauate for-

several waste types

Alternatives in early R&D phases-

o Strategy After IRG:

Define Hmitations of glass-

- Aggressively develop alternatives such as synthetic minerals

Formalize interface with repository development-

Strengthen high-level lead office-

Evaluate high-level waste form scene again late in 1979-

.

n
FIGURE 10 "

....___ _ _ . _ --
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Discussion Following

THE DOE PROGRA?1 IN HIGH LEVEL WASTE IMMOBILIZATION

Presented by Dr. Goetz K. H. Certel

Robert 0. Pohl - Cornell University
Comment:
Dr. Certel, I think one of the messages that has come out of the meeting
here, as well as the meeting in Boston on the same topic, is that salt
presents a particularly serious, difficult environment for waste and I
am wondering whether it is unwise to pursue salt formations for the
first study'of waste disposal or whether it would not be a lot more
expedient to focus on non-salt media.

Certel
Response:
The answer here is that we are likely to be in a position to make the
tests in sait before we would be able to make them in other media. How-
ever, I think you are completely right; there would be a need to look
at other media as well and that will be done as soon as that opportunity
presents itself. We are not waiting for that opportunity; it is being
developed. It will depend to some extent upon whether the strategy 2
or 3 of the IRG Report to the President on Nuclear Waste Management
(October 1978 Draft) will be accepted by the President. Anticipating
that strategy 3 will be selected, that means that there would not be a
commitment to a first salt repository; rather that there would be a
considerable expansion in R&D on other media; I would then see consider-
able emphasis on tests in other media. At the same time I do not see
that the geologists who run the geology program are ready to abandon
salt as being clearly not appropriate. I don't think that proof is in

hand either.

Pohl
Comment:
Except that the Committee on Radioactive Waste Management of the
National Academy of Sciences, National Research Council, has expressed
itself very clearly on this point and this is the same committee, or at
least the successor comittee, that in 1937 first led us on the salty
path.

Bernard Cohen - Argonne National Laboratory
Comment:
On this program to solidify the defense high-level waste they are
spending billions of dollars which would not have to be spent if, say,
you would just convert them into cement in the tank. Do you have a
number of the dollars spent per life you expect to save in these
operations?
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Oertel
Response:

No, I think you probably have a better number than I do.

Martin Molecke - Sandia Laboratories, Albuquerque
Comment:

When is the administration's response to the IRG report, the decisions
on waste management, going to be made public?

Oertel
Response:

I really cannot speak for the administration on that. I know the
conments have been collected and are being collated and I would expectthis to come out fairly soon. I would be very surprised personally if
it were not out in January, but I do not have first-hand knowledge.
Rustum Roy - Penn State
Comment:

I believe after that nice balanced presentation, that perhaps you
should not lose the message of this Conference. I think the message
is to alert DOE to the unused potential of the waste form for giving the
public the assurance of the ability of the total system. In other words,
it is in the interface between your shop and Colin Heath's shop that Ithink the novelty of the research lies. It suggests that the potential
in the waste form has (in the big system's planners) been probably notgiven the proper weight. Further, the potential of innovative research
on the waste form appears to make it possible that verifiable and
standardizable standards can finally be laid down, dependent principallyin the waste form. In other words, the message is make the waste form
one of the major legs in the sequential barriers rather than the minor
one that it has been so far. Which simply suggests that maybe your
shop becomes equally important with respect to Heath's shop. But I
hope that the message is principally that the waste form conflict is
about just how good the newer waste forms can become.

Oertel
Response:

I do not want to dispute that waste form is important. After all, I
am reroonsible for developing it in the Department of Energy. And Ithink I said when I talked about that issue that clearly it would be
great if one could come to a point where that in itself is really all
the assurance that would be needed. I aa just not sure that we should
take that one-sided an attitude. Obviously, we will pursue the zero
release from the waste form, and if we get that, great.

Larry Penberthy - Penberthy Electromelt International, Inc.
Comment:

As has become apposent. already, I am highly partisan for glass, and
therefore I hope that you will make a change in your paper, as it willbe printed. One slide said that glass deteriorated under thermal condi-tions, including brine and water. Now there are literally thousands
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of formulas for glass, and the glasses that were being tested were
what we call a very soft glass. The viscosity, for example, at 1100 C
is more or less like strong coffee. At 1100 C pyrex glass 7740 is at
least as stiff as bread dough. So you can see there is a vast difference
between glasses, even though they are both called boro-silicate. I hope
you will distinguish the glass which was disintegrated under those
conditions.

Certel
Response:
I believe I did not mention a temperature at which this occurred.
Clearly, for every glass there is a temperature where it will occur and
I think I did say that we will explore the limitations of glass, which I
think will answer your concern.

Jack McElroy - Battelle PNL
Comment:
I believe a statement on one of your slides needs to be restated. It

said that "it has been found that glass leaches rapidly under reposi-
tory conditions." It should say that glass alters rapidly under extreme
repository conditions. The resulting material after alteration is rela-
tively insoluble. Of the radioisotopes present, it has been primarily
found that only cesium is readily leached from the altered glass.

Certel
Response:
I might have also said in the discussion that of course for the glass
to deteriorate in an actual repository two things have to go wrong at the
same time. One is that the canister has to be breached and whatever con-
tainment there is must be breached so that the brine or whatever can get
to the waste form, and secondly, this has to occur at an early time when
the temperature is still high. This is the specific failure mode that
we are talking about.

John Sokol - Westinghouse Electric Corporation
Comment:
We have talked about the solid waste form. The Swedes, the Canadians
and a number of other people have investigated different canister
materials ranging from copper and lead to very sophisticated ceramics.
My ouestion is that in your discussions between yourself and Colin Heath's
office, who has responsibility for the design of the canister or is it
" falling in the cracks," betwcen the two offices and is that one of the
reasons why you are coordinating more closely?

Oertel
Resporse:
It is exactly on the interface, but let me put it this way. It is my

responsibility to see that the waste form is packaged in such a way that
it can be transported and accepted at the repository. That does not
necessarily mean that the canister that would be the outermost shell of
this could be used in the repository as is. It may require an overpack.
If an overpack is required, then that would be clearly en Colin's side.
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HICil-LEVEL RADI0 ACTIVE SOLID WASTE FORMS

CONFERENCE SUMMARY

Hans Frauenfelder

Department of Physics
University of Illinois at Urbana-Champaign

Urbana, Illinois 61801

1.

It is difficult to summarize a conference. During three days highly

qualified scientists and engineers describe work on which they have spent

many years. To select the most important an1 relevant aspects from this

wealth of information is a challenge even to an expert. I am not an expert,

but an outsider with superficial exposure to nuclear power and nuclear waste

problems. Rather than describe the technical progress, I will give my

personal impressions and concentrate on problems that I believe will determine

the future.

Nuclear waste management bas many aspects: scientific, technological,

environmental, managerial, legal, political, public, and ethical. I will

only discuss a few of these. From listening to the talks and questioning

many people during breaks, I received the impression that the technical

problems are essentially solved, but the scientific background requires more

work and only a dedicated effort will alleviate public concern.

Nuclear technology is unique. Technologies usually evolve by trial and

error; dangerous side ef fects such as dam breaks, oil spills, airplane disasters,
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and the greenhouse effect occur initially on a small scale. The public

thus becomes familiar with them and accepts them as an unwelcome but

necessary price for progress. Nuclear power started on a large scale and

its image is dominated by a mushroom cloud. Public opinion appears to

demand unprecedented guarantees with extrapolations to times that no sane

scientist can predict with certainty.

What, then, are the problems, where do we stand, and what can we do?

2.

First tha background. Let me oversimplify and start with some thermo-

dynamics:

F = E - TS .

F is the free energy, E the energy, T the temperature and S the entropv.

A power plant produces energy, E. The useful energy is F and the two differ
by the term TS. The second law of thermodynamics states that the entropy
always increases. (A practical example of the entropy increase in our system
is the fact that raw minerals must be mined from ever increasing depths.)

Even if we keep the free energy use constant, the energy production must

steadily increase, llowever, the efficiency of energy use cannot be steadily

increased; conservation only postpones the point in time where either F must

decrease and the standard of living be lowered, or where still further energy
must be produced. Any power production will produce waste. What do we do

with the waste?

In discussing the small part of the overall energy problem that is the

topic of the present conference, we must remember the larger picture and realize
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that optimization is required for the overall situation, and not just for

one small part. The question is not: "Is coal, or nuclear power, absolutely

safe?", but "What is the cost for society now and in the future for a given

mix of energy sources". To answer this question rationally, the advantages

and disadvantages of all power sources must be scrutinized. The subproblem

addressed here is: "llow can high-level nuclear waste be stored?".

3.

let us first consider the scientific aspects. The solution of a techno-

logical problem is found most efficiently if the basic science is known and

understood. Solid state electronics is a good example where a sound theoretical

basis stimulated technological applications. This logical approach to a

technological problem is not always necessary or possible, however. In many

cases, theory and application develop in parallel. In sont situations, an

advanced technique can even stimulate basic research. In nuclear waste

disposal, the scientific underpinnind was initially weak. A lack of glamour

may well have been responsible for the lag in basic research. Clearly a great

deal of fundamental work remains to be done. It was encouraging to see a

number of beautiful fundamental contributions to this conference. Geology,

geophysics, geochemistry, solid-state physics and chemistry, and surface and

materials science now take the wast disposal problem seriously.

One problem exists -- the lack of quality standards. Some contributions

were excellent, the contents of some were unacceptably weak. As an outsider,

I believe that this situation is partially due to a lack of refereed papers.

Exposure to the nuclear waste field always results in being buried under an
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avalanche of long reports. It is much easier to write a 300 page report

than a concisely written 15 page paper. I hope that the new " Journal of

Nuclear Waste Management and Technology", under the editorship of Dr. Cranberg,

will set standards and replace many of the long reports by lucid and coa-

vincing papers.

Another remark concerns the interactions among the various communities.

Much of the past work appears to have been done in relative isolation. Closer

ties among Universities and industrial and government laboratories, and better

interaction between the materials and geological sciences will benefit the

field. The contributions to the present conference show that such ties are

being forged.

4.

The main technological question is not "What is the best solution", but

"Which solution is acceptable?". We know from personal experience that it

is not possible to wait for the "best'". When we buy a hi-fi set or a pocket

calculator, we must make a decisf on at a given point in time, knowing that a

better and less expensive model will appear shortly. Similarly, society must

make a decision with respect to nuclear waste now. Discussions with many

participants give me the impression that there is no technical problem.

One geophysicist said: "If you throw a dart at the U.S. map, close to nearly

every hit I could build an acceptable repository". All materials scientists

and engineers questioned agreed that glass is an acceptable waste form under

suitable conditions. The beautiful work in France and Sweden, presented in

two exceptionally clear papers, shows that acceptable technological solutions

can be realized. In the U.S. all the pieces exist, but the puzzle must now be
put together.
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Some remarks to individual aspects are as f ollows:

(1) The waste problem must be solved in an integrated way, as a system.

Waste form and repository must be matched.

(ii) Glass will be the first-generation waste form. If the temperature

is kept low by low loading and/or long intermediate storage, no serious

difficulties are to be expected.

(iii) Alternate waste forms may well be superior as second-generation

solution. However, much more work is needed before a decision can be made.

(iv) It is likely that initially spent fuel and reprocessed material

will be stored.

(v) Personally I believe that the stored material is too valuable to

be thrown away and should be retrievable. We not only have the duty to

protect later generations, but also to not impoverish them.

(vi) As a scientist I feel that the repositories should be monitored as

long as possible. Valuable scientific and technical data can be gained.

Certainly fail-safe experts can design a system that will self-destruct should

technical expertise be lost in future generations.

(vii) The multibarrier approach to waste disposal does much to ensure

safe storage. A design, however, in which each individual barrier already

satisfies all safety criteria may amount to a very expensive overdesign.

5.

To an outsider, the managerial aspects of the U.S. approach appear to

lack a clear goal and a well-defined direction. (The talk by Dr. Oertel,

given af ter I had written my summary, dispelled much of my concern.) Appointment
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of a " waste csar" could speed up waste disposal. It would also be good

to for once have a csar with a problem that can be solved.

An important part of the waste problem is an early setting of the

criteria.

6.

The nontechnical problems are the most difficult ones:

(i) The distrust in nuclear power and waste disposal is deep and emotional.

The public sees a monster in nuclear energy. Many of us have been asked:

"Would you like to live near a power plant or a repository?". It has taken

me some time to understand that people really ask: "Would you feel safe

and confident to live near a nuclear plant?". All scientists and engineers

that I have asked answer yes without hesitation. I certainly would much

rather live near a nuclear plant than below a dam, near a coal plant, or near

a harbor with LG or oil tankers.

(ii) A point not made often enough is the fact that of all wastes,

chemical or others, nuclear is most easily monitored. Anyone who distrusts

the statements of the regulatory agencies can buy a scintillation counter

se t-up . Private monitoring of radioactivity is possible, but no similar

surveillance of other wastes is known to me.

(iii) We must try to continue the dialog on nuclear safety in a rational
way. It is not easy. Once , years ago, I talked to a consulting company about

helping to solve technical problems. They laughed and said: " Problem solving
is easy. It usually takes us an hour to solve the technical problem. We then

spend weeks to sell the solution to management." Management in the nuclear

power field is Congress and the people.
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(iv) One particular aspect of the nuclear power debate troubles me.

People talk about "zero release" or "zero danger". Such a statement

sounds like sheer nonsense to me, for two reasons. On the one hand, no

measuring instrument ever detects a true zero; there is always a limit of

error involved. On the other hand, an unlimited effort for nuclear safety

must lead to dangers in other fields. To see this, consider the sketch

below in which cost (in arbitrary unito) are given versus safety (in arbitrary

units) for nuclear waste disposal. Obviously, if this curve were all we have

/,

cost

(arbitrary

units)

>
safety (arbitrary units)

to consider, we would move as far to the right as possible. Unfortunately,

life is complex and similar curves can (and should) be drawn for coal power,

electric power and dams, pollution by cars, chemical waste, air traffic,

carcinogens, health care, In addition, there exist two conservation... .

laws:

[$=GNP [T=const, small .,

The first law says that we cannot spend more than the gross national product

on all safety measures. (In fact, we cannot even spend so much.) The second

says that the nunber of talented people who can solve these problems is finite

and small. Thus, we cannot look at one problem alone, we must optimize the
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entire set. At present we probably spend too much on nuclear safety, too

little on others. A balanced approach is necessary and we must explain it

to our management!

(v) We often hear: "If the scientists and engineers do not even agree

among themselves, how should we believe them?". Two points can be made to

this question. First, scientists will a.3ue even when they agree. Such

arguments do not affect crucial features. Only if there is a real disagreement

about an essential point may safety be affected. A second point is more

difficult to describe. What do we do if somebody comes and says: "But have

you seen the paper by Professor X f rom Lower Slobovia in which he shows that

two alpha particles emitted in the brain of a dog will do permanent damage!".

Ilow can we explaia that such work is most likely irrelevant if it disagrees

with hundreds of well established papers, because science forms a consistent

body of knowledge in which a single set of data lying outside the coherent

whole is nearly always wrong? I have.not found a good way to do so. All we

can do is try.

7.

Finally let me summarize the summary. We must continue to establish

confidence in science and technology. We have much to be proud of. Technology

as a whole works well. As a rule, technology keeps what it promises -- in

contrast to many other human enterprises. True, there are side ef fects, but

we must always balance the benefits from technology against disadvantages

from the side effects. The Writer Meyrink tells the story of a centipede

who was asked: " Sir, how do you know which leg to lift after you have moved
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the 67th, and which after the 13th?". The centipede thought, and thought,

and never moved another leg again. We have to be careful not to lose

creativity by trying to anticipate everything. We must listen to the

thoughtful, knowledgable, and positive critiques and disregard the purely

5
negative ones. If we intend to safeguard the waste for 10 cars, we must

also plan energy production for the same period. Otheraise no humans will

be around to benefit from the forethough of the safeguarders. This condition

rules out fossil fuels and 1 caves the sun, fusion, fission, and renewable

fuels. My guess is that we will need all.

.
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Discussion Following

CONFERENCE SUMMARY

Presented by Hans Frauenfelder

Bob Watt - Los Alamos, private citizen
Question:
You concluded that if one started with a waste disposal method, there
would be a series of changes which would eventually produce the best
method. I, at the moment, worry about the process in the following
sense. I think that selecting the best method requires (a) that there
is an alternative you know to be better; (b) that there are experimental
data showing that what you are doing is not good enough; and lastly
(c) that there be a willingness to accept the need for change. I
submit that there is considerable doubt in my mind that any one of
those three can be applied in the case of nuclear waste. You obviously
differ. I wonder if you could point out why.

Frauenfelder
Response:
Let me answer indirectly. Anyone who tells me he can take a major
technological problem and solve it completely without doing any
experiments is either a genius an order of magnitude larger than I
have met, or he is insane. It seems to me that one must perform
experiments to find the answers to many of the problems by trial and
error.

Watt
Comment:
I should have pointed out that the loading life for many of these
repositories would be at least 20 years. You probably would not have
any significant data as a result in periods less than several decades.
And it is for that reason that I think that the in-flow of data may be
so slow as to really prevent integration of those new data into the
whole process.

Frauenfelder
Response:
It is still a useful feedback. Whatever you do, you will need this
feedback.

Watt
Post-Conference Ccmment Added to Transcript:
I agree cc T etel) ,,ith Dr. Frauenfelder that all available feedbackl

will be valuable. I simply point out that a comprehensive waste
disposal plan will have to be based on basic laboratory data, obtained
in experiments simulating nature as nearly as possible. Often this means
full-scale waste forms, some with fully radioactive samples. Temperatures,
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pressures and other parameters must be duplicated in the laboratory
for real time tests. Accelerated tests will often be necessary,
with appropriate complementary experiments to test the validity of
the accelerated results. My reason for this belief is simply that
results from any field test will be obtained too slowly to affect
the design of waste management systems.

Bernard Cohen - University of Pittsburgh and Argonne National Laboratory
Question:
On your diagram that had the cost versus risks and so forth, you did
not have any numbers on your axis.

Frauenfelder
Response:
Yes, arbitrary units.

Cohen
Conment:

I have recently completed a paper on the amount of money our society
and Government are willing to spend to save lives in various contexts.
In medical areas you can save lives for tens of thousands of dollars
each. In highway safety you can save a life for a hundred thousand
or two hundred thousand dollars spent. Yet anything I can calculate
for the nuclear waste sounds like we are spending hundreds of millions
of dollars to save a life, and with defense wastes it seems to me like
we are getting into the billions. The trouble is, this is based on my
probabilistic analyses of the number of lives that are going to be lost.
And I know there is a tendency not to believe my probabilistic analyses.
What we need is for somebody to do probabilistic analyses that will be
generally accepted. This would not apply to analyses that come out of
Livermore, Hanford, Savannah River or Sandia. And so, what I would like
to see is an analysis by Bob Watt, who has a comment on every paper, and
Bob Pohl, who has a comment on every other paper, and maybe you can com-
mission the Union of Concerned Scientists--I assume people will believe
them. I would like to ask them to come up with an estimate of how many
lives are going to be lost, with what probability, if you convert the
waste in the Savannah River tank to cement. Or, if we put glass in salt,
in a titanium can, with reasonable site selection, how many lives wouldbe lost. If they could come up with numbers on those curves, we could
see what ball park we are in.* I really think we are at the point of
spending hundreds of millions of dollars to save a life; this really
amounts to killing people, because we could spend that money to save
lives in other areas and we are not doing it.

* Editor's Note:

Considerable post-Conference correspondence ensued between Pohl and
Bernard Cohen on this subject. Interested readers can obtain that
correspondence from them upon request. Bob Watt contributed thefollowing on the subject for the record.
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Dr. B. Cohen recomended that I (Bob Watt) prepare some cost / benefit
analyses on the subject of nuclear waste disposal.

Cost / benefit ratios were the principal subject of my paper at the
ANS-AIChE sponsored Topical Conference on " Controlling Airborne
Effluents From Fuel Cycle Plants." The conference was held in Sun
Valley, Idaho, on August 5 - 6, 1976; my paper starts on Page 18 - 1
of the Proceedings.

For TRU and High-Level waste disposal site-specific features must be
considered in calculations of the cost / benefit ratio. Wide variations
result from different assumed scenarios and those involving human in-
trusion (including drilling operations) are likely to yield the largest
hazards (costs) for future generations. For the proposed WIPP site an
assumed scenario and a rough estimate of potential cost were included
in my (privately distributed) paper "Coments on Disposal of High-Level
Nuclear Waste in Salt," dated June 1,1977. Copies can be obtained
from:

Dr. Bob E. Watt, 1447 45th St., Los Alamos, NM 87544

Data pertinent to the calculation of possible environmental impacts
should be distributed on request to interested persons and included in
appropriate Environmental Impact Statements. Essential data are not
now available, making cost / benefit analyses for TRU and HLW repositories
of limited value. It is my intention to make such comparisons when the
data becomes available.

Frauenfelder
Response:
I think you are right, but you miss one variable in your equation.
People are not reasonable. This fact is important because out of un-
reasonableness comes probably all great art and science. It also means,

however, that people consider dangers subjectively. And nuclear power
is, in the minds of most people, always connected with the mushroom
cloud. The important thing is to find a balance among all possible ways
to spend money to save lives. There is no completely objective way to
determine the best balance and the way people assess the various dangers
must be taken into account. Look at another case, the cancer drug
laetrile. The best present evidence indicates that it is useless.
Nevertheless, it will be tested, not because of sound scientific evidence
but because often non-scientific aspects are strong driving forces in
a society. If nuclear power is feared more than other possibly much
more dangerous power sources, we must build this fact into our equations.

Cohen
Comment:
What you are implying is that there is a technical solution to every
problem, but this is a problem where there is an educational solution,
rather than a technical solution.
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Frauenfelder
Response:
That is what I am saying, basically.

fiike Hamilton - Washington Cathedral
Comment:
Could I follow on that? I should like to suggest that scientists and
managers have contributed to the problem of the public distrust. In a
" fallen" world, theologically speaking, I have no difficulty in accepting
the inevitability of risks, dangers and accidents. And, I believe there
is latent within our society such an acceptance available to us. But,
one of the reasons it has not been able to be acknowledged is because
scientists themselves have been defensive and have contributed to the
belief that nuclear energy and waste disposal should be safer than any-
thing else. And the way they have contributed to it, I suggest, is by
frankly hiding some cf the accidents. It has often been the newspapers
or people who are frightened who have ferreted them out. That has
contributed to the distrust. I would like to see an openness, a willing-
ncis to talk honestly about problems and failures--something shich has
not always occurred, if you look at the Congressional Records. Is this
a fair request--the possibility of a new and more open way of talking
about problems and inevitable accidents?

Frauenfelder
Response:
I am a little worried about answering your question because it leads
into so many difficult problems. Nuclear power has a special problem
because of its close initial ties with the nuclear bomb and because it
is something that the average man does not understand. It appears
miraculous, or mysterious, or demonic. We can explain much of the basic
principles in simple tems, but this takes an enormous amount of time.
Most of us are very much pressed for time by conflicting demands. As a
result, we do too little explaining and nuclear power remains mysterious.
If everything goer dell, nobody cares. But if there is some problem,
every newspaper picks it up. The problem is usually given much more
space than later explanations. Moreover, explanations are usually
discounted as coming from " biased" people. Secondly, every large
technology, from airplanes to chemical plants, is continuously beset
with problems. Problems are part of the normal day and they can nearly
always be solved. The fact that a problem occurs and is not widely
advertized is not in itself serious. Thus, while I agree with you that
openness is needed, I also feel that we need an understanding that the
occurrence of problems is natural and not a sign that any particular
approach is deeply in trouble.

Judith Johnsrud - Environmental Coalition on Nuclear Power
Coment:
I am here also under the auspices of Friends of the Earth. I would like
to add a comment for the record on both Dr. Certel's talk and yours,
and following on from Bob Watt's comment earlier. We have heard a
great deal of promise in the papers at this Conference. I am very
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much encouraged, and I intend to take this message back to the public
interest groups that are concerned with this issue. But, I have also
heard a great many uncertainties. I have heard much couched in future
terms; I have heard promises. I come away with the sense that there is
a great deal of basic, almost fundamental research remaining to be done.
Therefore, I want to address what we view as a fundamental problem,
namely, the problem of " bounding the problem" of radioactive waste
disposal. For the record, I would like to make this recommendation: we
are rapidly increasing the quantities of radioactive wastes from the
commercial program and to some extent from the defense program. You
have spoken, sir, to the small quantity at the present time. It may be
that the fundamental research projects that have been proposed here
will take a great deal more time than anticipated and that they may run
into further questions, and have further difficulties. Therefore, in
order to avoid being rushed into the second-rate solution, we would
recommend to the Nuclear Regulatory Comission that it exercise its
regulatory authority to halt the further production of radioactive
waste until the research that is yet to be done has been fully done and
the demonstrations have, in fact, proven that these solutions proposed
here are indeed workable. I would anticipate that this recommendation
to the NRC would be rather unpopular with the industry representatives
here. I would also feel that it would be exceedingly popular with those
engaged in fundamental research. We certainly support their efforts.

Frauenfelder
Response:
1et me try to answer your suggestion. First of all, the fact that
problems surface does not mean that the technology is in difficulties.
In every endeavor it is our job to look for problems. If we do not
find problems, we invent them. For instance, I think if you saw what
problems occur with airplanes, you would never use one again. But to
come to your proposed shut-down of all nuclear power plants I believe
that would be one of the most disastrous things we could do. If we
were not to replace the lost power at all, it would affect the lives
of a very large number of people and clearly lead to excess death. On
the other hand, if you replace the nuclear plants by coal plants, you
would very likely increase the number of deaths by about a factor of
100. What you are saying is let us kill a hundred times more.

Johnsrud
Comment:
I said no such thing, and I do not like that characterization of what
I said, sir. No, indeed.

Frauenfelder
Response:
I am sorry, but it is implied in what you said. There is only one
other solution, a lowering of our standard of living. That is implied.

Johnsrud
Comment:
Nor have I implied lowering a standard of living. This is your reading.

-

-
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Frauenfelder
Response:
But you are violating some rules.

Johnsrud
Comment:

What I am saying to you, sir, is that we are dealing with a rapidly
compounding problem in terms of quantity of radioactive wastes. What
I am saying to you is that the political pressures to resolve that
problem using less than the best technology we are now close to being
capable of will increase very rapidly and thereby prohibit the best job
that can indeed be done.

Frauenfelder
Response:

I think where we disagree basically is that I feel that if you have a
good solution, then that is good enough. You can never, in science or
technology, have the best so';ution. There is always a better one. The
crucial question is whether the solution that we can do is acceptable;
does it satisfy all criteria? If it does not, then it should not be
done. If it does satisfy the criteria, then the fact that there may be
a better solution around the corner is irrelevant. Postponing that
solution because there may be a better one will hurt everyone, includingyou. I think there is no way out of that. I am not in any way tied tothe nuclear power industry. It is simply that I have spent the last
two years looking at the problem. At some point you have to come out
with an opinion. The industry representatives may think differently.That is irrelevant to me. If I look at the problem, I see no otherchoice. You have to realize that within the next 2 or 3 years we
may also not get the oil that we have been getting. There is just noalternative.

Johnsrud
Comment:

Then I will say one last thing to you--and to this Conference. You havespoken of assurances to the public. If you continue to present that
view to the public, you are not going to get their concurrence with the
approaches with which you propose to rush ahead. The only way to do it
is through good, honest science and engineering. And I ask that of theNRC and of those present here.

Frauenfelder
Response:

I think nobody disagrees with your last statement. Let me make one pointagain at the end. I believe that you can never have a best solution.
You can only have good, acceptable solutions.

Ed Pilat - Energy Research Group
Comment:

I notice, sir, that you said you were very impressed with the Swedish
and the French programs for high-level waste. Yet it seems to me that



749

the Swedes and the French have spent a lot less money than the United
States has and that they have been working on it for a much shorter
time than the United States. I wonder if you would be so rash as to
give us some thoughts on why you think they have been able to do this
impressive work.

Frauenfelder
Response:
What should I say to that? I think I have given the answer during my
talk, and I will not repeat it.
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C0f41ENTS ON NATUPAL URANIUM ORE AS

A REFERENCE OBJECTIVE FOR NUCLEAR FUEL CYCLE RISKS

Dr. Tom Cochran proposed that the risk of the completed nuclear fuel cycle1

activity including waste disposal should be no greater than the risk from
natural uranium ore bodies that had never been mined. This was done because
of the difficulty in deriving numerical criteria which would take into account
a changing population, societal expectations and knowledge over centuries; as
well as the need to establish an overall objective before considering the more
specific secondary criteria such as a temperature limit for a waste form.

This idea of setting an overall cbjective such as this has sufficient merit
that it should be discussed, as in the following.

(1) A more general criterion needs to be established to protect against in-
advertently destroying another energy form. I propose "that no energy criterion
or objective shall be maae so severe for one energy form as to rule out another
energy form when rationally applied."

For example, it is well known that the Radioactive toxicity of coal ash exceeds
that of nuclear reactor waste after about 1000 years decay (1). To accede to
excessive isolation of nuclear waste as a means of public acceptance may make
the use of coal as an energy source uneconomic due to the considerably larger
quantities of waste.

As a second example, the recent Canadian study by Inhaber establishes that
the societal risk from solar electricity is about 100 times that of nuclear
electricity. Thus to require that electricity sources have no more risk than
nuclear could eliminate solar electricity completely.

(2) The objective is stated entirely in terms of risk, and does not allow
for balancing of risk against benefits.

For example, the United States accepts 50,000 deaths per year from the
automobile in exchange for some perceived benefits of increased mobility.
Restriction of the risk of automobiles to that risk of buried iron ore would
no doubt eliminate th automobile--at the same time eliminating its benefits.

More directly, requiring an energy form to have no more risk than its untouched
fuel supply would eliminate any energy form, because the objective asks for
the nonexistent " free lunch"--i .e. , that an entity have all benefits and NO
RIS KS .

(3) The objective would have some merit if properly stated in relationship
to waste disposal alone: for example, "the risk of a waste repository should
be no greater than the risk of an equivalent uranium ore body."

0uring a NRC Workshop December 20, 1978 on Solid Haste Forms.1
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In this formulation, a major portion of the benefits of the use of the fuel
may be applied to cancel the risks of this use, so that only a minor portion
of the benefits applied to cancel some short-term risks of the disposal.

Accepting for the moment a very rigorous application of the objective, let
us see what this implies with respect to repository and waste form criteria:

The waste form and package should give reasonable assurancee

against escape of radioactivity to the geological structure
until the waste toxicity and ore toxicity are approximately
equal.

The repository should be sited in a relatively remote areae

as is the ore body.

If we use as a first approximation the relative toxicities of the ore and
waste (2), then the performance objective for waste form and package would be:

e For reprocessed fuel, the waste form and package should
essentially retain all fission product radioactivity for a
period of about 1000 years. (2,3)

For spent fuel disposal, the fuel element and package shoulde

essentially retain all radioactivity for a period approaching
1,000,000 years. (4)

These times are approximate, of course, since the calculations have NOT been
made with the specific objectivo of comparing the spent fuel, waste and ore
toxicities.

However, there is some indication that a properly stated objective of waste
isolation relative to the original ore body would show:

Me,wval of actinides significantly reduces the time requirede

for the waste form to guarantee radioactive retention.

Removal of cesium and strontium would allow their placemente

in waste forms most suitable to higher heat loadings.

Thus it would seem desirable to extend past calculations to those specificsituations.

(1) T.H. Pigford, Transactions of the American Nuclear Society, 30, 293 (1978).
(2) NUREG-Oll6, Suppl. I to WASH-1248 " Environmental Survey of the Reprocess-

ing and Waste Management Portions of the LWR Fuel Cycle," October 1976.
(3) Fig. 781, Rev. Mod. Phys. 50_(1978).
(4) Fig. 782, Rev. Mod. Phys. 50 (1978).
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STABl,LITIES OF ALTERNATE WASTE FORMS

Rustum Roy
Materials Research Laboratory

Pennsylvania State University
Chairman, Panel on Waste Solidification

Committee on Radioactive Waste ticnagement

National Research Council

Abstract

The most significant advance in recent research in Radioactive Waste
Management has been the development (de f ini tive in concept and already partly
vcrified in the lasoratory) of solid waste forms of such stability that the
fiWM system may place a much higher f raction of its total reliance on these

forms. The additional unique advantage of relying on the solid form, is that
for the first time since RWM received national attention, there is hope that
verification of standards and the meeting of criteria may be accomplished in
the laboratory.

The theory which lies at the center of this advance is the mineraloaical
~ crystallinc

~

evidence on the survivability of specific phases in any of a very wide variety
A

of near surf ace terrestrial envi ronments. Thus a suite of mineral model phases
can be selected which can accommodate all the 40 odd radionuclides in reprocessed

fuel. An optimized, polyphasic, polycrystalline, ceramic material, especially
surrounded by a netal matrix or durable ceramic or metal container constitutes
a major step function advance over the previous " reference waste form" of
nonolithic glass in stainless steel. The waste form itself combined with the
container and overpack can be specifically tailored for minimur reaction, in

any particular host rock and for any age of waste.

Introduction

For some time the author and his colleagues (I) have attempted to describe
and to clarifyexplicitly the ' systems' nature of Radioactive Waste Ma..ogement,

inthe different components in the system which provide the redundant barriers

the Russian doll model. To date in models of radioactive waste management,

the release from the waste form is often assumed to be relatively high and more

or less a 'given.' In this respect,therefore, the vast majority of the dis-
cussions on the system ignore the potential of engineering this primary contain-
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ment of the radionuclides. This is even stranger since the waste form is the
only component which is unavoidable in any system. This neglect of the role
of the waste form has been universal. In all nations - until 1976-77 - the
developers of atomic energy agencies appear to have settleJ on a " reference"
waste form - an oxide glass - rather early, and made no serious attempt to

develop al ternatives. The scientific communities in charge of these decisions
were singularly weak lo the relevant geological and materials - sciences.

The U.S. National Academy's Committee en Radioactive Waste Management did not
comment on this component of the system for over twenty years. The Panel on

Waste Solidification was established under the chairmanship of the author only
in 1976.

This paper will be divided into two parts. The first will summarize by
verbatim abstract some of the findings of the NAS Comnittee. The second will
present in brief the author's personal views on the most important research
findings of the last two or three years, which Impinge on the role of alternative
waste forms.

INSERT HERE TEXT FROM NATIONAL ACADEMY REPORT enclosed at end of paper
-

Recent Advances In Waste Form Science

Existence of Alternatives to Glass

While there has been a rather widespread interest ir, alternative waste forms
on the part of many individuals, the vast majority of every national R& D
effort (except for the U.S.S.R. ar.J recently, Sweden) has been devoted to glass.
The fundamental case against glass as the nest stable waste form has been made
by McCarthy, Roy, et al. ~

Both thermodynamics, and empirical mineralogical
evidence, allow no room for debate. Glasses are by definition metastable states;
they have by definition a higher frea energy (and hence total solubility) than
the crystalline assemblage with the same couposition. No glasses survive geo-
logically in the wet and warm envi ronments even those corresponding to the
lowest rank metamorphism - of nature. And these are precisely the likely con-
ditions in a repository failure. As we have s ta ted repeatedly none of this
rules out glass as a possible waste form, it most certainly has ended the era
of the unexamined push to use glass as the solid waste form. Appropriate engin-
eering adjustments could be node to make it possible to utilize glass, but the
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resulting system, including the volume of the diluted waste form, area of

repository, etc. would have to be compared with one using alternative solid
forms.

The Alternatives

a) High Temperature (Crystalline) Ceramics nodelled on natural nineral
resistates.

The principal contribution of the Penn State effort by McCarthy,
Roy,b) et al. has been:

1) To use as the nodels for the ultimdte crystalline phases to contain
the radionuclides, the mineral structures which have survived in near
surface conditions in the earth for hundreds of millions of years.

(This leads first to the typical heavy r..ineral phases of beach sands,
Ilmenite, perovskite, monazite, apatite, etc. in addition to quartz

in an early paper by Isaacson.(6)and rutile). This concept also appears

2) To molecularly engineer the waste stream composition by liquid phase
additions, to locate cach radionuclide in a specific phase in the final
desirable alternate crystalline asserablage; the consolidation of the
crystalline powder being achieved by sintering or hot pressing.

Moreover, the proposed use and the justification of the superiority of
ceramic (= crystalline) as opposed to glassy forms is quite general. Thus the

glass-ccramic work at HMl has been in progress for some years. The Sandia

titanate process, ) and early Swedish work I9) also result, of course, ;n crystal-

line assemblages, though not with the fine tuning of the PSU work. Most recently,

Ringwood, has proposed two other sets of phases to be added to this list of
candidate alternative crystalline assemblages.

b) Composites - Metal Matrix forms

The metal matrix forms - incorporating small (0.1-1.0 cm) ceramic or

class beads in a metal - offer three substantial advantages to the nonolithic
glasses. The mechanical properties tcwards impact are improved. The chemical

durability in near surface environments can be vastly improved and the important
buffering to a very low E is f great significance in immobilizing the actinides.

h
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The Belgian group at Mol, under van Geel and Detlileux,(11) are the pio-
neers in this work. They have incorporated both crystalline and (principally)
glassy beads in Pb matrices, and carried the process through a pilot plant
stage. Recent work at Oak Ridge suggests a very different approach to the

same product, with the phases being much more finely dispersed. There can be
little argument that a netal matrix form is superior in most respects (except
resource use) to nonalIthic glass; whcther it is worth it or not wil1 need
much more careful analysi of trade-offs of numbers of containers, dilution in

glass, areas of repositories required, etc.

c) Coated M Itibarrier forms

The use of CVD coating technologies (well-known in the nuclear in-

dustry) to give an additional layer of several microns of chemically impervious
Al 0 or SIC around ceramic pellets is another new technique. Embedding such23

in metal gives a remarkably resistant waste form.(13)coated ceramics

d) Composi tes - Low Temperature Ceramics, Cement Ma t ri x forms

The alternative solid form most studied in the U.S. has been the " con-
crete waste form." Other low temperature ceramics such as the " aqueous sili-
cate" process at Hanford and the " ceramic sponge" have not been researched

sufficiently as yet to be compared ef fectively. The concrete work to date
suffers from an insufficent scientific appreciation of the nature of the problem.
(e . g . It is not clear in what phases the radionuclides are incorporated.) The

work of Stone (15'1 at Savannah River Laboratories, and Moore at Oak Ridge,(16)
and D. Roy( 7'l8) at Penn State, clearly demonstrate that such cement forms

are roughly the equal of the typical glassy forms with respect to the usual
"leachability" tests. The alleged radiolytic generation of gases in cement
forms has been based on poorly defined experiments, and at present there is

no evidence to show that concrete (free of occluded H 0) would generate any
2

hydrogen at all, since recombination is so rapid on the fine par'icle surfaces.

New developments such as the incorporation of crystalline ceramic powders
containing the radionuclides in a concrete matrix, or making special high den-
sity concretes using pressure, clearly make cement matrix forms as leach resis-

tant as typical glasses, while the room temperature processing has many obvious
advantages.
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e) High Temperature Ceramic-Composites

One of the most interesting recent developments is that by the ASEA

group in Sweden } where they have essentially made a composite of chopped

fuel elements in Alumina, or have canned coiled elements in a hot isostatic-
ally pressed 1" wall alumina container and scaled it into a im x 2a A1 023
monolith. With the well-known chemical durability of Al 02 3 (rubies and
sapphi res in nature) the superiori ty of such forms should be obvious. Again,

however, while such extrema measures may not be needed in the long run, it is
quite clear that such state-of-the-art science will be extremely important i.
convincing the public that waste radionuclides can be immobilized for geologic
times.

Processing, Containers and Emplacement

New developments in these areas will be longer in coming, but the direct-
ions are clear. While up to now only glass-making had been considered, today
the full panoply of modern ceramic technologies are beir.g considered, including
hot pressing and sintering. The advantage of the substantially lower process-
ing temperature than is used in glass-making, is not lost on anyone designing
such a totally remote facility.

With regard to containers, new active research has sprung up on alternate

container materie s. Copper and titanium are both serious alternatives tol

stainless steel. The corrosion studies at high temperature and pressure, and

especially the development of the full-size ASEA corundum (Al O ) container23
show that the technology is available to make this barrier formidably stronger

than conceived earlier.

In the emplacement area, Soviet experience with pumping of liquid wastes
(or sludges) and the Oak Ridge grouting process (21) of hydraulically injecting

a slurry of waste liquid + adsorptive silicates + cement, offer radically
cheaper technologies. The waste form produced may be adeauate for many purposes,

Moreover, new developments of tailored overpack(22)especially older wastes.
instead of natural silicate additives, promise to make such "supergrout" forms

even more resistant. Furthermore, these calcium silicate assemblages will be

much closer to equilibrium with various silicate rocks. The key to the effect-

ive use of such forms is finding the proper geological conditions - a factor
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consistently emphasized by Spitsyn(20) and his colleagues. The push towards

such forms will be driven principally by the cost advantage, the simpler,
lower or room temperature processing, and hence lower worker exposure.

Summary

At the end of 1978, waste form research had been recognized for the first
time as a major possibly the most important single - barrier in the RWM
system.

The technical community agrees that many forms, crystalline and glassy,
low temperature and high temperature ceramics, metal matrix and cement matrix
composites can each be utilized in a particular system. Comparisons between

forms is meaningless unless the total system is specified. The principle of
using crystalline minerals which ,have survived in the earth's leaching environ-

for hundreds of millions of years, as models, can be effectively inter-ment

preted to the public, and most congently argues the survival superiority of the
properly selected crystalline assemblages.

Two examples, a " Fort Knox" and a " Brinks TrucidVersion serve to illustrate
the variety of options available (for details, see ref. 23).

A. The " Fort Knox" solid form: This would consist of pellets of nearly
theoretically dense ceramics (prepared by modern sintering or hot pressing
methods) composed of 4-5 phases each modelled on a highly resistant mineral
phase like monazite. The pellets would be coated with a layer of CVO sic and/
or A1 0 . These pellets would be embedded in a lead matrix, and sheathed in23
an outer layer of I-2 cm of pure lead along the lines of the Mol technology.
Alternatively, the pellets could be hot pressed in a A1 0 matrix with an

23
outer skin of I-2 cm of Al 0 using the ASEA hot isostatic pressing technology.23

.his solid waste form is now so chemically resistant that the releases
which can be obtained under any conditions in the surface 1000 meters of the

carth probably cannot exhibit significant amounts of radioactivity.

B. The" Brinks Truck" model : If it is argued that especially for older
(defense) wastes the Fort Knox may be unnecessary in the long run (al though
its value in the short run in helping satisfy the public is enormous) one
could turn to a simpler mode!.
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This model would process all wastes on site. To defense sludges one would

add highly optimized superoverpack (developed by Penn State), mix with cement,
and use Oak Ridge grouting technology to emplace in suitable geologic strata

on site.

Two slight variations are possible.

Modification (B'): The sludges are all converted to the tailored ceramic
(artificial crystalline mineral) powder which is added (instead of the
defense sludge) to universal overpack and cement.

Modification (B"). Instead of pumping the grout into the ground, it is
put back into the tanks (especially at flanford) which then becomes a
mass of solid concrete containing insolubilized oxides and oxyhydrox-

ides. The entire tank is then concreted over and under with " plain"

supergrout.
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Solidification of High-Level Radioactive Wastes. National Academy of Sciences.

Washington, D.C. 1978.

SUMMARY

The solidification of high-level liquid radioactive
wastes from nuclear fuel reprocessing plants is a key
element .in most proposed radioactive waste management
systems. The primary function of solidification is to
minimize migration of radionuclides from the waste to the
biosphere; the first requirement of the solid waste form,
therefore, is that it be capable of furnishing a major
barrier to that migration. In addition, the solid waste
form selected must be suitable for all phases of waste
manage ment , including processing to produce the solid form,
possible temporary storage, transportation, and emplacement
in the repository.

Because a variety of system options is currently
available and because different systems will make varying
demands on the solid waste form, the choice of an
appropriate solid form cannot be made without considering
the specific radioactive waste management system in which
the form will play a part. Furthe rmore , it is likely that a
solid form chosen for use in one system will .not be the most
suitable choice for another system. The age of the waste,
how much transportation is involved, and the geologic medium
chosen for construction of a repository will be important
determinants in selectiag a solid waste form; other critical
considerations will be the relative safety, reliability, and
cost of the various methods used to process the solid.

Quantitative performance criteria for solidified high-
level radioactive wastes are currently being established by
the U.S. NRC. Until that procedure is complete, the Panel
cannot judge whether any or all of the waste forms
considered in this report are " acceptable." Existing

govern ant regulaticns on the storage , handling, and
transportation of spent fuel assemblies (SFAs), however,
might assist the policymaker in determining the
acceptability of other solid waste forms.

On the basis of its detailed study of the relative
advantages and disadvantages of individual solid forms, the
Panel has reached the conclusions and developed the
recommendations summarized below. Fo' a more detailed
listing of findings, see Chapter 5 of Part I of this report,
which concludes Part I's discussion of the problems relating

1
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to the solidification of high-level liquid radioactive
wastes. Technical evidence in support of the Panel's
findings is contained in Part II.

1. The Panel finds that many solid forms described in
this report could meet standards as stringent as those
currently applied to the handling, storage, and
transportation of spent f uel asseinblies.

2. The Panel concludes that solid waste forms should
be selected only in the context of the total radioactive
waste management system. Considerations affecting this
choice include the age of the waste, the hazards involved in
processing, the amount of transportation entailed, and the
characteristics of the geological formation in which the
solid will bc emplaced.

3. The Panel finds that many solid forms are likely to
be satisfactory f or use in an approcriately desianed nvstem,
(see Chapter 3, section on the radioactive waste management
system). Furthermore, at least one form--glass--because of
an extensive developmental effort, is currently adequate for
use in a first demonstration system consisting of
solidification, transportation, and disposal. For the
implementation of a large-scale solidification program,
glass may also be adequate, but, on the basis cf our
analysis, it cannot be recommended as the best choice,
especially for the older DOE wastes. In fact, a modest ECD
effort may well provide alternative first or second
generation solid forms whose long-term stability and ease of
processing are superior to glass.

4. The Panel finds th= t the current United Statespolicy of deferring the reprocessina of ccmmercial reactor
fuel provides additional time for RbD on solidification
technology for this class of wastes. During this time
special attention should be given to waste forms other than
glass, which have received inadequate attention to date.
The additional information thus developed may also he
applicable to DOE wastes.

5. The Panel concludes that defense wastes which are
relatively low in radioactivity and thermal power density
can best be solidified by low-temperature procescas, such as
those used to produce cement-matrix and some ceramic forms.

6. For solidification of fresh commercial wastes that
are high in specific activity and thermal power density, the
Panel recommends that, in addition to glass, the use of
fully-crystalline ceramics and metal-matrix forms he
actively considered.

7. Preliminary analysis of the characteristics of
spent fuel pins (SFPs) indicates that they may he eligible

2
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for consideration as a waste f orm. However, before disposal
can take place, SFPs must be characterized in detail and a
system must be developed for packaging them.

8. Because the differences in potential health hazards
to the public resulting f rom the use of various solid form
and disposal options are likely to be small, the Panel
concludes that cost, reliability, and health hazards to
operating pers<.anel will be ma jor considerations in choosing
among the options that can meet safety requirements.

9. The Panel recommends that responsibility for all
radioactive waste management operations (including
solidification RSD) should be centralized. The expertise
existing in industry, universities and nonprofit
institutions, which the Panel feels has been neglected in
the past, must be more f ully drawn upon through use of
scientific symposia, professional society meetings and F6D
contracts. Funding for RCD should be stabilized to provide
sustained support (for example over a ten year period) for
long-term research. Regular communication and cooperation
among major contractors working on radioactive waste
management should be mandated.

3
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FINDINGS, CONCLUSTONS, AND RECC%ENDATTCNS

TECHNICAL ISSUES

Findings

From the Panel's examination of the technical issuesinvolved in selecting cptions for disposal of radioactive
waste (see Part I, Chapter 2) the following general findings
and conclucions emerged:

1. High-level liquid radioactive wastes can be
incorporated in several solid forms. These are:

- a. Supercalcine and enicine

b. Glass-

c. Iow-temperature ceramics

d. High-temperature ceramics; glass ceramics
e. Cement and concrete composites

f. Metal-matrix composites

g. Various combinations of the above

The Panel finds that many of the forms listed above are
likely to be satisfactory in an appropriately designed
system, and that at least one form- glass--is currently
adequate for incorporation into such a system as a full
scale demonstration of solidification and disposal.

In view of current policy, spent fuel pins are another
solid form that needs to be considered for disposal.

2. The suitability of a solid waste form can only be
determined in the context of the specific waste managetant
system in which the waste form will be used (see Chapter 3,
section on the radioactive waste management system). The
important elements of this system are: processing (to form

4
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the solid phase) , stornoe, trannportation, and emplacerent
(both retrievable and permanent) .

a. For processing, low-temperature technologies,
such as cement catcposites and low-temperature ceramics, are
probably preferable to those requiring high temperatures.

b. For transportation, unconsolidated calcine and
supercalcine are the least desirabJ e solid forms because of
dispersal hazards,

c. After emplacement in a well-selected
continental geological formation, the performance of the
system is more dependent on the chemical and thermal
interactions of the solid form with the host rock and
especially with the volatile components contained therein
than it is on the original properties of the solid form.

3. The large difference in thermal power density
between existing DOE wastes and possible future commercial
wastes indicates that a single solidification technology may
not be best for both. The f ollowing conclusions give some
guidance on promising candidates for selection in specific
instances, and on useful directions for research:

a. The preference for glass as a waste form has
been mistakenly based largely on the assumption that low
leachability is the major criterion for solid waste _
performance, and on a misreading of the " stability" of glass
under repository conditions. tievertheless, two
vitrification technologies have matured to the point where
either could be engineered into systems for the full-scale
demonstration of high-level solidification and disposal.
(See Chapter 2, section on primary containment forms.)

b. Research, development, and demonstration of
alternative solid forms is essential in order to optimize
the form (in terms of safety and costs) to ha used in a
disposc i system. (See Chapter 4. )

c. DOE wastes are now relatively low in both
specific radioactivity and thermal power density;
accordingly, a wide range of solidification cptions is
available for use in a first generation FEM system (see
Chapter 3, section on ranking the suitability of solid
forms). If current research indicates that buildup of
pressure from the radiolysis of resident water and nitrates

~

at the activity levels and temperatures present in the ECE
wastes is not limiting, cement composites and ceramic forms
made at low temperatures appear to be extreaely promising
candidates. (See Chapter 2, sections on primary and
secondary containment forms.)

5
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d. The Panel finds that, before cmplacement, the
effects of radiation damage (excluding radiolysis of water
and nitrates) can in no case pose a major problem. After
emplacement, effects caused by transmutation and radiation
damage could somewhat alter interactions between wastes and
rock. Further research is necessary to evaluate this
poss ibility. (See Chapter 2, section on characteristics of
the solid form.)

e. The reprocessing of spent commercial fuels is
not current policy; however, if reprocessing is resumed at
some future date, it will eventually be necessary to dispose
of liquid wastes with high specific activity and high
thermal power density. These characteristics will probably
narrow the range of solidification options to those with
high thermal stability. (See Chapter 3, section on ranking
the suitability of solid forms.)

f. The amount of uranium and plutonium present in
spent fuel poses a potential long-term hazard greater than
that associated with other solid waste forms. Freliminary
analyses indicate, however, that the radionuclides of
concern (both actinides and fission products) may be
contained in relatively insoluble phascs with the spent
fuel. If the results of research and development confirm
these initial analyses, spent fuel would be eligible for
consideration as a solid waste form.

.
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!. IMITATIONS IN PREDICTING LONG-TERM PERFORMANCE-0PTIMISTIC

Bernard L. Cohen
Argonne National Laboratory

Can we prove that a repository will be acceptably safe? This depends

on what we mean by acceptable: safe compared to what?

If we compare it with perfection -- which seems to be the common

practice -- the answer is obviously no. Nothing in this world can pass

that test.
,

It seems more re'2onable to compare it with other waste disposal problems

that are considered acceptably safe. One of these is the solid radioactive

waste from burning coal. People worry about the air pollution from coal-

burning, but there has been no serious complaint about the solid radioactive

waste from burning coal (due to its uranium content). For average coal,

this is 1/10 as hazardous as nuclear waste (from the same energy production)

af ter 500 years, and the ratio increases to 1/4 at 1000 years,1.0 after

15,000 years, 3 af ter 1 million years, and 12 after 10 million years. Some

commercially used coals have 35 times higher than average uranium content;

their hazard equals that of the nuclear waste after 400 years and is 100 times

higher after a million years. The phosphate rock mined in this country leaves

a radioactive waste (from uranium) which is 20 times higher than t at from

coal if all our electric power were derived from coal. Thus, this radioactive

waste hazard exceeds that of nuclear waste after 450 years, and is 5 times

higher af ter 1000 years, and 60 times higher after a million years. There

._
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has been some consideration of covering phosphate waste to reduce radon

emissions, but no one has clair .o that the solid waste is not acceptable

because of its own radioactivity.

The most logical hazard index is " hazard-years," the magnitude of the

hazard multiplied by its persistence time. This depends on the period of

integration, but for 100 to 1 million years, the hazard-years for nuclear

and for average coal radioactive wastes are equal, and for 0 to 100 million

years, the hazard years for coal radioactive wastes are 10 times higher.

For high-uranium coal and phosphate mining wastes, these numbers are 35 and

20 times higher respectively than for average coal.

Since these other waste hazards are considered acceptable, we propose

that a reasonable criterion for a nuclear waste repository is that it be

at least as safe at all times as phosphate mining waste disposal. This

works out, after some simplification, as follows:

Probability for escape of an atcm of waste to the surface:

< 0.1% for first 100 years

1% from 100-200 years<

10% from 200-400 years<

No requirements after 400 years.

This does not consider the more logical " hazard-years" index, so it actu-

ally makes the nuclear waste much less hazardous than the phosphate waste.

Moreover, no credit is given for surveillance; this is a bonus which would

again make nuclear waste very much less hazardous. Some estimate of the

h, zard involved with our criteria may be obtained by assuming that all of the

waste is released into rivers, and then has the same chance of being ingested
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with drinking water as other materials in rivers. This gives 0.5 fatalities /

GWe-yr. Assuming it is mixed through the soil gives a similar result.

One might ask why these criteria should not be made more stringent.

To do so would be a violation of the ALARA principle. Everyone seem to

agree that spending more than about $1 million per life saved is inconsis-

tent with the R " reasonably" - in ALARA. Typical estimates of costs of

our present nuclear waste disposal program are about $2 million/GWe-yr.

If this investment can satisfy our criteria, it is not consistent with

ALARA to spend more than 25% more to do better. Stated more meaningfully,

spending additional money to meet more stringent criteria is wasting money

that could save more lives if used in other ways, as, for example, by

improving highway safety or improving medical care. Actually, lives can be

saved in those areas at a rate of about $100,000 per life, so our case is

grossly under-stated. Even more importantly, any honest assessment of the

value of saving lives should be discounted into the future -- we could invest

money to draw interest, giving us much more money to be used to save lives

with improved medical care or highway safety in the future. Typical discount

rates are 4-5%, but even if we discount at 1% per year real interest (after

inflation), saving a life 70 years in the future is worth only half as much,

and saving a life 500 years in the future is worth less than 1% as much.

Clearly, then, spending more money to improve on the above criteria is a

violation of ALARA.

We now consider the various reasons to believe that current technology

can satisfy the above criteria. This is most easily shown in terms of time

delays, even assuming no protection from the waste form - i.e. assuming it is
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dissolved and dispersed through the rock formation in which it is buried (by

entrapped water or water of crystallization). We still have the following

time delays:

1. The waste will be buried in a rock formation with no circulating

ground water, and in which geologists are quite certain there will be no

ground water for "at least a thousand years, and probably very much longer" -

quoting from the NAS Committee.

2. If circulating water does enter this rock formation, it must dissolve

X% of the rock in order to dissolve X% of the waste. This might seem easiest

in salt, but in the Carlsbad (NM) egion, if all the water flowing through

the ground were diverted to flow through the waste, it would take 50,000 years

to dissolve away the salt enclosing one year's waste. Typical water-saturated

rock lasts for many millions of years.

3. If waste is dissolved in circulating ground water, in all ordinary

circumstances there is a delay of typically 1000 years before that water

reaches the surface.

4. The radioactive material does not move with the grou1d water; in all

ordinary circumstances it is " filtered out" by adsorption in rock and soil

and consequently moves hundreds or thousands of times slower than the water.

In view of these time delays, it is obvious that the criteria we have

outlined will be very easily satisfied.

I now turn to the question of long term security, beyond 400 years, even

though this is not necessary to make a repository acceptably safe. By this

time, buried waste resembles other rack. Its heat source is gone and waste-

rock interactions are largely completed. It seems reasonable at this stage

to make a comparison with average rock.
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The life expectancy of an average rock at 2000 ft depth is about 50

million years. In a previous paper (Rev. Mod. Phys. 49, 1(1977)), I demon-

strated this by use of radium, but it can be checked with any of several

other elements. An even simpler procedure is to estimate average erosion
~

rates from the total solids (dissolved or suspended) carried into the oceans

each year by rivers. There is no question but that, if the waste behaves

like average rock, there is nothing to worry about.

How is buried waste different than average rock? There are a few ways:

1. Being emplaced artificially rather than by natural processes, the

waste is not in chemical eop librium with the surrounding rock. But this is

true of thorium and radium formed by decay of uranium, and to a large extent

it is true of any trace element in the ground. Yet the transfer probability

per year for these from the ground into human food is no larger than for major

elements. In most cases it is less.

2. Repository construction requires making bore holes and shafts from

the surface down to the waste horizon, and these may provide a release pathway.

However, all groups that have studied this problem have concluded that these

holes can be sealed so as to be at least as secure as the original rock. A

demonstration of bore hole sealing is expected in the next year or two.

3. The waste is initially quite hot, and there is a wide range of thermal

effects which could possibly lead to early release. However, these have been

studied intensively for raany years, and no important difficulties have turned

These studies are continuing and should continue until the experts areup.

satisfied.
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If difficulties should appear, they can generally be handled by more
dilute emplacement. If there should be extreme problems, the waste can be

stored for a long enough time to eliminate them. A 100 year delay reduces

the heat source by a factor of 10 and maximum temperature rises to about

20 . An additional factor of 10 can be achieved by waiting 200 years, and

a third factor of 10 is obtained by a 300 year wait. This would bring

maximum temperature rise down to a small fraction of 1 degree, which would

certainly eliminate thermal problems.

As one last thought before closing, I think it should be pointed out

that no one has produced a probabilistic analysis that indicates that a

repository does not provide adequate containment of nuclear waste. I

consider this fact to be highly significant.

.
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